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Introduction 

This volume is a collection of papers presented at the Eighteenth Annual 
Conference on Mass Spectrometry and Allied Topics, held in San Francisco, California, 
June 14-19, 1970. It is Intended that thla volume be distributed only to members 
of ASMS, and registrants of the Conference, and therefore should not be considered 
as a publication. 

It is suggested that any future references to individual reports be cited In the 
form: author(B), presented at the Eighteenth Annual Conference on Mass Spectrometry 
and Allied Topics, San Francisco, California, June 1970. 

R. E. Honlg, Program Chairman 

Arranged by the American Society for Mass Spectrometry (ASMS), in cooperation 
with ASTM Committee E-ll*. 

ASMS 

President: J. L. FRANKLIN, Department of Chemistry, Rice University, 
Houston, Texas 77001 

Vice-President (Program): R. E. HONIG, RCA Laboratories, Princeton, New Jersey OSSltO 

Vice-President (Arrangements): C. E. JOHANNSEN, Bell & Howell Analytical 
Inatruments Division, 1500 S. Shamrock, Monrovia, California 91016 

Vice-President (Data & Standarda): H. R. HARLESS, Union Carbide Technical Center, 
South Charleaton, West Virginia 25303 

Secretary: J. M. MoCREA, Applied Research Lab. (73), United States Steel Corp., 
Monroeville, Pennaylvania 151^6 

Treasurer: H. D. COOK, Westlnghouse Bettis Atomio Power Lab., Box 79, West Mifflin, 
Pennsylvania 15122 

Past President: H. M. ROSENSTOCK, National Bureau of Standards, VJashington, D. C. 2023'* 

Directors-at-Large: 

J.T. HERRON, National Bureau of Standards, Washington, D. C. 2023't 

R. F. PORTER, Department of Chemistry, Cornell University, Ithaca, 
New York 14850 

ASTM COMMITTEE E-jlt 

Chairman: H. R. HARLESS, Union Carbide Technical Center, South Charleston, 
'"• West Virginia 25303 ' -J- -

Vice-chairman: H. E. LUMPKIN, Esao Research & Engineering Co., P. 0. Box 1*255, 
Baytown, Texas 77520 

Secretary-Treasurer: W. F. KUHN, Philip Morris, Inc., Richmond, Virginia 23206 
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ASMS COMMITTEES AJJD ASTM E-lk SUBCOMMITTEES 

ASMS Com. II - "Fundamental Aspects", W. A. Chupka, Argonne National Laboratory, 

9700 South Cass Avenue, Argonne, Illinois 6olt39. 

Joint (Sub) Com. Ill - "Computer and Data Processing", M, C. Hamming, Continental 

Oil Company, P.O. Drawer 1267, Ponca City, Oklahoma 7^601. 

ASTM E-lU Subcom. IV - "Data and Information Problems", Paul W. Shearer, Hercules, 

Inc., Wilmington, Delaware 19899. 

ASMS Com. V - "New Instruments and Techniques", H. J. Svec, Department of Chemistry, 

Iowa State University, Ames, Iowa 50010. 

ASTM E-lU Subcom. VI - "Standards and Procedures", J. R. Roboz, Mt. Sinai School of 

Medicine, New York, New York. 

ASMS Com. VII - "Study of Solids", A. J. Ahearn, 9621 E. Bexhill Drive, Kensington, 

Maryland 20795. 

ASMS Com. VIII - "High Resolution Studies", K. Biemann, Department of Chemistry, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139. 

ASMS Com. IX - "Aids to Education", D. C. Damoth, Bendix Corporation, Rochester, 

New York lU603. 

ASTM E-lU Subcom. X - "Definitions and Terms", G. L. Cook, U. S. Bureau of Mines, 

Box 3395) University Station, Laramie, Wyoming 82070. 

ASTM E-1^ Subcom. XI - "Evaluation of Critical Data", A. J. Sharkey, U. S. Bureau 

of Mines, U800 Forbes Avenue, Pittsburgh, Pennsylvania 15213. 
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(Df AUcgl^Fni} County, J^pnnayluama 

ilampB ^ . Clarkr . 
p r o t l r a t u r t a r g 

Z o A l l S D n t r a m Stprav p r r a r n U 0 l | a U C o m r , 4 l r r r t t n 0 « : 

n i f r r r a a on the 26th diu' o/ Ju^7 in rh * yemr of 
our Lord, One Thouuind Nine Hundred r. I T t y -n ln« mt No.. 6$0 

October Term, 79 69. 
\ . ^i"r'F.L "nr>rA-' n , c000"".MALT, J O ' " : J . : :CTOVF:RN 
ritfiif̂ T? "iTjr, .TOHM " . Vc.-;"RA WILLTAi; y . HTOKAM 

if/ed j'n r/)i9 Court their applicmtion for a Charter, and 

V l f r r r a a Certificate of Regintration from tfie Sacretary of the Com­
monwealth and Proof* of Publication of Notice of thit Application ae required 
by Law and by the Rule of thie Court have been tiled, and 

VHf tVtaB in compliance with the provitiontof the Non-Profit Corpora­
tion Law of Pennsylvania approved May 5, 1933, P. L. 289, the Court having 
found that the purpose or purpoeaa aet forth in aaid Article lawful and not 
injurious to the Community. 

Sfoiu C l y r r r f o r * , S r f t firmrmb»rrll that on the Uth 
day of Au^91 in the year of our Lord, One Thousand Nine Hundred 
.<Txt7-nlne ^ „ „ motion of '-'T^Mv: T. "cKSK Attorney for 

Petitioner the Court by his Honor DA '̂TD " . 'AWCBTT, TR., 
did Order and Decree that 

ArtirlfH of JInrorporatinn 
are approved, and that upon recording of said Articles of Incorporation, to­
gether with this Order, that the subscribers thereto named and their asaociatee 
and successors shall be and are a Non-Profit Corporation by the name and 
title of 

7H^ w.T.mctt '} r.or:TKTy F"n I'A.".;; .̂P'̂ cTR••:̂ •.:•;TRy 

Said Non-Profit Corporation shall exist Dorpatual lv , 

and shall be invested with and have and enjoy all the powers, privileges and 
franchises incident to a non-profit corporation and be subject to all the duties 
and requirements and restrictions specified and enjoined in and by the Non­
profit Corporation law and ell other applicable laws of this Commonwealth. 

W i t n r a » THE Honorable T'ltriY ;;^^••"^oo:'•rI 
President Judge of our said Court mt Pittsbirrgh, 
this 7th day of Aut^st 
1961. 

From the 
..^^^y\l<A^djO' Ca 

ProthanalaVii 

t l l , \n(r/) Charter Book Vol.VZ Page ^if) 



THE AMERICAN SOCIETY FOR 
MASS SPECTROMETRY 

CONSTITUTION AND BYLAWS 
CONSTITUTION 

ARTICLE I. Name 

The name of this society shall be "The American Society for 
Mass Spectrometry". 

ARTICLE II. Aims and Purpose 

It is the aim and purpose of this society to promote and 
disseminate knowledge of mass spectrometry and allied subjects. 

ARTICLE m . Membership 

Membership in the American Society for Mass Spectrometry shall 
be open to any individual or with approval of the Board of Directors any 
corporate entity with a bona-fide interest in mass spectrometry. 

ARTICLE IV. Management 

The management of the society shall be vested in the Board of 
Directors which shall consist of the following voting members: the 
officers of the society hereafter listed, two elected members at large, 
and the immediate past President; of the following non-voting members: 
the duly appointed chairmen of such committees that may be duly appointed 
within the society. 

The Officers of the Society shall be: 

President 
Vice-President for Programs, who shall be President 

Elect of the Society 
Vice-President for Arrangements 
Vice-President for Standards and Procedures, who shall 

be the Chairman of ASTM Committee E-14 on Mass 
Spectrometry and shall serve, ex-officio, as an 
Officer of the Society. 

Secretary 
Treasurer 

ARTICLE V, Duties of Officers 

Section 1. The President shall be the chief executive officer 
of this society; he shall preside at all meetings of the members and 
directors; he shall have general and active management of the business of 
this society; he shall see that all orders and resolutions of the Board 
of Directors are carried out; he shall execute all bonds, mortgages, and 
all contracts of this society and cause or direct the affixing of the 
corporate seal thereto; he shall have general superintendence and 
direction of all other officers of this society and see that their duties 
are properly performed; he shall submit a report of the operations of 
the society for the fiscal year to the Board of Directors and members at 
their annual meeting, and from time to time shall report to the Board 
of Directors all matters within his knowledge that may affect this society; 
he shall be ex-offlcio a member of all committees and shall have the power 
and duties and management usually vested in the Office of President in a 
corporation; he shall appoint all committees except as herein otherwise 
provided. He may individually send or cause to be sent by the Secretary 
notices of any meetings of the Board of Directors. 
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Section 2. The Vice-President for Programs shall be vested with 
all the powers and shall perform all the duties of the President during 
the absence of the latter and shall have such other duties as may, from 
time to time, be determined by the Board of Directors. The same shall 
be true of the Vice-President for Arrangements who shall be next in the 
line of succession. In the event that the President shall be absent at 
any meeting, the Vice-President for Programs shall preside, and if neither 
is present at a meeting, then the Vice President for Arrangements shall 
preside. 

Section 3. The Secretary shall attend all sessions of the Board 
of Directors and all meetings of members and act as a clerk thereof; and 
shall record all votes and minutes of all proceedings in a book to be 
kept for that purpose as directed; he shall send notices of all meetings 
to the members of the Board of Directors; and shall perform such other 
duties as may be prescribed by the Board of Directors or the President 
under whose supervision he shall be; and he shall be the custodian of the 
corporate seal and all of the books and records of this society, except 
as may be otherwise provided. 

Section 4. The Treasurer, under the direction of the Board of 
Directors, shall have charge of the funds of this society and shall 
deposit the same in the name of this society in depositories designated 
by the Board of Directors; he shall arrange for the payment of all 
vouchers or orders properly attested by the President and Secretary from 
said society funds, and shall make a complete and accurate report of the 
finances of this society at each annual meeting of the members, or at 
any time upon request, to the Board of Directors. 

ARTICLE VI. Duties and Powers of the Board of Directors 

1. The property and business of this society shall be managed 
by the Board of Directors. 

2. In addition to the general powers of the Board of Directors 
by virtue of their office, the powers and authority expressly given by 
law, by terms of the charter of this society, and elsewhere in these 
by-laws, the following specific powers are expressly conferred on the 
Board of Directors. 

To purchase or otherwise acquire for the society any property, 
right or privilege which it is authorized to acquire at such price or 
consideration, and upon such terms as they deem expedient; to appoint, to 
remove or suspend subordinate agents or servants, to determine their 
duties' and affix their'salaries; to confer by resolution upon any officer 
or. agent of this society' the power of permanently removing or suspending 
any' subordinate officer or servants; to determine who shall be authorized, 
on behalf of this society, to sign bills, notices, receipts, acceptances, 
endorsements, checks, releases, contracts and any other instruraents; to 
delegate any of the powers of the Board to any standing committee, special 
committee, or to any officer or agent of the society, with such powers 
as the Board may deem fit and proper to grant; generally to do all such 
lawful acts and things as are not by law, or by charter, or by these by­
law directed or required to be done by members of the Board of Directors. 

3. Any action which may be taken at a meeting of the Directors, 
may be taken without a meeting, if consent in writing setting forth the 
action so taken be signed by all the Directors and filed with the 
Secretary of the society. 

4. In the event that the office of any elected officer or 
member of the board of directors shall become vacant, the board of 
directors shall immediately fill the vacancy for the remainder of the 
unexpired term; however, no member who thus fills a vacancy in the 
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office of Vice-President for programs shall automatically succeed to. the 
presidency, but the society shall in such event elect its next President. 
The provision of Article IV which pertains to the immediate past president 
shall not apply to a president who vacates office. 

5. The ballot for the election to membership on the Board of 
Directors of this society shall be by a closed, written ballot. 

6. Any member in good standing shall be eligible to hold office 
in this society either as an officer or a member of the Board of Directors. 

ARTICLE VII. Fidelity Bonds. 

Section 1, The Board of Directors may require such officers 
or agents to be bonded as it shall deem necessary; for any amount or 
amounts as it may deem requisite, at the expense of the Society. 

ARTICLE VIII. Location. 

The principal office of this society shall be located in the 
City of Pittsburgh, Commonwealth of Pennsylvania. 

ARTICLE IX. Dissolution. 

In the event of either voluntary or involuntary dissolution of 
the Society, the funds or assets of the Society, remaining after 
discharging all just debts of the society or its officers in the name of 
the society, shall be distributed without encumbrances to a non-profit 
group, organization or institution of learning engaged in the field of 
spectroscopy within the contemplation of Section 170 (c) (2) of the 
Internal Revenue Code (1954) . The selection of the recipient or 
recipients shall be made by the majority vote of the Board of Directors 
or Governing Board in office at the time of dissolution but in no event 
shall the assets be distributed to any member or members of the society. 

ARTICLE X. Society Seal. 

This society shall have a seal, upon which shall be inscribed the 
name of the society, the year of its creation, and the words "Incorporated 
Commonwealth of Pennsylvania." 

ARTICLE XI. Amendments. 

Section 1. Proposed amendments to this Constitution and the 
Bylaws of the society, signed by at least three members of the Board of 
Directors or by twenty members of the society must be submitted to the 
Secretary at least fifteen weeks before the regular business meeting of 
the society at which meeting the proposed amendments may be discussed 
and amended. The Secretary shall send or cause to be sent the proposed 
amendments to each member within a reasonable time and at least before 
or with the notice of the next regular meeting thereafter. A two-thirds 
vote of the members present shall authorize a letter ballot on the 
proposed amendments (as amended in meeting) and if two-thirds of the votes 
obtained by letter ballot are in favor of the proposed amendments, they 
shall be adopted. 

Section 2. The Board of Directors shall also have the power 
to amend the bylaws by a two-thirds vote of the Board of Directors by 
letter ballot of all the members or a like majority at a meeting where 
all the Board members are present and voting. 

Section 3. The Board of Directors is authorized to renumber 
articles and sections of the Constitution and Bylaws to correspond with 
any changes that may be made. 
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ARTICLE XII. Relations with A.S.T.M. 

Section I. This Society shall cooperate with A.S.T.M. and its 
appropriate committees in matters concerned with standards and procedures 
relevant to Mass Spectrometry. 

Section 2. This society shall make appropriate arrangements 
for joint meetings with A.S.T.M. Committee E-14. Other A.S.T.M. groups 
interested in raass spectrometry as applied to specific materials are 
invited to schedule their meetings in conjunction with meetings of the 
society. 

ARTICLE XIII. Constitution and Bylaws 

Section 1. The Constitution and Bylaws shall be adopted by a 
majority vote of the members present and voting at the time of their 
proposal to the members for the ratification. 

Section 2. The Constitution and Bylaws shall be in full force 
and effect immediately upon their adoption as set forth in Section 1. 

BYLAWS 

1. Membership 

1.1 Application for membership shall be made in writing, on a 
form to be specified by the Board of Directors. The membership year 
shall commence October 1 and end September 30. 

1.2 Applicants shall be admitted by the action of the Board of 
Directors and membership thereafter becomes effective upon receipt of 
dues by the Treasurer. 

1.3 Failure to pay dues for six months shall automatically 
terminate membership. Payment of arrears and current dues shall suffice 
for reinstatement. 

1.4 Membership may be terminated without prejudice by written 
notice to the Secretary, with the requirement that dues up to and 
including the year of written notice be paid. 

1.5 A voting member of A.S.T.M. Committee E-14 shall 
automatically be admitted to membership upon submission of an application 
for membership and payment of dues to the Treasurer. 

1.6 Every member in good standing shall have the right to vote 
at the general membership meetings and to hold office. 

1.7 Any member not in good standing shall lose the right to 
vote or hold office. 

1.8 The books, accounts and records of this society shall be 
open for inspection to any member of the Board of Directors at any time. 
Members of this society may upon written request to the Board of 
Directors, inspect such books, accounts and records of this society at 
such reasonable times as the Board of Directors may by resolution designate. 

2. Collections and Disbursements 

2.1 Membership classes and-dues within such classes shall be 
determined by the Board of Directors. 

2.2 The Board of Directors is authorized to determine separately 
a registration fee for each general meeting to cover the expenses of 
holding the meeting. Payment of this fee is a requirement for attendance. 
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2.3 Disbursements shall be made in accord with an adopted budget 
or by approval of a majority of the Board of Directors and the fiscal 
year of the corporation shall be from October 1 to September 30. 

2.4 The Secretary will prepare or cause to be prepared at least 
one annual financial and membership report to the Board of Directors. 

2.5 The Treasurer will prepare or cause to be prepared an annual 
financial report to the Board of Directors. 

2.6 The report of the Secretary on membership and the financial 
report of the Treasurer shall be made available for inspection for any 
reasonable purpose by any member of the society on written request to 
the Secretary or Treasurer. 

3. Terms of Office and Election 

3.1 The elected officers and directors at large shall hold 
office for a term of two (2) years, except as otherwise provided in 
Article IV and VI of the Constitution with their term year commencing 
on July 1 and ending on June 30. 

3.2 The President shall appoint a nominating committee of not 
less than three members on or before October 1 of his second year in 
office. He shall not be a member of this committee. The committee shall 
nominate a slate of candidates and report in writing to the Board of 
Directors no later than the first day of the following February. The 
Secretary shall prepare or cause to be prepared a letter ballot to be 
mailed to the membership at the time of the sending of the final meeting 
notice and requesting return no later than two weeks preceding the annual 
meeting. Election will be by majority of votes cast. Write-in votes 
shall be accepted. The election results shall be made known at the next 
annual business meeting and the new officers shall assume office at the 
beginning of the next term year as specified in paragraph 3.1 of the Bylaws. 

4. Committees 

4.1 The President shall appoint such committees as are necessary 
for the carrying out of the aims and purposes of the society. Membership 
and chairmanship of such committees shall not exceed the term of office 
of the President. He may terminate a committee at any time. Members and 
chairraen may be reappointed by the incoming President. 

5. Meetings 

5.1 The society shall meet at least once a year in order to 
present scientific papers and conduct business. Twenty members shall 
constitute a quorum for the transaction of business. 

5.2 The tirae and place of the general meeting shall be 
determined by the Board of Directors. 

5.3 Meetings of the Board of Directors may be called by the 
President or, in his absence, by the Vice-President for Programs. 
Alternatively, two thirds of the Board of Directors may call a meeting 
by written request to the President. Five directors, including at least 
three voting members shall constitute a quorum of the Board of Directors. 

5.4 A simple majority shall be required to pass any motion at 
any meeting of the members or Board of Directors, unless otherwise provided. 
Any member in arrears six months or more shall not have the right to vote 
or hold office. 

5.5 Each director shall be entitled to two weeks' notice of 
any meeting of the Board of Directors. 
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5.6 Notices of all meetings, regular or special, shall be in 
writing and sent through the United States mails to each member or 
director on the Board of Directors as the case may be; at his latest 
address recorded on the books of this society. 

5.7 Each member shall be entitled to thirty days' notice of 
the annual general meeting. 

5.8 The President shall, in response to a petition bearing the 
signatures of not fewer than twenty members and requesting that the Board 
of Directors consider a specified question, plaoe this item on the agenda 
of the first meeting of the Board of Directors which is scheduled to 
convene on a date not preceding the thirtieth day following receipt of the 
petition. The member whose signature appears first on the petition shall 
be entitled to two weeks' notice of such meeting, and the same member or 
a member designated by him shall be entitled to attend such meeting and 
discuss the specified question with the Board of Directors. 

5.9 Unless otherwise provided by law, whenever any notice is 
required to be given, by the provisions of the Bylaws, a waiver thereof 
in writing, signed by the person or persons entitled to such notices, 
whether before or after the time stated therein, shall be equivalent 
thereto. 

6. Compensation 

6.1 No officers of the society shall receive salaries or fees 
for their services. 

6.2 Officers of the society shall be reimbursed for all 
reasonable expenses not otherwise covered, except transportation, incurred 
in connection with their official duties. Reimbursement for transportation 
expenses imperative to the business of the society may be authorized by 
unanimous vote of the Board of Directors. 
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PROCEEDINGS OF THE EIGHTEENTH ANNUAL CONFERENCE 

Paper, No. Page No. 

Symposium: Mass Spectrometry and the Analysis 

of Lunar Samples 

Al.* Mass Spectrometric Analysis of Lunar Materials. 
Paul W. Gast and Norman J. Hubbard No Manuscript 

A2.* Selected Trace Element Abundances of Lunar Samples. 
C. C. Schnetzler and J. A. Philpotts No Manuscript 

A3.* Elemental Abundances in Lunar Materials by Spark Source Mass 
Spectroscopy. 

G. H. Morrison, A. T. Kashuba, and A. M. Rothenberg Bl 

AU .• "WITHDRAWN 

A5.* Heavy Elements in Lunar Samples. 
C. M. Stevens, H. Diamond, P. R. Fields, D. N. Metta, P. E. 
Moreland, and D. J. Rokop B5 

A6.* Ion Microprobe Analysis of the Apollo 11 Samples. 
C. A. Andersen and J. R. Hinthorne -86 

Organic Spectra 

Bl. Mass Spectral Rearrangements in Organic Phosphorus Pesticides. 
William A. Laurie, Morton E. Wacks, Robert W, Anderson, 
James F. Dietz, Bennie Lacy, and James E. Snowden, Jr. B8 

B2. Hydrogen Scrambling in the Methyl Acetate Molecule-ion. 
P. R. Briggs and T. W. Shannon 

B7. Mass Spectra of the Ketalization Products of Acenaphthenequinone. 
Allen I. Cohen, Ingeborg T. Harper, and Seymour D. Levine 

B8. Energy Effects in the Mass Spectra of Aromatic Compounds. 
Noel Einolf and Burnaby Munson -r 

Simulated Distillation by High Resolution-Low Voltage Mass Spec­
trometry. 

Thomas Aczel and H. E. Lumpkin 

BIO. High Resolution Mass Spectrometry of Nucleic Acid Hydrolysates. 
W. A. Koenig, A. M. Lawson, L. C. Smith, P. F. Grain, and 
James A. McCloskey 

B18 

B3. The Dynamic Stereochemistry of the Elimination of Acetic Acid 
Under Electron Impact. 

Mark M. Green B24 

BU. Anchimeric Assistance in the Loss of Bromine From 5-Bromo-2-phenyl-
2-pentene. 

K. B. Tomer and R. H. Shapiro B25 

B5. Collision-Induced Metastable Transitions of Organic Ions. 
I. Howe, F. W. McLafferty, and R. A. Kornffeld No Manuscript 

B6. Mass Spectra and Pyrolysis of Cyclic Sulfites and Carbonates of 
Aromatic Diols. 

D. C. DeJongh, R. Van Fossen Bravo, and D. A. Brent B28 

B30 

B35 

B37 

B40 

Applications of Ultra-High Resolution Mass Spectrometry and Direct 
Data Reduction in Labelling and Tracer Studies. 

J. R. Chapman, S. Evans, and W. A. Wolstenholme -042 

^Invited Paper 
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Paper No. Page No. 

Symposium: Mass Spectrometry and the Analysis 

of Lunar Samples (Continued) 

Cl.* Uranium-Thorium-Lead Isotopes in Returned Lunar Samples. 
Leon T. Silver No Manuscript 

C2.* O^Q/Ol^, Si30/Si28, D/H and C^Vc^^ studies of Lunar Rocks and 
Minerals. 

S. Epstein and H. P. Taylor No Manuscript' 

C3.* Solar Wind Gases, Cosmic-Ray Spallation Products and the 
Irradiation History of Lunar Material. 

K. Marti B48 

CU.* Rare Gases in the Lunar Surface, 
0. A. Schaeffer No Manuscript 

C5.* Organic and Biochemical Analyses of Returned Lunar Samples. 
A. L. Burlingame No Manuscript 

C6. Neutron Capture Effects in Lunar Material. 
G. W. Lugmair 

Biological Applications 

Mass Spectra of Mitomycin Antibiotics. 
G. E. Van Lear 

D2. Techniques for Mass Spectrometry of Drug Metabolites Without 
Extensive Purification. 

Donald C. Hobbs 

D3. Mass Spectra of Organic Compounds III. Fragmentation Studies of 
Phospholipids and Related Compounds by High Resolution Mass 
Spectrometry. 

H.G. Boettger and A. M. Kelly 

D7. Applications of GC-MS to Metabolic Research Problems. 
Sanford P. Markey, Keith B. Hammond, and James Plattner-

Analyzing Breath and Air (10 ^ to 10 ^^ sensitivity) by Counting 
Ions Through A Quadrupole and Searching a Library of Spectra 
Regressively. 

Norman Milleron 

D9. Applications of GC-MS in Drug Metabolism Studies. 
S. R. Shrader, G. Hetzel, and K. Fotherby 

Structural Investigation of Glycoprotein Linkage Regions Using a 
Gas Chromatograph-Mass Spectrometer-Computer System. 

V. N. Reinhold, J. Biller, and K. Biemann 

B49 

B50 

B51 

B53 

DU. Applications of Mass Spectrometry to Studies of Polyene Antibiotics. 
Ramesh C. Pandey and Kenneth L. Rinehart, Jr. B66 

D 5 . Mass Spectrometric Analysis of Phospholipid Components. 
James H. Duncan, W. J. Lennarz, and Catherine Fenselau 

^ No Manuscript 

D6 . The Elucidation of the Primary Structure of the Hypothalamic 
Thyroid Stimulating Hormone Releasing Factor of Ovine Origin by 
Means of Mass Spectrometry. 

D. M. Desiderio, R. Burgus, T. F. Dunn, W. Vale, R. Guillemin, 
and D. N. Ward B67 

B70 

B77 

B78 

B79 

Mass Spectra of Some Germacranolides and Furanogermacranolides. 
K. G. Das, M. S. B. Nayar B83 
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Paper No. Page No. . 

Symposium: Approaches to Detailed 

Fragmentation Mechanisms 

El.* Deconvolution of Ionization Efficiency Data as a Means of 
Determining Fragmentation Mechanisms in the Maes Spectrometer. 

Harry J. Svec and GereQd D. Flesch B85 

E2.* General Factors Determining Ion AbundEmces in Mass Spectra. 
F. W. McLafferty, Timothy Wachs, Chava Lifshitz, Guiseppe 
Innorta, and Philip Irving No Manuscript 

E3.* Studies of the Structure and Fragmentation of C Ĥ O'*'. 
A. G. Harrison, A. S. Blair, and B: G. Keyes No Manuscript 

EU.* Substituent Effects on Competing Cleavage and Rearrangement 
Processes in Moleculax Ion Decomposition Reactions. 

Peter Brown - ---•--- .— :^-- B93 

E5.* Energetics and Metastable Ion IhiehsitieB in the Determination 
of Ionic Structure. 

J. L. Occolowitz — 

E6.* Neighboring Group Participation in the Mass Spectral Fragmentation 
of Some Azulenes. 

R. G. Cooks, N. L. Wolfe, J. R. Curtis, H. E. Petty, and 
R. N. McDonald 

DlsBoclatlon Energies of Gaseous GaAg, Ga., InAg, and In. 
Karl A. Gingerich and Gary D. Blue 
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MASS SPECTROMETRY BIBLIOGRAPHIES 

^ Bibliographies based on computer and manual searches of the literature 

in mass spectrometry comprising publications in open Journals and 

government research reports have been prepared and published as AEC 

reports. To date reports are available at $3-00 per copy from the 

Clearing House for Federal Scientific and Technical Information 

National Bureau of Standards, U. S. Dept. of Commerce 

Springfield, Virginia 22151 
No. of 

References 

IS 1335 (1965) published Mar. 1966 1591 

IS 1611 (1966) published July I967 2907 

IS .1829 (1st half 1967) published Apr. 1968 3569 

IS 2058 (2nd half 1967) published June 1970 4674 

IS 2 0 ^ * (1st half 1968) expected publication; Fall 1970 4589 

IS 2327* (2nd half I968) expected publication; Winter I97O 5290 

IS 2356* (1969) expected publication; Winter 1970 ~4800 

A report covering I97O; expected publication, Spring 1971 —4500 

From these statistics, the literature of mass spectrometry is 

expected to contain > 320OO references for the last six years. There 

is no doubt that some references have been missed, especially those 

containing no reference to mass spectrometry In their titles, those 

whose authors are not yet on our computer search profile or those 

published in Journals not listed by Journal-contents publishers. 

The assistance of ASTM E-14 and ASMS In the form of stenographic 

support Is acknowledged for these issues. 

Harry J. Svec 
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Mass Spectrometrists, 1969-70 

The membership records of the American Society for Mass Spectrometry 
contain a wealth of information about mass spectrometrists and their 
interests during 1969-70. The average year of birth coincides with the 
median year of 1931; but the mode of the distribution is 1936. Over 97% 
of the members are male and over 97% have a college degree. Of the degree 
holders, 55% have earned a doctors at one of 109 institutions. 
Massachusetts Institute of Technology, the University of California 
(Berkeley), the University of Illinois and Cornell University rank in the 
order given for doctor's degrees granted, but collectively account for 
just over 15% of the doctorates. The top four for junior degrees are 
Pennsylvania State University, University of California (Berkeley), Iowa 
State University and Ohio State University, but collectively account for 
under 10% of those without the doctorate. About 3.5% of the members are 
students still enrolled at colleges, and 23% are employed in academic insti­
tutions. Another 19% work for the government or not-for-profit institutes, 
and nearly 54% work in industry. Two members were not employed when they 
joined the Society. 

The members were as)ced to give their selection of fields of interest 
on their application forms. The condensed results on this selection are 
shown in Table I. The compilation was done by assigning weights of 1, 
1/2, 1/3, etc. to first, second and third etc. choices, and expressing 
the final "interest spectrum" on a percentage basis. 

The geographical distribution of the members' addresses can be 
compiled in detail frora the list of members given elsewhere in this book. 
The ASMS as of June 22, 1970 had members from 41 states, the District of 
Columbia and 19 other countries. The states leading in number of members 
are California with 89, New York and Pennsylvania each with 59, New Jersey 
with 52 and Texas with 49. Countries with a relatively large number of 
ASMS members Include Canada with 24, France with 10, Great Britain and 
Japan each with 9 and Germany with 7. 

Compiled June 22, 1970 
J. M. McCrea, Sect., ASMS 

Table I 
Members' Interests and Applications, 1969-70 

Topic 
Analysis, qual/struc. 
Instrument, single focus 
Instrument, double focus 
Analysis, MS+GC/DTA, etc 
Analysis, isotopic 
Analysis, quant chem 
Analysis, solids (spark etc) 
Computer, calculations 
Ionization, electron,energetics 
Instruments, quadrupole 
Beams, collision reactions 
Special studies, kinetics 
Coraputer, interface systeras 
Computer, data compilation 
Ion rearrangements 
Thermodynamics 
Instruments, time of flight 
Ionization, surface, thermal 
Ionization, chem, field 
Theory 

Physical Constants 
Other Interests 

5.7 
5.1 
4.8 
4. 
4, 
3. 
3. 

2 
1 
6 
4 

2.9 
2.8 

Discipline 

7 
5 
3 
0 
4 
7 
8 
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chemistry, phys/inorg 
Cheraistry, organic 
Physics 
Biochemistry, Medicine 
Geology, geophysics 

Type of Application 
Basic Properties 
Instrument Development 
Materials Research 
Chemicals 
Space Research 
Petroleum 
Nuclear Science 
Surfaces 
Instrument prodn, sales 
Other 

32.5 
31.8 
14.5 
13.4 
7.8 

% 
20.4 
19.7 
13.8 
11.5 
7.3 
6.7 
6.5 
5.2 
5.1 
3.8 
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ELEMENTAL ABUNDANCES IN LUNAR h4ATERIALS " 

BY SPARK SOURCE MASS SPECTROSCOPY 

G . H . Monr ison , A. T. Kashuba , and A. M . Rothenberg 
Depar tment of Chemis t ry . 

Cornel l Un ive r s i ty 
I t h a c a , N . Y. 14850 

Among the most Important t y p e s of Information d e s i r e d from the lunar ma te r i a l s r e ­

turned to ea r th by the Apollo m i s s i o n s i s the c h a r a c t e r i z a t i o n of the i r c h e m i c a l c o m p o ­

s i t i o n . Of the v a r i o u s mul t i e lement t e c h n i q u e s for the survey a n a l y s i s of s o l i d s , spark 

source m a s s spec t rography prov ides the g r e a t e s t s c o p e and s e n s i t i v i t y . The a p p r o a c h 

i s pa r t i cu la r ly helpful in ob ta in ing maximum e l e m e n t a l a b u n d a n c e da ta on l imi ted sample 

s i z e s of lunar m a t e r i a l s . A method i s d e s c r i b e d for the a n a l y s i s of lunar ma te r i a l and 

r e s u l t s a re p re sen t ed for the a n a l y s i s of lunar so i l and rocks re turned by the Apollo 11 

and 12 m i s s i o n s . 

According to the Surveyor r e s u l t s ( 1 , 2 , 3 ) , the lunar surface ma te r i a l s near the 

s i t e of the l an d i ngs r e s e m b l e b a s a l t s in the i r major e lement a b u n d a n c e s . There fore , a 

g e n e r a l t e c h n i q u e for b a s a l t a n a l y s i s w a s d e v i s e d . U . S . G e o l o g i c a l Survey b a s a l t i c 

s t a n d a r d s W - 1 and BCR-1 were s e l e c t e d r e s p e c t i v e l y a s " s t a n d a r d " and " u n k n o w n . " 

Elec t rode s h a p e , c o m p o s i t i o n , magnet cu r ren t , e l e c t r o s t a t i c a n a l y z e r v o l t a g e , 

duty c y c l e and propor t iona l i ty s e t t i n g s were s tud ied to op t imize s e n s i t i v i t y (4) . The l a s t 

t h r e e , be ing con t inuous f u n c t i o n s , were sub jec t ed to a s tandard a n a l y s i s of v a r i a n c e e x ­

per iment , which qu ick ly e l u c i d a t e d the opt imal v a l u e s . Magne t s e t t i n g s were a l t e r e d 

to a c c o m p l i s h two p u r p o s e s : 

1 . A low magnet s e t t i n g , toge the r with r e l a t i ve ly low charge c o l l e c t i o n s 

(- 30 n c o u l . ) and a narrow s i l t (0 .0005") e f fec t ive ly spread out the spect rum 

under s t u d y , e l e m e n t s with m a s s e s below the rare e a r t h s , in order to ob ta in 

da ta on the major e l e m e n t s and t h o s e t r a ce e l e m e n t s normally obscu red by h a l a ­

t ion c a u s e d by the majors and conduct ing mat r ix , g raph i t e powder . 

2 . A high magne t i c se t t ing wi th higher charge c o l l e c t i o n s (1000 n c o u l . ) and a 

wider s l i t (0 .0025") sha rpened and in tens i f i ed the h i g h - m a s s t r a c e e l e m e n t s , 

e l imina ted C and C from the s p e c t r u m . Hala t ion e f fec ts were minimized 

by i n c r e a s i n g the spac ing be tween the la rger e x p o s u r e s . 

For u s e wi th t e r r e s t r i a l b a s a l t s . In w a s u sed a s the i n t e rna l s t a n d a r d . For s u b s e ­

quen t work wi th lunar m a t e r i a l s , the sm^all amounts of sample a v a i l a b l e p rec luded the 

doping of an i n t e rna l s t a n d a r d . The e x i s t i n g t r a ce Zr w a s u s e d , and neutron a c t i v a t i o n 

a n a l y s i s (5) w a s u s e d to a s c e r t a i n the Zr concen t r a t i on in t h e s a m p l e s . Sens i t i v i ty f a c ­

to rs were ob ta ined from the a n a l y s i s of Vif-1. 

B e c a u s e of the complex na ture of the lunar ma te r i a l s with a t t e n d a n t s e r i o u s i n t e r ­

fe rence p r o b l e m s , the u s e of m a s s s p e c t r o s c o p y a lone would have prec luded t h e d e t e r ­

minat ion of many e l e m e n t s of g e o c h e m i c a l i n t e r e s t . Therefore , t h e m a s s s p e c t r o g r a p h i c 

a n a l y s i s w a s combined wi th neutron a c t i v a t i o n a n a l y s i s of the same s a m p l e s r e s u l t i n g In 

the de te rmina t ion of 67 e l e m e n t s (6) (7). 
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Figure 2. Classification of Apollo 11 Igneous rocks into 
groups I and II based on large variation in elemental 
abundances. D represents soli and C represents brecc ias . 

IOO 

La Ce Sm Eu Gd Tb Dy Ho Er Yb Lu 

Figure 3 . Chondrite normalized rare earth abundance pat­
terns for Apollo 11 igneous rock groups I and II and soil 
and brecc ias . 
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Comparison of the results of our laboratory for the analysis of seven rocks and soil 

from Apollo 11 shows good agreement with the results of other investigators presented at 

the Lunar Science Conference (8). 

The average composition of Apollo 11 lunar material is given in Figure 1. It includes 

the average of 17 igneous rocks, 11 breccias and the soil representing all of the data pub­

lished by all investigators at the Lunar Science Conference using a variety of methods. 

The values in parentheses are based on limited numbers of analyses , in some cases only 

one analysis was available. 

All rocks have unusually high concentrations of Ti, Sc,Zr, Hf, Y, and trivalent 

rare earth elements and low concentrations of Na. Some of the more volatile elements, 

i . e . Bi, Hg, Zn, Cd, Tl, Pb, Ge, Cl and Br are signficantly depleted with respect to 

their presumed abundance in the primitive solar system. 

The chemical composition of all of the igneous rocks are similar except for the con­

centrations of K, Ti, Ba, Y, La, Hf, Rb, Th and U. See Figure 2. These trace elements, 

which normally do not enter the major mineral phases, distinguish two groups of igneous 

rocks. The composition of the soils (D)and breccias (0)ls similar to but distinguishable 

from the igneous rocks and fall between the groups I and II igneous rocks. The igneous 

rocks also exhibit a depletion of Eu relative to the other rare earth elements as shown 

in Figure 3 where the abundances are normalized to those in chondrites. Groups I and II 

igneous rocks are distinguishable with soil and breccia clustering around group I . 

Based on the limited data so far, the Apollo 12 lunar materials are chemically 

similar to those of Apollo 11 but with a number of interesting differences including lower 

concentrations of Ti, K, Rb, Zr, Y and Ba in Apollo 12 samples. Further details on the 

Apollo 12 results and a comparison of both Apollo 11 and 12 basalts with terrestrial and 

achondrite basalts will be published later. 
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HEAVY EIJMM'S IN LUNAR SAMPLES* 

C. M. Stevens, Donald J. Rokop, Parker E. Moreland, Jr., 

Paul R, Fields, Herbert Diamond, and Donald N, Metta, 

Chemistry Division Argonne National Laboratory 

Mass spectranetric and radiochemical analysis raethods were used to determine 

concentrations by isotopic dilution of thorium and uraivLum in Apollo 11 and 12 soil 

samples, isotopic abundance of uranium, and to search for transuranic and super 

heavy elements. Preliminary results are: Apollo 11 soil sample luOSI, Th = 2.2U ppm, 

9^5 '?3fi '?3(s 938 
U = 0.59 ppm, U/ = 0.007241 ± 0.000012, U/ = 3 + 3 ppbj Apollo 12 soil 

235 238 2'*'* 
sample 12070, Th = S.t? ppn, U = 1.75 ppm, U/ = 0,00721*8 ± 0.000018. No Pu 

247 -16 
or Cm were found to the limit of about 10 gra/gm in the Apollo 11 sample. The 

239 . -15 
limit for Pu IS 10 gm/gm. Special chemical procedures were used to prevent 

contamination and blanks «ere run in all cases. The mass spectrcmetry was done using 

multiple filament surface ionization with a 12" radius single-stage routine instrument, 

a two-stage mass spjectrcmeter with ion retarding lens, and the high sensitivity 100" 

radius instrument. Except for the members of the Th and U series no radioactivity has 

been dedected. Analytical work is still in progress. 

*Work performed under the auspices of the U. S. Atomic Energy Ccmmisslon 

and NASA Contract T-76536. 

•̂ Paul R. Fields, Herbert Diamond, Donald N. Metta, C. M. Stevens, Donald 

J. Rokop, and Parker E. Moreland, Science 167, 499 (1970). 
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Ion Microprobe Analysis of the Apollo 11 Samples " " 
C. A. ANDERSEN and J . R. HINTHORNE, Hasler Research Center, 
Applied Research Laboratories , Goleta, California 93017 

The ion microprobe mass analyzer has been used to study the t race element 
chemistry of lunar rocks returned from the Apollo 11 mission. Quant i ta t ive mass 
analyses were made in s i t u on the major and t race element contents of individual 
mineral grains and g l a s se s . Five polished thin sect ions of 1 to 5 mm. fragments 
of lunar breccia , types A and B basa l t s and an ano r thos i t e - l l ke rock were 
s tudied. The data are compared to s imi lar analyses made on a b a s a l t i c achondrite 
(Cachari) and young t e r r e s t r i a l b a s a l t s from the Mojave Desert and the Mid-
At l an t i c Ridge. 

A 100 nm th ick crus t glass p a r t i a l l y coating a breccia fragment was found 
to have major and t race element abundances nearly i d e n t i c a l to the bulk chemistry 
of the breccia and dust reported by other i nves t i ga to r s . P, Zr and Y are 
s l i g h t l y depleted in the crus t g lass , suggesting tha t these elementsimight be 
present in ref rac tory phases in the lunar rocks. A vein g lass In Cachari a lso 
has a composition very s imi la r to i t s bulk rock a n a l y s i s . Compared to the lunar 
glass Cachari appears to contain more Fe, Na, Mn, Cr, Ni, B and V, and l e s s Ti, 
K, P, Sr, Zr, Ba, Y and Co. 

A comparison of the t race element abundances in lunar , t e r r e s t r i a l and 
meteor i t i c s i l i c a t e phenocrysts shows tha t Tl and Cr are enriched In the lunar 
s i l i c a t e s while NI, K, Na and Pb are depleted. Mn, Al and V tend to group 
closely in phenocrysts from a l l the basa l t s analyzed. Table 1. gives represen­
t a t i v e analyses of the major lunar mineral phases. The data are from the centers 
of phenocrysts . 

Pa r t i t i on ing s tudies Indicate tha t LI I s concentrated In lunar p lag lo-
c lase , r a the r than in clinopyroxene and ol iv ine as in a l l the t e r r e s t r i a l samples 
so far analyzed. The other t race elements studied are d i s t r i bu t ed approximately 
the same in lunar and t e r r e s t r i a l s i l i c a t e s . Zoning s tudies of individual 
o l iv ine c rys t a l s in a lunar Type B basa l t show t h a t the outer edges of the 
c rys t a l s are enriched r e l a t i v e to the centers in Al, Ca, Mn and Co, and depleted 
In Na, K, P, Ti, V, and Cr. 

In an attempt to compare the t race element contents of a l l the b a s a l t i c 
rocks measured we have plot ted the abundances in the major s i l i c a t e phases versus 
the Fe/4Ja+K r a t i o for the same mineral g ra ins . When t h i s I s done, the "Incom­
p a t i b l e " elements, Ringwood (1966), are found to decrease regu la r ly with 
increasing Fe/^a+K and the "compatible" elements to increase with Increasing 
values of Fe/^a+K. This r a t i o , even in individual phases appears to be a measure 
of the degree of p a r t i a l melting which produced a given b a s a l t , and suggests t ha t 
the lunar and meteor i t i c basa l t s are products of more extensive p a r t i a l melting 
than t e r r e s t r i a l b a s a l t s . On a p lo t such as t h i s Ti appears to be even more 
enriched in Apollo 11 rocks than a simple comparison of abundances would suggest . 

Th and U and the r e su l t i ng radiogenic Pb were found to be concentrated In 
minor mineral phases such as Zr02, a p a t i t e , and a TI, Zr, Y, R.E. oxide. The 
ThAl and 20opt,/208pj, r a t i o s d i f f e r by more than a fac tor of 10 among these 
phases, but the ' ' ' 'Pb/^'^°Pb r a t i o s in the two Zr- r ich phases are nearly the same 
(0.45 + 5%) . 
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M 
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<1 
18 

-18000 
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3.5 
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M 
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3300 _ 

L16OO 
M 

< 2 

11 J 
<4 

5 
3A 

n,0-
<1X) 

Crust O k n t 
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31 
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.3800 
M 
M 

M 
130 
6 6 6 

M 

M 
4 5 

858 

795 
M 
15 

16 

7 0 
21 
61 
2 9 

<0-8 

Table 1. Representative trace element abundances In the major mineral phases 
and a glass in the Apollo 11 fines material (ppm atomic). 10085/17-28, 25, 25 
and 17 Indicate rock fragments analyzed. 

Paper to be submitted to Geochlmica et Cosmochimica Acta. 

Referpnnes : 
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Boston, p. 287-356. 
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MASS SPECTRAL REARRANGEMENT IN ORGANO-PHOSPHORUS PESTICIDES 

bv 

William A. Laurie and Morton E. Wacks 
Department of Nuclear Engineering 

The University of Arizona 
Tucson, Arizona 

and 

Robert W. Anderson, James F, Dietz , Bennie Lacy 
and James E. Snowden, J r . 

Chemical Division 
Dugway Proving Ground 

Dugway, Utah 

Several i nves t i ga to r s [1 ,2 ,3 ,4] have s tudied the mass spec t r a of phosphorus con­
t a in ing p e s t i c i d e s in order to find s t r u c t u r a l co r r e l a t i ons which can be- used to iden t i fy 
p e s t i c i d a l r e s idues . Although i t has been shown, for example, t h a t dimethoxy and d i ­
ethoxy phosphorothionates have c h a r a c t e r i s t i c fragmentation pathways, i t i s d i f f i c u l t t o 
d i f f e r e n t i a t e phosphorothionates from phosphorothiola tes . This i s important s ince i s o -
merizat ions of t h i s type can occur readi ly under the act ion of heat or mois ture , and i t 
has been shown t h a t such changes can have a large e f fec t on the t o x i c i t y of the compound 
[5] . 

The d i f f i c u l t y in d i f f e r e n t i a t i n g such isomers by mass spect rometr ic techniques 
l i e s mainly in the fact t ha t such isomerizat ions a lso take place in the mass spectrometer . 
Jorg e t a l . [2] have a t t r i b u t e d t h i s to thermal rearrangement p r i o r t o i o n i z a t i o n , whereas 
a study on r e l a t e d phosphorus compounds [6] has suggested the rearrangements are e l ec t ron 
impact induced. 

The study described here encompasses 14 organo-phosphorus p e s t i c i d e s , seve ra l of 
which have been examined before . The general fragmentation of the dimethoxy phosphoro­
th iona tes examined i s i l l u s t r a t e d in Figure 1 (abundances given are for methyl p a r a t h i o n ) . 
In a l l cases the R group i s a s u b s t i t u t e d phenyl r i n g . In t h i s and other diagrams, t r a n ­
s i t ior is marked with an a s t e r i s k are those for which a metastable ion has been observed in 
the normal spectrum. The r e l a t i v e i n t e n s i t y of each ion with respect ,to the most abun­
dant peak- i s given in brackets a f t e r the mass number. 

The ion a t m/e 125 can be formed by at l e a s t two pathways, as shown. One involves 
cleavage of a phosphorus-oxygen bond p r i o r t o rearrangement of the molecular ion, and the 
other involves a s imi l a r cleavage a f te r a lkyl migration to sulphur to form ion â . Evi­
dence for t h i s reac t ion i s the presence of a metastable ion a t m/e 49.9 ( ca l c . 49.9) for 
the loss of CH2S from m/e 125. The most l i ke ly mode of formation of m/e 109 i s a ry l mi­
gra t ion to given ion b_ followed by a s imi l a r phosphorus-oxygen bond cleavage. Inves t iga ­
t ion of the temperature dependence of the i n t e n s i t i e s of these two ions ind ica ted t h a t 
the observed isomerizat ions are e lec t ron impact induced. The ion i n t e n s i t y r a t i o was con­
s t a n t over source temperature range of 50" to 250°C. 

Although the normal spectrum had no metastable ions for the formation of m/e 125 
and m/e 109, the use of the instrument t o de tec t metastable t r a n s i t i o n s taking place in 
the f i r s t f i e l d free region [7] by va r i a t ion of the lon acce le ra t ion voltage allcwed de­
t ec t ion of such metastable peaks. For excunple, methyl parathion had metastable t r a n ­
s i t i o n s which ind ica ted th ree precursors for both m/e 109 and m/e 125. These were the 
molecular ion, (M - 0H)+, and (M - N0)+. 

This technique was of g rea te r importance in the i n t e r p r e t a t i o n of the spectrum of 
fenthion. In con t ra s t t o the o ther dimethoxy compounds s tud ied , fenthion has two impor­
t an t ions corresponding t o charge r e t en t ion on the aromatic s u b s t i t u e n t . These ions have 
both been shown by examination of metastable spec t r a to give m/e 125 (Figure 2 ) . The 
probable precursors for m/e 109 are shown in Figure 3, and t h i s suggests t h a t m/e 153 as 
well as m/e 125 and m/e 109 are double ts . Hence the use of the metastable de tec to r has 
pre-empted the need for mass measurement in t h i s case . 

The only phosphorothiolate s tudied (Meta-Systox) showed evidence of i somerizat ion 
although to a l e s s e r ex ten t . This may have been due to the g rea t e r propensi ty for migra­
t ions to sulphur r a the r than oxygen which has been observed in mass spectrometry or to 
the fac t t ha t a l l three subs t i t uen t s were alkyl in nature (aryl migration i s favored) . I t 
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m/e 153 m/e 137 

-CS^ 
+ 
s •CO 

m/e 109 

Fig 3. Transitions observed for Fenthion using defocussing technique 

E T O -
" • p y O - R - (ROH)* + E t O P ^ + CHo = CHo 

FIG. 4 Rearrangement of diethoxy 
substituted phosphorothionates. 
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was noted tha t temperature had l i t t l e e f fec t on the abundance of m/e 109 and m/e 125, 
again suggest ing the isomerizat ion was not thermal. The absence of a metastable t r a n ­
s i t i o n in the normal mass spectrum for the loss of CH2S from m/e 79 (even though t h i s 
pathway wcis evident in the metastable spectrum) may provide a d iagnos t ic too l for dif­
f e r e n t i a t i n g between t h i o l a t e and th iona te isomers. 

The three diethoxy compounds s tudied gave pred ic tab le r e s u l t s - a s imi l a r f rag­
mentation to the dimethoxy compounds with subsequent e l iminat ion of two molecules of 
e thy lene . However with these compounds an increased proport ion of the observed ion cur­
ren t corresponded to the aromatic subs t i t uen t plus one hydrogen. This could be a t t r i b u t e d 
to the rearrangement in Figure 4 which i s obviously impossible for the dimethoxy s u b s t i ­
tu ted compounds. 

The spec t ra for th ree previously unreported phosphonothioates have been determined. 
The 0-e thyl 0-p-ni t rophenyl phenylphosphonothioate spectrum (Figure 5) i s seen t o be 
f a i r l y simple. The aryl migration t o sulphur observed for the phosphorothionates i s a lso 
important for these compounds and explains two of the four most important ions in the 
spectrum (Figure 6 ) . Ions a t m/e 109 and m/e 110 a lso ind ica te migration of the phenyl 
group d i r e c t l y bonded to phosphorus as shown in Figure 7. Surecide (0-p-cyanophenyl 
0-e thyl phenylphosphonothioate) behaves in a s i m i l a r manner. The nature of these peaks 
i s confirmed by t h e i r absence from the spectrum of Agritox (0-ethyl 0-2 ,4 ,5 t r i c h l o r o -
phenyl ethylphosphonothioate) which exh ib i t s a fragmentation pathway s imi l a r t o t h a t shown 
in Figure 6 but does not have a molecular ion peak (M-Cl being the h ighes t mass peak ob­
served) . 

The in t roduc t ion of an isopropylamino function in Dowco 118 (Zytron) leads to the 
fragmentation shown (Figure 8) which s t i l l exh ib i t s the aryl migration to sulphur as for 
a l l the o ther compounds discussed. In these compounds containing an o-chloro s u b s t i t u e n t 
on the -R moiety loss of t h i s chlor ine was a domineint process , and t h i s ion (Figure 9) 
could be used to ind ica te the presence of an or tho r a the r than a meta or para chloro sub­
s t i t u e n t . 

All the organo-phosphorus compounds examined above showed evidence of rea r range­
ments which could lead to d i f f i c u l t i e s in the i n t e r p r e t a t i o n of unknown s p e c t r a . Further 
work on pure compounds of the phosphorothiolate type may y ie ld r e s u l t s whicii w i l l allow 
unambiguous a p r i o r i s t r u c t u r e determination of p e s t i c i d a l r e s idues . 
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HYDROGEN SCRAMBLING IN THE METHYL ACETATE MOLECULE-ION ^ 

P. R. Briggs and T. W. Shannon 

The Dow Chemical Company 
Eastern Research Laboratory 

Wayland, Massachusetts 01773 

During the course of investigating collision-induced dissociations 
(CID), it was noted that wo similar molecules behaved in entirely differ­
ent manners. Acetone loses a methyl radical to give the acetyl ion while 
the same ion is formed from methyl acetate by the loss of the methoxy 
radical. Under CID conditions, namely a high analyser tube pressure, the 
transition in acetone is almost entirely collision induced, while the loss 
of methoxy from methyl acetate remains a unimolecular decomposition. 
Further, using labelled compounds, CD3COOCH3 and CH3COOCD3, the observed 
metastable peak now becomes a triplet. Since the metastable peak corres­
ponds to C/-cleavage with loss of a methoxy radical the hydrogens and 
deuteriums have partially exchanged prior to O-cleavage. The relative 
abundance of the three metastable peaks varies with changing accelerating 
voltage indicating that ion lifetimes have a decided effect on the 
observed metastable abundances. This effect was investigated as a possible 
means of obtaining a value for the rate of exchange of the hydrogens prior 
to fragmentation. 

Experimental: 

Variation of lon lifetimes was accomplished by changing the acceler­
ating potential of the MS-12 mass spectrometer used. The ion source was 
modified by the insertion of an extra slit plate, Pl, in the electron 
gun assembly. The plate was electrically insulated from both the ion 
source block and the filament. Under pulsing operation Pl is initially at 
filament potential. The mass spectrometer is then focussed on an ion beam 
of Interest and the electron beam is arrested by applying a bias, negative 
with respect to the filament, to the electron beam control plate. Com­
plete stoppage of the electron beam is indicated by the disappearance of 
the' focussed ion beam. A positive pulse, supplied by a Hewlett-Packard* 
Model 214A pulse generator was applied to Pl to provide a pulsing electron 
beam. 

The pulsing electron beam provides bursts of ions which are acceler­
ated out of the ion chamber by the positive potential applied to the 
repeller and by penetration of the accelerating field through the lon exit 
plate ?s into the ion chamber. The main acceleration occurs between the 
beam centering and earth plates after which the ions travel at constant 
velocity past the y-deflection plate, through the field-free region of the 
analyser tube and into the magnetic field where they suffer a deflection 
according to their momentum. The observed metastable peaks are the result 
of ionic decompositions occurring during flight from the earth plate to 
the entrance to the magnetic field. 

The passage of ions through the ion gun may be detected by the use of 
a second pulse applied to either the beam centering or y-deflectlon plates. 
The second pulse (approximately 75 volts, 0.05 " sec. width) is triggered 
after a variable time delay by the electron beam pulse. If the pulse on 
the y-deflection plate coincides with the arrival of a burst of ions at 
that electrode, the ions will suffer a deflection and thus not reach the 
collector. The result is a decrease in a recorded peak intensity. By 
varying the time between the ionizing and deflecting pulses, a time pro­
file of the ions passing the plate may be obtained. The lon flight times 
may then be measured directly as the time between the center of the two 
pulses at which the deflection is a maximum. 

The arrival time at the y-deflectlon plate, t̂ y, for the m/e 77 ion 
from methyl acetate-da was determined as a function of the accelerating 
potential. These potentials were measured accurately using a calibrated 
high-voltage probe and a digital voltmeter. The final velocity of the lon 
is calculated from the total potential drop suffered by the accelerated 
ion and this in turn may be used to calculate the lon flight time from the 
earth plate to the y-deflectlon plate. Subtracting this value from the 
observed ';' values gives Ti, the arrival time of the ion in the field-
free drift region. The drift-region flight time may be calculated from 
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the known drift-region length and ion velocity. The lon arrival time at 
the entrance to the magnetic field 'j; , is the sum of Ti and the drift-
region flight time and is the total elapsed time during which metastable 
decompositions may be observed. 

Results and Discussion: 

Unlabelled methyl acetate shows a metastable peak at m/e 24.99 
corresponding to the transition 7k+ — > 45+ + Jl resulting from ^̂  -
cleavage of the parent lon. For labelled methyl acetate, namely CD3COOCH3, 
the parent lon moves up to m/e 77 and Instead of a single metastable peak 
at m/e 27.43, three metastable peaks are observed at ra/e 25.14, 25.30, 
27.48 corresponding to the transitions m/e 77 — > m/e 44, 45, 46. 
Similarly in CH3COOCD3 three metastable peaks are observed for the trans­
itions m/e —>• m/e 45> 44, 45. Since the fragmentation occurs via r-:-
cleavage some exchange of the hydrogens and deuteriums between the two 
methyl groups has occurred prior to scission of the C-O bond. 

Similar isotopic mixing has been observed in the mass spectra of 
specifically labelled ketones. ̂ "̂  For example in deuterated octan-3-one 
H/D scrambling occurs in the alkyl chain prior to a loss of an ethyl 
radical by Q-cleavage. However, this scrambling process is only evident 
at low electron energies. Similarly in other deuterated ketones^) ̂ the 
metastable peaks corresponding to CX-cleavage preceded by scrambling show 
significant variation between the first and second drift region of a 
double-focusing mass spectrometer. Thus the lifetime of the scrambling 
process is long and suggests that a variation of the ion residence time in 
the drift region may result in significant variations in the observed 
metastable abundances. 

Such an effect Is indeed evident as shown in Figures 1 and 2 in which 
the observed relative metastable abundance is plotted vs. the parent lon 
lifetime to the magnetic field. The error bars associated with each data 
point are the standard deviation of at least four measurements. Obviousljs 
interpretation of deuterium labelling experiments in which the relative 
retention of the label is evidenced from metastable peak intensities must 
be treated with caution unless demonstrated that such variations as shown 
in Figures 1 and 2 do not occur. 

To account for the scrambling, a multi-step process may be envisioned 
in which the reaction is initiated by the presence of a free radical. 
Such a process is Illustrated in Scheme 1. 

T D 
0 K...\ 
il 9D2 

\ + 
0 

Cflz 

H Ct)a 

D 

CH2 •COCDaH 

+ 

6 
CHaDCOCDaH 

Scheme 1 

The application of this type of mechanism to the case of labelled methyl 
acetate is shown In scheme 2. The metastable decomposition of d̂  resulting 
in a peak at m/e = 27.43 is observed but is of such low intensity that 
accurate data concerning its Intensity variation could not be collected. 
Since all hydrogens on both the methyl groups have equal probabilities of 
attaining the appropriate transition state configuration reverse reactions 
are therefore possible. If it Is assumed that once the transition state 
is reached transfer will occur and that there Is no isotope effect in the 
transfer of an H or a D, scheme 2 condenses to the following; 

CH3COCD3 CHaDCOCDaH 

b 

0* 

CHDaCOCDHa 

0* 
II 

CDgCOCHs 

The relative ordering of the rate constants is determined by the number of 
ways in which the reaction may occur and setting the rate for a single 
possibility equal tok. The rate of decomposition of a, b, and £ by 
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CX -cleavage is assumed to be identical and equal to k*. 

Since the scheme Is based on the assumption of no primary Isotope 
effect, the plots of I(mĵ ») vs. T̂  a for both CH3COOCD3 and CD3COOCH3 should 
be Identical. Inspection of figures 1 and 2 reveal that this is not the 
case. The cross-over point, I(mi*)=l(m3*), occurs at a longer time for 
CH3COOCD3. As the process of exchange of H and D occurs by three steps in 
the postulated mechanism then the reaction sequence can be depicted 
schematically as follows; 

HDH, 

DHD 

DHD, 

HDH 

DaH-OHaD 

HaD-ODaH 

HDH. 

'DHD 

DHD. 

HDH 

DHa-OHDa 

HDa-ODHa 

D3-OH3 

H3-OD3 

where DHD for example indicates the sequential transfer of deuterium, 
hydrogen and deuterium. Assuming an equal isotope effect (of y = kp/kjj) 
for each intermediate step in the process then we have HDH = yk and 
DHD = y^k where k is the rate constant for no primary Isotope effect. 

Figure 5 shows the calculated metastable intensities for y = 0.90 as 
a function of the flight time to the magnet. The difference in cross-over 
times of I.65 yti s e c . is longer than the observed difference of 0.95 >* sec. 
Other calculations indicate that decreasing y causes an increase in the 
time separation of the cross-over points. Thus it appears that an isotope 
effect of 0.90 to 0.95 is operative in the present example. 

The relative abundance of the lon species in the drift tube change as 
a function of time for the reaction sequence outlined in scheme 2. This 
is Illustrated in figure 4 for CH3CO2CD3 using k* = Ik and k = 0.250 X 10* 
sec. ^ The concentration of CH3CO2CD3, decreases'ipapidly, with 
CHaDCOaCDaH and then CHDaCOaCDHa increasing'to a maximum and then falling 
off with the concurrent production of CD3CO+ etc'.' ioiisi''-These ions are 
not directly observed as metastable peaks, rather the sum of all such ions 
produced in the drift region is collected as the metastable peak. Under 
such circumstances the matching of the calculated curves'('Fig. 5) to the 
experimental data (Figs. 1 and 2) is basically a trial and' error process 
in'^whichniefhave 'two unknowns k* and k. Although the'agreement between 
the"calculated indt'observed relative abundances is not good, the change In 
intensitŷ as'iai-furtctlon of time is qualitatively reproduced."h.̂ other 
slmpler<-mechanlsmsu«Sere calculated but would not reproduce the changes in 
abundance as well as the full mechanism. 

Zi.iyip'!. .yr. . . r i g , . : ;:> o; 
Althovfgh thei original objective of determining the rate Jofiexchange 

bf the hydrogens - prior t'to fragmentation has not been achlevedĵ oit was 
possible to determine' the: primary isotope effect for the intramolecular 
transfer of "deutertOm.'̂ toriis in the molecule-ion. Further; the substantial 
variation'df-Lthe metastable-ion abundances with lifetime illustrates the 
need for caution when applying such data as evidence for ionic structures. 
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OF ACETIC ACID UNDER ELECTRON IMPACT 
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Anchimeric Assistance in the Loss of Bromine from 5-Bromo-2-Phenyl-2-Pentene 

K. B. Tomer and R. H. Shapiro 

Department of Chemistry, University of Colorado, Boulder^ Colo, 80302 

The molecular ions of ring-substituted 5-bromo-2-phenyl-2-pentenes undergo two 

major competing reactions: 1) The loss of 'CH-Br through a simple cleavage reaction 

and 2) the expulsion of Br- (Figure 1). 

Br- _^ v r 'I + 

Figure 1 

1 2 

Chupka in 1959 and recently McLafferty and Fairweather have shown that a 

rearrangement process will show a more intense metastable peak than will a competing 

simple cleavage process. 
1 3 

Chupka and recently Williams and Cooks reported another method for determining 

the occurrence of a rearrangement process based on the simplified form of the basic 

rate equation of the quasi-equilibrium theory (equation 1). 
" " S - 1 

j^ f £ \ z V (equation 1) 

For two competing reactions, one being a simple cleavage and the other a rearrange­

ment process, the terms E and S-1 are constant for the two reactions. The frequency 

factor (-îj.) for a rearrangement reaction is lower than the frequency factor (xJ ) for a 

simple cleavage, and it has been experimentally determined that the activation energy 

(•̂ ) for many rearrangement processes is lower than the activation energy (xJ ) for a 

competing simple cleavage. At high ionizing energies the simple cleavage is expected 

to occur to the greatest extent, since the large difference between E and ̂  allows the 

frequency factor to rule the rate expression. As the ionizing energy is decreased, the 

activation energies begin to control the rates of the competing reactions, and the 

rearrangement process should become progressively more important. 

B25 



Ve employed these Cwo inechods to det:erniine whether che expulsion of bromine pro­

ceeds via a rearrangement reacclon or a simple cleavage. Our results for che relative 

abundances of che compeclng reactions as a function of energy are presenced in Figure 

2 and our resulcs on che relaclve abundances of the meCasCable are presenced in Figure 

3. 

EffecC of Ionizing Energy on Che Relative Abundance of (M-Br)"*" and (M-CH Br)"*" 

(M-Br"'')+(M-CH Br"*") 

Subsclcuent 30 eV 20 eV 18 eV 

m-CH^O 

m-NOj 

£-CF3 

m-CF, 

m-F 

m-Cl 

m-CH, 

H 

£ - C l 

£ - F 

£-CH3 

£-CH^O 

.807 

.69^ 

.583 

.559 

.5635 

.573 

.513 

.501 

.45 

.432 

.4785 
T • 

.311 

.834 

.70 

.629 

.6175 

.61 

.5975 

.556 

.539 

.483 

.459 

.476 

.335 

Figure 2 

.849 

.709 

.6615 

.6525 

.639 

.6275 

.5835 

.564 

.509 

.49 

.50 

.3525 

.894 

.714 

.738 

.725 

.70 

.695 

.637 

.625 

.556 

.5435 

.5625 

.3825 

.948 

.752 

.839 

.835 

.807 

.7845 

.741 

.725 

.685 

.643 

.680 

.483 

Metastable Ratios at 30 eV M * 

H £-OCH„ m-OCH„ fi-CF^ ni-CF„ fi-CH^ m-CH- £-F m-F p-Cl m-Cl m-NO-

3.25 0.9 7.65 7.87 7.60 2.66 4.33 3.33 9.0 4,67 1.85 2.4 

Figure 3 

The data indicate that, with the possible exception of the nitro substituted 

compound, the expulsion of bromine proceeds through a 'rearrangement-like' transition 

state. 

The substituent effects are best explained on the basis of two mechanisms for 

participation as shovn in Figure 4 and Figure 5. 
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References 

1. W. A. Chupka, J. Chem. Phys.. 30, 191 (1959). 

2. F. W. McLaffercy and R. B. Fairweather, J. Am. Chem. S o c . 90, 5915 (1968). 

3. D. H. Williams and R. G. Cooks, Chem. Comm.. 663 (1968). 

ia .- .KlJ i;. c. .. .. 

B27 



M a s s S p e c t r a and P y r o l y s i s of Cyclic Sulfites and Ca rbona te s of A r o m a t i c Dio l s . B6 
D. C. DEJONGH, R. Y. VAN FOSSEN BRAVO, a n d D . A. B R E N T , D e p a r t m e n t of 
C h e m i s t r y , Wayne Sta te Univers i ty , De t ro i t , Michigan 48202. 

ABSTRACT - - A v a r i e t y of cycl ic sulf i tes of a r o m a t i c diols have been p r e p a r e d and 

the i r m a s s s p e c t r a obtained. The compounds have been p a s s e d over a glowing 

N i c h r o m e coi l in a s t r e a m of n i t rogen and the p roduc t s of p y r o l y s i s t r a p p e d . F o r 

e x a m p l e , £ -pheny lene sulfite shows a loss of SO, followed by CO, f rom i t s m o l e c u l a r 

ion: 

o = 0 

Upon p y r o l y s i s , a 

M 

M-SO 

M-SO-CO 

(C^H^OjS) 

'C6"4°2' 
( C H O ) (base peak, TOeV) 

M-SO-2CO (C.H ) 

yield of the d i m e r of cyc lopentadienone i s fo rmed : 

.0 -SO a 
Thus , the sairie n e u t r a l m o l e c u l e s , SO and CO, a r e e l imina ted in each c a s e . S e v e r a l 

subs t i tu ted sulf i tes have been s tudied, a l s o . On the other hand, 2, 2 ' -b ipheny lene 

sulf i te shows compet ing l o s s e s of SO and SO_ from the m o l e c u l a r ion. Upon 

p y r o l y s i s , a 22% yield of dibenzofuran and a 52% yield of hydroxydibenzofuran a r e 

obta ined: P ^ 

-SO orno 

-SO, 

These compet ing l o s s e s upon e l e c t r o n - i m p a c t have been s tudied at v a r i o u s e l e c t r o n 

e n e r g i e s , and nnetas table peak c h a r a c t e r i s t i c s have been noted. 

The c o r r e s p o n d i n g cycl ic ca rbona t e s have been studied and the i r m a s s 

s p e c t r a and p y r o l y s i s p roduc t s have been c o m p a r e d to those of the su l f i tes . F o r 
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e x a m p l e , o -phenylene ca rbona t e l o s e s CO_, r a t h e r than CO which would be ana logous 

to the l o s s of SO from o^-phenylene sulfi te: 

y ,c = o 

M 

M-CO. 
'S"4°3 ' 

2 <S"4°' 
M-CO -CO (C^H ) {base peak, 70eV) 

P y r o l y s i s in a 12 in. hollow quar t z tube with a n i t rogen flow r a t e of 0. 8 - / / m i n and 

with m e t h a n o l as a t rapping agent gives a 44% yield of the d i m e r of c y c l o p e n t a d i e n e - 1 -

ca rboxy la t e : 

heat 
- C O ^ y-' +CH,OH 

D i m e r 
(44%) 

CO2CH3 

2, 2 ' -B ipheny lene ca rbona t e e l im ina t e s CO_ upon e l ec t ron impac t and p y r o l s i s . 

Dibenzofuran is fo rmed in 80% yield upon py ro lys i s in the quar t z tube . 

F a c t o r s such as p roduc t - ion s tabi l i ty , s tabi l i ty of the n e u t r a l s e l imina ted , 

and p o s s i b l e i n t e r m e d i a t e s from r ea r r angennen t a r e being c o n s i d e r e d to explain the 

d i f fe rences o b s e r v e d in c o m p a r i s o n of the behavior of the sulf i tes and c a r b o n a t e s . 

(This work wi l l be publ ished in J o u r n a l of Organic C h e m i s t r y . ) 
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MASS SPECTTRA OF THE KETALIZATION 
PRODUCTS OF ACENAPHTHENEQUINONE 

Allen I. Cohen, Ingeborg T. Harper and Seymour D. Levine 
The Squibb Institute for Medical Research 

New Brunswick, New Jersey 08903 

High-resolution mass spectrometry generally produces reliable structural assignments. In some 
cases, however, the determination of structure also requires infonnation about fragmentation 
pathways. Fragmentation pathways can be established by utilizing the defocusing technique of 
Barber and Elliott^ and electric-sector techniques^. 

EXPERIMENTAL 

The acid-catalyzed reaction of acenaphthenequinone with ethylene glycol in refluxing benzene 
afforded three products, which were isolated by preparative thick-layer chromatography. The mass 
spectra were obtained with an AEI MS-902 double-focusing mass spectrometer equipped with a 
manually operated accelerating voltage defocusing attachment and for high-resolution data 
acquisition a Honeywell 7600 frequency modulated analog tape recorder. The ion block 
temperature was maintained at 18CC. In high-resolution mode, the dynamic resolution was one 
part in 13000 and the spectra were scanned at a rate of 16 seconds per decade. The analog tape was 
processed on an IBM 1800 computer, using Squibb programs. The accuracy of high-resolution mass 
measurements was better than 10 ppm, while that of metastable ion defocusing was ±1 amu. 
Chemical ionization spectra were obtained by Dr. H. Fales on a modified AEI MS-902, with 
methane at 0.5 mm pressure at 220°C. 

RESULTS AND DISCUSSION 

The low-resolution mass spectrum of the monoketal is shown in Figure 1. The composition of the 
M+ at m/e 226 was confirmed by high-resolution techniques as Ci4Hio03- The odd-electron ion at 
m/e 198, arising from the loss of the ketonic carbonyl as carbon monoxide, is ten times more 
abundant than the ion at m/e 198 resulting from the elimination of ethylene. The m/e 170 ion has 
the molecular composition CiiHg02. The m/e 198 ion eliminates C2H4O to form the m/e 154 ion. 
Defocusing experiments confirm that the m/e 182 ion is also a precursor of the m/e 164 ion, 
although the precursor ion is present in only very small abundance. However, doubly charged ions 
at m/e 182, 154, and 126 are present. While the elimination of carbon dioxide from the m/e 170 
ion is expected, the double decarbonylation to form the m/e 142 and 114 ions is unexpected, 
especially since the loss of a nuclear carbon is involved. To explain this finding, we postulate that 
the ion resulting from the elimination of ethylene from the m/e 198 ion rearranges, in part, to 
1,8-naphtholactone, which in tum decarbonylates in two steps to form the m/e 114 ion. Recently, 
Seibl^ described the fragmentation of 1,8-naphtholactone by a double decarbonylation in a similar 
manner. 

The other two ketalization products of acenaphthenequinone were non-ketonic isomers. The 
raass spectrum of the low-melting isoraer is shown in Figure 2. Below m/e 200, the mass spectrum is 
very similar to that of the ketonic product. The doubly charged ions at m/e 182, 154 and 126 are, 
however, more prominent. As in the monoketcd, it is believed that the m/e 170 ion exists as the 
1,8-naphtholactone ion, from which two CO groups are eliminated successively. The m/e 198 ion 
may be formed in three different ways: 1) by loss of ethylene, followed by the elimination of 
carbon dioxide; 2) by loss of C3H4O2; and 3) by ring-cleavage, with successive losses of C2H30-
and CHO-. 

The chemical ionization spectrum ofthe low-melting isomer is shown in Figure 3. The base ion at 
m/e 183 is probably protonated acenaphthenequinone, which is formed through the consecutive 
elimination of two C2H4O moieties from the Q+ at m/e 271. 

Although the mass spectral data for the low-melting isomer are consistent with the normal 
ethylene diketal structure, the corresponding data for the high-melting isomer are consistent only 
with the structure shown in Figure 4. The base ion of the latter is 16 amu lower (m/e 154) than in 
the low-melting isomer (m/e 170), while a prominent m/e 182 ion is observed. The m/e 182 ion is 
formed either through the elimination of C2H4O2 and then of ethylene or by the reverse process; 
like the acenaphthenequinone ion (cf. Figure 5), it loses carbon monoxide in two steps. The 
fragmentation pathway that demonstrates the bis-dioxane structure, however, is the elimination of 
C2H4O2 from the molecular ion to form the stabilized unsaturated ion of m/e 210, which further 
eliminates ethylene to form the m/e 182 ion. The M-58 ion is formed by the stepwise elimination of 
ethylene and formaldehyde from the M+. The ions at m/e 198, 170, 142 and 114 are formed in the 
same manner as in the low-melting isomer, i.e. by the elimination of carbon dioxide from the m/e 
242 ion. The loss of formaldehyde and C2H4O2 could occur from a ra/e 242 ion that had been 
formed from the elimination of ethylene, while the loss of carbon dioxide from the m/e 242 ion 
would require rearrangement to the m/e 198 ion present in the low-melting isomer. Although no ion 
is found for the loss of C4HgO, there are two ions at m/e 199, one corresponding to the ^^C 
isotope peak of the m/e 198 ion and the other to the loss of C4H7O from the M+. In contrast to the 
electron impact mass spectrum of the high-melting isoraer, the chemical ionization raass spectrum 
(cf. Figure 6) shows a very intense m/e 199 ion. No metastable ion is detected for its formation and, 
unfortunately, the exact raass for this ion was not measured nor was it determined by metastable 
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defocusing experiments. Assuming that rearrangement is not favored in chemical ionization, C4H8O 
should be lost from the quasimolecular ion to form the m/e 199 ion. Metastable ion transitions are 
observed for the consecutive losses of two C2H4O moieties from the quasimolecular ion. Finally, a 
ra/e 210 ion is present, resulting from the elimination of C2H4O2 and a proton to form the 
unsaturated ion; the ion corresponding to loss of the elements of ethylene and formaldehyde is not 
observed. 

Ketalization of cyclohexane-1,2-dioneffives the normal diketal as the major product plus a small 
amount (ca. 2%) of tetraoxapropellane'^'^. The mass spectrum of this compound is shown in Figure 
7. The characteristic peak for the elimination of C2H4O2 from the M+ is observed, accompanied by 
both metastable and defocused ions. In addition, the M-58 ion also illustrates that C3HgO is lost 
from the M+. Russell and Ochrymowycz® reported that the mass spectrum of the ketalization 
product of phenylglyoxal favors the normal product, although they found a small M-60 ion that 
would be consistent with the bis-dioxane structure. 
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ENERGY EFFECTS IN THE MASS a» ECTRA OF AROMATIC COMPOUNDS B 8 
Noel Einolf and Burnaby Munson 

Department of Chemistry 
University of Delaware 

NewarkJ Delaware 

The effect of substituents on particular fragmentation pathways was studied by 
an energy variation technique. Theae competing reactions in the benzophenone series 
were chosen: 

YC6H4C0C6H5'^' —llL_^ YC6H4C0"^ + CeHs- (l) 

C6H5C0*^ -t- YC6H4. 

^ 6 " 4 ^ ^ 6 " 5 *" YC6H4 + C6H5C0-

J _ ^ C6H5+ -f- YC6H4C0- ( 2 ) 

For a d e c o m p o s i t i o n of m o l e c u l a r i o n t o f ragment i o n , t h e d e p e n d e n c e of k i s 
g i v e n by q u a s i - e q u i l i b r i u r a t h e o r y a s 

' E - EQ \ N - 1 
k = V ^ (3) 

A comparison of rate constants for reactions in equations (1) and (2) will take 
the logarithmic form 

log ki/k2 = log Vl /Vj + (N - 1) log I — I (4) 
E - E, 1 •0 

Equation (4) predicts a dependence of rate constant ratio on a frequency 
factor terra and an energy term. 

The mass spectra of 12 substituted benzophenones were evaluated at electron 
energies ranging from less than 15 eV to 70 eV. A plot of log YC6H4CO"^/C6H5CO"^ vs. 
Eel gives smooth, regular curves, as shown by representative substituents in the 
figure. This ratio is greater than one at 70 eV for electron donating groups and 
increases with decreasing E^j^. For electron withdrawing groups the ratio YCiCO"**/0CO"̂  
is less than one with 70 ev electrons and decreases with decreasing Egl• There is 
a good correlation of the quantity log YC6H4CCH"/C6H5C0+ withO''". 

Results for the phenyl ions (equation 2) were not as good, probably due to 
raultiple pathways for the formation of chese ions. 

Charge exchange spectra show a similar dependence of log YC5H4CO^/C5H5C0"^ on 
internal energy of the raolecular ion, E. Internal energy is determined by the 
recombination energy of the reactant ions, Xe"*", Kr"*", Ar^. Also apparent in the charge 
exchange spectra is a drastic decrease in intensity of the raolecular ion as E is 
increased. 

By extending this preliminary work on charge exchange, we hope to clarify the 
effects of substituenta and electron energy on the rate constants for decomposition 
of these ions and on Che resultant mass spectra of Che neuCral corapounds. 

(To be submitted to Organic Mass Spectrometry) 

B35 



loa 

60 

40 

20 

10 

+ 
o 
o 

' y 
y 

# 

BENZOPHENONES 

4-NH.. 

-e—•-
4~CHyO 

4^CH, 

V*^ 
4-CL 

^ ^ 

4-WOa 
- • • -

\o 20 3 0 4 0 
tlECrRON eMERftV V 

so 60 70 

B36 



SIMULATED DISTILLATION BY HIGH RESOLUTION B9 
LOW VOLTAGE MASS SPECTROMETRY 

Thomas Aczel and H. E. Lumpkin 

Analytical Research Laboratory 
Esso Research and Engineering Connpany 

Baytown, Texas 77520 

The detailed characterization of complex aromatic mixtures obtained through high 
resolution low voltage analysis( l ) is now being used to predict the d i s t i l l a t i o n character­
i s t i c s of the material analyzed. 

The approach is based on the determination of the concentration of each component and 
sort ing according to boi l ing points. The concentrations of a l l the components with b o i l ­
ing points within each f ive degree Fahrenheit range i n te rva l , from 170 to 1230°F, are 
summed to obtain a d i s t i l l a t i o n curve. The occasional nonvolati le portion of the sample 
is determined by weighing the residue remaining in the sol id sample i n l e t system(2) af ter 
the analysis. 

The experimental procedures and the mass spectrometric and computer equipment used 
are those described prev ious ly ( l ) . The d i s t i l l a t i o n curve is printed by the computer at 
each 5°F. The data are normalized both on a tota l vo lat i les and on a to ta l sample basis, 
taking into consideration the nonvolati le residue. A summary table, giving these values 
at each 50°F i n te r va l . Is also pr inted. 

The most Important step in the procedure is securing a set of boi l ing points for the 
up to 2900 components Included In the analysis. Two main approaches are used for th is 
purpose: 1) use of true boi l ing points from the l i t e ra tu re ; 2) calculat ion of empirical 
boi l ing points from the high resolution low voltage mass spectral analysis of narrow 
conventional or gas chromatographic d i s t i l l a t i o n cuts. 

Data from the l i te ra tu re were obtained using various sources(3,4). As structural 
Isomers, such as anthracene and phenanthrene, cannot be distinguished by low voltage mass 
spectrometry, average boi l ing point values were used In these cases. The boi l ing points 
of many of the higher molecular weight components could not be found in the l i t e r a t u r e ; 
therefore, extrapolated data based on those available were used for the heavier components. 

The boi l ing points of aromatic hydrocarbon nuclei were extrapolated using a plot of 
boi l ing points versus molecular weight. The boi l ing points of hydroxyaromatic nuclei were 
extrapolated from a p lot of the rat io of the available boi l ing points of corresponding 
aromatic and hydroxyaromatic nuclei (benzene and phenol, for example) versus the carbon 
number of the compounds involved. As expected, the boi l ing point rat ios between hydroxy­
aromatic and aromatic structures were higher for the low carbon number structures where 
the contr ibution of the hydroxyl group is great with respect to the rest of the molecule. 
Boi l ing points for aromatic sulfur nuclei were also based on those of the aromatic nuc le i . 
One S atom has approximately the same effect on boi l ing point as two C atoms; for example, 
benzothlophene has a boi l ing point close to that of naphthalene, dibenzothiophene to that 
of phenanthrene, etc. 

F ina l ly , the curves used to extrapolate the effect of alkyl subst i tut ion on the 58 
aromatic hydrocarbon, aromatic oxygen, and aromatic sul fur nuclei were based on the 
changes in boi l ing points observed for n-paraffins of Increasing chain length. 

The other approach mentioned, not yet in use in the computerized procedure, is based 
on the observed fact(5) that plots of the average carbon number determined by the high 
resolution low voltage analysis for a series of narrow d i s t i l l a t e cuts are reasonably 
l inear for a l l homologous series with respect to the median boi l ing points of the same 
f ract ions. These plots can thus furnish empirical boi l ing point data for each carbon 
number in a given series for a given type of sample. 

In addit ion to furnishing empirical boi l ing point data, the study of narrow d i s t i l l a ­
t ion fract ions has shown that in a practical d i s t i l l a t i o n each component is described 
better by a boi l ing range rather than by an Ideal , unique boi l ing point. For example, a 
single compound such as naphthalene is found in several narrow d i s t i l l a t e f rac t ions, 
covering a range of up to 100-150°F. Plots of concentration of a given compound versus 
the median boi l ing points of the d i s t i l l a t i o n fract ions In which they are present are 
essent ial ly Gaussian. We are now in the process of adding a so-called sloppy d i s t i l l a t i o n 
curve to our computer output which w i l l be based on boi l ing range intervals rather than 
on unique boi l ing points. 
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The precision of the mass spectral d i s t i l l a t i o n is acceptable as shown by the values 
tabulated below, obtained on f ive replicate analyses in a period of two months on a coal 
l iquefact ion product. 

Weight Percent Off 
Temperature, 

400 
500 
600 
700 
800 
900 

1000 
Total vo la t i l 

IL 

es 

Average 

3.49 
40.68 
60.67 
72.03 
76.39 
78.01 
78.75 
79.42 

Standard Deviation 

0.78 
1.75 
2.25 
2.29 
1.78 
1.36 
1.30 
1.26 

A large number of data has shown that the amount of nonvolatiles by MS corresponds to 
the 1000°F+ bottoms for coal l iquefact ion samples. 

An example of the accuracy, that is the a b i l i t y to predict conventional data, is given 
by the f igure shown below in which MS data are compared to those obtained from a conven­
t ional glass spiral d i s t i l l a t i o n for coal l iquefact ion products. 

COMPARISON OF MS, GS DISTILLATIONS 

10 20 40 60 80 
Cumulative Pet. 

In some cases we have observed considerable deviations between MS and conventional 
data. These were due to some extent to the MS calibration coefficients, now being 
revised, but mostly to the use of ideal boiling points in the MS procedure. Even in these 
cases, however, the MS data were consistent and sufficient to predict the variations in 
the distillation curve resulting from changed processing parameters. 

The MS simulated distillation provides rapid, precise data at a negligible marginal 
cost for samples analyzed by the mass spectrometer. It requires a minimum of sample, 
furnishes extremely detailed data and avoids polymerization in the still. Its possible 
disadvantages are the reliance on extrapolated calibration data both for sensitivity and 
boiling point values, the restriction to volatile aromatics, and the impossibility of 
furnishing physical cuts. 

This latter disadvantage is partially compensated by predicting the composition of 
narrow distillate cuts from the composition of the total fraction, using the boiling point 
data in the program. This is a very promising approach, as shown by the partial data 
reported below. 
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Component 

So"8 

^2^12 

^ l A ^ i e 

Avg. MW, Naphthalenes 

'^n"2n-6 

'^n"2n-10 

'^n"2n-14 

'^n"2n-18 

'^n"2n-22 

Avg. MW 

Avg. Z No. 

Percent off 

Percent off 

at 

at 

500°F 

600° F 

Wide Boiling 
Sample 

400-700°F.'" 
Found 

6.7 

2.8 

1.1 

147 

1.3 

8.5 

14.2 

8.2 

1.6 

164 

11.9 

45.0 

71.2 

400 
Found 

14.7 

4.8 

-

138 

2.3 

6.6 

5.0 

0.0 

0.0 

144 

9.4 

83.3 

99.9 

Cuts 
-530"F 
Predicted 

12.5 

5.3 

-

138 

2.7 

6.3 

3.8 

0.0 

0.0 

144 

9.2 

84.2 

100.0 

530 
Found 

0.0 

0.9 

2.4 

186 

0.1 

10.6 

24.7 

17.6 

3.5 

192 

14.7 

1.2 

37.2 

-700"F 
Predicted 

0.0 

0.0 

1.9 

190 

0.0 

11.0 

23.7 

15.0 

3.3 

189 

14.9 

0.0 

38.2 

Simulated distillation by high resolution mass spectrometry to predict the distilla­
tion characteristics of aromatic mixtures has been used in our laboratories with good 
success for the past year. It has been applied mainly to the prevalently aromatic coal 
liquefaction products, but is also useful for the aromatic portion of petroleum streams 
and, integrated with data from the qas chromatographic distillation of the saturates, for 
total petroleum streams. 

We plan to submit an extended version of this paper to Analytical Chemistry. 

(1) Thomas Aczel, E. E. Allan, J. H. Harding and E. A. Knipp, Anal. Chem., 42, 341(1970). 
(2) H. E. Lumpkin and G. R. Taylor, Anal. Chem., 33, 476(1961). 
(3) S. W. Ferris, Handbook of Hydrocarbons, Academic Press, New York, N.Y.(1955). 
(4) H. C. Anderson and W. R. K. Wu, Properties of Compounds in Coal Carbonization 

Products. Bulletin 606, Bureau ot Mines, Ihe Department of Interior. 
(5) Thomas Aczel and B. H. Johnson, 153rd National Meeting of the American Chemical 

Society, Miami Beach, Florida, April 9-13, 1967, Preprints of. Symposia, Vol. 12, 
No. 2, page B-83. 
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High Resolut ion Mass S p e c t r o m e t r y of DlU 
Nucleic Acid Hydro lysa tes 

W. A. Koenig, A. M. Lawson, L, C, Smith, 
P . F - C r a i n and J a m e s A. McCloskey 

Inst i tute for Lipid R e s e a r c h and Depa r tmen t of B i o c h e m i s t r y 
Baylor Col lege of Medic ine 

Houston, Texas 

High r e so lu t ion m a s s spec t ronne t ry has been applied to the ident i f icat ion of nnodified 
nuc l eos ide s in r ibonuc le ic acid (RNA), based on the ident i f icat ion of s t r u c t u r a l l y d i a g ­
nos t ic p rede te rnn ined se t s of exact n n a s s e s . This app roach has the p r i n c i p a l advantage 
that it can often c l e a r l y d i s t ingu i sh and identify c lose ly r e l a t ed compounds with sinni­
l a r phys ica l and chronnatographic p r o p e r t i e s . 

T r a n s f e r RNA was chosen as a nnodel systenn, s ince pu re ( i soaccept ing) tRNAs of 
knov/n sequence yield hyd ro ly sa t e s of known nuc leos ide content which include nnodified 
f o r m s of the four major nuc leos ides o c c u r r i n g in RNA. Also, s ince tRNAs contain 
about 80 nuc leo t ide r e s i d u e s they provide an extrenne t es t for ident i f icat ion of m ino r 
connponents, mos t of which occur only one t ime p e r m o l e c u l e . 

Exper innenta l m e t h o d s . tRNA (100-300 p.g) was enzyma t i ca l l y deg raded to n u c l e o ­
s ides , and the hydro lysa t e pas sed through a m i c r o DEAE Sephadex colunnn, d r i ed ove r 
P-jOj., then conver ted to e i ther t r i m e t h y l s i l y l (TMS) (Ĵ , 2̂ ) or t r i f l u o r o a c e t a t e (TEA) 
d e r i v a t i v e s . A s a m p l e of a p p r o x i m a t e l y 50 ug of d e r i v a t i v e s was placed in the d i r e c t 
p robe of a CEC 21-1 lOB nnass spec t ronne t e r . This amount of sannple is equivalent to 
30 [j.g tRNA or 22 jig of f r ee nuc l eos ides , a s s u m i n g quant i ta t ive h y d r o l y s i s and d e r i v a -
t i za t ion . A s ingle m a s s spectrunn was pho tograph ica l ly r e c o r d e d over a 3 nninute 
per iod while the sannple t ennpera tu re was r a i s e d fronn 220 to 260'-'. Since the photo­
g raph ic p la te i n t e g r a t e s the ion c u r r e n t over the per iod of exposu re , va ry ing r a t e s of 
evapora t ion of different connponents f rom the probe a r e of no c o n s e q u e n c e . At a m a g ­
net ic field s t r e n g t h of 11.2 k i logauss and 8 KV a c c e l e r a t i n g vol tage, the reg ion fronn 
m/e^ 28 to /-^ 706 is r e c o r d e d , which is sufficient for v i r tua l ly all known n u c l e o s i d e s . 
Reduct ion of the a c c e l e r a t i n g vol tage to 6 KV extends the m a s s r ange to ove r m / e 900 
but with an a p p r o x i m a t e l y two-fold d e c r e a s e in sens i t i v i ty . Resolut ion of 18.000 -
20,000, was found to provide a su i tab le c o m p r o m i s e be tween r e s o l u t i o n of mu l t ip l e t s 
(often over 8 l ines pe r a . m . u . ) and sens i t i v i ty . Studies with n u c l e o s i d e - T M S s t and ­
a r d s using ilford C2 p la tes indicated that s a m p l e quant i t ies equivalent to 20-50 ng gave 
s i g n a l / n o i s e r a t i o s of > 3 0 : 1 for nnajor ions at r e so lu t ion 20 ,000. 

M a s s s p e c t r a w e r e r e c o r d e d on e i ther Ilford 0 2 photopla tes , o r Techn ica l O p e r a ­
t ions evapora ted s i l v e r b r o m i d e p l a t e s , the l a t t e r of which gave exce l len t s ens i t iv i ty 
at high m a s s va lues and negl ig iable background . 

The high re so lu t ion nnass s p e c t r u m of a typica l tRNA hydro ly sa t e conta ins a p p r o x i ­
ma te ly 900 l ines (exclus ive of m a s s s t a n d a r d s ) , and consequent ly y ie lds the sanne 
nunnber of exact m a s s v a l u e s . These da ta r e p r e s e n t the 8-14 n u c l e o s i d e s of vary ing 
concen t r a t i ons usua l ly p r e s e n t in a t r a n s f e r RNA, plus snnall announts of i m p u r i t i e s . 
The reduc t ion of high r e so lu t ion data and the s e a r c h for c h a r a c t e r i s t i c exact nnass 
va lues a r e c a r r i e d out using a t inne-shar ing s y s t e m of an IBM 360/50 c o m p u t e r . 

Resu l t s . T y r o s i n e t r a n s f e r RNA fronn yeas t (3) having a known nuc leo t ide sequence 
of 78 r e s i d u e s (4) y ie lds the following nuc leos ide connposition on h y d r o l y s i s : g u a n o ­
s ine (20), cyt idine (19). adenos ine (15), u r id ine (8), d ihyd rou r id ine (6), p seudour id ine 
(3), N^ -me thy lguanos ine (1), 2 ' - O - m e t h y l g u a n o s i n e (1), N^, N^-d ime thy lguanos ine (1), 
N° - (3 -nne thy l -2 -bu tenyDadenos ine (1), 5-nnethylcytidine (1), thynnine r i b o s i d e (1), 
1-nnethyladenosine (1). As TMS d e r i v a t i v e s 11 of the 13 connponents w e r e identified 
in a s ingle high r e so lu t ion s p e c t r u m , 5-Methylcyt id ine (TMS)^ and 2 - O - m e t h y l -
guanos ine (TMS)^ w e r e not found. 1-Methyladenosine was obse rved as the (TMS)., 
d e r i v a t i v e (including the M, M-15 ions) but could not be d i s t ingu ished f rom N -nnethyl­
adenos ine , to which it can r e a r r a n g e during i so la t ion (5^). Using t r i f luoroace ty l -
d e r i v a t i v e s , al l nuc l eos ides except 2 ' -O-nne thy lguanos ine (TEA) w e r e identified in a 
s ingle s p e c t r u m . 

As an a l t e r n a t i v e to the r eco rd ing of s p e c t r a of m i x t u r e s at high re so lv ing power , 
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p r i o r s e p a r a t i o n of components by a gas c h r o m a t o g r a p h d i r e c t l y coupled to a m a s s 
s p e c t r o m e t e r is f e a s i b l e , and is under inves t iga t ion in our l a b o r a t o r y as a p o s s i b l e 
a p p r o a c h . 

Re fe rences 

1. Y. Sasaki and T . Hash izume . Anal . B iochem. . 16, I (1966). 

2 . J . A. McCloskey , A. M. Lawson, K. Tsuboyama, P . M. Kruege r and R. N. 
St i l lwel l . J . A m e r . C h e m . Soc. , 90. 4182 (1968). 

3 . We a r e indebted to D r . J . T . Madison for a s a m p l e of th is compound. 

4 . (a) J . T . Madison, G. A. E v e r e t t and H. Kung, Science, 153. 531 (1966); 
(b) J . T . Madison and H. Kung, J . Biol . C h e m . , 242, 1324(1967) . 

5 . J . T . Madison, G. A. E v e r e t t and H. Kung, J . Biol . C h e m . , 242, 1318 (1967) 
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ftpplications of Ultra-High Resotution Hass Spectrometry and B l l 
Direct Data Reduction in Labeling and Tracer Studies 

J. R. Chapman," S. Evans-' and W. A. Wolstenhoime+ 

-"AEI Sc ient i fic Apparatus Ltd., Manchester, England 
+AEI Scientific Apparatus Inc., White Plains, N.Y. I0604 

INTRODUCTION 

the use of high resolution mass spectrometers in conjunction with computer-based 
data processing systems is becoming more widespread. An increasing number of 
laboratories is using complete high resolution spectra in conjunction with low 
resolution and limited high resolution studies. In the authors' laboratory a 
data system based on a small computer (DEC PDPB/l) is used routinely to record 
complete high resolution spectra and has been applied to variety of chemical 
problems.(1) The data system is normally connected on line to the mass spectro­
meter and, typically, the resolving power of the instrument is set to 10-15,000. 

One of the interesting applications of ultra-high resolution studies (say 30,000 
to 100,000) is in the study of isotopically labelled molecules. The interest in 
these compounds is frequently to determine how much label is present and also at 
wh^t point in the structure has the incorporation taken place. 

The advantage of ultra-high resolution studies for this work is that it enables one 
to study uniquely the peaks containing the label. It removes any ambiguity from 
the data and thus increases greatly the reliability of the data. 

The use of a mass spectrometer at ultra-high resolution involves, of course, a con­
siderable decrease in sensitivity compared with low resolution operation. This 
condition is further aggravated when studying isotopically labelled molecules since 
ideally one would like to study and record the peak containing the label at the 
molecular ion. Thus, not only is high resolution required but also one is studying 
isotope peaks, the intensity of which is typically a few percent of the unlabelled 
peak. 

In the authors' laboratory,work has recently been carried out which enables much 
higher sensitivity to be achieved at high resolution (about a factor 30 increase 
at a resolution of 40,000). These results are described in a paper by Evans and 
Hallas presented at this meeting. 

In this paper we wish to present the first results obtained using the ion optical 
mod ifIcatIons. 

EXPERIMENTAL . 

The experimental work was carried out on an AEI MS902 high resolution mass spectro­
meter connected on-line to a DS-20 data system based on a DEC PDPS/I computer with 
a 4k working store and 64k disc back-up. The compound used for these initial 
studies was ' ^ U enriched gliotoxin: 

CHjOH 

Gliotoxin 

B42 



The sample used was prepared using a substrate to which '5N-glycine had been added. 
Previous worl< by Bose et al had shown that under these conditions both nitrogens are 
labelled although to unequal extents.(2) The doublets requiring s e p a r a t i o n f o r 
unambiguous study of labeled peaks are thus; 

I't., 15K, 

13 \k 12 15 

A M = 0.0108 

<aM = 0.0063 

Thus, at the molecular ion minus S . region of gliotoxin (M/e 263), the required resolu­
tion is iti,000 and at typical indole fragment (M/e |it5) a resolution of 23,000 is 
requ i red. 

Initially, a routine complete high resolution (10,000) spectrum was recorded f o r 
gliotoxin and this element listing data used to select peaks for further study at 
higher resolurtion. 

RESULTS 

Table I shows the compositions of some of the ions in the gliotoxin spectrum deter­
mined from the scan at resolution 10,000 on-line to the data system. 

TABLE I 

COMPOSITION OF IONS IN GLIOTOXIN SPECTRUM OBTAINED FROM COMPLETE HIGH RESOLUTION SCAN 

M le 

326 

262 

]kk 

\k3 

116 

Compos i t ion 

C| oH|^N20/,S2(molecular ion) 

C,3H,4N20^ 

CgH^NO 

115 CQHCN 

Gliotoxin very readily loses the sulphur even when admitted to the mass spectrometer 
by direct insertion and the peak at l^-S2) was chosen to obtain a measure of the total 
l^N incorporation. The fragment ions in the M/e ]k3 region are due to the indole 
moiety and, therefore, give a measure of the incorporation at the indole nitrogen. 

In order to separate the doublets of interest, a complete spectrum was recorded at 
a resolution of 30,000. The relative intensities of the isotope peaks at M/e 263, 
1^5, 1^^ and 117 were measured from the chart and the results are summarized in 
Table It in terms of the measured enrichment. 

TABLE I I 

15, 
GLIOTOXIN ('̂ N GLYCINE SUBSTRATE) 

N ENRICHMENT LEVELS MEASURED FROM COMPLETE SCAN AT R.P. 30,000 

Composition of Ions Measured 

C , 3 H , 4 ' 5 N N 0 4 

C13H14N2O4 

c H ^ ' S N O 
C | H 6 N 0 

CqHc'SNO 
CgHj NO 

CsHe N 

'5, N enrichment level 

4.8% 

1.8% 

2.0% 

1.9% 
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^ : ^ : ^ ^ ' < ' ' . - ' ' ^ - ' - ' i ^ ^ * r>^r.'s^^^jS^p!^V 

^*>35?i*'i4«s&.-<**j»f*3feS^;^^^^^^ 

^i^;4|j[j;^ft!iifSi« 

y y i s i 

is?ft^^^tes§i^'1-........... 

Figure 1. Gliotoxin, ^/e 263 due to ^ ] 2 ^ ^ ^ ^ ] k ^ 2 ^ k " C, 3H,i^l^NN0i^ 
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Z^. ,p^^^^^. - ^ ^ ^ - ^ ; -^.. 'I 

" • • \ 

y .^y^'-' 

m̂  r<mM;' 

15. F igure 2 . G l i o t o x i n , "^/e lif5 t r i p l e t . CQH^ -"NO, CCSH^NO 
& CgHyNO 
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Figure I shows the doublet recorded at M/e 263 due to C]2^^CH]i^.H20l^. and Ci^Hii^lSNNO/^. 
Figure 2 shows a triplet at M/e 1̂ +5 due to CgH^'SNO, '^ccgHgNO, and CqHyNO. It can 
be seen that the resolving power and sensitivity are quite adequate for unambiguous 
identification of the specific isotope peak of interest and also for the reliable 
measurement of relative intensity. 

The results obtained show that k.Q% of molecules which would normally contain N, 
contain one ^^H atom. Also, the values in Table I show the percentage of molecules 
which contain '^N in the indole moiety instead of natural ^^N. 

Finally, Figure 3 shows part of the computer output from a complete high resolution 
scan recorded at 40,000 resolution. At mass 1^5, the triplet due to the CH, '^C 
and '^N containing components is resolved and each component identified. The correct 
assignments have been marked manually with an asterisk. 

CONCLUSIONS 

It has been shown that ultra-high resolution mass spectrometry can be successfully 
applied to the study of isotopically labelled molecules. The sensitivity which can 
be obtained with focusing modifications described by Evans and Hallas enabled good 
relative intensity data to be obtained for isotope peaks recorded at resolutions 
in excess of 30,000. Thus, total incorporation of, say, ^N can be measured 
directly and unambiguously at the molecular ion peak, certainly up to mass 300. The 
further advantage of the complete high resolution spectrum is that it affords an 
opportunity to check the level of incorporation several times by using several frag­
ment ion peaks arising from the same part of the molecule. 

An interesting and important extension of this work wilI be the application of the 
techniques described to double-labeled molecules. It is planned, in fact to 
next study gliotoxin labelled both with '5N and '•'c. These studies will probably 
be carried out with dethiodehydrog1iotoxin which is more easily admitted to a mass 
spectrometer. 
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Solar Wind Gases, Cosmic-Ray Spallation Products "«' 

and the Irradiation History of Lunar Material 

K. Marti 

Department of Chemistry 

University of California at San Diego 
La Jolla, California 92037 

All 23 stable isotopes of the noble gases He to Xe and 2.1 x 10 y Kr have been 

measured, by mass spectrometry in the soil and. in four rocks from the Apollo 11 mission. 

The soil contains large amounts of trapped solar wind gases which almost completely mask 

other components. In the crystalline rocks, on the other hand, cosmic-ray induced spal­

lation and radiogenic gases are predominant. The isotopic abundances of the rare gases 

in the fines are found to be similar to those previously reported for gas-rich meteorites. 

Relative to the heavy gases, Ne and He are depleted by factors of 2.5 and 10 respectively. 

Kr-Kr ages of rocks H 10017, 10047, 10057, 10071 and of the soil cover a range of from 

47 to 509 million years. K-Ar ages of type A rocks lie between 2.3 and 2.9 billion years, 

that of a type B rock (#M7) is 3.5 billion years. Varying relative production rates of 

the Kr and Xe isotopes in the rocks are due to differences in chemical composition as 

well as irradiation conditions. A complex history for at least some of the rocks is in­

dicated and will be discussed. First results from the Apollo 12 samples were reported. 
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Neutron Capture Effects in Lunar Material 

G. W. Lugmair 

Department of Chemistry, University of 
California at San Diego, La Jolla, 

California 92037 

Because of its high capture cross section. Gadolinium is a sensitive indicator for 

integrated thermal neutron fluxes. Gd was separated to a very high degree of purity from 

50 to 100 mg of several lunar rock and soil samples brought back by Apollo 11 by ion-

exchange techniques. The isotopic ratios of GdO were measured on a programmable 12" 

4 
radius magnetic mass spectrometer with an accuracy of better than 2 parts in 10 . The 

_7 
sample sizes analyzed were approximately 1 x 10 g Gd. Two detection modes, ion counting 

and current integration, were applied. The anomalies of the isotopic ratio GdO/ GdO 

relative to terrestrial standards vary from below detection limit up to 0.72 percent. 

15 2 
They correspond to integrated thermal neutron fluxes of (17.4, 4.8, 1.04) x 10 n/cm for 

15 2 
rocks 10017, 10071 and 10057 respectively, and of 9.5 x 10 n/cm for the soil. These 

results, together with theoretical calculations of the lunar neutron flux carried out by 

Lingenfelter et al. in 1961, and radiation ages as well as spallation spectra obtained 

from rare gas analyses, permit to design a model for the average depth at which a rock 

was located for most of the time of its irradiation. 
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MASS SPECTRA OF mTOMYCIM AMTIBIOTICS 

G. E. Van L e a r 

Lederle Laboratories, American Cyanamid Company, 

Pearl River, New York 10965 

ABSTRACT 

The maas spectra of the four known mitomycin antibiotics, mitomycin A, 

1 2 
mitomycin B, miton;/cin C, porfiromycin ' and four related compounds have been 

obtained. These compounds are the first naturally occurring compounds containing 

an aziridine ring. A structure for mitiromycin, a compound in the mitonycin 

1, 
class of antibiotics, has been determined by spectroscopic methods. 
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W. E. Meyer, R; P. Williams, C. F. Wolf, W. Fulmor, C. Pidacks, and 

J. E. Lancaster, J. Amer. Chem. Soe.. &k, 3185 (1962). 

3. G. E. Van Lear, Tetrahedron, 26 (1970). 

k. G. 0. Morton, G. E. Van Lear, and W. Fulmor, J. Amer. Chem. S o c , 

22, 2588 {1970. 

Dl 

B50 



Techniques for Mass Spectrometry of Drug ^ * 
Metabolites Without Extensive Purification 

Donald C. Hobbs 
Pfizer, Inc., Groton, Conn. 

The mass spectrometer has proven to be an extremely useful tool in the determination of 
structures of drug metabolites because it requires only very small quantities of materi­
al and because it usually permits one to make a complete structure determination with- -
out any additional Information. To function effectively however it is usually necessary 
that the sample, as presented to the instrument, be pure. Drug metabolites, because 
of their origin from complex biological systems, are contaminated with innumerable 
extraneous materials which must first be removed. Gas chromatography has been used with 
great success in the separation of drugs and drug metabolites when the substances, or 
their derivatives, are sufficiently volatile. A combination of gas-chromatography and 
mass spectrometry has recently been employed in numerous laboratories with great success 
In the elucidation of metabolite structures. To be a s exhaustive as possible, it is 
Iinportant that the sample be subjected to combined gas chromatography-mass spectrometry 
prior to any preliminary purification, since some metabolites might be lost during such 
purification. -However, samples obtained in such a manner generally contain a multitude 
of substances of natural origin which are not drug-related but which yield significant 
peaks in the gas chromatogram and whose mass spectra must receive partial Interpretation 
to ensure that they are not drug-related. 

A group of commercially available components has been assembled in order to rapidly 
determine which of the many components emerging from the gas chromatographic column are 
drug-related. By means of a group of unions and valves located within the oven of an 
LKB 9000 combined gas chromatograph mass spectrometer, the effluent is directed to a 
Barber-Colman radioactivity detector and a flame detector, or to a Tracor flame photo­
metric detector, or to the mass spectrometer. Where radioactive (carbon 14 or tritium) 
or sulfur-containing drug has been administered, these specific detectors will establish 
which of the substances being eluted is of interest. In a subsequent run the effluent 
is directed to the mass spectroraeter and spectra of the desired compounds obtained. 
For example, the figure shows the tracings obtained on chromatography of a silylated 
extract of urine from an animal which had received carbon-lA labeled £-nitroaniline. 
The flame and radioactivity traces, obtained simultaneously, clearly indicate which of 
the many substances being eluted are labeled. Only those are of Interest, The total 
ion monitor trace in the subsequent sample Injection corresponds well with the flame 
tracing and permits appropriate spectra to be obtained to deduce the structures of the 
labeled substances (A is dlsilylated phenylenediamine, B is silylated nitroaniline, C 
and D are monosilylated hydroxylated nitroaniline and E Is dlsilylated hydroxylated 
nitroaniline). Similar results have been obtained with tritium-labeled and sulfur-
containing drugs. 

As newer derivatizing techniques become available to volatilize polar drug metabolites 
this approach to their rapid identification and structure elucidation should become in­
creasingly valuable. A full account of this work is being submitted t o Analytical 
Chemistry. 
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D3 
MASS SPECTRA OF ORGANIC COMPOUNDS III. "'* 

FRAGMENTATION STUDIES OF PHOSPHOLIPIDS AND RELATED 
COMPOUNDS BY HIGH RESOLUTION MASS SPECTROMETRY"*""*" 

H. G. Boettger and A. M. Kelly 

Space Sciences Division 
Jet Propulsion Laboratory 

Pasadena, California 

During the course of OUJT work on the identification of biologically important com­

pounds in geochemical and cosmochemical samples, the question of identifying complex 

lipids arose. A search of the applicable literature revealed many excellent studies 

related to the mass spectrometry of fatty acids (l-^), steroids (5), and simple 

glycerides (6), In contrast, nothing vas found on the mass spectrometry of the more 

complex glycerides and phospholipids. Therefore, we decided to investigate the 

possibility of using mass spectrometry for the direct structural analysis of the more 

coinplex lipids. The results of the first phase of the Investigation are reported in 

this presentation. 

Experimental Conditions 

High and low resolution spectra of 25 lipids and related compounds were recorded 

on a modified MS-902. The samples were Introduced via a direct probe introduction 

system (7) at probe temperatures of 35 C to 150 C and an lon source temperature of 

180 C. Perfluorokerosine was used as a reference compound. Precise masses and 

elemental compositions were determined using our previously described automatic data 

system (8). Low voltage spectra were obtained for some of the compounds and typical 

examples are shown In Figs. 1 and 2. Since the results showed no advantages over 

70 e-Volt spectra, only the latter were used in the rest of our work. 

Results 

As an inspection of the spectra (Figs. 3-6) shows, the most intense and struc­

turally most significant peaks occur at high mass. They are due to fragmentation at 

the phosphorous atom and can be assigned to the formula 

where IL and R„ are C,/- and/or C-o fatty acids. Occasionally, less intense groups of 

peaks approximately 28 and 56 mass units higher are found. They are due to the 

presence of one or two C-20 acids. Another series of peaks is found I6 and I7 lower. 
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« 1 -

^ -

coo 
coo 

- C H g 

- c 

CHg 

It ie due to ions of the general fonnula 

R^ - COO - CHp "̂  

Rg - COO - CH 

As we progress further dovn the mass scale ve find another family of peaks in the 

310-3^0 mass region. These Ions correspond to a mono-glycerlde and are formed through 

loss of an acyl group from the primary dlglycerlde fragment. Furthermore, ve find a 

number of intense peaks between m/e = 239 Eind m/e = 29^ which are due to the acyl group. 

In the low mass region ve see a variety of intense ions resulting from the amino-

terminal of the molecule as well as Ions vhich retained the phosphate group. These are 

in addition to the alkyl ions from the acid moieties. 

If we summarize these results ve come to the following general concluBions: 

1. No parent ions are found vhen a free phospholipid is analyzed by the direct 

insertion probe technique. 

2. It is not clear at this point vhether the primary fragmentation of the mole­

cules is caused by electron impact or thermally or both. 

3. If one studies the mass spectrum of a typical phospholipid, then one can 

recognize several series of fragments vhich are alvays related to each other 

by either a common origin or a common mechanism of creation. These are: 

(a) Fragments derived from the glyceride moiety of the molecule. 

(b) Fragments derived from the amine part of the molecule. 

(c) Fragments retaining the phosphorous atom. 

(d) Fragments resulting from rearrangement reactions, 

A more detailed Investigation of the various fragment groups proved quite reveal­

ing from the standpoint of the coniposltion of a coraplex lipid. The structurally most 

interesting portion of the molecule appears to be the glyceride moiety. Here fragmenta­

tion proceeds exactly along the lines of a free diglyceride or, in the case of a lyso-

phospholipid, along the lines of a mono-glyceride. In other vords, ve find a "Parent"-

lon of the glyceride moiety and ions due to the loss of R-COO, R-COOH, and R-COO-CHo. 

Furthermore, there exe alvays Intense acyl Ions, as well as acyl plus 128 and acyl plus 

J • 

7^ AMU. Thus it is relatively simple to determine the fatty acid content of a phospho­

lipid by mass spectrometry. 

Next, it vould be of Interest to determine the relative position of the various 
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acyl groups in mixed lipids. Mass spectrometric determination of the position of a 

specific acyl group in the glyceride molecule has been demonstrated previously (6) for 

triglycerides. Our investigations confirmed these results, hut showed also that the -

situation is much more complicated in the case of the mono- and diglycerldes and com­

plex phospholipids. It can be seen, that even though there are quantitative differences, 

qualitatively the spectra of positional isomers are the same. At this time we are unable 

to say whether the similarity is due to acyl migration under electron impact or because 

we did not have the pure isomer to start vith. Probably there is a combination of 

these factors at work. This prevents us from clearly distinguishing positional isomers. 

Efforts are under vay to resolve the question. These efforts Involve more vigorous 

purification of the samples and chemical labelling of the free hydroxyl groups. 

The second major group of primary fragments is produced by fragmentation on the 

other side of the central phosphate group. In case of the samples which ve have 

Investigated this involves either ethanolamine or choline. In either case, the spectrum 

of the amine portion can be readily recognized. 

The third group of peaks involves those fragments that have retained the phos­

phorous atom. This group usually includes a few intense peaks of phosphorous oxides, 

e.g., P0„, PO.3, etc., and a few peaks due to short chain alkyl-phosphates. This type 

of lon loses intensity rapidly as the chain length increases. The most intense peaks 

are usually CH. POp and CpH_PO_. Neither fragment has much structural significance 

beyond the indication that we are dealing vith a phosphorous compound in case of a 

total unknovn. 

The situation changes drastically vhen ve are dealing with a free phosphatidic 

acid. In this case, ve have the glyceride moiety attached to the phosphoric acid but 

no amine or carbohydrate group. Under these circumstances one of the acyl groups seems 

to migrate to the phosphate group. We get intense ions of the composition: C-_H_^0_P 

19 30 5 

or Cp-H-.QO(-P for palmitoyl and oleyl phosphatidic acids respectively. The proposed 

structure for these fragments is 

HO-C 0 0 
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The primary fragment is folloved in each case by several series of secondary fragmenta­

tion products of the general composition C H -pO(-P and C H ,-iO),P> etc. Our conclu­

sion, that ve are dealing vith a rearrangement process rather than simple cleavage, is 

based solely upon the facts that: 

1. We do not find ions of this nature vhen the phosphate group is occupied. 

2. If we were seeing straight cleavage fragments, then one would expect 

fragments of the general contposition: 

0 

R - C - 0 - CHp 0 - C H p 
1 or , 

C cH^, - C - O - C H 0 0 - C H 0 

0 CHp - 0 - P CHg - 0 - P - 0 

OH OH 

Hovever, ve have found no evidence of ions of this type. 

The last series of ions vhich are found in certain phospholipids must also be due 

to a rearrangement process. Ethanolamine phospholipids shov an intense series of peaks 
0 

vhich are derived from acyl migration to the amine group, e.g., C. ̂ .Ĥ . - C - NH -

CH = CHp (m/e = 280) etc. from palmitoyl phosphatidyl ethanol amines. In each case 

the entire series of 

is found. Ions of this type are not found when the amino group is alkylated as in 

choline. 

Conclusions 

The preliminary investigation has shovn that mass spectrometry is quite suitable 

for the characterization of complex phospholipids, regardless of the fact that a parent 

ion of the intact molecule is not found without chemical modification. This is clearly 

demonstrated in Figs. 7 and 8. Mixtures of lipids, mixed lipids {lL:jtRp) and lyso-liplds 

(R, = H ) can easily be recognized in the presence of each other. 

Further work is required to enable us to determine the position of R_ and R^ in 

mixed lipids, to produce a parent lon and to make the method more quantitative. This 

vork is nov in progress and will be reported later. 
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Applications of Mass Spectrometry to Studiea of Polyene Antibiotics. RAMESH C. 
PANDEY AND KENNETH L. RINEHART, JR., University of Illinois, Urbana, 111. 61801 

A very useful method for the study of polyene antibiotics' structures involves reduction 
of the antibiotic to a saturated hydrocarbon^ or to a methyl ester^ for study of its 
fragmentation pattern. Trimethylsilyl derivatives have occasionally been employed for 
molecular weights.^ We have now developed an alternative mass spectral method for 
structure studies of polyene antibiotics, involving acetylatlon, both of the intact 
antibiotic and of its perhydrogenated derivative. We have applied both the older and 
the newer techniques in assigning structures to a tetraene antibiotic, tetrin A,^ and 
also to several pentaene antibiotics, including chaining and a number of minor 
components of the filipln complex.^ 
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The Eluc ida t ion of the P r i m a r y S t r u c t u r e of the Hypotha lamic Thyro id 

St imula t ing H o r m o n e Releasinfi F a c t o r of Ovine Or ig in by Means of 

Mass Spec t ronne t ry 

D . M. D e s i d e r i o - Ins t i tu te for Lipid R e s e a r c h and the D e p a r t m e n t of 

B i o c h e m i s t r y , Baylor College of Medic ine , Houston, Texas 77025 

R. B u r g u s , T . F . Dunn, W. Vale , and R. Gui l lemin - Salk Ins t i tu te , 

San Diego, Cal i forn ia 92112 

D . N . Ward - D e p a r t m e n t of B iochemis t ry , Un ive r s i ty of T e x a s , M . D . 

A n d e r s o n Hosp i ta l and T u m o r Ins t i tu te , Houston, Texas 77025 

The hypothalanrius r e l e a s e s var ious neurohunnora l subs t ances to the 

v a s c u l a r s y s t e m of the adenohypophys i s , which, in t u r n , r e l e a s e s h o r m o n e s 

which s t i m u l a t e the ac t iv i ty of specif ic t a r g e t o r g a n s . The s ix known 

adenohypophysea l h o r m o n e s a r e a d r e n o c o r t i c o t r o p i c , lu te in iz ing , fo l l ic le , 

t h y r o t r o p i c , growth, and p ro lac t in stinnulating h o r m o n e s (1), Each h o r m o n e 

has i ts own c o r r e s p o n d i n g r e l e a s i n g (or in the c a s e of p ro l ac t i n , inhibiting) 

f a c t o r . The object of this paper is to i l l u s t r a t e the role that m a a s s p e c t r o m e t r y 

played in the e lucidat ion of the thyroid s t imula t ing h o r m o n e r e l e a s i n g fac tor 

( T R F ) . 

About one nanogrann of T R F is i so la ted f rom each sheep hypothalannus 

so that it is n e c e s s a r y to obtain about a mi l l ion hypotha lami to produce one 

m i l l i g r a m of n a t u r a l T R F . (2) The biological a s s a y for T R F has been publ ished 

(3). Employing pur i f ica t ion techniques developed over a decade , one mi l l ig rann 

of T R F was f inal ly i so la ted and s t r u c t u r a l work was begun . Hydro lys i s with 

6N HCl afforded t h r e e amino acids - H i s , P r o , and Glu- in equ imo la r q u a n t i t i e s . 

T h e s e amino ac ids accounted for a l l of the weight, in the monoace t a t e f o rm of 

a t r ipep t ide . C a r b o x y - p e p t i d a s e did not de tec t a f ree C - t e r m i n u s . As a dansy l 

d e r i v a t i v e could not be fo rmed , t h e r e was no f ree N - t e r n n i n u s . 

In co l l abora t ion with Hoffnnan-La Roche, the six i s o m e r i c t r i pep t ides 

that could be m a d e fronn H i s , P r o , and Glu w e r e syn thes ized (4). None showed 

ac t i v i t y . In o r d e r to p ro t ec t the N - t e r m i n u s , as p r e s u m a b l y o c c u r r e d with T R F , 

al l pept ides w e r e a c e t y l a t e d . Only the product fronn G l u - H i s - P r o - O H showed 
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ac t iv i ty ( 5 , 6 ) . This p a r t i c u l a r reac t ion produc t was shown to be Li-2 p y r r o l i d o n e -

5 -ca rboxy ly l -L-h i s t i dy l - I_ , -p ro l ine -OH, o r , in abb rev ia t ed fo rm, P C A - H i s - P r o -

OH, by nneans of its nnass and in f ra red s p e c t r a . This p roduc t had ten units of 

ac t iv i ty (Natura l T R F has 55, 000 units of a c t i v i t y . F o r ac t iv i ty defini t ion s e e 7 ) . 

As nnany b r a in pept ides have a C-ternninal annide, the me thy l e s t e r was p r e p a r e d 

in o r d e r to f o rm the annide by a m m o n o l y s i s . The P C A - H i s - P r o - O M e had a 

d r a s t i c i n c r e a s e of ac t iv i ty to 28 ,000 u n i t s . After a m m o n o l y s i s , the amide had 

an ac t iv i ty qua l i t a t ive ly s inni lar and s t a t i s t i c a l l y ind i s t ingu ishab le f r o m n a t u r a l 

T R F ac t iv i ty . 

The nnass s p e c t r u m of the final annnnonolys is p roduc t p roved to be 

e s s e n t i a l l y ident ica l to the spectrunn of na tu ra l TRF (8). It was n e c e s s a r y to 

me t hy l a t e the two subs t ances with d iazomethane in o r d e r to i n c r e a s e the vo la t i l i t y . 

No m o l e c u l a r ion was o b s e r v e d , but the high and low reso lu t ion s p e c t r a both 

showed that T R F had the s t r u c t u r e PCA-His - P r o - N H 2 , which was subs tan t i a t ed 

by the m a s s s p e c t r a of the synthet ic m a t e r i a l . 

This nnass s p e c t r a l work was c o r r o b o r a t e d by the following six techniques 

(9); TLC mobi l i ty , IR, NMR, n i t rogen a n a l y s e s , PCA p e p t i d a s e , and the biological 

a s s a y and spec i f i c i ty . 
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Rober t A . Welch Foundat ion (Q-125) is gra teful ly acknowledged . Compu te r 
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Applications of GC-MS to Metabolic Research Problems. Sanford P. Markey, Keith B. Ham­
mond, and James R. Plattner, B. F. Stolinsky Research Laboratories, Department of Pedi­
atrics, University of Colorado Medical Center, Denver, Colorado 80220, 

In certain disorders relating to mental retardation, abnormal quantities of meta­
bolites are excreted in urine. In support of a routine screening prograra for inborn er­
rors of metabolism, instrumentation has been developed to identify Che structures of 
these metabolites. Structure elucidation is necessary to determine the site of the meta­
bolic lesion - usually the absence or decreased activity of an enzyme. Compoundsmust be 
identified rapidly in order to initiate treatment before Irreversible damage has oc­
curred. Because of the quantities excreted, gas chromatography is used for initial 
screening, and combined gas chromatography - mass spectrometry (gc-ms) is utilized for 
compound identification. On-line computer recording is currently being developed for 
automated identification of known metabolites. The combined system is described below, 
along with several illustrations of its applicability to common problems. 

An analytical gas chromatograph is coupled to a medium resolution mass spectrometer 
through an all-glass system, including magnetically operated glass valves and a fritted 
interface,^ The fritted interface has recently been modified to accept a one cm length 
of porous ceramic tubing (8 mm o.d., 6 mm i.d.), rated to have a pore size of one 
micron,^ The porous ceramic replaces a 2.5 cm length of ultrafine porosity fritted 
glass tubing previously used, and found to be unsatisfactory because of widely varying 
wall thickness and pore size. Ceramic frit has resulted in the construction of a more 
compact separator, the characteristics of which can be duplicated without extensive 
calibration of the particular section being used. Due to the thinner wall (higher 
conductance) of the ceramic, it is possible to use shorter lengths for enrichments 
similar to those obtained with glass frits. Smaller pore sizes are being tested to see 
if it is possible to substantially improve enrichment characteristics. As with a glass 
frit, silanizing eliminates .thermal decomposition of polar compounds in the separator. 

The mass spectrometer is interfaced to a small digital computer (4 K core), which 
has two 32 K disks for- data and program storage. Peripheral equipment includes a 
teletype, high speed paper tape reader and punch, and digital plotter. Synchronization 
of the start of a magnetic scan and computer sampling is accomplished by a double throw 
relay in che repecicive scan circuic. Although time - to - mass conversion routines 
are incomplete, several programs have been wriccen which utilize the reporducibility 
of repetitive scanning. 

Signal enhancement resulting from point by point addition of repetitive scans ef­
fectively increases the dynamic range and sensitivity of electical detection mass 
spectrometers, in a manner similar to that described recently by Biros.^ Figure 1 
illustrates the integrative capability of signal addition. In a case where only noise 
spikes are visable after one scann, real peaks can be discerned after addicion of forty 
scans. Resolution is not significantly degraded by scan addition as shown in Figure 2, 
A single scan was recorded at high sensitiviCy; the multiplier gain was reduced, and 
the doublet was scanned and added cen Cimes. Furcher reducing the multiplier gain, and 
scanning over the doublet 100 cimes shows liCCle loss in resoluCion, Thus signal en­
hancement by scan addition may be used at high m/e values with confidence. Figure 3 
shows a portion of a spectrum of a molecule for which no measurable peaks could be ob­
served above m/e 1100 with conventional oscillograph recording. 

Signal enhancement by scan addition is of particular value for detecting weak ions 
and .measuring isotope ratios for compounds emerging from the gas chromatograph. Maximum 
chromatographic resolution results in broadened peaks - i.e., low concentrations of 
sample enCering Che ion source over a period of time. Scan addicion allows the chroma-
tographer to take advantage of maximum resolution, without losing che sensicivicy which 
results from having a high concentration of sample in the ion source over a short period 
of time. The use of stable isotopes to label ingested compounds will become the major 
meChod for human metabolism studies as carbon-13 enriched compounds become available at 
reasonable prices. In addition to cost, mosc invescigators have been deterred from the 
usage of scable isocopes by che difficulty of deteccing and accurately measuring them, 
particularly when compared to the ease of using carbon-14. Safety and the desirability 
of a macro-quanCity tracer will make carbon-13 more popular, if adequate methods of de­
tection and quantitation are available. Gc-ms is useful for metabolite separation and 
identification, but not for accurate isotope measuremenC, Signal integration produces 
more accurate intensity data, parCicularly for weak peaks. For major ions, the signal 
may be averaged wich respect to the number of scans. Results of a point-by-point 
averaging routine applied Co Cwo ions in a chloroform specCrum run ac consCanc sample 
pressure arc shown in Table I. Ic is apparent that the larger the number of averaged 
scana, the more precisely peak intensities will be determined. The degree of accuracy 
will depend to a large extent upon conditions employed for chromatographic introduction 
of Che sample, mass range to be scanned, scan rate, and the parameters used to define 
a peak. Programming efforts are being continued to enable automatic determination of 
isotope content in a labeled molecule as it emerges from Che gas chromaCograph, 
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Figure 1. 

Signal ENHANCEMENT By Addition of Repetitive Scans, 
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Figure 2. 

Retention of Resolution During Repetitive Scanning. 
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Repetitive Scanning At High m/e Values For A Compound 
Showing No Peaks Above m/e 1000 By Conventional 
Recording. 
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Figure 4. 

Tentative Identifications Of Urinary Organic Acids 
From A Methylmalonic Aciduria Patient. 

B74 



URINARY RCIDS TRDM 

S U S P E C T E D TYRDSINEMIC 

Figure 5. 

Chromatogram Of Urinary Organic Acids From A 
Suspected Tyrosinemic. 
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Table 1. Increased Reproducibility of Intensity Data by Scan Averaging 

No. Scans (3 trials) Mean Ratio of Standard Deviation 
InCensities m/e 117/119 

1 .99415 .0894 
10 1.0237 .0425 
20 .9935 .0277 

The metabolic research problems encountered using the above instrumentation differ 
with respect to the clinical information sought. It may be important to identify minor 
as well as major components; to establish the absence of certain compounds; to confirm 
identifications based upon gc data alone; or to identify a previously unreported com­
pound. 

The first example deals with Che identification of minor components. In methyma-
lonic aciduria, excessive amounts of methymalonic acid are excreted by children who 
presumably lack che means to convert it to succinate. Several cases have been found by 
our screening program. Some patients appear to respond to large doses of Vitamin B]^2J 
co-factor for the isomerase which converts methylmalonyl-CoA to succinyl-CoA, Other 
patients grow weaker and die, alchough their levels of methylmalonic acid decrease. 
Initially, the analytical problem was to identify methylmalonic acid; then Che question 
arose as Co the identity of other organic acids present in higher than normal amounts. 
Mass spectra of the acids (TMS derivatives) as they emerged from packed columns showed 
imcomplete resolution. The spectra obtained as they emerged from a 200 ft OV-17 
capillary column permitted the identifications shown in Figure 4 Co be made. Qf parci-
cular inCerest are the presence of alpha and beta-hydroxyisovaleric, and alpha-methyl, 
beta-hydroxybutyric (tentative), which could arise from a block in the metabolism of 
leucine and isoleuclne. This suggests a generalized metabolic lesion, affecting several 
enzymes, 

A second example is that of a premature infant, who was thought to have tyrosinemia 
- an inborn error of tyrosine metabolism associated with the lack of para-hydroxyphenyl-
pyruvic acid oxidase. The chromatogram of extracted organic acids (TMS derivatives) is 
shown in Figure 5. Metabolites of tyrosine (para-hydroxyphenyllactic, phenylacetic, 
etc.) were expected, and the observed peaks had suitable retention times. Mass 
specCra revealed the major component was not a metabolite of tyrosine, but was an 
aromatic compound which could only arise from drug metabolism. The patient was found 
to be on heavy doses of anticonvulsents (phenobarbital, dilantin) which adequately 
accounted for the other excreted organic acids. In this case, mass spectra clarified a 
confusing situation. Supplying positive results within a few hours can save days of 
misdirected efforts as well as help in diagnoses. 

The third example is an identification of an abnormal metabolite, previously un­
reported. The patient was observed in hematology clinic to have an unusual odor, 
particularly noticeable during an illness, A fishy smell was present in urine, but 
became imperceptable upon standing, A mass spectrum of the volatile components of raw 
urine (liquid inlet system) led to a tentative identification of trimethylamine. This 
was substantiated by gc-ms using a column suitable for Che separation of low molecular 
weight amines. Trimethylamine is a metabolite of choline, normally excreted as iCs 
N-oxide, Enzyme assays are in progress to confirm this patient's inability to oxidize 
trimechylamine. 

The cited examples and description of instrumentation indicate the current role 
and anticipated applicability of gc-ms to clinical research problems. 

References 
1, S. P, Markey, Anal, Chem., 42:306, 1970, 
2 , Landay Scientific Glass, Inc., Boulder, Colorado, 
3, F. J, Biros, Anal. Chem., 42:537, 1970. 
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, D8 
Analyzing Breath and Air (10"" to IQ-^^ sensitivity) by Counting Ions Through A 

Quadrupole and Searching a Librai-y of Spectra Regressively^ NORMAIf MILLERON, University 
of California Lawrence Radiation Laboratory, Berkeley, California 9IJ.72O 
Neither the principle metabolite (COp) nor the other gases abundant in breath^ and air 
are central here. Rather, this paper reports work, in progress aimed at exploration of 
metabolites in breath and substances in air in the tvo sensitivity ranges 1-10~" and 
10~° to 10" '̂ . The equipment and techniques used are as follows: l) A commercial quad­
rupole mass filter (E.A.1.200) modified to count each and every ion striking an E.M.I. 
20 stage electron multiplier^ during time intervals set by the steps of a D.C. staircase, 
each step corresponding to an M/e in the- range l4-5-ll<-5; 2) a liquid helium cryopump around 
the ionization stage of the quadrupole; 3) a molecular beam sample inlet; k ) analysis of 
the ion counts using a stepwise regression code3 to search a library of unknown or known 
spectra; 5) a 2pO°C ultraclean vacuuin system for drawing off the original sample; 6) a 
membrane filter^ to discriminate against abundant gases; 7) alternatively, a quadrupole 
lens in series with the E.A.1.200 permitting exclusion of all M/e below some number, 
i.e., 45. 

The rationale behind the choice of these equipments and techniques is as follows: The 
modified commercial quadrupole was already in house; thus a least cost feasibility step 
is made possible to answer the question, "Should a second step-be undertaken." In our 
second step program, v/e plan to develop a quadrupole instrument along the trail blazing 
lines demonstrated by J. M. Nitschke in his on-line isotope separator.5 Nitsohke's 
accomplishments^ that are of especially great importance in our breath and air studies 
are: his magnetron ionizer having 1^ efficiency and operating on a large cross sectional 
area raolecula.r beam; and his rf only first qaad.rupole lens (related to W. Brubaker's" 
segmented rod idea) that serves two important functions: l) it acts as a high pass filter 
splitting off all M/e < some number, say 45j and II) reduces the large loss of ions due 
to their deflection by the fringe field at the entrance to the high resolution mass 
filter lens. 

Naturally occurring (pure) air contains a number of gases made up of isotopes. From mo­
lecular weight 14-5 and up these are as follows: carbon dioxide, nitrous oxide, nitrogen 
dioxide, ozone, krypton, xenon, uranium hexaflouride and radon (these two latter are 
present in concentrations too small for us to anticipate seeing in our first step). 

Splitting of the sample, in our first step, will be done electrically within the E.A.I, 
quadrupole mass filter lens. Splitting the sample in this manner (after ionization 
within the high resolution lens) limits the number of raolecules that can be analyzed per 
unit time^ bejcause the raaximum amount of electrical charge that can pass into the mass 
filter lens per unit time is fixed by space charge effects. Note: J. M. Nltschke's 
tandem lens system and ionizer increases the number of molecules that can be ionized and 
processed per unit time from about IQ-'-̂ /sec to about 10^"/sec. Scanning can continue 
without accumulating undue noise for times up to 10 minutes. As a step for the future, 
it may be straightforward to program Nitschke's high pass lens and thus cast out the 
giant size peaks and their fragments (less than 15 in number in the range M/e 1 to h ^ ) 
while keeping all the little peaks (at least 35 in number). 

We propose to test the feasibility of analyzing air, breath and skin respiration at a com­
bination of sensitivity and short time rate never before reported. Our case rests upon 
engineering rather than invention, for probably nothing we propose to do is patentable. 
By consensus of raass spectrometer experts at L.R.L., the problems presented by our gas 
sampling system offer perhaps the most technical challenge, the other necessary technical 
art having been already demonstrated. 

It is worth remarking that the total number of all organic corapounds known that have mo­
lecular weights less than or equal to 500, present in or derived from any of the living 
plants or animals (including microorganisms) probably is not much greater than 3OOO, 
This number is interestingly small compared to the millions of organic corapounds know to 
be possible. Life forms are apparently economical. Conceivably then, one could handle 
all of the metabolites associated with living things by establishing twenty libraries of 
spectra. 

Stuff found in air is far more coraplex, however. This is because machines make more com­
plex garbage than do living systems. For exEiraple, upwards of 12,000 cheraical compounds 
have been found in the atmosphere inside a nuclear submarine.'^ 
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F. E. Saalfeld and R. A. Saunders, Invited paper, 12, l8th Annual Conf. on Mass, 
Spectrometry, June llj--19, 1970, San Francisco, California. 
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D9 
A p p l i c a t i o n s o f GC-MS i n Drug Metabol ism Stud ies 

S.R. Shrader , C. Hetze l 

Wyeth Labo ra to r i es I n c . , P h i l a d e l p h i a , Pa. 19101 

and K. Fotherby 
Postgraduate Medfcal School , London, England 

Ur ine e x t r a c t s f rom humans r e c e i v i n g the p r o g e s t a t i o n a l agent ( racemic ] 3 p - e t h y l -
17a^ethyny1-17p-hydroxygon-4-en-3-one) I were examined by the combined gc-ms t e c h n i q u e . 
Though a la rge nuriber o f endogenous s t e r o i d s , and o ther m a t e r i a l , was found in the e x ­
t r a c t s , d r u g - r e l a t e d compounds were e a s i l y recognized by the f ragmen ta t i on b e h a v i o r . In 
a l l cases, the e x t r a c t s were s i l y l a t e d be fo re i n j e c t i o n onto the gc co lu r r r . 

,,CiCH 

la rge M-CH The f ragmen ta t i on o f I and i t s d e r i v a t i v e s i s c h a r a c t e r i s t i c , w i t h _ ._. 3- .. - - • , -
ion o c c u r r i n g in a l l cases . Endogenous s t e r o i d s , c o n t a i n i n g on l y angu lar methyl g roups , 
e x h i b i t no such i o n . In a d d i t i o n , f r agmen ta t i on o f the D - r i n g leads to c h a r a c t e r i s t i c 
ions at the a p p r o p r i a t e masses. 

The major m e t a b o l i t e of I i s the reduced d e r i v a t i v e I I . In a d d i t i o n , we have 
i d e n t i f i e d the 3P-5P, 3a -5a , and 3p-5a isomers o f t h i s compound. Other m e t a b o l i t e s 
i nc l ude h y d r o x y l a t e d d e r i v a t i v e s o f bo th I and I I . 

CECH 
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STRUCTURAL INVESTIGATION OF GLYCOPROTEINS USING 

A GAS CHROMATOGRAPH-MASS SPECTROMETER-COMPUTER SYSTEM; 

DIO 

Neuraminic Acid and Linkage Studies 

. N. Reinhold, J. Blller, and K. Biemann 
Department of Chemistry 

Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 
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glycoproteins in order to fully 

hy-mass spectrometry of these 
out with the analytical system 

and glycolated neuraminic acid 
species and permutations of these 
. Studies with 10-15 crystalline 
Icated that all appear to follow a 
emplIf led here with methyl N-acetyl 
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FIGURE 1 

By observation of masses following the fragmentation pathways A, 
£, and C, one can quickly ascertain the degree of acetylatlon and/or 
glycolylat ion. By noting the : appearance of peaks consistant with 
fragmentations following pathway fi. and £ an assignment can be given to 
any of the possibilities observed in natural products. 

The utility of this understanding is presented in figure 3 with 
results obtained from a study of the glycoproteln-rIch fraction of 
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porcine blood serum. The top two "mass chromatograms" (2) of 508 and 
it20 readily show that the peaks at spectrum index number 170 and 190 1(20 readi ly _ 
In the total-ionization plot must be due 

the N-acetyl and the 
N-glycolyl neuramlnate derivatives, respectively, following cleavage 
analogous to D as indicated In figure 2. Tills assessment of mass 
chromatograms" yielding "ion retention times" has provided _a_ unique 
parameter to quickly ascertain the types_ of neuraminic acid 
derivatives obtained from enzymatic, hydrolytic or methanol ical1y 
treated glycoproteins. 

CjjH^oNOeSi 

535.2^53 

NEURAMINIC FRAGMENTATION 

FIGURE 2 
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A very characteristic structural feature of a glycoprotein is the 
manner to which the carbohydrate side chain is linked to the protein 
core. At present there appears to be only three types of linkages 
involving the amino acids asparagine, serine and/or threonine and 
hydroxyl ys i ne. In this study we have been concerned v/itii the first 
and third class, that is, the asparagine-glucosamine series found in 
the blood glycoproteins, and the hydroxylysine-galactose linkage 
found in connective tissue. The actual structures investigated in 
this v/ork included mono- and disaccharides, linked to the above amino 
acids with variations In the linkage between the component moieties. 
All compounds were characterized by conventional techniques and this 
work has allowed us to study the limits of mass spectral 
Intrepretatlon of ring size, amino acid present, linkage type and 
sequence arrangement. 

All compounds v/ere analyzed as their t r Imethy 1 s i 1 yl ated analogs 
and their molecular weights ranged from 695 to 1206 amu. The 
derivatives were gas-chromatographed on lightly loaded silicon coated 
non-porous glass beads. Compounds of greater than 700 amu exceeded 
the present lov/-resol ut ion mass spectral-computer assisted calibration 
limit and thus higher-mass ions along with their resultant exact mass 
values, v/ere obtained from a high resolution mass spectrometer. 

The spectrograms of aspartyl glucosamine shov/ed the presence of 
the molecular ion along with the fragments indicating methyl, 
trimethylsilyl, carboxyl, and trimethylsilanol loss from the molecular 
Ion. Glycosidic cleavage and the ions characteristic of a 
2-acetamido-2-deoxy-hexopyranose v/ere easily identifiable. Analysis 
of a similar compound but with an additional glucosamine residue 
linked f A l - k ) to the amino hexose again yielded the molecular ion 
along with ions indicating loss of the asparaginyl and 
asparagine-glucosaminyl residue, see fi gure k. Comparison of this 
compound with a similar derivative, only linked 8(1-6), resulted in an 
ion characteristic of this linkage and not observed in the 6(1-14) 
compound. 

O ^ ^ ^ 
9 ^ 7 NHCCHjCHgOT 

ASPARTYL CHITOBIOSE 

T=TMS 

NHSCHJ P IGURE ll 

A n a l y s i s o f the g l u c o s y l - g a 1 a c t o s y l - h y d r o x y l y s i n e , see f i g u r e 5. 
l i n k a g e compound y i e l d e d the expected f ragment ions f o r the hexose, 
and hexose d l s a c c h a r i d e a long v / i th the sma l l e r Ions of f u r t h e r 
f r a g m e n t - i o n a r i s i n g f rom each component m o i e t y . The mo lecu la r ion 
was not observed w i t h t h i s d e r i v a t i v e but the exact mass ion o f M* -73 
and the M* -90 i n d i c a t e d the expected c o m p o s i t i o n . The sequence 
i n f o r m a t i o n i n d i c a t e d a ( 1 - 2 ) hexopyranos ide d l s a c c h a r i d e l i n k e d to 
h y d r o x y l y s i n e . CH^-NHT , 

5-CH 

CH-NHT 
COOT 

F I G U R E 5 

GLUCOSYL- GALACTOSYL-
HYDROXYLYSINE 

T=TMS 
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The known sequence of glucosyl-galactose could not be assigned by 
this analysis and the derivative galactosyl-gl ucose may well yield 
Identical spectra. 

Results presently indicate that using this analytical approach 
v/ould provide a facile method to characterize glycoprotein linkage 
regions along with considerable detail into carbohydrate fine 
structure. The degree of fine structural Information available from a 
mass spectra will be further pursued by comparison with other 
carbohydrate derivatives. 

Acknowledgement 
The authors would like to acknov/ledge the assistance of Dr. 

Charles Hignlte for high resolution analysis. 
Many samples used in this work have been kindly provided by Dr.R. 

Jeanoz, Harvard Medical School, Boston, Mass. 
Tills work was supported by MASA Research Grant No. NGR 

22-009-005. 

References 

1. V. Reinhold and K. Blemann, Proceedings of the 17th Annual 
Conference on Mass Spectrometrv and Allied Topics. Dallas, Texas, 
May, 1969. 

2. Ronald A. Hites and K. Biemann, Anal. Chem. 1*2. 855 (1970). 
3. Von Roland Schauer and Hans Fail lard, Hoppe-Sevler's Z. Phvsiol. 

Chem.. 31t9. 961 (1968). 

B82 



.'•'3SS Sueetrn of some gern^cr^nollQeg fano 
furfanogerpEcrbnolioe?; 

K.G.ra?;, M .£ .B.nr.yar, 'i.H .Kulkarni f̂ nc .I. •'..Kellor 
Kat ionsI ohemical Laboratory , .-'oorir-8, Indifa. 

V.'ith a vi!̂ v» to correl.-^ti; the i"r;.f;munt.--t i on moces £nc 
s t r u c t u r a l i e a t u r e s o oompsratlve study of the TESS r.nectra of 
some ger~ac;-anolldes nnL: furnnogerrr.£crf:noll<ie= has been r a t e . 

D11 

The general iragiiieiitt.tion mooes oporatiiig in tlitse 
cora^jouncs viere establlshec. from high resolution cata anu 
metastable transitions. LeutBrium labelling technique vas 
emtJj.oyeo viherever leaslble for further confirmation of the 
postulatec neohariisms. i.o support the fra(;r._-ntation modes 
incuceo by t.ie lactone ring, a comjaratjve study VaS naco with 
the m.ass spectra of Cg-ceso.xy esters preparea frorr. those 
lactones. 

Som.e of the Ci:aracteristic featurer in the s lectra of 
these lactones are (i) ;. Fignificant parent ion (ii) fraprents 
cor.tsponclng to tne di^-ect anc successive los= of ; methyl 
racical snc a moiecule of c: rhon monoxlce from the r.ol=cular ion. 
The general frag-nentation mooer, obs'.>rvec in the mar,? spectra of 
these lactones are: loss of 44 (CO^),' 5.5 (C4H7, C..,;-;oO) , .̂.T 
(04113, C:3H50, C2H0£), 51 (C2h.?02) , VI (C,5hll, C4K7C', C y . y . n ) , V?. 
.^HgOg) anc 83 ('̂ 6''ll> "̂ stivO) mass units fron the parent ion. 

The Ujj-oesoxy esters show a preferrea lo.=;s of the siou 
chain (v̂ î HyOg) . The general f rr.graentation mooes observed in the 
lactones appear to operate from the M-04Hy02 ion in t.hese esters 

ine furaiiogertnaci-anoliues stuaiec are shown below. 

0 = 0 = 

o=. 
The main fragmentation moces of linderalactone are (i) 
3f COoh, (li) elimination of 

148, m/e iSl ano m,''e ̂.T fragments 
loss of COph, (li) elimination of C/,l.y (lit) formation of m/c 

121 ano -•'- '̂'̂  " "' 
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lO stuay the effect of epoxiuation of the ^ l-,;,,-nc £ ^ 5-'6 
double bonos on tiie fragmentation processes, the mass spectra of 
linderane, neolinoeranr.-, zeyllnicine ano tcyiiniclne were examined. 

These epoxides .- ppear to rearrange to the ketoiies uncer 
electron irapact. Tuis is supported hy the further fragmentation 
m.odes of those supposeo intermediato ketones. 
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El 
DECONVOLUTION OF IONIZATION EFFICIENCY DATA AS A MEANS 

OP DETERMINING FRAGMENTATION MECHANISMS IN THE 

MASS SPECTROMETER* 

Harry J. Svec and Gerald D. Flesch 

Institute for Atomic Research and Department of Chemistry 

Iowa State University, Ames, Iowa 

As a result of the interactions between electrons and molecules 

In the ion source of a mass spectrometer, positive and negative ions and 

neutral fragments of molecules are formed. If chemists are to understand 

fully the reactions involved they must "be able to observe and measure 

the characteristics of all these particles. .As you know from past pre­

sentations we have made here, we have successfully built a mass 

spectrometer which simultaneously detects positive and negative ions and 

another which detects neutral fragments. Aside from detection and mass 

measurement, these instruments also are capable of characterizing the 

various types of particles according to the energy required to form them 

and whether or not they possess excess translational energy when they 

are formed. One measures ionization efficiency curves to obtain data 

about the first and retarding potentials to obtain information about the 

second. However, these data are not always Interpretable in a simple 

way. Indeed, even for simple molecules, one cannot always assume simple 

lon source chemistry, especially where fragment ions are concerned. 

What we have been attempting to do about this is the subject of this 

paper. 

Our initial development was based upon data from two methane-like 

molecules, CrOjFj and Cr02Cl2. They were chosen because the compounds 

are quite volatile and the various possible fragments uniquely character-

izable. Furthermore, the possible neutral fragments which are formed 

when either positive or negative ions dissociate have easily observable 

energy requirements. Despite the fact that we have worked with both 

positive and negative ions (Int. J. Mass Spectrometry Ion Phys. 3 339 

(1969)) we will consider only positive ions today. Figure 1 shows the 

ionization efficiency (IE) curves for all of the possible positive ions 

from chromyl chloride (A) and chromyl fluoride (B). Noteworthy about 

these data is that they are recorded automatically and thus the solid 

lines represent an "infinity" of data points. Furthermore, the shape of 

the IE curves for the fragments indicate coraplex origins for these ions. 

One origin depends upon the fact that different chemical reactions are 

occurring as a function of the electron energy. Figure 2 shows an 

example of this for the fragment Ions CrF and CrCl'''. Ionization 

efficiency curves for these ions have been simply deconvoluted to 

account for the reactions: 

*Work was performed in the Ames Laboratory of the U. S. Atomic 

Energy Commission. 
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Cr02F2'^ 

Cr02F2'*" 

Cr02Cl2 '^ 

Cr02Cl2"^ 

Cr02Cl2"^ 

-

-

-

-

CrF"*" + 

CrF"^ + 

CrCl"^ 

CrCl"^ 

CrCl"^ 

O2 + F , 

20 + F 

20 + C l , 

OCI + 0 

+ O2 + C l 

a low energy process 

and 

on the left and: 

and 

on the right. Although the energy differences are difficult to discern 

from the figure, determination of the onset potentials corresponding to 

each chemical process by the extrapolated difference raethod, yields 

values corresponding to the bond dissociation energies of O2 and OCI 

within the experimental uncertainties. The molecule OF Is not observed 

because it has at best only an emphemeral existence, doubted by some. 

Such treatment of IE data is however insufficient to account for 

all possible precursors of fragraent ions. Since a knowledge of pre­

cursors of fragment ions is the essence of this symposium, we now turn 

to a description of a scheme we have developed for deconvoluting IE data 

in order to account for all possible reaction paths. 

During this symposium you will be hearing of a variety of methods 

for obtaining information about lon fragraentation paths in the mass 

spectrometer. The principal direct evidence that a reaction may occur 

is ths observation of metastable ions, but these are limited generally 

to reactions with lifetimes > 10" seconds, and do not necessarily 

account for the majority of very rauch faster reactions taking place in 

lon sources. Isotope labelling may also give information about reaction 

paths although it is not always possible to do labelling experiments 

and labelled compounds can be difficult to raake. Clastograms sometime 

give an insight into possible reactant-product ion pairs but they are 

useful only if the product-ion abundance represents a large fraction of 

the reactant-ion abundance. Appearance potentials of fragment ions can 

be useful but generally they give' no information concerning which of 

several possible paths is raost probable. Lifshitz and Long (J. Chem. 

Phys. k l 2468 (196̂ ;)) and Cantone, Grasso and Pignataro (j. Chem. Phys. 

kk 3115 (1966)) have used the changes in slopes of favorable fragment 
ion IE curves to assign fragmentation paths for simple molecules. We 

have extended this idea to the deconvolution of IE data as a means of 

observing changes in slope. Although we will be citing data from the 

chromyl halides representing work done during the development of the 

method, it has already been applied to the Group VI A hexacarbonyls, some 

substituted ferrocenes and most recently we have begun on some esters 

of acetic acid. 

The IE data in our experiments were obtained with an ionizing 

electron beara of 2 ^a collimated by a ~125 gauss magnetic field. The 

energy spread of the electrons was 0.7 eV at half height. Ion source 

residence times for the ions of interest were 1-5 (isec. As stated 

earlier, the IE data were automatically plotted with an XY recorder 
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and the data were recorded over the 18 volt energy range immediately 

above the ionization potential of the molecule under study. Onset 

potentials were obtained by the extrapolated difference method. 

The deconvolution procedure is based upon several assuraptions 

which are similar to those of Lorquet (Ninth ASTME-14 Conference on 

Mass Spectrometry, Chicago, June I96I) in his non-statistical approach 

to mass spectra. These are given in Table 1, 

Table 1. Assumptions 

1. The parent lon is the direct or Indirect presursor for all 

the fragment ions. 

2. Fragmentation reactions proceed Independently of each other. 

3. The total-ions IE curve shape is that for the parent ioniza­

tion and each fragmentation reaction. 

k. The experimental IE curve observed for an ion is the sum of 

the Individual IE curves for reactions related to that ion. 

The first assumption is widely accepted; The second assumption is 

the key to the method. Since the conditions attained in the mass 

spectrometer ion source essentially prevent interactions between the 

various ions, each decomposition proceeds Independently and is determined 

by the particular energy state to which the molecule-ion is excited. 

The third assumption is required so that a reference IE curve shape 

for the deconvolution procedure can be determined experimentally. This 

total ions IE curve, or more simply, total ionization (TI) curve, is 

the sum of the observed IE curves .of or all of the ions of the compound in 

the 18 volt energy range above the molecular IP. In order for this to 

be valid, the detection efficiency ot;̂ all ions should be equal and their 

kinetic energy zero or negligible. Direct measurement of the detection 

efficiency Indicates that the ions from molecules we have studied are 

indeed very nearly equal and even in cases where they are different, the 
difference is --5?̂  or less. Direct measureraents-of excess kinetici,.. 

energies indicate values of a few-hundreths of an eV or less in the.,. 

(̂IP +18) volt energy range even for highly fragmented ions. The last.,-

assumption is a consequence of assumption 2 and is required in order to 

be,.able to correct the data for subsequent decompositions of the 

product ions. 

... An example of how a deconvolution proceeds is illustrated with 

Figure 3 which treats the IE data for CrOCl from chromyl chloride. In 

Figure 3A the open circles represent the observed IE data. The TI curve, 

which is the sum of all the IE curves, is translated along the energy 

axis and its amplitude adjusted until a good fit is obtained at the foot 

of the observed curve. (That this is proper is given in Figure k which 
shows the IE data for all of the fragment Ions from the chromyl halides. 

The amplitudes are normalized at 2.0 volts above the onset potentials 

and plotted on a single graph. There is little doubt about the 

similarity of the shape of these curves in this onset region. Similar 

data exists for rare gases and ions from many other types of molecules.) 
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Returning to Figure 3A; after the fit is obtained, the modified TI curve 

is projected to the energy boundary and this projection appears as 

"Calculated I" in 3A. The shaded area between the curves represents 

CrOCl ions produced by an additional, independent fragmentation process. 

The differences between the curves are calculated and plotted as 

"Deviation I", the open circles in 3B. Again the TI curve is fit to the 

foot of "Deviation I" by translational and adjustment of its amplitude. 

The TI curve is again projected to the energy boundary, and the result 

is shown as "Calculated II", closed circles, on Figure 3B. This time 

there is a negative deviation between the data indicating that CrOCl 

formed at the higher electron energies is disappearing due to decomposi­

tion into some other species. The negative deviation (difference 

between the two curves) indicated by the shaded area is calculated and 

plotted as "Deviation II" In Figure 3C. Again the TI curve is trans­

lated and its amplitude adjusted so that there is a fit in the region of 

the foot. This tirae the factor used to adjust the amplitude has a 

negative sign. The adjusted'curve is again projected to the energy 

boundary and appears as "Calculated III". The difference between these 

two curves is another negative deviation indicating still another path 

by which CrOCl can be lost. Presumably in this case, this occurs by 

the simultaneous loss of both 0 and Cl. In Figure SD, no differences 

are evident thus Indicating no other processes are occurring. In the 

processes discerned by the data on the figure, CrOCl was formed from 

the parent ion, Cr02Cl2"'' and from Cr02Cl and CrOCl2 . The energ etics 

Indicate it decomposed by losing 0 to forra CrCl or by losing both 0 and 

Cl to form Cr'*'. 

In our handling of the deconvolution procedure the TI curve was 

translated in 0.25 eV steps. Thus, the best possible precision in 

determining an onset potential should be expected to be ± 0.25 eV. 

However, because of the arithmetic involved in obtaining onset potentials 

above the lowest value for each ion, the accuracy becomes less certain 

for each succeeding step. This must be kept in mind when comparing 

product and reactant ion onset potentials. Another important point is 

the low energy resolution of the method. Processes whose onsets differ 

by less than ~1.5 eV may not be separable and the deconvolution result 

may suggest a single process occurring at an average onset potential. 

The IE data for all of the ions from Cr02F2 and Cr02Cl2 were 

deconvoluted and in each case the onset potential for each process and 

the ion abundance projected at the energy boundary was recorded. If 

our assumptions are correct, there should be a one-to-one correspondence 

between a negative deviation observed in the deconvolution of the IE 

data for one lon with a positive deviation in another. A partial listing 

of some of the results for chromyl chloride are shown in Figure 5. 

As you can see, the abundances of various reactant ions going to product 

ions is in good agreement. It is patently apparent that reactant ions 

are related to more than a single product ion and product ions related 

to more than a single reactant ion. 
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Once the pairings are made, a critical test of their validity is 

to be able to convolute IE curves on the basis of the ion-pairings and 

the projected abundances at the energy boundary. The convoluted curves 

are then compared with the experimental IE curves and ion abundances are 

calculated. We have done such calculations on the basis of a total 

abundance of 10000 units. Table 2 shows a comparison of abundances 

calculated on the basis of convolution, v;hich in turn was based on the 

deconvolution results, with the observed experimental abundances. A 

measure of the fit between the convoluted and experimental data is the 

RMS-percent deviation between the two. We were pleased with the results 

given in soliimn k . When viewed as a single set of data the agreement 

between the two is within 3^. 

Let us now examine some of the fragmentation schemes which we have 

derived for simple molecules. Figure 6 shows the fragmentation of 

Cr02F2 which is fairly siraple. The algebraic sum of the relative 

abundances associated with each symbol gives the experimentally observed 

abundance. For example, we calculate that 21^ of the parent ions 

decompose to form Cr0F2''' but 6 of these 21 subsequently decompose 

further to give CrF2 II. This leaves a net observed ion current for 

Cr0F2 of 155̂  of the total ions. An interesting observation indicated 

on the figure shows that two metal-oxygen bonds, one metal-oxygen bond 

or one metal-oxygen and raetal-fluorine bond are broken more often than 

one metal~fluorine bond. The data indicate that in some cases, although 

a molecule apparently, has absorbed enough energy to eject either an 

oxygen or a fluorine, it does not do so unless both are ejected. Thus 

the total excitatlonal energy may not always be accessible to a par­

ticular bond. Not only must the total energy be sufficient to break a 

bond, but also the energy must be properly distributed. This is a 

plausible reason v/hy many bond dissociation energies calculated from 

fragraent lon IE data are higher than those obtained by other raeans. On 

the other hand, some bond dissociation energies from fragment ion data 

raay be too low because of unknown low energy reactions forming a 

fragment ion. 

The fragmentation map for chromyl fluoride contains only Ik reaction-
product pairs. That of chromyl chloride shown in Figure 7 is more 

complicated with 2k reactions taking place. Note that there are many 

ions specially designated with Roman numerals. These are apparently 

specific excited states of ions which are due to unique reactions 

occurring at different energies. 

Figure 8 contains fragraentation maps for the hexacarbonyls of the 

Group VI A metals. The encircled numbers on the figure correspond to 

the number of carbonyl groups left attached to the metal atom. Thus 

Qry refers to the M(C0)2̂ ''" ion. These data indicate that only W(CO)g 

decoraposeeby the stepwise loss of CO. However there is also a non-

stepwlse loss of CO. There is no direct decomposition of Cr(CO)p-''' 

and Mo(CO) •"• to the M(CO)r'*' ion. Also, in the case of Mo(CO)g, there 

is no significant stepwise loss of CO to forra Mo(CO)"'" and Mo'*'. 
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The fragmentation of ferrocene, Figure 9, is interesting. The 

deconvolution not only indicates the direct stepwise loss of a cyclo­

pentadlenyl raoiety but also a relatively rainor path corresponding to 

the siraultaneous loss of two cyclopentadlenyl groups. The energetics of 

the reaction Indicates that these are lost not as two separate cyclo­

pentadlenyl groups but as dicyclopentadienyl. This would be an inter­

esting neutral fragment to observe directlyl 

In this presentation we have attempted to outline briefly a method 

for deconvoluting IE data. The method is an empirical one which is 

based upon reasonable assumptions. Its application gives reasonable 

answers to questions which have plagued us and others concerning why 

some ionization efficiency data give bond dissociation energies in 

good agreement with those obtained by other methods while other data 

give poor agreeraent. At present the procedure is somewhat crude because 

it lacks sufficient energy resolution. However, in spite of this, its 

use can give insights into the complexity of ion source cheraical 

reactions which may not be amenable to the application of other 

techniques. Thus it can serve as a means of defining and giving 

supporting evidence for ion source reaction mechanisms. A detailed 

manuscript Is being prepared describing more fully the method and 

the implications of results. 

I ! \ -

Figure 1. Ionization efficiency curves for the positive ions of 

Cr02X2. Base lines are offset for clarity. 
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curves for CrX""". 
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Figure 3. Deconvolution of CrOCl 

(Cr02Cl2) ionization. 

+ 

Figure k . Average IE curve for the 

positive and molecular ions 

from CrOjClj and Cr02F2. 
The indicated limits are 
one standard direction. 
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Figure 5- Representative tabulation 

of Results from Cr02Cl2. 
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Table 2. A comparison of c a l c u l a t e d 
and exper i raenta l da ta for the 
ions of CrOoCl, ^ t the e l e c ­
tron energy ( IP + 18) eV. 
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Figure 6. Fragmentat ion map of 

Cr02F2-

CS) C^ ^Xg5 

Figure 7. Fragmentation map of 

Figure 8. Fragmentation map of the 

group VI-A hexacarbonyls. 
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Figure 9. Fragmentation map of 

ferrocene . 
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SUBSTITUENT EFFECTS ON COMPETING CLEAVAGE AND REARRANGEMEHT 

PROCESSES XN MOLECULAR ION DECOMPOSITION REACTIONS 

Peter Brown 

Department of Chemistry 

Arizona State University 

Tempej Arizona 8528I 

Abstract 

Ionization and appearance potentials have been determined for apparently 

competing M-CH3 cleavage and M-CHsO rearrangement reactions in a series of m-

and £-X substituted anisoles, and for M-NO^ cleavage and M-NO rearrangement 

processes in substituted nitrobenzenes. Approximate activation energies AP-IP 

have been found to give reasonably linear correlations when plotted against 

substituent constants (e.g., a , o ) . For the two reactions in the anisoles, 

the slopes of the plots AP-IP vs. a are positive; for the two reactions in the 

nitrobenzenes, the corresponding plots display negative slopes. It has been 

concluded from these data that in the M-CH3 and M-CHsO anisole reactions an 

additional degree of positive charge is developed at the reaction site, while 

conversely in the M-NO2 and M-NO processes in the nitrobenzenes a degree of positive 

charge is dissipated at the reaction site. Reaction mechanisms are proposed for 

these reactions consistent with these energetic requirements. 

The merits of AP-IP as a parameter that reflects rate are discussed, and 

compared with peak relative abundance methods (such as Z-values). The limitations 

of AP-IP are also discussed. Plots of log (Z/ZQ) and log [AO]/[MO] (l-f) vs. 

substituent constants are reproduced and discussed also. 

Submitted for publication in Organic Mass Spectrometry. 
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E5 
Energetics and Metastable Ion Intensities in the Determination of 

Ionic Structure 

J. L. Ocoolowitz 
Ell Lilly and Company, Indianapolis, Indiana, U.S.A. 

Introduction 

The determination of the energetics of ionic reactions and the 
relative intensities of metastable ions have been used to deduce and 
compare the structure of ions produced in mass spectrometers. Usually 
the energetic method is used to find the heat of formation of an lon at 
the threshold or with Just sufficient energy to undergo a reaction, and 
structural assignments are made by comparing this quantity with the heat 
of formation of an isomeric ion derived from another source. The deter­
mination of the abundance of metastable ions gives a measure of the 
kinetic behavior of reaotinglons. 

Because of the Isolated nature of ionic reactions, it is not valid 
to extrapolate results obtained for reacting ions to isomeric ions 
produced'at the threshold. The energy difference of these ions (say, 
-60 Kcal.mol."M can allow for the participation of ionic structures 
having ground state energies intermediate between that of the ions 
produced at threshold and those having sufficient energy to react. Also, 
it can usually be shown that the structures of intermediate energy 
undergo the same reactions when excited to the appropriate internal 
energy. 

Energetics 

The heat of formation of an ion F formed in the reaction 

can be calculated by the equation 

AHf(F''") = AHf(M) + A.P. (P'̂ )- !:AHf(N)-E 2 

where E includes suoh terms' as relative translational energy, 
vibrational energy, and reverse activation energy. The uncertainty in 
iHf(F*") arises from the possible inability to determine the appearanoe 
potential of F* and E with sufficient accuracy. In assessing the 
method, it is necessary to discuss each of the possible errors in some 
detail. 

1) Reverse Activation Energy. This is the energy required to initiate 
the reaction between F̂  and N when they are initially in their' 
ground states. Its existence in ionic reactions has been queried 
on the basis that many ionic reactions ocour without evidenoe of 
exoess energy.' However, there are many ionic reactions in whioh 
considerable excess energy is involved; and this exoess energy may 
include a reverse activation energy component. Further information 
may be obtained by studying the temperature dependence of ion-"-
raolecule reactions. In this context it has been stated that no 
activation energy has been found for any lon-molecule reaction 
studied. However, it transpires that the temperature Independence 
of ion-molecule reactions is inferred implicitly from the 
experimental details and that often no temperature study was made.^ 

It would seem that presently there is little evidence for or against 
the widespread occurrence of reverse activation energy in ionic 
reactions. 

2) Kinetic Shift. Unless metastable species are being studied, 
critical potentials are determined on ions produced in the lon 
source. For fragment ions ion source residence times of -1x10" sec. 
require a miniraum reaction rate for observation of a particular 
species at the collector. Consequently, appearance potentials will 
be too high by the exoess energy required to achieve this minimum 
reaction rate. Generally this reaction rate is taken to be -10 
sec"', because,^ the maximum point in derivative ionization 
efficiency curves occurs at this rate and it is thought that the 
usual methods for determining appearance potentials give results 
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corresponding roughly to the maximum on the derivative ionization 
efficiency curves. However, rate constants of 5xl02sec"i will give 
rise to an observable current at the collector (less than 1/1000 of 
the 50 ev current). Whether methods of extrapolation using electron-
impact derived ionization efficiency ourves, which have a super­
imposed electron energy distribution, can give appearance 
potentials corresponding to rate constants of *500sec."' is a 
question still unanswered. 

Lower limits for kinetic shifts have been deduced by measuring 
appearance potentials for normal and metastable ions resulting for 
a given ionic reaction. For some reactions of disubstituted 
benzenes the appearanoe potential for the metastable ion is -O.Sev 
lower than for the normal ion.'* 

3) Vibrational Energy. There is general agreeraent that many ionic 
reactions at the threshold result in vlbrationally excited product 
ions and neutrals. However, methods to detect this vibrational 
energy are either of limited applicability' or based on doubtful 
premises.^ 

For reacting ions of less than about ten atoms,it has been shown' 
that the vibrational energy is related to the translational energy 
released by the equation 

E = aNT 

where T= translational energy release, N= number of degrees of 
freedom in the reacting ion, 0= an empirical constant (-0.'45), and 
E= total vibrational energy. T was determined from the peak shape 
of the product ion using a time-of-flight mass spectrometer. Using 
this approach a number of heats of formation have been successfully 
determined.^ One puzzling aspect of this method is that trans­
lational energies derived frora the T.O.F. instrument are con­
siderably greater, for randomely selected cases, than those 
determined from metastable peak widths on a magnetic sector 
instrument.^ Also, application of equation 3 to raore complex 
molecules seems doubtful, e.g. in the reactions 

6-̂  ^ ll -e^ + /CO, R=OH 
5H5 * ^HCN, R=NH2 

the kinetlo energy release for the reaction of aniline is zero and 
for phenol 5 Kcal.mol."' (both deterrained from metastable peaks^). 
Assuming that both reactions give rise to C5H6 ions of similar 
structure, then similar heats of formation are to be expected. 
Correction of the heats of formation using equation 2 results in 
values of 278 Kcal.mol."' and 216 Kcal.mol."' for the heats of 
formation of the C5H5 fragment ions from aniline and phenol 
respectively. Not only are .these values considerably different but 
the value for phenol is 21 Kcal.mol."' lower than that for the 
C5H6 ion derived from cyclopentadiene, the lowest energy structure 
likely to be formed. 

A method has been devised^ to qualitatively demonstrate exoess 
energy In one pair of ions having the same structure. For the 
reactions 

M+--

in reaction 
relations 

—y 

3 

„+• m«j. 

A+,:. "1* >. 

is said 

Direct 
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LB. 
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B+ 
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^ 

^ 

5 Indirect 
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are observed. The figure below (Fig. 1) shows a hypothetical 
situation where A'̂" in the indirect reaction is forraed with no excess 
energy but where the raolecular lon energy distributions are somewhat 
different. 

FIGURE 1 

Direct 

E — y 

For simplicity it is assumed that the k(E) vs. E curves for the 
reactions are steep so that the relative abundances of A"*"" and B 
are represented by the appropriate unshaded areas under the curves; 
and also that the abundance of m* can be estimated from the distance 
between the E axis and the point on the curve vertically above the 
appropriate appearance potential. For this system the inequalities 
which indicate excess energy in A"*" forraed indirectly are observed, 
but in fact it is formed with no excess energy. 

It is doubtful, in most cases, whether the inequalities give any 
indication of excess energy in a fragment. They raost likely measure 
differences in molecular ion energy distributions and the position of 
critical potentials on these curves. The positions of these critical 
potentials will depend not only on whether excess energy is involved 
but also on the enthalpies of the reactant molecule and the neutral 
product expelled. 
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5) Multiplicity of Reaction Pathways. It is possible, especially in the 
ionic reactions of alkanes, that a fragment lon can arise by more 
than one pathway. If the energy requirements of these pathways are 
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different, the appearance potential for the lower energy prooess can 
be in error. 

Assuming that the appearanoe potential can be obtained frora the 
ionizing voltage difference required to have the calibration gas ion 
and the fragment ion reach 0.1$ of their abundance at SOev,^ the 
error can be estimated when the slope of the linear part of the 
semi-log ionization efficiency curve is known.' For two processes 
having appearance potentials separated by lev the error ranges from 
zero when all of the 50ev current is due to the lower energy 
process to +13 Kcal.mol."' when only 1/10 of the ion current at 50ev 
is due to the lower -energy process. The figures are applicable to 
an Atlas CHi, instrument. For ionizing sources with less energy 
spread the errors will be less. 

6) General Considerations. Although the considerations above might 
Indicate the contrary, many heats of formation obtained from 
electron impact data appear to be reasonably accurate, e.g., heats 
of formation for the CsHe ion derived frora seven different sources 
are shown in Table 1. 

TABLE 1 

Heats of Formation'" of [CSHB]'*" 

Source 

Ph(CH2)3CH0 
Ph(CH2)3COCH3 
Ph(CH2)2COOH 
Ph(CH2)3COOH 
Ph(CH2)2C0OCH3 
Ph(CH2)3COOCH3 
PhCH = CH2 

The results agree quite well and Indicate that all Ions have the 
same structure as that of the styrene molecular ion. Although all of 
the reactions result from rearrangements, which would imply a relatively 
low K(E) vs. E. slope, there is no evidence of a marked error due to 
kinetic shift. Also in the case of CeHg Ions resulting from multiple 
reactions,no greater error is evident as would be the case if the 
excess energies enumerated before were of importance. Lastly, in those 
reactions where stable neutral particles are formed there is no 
evidence of appreciable reverse activation energy. 

For the reactions'' 

AHf (Kcal 

2^2 
232 
236 
231 
23k 
227 
231 

mol 

(Photoion 

') 

Izatl on 

Neutral Products 

CH2CHOH 
CH2C(CH3)OH 
HCOOH 
H2O + CH2CO 
HCOOCH3 
CH3OH + CH2CO 

) _ _ _ _ 

^^ xSn ^ 
->=Snt. t S / O W O 

and Sn ^̂  ^ iSn"*"' 

the heat of formation of :Sn+- derived from 7 is 211 Koal.mol.-', and 
from reaction 8, 243 Kcal.mol."'. For these reactions the monoatomic 
nature of the product ion allows no ambiguity due to different possible 
structures. Again, although considerable rearrangement is involved, 
there is no significant error in the experimental heat of formation of 
the fragment ion. It should be noted however that the ;Sn"'"' lon derived 
from SnMei4 is formed with excess energy.'' 

To sum up, the values of thermodynamic quantities derived from 
electron impact measurement are subject to errors whose magnitude is not 
known with any reliability. However, for many complex ionic reactions, 
the sum of these errors appears to be small. There is presently no 
simple way of predicting whether large errors are to be expected by 
considering the structures of reactants and products. 

It is reasonable to question structures derived from energetic 
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In all cases the heat of formation for the fragment is not significantly 
less than for the acyclic structure. It seems unlikely that the 
uncertainties in the determination of these energy levels would always 
be sufficient to account for the difference in energy between the two 
possible structures. 

Abundance of Metastable Ions in Structure Determination 
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where [m2*]/[ra3*] is used to characterize F'*' certain conditions must be 
raet'^ for this ratio to be independent of the nature of IT*''. The 
conditions are: 

1) The reactions to give A 'and B''" raust arise from the same state of 
F'*' for the ratio [m3*]/[m2*] to be independent of the energy 
distribution of V T ' , If different abundance ratios are obtained 
for F''' derived frora different molecular ions, then, if possible, 
the determination of a second abundance ratio using a third 
reaction of F"*" will be useful in detecting the presence of 
different reacting states.'2 

2) ki(E)>>k2(E) + k3(E) in the range of energy for which k2(E) + k3(E) 
<106. 

3) There are no marked changes in the energy distribution of N*" in 
the energy range for which 102<k2(E) + k3(E)<106. 

In practice the failure of some systems to conform to these criteria 
will lead to variations in the metastable abundance ratio for the same 
F derived from different molecular ions. Some Judgement may have to 
be used to determine whether the variation Is due to differences in the 
structure of P'*' In each system or whether it is due to the initial 
preparation effects outlined above. 

In some instances there may be evidence, e.g., from energetic 
determinations or from spectral similarities, to show that reacting 
ions of the same composition derived from different raolecules have the 
same structure. In these Instances it is possible to draw Inferences 
about molecular lon energy distributions and/or rates of isomerization 
of molecular ions by raeasureraent of metastable abundance ratios. 
For the system 

^(^A^y* ->• M"" 

10 

+ k2(E) 
> C + 

It can be shown' that 
dN 

;), ki(E), k3(E)] HT- dE 
11 

If dN 

Lm3«] /„^f[k(E), ki(E), k3(E)] gE dE 
• f Z ^ " /o^g[k(E), ki(E), k2-(E), k3(E)] dN dE 

2 dE 

If k(E), the rate of' I'somerization of ground state-moleoular ions to the 
coramon reacting state M*'*, is fast compared to its rate of decomposi­
tion in the energy ranges for which the Integrands of equation 11 are 
significant then [ra3*]/[m,»] oan be shown to be independent of k(E). In 
this case, for common M+** species derived from different precursors', 
the ratio [m^'l/Lmj*] will vary only because of changes in dN/dE, the 
molecular ion energy distributions near the appearance potentials of 
A+ and C+. 

Table 2 lists metastable abundance ratios for some simultaneous 
and consecutive reactions of ions derived from C7Hj2 isomers. In 
attempting to interpret this data, it must be born in mind that the 
analysis of the systems represented by equations 9 and 10 shows that 
even if all of the reacting states are common to all of the eight 
corapounds the abundance ratios will be influenced by the rate of 
isomerization of M+" (M+"* = F''" in equation 9 ) , and in those cases where 
the appearance potentials of the product ions are not the same the ratio 
will be influenced by the energy distribution of the molecular ions. 
Previously determined energetic measurements'' on the first five 
corapounds in Table 2 showed that the ions m/e 81, 68 and 67 have 
appearance potentials in a range of -O.lev, consequently the metastable 

l.-r,i',i 
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TABLE 2 

96-^81/ 

96-68 

96-̂ 55 

94-79 

95-67 

95-80 

y 
^ 

372+29 

133+9 

23+5 

15+1 

1)00+18 

( ^ u. 
418+20 

164+14 

46+10 

16+1 

375+56 

r ^ 

Q 
364+50 

214+26 

34 + 4 

20+1 

597+128 

A u 
126+20 

171+39 

51+2 

17+2 

491+47 

ry> 
Qi 
54 + 4 

20 45+20 8 

261+27 

37+7 

758+95 

r-^ o 
14+2 

65+9 

35+3 

7.8+0.9 

250+33 

i ^ ! ^ - y ^ 

477+31 

508+46 

2 31+7 

48+6 

726+98 

.(?̂ S-A!«\ 

290+31 

722+107 

339+38 

48+6 

937+46 

abundance ratios [96-8l]/[96-68] and L96-8l]/[95-67] are not likely to 
be much influenced by differences in moleoular lon energy distributions. 
Differences in these ratios will reflect differences in molecular 
isomerization rates, or dlfferenoes in reacting states, or both. 
However, it is not possible, using this data, to determine the relative 
magnitude of these effects. If one assumes common reacting states, then 
the dlfferenoes are explainable by differences in molecular ion 
isomerization rates. 

The appearance potentials of m/e 8l and m/e 55 for the first five 
compounds in Table 2 differ by about 1.2ev, and it is to be expected 
that differences in molecular lon distributions in this range will 
change the ratio [96-8l]/[96-55] even if similar reacting states are 
involved. For the first four compounds, assuming similar reacting 
states, it appears that differences in isomerization rates and energy 
distributions have a relative small effect (about 60!8) on the ratio. 
The much different ratio for the fifth compound can be attributed to one 
or more of the following, different reacting states, different rates of 
Isomerization, and probably less likely,difference in molecular lon 
energy distribution. 

It can be seen that for a study of these ionic reactions determina­
tion of metastable abundance ratios are of limited use only because of 
a lack of knowledge of the magnitudes of the factors which may influence 
thera. Their utility would be increased if some of these variables, e.g., 
molecular ion energy distributions, could be determined by another means. 

An estimate of the effect of isomerization rates can be gauged from 
Table 3 in which equation 11 was Integrated, by coraputer, for a 
hypothetical set of rate constants. 

TABLE 3 

Variation of Metastable Ratio ([m3»]/[m2*]) with Rate of 

Molecular Ion Isomeriz'ation (k) and Rate of Decomposition (kj+kj) 

k [ra •]/[m »] 

0.1 
0.6 
10 
100 

(ki+k3) 
(kj+kj) 
(ki+kj) 
(ki+kj) 

For the calculation kj+kj = 2xlO'2(l. 
The mass spectrometer time scale derived by Chupka^ was used. 

18.3 
82.9 
220 
236 

),6 and k, = in'°n-5.00;i.5 
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NEIGHBORING GROUP PARTICIPATION IN THE E6 
MASS SPECTRAL FRAGMENTATION OF SOME AZULENES 

R. G. Cooks, N. L. Wolfe, J. R. Curtis, H. E. Petty, and R. N. McDonald 

Department of Chemistry 
Kansas State University 
Manhattan, Kansas 66502 

Participation by phenyl groups, acting as neighboring groups, has 
been observed in two previous studies on gaseous ions.1,2 The nature of 
the systems studied meant that the evidence for participation was 
necessarily indirect, involving mainly a demonstration that the reaction 
in question possesses the energy/rate characteristics typical of a 
rearrangement not those of a simple cleavage. The non-benzenoid azulene 
system has the advantage that participation is isomer dependent. 

In a series of isomeric azulenes being the substituents -CCH2)20H, 
-(CH,)20Ac, -(CH2)20Ts, -CH-2C02CH3, and CH2CO2H, it was found that the 
4-suDStituted isomers, and only those Isomers, exhibited abundant ions 
due to several highly unusual cleavages (Table I). 

TABLE I 

Ion Abundances in Azulene Tosylate Spectra 

Tosylate Mt Mt-Ts- MT-TSQ- Mt-TsOH Mt-Ts0CH2-

1-Azulyl 20 iO.5 0 58 100 

4-Azulyl 56 100 5 32 17 

6-Azulyl 64 0 4I 100 18 

1-Naphthyl 8 0.1 «3 100 33 

Evidence that these unusual processes are not simple cleavages but in 
fact involve bond formation, was obtained from their'metastable and rate 
characteristics. A detailed interpretation of the mechanism of some of 
the participation processes was attempted using energetic data. It is 
suggested that in the form of molecular ion undergoing these reactions, 
the charge is "localized" in the substituent leaving the Cj-ring position, 
with its characteristic high electron density, to participate in the loss 
of the radical. Such a mechanism, if general, helps to reconcile earlier 
workl with recent criticism.3 

The £-toluene sulfonates studied undergo neighboring group participa­
tion in solution. This is only seen in the 1-substituted compounds and 
probably involves intermediacy of the azulonium ion (cf. "phenonium" 
ion). The striking difference between participation processes occurring 
in solution and those observed in the gaseous ion derives from the 
marked facility with which the 1-substituted azulenes undergo y^-cleavage. 
Moreover, it leads us to predict that solvolysis of the 4-substituted 
propanol derivatives should exhibit a participation process analogous to 
that observed in the ethanol derivatives in the gas phase. 

This study also allowed some conclusions regarding ion structures. 
In particular, the structures of the substituted azulenes appear to be 
retained upon ionization; neither ring opening, nor substituent random-

A full account of this work has been submitted for publication in 
the Journal of the American Chemical Society. 
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ization, nor isomerization to the naphthalene structure occurs. There is 
evidence, however, that jj-cleavage is followed by structural isomerization. 
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Charge-Exchange Spectra of Some Substituted 

Benzophenones and N-Substituted Phenyl Benzamldes 

Robert H. Shapiro and Jonathan Turk 

Department of Chemistry, University of Colorado, Boulder, Colo. 80302 

Using 10 charge-exchange (CE) ions with recombination energies ranging from 

10.5 to 24.6 eV, we measured the Intensities of the Ions produced by interaction of 

three benzophenones (I) and three N-phenyl benzamldes (II) with the CE reagents. 

C5H5COC5H4X CgH5C0NHCgH4X 

(I) (II) 

AS with electron-impact (EI) excitation, the CE spectra of I (X = H, £-N02 or 

£-0CH-,) contain peaks corresponding to I , C,H_CO , C-.H_ , XC^H.CO and decomposition 

products from the latter species. The CE spectra of II (X = H, £-N0 or £-OCH„) con­

tain peaks corresponding only to II ', C H CO**" and C H 

6 5 6 5 

We measured the molecular lon abundances (I ' and II"*"*) as a function of ionizing 

energy and our results (Table 1) Indicate that certain high energy molecular Ions 

appear to have relatively long lifetimes on the mass spectrometry time-scale. That is. 

Instead of molecular lon abundance falling off steadily with increasing ionizing 

energy, at some point the molecular ion abundance Increases. 

A second important set of results was obtained in measuring the abundance of 

C,Ĥ "*" Ions relative to the abundance C^H^CO"^ (I.e. (77"̂ ) / (105"^)) In the CE spectra of 
D J 0 0 

the six compounds. We determined these ratios as a measure of the relative amounts of 

Internal energies, and hence their secondary reaction rates, of the primary benzyl Ions. 

The results for two values of Ionizing energy are shown In Table 2. These values 

typify the results of high energy behavior (24,6 eV) and low'energy behavior (15.8 eV). 

The (77 )/(105 ) ratio obtained from the spectra of the benzophenones (I) follows the 

order of NO2 < H < OCH3 at both 24.6-and 15,8 eV, Indicating that electron-donating 

groups attached to I lead to more energetic benzoyl Ions, consistent with the previous 

findings and conclusions by Gross and McLafferty. S i n c e electron-donating sub­

stituents tend to lead to a favorable formation of XC,H,CO, making formation of C,H^CO 

6 4 ° 6 5 
2 

the higher energy process, perhaps McLafferty's "competitive shift" explains the 

effect of the substituent. The benzamldes (II), however, behave rather differently at 

24.6 eV, since the (77"'")/(105"*") ratio follows the order NO^ > H > OCH„ Indicating that 

In the absence of a competing reaction electron-withdrawing groups attached to II lead 

to more energetic benzoyl Ions. At 15.8 eV (and lower ionizing energies as well). 
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however, the opposite order of (77 )/(105 ) ratios Is observed. Combining these data 

with those in Table 1 we are led to propose the following argument. 

Upon charge-exchange a molecular lon is produced with a descrete amount of excess 

Internal energy. These ions undergo a series of competing reactions as follows: (1) 

Simple cleavage of hot molecular ions to give hot benzoyl ions which decompose to 

C,H "'', (2) emission of low energy photons to yield semi-hot molecular ions which undergo 

cleavage to yield semi-hot or cold benzoyl ions and (3) emission of higher energy 

photons to yield cold molecular ions. 

Therefore the observed lon abundances will be determined by the relative rates of 

the competing cleavages and emissions. 

Further work is in progress to determine whether emission actually occurs from 

the generated ions. 

Table 1 

M * Relative Abundances 

Ionizing 

Energy (CE) I, X=H I, X=£-0CH3 I, X=£-N02 II, X=H II, X=£-0CH3 II, X=£-N02 

10.5 

11.4 

12.4 

12.7 

13.8 

14.0 

15.3 

15.8 

21.6 

24.6 

Relative Abundances of (105)^, (77)^ and (56.5*) in the Spectra of Substituted Benzo­
phenones and N-Substituted-Phenyl Benzamldes 

X = (77+)/(105+) Y = (56.5*)/(105+) 

Substituent X at 15.8 eV (CE) X at 24.6 eV (CE) 

I, X=£-N02 0.21 1.1 

I, X=H 0.58 1.2 

I, X=£-0CH3 0.80 2.7 
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68 

28 

48 

12 

14 

6 

26 

10 

22 

21 

70 

26 

34 

15 

11 

10 

26 

28 

19 

16 

57 

23 

18 

14 

8 

8 

7 

14 

10 

8 

Table 2 

39 

-

27 

-

8 

10 

16 

20 

6 

14 

42 

-

26 

12 

10 

6 

13 

6 

1 

2 

13 

-

8 

-

0 

0 

5 

10 

0 

0 



Substituent X at 15.8 eV (CE) X at 24.6 eV (CE) 

II, X=£-NO^ 0.29 1.5 

II. X S H 0.36 1.1 

il, X=£-OCH 0.57 0.6 
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A Fl 
MASS AND PHASE SPECTROMETRY OF HOT SF, 

0 
R. T. Brackmann, W. L. Fite and W. M. Jackson 

Department of Physics 
University of Pittsburgh 
Pittsburgh, Pa. 15213 

One of the principal attractions of introducing gas into a mass spectrometer in the 

form of a molecular beam running in high vacuum Is that the gas source is thermally de­

coupled from\the ionizer and it becomes routine to study hot gases and gases containing 

free radicals.* A problem vith molecular beams is that the gaa density decreases with 

distance from the source, and at reasonable distances the density in the beam becomes 

comparable with the density in the residual gas in the vacuum, thus making it difficult 

to distinguish between signals from the beam and signals from the residual gas. This 

problem Is solved by modulating the molecular beam while operating the ionizing electron 

current dc. Under these circumstances, the ions coming from the beam produce ac signals 

at the modulation frequency and In specified phase while ions from the background gas 

give dc signals; the two can be separated electronically and lock-In detection circuitry 

can be used to bring the slgnal-to-noise level to a satisfactory point. 

Fig. 1 shows a schematic of the modulated beam mass spectrometer used in the present 

studies, the EMBA-II, manufactured by Extranuclear Laboratories, Inc. Gas from a source 

enters through an aperture into the first of two differentially pumped vacuum chambers. 

The aperture size is chosen such that the pressure in the first chamber Is approximately 
-4 '' 

10 Torr under the gas load from the source. At this pressure those molecules traveling 

along the axis of the instrument can reach the second aperture without suffering colli­

sions and enter the second differentially pumped vacuum chamber as a molecular beam tra­

veling In high vacuum. Shortly after entering the second chamber, in which the pressure 

is approximately 10 ' Torr, the beam is Interrupted periodically at an audio-frequency by 

a rotating toothed chopper wheel. The beam then travels a distance, L, before entering 

an ionizer in which dc electron beams cross the modulated neutral beam at right angles, 

ionizing a portion of the neutrals in the modulatedibeam. Both the ions and neutrals 

travel Into the mass filter. Upon emergence from the mass filter..the ions are deflected 

into an electron multiplier, which is set off the axis, while the neutrals (and any ac­

companying photons and metastable neutrals) travel on to the back wall of the chamber. 

Since the neutrals travel as a beam in high vacuum and strike no.^surfaces, the identities 

of the species In the beam are preserved. The Ionizer is separated from the actual gas 

source by high vacuum, so there is complete thermal decoupling and the only limitations 

on gas temperature come from.the materials of which the gas source is constructed.. 

As with any masa spectrometer, a modulated beam instrument provides both signal 

strengths and appearance potential information. Additional important information is car­

ried on the phase of the ac signals observed. In particular, from the phase of a signal 

one can often Identify the parent neutral from which an observed lon comes, and determine 

whether a signal that Increases with gas temperature ia due to a free radical being formed 

or to an enhancement of a dissociative ionization cross section with internal energy of a 

neutral.' It'is the phase information obtained in experiments on heated SF, that is of 
T. • - , e !•••.. •. O 

principal interest here. 

The phase lag at which an ion signal appears consists of two separate contributing 

phase lags. The first, 4> , arises because of the time taken for a neutral to pass between 

This research was supported by the Advanced Research Projects Agency, The Department of 
Defenae, and waa monitored by the U. S. Army Research Office - Durham, Box CM, Duke Sta­
tion, Durham, North Carolina 27706, under Contract No. DA-ARO-D-31-124-G1085. 
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the modulator and the ionizer. This time, t , is given by L/v , where L is the distance 

traveled and v is the molecular velocity. In the simplest Instance 

(̂  = ojt = uL/v ^ OJLCM /T)-^'^ (1) 

n n n n 

where OJ = 2ijf where f is the modulation frequency, M is the mass of the neutral molecule 

and T is the gas temperature. This expression Is modified somewhat for square-chopped 

Maxwellian beams at high values of 0 , the actual phases having been worked out by Harrl-

2 " 

son. Hummer and Fite. 

The second contribution to phase lag of a signal is due to the time of flight of the 

ion through the mass filter. This ion phase shift is given by 
<i>̂  = ut^ = wL^/v^ « a)L^(m^/V)^^^ (2) 

distance through the 

is the ion mass and V is the energy given the ion for passage through the mass filter. 

The total phase shift is the sum of (t> and (fi. . 

The effects of these phase shifts can be seen in Fig. 2, which plots the signal 

phases of ions formed from heated N„ gas. Increasing phase lag is plotted in the down-
1/2 

ward direction. At room temperature, the phases are.linear with m. as predicted from 

Eq. (2). As the gas temperature is increased, the phase lags diminish in accordance with 
1/2 

relationship still holds. The latter attests to all signals com­

ing from N- at all temperatures, i.e., indicating that N„ does not thermally dissociate. 

This situation is to be contrasted to the case of oxygen that is heated in a tubular 

Iridium source, for which the phases are shown in Fig. 3. At room temperature the phases 
1/2 

of the various ions again lie on a straight line on a cfi vs. m plot, again indicating 

that all observed ions come from 0^. At 1325°K the ions still lie along a parallel 

straight line. At 205O'*K, however, the mass 8 and 16 ions have shifted away from the line 

associated with the Oj parent, corresponding to the onset of dissociation. At the high­

est temperature, the shift from the line of the 0- parent is quite pronounced and the 

phase of the 0 indicates that this ion came almost entirely from neutral atomic oxygen, 

which is confirmed from observation of the signal strengths and appearance potentials. 

While in simple cases, such as diatomic molecules, phase information is largely re­

dundant, in more complicated molecules the phase information gives an added dimension of 

knowledge. 

Our interest in SF- arose because of questions of attachment in electron scavenging 

experiments at elevated temperatures performed by Dr. Peter Chantry of the Westlnghouse 

Research Laboratories. The point to be examined was the validity of the calculations of 
3 

Wilkins on thermal dissociation of SF-. 
D 

In the experiments, SF, gas was admitted to a tubular iridium furnace source which 

had an aperture in the side. The dimensions of the source and the aperture size were such 
-2 

as to give a residence time in the source of approximately 10 seconds. The pressures 

used were normally in the range 50 to 100 yHg, which implied that gas-gas collisions were 

less Iraportant than gas-wall collisions. The mean number of wall collisions of a molecule 

before emerging in the beam was approximately 1000. 

Fig. 4 shows the amplitudes of the various ions observed as a function of tempera­

ture. Particularly to be noted is the persistence to high temperature of the SF_ ion, 

the heaviest and most prominent ion produced in electron impact on SF,. 
D 

Fig, 5 shows appearance potential curves for the lighter ions observed at both room 

temperature and in the vicinity of 2000''K. The control ion He shows the shape of the 

appearance potential from a simple ionization process in the instrument, and the shapes of 
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both the F and S curves, as well as their appearance potentials, indicate the presence 

of both atoinic F and S in the heated gas. 

Fig. 6 shows appearance potential curves on the heavier observed ions. The progres­

sion of appearance potentials at room temperature is as expected. At higher temperatures 

the fact that SF- has a lower appearance potential than SF, Indicates the presence of 

free neutral SF, in the heated gas. 

While the rise of the SF signal with temperature (Fig. A) and the knowledge of the 

presence of SF_ (Fig. 6) might suggest appreciable dissociation to SF_, the phase infor­

mation indicates that this is not the case. In Fig. 7, the phases show that the SF sig­

nal, even at the highest temperatures, continues to lie very close to the straight line 

associated with ions coming from SF,, and suggests that something in excess of 80% of the 

SF, still comes from SF^. The enhancement of the SF_ signal relative to the SF_ sig­

nal evidently must be attributed to the cross section for dissociative Ionization of SFg 

to SF, becoming enhanced with Internal energy in the SF,. Analysis of the signal 

strengths Indicates that this dissociative ionization cross section is increased by at 

least 50% at the higher temperatures. 

It is also to be noted in Fig. 7 that at the highest temperatures the phase of SF 

lies above the line associated with ions coming from SF,. Evidently the SF comes pri­

marily from lighter dissociation products. The fact that F lies below the line for F 

suggests that a significant fraction of F is produced from heavier radicals than F at 

2033°K. 

The seemingly inescapable conclusion of these studies is that, for reasons unknown, 

the SF, is very slow to achieve dissociative equilibrium in an iridium furnace. The 

amount of SF, remaining at the highest temperatures exceeds by orders of magnitude the 

amount expected from the calculations of Wilkins. 

It seems unlikely that SF, would not approach equilibrium during the approximately 

1000 wall collisions each molecule has while in the furnace; it seems equally unlikely 

that surface reactions which are known to remove F atoms would produce an overabundance 

of SF, rather than an underabundance. Noting that the furnace source used in these ex-
4 periments is a form of what Benson and Spokes refer to as a "very low pressure pyrolysis 

reactor, one can apply their formulas to obtain a rate coefficient for unimolecular dis­

sociation of excited SF,, but given the known binding energy of an F atom to SF,, the de­

duced pre-exponential factor is far less than what seems reasonable. 

It is hoped that further experiments will clarify the question of why dissociative 

equilibrium is not achieved in a furnace such as was used in these experiments. In the 

meantime, it seems clear that peculiarities in electron attachment to heated SF, should 
D 

be attributed to changes in attachment cross sections to internally excited SF, rather 

than to attachment of electrons to dissociation fragments. 
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Dissociation energies of gaseous GaAg, Ga., InAg, and In, 

Karl A. Gingerich 
Department of Chemistry 
Texas ASM University 

College Station, Texas 77843 
and 

Gary D. Blue 
Department of Chemistry 
The Ohio State University 
Columbus, Ohio 43210 

,,Preliminary studies of the dissociation energies of gaseous GaAg and 
InAg appeared to establish a correlation between the bond energies of 
the homonuclear diatomic molecules of the constituent atoms .and their 
electronegativity difference in terms of the Pauling model.' ' The re­
sults of further investigations of these molecules and the simultaneous 
reinvestigations of the symmetric diatomic molecules of the constituent 
atoms are reported here. 

The Knudsen cell mass spectometric method was used to investigate a 
number of gaseous equilibria involving these molecules. The enthalpies 
of reaction were evaluated by the third law method and where possible, by 
the second law method. In the case of the gallium-silver system, the pure 
metals were placed in a graphite cell together with tungsten phosphide. 
The tungsten phosphide decomposed in the course of the investigations into 
gaseous phosphorus-containing species and solid tungsten. For the in­
dium-silver system high purity indium and silver were simultaneously evap­
orated frora a boron nitride Knudsen cell that was surrounded by a moly­
bdenum cell. The Knudsen cells were heated by radiation from a tungsten -
mesh resistance heater. The neutral precursors of the observed ions were 
identified by their mass to charge ratio, isotopio abundance distribution, 
ionization efficiency curves, and shutter profile measureraents. Pressure 
calibration was made by total vaporization of a known mass of both metals. 
Temperatures were measured with a calibrated optical pyrometer sighted on 
a black-body hole in the bottom of the effusion cell after correcting for 
the prism and window transmission, or with a chromel alumel thermocouple 
fitted into a hole in the bottom of the cell. 

The .treatment of the third law data was similar to that used pre­
viously, except that raeasured multiplier gains and experimental ioni­
zation cross sections for Ga and In relative to Ag were used. 

For the Ga-Ag system the thermochemical data obtained from the meas­
urement of several gaseous equilibria and the derived dissociation ener­
gies of the corresponding diatomic molecules are summarized in the first 
table. The second table contains the corresponding data for the In-Ag 
system. 

Summary of Reaction Enthalpies in the Ga-Ag System 

Reaction Method AHo 

kcal/mole 

D„(AB) 

kcal/mole 

AB 

GaAg (g)=Ga(g) + Ag(g) 2nd Law 

3rd Law 

GaAg(g) + Ag(g)=Ag2(g) + Ga{g) 3rd Law 

GaAg(g) + Ga(g)=Ga2(g) + Ag(g) 3rd Law 

Ga2Cg)=2Ga(g) 2nd Law 

3rd Law 

40.8 

42.4 

5.7 

9.4 

32.3 

33.6 

40.8 

42.4 

43.3^ 

33.0^ 

32.3 

33.6 

GaAg 

GaAg 

Ga, 

Ga. 

a) Using Do(Ag2)=37.6 kcal/mole: Drowart, Reference(5) 
o 

b) Using Do(GaAg)=42.4 kcal/mole: this work 
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Summary of Reaction Enthalpies in the In-Ag System 

Reaction Method AH„ 
kcal/raole 

D„(AB) 
kcal/mole 

InAg(g)=Ag(g) + In(g) 

InAg (g) +Ag (g) =Ag2 (g) +In (g) 

InAg{g)+In(g)=In2(g)+Ag{g) 

In2(g)=2In(g) 

Ag2(g)=2Ag(g) 

2nd 

3rd 

2nd 

3rd 

2nd 

3rd 

2nd 

3rd 

3rd 

Law 

Law 

Law 

Law 

Law 

Law 

Law 

Law 

Law 

38.9 

39.1 

1.7 

1.9 

14.5 

13.1 

23.0 

25.2 

37.4 

38.9 

39.1 

39.3 

39.5 

36.9 

35.5 

23.0 

25.2 

37.4 

a) 

InAg 

InAg 

InAg 

In^ 

Ag, 

b) 
Using Do(AgT)=37.6 kcal/mole: Drowart, Reference (5) 

o ^ 

Using Do(In2)=22.4 kcal/mole: DeMaria et al̂ . , Reference (7) 

Weighted average experimentalovalues for the dissociation energies, 
in kcal/mole are: Do (Ga 
39.0 

2;-33.5, D„(In2)=24.5, Do (GaAg)=42. 5 and Do(InAg) = 
T̂  /,_ 1 .S-, 1 , — , /—n_ Jg ^^ close agreement The 3rd law value, Do(Ag2)=37.4 kcal/mole i 

with literature values reviewed by Drowart. Th 
up. 

e accuracy of determination,jQUr value also agrees wi 
lue, Do(In,)=22.4 kcal/mole.' ' 

The value forgDo{Ga2) is 
consistent with that found by Chupka et al. of 32 kcal/mole. Within 
the accuracy of determination, ,qur value also agrees with the literature 
va 

Frora previous investigations with gaseous .intermetalic compounds, it 
appears.that the Pauling model of a polar bond has a wide applicabil­
ity.' ' ' The values in kcal/mole for the dissociation energies of GaAg 
and InAg calculated by either the geometric mean or the arithmetic mean 
versions of this method are 43.9 or 40.9 for GaAg and 35.1 or 34.8 for 

after correction to a coramon valence state with silver. A closer agree­
ment for InAg could be obtained by assuraing an electronegativity difference 
between monovalent In and Ag of 0.5 on the Pauling scale. The calculated 
values by georaetric and arithmetic mean methods then become 38.3 and 36.3 
kcal/mole, respectively. As has been previously shown for the Al-group 
IB corapounds, the values calculated with the georaetric mean method 
agree best with the experimental values. 

Because the Pauling raodel can be applied to these compounds, we ex­
pect it to also apply to other diatomic intermetallic compounds of gal­
lium and indium. Future investigations of such compounds would in addi­
tion, be expected to lead to a refinement of electronegativity values for 
these elements. 
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F3 

J, J. De Corpo, Ronald P. Steiger, J. L. Franklin and J. L, Margrave 

Department of Chemistry 
Rice University 

Houston, Texas 77001 

The dissociation energy of F„ has been determined mass spectrometrically. The 

heat of formation of fluorine, AH-°(F), was determined from measurements of both the 

appearance potentials and translational energies of the products resulting frora 

electron impact, including both positive and negative ions. One can derive a value 

for the dissociation energy from each of the possible processes, namely: 1) dissocia­

tive electron attachment, 2) ion-pair formation, and 3) dissociative ionization. The 

three values are in excellent agreement and establish D''(F„) = 37.5 ± 2.3 kcal/mole. 

A complete p£iper has been submitted for publication to the Journal of Chemical Physics, 
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F4 
Electron Impact Measurement of Bond Strengths 

in Some Transition Metal Chlorides 

D. L. Hildenbrand 

Douglas Advanced Research Laboratories 
McDonnell Douglas Corporation 

Huntington Beach, California 92647 

Very little is known about the dissociation energies of the diatomic 
transition metal halides, although these quantities are of some interest 
from both theoretical and practical standpoints. The raost reliable infor­
mation of this sort generally is obtained frora third-law treatment of 
equilibrium data, but the lack of knowledge about the configurations and 
energies of the low-lying electronic states of many of these raolecules 
introduces serious uncertainties into the derived results. As an alterna­
tive, the possibility of obtaining definitive dissociation energy data 
frora electron impact measurements was explored, after earlier work on the 
IIA metal chlorides indicated that such an approach would be feasible. 

Measurements were made with a Nuclide Corp. Model 12-60 HT direc­
tion focusing raass spectrometer equipped with a Nier-type electron irapact 
ion source. The repeller and the electron trap were kept at ionization 
box potential, but otherwise no special changes were made in the ion 
source. Ionization efficiency curves were plotted continuously with an 
X-Y recorder using an ionizing current of about 1 yA in all instances. 
Threshold appearance potentials of the various positive ions were deter­
mined by raeans of the extrapolated voltage difference (EVD) method, using 
xenon, argon and the appropriate metal atoras as reference standards; only 
that portion of the IE curve within 2 eV of threshold was considered. 
Beams of the raetal dichlorides were produced by vaporizing the correspond­
ing solids from graphite Knudsen cells, while vaporization in the presence 
of a metal reducing agent yielded a small araount of the diatomic metal 
chloride along with the dichlorlde. 

A series of threshold raeasureraents on the parent molecular ions 
N0+, H2O+, HC1+ and Ar+, using the EVD method with Xe+ as standard, 
yielded highly reproducible results, which in all cases agreed with the 
known ionization potentials to 0.07 eV or better, the average error being 
0.03 eV. 'It is tentatively concluded that the accuracy of the method as 
applied here is on the order of 0.10 eV. 

' •• Table I gives the ionization and appearance potentials determined 
by-'the'EVD method for the iron, cobalt and nickel chlorides. The MCI'*' 
fragment - ions are assumed to arise from the process MCI2 + e -<• MC1+ + Cl 
+ 2e, while the atomic fragraent'.ions M+ come froraMCl2 + e -̂'M''" + 2C1 + 2e. 
For Ni+/NiCl2 the IE curve shows two thresholds; '€he lower one (given in 
Table I) presumably originating from NiCl2 +' e -* Ni+ + CI2 + 2e. On this 
basis, the dissociation energies D(CIM-Cl) and D(MCl2) were derived from 
the measured electron irapact (EI) threshold values and are shown in Table 
II; implicit in these calculations is the assumption that any excess ener­
gy carried away by the dissociation products is negligibly small. Also 
shown in Table II are thermocheraical (TC) values of D(MCl2), obtained 
from vaporization and calorimetric data, and which are seen to be in fair 
agreement with the electron irapact data. The thermochemical values of 
D(MCl2) are believed to be-the'raore reliable, and these were combined with 
D(CIM-Cl) to yield the diatomic dissociation energies D(MCl). 

The method appears promising, as judged by the nature and consis­
tency of the results, and should be especially useful for studying effu­
sion beam species where "monoenergetic" techniques are difficult to apply. 
More work needs to be done, however, on ascertaining the threshold excess 
energies of the various dissociation processes, as well as on assessing 
the effects of internal thermal excitation on the measured ionization 
thresholds. 
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F5 
Interpretation of Ion Yield Curves 

^ t for Positive and Negative Ions from Carbon Vapor 

C. Herndon Williams 
Sandia Laboratories 

Albuquerque,- N. M. 87115 

Ion yields (I~/e ) for some of the positive and negative ions pro­

duced by electron impact on carbon vapor from zero through 30 eV have been 

obtained using an automated signal averaging data acquisition system. 

The objective was to determine the ionization/fragmentation energetics by 

means of structure in the lon yield curves and to interpret these energet­

ics in terms of electronic levels in the (0, ±) potential energy diagrams 

for these systems, where possible. 

The carbon molecular beam effused from a Ta tube furnace at 3000°K 

and contained the species Ci - Cc(v). The electron beam was emitted by a 

hot W filament and was not energy selected. The studies were done in the 

ion source of a Bendix 3015 TOF mass spectrometer. The ion yield of Xe 

was compared with the ionization cross section measured by D. Rapp and 
2 

P. Englander-Golden to calibrate the positive ion EE scale; SF^(g) was 

used to calibrate the negative ion EE scale. The ionization potentials 

(I?) were determined by the semilog plot method; appearance potentials 

were located by the linear break method. Some averaged values of the IP 

and AP measured in this work are given below: 

Ion 

y 
y 
y 
y 
y 
^1 

Ionization Potent ia ls 
(eV) 

11.32 ± 0.15 

12.30 + 0.15 

12.25 ± 0.15 

11.10 ± 0.25 

11.20 ± 0.25 

Appearance Potent ia l (s ) 
(eV) 

17.7 
19.5 

19.8 
21.7 

13.8 
16.8 

13.2 

13.3 

5.0 

± 0.1 
± 0.2 

± 0.1 
± 0.2 

± 0.2 
± 0.4 

+ 0.2 

+ 0.3 

± 0.5 

These energy terms were interpreted as thresholds for the ionization, 

fragmentation and electronic excitation of the molecular ions in the 

Franck-Condon region of the neutral. Some approximate KE measurements for 

the ions C, and C2 were made as a function of EE. From these interpreta­

tions it was possible to tentatively locate several electronic energy 

levels in the C,'", C,' and C, -C_ systems and to derive two additional 

thermochemical quantities: (1) the heat of formation of C,(g) at 3000°K, 

190 ± 5 kcal/mole, and (2) the electron affinity of C2(g), 3.1 ± 0.5 eV. 
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MASS SPECTROMETRY OF A CHEMICALLY F' 
QUENCHED HIGH TEMPERATURE RF PLASMA* 

J. M. Madson, J. H. Mullen and T. C. Bsng 
McDonnell Douglaa Research Laboratories 

St. Louis, Missouri 63166 

The processes which govern the production and loss of electrons together with reac­
tions between Ions and neutrals play an important role in determining the plasma environ­
ment of a vehicle during planetary reentry. In many instances It vould be desirable to 
be able to control the coraposition of this plasma, in particular the plasma electron 
number density. However, this requires the knowledge of the dominant electron production 
and loss processes together with their reaction rates at temperatures in the range 
encountered during reentry (2000 - 4(XX) K). Some measurements have been made on the 
temperature dependence of the electron dissociative attachment cross section for p^O up 
to 1000 K^ aad for O2 up to 2000 K^. These measurements show the electron dissociative 
attachment cross section to be strongly dependent on gas temperature. In addition, 
studies made on SFg at teraperatures up to 1200 K3 indicate a change in the dominant nega^ 
tive lon formed as the temperature increases. 

The experimental apparatus shown in block diagram form In Fig. 1 has been developed 
to Investigate the chemical reactions occurring when target molecules interact with a hot 
plasma. Details of the apparatus will be given elsewhere^. The plasma source is oper­
able from 1 to 760 Torr and up to 69 kW input power to the generator on argon and up to 
600 Torr and 100 kW input power on air. Maasurements to be reported here were obtained 
at 165 Torr argon and 57 kW input power. The plasma tube housing is a Teflon water 
Jacket with access ports for an X-band radiometer and an optical spectrometer for electron 
temperature determinations. The plasma flows frcm the discharge tube through a 4 ram 
diameter reaction channel at sonic velocity. The local pressure in the reaction channel 
IB about half the discharge pressure (87 Torr for these measurements). Bie channel 
length is variable to permit the determination of an effective reaction time. Target gas 
molecules are supersonically injected into the channel through orifices which range from 
35 to 200 ̂im in diameter. Light pipes are provided near both ends of the channel for 
spectroscopic measurements. 

Spectroscopic measurements of the Arl Intensities in the plasma source and at two 
places along the reaction channel were made with a one meter (Jarrell Ash Model 78-'t66) 
spectrograph. For the measurements presented here, the electron temperature in the 
source was 85OO K and in the channel 53OO K. 

local gas temperatures are measured in the reaction channel with a high temperature 
tungsten - rhenium thermocouple. These measurements are in good agreement with calciila-
tions of the temperatinre in the plasma source and reaction channel based on gas dynamic 
considerations. For a plasma scjurce pressure of I65 Torr the thermocouple measurements 
gave a reaction channel gas teraperature of 30OO K which leads to a gas temperature of 
UOCX) K In the plasma source assxjming aa isentropic expansion. 

The plasma leaving the reaction channel undergoes a free Jet expansion into a vacuum 
chamber at 0,26 Torr. The rapid expansion occurring in the free Jet essentially preserves 
the reaction products formed in the channel. The centerllne core flow of the expanded 
plasma is sampled by an extractor nozzle with a 250 /um orifice for analysis by a quadru­
pole mass spectrometer. An interferometer operating at 3k .k8 GHz is used to measure the 
electron density Just ahead of the mass sampling orifice. The extractor nozzle was 
designed so as to minimize boundary layer effects near the sampling orifice and gas 
particle scattering back into the expansion plume ahead of the orifice. A commercial 
EAI I5OA quadrupole analyzer and ionizer is used in the present experiments. Ion cirrrents 
from the analyzer are collected with a Faraday cage and measured by an electrometer. 
Biasing on the input electrodes to the analyzer and the Faraday cage is adjusted to 
optimize the positive or negative ion signal. Ifeutral specie detection is accooipllshed 
by activating the internal filament and biasing supplies of the quadrupole control unit. 
Ihe background pressure in the analyzer region is about 2 x 10"° Torr. Simultaneous 
determination of the change in intensity of the positive and/or negative ion signal and 
the electron density as a function of the amount of target gas injected aids in determin­
ing the reaction processes and their associated reaction rates. 

Preliminary measurements have been made using various target gases to determine 
their relative effectiveness in reducing the electron density at a gas temperature of 
3000 K. Figure 2 shows the behavior of the electron density, F~ and SFc signals with the 
addition of SFg. As SFg is injected, the F" signal builds up first. An estimated 

t 

•This research was conducted under McDonnell Douglas Independent Research and Development 
Program. ' ";• 
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production rate for F" from the initial slope of the F" curve gives a value of k(F") = 
l.l* X 10-9 cm3 molecule-1 sec-1. i j ^ estimated rate for SF^ production from the Initial 
slope of the SF5 ourve is also k(SFr) •= l . k x 10-9 cm^ molefcule-l sec-1. At this point 
the exact process involved in the negative lon production has not been determined. The 
production is probably due to a combination of 

SF5 +• F" 

SF^ + F 
D i s s o c i a t i v e Attachment 

and 

-(SF^)' -SF^ + F 

SFc + F" 
Temporary Excited Negative Ion 

with the former dominating in the F" production and the latter in the SFc production. An 
explanation for the decrease in the negative ion signals is not available at the present 
time. Also, the appearance of positive ions of the SFg dissociation products together 
with the increase in the lighter SFg dissociation product negative ion species have not 
aa yet been evaluated. 

Production of 0" from NgO is shown in Fig. 3- Tha estimated rate constant for 0" 
production from the ion intensity curve is k(O-) = 1.8 x IO"!'' cm3 molecule-^ sec-1. This 
presumably is the rate for the dissociative attachment reaction 

e + NgO ^ 0' + Ng. 

More- recent data where the 0" buildup is linear over a larger range of signal intensity 
is in general agreement with this rate. 

I . 

• An attempt was made to determine the quenching effectiveness of bromine. A small 
sample of bromine was heated in a boiler and injected through a hot calibrated orifice. 
The results are shown in Fig. It. The ion intensity plotted here Is the sum of the Br79 
(50.5it) and Br°l {k9.3'i) isotopes. The estimated rate constant from-the-Br" ion signal 
is k(Br-) = 1.3 X IO"!'' cm3 molecule"! sec"! presumably for the dissociative reaction 

e + Brg .- Br" + Br. 

Injection of Og and CC>2 into the reaction channel produced no negative ion signals in the 
range of detection sensitivity used for the other measurements presented here. 

Figure 5 shovs the ion signals obtained with Hg injection. Again, within the range 
of sensitivity being used, no negative ions were observed. However, the normal positive 
ions seen in an Ar-Hg mixture were present. Using the linear portion of the Ar+ decay to 
estimate the reaction rate for 

Ar* + Hg ^ ArE*- + H 

gives an approximate r a t e cons tan t of k(Arff*') «* 6 .3 x 1 0 " ^ cm-̂  molecu le" ! s e c " ! . ' 
React ion r a t e s for the product ion of the o the r ions have not been determined. No HJ 
s i g n a l was d e t e c t e d w i th in the s e n s i t i v i t y of these measurements. I t i s p o s s i b l e t h a t HJ 
i s produced by Ar* + Hg 1 Ar + irt and then r a p i d l y l o s t be the r e a c t i o n s 

Hr, + Hp ^^^^^-^-^^^-^^^^ HX "t* H 
and -̂  

^ + Ar I ArHt" + H. 

In summary, an exper imenta l apparatus has been assembled fo r the s tudy of at tachment 
r e a c t i o n s aa wel l as ion-molecule r e a c t i o n s a t temperatures i n the range of 1000 - 3500 K. 
TJie goa l of these s t u d i e s i s t o determine the r e l a t i v e e f f e c t i v e n e s s of va r ious chemical 
a d d i t i v e s i n c o n t r o l l i n g the e l e c t r o n dens i ty i n a high temperature plasma and t o i n v e s t i ­
ga t e the r e a c t i o n p rocesses involved . I n i t i a l measurements on NgO, SFg, Og, COg, Brg 
and Hg I n d i c a t e t h a t of t h e s e , SFg i s s t i l l the b e s t e l e c t r o n a t t a c h e r a t 3OOO K. 

References : 
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Block Diagram of Experimental Setup 

F i g . 1 Block Diagram of Experimental Setup 

Negative lon Intensity and Electron Density 

^ 100 

J 

/ 
k f 

V 
' *^ . ^ 

y i 
u ^ 

r I 

T̂ « / "" 

• , y t 
y ' y 

f 

/ 
^̂ •̂•̂  * S 

Rsaction C 

1 Mole ' . • 

-< 
" V f 

\ ? 

T a n i l Gas - SFc 

SFs 

^ \ 

hannsi: 87 Ton Ar|on. T - 3000K 

3.1E • 1 0 " M o l / a c 

S 10 

1 0 " . 

10l3 

1.0 1.5 2.0 

SFe - Molt t at Aicm 

Fig. 2 Negative Ion Intensity and Electron 
Density for SFg in Argon 

IQIZ UJ 

10" 

Electron Density and 0~ Intensity 

N 
/ 

^ 

/ 

[/ 
"vs* 

»-: 
'^ ^ 

Elaclnn 

s 
S, 

1 
O'Intmsity 

" » ^ 

Dsnsily 

s 
\ 

• * * • 

Tai 

' ' • ^ 

l e l Gas -

^ 

NjO 

10l3 

10l2 

0 0.< 0.S 1.2 l i 2.0 2.4 

N2O - Mole % of Argon 
F i g . 3 Elec t ron Density and 0" I n t e n s i t y 

fo r NO in Argon 

10" 

B124 



Negative lon Intensity and Electron Density 
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MASS SPECTROMETRIC STUDY OF VAPOR TRANSPORT REACTIONS* 

Vladimir S. Ban 

RCA Laboratories 
Prlncetorij New Jersey 

In vapor transport reactions a substance In the condensed state reacts with a 

transporting gas to form a gaseous product. Reactions of the resulting gaseous 

product with other constituents of the vapor phase lead In certain systems to the 

deposition of a new condensed phase; crystal growth from the vapor phase is based on 

processes of this type. 

The MA-1 Bendix time-of-fllght (TOF) mass spectrometer was coupled to a vapor 

phase crystal growth apparatus[l] and the compoBltion of the vapor phase (total 

pressure 1 atm) was monitored as a function of the tenperature, flow rates and con­

centrations of the reacting gases. The gas sampling was accomplished by means of a 

quartz capillary 1 inch long, which was maintained at the temperature of the sampled 

gas phase. The collimated molecular beam emanating from the capillary entered the 

TOF ionizing region, which was positioned at 5 inches from the capillary. 

The described experimental set-up was used to study a transport of Ga, * and 

"̂̂ I't "^^^ HCl, ». It was found that the following reaction occurs: 

"(1) + »"(g) - "̂  ""(g) ̂  ^̂ -'=) ""(g) + f "2(g) 

M = In or Ga; and 

X = mole fraction of HCl, . participating in reaction. 

At T = 750°C the value of x was determined to be 0.70 - 0.75 and 0.80 - 0.85 

for indium and gallium, respectively. These results Indicate a deviation from 

chemical equilibrium; the equilibrium value of x would be above 0.99 in both cases. 

The observed deviation increased with increasing gas flow velocity in the crystal 

growth system. 

The thermal decontposition of AsH- and PH- was also studied. These gases 

decompose according to the following reaction: 

MH3(g) - (1-x) MH3(g^ + (1-a) f M,(g^ + a f M^^^^ + I X H2(^) 

where 

M4 = P4 or As^; 

M2 == PJ or ASj; 

X = mole fraction of MH„ decomposing; and 

a = degree of dissociation of M, molecules. 

F8 

* It is expected that a more complete version of this work will appear in J. Electro­
chem. Soc. ^ 
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At T = SSO^C the values of x = 0.90 and a = 0,40 were obtained for the case of 

PH-; in the case of AsH. the corresponding numbers were 0.99 and 0,35, 

From these results one concludes that the thermal decomposition of MH* gases in 

the growth system is Incomplete, Furthermore, the ratio of abundances M^/M, was 

found to be larger than the ratio predicted from the thermodynamical calculations. 

A study of the thermal decomposition of a 1:1 mixture of AsH- and PH„ revealed 

the existence of various mixed species, such as AsP, As-P, As-P^ and Asp-, in 

abundances comparable to those of the M, and M- molecules. 

Finally, a reaction leading to the deposition of crystalline GaAs was studied. 

It was determined that the reaction responsible for the deposition is 

GaCl / X + 7 As, , V + TT H„ , . J=f GaAs, . + HCl, v . 
(g) 4 4(g) 2 2(g) (s) (g) 

This result is in contradiction with the common assumption that GaAs is deposited via 

the reaction 

3GaCl, V + T As, , . *- 2GaAs, . + GaCl-,, ». (g) 2 4(g) (s) 3(g) 

In conclusion, the application of the mass spectrometer to a study of processes 

occuring in a vapor phase yielded the following results: 

1) Significant deviations from chemical ..equilibrium occur in vapor growth 

systemSj mainly due to kinetic effects. 

2) Indium and gallium are transported as monochlorides, but the conversion 

of HCl is incomplete, 

3) AsH- is 997, decomposed at 850*'C; PH- Is 90% decomposed at 850°C. 

4) Mixed species (AsP and As P , where x + y = 4) have been detected in 

the AsH„-PH system. 

5) A new reaction leading to the deposition of GaAs crystals has been 

established. 

[l] J. J. Tietjen and J. A. Amick, J. Electrochem. Soc. 113, 724 (1966). 
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F9 
HJRh Temperature Equilibria Involving Bonding 

by Platinum--A Most Reactive Noble Metal 
GARY D. BLUE 

Chemistry Department, The Ohio State University, 
Columbus, Ohio 43210 and 

R. S. CARBONARA and C. A. ALEXANDER 
Columbus Laboratories, Battelle Memorial Institute , 

Columbus. Ohio 43201 

The high temperature mass spectrometric technique has been applied to the 

determination of activities of components in reaction systems containing Pt and ZrPt_ 

during studies directed toward quantitative confirmation of the Brewer-Engel theory 

and its prediction of some extremely stable intermetallic compounds formed by certain 

transition metals. Pure Pt in a BeO cell was studied over 5 decades of vapor pressure 

at 1725-2383°K with resultant excellent agreement for 2nd and 3rd law /SH vapor values 

calculated employing Margrave's recent enthalpy measurements for liquid Pt. A pro­

visional value of D°(Pt ) is ca. 4 ev. For ZrPt in beryllia from 1800-2600°K, 

Pt(g) was readily observable, but Zr activity values were determined from ZrO(g), 

Be(g), BeO(g) and known properties of BeO(s). Activities and partial molar heats of 

vaporization of the component metals give free energy and heat of formation values 

in accord with Brewer's predictions and lend support to vital aspects of the theory. 

Numerous interesting reactions were encountered in preliminary studies of Pt and 

ZrPt„ in graphite and zirconia cells. 
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Thermodynamic Characterization of Intermetallic r IU 
Compounds of High Stability: NlAl 

C. A. ALEXANDER, J. S. OGDEN, W. M. PARDUE 
Columbus Laboratories, Battelle Memorial Institute, 

Columbus, Ohio 43201 and 
GARY D. BLUE 

Chemistry Department, The Ohio State University. 43210^ 

Of considerable importance in chemical thermodynamics is the ability to 
predict the stability of possible compounds or compositions, hence, the Engel-
Brewer correlation(l) holds considerable promise as a means of estimation of 
thermodynamic properties of materials. The correlation has generally been used 
CO relate structures of metals to electronic configurations. The correlation, 
however, that in a mixture of two types of metals an electron transfer will occur 
from the metal with the surplus of electrons to the metal with low-lying vacant 
orbitals. This charge transfer would then result in a salt-like reaction with a 
significant enthalpy of formation. 

As an example of an intermetallic compound where such forces might be 
operative NlAl was chosen. Its melting point of 1910*'K is considerably above 
either Ni (1728''K) or Al (932*'K) hence it exhibits considerable thermal stability. 
Also the material has been previously characterized as to structure and enthalpy 
of formation. The structure of NiAl is body center cubic while both Ni and Al 
are face centered cubic. The Engel postulates would require for the b.c.c. structure 
one (s + p) electron per atom while originally Ni and Al would have three (s + p) 
electrons per atom, hence, in the compound some of the electrons must increase the 
charge density between Ni and Al. As a first estimate it would be expected that 
the strongest bonding in the compound would be Ni-Ni, or Al-Nl because the high 
melting point would certainly indicate that the bonding was not predominantly Al-Al 
in nature, Goldfinger and co-workers(2) have established that for similar compounds 
D(AB)/AHatom(AB) = k where k is a characteristic constant for each type of compound, 
and ̂ Hatom (AB) is the energy change between the compound and its gaseous elements. 

In an effort to determine if the mass spectrometric approach could 
contribute to an understanding of the energy changes accompanying charge transfer 
a series of determinations were performed on NiAl, The Nuclide 12-90-HT was used 
for the mass spectrometric determinations and an Ainsworth recording vacuum balance 
coupled to a tungsten resistance furnace was used for the weight-loss effusion 
determinations. The results of the investigation are shown in Figure 1. It can 
be seen from the slopes of the vapor pressure curves that the change in the heat 
of vaporization of nickel has been very small (if at all) while about a 30 kcal/mole 
change occurred for Al. Also, the activity of nickel has not been lowered 
significantly while aluminum has been lowered considerably. This lends credence 
to the concept of charge transfer and increased bonding strength between 
constituent metal atoms. 

In the course of the investigation gaseous NiAl was observed and its 
dissociation energy was determined to be 61 kcal/mole. If the bonding then between 
Ni-Ni is about the same as Al-Ni then 

D° (NlAl) ^ D° (Ni2) 

AH^tom ^i = ^^ kcal/mole (for bcc) 

B° (NiAl) = 61 kcal/mole 

D^ Nij = 58 kcal/mole 

Then AH^tom (NiAl) = 206 kcal/mole. 

Since AHatom = "AHf (NlAl) +AHatom (Al) + AHatom (Ni) = 206 kcal/mole 

AHf (NiAl) = -31 kcal/mole 

as compared to a literature value (-̂̂  AHf (NiAl) = -28 kcal/mole 
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Although the first experiments look promising and ab initio calculations 
of other aluminum-transition metal compounds have shown a good correlation it is 
still considered an open matter as to whether this is a fruitful method for 
calculating the energy changes which occur during charge transfer in intermetaHlc 
compounds. 

* Work performed in part under AEC Contract W-7405-eng-92 
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NITROGEN THERMOCHEMISTRY IN HIGH TEMPERATURE FH 

REACTIONS OF ZIRCONIUM DROPLETS* 

R. T. Meyer 
Sandia Laboratories 

Albuquerque, New Mexico 87115 

ABSTRACT 

Recent experiments have yielded new information pertinent to the 

physicochemlcal mechanism of microbubble formation and explosion of liquid 

zirconium droplets which are burned in N»/O- mixtures at 3000-4000°K. 

Extensive application of a mass spectrometry technique for picomole gas 

analyses has provided N,(g) evolution data as a function of reaction time, 

N2/O2 reactant ratio, and degree of prenitrldatton. Prenitridatlon with 

15^2 or ISM + 14M mixtures has proven conclusively the origin of the 

evolved N^Cg) and has Indicated the presence of atomic nitrogen in the 

bubble nucleation process. The results demonstrate the equivalence of the 

reaction mechanisms for Zr burned In N^/Oj and for prenltrided Zr burned 

in pure O2. Studies of the physical structure and Internal color of the 

solidified reaction product as a function of N~/Oj reactant ratio and of 

reaction time have revealed the transitional progression of the reaction 

from slow oxidation to explosive combustion and the existence of concen­

tration gradients within the reacting zirconium droplet prior to bubble 

formation. 
1-3 The present results are combined with previously published data 

on surface temperature versus time, ZrO(g) emission spectra and zirconium 

droplet oxidation kinetics to suggest a thermochemical mechanism for the 

explosion phenomenon. The proposed mechanism is a thermal, self-

accelerating decomposition of a ternary alloy of zirconium, oxygen and 

nitrogen, in which N-atom recombination provides a localized source of 

energy for bubble nucleation and ZrO vaporization supports the growth and 

explosion of the gas bubble. 

This work was supported by the U.S. Atomic Energy Commission. 

R. T. Meyer and L. S. Nelson, High Temperature Science. 2_, 35 (1970). 

R. T. Meyer and W. G. Breiland, High Temperature Science. 2_, 000 (1970). 

L. S. Nelson, D. E. Rosner, S. C. Kurzius and H. S. Levine, in 
"Twelfth Symposium (International) on Combustion, 1968," p. 59, 
Combustion Institute, Pittsburgh, 1969. 
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F12 
THERMOCHEMISTRY OF THE Eu-Se SYSTEM FROM MASS SPECTROMETRIC MEASUREMENTS 

by 

Margaret Frisch 

IBM Thomas J, Watson Research Center, Yorktown Heights, N. Y. 10598 

An apparatus for mass spectrometric measurements of high temperature gaseous species 

has been constructed which incorporates several unique features: 

1, The mass effusion rate from a Knudsen cell can be measured simultaneously with 

the ion current by means of a Cahn electrobalance, thus permitting direct calibration of 

ion current in terms of pressure. 

2. Both furnace and mass spectrometer chambers are ion pumped which yields a very 

low count rate for organic ions. 

3, The molecular beam is modulated in the furnace one cm from the orifice which 

eliminates any contribution to a peak due to re-evaporation from the shields. 

4. Ion counting via a bidirectional scaler is employed which greatly increases the 

slgnal-to-noise ratio of low pressure constituents. 

This system has been applied to the study of the vapor species over EuSe single 

crystals in a tantalum Knudsen cell over the temperature range 1550*K to 1927''K. The 

primary reaction is the decomposition to the elements. However, the molecular species 

EuSe(g) and Se_(g) were observed both at about 0.5% of the total vapor. The experimental 

and derived data for the study are given in the accompanying Table, The experimental 

uncertainties reported are from statistical scatter of the data while those associated 

with the derived quantities are ,the accumulated errors including the temperature and the 

1 2 
thermodynamic data for Eu(g) and Se(g), 

3 
C, Bergman, P. Coppens, J. Drowart, and S. Smoes have just recently published 

values for the dissociation energies of the gaseous rare earth monoselenides, based on 

mass spectrometric measurements. Their result of 71.1 ± 3,6 kcal/mole for D^ of EuSe(g) 

Is in excellent agreement with the value of 71,4 ± 2,0 kcal/mole, derived from our data. 
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Unimolecular Decomposition of Desoxybenzoin Azine Induced by 
Electron Impact. Stuart E. Scheppele and Ronald K. Mitchum, 
Department of Chemistry^ Oklahoma State University, S t i l lwa te r , 
Oklahoma 7407't and Ronald D. Grigsby, Department of Biochemistry 
and Biophysics, Texas A and M University, College Sta t ion , Texas 
77845. 

Mass spectra of desoxybenzoin a z l n e ( l ) , desoxybenzoin azine 
d4, and desoxybenzoin azine -^lo (a-ring deuterated) have been 
"obtained. The preliminary r e su l t s are as follows. Although the 
fragmentation mechanisms for I f i t the general pat tern observed 
for acetophenone-"-(II) and benzaldehyde^(III) az ines , the i n t e n s i ­
t i e s of a number of the fragmentation and rearrangement-fragmen­
ta t ion pathways are a l tered by change in a subst i tuent from 
methyl(Il) and hydrogen(III) to benzyl( I ) . For example, percent 
Ionizations for a cleavage in the molecular ions with loss of 
methyl ( I l ) , hydrogen(III) and benzyl(I) are l 8 , c£. 2, and 26. 
Percent Ionizations for loss of CeHs from the molecular ions 
of I , I I , and I I I are 0 . 1 , k, and 17 respect ively . A specific 
1,5 migration of benzyl (0.2J6 E) and hydrogen (c£. 1% E) i s 
observed for the molecular ions of I and I I I . However, the 
corresponding migration of methyl i s not observed in the spectrum 
of I I . The lon a t m/e 19^ in the spectrum of I appears to be 
formed via simple nitrogen-nitrogen bond rupture in the molecular 
lon and loss of benzonitr i le from the M-91 lon. A l ,k migration 
of a benzylic hydrogen to nitrogen in the molecular ion of I 
followed by cleavage of the nitrogen-nitrogen bond appears to 
lead to m/e 195 and 195. Formation of the GTH7 lon In the 
spectrum of I appears to spec i f ica l ly Involve one of the or ig ina l 
benzyl groups of I . 
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G2 
COMPUTER INTERPRETATION OF AMINE MASS SPECTRA 

A. M. Duffield, A. Buchs," Allan B. Delflno and Carl Djerassi 

Department of Chemistry, Stanford University 
Stanford, California 94305 

1 2 
The scope of the computer program Heuristic DENDRAL has been extended ' to the 

Interpretation of the low resolution mass spectra of aliphatic amines. To accomplish 
this result it was found necessary to develop an irredundant notational system for the 
representation of saturated aliphatic amine structures. This was done using the symbols 
T, S, P and M to define the degree(s) of substitution of the carbon atom(s) attached to 

nitrogen in saturated aliphatic amines. Thus the symbols T, S, P and M are defined as 
follows: I I 

T = -^-; S = -CH-; P = -CH - and M = CH^ 

The canonical order in this convention is defined as T>S>P>M and the following super-

atoms are presented as examples of this notation. 

I I I 
TP = -C-N-CH^- TSM = -C-N-CH-

' ÎI 2 ' CH3 

A total of 31 superatoms can be constructed from all possible combinations of T, S, 
P and M in addition to the three special cases of M, MM and MMM which translate to 
methyl amine, dimethyl amine and trimethyl amine respectively. 

Figure 1 is a schematic representation of the Heuristic DENDRAL program as applied 
to aliphatic saturated amines. The right hand section of Figure 1, which is enclosed in 
dotted lines, is an optional NMR subsection and is only utilized if NMR experimental 
data are available. This NMR sub-routine uses the position of 1:he NMR signal, its 
integral value and multiplicity. From these data the program identifies the number of 
carbon and nitrogen bound methyl groups and if possible the number of hydrogen atoms 
situated on a carbon atom itself joined to nitrogen. 

The sub-routine SIZE (Figure 1) is used by the program to detennine whether a"par­
ticular superatom, plus the minimum number of methyl groups to saturate all its free 
valences, can be built within the limits of the empirical composition. If insufficient 
carbon atoms are available for the construction of a superatom (for example TTT which re­
quires a minimum of 12 carbon atoms) then that superatom is discarded from future con­
sideration. 

The mass spectrometric bound conditions are represented diagramatically in Figure 1 
and begin with the well documented a-cleavage process of aliphatic amines. Additional 
theory is incorporated in the heuristic decisions represented by MAXINTENS etc. through 
the sub-routine called REARRANGEMENT. The theoretical basis and the implications of 
these decisions are described in our forthcoming publication. 

The presence of all the 31 superatoms which can be constructed for saturated 
aliphatic amines from combination of the symbols T, S, P and M on the initial GOODLIST 
requires that the program consider all possible answers to a given problem. When a 
superatom fails any one of the heuristic decisions described in Figure 1 it is removed 
from GOODLIST and hence eliminated as a potential solution to the problem at hand. The 
program then computes the number of possible isomers consistent with all entries remain­
ing on GOODLIST and this number represents the number of solutions to any given problem. 
If the structure of each of the isomers is required then this can be obtained from the 
optional STRUCTURE GENERATOR portion of the program. 

Using a library of 93 saturated amine mass spectra the computer program (Heuristic 
DENDRAL) always presented the correct answer in its final output. A brief summary of the 
results obtained using the program are listed in Table 1. It is evident that an impres­
sive degree of truncation is achieved by the program when only mass spectrometric input 
is used while if this is supplemented by NMR data in general only one answer (the correct 
one) results. 

Acknowledgements, Financial support from the Advanced Research Projects Agency (Contract 
SD-183), the National Aeronautics and Space Administration (Grant NGR-05-020-004) and the 
National Institutes of Health (Grant AM 04257) is gratefully acknowledged. 

Present Address: University of Geneva, Geneva, Switzerland. 
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G3 
FraRmentation Processes In the Mass Spectra of Trialkyl Phosphates^ Phosphorothionates, 
Phosphorothiolates, and Phosphorodithioates. 
Francis J. Biros and Ralph T. Ross 
Perrine Primate Research Branch, Division of Pesticide Chemistry and Toxicology, Food 
and Drug Administration, Perrine, Florida 33157. 

Abstract: The low resolution mass spectra of four trialkyl phosphates, two trialkyl 
phosphorothiolates, four trialkyl phosphorothionates, and three trialkyl phosphoro­
dithioates (derivatized metabolic and hydrolytic products of organophosphorus pesticidal 
corapounds) have been recorded. Fragmentation-structure correlations have been outlined 
and some pathways to prominent Ions established by means of metastable ion data and 
accurate mass measurements. Important initial reactions of the molecular ions of the 
phosphates included replacement of an ethyl group by a hydrogen atom. Secondary proc­
esses involved double rearrangements and cleavage at the phosphoriis atom with the lat­
ter reaction predominating in the case of the trimethyl substituted compounds. Similar 
dissociative processes involving elimination of alkyl, alkoxyl, and thloalkoxyl groups 
were observed for the phosphorothionates in addition to Internal electron impact in­
duced P(:S)-OR to P(:0)-SR rearrangements and significant fragments due to abstraction 
of either a sulfur atom or -SH radical: The trialkyl phosphorodithioates exhibited 
fragmentation schemes involving comblhatibris of those observed for the phosphorothionates 
and phosphorothiolates. 

Introduction: The mass spectral properties of several classes of organic pesticldal 
compounds have received recent attention. Electron impact induced dissociative processes 
have been discussed for chlorinated hydrocarbon (1-3), carbamate (4,5) and organo­
phosphorus (6) pesticides. In addition, reports are available for a number of miscella­
neous groups of compounds used as pesticides including uracils (7), trlazlnes (3), and 
phenoxyalkanoic acids (3). Mass spectral studies of this type have been found to be of 
invaluable assistance in the interpretation of data obtained for unknown pesticidal 
transformation products isolated during the course of animal and plant metabolism and 
photochemical decomposition studies. In fact, the unimolecular reactions of ions pro­
duced in the mass spectrometer may bear a mechanistic relationship to the photochemical 
behavior of certain classes of compounds including pesticides (5,14). In addition, mass 
spectral data of standard materials are required for comparative purposes when the mass 
spectrometric method is employed as an individual technique or combined with gas chroma­
tography for the purpose of confirmation of pesticide residues isolated from human, 
animal and environmental media. 

During the course of method development studies directed toward the determination 
of the metabolic and hydrolytic products of organophosphorus insecticides in human and 
animal blood and urine (12,13), the mass spectra of a series of trialkyl substituted 
phosphorus compounds were required. These compounds may be considered to be derivatized 
(methylated or ethylated) hydrolysis products of organophosphorus pesticides and con­
sist of four classes or compound types including phosphates, phosphorothionates, phos­
phorothiolates, and phosphorodithioates. This report presents a summary discussion of 
the chemical fragmentation processes observed for several compounds of each structural 
type. A detailed, inclusive discussion will be presented elsewhere. Dissociative 
schemes have been proposed on the basis of low resolution mass spectral studies coupled 
with metastable ion data and accurate mass measurements. 

Results and Discussion: - Trialkyl Phosphates -
The mode of fragmentation of the four trialkyl phosphate compounds'examined are 

very similar to that reported for triethyl phosphate and other alkyl and aryl substi­
tuted phosphate compounds (8-11) which have been discussed previously by other authors. 
For dimethyl monoethyl phosphate (DMMEP) and diethyl monomethyl phosphate (DEMMP), the 
Initial process observed to occur was the very favorable elimination of one ethyl 
substituent with back transfer of two hydrogen atoms to form a tetra-covalent phospho­
rus species, m/e 141 for DEMMP and m/e 127 for DMMEP. In both cases, the tetra-covalent 
phosphorus ion formed in this fashion accounted for the base peak in the mass spectrum. 
Metastable ions were observed for both these transitions. 

For DEMMP, an elimination of a neutral ethylene molecule from the base peak follow­
ed which led to the formation of a fragment of m/e 113 with a metastable lon observed 
at m/e 90.56. Subsequent loss of water from this fragment was observed to occur with 
the formation of intense ion current at m/e 95, [CH30P(0)0H]+ . 

The base peak in the mass spectrum of DMMEP of m/e 127, undergoes facile loss of 
a molecule of water to form the m/e 109 ion corresponding to the [(CH30)2P=0+] species 
or dissociation can occur at the phosphorus atom, with hydrogen rearrangement to form 
the ion at m/e 79, [CH3OPOH+]. Elimination of a methoxyl group from an intense m/e 95 
ion results in the formation of the m/e 65 [P(0H)2+] fragment with single hydrogen 
rearrangenent and the m/e 66, [PH(0H)2+], fragment with double hydrogen rearrangement. 

Trimethyl phosphate (TMP) exhibited a relatively simple mass spectrum with Intense 
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peaks at m/e 110, [(CH 0)2POH]+.; m/e 109 [(CH„0)2P=0]+; m/e 95, [CH OP(0)OH]+; m/e 80, 
[CH OP(H)OH]+*; and m/e 79, [CH.OPOH]+. Metastable ions were observed for the 
transitions m/e 140—•ra/e 110 (ra/e 86.43), m/e 110—•m/e 109 (m/e 108.01), m/e 110 
—•m/e 80 (M/e 58.20), and m/e 109^^m/e 79 (m/e 57.25). A more detailed discussion 
of the mass spectrum of TMP has been presented by other investigators (10). 
- Trialkyl Phosphorothionates -

The fragmentation pattern for this class of organophosphorus compounds is 
characterized by a competition of decomposition modes involving either elimination of an 
ethyl substituent with hydrogen rearrangement or fission of the phosphorus oxygen bond, 
with or without an associated hydrogen rearrangement. In addition, significant processes 
involved the elimination of a sulfur atom or *SH radical and electron impact Induced 
thiono to thiolo rearrangements leading to the formation of relatively intense fragment 
ions (15). 

The molecular ions produced in the mass spectra of the phosphorothionates were 
quite intense ranging from 53% relative intensity for trimethyl phosphorothlonate 
(TMTP) to 100% relative intensity for dimethyl monoethyl phosphorothlonate (DMMETP). 
For TMTP the predominant initial process involves elimination of a methoxyl substituent 
coupled with back transfer of a hydrogen atom to form the fragraent ion m/e 126, 
(CH 0) PSHt, or without hydrogen rearrangement to form an lon of m/e 125, (CH 0)2PS+. 
Subsequent elimination of an *SH radical leads to the formation of the base peak ion of 
m/e 93 corresponding to the (CH_0)-P+ ion, A metastable lon at m/e 68,64 was observed 
for this transition. Elimination of the CH^O species from the base peak generates the 
m/e 63 fragment of CH_OPH composition. 

An entirely analogous dual decomposition scheme may be postulated to explain the 
significant fragraent ions in the mass spectrum of triethyl phosphorothlonate (TETP). 
As was noted in the mass spectrum of trimethyl phosphorothlonate, fragment ions of 
m/e 137, (CH CH 0) P=0+, m/e 109, CH^CH OPO(OH)+, and m/e 81, (H0)2P=O+, may be formed 
from a rearranged, electron Impact produced triethyl phosphorothiolate molecular lon 
species. 

A similar dissociation scheme for DMMETP may be postulated assuming the occurrence 
of a dual decomposition pathway. Thus, the molecular lon of m/e 170 undergoes 
fragmentation with loss of a C^H.O species to yield the m/e 126 (CH-0)2PSHT radical lon 
which may then eliminate a "SH radical to form the base peak at m/e 93, (CH 0) P+. 
Decomposition involving elimination of an ethyl substituent with back transfer or one 
or two hydrogen atoms results in the generation of m/e 142 and m/e 143 fragment ions. 
Loss of water from the m/e 143 lon of (CH_0)„P(OH)SH+ composition results in a 
(CH^O^P^S species at m/e 125. Elimination of a CH 0 molecule from the m/e 142 fragment 
yields the m/e 112, CH~OP(OH)SHi' species. The m/e 125 fragment may also be formed by 
elimination of a CH_CHO molecule from the rearranged S-methyl-0-ethyl-O-methyl 
phosphorothiolate molecular ion. Fragment ions resulting from the dissociation of 
another rearranged molecular species (S-ethyl-0,0-dlmethyl phosphorothiolate) occur at 
m/e 109 and m/e 110. 
- Trialkyl Phosphorothiolates -

Three dissociative pathways for the molecular ion are observed in the fragmentation 
scheme of the phosphorothiolate class of compounds. For the compound 0,0-dlethyl-S-
ethyl phosphorothloate (TEPTh), these include elimination of a molecule of ethylene from 
either a sulfur atom or an oxygen atom to form the m/e 170 fragment lon, and cleavage 
with hydrogen rearrangement of either an ethoxyl or thioethoxyl substituent to form the 
(CH-CH-0) P-ont ion. Further loss of an ethoxyl group from this fragment accompanied by 
bacR transfer of one or two hydrogen atoms accounts for the base peak of m/e 111 with a 
CH-CH-OP(H)(0H)„+ structure and a significant fragment of m/e 110, corresponding to a 
CH-CH^0P(OH)„t species. Subsequent loss of a molecule of water from the m/e 111 lon 
results In the formation of the m/e 93, CH„CH20P0H+ fragment. 

The pathway resulting from elimination or an ethoxyl group from the molecular lon 
leads to the m/e 154, CH CH 0P(0H)SCH2CH^t species which in tum may eliminate a 
molecule of ethylene to yield a fragment of either S-ethyl or 0-ethyl structure with 
C»H_PO-S composition at m/e 126. Multiple pathways may also be postulated for the 
decomposition of the molecular lon by elimination of ethylene. Thus the fragment ion of 
m/e 170 most probably consists of contributions from structures such as (CH-CH^O)-P(0)-
Snt and CH CH O-HO-SCH^CH T 

- Trialkyl PhosphorodithioaLes -
The mass spectra for the phosphorodithioate class of organophosphorus compounds 

studied present a complex dissociative scheme due to the possibility of formation of 
fragment ions with several isomeric structures. Decomposition processes Involve the 
generation of fragment ions by elimination of alkoxyl and thloalkoxyl substituents 
accompanied in some cases by hydrogen rearrangement. For the compounds containing ethyl 
substituents, significant alkyl fragmentation occurs with loss of an ethylene molecule. 

The simplest decomposition scheme is afforded by the compound 0,0-dimethyl-S-methyl 
phosphorodithioate (TMDTP). The molecular ion (m/e 172) may fragment by elimination of 
a methoxyl group or a thiomethoxyl group with hydrogen rearrangement yielding ions of 
m/e 142 and m/e 126, respectively. These fragments have been assigned structures of 
CH^SP(SH)OCH T, and (CH 0) PSHI". The subsequent decomposition is Identical in both cases 
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and involves the abstraction of a -SH radical producing the base peak m/e 93, (CH 0) P+ 
fragment from m/e 126, and the m/e 109, CH SPOCH,+ fragment from m/e 142. 
Metastable ions were observed for the m/e 142—• m/e 109 transition at m/e 83.66 and for 
the m/e 126—•m/e 93 decomposition at m/e 68.64. Further loss of methoxyl substituents 
from these two ions produces relatively Intense peaks at m/e 95, m/e 63, and m/e 79. 
Also observed was the initial decomposlcion of the molecular ion to form a m/e 125 
fragment by elimination of a thiomethoxyl group. 

The mode of fragmentation of 0,0-diethyl-S-ethy^ phosphorodithioate (TEDTP) was 
noted to be somewhat more complex due to the possibility of formation of Isomeric ion 
fragments with identical elemental composition. Thus, elimination of ethylene from the 
molecular ion results in the generation of the m/e 186 fragment undoubtedly consisting 
of contributions from the structures CH.CH,0P(S)(0H)SCH2CH t and (CH CH 0),P(S)SHT If a 
dlthlolo rearrangement species is initially formed, the m/e 186 ion may consist of 
contributions from additional structures such as (CH CH,S),P(0)OHT and CH^CH,SP(0)(SH)— 
OCHjCHjt 

An alternate decomposition pathway results from initial elimination of a thioethoxyl 
substituent from the parent species, m/e 214 radical ion. Subsequent processes include 
sulfur abstraction and ethylene elimination to yield significant fragments at m/e 121, 
m/e 125, m/e 97, m/e 93, and m/e 65. Additionally, the molecular ion may decompose with 
loss of an ethoxyl group and hydrogen rearrangement to the m/e 170, CH,CH,OP(SH)SCH CH,t 
species which in turn may lose a -SH radical to form the m/e 137, CH CH OPSCH CH + ion. 
Further decomposition by elimination of ethylene results in the m/e 109, CH CH 0PSH+, 
or CH.CH SPOH+ species with a metastable peak observed ac m/e 86.72. The m/e 109 
fragraent raay also conceivably be produced by elimination of C„H,S frora a m/e 170, 
(CH CH S)2P0H. ion if one assumes the existence of a dlthlolo molecular lon species. 

Experimental: The low resolution 80 eV raass spectra reported here were obtained on a 
Perkin Elmer Model 270 combined gas chromatograph-mass spectrometer using direct probe 
Introduction techniques. Only ion fragments greater than m/e 40 are considered in the 
mass spectra of the trialkyl phosphates. Both the sample probe and ion source were 
maintained at ambient temp, (approx. 35°C). To avoid sample degradation as much as 
possible, no external heat was applied to the target. However, the target teraperature 
averaged 145°C due to the heat of che source filaraent (100 ̂ a emission). Electrostatic 
sector and lon source potentials were adjusted for raaximum ion beam current at 2.6 kV 
accelerating voltage. 

High resolution accurate raass raeasureraents were made by peak matching techniques 
employing an AEI MS-9 double focusing raass spectrometer by Prof. R. C. Dougherty of the 
Department of Chemistry, Florida State University. 
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HYDRCXJEN TRANSFER IN ALKYLAROMATICS 

David A. Lightner 
Department of Chemistry, University of Callfomia 

Los Angeles, California 90024 

The hydrogen transfer rearrangement of alkylbenzenes has been investigated by a 
1-4 

number of worKers. The source ol the hydrogen transferred in n-butylbenzene vjas 

shown to be largely (95%) from the ycarbon by single deuterium labelling studies. ' 
1,5 

In this same work, it was also shown that 5% of the hydrogen transferred originated 

frora the 6-carbon. Our data, shown in Table 1, also clearly point to the Y-carbon as 

the major site of transferred hydrogen (deuterium) regardless whether the hydrogen 

(deuterium) is primary (1°), secondary (2°) or tertiary (3°). Recent data on more 

extensively deuterated alkylbenzenes, viz., a given chain carbon fully deuterated, in­

dicates that H-D exchange occurs between the ortho positions of the aromatic ring and 

the alkyl hydrogens (deuteriums). Exchange processes (Scheme 1) of this type have been 

noted in N-alKylpyrrole and yphenylpropyl bromide , and 1-phenylheptene mass 

spectra. The presence of an lon at m/e 94, which may be found when more than one Y~ 

deuterium atom is present in the molecule, is rationalized in terras of the exchange 

G5 

Table 1 
Table 2 

Lltuant I f f a c t oo tba ^ a 93 and SI r r a 

X 

1 

' 'a 
Ofl 

«==», 
• r 

Ol 

P T c a o t I 

" • 

O.T 

10 

onl ia t luD (TO 

" 

14 

• V) t */m: 

01 

,̂ 
31 

30 

19 

«t 

40 

B142 



depicted in Scheme 2. A critical evaluation of extensively deuterium labelled n-alkyl-

Scheme 2 

a-CHjCHjCD^R Gh- r C^": jCH^CH^R 

S"7' S"7° 

m / c : 91 93 

C^H^D. C^H^D, C^H^D^ 

93 94 

S»5°2> S«6'>2 

94 

benzenes suggests that in the non-deuterated examples m/e 91 arises essentially ex­

clusively from the parent lon at all ionizing voltages and that although exchange does 

occur between the ortho positions on the ring and ^ , y , b , ^ etc positions in the alkyl 

chain, only transfer from the ycarbon leads directly to formation of m/e 92. The data 

pf Table 1 appear also to suggest that H-D exchange between the ring and side chain pro­

ceeds to the greatest extent in the life-time of the fragmenting parent lon for 3° hy­

drogen (deuterium) transfer (3° > 2° > 1°). 

The relative Importance of the type of hydrogen (3° , 2° , o r 1°) transferred and the 

stability of the neutral fragment may be seen In Figures 1 and 2 which depict a Mc­

Lafferty rearrangement mechanism. Thus, Figure 1 shows a correlation in which hydrogen 

Is transferred most easily (intensity of m/e 92) if It is 3° and least easily if it is 

1°. This finding is in agreement with the work of Budzikiewicz, Fenselau and Djerassi 

who found a 10:1 preference of 2° H over 1° H transferred in the mass spectra of ketones. 

We also note however, in Figure 1, that the greater m/e 92 intensity is associated with 

the,, more stable (more highly substituted) olefin. This type of correlation can be seen 

Figure 1 
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more easily in Figure 2 which depicts 1° H transfer in all cases leading to m/e 92 ions 

whose intensity correlated one-for-one with the neutral fragment stability. A compari­

son of the data in Figures 1 and 2 finds the m/e 92 intensities roughly equal (147o vs 

16%) when the neutral fragment is propylene (cf. n-butylbenzene, 2° H and 1sobutyIben­

zene , 1° H) and also nearly equal (22% vs 247o) when the neutral fragment is isobutylene 

(cf. isoamylbenzene, 3° H and neopentylbenzene, 1° H). It would appear from these data 

that the transition state for the transfer mechanism resembles products more closely 

than reactants as is predicted for an endothermic reaction. ' 

As a further probe of the parameters affecting the McLafferty rearrangement, the 

data of Table 2 indicate the effect of a substituent located on the Y"carbon. In 

12 

keeping with the results of free radical hydrogen abstraction, the N0„, CN and Br sub­

stituents retard the formation of m/e 92 relative to CH , OH and OC_H substituents. 

Moreover, both steric and electronic effects explain the influence of ortho-methyl groups 

of the McLafferty rearrangement ion of n-butyl- and neopentylbenzene (Table 3), Thus, 

for n-butylbenzene, the effect of one o-CH_ lowers the m/e 106 ion intensity approxi­

mately to the same extent as does a p-CH_ (but greatly different from that of m-CH ). 

this second effect is a steric or an electronic effect is difficult to ascertain; how­

ever, the steric requirements of the transition state leading to m/e 106 are sufficiently 

disturbed by one o-CH„ in neopentylbenzene to give a very low intensity (cf. the effect 

of p-CH ). 

The nature of the hydrogen transfer transition has been further investigated in 

molecular orbital calculations. Some results of a calculation of benzylic bond orders 

(a) for the ground and excited states of radical cations, using a modified Extended 
13 

Huckel program , are shown in Table 4. An extremely small bond order is found for both 

concerted (A) and stepwise (B) mechanisms (X = H); however, the stepwise (B) mechanism 

is a lower energy pathway by 0.5 eV [see state (m.o.s.) 5 in A and 6 in B_] than the 

concerted (A) route. Furthermore, correlation is found with experimental data on amino-
3 

butylbenzenes for which the energy of the corresponding low bond order state of m-NH„ 

(14.3 eV) is close to that of unsubstituted butylbenzene (14.4 eV) and the normalized 

hydrogen-transfer ion intensities are nearly equal. On the other hand, 

Table 4 

Table 3 

4J0= A B 

Ĝ " 
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the normalized hydrogen-transfer ion intensity of the p-NH Isomer is considerably less 

than that of butylbenzene (of. 14.8 eV vs 14.4 eV). 
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ABSTRACT 

ELECTRON IMPACT STUDIES OF GROUP IV-A 0RG7VN0METALLIC ACETYLIDES 

D.I. MacLean and R.E. Sacher, Boston College, 

Chestnut Hill, Massachusetts 02167 

INTRODUCTION 

The purpose of this project was to measure the mass spectral 

patterns, ionization potentials and appearance potentials for as many 

compounds as possible of the carbon, silicon, germanitmi and tin methyl-

acetylides, most of which have never been studied by mass spectrometry. 

Complete mass spectral schemes have been postulated and related to 

bonding and structure. 

EXPERIMENTAL 

The compounds studied are: 

(CH3)3CC^H 

(CH3)^Si(CSCH)4_jj, n = 3, 2, 1, 0 

(CH3)^Ge(C=CH)4_j^, n = 3, 2, 1, 0 

(CH3)jjSn(C^H)^_j^, n = 3, 2 

All compounds except the solid tetraacetylides were purified on an aero­

graph autoprep A-700 gas chromatograph using a QF-1 fluorosilicon column. 

Experimental conditions were: electron voltage - 70 ev, electron 

trap current - 0.125 microamperes, temperature of inlet system -

293±2''K, temperature of ion source - approx. 325''K. 

The experimental apparatus consisted of a homemade, all glass inlet 

system leading into a Bendix Model 2012 Time-Of-Flight Mass Spectrometer. 

RESULTS AND DISCUSSION 

Correlations of the results of the experimentally determined mono­

isotopic spectra will be presented in tables and graphs. Contributions 

from the metal isotopes and C-13 were summed to give total ion abun­

dances. The cibundance of each species is expressed as the percentage 

of the sum of the abundances of all the metal-containing ions, since the 

hydrocarbon abundances are negligible. 

I. General Features 

1. Consider the series (CH,)_M(C=CH). where M=C, Si, Ge, Sn. The 
J n 4—n 

abundance of the molecular ion increases from carbon to silicon 

and decreases to germanium. For the tin analog, one finds a 

decrease in abundance in the monoacetylide series and an increase 

in the diacetylides. As each methyl group is replaced by an 

acetylene group the molecular ion intensity increases in the 

silicon series to methyl-silicon-triacetylide and then decreases 

to silicon-tetraacetylide. In the germanium series it increases 

from tetramethylgerraanitim- to tr imethy Igermaniumacetylide, then 

decreases to methylgermaniumtriacetylide and increases again 

going to the tetraacetylide of germanium. The ion abundance 

increases as acetylene groups are added in the tin series. 
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2. The most abundant ion in all compounds except for CH3Si(C=CH)3 

and M(CSCH)3 is the trivalent ion (loss of methyl radical). 

This is due to the fact that ionization is accomplished by 

removing one of the bonding electrons of the M-C bond, thus 

weakening the bonding power. 

3. The metal-containing ions are responsible for the major part of 

the ion current. This is due to the difference in electro­

negativity between carbon and the metals. The positive charge 

will reside on the metal-containing fragment. 

4. The abundance of rearrangement ions decreases with the increasing 

size of the metal atom. This is caused by an increase in polar­

ization or a decrease in the M-C bond energy. 

5. Only a few metastable ions were found in the mass sjjectra. 

6. There is an absence of C-H fission from M-CH3 groups. The lower 

stability of the M-C bonds explains this effect. 

7. The decomposition of the molecular (odd electron) ion occurs 

mainly by elimination of an odd electron (radical) fragment 

giving even electrons. 

II. Individual Groups of Compounds 

The effect of central atom on the fragmentation patterns of the 

individual groups of compounds is treated first, and then the replace­

ment of methyl groups by acetylene groups is studied. In general, the 

amount of the molecular ion formed increases with the number of acety­

lene groups. The initial cleavage step, the elimination of the CH3 

radical, increases in importance as each acetylene replaces a methyl 

group. 

III. Ionization and Appearance Potentials 

Ionization potentials of the carbon, silicon and germanium members 

of the organometallic acetylides are presented. No ionization potential 

of the methylgermanium triacetylide could be measured since its parent 

peak is too small. 

Appearance potentials for the monomethyl metal ion of each member 

of the silicon and germanium series are reported. As the number of 

acetylene groups is increased the energy needed to fragment and ionize 

is also increased. 

ACKNOWLEDGMENT 

This project was supported in part by the U.S. Army Materials emd 

Mechanics Research Center, Watertown, Massachusetts. Special gratitude 

is due Dr, W. Davidsohn for donating the majority of the compounds 

studied. 

B147 



G7 

+ 

ELECTRON IMPACT FRAGMENTATION PATHWAYS OF HALOACETONES 

By: Edward R. McCarthy and J. S. Smith, Allied Chemical 
Corporation, Morristown, N.J. 07960 

We have examined spectra of sixteen fluorine and chlorine 
containing acetones over a wide range of ionizing voltages. We 
evaluated the influence of halogen substitution on the fragmenta­
tion pathways of these small compounds. Hopefully, this study 
would provide information to assist in the interpretation of the 
spectra from more complex raolecules. Also we thought it would be 
of interest to compare the behavior of the haloacetones with that 
of the aliphatic ketones. 

The molecular ion of an aliphatic ketone decomposes by two 
competing pathways. These processes correspond to the formation 
of an acyl ion. The lower activation energy process corresponds 
to loss of the smaller alkyl radical as evidenced by an increase 
in the value of the ratio RL-C^O^/RS-C^O""" as the ionizing 
voltage is decreased. The formation of the alkyl ions, Rs and R, 
resulted from subsequent fragmentation of the acyl ions which is 
discriminated against at lower electron energies. 

Two perhaloacetones were examined in this study, CF3COCF3 
and CCl3C(X;Cl3. The results are similar to acetone. The major 
process is the cleavage of the carbon-carbon bond. However, the 
major ion in the 70eV.spectrum is CX3"'". An increase in the value 
of the ratio CX3-C:=0"'"/CX3''' with decreasing electron energy is 
observed. The formation of the acyl ion is the lower activation 
energy process. The fluorine and chlorine derivatives differ 
from each other. The abundance of CF3-C^0|'| exceeds that of Cr3 
at 15eV.whereas, the abundance of CCl3-C^0 does not become 
greater than that of Gels'*" until lleV. This may indicate that 
some CCI3+ is formed directly from the molecular ion at higher 
voltage. 

Nine hydrogen containing haloacetones have been examined. The 
lowest activation energy process is the formation of Rjj-Ĉ O'*' 
where Rj, is the methyl group containing the maximum number of 
hydrogen atoms. We again observe an increase in the value of the 
ratio RH-C'̂ 0'*"/Rjj''" with decreasing electron energy suggesting 
that RJJ+ is formed by subsequent fragmentation of the Ru-C'SO''" 
ion. The value of the ratio Rjj-Ĉ =0''"/Rjj''' is always greater than 
one at low electron voltages. However, the reverse is true at 
TOeV. when RH contains only one hydrogen atom. 

Two major fragmentation pathways are discerned for the 
molecular ion of haloacetones containing only fluorine and chlorine. 
They correspond to the formation of T)-r=ri^ and R"*". The major 
fragment at 70eV. is always ^Q-I^ where RQI is the methyl group 
containing the more chlorine atoms. The .formation of Rci"*" is the 
major decomposition pathway for unsymmetrical chlorofluoroacetones. 
A rapid increase in the abundance of this ion as the electron 
energy is decreased occurs. The acyl ion is of greater impor­
tance in the symmetricl chlorofluoroacetones where we observe an 
increase in the value of the ratio R(-.2̂-Ci=0''"/Rp-i"'" as the electron 
energies are decreased. 

Summarizing the fragmentation modes of chlorofluoroacetones, 
it can be seen that chlorine exerts a strong influence on the 
course of fragmentation. We propose the following rule to 
describe the effect of chlorine at threshold electron energies. 
The carbon-carbon bond is broken with charge retention favoring 
the group containing the more chlorine atoms. This rule changes 
when hydrogen is added to the haloacetone. In those cases the 
acyl ion containing the more hydrogen atoms is the major 
decomposition reaction product at low electron energies. We 
feel these data can be rationalized by considering the inductive 
and resonance effect of the halogen atom on the product ion 
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stability. The stability of the acyl ion is decreased with the 
addition of electron withdrawing groups, thus giving an order of 
stability of R H - C = 0 + > R̂ -.-Ĉ O'*" > Rp-C^O''". On the other hand, 
the stability of the methyl cation would be increased by the 
electron donating resonance effect of chlorine. The inductive 
effect of fluorine outweighs any electron-donating effect. 
Therefore, order of stability of the methyl ion is RQ-^ > RH"*" > 
Ry"*". At this stage of the study some bromine containing corapounds 
would be interesting. 

It must be noted no cross-over of the value of the ratio 
R2̂ -Ĉ O''"/R2-Ĉ O''" was observed with electron voltage change.This 
is distinctly different from the behavior of aliphatic ketones. 

There are some minor fragmentations of the molecular ion 
of these haloacetones. One very interesting rearrangement 
reaction is the loss of carbon monoxide. In symmetrical chloro-
"fluoroacetones the [M-COl ion is small at 70eV. (<2% ;£ 28 
however, the value increases to approxiraately 2 0 % ^ 28 at 
threshold electron energy. Since this curve almost coincides with 
that of R-Ĉ O""" ion, we concluded that there is competition between 
two separate mechanistic pathways. 

The formation of rearranged halomethyl ions is not an 
important fragraentation pathway. However, we observed two such 
ions at 70eV. which persisted at lower voltages (i.e., the 
formation of CC13''", 3% ̂ 2 8 ' from CFCI2COCFCI2) . In these cases 
we feel that this ion is not derived from a sample impurity. 

The hydrogen and chlorine containing ketones, CHCI2COCHCI2 
and CH2CICOCH2CI are characterized by the formation of ketenes, 
[CHC1=C=0]''' and [CH2=C=0] ions respectively. These ions are 
major fragments at 70eV. and they are present at threshold 
electron energies. Although most of this fragraent ion probably 
arises from the loss of a halogen atom from the acetyl ion, some 
might come directly from the molecular ion. 

Haloethyl ions corresponding to the loss of COX frora the 
raolecular ion are observed to a varying degree in raost of the 
haloketones. Only in the chlorofluoroacetones (with the 
exception of CFoCOCFoCl) did the [M-X] lon persist at lower 
eV. values. 

It may be possible to link these minor fragmentation pathways 
mechanistically to a raolecular ion rearrangement before 
decomposition occurs. We propose the following intermediate 
molecular ion structure as a guide to future experiments. We 
feel that this halogen bridge ion is an extension of previously 
proposed five membered ring chloro and bromonium ion structures. 

Ketene 
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Mass Spectral Fragmentation Mechanisms 
of Some Dibenzo[c,f][l,2]diazeplnes 

Adrla C. Casey, James H. Green 
and Michael Mautner 

Nev England Institute 
Ridgefield, Connecticut 06877 

Abstract 

The fragmentation mechanisms of llH-dibenzo[c,f][l,2]dlaze-

plne (I), its 3,8-dichloro derivative (II), 3,8-dichlorodlbenzo[c,f]-

[l,2]diazepin-ll-one (III) and 3,8-dlchloro-llH-dibenzo[c,f][1,2]-

diazepin-N-oxlde (IV) are discussed. The initial loss of molecular 

nitrogen is characteristic of I, II and III. IV has a strong molecular 

ion, that competitively eliminates either NO or Cl* and N„0. The common 

radical ion, — 166, present in the mass spectra of I, fluorene, 2-methyl-

9,10-anthraquinone and 2-methylbenzo[c]cinnollne, appears to be formed 

in different states. 

In Press for J. Heterocyclic Chem. 
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The Class Approach to Fragmentation Mechanisms—The Mass Spectra 
of Alpha~and Beta-Naphthvlthiaalkanes. NORMAN G. FOSTER. ROBERT W. 
HIGGINS*, Texas Woman's University. Denton. Texas 76204. and MYNARD C. 
HAMMING, Continental Oil Company. Ponca CItv. Oklahoma 7't601. 

The mass spectra of fifteen alpha and beta substituted naphthyIthiaalkanes 
are reported and used to illustrate the process of correlation and de­
lineation of fragmentation routes in a class of compounds. Spectra from 
low, intermediate and high resolution Instruments are used to demonstrate 
the process where, 1) by human inspection the correlations are madef 2) 
the additional value of data from intermediate resolution finds important 
usej 3) the need remains for high resolution to solve some problems. The 
application of data from metastable ions and low-voltage spectra are in­
tegrated into the process at places where the computer can be substituted 
for human inspection. Additional benefits from the class approach are 
explained. Isotopic labeling can be applied to proposed mechanisms with 
the preliminary class approach assisting in selecting species to be 
labeled by syntheses. F o r unknown structures, the intercomparison of 
the observed spectra and fragmentations predicted from bond orders 
obtained from M.O. calculations may prove fruitful. 

(To be submitted to "Organic Mass Spectrometry"). 

•Deceased. 
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Fragmentation of Amino Acitis and their Esters Containing 

a Sulfur, Phenyl or Hydroxyl Group 
Kozo Hirota and Mitsuo Saito 

Faculty of Science 
Osaka University 

Toyonaka, Osaka 5^0, Japan 

The base peak of the iinportant amino acid esters contains an amino 

group in their usual MS ("araine-fragment"). However, esters of tyrosine 

and methionine offer rare exceptions, because their base peak does not contain 

amino group. 

This paper attempts to show that the base peak of these abnormal esters can be 
2) 

explained as veil as that of the others by our MO-theory, which is based on the 

assumption that "the initial scission probability of the skeletal bond of the 

bombarded compounds is proportional to the charge density of the HO-MO allotted at 

Ta calculate the charge density at each bond, the 

etc. as 

united atoms, and the electron density of the neutral molecules is calculated, 

because in the present approximation it equals to the charge density of the parent ion. 

The new parameters used in the calculation are shown in Appendix, vhere that of S is 

the new one determined from the recent data of photo-ionization potential. The 

charge density at each bond in the HO-MO is approximated to be the mean of tvo groups 

forming the bond. Hovever, charge density at the CN bond, even though generally large, 

is excluded from discussion on the scission probability, because the value is mostly 

due to lone pair electrons at the N atom. Actually, this bond is hardly rupturable, 

so that its contribution can be neglected in experiment. This presumption vas 
2b) 

justified to be plausible on alkylamines. 

Distribution of the charge density of some ethyl esters, which contain no special 

group, is shown in Table 1, vhere the left C-C bond adjacent to the CN bond alvays 

becomes the largest in the charge density. This finding corresponds to the experiment -

that the base peak is produced by scission of this bond, denoted by the virtical dotted 

line, and thus the amine-fragment is charged. Similar results can be obtained on the 

esters of Ala, nor-Val, nor-Leu and i-Leu. The above theoretical assumption is supported. 

the bonds of their excited parent ion" 

LOGO approximation of Franklin was adopted, regarding CH-, CH, COp, NHp 

Valine ester 
O.T 

CH3 

O.T 

Aspartic acid ester 

0.0 0.3 
H^C - CHg -

Glutamic acid ester 

0.0 0.0 
H3C - CHg -

72 -1 

27.14 1 
CH -i-

NH^ : 

51 .7 ; 

2 . 3 
'5-r-cT-
' I I ' 

L...9.! 

0.I4 
Jo'-'c'l-
1 "l 

-73 

-L2.5., 

5.0 
CHg -

0.8 
CHg -

l.l 

- ™2 

116 — » 
26.9 
CH _ ] 

NHg 1 

51.it i 

It.5 
CHg-

0.2 
- CH3 

1 3 0 — • 

27.2 1 
CH — — 
1 ! 

NHg 1 

52.7 1 

1.1. 
-CHg -

12.8 

II 1 
•0 ' 

0.2 
CH3 

l.lt 
CHg-

0.2 
CH3 

M.W 

M.W 

189 

M.W 

203 

n K. Biemann, J. Seibl and F. Gapp, J. Am. Chem. Soc. 83, 2795 (I96l). 
2) (a) K. Hirota and Y. Niwa, J. Phys. Chem. 72, 5 (1968T; (b) K. Hirota, I. Fujita, 

M. Yamamoto and Y. Nlwa, ibid. 7̂ ., lilO (1970). 
3) J. L. Franklin, J. Chem. Phys. 22, ISOli (I95lt). 
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Aroine-fragment becomes also the base peak in some esters, which contain -OH, -S-

or Cy-E^- group. Hereby, charge density at the C/-H -CH_ bond may be expected to be 

lower than the mean value of the tvo groups, because the charge at the C^H group 

localizes at the ring. It is notevorthy that rupture of the left bond adjacent to 

the CN bond produces the next highest peak (m/e 91), and correspondingly the charge 

density at the bond is also large. The ester of lysine or 6-ainino norleuclne. can be 

classified into this category, though the base peak m/e 8U is produced by a successive 

unimolecular separation of NH_ from m/e 101, as explained by Biemann et al. 

Serine ester 

5.3 

OH 

l.lt 

27.3 1 

CH 4 . 
1 ' 

NHg ; 

51.9 ! 
60 • 

Cystein ester 

8.2 

HS 

8.U 

- CHg 

Lysine ester 

0.2 

CH-̂  

NHg 

O.ll 

0.2 

- CHg 

12 
r-

'I 

-

.6 1.1. 

~-~o"I- CHg -

25.8 1 

CH — i -
1 , 
NHg , 

lt5.3 , 

76 -i 

0.8 

CHg -

11. 

I 
k.k 

CHg 

Table 2 

Phenylalanine ester 

0.2 23.3 

™3 ^ -
M.W. 

133 

1 1.2 0.1 

"o"* - CH - CH, 
1 3 

1 

101 1 

27.1 • 12̂ 7_ 

- CH -{- C - C 

1 1 ' n 
! r 

™2 ! i . ° . . . 
52.5 ! 

8 

CF 

•i 
, -
1 
1 
s 

8 : 

2-T 
91-* 

l.lt 

CHg 

21.5 , 

NHg 1 

36.5 . 
120-' 

M.W. 

Ill9 

0.3 

- CH3 

M.W. 

17lt 

9.0 _0.9 0.1 

Tc - o;-CHg - CH3 

• 0 ; 

' M.w. 
193 

However, the amine-fragment is not the base peak in the esters of methionine and 

tyrosine, because their base peaks are m/e 61 (CH SCH ) and m/e 107 (HO-CgH,-CH ) , 

respectively, as the dotted lines in Table 3 show. The above irregularity is, however, 

of apparent nature. 

ionine ester 
3.2 19.It 

H^C - S 

6.9 \ 5.8 

CHg i CHg 

Table 3 

ioit-> 

19.7 I 9.6 0.9 
- CH !_ IT'-" " 6'iCHg -

0.2 

CH^ 

M.W 

177 

35.3 

Tyrosine ester 

; 136—1^3 
9.9 66.5 8.5 ! 5.9 ' 1.8 0.2 0.0 M.W. 

^ 
HO - fr^ - CH. Jb CH a ' C - 0 '- CH. - CH, 209 

107-1 NHg ; ',_o_ ; 

7.2 

In this latter case, the charge density at the b-bond is larger than 

at the a-bond, so that this finding is concordant vith our theory. In the former case, 

however, the same explanation is not applicable, because despite the small charge density 

B153 



at the c-bond the peak at m/e 6l becomes the highest. This finding may be brought 

about by the successive unimolecular fragmentation of the ion of m/e lOU. This 

possibility can be shown by alternation of both ions as the base peak if the ionization 

voltage is decreased lower than the usual one. The MS measured using a high resolution 

apparatus of Hitachi RMU-7HR confirms the tendency. (Of. Table It (1°)). 

Table k Important Peaks in the MS of Esters of Methionine (l°) 
and Tyrosine (2°) vs. Ionizing voltage in Volts 

(1° 

m/e 

(56 

)6l 

Viol. 

116 

Assigned Ion 

HgC=CH-"^0H-NHg 

HjC-S-CHg 

H2C-S-CHg-CH2-"^CH-

^CHg-CH-C-O-CgH^ 

NHg 0 

-NHg 

^ = 
116 

171 

100 

10 

80 20 

71 

96 

100 

10 

15 

51 

5T 

100 

10 

10 

12 

12 

100 

1 1 

m/e 

r 
102 
107 

ll36 

Tit 

Assigned Ion 

"^CH(NH2)-C00-CgH 

HO-CgH^-CH^ 

HO-C^H^-CHj,-"^CH(NH,) 

(CO0C2HJ)-H'' ? 

•V. = 
1 

55 

100 

52 

Itl 

TO 20 

35 

100 

81t 

12 

15 

lt2 

100 

101 

9 

10 

55 

100 

115 

9 

(2° 

Similar experiment is carried out (by one of the authors (M.S.)) on tyrosine ester. 

In this case, the probability of scission at the b-bond does not become less than that 

at the a-bond, considering that sum of the height of m/e 107 and m/e 102 is always larger 

than the height of m/e 136 even if the ionizing voltage is decreased. (Cf. Table h (2°)). 

Lastly, the MO-theory is extended, so as to predict which fragment of the two has the 

charge after the bond-scission. As a working assumption, Stevenson s rule is applied; 

viz., "relative probability to be given the charge is larger for the fragment whose total 

charge density is larger, if the Ionizing voltage is larger than _the_ ionization potential 

plus bond energy". As an example, the assumption will be tested on valine ester. Total 

charge density at the left amine fragment is 86.0 C^), while that at the right non-amine-

fragment is lU.1 (%) ^ so that the markedly large height of amine fragment {m/e 72) as 

compared.to that of its complemental one (m/e 73) can be explained. 

,, _ Similarly, this assumption may be shown applicable for the base peak of other esters 

(Asp, Glu, Ser, Phe, Cys» Lys, and Tyr). Nevertheless, if the assumption be applied to 

methionine ester, the peak at m/e ll6 would become very high instead of ra/e 6l, in the 

case when scission at the c-bond occurs initially, because their total charge is 1 1 . 5 % 

and 29.5 %i respectively. This deviation from the expectation indicates again that the 

initial scission occurs at the a-bond, but not at the c-bond. The same treatment is 

applicable, but the details will be reported elsewhere in future. 

*) Since charge density at -S- may localize at its lone pair, scission at the C-S bond 

is difficult in the mass spectra. 

U) D. P. Stevenson, Discussion Faraday S o c , 10_, 35 (l95l). 
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Appendix The Parameters Used in the Calculation (e.V.) 

Groups 

- C H ^ , = C H 2 , - C H 

-NHg 

-S-

• ^ e ^ - ' -=6«it-
-coo-
-OH 

New parameters 

coulomb 
integral -

13.31 

10.15lt^''^ 

10.U6^'='^ 

9.2lt5̂ ''' 

11.05^'= 

12.59'^ 

resonance 
integral 

1.65 

2.261. 

1.986 

1.3T9 

l.ltl3 

2.065 

Franklin's 

coulomb 
integral 

13.31 

• 10.52 

lO.ltT^ 

9.52 

11.51 

12. T6 

parameters 

resonance 
integral 

1.55 

2.08 

I.TS'^ 

1.09 

1.U6 

2.06 

1) K. Watanabe et al., "Final Report on I. F. of molecules by a Photoionization 

Method", Dec. 1959, Dept. of Army #5699-01-001*, ORD-#TB2-0Ol-00R-#l62li. . 

b) H. J. Svec and G. A. Junk, J. Am. Chem. Soc. 82., T90 {196T). c) K. 

Watanabe, J. Chem. Phys. 26, 5lt2 (195T). d) K. Watanabe, J. R. Mottle, 

J. Chem. Phys. 26, 1TT3 (195T). 
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Gil 

NOVEL SKELETAL REARRANGEMBITS IN DIFUNCTIONAL HRCMQAMIDES 

Ist-van Lengyel , David B. U l i s s , and Robert V, Mark 

Department of Chemistry, S t . J o h n ' s Un ive r s i ty 
Jamaica, New York 111J32 

Within t h e framework of a broader program undertaken t o I n v e s t i g a t e e f f e c t s of 
s t e r eochemis t ry cn mass s p e c t r a , e s p e o i a l l y i n remote group i n t e r a c t i o n s and s k e l e t a l r e ­
arrangements i n po lyfuno t iona l organic compounds subsequent t o e l e o t r o n impac t , we had 
occas ion to r ecord the mass spec t r a of some bia-ot-bromoamidea. Model compounds of two 
types were syn thes i zed : b i s - N - t - a l k y l - and cycloalkyl-bromoamides with (1 ) s k e l e t a l o r 
conformational f l e x i b i l i t y to permi t I n t e r a c t i o n of the f u n c t i o n a l i t i e s through space and 
( i i ) wi th a s k c l e t a l l y r i g i d connect ing l i n k p rec lud ing s t e r l c i n t e r a c t i o n of f u n c t i o n a l 
g roups . Represen ta t i ves of these two types a r e N , N ' - p - a e n t h - l , 8 - y l e n e b i B £2-b romo-3 ,3 -
dimethylbutyramideD ( l a , m.p, 233°) , der ived from 1,8-diamino-p-menthane, and 2 , 2 ' - ( l , 3 -
adamantylene)bi8[2-bromo-N-t-butylaoetamide] ( I l i a , m,p. 259*) "derived from 1,3-adaman-
t a n e d l a c e t i c a c i d , r e s p e c t i v e l y . 

l a , Rl " H} R J " t-C^Hg 

I b , Rl ,- DJ Ra - t-C4Ha 

I I , Rl - H} Ra = l-AdamantyKCioHis) 

Ilia, Rl - H 

Illb, Hi - D 

Due to the second functionality, the TOeV mass spectrum of compound la shows 
some unexpected fragmentation processes. Our interest was especially kindled by an 
abundant (20J rel,int,) singlet at m/e 210. High resolution measurement revealed an 
elemental composition of Ci3H2.4N0, Deuterium labeling of both N-H groups (lb) caused 
a 90% shift to m/e 212. Bcchango of the N-t-bu1yl groups for N-adamantyl (II) resulted 

o -1+ 

«^-r\.^^yo^^hi-R. Br O Br 
- >-N^-(:H-Ra 

- B r ' 

l a , ir/e 522/52l»/?26(Ca2H4oNa02Bra) 

I b , m/e 52ll/526/?28 

I I , m/e 678/680/682 

l a , m/e 210(Ci3H24N0) 

I b , m/e 212 

I I , m/e 288 
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in a shift of the corresponding bromine-free even-electron ion to m/e 288, Thus, the 
fragirantation process leading to th is ion involves elimination of carbon atoms 8, 9 and 
10 of the terpene skeleton together with the 8-substituent and the second bromine atom, 
accompanied by transfer of tho Nj(-hydrogen. A mechanism consistent with the isotopic 
and substituent labeling and high resolution data, involving an anchimerically assisted 
multicentered rearrangement (Mt—^a) with a 10-membered ring transit ion s ta te can be 
rationalized for the eis isomer (l-TJilj equatorial) with the cyclohexane ring in the boat 
conformation^. Formation of ion a from the trans isomer (axial 1-methyl, equatorial 
1-amino group) would require ring~C-C bond fission. 

While - predictably - no evidenoe for a similar remote-group interaction was ftund 
in the spectrum of the skaletally and conformationally r igid bla-amide I I I , the l a t t e r 
ccmpound nevertheless showed a number of other interesting features. As at tested to by 
tiie appropriate metastables and accurate nass determinations, bis-bromoamide I t t a under­
goes the following unexpected major 3-step fragmentation sequenoei 

-^sl^° >b -) -'^fr^ d 
Ion d s t i l l contains botii bromine atoms. As the part icles eliminated in succession 
originate from three different distant parts of the molecule, fragmentation steps b ^ * c 
and o—^ d require charge migration (or charge redis t r ibut ion) . In tho mass spectJum oY 
the NjN'-cEldeutero analogue ( I l l b ) , ions b and c are shifted by two mass units but d by 
only one. these labeling data indicate that tiie hydrogen originally attached to the 
nitrogen l o s t in the f i r s t step (N^) rearranges to a carbon atom that i s eliminated t o ­
gether with five others in the third step. After the loss of nine carbon atoms, elimina­
tion c—r-dmust necessarily involve the adamantane nucleus. Although a t f i r s t glance 
not iSmediately obvious, closer scrutiny reveals that there i s only one possible sot of 
six carbon atoms (marked with asterisk) that can be ejected so as to take the deuterium 
atom originally attached to Nĵ , In i t i a l fission of the 3-U bond in adamantane and oliiik. 
ination of C^Hg-N-C-O with saturation of the primary radical followed by McLafferty r e ­
arrangeraent in the remaining amide function with ejection of Ĉ Hg from the N-t-butyl 
group leads to odd-electron ion c which probably rearranges to c' by a l ly l i c C-C bond 
cleavage and multiple hydrogen migrations. Iort»c' eliminates tho conjugated a l ly l i c 
radical CgHg- to afford the abundant t r ip le t d (m/e 282/28U/286)i 

y 

^ V^,,.-J-CH-er 
"y I 

Ilia, m/o 363/36S/367 
inb, m/e 36S/367/369 

qH-Bp 

^ HO 

y 

OH ^ M ^ 

l l l a , m/e 282/28U/286 
I l l b , m/e 283/285/287 
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FOOmOTES 

1, The low resolution mass spectra were recorded on a Hitachi-Perkin Elmer RMU 6D 
instrument a t Morgan-Schaffer Corp,, Montreal, Canada, The high resolution data, 
in the form of "element maps" were obtained on a CEC 21-llOB doubly focusing mass 
spectrometer in conjunction with an IBM 1801 oomputer system, 

2. A predis t i l led sample of the l,8-diaj7iino-p-Henthsne (Rohm-Haas Co,, Philadelphia, 
Pa.) used in the preparation of I was gas~chromatographically honiogeneous. The 
thermodynamically more stable isomer, in analogy with 1,8-terpin and 1,8-dihalo-
p-nenthanes[^R. M, Carman and H, C. Deeth, Aust, J. Chem,, 22, 2651 (1969)!] i s 
assumed to be the cis (equatorial methyl, axial amino group in poaition 1) , Work 
to synthesize the thermodynamically less stable trans 1, S^diamino-^menthane i s in 
progress. 
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G12 
Site Specific Hydrogen Abstractions in Even Electron Ions. THOMAS 

H. KINSTLE, W. P. BRYANT, P. J. IHRIG AND E. J. GOETTERT, Iowa State 
University, Ames, Iowa 50010. 

The transfer of a yhydrogen atom in the McLafferty rearrangement is a 
thoroughly studied example of a site-specific hydrogen abstraction 
reaction. Various workers have pointed out the Importance of the non­
filled orbital with regard to facility and specificity in this reaction. 
Many examples of hydrogen migration in even-electron ions are known, but 
the reactions are non-site specific. We have documented essentially 
complete site specificity in a 8-hydrogen transfer-olefln elimination 
reaction of the even electron silyl cations 1 (R=H,CH3) and 2 (ROH3, 
n-Bu) [Kinstle, Ihrig and Goettert, J. tai. Chem. Soc. , §2, l780 (1970)]. 

R R R' 

' t ' t ' + 
Ph-Si+ Ph-Sl^ R-Ge 

I I I 
CHaCHa CHsCHsCHaCHs CH2CH2CH2CH3 

i 2 2 
We have extended this study to a series of organoaermaijiium compounds 
5 (a, R=Ph, R' = n-Bu; b, R=R'=n-Bu; c, R=Ge(n-Bu)3, R =n-Bu) and their 
deuterated analogs. We~again find an~extremely site specific (even more 
so than with ions 1 and 2) hydrogen transfer from the 8-position 
accompanying the loss of butene in these compounds. Even more striking 
was the high degree (>80^) of 5-hydrogen transfer which occurred 
during the sequential loss of a second butene molecule, presumably from 
a structure such as 4. This contrasts with analagous silyl cations in 

H Br 

I I 
R-Ge+ R-Ge+ 

I I 
CH2CH2CH2CH3 CH2CH2CH2CH3 

i 5 
which the second olefin elimination is accompanied by a clearly non-specific 
hydrogen transfer. Germanium cation 5 shows a lessened degree of site 
specificity, possibly due to an Inductive withdrawal of electron density 
from the germanium cationic site by the electronegative bromine atom. 

These results are discussed in terms of a size effect of the metalloidal 
abstracting atom, Silicon and Germanium are the largest atoms thus far 
investigated in this regard. Results with phosphorous and sulfur 
compounds are briefly presented. 
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H2 
MATSUDA TYPE VIRTUAL IMAGE DOUBLE FOCUSING MASS SPECTROMETER 

H. Matsuda 

Institute of Physics, College of General Education, 
Osaka University 

E. Watanabe, M. Naito and M. Nojiri 

Japan Electron Optics Laboratory Co., Ltd. 

Abstract 

A double focusing mass spectrometer with an electrostatic field having 
the same divergence function as the concave lens has been brought to 
realization and commercialized. One of the features of this instrument is 
that due to the characteristics of its diverging electrostatic field, the 
instrument, despite compact size, can easily attain a resolution of 1000 
to 2000, using a wide main slit. This instrument is named "the JMS-06 
Mass Spectrometer," which has a diverging electrostatic field with a mean 
radius of 150 mm and deflection angle of 90°, and a homogeneous magnetic 
field with a mean radius of 120 mm and deflection angle of 60°. The 
JMS-06 is used mainly for GC-MS routine analysis. A resolution of 1000 
(10 ?• v a l l e y ) has been obtained by the use of a loo -J main slit. 

Introduct ion 

A conventional double focusing mass spectrometer has an electrostatic 
and a magnetic field having the same focusing function as a convex lens. 
One of the authors predicted six years ago that the electrostatic field 
having the same divergence function as a concave lens would be possible 
and named it "the diverging electrostatic field."')This field only 
permits the formation of a virtual image, but not a real image. However, 
the formation of the latter image is also made possible if this field is 
combined with the magnetic field having the same focusing function as a 
convex lens. So, if a collector slit is provided at the position of real 
image, a double focusing mass spectrometer can be formed. 

With a coordinate system such as shown in Fig. 1 (a), Newton's 
equation shown below applies to the diverging electrostatic field having 
a mean radius of (a) and deflection angle of {ii) . ' ) 

(yrHi""- r) = y 
t i 

\ 

^*=_|_ oitk Mi? 

where g* is the distance between the field boundary and virtual focus, and 
f* is the distance between the principal plane and virtual focus. 

The relationship between these values is shown by an optical analogy 
in Fig. 1 (b) . 

Also, the image magnification X of the diverging electrostatic field 
and the dispersion D* at the virtual image are given respectively by: 

X' t - r f* 
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(a) 

FIG, I 
(a) CoorcJinate system and virtual image formed by 

diverging electric field. 

(b) Optical analogue 
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where S* _ Y + ^ ( i 
^ ' 

The diverging electrostatic field hasafocusing function with respect to 
icn movement in the axial direction. The image position in the Z-direc­
tion is given by: 

X - ^ 

' \ ' l = y <^^ ^^ 'P where ICz = -^^ ^ 
Az 

To make a double-focusing mass spectrometer by combining a diverging 
electrostatic field and a magnetic field, it is necessary to bring the 
virtual image at the electrostatic field into coincidence with the objec­
tive image at the magnetic field, and use the magnetic field to cancel 
out the energy dispersion caused by the electrostatic field. 

Let us suffix e to values concerning the electrostatic field and m 
to values concerning the magnetic field. In the case of a homogeneous 
magnetic field, Newton's equation shown below applies to the image forma­
tion of the ions entering and leaving the field at a right angle. 

am 
f -

am exit t^^ 

Also, the image magnification Xm by the magnetic field is given by: 

Am — 
_ r - ^ 'fir 

i-" «; - fll 
To satisfy the condition of directional focusing, the distance 

between the electrostatic and magnetic fields, A, should be made: 

As A must be a positive value, it is necessary that I 'm > V ' e * . 
The condition of energy focusing is given by the following condition; 

2 a.( 
(I - Xe) = «*" (1 + 

X(n 

A double focusing system is obtained if the instrument is designed 
so as to satisfy the above conditions. 

The mass dispersion D at the final image position is given by: 

D = ̂ ( 1 +Xm)Y = ̂ ((-X.)XmY 
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Instrument 

The JMS-06 is a double focusing mass spectrometer combining a diverg­
ing electrostatic field and a homogeneous magnetic field. The diverging 
electrostatic field has a mean radius of 150 mm and a deflection angle 
of 90°; the homogeneous magnetic field 120 mm and 60°, respectively. The 
ion orbit of this .instrument is shown in Fig. 2. Table 1 shows a compar­
ison between the JMS-OG and the standard Nier-Johnson (N-J type) type 
mass spectrometer whose cylindrical electrostatic- field and homogeneous 
magnetic field have the same mean radius as the JMS-06'. Their ion orbits 
are shown in Fig. 3. 

As is seen from Table 1, the JMS-06 exhibits twice the theoretical 
resolution of the N-J type instrument, in case they use the same main 
and collector slit widths. Furthermore, the JMS-06 can use a main slit 
about 3.5 times as wide, to obtain the same resolution as the N-J type 
instrument. This means that the JMS-06 offers a higher sensitivity than 
the N-J type instrument in measurement at the same resolution, because 
it can use a larger ion beam. Another factor that enhances the 
sensitivity of the JMS-06 is the focusing function of its diverging 
electrostatic field in the axial direction, which reduces ion beam diver­
gence at the image point. 

If an instrument offering the same magnification and mass dispersion 
as the JMS-06 is to be materialized by the use of a cylindrical electro­
static field with a deflection angle of 60°, that will be a medium-sized 
instrument with a mean radius 1.6 times and an ion path 1.8 times as 
large as the JMS-06, as shown in Fig. 4. In other words, the JMS-06 has 
a resolution as high as that of a medium-sized instrument. Also, the 
JMS-06 excels it in sensitivity, due to the focusing function in the 
axial direction. 

The power supplies of the JMS-06 employ all solid-state circuitry, 
ensuring stability for a long period of time. Magnetic scan and mass 
number indication are made while the magnetic intensity is being measured 
by the Hall element. Furthermore, the JMS-06 incorporates a total ion 
monitor [T.I.M.), which permits a T.I.M. chromatogram to be easily record­
ed by plugging a pen recorder in the T.I.M. monitor. The connection 
between the JMS-06 and a gas chromatograph can be easily made by the 
stop valve located between them, and on-line connection with a computer 
is also possible. 

Two operation panels one for push button control of the evacua­
tion system and the other for electrical system control are provided 
on the front for ease of operation. 

The main evacuation system consists of two 2.5" DPs one for the 
ion source and the other for the analyzer which are each fitted with 
a liquid nitrogen trap. The ultimate vacuum degree is 1 x 10"' Torr. 
The sample can be introduced by three different systems the direct 
sample inlet, reservoir type inlet, or gas chromatograph. The vacuum 
system is operated by push buttons on the front graphic panel, and is 
provided with various interlocks intended for safe operation. 

Results 

r j . ^ . o :Mivjw:> a g d s cii i uiria Lograni , r i g . y a i . i . i v i . c a i u m a L u g r a m diiu r i g . 
a mass spectruni of the 8th peak of the T.I .M. chromatogram, ob t a ined a t 
a scan speed of 5 sec /m/e 1 "̂  500. 
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A NEW ACHROMATIC MASS SPECTROMETER H 3 

Marcel Baril 

CentrQ de Recherche sur les atomes et les molecules, 

Dept. de Physique, University Laval, Quebec, (iu^., Canada. 

The aim of this vork waa to build an achromatic mass spectrometer. Many 

energy dispersive elements could have been chosen, but the plane parallel condenser 

seemed to be the easiest to construct and align. 

FIGURE 1 

Figure 1 shovs the system vhich vas studied and constructed. There are 

three drift spaces called L., L and L-, a mirror called E and a magnetic prism called 

M. Optical properties of the system were calculated by matrix algebra, aince each 

element can be represented by a matrix whose dimension varies vith the order of the 

terms utilised. For the first order, only 4 x 4 matrices are needed. Second order 

needs 14 x 14 matrices, in vhich the 4 x 4 matrices are included. 

The four variables utilised are'. 

X, the lateral displacement relative to the main path, 

a, the angular displacement relative to the main path, 

/US/E, the relative difference in kinetic energy betveen the particle 

imder study and another one vhich starts vith no kinetic energy, 

Am/m, the relative difference in mass betveen the particle under study 

and another one vhich follovs the main path in the magnetic field vith a 

kinetic energy of E. 

The four following equations vith the coefficients taking appropriate 

values, can represent each element and also the complete system. 
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( l ) I = A I + Bo + C ( 4 E / E ) + D(Wiii) + Ei + P i o 
q p p p P P p p 

+ G I ( A E / E ) + HI ( W m ) + la^ + J a ( A E / E ) 
P P P P P P P 

+ Ka ( W m ) + L ( W E ) ^ + M ( A E / E ) ( W m ) 
P P P P P 

+ N ( W m ) ^ 

(2) a = a i + ba + C ( W E ) + d ( W m ) + e i 
q p p p P P 

+ f i a + g i ( A E / E ) + h i ( W m ) + i a^ + ja ( A E / E ) 
P P P P P p p p P 

+ ka ( W m ) + ( A E / E ) + m ( W E ) ( W m ) + n ( W m ) p p p P P 

(3) ( W E ) ^ = ( W E ) p 

(4) ( W m ) = ( W m ) 

In the matrli representing the complete ayatem B = 0 correaponds to an 

imaging systen, and B = C = 0 corresponds to an achromatic imaging system. By imaging 

system we mean that the source silt is imaged at the detecting silt. The values of 

the parameters of the mirror, the prism and the drift spaces for which these relations 

aro valid have been studied in ref. 1. 

Aberrations can also be studied by the same procedure, and it is possible 

to correct a and a(AE/E) simultaneously for an achromatic imaging system. These 

results will be published soon. (ref. 2). 

This type of system is being integrated with an ion bombardment source 

to study the secondary ions produced. Results obtained up to now are very encouraging. 

1. Baril, Marcel. Can. Jour. Phys., vol. £i, no. 3, p. 331 (1969). 

2. Baril, Marcel. To be published in Can. Jour. Phys. 
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H4 
ASTRONAUT BREATH ANALYZER* 

WILSON M. BRUBAKER t 

Earth Sciences, a Teledyne Co., Pasadena, Calif. 

INTRODUCTION 

A prototype of a miniature mass spectroraeter for use by an astronaut 
has been developed. The entire vacuum system, including the ion pump and 
the mass analyzer, fits inside the helmet, under the chin. A small inlet 
tube conducts breath gas from the nose to the ion source of the mass spec­
trometer. A micro-sized needle valve admits the very small gas stream to 
the instrument. The mass spectrometer jump-scans mass peaks associated 
with the four main components of breath gas: water vapor, nitrogen, 
oxygen, and carbon dioxide. Most of the associated electronic apparatus 
is carried in a back-pack. 

THE LEAK 

The most difficult part of this project was the micro-leak. Size 
limitations result in an ion pump with a speed on the order of a tenth 
of a liter per second. Operation of the pump at a pressure of 10"^ torr 
results in a through-put of 10"7 torr-liters/second. The admission of 
gas at earth atmosphere pressure requires a leak with a conductance of 
about lO'lO liters/second. 

The leak developed for this program consists of an electrically, pol­
ished tungsten needle operating in a seat in a thin gold foil. The etched 
point is invisible to the naked eye. The laboratory version of this leak 
is operated by a combination of screws and levers to give the required 
mechanical advantage. The flight model which is designed but not assembled 
is operated by thermal expansions. 

THE PUMP 

The pump is a simple Penning Cell with a tantalum-tungsten wire sub­
limator on its axis. The self-contained magnetic field structure is in 
the form of a pillbox with ports for pumping conductances. The external 
dimensions are 1 inch in diameter by 1 inch long. The external magnetic 
field is so weak that it will not reverse a compass needle. This con­
tainment is essential, because the ion source of the mass spectrometer 
is placed adjacent to the ion pump. 

THE MASS SPECTROMETER 

Mass analyses are made by a small quadrupole mass filter. The rods 
are 2 inches long, and have hyperbolic field forming surfaces. Although 
the laboratory type quadrupole used four simple hyperbolic rods, (•'̂3 those 
on the flight unit will have insulated segments to provide a delayed dc 
ramp(2) mode of operation. 

The desired fast response of the instrument is achieved through the 
use of an ion source of unusually small dimensions. Its total volume is 
only 0.3 cc. Differential pumping is achieved by causing the admitted 
gas to leave the ion source through the ion exit aperture. Rhenium fila­
ments are used to minimize the chemical reaction of oxygen and water vapor 
with the hot surfaces. 

* This research was supported in whole by the National Aeronautics and 
Space Administration under Contract No. NAS 98371 and monitored by 
Mr. Paul W. Schlottman. 

1 Present address: Analog Technology Corp., Pasadena, California. 
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INSTRUMENT PERFORMANCE 

Operating at a sensitivity of about 5 x 10"° amperes/torr the resolv­
ing power is sufficient to display flat-topped peaks, indicating essen­
tially 100% ion transmission. The addition of segmented rods should 
improve the sensitivity appreciably. 

The system responds to a step change in the composition of the 
breath gas (accomplished by an abrupt change from exhale to inhale while 
observing the carbon dioxide peak) with a time constant of 50 milliseconds. 

The most critical portion of the device is the leak and pump combi­
nation. Laboratory versions of these have operated cooperatively for 
eleven weeks without a single failure. When the test was terminated 
voluntarily at the end of this period, the equipment was operating 
satisfactorily and showed every indication of continuing to do so 
indefinitely. 

(1) "Theoretical and Experimental Comparisons of Quadrupole Mass 
Analyzers with Round and Hyperbolic Field-Forming Surfaces," 
W. M. Brubaker and W. S. Chamberlin, International Conference 
on Mass Spectrometry, 1969, Kyoto. 

(2) "An Improved Quadrupole Mass Analyzer," W, M. Brubaker, Advances 
in Mass Spectrometry, Volume 4. 
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H5 
Influence of Ion Beam Energy and Density Distributions on Peak 

Shapes and Sensitivity of Quadrupole Mass Spectrometers* 

by 

M. Mosharrafa 
Department of Physical Medicine and Rehabilitation 

University of Minnesota 
Minneapolis, Minnesota 55455 

Abstract 

The well-observed deterioration of mass peak shapes of quadrupole mass 
filters have been successfully related to imperfections in the geometry of 
the analyzing field by N.R. Whetten and T.H. Dawson.''^ ' ̂ ' •* This paper 
describes experimental evidence of an additional dependence of peak shapes 
(or transmission efficiency) on the cross-sectional density and energy dis­
tribution functions of the ion beam entering the quadrupole field. This 
dependence, which can be further influenced by field imperfections, is 
explained by identifying the portions of the ion beam cross-section re­
sponsible for the production of the corresponding portions of the mass 
peak, and initial transmission criteria from the stability diagram. The 
experimental data was obtained from a small quadrupole mass spectrometer 
(L = 5 cm, ro = 2mm) designed and built for use in clinical and medical 
research. Variations in energy and density distributions of the ion beam 
entering the analyzing field was possible experimentally over a limited 
range by the use of a radial electron impact ion source. The experimental 
results emphasize the importance of controlling the inlet conditions of the 
ions in order to improve the overall performance of quadrupole-type mass 
spectrometers. 

Introduction 

In constructing quadrupole-type mass spectrometers, a large degree of 
emphasis is placed on the dimensional accuracy and electronic stability of 
the analyzing field. Practical limits of these parameters determine the 
maximum attainable resolving power of the instrument. Towards gaining a 
better understanding of the sensitivities of the instrument to the prac­
tical limitations in design parameters, it is necessary to study in detail, 
with the aid of a digital computer, the factors affecting ion transmission 
efficiency through the analyzing field. Several investigators ̂  ' ̂  ' ̂  »'*'̂  ' ̂  
have successfully used the digital computer to describe and plot the tra­
jectory of the ion as a function of the time which it spends in the analyz­
ing field. Brubaker^ has also investigated the effects of the fringe 
fields on the ion trajectories as well as the hyperbolic-to-circular geome­
try approximation. However, several experimental phenomena associated 
with the passage of an ion through the quadrupole analyzing field have not 
been fully explained. The most prominent of these is the observation of 
mass peak shape deterioration and loss of sensitivity in most quadrupole 
instruments. Von Busch and Paul^ demonstrated analytically the existence 
of non-linear resonances in the trajectories of ions due to field errors 
in a quadrupole mass spectrometer. Dawson and Whetten^'"* used the digital 
computer to gain information on peak shape deterioration in the three di­
mensional quadrupole ion trap. They have successfully correlated their 
findings to the existence of higher order fields which result from errors 
in electrode shape, spacing, or harmonics in the rf field. 

It is surprising that very little work.has been done to investigate the 
effects of density and energy distribution functions over the cross-
se.̂ tion of the ion beam entering the quadrupole field upon peak shapes, 
and most iraportant, upon transmission efficiency. Maximizing the coupling 
efficiency between the ion source and the analyzing field is a necessary 
step towards optimization of quadrupole mass spectrometer performance. 

'•This work was supported by Social Rehabilitation Service Grant RT-2. 
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Figure 2 ION SOURCE CONFIGURATION 
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Experimental 

The experimental data was obtained on a small quadrupole mass spectrom­
eter which was designed and built in our laboratories for medical appli­
cations. The instrument, shown schematically in fig. 1, has an analyzing 
field length of 5 cm, and a field radius of 2 mm. The instrument is capa­
ble of operating in the mass range of 1-100 amu per/electron with a PWHM 
resolution of 150. The required dc and rf voltages applied to the quad­
rupole rods are generated using solid-state circuitry exclusively. The 
operating frequency of 3 MHz is generated by a crystal controlled oscil­
lator for maintaining the desired frequency stability. Sweep linearity is 
maintained at better than *.!% over the entire mass range with a very high 
degree of amplitude stability. A small radial electron bombardment source 
is used for production of the ion beam. The source shown schematically in 
fig. 2 is similar to that investigated by Brubaker^ with an additional 
grid used for ion drawout from the ionizing region. The source features 
high ionization efficiency for the incoming gas sample with maximum ion 
production close to the axis of the quadrupole analyzer. The exit aper­
ture diameter is 0.5 mm. 

Using an ion source of this geometrical configuration, a large varia­
tion was observed in the shape of the mass peak pertaining to an ion spe­
cies, depending upon the operational parameters of the ion source alone. 
The peak shape was found to be a strong function of the amplitude of the 
voltage applied to the cone-shaped grid electrode. With reference to 
fig. 2, two operating conditions can be deduced: 

a) weak focusing: with sraall positive voltages applied to the cone 
(0 to k v ) , only those ions formed in the ionization region very 
close to the quadrupole axis of symmetry are able to leave the 
source through the small exit aperture. These ions, therefore, 
possess little or no radial energies. Under such conditions, an 
almost ideal peak shape similar to that shown in fig. 3 is 
obtained. 

b) strong focusing: increasing the amplitude of the positive voltage 
applied to the cone-shaped grid electrode focuses the ion beam, 
at, or near the pinhole exit aperture, with the resulting in- " 
creased radial energy of the ions. In this case, despite the in­
creased sensitivity resulting from the focusing effect, additional 
structure appears on the mass peak. This structure is a very 
strong function of the cone potential. At cone voltages slightly 
above kv, a precursor peak appears on the low mass side. Increas­
ing the cone voltage results in an increase in the number and 
prominence of the structural peaks. At 8v cone potential the peak 
shape deteriorates to that shown in Fig. k. The peak shape is al­
so dependent to a lesser extent on pressure, emission current, and 
resolution. Increasing the emission current to a point where the 
ion source is space-charge limited will improve the peak shape. 
Upon decreasing resolution additional oscillations appear on the 
peak, while increasing resolution will eliminate the oscillations 
starting at the high mass side of the peak; the precursor peak is 
least effected by resolution changes. The structure is, on the 
other hand, independent of accelerating potential, electron energy 
and sweep rate. 

Discussion and Conclusions 

These experimental observations indicate that the transmission effi­
ciency and quality of mass spectra of quadrupole mass spectrometers is a 
strong function of energy and density distribution across the incoming ion 
beam cross-section as predicted from theoretical considerations. Further­
more, the influence of analyzing field geometry imperfections upon the . 
performance of the instrument can be determined to a certain extent by the 
entrance conditions of the ions. This is evident when one considers the 
simple 'example of ions entering parallel to the quadrupole axis with no 
radial energy. Since the maximum amplitude of oscillation of the ions 
traversing the quadrupole field is proportional to their initial displace­
ment, the analyzing field errors which are proportional to higher order 
powers of the distance from the field axis' will have an increasing influ­
ence upon the transmission efficiency with increasing amplitude of 
oscillation. 
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3 
A qualitative interpretation of these experimental observations can be 

arrived at by identifying the segments of the ion beam cross-section re­
sponsible for the production of the corresponding portions of the mass 
peak, while taking into account initial transmission requirements from the 
stability diagram. We shall consider first the simplest case, thaf of an 
ion beam with a circular cross-section of radius R entering the quadrupole 
analyzing field with zero radial energy. Consider first the case of uni­
form density distribution; i.e., the number density of the ions is a con­
stant over the cross-section of the beam. With reference to fig. 5 which 
shows the tip of the stability triangle together with the adraissable ini­
tial conditions of the ions for injection parallel to the axis, one can 
readily see that the low mass side of the peak during the scan results 
-from the transmission of those ions which enter the quadrupole analyzing 
field near the x-axis, while the high mass side of the peak results from 
ions entering close to the y-axis. With a uniform density distribution 
and no significant field distortions, the resultant mass peak would there­
fore be similar to that predicted by theory. 

Considering next, as an example, the case of an annular density distri­
bution function similar to that shown in fig. 6. In this case, similar 
reasoning illustrates how fine structure may appear on the mass peak. The 
mass spectrometer acts, therefore, during the scanning of the stability 
triangle pertaining to a specific ionic species, as a secondary profile 
scanner of the cross-section of the incoming ion beam in a unique manner 
starting with the x-axis and ending on the y-axis of the beam. 

This simplified analysis has not taken into consideration the influence 
of the errors in field geometry and the initial radial energy of the in­
coming beam. It further assumes that the transmission efficiency of the 
ion is independent of the operating point within the stability boundary. 
This assumption is known to be incorrect, especially when imperfections in 
field geometry are present as reported by Dawson and Whetten^'"* and 
Brubaker.^ Additional structure may therefore appear on the mass peak 
during the traversing of the stability triangle. The influence of the 
initial conditions would therefore be to enhance the structure. 

In conclusion, an attempt has been made to demonstrate in a qualitative 
preliminary manner that initial density distributions of ions can play an 
important role in the performance of the quadrupole mass spectrometer. It 
would be advantageous to study in detail, with the aid of a digital com­
puter, the exact nature of the dependence of these parameters in order to 
arrive at a realizable density and energy distribution function for the 
ions for optimizing quadrupole mass spectrometer operation. The results 
of this study may lead to the design of a new ion source which will be 
compatible with quadrupole mass filters and enhance the quality of their 
performance, 
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A NEW TIME-OF-FLIGHT MASS SPECTROMETER 

J.M.B. Bakker 

Shell Research Limited, 
Sittingbourne, Kent, England. 

In the course of work on a helical path time-of-flight mass spectrometer 
(Bakker 1970) a straight path beam modulated time-of-flight mass spectrometer was 
constructed. The instrument consists of an ion source, drift tube and a collector. 
The ion source is constructed by combining a conventional ionization chamber with an 
electron gun structure from a cathode ray tube. The gun comprises a chree element 
lens followed by an X-Y deflection system. The ion beam is modulated by applying to 
the X or Y plates a voltage varying in accordance with a step function. The advantages 
of using beam modulation are that continuous ionization improves sensitivity, and a 
continuous ion beam makes resolution independent of che position where the ions are 
generated. The mathematical analysis of the beam modulation process has shown that 
the theoretical resolving power of this instrument is inversely proportional to the 
beam plus collector slit width and proportional to the square of the flight path or; 

2 
TJ _ VL , where 

2dU (B+S) 

R = resolving power 
V = potential difference of the step function applied to 

the deflection plates 
d = separation of the deflection plates 
L = length of drift space 
U = ion beam accelerating voltage 
B = beam width 
S = collector slit width 

The validity of this equation was tested by varying the flight path from 
60 cm to 150 cm. The resolution obtained for complete separation of adjacent masses 
was 120 and 700 respectively, giving an experimental increase of 5.8x versus a 
theoretical value of 6.25x. 

No difference was observed between the resolving power for organic species 

and the resolving power for inorganic species. 

A more detailed account of this work will be submitted for publication 

in the Journal of Scientific Instruments. 

Bakker, J.M.B. (1970). To be presented at the Triennial International Conference on 

Mass Spectrometry, Brussels, September 1970. 
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A NEW TIME OF FLIGHT MASS SPECTROMETER 

J. P. Carrico, L. D. Ferguson, and R. K. Mueller 

Bendix Research Laboratories 

The possibility of using the measurement of the time of flight of ions in an 

inhomogeneous, oscillatory electric field to separate ions of different mass-to-charge 

(m/e) ratios is being investigated in this laboratory. Calculations and experiments 

have been performed using a field which is a linear function of position and has both 

static and oscillatory components. The equations of motion are of the form of the 

familiar Mathieu Equation. 

Ions are pulse injected into the oscillatory field at the position of zero field. 

For the appropriate choice of field parameters, ions having a limited range of m/e 

ratios can return to the source region where they are detected. The extent of this 

range and the associated m/e values are controlled by the field parameters. 

Important properties of the arrival time of ions at the detector include: the 

arrival time depends only on the field parameters and m/e and does not depend on the 

r 

ion's initial velocity; for fixed field parameters, the arrival times and the difference 

in arrival times of adjacent masses increase with increasing raass; and, depending on 

the field parameters and che phase of the oscillatory field at which injection occurs, 

the spread in arrival times of ions of a given m/e ratio can be less than the spread 

in cheir injection times. 

(1) See, for example, W. Paul, J. P. Reinhard, and U, von Zahn, Zeit, fur Physik 152, 

'' 143 (1958). 
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A TOF MASS SPECTROMETER WITH MASS SCALE STABILITY 

Donald C. Damoth. A . J . Luchte, Patrick McGinnis 

The Bendix Corporation 
Scientific Instruments & Equipment Division 

Rochester, New York 

A stable mass scale is desirable in a mass spectrometer for many reasons . 
Typical cases where stability is very important a re continuous measurement • 
of several mass peaks simultaneously as in on-line process monitoring for 
respira tory gases, and obtaining the most efficient GC/MS analytical measure ­
ments. With a stable mass scale, it is possible to obtain better sensitivity and 
accuracy in simultaneous peak monitoring because the measurements can be 
taken on the tops ot the peaks, eliminating time spent scanning where it serves 
no purpose. In gas chromatograph/mass spectrometer analyses, a stable mass 
scale permits assignment of mass numbers to unknown peaks by simple compar­
ison of scans of the unknown to scans of known compounds such as perfluoro­
kerosene. If the mass scale is not stable, direct comparison of scans is unrel i ­
able, causing inefficiency due to uncertainty. Therefore, mass scale stability 
is a most important parameter in a mass spectrometer . 

The pr imary factors affecting the mass scale stability in a TOF mass spectro­
meter a re the voltages on the electrodes and the relative timing of the pulses. 
These factors also affect the resolution and quantitative stability. 

It was the development of solid-state electronic circuitry with its inherently 
superior stability that led to the design of a new generation of TOF instruments. 
In addition to design of power supplies with stability of 10^/1 or better, a t ime 
delay generating circuit was developed which has a stability in excess of 1 0 ^ / 1 . 
This time delay generator is vital when resolution of 600 is obtained, because 
this is obtained with a 30 microsecond flight time and 5 nanosecond peak widths. 
So, if the peak location instability is greater than 2 nanoseconds, it is not pos­
sible to unequivocally assign the mass numbers. 

The combination of parameters in the new TOF instruments yields a timing 
stability of better than one nanosecond over extended periods of t ime. This 
nieans the mass scale is stable to about -0 .2 amu at mass 500. Consequently, 
it is feasible to set the analog gates on mass peaks and they will remain there 
indefinitely unless the basic timing conditions a re changed. Similarly, the mass 
scale can be calibrated on an occasional basis with confidence that the calibration 
is holding. 

The task ot defining or testing the mass scale stability was considered and the 
technique of setting the gate on the side of a mass peak was determined to be the 
most definitive and clearest test. It is also easy to do. 

The mass scale stability of the MA-3 Time-of-Flight Mass Spectrometer was 
tested by narrowing the scanning gate width to a narrow width which yields near 
maximum resolution, setting the gate on the side ot a mass peak at the 75% of 
peak height level and observing the output level ot the instrument as a function of 
time. Due to the steep slope of the mass peak, any mass scale instability is 
observed as an output change. A change of 10% in output level corresponds to a 
change ot about 10% of a mass number at mass 500 by this technique. 

Since the test was to be continued over a period of several weeks, a constant 
sample source was needed. Mass 28 due to nitrogen in air was chosen and a 
two-stage inlet comprised of a capillary followed by molecular leak was used 
to obtain most stable flow. The advantages of the nitrogen in air sample con­
stancy outweighed the dramatic effects possible by performing the sanie ex­
periment on a peak in the mass 500 range. Even pump fluid background abun­
dance is not reliable tor such long periods and no suitable high mass sampling 
nieans could be found. 
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No attempt was made to stabilize input line voltage and consequently the 60-cycle 
voltage into the instrument varied from 115 to 130 volts during the experiments . 
A standard production MA-3 type instrument was used to insure typical resu l t s . 

The experiment was performed by setting the gate on the side of the mass 28 peak, 
then simply recording the output. Figure 1 shows part of the actual data. In IA, 
the 28 to 32 peaks were scanned, then the gate was stopped on the side ot the 28 
peak. The recorder speed was slowed after 45 seconds. In IB, the t race is shown 
tor a ninety-minute period. The complete electronic portion ot the instrument was 
turned off at the end ot the working day and turned on again the following work day 
without touching any controls except the single on-off button. 

In IC, the 28 peak was scanned, then the gate set on the side ot the peak again. 
The whole instrument was turned off tor two minutes, then turned on again. The 
gate returned to within 0. 1 amu easily. The 28 maximum is shown again. We 
wish to reemphasize that these tests were conducted at near maximum resolution. 
That makes this procedure a most critical test . 

The shor t - te rm mass scale stability appears to be better than 1/lOOth of a mass 
unit at m/e 28 and the largest excursion observed over a 30-day period was less 
than 1/lOth ot a mass unit even by turning the electronics off over a three-day 
weekend. The mass scale stabilized faster than the output stability, but by 
manually going trom the side ot the peak to the top to observe the position on the 
peak during the warm-up period, it was evident that the mass scale stabilized 
to these values in less than ten minutes. The variation of abundance sensitivity 
settled to about i 1% short te rm within 30 minutes. This is consistent with a 
normal warm-up stabilization time for the electronics, ion source and glass 
str ips in the magnetic electron multiplier. 

Another measurement ot this stability was obtained on an MA-2 by use of an 
Intotronic CRS-160 analog to digital converter and MDS high-speed printer . It 
took less than 15 minutes to hook the CRS-ICO to the MA-2 and calibrate it to 
0.2 amu at 500 amu. The calibration was observed to hold constant trom day-to­
day also, even with indiscriminate turning off and on. 

It is clear that this degree of mass scale stability opens up new possibilities of 
scan function beyond the historical continuous sweep scans . It is now feasible 
to make the TOF mass spectrometer scan by means of computer control which 
allows complex scan functions in addition to the linear ramp so commonly used. 

One of the most pronnising complex scan modes is the optimum-dwell jump scan 
wherein the analog jumps trom peak-to-peak and stays on top of each peak just 
long enough to reach the required statistical level, then quickly moves on to the 
next peak of interest . This scan mode will yield much greater useable sensitivity 
in fast scanning GC effluent peaks. 

The absence ot any factors such as magnetic hysterisis or R . F . field instability 
in the TOF makes this type ot programmed scan feasible. 

To summarize , a production MA-3 TOF mass spectrometer has been shown to 
have better than 0. 1 amu stability from week-to-week with line voltage changes 
of 15 volts and being turned off and on daily. 
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A TIME-OF-FLIGHT MASS SPECTROMETER FOR SPACE EXPLORATION " ^ 

Tony C. D. Knight 

Bendix Aerospace Systems Division, Ann Arbor,Michigan 48107 

The Time-of-Flight mass spectrometer has many desirable features for space 
applications. Hitherto the resolution attained with a drift-tube length compatible with 
a flight constrained instrument has been inadequate for most applications and conse­
quently few TOF inatruments have been flown. However, recent improvements in 
certain mechanical components and the significant advances during the las t few years 
in high speed electronics have led to an instrument fully compatible with the requi re­
ments and constraints of flight hardware. The characterist ics of a flight instrument 
using the current s ta te-of- the-ar t is shown in Figure 1. 

In the past the major technical obstacle lay in the general area of electronics 
stabili ty-particularly in stability of the timing delay. Figure 2 shows various timing 
relationships for the instrument and timing delay stabilities of about+2 nanoseconds 
are required in time delays up to about 8 microseconds in order to realize the full 
potential of the TOF spectrometer for the space application. This stability requi re­
ment can be approached using digital logic in the 300 megahertz range but this is p re ­
cluded in a flight instrument due to the relatively high power requirement. After 
various investigations and trade-offs two reasonable approaches were identified. Both 
of these me t the stability requirements and were generally compatible with flight hard­
ware constraints. The f irst technique was to use acoustic delay l ines-s imilar to those 
developed for phased radar a r rays , and the second was to use electronic delays based 
on the circuit techniques used in the commercial range of instruments. Pert inent 
performance data ig presented in Figure 3 for these two approaches. 

The acoustic delay appears to provide the best performance but since the delay 
can not be varied the electronic delay approach was finally selected in view of its 
greater flexibility. The temperature coefficient of the electronic delay circuit is 
rather higher than ideal but it is a comparatively simple nriatter to design all of the 
c i rcui ts that have some effect on the required delay to effectively reduce the overall 
temperature coefficient by about one order of magnitude from that of the delay circuit 
alone. This being the case, then the temperature coefficient problenn beconnes 
insignificant. The configuration selected for the timing and data handling section of the 
flight instrunnent is shown in Figure 4. The delay obtained from the delay circuit 
varies approximately linearly with the level of the reference voltage applied. For the 
flight instrument this reference voltage is derived from a 12 bit D/A converter. This 
provides the capability for performing digital control either to scan through some, or 
all, of the mass range or to sit on a particular mass peak for as long as required. The 
12 bit.level provides an increment of about 2 nanoseconds-per digital step, which 
provides a perfectly adequate timing resolution. The delay timing is initiated by the 
ion draw-out pulse and outputs from the delay t imers are used to trigger the data 
collection channels (or can be used to trigger pre-dynode gating channels). 

The output from the multiplier is amplified and fed into a linear fan-out, each 
output feeding separate identical data handling channels, so allowing nnonitoring of 
more than one mass peak or mass range at the same time. The linear fan-out feeds a 
fast gate and dual fan-out; the opening of the gate being triggered by the delay timer 
and the period during which the gate is open and accepts a signal, if present, either 
being p re - se t and fixed or adjustable via up-link connmand. 

One channel of the dual fan-out feeds an analogue electrometer channel and the 
other a digital counting channel. The electrometer channel is intended to handle the 
higher level signals and provides a logarithmic compression of the current. On read­
out command the electronneter voltage output is sampled and held in a sample and hold 
circuit for later multiplexing into the data s tream. As soon as the sampling is 
completed the channel is ready for the next measurement. This technique allows 
sampling many data channels at exactly the same tinne and yet still multiplexing the 
data into a ser ial data s t ream. 
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The digital channel is intended for the low signal levels. Its capability is to 
detect whether or not at least one ion is present in an instrument cycle and sum these 
over the period between readouts. On readout command the digital output is stored in a 
buffer store for multiplexing into the data s t ream. The expected noise level in a digital 
channel is about one count every 50 to 100 seconds so allowing the digital mode to provide 
an exceptional minimum detectable signal level. At low signal levels the statist ical 
probability of there being more than one ion in any instrument cycle is very low and the 
count provided in the digital mode can be considered to be a true ion count. As the 
count rate increases then the probability of there being more than one ion detected in 
each cycle increases and an additional statistical e r ro r has to he added to the basic 
statist ical e r ro r which varies as a function of count ra te . The actual count in tiie digital 
regis ter can be used to determine whether the analogue or digital output is multiplexed 
into the data as providing the most accurate output. An area of overlap, in which both 
tiie analogue and digital output are read, provides a means of obtaining a calibration of 
the analogue channel. If required one of the outputs from the fan-out can feed directly 
into a electrometer to provide a total ion current output. 

Other aspects of the instrument design will not be considered here but the 
design is a straightforward application of flight design practice to relatively simple 
problems. 

FIGURE 1 
PROJECTED INSTRUMENT CHARACTERISTICS 
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FIGURE 3 
DELAY TIMING STABILITY 
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FIGURE 4 
DATA HANDLING-SIMPLIFIED BLOCK DIAGRAM 
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ENVIRONMENTAL ASSAY OF TRACE METALS 

W. G. Myers and F. A. White 

Department of Nuclear Science 
Rensselaer Polytechnic Institute 

Troy, New York 12181 

INTRODUCTION 

At this particular laboratory we are interested in environmental 
measurements of trace metals, especially those metals that relate to the 
nuclear industry. In many instances, techniques other than mass spectro­
metry may be employed and a useful comparison of sensitivity has been re­
ported by Morrison and Skogerboê •'•̂  . Nevertheless, mass spectrometry often 
exceeds, in sensitivity, neutron activation methods and it provides iso­
topic information that rarely can be obtained by other methods. 

Inasmuch as this presentation is intended to provide preliminary 
information, rather than a complete report, we have chosen to make refer­
ence to three types of environmental measurements. First we shall discuss 
the utility of mass spectrometry in measuring transient phenomena - speci­
fically, the assay of copper in rainfall. Secondly, we shall review recent 
measurements of uranium and rubidium concentrations in surface waters of 
New York State. Finally, we would like to call attention to the increasing 
importance that isotopic data is expected to provide, in future environmen­
tal surveys, especially as the nuclear power industry in the United States 
will generate literally tons of material whose isotopic abundancei.will. be 
significantly changed from the naturally occurring elements. Additional.;, 
applications of 'mass spectrometry to trace metals analysis in environmental 
sciences have been suggested by one of the authors.'^' 

ASSAY OF COPPER IN RAINFALL 

.,:-•.' '.iThe primary sources of metallic pollutants and-their rate of 
introduction'into' the atmosphere is'generally known,. The natural forces 
andwmeteoro'logical processes regulating their removal, however, are not 
as'well defined, receiving comparatively little attention to date. The 
high sensitivity of thermal ionization, mass spectrometry to metal analysis 
was applied at this laboratory to observe the dynamic "washout" of copper 
from the atmosphere. 

Figure 1 shows the copper content of fractionally collected rain 
samples taken during a shower in the Troy, New York area, June 1968. The 
samples were collected in plastic containers and spiked with an isotopi­
cally enriched nitric acid mixture. The analysis was performed on drop-
sized (10 lil) portions of the precipitation whose total copper content 
amounted to only 1 x 10"10 gm in some cases. The results shown in Figure 1 
were found to agree with theoretical models^3) describing contaminant wash-
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ATMOSPHERIC WASHOUT 

OF COPPER 

0.129 0.290 0.379 

PRECIPITATION ( c m ) 
Figure 1. Copper Content of 

F r a c t i o n a l l y Col lec ted Rain 
Samples from t h e Troy, New 
York Area, June 1968. 
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out mechanisms. Graphical analysis of this data indicated the copper con­
centration in the precipitation follows the expression: 

C ( Mg Cu/cm3) = 0-00275 (i - e-36.6h) + 0.0044 (1 - e'l-^^h) 
n h 

where h is in terms of centimeters of rainfall. By estimating other para­
meters of each storm, one can calculate the approximate copper content in 
ambient air both prior to and during the period of precipitation. Such in­
formation, along with direct air sample analyses allows the determination 
of atmospheric self-cleansing rates, and provides a better understanding 
of the complex mechanisras which establish contaminant concentration levels. 

ENVIRONMENTAL MONITORING OF URANIUM AND RUBIDIUM 

The need for increasing numbers of nuclear power generating sta­
tions and their deployment adjacent to large bodies of water initiated two 
studies at this laboratory to establish base line concentrations of .speci­
fic elements within the confines of New York State. In one study, ^^i con­
ducted in 1967, the determination of the uranium concentrations in seven 
New York lakes was made. The analytical procedure employed, involved 
collecting 100 ml water samples, followed by spiking with u235 enriched 
isotopes, evaporation and ether extraction at the laboratory, and the sub­
sequent isotopic dilution analysis via thermal ionization mass spectrometry. 
Figure 2 lists the uranium concentrations. The significant difference in 
concentrations between the Adirondack Lakes and those of the Finger Lake 
and I.ake Ontario grouping can be explained on the basis of the geological 
and agricultural history of these two distinct regions. 

In another study ^-'i during the period 1966-67, the rubidium 
concentration over a 140 mile length of the Hudson River was determined. 
The interest in rubidium stems from it being a naturally occurring radio­
active element whose chemical similarity to potassium allows it to play at 
least a passive role in biological processes. Rubidium is also a signifi­
cant end-product of the nuclear fission of uranium. Figure 3 shows the 
stations along the Hudson River which were sampled. The observed rubidium 
concentrations ranged from 0.66 yg/1 to 2.06 u/1; Figure 4 showing the 
gradient as a function of distance from the mouth of the river. Other data 
indicated that domestic waste and some industrial sources have significant 
rubidium concentrations which would produce noticeable variation in hourly 
concentrations. 

A current investigation at this laboratory is directed towards 
the analysis of trace elements in urban air environments. Although the 
National Air Surveillance Network is monitoring urban atmospheres for some 
15 odd metals, the instrumental methods of analysis presently applied to 
these samples are not sensitive enough to detect those metals which exist 
in trace concentrations. One example of the sensitivity and value of mass 
spectrometric analysis to environmental surveillance has been demonstrated 
on air samples taken in June 1969 from downtown Albany, New York. These 
samples were analyzed for their uranium content by employing the.isotopic 
dilution procedure, using thermal ionization source techniques'^) developed 
by the authors. The results of this particular analysis are listed in 
Table 1 along with the concentrations of a few other metals present in the 
atmospheres of U.S. cities as a means of comparison. 

IMPORTANCE OF ISOTOPIC ASSAYS IN FUTURE STUDIES 

We believe that within the near future, not only will the ele­
mental "finger-print" of environmental systems be recorded and monitored, 
but also their isotopic composition. In addition to being ideal for bio­
logical and environmental tracer studies, stable isotopic analyses offers 
a very sensitive means of observing human induced changes to natural en­
vironmental systems. A change in the isotopic abundance of an element 
will not only provide a measure of the amount of contamination introduced, 
but possibly its source. This technique has already been demonstrated 
with the element lead(7,8). 

Those interested in monitoring the impact of the nuclear indus­
try on the environment will find the rare earth elements particularly use­
ful for such purposes. The rare earth elements are attractive here becaiBe 

B198 



of their relatively low abundance in nature and rather high yield from 
nuclear fission. Based upon a predicted power output of 10" MW (T) in 
the year 1990 from nuclear plants, the yearly production of stable fission 
product elements therefrom would be 110,000, 58,000, 28,000 and 24,000 
pounds of neodynium, cerium, lanthanum and samarium, respectively. The 
introduction of a small portion of this material into the environment 
would be detectable due both to the low levels (i.e. 5 x lO'^O g Sm/1 in 
seawater) presently existing there and the characteristic isotopic abun­
dance difference between natural and fission product elements. As an 
example, the isotopic ratio of Cel^0/Cel^2 in nature is 7.98, whereas that 
from the fission of uranium 235 is about 0.015. Given a body of water con­
taining 12 X 10"•'•0 g Ce/1 (seawater), the input of only a small quantity 
of fission product cerium will produce a noticeable change in the natural 
isotopic ratio. In the case of a river with a flow rate of 26,000 ft3/sec 
(Hudson River at Albany), a nuclear power plant leaking only 6 x 10"" g/sec 
into the river would produce an isotopic ratio change from 7.98 to 7.5 
downstream even after complete mixing. 

The need for establishing background concentrations and isotopic 
analyses of these and other ecosystems is apparent. It is here that mass 
spectrometry can provide a unique contribution to environmental studies. 
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I. Introduction 

Since the mid-1950*s, the Naval Research Laboratory has analyzed a number of differ­
ent kinds of closed environmental atmospheres from the point of view of determining their 
trace contaminant content in order to maintain a check on the viability of theae atmos­
pheres. These atmospheres have included aviators' and divers* breathing gases, high-
pressure atmospheres for diving habitats auch as the Sealab experiments and Tektlte, 
various manned and unmanned spacecraft atmospheres, the atmospheres from a variety of 
environmental chambers, and, of course, nuclear submarine atmospheres. The importance 
of these contaminants is illustrated by the fact that the length of a submarine cruise 
is now limited by the purity of the atmosphere. 

The number of organic trace contaminants In these closed atmospheres varies from as 
few as 50 to more than 12,000 in nuclear submarine atmospheres. Many of the seemingly 
harmless contaminants cannot be ignored because some of them can be decomposed to form 
toxic or corrosive materials by the catalytic burners installed in these atmosphere 
systems to oxidize CO. These contaminants exist in the atmosphere as gases, or as 
liquid or solid particulates. For the most part, our attention has been confined to 
the volatile contaminants. Because most of our experience has been with submarine at­
mospheres, it will be primarily these mixtures that will be discussed here. 

This report will review some of the Navy's effort in this area from the following 
points of view: 

(1) how are the atmospheres sampled? 

(2) how are the contaminant mixtures analyzed? 

(3) what are some of the current analytical problems? 

(4) what are some of the mechanical and physiological problems caused by. atmospheric 
contaminants? 

II. Sampling Methods 

The choice among the several methods of sampling an atmosphere depends on the pur­
pose of the analysis. The most commonly used methods of sampling are: 

(1) adsorption on activated charcoal̂ ; 

(2) sampling o£ whole air; 

(3) in situ sampling (and monitoring) of the atmosphere. 

By far the most used method of these is the charcoal technique. It is thus the most 
important and will be described more fully than the other sampling methods. 

In the nuclear submarines, the entire volume of the atmosphere of the submarine is 
passed through a charcoal bed every few minutes. When the bed becomes loaded with con­
taminants, it is replaced. The used adsorbant is sealed in plastic bags and returned to 
various laboratories for analysis. 

Contaminants are recovered from charcoal in our laboratory by slowly heating the 
adsorbant In a vacuimi to a temperature of 300*C and retaining the desorbate in cryogenic 
traps at various temperatures, the last trap being cooled with liquid nitrogen. The 
efficiency with which various contaminants are adsorbed on charcoal varies considerably, 
as does the efficiency with which they are desorbed. Low molecular weight or volatile 
compounds are recovered with ease, whereas many hlgh-molecular-weight contaminants may 
not be recovered at all. Thus, for assay purposes, charcoal is not a good sampling 
method, but for qualitative identification it is the best method available. 

Sampling of whole air is accomplished by two methods. An evacuated flask is opened 
at a given time or sometimes pressurized with a specially designed pump. This method of 
sampling the atmosphere has some major drawbacks, however. Only a relatively few of the 
more concentrated contaminants can be accurately assayed in an "as is" sample of the 
atmosphere. The identification of contaminants present at lower levels of concentration 
requires a sampling method which concentrates the contaminants. This can be accomplished 
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by adsorption on activated charcoal or by freeze-out in cryogenic traps. The former 
method has the problems Just discussed, while the latter method greatly concentrates the 
CO2 and H2O In addition to the organic pollutants. 

The last sampling method is perhaps the best of all the methods - in situ sampling. 
In this approach the sample is pumped from the various compartments of the enclosed en­
vironment to an analysis instrimient. The major concern here ia the prevention of con­
taminant condensation. The instruments will be briefly described in the next section. 
Obviously, the in situ approach eliminates the troublesome absorption-desorption or con­
centration steps of the previous two sampling methods. The more serious drawbacks of 
this method are associated with the instrtmients employed for the analysis and will be 
dealt with In the next section of this paper. 

III. Analytical Methods 

Before describing the techniques employed to analyze the contaminant mixtures, a 
brief description of the type of mixture being considered is In order. A typical sub­
marine atniosphere contaminant profile is given in Table 1. Of the compounds present in 
submarine atmospheres, most are hydrocarbons. These may be analyzed as "types", denoted 
in Table 1 as aromatic and aliphatic hydrocarbons, rather than specific compounds. This 
greatly simplifies the analysis problem. 

At present there are three types of instruments being employed in the submarines and 
diving habitats for atmosphere analysis. The oldest of these monitors several gases by 
different techniques; e.g., oxygen by a paramagnetic measurement, hydrogen by thermal 
conductivity, and carbon monoxide by infrared absorption. A newer approach, based on 
multicolumn chromatography, also monitors only a preselected number of components. The 
last technique, also based on chromatography, can measure the very volatile organic con­
taminants (methane and a few chlorinated compounds) individually and the bulk of the 
hydrocarbons in total, by a back-flush technique. Appropriately, this instrument is 
knovn as the Total Hydrocarbon Analyzer. 

All of the above methods suffer from several major drawbacks, e.g., they will not 
detect a new deleterious component and they are not capable of distinguishing between 
aliphatic and aromatic hydrocarbons, which is nov a requirement of submarine atmosphere 
analyzers. 

Thus, if the Navy is to successfully monitor the contaminants a new jLn situ approach 
to the analysis Is necessary. The one of immediate Interest to the Navy is a combination 
of mass spectrometer/computer. It must be bom in mind that such a system must be oper­
ated and maintained by sailors and therefore the combination must be rugged and automated 
both in its operation and in its data readout. The use of this combination should also 
enable the concentration of aromatic hydrocarbons to be assayed in the classical hydro­
carbon "type" determination. This system is currently being investigated by the Naval 
Ship and Engineering Command. 

As for the material returned to the laboratory for analysis, after the contaminants 
have been concentrated almost every technique possible is enqjloyed to aid in the identi­
fication of the pollutants. The most useful analytical system for analysis of these 
coinplex organic mixtures is the gas chromatograph/mass spectrometer con^lnatlon. There 
are several excellent commercial combinations available. The particular system in use 
at NRL is an F ^ 810 gas chromatograph coupled to an Atlas CH4 dual ion source mass spec­
trometer. We have employed many different types of interfaces between these two instru­
ments, some obtained from commercial sources and others built at NRL, but with the tre­
mendous concentration differences and the diverse nature of mixture components found in 
these atmospheres, none of the interfaces has been entirely satisfactory. We obtain the 
most satisfactory results when the entire effluent of the gas chromatograph is fed into 
the mass spectrometer. Therefore, the development of a gas chromatograph/mass spectrom­
eter using a chemical ionization source is most exciting. In principle, one has only to 
record a mass spectnmi of each component as It elutes from the column to make an identi­
fication. Hovever, It Is not quite that simple because even vith the best column reso­
lution, many of these peaks represent more than one component. By obtaining a mass 
spectrum on the leading side, at the peak maximum, and on the trailing side of a peak. 
It is often possible to identify unresolved components. In the case of the space cabin 
atmosphere, and some of the other simpler atmospheres, there may be no more than 50-100 
contaminants and the gc/ms technique by itself is adequate to identify them. However, 
for more complicated atmospheres, such as those from nuclear submarines, where there are 
a great many sources of contaminants, more specialized techniques are required in order 
to identify the pollutants. 

One of these specialized methods of analysis, which has not been adequately tested 
but appears promising, is the slow desorption of charcoal (a very small amount) directly 
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Table 1 

A Typical Submarine Atmosphere Contaminant Profile 

H2 

Methane 

Nitric Oxide 

Carbon Dioxide 

Nitrogen Dioxide 

Aliphatic Hydrocarbons 

Vinylidine Chloride 

Tr1ch1oroe thy1ene 

Aromatic Hydrocarbons 

Methyl Chloroform 

Freon 12 

Freon 11 

Freon 114 

Freon 113 

Freon 1143-2 

Benzene 

Mercury 

N2O 

CO 

Ozone 

Table 2 

Analysis of Tektlte Carbon 

Desorption Method Direct Probe Method 

Butane Butane 

n-Fentane n-Pentane 
B enz ene B enz ene 
Xylene Xylene 

Unidentified GC Peaks Ethanol 
Isopropanol 
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in the ion source of a mass spectrometer. The sample is placed on the direct Insertion 
probe which can be cooled to -150*C to retain very volatile components. To prevent con­
densation of H2O and CO2 during cooling, the probe ie Immersed In a stream of p\ire helium 
before being Inserted into the vacuum lock; after Insertion into the ion source, it is 
slovly heated. As the probe temperature rises, repeated mass spectra are recorded until 
all the volatile components have been desorbed, A comparison of the results obtained by 
the probe approach and a conventional desorption for a Tektlte sample are shovn in Table 
2. The results are encouraging. We have also used this approach for a submarine desor­
bate, and while the results are not as satisfying, they are acceptable. The limitation 
of the technique is the minute concentration of some of the constituents of the mixture. 
If one only wishes to determine the major impurities, the probe approach is adequate. 
Its major advantages are a great savings in time (2 hours compared to 16 hours for the 
normal desorption analysis) and the capability to follow the various constituents as they 
proceed through the charcoal bed. The method is, of course, an extension of the tech­
nique first described by An^, et al. (1) and Damico and co-vorkers (2) for the identifi­
cation of chromatographic peaks. 

IV. Current Analytical Problems 

One of the most troublesome problems in these analyses is the selection of the 
chromatographic columns lAich vill give the best resolution of the contaminant mixture. 
No single column Is likely to give complete resolution. Therefore, the use of several 
columns is frequently required to separate the mixture; This is accomplished by the use 
of stop-flov chromatography, A problem to be considered in stop-flov chromatography is 
the mixing of conq>onents on the first column vhen the carrier gas column flow is halted. 
This occurs to a very limited extent If the colimm flow is not halted for too long a 
period. Assuming that it might take 20 minutes to investigate each of the components on 
a second column and that there are five or six different peaks on the first chromatogram 
being Investigated, the total hold-up time on the first column might run to as much as 
three hours. Towards the end of this time some mixing does occur and ghosts of peaks are 
observed on the first column. But the problem is nonexistent, or only slightly trouble­
some for the first few peaks. Another technique, vhich is really essentially the same as 
stop-flov chromatography, involves collecting fractions as they are eluted from one 
column and reintroducing the fraction onto a different coltmm or directly into the mass 
spectrometer with a direct insertion probe (1,2), 

Another problem arises from the relative concentrations of the components in these 
contaminant mixtures. Some components are present at concentrations 1, 2 or 3 orders of 
magnitude lover than others. In the case of multiple components eluted from the chro­
matographic column at the same time, the concentration of one is usually very much higher 
than the others; thus, the mass spectrum of the abundant component tends to mask the 
presence of the minor conponents. It is helpful if the concentration of the major com­
ponent can be reduced relative to the other components to enhance the identification of 
the minor components. When a sample is concentrated by cryogenic techniques, CO2 is a 
major contaminant. The concentration of this component is usually 1 to 2 orders of mag­
nitude greater than any of the other contaminants present in the mixture. The amotmt of 
sample which can be introduced onto the chromatographic column is limited and this, in 
turn, limits the quantities of the minor coiiq>onents which reach the mass spectrometer ion 
source. The CO2 concentration may be greatly reduced by passing the sample through a 
lithium hydroxide trap, vhich does not adsorb any significant quantity of the remaining 
trace material. The relative concentration of the other components in the mixture is 
thus enhanced and a far greater number of contaminants can now be identified from the 
mass spectra. 

V. Connections between Analysis Results and Environmental Problems 

There is a fantastic nimiber of coiiq>onents which contaminate a submarine atmosphere 
and, in spite of the sophisticated techniques available for Identifying them, only a rel­
atively small number have actually been identified. Once a component has been identified, 
the Navy is interested in determining its short- and long-range toxicity. Ihis work is 
done at the Naval Toxicology Unit at Bethesda, Maryland. It is interesting that only a 
very fev of the many contaminants in a submarine atmosphere have ever caused any obvious 
physiological or equipment problems. There have been a fev incidents, of course. One 
particularly troublesome situation, vhich has occurred on a number of occasions, has in­
volved the generation of strong lachrymators. The source of lachrymation in all cases 
has been traced to overheated lubricating oil. Surprisingly, the lachrymator formed is 
not acrolein, H2C=CH-CH0, as one might think, but acetaldehyde. Another contaminant 
vhich has given a great deal of trouble in some environmental atmospheres, and whose 
existence in these atmospheres Is quite surprising, is dichloroacetylene. According to 
the literature, this compound is spontaneously explosive in air, and was previously 
believed to be imstable In these atmospheres. The compound, hovever, can exist in air 
at lov concentrations because it is stabilized by the presence of other contaminants, 
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notably trichloroethylene and methyl chloroform. Dichloroacetylene is not off-gassed 
from materials as are most contaminants, but is actually produced in the environmental 
control system designed to eliminate contaminants. It is generated when trichloroethyl­
ene (or methyl chloroform) reacts with lithium hydroxide, or any other alkaline material 
used to adsorb carbon dioxide. Dichloroacetylene is extremely toxic and concentrations 
of only a fev tenths of a part per million can effectively incapacitate a man for normal 
activities after 7-8 days of continuous exposure. 

VI. Summary 

In simmiary, GC-mass spectrometry is an extremely apt technique for the resolution 
and identification of the many trace organic contaminants vhich develop in environmental 
atmospheres. The complexity of some of these contaminant mixttires, hovever, requires 
certain additional supporting techniques to identify the maximum ntmiber of components. 
These special techniques include special sampling methods and chromatographic tricks, 
such as "stop-flov" chromatography, fraction collection, and really any other technique 
available. 

Finally, one must alvays be avare of the possibility of introducing new and perhaps 
deleterious compounds into an enclosed atmosphere from a seemingly harmless source; for 
example, the generation of dichloroacetylene from trichloroethylene, as mentioned pre­
viously. Another source of potential problsns is the partial decomposition of materials 
in the catalytic burner (present in the atmosphere purification system to oxidize CO to 
CO2) to toxic or corrosive materials. Since the presence of these materials can seldom 
be predicted, the need for a sensitive, universal atmosphere analyzer, such as a mass 
spectrometer/computer, which can be operated and maintained by nonsclentiflc personnel, 
ia apparent. 
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THE USE OF MASS SPECTROMETRY IN THE IDENTIFICATION OF ORGANIC CONTAMINANTS 

IN WATER FROM THE KRAFT PAPER MILL INDUSTRY 

A. W. Garrison, L. H. Keith, M. M. Walker 

Southeast Water Laboratory 
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U. S. Department of the Interior 
Athens, Georgia 30601 

Contaminants in Kraft Mill Effluents 

A research project at the Southeast Water Laboratory is the identification of the 
chemical constituents that are present at the various stages of a kraft pulp mill's 
waste treatment system. Special attention is focused on the chemicals that remain after 
the final stage of waste treatment, at the point where the effluent enters the natural 
water system. Although many of the organic chemicals occurring naturally in the wood 
and some of those produced by the pulping process have been identified, little or 
nothing has been done to characterize the organics remaining In the process wastes after 
treatment. 

Waste treatment processes are currently evaluated by the measurement of such gross 
pollution parameters as biochemical oxygen demand (BOD) and total organic carbon (TOC). 
Such determinations give useful information but may be misleading when effluents contain 
toxic or nonbiodegradable chemicals. BOD and TOC values do not specify which chemicals 
have been degraded. Many organics may have been only partially hydrolyzed, photolyzed, 
oxidized, or reduced, leaving derivatives that may be toxic or otherwise troublesome. 
The identification of the compounds that are resistant to present treatment processes 
is essential to the design of more efficient facilities; this information will also 
provide a basis for determining the effects of industrial effluents on the quality of 
our natural waters. A comprehensive analysis of the complex mixture of chemicals 
•entering our waters from kraft pulp mills was practically impossible before the advent 
of the technique of tandem gas chromatography-mass spectrometry. 

The treatment facilities of a modern kraft paper mill were chosen for our first 
study. These particular facilities are fairly advanced by today's standards and reduce 
substantially the BOD and TOC of the mill effluent. This is to be expected since the 
chemicals involved are of natural origin and are susceptible to secondary (biological) 
treatment. However, even in this case it will be shown that the treatments are not 
removing as many of the chemicals as BOD and TOC measurements are often interpreted 
to indicate. 

The mill effluent is first pumped into a 225 ft. diameter storage tank where 
particulate material is allowed to settle or, in the case of wood fibers, to float to 
the top where they are continuously skimmed off. Next, the effluent is sprayed into a 
100,000 cu. ft. trickling filter where it trickles over a lattice covered with a slime 
bacteria for biological degradation. It is collected in the basin of the trickling 
filter and passed through a secondary 160 ft. diameter clarifier before being discharged 
into a series of aerated lagoons with an area of 21,6 acres and a retention time of three 
days. At the end of the lagoons, approximately 13 million gallons per day of this 
treated effluent are discharged into the river. 

Previous characterization efforts have relied almost exclusively on gas chromato­
graphic analysis. We have developed a program that will, in general, employ the 
following outline: 

1. An initial study to determine the best method of obtaining samples for 
analyses. 

2. Identification of as many components of the sample extract as possible 
by gas chromatography/mass spectrometry. 
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3. Identification of compounds by NMR, IR, UV, and high resolution mass 
spectrometry/computer analysis when necessary. 

Two methods of sampling were considered: 

1. The first is that of collecting one or two gallons of "grab sample". 
This method has the advantages of being rapid and easy; the samples are also 
readily frozen and stored until used. However, relatively small amounts of 
material are available for analysis. Although GC-MS analysis requires only sub­
microgram quantities of each component, other methods such as NMR or infrared 
spectroscopy require 10 micrograms to a milligram of each pure compound, 
which must be isolated from the mixture by preparative gas chromatography 
or some other separation technique. 

2. The second method involves the adsorption of the organics from several 
hundred gallons of water onto activated carbon, followed by drying and 
desorption with some suitable solvent. This method can supply enough material 
for preparative gas chromatographic separations. The disadvantages are: 

it is more complicated than the "grab sample" method, all of the compounds 
are not completely desorbed from the carbon, and some of the compounds present 
in the final extract may be the products of hydrolysis, oxidation, reduction, 
isomerization or some other chemical reaction of the original materials 
catalyzed by the large surface area of .the activated carbon. 

To obtain an evaluation of the first ("grab sample") method of sampling, 1 liter 
aliquots of the treated paper mill effluent were extracted with four different solvents. 
Each solvent extract was concentrated and analyzed by the same gas chromatographic 
procedure. Of the four solvents used -- petroleum ether, ethyl ether, chloroform, 
and ethyl acetate -- chloroform had the greatest extraction efficiency and was used 
for all further extractions. 

In the second method, carbon filters were set up in two parallel banks of 4 
filters each, and 900 gal. of the treated effluent, obtained at its point of discharge 
into the river, was passed through each bank for a total of 1800 gal. The carbon from 
the filters was then air dried at room temperature and extracted with chloroform 
in a Soxhiet apparatus for 24 hours. Concentration of the 8 gal. of extract solution 
to 300 ml was effected in a Kuderna Danish apparatus. The gas chromatogram of the 
carbon chloroform extract (CCE) was very similar to that of the grab sample chloroform 
extract, with minor differences in the intensities of the peaks. 

Since an abundance of material was at hand from the CCE procedure, it was decided 
to characterize the compounds remaining after treatment using this extract. The 
sample was chromatographed on a 0.02 inch x 50 ft. support coated open tubular 
(S.C.O.T.) carbowax 20 M column, programmed from 85-220"^ (3 2.5°/min. The chromatograph 
was interfaced with the mass spectrometer via a heated capillary line and a Watson-
Biemann separator. Peaks were scanned as they were eluted from the chromatograph 
and detected by the total ion current monitor. The GC was a Perkin-Elmer 900; the 
mass spectrometer a Hitachi Perkin-Elmer RMU-7. 

It is beyond the time and intent of this paper to present a lengthy interpretation 
of all the mass spectra obtained from this research. A few examples will suffice. 

The earliest eluting compound for which we could obtain mass spectra exhibits a 
parent ion at m/e 136, corresponding to an empirical formula of Cio^l6' '^^^ relatively 
intense parent ion suggested a cyclic structure and/or conjugated double bonds, and the 
empirical formula is characteristic of the monoterpene class of compounds. The frag­
ment at m/e 121 (M - 15) indicates the presence of a methyl group. Most, if not all, 
of the other monocyclic monoterpenes, except limonene, have their base peak at m/e 93 
or above; the unusual base peak at m/e 68 quickly led to the identification of this 
compound as limonene. Fragmentation of the molecule into two isoprene units is postu­
lated to explain the base peak of limonene (1). 

Two compounds, eluting after 12.5 and 18.0 minutes, both exhibited a parent ion 
at m/e 152. This, coupled with the long retention times, suggested oxygenated mono­
terpenes of empirical formula C-J^QHJ^^O, Lack of significant ions at m/e 134 (M - 18) 
further indicated them to be terpene ketones rather than alcohols or aldehydes since the 
latter would tend to lose water in the GC-MS system. 

B206 



M L L EFFLUENT BEFORE TRICKLING FILTER 
TOC'4]3ppiii BOD 186 ppm 

Figure 1. Gas chromatogram of kraft paper mill effluent at various stages of 
treatment. Arrows indicate peaks which increase at each stage of 
treatment. Numbered peaks correspond to: 1, limonene; 2, _£-cymene; 
3, terpinolene; 4, fenchone; 5, camphor; 6, fcnchyl alcohol; 
7, Ot.-terpineol; and 8, guaiacol. GC conditions: 18' x 1/8" SS 
column packed with 6% SE-30 on Gas Chrom Q. Programmed at 70^ 
for 4 min., then 6.5°/min. to 250°, then held for 25 min. Instrument 
was a PE-900 with flame ionization detector. 

PHENOLS AND ACIDS 
4 III 

METHTL «BIET«TE 

BUtlACOL NETHTl ETHER NETHTL OEHTDtOtBIETtTE 

NETHTL ISOPmtRtTE 

Figure 2. Gas chromatogratn o£ acidic fraction of kraft paper mill effluent 
before treatment. GC conditions same as in Figure 1. 
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Figure 3. Methyl esters of resin acids and long-chain acids from Perdido 
Bay, Florida. GC conditions: 0.02" x 50' SCOT column with carbowax 
20 M liquid phase. Programmed at 170° for 5 min., then 2.5°/ 
min. to 210° and held. PE-900 GC with FID detector. 

I . i . i ' y . p j . ' \ \ i ' i o i6o rio Uo ^ ' i6o ' Tio ' u o 3io ' ^ 

MITHTl DIMTDROAillTATI 

139 
M-(CH, + HCOOCH3{ 

• ' t I t . " . I, 

399 
MO M-CM, 3,4 

ID 40 t o K WO ISO 140 IK> IM 140 MO iw 3CO no 

Figure 4. Mass spectrum of methyl dehydroabietate in Perdido Bay foam sample 
compared with a standard. Hitachi Perkin-Elmer RMU-7 mass spectro­
meter; 70 eV; introduced via gas chromatograph. 
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The literature (2) revealed that fenchone had the same base peak (m/e 81) as 
the earlier eluting compound, but there were major dissimilarities in the fragmentation 
patterns since the published spectrum was obtained from a different instrument and 
under different instrumental conditions. A standard fenchone spectrum obtained from 
our instrument under the same instrumental conditions used for the unknown sample from 
the mill was identical to the spectrum of the unknown. 

The mass spectrum of the longer eluting compound closely matched the fragmenta­
tion pattern of camphor found in the literature (2), and comparison with the spectrum 
of an authentic sample confirmed the identification. The longer retention time of 
camphor results because enolization can occur in this isomer whereas it cannot occur 
in fenchone. 

The mass spectrum of alpha-terpineol was considerably different from that appear­
ing in the literature (3) because the fragmentation is dependent on source tempera­
ture and because we could not obtain complete gas chromatographic separation of this 
compound. No parent ion was observed; the fragment at mass 139 arises from loss of 
CHT- The intense fragment at m/e 136 is produced by. loss of H2O, the peak at m/e 
59 is the C3H7O fragment, and the base peak arises from M-(18 + 43) (3). 

In summary, we found compounds of the monoterpene class and their alcoholic and 
ketonic derivatives to be the primary contaminants being adsorbed on the carbon and 
desorbed by chloroform. In addition to the compounds previously mentioned, we also 
identified and confirmed £-cymene, terpinoline, fenchyl alcohol, and guaiacol. 

To determine the source of various compounds, we collected grab samples of the 
effluent before and after the trickling filter and after the full treatment, which 
included aerated lagooning (Figure 1). The BOD and TOC values decrease during the two 
stages of the treatment. However, various chemical components vary greatly in their 
behavior in these waste treatment systems. Some are completely removed or effectively 
reduced by the trickling filter while others remain unchanged. Likewise, some com­
pounds are completely removed or effectively reduced by the aerated lagooning. Many 
compounds, however, remain unchanged by either of these biological treatment systems, 
at least as employed at this mill; and, further, some compounds are,actually producedl 

For instance, fenchyl alcohol (peak #6, Figure 1) can be seen to decrease in 
intensity during both steps of the biological treatment while the peak corresponding 
to fenchone (peak #4) correspondingly increases in intensity. Thus, a simple oxida­
tion of the alcohol to the ketone has occured. This process contributes to a lowering 
of the BOD, but, at the, same time increases the concentration of a chemical that 
could potentially cause taste and odor problems in water. Camphor (peak #5) an isomer 
of fenchone, is also produced, undoubtedly from one or both of its alcoholic precursors, 
borneol and isoborneol. 27Methylisobornoel was determined to be the cause of an 
earthy taste and odor problem in the water supply of Celina, Ohio, Although the latter 
was a separate problem and completely divorced from a paper mill source of pollution, 
it illustrates the point.that these terpene derivatives are a potentially obnoxious 
class of water pollutants. 

A similar approach was used to characterize the phenolic and acidic components 
of the effluent. Samples from the same three sites (before and after the trickling 
filter, and after lagooning) were extracted with chloroform to remove the terpenes 
and other neutral organics and were methylated with dimethylsulfate in sodium hydroxide 
solution. Comparison of the gas chromatograms again shows that most of the compounds 
are reduced in concentration by one or both phases of the biological treatment, a few 
are removed, and the concentrations of a few increased in the course of the treat­
ment with at least one new chemical being produced by the lagooning. 

A number of compounds have been identified in this fraction of the effluent by 
GC-MS (Figure 2) , These include guaiacol, vanillin, pimaric and isopimaric acids, 
and abietic and dehydroabietic acids. Efforts are continuing to identify more of the 
constituents. 

This cheraical analysis of kraft mill wastes is an example of an approach to 
pollution control that may be applicable to many other industries. Specifically, 
when the final results of this work are made available to the kraft paper industry, 
one very important parameter of pollution can be considered that has been neglected 
previously -- the qualitative and quantitative identification of individual chemicals 
introduced into the ecosystem by this industry. Other mills will be able to use 
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these data to evaluate the effectiveness of their treatment systems. New types of 
treatments can be compared to the existing ones for a chemical evaluation of their 
efficiency. 

We are currently comparing the chemical constituents in untreated effluents from 
several different kraft mills; preliminary analyses show that they are quite similar, 
at least qualitatively. Another extension of our current work will be the identifica­
tion of products from several different treatment systems. Preliminary analyses show 
that very definite differences exist in the chemical composition of effluents that 
have undergone different treatments. 

Contaminants in the Environment 

The pollution of our aquatic environment from industrial wastes is so extensive 
today that the need for the analysis of organic pollutants in natural water arises 
often. In such cases, the concentration of pollutants is much less than in industrial 
effluents. The GC-MS has proven to be admirably applicable to such analytical problems. 

For example, Perdido Bay, in Florida's Western Panhandle, has been plagued by a 
foam problem for several years. Foam floats to shore in brown masses and creates a 
nuisance to recreational and other water activities, as well as being esthetically 
unpleasant. The suspected source of this foam, or the chemicals causing it , was a 
kraft paper mill at the north end of the bay; the substance causing the foam was 
suspected to be tall oil from the mill. 

To determine the presence of resin acids from tall oil in the water and foam, 
grab samples were collected, extracted with chloroform, esterlfled with diazomethane, 
and analyzed by flame ionization gas chromatography (4). At least three resin acids --
pimaric, isopimaric, and dehydroabietic -- were indicated to be present in all samples. 
Their structures were confirmed by GC-mass spectrometry. 

A water sample was taken between one and two miles below the paper mill in a 
stream that is almost totally composed of the plant's effluent. The sample was 
collected just below the second of two sedimentation ponds formed aa part of the stream. 
As shown by the gas chromatogram from the GC-MS analysis, several compounds other than 
pimaric, isopimaric, and dehydroabietic acids were present (Figure 3, top). Methyl 
esters of two different resin acids of molecular weight (MW) 318, one of MW 312, an 
unknown compound of MW 264, and methyl palmitate were also shown to be present by 
the mass spectrometer. 

The second.sample was of foam and scum collected at a point in Perdido Bay about 
17 miles below the paper mill at a location where foam was in abundance (Figure 3, 
center). Methyl esters of pimaric, isopimaric, and dehydroabietic acids were identi­
fied, as were the long-chain stearic, eicosanoic and llgnoceric acid esters. Unknown 
resin acids of MW 318, 314, and 312 were also found. 

The last sample was of foam only and was collected at a point about 24 miles 
below the paper mill (Figure 3, bottom). Methyl esters of pimaric, isopimaric, 
dehydroabietic, and palmitic acids were identified. Esters of unidentified resin 
acids of MW 312, 314, and 318 were found as well as the unknown compound of MW 264. 

The three mass spectra of the methyl esters of dehydroabietic, pimaric and 
isopimaric resin acids in the samples are distinctly different from each other, and 
each compares favorably with its standard spectrum. There is no ambiguity about their 
identification, especially 'since GC retention times also match with those of the 
standards. 

The maas spectrum of methyl dehydroabietate is simple (Figure 4 ) . The m/e 239 
peak, due to loss of CH3 and HCOOCH3 from the molecular lon, is the most intense peak 
by far (5). The m/e 240 peak Is due to loss of CH, and COOCH3. There are medium 
Intensity peaks due to the molecular lon at m/e 314 and due to loss of CH3 at m/e 299. 

The spectrum of methyl pimarate (Figure 5) is also relatively simple, the peak 
at m/e 121 constituting a large part of the total ionization. This peak is due to a 
fragment in which the A ring of the resin acid is still Intact (6). The extended 
resonance possibilities of this lon may be one of the driving forces leading to its 
formation. The ion of m/e 181 is composed of this same ring with the carbomethoxy 
group still attached. Other imporatnt, but low intensity, ions in this spectrum are 
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Figure 5. Mass spectrum of methyl pimarate in Perdido Bay foam sample 
compared with a standard. 
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Figure 6. Mass spectrum of methyl Isopimarate in Perdido Bay foam sample 

compared with a standard. 
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figure 7. Mass spectra of methyl esters of long-chain acids in water and 
foam. Hitachi Perkin-Elmer RMU-7 mass spectrometer; 70 eV; 
introduced via gas chromatograph. 
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the molecular ion at m/e 316; and the M - CH^ (m/e 301), 
M - (CH3 + HCOOCH3) (m/e 241) ions. 

The mass spectrum of methyl isopimarate (Figure 6) is much more complex than those 
of the preceding resin acid esters. The m/e 257 peak, due to M - COOCH3; the m/e 256 
peak, due to M - HCOOCH^; and the M - (CH3 + HCOOCH3) peak at m/e 241 are more intense. 
The relative intensities of these ions are reversed in the standard spectrum; however, 
the pattern in the sample spectrum closely matches that of several published spectra 
(6,7). Peaks at m/e 181 and 121 constitute a much smaller percentage of the total 
ionization than they did in the spectrum of methyl pimarate. This indicates the 
absence of a double bond between the C-8 and C-14 carbon atoms. Presence of this double 
bond, as in methyl pimarate, is apparently necessary for formation of high intensity 
ions at m/e 121 and 181 (6). Other important peaks in the spectrum of methyl isopimarate 
are those at m/e 316 (the molecular ion), m/e 301 (M - CH3), m/e 287 (M - C2H5) 
and m/e 227 [M - (CH3CH2 + HCOOCH^)]. 

Work is in progress to identify the four unknown resin acid esters found in the 
samples. The MS fragmentation patterns of these compounds are similar to those of 
the identified resin acid esters. The spectrum of the ester of MW 312, for example, 
is similar to that of methyl dehydroabietate except that the molecular ion peak (m/e 
312) and one major peak (m/e 237) appear at 2 mass units lower, with the addition of 
a base peak at m/e 197. The spectrum of the unknown resin acid ester of Ml̂  314 is 
similar to that of methyl isopimarate except that most major peaks are at 2 mass units 
lower. The spectrum of one of the unidentified MW 318 esters is similar to that of 
methyl isopimarate except that many of the important peaks are at 2 mass units higher. 

Four long-chain acids were identified (Figure 7). The presence of palmitic, 
stearic, and eicosanoic acids in the samples was verified by matching GC retention 
times and mass spectra with those of standards. The presence of methyl lignocerate 
was deduced by interpretation of its mass spectrum. 

Mass spectra of long-chain acid methyl esters are well documented (8); a 
detailed interpretation of their spectra is unnecessary here. All four esters show 
the molecular ion, M - 2 9 ion, M - 3 1 ion and M - 4 3 ion; all at low intensity. The 
peak at m/e 143, formed by 6,7-bond cleavage, is present in medium intensity in all 
these esters. Peaks at m/e 74, 75, and 87, characteristic of long-chain methyl 
esters, are the most intense peaks in all four spectra (Figure 7). 

In conclusion, application of mass spectrometry, especially in tandem with gas 
chromatography, is essential to water contaminants characterization. No other tool 
presently available provides such definitive information on the constituents of small 
samples of complex mixtures. 
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DIESEL ODOR IDENTIF ICATION 

by 
F . G . Podrfa and P . C . Samson 
Universal O i l Products Company 

Des Plaines, I l l ino is 

A B S T R A a 

In order to develop an e f f i c ien t means for e l iminat ing the odorants from diesel exhaust, a 
thorough invest igat ion was made into the ident i ty of these components. 

The diesel odor sample is condensed from the exhaust w i t h a thermal gradient t rap , extracted 
and separated by l iqu id -so l id chromatography into two f ract ions, unburned diesel fuel and odorants. 
The odorants are further d iv ided into d i f ferent so lub i l i ty classes, wh ich are then analyzed by the mass 
spectrometer. 

A unique mass spectrometer in le t system was used for in -s i tu react ion of samples w i t h phenyl 
hydrazine or s i l y la t lon agents for iden t i f i ca t ion of compound types. A nominal i on iz ing vo l tage of 
10 s impl i f ied in terpretat ion of the spectra by reducing the intensity of the fragment ion peaks. 
Iden t i f i ca t ion of 38 types o f oxygen - and/or n i t rogen-conta in ing compounds are mode. However, 
narrow chromatographic fract ions taken of the odorants showed that no speci f ic types could be 
associated w i t h diesel odor conf i rming that the odor is due to a synergistic e f f ec t . 
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Chemical Identification of the Odor Components 
in Diesel Engine Exhaust^ ALEGRIA B. CARAGAY, JOHN T. 
FUNKHOUSER, DAVID A. KENDALL, GREGORY LEONARDOS, PHILIP L. 
LEVINS, Arthur P. Little, Inc.. Cambridge. Massachusetts 
02140. Research sponsored jointly by the Coordinating 
Research Council and the National Air Pollution Control 
Association. 

The chemical species responsible for the characteristic 
odor of diesel engine exhaust are being identified using 
the combined techniques of sensory characterization and 
identification through the use of high resolution mass 
spectrometry on well resolved fractions. Exhaust con­
densate is separated from the non-odorous components and 
resolved into specific odor fractions through solvent 
extraction and liquid column chromatography on silica '̂  
gel to yield two primary odor fractions: oily-kerosene 
and smoky-burnt. These are further resolved by^a two 
stage gas chromatography approach on a non-polar and a 
polar column. Odor profiles are obtained on the efflu­
ent from the gas chromatograph. and final identification, 
of individual odor components is achieved through coupled 
gas chromatography - high resolution mass spectrometry. 
The oily-kerosene odor complex appears to have its or-
liigin at least in part in the unburned fuel and consists 
mciinly. of cycloparaffins and aromatics. The smoky-burnt 
odorscomplex is unique,to the combustion process and con­
tains a variety of oxygenated species. 
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SIMILARITIES OF ORGANIC CONTAMINANTS IN AIRBORNE PARTICULATES '6 

AND COAL TAR BY HIGH-RESOLUTION MASS SPECTROMETRY 

by 

A. G. Sharkey, Jr., J. L. Shultz, T. Kessler, and R. A. Friedel 

INTRODUCTION 

The purpose of this investigation was to compare mass spectral data for organic 
material extracted from airborne particulates with similar data for coal tars. 

Sawicki et al.— reported extensive investigations of polynuclear aromatic hydro­
carbons associated with particulate matter and other airborne contaminants. Hange-
brauck, von Lehmden, and Meeker—' reported determinations on several of the major poly­
nuclear aromatics in emissions from potential sources of contaminants in the atmosphere. 

A detailed high-resolution mass spectroraetry study of coal-tar pitch was reported 
previously by the Pittsburgh Energy Research Center.—' Preliminary data were also 
reported for polynuclear aromatics vaporized from airborne particulate matter.—' In 
the present investigation additional data were obtained for the composition of organic 
material in airborne particulates, waste water, and products from treated municipal 
wastes. 

EXPERIMENTAL PROCEDURE 

A Consolidated Electrodynamics Model 21-llOB double focusing mass spectrometer 
was used for this investigation. A resolving power of 1 in 12,000 was used for most of 
the determinations. Spectra were obtained at low and high ionizing voltages to deter­
mine parent ions. Thirteen fractions of organic material extracted from airborne par­
ticulates were obtained from Thoraas Stanley, U.S. Public Health Service, Cincinnati, 
Ohio. A sample of airborne particulates collected in Pittsburgh, Pa., by Morton Corn, 
Graduate School of Public Health, University of Pittsburgh, was also investigated. 

RESULTS AND DISCUSSION 

The major oxygenated compounds detected in fractions of organic extracts from air­
borne particulates contained one and two oxygen atoms. Components with molecular 
weights over 400 were detected. 

Mass spectral data for aromatic hydrocarbons in airborne particulates and coal tars 
from low- and high-temperature carbonization are compared in table 1, including the 
average molecular weights, the ratio of peri- to cata-condensed ring systems, the ratio 
of unsubstituted to alkyl substituted ring systems, and the mean structural unit." Aro­
matic components from the particulate sample collected in the Pittsburgh area showed a 
higher degree of condensation, that is, a higher ratio of peri- to cata-condensed struc­
tures, than the other samples investigated. 

A major difference appears in the ratio of unsubstituted to alkyl substituted 
structures. The high ratio, 0.93, observed for the coal-tar pitch is typical of high-
temperature carbonization, while the lower values of 0.34 and 0.39 obtained for the 
airborne particulates are typical of a lower temperature carbonization product. The 
mean structural units, indicating the average number of aromatic rings per molecule, 
varied only from 3.0 to 4.2 for the airborne particulates and the coal tar. 

A distinctive series of peaks corresponding to fatty acids has been observed in 
spectra obtained from extracts of airborne particulates as well as material vaporized 
directly from the particulates. Fatty acids from airborne particulates and treated 
refuse show similar distributions. 

Samples of secondary treated waste water, obtained from a municipal sewage disposal 
plant, were examined before and after treatment with activated carbon. Mass spectral 
data for polynuclear aromatics also indicated similarity between high-temperature carbon­
ization products and organic material in waste water. 

In a related investigation heavy oils from the destructive distillation of tires 
were examined. This type of incineration is another possible source of airborne con­
taminants. A minimum of 17 structural types were indicated. Alkyl benzenes in the 
78-190 mass range and alkyl naphthalenes in the 128-212 mass range were the major com­
ponents of the heavy oil. 
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Table 1.- Aromatic hydrocarbons in airborne particulates and coal tars 
from low- and high-temperature carbonization 

Aromatic Total 
fraction sample, 

(Public Health) Pittsburgh 

Low- High-
temperature temperature 

carbonization carbonization 
(total tar) (pitch) 

Av. mol. wt. 

I i/C^' 

S Unsub./Alk. Sub. 

Mean structural unit 

229 

2.9 

0.39 

3.6 

195 

3.6 

0.34 

2.9 

208 

2.6 

0.15 

3.0 

242 

2.8 

0.93 

4.2 

Percent of sample ' 
analyzedk/ 11 12 c/ 

a/ Ratio of peri-condensed to cata-condensed ring systems determined from 
4-, 5-, 6-, and 7-ring compounds, 

b/ Total sample for airborne particulates is considered to be the total 
organic fraction obtained by solvent extraction, 

c/ Unknown. 

50-70 

CONCLUSIONS 

Many similarities were observed in mass spectral data for polynuclear aromatic 
hydrocarbons in coal tars from high-temperature combustion and airborne particulates 
collected from urban areas: 

1. Average molecular weights of material examined are in range 195 to 242. 

2. Peri-condensed polynuclears are more prevalent than cata-condensed structures. 

3. Aromatic ring systems contain alkyl substituents with up to four carbon atoms 
and show a progressive decrease in concentration for alkyl derivatives. 

4. Aromatic ring systems contain from one to at least seven rings. 

5. Mean structural units of the aromatic systems contain three to four rings. 

Fatty acids derived from natural fats and oils show similar distributions for air­
borne particulates and products from hydrogenated refuse. Mass spectra of airborne 
particulates and extracts of waste water indicate many of the sarae aromatic compounds. 
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THE ANALYSIS OF THIN FILMS BY ION MICROPROBE MASS SPECTROMETRY 

Charles A Evans, J r . and J. Paul Pems le r 

An ion microprobe mass spectrometer has been modified to provide a 

primary ion beam with a reproducible, homogeneous current density. The 

depth homogeneity has been found to be ± 20 A at a depth of 1000 A by visual 

observation of the color uniformity of c ra te r s sputtered in anodized Ta .O-

thin films. The technique has been used to study both isotopic and concentration 

gradients in metallic thin films and in thermal and anodized oxide layers . The 

technique and detailed results and discussion will be published in the July or 

August 1970 issue of Analytical Chemistry. 
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DIRECT IMAGING SPATIAL HASS SPECTROMETRIC ANALYSIS OF CANYON DIABLO 
METEORITE, PUEBLITO DE TULLENDE CHONDRITE AND APOLLO 11 RETURNED LUNAR 
MATERIAL. W. S. Updegrove and J. Oro', Department of Biophysical Sciences, 
University of Houston, Houston, Texas 77004, and R. Lewis, Bell & Howell, 
Pasadena, California. 

ABSTRACT 
A Castaing/Slodzian type ion imaging mass analyzer has been used to 

study selected extraterrestrial material. The samples surveyed in this 
experiment are the Canyon Diablo meteorite, the Pueblito de Allende chon­
drite, and Apollo 11 returned lunar samples. Ion images show nuclide spa­
tial distribution to a resolution of about 1 micron. Ion raass-to-charge 
spectra with a resolution, M/AM of 300 show gross chemical composition 
over a 150 micron diameter area. The search for carbon in the lunar sam­
ple, ionizable as negative Cj, shows the possible existence of the follow­
ing phenomena in the different 150 micron diameter areas: (1) approxi­
mately uniform distribution, (2) spotty segregation on the 2-5 micron dia­
meter scale, (3) more random segregation and in some cases, (4) the ab­
sence of this type of carbon. This study demonstrates the capabilities of 
the imaging mass analyzer that make it particularly suitable to the study 
of extraterrestrial material, e.g. rainimum sample preparation, vacuum con­
ditions simulating outer space, spatial and in-depth distribution of the 
elements present, and the ability to differentiate indigenous species from 
contaminants. ^„ „ , ^ ^ , 

INTRODUCTION 

Although it is repetitious to state the concern over contamination, 
laboratory induced alterations, and artifacts in data on extraterrestrial 
materials, it is nevertheless a prevailing problem. In the effort to mini­
mize these factors sputter induced ionization combined with mass analyses 
is considered a good candidate technique for the investigation of returned 
lunar and other extraterrestrial materials. If, in the event this dis­
tinct type of nuclide analysis is not sufficient to justify the experiment, 
surely the additional feature of collecting data on the nuclide topography 
constitutes sufficient justification. This sputter technique peels-off& 
ionizes surface molecules from the solid samples under conditions which 
exclude subsequent contamination or the alteration of the secondary ion 
mixture composition prior to analysis in the mass spectrometer. 

Using this technique it may be possible to obtain unambiguous data 
as to the elemental distribution and composition of the sample. To date 
only doped semiconductors and special metal alloys have been analyzed by 
this technique. Nevertheless it should be technically applicable to the 
study of extraterrestrial material also. The following samples were 
analyzed: 

a) Pueblito de Allende Carbonaceous Chondrite 
b) Canyon Diablo Iron Meteorite 
c) Apollo 11 Returned Lunar Material 

The prime objective was to observe carbon and determine what elements 
it is associated with in its indigenous state. Other elements were exami­
ned to correlate this with other techniques. 

DESCRIPTION OF THE APPARATUS 

The apparatus used is the outgrowth of studies in particle balistics 
by Castaing (1), Slodzian (2), and others (3). Originally the intent of 
these investigators was the improvement of electron microscopy, however, 
the relevance to heavier charged particles, i.e., ions, was obvious. The 
result of this work is the development of an instrument producing an ion 
image, a two dimensional replica of the object with a mass to charge fil­
ter in the middle. The ions of a selected m/e originating at a specific 
location in the source will appear at a corresponding location in the 
collector. The optic system really fills the function of a mass filter 
rather than a raass spectrometer. It is defined as having focussing free 
of: 1) distortion, along two axes, 2) field astigmatism, 3) aperture- '" 
aberrations, and 4) chromatic aberrations. In terras of mass spectrometry 
it is stigmatic focussing at the same point in both momentufti and energy. 

Ions are generated from a solid surface through sputtering induced by 
a beam of high energy primary ions. The source of the high energy prim­
ary ions is a dual plasmatron of the type described by Coggeshall (4). 
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Read-out utilizing the Daly ion to electron converter (5) is made on 
a three galvanometer recording oscillograph when total raass spectra are 
desired, while nuclide raaps of the surface can be observed directly on the 
fluorescent screen or recorded on the 35 mm photographic film. Ions of 
the desired raass to charge ratio are selected by varying the raagnetic 
field. 

EXPERIMENTAL PROCEDURE 

The sample specimen holder consists of a disc one inch in diameter. 
Several different methods of mounting the specimen in the holder were 
utilized, as follows: 

1) Bismuth was melted on the face of the sample holder disc and powder 
from the Pueblito de Allende or the Moon was sprinkled on the bismuth as 
it solidified. 

2) A 1/8 in. diameter hole was drilled through the disc and powder from 
the lunar material was pressed into the hole. A punch press and a tool 
steel packing plate were used to compact the powder. 

3) Chips of the specimen were spring loaded into a cavity machined in the 
center of the sample holder with a flat side facing outward. 

4) Chips of the specimen were potted in a cavity machined in the center of 
the sample holder with liquid bisrauth, or a 95% tin/5% silver mixture. 

5) The faces were smoothed on a wet lapidary wheel, when necessary, to 
produce a moderately flat surface. 

Due to problems in electrical conductivity the chips were, in some 
cases, covered with a fine mesh silver gauze or with vapor deposited con­
ductive coatings. 

Once the sample mount was inserted in the outer roughing chamber, the 
pump-down and positioning sequence was automatic. An ion source pressure 
in the 10"8 torr range was achieved within a few minutes. Final movement 
and positioning of the sample was accomplished by remote control. After 
satisfactory sputtering has taken place on an area of interest, one or 
raore of the data collecting options were exercised. Usually a survey was 
raade observing the fluorescent screen while noting the magnet setting 
producing the most interesting patterns of ions. Then it was returned to 
the previously noted magnet settings and photographs were made on 35 mm 
films. In addition, mass spectra were recorded electrically. This same 
procedure is carried out for positive or negative secondary ions. 

RESULTS AND CONCLUSIONS 

The Canyon Diablo meteorite specimen was the best to work with be­
cause its high iron content made it easy to mount and polish and also made 
it quite conductive. A survey mass spectra of secondary positive ions 
using oxygen plus ions as the primary bombarding beam showed the relative 
concentration of sodium, magnesium isotopes, potassium, calcium, chromium 
and iron the strongest peak of all at mass 56. Several 125 micron in dia­
meter images were collected. The Cr-42 images showed a one micron reso­
lution and the fact that the chromium is very segregated in small spots. 
The Si-2 8 showed only three small spots and compared well with low sili­
cone peaks in the survey spectra. To understand the C-12 iraage it has to 
be compared with the Mg-24, since it is possible to have doubly ionized 
Mg at ra/e of 12, thus masking the carbon. It is obvious, however, from 
these two pictures that the m/e of 12 was not associated with the m/e of 
24. Therefore, it is carbon not magnesium. Unfortunately, from this 
suite of pictures it is impossible to determine just what the carbon is 
associated with. Calcium appeared to be accumulated in a crevase which is 
conspicuously void of all other elements except oxygen. 

The Pueblito de Allende chondrite images yielded good proof of segre­
gated carbon on the 2-5 micron scale but did not reveal the associated 
species. Evidence of other distributions of carbon were negative. Chron-
drules in the Pueblito were too non-conductive to permit the collection 
of good images, however nuclide assemblages were apparent in the other 
parts of the matrix, showing: 
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1) 10 micron diameter spots of chlorine 
2) large backgrounds of sodium and magnesium 
3) diffuse semi-segregated oxygen in some areas and well 

segregated in others 
4) silica as SiO more concentrated in certain regions 
5) well segregated calcium 
6) well segregated potassium 

Since these results were obtained from the examination of only a very 
small region of one part of the matrix material of this chondrite, little 
can be said about the entire body or the relationship of this information 
to other data previously published. 

The results on the lunar material are incomplete to say the least. 
Problems arose because of the irregularity and non-conductivity of the 
breccia analyzed here. Survey mass spectra indicate a general composition 
quite sirailar to that already published. The general isotopic relation­
ships are confirmed as is the fact that most of the metals exist as oxides. 
The ions of the metals would mask the inert gases except for helium, 
which was not detected by this technique on the lunar breccia. Evidence 
for the presence of carbon was quite conclusive but a detailed examination 
of segregated carbon images does not rule out any of the following possi­
bilities. 

1) indigenous concentrations of carbon 
2) surface geometry artifacts in place of real nuclide concentra­

tions 
3) contamination during the polishing of the sample 

In general, this experiment provided more questions than answers. 
The newness of the technique contributed to the different problems. How­
ever the demonstrated potential of this technique should provide the 
stimulus for additional research in this area. 
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MASS SPECTROGRAPHIC ANALYSIS OF LUNAR MATERIALS BY PROBE TECHNIQUE* "'̂  

by 

A. J, Socha, Bell & Howell Company, Pasadena, California; 

W. S. Updegrove and J. Oro, Department of Biophysical Sciences, University of Houston 

ABSTRACT 

Spark source mass spectrographic analyses of Apollo-11 lunar rock and powder were 

performed utilizing probe technique. Elements related to organic materials were of pri­

mary interest. The materials were handled in a dry nitrogen atmosphere before insertion 

into the high vacuum of the instrument. The powders were hydrostatically compacted at 

60,000 psi without the use of additives, to minimize possible contamination from carbon, 

hydrogen and other low level impurities. Results indicate carbon concentration as low as 

1 to 10 ppm in both the rock and powder. 

1. INTRODUCTION 

Six analyses of Apollo 11 lunar materials were conducted utilizing spark source mass 

spectrographic probe techniques.•'• These analyses were made of samples of fine powder and 

breccia rock. Although analyses for other elements were obtained, those elements related 

to organic materials were of primary interest. Obviously, the minimization of contamina­

tion was of prime importance. The rock presented no particular problems except for pre­

cautions against contamination. The powders, however, required special techniques due to 

the problem of compacting them into solid electrodes suitable for sparking. Initially, 

only one powder (unsieved) was analyzed to investigate the technique. This analysis was 

then followed by a second analysis of the same powder, a second powder (sieved) and three 

different locations of a small breccia rock. 

2. HANDLING TECHNIQUES 

All of the samples were received in containers filled with dry nitrogen. These con­

tainers were opened in a dry nitrogen-filled glove box. 

The powders were prepared for analysis by the hydrostatic compacting of the materials 

into electrodes without the use of additives.^ 

A simple but efficient bagging facility was used for the hydrostatic pressing of the 

lunar powders,^ A small latex bag is first cleaned by washing the outside with alcohol and 

by rinsing with de-ionized water. The bag is then turned outside-in and filled. It is 

sealed with a rubber stopper and evacuated through a hypodermic needle. After evacuation 

and sealing, the bag is tied off and inserted in a second bag. Hydrostatic pressing is 

then carried out at pressures of 60,000 psi. After pressing, the bags were returned to 

the glove box where they were cut open. Although great care was used in cleaning the bags 

for accepting the powders, the outer portions of each pressed sample were removed. 

The three rock analyses were obtained from a single sample. The rock sample was 

approxiraately 1,5 X 1 X 0.5 cm in size and was cracked into pieces suitable for mounting 

in the sample holder. A multiple saraple holder*^ was used so that many samples could be 

loaded with one pumpdown. Three separate loadings were made. The original unsieved 

powder was analyzed first to determine feasibility. Two weeks later the same sample was 

analyzed along with the sieved powder. This was then followed by the three rock analyses. 

For all analyses, ultra-pure gold foil was used extensively in the source of the mass spec­

trometer to reduce contamination from slits, holders, etc. The sample holder was removed 

from the glove box via a plastic glove bag. In Figure 1, the bag was filled with dry 

nitrogen, the holder placed inside, the bag tied off and carried to the mass spectrometer. 

After attaching the bag to the source, the source was rough-pumped and then backfilled 

with dry nitrogen. This was repeated three times before untying the bag and transferring 

the holder from the bag to the source. 

3. ANALYTICAL TECHNIQUES 

A. Gold Probe Technique. Gold probe techniques were used in the analysis of these 

* Supported in part by the USAF under Contract No. F33615-68-C-1635 and by NASA under 

Contract No. NAS-9-8012. 
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lunar materials. Using these techniques, an important problem was eliminated--that of 

mixing additives with the powder. The technique permits the sparking of high resistivity 

materials such as these oxides which, using ordinary techniques, could not have been 

analyzed without mixing conductive additives to the powder. When viewed as a complete 

electric circuit power is developed over the high resistivity saraple rather than the 

probe. The saraple then becomes hotter than the gold counter electrode, and hence has the 

larger ion yield. In many samples it was found that the ions contributed to the mass 

spectrum from the probe were less than one percent^ as was the case for these lunar 

samples. An analysis of the gold counter electrode material used is given in Table I. 

The maximum contribution of any of the gold impurities to the analysis was about two 

orders of magnitude lower than the values shown. The maximum exposure obtained for all 

samples was 1 X 10"'' coulombs. This exposure level was adequate for the analysis desired 

and provided nominal detection limits of approximately 0,1 to 0.3 ppm, 

B. Instrument Background. The mass spectrometer used was a Bell & Howell/CEC 21-110 

spark instrument which has a special high speed low background pumping system. Analyses 

for H, C, N, 0 and other gases can be seriously affected by residual gases in the source 

due to their contribution of ions to the mass spectrum. This is especially so for samples 

which show a marked increase in source pressure during sparking,* The instrument used is 

equipped with a 350 liter/sec ion pump connected to the source via a 5-inch manifold. 

This provides a system which has an effective pumping speed in the sparking area of 60 

liter/sec pumping speed in the sparking area for water vapor and hydrocarbons. Utilizing 

this pumping system, the lowest concentrations found at a pressure of 5 X 10"^ torr during 

sparking are given in Table II. These values were obtained frora hundreds of analyses of 

semiconductor materials. To provide good analytical results from gaseous materials such 

as these lunar oxide samples, high pumping speeds are essential, 

C, Data Reduction. Mass spectra were accumulated using photographic plates and data 

reduction using an in-line analog computer.^ Standardization was achieved by using fac­

tors obtained from a sample of Spex Mix 1000,^ This is a standard comprised of mostly 

ojiides and carbonates of 49 elements. Additional refinements were then made using anal­

yses performed on a sample of Pueblito de Allende Meteorite.^ Normalization was obtained 

by summing all metallic elements and assuming the oxygen content to be of their common 

ojcide phases. 

4. COMPOSITIONAL RESULTS 

With the many elements present a number of interferences occurred. These were pri­

marily multiply-charged species of very abundant elements which had undergone space charge 

broadening and occurred near an element of low concentration. This problem existed in the 

case of carbon at raass 12 because of the large concentration of Mg"*"̂  at mass 12. These 

lines require a resolution of only I part in 1600, but the space charge broadening of Mg"*"̂  

affects the resolution. The samples were sparked slowly to reduce this effect. In addi­

tion, an adjustable object slit was used to control the number of ions in the ion beam. 

Figure 2 shows the lines of C* and Mg"*"̂ . 

Table IV contains the analysis for H, C, N, F, and Cl. Note the carbon levels for 

the six analyses. The lowest carbon value was found for the cleaved inner surface of the 

rock at 2.7 ppm. The higher carbon concentration found for the second run of the un­

sieved fine is understandable because the specimen had been handled between analyses. The 

sieved material also had undergone some preparation before analysis. The rock, however, 

best exemplifies the carbon levels found. The low carbon levels found for the first anal­

ysis of the unsieved sample also is indicative of the low contamination received during 

preparation. 

The hydrogen values being very low in all samples would indicate the water content in 

these samples to also be very low. 

The major elements (excluding oxygen) are given in Table V. Silicon and iron are the 

major metallic elements. Note that magnesium is at a concentration of about 5%,, Table VI 

contains the remaining 33 minor elements found. All of these data were found to be in 

good agreement with other analytical techniques. 

Although other investigators have found large concentrations of inert gases, none 
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were found in these analyses. Suspicions are that these are trapped gases which escaped 
without ionization during the sparking process. 

5, SUMMARY 

The probe technique offers analyses which are not compounded with the necessity of 
using additives and hence reduces the probability of contamination. The analyses de­
scribed required good handling techniques, high pumping speeds in the source of the mass 
spectrometer and standardized data reduction. The results, however, indicate this tech­
nique to have raany advantages when analyzing for biological elements. 

The authors would like to express their appreciation to E. M. Masumoto for the data 
reduction of the photographic plates and to J. R. Shirk for sample handling and operation 
of the mass spectrometer. 
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TABLE I, IMPURITY CONCENTRATIONS IN CQMINCO GOLD (ppma) 

Element 

C 
N 
0 
F 
Na 

Mg 
Al 
Si 
S 
Cl 

Detection 
Limit 

0.03 
0.03 
0.03 
0.03 
0.003 

0.03 
0.01 
0.04 
0.03 
0.03 

Shot 
Lot 32A 

4.3 
0.47 
14 
2.2 
7.1 

0.19 
0.1 
0.43 
0.22 
0.71 

Element 

K 
Ca 
Cr 
Mn 
Fe 

Ni 
Cu 
Zn 

Ag 

Detection 
Limit 

0.007 
0.01 
0.03 
0.02 
0.05 

0.02 
0.06 
0.2 
0.05 

Shot 
Lot 32A 

0.73 
0.12 
0.03 
0.05 
0.84 

0.39 
0.26 
0.2 
0.2 

TABLE II. LOWEST DETECTABLE VALUE AT A SOURCE PRESSURE OF 1 X 10"^ TORR 
( ~ 5 X 10"^ TORR DURING SPARKING) 

Element 

0 
N 
C 
H 

ppma 

0.4 
0.01 
0.01 
0.01 
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FIGURE 1. Plastic Bag Technique Used for Transferring Sample Holder from Ng Filled Dry 
Box to Ng Filled Mass Spectrometer Ionization Chamber 

C*" 12.0000 Mg"̂ ^ 11.9925 

TABLE III. MASS SPECTROGRAPHIC ANALYSIS OF APOLLO 11 LUNAR MATERIALS 
(in ppm weight) 

Element 

H 
C 
N 
F 
Cl 

Unsieved 
(1st Run) 

1.2 
< 5-9 
14 
6.3 
3.5 

Fines 
Unsieved 
(2nd Run) 

1.2 
24 
20 
3.5 
0.91 

Sieved 

0.41 
41 
7 
5.0 
1.0 

Cleaved 
Surface 

0.13 
2.7 
15 
3.7 
3.3 

Rock 
Outer 
Surface 

0.011 
6.0 

<10 
2.4 
2.0 

White 
Spot 

0.083 
5.5 

<10 
7.0 
1.4 

TABLE IV, MASS SPECTROGRAPHIC ANALYSIS OF APOLLO 11 LUNAR MATERIALS 
Major Elements (in percent weight) 

Element 

Si 
Fe 
Ca 
Mg 
Al 
Ti 

Detection 
Limit 

3 
0.3 
0.3 
0.3 
1 
2 

Unsieved 
(1st Run) 

23 
12 
6.3 
4.2 
4.0 
3.8 

Fines 
Unsieved 
(2nd Run) 

21 
10.4 
6.4 

. 5.0 
5.2 
5.6 

Sieved 

20 
12 
8.0 
6.3 
6.2 
2.4 

Cleaved 
Surface 

20 
12 
5.8 
3.9 
4.4 
5.3 

Rock 
Outer 
Surface 

18 
15 
9.2 
4.6 
7.9 
3.8 

White 
Spot 

20 
15 
8.3 
3.3 
6.2 
5.2 
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TABLE V. MASS 

Detection 
Element Limit 

S 
Na 
Cr 
Mn 
K 

P 
Ni 
Ba 
Sr 
V 

Zr 
N 
Zn 
Rb 
Cu 

Li 
C 
Co 
F 
Ga 

As 
Ce 
Cl 
Nb 
B 

Y 
H 
Ge 

Ag 
Sn 

La 
Cs 
Be 

5 
0.07 
0.1 
0.1 
0.07 

0.3 
0.3 
0.3 
0.3 
0.1 

0.5 
2 
0.5 
0.07 
0.3 

0.03 
1 
0.3 
0.2 
0.3 

0.2 
0.3 
0.3 
0.3 
0.03 

0.3 
0.03 
0.3 
0.4 
0.5 

0.3 
0.1 
0.07 

SPECTROGRAPHIC ANALYSIS 

Minor 

Unsieved 
(1st Run) 

4200 
2000 
1900 
1400 
600 

270 
63 
41 
29 
27 

23 
14 
14 
14 
12 

9.2 
< 5-9 
8.7 
6.3 
4.6 

4.0 
3.8 
3.5 
3.1 
1.4 

1.4 
1.2 
1.0 
0.91 
0.5 

0.3 
0.19 

< 0.07 

OF APOLLO 
Elements (ppm weight) 

Fines 
Unsieved 
(2nd Run) 

590 
1660 
1700 
1650 
1200 

187 
56 
170 
42 
11 

140 
20 
< 5 
13 

< 3 

4.9 
24 
12 
3.5 
3.9 

0.57 
7.3 
0.91 
10 
0.71 

11 
1.2 
1.3 
3.9 

< 1 

0.67 
0.24 
1.3 

Sieved 

960 
1300 
1640 
1500 
3600 

110 
72 

230 
64 
23 

100 
7 

< 5 
7.4 

< 3 

3.5 
41 
20 
5.0 
2.9 

0.31 
15 
1.0 
16 
0.74 

9.3 
0.41 
0.38 
0.44 

< 1 

1.0 
0.16 
2.1 

11 LUNAR MATERIALS 

Cleaved 
Surface 

2800 
2600 
1800 
1000 
1200 

110 
160 
110 
40 
31 

32 
15 

< 5.0 
13 

< 3.0 

4.1 
2.7 
14 
3.7 
1.6 

0.39 
2.8 
3.3 
2.3 
0.63 

1.4 
0.13 
0.45 
1.0 

< 1.0 

0.73 
0.22 
0.42 

Rock 
Outer 
Surface 

2100 
340 
2100 
2000 
2300 

250 
420 
18 
42 
25 

15 
< 10 
< 5.0 
7.0 

< 3.0 

3.7 
6.0 
9.6 
2.4 
3.0 

0.28 
1.0 
2.0 
1.8 
0.11 

1.3 
0.11 
1.3 
3.0 

< 1.0 

0.34 
0.89 

< 0.07 

White 
Spot 

1000 
780 
1300 
1300 
1400 

59 
< 1 
16 
31 
24 

17 
< 10 
< 5.0 
9.2 

< 3.0 

2.6 
5.5 
3.3 

- 7.0 
< 0.3 

0.42 
0.9 
1.4 
0.69 
0.37 

0.74 
0.083 
0.83 
3.0 

< 1.0 

0.9 
1.2 
0.1 
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ON LINE ANALYSIS WITH A SPARK SOURCE MASS SPECTROMETER 

R, A, Bingham, R, Brown and P. Powers 
AEI Scientific Apparatus Limited 

Manchester, England 

INTRODUCTION 

The provision of an electrical detection facility as an addition to the photographic 
plate detector has considerably increased the speed of survey analysis (1). As a 
logical step we in this laboratory have started to investigate ways to process the 
electrical output from the mass spectrometer. A small computer with a suitable 
interface has been put on line to acquire the data, and to carry out the usual inter­
pretation procedures required to produce analytical information. The initial work 
has already been reported, (2) and so the purpose of this paper is to briefly 
summarise the principles and to describe the operation of the developed system in 
the analysis of a water pollution standard. 

PRINCIPLES 

The system we have used is based on the AEI MS702 and a PDP-8I computer with 4k core 
store and 64k disc backup store. The effects of spark fluctuation on the electrical 
output signal are minimised by the use of automatic spark control (2) and by the use 
of a ratiometer system as is shown diagrammatically in Figure 1, 

The samples are loaded into the ion source of the spectrometer in the usual way and 
the discharge initiated. The 'Autospark' control is then used to maintain constant 
discharge conditions by automatically adjusting the electrode gap as required. The 
spectrometer Is scanned by initiating an exponential decrease of the magnet current 
and the resulting mass spectrum is detected by an electron multiplier detector. A 
portion of the ion beam is intercepted by a monitor collector before mass separation 
takes place to provide a signal representative of the residual ion beam fluctuations. 
The multiplier and monitor signals are then divided, the one by the other, in a 
logarithmic ratio amplifier and the resultant 1ogarithmic signal, free from fluctua­
tions, is passed to a UV recorder and, via an anttlog amplifier, to the data system. 

The dynamic range of the ratio amplifier is 1000:1 and so this allows a concentration 
'window' of about this range to be observed at any one time. Of course, the position 
of this 'window' in the concentration scale is determined only by the gain setting of 
the electron multiplier. 

Two typical scan rates for this system are 3 and 9 minutes to cover the range from 
mass 210 to mass 7 and the precision on repeat runs is of the order of 35°/. standard 
deviation. (2,3). 

The data system interface accepts the linear signal from the antilog amplifier and 
an analogue to digital converter digitises it at a frequency such that between 20 and 
40 digital samples are taken across each peak of the spectrum. Peaks are detected by 
comparing these digital samples against an operator set threshold and those samples 
of a peak which are above threshold are processed to give a measure of the peak area 
and of the position of its centroid in time. This Inforraation is stored on the disc. 
Further processing converts these times to masses and finally an interpretation is 
carried out using reference data permanently stored on the disc. 

The time to mass conversion takes place after the operator has identified up to 10 of 
the peaks frora a peak time print out. The computer then calculates the masses of all 
other peaks by interpolation. 

The interpretation process follows the procedure adopted by the chemist and is shown 
in Figure 2. Each element is looked for in turn by recognition of its characteristic 
isotope and its concentration is calculated by reference to the intensity of that 
isotope. The choice of characteristic isotope can be made at run time If need be 
for example: the characteristic isotope for nickel is ordinarily mass 58, but if iron 
is present in the spectrum, interference can occur at mass 58 and so mass 60 is 
preferable. The computer is therefore programmed to look at mass 57 first to see if 
iron is present or not and then to use mass 60 or mass 58 aa appropriate. 
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STDA 

PEAK 
NUMBER 

1 
2 
3 
A 
5 
6 
7 
8 
9 

10 
1 1 
12 
13 
\A 

NO. OF 
SAMPLES 

8 
7 
8 
8 
7 
6 
9 
9 

10 
8 
6 
8 

1 1 
9 

ABSOLUTE 
INTENSITY 

447 
6 3 5 
3 3 7 
8 2 7 
4 1 8 
2 7 9 
51 5 
4 2 8 

1 3 9 2 
7 1 2 
3 6 6 
3 4 2 

1 6 9 1 
6 8 2 

TIME 
CENTROID 

MS702 Data Processing Program 
FIGURE 3 
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PEAK MASS 
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After the concentration has been calculated, several checks are made to establish a 
level of confidence in the value. Firstly, checks are made to see if either the 
doubly or triply charged specie is present in the spectrum, then checks are made for 
other isotopes of the element in question and if they are sufficiently intense a rough 
check of abundance will be made. Next, checks are made for interference both from 
multiply charged species of other elements, and from common complexes of the matrix 
with each of the Isotopes of the element used during interpretation. The results of 
these checks are printed in a compact tabular form - see Figure 8, 

OPERATION 

There has been a growing need for a rapid and highly sensitive survey method for water 
samples, A useful feature of any technique is the ability to carry out analysis 
without the need for sample preconcentration. Consequently the choice of a water 
sample serves to check the usefulness of spark source mass spectrometry in pollution 
studies and also the viability of the computer program. The sample analysis reported 
here is on a water pollution standard prepared in our laboratory. The level of 10 
micrograms per millilitre is much hi<3her than the usual element levels in streams but 
the linearity of the method over a range of 10^:1 allows accurate extrapolation down 
in concentration. 

For this analysis, 1 millilitre of water was taken and deposited onto 100 milligrams 
of graphite. An internal standard of 5 micrograms of silver was added as silver 
nitrate in solution and the whole was wetted with 3 drops of pure ethyl alcohol to 
assist in achieving homogeneity. After evaporation of the liquid the remaining powder 
was ground in che agate vial in which it was prepared, and compressed as tips on a 
pure graphite substrate. The electrodes were mounted in the instrument source so that 
the sample tips formed the analysis gap. 

The spectrum was scanned and a mass range from uranium down to lithium was covered in 
approximately 9 minutes. Data was acquired in the computer and at the same time a 
UV recording was made of the spectrum. Figure 3 shows the first stage after data 
acquisition where the list of peak times and intensities has been printed out. 

The transformation of peak centroid times to mass numbers is accomplished using 
information typed in by the operator who must Identify 5 or more peaks in the centroid 
time list. In this example the peaks corresponding to Agl07, MolOO and Mo92 were the 
first three references chosen. Figure 4 shows the way in which these are entered in 
any order via the teletype. The peaks are identified by their serial number, their 
chemical symbol and isotopic mass. Although it is not shown in Figure 4, multiply 
charged peaks can be specified by typing '/n' after the isotopic mass where 'n' is 
the number of charges. Complete checks are made at type-in time to ensure that both 
the symbol and its isotopic mass are present in the disc resident file of all 
isotopes of the majority of elements. 

When enough references have been typed in, the computer summarises the reference list 
and performs the mass measurement process, A print out of dubious masses is then 
produced so the operator can be sure he has identified all references correctly. This 
is a simple list of the number of measurements made in between each pair of reference 
peaks where the measured mass defect was outside the ordinarily expected range. Most 
inorganic ions have mass defects in the range 0.850-0.999, most doubly and triply 
charged ions therefore have mass defects in the range 0.425-0.500 and 0,283-0.333 
respectively. Mass defects lying outside these ranges are either due to polyatomic 
species, to other impurities or are due to defective mass measurement. It is this 
class of measurements which are counted as dubious. 

The unexpected occurrence of substantial numbers of dubious measurements can be caused 
by a wrong reference identification and the print out in Figure 4 shows this. No 
dubious measurements are found up to reference peaks 4 and 5 whereas after this point 
several are detected. The operator can choose to accept this result or not. If he 
does not the reference identification can be done again. If he does accept (as in 
this case) he may then print out the entire mass measurement list or go straight to 
the interpretation phase. In this example a further examination of the peak centroid 
time list revealed that in fact peak number 23 was not Ni58 but Co59 and therefore 
the entry should have specified peak 24 as Ni58, Figure 5 shows the revised dubious 
mass output when this correction is carried out. 

As explained above, a print out of the exact mass measurements is possible and 
Figure 6 shows the format of it. Reference peaks are identified and intensities are 
normalised to a maximum of 10,000, 
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The final and main phase of the program is the interpretation. The operator first 
specifies the elements he wants the program to look for. He can specify all stored 
elements, merely some specified elements ( a s in Figure 7) or all the stored elements 
except selected ones. Next, specification of matrix, standard, and concentration of 
the standard are requested. Notice that the only reason for requesting the matrix 
element is to set up the process for searching for complexes of that element. There 
can be more than one and indeed it need not be the true matrix a s is the case here. 
The true matrix of the pollution sample is carbon, of course, since the sample was 
graphite mounted. 

Figure 8 and Table 1 show the results of the interpretation of the water pollution 
standard. Silver is marked as being both matrix and standard and the concentrations 
of other elements are determined relative to silver. The elements copper, molybdenum, 
nickel, cobalt, iron, manganese, chromium, vanadium and aluminium all give values 
well within a factor of 2 from the known concentration of 10 micrograms per millilitre. 
When one considers that no account was taken of the relative sensitivity coefficients 
of these elements in this instance, the agreement is excellent. Zinc shows a lower 
value than the rest of the elements and it is probable that there may have been some 
selective depletion of the element due to the very long sparking time to which the 
electrodes were subjected. We cannot at this time propose any reason why boron 
should show such a very low value, this element has been found to have about unit 
relative sensitivity in past experiments. A possible explanation is that double 
decomposition has occurred due to the complexity of the solutions. 

Notice that although no interpretation was requested for carbon there is nevertheless 
a report made of its interference with iron (9 x ^^C) and silicon (7 x ^ ^ C ) , Another 
point of interest is the fact that the nickel isotopes were not confirmed because 
carbon interferered with '̂-̂ i (used because iron was present) and this affected the 
apparent isotope ratios. 

Standards for this method are very easily prepared and may be stored as dry powders, 
since essentially these are graphite standards. 

The use of properly prepared standards should allow quantitative analysis of water 
samples down to the nanogram per millilitre level, without preconcentration. The 
use of preconcentration methods should allow limits of detection in the picogram per 
millilitre range. 

TABLE 1 
FOUND CONCENTRATIONS OF ELE>ENTS IN WATER POLLUTION STANDARD 

Values in ug/ml, Nominal value for all elements « lOug/ml 

Cu 
Mo 
Zn 
Nl 
Co 
Fe 
Mn 
Cr 
V 
K 
Al 
B 

13.6 
11.5 
4.4 

13.2 
16.1 

14.5 
13.2 

13.0 
17,4 
20.6 
12.2 
0.4 

CONCLUSION 

The system is now operative and the first results are very encouraging. Scans can 
be processed in a time of about 15 minutes and the simplicity of operation and the 
concise report make the technique especially suitable for routine use by relatively 
inexperienced personnel. 
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A SPIRAL SPARKING SOURCE FOR SURFACE ANALYSIS ^^ 

by 

R. A. Meyer 

Science Center, North American Rockwell Corporation 
Thousand Oaks, California 

The subject of thin layer or surface analysis with a spiral sparking source for the 
RF spark source mass spectrometer is well documented by Clegg et al-^^' 

SOUECE: 

The JEOL-JMS OIB RF spark source mass spectrometer incorporates the very desirable 
feature of completely interchangeable source systems. Thus, by simply releasing the 
source vacuum, everything between the spark accelerating voltage contacts, and primary 
slit may be interchanged. Our spiral sparking source was designed to capitalize on this 
feature. Typical source turn-around time from breeiking vacuum to sparking the new sample 
is ten minutes. 

The source provides separate rotational and translational drive systems which, when 
operated simultaneously, cause the stationary counter electrode to trace a spiral path on 
the sample. In both cases the power originates in an external variable speed motor and 
is transmitted with an eccentric bellows type rotary feedthrough. Electro-craft type 
E-500 motors, which are variable in speed between 200 and 5000 rpm, were used for both 
drives. The rotational drive is transmitted by Pic gears and belt. Gear change coupled 
with the motor variation produces an ultimate sample rotation range between 3000 rpm and 
imperceptable movement. Translation movement is transmitted with anti-backlash gears and 
in its present configiiration is variable between O.U and 9̂  mm per minute. Other ranges 
can be achieved by drive gear or motor interchange. 

Figure 1 is a diagrajn of the mechanical system within the source vacuum. Our common 
samples are 1 to 2 inch diameter silicon wafers about 10 mils thick. These are mounted 
on the rotating copper pedestal with a ring clamp. The spring wires on the pedestal 
shaft engage slots in the ring. The copper pedestal is not removed for sample inter­
change, but provision is made for pedestal interchange. The alumina shaft is 1-7/8" 
long, 3/8" diameter and has two precision ground Journals on either end of the pedestal 
thread. The thread is undersize and only holds the pedestal on the precision Journals. 
This design allows interchange of sample pedestals and still limits runout at the edge of 
a 2" wafer to less than .001". Electrical contact is through two spring wire contacts 
riding in a groove in the lower part of the pedestal. The alumina shaft has two other 
Journals on the lower end which accept dry M0S2 lubricated ball bearings. Between the 
ball bearings, the shaft is grooved to accept the elastic belt drive. A single Bena N 
"0" ring has been used for several months without sign of impending failure. The elastic 
belt drive is required by the changes in position of the shaft during translation. 

The shaft carriage is translated by anti-backlash bevel gears driving a 10-32-60° 
threaded lead screw. The carriage rides on two round ways. The selection of 30U stain­
less steel for the carriage and hardened 17-h stainless steel for the ways reduced gall­
ing to a point where thorough burnishing with dry M0S2 eliminated the problem. Each 
revolution of the drive shaft translates the sample 0.031". The translation system will 
move the sample over an inch thus allowing complete coverage of a 2" wafer. 

The counter electrode consists of a simple clamp aiTu attached through bellows to an 
external micrometer. The system provides 3/l6" of movement to compensate for electrode 
consumption during a run. 

An unfortunate part of spiral geometry as developed by the techniq.ue ve employed is 
non-conatant surface velocity at the counter electrode. The coordinating control system 
shovn in Figure 2 vas developed to eliminate thla problem and also provide for automatic 
termination of all operations after a preset number of .031" translation movements, 

A micro svitch operated by a cam on the translation drive shaft advances a stepping 
relay one contact for each .031" of X movement. The total number of steps may be pre­
selected to limit sparking to a desired band. There are a total of 36 steps available 
while only 33 are necessary to cover an entire 2" diameter wafer. The pulse start switch 
and repetition rate circuits of the mass spectrometer have been connected to the control 
system. Reduction in surface velocity as the spiral proceeds toward the center requires 
a constEuit change in spark pulse repetition rate. This is accomplished vith a second 
stepping relay which, operating in consort with the counting relay, changes condensers 
with each step. The condenser values were empirically determined to permit approximate 
constant pulse separation. 
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Fig. 1: Apparatus Diagram 
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The stepping relays may be pre-advanced to any step with a manual push button. When 
the operate button is depressed, a multi contact control relay is energized. This relay 
simultaneously energizes the rotational and translational motors, closes the pulse start 
switch, and energizes the micro switch operated stepping relay circuits. The sparking 
proceeds automatically {except for manual counter electrode movement); changing pulse 
repetition rate each .031" of radial movement until the preset number of steps have been 
completed. When the stepping relay reaches that particular contact, the holding circuit 
of the control relay is opened. This causes a cessation of all movement and sparking and 
the run is ended. A stop switch is provided to allov operator interruption of the run at 
any time. 

OPERATIONAL EXPERIENCE: 

Several counter electrode materials have been tried including gold, tungsten, and 
tantalium. Fine wires would be the natural choice, but the erosion rate of .002 to .006 
inch diameter wires was too large for satisfactory spark gap maintenance. Thus, larger 
wire such as .025 inch gold has been pointed for use. The large vire appears to rapidly 
absorb the spark generated heat and protect the point from melting. 

Many corabinations of rotational and translational speeds have been used in an 
attempt to entirely cover the surface of the vafer. When speeds vere selected to Just 
overlap the spark craters in a continuous spiral pattern, the heat transferred to the 
wafer caused fractures in a large number of cases. At present the best compromise seems 
to be a rapidly rotating wafer (2000 rpm), an initial spark rate of 3 KHz, and a slow 
translation rate of 0.031"/minute. In this case, the entire vafer is covered with a 
random overlap of spark craters. The heat is well distributed and wafer breakage is 
minimal. 

Calibration experiments present problems due to the extremely small quantities of 
material involved (lO-*-̂  atoras Na = U x 10~1^ graras). Experiments involving the doping of 
the surface of a vafer vith radioactive sodium 22 shov that 50 to 10% of the radio­
activity is removed during a single sparking pass. 

Calibration vith surface deposited LiCl indicated a detection limit betveen 10-̂ -̂  and 
The lithium 7 line vas veil resolved from the silicon 28"'"'"'*""*" and the nitro­

gen Ik-*-*-. 

Many survey type runs have been made on silicon wafers with and vithout oxide coat­
ings. Crater depths appear to be in the ,7P rajige on silicon surfaces and 2u in silicon 
oxide surfaces. 

Figure 3 shows Talysurf profilometer tracings of a series of 3 KV craters in silicon. 
It appears that the trace only covered the diameter of one crater, number 3. The volcano 
like ring reported by Clegg et al, is well evidenced. Weight loss experiments were 
thought to be meaningless due to deposition of counter electrode material on the surface 
of the wafer. 

-8 
Exposures as high as 3 ̂  10 coulombs have routinely been achieved vhen sparking 

2 inch vafers using the rapid rotation-slov translation technique. 

Reference: 

(l) J, B, Clegg, E. J, Millett, J. A, Roberts, Anal. Chem, U2, 713 (1970), 
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J7 
THE ANALYSIS OF NON-CONDUCTING SOLIDS 
BY SPARK SOURCE MASS SPECTROGRAPHY 

by 

Maynard H. Hunt 

Hq Air Force Can-ibridge Research Laboratories 
Solid State Sciences Laboratory 

L. G. Hanscom Field, Bedford, Massachusetts 01730 

The easiest and possibly the best way to analyze a non-conducting solid by spark 
source mass spectrography is to grind it into a fine powder, mix it with a pure, con­
ductive powder in such proportions necessary to form a homogeneous mixture from 
which a pair of conducting rods may be pressed. These rods when sparked will yield 
a spectrum from which the innpurity concentration in the solid may be inferred for all 
elements except those contained in the conductive powder at or above the concentration 
of that element in the solid. Thus the use of silver precludes the detection of Cl or S 
at less than a few parts per million since these a re irreducible contaminant levels in 
the purest si lver powder. Other available powders a re graphite, copper, and gold. 
Copper is not available in the purity level of silver, and the best gold powder is not 
suitable for mixing. Reactor grade graphite is the purest conductive powder avail­
able, but the pressed rods are fragile, and the resulting spectra a re extremely com­
plicated because of carbon polymers and carbides. For a number of elements one 
must resor t to the doubly or triply charged ion to identify the element and estinnate 
its concentration. Quartz is an example; the faint line at m / e = 52 may be Cr or it 
may be SiC2. Verification can only be made by looking at m / e = 171/3 and the detec­
tion limit is increased by an order of magnitude. 

The grinding of soft materials presents no problems. Such mater ia ls as mag­
nesium oxide, lithium germanate, and calcium fluoride have all been reduced to fine 
powders in corundum, agate, or boron carbide mor ta r s . Nix do these mater ia ls 
provide any memory problems in the mor tar since they are easily dissolved, whereas 
the mor ta r s a re extremely resistant. But the mater ia ls discussed in this paper a re 
among the hardest available to man. Quartz, ruby, and germanium oxide, 8, 9, and 
9+ on the Mho scale cannot be ground in the aforementioned mor t a r s , but must be 
crushed in a "soft" mor tar , the Plattner mor tar , available from most scientific supply 
houses. This consists of a steel plate with a cylindrical depression into which fits a 
cylindrical steel pestle. The hard materials may first be smashed and then ground 
to the desired fineness, after which it must be thoroughly leached with appropriate 
acids to remove all t races of the mortar and finally washed with high purity water. 
The desired degree of purity may not be attainable, since one may speculate on the 
chemlsorption properties of as much as several hundred square centimeters of 
freshly exposed alumina or silica. There is some evidence that cations a re strongly 
absorbed on such powders. 

These a re the reasons for not following the "easy" route and analyzing a pow­
dered sample. A method first described by Ahearnd' and modified by Stephani et. 
al. t2) has been adapted to the AFCRL instrument. Stephani used a pair of non-conduc­
ting electrodes marr ied to conducting electrodes and obtained ions from sparks be­
tween the non conductors, but this arrangement was not found to produce a satisfactory 
ion beam at this laboratory. Instead, using Ahearn's method, a high purity gold rod 
was placed in one electrode holder along with the sample rod and positioned so that it 
made firn^ physical contact near the free end of the sample rod, and a second high 
purity gold rod was placed in the opposite electrode holder. 

In order to initiate a spark, various tr icks a re sometimes necessary. As much 
as 80% of the available spark voltage may be used, although it is usually necessary 
to reduce this to 40-60% for stable operation. A film of gold evaporated onto the sur ­
face provides a conductive path. This film probably exists in the steady state anyway, 
and an initial coating by sparking the gold electrodes to each other merely establishes 
this condition. An extremely tough material such as ruby may be sparked at high 
voltage and a high duty cycle with little danger to the electrodes, but crystalline 
quartz will fracture from thermal shock if subjected to too great a heating rate . 

The utility of this method to follow a laboratory preparation and purification of 
a ruby crystal is shown in Table I. Ruby powder #1 was prepared by dissolving 
aluminum and chromium alums in the desired proportions, evaporating to dryness 
and calcining to produce an intimate mixture of AI2O3 and Cr203 . Ruby #1 was then 
grown by the Verneuil method, powder ^1 being fed into a furnace thru an inverted 
H2-O2 flame onto a seed crystal . Ruby # 3 was ruby #1 float zoned in an arc image 
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furnace in a i r . Of particular interest is nitrogen which presumably enters the ruby as 
a nitride of aluminum. Ruby #3 was also ground in a Plattner mor tar , leached, 
washed, and mined with silver powder. The analysis is comparable to the analysis of 
the solid rod except for Cl which, it is assumed, came from the leach since it is far 
in excess of i ts concentration in the silver powder. 

Element 

N 
Mg 
Si 
S 
Cl 
K 
Ca 
C r * 
F e 
Ni 
Ga 

Ruby 
Powder #1 

3 . 3 
2 . 7 

46 . 
110. 
62. 

120. 
34. 

1360. 
13. 
0 . 5 

53. 

Table I 
ppm by wt. 

Ruby #1 

4 . 7 
N.D. 
3 .3 

58. 
13. 
93 . 

2 . 9 
800; 

6.2 
5 .8 
2 . 3 

Ruby # 3 

61. 
N.D. 

27. 
12. 
30. 
25 . 

0 .1 
360. 

5 .0 
N . D 
N.D. 

Ruby # 3 + 
Silver Powder 

2 . 6 
N.D. 

29 . 
4 3 . 
115. 
14. 
0 . 6 

360. 
6 . 7 

N.D. 
N.D. 

*Determined by neutron activation analysis. 

In this kind of analysis using dissimilar electrode mater ia ls , there a r i ses the 
question as to whether each contributes a constant proportion of ions to the beam. In 
the analysis of ruby this was avoided by employing the Cr as an internal standard. The 
Cr content was determined by neutron activation analysis, stated accuracy ± 10%. If 
we limit the useful exposure range of Q-2 plates to 100, any element can be determined 
relative to Cr if its apparent concentration is between .00045 and 84. t imes the Cr 
concentration. ^'*Cr cannot be used because of possible interference by both AI2 and 
54Fe. 

This does not, however, guarantee an accurate analysis. Fig. '1 shows the r e ­
sult of an exposure by exposure determination of four elements relative to Cr as well 
as the apparent variation of Cr in the sample. The exposures were in the ratios of 
1:3:10 repeated five t imes. The apparent variability of Cr, the standard, might well 
be attributed to varying contribution to the ion beam by the gold and ruby el-ectrgdes 
if it were not for the countervariant behavior of Fe , Mn and C. E. M. Dodson^^' has 
reported on a microcolorimetr ic determination of Cr and Fe in ruby sections a few 
microns thick perpendicular to the axis of the boule. She found periodic fluctuations 
as much as 30 in concentration for both Fe and Cr, and they were not in phase. So 
what is seen here may be a weak indication of this as the spark erodes through the 
ruby. 

Fig. 2 shows a section perpendicular to the Y-axis of a quartz boule grown by 
Sawyers Research Products , Inc. , of Eastlake, Ohio. This section, originally clear , 
has been subjected to 2 megarads from a ^f'Co source. The visible s t r iae are due to 
substitutional aluminum. It is quite apparent that the mater ia l is not homogeneous and 
the variations are known to be of a diurnal nature. Visible are the seed, the +X, S, 
Z and -X zones. Although the Z zone is clear, it also contains Al interstitially. This 
crysta l was grown in a solution containing Li2C03 and Na^COo. 

Table II 
ppm by wt. 

C2-IU, X+ Emission C2-ru, Z2 C2-IU, Z2(Plus Ag) 
1155 1156 1157 Spectroscopy 1159 1160 1161 1181 1182 

L i 
B 
C 
F 
Na 
A l 
P 
S 
C l 
K 
Ca 
C r 
F e 

31. 
130. 
60 . 

380. 
2 . 6 
1.7 
7 . 4 
5 .2 

130. 

110. 
31. 

8. 
0. 

2 
8 
32 

19. 

61. 
2 . 7 

84. 
80. 

4 . 7 
. 4 2 

11. 

1. 

21. 
238. 

6 .1 
66. 

7 .1 

15. 
3 .1 
1.0 
3.1 
6 .7 

0 . 2 
21. 

1.9 
41. 
20 . 

9 . 8 
2 .2 
0 . 8 
1.6 
8 .7 

1.8 
0.05 

180. 
1.0 

130. 
12. 

3 .6 
2 . 7 

15. 
1.1 
8 .1 

20. 
1. 

100. 
190. 

17. 
6. 

10. 
305. 

1. 
0. 

0 

1 
9 

17. 
0 . 6 

80. 
210. 
87. 

210. 
3.1 
2 . 6 

B243 



T a b l e II shows a s e r i e s of a n a l y s e s of t h e +X and Z z o n e s of a s i m i l a r q u a r t z 
c r y s t a l . T h e r e p e a t a b i l i t y of the a n a l y s e s l e a v e s m u c h to b e d e s i r e d but a s a quick 
s u r v e y of the a p p r o x i m a t e c o m p o s i t i o n m a y b e qu i te s a t i s f a c t o r y . N o t e tha t Al in 
Z z o n e s e e m s to be 25% what it i s in t h e X z o n e . T h e Z m a t e r i a l w a s a l s o g r o u n d , 
l e a c h e d , w a s h e d and mixed with Ag powder . T h e m a r k e d i n c r e a s e in F and C l a r e 
aga in s e e n s u p p o r t i n g t h e c h e m l s o r p t i o n h y p o t h e s i s . 

T h e v a r i a b i l i t y of the r e s u l t s of the bulk a n a l y s e s can be a t t r i b u t e d t o t h e i n ­
h o m o g e n e i t y of t h e s a m p l e for t h r e e r e a s o n s . T h e f i r s t i s t h e obv ious o n e , t h e s e c o n d 
i s that t h e m a t e r i a l , be ing f r ang ib l e , t e n d s to f r a c t u r e a long the w e a k e s t p l a n e . T h e r e ­
f o r e , d u r i n g s p a r k i n g a t h e r m a l s t r e s s m a y p r o d u c e spa l l i ng , r e v e a l i n g a new s u r f a c e 
r i c h in i m p u r i t i e s . T h e t h i r d is tha t the s t r i a e , b e i n g r i c h in i m p u r i t i e s , m a y b e 
f avo red a s a conduc t ive path for the s p a r k . T h e r e f o r e the a n a l y s i s of a bu lk s a m p l e 
h a s l i m i t e d app l i c ab i l i t y a s an a n a l y t i c a l too l , but can b e used a s a s u r v e y m e t h o d to 
d e t e r m i n e the p r e s e n c e of i m p u r i t i e s which m a y then be d e t e r m i n e d wi th g r e a t e r 
a c c u r a c y by a n a l y s i s of the powdered s a m p l e u s i n g the a p p r o p r i a t e m a t r i x . 

T h i s t y p e of a n a l y s i s h a s led to the o b s e r v a t i o n of an i n t e r e s t i n g phenomenon 
which m i g h t be t e r m e d an i n v e r s i o n of the ion popula t ion p r o d u c e d by the s p a r k . A 
s i m i l a r p h e n o m e n o n h a s a l s o been o b s e r v e d with t h e r e f r a c t o r y m e t a l s s u c h a s W and 
T a , a l though not to such an ex ten t . 

F i g . 3 shows the r e l a t i v e a b u n d a n c e s of the v a r i o u s c h a r g e s t a t e s of the i ons of 
C r , T a and Au p r o d u c e d wh i l e s p a r k i n g r u b y . T h e a p p a r e n t a b u n d a n c e of e a c h ion 
s t a t e w a s divided by the n u m b e r of c h a r g e s p e r ion a s an a p p r o x i m a t e c o r r e c t i o n for 
t h e i n c r e a s e in p l a t e s e n s i t i v i t y with ion e n e r g y . T h e c o r r e c t i o n i s p r o b a b l y i n a d e ­
q u a t e s i n c e t h e i n c r e a s e i s l e s s than l i n e a r at h i g h e r e n e r g i e s . Whi l e C r b e h a v e s in 
t h e n o r m a l f a sh ion , both Au and Ta exhibi t a m a r k e d dev ia t ion f r o m n o r m a l b e h a v i o r . 
In F i g . 4 Si i s s e e n to exhibi t s i m i l a r b e h a v i o r un t i l t h e M s h e l l i s d e p l e t e d . T h e Au 
da t a f r o m t h e s a m e p l a t e i s r e l a t i v e to Au""""*" s i n c e Au"*" w a s not on t h e p h o t o p l a t e . 

T h e c o n s e q u e n c e s of t h i s phenomenon a r e tha t a l a r g e p r o p o r t i o n of the ion 
c u r r e n t m a y b e c a r r i e d by mul t ip ly c h a r g e d i o n s , not u s u a l l y c o n s i d e r e d in pho top la t e 
e v a l u a t i o n , and tha t the phenomenon i s not o b s e r v e d on e v e r y p l a t e . It m a y b e t h e 
exp l ana t i on for the r a t h e r l a r g e s p r e a d in s o m e of t h e da ta for q u a r t z . 

In c o n c l u s i o n , t h i s m e t h o d of a n a l y s i s of bulk s a m p l e s of n o n - c o n d u c t o r s s e r v e s 
a s a s u r v e y m e t h o d to i n d i c a t e t h e p r e s e n c e and a p p r o x i m a t e c o n c e n t r a t i o n of i m ­
p u r i t i e s , but m o r e re f ined t e c h n i q u e s a r e r e q u i r e d for a c c u r a t e a n a l y s e s . 
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RELATIVE SENSITIVITY COEFFICIENTS FOR ELEMENTS IN A SILICON MATRIX 

DONALD LEE DUGGER 

TEXAS INSTRUMENTS, INCORPORATED 

ABSTRACT 

A KNOWLEDGE OF RELATIVE SENSITIVITY COEFFICIENTS (RSC) IS 

IMPORTANT IF QUANTITATIVE INFORMATION IS DESIRED IN AN 

ANALYSIS PERFORMED ON A SPARK SOURCE MASS SPECTROMETER. TO 

DATE, LITTLE IF ANY INFORMATION IS AVAILABLE ON RSC FACTORS 

FOR ELEMENTS IN A SILICON MATRIX BECAUSE OF THE UNAVAILABILITY 

OF SUITABLE SILICON STANDARDS. THIS PAPER WILL DISCUSS THE 

USE OF SILICON STANDARDS TO DETERMINE EMPIRICAL RSC FACTORS 

FOR SEVERAL ELEMENTS IN SILICON. THE TECHNIQUE EMPLOYED AND 

ALL OPERATING PARAMETERS USED WILL BE PRESENTED AND DISCUSSED. 
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LITHIUM CONT̂ -.NT Dli:Ti!;Ri':Ii\iAT:i.oI'T IH -iTÂ  KAIIOGRAI-3'IE RA.NGH BY ISOTOPIC DILUTION 

0 . Ji'il'ilJAVILLE - H. BIR 

C o m n i E s a r i a t a I ' E n e i ^ e Atoraique 
S e r v i c e de Sp(?c t ro rae t r i e de Mssse 

CEN,SACLAY - FRAUCE 

I - IN'tH0[jJ.CTI01'J -

Lithium iGotoner-. abund-njices a r e uaufilly determined without big problems. The comjnon 

nractice is to use a nseudo miiJ-tinle filament ion source. The evaporating surface is simcly 

a nickel sheet put on a rod of the filaiifmt bead. A solution of Li nitrate is painted on the 

nickel fla,'̂  and the heat radi.?ted from tho center filament produces evaporation of the sanple. 

Li ions arc produced. At a tennerature of 900 to 1000 °C and a sample size of 1 to lO yAg', 
-10 -9 

ciirrcnts of 10 to 10 A ,?re readily nroduced. 

The double collection techniques are specially easy to use for this low ran^e of 

mas'-es. The output of the maris snectromoter-somethin^ proporti-"nnal to the isotonic ratio-

rona-inr? well constrJî '- in spite of ion current evolution, at least in a wide range of current 

values. Using double colli^ction involves comparative raeasureraents. For the conparison to be 

achieved in the best conditions, it is obvious that all physical parajieters of both measure­

ments must be identical. More specifically, the value of the ion ciurrent at which the ratio 

is measured mist be kent constant ••̂s strictly as nossible. This reduces the mass discrimina­

tion and " intensity " effects ( i.e.instrumental dependance between ion currents and measured 

ratio v?.lue3 )• 

As Li is a very abundant element, natiral cont.-.rninatinn posr.ibilitier, must be always 

kent in mind. Contamination nay come from chemicals, verjsels, filanentn, nickel frame, etc.. 

-9 
For instance, it is e.-̂ sy to nrodiice an ion current as hif^ as 10 A, from a bead without 

coatin^:, if the filar^ont temperatijro is raised at 1,200°C, 

All these considerations sngj^est the soecific problems arising if the samnle size 

- 8 - 9 
goes down the 10 to 10 g voxu^ , 

1 - Although the ion cun^ent is anything but pronortionnal to the saraple size, it reduces 

greatly if the amount of product becomes very sraall. ̂ breover, the total electrical 

charge available for measurement becomes unsufficient. In addition, the maximum value 

of current is no longer reproductible and one cannot be sure to be able to take 

ratios at a constant output value. Altering the working temperature - i.e. increasing 

it - may be extremely dan^rous for the value and the constancy of the contamination 

level. So th-? sensitivity must be actually increased, in such a way that the currents 

rem.?in of the same order of magnitude in spite of sample size variation. 

2 - Even if the sensitivity is made large enough, natureil contamination will more or less 

occur. Even vrith specific precautions during all the an,?.lytical procedure, it may be 

shown that the minimum level of cont.omination is something in the neighbourhood of 

2 ng. So a correction hr'.s to be made. But, as our purpose is to get a content value 

via isotonic dilution, it is possible to perform this correction in a very simnle 

manner. This will be exa.mined at first, 

II - ISOTOPIC DILUTICH \iITH NATURAL POLLUTION -

The princinle of isotonic dilution is vrell known. In the whole, it may be summarized 

as follows : let a mixture of several constituants differing only by the isotope abundance of 

a given isotope in the sane elo-nont. If all qiiantities are known but the araount of one cons-

tituant, this unlcoî m can be calculated from the isotope abundance of the mixture, 
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If N, is the isotopic concentration of the i product 

A. a factor representing the relative amount of theifl : 

(1) M = £ - ^ - i _ 

^^i 

where M is the isotope concentration in the mixture. 

This equation can be written : 

(2) ^A. ( H - K. ) = 0 

Let A. be the quant i ty to be deterrained. So : 

S A. ( N. - M ) 
i*"j ^ ^ 

(3) A, = 
M - H . 

In the specific oase of isotopio dilution, if the subscript X reffers to the sample, 

equation (l) becomes : 

^ "T ̂  \ \ 
(4) M = 

Ayr may be calculated if all other quantities are known. More particularly, the isotope 

abundance of the sample ( Ny ) must be kroi^. A special determination haa to be performed, 

except if N^ is knoi-m a priori ( natural •'̂'ll̂le for instance ). 

Natural pollution will alter the backgroujid equations. Any product Y wilUtmeasured as; 

^ h y o % 
(5) Y> = 

A,, + A Q 

where N is the natural isotonic concentration 

A- is the pollution level. 

The true value Y may be reached in to ways ; 

a - A i;; known. This knowledge comes necessarily from special measurements. 

b - AQ is so that : A^ <̂<̂  A^ . Then : Y> ̂  Y 

Let us consider now the case of a mixture. The isotope abujidance of the mixture is 

measured as : 

^1 "l ̂  -^ "2 * % \ 
(6) H = 

\ ^ ^ ' \ i 

Suppose that N has been run alone. We know the value of 

^1 \ ^ ^ \ 

(7) "'l 

So e(7uation (6) c?ji be changed to : 

(8) M = 

( A ^ + A p ) + A 2 

I f the sum ( Â  •*• ^o ^ ° ' ^ ^® measured as a whole as A' w ( A + A^ ) , so 
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A.^N.^+A^N^ 

(9) H = 
A.^.A^ 

This applies immediatly to isotopic dilution. Sample-spike mixture will be measured 

^ T̂ ̂  ̂  "x + ̂  ''O 
(10) ^ 

A„ + A^ . A^ 
T 

the subscripts T, X and 0 refering to the spike, the sample ajid the pollution 

Running the spike alone leads to t 

^ "T " ̂ 0 "o 
(ll) N', T 

So equation (lO) may be written : 

( A^ + A^ ) N.^ + A^ N^ 

(12) M^ = 
( ^ + Ap ) + Ag 

To reach ( A_ + A- ) , a calibration is necessary. A mixture of a standard solution 

( subscript E ) with the spike gives a VL, value ; 

( ̂  ^ AQ 5 ^"T ̂  ̂  "E 
(13) % = 

( A^ + A J + AJ, 

In this equation, ( A_ + A_ ) is the only unknown. Let : 

(14) *'T = ̂  "" *0 

Equation (l2) becomes : 

A', N.^ + A^ N^ 

(15) fL = 

Al 
T h 

A-. is now readily calculable if N„ is known, 

N' and A* may be called " apparent " constants of the spike solution. Further uses of the 

constants require ; 

1-A constant value for Â ^ : the amount of spike must.be strictly the same for all 

analyses. 

2 - A constant value for A. : the experiraental procedure must be sufficiently identi­

cal that the absolute value of the pollution may be assumed constant. This invol­

ves the constancy of ; 

- amount and purity of all chemicals 

- bead filaments materials 

- working temperature of the filament 

- analytical cycle of spectrometric determinations. 

It may be pointed out that the conditions above can be tested in running several 

times the same sample. For instance the disperaion of successive N* and A* values during 

calibration includes the dispersion of pollution level. The table 1 shows the successive 
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values measuxed during a typical calibration run . 

Table 1 

SPIKU CALIBRATION 

I so top ic ( H' ) 

95.65 i= 

95.66 ?; 

95.66 ^ 

95.59 io 

95.58 ?i 

95.60 % 

95.62 ?i 

95.57 io 

95.65 % 

95.68 ic 

95.66 % 

95.62 56 

95.63 ?i 

Standard devintion : 

.03 

Li content ( A'^ ) 

44,34 ng/g 

44.35 ng/g 

43.92 ng/g 

44.02 ng/g 

43.90 ng/g 

44.36 ng/g 

44.39 ng/g 

43.98 ng/g 

44.16 ng/g 

Standard deviat ion : 

.07 

Such values are constant enough to be used for actual measurements. Note that inde­

pendent experiments permitted to evaluate the pollution level in the vicinity, of 4 ng, that 

is very much greater than the A' standard deviation. 

V/orking with " apparent " values for tracer constants requires that the isotope 

abuJidance of the sajnples are tmovrn. In the measurements described here, both the sample and 

the standard nroducts had the natural composition, 

III - INCREASING MASS SPHGTRQMKTiilR SiilNSITIVI'lT -

The usual sizes of deposits lie somewhere between 1 to 10 ̂ *vg. 

To solve our problem we have to get about the same electrical charge \tfith a denosit 

as lov; as . 01 i/cg and the same filament temperature. 

Experiraent shovjed that the two laain parameters for increasing the sensitivity are : 

1 - Chemical species of the Li to be deposited 

2 - Width of the deposit. 

It ha.s been found that using Lithium acetate instead of nitrate leads to a gain of 

sensitivity as high as 100. On the other h.ind reducing the width of denosit to a maximum 

velue of 1 mm instead of the usual value ( 5 mra) increases the sensitivi.ty by a factor of 10, 

Both effects are cumulative, so that on the ;-rhole the gain in sensitivity comnensates about 

the lost j_n material, Tlie working procedure for mass snoctrometric detenri.nations remain 

unchanged. 

IV - R1-;SULTS -

The table 2 shoi-js some tynic.^.! .ro-u.^ts obtained with t)ie v/orking condi ti.ons described 

abo'"'e. 
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TABLE 2 

Lithium content in nanogrammes 

88.88 

88.86 

88.72 

88.60 

68.77 

7.89 

7.89 

7.91 

7.92 

7.90 

1.03 

1.03 

1.05 

1.03 

1.06 

1.03 

1.04 

par gramme 

.167 

.142 

.154 

.142 

.152 

.149 

.140 

.149 

Estimated standard deviat ions 

.12 .03 .02 .017 

Each ind.i.vidual value was obtained id.thin a one ho;'r procedure. Intervals of several 

weeks separated the successive determinations of the sane sample. From these figures the 

nrocedure appears to be very usable. 

In addition to the reproducibility errors, systematical biases lîi.ve to be considered. 

They come chiefly from the spike constants, i.e. the knowledge of the standard solution para­

meters. These errors are probably lower than ,1 ^, 

In the particular case of lithium, another cause of systematic deviation may take 

place. It comes from the fact that the commercially available lithium compounds have very 

often a non-natural isotopic composition- This fact, in addition to the natural isotopic 

variations, produces an incertitude on the value of N„ to be put in the fomiulae. At the 

limit, even the isotopic coraposition of the natural pollution may become questionable. 

T - CONCLUSION -

The procedure described here is very easy to perform. The raass spectrometer can be 

quite a conventional one. The lasting of determinations is very close to that of common 

practice. 

However, the sensitivity is greatly improved. The detection limit can be evaluated 

-11 -9 

as 3,10 g. In the 10 g range, the precision is about 3 /j. 

The actual lithi.um content of semi-conductor raaterials, where lithium was the main 

dopping product, has been determinad on numerous samples and related to their electrical 

properties. 

The procedure is usuable for other lithium content measurements, on the same 

concentration range. 

B250 



K2 
TRACE STUDIES WITH ION-MOLECULE REACTIONS 

IN THE PLASMA CHROMATOGRAPH - MASS SPECTROMETER INSTRUMENT 

Francis W. Karasek, University of Waterloo, Waterloo Ontario 
and 

Martin J . Cohen, David I . C a r r o l l , Franklin CNO Corpora t ion , 
West Palm Beach, F lor ida 

Presented at che Eighteenth Annual Conference on Mass Spectrometry and Al l i ed Topics -
June 17, 1970. San Franc i sco , C a l i f o r n i a . 

ABSTRACT 

Plasma Chromatography^ permits i d e n t i f i c a t i o n and ana ly s i s of t r a ce c o n s t i ­
tuen t s in gaseous mix tu res . Functioning at atmospheric p r e s s u r e , the ins t rumen ta t ion 
involves a p o s i t i v e and nega t ive ion-molecule r e a c t o r coupled with an ion d r i f t s p e c t r o ­
meter , which produces a plasmagram of separa ted ion-molecule peaks from a sample mix tu re . 
I nd iv idua l peaks of the plasmagram can be d i r e c t e d i n t o a quadrupole mass spec t rometer t o 
i d e n t i f y the ion-molecules p r e s e n t . 

This s tudy explored the t r ace de t ec t i on of the oxygenated compounds, 1-octanol 
and 1-nonanol, as p re l iminary work to the i d e n t i f i c a t i o n of more complex oxygenated 
compounds in a i r p o l l u t i o n s t u d i e s . The p o s i t i v e ion plasmagrams and mass s p e c t r a were 
f a i r l y complex and o r i g i n a t e d from a s e r i e s of the type (C H O ) (H^O) H"*". The l e s s 
complex nega t ive ion r e s u l t s showed a r eac t an t ion corresponding to COi," and r e s u l t a n t 
ion-molecules of the s i n g l e spec ies (C H j.j^)*^5~» which were e a s i l y sepa ra ted in the 
plasmagrams. 

In c o n t r a s t to fragmentation mass s p e c t r a obtained with an e l e c t r o n bombard­
ment ion sou rce , a lcohol i d e n t i f i c a t i o n by t h i s t echnique , coupled with mass s p e c t r a l 
d a t a , i s q u i t e easy . 

XNTRODUCTION 

is a technique whose characteristics permit the 
identification and analysis of trace constituents in a gaseous mixture. Functioning at 
atmospheric pressure, the instrumentation involves a positive and negative ion-molecule 
reactor coupled with an ion drift spectrometer, which produces a plasmagram of separated 
ion-molecule peaks from a sample mixture. Individual peaks of the plasmagram can be 
directed into a quadrupole mass spectrometer to identify the ion-molecules present. 

Afcer generation of ion-molecules in che reacCor, chey are then separated 
by a process of injection into a tube fi l led with a nonreactive gas through which they 
are drifted by a strong e lec t r ic field. The ion-molecules arrive at a collector as ion 
peaks aC times characterist ic of their sCrucCure. The name of Plasma Chromatography (PC) 
arises because Chis enCire separation process can be thoughc of in gas chromaCographlc 
terms. The drif t Cime of different ion-molecules after sample injection is the result of 
their interacCion with the gas and e lec t r ic field through which they move, much as the 
reCenCion tirae of molecules in gas chromaCography is a resulc of their behavior as Chey 
move Chrough a gas under Che influence of the partitioning effecc. The plasmagram 
resulcing from a recording of detector output versus time resembles a chromatogram with 
a millisecond time scale. Like in a chromatogram, Che peaks can be used in a 
qualitative and quantitative manner. 

Basic features of this meChod have been described by Karasek (1). A 
furCher descripCion and che consideraCions aCtendant to coupling a gas chromatograph to 
the system is the subject of a recent paper by Cohen (2). The great sensi t ivi ty of PC 
to trace compounds arises from the ion-molecule reaction occurring at atmospheric 
pressure, where many millions of collisions of reactant ions with the trace molecules are 
possible. This means the -probability of detecting a l l che Crace molecules presenC is 
very high. While the l i terature contains a great deal of information about such 
reactions, most of these studies have been made under low pressure (below 10 Corr) 
condicions (3). 

Fundamental to the sensit ivi ty and selectivi ty of the technique are the 
specific characteristics of the ion-molecule reaction producing the detected species. 
Since these reactions have very high reaction rates and form stable ion-molecules for 
oxygenated compounds, this invesCigaCion was iniCiaCed to explore the trace detection of 
such compounds. The compounds used for Chis exploraCory work were Che alcohols; 
1-ocCanol and 1-nonanol. Since oCher more complex oxygenated compounds are important 
species in studies of air pollution, this work was preliminary to determining suiCability 
of the technique as an analytical method for such air pollution studies. 
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PRINCIPLES AND INSTRUMENTATION 

A b l o c k d i a g r a m o f t h e b a s i c f u n c t i o n s of t h e i n s t r u m e n t a t i o n i s shown i n F i g u r e 1, 
The r e a c t a n t g a s and g a s e o u s s a m p l e a r e i n t r o d u c e d i n t o t h e PC t u b e c o n t i n u o u s l y . 
F o r m a c i o n o f t h e p l a s m a o f r eacCanC i o n s o c c u r s i n Che i o n i z e r r e g i o n of Che Cube , 
c h r o u g h a s e r i e s of s C e p s t h a t Cake p l a c e i n l e s s t h a n a m i l l i s e c o n d . T h e s e s t e p s a r e 
i n i t i a t e d when r a d i o a c t i v e n i c k e l - 6 3 e m i t s e l e c c r o n s ( w i t h e n e r g i e s a s h i g h a s 60 keV) 
t h a t Chen c r c a C e p o s i c i v e i o n s and low e n e r g y e l e c C r o n s i n Che r eacCanC g a s . The 
p o s i c i v e i o n s and e l e c c r o n s r a p i d l y d i s s i p a C e t h e i r i n i c i a l e n e r g y Co a c h e r m a l l e v e l 
c h r o u g h c o l l i s i o n s w i c h n e u t r a l m o l e c u l e s . I n m o i s t a i r t h e end p r o d u c t o f t h e s e s t e p s 
i s c r e a t i o n of (H2O) 0~ and (H^O) COi;" i n t h e n e g a t i v e mode and (H^O) H+ i o n s i n t h e 
p o s i c i v e mode ; t h e v a l u e o f n d e p e n d s on w a t e r v a p o r c o n c e n C r a C i o n . T h e s e h y d r a t e d i o n s 
r e a c t , i n a b o u t a 10 m i l l i s e c o n d i n t e r v a l , w i t h che C r a c e o r g a n i c m o l e c u l e s f rom t h e 
s a m p l e Co form s t a b l e i o n - m o l e c u l e e n t i t i e s t h a t a r e s e p a r a t e d a n d s t u d i e d by Che d a c a 
c o n C a i n e d i n C h e i r p l a s m a g r a m s and mass s p e c t r a . 

F u n c t i o n s of Che i n s t r u m e n t a t i o n t o p r o d u c e t h e p l a s m a g r a m a r e i l l u s t r a t e d i n 
F i g u r e 2 . I o n i z a t i o n , r e a c t a n t i o n g e n e r a t i o n , and i o n - m o l e c u l e r e a c t i o n p r o c e s s e s a r e 
o c c u r r i n g c o n t i n u o u s l y . To s e p a r a t e t h e i o n - m o l e c u l e s p r o d u c e d , a d i s c r e C e p u l s e o f 
Chem i s i n j e c t e d i n t o t h e d r i f t r e g i o n of t h e PC t u b e by o p e n i n g che s h u t t e r g r i d f o r 
0 . 5 m i l l i s e c o n d s . The i o n - m o l e c u l e s d r i f t down t h r o u g h t h e e l e c t r i c f i e l d and t h e g a s 
p r e s e n t u n t i l chey a r r i v e aC t h e c o l l e c C o r ; d r i f C Cime of e a c h i o n - m o l e c u l e d e p e n d s on 
i c s i n c e r a c t i o n w i t h t h e e l e c t r i c f i e l d and d r i f t g a s . The d r i f c i n g sCep c a k e s abouC 
50 m i l l i s e c o n d s , a f t e r w h i c h t i m e t h e w h o l e s e q u e n c e i s i n i t i a t e d a g a i n . The s i g n a l 
r e c e i v e d by che c o l l e c C o r p r o d u c e s a r e c o r d e r t r a c i n g of a p l a s m a g r a m . 

S i n c e Che w h o l e s e q u e n c e of s t e p s o c c u r s i n t h e m i l l i s e c o n d t i m e r a n g e , Che 
p l a s m a g r a m s c a n i s p r o d u c e d by a mov ing gaCe C e c h n l q u e . The g a C i n g g r i d i n f ronC of Che 
c o l l e c t o r o p e n s f o r a b o u t a 0 . 2 m i l l i s e c o n d i n t e r v a l Co p e r m i c d r i f t e d i o n - m o l e c u l e s t o 
p a s s t h r o u g h Co Che c o l l e c t o r . The g a t i n g g r i d o p e n s a t Cimes d e l a y e d f rom t h e s h u t t e r 
g r i d o p e r a t i o n v a r y i n g f rom 0 Co Che e n t i r e 50 m i l l i s e c o n d d r i f t t i m e . T y p i c a l l y , a 
5 m i n u t e s c a n t i m e i s u s e d . T h i s means t h a t a f t e r t h e s a m p l e i s i n j e c t e d by t h e s h u t t e r 
g r i d , t h e d e l a y o f t h e g a t i n g g r i d f u n c t i o n w i l l s l o w l y v a r y from 0 Co 50 m i l l i s e c o n d s 
i n 5 m i n u C e s . A p l a s m a g r a m r e s u l C s from Che i o n - m o l e c u l e s t h i s mov ing g a t e a l l o w s Chrough 
Co t h e d e t e c t o r a s i t s c a n s s l o w l y a c r o s s Che r a n g e of d r i f C C i m e s . T h i s r e c o r d i n g 
meChod i s i l l u s C r a t e d i n F i g u r e 3 , 

Many c y c l e s o f t h e i n j e c t i o n and d r i f t p r o c e s s h a v e o c c u r r e d d u r i n g t h e s c a n . 
O b s e r v a C i o n of o n l y o n e p e a k can b e a c c o m p l i s h e d by p e r m l C C i n g Che g r i d d e l a y Cime Co 
r e m a i n f i x e d i n t h e p o s i t i o n c o r r e s p o n d i n g t o t h a t i o n ; o n l y c h a t p a r t i c u l a r i o n - r a o l e c u l e 
c o n c e n t r a t i o n and i t s r e l a t e d t r a c e c o n s t i t u e n t can p a s s t h r o u g h t o t h e d e t e c t o r and be 
m e a s u r e d . I o n i n t e n s i t y r e c o r d e d aC C h i s p e a k i s che sum o f i o n - m o l e c u l e s c o l l e c C e d 
from a b o u t 6000 c o n s e c u t i v e i n j e c t i o n s . 

D r i f C t i m e , much a s r e t e n t i o n t i m e i n g a s c h r o m a C o g r a p h y , can b e u s e d t o i d e n t i f y 
t h e t r a c e m o l e c u l e o r i g i n a t i n g t h e p e a k i n che p l a s m a g r a m . H o w e v e r , by d i r e c t i n g t h e s e 
i o n s i n t o a mass s p e c t r o m e t e r , a f a i r l y c o m p l e t e i d e n t i f i c a t i o n can be o b t a i n e d . T h i s 
i s done t h r o u g h an i n t e r f a c i n g d e v i c e w i t h an a p e r t u r e and i o n f o c u s i n g e l e c t r o d e s ; t h i s 
d e v i c e r e d u c e s t h e p r e s s u r e t o t h e 10~ t o r r r e q u i r e d by t h e mass s p e c c r o m e c e r and 
d e l i v e r s Che i o n - m o l e c u l e s Co t h e a n a l y z e r s e c C i o n of thaC i n s C r u m e n C . H a v i n g c h a r g e d 
p a r t i c l e s t h a t c a n be c o n f i n e d e l e c t r i c a l l y p e r m i t s t h e d e s i g n of a more e f f i c i e n t 
i n t e r f a c i n g d e v i c e t h a n t h o s e commonly u s e d f o r i n t e r f a c i n g g a s c h r o m a t o g r a p h i c e f f l u e n t s 
i n t o a mass s p e c t r o m e t e r . T h e s e mass s p e c c r a , combined wiCh che p l a s m a g r a m , p r o v i d e t h e 
i n f o r m a t i o n a b o u t t h e compounds u n d e r s t u d y . E i c h e r p o s i c i v e o r n e g a C i v e i o n - m o l e c u l e s 
c a n be s t u d i e d . 

EXPERIMENTAL PROCEDURE - ALCOHOLS 

S a m p l e s o f 1 - o c C a n o l and 1 - n o n a n o l were o b C a i n e d from a k i t o f g a s c h r o m a t o g r a p h i c 
r e f e r e n c e c o m p o u n d s . ( P o l y s c i e n c e C o r p o r a C i o n , E v a n s t o n , I l l i n o i s , c a t , n o . 1 2 0 ) . 
P r i o r Co i n t r o d u c i n g che s a r a p l e a l c o h o l s , Che d r i f t c e l l and mass s p e c t r o m e t e r t u b e w e r e 
b a k e d ouC o v e r n i g h t a t 250°C u n d e r a vacuum of 10~^ t o r r o r l e s s . 

The d r i f t c e l l was o p e r a t e d w i t h a d r i f t f i e l d o f 320 v o l t s p e r c e n t i m e t e r a t 
roora a m b i e n t t e m p e r a t u r e and p r e s s u r e . B o t t l e d a i r a t a f l o w r a t e o f 100 c c / m i n was 
u s e d a s a c a r r i e r g a s and n i t r o g e n g a s o b t a i n e d from l i q u i d n i t r o g e n a t a f low r a t e of 
2 . 5 1/min was u s e d a s a d r i f t g a s . B o t h g a s e s w e r e p a s s e d t h r o u g h a m o l e c u l a r s i e v e 
t r a p and m i c r o n p a r t i c l e f i l t e r p r i o r t o u s e . 

The s a m p l e a l c o h o l was u s e d t o w e t t h e b a r r e l o f a p r e v i o u s l y c l e a n e d 5 c c g a s 
t i g h t - s y r i n g e . The s y r i n g e was Chen b a c k f i l l e d s e v e r a l Cimes w i c h d r y n i C r o g e n g a s 
and a l l o w e d t o come Co e q u i l i b r i u m . The r e s u l c i n g n i C r o g e n g a s , s a C u r a C e d w i t h s a m p l e 
v a p o r was I n j e c t e d i n t o t h e c a r r i e r g a s s t r e a m by means of a s y r i n g e pump a t a r a t e o f 
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Fig. 1. Plasma Chromatography separation process. Sample gas containing organic compounds is ionized to corivert 
each organic molecule to a very stable ion-molecule. Ion-molecules are separated by injection into a tube fi l led 
with a nonreactive gas; the ion-molecules are drifted through the gas by a strong electric f ield. They arrive at 
collector at times characteristic of their structure. Signal received by collector produces a recorder tracing of a 
plasmagram. When interface is used, ions of plasmagram peaks can be directed into mass spectrometer to provide 
positive mass identification of sample being studied. 
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Fig. 2. Simpl i f ied diagram shows how plasmagram Is produced. 
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10 microliters/minute. This gave .a sample concentration in the carrier gas of about 30 
parts per billion. 

Plasmagrams and mass spectra were taken of the resulting negative and posicive 
ions. 

The positive ion mass calibration was based upon the ion series (H2O) H+ present, 
in the initial control runs. This ion series has been identified previously based upon • 
experiments with deuterium oxide and by spectrometer calibration with its standard 
electron bombardment ion source. 

The negative ion calibration was obtained by adding several parts per million of 
sulphur hexafluoride to the drift gas. The resulting ions are SF ^ and SF g which serve 
as calibration points. 

POSITIVE ION RESULTS 

A plasmagram of the reactant ions before introduction of the alcohols is shown in 
Figure 4. The ions present in this peak were identified as (H20)2 H^ and (H^O)^H in 
equilibrium by the presence of ions of mass 37 and 55 in its mass spectrum. The mass 
spectrum also reveals the presence of small amounts of the ion (H 0)N0"^, which as a minor 
constituent appears not to enter into the results found here. 

A typical plasmagram obtained for each of the alcohols is shown in Figure 5 and 
the resultant mass spectra for these plasmagrams are tabulated in Figure 6. Because of 
the complexity of these positive data, and the slrapler results shown for the negative ion 
case, only a partial identification of the ion-molecules present in the plasmagram peaks 
was determined. Those shown in Figures 5 and 6 suggest that ion clusters with structures 
corresponding to: 

(H 0) •H+ 
2 y 

are being formed for both a l c o h o l s . The peak at mass 261 in the 1-octanol da ta i s very 
p o s s i b l e (CgH.-O)!!^, with a s i m i l a r double c l u s t e r at mass 289 being observed for the 
1-nonanol. The f i r s t l a rge peak a f t e r the r eac t an t ion in the 1-nonanol plasmagram of 
Figure 5 conta ins ion-molecules of m/e 163, 179, 205, The next peak conta ins i on -
molecules of m/e 250. 

The ion-molecules observed for 1-nonanol contained the s e r i e s of masses 3 3 , 3 7 , 5 1 , 
55,65,69 and 87. This corresponds to the ion s e r i e s expected for methyl a lcohol water 
c l u s t e r s of the form: (CĤ Ô) (H^O) -H"*" as i l l u s t r a t e d below. 

m/e JC ^ 

33 1 0 
37 0 2 
51 1 1 
55 0 3 
65 2 0 
69 1 2 
87 1 3 

The fac t t ha t t h i s s e r i e s was only observed in the runs made with nonanol i n d i c a t e s i c 
i s a contaminant in the o r i g i n a l sample and not due to experimental t echn ique . In each 
case the same syr inge and c leaning procedures were used and no t r a c e of methyl a lcohol 
was de tec ted in the cleaned syr inge when blanks were run. 

Based upon Che peak i n t e n s i t i e s and che vapor pressure r a t i o s of methanol and 
nonanol , the contamination l e v e l i s probably below 100 p a r t s per m i l l i o n . Since samples 
were always poured from the o r i g i n a l c o n t a i n e r s , and nothing ever in t roduced i n t o che 
o r i g i n a l c o n t a i n e r , i t appears tha t t h i s contaminant was most l i k e l y p resen t in che 
o r i g i n a l sample and not a c c i d e n t a l l y in t roduced at a l a t e r t ime. The d e t e c t i o n of the 
minute t r a ce of methyl a lcohol contamination of the nonanol was an i n t e r e s t i n g outcome 
of these experiments and se rves to i l l u s t r a t e the a n a l y t i c a l scope of the ion-molecule 
r e a c t i o n technique , 

NEGATIVE ION RESULTS 

The nega t ive ion d r i f t time and mass spec t r a are qu i t e simple in comparison to 
the p o s i t i v e . Plasmagrams for the a lcohols are shown in Figure 7 and the corresponding 
mass s p e c t r a are in Figure 8. The f i r s t peak in each plasmagram appears to be the 
r e a c t a n t ion (CO ) 0 , ~ which t r a n s f e r s the charged oxygen to the a lcoho l molecule . I t i s 
not s u r p r i s i n g to find che CO ~ being presenC and assuming t h i s r o l e . Mohnen i n d i c a t e s 
t ha t CO ~ i s a very s t a b l e ion found in mixtures of oxygen and carbon dioxide ( 4 ) . 
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The major ion-molecule formed in each case appears to be the a lcoho l combined 
with a n e g a t i v e l y charged oxygen molecule . These appear as the d i s t i n c t i v e plasmagram 
peaks with d i f f e r e n t plasmagram times shown In Figure 7. The ions a s soc i a t ed with the 
l a rge plasmagram peaks are observed at m/e 162 and 176. The ion-molecules g iv ing r i s e t o 
the two smal l e r peaks in the 1-octanol plasmagram were not i d e n t i f i e d . A s i m i l a r s e r i e s 
with water in p lace of the a l c o h o l ; (^20)^^02" has been observed and v e r i f i e d using 
deuterium oxide . I t i s apparent t h a t in the nega t ive ion mode one can i d e n t i f y these 
a lcoho ls from t h e i r c h a r a c t e r i s t i c plasmagrams and the presence of ion-molecules a t m/e 
of 162 for 1-octanol and 176 for 1-nonanol. 

CONCLUSIONS 

Both positive and negative ion-molecules are formed with these alcohols. Under 
the conditions of this experiment the positive ion plasmagrams and mass spectra originated 
from a series of the type (C H2n+20) (̂ 2̂ ^ ^ ' These positive plasmagrams and mass 
spectra were fairly complex. The negative"ion results produced the simpler data. The 
plasmagrams showed a reactant ion corresponding to a CO ~ ion and resultant ion-molecules 
of the single species (.^^2n+2^^^2~• These ion-molecules are easily separated in the 
plasmagrams which, coupled with mass spectral data, makes identification of the alcohols 
quite easy with this technique. By contrast, it is well known that these alcohols give 
no parent ions in their fragmentation mass spectra obtained with electron bombardment 
lon sources, which make identification difficult. 

These results are encouraging. Being able to study both positive and negative 
ion-molecules and chose from a number of ion-molecule reactions to provide specific 
sensitivity and selectivity gives one a wide range of analytical possibilities. Applying 
these techniques to the identification of other oxygenated compounds appears quite 
feasible. 
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ABSTRACT 

A number of air samples from Rochester, Montreal, Houston, the Sierra Nevada area, 
and water from Houston's Ship Channel, have been analyzed by combined gas chromatogra­
phy-mass spectrometry for their alkane content. Environmental peculiarities of the 
zones where the samples were obtained indicate correlations between the patterns of the 
hydrocarbons found in each case and their likely sources. 

The combination of high resolution capillary gas chromatography with the identi­
fication capability of mass spectrometry is considered one of the best techniques to 
perform analyses of such complex mixtures in which some individual components are 
present In very minute amounts. 

INTRODUCTION 

It is well known that hydrocarbons are widely distributed in nature (1). Alkanes 
are found, in addition to petroleum crudes (2), In animals, plants and their products 
(3,4); micro-organisms, e.g. algae (5) and bacteria (6); terrestrial and extraterres­
trial samples, e.g. rocks, sediments (7), meteorites (8); air and air pollutants, e.g. 
dust (9), smoke, and exhausts; water, and in general in all those samples being exposed 
to the Earth's atmosphere and hydrosphere for some time. 

In an attempt to get some complementary views on the overall distribution of 
hydrocarbons in air, we have undertaken a comparative study of the alkane fraction in 
air samples from four different localities: Montreal, Rochester, Houston and the 
Sierra Nevada. The aim of these studies is directed towards monitoring pollution on 
one hand and contamination control (of samples to be analyzed for hydrocarbons) on the 
other. The role played by contamination arising from environmental sources is quite 
critical in studying compounds present in the submicrogram level in samples which have 
been in our environment for certain periods of time. This situation is of particular 
concern In the analysis of extraterrestrial samples (meteorites and lunar soil) coming 
from high vacuum systems, a condition which consequently enhances the potential' contam­
ination by products of our biosphere (10). 

In another aspect of this work we have studied the alkane fraction of the water 
from Houston's Ship Channel that connects Houston to the Galveston Bay system. We 
have attempted to correlate both quantitative and qualitative results to the environ­
ment peculiarities of the zones where the samples were obtained. 

EXPERIMENTAL 

a) Air Sampling 

Air sampling was carried out by passing amounts of the order of 1500 m^ of air 
through glass cloth filters in the case of Montreal and Rochester, and 3.5 m-̂  of 
Houston's air through silica gel. Paper filters and a Staplex high-volume air sampler 
were used to sample 924 m-̂  of Sierra Nevada's air. 

b) Analytical Procedure 

The filters and silica gel were Soxhiet extracted with a mixture of benzene/ 
methanol (3:1). The extracts were fractionated on silica gel columns with pentane, 
benzene and methanol. The pentane fraction, which contained the alkanes, was studied 

^Present address: Texaco Inc., Bellaire, Texas 
**Present address: Space Sciences Laboratory, University of Callfomia, 

Berkeley, California 
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by high-resolution capillary gas chromatography on 500 ft, x 0.02" columns coated with 
suitable phases (see Figures 1 and 2). Details on the procedure have been given else­
where (8). The other fractions containing aromatics (benzene) and the polar compounds 
(methanol) will be the subject of later studies. 

The effluent of the gas chromatographic column was Introduced to an LKB 9000 GC-MS 
instrument that uses the Becker-Ryhage jet type separator. Mass spectra of the individ­
ual coraponents emerging from the chromatographic coluran were recorded at 70eV. 

RESULTS AND DISCUSSION 

The preliminary results obcained in a survey of air samples undertaken some time 
ago are depicted in Figure 1 which shows the chromatograms of air from three different 
localities: Montreal, Rochester, and Houston. In the Montreal air, an odd over even 
carbon number predominance of alkanes can be observed. The air from Rochester shows a 
rather monomodal distribution, while Houston's air displays a slight even over odd pre­
dominance. Preliminary results on air samples from the Sierra Nevada (in the surround­
ings of Lake Tahoe) show in general less than 10~11 ppm of hydrocarbons which turned out 
to be insufficient to get a reliable chromatogram with the amounts of air sampled. 
Table I summarizes the amounts of alkanes in the air from the four localities studied. 

TABLE I 

Locality Total ppm Characteristics 

Houston 

Montreal 

Rochester 

Sierra Nevada 

1.7 X 10~^ 

1.2 X 10-8 

7.2 X 10"^ 

<io-ii 

Even over odd predominance 

Odd over even predominance 

Monomodal distribution 

Trace amounts only 

With the data presently available we cannot be too certain at che present time on 
the exact sources of these hydrocarbons. However, these patterns can be correlated to 
a certain extent to a biological or non-biological origin depending upon the predomin­
ance of the odd over even carbon number series of the alkanes. The odd over even pre­
dominance is commonly taken as an indication of biogenecicy (4). Consequently, in this 
sense, one might assess a biological origin for the hydrocarbons detected in Montreal's 
air. It is interesting to note that the only even over odd predominance, which points 
to alkanes of Industrial, or non-biological origin, is confined to che city with the 
heaviest concentration of petrochemical industry (Houston). This observation is also 
correct in a quantitative sense. Houston contains two orders of magnitude more chan 
Rochester, three more than Montreal, and five more than the air from Sierra Nevada in 
the saraples analyzed. 

As indicated earlier we also studied for comparative purposes the water from the 
Houston Ship Channel. Figure 2 shows a rather complex distribution of hydrocarbons 
extracted from this water. The total amounts reach a value of 14.500 ppm, which can be 
compared with the 50.000 ppm obtained from an East Texas petroleum crude by application 
of the same method. Interestingly enough, on their tour of the Houston Ship Channel 
and Galveston Bay system, as recently reported (11), merabers of the President's advisory 
board for pollution control were appalled to see ships actually churning up oil from 
the two foot thick sludge from the bottom of the channel. This distribution resembles 
very much petroleura crudes of East Texas (usually characterized by a high content of 
isoprenoids, pristane and phytane), an observation which is in line with the above 
remarks. 

CONCLUSIONS 

Even though chis work is only preliminary, the resulcs presented here give an 
indication of what are the major sources of the hydrocarbons present in the samples 
studied. As far as air is concerned, not only the hydrocarbon distribution, but the 
total amounts found point in general, toward the predorainance of deterrained sources of 
hydrocarbons over others which contribute to a lesser extent. 
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The water analyzed is a cle'ar example of water polluted predominantly with petro­
leum-like hydrocarbons. The total amounts found are roughly 29% of the alkane fraction 
studied by application of the same procedure to an East Texas petroleum crude (12). 

It should be made clear, however, that due to the interaction of other atmospheric 
phenomena, such as wind and rain, and to the different methods of sampling, there is an 
Inherent difficulty in obtaining analyses of "representative" samples of air and water 
of any zone. Only continued studies can give a better correlation of the data resulting 
from this preliminary work. 
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Mass Spectrometric Studies of the Reactions of Singlet Molecular 

Oxygen (0 Ag) and their Significance in Air Pollution* 

John T. Herron and Robert E. Huie 

National Bureau of Standards 
Washington, D. C. 2023U 

The reactions of singlet molecular oxygen (O^Ag) vith organic compounds have 

"been studied in the gas phase using a flow system coupled to a mass spectrometer. 

The concentration of singlet oxygen was determined by titration vith 2,5-dimethylfuran. 

Reaction mechanisms and rate constants were obtained for reactions vith olefins and 

other organic compounds. The rates of these reactions are compared with those of 

the corresponding atomic oxygen reactionsunder atmospheric conditions. 

* To be published in Environmental Science and Technology. 
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HIGH-TEMPERATURE HIGH-RESOLUTION mSS SPECTROMETRIC STUDIES 

OF APOLLO XI LUWiR FINES * 

F. M. WACHI, D. S. GILMARTIN, W. K. STUCKEY and V. L. KNIGHT 

Materials Sciences Laboratory 
serospace Corporation^ El Segundo, California 

J. F. ORO and W. S. UFDEGROVE 

Departr-ientfi of Biophysical Sciences and Chemistry 
University of Houston, Houston, Texas 

ABSTRACT 

The liquidus-solidus behavior of Apollo 11 lunar fines and the evolution 

characteristics of CO, Np, He, Ne and Ar were investigated by the combined techniques 

of high vacuum differential thermal analysis (DTA) and raass spectrometry between 

100*̂  and l^OO^C. The DTA thermogram has shown that the lunar fines undergo fractional 

melting over a broad range of tennperature from about 915 and 1300°C, the Iron-sulfide 

melt separates immiscibly from the silicate magma at about 11^0 C, and the lunar 

raaterial becomes a homogeneous melt at about 1300 C 

With the exception of a few surges of nitrogen gas below 1140°C, significant 

quantities of nitrogen gas are released between 1140 C and ll80 C. The source of 

nitrogen gfis could be from decomposition of nitrides, nitrates and the sudden release 

of occluded nitrogen. Small amounts of CO are evolved continuously from about 58O 

to 1140 C. The rate of CO release increases sharply above 1140 C and reaches a 

maximum at about 1350 C indicating the existence of carbon in the lunar fines. 

Althoxjgh the precise nature of the lunar carbon is still undefined, the source of CO 

could be fi'cm trapped CO, decomposition of carbonates and carbonyls, and reactions 

between the mineral oxides and carbides and the various allotropes of carbon (graphite, 

chaoite, lc>nsdalelte and diamond). The possibility of high temperature reactions of 

elemental carbon with the molten mineral matrix cannot be ruled out since all of these 

allotropic forms of carbon have been found in meteorites and the lunar soil from the 

Sea of Tranquility has been estimated to contain about 2^ meteoritic material. The 

thermal evolution curves for the noble gases have indicated that these gases come from 

several sources with the principal sourC'̂ s being the solar wind, radiogenic decay 

reactions and spallation processes. Belov/ about 1000 C the raajor source for the 

noble gases appears to be the solar wind. At higher temperatures the composition of 

the noble gases trends toward spallation and radiogenic decay type of noble gases. 
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The search for carbon-containing materials was performed with a special low 

hyd:irocarbon background vaporization apparatus that was coupled to the mass 

spectrometer, Coraparison of the mass spectra from the blanks with the corresponding 

spectral data on the lunar fines has shown that the trace quantities of organic 

matter can be attributed to contaminants either from the exhaust of the lunar module 

or from terrestial handling of the lunar samples. All of the organogenic elements 

(H, C, N, 0, S, P) have been observed mass spectrometrically, but the chemical nature 

of these species in the lunar naterial has not been identified. 

This work was supported under Air Force Contract No. FO 4T01-69-C-0066 and NASA 

Contract N'\S-9-8012 

B265 



DECOMPOSITION OF FIRE RETARDANTS BY MASS *̂ ^ 

SPECTROMETRIC THERMAL ANALYSIS 

H. G. Langer and T. P. Brady 

The Dow Chemical Company 
Eastern Research Laboratory 

Wayland, Massachusetts 017Tti 
With the Increased use of plastic materials in everyday items, the 

problem of flaniroability becomes acute. Up to now, the evaluation of fire 
retardant agents has been empirical. Thus, the need for methods and 
instrumentation to test fire retardants has never been greater. In this 
paper we shall describe a method which at least partially can fulfill this 
need. 

In 1961 Friedman reported on the fire retardant properties of a 
number of bromine containing compounds (Fig. 1). An interesting conclusion 
may be drawn from this data: the total amount of bromine available in 
these compounds is apparently more important than the molecular structure 
of its carrier to inhibit burning. This, in tum, seems to indicate that 
indeed the smallest fragments such as bromine radicals, HBr or possibly 
Bra are the active species in the fire retarding process. If this is true 
it might only be necessary to study these low molecular weight species in 
the gas phase as a way of evaluating this type of fire retardant agent. 

Obviously low molecular weight species cannot be incorporated into 
polymers or added to synthetic fibers without losses by diffusion or even 
chemical Interaction. Thus a fundamental requirement for an additive fire 
retardant is a decomposition pattern producing such low molecular weight 
species at a time where a polymer also undergoes decomposition. 

If the fire retardant agent is decomposed at temperatures below the 
decomposition range of the polymer, it might disappear before the flame 
starts. On the other hand, if the fire retardant agent is thermally 
much more stable than the polymer it might prevent the remaining char from 
burning but not the burning of the gaseous pyrolysis product from the 
polymer. Consequently, knowledge of the decomposition of fire retardant 
agents as a function of temperature and an identification of decomposition 
products must represent knowledge of fire retardant potential. 

This is exactly the goal for the first phase of our studies on fire 
retardants by mass spectrometric thermal analysis, a method which we have 
previously described. (1) For this method intensities of ions observed 
in the mass spectrometer are plotted as a function of linearly increasing 
temperature. The sample itself is heated inside a time-of-flight mass 
spectrometer close to the ion source. Figure 2 shows the decomposition of 
pentabromochiorocyclohexane. The major ions are HCl , CsHs , CeH5Cl+ and 
CeHsBr'*'. In addition all ions formed by successive dehalogenation of the 
parent compound were detected although they are not plotted in this graph. 
What then is the information we can extract from these curves? 

1. The decomposition starts slightly above 100°. 
2. The major reaction product is benzene which shows up in 

part as the phenyl ion. 
3. Negligible amounts of HBr.were detected, 
4. Surprisingly high concentrations of HCl and chlorobenzene 

are present. 

The chemical reaction is summarized In Fig. 3. 

Initiated by homolytic cleavage of a carbon-bromine bond the 
remaining radical becomes successively more stable with formation of 
double bonds after loss of a second halogen. Loss of HCl or HBr would 
explain the formation of bromobenzene and chlorobenzene. The large 
amount of HCl and chlorobenzene observed is explained by the presence of a 
considerable amount of dichlorotetrabromocyclohexane. 

At this point it should be noted that field testing has shown that 
this brominated corapound indeed has fire retardant properties as raeasured 
by several of the laboratory tests described under ASTM classifications. 
Empirically it has also been shown that this fire retardant does not alter 
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the properties of the polymer by chemical interaction so that we can 
classify this raaterial as an additive FR agent. The effect of this agent 
then must be displayed in the flame front itself. 

Looking at the decomposition of polystyrene, as shown in Fig. k, which 
we have chosen as a model system because of the ease of handling the 
polymer in the laboratory, we find that the FR agent is decomposed 
slightly before the onset pf polymer decomposition which is a prerequisite 
for fire retardancy. 

Since different polymers do decompose at different temperatures, fire 
retardant agents should be available which will also decompose at differ­
ent temperature ranges. One possibility is present in the structure of 
the fire retardant itself. Changing the location of the halogen on the 
carbon skeleton should have a definite effect on the onset of the reaction. 
On the other hand, physical properties of the FR agent can also become 
quite important. Both these phenomena are demonstrated with the follow­
ing series of brominated allylphenyl ethers all of which have shown fire 
retardant properties. The decomposition of tribroraoallyl-trlbromophenyl 
ether (Fig. 5) similarily to the previous example also begins at approx­
imately 150°. Here, however, the reaction proceeds in two steps with a 
number of reaction products appearing in the gas phase. Very significantly 
a fairly large ainount of hydrogen bromide is liberated at low tempera­
tures, more at the onset of the second reaction step, and continuing to 
temperatures of approximately 500°. 

By linking two of these molecules at the phenyl groups to a 
dimethylmethane bridge (Fig. 6) the character of the decomposition is 
maintained. However, a relatively large amount of hydrogen broraide is 
liberated and the reaction is sustained,in fact, increased much more 
strongly with increasing temperature. The importance of physical pro­
perties is demonstrated with the following two examples, the allyltri-
bromophenyl ether (Fig. 7) and the tribromoallylphenyl ether (Fig. 8). 
Both compounds vaporize readily, so that essentially no decomposition could 
be observed in the mass spectrometer. However, when the first of these 
two corapounds was Incorporated into a polystyrene matrix this molecule 
was not vaporized but styrene fragments and HBr was observed at about 350°. 
Where the ortho-position in this phenyl ring was not brominated (Fig. 9, 
lo) a sharp exothermic reaction was observed by differential therraal 
analysis, possibly indicating a Claisen rearrangement of a condensation 
reaction. 

To summarizejmolecular composition has an effect on the release of 
bromine within a given temperature range. If this temperature range is 
fairly low, one would expect this material to be very effective for a 
"flash fire". On the other hand, slower burning materials and those with 
high decomposition teraperatures would require a fire retardant that shows 
a fairly high thermal stability. 

We have shown that mass spectrometric thermal analysis is an 
excellent tool to study fire retardant potentials. At present, we are 
extending these investigations to detect possible interactions between 
polymers and fire retardants which would not only allow us to investigate 
the desired high temperature reaction but also detect undesirable reactions 
which might occur during the molding and processing operations on the 
polymer. 

The question of synergism is also under investigation. 
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K7 
MECHANISMS FOR TEMPERATURE EFFECTS IN MASS SPECTRA 

BY 

Fred P. Abramson 
CEC/Analytical Instruments Division 

Bell & Howell Co. 
Monrovia, California 91017 

This paper studies strong temperature effects in certain classes of compounds 
by varying instrumental parameters as well as comparing spectra obtained 
from field ionization with those obtained via electron impact. The purpose of 
these experiments was to evaluate the validity of comparative spectra run on 
different machines where some very large discrepancies were observed. Perhaps , 
the largest discrepancy was observed by Spiteller-Friedmann, Eggers and Spiteller 
who compared the spectrum of n-triacontane obtained from their Atlas CH-4 using 
direct inlet methods with one obtained from a CEC 21-103 using a batch inlet 

system . It was of interest to attempt a direct comparison using the same in­
strument in each case. Here a CEC 21-llOC equipped with a heated all-glass inlet 
system and a direct introduction probe was used. The idea was to try to repro­
duce the API spectrum for a compound as closely as possible, and then to vary the 
experimental conditions and see if equally dramatic effects could be obtained. 
A sample of n-octacosane was chosen. It was introduced into the mass spectrome­
ter first via the batch inlet system which was operated at 270° while the source 
temperature corresponded closely to that used for the API spectrum-270°. A com­
parison of the API and the present results are found in columns 1 and 2 in 
Table 1. Reasonable agreement is observed, especially for the very temperature 
sensitive molecular ion. Next, the ion source temperature was lowered to 115° 
while all other experimental parameters were held constant. The spectrum obtained 
appears in column 3. There is one large change which resulted from having lowered 
the source temperature-the molecular ion intensity increased by nearly a factor of 
20. To complete this series of experiments, a sample of n-octacosane was intro­
duced via the direct introduction probe with the source still at 115° and this 
spectrum is tabulated in column 4. There is some increase in the molecular ion 
intensity but the change of inlet method has only a small effect on the observed 
spectrum. 

The explanation relates to the nature of thermal equilibrium in mass spectrometers. 
The thermal state in which a molecule finds itself just prior to ionization will 
reflect the last point in the system where some sort of thermal equilibrium occurred. 
In a "closed" ion source design like the 21-103 and 21-110, molecules spend a rela­
tively long time in the ionization chamber and will thereby cause the molecules tb 
ionize from a temperature represented by the ion source chamber. For thermally 
stable materials, such as the hydrocarbons studied here, the method of introduction 
will have little influence on the spectra; only the source temperature is an im­
portant parameter. It should also be noted that this increase in the molecular ion 
intensity is an absolute increase, not just a relative increase as in the case of 
low energy electron impact spectra. 

The loss of small molecules from complex natural products is another way that spectra 
exhibit temperature effects. It is of interest to ascertain whether these losses 
occur in the act of vaporization or whether they are electron-impact induced, the 
comparison of field ionization and electron-impact ionization provides a potential 
method for deducing the dissociation reaction mechanism. These molecular losses 
are rearrangement reactions. It has been shown that, in general, rearrangement 

reactions are discriminated against in field ionization mass spectra . However, 
there are examples of spectra where rearrangement processes produce the base 

4 
peak in field ionization . Therefore it was decided to investigate the effects 
of temperature on the FI and EB spectra to incorporate yet another physical para­
meter in the tests. The assumption is that strong temperature effects may be ob­
served in EB spectra independent of whether the mechanism was pyrolytic or elec­
tron induced. However, since only the fastest rearrangement reactions may be ob­
served in FI spectra and since the fast ones are those which already have suffi­
cient energy, any increase in apparent dissociation in field ionization should re­
present the results of pyrolysis to produce a new molecular species which will 
then give its own FI spectrum superimposed on the spectrum of the original material. 

i 5 
Our own experience, as well as that of others , indicated that the residence time 
of a thermally unstable compound was yet another experimental parameter. In order 
to minimize the effects of residence time, 2 ug. samples were used for the follow-
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TABLE 1 

SPECTRUM OF N-OCTACOSANE 

m/e 

395 
394 
365 
351 
337 
323 
309 
295 
281 
267 
253 
252 
239 
238 
225 
224 
211 
210 
197 
196 
183 
182 
169 
168 
155 
154 
141 
140 
127 
126 
125 

API 

(a) 

.3 
1.3 

.3 

.4 

.7 

.8 

.9 

.9 
1.0 
1.1 
1.1 

.5 
1.2 

.5 
1.4 

.6 
1.5 

.7 
1.7 

.9 
1.9 
1.0 
1.9 
1.0 
2.3 
1.2 
2.9 
1.6 
3.9 
2.0 
1.3 

(b) 

.4 
1.4 
.4 
.6 
.9 
.9 

1.0 
1.0 
1.0 
1.1 
1.3 

.6 
1.5 

.8 
1.4 

.8 
1.7 

.9 
1.9 
1.3 
2.2 
1.3 
2.4 
1.7 
2.9 
1.8 
3.7 
2.4 
5.1 
2.9 
1.9 

PRESENT RESULTS 

(c) 

8.0 
25.7 

.9 
1.1 
1.5 
1.8 
2.0 
1.8 
1.8 
1.8 
2.1 
1.1 
2.0 
1.2 
2.1 
1.4 
2.3 
1.5 
2.3 
1.7 
2.6 
2.1 
2.9 
2.4 
3.0 
2.7 
3.1 
3.2 
4.8 
3.5 
2.0 

(d) 

11.1 
33.2 
1.1 
1.4 
1.9 
2.2 
2.0 
2.2 
2. 
2.3 
2.5 
1.4 
2.6 
1.7 
2.6 
1.6 
2.6 
1.9 
2.9 
2.2 
3.1 
2.4 
3.1 
2.9 
4.3 
3.4 
4.6 
4.1 
6.0 
4.3 
2.6 

m/e 

113 
112 
111 
99 
98 
97 
96 
86 
85 
84 
83 
82 
81 
72 
71 
70 
69 
68 
67 
58 
57 
56 
55 
54 
53 
44 
43 
42 
41 
39 
29 
27 

API 

(a) 

5.5 
2.7 
3.1 
8.7 

. 4.0 
7.5 
1.1 
2.6 

39.7 
6.2 

12.0 
2.5 
1.3 
3.2 

57.9 
10.5 
16.7 
3.0 
2.7 
4.4 

100. 
15.6 
31.1 
3.2 
1.4 
3.5 

105.0 
10.8 
37.2 
3.6 

PRESENT 

(b) 

7.3 
3.8 
4.6 

11.5 
4.6 
8.9 
1.5 
3.3 

45.8 
7.3 

12.6 
3.1 
1.5 
4.2 

63.9 
11.5 
16.0 
3.2 
2.9 
4.4 

100. 
14.5 
26.5 
2.8 
1.5 
3.2 

75.9 
8.3 

27.7 
3.2 

15.6 
5.1 

RESULTS 

(c) 

6.5 
4.3 
5.8 

10.4 
5.6 

10.6 
2.2 
3.5 

42.9 
8.2 

14.8 
3.9 
1.7 
4.1 

62.9 
13.3 
18.9 
4.2 
3.5 
4.4 

100. 
17.4 
30.0 
3.8 
1.8 
3.3 

84.3 
9.1 

30.0 
3.5 

17.7 
5.6 

(d) 

8.7 
5.8 
6.3 

12.5 
7.2 

12.5 
2.4 
3.1 

48.9 
10.1 
16.9 
4.6 
2.2 
4.6 

65.9 
14.2 
20.9 
4.6 
4.1 
4.4 

100. 
16.9 
30.3 
3.9 
1.7 
3.4 

75.0 
8.7 

27.0 
3.4 

14.4 
4.3 

(a) c f . re f .2b , I n l e t temp. 340° Source temp. 265° 

(b) I n le t temp, 270°, Source temp. 270° 

(c) I n l e t temp. 270°, Source temp. 115° 

(d) I n l e t temp. 115°, Source temp. 115° 
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ing experiments and the mass spectrometer was repetetively scanned over a small 
mass range (from the molecular ion down to loss of acetic acid) every four seconds 
for the duration of the sample. Cholesterol was the first sample tested. Where 
the electron Impact produced a M-H.O peak which rose from 38^ of the molecular ion 

at 200° to 64% at 295°, the field ionization produced peak at M-H^O remained con­
stant at 10%. It would appear that there is a temperature dependent fragmentation 
reaction for loss of water from cholesterol molecular Ions but that this fragmen­
tation doesn't occur under these conditions for cholesterol molecules. This is a 

similar result as previously noted . 

Two acetates were studied next. Their behaviors were quite different from one 
another. Table 2 summarizes the results. The data for testosterone acetate points 
out nicely the discrimination for slow processes in field ionization and show, as did 
cholesterol, that temperature dependent electron Impact Induced eliminations are 
occuring but not from the neutral molecules. Androsterone acetate, on the other hand, 
shows a dominant loss of acetic acid under electron bombardment and also shows a 
considerable temperature dependent loss from field ionization. The rationalization 
here is that the rapid rise In the EB data reflects mostly an activation of the 
electron Induced elimination while the FI data show that at 270° about half of the 
androsterone acetate is losing acetic acid prior to being ionized. 

Experiments are continuing to evaluate the fragmentation mechanisms in cortisone 

which is a steroid with a high degree of thermal sensitivity . 
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TABLE 2 

FI/EB SPECTRA OF ACETATES 

TESTOSTERONE ACETATE 

ELECTRON IMPACT FIELD IONIZATION 

T M M-42 M-60 M M-43 M-59 

135° 100 51 13 100 21 4 
200° 100 72 17 100 23 4 
270 100 137 30 100 23 

ANDROSTERONE ACETATE 

ELECTRON IMPACT FIELD IONIZATION 

T M M-60 M M-60 

100 20 
100 51 
100 107 

135° 
200° 
270° 

100 
100 
100 

440 
770 
1750 
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ANALYSIS OF COMPOSITE SPECTRA FROM MIXTURES SUBJECTED TO 

MICROMOLECULAR DISTILLATION IN A MASS SPECTROMETER 

R. D. Grigsby, R. H. Cole, W. G. Fox, and G. M. Gable 

Department of Biochemistry and Biophysics 
Texas A&M University 

College Station, Texas 778A3 

The technique to be described here could be classified as a special method in 
mass spectrometric thermal analysis.'"^ However, we are choosing instead to call it 
"micromolecular distillation" because of its relationship to molecular distillation 
on a large-scale basis.^"^ 

Micromolecular distillation depends on the same principle of operation as the 
"integrated-ion current" method that has been described for quantitative analysis 
with a probe; i.e., the intensity of one or more masses is recorded while che sample 
is distilled completely to dryness.^"'^ However, mlcromoleculr distillation gives. 
In addition to the amounts of components present, their individual spectra also. 
The technique should find utility in the analysis of mixtures that are not sufficiently 
volatile for the GC-MS combination. An independent means of quantitative analysis by 
probe introduction has been described in the literature elsewhere.^''"^^ 

To subject a sample to micromolecular distillation a specially designed direct-
introduction probe is used which can be temperature programmed linearly with time. 
The probe designed and constructed in our laboratory consists almost entirely of 
g l a s s except for the heating element and thermocouple. It c a n h e linearly programmed 
from room temperature to 300*C at greater than 20*'C/min. and in a non-linear manner 
at more than 100°C/min. By employing a stream of nitrogen gas passed through a 
coil Immersed in liquid nitrogen, the probe can be cooled at least to -50''C.-'-̂  The 
apparatus is presently being used with a Bell & Howell Model 21-llOB mass spectrometer. 

The micromolecular distillation data are obtained by distilling the sample in 
the probe at a constant rate of temperature increase, which is normally 5-10°C/min. 
During the distillation multiple spectra are taken under fast scan conditions 
(0.4 octave/sec.) at recorded time increments. Plots are then made of peak intensity 
for given masses vs, time to give elimination curves similar to those obtained for 
macro-scale molecular distillation. In actuality the data are handled by a computer 
which uses a least squares technique to fit the points to an empirical equation: 

I = a(t-b)3 - ct" 
where I is intensity, t is time, and a, b, c, and n are constants determined by the 
least-squares fit. 

A typical elimination curve for a single mass is shown in Figure 1. Note that 
the intensity increases rapidly with time until the component is distilled away, 
at which time the curve drops sharply to zero. 

Three quantities of importance to the analysis of the data are obtained from 
the computer output. These are: t(Im), the time at which the curve "peaks out"; 
Im, the maximum intensity of the curve; and A, the area under the curve. 

If elimination curves are plotted for several masses all of which arise from 
the same component, a family of curves results having the same tClm) within 
experimental error. On the other hand, if curves are plotted for a number of masses 
originating from more than one component, separate families arise each corresponding 
to a single component. Thus, the number of components present in a mixture is 
determined by the number of families obtained in the analysis of the data. Experience 
has shown that two components can be separated if their t(Im)'s differ by more than 
0.2 min. in the range of 0 to 10 min. total distillation tirae. Several curves for 
the two component system acetophenone azine-acetylalanine are shown in Figure 2. 

The number of elimination curves that can be plotted for a mixture depends only 
on the number of peak intensities measured in the spectra. If automatic data 
acquisition equipment is available, curves can be plotted for all peaks above a 
certain minimum intensity. On the other hand, if intensities must be measured 
manually, curves will ordinarily be plotted only for the more significant spectral 
peaks. 
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When an attempt Is made to obtain the elimination curve for a mass arising from 
more than one component — e.g., raass A3 in the spectra of a mixture of hydrocarbons 
the computer either rejects the data after a set number of iterations or else it 
produces a root mean square deviation which is abnormally high. In these cases, it 
is possible to use the constants determined for the different components present 
to plot a composite elimination curve from which the pertinent Information for the 
origin of the masa can be obtained. Thus, t (Im), Im, and A can be approximately 
determined for each component adding to the intensity of the mass. This method is 
more or less successful depending on the nature of the individual data. 

The results for eleven masses measured in the spectra of the acetophenone azine-
acetylalanine mixture are given below. 

Mixture of Acetophenone Azine + Acetylalanine 

Mass 

236 
221 
180 
159 
118 
103 
77 

131 
8& 
74 
44 

t(Im) 

6.4 min 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 

4.9 
4.8 
4.9 
4.8 

Im 

697 
1059 
155 
284 
491 
349 
1214 

23 
238 
65 
719 

A Rel I (Im) 

Acetophenone Azine 

1283 
1948 
285 
523 
903 
641 
2233 

57.4 
87.2 
12.8 
23.4 
40.4 
28.7 
100.0 

Acetylalanine 

63 
632 
177 
1807 

Rel I 

n = 

4.4' 
45.5 
12.4 
137.6 

lOOn Ii, 
2 'Eli 

no, of peaks 

Rel I (A) 

57.4 
87.2 
12.8 
23.4 
40.4 
28.7 
100.0 

4.7 
47.2 
13.2 
134.9 

Rel I (Std) 

67.5 
93.9 
13.4 
24.4 
37.9 
25.9 
88.6 

3.7 
50.0 
9.2 

138.0 

Note that the elimination curves obtained for acetophenone azine peak out at 6.A min. 
and those for acetylalanine at A.8-A.9 min. Relative intensities for the spectra of 
the components can be calculated either from Im or A. As seen from columns 5 and 6 
these will be the same within error limits depending on the quality of the data. In 
column 7 are listed the relative. Intensities of the standard compounds run separately 
under isothermal and fast scan conditions. These are to be compared with the 
micromolecular distillation results in the two previous columns. 

Mention should be included here on the method used to calculate relative 
intensities. These are actually given in percent ionization except that the results 
are multiplied by n/2 where n is the total number of masses used in the calculations. 
This method shares the advantage of %I in that the Intensities are not relative to 
any one base peak and thus are not subject to the error inherent in the measurement 
of that peak. On the other hand, by multiplying the intensities by n/2 they are 
forced to fall in a range which generally runs from zero to 100 (or occasionally 
higher as seen for the acetylalanine data). Thus, the intensities can be read or 
visualized more conveniently than if they existed as small decimal fractions. This 
is particularly true for spectra containing a large number of peaks, in which case the 
%Z numbers are generally very small. It should be noted, however, that the micro­
molecular distillation technique is not dependent on any one method of expressing 
Intensities and that the calculations given here are primarily for the convenience 
of the authors. 

The quantitative results for the two-component system are shown in Figure 3. 
Here, acetylalanine is considered the unknown and acetophenone azine an Internal 
standard. The amount of acetylalanine present In a sample is determined from the 
equation 

"̂ ^̂ ' - yi 'yy 
where w(2) is the weight of acetylalanine present, A^^(2) is the area under the 
elimination curve for mass 4A In the spectrum of acetylalanine, A22l(l) the corres­
ponding area for mass 221 in the acetophenone azine spectrum, and w(l) the weight of 
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acetophenone azine added to the sample. The constant K is simply the ratio of the 
sensitivities for the two masses (area under the elimination curve v the amount of 
component present). Note that K is independent of instrument operating conditions. 
The determinations would actually be more accurate if the sum of the areas under the 
curves were used in place of the areas determined for single peaks. 

Theoretically, the line in Figure 3 should go through the origin. The finite 
value for the Y intercept occurs instead because the data were fit to an equation of 
the type Y = mx + b by the method of least squares. Thus, the effect of data scatter 
is enhanced for the purpose of testing the theory. In actual quantitative analysis 
calculations the line should probably be forced through zero. 

Acknowledgements. The authors wish to express their appreciation to C. 0. 
Hansen and D. G. Mannering for helping to program the mathematics of the least 
squares technique and to J. S. Bird for assistance in measuring the spectra. 
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Gas Analysis in Films by Laser-Induced Flash Evaporation and Mass Spectrometry ' ^ ^ 

Harold F. Winters and E. Kay 

IBM Research Laboratory, San Jose, Calif. 95114 

The presence of gases in thin films is known to significantly affect their physical 

properties. This is particularly important in sputtered films which are usually grown in 

1 2 1 2 

a high pressure discharge. * A gas analysis technique, briefly described earlier, ' has 

been perfected to systematically study the gas content of nitrogen and argon in sputtered 

films. This method involves laser induced flash evaporation of a small portion of the 

film followed by mass spectrometric analysis of the gas which has been released into a 

closed volume. In contrast to a related method, described by Guldner, the laser method 
2 

evaporates less than 1 mm per shot leaving most of the film undamaged. Moreover, mass 

spectrometric analysis allows concentrations smaller than 1 part per billion to be 

measured under ideal conditions. 

This type of analysis is applicable for determining the noble gas or nitrogen con­

centrations in most film-substrate systems. Standards are not needed since the mass 

spectrometer is calibrated as a function of pressure using a Meleod and/or an ionization 

gauge. This method also has the advantage that it can be conducted in ultra high vacuum 

systems which are used for other purposes. 

The fact that the area of the film from which the gas is released is closely 

approximated by the area which is visibly damaged by the laser beam has now been demon­

strated for a variety of gas-film-substrate combinations. Hence a knowledge of the weight 

of the film, the damaged area, and the partial pressures of released gas allows calcula­

tions of the desired concentrations. 

Whereas the technique has been shown to be exceedingly sensitive for such gases as 

nitrogen, argon and xenon, the accuracy of the present level of development is only good 

to ±25% at best. Similar sensitivity and accuracy is expected for the other noble gases. 

However, there are experimental questions which remain to be answered for some of the 

chemically active gases. The released oxygen, for example, appears mainly as CO and CO.. 

It is possible that the partial pressures of these two gases may be a good indication of 

the oxygen content of the film. However, phenomena such as reversible CO adsorption on 

the vacuum system walls and the desorption of CO resulting from the presence of atomic and 

molecular oxygen must be investigated further before one can convincingly argue that the 

oxygen analysis is quantitative. 

Most active gases will be adsorbed on the walls of the vacuum system if they are 

4 5 
desorbed in the atomic form during flash evaporation. ' In this case the pressure 

increase in a closed volume is not a reliable indication of the gas content. Hydrogen is 

atoms 
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Nevertheless, each evaporation produces a significant amount of H which at worst places 

a lower limit on the concentration and at best is directly proportional to that 

concentration. 

Temperature dependent affects such as the desorption of atoms have been detected in 

the following manner. The amount of energy in the laser pulse is changed by placing 

optical filters in the path of the laser beam. This changes the maximum temperature 

attained by the evaporated material. The presence of temperature sensitive phenomena is 

detected by showing that the measured concentration is a function of the energy in the 

laser pulse. 

The gettering of devices such as the mass spectrometer and ion gauge can produce 

7 
significant errors in this type of micro-analysis. However, the affect of these devices 

can be minimized by using low work function emitters and by using very low emission 

currents. For example, the partial pressure of CH. ("v̂ exlO Torr) will be reduced by a 

factor of two in 60 seconds if a standard ion gauge is operated at 1x10 amp emission, 

whereas, the pressure will be reduced by less than 2% during the same period if the 

emission is 1x10" amps. Results of a similar type have been observed for the mass 

spectrcmeter. 

The affect of gettering by the laser evaporated material has been discussed in a 

previous paper. In many instances there is no gettering. However, in cases where 

gettering occurs one can evaluate its significance by evaporating a relatively gas free 

film of the same thickness in the presence of partial pressure of the gas of interest. 

If gettering occurs the pressure will immediately decrease. 

In conclusion, laser induced flash evaporation followed by mass spectrometry has been 

shown to give quantitative results for a number of gases and qualitative results for 

others. Methods of detection and prevention of several sources of error in this type of 

analysis have been discussed. 
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KIO 
GAS SAMPLING DEVICES FOR MASS SPECTROMETRIC ANALYSIS 

OF HERMETICALLY SEALED SYSTEMS 

R. E. Witkowski and A. Pebler' 
Westlnghouse Research Laboratories 

Pittsburgh, Pennsylvania 15235 

Several devices have been constructed and used in the laboratory to sample 

gases from encapsulated devices and hermetically sealed systems for mass spectrometrlc 

analysis. In addition co obtaining quantitative gas analysis, a means for establishing 

the pressure and quantity of gas within the sealed system has been Incorporated in the 

sampling systems. Most sampling devices are Integrated into the inlet system of the 

CEC 21-103 mass spectrometer and permit the analysis of hermetically sealed gas samples 

with the same rapidity as those stored in valved containers. The devices are capable 

of sampling sealed systems having pressures in the range of 10 - 10 atm containing 

a9 little as 10 cc-atm of gas and can be used at temperatures as high as 400**C. 

The analyses are programmed in BASIC language using a remote terminal and provide 

information regarding evacuation, flushing and filling procedures, chemical reactions 

and the effectiveness of sorption or getter materials within the hermetically sealed 

device or systems. Several sampling devices will be described and their use 

illustrated. 
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A Miniature Cold-Cathode Ion Source/Quadrupole Residual 
Gas Analyzer. F. L. TORNEY, Norton Research Corp., CambridRe, 
Mass. 021t2. 

A miniaturized version of the cold-cathode ion souroe residual 
gas analyzer reported previouslyl has been developed. The 
Instrument, including all operating electronics is raounted 
In a cylindrical container ll̂ z" o.d. x 12/0" long. The 
unit weighs less than 5 lbs. and requires only 5-2 watts 
average power from a 28 volt dc source. The Instrument 
mounts on a single UHV flange located at the ion source 
entrance. The mass range I-50 amu Is scanned automatically 
and a voltage analog of the mass number Is provided. Peak 
width is nearly constant and Is 1 amu or less (at 3% of 
height) over the entire mass range. The electronics utilizes 
Integrated circuit operational amplifiers for high gain feed­
back control of the quadrupole parameters. A 6 decade log-
arithraio electrometer displays the full range of peak amplitudes 
on a 0 to 5 volt analog output. The minimum detectable nitrogen 
partial pressure Is 10"'° Torr. 

F. L. Torney & P. Blum, l4th Annual Conference, Dallas, 
Texas, 1966. 

This work was sponsored by NASA-Langley Research Center under. 
Contract NASl-SBlY, Task I k . 
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L2 
A COLD-DLKCTROH SOURCE SUITABLE FOR t̂ ASS SPECTROMETRY 

J . F. Sprouse, K. M. Jackson, T. A. ilaju, and M. K. Testerman 

Department of Electronics and Instrumentation 

University of Arkansas Graduate Institute of Technology 

Little Hock 72203 

A cold electron source which operates by a mechanism other than thermionic 

1 2 

has been developed * . This source possesses the potential for use in instrumen­

tal applications and has been used in a mass spectrometer. It operates at approx­

imately room temperature and produces non-collimated electron output currents of 

the order of 100-200 microamperes. A collimated output current of approximately 

1 to 3 microamperes can also be obtained by making the emitted electrons traverse 

the inner diameter of a length of Vycor capillary tubing. 

Figure 1 shows schematically the vapor-deposition apparatus used to deposit 

conductive tin oxide films along the inner diajneter of a section of capillary 

tubing . The capillary tubing is cut to length and cleaned with hot chromic 

acid and rinsed in distilled water. It is then sealed by means of an asbestos 

seal into one end of a section of delivery tubing. The opposite end of the 

delivery tubing is connected by raeans of tygon tubing to a flow-meter and then 

to an oxygen cylinder. The capillary tubing and delivery tube are extended into 

a furnace at 600 C. The system is allowed to reach thermal equilibrium; then 

approximately 0.2 milliliter of 0.2 molar SnCl^ . 5H 0 is injected into the 

delivery tube by means of a hypodermic syringe. When the solution contacts the 

hot glass, hydrolysis occurs, producing vapor which is carried through the inner 

diameter of the capillary tubing. A conductive film of tin oxide is deposited 

along this diameter with oxygen acting as a carrier gas {F - 0.6 1/min) and oxi­

dizing agent to the system. 

Figure 2 shows the general structure of a typical capillary electron emitter 

after films have been deposited. Metal contacts are vacuum evaporated on to the 

end surfaces and extend approximately 5 millimeters from both ends along the out­

side of the tubing. The metal contacts also extend approximately 1 millimeter 

along the inner diameter of the tubing from both ends. This allows an electrical 

ohmic contact to be formed with the tin oxide film. The tin oxide film is electri­

cally etched near one end of the capillary tubing . This etch is made by using a 

tungsten or stainless steel probe and applying 50 to 150 volts on the probe relative 
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to the capillary. The etch is usually made approximately 1 to 2 millimeters inside 

the inner diameter of the tubing. Before the etch, the electrical resistance from 

one end of the device to the other is approximately 1 kilohm. After etching, the 

resistance is increased to approximately 150 kilohms and the electron emission is 

acquired by applying 300 volts across the device (end to end). 

Figure 3 shows a typical schematic diagram of a circuit which is used for 

activating and testing the emitter. The emitter is activated by placing 300 volts 

across the device for approximately 1 to 3 hours. The amount of time required for 

activation is determined by periodic checks of the output electron emission. The 

micron sized emitting region forms at the electrical etch and essentially all of 

the bias voltage is dropped across this region. After activation one of two modes 

of operation is used: (l) The forward bias position is with contact A at ground 

potential and contact B at +300 volts. This produces a non-collimated electron 

output since the emitting region is near to the end of the capillary with +300 volts 

applied. The electron output current is measured as I-, and I is the collimated 

ion beam output current. (2) The second mode is the reverse bias position with 

contact A having +300 volts applied to it and contact B is at ground potential. 

The electron output is now collimated and measured as I, . The ion output is non-

collimated and measured as I.. !_ is the film current passing through the emitting 

region and, when corabined with the electron output current, can be used for deter­

mining electron emission efficiency in the forward bias mode. 

Figure U shows the voltage-current characteristic curves for a cold emitter 

in the forward bias mode. The voltage-output current relationship appears to be 

exponential for small emitter electron output currents (l x 10~ amperes) and 

linear for outputs greater than 1 x 10~ amperes up to the maximum electron out­

put obtainable. After reaching mejttmum electron output the device tends to 

"saturate" with further increases in the bias voltage. The bias voltage-film 

current characteristics seem to follow essentially the same relationship as the 

output current-bias voltage. Under typical operation, the film current will decrease 

to less than one milliampere after a short period of operating time. Initial elec­

tron emission is acquired at ItO to 80 bias volts depending upon the individual 

emitter. 

Figure 5 shows the electron output current of a cold source for 120 continuous 

operating hours with 300V DC bias voltage applied. The output undergoes an expo­

nential decay, becoming essentially constant after approximately 3 to 10 hours. 

Initial electron output is typically 100 to 300 microamperes and decays to a value 
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of approximately 50 microamperes. After operation the output electron current can 

be increased by placing the potentials on the device in the reverse bias mode for 

a short period of time. After return to forward bias again a sizeable initial out­

put electron current is experienced and it undergoes an exponential decoy as before. 

Recent investigations into the behavior of the device under AC operation bias 

voltage have proven quite promising. Since the bias is reversed for a portion of 

the operating time cycle, the reactivation process of the device is utilized during 

actual operation. In contrast to the electron emitting behavior of the source in 

Figure 5, the same source after the 120 hour DC operation was operated using AC 

bias voltage The electron emission current increased to 135 microamperes as shown 

in Figure 6 and remained essentially constant for 175 hours with no attempt at elec­

tron emission regulation. A 250 V peak, 1 kHz unregulated supply provided the AC 

bias voltage. The advantage of AC operation is readily apparent. 

Figure 7 shows the ion current output generated by the emitter as a function 

of pressure in the 10 Torr pressure region. These data and others were obtained 

with the emitter operated in the forward bias condition and, thus, the device was 

generating a collimated beam of ions. At pressures less than 10 Torr a highly 

linear relationship exists between ion current and pressure. At pressures greater 

than 10 Torr the electron emission begins to decrease and; therefore, the ions 

generated per unit pressure decrease proportionately. However, the ratio of the 

ion current generated to the electron current emitted from the source remains 

constant. All of these data were obtained without any electron emission regulation. 

Figure B presents a comparison of two background mass spectra obtained from a 

small magnetic sector single focusing mass spectrometer. The background in the 

analyzer tube was increased In both cases to 6 x 10 Torr by throttling the 

pumping speed of the diffusion pump. The top spectra was obtained while using a 

hairpin type tungsten thermionic filament as an ionizing electron source in a 

Nier type ion source. The tungsten filament was simply removed and the cold elec­

tron source placed in the same position. This source was reverse biased so that a 

collimated electron beam was generated which was aligned with the ion exiting slit 

of the i-Jier source. The bottom mass spectra was then obtained, all other factors 

remaining constant. As can be seen, there was no change in the resolution of the 

analyzer tube when the cold electron source was employed. It should be noted that 

the mass specta peaks are a logarithmic presentation. 

The authors wish to express their sincere appreciation to Dr. John H. Hoffman 

at the University of Texas at Dallas for installing the cold source in his magnetic 

mass spectrometer and acquiring the spectra for this laboratory. 
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Houtine i s o t o p i c a n a l y s i s of s o l i d s Tor g e o l o g i c a l a p p l i c a t i o n s . ^^ 

M.H. DODSON, D.R. DICKINSON and M.L. COLEMA \̂ Department of Ear th S c i e n c e s , 
U n i v e r s i t y of Leeds, En/?lajid. 

Th i s pape r o u t l i n e s some m o d i f i c a t i o n s made to a commercial s o l i d -
source m a s s - s p e c t r o m e t e r ( A , E . I . MS5). The developments were o r i e n t e d 
towards tJie more e f f i c i e n t r o u t i n e a c q u i s l t i o n of g e o l o g i c a l d a t a , i n c l u d -
Ini^ t he p r e c i s e measurement of i s o t o p e s of low abundance ( e . ff. Ca or t 
^-0*-pb); they a l s o had to be i n e x p e n s i v e and s u i t a b l e f o r u s e by i n e x p e r -
i onced o p e r a t o r s . The tv/o main changes v/ere t he adopt ion of pea lc-swi tch ing 
and dif^i t i s a t i o n of o u t p u t . 

Pealc- swi te l l ing , compared wi th con t inuous scanning of a mass spectrum, 
g i v e s r e l e v a n t d a t a more r a p i d l y . The system u s e s two c i r c u i t s which a r e 
used to c o n t r o l the magnet c u r r e n t and a c c e l e r a t i n g v o l t a g e r e s p e c t i v e l y . 
The former a p p l i e s p r e s e t v o l t a g e s to tho b a s i c magnet c u r r e n t power supply, 
f o r t he s e l e c t i o n of up to fou r pealc p o s i t i o n s . Although i t i s n e c e s s a r y 
t o s e t up t he si-rl tching r o u t i n e i n a c i -c l ic p a t t e r n , and to keep to i t ; 
once t!ie h y s t e r e s i s loop has beeji s e t up f o r an element , i t ii/ill remain 
s t a b l e over t he pe r iod of a day ' s worh, rec iu i r lng very l i t t l e ad jus tmen t . 
A l l pealcs can be tuned to +1/3OOOO i n magnet f i e l d , or b e t t e r , and the 
s" '̂"stem lias the advantage t h a t d r i f t s t h a t may occur u s u a l l y a f f e c t a l l 
peaicG e q u a l l y , and should no t a f f e c t i so top i c r a t i o s . S t a b i l i t y i s approx­
i m a t e l y 1/12000 i n f i e l d , over a 20 minute run . 

Tlie o t h e r c i r c u i t i s c o n t r o l l e d by a t h r e e - p o s i t i o n sivltch which ;;̂ .̂i'0-
d i c e s smal 1 p o s . i t i v e or n e g a t i v e i nc remen t s to t h e normal va lue of t he 
a c c e l e r a t i n g - v o l t a g e . I^ii 3 i s used in two inodes; to check, t un ing by peak 
c e n t r i n g , and to s e l e c t p o s i t i o n s away from the pealcs f o r measurement of 
the b a s e l i n e . In both those f u n c t i o n s i t has the advantage of no t d i s ­
t u r b i n g tile h y s t e r e s i s l oop . 

For t h e ::ieasurei:ien t of Calcium i so topes t he l a r g o [i iass-diff e r ences 
invo lved made i t d i f f i c u l t to s e t up a I r / s t e r e s i s l oop . For t h i s element 
a f l u x - i n t o g r a t i n g c i r c u l t c o n t r o l l i n g magnet ic f i e l d (Dodson, in- p r e s s ) , 
s i m i l a r t o B a n n e r ' s mass i^iarking system (Banner, 19^3), has been used 
s u c c e s s f u l l y . I t has a r e sponse time of about 2 seconds , approx imate ly 
t h r e e t imes b e t t e r than the c u r r e n t control, and e l i m i n a t e s h y s t e r e s i s 
e f f e c t s . 

The d i g i t i s i n g system i s s i m i l a r i n p r i n c i p l e to t h a t of Compston 
(Compston e t a l , 1965) . A v o l t a g e - t o - f r e q u e n c y c o n v e r t e r ( i l ewle t t -
Paclcard) f eeds a t i m e r - c o u n t e r (Advance); t o g e t h e r they cos t approx ima te ly 
h a l f t he i i r i co of tho e q u i v a l e n t i n t c g r a t i n g - d i g i t a l - v o l tine t e r . With t he 
l a r g e dynamic range of a 6 d i g i t system, r ange -chang ing i s avoided , even 
when ineasuring very low abundance i s o t o p e s . The i n t e g r a t i n g system g i v e s 
obj e c t i v e a v e r a g i n g of a no i sy s i g n a l d u r i n g the g a t i n g p e r i o d . A g a t e -
t ime of 1 second o r more i s s u i t a b l e fo r the outi^ut of the normal e l e c t ­
romete r . The a v a i l a b i l i t y of g a t e - t i m e s of 2, k and 10 seconds extend s 
t he dynamic coun t ing range fo r very si'iiall or no i sy s i g n a l s . 

A p a r a U . e l - e n t r y p r i n t e r was used a lone i n i t i a l l y , bu t fo r p a p e r - t a p e 
outpu t a s e r i a l i s ing i n t e r f a c e i s n e c e s s a r y . Thus t h e ou tpu t from t h e 
coun te r i s fed t o a s e r i a l i s e r , and from t h e r e t o a s e r i a l - e n t r y p r i n t e r 
and t ape -pun cll (both Ad do, £il though a Vest r ex Te le type t e r m i n a l might l̂ e 
more v e r s a t i l e ) . The ga in i n speed of magnet ic t ape i s of no u s e i n our 
a p p l i c a t i o n . ilence t he cho ice of p a p e r - t a p e , whic]i g i v e s a g r e a t sav ing 
i n cos t and i s t he s t anda rd i n p u t mediu.m of the u n i v e r s i t y co;iiputer. The 
c a p a c i t y of t he systein, 1 r e a d i n g per second, i s qui t e adequa te , i n 
r e l a t i o n t o the r e s p o n s e of t he ion d e t e c t o r and the magnet. 

I n u s e , t he t iming of the scanning prograjn i s c o n t r o l l e d by the d i s ­
p l a y t ime c o n t r o l s e t OJI t he c o u n t e r t the o p e r a t o r s e l e c t s the nex t p o s ­
i t i o n as soon as t he p r e v i o u s one has been counted . (An au tomat i c peak 
s e l e c t o r i s be ing b u i l t ) , Tlie de l ay dur ing the d i s p l a y t ime al lov/s t h e 
magnet ic f i e l d to achi eve i t s nev; v a l u e . Delay t imes of 2 - 11 second s a r e 
used as n e c e s s a r y , depending upon the r e s p o n s e - t i m e of t he magnet or t he 

1 
To be submi t ted t o J , S c i . I n s t rum. 
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t ime talcen fo r d e p o l a r i s a t i o n of t h e ou tpu t r e s i s t o r a f t e r p a s s i n g a 
l a r g e s i g n a l . 

Two main s o r t s of scanning r o u t i n e a re u s e d . For rougli work, t h e 
b a s e l i n e v a l u e s a r e averagod be fo re and a f t e r a s e r i e s of c y c l i c peak 
measurements . A l t e r n a t i v e l y , i f t he b a s e l i n e i s read once o r more d u r i n g 
each c y c l e , g r e a t e r p r e c i s i o n i s o b t a i n e d ; s t anda rd e r r o r s w i t h i n a run 
of 10 - 20 scans a r e 0 .02 - 0.05/3, whi le be tween- run v a r i a t i o n i s sorae­
t imes as g r e a t as 0.^^•o, p o s s i b l y because of s m a l l - s c a l e i r r e g u l a r i t y i n 
t h e sh ap e of t he pe ak t o p . 

Banner, A . E . , 196S, 16th Conf. I lass Spec t romet ry , P i t t s b u r g h , Paper 92, 

Compston, W, , Lover ing , J . F , and Vernon, M.J, 19^5* Geochim, Cosmochim, 
Acta 29, 1085. 

Dodson, M.H,, i n p r e s s , J,_ .Sci , I n s t rum, 
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14 
Application of Sorption and Ion-Getter Pumping 

to the Slj ding-Shaft Vacuum Lock*t 

J. J . Stoffels 

Pacific Northwest Laboratory, Battelle Memorial Institute 

Richland, Washington 99352 

A sliding-shaft vacuum lock made of sintered alumina was recently described^. 

Three stages of differential pumping were provided on the vacuum lock by two rotary pumps 

and a baffled oil diffusion pump. Experience revealed that, in the brief (15 sec) 

passage through the lock* samples were contaminated by backstreaming oil vapors from the 

pumps. It was decided to eliminate the source of contamination by use of a completely 

oil-free vacuum system. The use of sorption and ion-getter pumps to handle a dynamic 

gas load such as that associated with the sliding-shaft vacuum lock was untried. Calcula­

tions indicated, however, that a sorption pump could handle the quantity of gas involved 

in operating a vacuum lock for an 8-hour shift without becoming saturated. 

Single sorption pumps containing ^ . ^ kg of molecular sieve material were con­

nected through valves to the first and second pumping stages of the vacuum lock. A 

25 l / s e c ion-getter pump was connected directly to the third pumping stage. The pressure 

attained against a constant leak from atmosphere is an order of magnitude lower (O.l 

Torr) at the first pumping stage than the pressure attained with a lUO Jl/min rotary pump. 

Other pressures are essentially as before. 

Liquid nitrogen consumption for each sorption pump is about 1 d/hr plus 55- for 

initial chilldown. The sorption pumps are rejuvenated each night by allowing them to 

come to room temperature- A static O-ring seal at the atmosphere end of the vacuum lock 

permits rejuvenation of the sorption pumps without loss of vacuum. 

* This work vas supported by the United States Atomic Energy Commission 

"̂  Submitted for publication in full in the Journal of Vacuum Science and Technology 

1 J. J. Stoffels and C. R. Lagergren, Rev. Sci. Instrum. It0_, 1288 (1969) 
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L5 
A Stabilized Peak Switching System •-*' 

P.C. Rankin ARS, USDA, Beltsville, Md. 20705 
W.H. Craig and C.F. Haituner, Georgetown University, 

Washington, D.C. 20007 

Under normal operating conditions the positive ion mass spectra 
of most compounds are complicated by the large number of fragment ions. 
Fortunately most compounds have characteristic ions in their mass 
spectra and if a mass spectrometer could be made to selectively detect 
these characteristic ions, mixtures could be analyzed. A useful applica­
tion for a mass spectrometer which would selectively detect characteris­
tic ions would be in isotopic kinetic studies. Non-deuterated and deu­
terated species of a compound are eluted from most g.l.c. columns with 
essentially the same retention times and if one was able to reduce these 
unresolved g.l.c. peaks, changes in the composition on non-deuterated/ 
deuterated mixtures could be measured. 

There are several ways of using the mass spectroraeter as a selective 
detector for unresolved g.l.c. effluent analysis. An automated system 
was reported by Sweeley in 1966 (Anal.Chem,38,1549(1966). The basis of 
this system and the one reported in this paper is to alternately change 
the accelerating voltage in a square wave function so that pre-selected 
characteristic ions are alternately focussed at the detector. 

One of the greatest problems encountered in trying to repeatedly 
refocus a mass spectrometer at a given m/e value is that of instrumental 
drift. Most instruments have short term stability but for extended work 
over longer periods of time instrumental parameters change so that 
constant adjustments have to be made to keep the ion beara focussed on 
the collector slit. There are several possible approaches to this 
problem with the raost common being the use of wide slit settings to 
obtain broad flat-topped peaks. This is not a good practical approach 
as one is operating at low resolving power and for work extending over 
several hours a constant check on the ion beara focussing is still 
necessary. Our approach has been to automatically center and stabilize 
the ion peak during each voltage step of the high voltage switching. 
This results in minor retuning each time an ion peak is focussed on 
the detector. 

The peak switching circuitry consists of four main sections. 
They are (a) main logic and driver circuits 

(b) high voltage switching circuits 
(c) integrator circuits 
(d) peak locking circuit 

The main logic and driver circuits are all solid state and control the 
various switching procedures. The accelerating voltage switching cir­
cuitry enables us to switch to three different accelerating voltages. 
This number of channels was an arbitrary choice and could be extended 
if necessary. In our present system the switching time of the high 
voltage is limited by the response time of the 8 Kv. power supply. We 
have been operating at 1 cycle/second switching speed but planned modi­
fications will enable us to increase this tenfold. We did try the 
approach of magnet current switching but hysteresis effects limited the 
switching speeds severely. There are three operational amplifier inte­
grators; one for each channel. The integration data (taken during the 
time the particular ion is focussed on the detector) is read out on a 
digital voltmeter at the conclusion of a g.l.c. peak analysis. The 
locking circuit consists of a 5 KH» oscillator which provides a variable 
amplitude signal to modulate the accelerating voltage. When the accel­
erating voltage is adjusted so that the ion beam for a particular ion 
is focussed on the collector slit, the 5 KH» modulation slightly shifts 
the ion beara either side of the true focus at a 5 KH». rate. The result 
is a small AC signal superimposed on top of the DC ion intensity signal. 
A 5 KHx coraponent filtered out of the detector signal has a phase shift 
relative to the original 5 KH» modulating frequency. This is caused 
by slight ion beam shifts about the true focus position. The recovered 
signal is synchronously rectified and filtered to produce a DC signal 
proportional to the deviation of the ion beam from the true focus 
position. The DC output frora the phase detector is fed back to the 
high voltage supply as an error signal to correct for any instrumental 
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drift. This system enables the mass spectrometer to remain focussed 
on an ion peak for hours of switching time yet permits us to retain 
the resolving power capabilities of the mass spectrometer. We routinely 
operate at a resolving power of 2000 for g.l.c. peak analysis. 

The maximum mass range of switching in the present design of the 
electronics is in the ratio of 1:2. However, the further apart the 
mass of the ions are the slower the switching speed possible. Also 
corrections for differences in ion beam energies would be necessary. 
The systera has few operator controls and is a self-contained device 
requiring only a few rainor modifications to the existing raass spectro­
raeter. When the peak switching device is turned off the mass spectro­
raeter operates normally. 

Results on a number of non-deuterated/deuterated mixtures indicate 
an accuracy of better than 1%. This accuracy holds for wide ranges of 
do/di ratios in the composition of the analyzed g.l.c. peak. Standard­
ization procedures are necessary since some non-deuterated/deuterated 
mixtures either fractionate in the molecular separator or are selectively 
ionized. This latter occurs more predominantly at 20 ev than at 7 0 ev. 
For any given mixture only one standard sample need be analyzed and the 
constant factor so determined can be applied to the experimental data, 
as long as instrumental parameters are kept constant (e.g. slit width, 
band pass). 
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L6 
MASS SPECTROMETRIC SAMPLING OF SHOCK TUBE FLOWS 

George Sanzone 
Dept. of Chemistry, Virginia Polytechnic Institute, Blacksburg, 
Virginia 24061 

R. Linn Belford 
Dept. of Chemistry, University of Illinois, Urbana, Illinois, 
61803 

ABSTRACT 

This paper reports recent theory and experiraents involving the 

direct raass spectrometric sampling of shock tube flows. Experiments 

involving both steady orifice-nozzle flows and dynamic sampling of 

the reflected-shock region clearly demonstrate the importance of not 

only the geometry of the ion source but also the location and geometry 

of the free jet. It was found that the jet could-be sampled independent 

of both static and dynamic background gas only at the orifice. 

It is shown that the georaetry of the jet boundary can be approxi­

mated, in the vicinity of the orifice, by the equation 

y = 0.5D + 4.0 x^ (1) 

where D is the diameter of the orifice or nozzle, y is the radial 

distance from the jet centerline to the jet boundary at a distance 

X frora the nozzle throat. 

The location of x , the virtual point source of the jet 

expansion, is given by the equation 

x^ = [o.20 f - 0.56| D, (2) 

where x is the downstream distance frora the orifice throat to the 
o 

point-source expansion center of the underexpanded jet; f is the nuraber 

of active degrees of freedom in the gas. 

Glick and Hertzberg gave criteria for calculating the minimum 

start-up time of a nozzle. Application of these same criteria to the 

formation time of the free jet leads to the following equation. 

( ^ 1 " ' [ i ] ^'^jet ag Tan A 1 v f 1 n 5 ^ '•^1 
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a- is the sound speed in the sampled reflected-shock region while 

A is the angle from the jet centerline to the widest diameter of the 

jet's Barrel Shock; it. . is the jet-formation tirae at a distance x -̂  ]et ^ 

downstream of the nozzle throat while Y is the heat capacity ratio 

Cp/Cv. The validity of equation (3) is tested by comparison of its 

predictions with experimentally reported rise times. 

This research was supported by National Science Foundation 

Grants GP-6986 and GP-17875 and by a Special Fellowship awarded to 

G. Sanzone by The National Committee for Air Pollution Control, 

Details of the work are reported in the Ph.D. thesis of G. Sanzone, 

University of Illinois, Urbana, 1969, and in publications to be 

submitted. 
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The Application of Field Ionization to GLC-MS Studies by J.N. Damico and R.P. Barron 
(Division of Food Chemistry and Technology, Bureau of Foods, Pesticides, and Product 
Safety, Food and Drug Administration, U.S. Department of Health, Education, and Welfare, 
Washington, D.C, 2020^) 

L7 

Introduction 

Combined GLC-electron impact mass spectrometry for the analysis of GLC effluents is a 
widely used technique as evidenced by the excellent review articles and the references 
therein (1, 2), One of the most important bits of information obtainable from mass spec­
tral data is the molecular weight of a compound. In electron impact ionization the rela­
tive intensity of the molecular ion for many compounds is very small and comprises a 
small percentage of the total ion yield. Components of interest in natural products are 
often present in the range of ppm or less. Accordingly, the total ion yield will be small 
and the molecular ion may be of low intensity and difficult to distinguish from column 
bleed and/or background. Field ionization (FI) was initially shown by Beckey (3) to be 
very effective in enhancing the relative intensity of molecular ions. For other examples 
(also see Table 1) and additional information on FI the reader is referred to a sjmiposium 
on FI mass spectrometry (4). To the best of our knowledge no work has been published 
utilizing FI for the analysis of GLC effluents. The object of this report is to demon­
strate that FI does have utility in combined GLC-mass spectrometry. 

Experimental 

All studies were made with an Atlas CH-4B mass spectrometer as supplied with a dual 
electron impact/field ionization source (EF0-4B). An exploded drawing of the GLC-MS 
system is shown in Fig, 1, 

LINE OF SIGHT 

CARRIER GAS ' ^ ' ; " EMITTER 
VENT \ WIRE 

^ O V E N 

EXCHANGEABLE 
SLITS 

3000/3000V 

PRES. 
MEAS. 
SOURCE 

3000/-7000V 

2500/3000V 

2400/2820V 

Figure 1. Exploded drawing of the GLC-MS system. 

Instrumental Parameters. (1) Source exit and collector slits were 0.1 mm and 0.3 mm, 
respectively. The gain of the electron multiplier was usually 10 . (2) The anodes em­
ployed were wires of 2,5 microns diameter, obtained commercially. They were activated as 
described previously (8) except that usually only 4 to 5 hours were required to approach 
maximum sensitivity. (3) The GLC detector was a pressure measuring source (PMS), an 
electron impact total ion collector. The electron energy was 20 ev and the trap current 
was 100 ̂ a. The total ion monitor, widely used as the GLC detector for EI, is inadequate 
for FI because the total ion current is very small. For example, the maximum total ion 
current observed on the total ion monitor from FI of 2 \ig of CiQAlactone injected on the 
GLC column was about 10"i^ amps, whereas the maximum response for the same amount of 
sample using the PMS was about 10"^^ amps, (4) The column bath for the GLC was a Barber-
Colman Model 5360 equipped with temperature programmer and controller. The bath also 
contained a flame ionization detector (FID); the effluent could be split to the FID and 
to the mass spectrometer. This made it possible to simultaneously monitor the effluent 
with the FID and the PMS. The column was a 6' x 1/4" O.D. glass coiled column packed 
with 107. diethylene glycol succinate on Gas Chrom Z, 100-120 mesh. (5) The GLC was 
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interfaced to the mass spectrometer with a permeable membrane separator (Varian, 5620), 
The membrane is a methyl silicone polymer layer 0,001" thick and has a surface area of 
0,4 cm^ exposed to the column effluent. Single-stage and double-stage membrane molecular 
Separators in conjunction with 0.02 and 0.03" I.D. columns have been investigated by 
Black et al. (5). Insulated heating wire was used to heat the entire interface assembly 
which was mounted in line-of-sight to the ionization chamber. The carrier gas vent (see 
Pig, 1) for the effluent which does not permeate the membrane was sometimes monitored 
with a FID. 

Results and Discussion 

Although the sensitivity of FI is markedly less than EI, the FI spectra obtained from a 
Z |j.g injection on the GLC column for C^Q^* C12A, and Ci4Alactones show molecular ion 
responses that have a greater S/N than is observed in the EI mode for these compounds (6). 

Intense doubly charged ions were observed by FI but not by EI (6) for CeA, CiQOf, C^oA, 
a lactones and for Ĉ sĉ , Ci^A, and C14A, b lactones. The lactones designated by a give 
abundant ions due to (M-O)-H- which have relative intensities between 60-90%. In contrast 
the lactones designated by b give ions due to M-H-, but of about the same relative inten­
sities as the (M-O)-H-. 

During GLC-MS field ionization studies of food extracts containing carbonyl compounds, 
there were several instances when the response of the PMS and the molecular ion response 
Were inconsistent. This suggested that some types of compounds might be more sensitive 
to FI than others. Accordingly, a FI sensitivity study was initiated. The system de-
Scribed in this paper offers a convenient way of doing this on a mlcroscale. The results 
of this study are listed in Table 1. The maximum molecular ion response expressed in 
QTv/iag is intended only for comparison purposes and does not imply that the sensitivity is 
linear. These results do show significant differences in sensitivity for various types 
of compounds. The ketones and lactones are the most sensitive of the group whereas the 
aldehydes and decyl acetate are the least sensitive. The experiments with decyl acetate 
were repeated at least ten times with comparable results. 

In order to place credence in the sensitivity study (Table 1), the amount of sample which 
permeates the membrane must be known. The transmission of sample through the membrane 
was determined indirectly. The peak area response was obtained for a given sample injec­
tion with the column connected only to the FID in the column bath (Cpjo), and again with 
the column connected directly to the membrane, the residual sample (RSpî p) being measured 
at the carrier gas vent with a FID, Percent transmission of sample through the membrane 
is equal to 

Peak Area Response (Cpjp) - Peak Area Response (RSF;ID) 

Peak Area Response (Cpio) 
X 100 

Table 2 shows that the aldehydes and decyl acetate permeate the membrane as well as the 
ketones and lactones. This indicates that the low sensitivity observed for these com­
pounds (see Table 1) is in fact due to Fl phenomena. 

Although no data on alcohols are included in this report, a few were examined with very 
poor results. A 1 mg injection of decanol yielded only a very weak molecular lon peak 
(possibly M+l) (6), Similar results were observed with propanol. It appeared that the 
alcohols made the wire Insensitive. Beckey (3) reported difficulty obtaining reproducible 
peak intensities for alcohols and suggested that this was caused by a monolayer of water 
on the surface of the wire anode produced by the alcohols. In addition to the decyl 
acetate studies, poor Fl sensitivity was obtained for cis-9-tetradecen-l-ol acetate. 
These results indicate that esterlficatlon as acetates is not an effective means for en­
hancing the FI sensitivity of alcohols. 
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Table 1. F ie ld I o n i z a t i o n S e n s i t i v i t y for the Molecular Ion of Some Carbonyl Compounds. 

COMPOUND 

CB A 

CioY 
CioA 
C12Y 
CiaA 
C14A 
ClO 

UCTONE 
LACTONE 
UCTONE 
LACTONE 
LACTONE 
LACTONE 
ACID 

DECYL ACETATE 
ClO 
C12 
Cl4 
C, 
Cll 
Cis 
Ce 
ClO 
C12 

METHYL ESTER 
METHYL ESTER 
METHYL ESTER 
KEIGNE 
KETONE 
KETONE 
ALDEHYDE 
ALDEHYDE 
ALDEHYDE 

AMOUNT 
INJECTED 

Ug 

50 
30 
30 
30 
30 
50 
250 
500 
40 
40 
40 
50 
50 
50 
50 
50 
50 

MAXIMUM MDLECUUR 
ION RESPONSE 

mv/^g 

45 
100 
250 
88 
110 
200 
12 
0.2 
62 
62 
62 
70 
200 
200 
0.4 
0.8 
2 

RELATIVE INTENSITY OF 
MOLECUUR ION-% 

FI EI (Reference No.) 

(7) 
(8) 
(9) 
(6) 

(10) 
(6) 
(6) 
(6) 
(6) 

(11) 
(12) 
(13) 

(6) 
(6) 

(14) 
(14) 
(14) 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

6.6 
0.3 
3.5 
0.1* 
4.3 
<0.1* 
4.0** 
<0.3 
3.6* 
2.7 
3.2 
4.9 
2.5* 
3.0*** 
1.0 
0.5 
0.3 

*0btained with electron impact E-4B source using GLC-MS inlet. 
**Obtained with electron impact E-4B source using direct probe. 
***Obtalned with EF0-4B source using GLC-MS inlet. 

Table 2. Sample Transmission of Some Carbonyl Compounds Thru Polymer Membrane Separator. 

COMPOUND 

Ce 
C9 
Cll 

ALDEHYDE 
KETONE 
KETONE 

DECYL ACETATE 
ClO 
ClO 
Cia 
C12 
ClB 
Cl4 
Ce A 
CioY 
CioA 
C12Y 
C12A 
C14A 

ALDEHYDE 
METHYL ESTER 
METHYL ESTER 
ALDEHYDE 
KETONE 
METHYL ESTER 
UCTONE 
UCTONE 
UCTONE 
UCTONE 
UCTONE 
UCTONE 

COLUMN 
TEMP. °C 

80 
80 
95 
100 
100 
110 
125 
135 
135 
145 
155 
170 
180 
195 
205 
225 

MEMBRANE 
HOUSING °C 

30 
30 
48 
55 
65 
65 
70 
75 
75 
95 
80 
85 
85 
92 
100 
100 

TRANSMISS 

% 

43 
60 
31 
61 
35 
40 
59 
72 
57 
59 
29 
48 
46 
62 
54 
72 

(11) Ibid., No. 1081. 
(12) Ibid., No. 1084. 
(13) Ibid., No. 211. 
(14) L.A. Gilpin and F.W. McLafferty, 
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Appl ica t ion of a High Reso lu t ion Double Beam GC-HS to Problema LB 
i n Organic Chemistry. 

H.Baiber , J.R.Chapman, B.N.Green, T.O.lIerren and A.Riddooh. 

A . B . I . S c i e n t i f i c Apparatus L t d . , Urmston, Manchester,England. 

t r o d u c t i o n . 

iss s p e o t r a l da t a s u i t a b l e for mass raaasia'ement bas u s u a l l y been obtained a t r e s o l u -
.ons of the order of 10,000 or more. Campbell and Hal l iday ( i ) t h e o r e t i c a l l y showod 
iat e l e o t r i o a l l y recorded mass measurement da ta obtained frora a given araount of sa-mple 
loidd be j u s t a s accu ra t e a t r a o l u t i o n s lower than 10,000 and even as Irni as 1000 
:30 lu t ion . 

urthermore i t oan a l s o be shown t h a t by opera t ing a t low r e s o l u t i o n s , mass measure-
m t s should be p o s s i b l e on smaller amounts of saraple than a t high r e s o l u t i o n , a l b e i t 
t th l e s s aoouraoy bu t n e v e r t h e l e s s viith s u f f i c i e n t accuracy t o g ive useful in fo rmat ion . 

i f o r t u n a t e l y , the i n a b i l i t y of convent ional ins t ruments t o separa te the sample peaks 
com the r e f e r e n c e peaks a t low r e s o l u t i o n has precluded car ry ing out mass raeasureraents 
1 t h i s way except in a few l i m i t e d c a s e s . This ob jec t ion i s removed i f the sample 
an be i s o l a t e d from the r e f e r ence by using a raass spectrometer in which t h e r e a r e two 
on beams on the sarae mass s c a l e . Provided the raass s c a l e s in such a double beam 
nstrument can be p r e c i s e l y matched, one beam can be used t o provide an accu ra t e mass 
c a l e for the o t h e r , so enabl ing accura te mass da t a t o be obtained on nanogram sample 
u a n t i t i e s . The high s e n s i t i v i t y achievable i s an obvious advantagein the a n a l y s i s of 
;C e l u e n t s . . I t i s the aim of t h i s paper to desc r ibe sorae work c a r r i e d out on the 11330 
.ouble beam instruraent a t low r e s o l u t i o n which shows tha t ona beam can be used to 
'e ference the mass s c a l e of the other bean with pp.TJ accuracy. 

ins t rumenta l . 

The e s s e n t i a l f e a t u r e s of the MS30 double beam raass spectrometer are shown in figxare 1 . 
Cons are produced by two independent ion sources in the usual way. These sources may be 
the sarae or d i f f e r e n t . For example both could be e l e c t r o n bombardment sources or one 
could be a e l e c t r o n bombardment source and the other a f i e l d i o n i z a t i o n source . The same 
or d i f f e r e n t samples may be admitted to the two sources by a v a r i e l y of i n l e t systems* 
After a co l e r a t i on . the ions pass out of the sources through two independent ly a d j u s t ­
able source s l i t s . Immediately a f t e r l eav ing the source , each beam then passes through 
two s e t s of e l e c t r o s t a t i c d e f l e c t i o n p l a t e s (not shown in the diagram) whose funct ion 
i s t o br ing the two beams c lose r together and d i r e c t them e s s e n t i a l l y p a r a l l e l t o one 
another i n t o the e l e o t r o s t a t i o ana ly se r . The two beams then pass s ide by s ide through 
the magnetio a n a l y s e r , where they undergo mass sepa ra t ion in the usual way, and a re 
refooused a t two independent ly ad jus tab le r e so lv ing s l i t s , A sepa ra t e e l e c t r o n m u l t i ­
p l i e r and ampl i f ie r system for eaoh beam' al lows the s i g n a l s to be p resen tsd independ­
e n t l y . Two t o t a l ion our ren t oollootoTB or monitors s i t u a t e d between the e l e o t r o s t a t i o 
and raagnetic ana ly se r s enable e i t h e r beam to be monitored. S s s e n t i a l l y , t h e i e f o i e , ths 
HS30 c o n s i s t s of two raass spaotroniaters whioh ara independent with r e s p e c t to sample 
i n t r o d u c t i o n and da t a p r e sen t a t i on but because the two beams sliare a coramon e l e c t r o ­
s t a t i c and magnetio ana ly se r , the speo t ra may be presented on the same mass s c a l e , Ths 
two beams may be operated a t the same or d i f f e r e n t r e s o l u t i o n s . 

Figure 2 i l l u s t r a t e s a t y p i c a l r ecord obtained from the double beam Instruraent a t 1000 
r e s o l u t i o n . The upper two t r a c e s shov; the parent reg ion of l-metliyl naphthalene 
in t roduced i n t o one souree from the ohromatograph and tha lower t r a c e shows the c o r r e s ­
ponding mass reg ion of a r e fe rence compound, in t h i s oase pe r f luorokeros ine (P5K), 
in t roduced i n t o the other souroe. Since the peaks in the spectrum of P5K can be e a s i l y 
r ecogn i sed , the raasses of the peaks in the upper spectrum can be a s s igned . This apectrum 
was obtained by i n j e c t i n g 10 ngm of 1-methyl naphthalene onto the ohromatograph column 
and scanning the raass speotrometer a t 3 seconds per decade. During the time t o scan txoa 
mass 200 t o 10 , about 3 ngm of sample were e lu ted from the colximn. 

To show t h a t one beam oan be used to accu ra t e ly mass re fe rence the other beam, PfK was 
adraittad t o cne source and hexachlorobutadiene (C4Clg).?as adraitted t o the other sou rce . 
Both beams were s e t for 1000 r e s o l u t i o n , fforraally the two beams would be on the same 
raass s c a l e in which case a two channel da ta system would be r e q u i r e d . However, by d i s ­
p lac ing tha mass s c a l e s in the speotrometer by an amount s u f f i c i e n t t o ensure t h a t 
sample and r e f e r ence peaks occur separa ted in tirae when the ins t rument i s scanned, 
a s i n g l e channel d a t a system may be used. The raass s ca l e of tha PiK re fe rence was d i s ­
p laced r e l a t i v e t o the C4 Cig sample by about 2000 ppm in mass. The two low r e s o l u t i o n 
s i g n a l s were then e l e c t r o n i c a l l y combined in a simple adding c i r c u i t and the corabined 
s igna l fed i n t o the da t a a c q u i s i t i o n and process ing system (DSIO) normally used for 
process ing high r e s o l u t i o n d a t a . A s e r i e s of 6, 10 second per decade scans were 
d i g i t i s e d a t 12 .5 KHz and tha cen t ro id of the peaks ca l cu l a t ed by tha computer. 
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BECORDtD SPECTR* 

M A G N C T I C A N A L Y S E D 

COLLECTOR STSUMS AND AMPLtFIERS 

Figure 1. P r inc ip le of the MS30 double "beam raass spectrometer 

11 II I I I I 

l-in«thyl napMhalcns 

'II II ' I I ' I 

Figure 2. MS30: 10~° g l-msthyl Naphthalene from G.C. 
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The masses of the peaks in the C4CI6 spectrum were then c a l c u l a t e d in the oomputer by 
the procedures normally used in high r e s o l u t i o n s i n g l e beara mass spectroraetry us ing 
the P5K spectrum as the mass r e f e r e n c e . The f i r s t and l a s t of the s i x runs were used 
t o c a l i b r a t e the r^yotem, t h a t i s , measure the d i f fe renoe between the raass s c a l e s of the 
two beams. The r e s u l t s for the in te r rasd ia te 4 runs csi l ibrcted in t h i s vjsy are given in 
t a b l e 1 below. 

5irror (mmu) 

V.CLOs Run 1 Run 2 Run 3 Hun 4 ' 'ean 

260 
225 
183 
153 
l i s 
83 
82 

1.3 
0.9 

- 0 . 4 
1.9 

- 3 . 2 
0.3 
1.6 

- 0 , 2 
0.0 
1.6 
1.7 

- 0 . 6 
1.2 

- 0 . 5 

3.1 
1.9 

- 0 . 3 
- 0 . 3 

O.S 
0,6 

- 1 , 4 

- 0 , 2 
- 1 , 6 

1.4 
- 1 , 7 

0.6 
0.1 
1.3 

1.1 
C.3 
0.6 
0,4 

- 0 , 6 
0.5 
0,3 

R.M.S l . T 1,0 1.5 1.4 0.6 

Table 1, Double beam mass measurement r e a u l t n a t 1000 r e s o l u t i o n . 

I t can be seen t h a t a l l except two of tho r e s u l t s are b e t t e r than 2miu and 6̂ ffj a re 
b e t t e r than 1.5 mmu. 

Discuss ion . 

I t has been shown t h a t one beam of the MS3C double heam mass spectrcmeter con be used 
t o r e f e r ence the mass sca l e of the other beam with rocd accuracy.Purthermore the beams 
nay be operated a t r e s o l u t i o n s as low as lOOC, The accu rac i e s which should be achievable 
with va r ious amounts of saniple ard summnrised in t a b l e 2. 

(nan) 
GGC] u t ion 

10000 

ICCC 

1000 

:ooo 
1000 

Samp] 
Quantit-y 

400 

200 

200 

20 

2. 

t 'ass raeasurerasnt 
AcCTjracy (ppm) 

< 5 
< 5 

< 5-50 

5-13 

15-50 

I n t e n s i t y 
Range 

10:1 

10:1 

1000:1 

10:1 

10:1 

Table 2. Var i a t ion of niass measurement accuracy with sample 
quan t i t y a t hi^h and low r e s o l u t i o n . 

At 10,000, the usual r e sc lu tdon -̂ or mas.';, measureiiient with the conventional s i n g l e beam 
techn ique , a sample quan t i t y of about 400 nanograms e lu ted from the chjomatograph 
during the scan time v;ould be needed to achieve accui 'acies b e t t e r than 5 PP" -̂ At 1000 
r e s o l u t i o n wi th the double beam technique, v;ith 200 ngm in j ec t ed on the column, mass 
measurements can be made ever the same peak i n t e n s i i y range t o the same accuracy as a t 
10,000 r e s o l u t i c n . In a d d i t i o n , with t h i s r e l a t i v e l y l a r ^ e sample, tbe i n t e n s i t y range 
of peaks t h a t can be de tec ted a t 1000 r e s o l u t i o n i s 100 times g rea t e r than a t 10,000 
r e s o l u t i o n , Peal::3 dov.'n to O.lfi oi" the base pealc can he observed and t h e i r masses a t 
t h i s l e v e l measured t o an accuracy a t l e a s t a fac tor 10 b e t t e r than v;ith the convent ia l 
mass mai'ker, 

'.Vith only 20 ngm of sanple i n j e c t e d on the column, mass measurements accura te t o b o t t e r 
than I ' ; ppn can be made. Actual ly on the more . in tense peaks, accurac ie s approaching 
5 ppm should be achieved. I t i s worth not ing t h a t a t 10,000 r e s o l u t i o n with 40 ngm of 
sample, mass measurement da ta could be obtained only on the s t r o n g e s t peaks in the 
spectrum. Even v/ith only 2 ngm of sample, the peaks can be de t sc tod and mass measured 
al though the accorac ie s approach 50 ppm on the weakest peaks . Even so a c c u r a c i e s on 
the more i n t e n s e peaks should approach 15 ppm. 

Reference, 

(1) Campbell, A , J . , Ha l l iday , J . S - , 13th Annual Symposium on 
Mass Spectrometry, 3 t Louis , 1?65-
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uo 
Improvements In Sensitivity In Ultra High Resolution Mass Spectrometry 

S. Evans & B. Hallas 

The performance of high resolution mass spectrometers has continued to Improve year 
by year, In terms of the maximum useful resolution which can be achieved,tl) This 
Improvement has been obtained by reducing Instrumental aberrations, with until now 
little or no gain In sensitivity since Halliday (2) demonstrated that less than 
100 nanograms of sample were required to obtain accurate mass measurements at 10,000 
resolution. Such measurements could be achieved using a ten second/decade scan on 
the MS902 on peaks covering a considerable range of Intensities. However, the amount 
of sample required for dynamic scans at higher resolution was considerably greater. 

The limiting factor in obtaining high sensitivity at very high resolution was Image 
curvature, originating from the passage of the lon beam through the inhomogeneous 
fringing fields of the magnetic sector,C3) 

In the past, this effect was reduced by limiting the height of the beam in the 
z-dlrection, with the result that only a small fraction of the ions leaving the 
source actually reached the collector. By introducing hexapole image correctors, 
the principle of which was first suggested by Boerboom '̂ ^ image curvature 
distortion has been effectively eliminated in the MS902, thus enabling the beam height 
to be Increased. 

As a result of this the sample quantity now required for a 10,000 resolution, ten 
second/decade scan Is reduced to 20 nanograms. 

The effect of the hexapoles is most marked at higher resolution, however, and gives 
an effective Increase in sensitivity of greater than a factor of 10 at 50,000. Under 
static conditions, the sensitivity now available at 40,000 resolution is roughly the 
same as that previously obtainable at a resolution of 10,000. 

Setting up a mass spectrometer to obtain constant resolution over a wide mass range 
can be particularly difficult at very high resolution, as the effect of eddy currents 
and fringe field changes during a scan produces image defocussing. To overcome these 
effects, an ion lens was developed to enable the position of the image plane to be 
altered electrically and this was later Improved so that the position could be cont­
inuously varied during a scan according to a predetermined law. By using this lens 
in conjunction with the hexapole, useful scans can now be obtained with a constant 
resolution of 40,000 at a scanning rate of 80 seconds/decade frora about liig of sample. 

Table 1 illustrates the performance which can now be obtained. The data shown was 
obtained using the early version of the lon lens from an 80 second/decade scan of 
perfluorotributylamine recorded on magnetic tape. Selected portions of this spectrum 
were played back at a reduced speed to a U.V. recorder, and the resolution raeasured 
from the chart. The resolution was a constant 50,000 up to raass 250 and the fall-off 
to 40,000 at the high mass end could now be avoided by using the facility nov avail­
able for determining and correcting for the variation of focusing parameters with mass. 

The sensitivity and intensity range available are well illustrated In figures 1 and 2, 
which shov the parent and p-18 peaks frora a spectrum of Streptovarlcln A. This again 
was recorded on magnetic tape at 80 seconds/decade, the resolution being set to 40,000, 
as Illustrated by the p-18 peak. The parent peak resolution of 65,000 is exaggerated 
by lon statistics, the peaks shown containing probably less than 20 ions. Obtaining 
a good parent peak from this material Is particularly difficult as this peak repre­
sents only about 1 part in 10^ of the total spectrum. 

The ability to scan at very high resolution Is particularly valuable for applications 
involving isotopic labelling, and an example of this has been described earlier in 
these Proceedings (Wolstenholme et al • ) . During this work, l̂ jj labelled 
Gliotoxin was Introduced via the direct insertion probe and, using perfluorokerosene 
as a reference, a 150 second/decade scan at 40,000 resolution was carried out on line 
to the DSIO data system. The scan speed was determined by the maximum digitisation 
rate available, and the requirement of 20 digital samples per peak. A portion of the 
elemental composition print out is shown In figure 3, the correct identification of 
each component being indicated by an asterisk. All the components of the multiplets 
shown were correctly identified, with very good raass measureraent accuracy. The large 
apparent error of 0.97 mmu (';- 7ppm) for the CgHfiNO peak at m/e 144 can be accounted 
for by the presence of the -̂̂ C Isotope of the large C9H5NO peak at m/e 143, which has 
not been resolved. The discrepancy introduced by the Isotope peak is calculated to be 
betveen 0.7 and 0.8 mrau. 
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Figure 1 

Parent Peak of S t r ep tova r l c ln A. R.P. 65,000 

Jl ^^..._. , 
Jt . ' . 

837 

_;._.._,.J. . J t jL 

Figure 2 
P-18 peaks of S t r ep tova r l c ln A. R.P." 40,000 

• A . ._ , -yL. 

FIGURE 3 

15 
PART OF SCAN ON N ENRICHED GLIOTOXIN (RP 40,000) 

MEASURED 
MASS 

145.0527 

145.0480 

145.0418 

144.0439 

144.0339 

143.0369 

ERR 

- .42 
.00 

- .61 
- .18 

- .06 

-1.40 
- .97 
1.28 

- .18 

- .51 
- .12 

C12/I3 

8/0 
*9/0 

7/1 
*8/l 

*9/0 

8/0 
*9/0 
5/0 

• 9/0 

8/0 
*9/0, 

H 

6 
7 

5 
6 

6 

5 
6 
7 

5 

4 
5 

N 

2 
1 

2 
1 

0 

2 
1 
1 

0 

2 
1 

0 

0 
1 

0 
I 

1 

0 
1 
3 

1 

0 
1 

NX 

1 
0 

1 
0 

1 

I 
0 
1 

1 

1 
0 

B303 



TABLE 1 

HIGH RESOLm'ION GCAN PRCM A I.103IFIIi:D L3902 

Sample:- Heptacosafluorotributyl-Mtnine. 

Magnat scan decrease r a t e 6. (80 second scan) . 

Recorded at 30 i . p . s . ; playback 3^ i . p . s . 

Peed-back r e s i s t o r 109 ohm. 

Measurements from the scan gave : -

m/e Resolution 

614 38,400 

502 49,900 

414 35,300 

264 39,800 

220 > 50,000 

219 46,400 

131 >50,000 

69 50,000 
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In this case, although the resolution was adequate to separate the two peaks at the 
5% points, the valley between the peaks was above computer threshold. The r.m.s. 
error on the other five correctly identified peaks is 0.9 ppm. 

The sample quantity required for a 40,000 resolution scan has been estimated from 
measurements of the base peak intensity for a given amount of Hexachlorobutadiene 
passing into tbe ion source. These measurements show that 400 Ions would be obtained 
In the base peak for a sample consumption of 1.5 micrograms during the scan. This 
quantity would enable accurate mass measurements to be made over an intensity range 
of 20 to 1, the smallest peaks measured containing 2o Ions. At this resolution, a 
20 lon peak should be measurable to an accuracy of 1.1 ppm on the basts on lon 
statistics, compared with 4.4 ppm at a resolution of 10,000. For compounds in which 
the Ions of a given species are concentrated, unlike hexachlorobutadiene, mainly into 
one isotopic peak, the same performance would be achieved on sample quantities two 
or three times smaller, i.e, less than 1 microgram. 

Conclusions 

Tt has been demonstrated that by using hexapole image correctors and an lon lens to 
provide dynamic control of the Image position, the performance of the MS902 can be 
considerably Improved, Dynamic scans at 40,000 resolution can now be achieved with 
a mass measurement accuracy from a single scan of less than 1 ppm, and from sample 
quantities of 1 microgram. 
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LII 
A NEV; GC/IIS-SYSTEM 

C. Brunnee, L. Delgnann, K. Habfast 

and S. Heier 

VARIAN MAT GHE!!, Ereir.en, Germany 

Summary 

A small low cost GC/H.S-System is described consistin;T of pas chromato­
graph, separator and sector type mass spectrometer built into one unit. 
Kass range: 1000 (linear scale); resolution (IC % valley): 3500 m.aximum, 
600 standarc; sensitivity of the entire system: 0,2,ug injected sapiple 
gives an evaluable m.ass spectrum.. An extra electron impact ionization 
detector allows sim.ultaneous recording of gas chrom.atograir. and mass 
spectrum, without interference. The separator (variable slit type) accepts 
colunns v/ith flow rates between 1 and 100 ml/min. Typical results ob­
tained with this System; v.'ill bo given. 

Introduction 

t'.ore than CO percent of all the CC/VS analyses made during the last 
10 years vjere perform.od with relatively expensive instrunent combi­

nations, i.e. with mass spectrometers priced betvjeen 30.000 and 60.000 

Dollars. The experience gained during this time has m.eanwhile led to 

the conclusion that it should be possible to perform, the m.ajority of 

GC/MS analyses and, in particular, alm:Ost all routine analyses, with 

considerable smaller and simpler instruments. The question arises: What 

is expected from such a simple instrument? 

According to our experience, a maxim.um. molecular v;eight of 600 and a 

maximum GC tcm;perature of about 300 C v;ill m.eet the requirements of 

more than 80 percent of all GC users. In respect to the sensitivity 

of the mass spectrometer, it seem.s to be sufficient when an injected 

sample am.ount of the order of l,ug yields an evaluable mass spectrum. 

Another requirement is, of course, ease of ooeration. The num.erous 

control knobs of larger m.ass spectrometers are nrovided with miulti-

purpose applicability in mind and can therefore be omitted on a special 

GC/MS instrument. 

Following up these considerations, tie have built a special GC/MS system 

vjhich is shovjn in fig. 1 and 2. In the following at first some informa­

tion on the design and function o.f the three m.ain elements - the gas 

cjiromatograph, the mass spectrometer and the separator - vjill be given 

and then som;e results obtained vjith the entire system will be reported. 
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FIGURE 5 Cholesterjn 
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FIGURE 7 
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2. Gas chrom.atograph 

A fovj words only on the gas chrom.atograph: Type Aerograph IftO with 

linear tem.perature programmer for packed columns (metal or glass) 

and capillary columns. TVJO injection blocks can be m.ounted simul­

taneously. 

3. Mass spectroir .e ter* 

In respect to the mass spectrometer, vje have been guided by the -m.otto 

"vjhat matters is the miOlecular peak" and have therefore .given pre­

ference to the conventional sector field principle over the m.ass 

filter principle, in order to avoid the decrease in sensitivity 

and resolution in the upper m.ass range alvjays observed with mass 

filters. The radius of the ?0 sector field - 12 cm. - is relatively 

large, for the follovjing reason: the required, snecifications with 

respect to sensitivity and resolving povjer are to be obtained routine-

wise. The lim.it of resolution is at 3500, as can bo seen in fig. 3 

from the triplet at m.ass n\im.ber 2R . Nence, it is by a factor of G 

higher than the operating value of 600 to which tho instrument is 

set normally, vjith accordingly larger slit vjidths. The standard 

resolution is shovjn in fig. 4, taking as an exam.ple the peaks 511* 

and 61b of perf luorotributylam.ine. At this resolution, the sensitivity 

is characterized as follov,-s: for introduction of cholesterol via the 

dir'iCt inlet systemi at an evaporation rate of 1 ng/s, a i."Olecular peak 

is obtained that is well above the noise, fig. 5. The spectrum, in 

fig. 5 refers to an evaporation rate of 20 ng/s. The molecular peak 

is accordingly higher. The sensitivity data of the entire GC/MS 

system including colum.n and separator v;ill be given in section 5. 

The sam.ple flow from, the column is let into a double ion source vjith 

tvJo separate ionization chamhers, fig. 1. The electron energy in the 

second cham.ber is 20 eV. As a result, the carrier gas, helium, is not 

ionized and the ion current produced from this part of the source 

gives the gas chromatogram. This part is called EID - electron impact 

ionization detector. In the first cham.ber v/e have the usual electron 

energy of SO eV. Thi.=; part, called MSD - m.ass spectrom.eter detector -

produces the ions for the mass spectrom.eter. Doth ion source parts, 

EID and MSD, are independent of each other, i.e. the gaschrom.atogram 

is recorded continuously without interruptions, no m.atter whether a 

m.ass spectrum, is being recorded or not. The rising and falling of the 

peak heights of the mass spectrum can be observed on the oscilloscope 

using the cyclic m.ass scanning mode. In this mode the height of the 

largest peak is stored during each cycle and used to preselect auto­

matically the apropriate sensitivity range for the subsequent recording 

of the next m.ass spectrum on the galvanometer recorder. The m.ass range 

is up to 1000; the mass scale is linear. Ry measuring the m.agnetic 

field the mass numbers can be m.arked on the strip chart vjith an 
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accuracy of O.k mass units and also displayed digitally. 

k. Separator 

For enrichment of the sample vie use a separator of the variable slit 

type about which has been reported already on last year's meeting. 

The separator is operating on the effusion principle. Eovjever, in 

place of a frit we use a fine slit of about 10,um. width. In this 

slit the gas flow is m.olecular so that the carrier gas is pum.ped 

off preferentially, fig. 6. As in the case of the Eiemann-Watson 

separator with frit the yield y of such a separator is given by 

Y 

ti 

= 
= 

Y = I! • -

y i e l d 

enr ichment 

" M S 

" G C 

Q̂ ĉ, = carrier pas flov; into the MS 

Qpp = carrier p;as flov/ into the column 

This means that the yield v/ith separator is by a factor of N "better" 

than v;itliout separator, i.e. when using a simple split for v;hich N = 1, 

the yield then only being p;iven by the ratio of the gas flows. All 

separators with invariable effusion area, i.e. v;ith invariable frit 

or slit area and working; according to the effusion principle, give an 

optimum yield for only one value of the carrier gas flow. If the carrier 

gas flow is reduced belov; these optim.um. operating conditions, the yield 

decreases, because the separator pumps off m.ore than reauired, and 

the sample amount entering the m.ass spectrometer is becoming smaller. 

If the carrier gas flov; rate is increased beyond the optim.um, i.e. . 

m.axim.um value, the nrss spectrometer can tolerate the yield also 

decreases, because the ion source and the vacuum system cannot cope 

v;ith such an am.ount of gas. This behavior very often requires the use 

of several separators, v/hich have to be cl'-.anged v;ith different gas 

flov;. This difficulty can be avoided by making the effusion area 

variable. In this v/ay, one can obtain maximum; results v.̂ith every 

column and v;ith every carrier ,̂CLG flov: rate from. 1 to 100 m.l/m.in. The 

variable effusion area used by us is designed as a circular slit form.ed 

by two knife edges and a glass plate lying above them. The distance can 

be varied between 0 and 100,um. by means of a drive. 

rig. 7 sliov:s the dependence of the separator yield on the carrier gas 

flow, measured v;ith xenon and n-C ^. In contrast to the frit separator, 

the yield does not decrease v;ith decreasind .gas flov.̂ , but even rises, 

provided the slit v/icth is reduced accordingly in order to keep the 

gas flov; into the mass spectrometer constant. The yield is, cf course, 

higiiest v/hen capillary colunns are used; then it am.ounts to m.ore than 

50 percent. 
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Besides the yield, the effect to the separator on the separation of 

the column is of particular interest vihcn using capillary columns. 

V,"e have not found any difference in the num.bcr of theoretical plates 

between the direct vacuum-tight connection of the capillary colum.n 

to the ion source which is knovjn to give optimal results and the 

connection via the separator. 

For packed columns v;e use a throttle to maintain atm.ospheric pressure 

at the column end so that the colum.ns can be changed vjithout the m.ass 

spectrometer. For changing colum.ns, it is m.erely necessary to open the 

separator slit which is then acting as a bypass. Thus the amount of 

air still entering the m.ass spectrometer vjhile the entrance of the 

separator is exposed to atmospheric pressure does not interrupt the 

operation of the instrument. 

Of decisive influence on the efficiency of the coupling are the 

material and the surface treatment of the connecting lines. This 

influence is only noticed, however, vjhen analizing very sensitive 

substances and, vjhat is m.ore im.portant, when injecting only m.inute 

amounts of these. There are ouite a number of papers published during 

the last fevj years reporting, for example, results obtained with 

cholesterol, where the ratio H/H-IB is taken as a standard for the 

efficiency of the coupling. These results do not mean m.uch, unless 

the amounts injected arc stated. Larger am.ounts can alvjays be brought 

into the ion source because of the "deactivation" of the surface by 

the sample itself, provided there is enough of it. The results of some 

measurem.ents m.ade in this direction are shown in fig. S. Very sraall 

amounts of cholesterol v;ere introduced into the ion source via lines 

of different material and different surface treatment. The sample flovj 

rate v;as of the order of 10 ng/s. As can be seen, vjhen using steel, 

the sample readies the ion source vjith acceptable decomposition only 

after some tim.e, i.e. when the surface is sufficiently saturated. The 

behavior of glass or gold is much more favorable in this respect. As 

a conseauence vje use a gold line in order to m.ake the system as rugged 

as possible m.echanically. 

5. Data of the entire system 

The sensitivity of the entire system, can be evaluated from, the 

spectrum s}"iown in fig. ?. Injected into the colum.n vjas 1 ,ug of 

m.cthyl stearate. The molecular peak is above t̂ ie noise by a factor 

of about 100. 0.1 ,ug still yield an evaluable spectrum. Fig. Oa gives 

as exajjiple a gas chrom.atogram of a mixture of methyl ester recorded 

with the EID. In Fig. Gb the m.ass spectrum, of one fraction, n-C . 

He-ester, is shovjn. 
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ELECTRON MULTIPLIERS AND STATISTICS OF SECONDARY ELECTRON EMISSION M l 

L. A. Dietz 
General Electric Company^ Knolls Atomic lover Laboratory,* 

Schenectady, Nev York I23OI 

ABSTRACT 

Electron multipliers are extremely sensitive ion detectors vhich posses very high 
speeds of response, high detection efficiency and low noise. I will discuss the electron 
multiplier detector mainly as it is used in the pulse-counting mode and will point out 
some of its advantages and limitations. The secondary electron multiplication process 
will be described in terms of a Polya statistical model and its generality will be dem­
onstrated by fitting it to a wide range of shapes of observed pulse-height distributions. 
Trie lolya model gives one considerable insight into the secondary electron multiplication 
processes in electron multipliers and in relateu pulse-counting detectors. F o r example, 
it shows tiow the target or conversion dynode dominates the statistical behavior of an 
entire detector. Using an AIOOT target surface, ve have made preliminary measurements 
of secondary electron yield as a i'unction of ion mass, impact velocity and angle of 
entry. These results will be described. Also, practical considerations in using elec­
tron multipliers in either the dc or pulse-counting modes will be mentioned. 

INTRODUCTION 

lulse-counting detectors offer the ultimate sensitivity and accuracy that is at­
tainable for recording single atomic events such as the collision of an energetic ion, 
atom, electron or photon vith a target surface. Detectors vith this capability are 
gaining wide acceptance in mass spectrometry and in many physical measurements. This 
growing acceptance is fostered, on the one hand, by advances in theoretical under­
standing. F o r example, farilis and Kishenevskii's theory describes the kinetic ejection 
of secondary electrons from a metallic surface, whereas the low energy stopping power 
theory of Lindhard^ and his co-workers describes the slowing-down process for atomic pro­
jectiles with keV energy. On the other hand, renewed interest in the detection process 
is being generated oy the advent of the ion microprobe for surface studies and by the 
extension of spark source mass spectrometry to the accurate assay of elemental concen­
trations below the ppm level. 

Tnroughout our investigations of ion detection we have found that the ion-converter 
dynode has by far the greatest effect on the pulse-counting response of a detector. 
Secondary electron response of the I'irst stage shapes the output pulse-height distri­
bution and fixes detection efficiency. Electron multiplying stages following bhe con­
version dynode act merely as charge amplifiers and have little effect on the relative 
variance of a pulse-height distribution or on intrinsic detection efficiency. An espe­
cially valuable feature of the electron multiplier, when it is used in the pulse-counting 
mode, is that particle detection can be made virtually noiseless, r̂ or example, a mon­
atomic ion with 20 keV impact energy releases about I5 secondary electrons from the ion-
converter dynode in the KAIL electron multiplier. This allows the electronic discrim­
ination threshold to be set high enough to bias out practically all pulses caused by 
thermionic electron emission -- even those from the first stage. Under these favorable 
conditions background counting rates can be reduced to less than 1 count/min. and de­
tection efficiency is very close to lOOjt. 

It is not my purpose this morning to recommend a particular type of electron multi­
plier to you, but rather to explore characteristic features which are common to differ­
ent kinds of pulse-counting detectors. To do this we vill describe a computational 
model for the secondary electron multiplication process in multistage detectors. The 
model applies to a wide variety of pulse-counting detectors. Secondly, we will apply 
the model to several detectors of interest: the electron multiplier, the scintillation 
detector, and the combination of a target dynode with a silicon semiconductor detector. 
Thirdly, we will review some of the macroscopic features of secondary electron emission 
i'rom a thin film of aluminum oxide. Einally, we will mention some practical consider­
ations and limitations of electron multipliers used for pulse counting. This approach 
is intended to help a potential user to decide for Jiimself which detector arrangement is 
•est suite* to his needs. Areas which need further investigation will be pointed out as 
we proceed through this review paper and by other speakers this morning. 

^Operated by the General Electric Company for the U. S. Atomic Energy Commission 
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COI^UTATIONAL MODEL FOR SECONDARY ELECTRON STATISTICS 

The general method for computing the statistics of multistage pulse-counting detec­
tors, presented at the ASMS meeting, has been submitted for publication in The Inter­
national Journal of Mass Spectrometry and Ion Physics. A description of the computer 
pror^ram is included in the paper. 

SECONDARY ELECTRON E^4ISSI0N .̂ ROM A THIN F l l l ' l OF AI2O0 

Kaminsky3^ in his book Atomic and Ionic Impact Phenomena on Metal Surfaces cites 
the lack of systematic studies of the kinetic emission of secondary electrons for such 
prac:tical applications as the secondary electron multiplier. We also note the scarcity 
of experimental measurements on secondary electron emission from thin oxide films used 
in ion-converter dynodes. Rarely are important factors such as chemical composition, 
surface cleanliness, crystal structure, surface roughness and film thickness carefully 
defined for published measurements. 

V/e have constructed a high vacuum test apparatus to obtain preliminary measurements 
of ion-induced secondary electron emission from thin films of amorphous aluminum oxide. 
The apparatus is housed in a bell jar high vacuum system and is shovn in Figure 1. The 
main purpose of these measurements is to gain sufficient experience to design and con­
struct a more complex apparatus which will include mass analysis of the primary ion beam 
and energy analysis of the secondary electrons. 

Ions are emitted from a surface ionization filament and are accelerated to energies 
up to 20 keV before they impinge on a i'lat target which is positioned several centi­
meters i'rom the filament. The target can be rotated about an axis at right angles to 
the path of the ion beam. Tnis arrangement allows one to measure secondary electron 
yield as a function of ion mass, i'lipact energy and angle of entry into the target sur­
face. Because there is no mass analysis in this device, we are limited to elements such 
as Li, Ca, K, Ba and Cs which emit pure ion beams. 

An ion-converter dynoiie is prepared by evaporatin-i about 3OOO A oi' pure aluminum 
onto a section of glass microscope slide to which a thin-film electrical conductor has 
been attached. Tiie glass surface is smooth to perhaps 10 or 20 A. Iressure during 
evapoi'ation of aluminum is less than 10"^ Torr and during secondary electron measurement 
it is in the low 10"--' Torr range. Aluminum surfaces are oxidized in tvo ways: (l) by 
exposing the freshly deposited aluii\inum to pure oxygen and (£) by chemically anodizing 
the surface to an accurately [<nown thickness of A120-D. Oxide films formed by exposing 
the aluminum surface to oxygen are of the order of 10 A or less in thickness. 

'Typical results for Li are shOrtTi in Figure 2 and indicate that the secondary elec­
tron yield from a pure, freshly deposited aluminum surface or frora an A 1 2 0 T surface is 
approximately a linear function of ion velocity and has a definite threshold velocity 
below which no secondary electrons are released by kinetic ejection. We observe a 
velocity threshold of (5±2) A IO'-" cm/sec for '̂ Ĉa , 39K^, 13oBa"^ and l33Cs"^. The ve­
locity threshold for Li is about twice as hign. Our results for the heavy ions are in 
agreement with those of Schram^ and nis co-workers. For a BeCu dynode they observed a 
linear dependence oJ' secondary electron yield with ion velocity for all the noble gases 
u-̂.nd a velocity threshold of 5*5 ^ 10"^ cm/sec. I should also mention that for 20 keV 
ions we observe little difference in secondary electron yield ol' monatomic ions over the 
mass range fc-238. Relative secondary electron yield of a monatomic ion correlates well 
with the electronic stopping power of that ion in an A 1 2 0 T target surface. Stopping 
powers are computed with the aid of Llndliard's theory'^. 

From simple considerations one would expect secondai"y electron yield at a given ion 
energy to be proportional to sec 0, where Q is the angle between the ion beam and the 
surface normal at the point of impact. Tnis is shown in Figure 3. V/e observe that this 
relation generally holds to about G Q O , but betv/een 60 - S0° may be somewhat lower than 
that predicted by the secant relationship. 

Another important parameter is the escape depth of internal secondary electrons 
formed below the target surface . To estimate this depth we successively anodized an 
aluminum thin film to 10, 20, and 3̂ ^ ̂  oi' A120-:? in an electrochemical cell. Secondary 
electron yield at normal incidence was measured after each anodization. Because the 
yield of the metallic substrate is 5 - 10 times lower than that of AlgOrj, internal 
secondary electrons formed in the substrate, near the Al-Al^Oo interface, cannot con­
tribute significantly to observed secondary electron yield. Davies5 and liis co-vorkers 
at Challi Fiver have measured the ranges of heavy ions in amorphous A120-3. From tiieir 
results we infer that the range of 20 K.eV Li ions is much greater than 30 A, therefore 
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any increase in secondary electron yield with oxide thickness would indicate a mean es­
cape depth greater than 10 A. No such effect was observed and in fact the yield re­
mained constant with increasing oxide-thickness. From this we conclude that the atten­
uation length, or mean free path for escape from an amorphous AI2O0 film is less than 
10 A. Tnis is somewhat surprising and disappointing I might add. Nevertheless, the 
observed secondary electron yield is consistent with estimates made using Linhard's 
theory to compute the total electronic stopping power of the first 10 A of AlsO-^. It 
also is consistent with a mean free path of 5 A in AI2O3 reported by Collins and Davies^ 
for hot electron transport in A1-A120-5-A1 tunnel cathodes. More research needs to be 
done on ion-induced secondary electron yield. 

PRACTICAL CONSIDERATIONS FOR ELECTRON MULTIPLIER DETECTION 

In I95U V-Jhite and Collins' Introduced pulse counting with electron multipliers to 
surface ionization mass spectrometry. Since then pulse counting has become a highly de­
veloped art for isotopic ratio measureraents in the huclear energy industry. It is 
apparent that no single electron multiplier design will serve all pulse-counting needs 
equally well, physical size, gain, detection efficiency, speed of response and vacuum 
enviornment are important factors which must be considered vhen selecting an electron 
multiplier for a particular kind of raeasurement. For details of electron multiplier 
structures one is referred to a monograph by Sharped and to recent manufacturers liter­
ature. Our own electron multiplier detector is completely described in a KAPL report?, 
which also includes details of fabrication and high temperature activation of the BeCu 
dynodes. 

The importance of the ion-converter dynode raust not be underestimated. It should 
be positioned close to the focal plane of a mass spectrometer, vithin 3 or i+ cm if 
possible. Tlie entire multiplier should be shielded from stray magnetic fields. The 
z-aperture of the multiplier should be large enough and the dynodes long enough so that 
the entire height of the resolved ion beam strikes the ion-converter dynode. The oxide 
surface of the ion-converter should be at least 20 A thick but need not be more than 
several hundred A thick. Ideally it should be flat and smooth so that a constant angle 
of entry of the ion beam is maintained. A flat surface in the ion-converter is impor­
tant for DOth the dc and pulse-counting modes. By inclining the target surface to the 
ion beam axis, secondary electron yield is Increased according to the secO relationship. 
This enhances detection efficiency and lowers background counting rate. It is very de­
sirable that the ion converter be removable without disassembly of the electron multi­
plier, since occasionally one must detect radioactive atoms. They become imbedded in 
the target surface and can increase the background counting rate to unacceptable levels. 
The entire electron multiplier structure should be designed for use in ultra-high 
vacuum. It should be bakeable to at least several hundred degrees C and should be de­
mountable for cleaning and reactivation. In linear focused structures, some form of 
beam alignment must be used to obtain maximum detection efficiency. This can be accom­
plished either by an electric deflecting field between the defining slit and multipler 
aperture or by lateral displacement of the first dynode by pivoting the multiplier about 
its base. We use both methods in our laboratory. Proper focusing of the secondary 
electrons in the first fev stages is all-important, since the pulse-height distribution 
generated there will be passed on through succeeding stages. This is accomplished by 
focus rods located near the entrance aperture and between dynodes. 

Tlie operating characteristics of a particular electron multiplier depend on its 
total enviornment. For example, high vacuum is necessary to maintain a gain of lo", 
low noise and long life. V/e find that 10"° Torr is sufficient for routine operation. 
Also, for fast electronic response it is desirable to connect the multiplier anode to a 
50 ohm transmission line and thence into a 100 MHz solid state discriminatorlO which 
has a threshold of 5 ^"^ or less. For continuous operation the anode current should not 
exceed a few \iA, otherwise multiplier life will be reduced. At our operating gain of 
1 X 10° this corresponds to a counting rate of approximately 2 x 105 cps. For short 
periods of time counting rates of several MHz can be used. I might add that one should 
not try to make the electron multiplier compete with dc detection for counting rates in 
excess of 1 MHz or 1.6 x 10"-^3 A. Precisions better than 0.1^ can be attained at 
counting rates well belov 105 cps, so there is no pressing need to pulse count in the 
MHz range, except in special circumstances. Some might regard this as a limitation of 
the electron multiplier. 

I vould like to conclude with a remark concerning the use of electron multipliers 
foi' pulse counting in spark source mass spectrometers. In surface ionization and ion-
sputtering sources, the random rate of ion generation follows Poisson statistics and 
this allovs one to make an accurate correction for coincidence losses in pulse counting. 
This is not the case at all with a spark source. Evans and Morrisonll have studied 
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ion yield vs time in an rf spark discharge. V/ithin a pulse of 100 fisec duration they 
find large variations in the rate of ion production over a time scale of a fev |j.sec. 
In this case one should estimate the instantaneous ion current or counting rate, 
averaged over the duration of a pulse, not including the quiescent periods of milli­
seconds betveen pulses when no ions are forraed. Also, one must always keep in mind that 
the tnln oxide film of the ion converter is an electrical insulator and is limited in 
the number of secondary electrons/cm^/sec it can deliver. It also is subject to a slow, 
steady erosion by ion sputtering. V/e have not measured the saturation yield current, 
but for an Al20^ target in the KAIL multiplier, no detectable saturation is observed for 
a first stage gain of 15 secondary electrons/ion and a steady counting rate of IMHz. 
Temporary loss of gain in the dynode chain is a more serious problem at very high count­
ing rates. For example, if too intense an ion current even momentarily strikes the ion 
converter, both its secondary electron yield and the overall multiplier gain may be 
lowered during detection of a pulse. At high gain this vill produce a non-linear multi­
plier response in either the pulse-counting or dc modes of detection - an effect anal­
ogous to reciprocity failure in ion-sensitive emulsions. Take a simple exaraple. For a 
1 ppm impurity a 30 sec exposure, approximately, is required to produce detectable 
blackening of an ion-sensitive plate, or about 10^ ions. If, for this measurement, we 
use a pulse duration of 100 [isec and a repetition rate of 100 pulses/sec, then about 3 
detectable ions are formed in each pulse. In this case, the instantaneous counting 
rate, averaged over a pulse, is 3/IOO lasec or 0.3 MHz. For this rate, the expected 
coincidence loss correction in a 100 MHz pulse-counting systera is 0.3^. But this is not 
the limiting consideration. The instantaneous pulse-counting rate really should be 
averaged over the time of actual spark breadkown. Suppose a spark breakdown occurs in 
0.1 usee and two detectable ions are formed in this interval. Then the instantaneous 
rate is £0 MHz ana the counting loss correction is 2O56 if the counting system responds 
linearly. The point I wish to make is that even vhen only a few detectable ions are 
formed during each spark breakdown, coincidence losses will be high and the recorded 
number of pulses will require care in interpretation. The dynamic response of electron 
multipliers and other kinds of pulse-counting detectors need more investigation before 
many of the basic questions about their application to spark source mass spectrometry 
can be ansvered. Nevertheless, for the measureraent of trace eleraents they offer 
improvements in detection sensitivity and accuracy that cannot be equalled by any other 
method. 
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The type of ion detector that I wish to discuss is one in which a scintillator 

is used as a high gain element. More specifically, I refer to the type of detector that 

converts ions to electrons, electrons to photons, and photons back to electrons. The use 

of the intermediate step involving photons is the process that characterizes this device. 

Neither of the names "Ion Converter Detector" or "Scintillation Type Ion Detector" seem 

to adequately describe it. Perhaps the name "Ion-Conversion Scintillation Detector" 

vould be a good compromise. Before discussing its characteristics and some of the 

techniques involved in its operation, I would like to touch briefly on its origin and 

on the variety of forms in vhich it has heen used. 

HISTORICAL DEVELOPMENT 

The detector was first introduced "by SchUtze and Bernhardt in 1956. They vere 

apparently interested in developing a detector vhich had both high sensitivity and fast 

response for use on a sector mass spectroraeter in vhich the mass spectra were to be 

displayed on an oscilloscope screen. Their main objection to the Allen detector^, the 

"open" electron multiplier, which in principle satisfied their requirements, was that 

reactivation of the dynodes was necessary following each venting of the vacuum system in 

order to restore satisfactory gain. The other alternative open to them at that time was 

to use the "true" scintillation detector described by Richards and Hayes^ in 1950. In 

their detector ions were post-accelerated by a -30 kev field directly into a scintillator 

which vas viewed by a photomultiplier tube. The great advantage of this system is that 

the high gain element, the photomultiplier, is situated external to the raass spectrometer 

vacuum system and no dynode activation process is necessary. Hovever, the effect of 

fatigue and permanent damage many scintillators suffer under ion bombardment presents a 

serious disadvantage. Bringing together the best features of the tvo previous detector 

concepts, namely the high sensitivity possible in an "open" electron multiplier and the 

freedom from bothersome activation procedures afforded by an external photomultiplier, 

Schutze and Bernhard produced a detector satisfying their needs. 

A further development of this detector for the purpose of detecting individual 

ions appeared in 196l by Bernhard, Krebs, and Rotter'*. 

The principal changes lie in the ion eind secondary-electron focusing system. 

Post acceleration of the ions occurs between curved electrodes in such a way as to focus 

the ions on a Ni target with an angle of incidence centered at 60°. The secondary 

electrons are focused onto the scintillator by the field penetrating the vertical 

cylindrical cavity of the target holder, This design operated excellently for voltages 

up to -2U kev. 

In i960 Daly^ introduced another form of the detector. The basic difference of 

Daly's configuration is that the ions are deflected sideways into the target. This im­

poses a restriction on the relationship of target potentials and entrance ion energies 

that can be used for the particular geometry selected. For his flat target surface and 

a 1.2 cm. effective scintillator diameter, and for a target potential of -^0 kev, ion 

entrance energies in the range 5 to 7 kev are required. This restr.i.ction is not 
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particularly disadvantageous unless one wishes to use electrostatic scanning over a wide 

mass range. A definite advantage is realized In that stray Ions or ions vhich have lost 

more than 20/E of their energy are automatically rejected. For the scintillator Daly used 

a 3 mm. thick plastic phosphor NE 102. The electron entrance side of the phosphor was 

coated with an aluminum film to maintain a ground potential at its surface and provide 

optical reflection of light toward the photomultiplier. The coating was thin enough so 

that the electrons in passing through it lost only about 1 kev of energy. 

This form of the ion conversion scintillation detector has been the most videly 

used. 

beams. 

In 1963 Daly^ modified his detector for the siraultaneous measurement of two io 

In this arrangement a thin metallic partition separates two independent de­

tectors. The two ion beams are deflected in opposite directions to two targets each 

facing opposite sides of the partition. A magnetic field directed toward the axis of the 

incoming ion beams deflects the secondary electrons from the tvo targets into their cor­

responding scintillators. An obvious requirement for the success of any dual detector 

system is that the tvo detectors must have equal efficiencies or high stability so that 

adequate calibration can be made. The characteristically high efficiencies obtainable 

with this type of ion detector make them well suited for a dual system. 

The description of an ion conversion scintillation detector having a large 

entrance aperature was given by Ridley'' in 1961. This detector was developed for the 

detection of lov energy recoil ions in beta-decay of gases and required a uniform 

sensitivity over an aperture of k cm, in diameter. The sensitivity of the detector 

proved to be uniform over the h cm. entrance aperture but displayed a few percent varia­

tion with ion energy due to a transmission effect of the screening grids. 

Ion conversion scintillation detectors are not exclusively found in the domain 

of mass spectrometry. It should be mentioned that Stein and Leachman^ in 1956 made use 

of the principle for the detection of fission fragments in the fission of U^^^. In their 

arrangement, the secondary electrons, produced during the passage of the fission fragments 

through a thin Ni foil, were detected by a scintillation detector. 

In i960 Everhart and Thornley^ applied the high gain and fast response possible 

in scintillation detectors to a scanning electron microscope. The secondary electrons 

released from the sample were accelerated into a plastic scintillator which,in turn, was 

optically coupled to a photomultiplier. This system proved superior to the "open" 

electron multiplier in mechanical flexibility. 

BASIC PROCESSES 

Let us now examine in some detail the basic steps in the operation of the ion-

conversion scintillation detector. 

The gain of the detector is the product of the three essential conversion 

factors and the multiplier gain. 

1. The number of secondary electrons emitted from the target per positive ion, 

2. the number of photons produced per secondary electron in the scintillator, 

3. the number of photo-electrons released per photon, at the photocathode, and 

k. the multiplier gain. 

Three observations should be made at the outset. 

1. Only the first factor is variable during operation (assuming saturation 

effects and non-linearities of the photomultiplier are avoided). The 

number of secondary electrons produced is, of course, dependent on the 

nature of the incident ion, its velocity and angle of incidence, and the 
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particular target used. The other three factors are "built in", so to 

speak, by design features and choice of operating parameters. This means 

that as a current gain device the response characteristics would be 

expected to be the same as those of the "open" multiplier but easier to 

maintain in a practical sense over a wide variety of environmental circum­

stances . 

2. If the product of factors 2 and 3 is equal to the average gain per stage of 

the electron multiplier, the detector is essentially equivalent to the 

"open" multiplier except that a greater value for the first factor can be 

obtained due to the higher practical limit on the potential at which the 

conversion electrode can be operated. 

3. If the product of factors 2 and 3 is large, the pulse height distribution 

of the detector output is determined primarily by the initial conversion 

process. 

Factors 2 and 3 may be represented in greater detail as: 

E 
P 

where E = energy of electrons striking the scintillator 

E = electron energy lost entering scintillator 

E = average photon energy 

C = conversion efficiency of energy into photons of energy E . 

T = efficiency of the optical system 

Q = quantum efficiency of the photocathode 

(E - E ) represents the total electron energy transferred to the scintillator. 

E is the energy lost in penetrating any surface coating or inactive layers of scintil­

lator surface material. It is a common practice when plastic scintillators are used, to 

evaporate a thin layer of aluminum onto the front surface in order to reflect light to­

ward the photocathode. The optimum thickness for good reflectivity before noticeable 
o 

energy is lost was found by Young^^ to be about 500A. It should be noted also that any 

machining or polishing of the plastic front surface inevitably results in the deteriora­

tion of the scintillator efficiency. A new technique for forming scintillators so as to 

avoid machining and polishing was recently reported by Hatzakis^^. His technique is to 

dissolve Pilot scintillator B material in scintillation and fluorometric grade toluene. 

The scintillator is then formed by applying the 5-105̂  solution a drop at a time on the end 

of a light pipe. After drying in a dry atmosphere free from air currents, the 10-20 

micron thick scintillator thus formed is coated vith aluminum in the usual way. 

E is the average energy of the photons produced which for most scintillators 

is about 3 ev. C is the fraction of the net electron energy that is converted to 
P 

photons. Values of C in the range .01 to .05 seem to be typical. It is apparent that 

for 30 kev electrons hundreds of photons are produced. 

The second bracketed expression is factor 3 and is the product of T , the 

efficiency of the optical system and Q , the quantum efficiency of the photocathode of 

the photomultiplier. Quantum efficiencies are of coLu*se spectrally dependent and vary 

among coramercial tube types. Values from around 7 to 30^ are quoted for some of the 

commonly used photomultipliers. If one assumes a value of 0.5 for T and quantum 
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efficiency of 20^, one-tenth of the photons should result in the release of photoelectrons. 

Further, for a scintillator efficiency of 2^, 30 kev electrons incident on the scintil­

lator would produce 20 photoelectrons. 

In a study of the response of an anthracene scintillation counter to electrons 

in the 10-120 kev energy range, Johnston'''̂  found that for a bare crystal O.O6O in. thick, 

centered on the photocathode of an RCA 6l99 photomultiplier, the release of one photo­

electron required on the average l . k f kev of incident electron energy. For 30 kev 

electrons this amounts to the generation of about 20 photoelectrons, which seems to give 

creditability to the approximations we assumed above. 

PERFORMANCE 

The overall performance of this type of this type of detector can be illustrated 

by an example of the output pulseheight distributions that can be obtained. 

We have been using ion converter scintillation detectors in our laboratory at 

Battelle-Northwest since 1963. All of our detectors utilize the configuration introduced 

by Daly except for one minor difference. Instead of a flat target surface a spherical 

concave one is used, the center of curvature being located near the center of the scintil­

lator. The focusing action that the concave surface exerts on the secondary electrons 

has the effect of increasing the entrance aperature of the detector without having to 

increase the size of the scintillator. Our targets are machined, from a solid block of 

aluminum alloy and meticulously cleaned and polished so that they may be operated at 

potentials as high as 60 kev without high field emission or breakdown occurring. We use 

NE 102 scintillators made from 0.010 in. sheet material and cement them to 1/2 in. long 

lucite light pipes with Eastman 910 cement. 

The pulse-height distribution we obtained for U^^^ ions of 12 kev energy 

entering one of our detectors is shown in the figure. 

Linear Scale 

Log Scale 

Pulse-Height Distribution for U^° ions 

The target potential was -50 kev and an EMI 6097S photomultiplier, operated at 

1600 V, vas used. The ion conversion events leading to the release of one, two and 

perhaps three secondary electrons con be seen. Using these bumps to calibrate the pulse 

height scale, ve estimate that the peak of the distribution lies at about seven electrons. 

With the discriminator set so as to accept most of the single electron peak, the de­

tector background average count rate vas about 1/2 count per second. Operated under 

these conditions and if one assumes that the secondary emission process can be described 

by a Poisson distribution, the detector is 99-9^ efficient. Even if the single electron 

peak is excluded, about 99-5^ of the distribution vould be accepted. It is a little 

dangerous to claim such high detection efficiencies without taking into account the 

possibility that some other zero yield process, such as ion reflection, may be taking 
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place with substantial probability. With this provision these efficiencies are mentioned. 

The need for a lover background and a higher ion count rate capability than ve 

were able to achieve with the ^M 6097S led us to search for a more suitable photo­

multiplier. We have had our best and sustained success vith the Amperex 56AVP. Back­

ground rates less than one count per minute, or less than 3x10 ^ •* amp, can be maintained. 

The output pulses of the photomultiplier are about 10 nsec vide vith an average amplitude 

of 1.5 V on a 50fi load. Further amplification of the pulses is unnecessary so the 

multiplier output is cabled directly to a discriminator. With our discriminator deadtime 

adjusted to about U5 nsec, the response of our detector is linear, with deadtime 

corrections, to at least 2x10^ ion counts per second or 3x10 amp. 

The performance characteristics of the ion conversion scintillation detector 

can be summarized as follovs: 

Dectection Efficiency Virtually 100^ 

Mass Discrimination None 

Sensitivity Limited only by background noise 

Noise Less than 1 count per minute 

Maximum Input Rate 2x10^ ions per second 

Entrance Aperature Several centimeters 

Although there are undoubtedly some particular ion measureraent situations vhere 

this detector would te usefully applied as a current gain device, its main value, I would 

saj"", lied with its use as an ion counting detector. The characteristics listed here refer 

to ion counting applications only. 

With an average secondary electron yield in the ion conversion step equal to or 

greater than 5, the detector is virtually 100^ efficient. For this reason there vould be 

no iTiass discrirriination. 

The sensitivity is limited only by the level of background noise. This noise 

can be held to levels below one count per minute. 

The maximum ion input rate that can be used depends on the photomultiplier out­

put pulse characteristics and the precision with which the deadtime of the electronic 

circuitry can be determined For uncertainties in deadtime-corrected count rates no 

greater than 0.1^, input rates as high as 2x10^ ions per second can be measured. If 

greater uncertainties can be tolerated, the figure may be extended to 10'' ions per second. 

Finally, entrance aperatures as large as h cm have been successfully obtained through 

special design efforts; however, aperatures of O.5 cm. can be realized without any 

difficulty. 
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Extended Abstract 

The ion-sensitive plate, as used in a contemporary mass 
spectrometer or mass spectrograph, becomes a graphic record summarizing 
events in the instrument over a series of exposure intervals. It raust 
contend with ions with mass-to-charge ratios ranging in magnitude from 
1 to over 1000, and with ion energies from about 5 to over 75 kev. The 
data recorded on a plate are available for subsequent recall, inter­
pretation, and analysis in auxiliary equipment at the will of the 
investigator. 

As this status review notes, mass spectrography with ion-sensitive 
plates and optical spectrography show many similarities in materials, 
associated techniques, and data handling. Despite formal similarities 
the processes of photographic exposure and ion interaction with the 
plates are different. The silver bromide grains of most photographic 
emulsions are seated deeply and display little sensitivity to 20 kev 
particles penetrating to depths of 0.2 microns or less. Emulsions 
designed for the 0.004 to 0.006 kev quanta of the strongly absorbed 
vacuum ultraviolet differ and have grain layers at or near the surface. 
Such emulsions are also rapidly exposed by ions. They include low-
gelatin emulsions, emulsions with the gelatin surface removed, and high-
gelatin centrifuged emulsions. A new detector with a vapor-deposited 
film of silver bromide has recently been developed with applications 
to ion detection more directly in mind. 

In addition to detection based on the direct interaction of 
ions and silver bromide, conversion techniques with layers of ion 
sensitive materials have also been used. Fluorescent screens make 
a mass spectrum visible and subject to photography with any fast film. 
Conversion of ion energy to electrons has been applied to ion microscopes, 
and has received a preliminary investigation in mass spectrometry as an 
alternative to a fluorescent screen. 

Instruments of the Mattauch-Herzog geometry dominate the use of 
ion-sensitive plates, and this use is very largely confined to the 
Type of Q-2 low-gelatin plate. The two widespread applications of this 
instrument-detector pair are organic structure studies by the electron-
bombardment, high resolution method and elemental analysis of metals, 
inorganics, and surfaces by the spark-source method. It is in studies 
oriented towards these applications that a reviewer finds much of the 
data related to ion-sensitive plates, and it is largely against the 
Q-2 plate and these applications that new developments in the field 
stand for evaluation. 
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M4 

PHOTOGRAPHIC VS. ELECTRICAL DETECTION FOR SPARK SOURCE INSTRUMENTS 

F. D. Leipzlger 

Ledgemont Laboratory, Kennecott Copper Corp. 
Lexington, Massachusetts 

I. Introduction 

As one reads the l i terature of spark, source mass spectrography over the past 

ten years , it readily becomes apparent that workers in the field acknowledge analytical 

accuracy as the foremost problemof the method. As one reads further, it becomes 

clear that a major portion of the blame for problems in accuracy is placed on the ion 

sensitive photoplate which is the comnnonly used detector for these instruments. 

The spark source instrument has been available commercially for about ten 

years and its raison d 'etre is the analysis of t races in solids. The magnitude of the 

failure of this tool can be measured in the lack of quantitative data, the disagreements 

between laboratories running the same samples, and the number of papers in the 

l i terature attenipting to revise raw data by means of corrections related to the photo­

plate. Only in a few specialized cases can the spark source be considered a successful 

analytical tool. 

If we examine more carefully the causes for this failure, we find that present 

day instruments are essentially the same as the first instrument designed in 1947. The 

following is a description of a spectrograph: 

"A mass spectrograph for chemical analysis of solids has been 
developed. The Mattauch arrangement of 31*-'50' electric deflec­
tion followed by a 90°deflection in a magnetic field is used in 
order to obtain a large mass range in focus on one plate. 

. . . During the introduction of the plate or insertion of new elec­
trodes a gate valve is closed to isolate the spectrograph from 
the pumping system. " 

It applies to any of the modern day commercial instruments. Unfortunately, 

that was the description of the first solids instrument developed by Shaw and Rail at 

the Argonne National Laboratory in 1947 , These workers unhesitatingly chose the 

photographic detector. The erra t ic nature of the ion bean:\ produced by the vacuum 

spark and electrical interference supposedly precluded the use of electron multiplier 

or Faraday cup detectors. It is rather a sad commentary that todayfe instruments have 

advanced so little in over 20 years . 

The difficulties which are encountered in attempts to obtain quantitative 

information using the photoplate as an ion detector indicate that an extremely complex 

situation prevails . Experience with optical emission spectrographs and their excellent 

accuracy compared to poor results with the mass spectrograph confirms the presence 

of a problem. The need for standards for accurate chemical analysis was forseen by 

Shaw and Rail in 1947 and this is still true today. 

Since most of the spark source instruments in use today are primari ly used 

for chemical analysis, I will discuss the detector problem in this light. 

II. Analysis using the Photoplate 

Techniques for quantitative analysis using the photoplate have been described 

by many authors. A characteris t ic of all these techniques is that they are slow. 

Depending on the type of information the user requires , the lag between detection of the 

ion beam and reduction of the data will vary from a few hours to a day or more. 
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A typical procedure involves sparking samples to obtain a graded ser ies of 

exposures to insure that several of the exposures are in the correct range for densito­

metry. Next the plate is removed from the spectrograph, developed,rfixed and dried. 

Only then is the spectrographer ready to consider an emulsion calibration. These cali­

brations require a se r ies of spectral lines of known relative exposure values, and from 

these.the number of ions required to cause a specific degree of darkening may be 

calculated. The urgency and complexity of this problem may best be appreciated by 

considering the well known mass spectrographers whose names a re associated with 

calibration techniques - Mattauch, Ewald, Hintenberger, and Dornenburg. The two 

line method of Churchill although originally developed for optical emission was adapted 
(2) 

by Duke and has found wide acceptance in mass spectrography. 

The next step in this hypothetical procedure involves measurement of the 

actual relation between the impurity and the matrix. All of the photographic data t rea t ­

ment methods require careful densitometry and emulsion calibration. A common 

approach involves conversion of the line densities of the impurity and the matrix to 

relative beam intensities using the calibration curve. A number of corrections are 

then applied to this ratio and they are summarized in the following relation: 

C. = Es . As. Ss. Wi. Mi 
' Ei Ai Si Ws Ms 

where the subscripts s and i refer to matrix and impurity and E is exposure, A is 

isotopic abundance, S is relative detector sensitivity, W is line width, and M is charge 

ratio when singly charged ions are not used. 

Corrections for line width, background, the effects of ion mass and ion 

energy, and ion charge distribution are all on a sound theoretical basis and should be 

applied wherever possible. 

It is unfortunate that this tedious, painful, and time consuming procedure 

does not work at all well. There is no guarantee that the final answer will bear any 

recognizable relationship to the true amount of an impurity in a solid. 

When it is possible to use standards the situation will improve--but not to 

the point one might expect or hope. Several methods involving standards have been 
(3) described by Kai and Miki 

If several standards for an element are available, a curve is constructed 

relating optical density, D, and concentration at a given exposure. A s imilar exposure 

is made with the unknown material and the concentration of the impurity may be read 

from the curve as shown in figure 1. 

Alternatively, when only one standard is available, exposures are made 

which cover a wide range. The optical density of the lines of the known impurity 

a re measured in all spectra. Then optical density is plotted against log X where 

X - CIE, with C = concentration, I = isotope abundance, E = exposure. Concentrations 

are then determined in the unknown by making use of the curve so constructed. 

Experience in our laboratories with these methods has been disappointing. 

We have had occasion to work with a ser ies of emission spectrographic copper stan­

dards which should have provided excellent results with either of the methods described 

above. The known impurities were all metallic in nature, at reasonable concentrations, 

and well characterized. Our results ranged from barely acceptable to abominable. 

This may be due, of course to technique problems, or to inhomogeneity or ion beam 

monitor difficulties. 
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(4) Owens, in a detailed discussion ot photoplate procedures warns us that 

"the possibility of large e r r o r s must be considered in interpreting analytical resul ts" 

The many ill defined or unknown parameters which contribute to these e r r o r s cannot 

be evaluated with any certainty using the photoplate because of its lack of speed and non­

linear response. 

Despite these difficulties several workers have shown excellent accuracy and 

precision in photoplate work.Franzen and Schuy have obtained data which is at least 

as good as electrical detection data, using a pulsed dc source which apparently is 

insensitive to electrode positioning. 

III. Electrical Detection 

Electrical detection has been the normal mode of operation for mass spectro­

scopists in most fields. Gas analysis, liigh resolution organic analysis, Knudsen cell 

studies and thermal instruments have a l l made use of the electron multiplier with a 

good deal of success . The exception which concerns us is in the field of solids analysis. 

An early and strongly held view insisted that the erra t ic nature of the vacuum 

spark and attendant problems of electrical interference would make electrical detection 
(fi) 

for solids instruments impossible. However, as long ago as 1941, Strauss success ­
fully attempted the electrical detection of nickel ions from a spark source. Ten years 

(7) 
after that, Gorman Jones and Hippie made another successful attempt and at the 
same time introduced the ion beam monitor. These and other early attempts were of 

an exploratory nature and the first valid demonstration of t race analysis is by 
(8) Conzemius, Capellen, and Svec The efforts of these workers were shortly followed 

by those of Bingham, Brown, and Powers, and Socha, Baker, and Masumoto, 

and Evans, Guidoboni, and Leipzlger 

The aspect which all workers in this field s t ress is the speed with which data 

is available for inspection or manipulation. The reasons for this a re twofold--tirst 

there is no time lost in plate development, densitometry, etc. and second,sensitivity 

is increased. A given exposure is obtained in less instrument time than with photographic 

detection. For example, an impurity which requires a 0.1 nanocoulomb exposure is 

detectable and analyzed electrically within seconds while at least an hour would be 

needed with the photoplate. 
(12) Hull has discussed the time advantage which may be gained by using 

electrical detection. Obviously the level of the impurity and the number of impurities 

to be surveyed will enter into the time advantage. A large number of impurities at 

high levels (1 ppm) is most advantageous to the photoplate and the time saving with 

electrical detection is as small as a factor of two. The most favorable case for 

electrical detection involves analysis of ten to twenty elements at the part per billion 

level. The time factor here may be in excess of one hundred. 

I would like to describe briefly the paths some of the early workers have 

taken when assembling electrical detection systems. 

The system developed by Conzemius, Capellen, and Svec contains three 

essential features--facil i t ies for evaluating the ratio ofthe impurity and total ion 

beams, automatic step scanning of the electrostatic or magnetic fields, and the avail­

ability of an internal standard. Components have been chosen to ensure ease of com­

puter interfacing. 

An important aspect of the Iowa State set up is that the step scanning circuit 

is activated only after a preset number of counts accumulate in the denominator (total 

ion beam) of the ratio recorder . In this manner scanning is avoided when the spark 
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is not operating. This is an elegant way around the problem of the erra t ic ion beam 
produced by the vacuum spark. 

The performance of this system has been excellent. Conzemius and Svec 

have obtained results on a se r ies of steels certified by the Bureau of Standards for 

homogeneity. Using a large sample as recommended by the Bureau they obtained an 

average precision of ± 6% with over 60% of the total elements having precision appre­

ciably better than 6%. 

The second system I would like to discuss is that of the AEI workers , 

Bingham, Brown and Powers. This particular system is in most ways similar to the 

one at our Laboratory. 

The AEI approach is twofold. One mode of operation involves continuous 

magnetic scanning and ratiometry to obtain rapid semiquantitative data. The second 

mode uses electrostatic peak switching to obtain accurate and precise analytical data. 

Magnetic scanning has proved to be an excellent rapid survey method where 

semiquantitative results are acceptable. In this mode of operation the magnet is 

scanned to sweep the peaks over the collector. Figure 2 shows the amplifier a r range­

ment used to correct for fluctuations in the ion current while the peak is on the col­

lector. The double logarthmic amplifier obtains a ratio of the impurity ion current 

to the total ion beam. This ratio may then be displayed on a recorder - - such a spec­

trum is sliown in Figure 3. A dynamic range of 1000 to 1 can be displayed with this 

arrangement. For example, if the line marked "x l " can be set to a value of 2 ppm 

then the values at the other lines are 20, 200, and 2000 ppm. The region over which 

this range is used can be easily changed. 

Table I shows the type of results which can be obtained with peak scanning. 

The precision and accuracy are better than + 30% in most cases and the speed of the 

scan (110 seconds per decade) is orders of magnitude faster than any photoplate proce­

dure. 

Table I 

Reproducibility of Nine Repeat Analysis on Copper 

Standard CA2 with Ratio Scanning 

Found True 

Bi 44 + 14 40 

Pb 36 ± 15 30 

Sb 68 ± 24 60 

Sn 57 + 21 65 

Ga 79 ± 30 75 

Cr 83 + 31 70 

The second mode of operation of this system, peak switching, is used where 

the highest analytical precision is required. It is necessary to spend longer times on 

the peaks of interest to obtain the required precision and this necessitates the use of 

a device to insure beam stability. 

This problem has been solved with the aid of an external vibrator. This 

device is attached to oneof the manipulators and the resultant motion of that electrode 

is sufficient to ensure continuity of the spark. 

The peak switching mode of operation involves electrostatic voltage changes. 

The peaks of interest are preset by ascertaining the voltages necessary to center them 

on the multiplier slit. Quantitative analyses are then performed by integrating the 
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collector current for the impurity of interest while a particular charge is collected by 

the ion beam monitor. For results to be truly quantitative, standards are required. 

The procedure when standards are available in quite straight forward--the 

response of the multiplier to a known amount of the impurity element is determined. 

Next the unknown is sparked and the concentrations are then in the ratio of the collec­

tor currents . The results which may be obtained with this type of system have been 

published by several workers and Table II shows some work from our laboratory on 

NBS steels . The excellent precision and accuracy are typical of electrical detection 

when standards are available. 

Table II 
Analysis of NBS Steels for Molybdenum using 

Electrical Detection 

NBS # Mass Spec. w/o NBS Value 

461 0.38 ' 0.36 

462 0. 94 0. 94 

463 1.13 1,15 

465 0.0024 0.002 

466 0.0075 0.007 

467 0.47 0.47 

However, we have found it necessary to develop a rather meticulous 
sample handling procedure to obtain these results routinely, and we feel that the speed 
of the detector was of paramount importance in developing the required procedure. 
Positioning of the sample was found to be a key aspect of the routine analysis of metals. 

The next slide il lustrates the changes which appear when the electrodes are 

sparked at varying positions relative to the first plate. 

Table III 

Variations Caused by Electrode Placement 

Increasing Distance from Accelerating Cu /Cu " 
Plate 

i 12.30 

4 . 9 8 

j 5 . 4 9 

V 5. 97 

4.43 

It immediately is apparent that a standardized mounting procedure must be 

used to minimize these large variations in ion current. The procedure we have 

adopted involves a mounting jig which reproducibly sets the distance of the sample from 

the accelerating plate. A microscope is used to align the electrodes with the extrac­

tion orifice. These steps are apparently sufficient to reduce the e r r o r in mounting to 

less than i 5%. The following data indicates the reproducibility obtained in the analysis 

of s i lver in the Johnson-Matthey copper standards. 
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Run 

Counts 

% RSD 

Avg. of 
Avg's. 

1 2 

1172 1125 

2.9 2.4 

1165 +1.9% 

3 

1166 

1.4 

Table IV 

Repetitive Sample Loadings 

(Integrated Multiplier Current) 

Ag in JM CA6 

4 5 6 7 

1197 1156 1158 1180 

4.4 3.2 1.6 3.0 

These electrode pairs were remounted in the source for each run and the precision of 
the entire procedure speaks for itself. Once the samples were mounted .the time for a 
single set of data (ten determinations) was approximately ten minutes. 

Summary 

The contrast between electrical and photographic detection is most striking 

in the a reas of speed and accuracy. Whether one operates in the peak switching mode 

with standards for highest accuracy or in a magnetic scanning mode for survey analysis 

the electrical system is faster than the photoplate by factors of two to one hundred. 

This speed of presentation allows the operator a much grea ter latitude for 

ascertaining the effects of spark parameters and sample positioning. In these cases 

the data is available within minutes as opposed to hours with the photoplate. 

It should also be obvious that the output of an electron multiplier is easily 

interfaced with a computer to obtain an automated system. The only automation 

possible with the photoplate involves plate scanners which remove the tedium associ ­

ated with manual densitometry. The time lag between sparking of the sample and 

availability of the data is essentially unchanged. 

When one considers other analytical tools of the same era such as atomic 

absorption and flame emission spectroscopy, electron microanalysis, and scanning 

electron microscopy, the lack of growth of spark source instruments is painfully 

apparent. The acceptance of these other tools is universal. They have satisfied a 

need--the need still exists for ultra t race analysis and it is still unsatisfied. 

In conclusion, I feel strongly that if the spark source mass spectrograph is 

ever to become a routine and accurate tool it must do so with electrical detection. 
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M6 

SOLID STATE AND SPECIALIZED DETECTOR METHODS 

F. A. Vfhite 

Department of Nuclear Science 

Rensselaer Polytechnic Institute 

Troy, N. Y.-12181 

INTRODUCTION 

I have been asked to comment on the possible use of solid state 
and specialized detectors that might be utilized in monitoring ion beams 
in mass spectrometry. The remarks which follow are presented in the spirit 
of the conference; namely to discuss potential applications of new detec­
tors with the understanding that these detectors are not at the stage of 
development that is comparable to ion detection methods which have been 
presented in the previous papers. Nevertheless, one of the schemes which 
I shall mention appears to have substantial'merit, especially since it may 
ultimately replace (for restricted applications) the photographic plate, 
which possesses the advantage of monitoring ion beam currents simultaneous­
ly over an extended mass scale. 

THE P-N JUNCTION AS AN ION DETECTOR 

The use of reversed bias p-n junctions for the detection of high 
energy nuclear particles has been important for nearly a decade. These 
junction counters are able to provide an energy resolution for alpha par­
ticles, beta particles, and even gamma rays. The first application of 
solid state diodes to mass spectrometry was reported in 1961.(1) In this 
early application the ion detection efficiency was exceedingly poor. How­
ever, the basic concept was to allow the incident ion to strike a "converter" 
in order to produce secondary electrons.(2) These secondary electrons 
were then accelerated and focused into the "depletion region" of the junc­
tion, and the kinetic energy of the electron was converted (in part) to 
the generation of electron-hole pairs. Basically the reverse bias junction 
acts as a solid state ionization chamber with approximately 1 electron-hole 
pair being formed per 3.5 ev of energy expended in a silicon crystal. 

A major difficulty in adapting a p-n junction for direct ion de­
tection is the very restricted range of charged atoms in matter. Only 
very light ions of high energy (>30 keV) have a sufficient range to pene­
trate the silicon junction "dead layer", expend a large fraction of their 
energy in the "depletion region", and thereby generate a large amount of 
ionization. Post-acceleration of mass-resolved ion beams is possible, but 
very high voltages (>100 kv) would be required for the direct detection of 
heavy ions. The alternative of letting the primary ions strike a'bonverter" 
plate that will generate secondary electrons and accelerate these secon­
daries into the junction, appears quite practical. As in the case of the 
scintillation counter for ion detection, there is the further advantage of 
charge amplification in the secondary electron process itself. 

A silicon p-n junction, operating under conditions of reverse 
bias, functions as an exceedingly shallow ionization chamber for the de­
tection of secondary electrons. The "depth" of this silicon ionization 
chamber, or "depletion zone", can be derived from Poisson's equation, the 
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current continuity equation, and various parameters of the material. The 
results, however, can be expressed simply as:(3) 

x = 3.2 X 10"5 (pV)^cm (p-type) 

x = 5.3 X 10"^ (pV)^cm (n-type) 

where x is the depletion depth, V is the reverse bias (in volts) applied 
to the p-n junction, and p is the resistivity of the silicon expressed in 
ohm-cm. For high resistivity silicon (3000 ohm-cm), and a reverse bias of 
only 50 V, the effective depth of the depletion zone would be approximate­
ly 200 microns. This depth is greater than the range of a 100 kev elec­
tron. 

Figure 1 is a schematic of the apparatus for detecting ions, 
using a secondary electron converter. Positive ions are focused onto a 
high-voltage anodized aluminum electrode (30 kV, negative) and secondary 
electrons are accelerated onto a surface-barrier junction. The interes­
ting results are shown in Figure 2. The graph clearly shows 18 quantized 
peaks as displayed in a multichannel analyzer. The spectrum indicates .the 
relative number of secondary electrons released by primary ion impact.'•̂ •' 
The first peak is caused by ions that generate only a single secondary 
electron with the subsequent production of electron-hole pairs in the junc­
tion after this electron has acquired 30 kev). Successive peaks indicate 
ionization energies in the junction region of 60, 90, , 540 kev, corre­
sponding to the "ionization' in the junction due to two, three, , 
eighteen (30-keV) electrons that arrive simultaneously. 

I am extremely optimistic about the ultimate use of such junc­
tions in mass spectrometry. Because of their small physical size, a large 
number of diodes can be adapted to read-out an entire mass spectrum simul­
taneously. If this is ultimately achieved, such a method would possess the 
sensitivity of an electron multiplier; it would also have the integrating 
capability of an extended photographic plate. 

POTENTIAL USE OF BEAM FOIL SPECTROSCOPY 

I should now like to comment on a possible detection scheme for 
ions which, at present, is far from practical. I believe this mechanism 
for ion detection merits mention simply because it is a unique means by 
which ion beams, in principle, can be detected and monitored. I refer to 
a recent development in the field of beam foil spectroscopy. Consider an 
ion to be incident upon an exceedingly thin film (.̂ 200 angstroms) . Assume 
also that the kinetic energy of an incident ion is sufficiently high to 
completely penetrate the thin foil. If the ions are positive ions, many 
of these incident atoms will become neutralized during their penetration 
through the foil and a large number will emerge in various excited states. 
We can expect that such atoms would de-excite at times depending upon the 
energy level of the emerging atom, and the atom will radiate photons which 
correspond to differences between the energy level of the excited state and 
the ground state. 

Indeed, workers in Stockholm have recently reported^ 'not only 
the detection of the photon spectrum of lithium atoms (56 kev) emerging 
through a thin (lOug/cm^) foil but they have published results which indi­
cate the lifetimes of such excited levels. The beam of excited atoms was 
analyzed slightly downstream from the thin foil with a low dispersion 
Jarrell-Ash scanning monochromator equipped with a photo multiplier detec-
tor(b). Thus, it is appropriate to ask whether single atoms can be detec­
ted and whether this new technique could be utilized on mass spectrometry. 
I cannot answer this question with any degree of confidence. However, 
there are reasons for assuming that the fractional number of atoms emerging 
from such a thin foil would be a constant, and it is simply a question of 
advanced technology to pick up the optical spectra from ions which are 
passing by a suitable photo tube sensor and have these signals amplified 
and registered with output circuitry. Let me restate that I do not consi­
der this technique to be a practical one, but I was invited to suggest new 
"solid state" devices that might be applicable in some specialized situa­
tions . 
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CONCLUSION 

There is little doubt that the photographic plate and a variety 
of electron multipliers will continue to be the basic detectors in mass 
spectrometry for the next decade. However, there is substantial evidence 
to indicate that reversed bias p-n junctions, with improved circuitry, may 
offer significant advantages. When we realize that the communications in­
dustry haa already adapted solid state devices in which hundreds of thous­
ands of diodes (within a few cm^) comprise a photo-sensing element, it is 
not unreasonable to assume that at least hundreds of p-n junctions can be 
built into a sophisticated mass analyzing system. The inherent advantages 
of having a simultaneous readout of all the chemical elements, or being 
able to monitor isotopic spectra on a time-dependent basis, suggests that 
solid state devices must be regarded quite seriously for future use. 
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N1 

Ccipparisons hc^b'rren lonJ.c ColliR.ion Procf̂ r̂ sep in CaneouR Water ancl 

K. R. R\'an, C..S.I.R.O., Carrlen, TJ,S. ' ' \ 2570 .Australia 

Rate coefficients for reactions resulting fror roll isionp cf F-O"*" and Oir*" ̂ -dth yfyO 

and of ĵĤ "'" and MT-''" vdth >TH have boen measurod as a functJ.on of nri.TTnr̂ ' ion ^J:aRslatioml 

ennrqy over the energy/ range of 0 to 8.0 eV, The eyrvrinents vere nerfomied using the 

techni.rmes of sinnle-source high nressure mass snertrcmetr'/. 

A great s in i l a r i ty poci.sts hefe'7een the resul ts of coll is ions of T̂ o+ vrith F_0 and of 

^̂ ^̂ "̂  i-.dth ^V.̂ , In both cases the r^asiirerl rate eonfficient drnns s>"arnl" '-.H.th increasing 

energy from thernHl enerqies to about 1 eV. raxi.rnjri translational en(=rrr/ (K.F.) . Above 

3 eV, K.F. an essentially constant value for tbe ra te coefficient i s rf-jtainH, For the 

veter systen th is cortstant value i.s v;ithin 5% of that rredi.cted by the fi^eory of Ciournous-

i s and Ste\^enEon {C, and P.) wbdle in the case of ajTmonia tbe value retained is about 

60% of the value nred.icted by the theory./ of G. .ind S, 

I t i s shot-m that both OH"*" and MĤ"*" react vdth hiah rate coefficients over the K.F. 

range exairined. The fraction of reacting 01'"*" which proceeds b"/ oroton transfer i s shon 

to fa l l rapidly from about unity a t thermal ion enerales to a neclicdble value for ions 

with evf^rqy above 1 eV. K.F. Flectron transfer or ion-atcn intercharae continues to 

occur vdth hi.qh ra te coefficient. Th.e behaviour of '̂H-"*" collisions vdth. IV.-̂  i s ^uite 

similar to the analogous process in water a t .ion erer^ies be.la-/ 3 ê .̂ K.F. Once again 

ion-atOTi interchange or electron transfer nrocesses dominate the co.llision reactions as 

the ion energ'/ i s increased frcm near tlierrral values, Ho-.'ever T'3%"'" •r^roduotion ann^ars 

to have a no.*; onset beir-/een 2 and 3 eV, K.F. Tt i s suogested that t ^ i s ne<-; nrodiiction of 

l':iĤ "*' proceeds via the endoergic reaction in '^'hicb the neutral iirodiicts are r + V and not 

M̂  as i s supposed for the proton transfer process at lĉ -7cr ion energies. 

A ccrplete description of th is vnrh i s expoctra'', tn appear in forthcoming issues of the 

Journal of Chemical Physics. 
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KINETIC ENERGY DEPENDENCE OF THE REACTIONS OF 0 WITH COj 

by 

M. Mosesman and W. T. Huntress, Jr, 

Jet Propulsion Laboratory 
California Institute of Technology 

Pasadena, California 91103 

The previous work, of Schildcrout and Franklin on the reaction of 0 with CO^ 

suggested that charge transfer from 0 to COa competes with 0 atom abstraction when 

the 0 ion has sufficient kinetic energy to overcome the 0.20 eV endothermicity of 

the charge transfer reaction, viz. 

1̂ _ 0^* + CO -1.61 eV 

0.20 eV 

N2 

t^i Ua -I- L.U 

0"*" + COa < y ^ 
V^COp"^ + 0 

In this work, the existence of these two channels is proven using a triple resonance 

experiment in an ion cyclotron mass spectrometer. This technique involves a unique 

combination of pulsed ion ejection and cyclotron irradiation of 0 permitting obser-

2 
vation of both reaction channels as a function of kinetic energy. The kinetic energy 

scale in this' experiment is undetermined. 

In order to determine the 0 kinetic energy scale, experiments similar to those 

3 
pioneered by L. R. Anders were performed. These experiments were conducted in the 

following manner. The gas is first ionized by a 150 M-sec pulse of 50 V electrons. 

The 0 ion is irradiated at its cyclotron frequency for 150 iisec shortly after 

termination of the ion production pulse and before reaction can occur. This sequence 

is repeated at a rate of 200 Hz. From the magnitude of the rf field and its pulse 

duration, the kinetic energy of the 0 ion can be calculated. The dependence of the 

relative rate for channel 1 on 0 kinetic energy was obtained by monitoring the Og 

ion intensity with a marginal oscillator whose output is amplified and measured with 

a boxcar integrator. The large COg signal from primary ionization of COg prevented 

observation of channel 2 with this technique. However, by comparison of the kinetic 

energy experiment with the triple resonance data, the charge transfer channel could 

be simultaneously plotted. The results are given in Fig. 1. In order to increase 

the signal/noise for channel 1, the primary ion current of 0 was increased by con­

tinuous cyclotron ejection of primary COa i-O" which permits the electron emission 

current to be raised. 

This paper presents the results of one phase of research carried out at the Jet 
Propulsion Laboratory, California Institute of Technology, under Contract No. NAS 7-100, 
sponsored by the National Aeronautics and Space Administration. 

B345 



REFERENCES 

1. S. M. Schildcrout and J. L. Franklin, J. Chem. Phys.. 51, 4055 (1969). 

2. M. Mosesman and W. T. Huntress, J. Chem. Phys.. In press. 

3. L. R. Anders, J. Phys. Chem.. 73, 469 (1969). 

1.0 

0.9 

0.7 

1 0.6 

-^ 0.4 

-x 0.3 

0.2 

0.1 

T 

-

-

-

~ 

-4C-t 

0+ + 

0 + + 

^y—• 

— o ^ 

CO2 

CO2 

^ V 0 
0 J V 0 

0 \ ^ 
0* 

— - O j + CO 

••2 
—»- CO J+ 0 

• — ^ 

0 

y 
< 

' '2 

• • 

«^ 

s^ 
^ 

• 1 1 I . r 

k, + k. 

• 

^ ^ ^ 

0 

, 1 , , . , 

• ' ' • 

.^^ 

0 

~ 

10" 10^ 10' 10' 

KINETIC ENERGY (CM), eV 

Fig. 1 

Kinetic energy dependence of the relative rate constants for 
the channels available in the reaction of 0̂  with COg. 

B346 



N3 
High Pressure Photoionization Mass Spectrometry. III. Reactions of^ 

NO'''(XT'") with Co through C_ Hydrocarbons at Tnermal Kinetic Energies. 

Stuart K. Searles and Wayne Sieck 
National Bureau of Standards 

Washington, D. C. 20234 

Introduction 

The reactions of NO''"(X'z) with alkanes and cycloalkanes (RHg) has 

been investigated using 10.0 eV (123.6 nm) photons supplied by a Kr 

resonance lamp. The use of such a lamp as an ionizing source greatly 

simplified the interpretation of these experiments since only the NO 

component in NO-RHn mixtures was ionized for most RHg combinations. The 

advantages of the photoionization technique over electron impact are dis­

cussed in some detail. 

Experimental 

A detailed description of the experimental apparatus has been pub-

1 2 

llsned. ' In brief, it consists of a field free reaction chamber (pho­

toionization source) equipped with windows to admit ionizing radiation 

from a rare gas line source or lamp monochromator combination. The 

resulting primary and product ions at any given source pressure may pass 

out of the reaction chamber through a pinhole leak coupled with a quadru­

pole mass analyzer. The fabrication and operational characteristics of 

static Xe, Kr, Ar, Ne and He resonance lamps used as ionizing sources have 

3 

been described by Gorden, Rebbert and Ausloos. Power for these low pres­

sure lamps is provided by a microwave generator, and the useful output is 

usually concentrated in the manifold of lowest excited states of the rare 

gas atoms. The available wavelengths and corresponding energies are 

listed in Table I. 

* 
This work was supported in part by tne United States Atomic Energy 

Commission. 

t . 
NRC-NBS Researcn A s s o c i a t e . 
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Energy (e 

21.22 

16 .85 

11.83 
11.62 

10.64 
10.03 

9.57 
8 .44 

V . ) Window 

Al 

Al 

L i F 

L i f 
L i f or CaFg 

L i f or CaFg 

TABLE I 

Low Pressure Rare Gas Lamp Emission 

Gas Wavelength(K) 

He 584.3 

Ne 73 5.8 

Ar 1048.2 
1066.7 

Kr 1164.9 
1235.8 

Xe 1295.6 
1469.6 

The energy spread in each line is of the order of 0.01 eV, and tne output 

14 of each lamp is ^10 quanta/sec, corresponding to an electron beam current 

of ~10(iA. Perhaps the principal advantage of tnese lamps is the low 

energy of the emitted photons (relative to > 70 eV electrons wnich are 

more commonly used in mass spectrometry) whicn results in a simplified 

primary mass spectrum. This feature of the photoionization technique has 

great potential in the field of mass spectral identification of unknowns, 

and is also helpful in the investigation of ion-molecule reaction kinetics. 

For example, it is often possible to ionize just one component in a mix­

ture. Furthermore, this ionization may lead only to the parent molecular 

ion if the ionization potential of the parent is close to the photon 

energy. Information on fragment ions may be obtained by using a lamp 

which emits higher energy photons. There are also several instrumental 

advantages associated with photoionization, including the fact that tne 

lamp does not heat the reaction chamber (ion source)as is usually the case 

witn tne heated filament associated with electron impact ionization. In 

addition, the use of windows on the reaction chamber rather than an open 

slit reduces the rate of gas flow out of the chamber, and permits higher 

total pressures in the ionization region. 

Results 

The vapor phase reaction of NO (X'S^) with C„ through Ĉ , normal, 

branched, or cyclic alkanes was found to proceed exclusively via an H~ 

transfer mechanism: 

NO"̂ (X'Z"̂ ;+ RHg ^ RH"^ + HNO (I) 

In addition to (I), C.Hg was also formed by a second order process in the 

reaction with 3-metnylhexane. Absolute rate constants were determined 

for all systems at thermal kinetic energies. Isomers containing tertiary 
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H atoms were found to be the most reactive, exhibiting rate constants on 

-9 3 the order of 10 cm /molecule-second. Tne rate constants found for 

n-alkanes and non-substituted cycloalkanes fall in the range 10 to 10 

cm /molecule-second. The results on reaction I suggest that NO may be a 

good candidate for chemical ionization analysis. An article describing 
4 

tnese results will appear in the near future. 
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N4 

Molecular Beam Studies of 

Short Lived Molecules and Ions 

J. Gray and R. H. Tomlinson 

McMaster University, Hamilton, Ontario. 

Molecular beam techniques have been used to investigate the existence of short 

lived molecules and Ions. The apparatus used is essentially a tandem mass spectrometer 

employing a charge transfer and reionization unit in the region between the mass 

analysers. Ion beams are produced from a radio-frequency source, mass analysed and 

passed through a charge-transfer canal containing lithium vapour. The resulting neutrals 

are allowed to continue undeflected while the remaining Ions are removed in an electro­

static field. On emerging from this field, a fraction of the neutrals are relonized by 

electron bombardment from a hot filament. The resulting Ions are then mass analysed and 

detected In a Faraday cup. The geometry of the apparatus is such that only molecules 

which were neutral for the time of flight through the electrostatic field nay become 

available for reionization and subsequently be focused In the second mass analyser. 

The apparatus was calibrated using beams of H , D , H. , and HD ions. The results 

obtained with these beams showed that it was feasible to neutralize and relonlze a 

fraction of the beam, and still detect the final products as relatively sharp and 

Identifiable peaks In the mass spectrum. 

Fig. la shows the spectrum obtained after final mass analysis of the mass 8 primary 

beam obtained from a helium discharge. With charges up to 5000 volts on the deflector 

plates and Introduction of lithium vapour Into the neutrallzer, the spectrum shown In 

Fig. lb was obtained on mass analysis of the relonized fraction of the neutrals. The 

two peaks are Identified as He. and He Ions. The presence of the peak corresponding 

to He. Ions is consistent with the assumed existence of neutral He. and moleculea 

—8 
having lifetimes long In relation to the 10 seconds necessary for their detection In 

this apparatus. 

+ 2 + 
The He. ions in the primary beam would be largely in the Eu ground state on 

-4 

entering the charge transfer cell since approximately 10 seconds elapse between pro­

duction of the ions and subsequent neutralization. The singlet states of the He^ molecule 

are unstable with respect to the ground Eg state and would be expected to lead to the 

production of two He atoms. Some of the triplet states however are bonding, and would 

rapidly decay to the Zu state, which is metastable to the non-bonded singlet ground 

3 + 
state. There would be essentially no decay of the Zu state of the He. molecule In the 

time between formation of the molecule and subsequent reionization (10 seconds). 
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Similar procedures have been applied to the HeH and HeD systems. Fig. 2a shows 

the spectrura obtained in the second mass analyser of the mass 5 primary beam correspond­

ing to 5000 ev. HeH ions obtained from a mixture of H- and He in the rf source. 

Fig, 2b shows the secondary spectrum obtained on neutralization. The peak positions 

correspond to 5000 ev HeH molecules, 4000 ev He and 1000 ev H atoms. The appearance 

of a mass 5 peak in the secondary spectrum indicates the existence of HeH molecules 

To preclude possible interference from D H and D- ions, It was necessary to 

investigate these systems separately. Fig. 2c shows the secondary spectrum obtained 

from a beam of D.H ions. The position of the primary beam is shown. Similar spectra 

were obtained with D„ ions and in neither case was it possible to detect a signal 

corresponding to D.H or D_ neutral molecules. Spectra obtained on H- itself are com­

plicated by the presence of HD In natural abundance which yields a peak at mass 3. 

Investigation of the HD systera has shown that the natural abundance of D- in H- could 

account for the signal intensity observed in the H. experiment. 

The results of these experiments are Interpreted as follows: 

1̂  HeH and HeD systems 

HeH"*" (•'•E) + e(Ll) -»• HeH (excited doublet states) 

HeH"*" (̂ E) + e(Li) -*• HeH (dissociative recombination) 

The states In which the HeH raolecules are formed depend upon the energy defect of t 

the charge transfer process. Lithium (I.P. 5.36 ev) was chosen to Increase the 

(2) 
probability of populating the excited states of the HeH molecule . The results are 

consistent with the assumed existence of neutral HeH molecules In excited bound doublet 

—8 5 

states having lifetimes as long as 10 seconds or approximately 10 vibrations. Since 

the mean lifetime of a raolecule in an excited state, having an allowed transition to the 

ground state, is often of this order of magnitude, the existence of HeH and HeD in this 

apparatus seems reasonable. 

2 H , D H and D systems 

No evidence was found for the existence of these molecules with lifetimes as long 

—8 

as 10 seconds, however, the existence of bound excited states of H. remains a possi­

bility. 

The existence of the He. molecular ion in a low temperature helium discharge was 

investigated using a similar procedure to that described. CoUisional dissociation In 

the charge transfer cell was used to distinguish between He- and C ions present in the 
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beam. He- ions, on dissociating would be expected to produce peaks in the spectrum 

corresponding to masses 4(He ) and 12(He. ) In contrast to mass 12 only. In the C. 

system. The spectra obtained demonstrated that at liquid nitrogen temperatures a 

fraction of the mass 12 beam did consist of He_ ions. Low Intensities of the beam, 

however, precluded investigation of the neutral He_ molecule. 
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Ion-Molecule Reactions of H3 and D3"*" with N5 

Ethylene Oxide and Acetaldehyde* 

hy 

Michael T. Bowers and Paul A. Kemper 

Department of Chemistry, University of California, 
Santa Barbara, California 93106 

The ion-chemistry generated by the reaction of H3 with ethylene oxide and acetalde­

hyde is quite rich. The principle reactions are 

• C2H3O''' + 2H2 

• HCO'^ + Hg + CH4 

H3' + C2H4O-

• C E H S " + H E + HeO C 

•H3O + Ha + C^Ks D 

with approximate product distributions given in Table I. These product distributions are 

Table I. Product Distributions for Reactions A-D 

Product Ion / ^ CH3CHO 

CjHgO'^ 0.27 0.17 

HCO* 0.30 0.1*1* 

CaHg'^ 0.53 0.17 

H30"^ 0.10 0.22 

averages over the 1^-pressure range of 1 x 10 ̂  to 1 x 10 -̂  torr. CeEiO pressures were 

typically 3 x 10~^ torr. The pressure dependence is due to the variation in internal 

energy of the H3 ion with pressure, as previously suggested by Leventhal and Friedman 

2 
and Bowers and Elleman, and to coUisional stabilization of the internal energy in the 

C2H5O intermediate. In addition to reactions A-D, charge exchange is observed at lowest 

pressures and complete stabilization of the C2H5O complex at higher pressures. Reactions 

of D3 with ethylene oxide and acetaldehyde give the results in Table II. It is clear 

Table II. Product Distributions for D3 Reactions 

CH3CHO Random 

-1.3 1.5 

1.0 1.0 

0.16 0.25 

1.0 1.0 

-0.3 1.5 

1 1 

1.0 1.0 

~o 0.66 

* Supported by a grant from the National Science Foundation. 
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CalfeOD"̂  

C2H2OH'*' 

DCO'^ 

HCO'^ 

CSHSD'^ 

CsHs* 

H E DO'*' 

H30''' 

/°\ 
7.0 

1.0 

0.05 

1.0 

-0.25 
1 

1.0 

0.1 



that most of the eliminations are quite specific and that there is no particular relation­

ship to the random distributions. The results for the elimination of HEG (reaction C) 

and the formation of (H,D)30 (reaction D ) indicate that the proton (or deuteron) from 

H3 (or D3 ) is initially transfered to the oxygen and remains on the oxygen until de­

composition occurs. This result is consistent with the earlier work on the mass ^5 ion 

in a medium pressure mass spectrometer. The large discrepancy in isotope effect between 

ethylene oxide and acetaldehyde for reaction A indicates a distinctly different mechanism 

is operating for this reaction in the two systems. In particular, He is apparently lost 

from the oxirane ring before it has a chance to open up to the protonated aldehyde 

structure. In reaction B, a CH3 • moiety may be selectively abstracted from acetaldehyde. 

This methide ion abstraction reaction has been observed for reactions of H3 with eth-

1+ 
anol. The prefered loss of CHsD in reaction B in ethylene oxide is attributed to an 

elimination of the type 

/° \ i=^ CH3-C^ »• HCO""" + CHgD 

K 

rather than a CH3 abstraction reaction. Further studies with selectively deuterated 

acetaldehyde and ethylene oxide are proceeding in our laboratories. 
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The Reaction H"*" + H —>• H + H"*" N 7 

M. G. Holliday, J. T. Muckerman and L. Friedman 

Chemistry Department, Brookhaven National Laboratory, Upton, N. Y. 11973 

The atomic-ion-molecule systems of protons or deuterons and isotopic hydrogen 

molecules have been the subject of an experimental study designed to provide data to 

be compared with recently reported classical trajectory calculations on an ab initio 

potential energy surface. Absolute cross sections (accurate to within an estimated 

error of +20%) for the following atomic-ion exchange reactions 

D"̂  + H —*• HD + H (1) 

H"*" + D —*• HD + D*̂  (2) 

D"̂  + HD —^ D- + H"̂  (3) 

have been investigated In a tandem mass spectrometer system, with carefully calibrated 

geometry, as a function of collision energy. Endothermic charge-transfer processes 

(4) 

(5) 

(6) 

(7) 

(B) 

(9) 

(10) 

have been observed and their cross sections were determined as a function of 

collision energy. Energy distributions of the ionic species participating in 

these reactions were measured by application of appropriate retarding fields. 

The experimental results for atomic-ion exchange reactions [(1), (2), (3)] are 

not easily compared with theoretical cross sections because the latter were 

calculated above energy thresholds for endothermic charge-transfer reactions 

[reactions (4) to (10)]. These processes were not considered in the theoretical 

treatment, though our results show that, where energetically possible, they indeed 

dominate the reactive collisions. Relatively good agreement between experimental 

atomic-ion exchange cross sections and theoretical values are obtained if the 

latter are extrapolated to energies below the charge transfer threshold. The 

extent of the observed endothermic charge transfer was unexpected, but can be 

rationalized by noting that very efficient translational to internal energy 
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conversion occurs, followed by radiationless transition to a weakly bound or 

repulsive excited electronic state of H . This state has been identified and 

its energy characterlEed by a simple Huckel calculation. Comparison of energy 

distributions of product and reactant ions superficially indicate "complex 

formation" at relatively low collision energies and "spectator stripping" at 

higher energies for atomic-ion exchange reactions [(1), (2), (3)]. The efficient 

transfer of kinetic to internal energy in the endothermic charge-transfer processes 

suggests complex formation mechanisms. This idea is further supported by observed 

energy distributions of molecular-ion products and isotopic abundance data. Although 

the energy distributions of atomic-ion exchange products above the endothermic 

charge transfer threshold are consistent with a direct, or stripping, mechanism. 

It should be noted that the relative yield of atomic-ion products compared to 

molecular-ion products is small in this energy range. This Is in no way 

inconsistent with trajectory studies and may indeed be present at lower energies 

where it would be effectively concealed. The absolute characterization of 

mechanism as "stripping" or "complex formation" does not appear in the trajectory 

calculations nor is it suggested in our experiments. 

The work described above has been submitted for publication in the Journal of 

Chemical Physics. Research was performed under the auspices of the U.S. Atomic 

Energy Commission. 

I. G. Csizmadia, J. C, Polyani, A. C, Roach, and W. H. Wong, Can. J. Chem. 47, 

4097 (1969). 
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N9 
Product Ion Deflection Measurements as an Indicat ion 

of the Mechanisms of Low-Energy Ion-Molecule Reactions 

Thomas 0. Tiernan and B. Mason Hughes 

Aerospace Research Laboratories 

Chemistry Research Laboratory 

Wright-Patterson Air Force Base 

Ohio 45433, U.S.A. 

For some time our laboratory has been engaged in the study of ion-

neutral collisions at low ion energies using a double mass spectrometer . 

Recently, attempts have been made to measure rate constants with this 

insttument for various ion-molecule reactions for which well-established 

kinetic data is available from other sources. It was expected that 

such comparison would provide insight into instrumental factors such as 

discriraination or collection efficiency which might be inherent to our 

techniques. In general, it was found that for reactant ions of 0.3 eV 

kinetic energy, the rate constants derived with our instrument by refer­

encing to a standard reaction agree quite well with the corresponding 

\a lues reported from other laboratories in which a variety of techniques 

were employed. Table I gives representative data for various reactions 

from our laboratory and other sources. 

A more detailed account of this work will be submitted for publi­

cation in the International Journal of Mass Spectrometry. 
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Table I. Comparison of Rate Constants Measured in the ARL 

Tandem Mass Spectrometer with Values from Other Sources 

-9 3 -1 -1 
k(10 cm molecule sec ) 

T h i s Labora 

0 .043 

0 .32 

0 .0057 

1.2* 

2 . 2 

1.02 

t o r y O t h e r 

0 .047^ 

0 . 6 ^ 

0 .02^ 

1.2*"= 

1.9^^ 

i.e'^ 

0*('*S) + O2 -* O2* + 0 

HjO'̂  + HgO - HgO* + OH 

Reference Reaction 

a. E. E. Ferguson, et. al., Planet. Space,Sci., 12, 1169 

(1964); E. E. Ferguson, et. al., J. Chem. Phys. 44, 

4095 (1966). 

b. B. G. Reuben and L. Friedman, J. Chem. Phys. 37, 1636 (1962). 

c. S. K. Gupta, et. al., Can. J. Chem. 45 (1967). 

The reactions studied encompass a variety of reaction types including 

charge transfer, proton transfer, hydrogen atom transfer, and conden­

sation processes which presumably involve complex intermediates. Since 

the good agreement obtained was somewhat unexpected for this broad 

category of reactions using an instrument such as ours, which can 

only sample products scattered within a rather narrow angle about the 

incident beam, the present experiments were undertaken in an effort to 

rationalize our low-energy rate data. It was expected that this study 

would also provide some general information regarding discrimination 

factors in fixed-angle scattering instruments. 

Consider a crossed beam experiment in which A* ions are reacted 

with BH molecules. If a direct or spectator stripping mechanism is 

operative, then a hydrogen atom abstraction product, AH*, would have 

essentially the same momentum as the A projectile while a charge trans­

fer product, BH*, would have approximately the initial BH momentum. 

In a crossed beam experiraent, such a mechanism can be readily verified 

if the reactant beams are intersecting at an angle of 90 . However, 
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in the ARL tandera raass spectrometer, as in all instruments utilizing a 

collision chamber, the collision region is not precisely defined. The 

neutral target in such a case is diffuse and is characterized by a 

velocity distribution. on the other hand, the ion beam in our case is 

well defined and has an energy spread of only - 0.3 eV. These factors 

lead to considerable uncertainties in the angular dependences of the 

various ion-neutral processes observed. This is further compounded by 

Ihe fixed collection angle in our instruraent which is not precisely 

known, since ions emerging from the collision chamber are refocused 

prior to entering the analyzer. Also, since there is no extraction 

field in the interaction region of our tandem instruraent, only products 

\*liich diffuse out into the accelerating field of the analyzing spectro­

meter are collected. Obviously, products having forward momentum will be 

preferentially collected with our in-line georaetry. Nevertheless, pri­

mary ions undergo only one collision at pressures and path lengths 

typical of our experiraents, and the angular dependence of product ions 

is therefore dependent only on the kinematics of the ion-neutral colli­

sion. 

2 

Ber ry and Durup and Durup have employed a d e f l e c t i o n t e c h n i q u e t o 

s t u d y t h e raoraentura p r o f i l e of i o n s emerging from an i o n s o u r c e . With 

t h i s t e c h n i q u e , a s a d a p t e d t o our tandem mass s p e c t r o m e t e r , t h e v o l t a g e 

on one of t h e s p l i t f o c u s i n g e l e m e n t s i raraedla te ly f o l l o w i n g t h e s o u r c e 

i s b i a s e d , p e r m i t t i n g t h e i o n beam t o be p r o g r e s s i v e l y swept a c r o s s t h e 

c o m p a r a t i v e l y nar row o b j e c t s l i t of t h e a n a l y z i n g raass spec t romec te r . A 

p l o t of p r o d u c t i o n i n t e n s i t y a s a f u n c t i o n of d e f l e c t i o n v o l t a g e t h u s 

g i v e s a measure of t h e p r o f i l e of t h e emerging beara. 

F i g u r e 1 shows t y p i c a l i o n p r o f i l e s f o r t h e Ar /Hp and Ar /Dp 
+ . + + 

r e a c t i o n s f o r 0 . 3 eV and 3 . 0 eV Ar i o n e n e r g i e s . The ArH and ArD 

p r o d u c t s formed from 3 . 0 eV Ar i o n s e x h i b i t a p r o f i l e i d e n t i c a l t o t h a t 

of t h e p r o j e c t i l e i o n . However, f o r t h e low ene rgy r e a c t i o n , t h e 

ArH and ArD p r o d u c t s show a c o n s i d e r a b l y b r o a d e r p r o f i l e t h a n t h e 3 ev 

r e s u l t s . These e f f e c t s can be i n t e r p r e t e d as b e i n g c o n s i s t e n t w i t h a 

m o d i f i e d s t r i p p i n g mechanism a s h a s been s u g g e s t e d by Herman and 
3 

Wolfgang . Such a model p r e d i c t s t h a t t h e low ene rgy i o n - n e u t r a l 
i n t e r a c t i o n i s p e r t u r b e d by t h e i n d u c e d d i p o l e of t h e n e u t r a l s p e c i e s . 
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Ion profiles were also measured for products from the Np /HpO 

reaction. This interaction involves both hydrogen atom abstraction 

and charge transfer as reaction paths. Figure 2 shows the profiles for 

the 0.3 eV N projectile ion and the NpH and H^O products. As was 

the case for the Ar /Hp and Ar /D reactions, the secondary products at 

0.3 eV kinetic energy have broad profiles compared to the N2 primary 

ions. The profiles observed frora 3.3 ev Np ions reacting with H2O 

are shown in Figure 3. Again, the hydrogen atom abstraction product 

has a profile very nearly identical to that of the priraary ion. The 

charge transfer product, however, has a broader profile than either the 

NpH or Np products. Profiles for the HpO charge transfer product 

were determined at reactant energies from 0.3 to 38.7 eV. At energies 

of 3.3 ev ahd above, the profiles are all superposable, while the 0.3 ev 

profile is again much broader. This suggests that there is essentially 

no momentum transfer to the HpO product over the energy range, 3.3 to 

38.7 eV. The broadening of the HpO produced by 0.3 eV Np ions on the 

other hand presumably indicates that momentum transfer occurs in charge 

transfer reactions of these very low energy ions. 

3 
CD, were measured. Herman and Wolfgang demonstrated that the angular 

dependence of the CH^ product formed in the CH /CH reaction could be 

explained by a modified stripping mechanism. The profile of the products 

formed from reacting 0.3 eV CH ions with CD , (CH,D ,CD.H and an 

Figure 2 for the N- /HpO reaction. Profiles of the products frora the 

3.0 ev CH reaction are shown in Figure 4. In this case, the CH D 

CD H and CD products have profiles corresponding to that of the 

neutral species (aa deduced for HpO from the Np Ai^^ reaction shown above). 

A third profile is shown for the 3.0 ev CH. /CH. reaction. In this case, 

it is evident that one might misinterpret the latter reaction on the 

basis of this evidence alone since the proton transfer and hydrogen atom 

transfer products cannot be separately distinguished. 

Conclusions: Some positive conclusions regarding collection effi­

ciencies can be drawn from a comparison of the ion profiles for the 

products of various reactions involving different mechanisms. For 0.3 eV 
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ion-neutral collisions, there seems to be essentially uniform collec­

tion efficiency for all reactions observed in our instrument. For 

energies of 3,0 eV and larger, our in-line geometry favors detection of 

forward scattered products and the observed intensities must be corrected 

to give a reliable basis for comparing competing reaction channels. 

Discrimination effects for charge transfer products are apparently 

essentially constant over the energy range frora 0.3 to ~40 eV, while 

hydrogen atom abstraction products are subject to larger discrimination 

at higher energies. 
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NIO 
Negative-Ion Electron-Transfer Reactions 

C. Lifshitz and T. O. Tiernan 

Aerospace Research Laboratories 

Chemistry Research Laboratory 

Wright-Patterson Air Force Base 

Ohio 45433, U.S.A. 

INTRODUCTION 

Our interest in electron transfer reactions of negative ions 

was prompted by observations in low pressure mass spectrometric studies , 

of reactions of molecular raetastable ions such as SF- with sraall 
6 

molecules, (e.g. NOp), which do not yield parent negative ions by 

electron capture. During the course of this work it was realized that 

most raolecular electron affinities are not accurately known. In the 

following report, we describe work in which the ARL tandem mass spectro-
2 

meter was employed to determine the energy dependences of exotherraic 

and endothermic negative-ion charge-transfer reactions. Energy thresholds 

2 
for endothermic charge transfer from halide ions were measured in an 

effort to determine raolecular electron affinities. 

Results and Discussion 

The following rate constants were obtained for reactions with NOp 

of 0.3 ev ions (laboratory energy) relative to K(0~ + NO2 "*• 0 + NO^') 

= 1: SH~, 0.65; SF ", 0.02; Cl"; <2 x 10~^; SF^~, <2 x lo"^. The 

first two reactions have energy dependences characteristic of exo-

2 
thermic reactions . Since the electron affinity of the SH radical is 

3 
2.32 eV , this indicates that the electron affinity of NOp is higher 

than 2.3 eV. The slow rate of the SF- reaction, despite its exo­

thermicity, is apparently related to the complexity of the donor 

negative ion. The reactions of Cl , (Fig 1), and SF_~ both show 

Ohio State University Research Foundation Visiting Research Associate 

under Contract F3361567C1758; from The Hebrew University of Jerusalem, 

Israel. 

A more detailed account of this work will be submitted for publi­

cation in the Journal of Chemical Physics. 
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Figure 1. Cross sections for the electron transfer reactions of Cl" 

Br' with NO- as a function of translational energy. 
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CENTER OF MASS ENERGY 

Figure 2. Cross sections for the rare_gas col­
lision induced dissociation of SF^ as a 
function of translational energy. 

CENTER OF WASS ENERGY 
Figure 3. Energy dependence of the cross section for formation 

of SF,~ and SF_~ from the reaction of Cl~ with SF-. 
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characteristic endothermic dependence. A linear dependence of the 

reaction cross section upon energy in the region above threshold, as 

expected from theory, was observed for most endothermic electron 

transfer reactions over a limited energy range. For the cases in which 

the halide ions were employed as reactant ions, the measured threshold 

energies (C.M.) were subtracted from the well known electron affinities 

4 
of the halogen atoms to estimate lower limits of molecular electron 

affinities. Some of the electron affinity values obtained in this 

manner are CI2, 2.6 eV; I2, 2.6 eV; NO2, 2.3 eV; O2, 1.0 eV; SF^, 

0.4 eV; SO2, 0.5 eV. 

oil 

ions, (Laboratory energy) relative to k(0~ + NOp "*" 0 + NOp ) = 1, 

were obtained: NO~, 0.126; O ", 0.03; D~, 0.13; 0~, 2 x lO" ; SF ", 

-3 not observed, (<1 x 10 ). These observations.establish that the 

electron affinity of SF, is greater than 0.75 eV but lower than 1.47 
6 

4 -
eV . Furtherraore, since no electron transfer was observed from SF, -

' 6 

this establishes that energetic criteria are not the sole determining 

factors for negative ion charge transfer reactions. Franck-Condon 

factors raust also be an important consideration. 

The tail observed in the threshold region for endothermic charge 

transfer to polyatomic molecules is not yet understood. It may result 

in part from "hot bands", although poor transition probabilities to the 

lowest vibrational levels of the molecular negative ions of these species 

seem to be a more likely explanation. 

The collision induced dissociatio 

on rare gases, (Fig 2), indicates a large internal energy content of 

the "raetastable" ions. Finally, the energy dependence for products 

frora the reaction of Cl" with SF,, (partly shown in Fig 3) indicates 

that both SF," and SF ~ are forraed at low energies while at higher 

energies, F" and CIF" are formed as well. The production of SF 

at high center of mass energies (>15 eV), was observed to exhibit a 

second order pressure dependence. This can be ascribed ta the follow-

B367 



References 

1. C. L i f sh i t z and R. Grajower, In t J . Mass Spectrom. Ion Phys. 3 

Appl. 5-8 (1969) 

2. T. O. Tiernan and B, M. Hughes, "Transla t ional ' Energy Effects for 

Negative Ion-Molecule Reactions", 16th Annual Conference on Mass 

Spectroraetry and Al l ied Topics, Pi t tsburgh, Pennsylvania (1968). 

3. L. M. Branscomb, Phys. Rev. 148, 11 (1966). 

4. R. S. Berry, C. W. Reimann, and G. N. ^ o k e s , J . Chem. Phys. 37, 

2278 (1962). 

B368 



Causes of Inaccurate Line Position Measureraents on Photoplates 

J. Franzen and W. Riepe 

Institut fiir Spektrochemie, Dortmund, Germany 

High resolution raass spectra of organic compounds on photoplates, taken 

with a Varian MAT SMI, show small-range distortions of the mass scale. 

The distortions are very reproducible from spectrura to spectrum, but 

vary strongly over periods of weeks. These irregularities of the mass 

scale prevent precise and accurate measureraents of the ion masses and, 

therefore, hinder cuirrent element raapplng. 

To investigate this effect, we measured the line positions on 25o per­

fluorokerosene spectra with an automatic line comparator (Leitz-Varian 

MAT) in connection with a computer program which calculated the centers 

of gravity. The reproducibility of the measuring system including the 

computer calculations is below 0,1 iim standard deviation and thus has 

negligible effects on our results. 

During exposure and developing of the photoplates, we changed numerous 

conditions. The following conditions showed no significant effect: ion 

current density; resolution of the mass spectrograph; switching off and 

resetting the raagnet field to its initial value; gelatine shrinking 

effects caused by washing in running or still water, by rapid (blower) 

or slow drying, or by rapid fixing or stabilizing. 

The only effect which could be changed reproducibly by varying experi­

raental conditions was induced by the position of our photoplate holder. 

In extrerae positions, i.e. if spectra were taken very near to the edges 

of the photoplates, the spectra exhibited long-range distortions of the 

mass scale. 

The small-range distortions did not respond to variations of the experi­

raental conditions. Nevertheless, the reason for these irregularities 

could be elucidated. Charged dust particles between the pole pieces 

deflect the ion beams passing nearby. The dust is introduced by the 

photoplates and catapulted into the raagnet gap. Cleaning of the pole 

pieces eliminates the distortions of the raass scale. 

Fig. 1 demonstrates the reproducibility of the distortions of the raass 

scale. The raass scale is represented by the 'slope curves' which are 

formed by the differential slopes between a pre-given set of PFK cali­

bration lines. Fig. 2 outlines schematically the effect of two dust 

particles in different positions in the gap. Particle 'A' is lying near 

the entrance slit of the magnetic region, and, therefore, deflects a lot 

Acknov/ledgement. The authors would like to thank Dr. VJ. Schafer, Miinchen, 

for his generous perraission to use the comparator of the MPI fiir Bio-

chemie, and his helpful support. 
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Fig. 1 

Reproducibility of small 

range distortions of the 

mass scale ("slope curves') 
^ n kli W l 

Fig. 2 

Mechanism of distorting the 

mass scale by charged dust 

particles 
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of ion beams in the vicinity, because the different ion paths are still 

very close. The mass scale, represented as a straight line in the graph 

of position vs. the square root of mass, is distorted into a step func­

tion, and a single peak appears in the slope curve. In contrast, particle 

'B' lies close to the photoplate and deflects essentially only one of the 

calibration lines. In this case, a zigzag deflection of the slope curve 

results. 

In fig.3, the points are the measured, greatly enlarged deviations of the 

positions from the theoretical mass scale. They form a' smooth, parabola­

like curve. Only one point in the center of the parabola does not fit 

the curve, it is shifted from its expected place by about 3 ym. This 

point corresponds to a strong zigzag deflection of the respective slope 

curve. Fig. 4 shows a microphotograph of this special line and its vici­

nity. 

Fig. 3 

Example of slope curve 

distortion. The points 

represent deviations of 
the calibration lines 
from the ideal mass 
scale 

y i 
r-
11.' 

F i g , 4 

Lines s h i f t e d by chariip.d 
d u s t p a r t i c l e s 
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02 
The Selective Response of Photographic Emulsions to Ion Structure 

Paul Vouros, D. M. Desiderio, J . V. M. Leferink and James A. McCloskey 

Institute for Lipid Research 

Baylor College of Medicine 

Houston, Texas 7702 5 

Introduction and Experimental 

The dependence of ennulsion response to ion structure and size has been 

investigated. The results of our experinnents reported here provide the first direct 

experinnental evidence that for quantitative organic mass spectrography a new 

pa rame te r - - i .e . ion s t ruc ture- - significantly influences the ennulsion darkening, in 

addition to ion mass and ion energy. 

Special care was taken to control the experimental conditions both during 

exposure and developnnent. For example, to avoid effects due to mass discrinni­

nation or plate inhomogeneity (1) ions of similar nominal nnass w^ere compared, 

and thereby their developed innages were separated by not nnore than one or two 

mil l imeters on the photoplate. The CEC-llOB high resolution mass spectronneter 

was connected to two independent inlet systems, one of which was equipped with 

a fixed leak and the second with a variable leak, and the two connpounds under 

investigation were introduced into their respective r e s e r v o i r s . The partial 

p ressures of the two compounds were adjusted until the relative intensities of 

the two nnolecular ions were equalized as indicated by repeated oscillographic 

recordings obtained using the peak nnatching circuit . It was thus possible to 

make a nunnber of simultaneous exposures of the two ions covering a wide 

dynannic range (in sonne cases as many as three orders of magnitude) . AU 

exposures were nnade under the nornnal operating conditions of high resolution 

mass spectronnetry (Accelerating voltage 8KV, Resolution in the range of 15, 000 

to 27, 000) . Studies were conducted with three types of photoplates, Ilford-Q2, 

Kodak-SWR and Tech/Ops evaporated AgBr. They were developed in undiluted 

Microdol-X (20°) for fifteen minutes, undiluted Kodak-HRP (20°) for three min.and 
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sanne annount of darkening in the photographic ennulsion. If, how^ever, the higher 

response ofthe electron multiplier to naphthalene over xenon ions--deternnined 

with the Faraday cup--is taken into consideration, the actual ennulsion d iscr imi­

nation in favor of xenon is still 2 .50 fold and the naphthalene curve is shifted 

0.325 log units to the position indicated by the dotted line (curve B). When the 

total a reas rather than the nnaximunn densities were compared a 2.7-fold difference 

between xenon and naphthalene was found. Hayes (2) has also recently reported 

that emulsion sensitivity toward Xe followed the relation (m/e^)~ ' while for 

fluorocarbon ions the relation was (m/^)" ^ '^ . This variation was attributed to 

possible differences in emulsion response to polyatonnic vs nnonoatonnic species . 

The following connparisons indicate that such ennulsion response differences even 

exist for polyatonnic species of different s t ruc ture . 

Naphthalene - Quinoline. A connparison of emulsion response to these two 

substantially sinnilar in "s ize" and "shape" ions sho^ved no apparent differences. 

Naphthalene - Nonane . The nnolecular ions of these two connpounds were 

compared in order to ascertain the difference in emulsion response between an ion 

of rigid structure (naphthalene) and one which is confornnationally nnobile (nonane). 

As is shown in Figure 2 a nnaximum O.D. plot obtained fronn Kodak SWR exposures 

show^s that 1 . 1 more nonane than naphthalene ions are needed to produce the sanne 

annount of ennulsion darkening. An area plot of the sanne plate (Fig. 3) shows an 

alnnost equal (1 .2-fold) difference in ennulsion response between the two ions . 

Naphthalene - C^Fg . Comparison of these two ions using an Ilford-Q2 

ennulsion indicated that the C3F5 ion gave a darker innage than naphthalene. It 

was found that for the gelatinous ennulsion 1.7- 1.6 nnore naphthalene than C3F5 

ions were needed to produce an image of the sanne density, whereas with the 

evaporated AgBr Tech/Ops photoplate the discrimination in favor of the smaller 

CoFj. ion was somewhat less (1.35X). It is significant to note the linear relation­

ship of area _vs log E obtained for the Tech/Ops photoplate (Fig . 4) which is probably 

due to the contiguous grains of AgBr in the filnn and the resulting lat teral innage 

development. 
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the Tech/Ops developer (18°) respectively. Optical density profiles were obtained 

•with a Gaertner (Model M-1205C)-Datex nnicrodensitonneter systenn. The total ion 

current for each exposure was recorded with an Infotronics integrator coupled to the 

ion beann monitor . 

The ennulsion response to the following pairs of ions is reported here: 

Naphthalene (C Hg,m/e 128.063) vs ^^^Xe (m/e 128,905); 

Naphthalene (C]QHg,m/e 128 .063) vs quinoline (C^H^N.m/e^ 129.058); 

Naphthalene iC-^QHQ,Tn/e 128.063) vs n-nonane (CgHjg, m/e 128. 141); 

Naphthalene (CjQHg,m/e 128.063) vs PFK {C.^F^,Tn/e 130.990). 

Characterist ic response curves for each ion (sho\vn in Figures 1-4) w^ere obtained 

by plotting the logarithnn of relative exposure vs_ the nnaxinnunn optical density 

(expressed in photomultiplier output in volts) or the area under the densitonnetric 

profile . It is interesting to note that the differences in ennulsion response w^ere 

essentially constant ( ^10%) as a function of either nnaxinnunn optical density or 

area in the four cases considered. On the other hand precision was increased 

w^hen areas above half height rather than total areas w^ere plotted . This may be 

attributed to e r r o r s introduced due to variations of the background level (particularly 

on Q2 plates) or contribution of adjacent and not entirely resolved peaks w^hen the 

total a reas are calculated . 

Results and Discussion 

Naphthalene - Xenon. This pair of connpounds was selected in order to 

determine the difference in photoplate response between a monoatomic and a 

polyatomic ion of the same nnass . The intensity of the molecular ion of naphthalene 

(m/e 128) was equalized on the electron nnultiplier to that of ^Xe , by proper 

adjustment of the partial p ressures of the gases, and several photoplate exposures 

w^ere nnade. A plot of the nnaximum optical density (photonnultiplier output in volts) 

vs log of relative exposure for the above pair of ions is show^n in Figure 1 . A 

difference of 0.73 log units between the two curves at their linear portion (4.0V) 

indicates that ' ^5 .3 nnore naphthalene than xenon ions are needed to produce the 
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The results obtained thus far suggest a definite dependence of photographic 

ennulsion response to ion s t ruc ture . They nnay be summarized as follows: 

(a) Monoatomic ions produce a stronger image than polyatonnic ions of the 

sanne mass . 

(b) Where organic ions are involved, the nnore connpact ion produces a 

nnore intense image . 

(c) Ions of similar size, shape and mass produce very sinnilar images . 

[Subnnitted for publication to the Journal of Analytical Chemistry.] 
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The Performance and Utilization of Evaporated Silver Bromide 

Plates for Recording High Resolution Mass Spectra 

C. E. Hignlte/ N. R. Mancuso, and K. Biemann 

Department of Chemistry 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

Over the past year the performance of photographic plates 
produced on an experimental basis by Technical Operations, Inc. 
(Burlington, Mass.) (1) has heen tested and evaluated (for leading 
references on previous evaluation of these plates see reference 2). 
Initial difficulties with the plates, which employ a thin layer of 
pure silver bromide rather than a conventional emulsion, have Included 
Irreproduclbl1 Ity of sensitivity, line broadening and concomitant loss 
of resolution, and background smears. Changes In the developing 
procedure and Improvements In the manufacturing process have minimized 
these undesirable characteristics so that plates of high photographic 
quality are now obtained. The most dramatic improvement In plate 
quality was obtained by adding sufficient sodium bicarbonate to the 
developing chemicals to lower the pH from 11.0 to 10.5. The low fog 
level, lack of background grain, and sensitivity to ions of high mass 
are attractive features, and this photoplate is now in routine use in 
our laboratory (3). 

Two parameters In the developing procedure which were found to 
have dramatic effects on the quality of the processed photoplates are 
temperature and pH of the developing chemicals. The temperatures of 
the fixer and water wash were found to have little effect on plate 
quality, but a temperature of 20°C i 2°C Is required for the developer 
solution. The use of developer temperatures greater than 22 °C 
resulted In Increased grain size and subsequent loss of resolution on 
the plates. The use of temperatures lower than 18 °C caused a 
noticable decrease In sensitivity. The pH of the developing chemicals 
was adjusted with sodium bicarbonate and optimized at 10.5, a value 
0.5 PH units lower than the Initial value of 11.0 for the original 
developing chemicals provided by Tech/Ops. Increasing the pH to 
values greater than 10.5 caused a corresponding Increase In grain size 
and background smears, and the use of lower pH values resulted In a 
substantial decrease In sensitivity. 

The Tech/Ops photoplates are 10 Inches In length and most plate 
holders used In mass spectrometers employing photoplate detection are 
12 Inches In length or longer. There are therefore many 
possibl11 I ties for positioning the plate In the plate holders. The 
two extreme positions would Involve placing the plate to record either 
as low a mass as possible or as high a mass as possible. A graph 
which allows one to predict the mass range which will be recorded on 
the Tech/Ops plates using a CEC-21-110B Instrument at various magnetic 
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field and accelerating voltage values Is shown In Figure 1. The area 
between the two dotted lines ( ) represents the mass range covered 
at various magnetic field settings by the Tech/Ops plate when it is 
placed as far as possible to the high mass end of the plate holder. 
For example the mass range covered at 10 kilogauss magnetic field and 
7 kilovolt accelerating potential Is shown by the solid horizontal 
line. Reading down to the 7 kilovolt axis It can be seen that the 
first line recorded on the plate would be at approximately mass 100 
and the last line at mass 625. If a spectrum were recorded at 3.5 
kllovolts the range covered at the same magnetic field setting would 
be from mass 200 to mass 1250. The lower lines ( ) Indicate the 
range covered when the plate Is placed as far as possible to the low 
mass end of the plate holder. The area where the hash marks overlap 
In the center of the graph represents the mass range covered 
regardless of the position of the plate In the holder. 

MASS RANGE RECORDED BY TECH/OPS PLATES 
ON A CEC-2I-II0B MASS SPECTROMETER 

TECH/OPS SET FOR HIGH MASS 
TECH/OPS SET FOR LOW MASS 

MASS-3.5KV 
200 400 600 800 1000 1200 1400 1600 1800 2000 

0 IOO 200 300 400 500 600 700 800 900 1000 
MASS-7KV 

Figure 1. 
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ates Is Increased by their low fog 
omatIc mlcrodens i tometer-compara tor 
k ) , allows the threshhold for Ion 
t very close to the background level 
es may be detected. 

An Indication of the dynamic range of ion detection, the ratio of 
weakest to strongest lines for which accurate mass measurements can be 
made, was obtained by recording the spectrum of perf1uorocyclohexane 
at increasing exposure levels until the accuracy of mass measurements 
was decreased for the more abundant lines. Exposure levels 
sufficiently high to Include Ions at m/e 230.9 and m/e 301.9, the 
former line being 8100 times more abundant than the latter, were 
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recorded with no apparent decrease In the accuracy of mass 
measurements (Table I). With respect to mass measurements, the 
dynamic range is therefore at least 8100 and probably exceeds 10,000. 

Table I. 

UYNAMIC RANGE OF ION DETECTION USING 

TECH/OPS EVAPORATED AgBr PLATES 

(SAMPLE - C,F,,) 

MASS - ERROR(MMU.) REL. ABUND. 

230.98564 0.42 8095 

ŷ .̂ 231.98899 0.00 450 

C " c F 3 '-2'^9 232.99235 1.30 10 

299.98098 -1 .32 538 

C " c F L j Of j2 300.98433 -1 .68 36 

C " c F -̂4 ^2'^12 301.98769 

The r e s o l v i n g power o f t he p l a t e s was examined by r e c o r d i n g 
1 :20,000 and 1 :30 ,000 d o u b l e t s . A pho tog raph and o p t i c a l d e n s i t y 
p l o t s o f t he commonly used 30,000 d o u b l e t In the s p e c t r a o f 
me thy l naph tha l ene and d i m e t h y l naphtha 1 ene a t mass 11*2 a re shown In 
F i g u r e 2 . The computer p l o t o f the d o u b l e t r e p r e s e n t s o p t i c a l d e n s i t y 
a l o n g the y - a x l s and d i s t a n c e a l o n g the x - a x I s . The x ' s a l o n g the 
c u r v e denote p o s i t i o n s a l o n g the p l a t e or d o u b l e t 0.5 m i c r o n a p a r t 
where d i s t a n c e and o p t i c a l d e n s i t y v a l u e s were r e c o r d e d . The cu rve 
o b t a i n e d r e p r e s e n t s a 3-S% v a l l e y In a c t u a l I n t e n s i t i e s , and t h e r e f o r e 
a t t r i b u t e s t o t he p l a t e a r e s o l v i n g power g r e a t e r t han 3 0 , 0 0 0 . 

F I g u r e 2 . 
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CH3O 

NQO2C 

MnrjEnsir: nEn ivAT ivE 

1 on r1e mc n t a 1 
Conpos ition 

Calculated 
r'ass 

Found 
r'ass 

Er ro r 
mmas s 

r Cl,2H7ir'lGf'a 
f-M2n Cl,2HG90l5f'a 

85 ll . k e h O 
8 3 D . ii 5 3 ii 

S 5 k .i|G23 
836.1(523 

•1.7 
•1.1 

F i gure 3. 

A second compound Investigated was nygromycin, a tr I saccharIde 
antibiotic having the structure shown in Figure k . Molecular weight 
confirmation was necessary for the identification of this compound, 
and again detection of the high mass Ions was possible with good 
accuracy. Ions corresponding to the molecular Ion M and M minus the 
elements of one and two molecules of acetic a d d , respectively, v i e r e 
detected with errors less than k ppm. 

CHgOAc 

CHjOAc 

AcNH —CH 

OAc 
lYCRoryci r; 

I on E1ementa 1 
Compos i t i o n 

^ a 1 c u i n t e d 
f 'ass 

Found 
Mass 

E r r o r 
mmass 

f Cl*2ll59'l3P21t 0Rn.3iiR8 989.3520 
I'-IIOAc Ci,oH55f!3022 929.3277 929.3295 
r-2H0Ac C38H5ir!3O20 RG9.30r6 PG9.3099 

3 . 1 9 
1 . 8 1 
3 , 3 1 4 

F i gure It. 
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plates require a shorter time to pump down to operating pressures than 
plates employing emulsions. A pumping time of 30 minutes or less has 
been sufficient to lower the pressure into the operating region. 

Briefly summarizing we can say that the evaporated silver bromide 
photoplates produced on an experimental basis by Tech/Ops and 
developed according to the revised procedure are of good photographic 
quality. The plates possess the desirable characteristics of high 
sensitivity, especially at high mass, large dynamic range, good 
resolution, low fog level, and line quality conducive to accurate mass 
measurement. 
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Discrimination at an Eleotron Multiplier for 2k mass-analyzed atomic 

Ions. ROBERT C. LAO, Environmental Health Center. Department of National 
Health and Welfare. Ottawa 3. Canada, and R.F. POTTIE, Division of 
Chemistry. Matlonal Research Council of Canada, Ottawa 2, Canada. 

Despite the widespread use of electron multipliers as lon 
detectors in mass spectrometry, very few systematic studies have been 
made of multiplier discrimination as a function of the nature of the 
impinging lon. In many cases, such as high temperature chemistry, 
knowledge of multiplier yields is required to obtain vapor pressure 
calibration. This work was undertaken to provide a set of multiplier 
gains for atomio ions, referred to an internal standard, for comparison 
with results of previous workers and to test some of the assumptions 
usually made regarding multiplier discrimination for atomic and 
polyatomic Ions. 

Measurements were made with an ATLAS CĤ I mass spectrometer, 
that was equipped with an electron multiplier and a movable Faraday oup 
collector. The multiplier was a 17 stage Cu-Be type, and was magnetically 
shielded. To obtain the atomic ion of interest, appropriate oompounds 
were admitted to the raass spectrometer via the gas inlet, and complete 
mass spectra were taken to ensure non-interference at the atomlo lon 
mass from higher fragments. The multiplier yield was obtained from the 
ratio ofthe lon signals at the multiplier vs Faraday cup, referred 
to that for argon, whioh was admitted before and after the sample. The 
total lon energy was 5.1 KeV, and the ionizing voltage was 70 eV. The 
results, arranged according to groups as in the Periodic table, are 
shown in Table I. Within eaoh group, maximura yields are found for the 
series B'' -<• Ne^", with decreasing values at higher atomlo ion masses. 

There Is no apparent overall correlation with the 1/ \/M'dependence 
of atomic yields that has been widely accepted, except within groups for 
M>HO. Presumably the electronic structure is of comparable importance to 
the mass effect as a souroe of variation in ion yields. Results have 
also been obtained for.many.diatomic ions. Comparison of the atomic ion 
yields reported here with previous experimental values, reveals surpris­
ingly good agreement despite the use of various types of multipliers and 
a wide range of ion energies. These and other details will be published 
in "The International Journal of Mass Spectrometry and Ion Physios". 

We conclude that multiplier yields for atomio ions can be obtain­
ed with good reproducibility by a relatively uncomplicated technique, 
and that the results are In good agreement with those of other workers. 
Thus, relative multiplier yields oan be transferred from one experimental 
system.to another, since they are not particularly sensitive to the type 
of multiplier nor to the ion energy in the normal mass spectrometrlc 
range of values {k-7 KeV). 

TABLE I. Relative multiplier yields for atomio ions at ion energies of 
5.1 KeV. Yields are for positive Ions at the indicated isotopic mass, 
referred to that for argon. 

IVA VA VIA VIIA RARE GASES 

C'^ 
1.036 
Si^» 

0.909 
Ge'^ 

0.590 
Sn'^^ 

0.521 
pi,206 

0.1)00 

Others: 

N'" 
1.161) 

p31 
0.910 

As' = 
0.578 
Sb'^i 

0.191 

B " = 0.779, 

0^6 

1.221 
S'^ 

0.926 
Se'' 

0.675 

Hg^»^ = 0.129 

H' 
0.669 

pl9 
1.083 

Cl' = 
0.951 
Br'' 

0.626 
^ 2 7 

0.567 

He" 

Ne^' 
1.226 
Ar"" 

1.000 
Kr"" 

• 0.733 
Xe'^' 

0.650 

B383 



06 
AN IMPROVED TECHNIQUE FOR MULTIPLIER CALIBRATION & NOISE REDUCTION 

BY 

Bert E. Evans and V/llliam Kneen 
ELECTRONIC ASSOCIATES , INC . 
Palo Alto, Cal i fornia 94303 

ABSTRACT 

A me ta l l i c e l e c t r o d e a symmet r i ca l ly loca ted on the a x i s of a quadrupo le m a s s f i l ter 
s u c h tha t i t b l o c k s any o p t i c a l path b e t w e e n the ion ize r and f irst d y n o d e , but n e v e r - t h e -
l e s s permits op t imal a symmet r i c f irs t dynode field pene t ra t ion to the ex i t ape r tu re has 
b e e n t e s t e d . It i s found to g ive a factor of 25 I n c r e a s e in use fu l g a i n of Venet ian bl ind 
mul t ip l i e r s vrith no c o n s e q u e n t de te r io ra t ion in high m a s s s e n s i t i v i t y , and to a c t a s a n 
e f f ic ien t Faraday c o l l e c t o r . 

INTRODUCTION 

Noi se of va r ious kinds has b e e n obse rved on the output s i g n a l when a quadrupole 
m a s s fi l ter i s u sed wi th a n e l e c t r o n mul t ip l ier d e t e c t o r . There i s f i rs t of a l l dark no i se 
which i s t ha t c a u s e d by the mul t ip l ier a l o n e . This c a n be due to high v o l t a g e vacuum 
breakdown phenomena in the high field r eg ions around the mul t ip l ie r or to su r face b r e a k ­
down along i n s u l a t o r s . These ef fec ts c a n be minimized by mul t ip l ie r modif ica t ion i n c o r ­
porat ing a s p e r i t y - f r e e e l e c t r o d e s , and high qua l i t y ce ramic i n s u l a t o r s . 

Another source of n o i s e , the sub j ec t of t h i s p a p e r , o c c u r s when the e l e c t r o n 
mul t ip l ie r i s ope ra t ed on a d i rec t o p t i c a l path wi th the i o n i z e r . The b a s i c c a u s e s of th i s 
n o i s e a re u n c e r t a i n , but the n o i s e i s dependen t on both p r e s s u r e and e m i s s i o n c u r r e n t . 
It a p p e a r s to be due to e i t he r photons or e x c i t e d neu t ra l s p a s s i n g d i r ec t l y from the ion ize r 
to the f i rs t dynode wi thout being in f luenced by the quadrupole f i e l d . S ince both the 
photons and e x c i t e d neu t ra l s have no c h a r g e , t h e y follow s t r a igh t l ine p a t h s , and a n off 
a x i s t e c h n i q u e would suff ice to lower the no i se to s i g n a l r a t i o . 

It i s a l s o known tha t mul t ip l ie r ga in g radua l ly d e c a y s wi th e x p o s u r e to g a s e s . A 
s imple means for ca l ib ra t ing the mul t ip l ier i s therefore e s s e n t i a l . These problems can 
be s i m u l t a n e o u s l y so lved by the u s e of a n in t e rmed ia t e a symmet r i c o p t i c a l ba f f l e , which 
a l s o funct ions a s a Faraday c o l l e c t o r . 

APPARATUS 

The a p p a r a t u s u sed a s a s t andard EAI QUAD 250B m a s s f i l ter wi th two f i lament 
i o n i z e r , a 5 inch rod s t r u c t u r e , a 1 inch drift t u b e , and a Venet ian bl ind mul t ip l i e r . The 
Venet ian bl ind mul t ip l ier w a s c h o s e n over the box and grid b e c a u s e the n e c e s s a r y s t r u c ­
tu r a l modi f ica t ions were s impl ie r and the dynodes c a n be Independen t l y c h a n g e d . It a l s o 
permits a n a x i a l mounting b e c a u s e of the larger dynode su r face a r e a . The a p p a r a t u s i s 
s c h e m a t i c a l l y i l l u s t r a t e d in Figure I . 

N o i s e w a s measured wi th a Tektronix 556 o s c i l l o s c o p e and a high b a n d p a s s type 
IA7 plugin ampl i f i e r . The mul t ip l ier anode was c o n n e c t e d to the ampli f ier input through 
5 fee t of RG 62 c a b l e . The n o i s e w a s measured by photographing a s i n g l e s c a n of long 
enough dura t ion tha t i t con t a ined a large number of p u l s e s and count ing the p u l s e s . 

EXPERIMENT 

The f i rs t a t t empt a t a n o p t i c a l b lock w a s a 7 /16 inch d iamete r d i s k on the a x i s 
I inch from the f i l ter ex i t ape r tu re and 1/8 inch from the f irs t d y n o d e . The d i sk e l e c t r o d e 
w a s provided wi th a s e p a r a t e l y s h i e l d e d lead to the o u t s i d e of the vacuum s y s t e m . It 
could t hus be u sed a s a Faraday co l l e c to r when the mul t ip l ier w a s off and grounded when 
the mul t ip l ie r w a s in u s e . The measu remen t s ob ta ined in t h i s way were compared wi th 
t h o s e ob t a ined w h e n the o p t i c a l baffle w a s r e m o v e d . This f irs t d i s k shaped d e v i c e 
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reduced the noise from 900 counts/second to less than 50 counts/second, but gave rise 
to mass discrimination against the high masses . 

Since a static field cannot discriminate between masses, this means that there is 
not a proper penetration by the first dynode field into the region of the exit aperture and 
a mass dependent fraction of the ions are lost in the exit fringe field. The discrimination 
encountered when a symmetric disk is used can be understood when one considers that 
the electric field component along the axis and normal to the axis is zero. Hence, the 
transverse forces due to the first dynode field are weakest near the axis where most of 
the ions are emerging. In order to get an idea of the fields necessary to draw the ions 
off from their filter determined trajectories, and through the fringe field, some knowledge 
of the energy distribution of ions emerging from the filter is needed. 

Idealized theory based on maximum transverse momentum an ion can have in the 
filter suggests that an emerging ion can have an energy Ve=0.7V npe electron volts where 
e is the electron charge and Vĵ p is the peak RF voltage. Preliminary observations in­
dicated that most of the ions come out at much lower energies. In order to find the actual 
energy distribution of emerging ions, a Faraday collector was Installed at the filter exit 
as illustrated in Figure 2. Using perflourotrlbutylamine as the test gas , spectra were 
taken as the retarding collector potential was increased in s teps . The normalized peak 
heights of four principal peaks are shown in Figure 2 as a function of collector voltage. 
The peaks are normalized to their value at zero collector voltage. From differentiation 
of this plot an energy distribution curve was made as shown in Figure 3 . The significant 
aspect of this curve is that there is a narrow energy spread around the 6 volt ionizer 
energy. Secondly, mass discrimination effects are observable. As the mass increases 
the energy spread is broader and the peak in the distribution is shifted to slightly higher 
energies. The conclusion that can be drawn is that it should be very easy to get suffi­
cient field penetration to extract the ions if an asymmetric extraction field is used. An 
optical baffle was then constructed from a flat plate cut for optimal asymmetric first 
dynode field penetration and such that the first dynode could only see about an inch of 
the exit end of the rod structure. 

RESULTS 

The multiplier was calibrated at 5 x 10^ gain throughout the experiment in order to 
maintain constant average noise pulse amplitude. The pulse amplitudes varied from 
0.2 to 2 millivolts across 10^ ohm. The noise with the ionizer off was less than a 
pulse/second at 10"' Torr. Increasing the pressure to 5 x 10-6 xorr increased the dark 
noise to about 2 counts/second. 

With the ionizer on and no optical block the noise was approximately 900 pulses / 
second. Introduction of the asymmetrical optical block reduced the noise to less than 
30 pulses/second. Thus, the optical block reduces the ionizer noise by about a factor 
of 30 and gives a corresponding increase in useful multiplier gain. 

In the test for mass discrimination, perflourotrlbutylamine was introduced and the 
spectrometer set for baseline resolution from mass 69 through 503 with no optical baffle. 
The spectra were chart recorded. Without further adjustment, the optical baffle was 
introduced and a second spectra taken. There were no observable changes in the spectral 
distribution. 

The method thus provides an effective optical block to ionizer noise with no con­
sequent mass discrimination. From the standpoint of head and vacuum system simplicity 
the asymmetric optical block provides a desirable alternative to right angle mounting of 
the detector. 

Registered Trademark of Electronic Associates, Inc. 
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07 
A Stable, High S/N Ratio Ion Counting Detector For Ultra-High 

Deteotor For Ultra-High Vaouum RGA's. 
F. L. TORNEY, Norton Research Corp., Cambridge, Mass. 02112. 

The electron multiplier ion detector used in quadrupole 
residual gas analyzers is not characterized by a high degree 
of stability. In ultra-high vaouum applications the detec­
tor's sensitivity Is difficult to measure because of the 
small ion currents Involved. Ion oountlng techniques suggest 
a solution to these problems. The present work, shows that a 
more stable ion counting detector can be devised if a high 
gain, low noise multiplier Is utilized with appropriate counting 
circuitry. For example, a gain loss of 70 In the multiplier re­
sults in an average reduction of oountlng sensitivity of only 
II.Is? for ions in a 1-50 amu range. Moreover, the detector 
design has improved the S/N ratio of the Instrument at very 
low partial pressures. The Improved detector is used In con-
Junction with a cold-cathode ion source/quadrupole analyzer 
described previously.1 

Ip. L. Torney & P. Blum, llth Annual Conference, Dallas, 
Texas, 1966. 

This work was sponsored by NASA-Langley Research Center under 
Contract NASl-5317, Task 16. 
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PI 
ICR Mass Spectrometry of Some Simple Unsaturated Systems. GILLIAN C. GOODE^ 

REBECCA M. O'MALLEY, A.J. FERRER-CORREIA, R.I. MASSEY and K.R. JENNINGS, Dept. of 
Chemistry. The University, Sheffield, England. 

The purpose of this paper is to establish conditions under which quantitative data on 
relative rate constants can be derived from measurements made using an Ion cyclotron 
resonance mass spectrometer. Observations were made using a Varian V-5900 instrument 
fitted with a "flat" three-section cell, with a drift plate separation of 1.1 cm. 
Total ion currents were measured using a Keithley 602 electrometer and were typically 
3 - 6 X I0"^^A so that space-charge effects would be small: under these conditions, the 
total ion current was constant during a scan of the magnetic field. In all cases, 
conversions were kept low so that a simplified form of the integrated rate equation 
could be used. 

Three different types of spectra were obtained: (a) ICR spectra in which the power 
absorption A of different ions is measured by scanning the magnetic field. For such 
spectra, the amplitude of the r.f. oscillator was kept as low as possible so that 
relatively few ions were lost by "sweep-out" effects and the total ion current remained 
approximately constant; (b) TIC spectra obtained at r.f. levels sufficiently high to 
sweep-out completely ions which absorb energy during a scan of the magnetic field, 
causing a reduction R in the total ion current; (c) TtC spectra obtained in a similar 
manner but at a fixed magnetic field strength by sweeping the frequency of the r.f. 
oscillator, leading to a reduction R' in the total ion current. If allowance is made 
for the mass dependence of power absorption and for the variation of drift velocity in 
magnetic field scans, the relative rate constants for the two reactions 

P^ + M-i-Sj^ + N (1) 

^ S^* + N2 (2) 

can be derived from the following three expressions, assuming that the secondary ions 
undergo no further reaction: 

The three expressions have been tested using the reactions 

-̂  Ĉ Ĥ "̂  + H- i k ) 

and have led to values of k-/k. of 9.5. 10.3 and $ .3 respectively, giving an average 
value of 9-7- The good Internal agreement between the three values together with 
good agreement with literature values confirms the validity of the expressions. In 
the propylene system, the relative rate constants for the formation of the four products 
arising from the reaction 

C,H, * + C H^ -t- Products 

are given in the table and are compared with the zero-field results obtained by 
Harrison and Herod^: 

Zero Field 

ICR B scan 

TIC B scan 

^3"7 
0.21 

0.22 

0.18 

S"7 
O.ll 

0.12 

0.12 

' k h 
0.12 

0.11 

0.13 

C5H3 

0.26 

0.26 

0.27 

Again, good agreement is found between the results obtained by different methods. A 
more complete account of this work will be subnitted to the International Journal of 
Mass Spectrometry and lon Physics. 

1 A.A. Herod , A .G. H a r r i s o n , R.M. O ' M a l l e y , A . J . F e r r e r - C o r r e i a and K.R. J e n n i n g s , 
J . Phys. Chem., i n P ress . 
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RrocessesJi ran^mi^Ai^l js is^ofJon^^ 

D. P. Ridge, T. B. McMahon, ' and.J. L. Beauchamp'' 

Arthur Amos Noyes Laboratory of Chemical Physics, 

California Institute of Technology. 

Pasadena, California 91109 

A study of the collision broadening of ion cyclotron resonance absorption 
spectra has been initiated in order to better understand factors that influence ion-
neutral collision phenomena. Under the conditions of a typical ion cyclotron resonance 
experiment, only unreactive ions a re observed above a p ressure of about IO-* tor r 
in most sys tems. At higher p ressures the widths of the resonances of the remaining 
ions increase as a result of collision broadening. Since the broadening is induced by 
collisions, information about the nature of ion neutral interactions is available from 
linewidth measurements . 

An appropriate velocity damping term can be added to the equation of motion 
for an average ion in the ion cyclotron resonance apparatus to account for the effect 
of collisions. When the equation is solved and an expression for the power absorption 
obtained, the linewidth (half-width at half-height) is found to be equal to a collision 
frequency, i , given by the expression^ 

Here n is the neutral number density, M the mass of the neutral , m the mass of the 
ion, CTrt(v) the velocity dependent diffusion cross section, and v the relative ion 
neutral velocity. The brackets indicate an average over the ion and neutral velocity 
distributions. The nature of the ion neutral interaction determines the diffusion cross 
section and therefore the linewidth. 

K only the polarization interaction is considered, the ion molecule interaction 
is represented by 

V(r) = - ° ^ . (2) 
2r4 

where a i s the angle-average polarizability of the neutral, e the electronic charge, 
and r the distance between the ion and the neutral. The diffusion cross section can be 
calculated for this potential2 and the result gives for the collision frequency 

?/n = 2.210]re 1 ^ a ' (3) 

where / i i s the reduced mass of the ion-neutral pair . The reduced collision frequency, 
^/n, is proportional to the ratio of the linewidth to the pressure and according to Eq. 3 
is independent of temperature and ion energy. For a se r ies of ions in the same gas 
Eq. 3 predicts that the reduced collision frequencies will vary as ^i j /ni . 

For the ions CHj'*', C^Rs*', CgH," ,̂ and C4H„"̂  in methane the measured reduced 
collision frequencies increase with Mj/m but are 15 to 20% larger than the polarization 
l imit . The collision frequencies were measured by determining the slopes of plots of 
linewidth versus pressure which were all found to be linear within about 1%. The 
collision frequencies were found to be independent of ion energy up to an energy of 
approximately 0. 2 eV (lab.). Similar measurements were made on a se r ies of ions in 
hydrogen. The resul ts for the ions C3a,+, N2H+, C2H5+, H3O+, and CH5+ agree within 
a few percent with the simple theory (Eq. 3). Disagreement is obtained only in the case 
of H3+ which again is approximately 20% larger than predicted by Eq. 3. Although 
C2H5+ and NjH^ have the same mass , they have measureably different collision 
frequencies, that of C2H5+ being larger by 5%. • 

The simple theory can be crudely extended to t reat polar molecules by including 
an ion-dipole interaction in the potential so that 

V{r) = - ° ^ ^ - ! ^ cose 
2r4 r2 
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where i in i s the dipole moment of the neutral and 6 the angle between the in termolec­
ular vector and the dipole. Using the locked dipole approximation (cos6 = 1) and using 
the capture c ross section of the resulting potential3 to estimate the diffusion c ross 
section yields a collision frequency 

« / n = 2 7 r e [ a U j i D ( ^ ) »]f iVm (4) 

which should represent an upper limit to the actual collision frequency. 

Measured collision frequencies for the two ipns CHoOH* and (CHjO),!!''" in 
formaldehyde exhibit the predicted variation with /xl /m witn absolute magnitude midway 
between the locked dipole limit and the polarization limit. 

Information derived from an analysis of collision broadened ion cyclotron 
resonance lineshapes has numerous applications. F i rs t , and most important, it 
provides a fairly sensitive means of probing the nature of the ion neutral interaction 
potential. Te rms which may be important in the interaction potential in addition to the 
ion induced dipole attraction include attractive ion-induced quadrupole and dispersion 
interactions as well as short range interactions. The balance of these attractive and 
repulsive interactions at thermal ion energies is fairly cri t ical in determining whether 
the collision frequencies a re greater or less than the values predicted by Eq. 3. At 
thermal ion energies the increased Importance of attractive interactions has the 
general effect of increasing the collision frequencies. The general effect of increasing 
the ionic " rad ius" (which is determined by the repulsive interaction) is to cause a 
decrease in the collision frequencies with increasing ion energy up to approximately 
0. 5 eV, beyond which the collision frequency generally increases with increasing ion 
energy. ^ 'Thus the resul ts for ions in methane and H3+ in hydrogen indicate that 
attractive forces in addition to the polarization interaction a re important in determining 
momentum transfer collision frequencies at thermal ion energies . The above factors 
may nearly balance in the case of the heavier ions in hydrogen to give fortuitous 
agreement with the predictions of Eq. 3 at thermal ion energies . The resul ts for ions 
in formaldehyde indicate the usefulness of linewidth data in determining quantitative 
effects of permanent dipole moments on ion neutral interactions. 

A second application of the data is in the determination of ion mobilities and 
diffusion cross sections. Ion mobilities a re inversely proportional to collision 
frequencies for momentum transfer . 5 The resul ts of the experiments described above 
can be directly employed to give a more complete description of the motion of ions in 
chemical ionization experiments involving methane or hydrogen as chemical ionization 
reagents . 

A third application of linewidth data is in the determination of the lifetimes of 
intermediate species in ion molecule react ions. If an ion-molecule reaction proceeds 
via an intermediate that can either fall apart or be coUisionally stabilized, an analysis 
of the variation of relative ion abundances with p res su re yields the rat io of the ra te of 
stabilization to the ra te of decomposition. The collision frequency determined from 
linewidth measurements sets an upper limit on the ra te of stabilization and therefore 
a lower limit on the lifetime of the Intermediate. 

A more complete account of this work has been submitted for publication to the 
Journal of Chemical Physics. 

Research supported in part by the Atomic Energy Commision Grant No. 
AT(04-3)767-8. 

' N R C Predoctoral Fellow. 

•'•Alfred P . Sloan Fellow, 1968-1970. 

^J. L. Beauchamp, J . Chem. Phys . , 46, 1231 (1967). 
2 
A. Dalgarno, M. R. C. McDowell, and A. Williams, Phil. Trans . Roy. 

Soc. (London), A-250^ 411 (1958). 

John V. Dugan, J r . , and John L. Magee, J . Chem. P h y s . , 47, 3103 (1967). 
4 

Edward A. Mason and Homer W. Schamp, J r . , Ann. Phys. (New York), 4, 
233 (1958). 

5 
Darol Wobschall, John R. Graham, J r . , and Dermis P. Malone. 
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P3 
>lucleophilic Displacement Reactions in the Uas Phase Studied by Ion Cyclotron 

Resonance Spectroscopy*! 

David Holtz and J . L. Beauchamp 

Arthur Amos Noyes Laboratory of Chemical Physics 

California Institute of Technology, 

Pasadena, California 91109 

Nucleophilic displacement reactions of the type il lustrated in reaction 1 have 

been found to be a general gas phase reaction. For example, 

Y + RX"̂  s- RY"̂  + X (1) 

at 10"* to r r in a 2.4:1 mixture of HCl and CHjF subjected to electron impact, CHjFH'*' 

forms and is observed to react with HCl yielding CH3CIH''' with HF being displaced 

(reaction 2). 

HCl + CHaFH"^ s» CHjClH"^ + HF (2) 

Nucleophilic displacements have been found to occur whenever the reaction pro­

cess is exothermic, provided that proton transfer from the substrate undergoing sub­

stitution to the entering nucleophile is not exothermic. With the above c r i te r ia a 

relative ordering of nucleophilicity toward CH3''" may be calculated to be NH3 > CO > 

HjS > CH2O > HI > HjO > HBr > HCl > Nj > HF. 

The nucleophilic displacement process generalized in reaction 1 may be conven-

ientiy used for the gas phase synthesis of organic ions. Two of the most interesting 

resul ts obtained in the experimental verification of the nucleophilic ordering given 

above a re the use of N^ and CO as nucleophiles in conjunction with CH3F as substrate 

to generate the species methyl diazonium ion, CH3N2''', and acyl cation, CHjCO""" 

(reactions 3 and 4). 

NJ + CH3FH'^ >• CHaNa"̂  + HF (3) 

C6+ CHjFH* *. CHjCO"^ + HF (4) 

Reaction 3 Is a novel means of nitrogen fixation In which N, reacts with an organic lon 

in the gas phase forming a new stable organic lon that has incorporated molecular 

nitrogen. 

Rare gas atoms may also be used as nucleophiles in reaction 1. Thus, xenon 

has been found to undergo reaction 5 generating the methyl xenonlum ion, CHaXe"*". 

* Research supported by the U.S. Atomic Energy Commission under Grant 

AT(04-3)767-8. 

t Submitted for publication, J . Amer. Chem. Soc. 
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Xe + CHjFH"^ ^ CHjXe"^ + HF (5) 

The occurrence of reaction 5 allows the estimation of a lower limit of 32 kcal/mole 

for the C - Xe bond energy in CHaXe"^. 

The present findings have important implications for many other studies dealing 

with ionization phenomena. For example, species such as NH3, HjS, HjO and CH4 are 

frequentiy utilized as ionic scavengers or ionization agents in photolysis, radiolysis 

or chemical ionization experiments. Clearly, In understanding the chemical activity 

of these additives, it is necessary to recognize the possible occurrence of processes 

such as generalized in reaction 1. 
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P5 
I O N - C Y C L O T R O N RESONANCE STUDY OF ION-MOLECULE REACTION RATES* 

Stephen Wisn iewsk i , Roger C l o w , David Smith and Jean H, Futrel l 

Department of Chemistry, Universi ty of U tah , Salt Lake C i t y , Utah 84112 

The ion cyc lo t ron resonance (ICR) mass spectrometer is Idea l ly suited to the determinat ion of 
ion-molecu le react ion mechanisms at thermal and higher energies. Quan t i t a t i ve rate constants can , 
however, be obtained only If the react ion time is known accurate ly . The react ion time or Ion 
residence t ime can be ca lcu la ted for the ICR mass spectrometer assuming the d r i f t plates to have 
In f in i te area. Using a modif ied Var ian Associates Syrotron ICR mass spectrometer, we hove 
developed a method to measure d i rec t l y the Ion residence t ime. A short pulse of electrons {100 ^s ) 
produces a packet of ions wh ich d r i f t down the c e l l . In normal opera t ion , these ions are detected on 
the total ion current co l lector at some t ime, r , later . If a short negative pulse (10 / is) is appl ied to 
one t rapping plate at some t ime r' where T > T ' , the packet of ions w i l l be at t racted to a trapping 
plate and w i l l never reach the total Ion current co l lec to r . A plot of total ion current versus r' gives 
the Ion residence t ime d i r e c t l y . W i t h d r i f t voltages and magnetic f ie ld set such that an Ion residence 
t ime of ] . 8 3 ms Is ca l cu la ted , the actual residence time was measured to be 1.1 8 ms, 1.65 ms and 
2 . 45 ms corresponding to trapping voltages of 1.30 V-, 0. 80 V and 0 .40 V . This strong dependence of 
Ion residence time on trapping vol tage is st r ik ing since the theoret ical ca lcu la t ion assumes that Ion 
residence t ime Is independent of trapping vo l tage . 

The e f fec t of e lectron current on Ion residence t ime was determined In another exper iment. 
Using a 10/^ pulse duty cyc le on the electron beam modulat ion un i t , the Ion residence time was found 
to Increase by about 10;?̂  as the e lect ron current Is decreased from 0 .10 / ia to 0 .02 /Ja. A study of Ion 
residence time as a funct ion o f magnetic f ie ld indicates that i t does not increase as rap id ly as would be 
predicted from theory. At 4 K G , the measured value is about 9 0 ^ of the ca lcu la ted wh i l e at 14 K G 
It Is on ly 6 7 ^ . From this work It is c lear that a quant i ta t ive rote constant can be measured on ly i f the 
Ion residence t ime Is measured d i r ec t l y . 

Thermal energy rate constants have been measured for the reactions g iven In Table I. The 
method of determinat ion consists of monitor ing the reactant Ion Intensity wh i le increasing the 
concentrat ion of neut ra l . Since the react ion t ime Is known accura te ly , the greatest uncer ta in ty in the 
rate constant determinat ion lies In the pressure measurement. In this work , an Ion izat ion gauge Is 
used to measure the pressure wh ich Is corrected for the ion iza t ion cross sect ion. 

The O reactant ions In reactions 1 -3 are obtained from electron impact of C O j . L i t t le work 
has been done previously on the reactions of Hj"*" w i t h C O j and C O j ^ w i t h H j because both reactions 
lead to large amounts of CO2H , and It is impossible to determine the re lat ive Importance of the two 
react ion channels in the convent ional mass spectrometer. One of the unique features of the ICR mass 
spectrometer lies In the a b i l i t y to se lect ive ly e l iminate reactant Ions from the ce l l by apply ing an 
osc i l la t ing e lec t r i c f i e ld of the proper frequency to the trapping p la te . Table I shows that the rates for 
reactions 8 and 9 are considerably lower than those predicted on the basis of the ion- induced d ipo le 
model . Using the heats of formation g iven in a recent compi la t ion , these reactions are about 0.8 eV 
endothermlc for ground state C O j ions. From this It Is c lear that af ter ]0~^ seconds, many COj"*" ions 
formed by impact ing 50 eV electrons on C O j s t i l l have at least 0 . 8 eV exc i ta t i on energy. 

It is also surprising to observe charge-transfer (reactions 6 and 8) ac t i ve l y compet ing w i th 
proton transfer (reactions 7 and 9) at thermal energies. This result Indicates that the recombinat ion 
energy of at least some of the Hj ions Is very near the Ion izat ion energy of C O j . 

In the future we plan to look further Into the question of Isotope effects as we l l as the 
compet i t ion between charge-transfer and Ion-molecule reactions at thermal energies. Prel iminary 
results Indicate that C O , C O H and H j O are minor products In the H j / C O j system. Efforts are 
being d i rected at quan t i ta t i ve ly substantiating these observations. 

References. 

1 . J . L . Beauchamp, L.R. Anders and J . D . Baldeschwieler, J . Am. Chem. S o c , 89 , 4569 (1967) . 

2 . Var ian Associates, Polo A l t o , Ca l i f o rn ia . 

3 . J . L . F rank l i n , J . G . D i l l a r d , H . M . Rosenstock, J . T . Herron and K. Drax l , " Ion iza t ion 
Potent ials, Appearance Potentials and Heats of Formation of Gaseous Positive Ions," NSRDS-NBS 
26 (1969 ) . 

*Research sponsored by the Aerospace Research Laboratories, O f f i ce of Aerospace Research, Contract 

F33615-68-C-1022 . 
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P6 
TIME HISTORY PLOTS AND COMPUTER-MADE MOVIES OF ION-POLAR MOLECULE 

COLLISIONS OF INTEREST IN MASS SPECTROMETRY-''-

by John V. Dugan, Jr., NASA-Lewis Research Center, Cleveland, Ohio 
and John L. Magee, University of Notre Dame, Notre Dame, Indiana 

INTRODUCTION 

Capture cross sections have been calculated for ion-polar molecule collisions; the 
interaction potential consists of classical ion-dipole plus ion-induced dipole (polar­
izability) terras. These capture cross sections set a rough upper lirait to the reaction 
cross section. The ion-dipole energy transfer and formation of ion-raolecule collision 
complexes have been studied using computer-plotter techniques. Mutual orbiting of the 
ion-molecule pair and hindered rotation of the dipole have also been studied via 
computer-made motion pictures. The latter is of interest for ion-molecule reactions since 
preferred dipole orientation favors certain reactions. This paper reports on results ob­
tained for ion-molecule systems of particular interest in raass spectrometry. 

COLLISION TARGETS 

The polar targets studied were chosen mainly because they have been studied in the 
mass spectrometer. Ion-molecule reactions involving CH3CN have been studied by Moran and 
Hamill.•'• The good agreeraent between theory and mass spectrometer experimental values have 
been reported.^ Large cross sections for CH3OH targets were reported in refs. 3 and 4 for 
low ion energies. -Negative lon-molecule cross sections reported for H2O targets are 
roughly 10-13 cm^.^ 

ION MOLECULE INTERACTION 

The ion-molecule interaction consists of the ion-permanent dipole and ion-induced 
dipole (polarizability) terms. The first term = -yUe cos 5/ r^ where ytt is the 
permanent dipole moment; e is the electronic charge, JT is the ion-dipole orientation 
angle and r is the iori=raolecule separation. The Langevin term is - o ( e ^ / 2 x ^ where 
is the spherically symmetric molecular polarizability. The separate cross section 
contributions are the Langevin cross section 

Q " 5 Tfh s y/2,o< e / ^ ) .(!•) and the ion-dipole cross section (t*= W ^ r ^ C / A '(2) 

Assuming favorable orientation of the dipole, i.e., 0 = 0 , the cross sectiori 

^ i ^ i r t i , ^ 0;: -̂  r^ (3) 

is somewhat of a maximura. In equations (1) thru (3), € is the relative translational 
energy. The ion and molecule are reflected off a hard-core potential at r = r̂ , for 
lifetirae studies. 

COMPUTER APPROACH 

Collision quantities such as ion velocity and dipole rotational energy are plotted 
using values obtained by numerical integration. The time history plots are done in the 
coordinate system where the polar raolecule is fixed.^ The differential equations of 
motion are integrated using the variable step-length Runge-Kutta scheme of Ref. 6. Solu­
tions of the equations include the coordinates for movie models of the colliding partners. 
The initial conditions and successful steps (for variables and time derivatives) are 
stored in a plotting array for both computer-made time history plots and movies. 

MOVIE MODEL 

The coordinate solutions are used to draw projections of the ion and polar molecule 
models in the center-of-mass system. A saraple movie frame consists of siraple ion and 
dipole models with a clock.' Each frame is traced on a cathode-ray-Cube and photographed 
using the IBM 360-67 computer with the CDC DD280 plotter. The cloclc measures real time 
and raoves at different rates during a collision since a variable step-size integration 
routine is used. 

INITIAL CONDITIONS 

The initial conditions on the dependent variables and their first time derivatives 
are obtained using a random number generator. Trajectories were studied for ion veloc­
ities of 5x10^, 10^, and 2x10^ cm sec"l. Target rotators were chosen from a heat bath at 
rotational teraperature T R = 500 K. The assigned reflection distances for the collision 
complex studies were 2, 2-5, and 3.0 A for CO, HCl, and CH3CN, respectively, whereas 28 
was used as a capture distance in all cross section calculations. 

DISCUSSION AND RESULTS 

In all numerical calculations the energy equation and behavior of trajectories with 
time reversal were used as checks on the accuracy of the integration routine. 

Capture cross sections. - For each impact parameter 36 to 50 trajectories were cal­
culated for the capture cross section; these trajectories were truncated once r ^ 2 A. 
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Unlike Langevin collisions there is no all-or-nothing answer to the question of capture 
in ion-permanent dipole collisions for fixed initial impact parameter. For fixed values 
of energy and Impact parameter there is a probability that the eystem will arrive at an 
ion-molecule separation corresponding to capture. The fraction of collisions resulting 
in such a prescribed "minimum" separation we call the capture ratio CR. Such a fraction 
can be correlated with the reaction probability. 

The capture cross section is^ ^ /> 

o^^rJc^a>) 4 ( 0 w 
o 

Numerical capture cross sections P^ have been calculated for four ion-molecule pairs. 
The ^ values for CH3CN''" + CH3CN and C5D]̂ 2"*" "•" CH3CN are considerably larger than ^^ 
but Vi^y from two-thirds to one-half 0^ values. Both C^ values have approximately 
€]^' dependence on ion energy ^ i - The integrated Q̂ , (over 6, values) is within 
207o of the reaction cross section QR for all € ^ values {^^ - experimental ion exit 
energy) for CH3CN"*" + CH3CN. The Q̂ , values are within 20% to 50% of q^ for C5D]̂ 2''" 
+ CH3CN over the range of ^ ^ from 0.2 to 2.0 eV. 

The HCl"*" + HCl capture cross section has very nearly a Langevin € ^ dependence 
although the ^ values are uniformly 15% larger than ^ . There is no satisfactory mass 
spectrometric data available for this reaction cross section. 

The CH3OH + CH3OH or values have an €,'^' dependence on ion energy. The Q^ 
values are within factors of 2 to 3 of the observed reaction cross section from 0.1 to 
1.0 eV. 

The P^ for H" + H2O was calculated only for €-^ = 0.2 eV; this ^ value is 
130 A . The maximum cross section ( ^ is 250 A whereas the measured reaction cross 
section is 5x10-13 cm^ (5000 X^). 

The agreement between theory and experiment appears satisfactory except for the large 
discrepancy in the case of the H~ + H2O reaction. 

Collision Lifetime and Hindered Rotation. - Trajectories have been investigated by 
computer-plotter techniques. Collision orbits and ion-molecule interaction behavior are 
studied for a range of collision parameters. The interaction potential consists of a 
hard-sphere term plus the attractive polarization and ion-dipole terms. Multiple reflec­
tions off the hard-core barrier at small ion-molecule separations occur only in collisions 
with permanent dipoles. Multiple reflection times 2'c are 10 to 500 times longer than 
the corresponding values for single reflections. The average number of reflections is 2 
CO 5 for CO whereas it is nearly 20 to 30 for CH3CN targets. The fraction of these colli­
sions varies from about 0.1 for CO to roughly 0.5 for CH3CN. There are few multiple re­
flection collisions for HCl but the average number of reflections is large. 

Plots are made of relative velocity, rotational energy, projections of the ion and 
dipole angle coordinates and the ion-dipole orientation angle 3̂  . The plot of ^ de­
creasing with decreasing r suggests that the dipole is hindered by the incident ion. 

Motion pictures of the ion-dipole collisions have also been made with the computer-
plotter system. Computer-made movies furnish a convenient visual means for observing the 
relative motion of the ion-molecule pair, as well as hindering of the dipole by the in­
cident ion. The degree of hindering is best described by a parameter which depends on the 
dipole moment, rotational energy and irapact parameter. Leger and Meiselsl^ and LegerU 
et al. have investigated the relative reaction probabilities in CH3OH''" + CH3OH and 
CH3OH''" + CH3CHO collisions. They point out that their results are consistent with the 
hypothesis that hydrogen abstraction from electromegative sites in the polar molecule is 
formed for collisions in which the ion is able to orient the dipole attractively. The 
numerical results indicate that this is very probable. 

The extension of computer-made plots and movies to a description of vibrating targets 
is already in progress. Studies of chemical reactions will be more difficult since the 
construction of accurate potentials is not straightforward. 
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P7 
COLLISION-INDUCED DECOMPOSITION OF H'''(H20)n AND N03"(H20)^* 

Rudolf R. Burke 

AeroChem Research Laboratories, Inc. 
Sybron Corporation 

Princeton, New Jersey 

A technique was developed for the measurement of the kinetics of cluster 
decomposition. In the present application a room-temperature Ar s t ream at 5 Torr con­
taining small smounts of H3O and NO3 produced in an atomic O/atomic N/C2H2 reaction 
is expanded through a Mach 3 nozzle. This reduces the pressure to 0.2 Torr , cools the 
gas mixture to 85 K, and causes extensive hydration of the ions in the free jet to form 
H3O (H20)j^ and N03"(H20)n (1̂  = 0 to » 15). The supersonic jet impinges upon a blunt-
faced sampling system, thus forming a detached shockwave. In the shock layer the p re s ­
sure recovers to 1. 5 Torr and the temperature to 270 K inducing deconnposition of the 
cluster ions. Mass spectrometric profiles of the ion composition are taken through the 
subsonic region behind the shock by adjusting the shock front-to-sampling orifice distance. 

The H (H20)j^ concentration profiles are analyzed in terms of a ser ies of reactions 
which successively strip H2O molecules frona the ions; 

H"'"(H20)n + Ar — H''"(H20)n_i + H2O + Ar 

The rate constants (kĵ ) obtained are (molecule"' ml sec~'): ku = kio = 1.3 X 10"^'; kg = 
1.2 X 10""; ke = 7.8 X 10 "^2; Ŵ  = 6.6 X 10"*2; k̂  = 5.4 X 10"I2. 1̂  = 4.4 x 10"'2. The 
values obtained can be correlated with the kg to k̂  values obtained by Good, Durden and 
Kebarle,^'^ using their pulsed electron beam mass spectrometer. The influence of 
H"'"(H20) vibrational relaxation on the rate constants k̂  and k̂  is discussed. 

The NO3 {Hz^)n concentration profiles are also interpreted in terms of consecutive 
ion decomposition reactions; 

N03"(H20)n + Ar - N03"(H20)n_, + H2O + Ar 

The rate constants (k^) obtained are (molecule"* ml sec"*): k^ = kio = 1,5X 10"**; kg = 
1. 2 X 10"**; kg = 1.0 X 10"**; ky = 8.7 X 10"*^; k6 = 6. 3 X 10"*^. The first hydration r eac ­
tion of NO3" is discussed. 

This paper will be submitted for publication to the Journal of Chemical Physics . 

1. Good, A. , Durden, D.A. and Kebarle, P . , "Ion-Molecule Reactions in Pure 
Nitrogen and Nitrogen Containing Traces of Water at Total P r e s su re s 0.5-4 Torr . 
Kinetics of Clustering Reactions Forming H'''(H20)n. " J . Chem. Phys. 52, 212(1970). 

2. Good, A. , Durden, D.A. and Kebarle, P . , "Mechanism and Rate Constants of 
Xon-Molecule Reactions Leading to Formation of H (H20)j^ in Moist Oxygen and 
A i r , " J. Chem. Phys. 52. 222(1970). 
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Abstract 

Photoelectron spectroscopy of small inolecules. 

Jacques E.COLLIN,Jacques DELWICHG and Paul NATALIS 

Laboratolre des Etats Ionises,Universite de Liege 
S ^ i - t - T i 1 man , 4 0 0 0 T.i ^ y ^ , Rfti gi giia < * ^ 

Photoelectron spectra of some diatomic and triatomic 

molecules have been obtained, using various types of 

energy analyzers. The energy resolution was of the 

order of 30 mV in the best cases. Various light 

sources and pressure conditions were used as to study 

the influence of the photon energy on the relative 

transition probabilities and the possible occurrence 

of collision-induced photoelectron emission.Vibronic 

sequences are identified. In cases like Op, Np,CO and NO, 

the influence of autoionization of the relative transition 

probabilities is considerable. The complex photoelectron 

spectriim of NO is considered. In some cases^otably N„0, 

pressure-sensitive photoelectron bands are observed at 

high pressures. Their possible origin, notably from 

induced preionization, will be discussed. 

(*) Full papers published or due to appear in 

Journal of Mass Spectrometry and Ion Physics, 

and in Chemical Physics Letters. 
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S4 
Abstract 

Electron impact excitation of Ng,CO, ̂ oMt and OfH^^ 

by the SF^ method. 

Marie-Jeanne HUBIN-FRANSKIN and Jacques E.COLLIN 

Laboratoire des Etats Ionises, Universite de Liege 

Sart-Tilman, ^000 Liege, Belgique ' 

The SP^ scavenger technique has been applied to a 

study o f the electron impact excitation at threshold 

energy of some molecules. Improvement of resolution 

has been obtained by the use of a deconvolution method. 

Below the ionization limit,many transitions have been 

observed in Ng» CO, C_H, and C^H,-. A number of those 

transitions are optically-forbidden and important 

differences in transition probabilities are found, 

as compared to other published data, and will be 

discussed. In this respect, the so-called"mystery band" 

of ethylene has been observed. In the four molecules 

studied, the technique allows the observation o f 

compaund-state molecular negative ions.Some evidence 

for preionization above the first ionization limit 

has also been obtained. 

(•) The full papers will appear in one 1970 issue 

of the Journal of Mass Spectrometry & Ion Physics. 
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A Coincidence Time-of-Flight Mass-STiectrometer 

by 

A, Harvey, (Mrs) M-de-L,F, Monteiro, and R.I* Reed 

The Chemistry Department, 

The University of Glasgow, Cilasgov V,2, 

A coincidence time-of-flight mass-spectrometer has been 
0 

developed in which ionization is effected by the 584 A helium 

line; considered to give a beam of monoenergetic-photons. The 

ionization process yields a positive ion and an electron. The 

latter is accelerated to a box-and-grid electron multiplier fol­

loved by a cathode follover, a high gain amplifier, thence 

through a time delay line to a "coincidence" unit folloved by a 

scaler. In a comparable way the ion first traverses a known 

potential gradient, strikes the first dynode of a "venetian-

blind" multiplier and continues as the electron;there is no 

delay line, 

Vhen impulses from the electron and ion multipliers arrive 

at the coincidence unit simultaneously (or substantially so) a 

signal is counted upon the scaler. Thus by plotting the count­

ing rate vŝ  the electron delay time one may plot out the mass-

spectrum of the material under examination. 

In our prototype instrument the resolution is rather lov, 

but it may readily be improved by:— 

i) lengthening the flight-tube to increase the ion transit time, 

ii) modifying the potential gradient through vhich the ion falls, and 

iii) increasing the "sharpness" of response of the coincidence unit. 

The second of these is valid for only rather small alterations 

in the potential for such adjustments have a deleterious effect 

upon the focusing of the ion beam, 
i 

In spite of these obvious improvements some major problems 

connected vith the resolving power remain. In general ions are 

formed vith kinetic-energy so that two ions raay be formed 

successively at the same point one moving directly tovard^ the 

ion-accelerator, the other directly avay from it. The transit 

times of these two particles vill differ by the turn round time 

of the latter. Moreover, the photon beam is of a finite vidth 
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and thus ions may be formed in a finite volume vithin'the ion 

source, A combination of these two effects may speed the overall 

transit times significantly. Nevertheless serviceable spectra 

have been obtained and this instrument has the further advantage 

of being an "absolute" mass-spectrometer. 

To be published in the Journal of Mass Spectrometry and Ion Physics 

B401 



Photoelectron Spectra and Ionization Potentials Q 4 

of H , HD, D and the Halogens 

A.B. Cornford, D.C. Frost, C.A. McDowell, J.L. Ragle* 6 l.A. Stenhouse 

Department of Chemistry, University of British Columbia 

Vancouver 8, B.C. Canada 

Abstract: 

The photoelectron spectra of H., HD, D and the halogens have been obtained using 

a high resolution spectrometer with the 584 X helium resonance line as the 

radiation source. The spectrometer is a 180 degree electrostatic spherical 

analyzer. The spectra of H,, HD, and D allow aig and (Ĵ  Xg f°r their ground 

state molecular ions to be calculated. The ionization bands obtained for the 

halogens (F , Cl,, Br , and I ) are correlated with molecular orbital theories. 

A discussion of vibrational frequencies, hot bands, bond lengths and spin-orbit 

couplings is included for these latter corapounds. 

Introduction 

The photoelectron spectra were obtained using a double focusing hemispherical 

electrostatic analyzer operating at a nominal resolution of .03 eV. The 

instrument is essentially the same as previously described ', The entrance lens 

to the analyzer and electrostatic deflectors leading to the multiplier have been 

removed giving a subsequent rise in intensity without sacrificing resolution. The 

entrance and exit slits to the analyzer are maintained at ground potential and 

the electrostatic monachrometer adjusted to focus ~ 2er electrons with the aid of 

Helmholtz coils. 

The Hydrogen Molecule Ion S Deuterium Derivatives. 

The 584 A photoelectron spectrum of H, , HD and D, allow the vibrational intervals 
2 + I i. 

in the Ig states of the ions to be measured. The vibrational constants u e anduj X 

are calculated and compared with previous theoretical energy values of Hunter and 
2 

Pritchard . In addition the Morse function is shown to be a satisfactory description 

of the potential curves . 

The Halogen Positive Ions (F *, Cl,*, Br *, % I,*). 

Previous electron impact and low resolution photoelectron spectroscopic work has been 

summarized by Frost et al . We report here a summary of recent photoelectron 

data yielding more complete and detailed information on the nature and properties 

of the lowest lying few states of the halogen positive ions. A summary of photo­

electron spectroscopic data for the halogens appears in Table 1. The results of 

calculations of spin-orbit couplings, vibration intervals and changes in bond 

lengths derived from observation of hot bands appear in Table 2, and are briefly 

described below. 

Hot bands were resolved on the low energy edge of the first I.P.'s of Cl + and Br + 

[occurring in transitions from the ̂ Zq state of the neutral to the j]g state of the 

ion). The distribution of the intensities was used to calculate the values for 

Ar (see table 2). 

On leave from the Department of Chemistry, University of Massachusetts, Amherst, 
Massachusetts 1969-1970. 
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TABLE I SUMMARY OF PHOTOELECTRON DATA 

Compound 

Fluorine 

Chlorine 

Bromine 

Iodine 

State of Ion 

\ 

u 

(?)^E 
g,u 

^ 

u 

\ 

g 

\ 
u 

g 

% 

u 

g 

Ionization 

15.70^ 

18.4<= 

11.49*' 

14.0"= 

15.8= 

10.Si" 

12.5= 

14.3"= 

-

10.8"= 
11.6"= 

12.7= 

Potential 

-

(18.98)"* 

C? 21)"* 

-

(14.43)"* 

(16.10)"* 

(13.08)"*'* 

(14.60)"* 

(9.34, 9.97)^ 

(11.03, 11.82)"* 

(12.95)"* 

C (cm-*) 

337±40 

-

-

645±40 

-

-

2820±40 

-^2000 - 2200 

-

5125±40 

'v*400 

-

(.^(cm-*)^ 

1050±40 

-

-

645±40 

-

-

360±40 

-

-

T- 220 

-

-

a apparent ul̂ , any anharmonlclty being smaller than precision of measurement, 

b resolved 0-0 band, 

c onset value. 

d band maximum. 

e see Figure 1. 
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The P.E. spectra yield the spin-orbit splittings between the ^ states of all 

the halogens studied, these transitions being unavailable from u-v spectra. 

Sample calculations employing single "hole" occupancy of the four available 

spin orbitals, neglecting differential overlap and other two-centre integrals, 

produces a multiplet splitting 

C = 2ge < Zp /r >, the expectation value varying approximately 

as the fourth power of the effective nuclear charge. The small upward 

shifts of C observed for the positive ions (as compared to the atomic values 

tabulated) may be best accommodated by a small increase in this charge. 

A more complete analysis of this work will appear in articles to be published 

in the Journal of Chemical Physics. 
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(ABSTRACT) Q 5 

PHOTOIONIZATION MASS SPECTROSCOPY USING SYNCHROTRON RADIATION 

James W. Taylor, James A. Kinsinger, and Williara L. Stebbings 

Department of Chemistry, University of Wisconsin 
Madison, Wisconsin 55T06 

The high intensity light which is radiated from electrons accelerated to relativistic 

velocities In a synchrotron is continuous from the soft x-ray region to the Infrared and 

Is devoid of fine structure. This light source is, therefore, ideal for use in photoion­

ization mass spectrometry and for photoelectron spectroscopy. This paper describes some 

of the preliminary results and progress made in the determination of the ionization poten­

tials, appearance potentials and in observing vibrational fine structure in ions produced 

by photon impact using thle light source. 

The experimental arrangement at the Wisconsin Physical Sciences Laboratory consists 

of a 50 MeV Injector machine followed by a storage ring. In the holding ring the elec­

tron energy is raised to the operating value of 2UO-25O MeV. Moving on an average radius 

of 1.5 meters at approximately 32 M hz, the speed of the electrons circulating ts 99*999/^ 

-9 
the speed of light. At a beam pulse intensity of 10 ma and at 10 torr, the half-life 

is about 20 minutes. 

There are presently three ports on the holding ring. Two are identical,and the light 

originates from a section of the tangent after focusing by the quadrupole magnets and has 

a peak Intensity at 200 A, One port which is used for photoionization measurements ob­

serves the light originating near injection and after a straight section. Its peak maxi­

mum occurs at 600 A^but In the region frora 5OO A - lUoO A (2U.8 - 8.9 eV) the intensity 

is fairly constant. The intensity can be decreased by a factor of about 2.5 by changing 

the beam energy. This feature is useful in order sorting when the mass spectrometer is 

operated windowless below the lithium fluoride cut off at IO50 A. Using a McPherson one-

meter vacuum ultraviolet monochromator with MgFa overcoated grating, the available photon 

flux is approxiraately 5 't 10 photons/sec A ma of beam current. Because operating cur-

Q V 

rents are in the 5 - 10 ma range, a flux of approximately 10 photons/sec A is available. 

A combination mass spectrometer and photoelectron spectroraeter has been constructed 

to permit mass spectral measurement and also kinetic energy analysis of the ejected elec­

trons, but initial experiments use only the mass spectrometer portion, which ts a modi­

fied Finnigan IOI5 quadrupole unit. The first compound described was benzene which was 

used for calibration. The IP obtained was 9*25 eV. Other literature values are: 

9-2^7 (spectroscopic); 9'2i<2 (photoionization); 9.25o (photoelectron spectroscopy). 

All the observed fine structure from PES measurements was observed by photoionization in 
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the region I550 - 1290 A. 

Other compounds studied were methanol, 2-pentanone-d5, J-hexanone, and 5~hcxanone-d4, 

Vibrational fine structure^ ionization potential and appearance potential data were ob­

tained on the molecular and selected fragment ions. Some correlations with infrared and 

Raman frequencies were presented for methanol m/e 52 and m/e 5i ions. For the ketones, 

the M-28 ion from McLafferty rearrangement appeared at a higher energy (shorter wave­

length), than did the M-29 ion from simple cleavage of an ethyl group. Contributions from 

vlbrationally excited species (hot bands) were considered in raaking the vibrational 

assignments and ionization onsets. The curves for the cleavage and rearrangeraent reac­

tions appear to shov structure ascribed to autoionization about 0.5 eV above the onset 

for ionization. 
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Effects of Vibrational Hot Bands on Threshold 

Measurements of Halogen Molecules 

Q6 

Vernon H. Dibeler and James A. Walker 

National Bureau of Standards 
Washington, D. C. 2023^ 

Photoionization yield curves vith energy resolution of about O.OleV are obtained 
for fluorine, chlorine, bromine and iodine from threshold to 60OA by means of a combined 
vacuum uv monochromator and mass spectrometer. In the threshold regions, the curves 
show the anticipated effects of hot bands due to the ionization of molecules in the 
first, or higher, vibrationally excited states. Although thresholds for the 0,0 
transition cein be designated vith some confidence for fluorine and chlorine, it is 
apparent that cooled-gas measurements are necessary in order to reduce the ambiguity 
due to hot-bands for the heavier halogens. 

Accordingly, raolecular ionization threshold measurements were made on fluorine, 
chlorine, and bromine at room temperature and at temperatures sufficiently low to eliminate 
or to significantly reduce hot band contributions. Experiraents on iodine were limited 
by the low vapor pressure of the molecule. 

The table summarizes the present results and previously reported values obtained 
by other authors and by other methods. It is apparent that the effects of hot band 
on threshold measureraents are difficult to predict in the case of electron impact 
measureraents. This is possibly the result of partial corapensation for the unfavorable 
threshold law by the presence of hot-bands. On the other hand, both photoelectron 
spectroscopy and photoionization techniques tend to give too low a value for the (0,0) 
transition when the hot band is not resolved or correctly identified. 

The recent high-resolution measurements of Rydberg series in the vacuuin 
ultraviolet spectrum of bromine observe five series converging to a lirait approximately 
0.05eV above the threshold identified in the present work as the 0,0 transition. Frora 
cooled and heated gas raeasureraents, it is apparent that the present photoionization 
results correctly identify the ground-state transition whereas the spectroscopic limit 
relates to the first vlbrationally excited state of the ion. 

Table I. Molecular Ionization Thresholds for the Homonuclear Halogens 

Method 

VUV Spectrum 

Elect. Impact 

Photoelect. Spectrosc. 

Photoion, MS 

Threshold (eV) 

15.7 

15.83 + 0.05 

15.63 + 0.01 

15.69 + 0.01 

Reference 

1 

2 

3 

k 

VUV Spectrum 

Elect. Impact 

Photoelect. Spectrosc. 

Photoion. 

Photoion. MS 

11. U7 

11.6k + 0.05 
11.63 + O.OU 

11.50 + 0.01 

11.U8 + 0.01 

11.U8 + 0.01 

Br^ 
VUV Spectrum 

Elect. Impact 

Photoelect. Spectrosc. 

Photoion. 

Photoion. MS 

10.56 + 0.01 

10.58 + 0.08 
10.69 + 0.03 

10.51 + 0.01 

10.55 + 0,02 

10.51 + 0.01 This Work 
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Table I (continued) 

Method Threshold (eV) Reference 

VUV Spectrum g-liOO + 0.001 9 

Elect. Impact 9.35 +0.03 6 

Photoelect Spectrosc. 9.33 ± 0.01 3 

Photoion. 9.28+0.02 7 

Photoion. MS 9.3 i 0.1 10 

References for the Table 

P. Iczkowski and J. L. Margrave, J. Chem. Phys. 30, U03 (1959). 

T. Herron and V. H. Dibeler, J. Chem. Phys. 32, iSSU (i960). 

C. Frost, C. A. McDowell, and D. A. Vroom, J. Chem. Phys. U6,, 1(255 (1967). 

H. Dibeler, J. A. Walker, and K. E. McCulloh, J. Chem. Phys. 51, ''230 (1969). 

P. Iczkowski, J. L. Margrave, and J. W. Green, J. Chem. Phys. 33, 126l (i960). 

C. Frost and C. A. McDowell, Can. J. Chem. 38, U07 (i960). 

K. Watanabe, T. Nakayama, and J. Mottl, J. Quant. Spectrosc. Radiat. Transfer 2_. 
369 (1962). 

8. P. Venkateswarlu, Can. J. Phys. UT' 2525 (1969). 

9. P. Venkateswarlu, Can. J. Phys. hS, 1055 (1970). 

10. J. D. Morrison, H. Hurzeler, M. G. Inghram, and H. E. Stanton, J. Chem. Phys. 33., 
821 (i960). 
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Photoionization of Carbon Monoxide 

Kenneth E, McCulloh 

National Bureau of Standards 
Washington, D. C. 2023^ 

The photoionization of carbon monoxide has been studied with spectral resolution of 
o 

0.12 and 0,25 A, using a near-normal-incidence grating monochromator combined vith 

a mass spectrometer. The molecular ion yield curve shows a wealth of autoionization 

structure which is compared with published absorption spectra and discussed in terras 

of Rydberg series and electronically excited states of the ion. A value of lU.OO eV 

is proposed for the lowest ionization potential of this molecule. 
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ELECTRON IMPACT EXCITATION EFFICIENCY CURVES 
FOR THE FORMATION OF NEUTRAL METASTABLE SPECIES* 

Amos S. Nevton and G. E. Thomas 

Lawrence Radiation Laboratory 
University of California 
Berkeley, California 9̂ 7̂20 

Rl 

For some years now, a group at the Lawrence Radiation Laboratory at Berkeley 

has been engaged in making measurements of the excitation efficiency curves for the forma-

1 2 
tion of neutral electronically raetastable species. ' Basically, an electron beam from an 

RPD gun has been crossed with an atomic or molecular beam. The metastable neutrals can be 

detected via their ability to eject electrons from a metal surface. In this work, the 

metal surface is the Cu-Be first dynode of an EMI type 9603 electron multiplier. 

A difficulty encountered in making these measurements in this way is that U.V. 

photons produced in the collision chamber are also detected by the multiplier. However, 

the photons can be separated from the metastables by taking advantage of their flight time 

from the collision region to the detector. If excitation is effected by a short pulse of 

electrons, photons are observed to arrive at the detector during the pulse. The meta-

2 
stables arrive at later times. 

1 2 
In attempting to extend the earlier work, ' ve have developed a method of 

making RPD measurements on the time-resolved species. The pulsing scheme used is shown 

in Fig. 1. A master clock pulse triggers an t i l kHz pulse train from a time-based 

DELAYED CLOCK 

CHANNEL A D V A N C E ! 

CHANNEL NUMBER'I 

ELECTRON 'ON' AND 
R.P.D VOLTAGE 

-.j .—10 /iSEC 

ELECTRON ENERGY 
ANALYZER 
ADO/SUBTRACT 

DATA COUNT 
GATE 

SPAN +.N0 OF CHANNELS 

-4.., _i r 

r^i L 
r r - * — 1 ON 

Jyyj i n. 
y 

R.P.D 'HIGH' ANALYZER ADD - R.P.D. LOW' 
I ANALYZER SUBTRACT 

XBL 708-1063 

Fig. 1. Pulsing scheme for time-resolved RPD measurements. 

This work was performed under the auspices of the U. S. Atomic Energy Commission. 
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oscillator. These time-base oscillator pulses are used to trigger the channel advance of 

a Hewlett-Packard 5^00 A multichannel analyzer used in the multiscale mode. An '̂ 10 ysec 

pulse, triggered by the time-base oscillator is applied to the RPD grid of a 5-electrode 

RPD gun. The voltage applied during the pulse is exactly that to allow a truncated elec­

tron distribution to pass through the collision chamber. The voltage of the collision 

chamber is set to give the desired initial electron energy. A data count gate is opened 

after a preset delay. The vidth and delay of the count gate is variable. This allows 

counts to be registered in the multichannel analyzer only during a specified tirae slot 

after the electron pulse. After '̂'l msec, a second time-base oscillator pulse advances the 

channel number and advances the electron energy (derived from the X-output of the multi 

channel analyzer) by one step. After scanning 256 channels in this fashion, the multi­

channel analyzer produces an end-of-prograra pulse which stops the sequence. On receipt of 

the second clock pulse, the entire sequence is repeated, except that the electron 'on' 

voltage is lowered by 'KJ.l V, and the analyzer is automatically reset to operate in the 

subtract mode. This produces an RPD scan of the time-resolved species. Multiple RPD 

scans are always accumulated in the analyzer. 

Figure 2 shows an example of the application of this scheme to N . The upper 

N2 

hv/N2 

~ i 1 1 1 1 1 1— 

7 8 9 10 II 12 13 

Electron Energy (eV) 
XBL 706-1060 

Fig. 2. Excitation efficiency curves for metastables and photons from N 

3 I, 5 
and discussed in detail by, e.g., Olmsted, Lichten, and Freund. In the present study, 

the E E state near 12 eV shows up clearly. The lower curve of Fig. 2 shows the photon 
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that they are sufficiently energetic to eject an electron from the multiplier strongly 

suggests that the Birge-Hopfield System is the source of the light. 

In the studies of the rare gases Ne, Ar,- and Kr, the metastable excitation 

efficiency curves agree very veil vith those of Olmsted, Nevton, and Street. In all 

cases, the photon appearance potential was equal, vithin experiraental error, to that of 

the metastable. In Ar and Kr, a break in the photon curve was observed near the energy of 

the np nd configurations. 

A time-of-flight survey of a variety of gases has revealed that there are 

species with a flight tirae shorter than that expected for the molecular metastable (but 

with a flight time longer than the fast photon signal) in 0 and in CSp. No excitation 

efficiency curves for the latter species are available. 
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R2 

SOME MEW WAYS OF STUDYING METASTABLE ION DECOMPOSITIONS: ION KINETIC ENERGY SPECTROSCOPY 

by R. M. Caprioli, J- H. Beynon, W. E. Baitinger, and J, W. Amy 

Department of Chemistry, Purdue University, lafayette, Indiana 

The new technique of ion kinetic energy (IKE) spectroscopy has been used to study 
metastable ions without interference from the stable ions which make up the normal 
raass spectrum. By this method, the voltage applied to the electric sector of a double-
focusing mass spectrometer is varied at fixed accelerating voltage. A singly-charged 
ion which undergoes a raetastable decomposition in front of the electric sector with 
ejection of a neutral fragraent will share the kinetic .energy between the charged and 
neutral fragments formed in proportion to their masses. If the electric sector voltage 
is reduced from the normal value at which the main beam of ions having norraal acceler­
ating energy is transmitted, the main ion beam will strike the wall of the electric 
sector, but the low energy ions may be transraitted. If a detector is placed behind the 
energy resolving slit (the P-sllt), a spectrum can be produced of lon abundance vs. 
kinetic energy and is called an ion kinetic energy spectrura. Use of an electron 
multiplier behind the 3-slit achieves high sensitivity. 

There ere many advantages to being able to study the product ions of metastable 
decompositions at high sensitivity. These transitions represent a filtering out of 
the fragmentation processes occurring with only a sraall amount of energy in excess of 
the minimura required for a reaction. Thus, sraall differences in structure can be 
studied with greater sensitivity than when only ions forraed via fast high energy 
reactions are studied. Also, because these decorapositions represent single steps in 
a complicated reaction path, knowledge concerning the fragments involved is valuable 
in determining the structures of unknown chemical species. 

Just as the position of a "metastable peak" in a normal mass spectrum can be used 
to determine the masses raj. and m^ of the precursor and daughter ions of the transition, 
so can the position of a peak in the ion kinetic energy spectrum since it occurs at a 
fraction F of the sector voltage at which the main ion beara is transmitted. This 
fraction is equal to the ratio mg/mi, usually permitting m^ and mi to be determined 
uniquely. 

The high sensitivity of the IKES,technique can be used to make measurements which 
have not previously been possible in mass spectroraetry. For exaraple, the percentage 
deuteration of isotopically enriched cheraical compounds has been determined by this 
method. Suppose that a metastable deconposition occurs in which a hydrogen atora or a 
deuterium atom is lost from the raolecular ion. The abundance of the "metastable peaks" 
due to these two transitions is proportional to the amounts of deuterated and undeuter­
ated species present. The proportionality factors can be determined by an isotopic 
dilution experiment in which measurements are also made on a sample diluted with a 
knovn amount of the unlabeled compound. The very high sensitivity of the IKES technique 
makes such measurements possible in a large number of cases. 

The energy spread of the ion beam issuing from the ionization chamber can be very 
simply determined by scanning the voltage on the electric sector over a small range 
around its normal value and observing the current on the detector behind the 3-slit. 
It has been found that in the Hitachi RMH-2 mass spectroraeter that for a 5KV ion beam, 
the main ion beam has a width of only I.5 volts at half-height. The dispersion of the 
beam at the P-slit is 5 nim for a 1^ change in ion energy. As the 3-slit is narrowed, 
higher energy resolution can be obtained. In most raetastable transitions involving 
singly-charged ions there is a release of kinetic energy often of the order O.leV. 
This can result in a spread of kinetic energies in the m^ ions of around 5eV. The 
resultant spreading in the width of the peak due to the m^ in the IKE spectrum often 
limits the achievable resolution. The energy resolution is improved as the accelerating 
voltage of the raass spectrometer is made as high as possible. Thus the spread in 
energies of m^ ions becomes a smaller fraction of the kinetic energy. This effect will 
be illustrated in the lecture. 

Occasionally very narrow peaks are observed in IKE spectra corresponding to 
transitions in which very small amounts of kinetic energy are released. Compounds in 
vhich very narrow IKE peaks have been seen include pyrazine, pyrimidine, pyridazlne. 

The voltage across the electric sector can be increased frora its normal value and 
an energy spectrum obtained of ions which have more energy than ions making up the raain 
beam. Peaks in this region can appear in several ways. For exaraple, any doubly-
charged ions in the mass spectrxM will acquire during acceleration twice the energy 
acquired by singly-charged ions. However, they will be transoiitted through the 
electric sector at the normal voltage because the force on such ions is doubled by the 
presence of the two charges. If a collision gas is introduced into the field-free 
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region preceding the electric sector, the doubly-charged ions can undergo charge-
exchange reactions without losing any appreciable kinetic energy. They will then be 
passed by the electric sector at double the normal voltage irrespective of their mass. 
Introduction of a collision gas and examination of the ion beam transmitted through the 
electric sector at double the normal voltage has enabled mass spectra of ali doubly-
charged ions to be obtained on the final detector of the raass spectrometer without 
interference from singly-charged ions. In order to do this, the detector located 
behind the p-slit must be moved laterally so as to allow the ion beam to pass into the 
magnetic sector. These spectra are iraportant in structure elucidation. 

When the collision gas is removed, doubly-charged ions can still undergo uni­
molecular decomposition in the field-free region preceding the electric sector. Such 
decompositions are accompanied by the release of a large amount of kinetic energy due 
to the separation of the charges. If this energy is measured, informBtion can be 
obtained about intercharge distance in the doubly-charged ion. One of the fragment ions 
released will carry more than half the energy of the doubly-charged ion. The transition 
can thus be observed by increasing the electric sector voltage to an appropriate value. 
The IKE peak can be observed at high sensitivity without interference frora the norraal 
peaks in the mass spectrum. Many new transitions have been discovered with these 
techniques. For example, measurements have been made of intercharge distances in 
compounds containing 2 heteroatoms and has given inforraation concerning localization of 
charges on such atoms and also on rearrangeraents which take place in such compounds 
before the ions have separated. 
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Detection of "Fast Metastable Ions in a Double 
Focusing Field Ionization Mass Spectrometer 

A. L. Burlingame, A. M. Falick, G. W. Wood, 
* t 

Peter Schultze and W. J. Richter 

Space Sciences Laboratory 
University of California 
Berkeley, Calif. 94720 

There has recently been a considerable amount of interest in the study of "fast 

metastables" in field ionization (FI) mass spectrometry. A fast metastable fragment 

is an ion which results from a decomposition occurring within a field ionization source, 

but sufficiently long after ionization that its kinetic energy is measurably less than 

that of the molecular ion. Ion decomposition processes which occur in the range of 
—13 —8 about 10 to 10 sec after ionization may produce fast metastable fragments. 

In a single focusing instrument these ions are detected as a shifting and/or tail­

ing of a fragment ion peak toward lower mass. In a double focusing instrument only a 

portion of the fast metastable peak will be detectable, as is shown in Figure 1. Two 

possible peak shapes which might be observed in a single focusing instrument are shown. 

Curve A would result from a more rapid decomposition process than curve B. If we assume 

that the electrostatic analyzer of a double-focusing spectrometer has an energy bandpass 

of 2%, i.e, allows only those Ions to pass whose energy differs from the desired value 

by +1% or less, then the double focusing machine will detect only those ions between the 

dashed lines. These ions will then be refocused to give a sharp peak at m, the true 

fragment mass. 

It is possible to observe the lower mass (i.e. lower energy) portions of these 
2,3,4,7 

peaks by means of either of two defocusing techniques. The FI emitter voltage 

(which also provides the acceleration) may be held constant and the electrostatic sector 

voltage varied, or the emitter voltage can be varied while the electrostatic sector 

voltage remains unchanged. The latter method waa used to obtain most of the results 

described below. The most obvious advantage of the method of changing the blade voltage 

is that the masa scale calibration is unchanged because the kinetic energy of the ions 

entering the magnetic analyzer is always the same. The method has a possible disadvan­

tage in that the field strength in the ionization region near the emitter does not re­

main constant, a condition which could conceivably cause changes in„the rates, of the 

processes,under observation.., .This effect was iprobably not.significant in the experiments 

repQ?:ted.here.for the following reasons: 1) The blade voltage was changed over a range 

of 10% at most of the total voltage, usually less. 2) Beckey and Metzinger found that 

the effective field strength in the emitting region for conditioned emitters was nearly 

Independent of the applied voltage. This is explained by the fact that the total emit­

ting area of the less sharp protrusions on the emitter surface is much greater than that 

CurrenC address; Varian MAT, Bremen, Germany 

Current address: J. R. Geigy A.G., Basel, Switzerland 
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of- the sharper ones. As the applied voltage is increased the bulk of the emission is 

shifted from the sharper vhiskers to the blunter ones, thus continuing to produce a majo­

rity of ions under nearly the same field conditions. Of course, as the applied voltage 

is increased the acceleration of the ions will still be increased proportionately because 

the foregoing considerations apply only in the region very near the blade surface, and 

the average field will increase as expected. 3) We have performed several experiments 

using the method of changing the electrostatic sector voltage and have found essentially 

the same results as with the complementary method. 

Field ionization spectra of a number of compounds, mostly simple esters, have 

been measured. The most striking feature of these spectra is a very intense peak, 

often the base peak, which is due to an apparent rearrangement reaction. A typical 

example is the spectrum of n-butyl acetate which is shown in Figure 2. The base peak 

at 56 appears to indicate a hydrogen rearrangement in which a hydrogen migrates from 

the alcohol side to the acid side of the molecule and cleavage occurs at the alcohol 

0-C bond. Deuterium labelling experiments showed that the hydrogen which is shifted 

comes from the 6-position, to the extent of at least 90%. 

Figure 3 shows the effect of changing the emitter voltage on the intensities of 

several peaks in the n-butyl acetate spectrum. If an appropriate function for the poten­

tial distribution in front of the blade is assumed, it is possible to calculate the time 

elapsed between ionization and fragmentation as a function of the emitter voltage at 

which a given range of ions is detected. Since the elapsed time vs. voltage relation­

ship is a function of the fragment ion mass, each of the curves in Figure 3 will be based 
-12 on a somewhat different time scale. For curve D, for example, the peak occurs at 3 x 10 

sec (7400V) and at 7500 V the delay time is about 1.5 x 10~ sec. The other curves will 

have time scales which are not greatly different. The widths of curves G and H corres­

pond to the resolving power of the electric sector, about 1.6%. 

The results for the mass 56 ion show that a sizeable fraction of these ions was 
-11 -12 " 

formed in 10 to 10 sec after ionization and at distances of several thousand A 

from the emitter surface. It has been suggested that this kind of result can be explained 

as a rearrangement reaction occurring on the emitter surface, followed by desorption, 

ionization and then cleavage in the gais phase. However, the results of the labeling ex­

periments show that the initial hydrogen abstraction is highly specific, an unexpected 

event if the rearrangement were indeed occurring on the surface. There is no apparent 

reason to expect that the 0-hydrogens would be preferentially extracted in a surface 

process. 

In addition, the fact that the rate of formation of m/e-56 ions appears to be sig­

nificantly slover than the rates for the simple cleavage ions of mass 29 and 43 euggests 

that the rate-determining step in forming m/e 56 ions may be of a different character 

than simple cleavage. 

The technique described above permits studies of the kinetics of unimolecular decom­

position reactions over a wide range of times. The information thus obtained can be a 

valuable aid in the understanding of the fragmentation mechanisms in FI and may provide 

further understanding of electron impact fragmentation processes as well. 
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R5 
ION KINETIC ENERGY SPECTROSCOPY 
E. M. Chait and W. B. Askew 

Contribution No. 1722 Central Research Department, 
E. I. du Pont de Nemours and Company, Wilmington, Delaware I9898 

Preliminary results indicate the value of ion kinetic energy 
(IKE) spectra in adding a new dimension to structural information 
obtained b.y mass spectro.metry. These spectra are especially useful in 
the distinction of some isomer pairs. Energy spectra provide a summary 
of gaseous ion chemistry occuring as metastable transitions in the first-
field free-drift region of the double-focusing (Mattauch-Herzog geometry) 
mass spectrometer and are produced by scanning the electrostatic sector 
voltage while recording the ions transmitted by the sector with the beam 
monitor electrometer. 

The technique of defocusing the double-focusing mass spectro­
meter for the sensitive observation of metastable ions and assignment 
of metastable transitions is well established-'-''̂  and has been discussed 
speciflcall.y for mass spectrometers of the Mattauch-Herzog geometry^'^. 
A variation of this technique produces a unique spectrum for the 
metastable transitions observed for a particular compound. Production of 
these lon kinetic energy (IKE) spectra was first demonstrated by 
BeynonS.o using double-focusing instruraents of the Nier-Johnson geometry. 
In this report, results obtained using an instrument of the Mattauch-
Herzog geometry are summarized. 

In defocused metastable experiments described previously, the 
daughter ions from the precursor decompositions are observed by variation 
of the magnetic field to focus the mass ra2 or m* as allowed by the 
appropriate accelerating or electrostatic sector voltage. If, however, 
only kinetic energy of the daughter ions is considered, a spectrum may be 
recorded of the metastable transitions of a particular sample without 
consideration of the mass. 

In many cases it is impossible to distinguish isomer pairs by 
mass spectroscopy because of similarity of fragmentation patterns. The 
use of metastable peaks to distinguish hydrocarbon isomers has been 
demonstrated.' Camphor and its isomer, trans-8-methyihydrindan-2-one, 
give almost Identical fragmentation patterns"; however, their IKE spectra 
are radically different (Figure 1) and are' unique fingerprints for the 
respective Isomers. For example the 289.70 volt peak in the IKE spectrum 
of camphor assigned to the loss of ketene from the molecular ion is not 
present In the IKE spectrum of the isomeric ketone. 

In this report IKE apectra have been obtained for the first 
time using a double-focusing instrument of the Mattauch-Herzog geometry. 
Previous workers have used Instruments of the Nier-Johnson geometry 
having an Intermediate point of p focus. The resolution of IKE spectra 
from our instrument could be Improved by addition of an adjustable p 
stop to the mass spectrometer. Sensitivity could be 'improved 1000-fold 
by the use of an electron multiplier as a detector for the daughter 
lon beams. 

In the Mattauch-Herzog spectrometer used (CEC 21-llOB) the electro­
static sector voltage is 5/̂  of the ion accelerating voltage. 
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IKE spectra are useful from a fundamental standpoint in 
summarizing gaseous ion chemistry of metastable decompositions which 
can be applied to structural problems. To be used effectively computer 
processing of the large amounts of data from IKE is necessary and 
could be used to produce metastable maps. 

A most fascinating aspect of IKE spectra is their use in 
resolving mass spectra ambiguities of isomers and compounds with similar 
fragmentation patterns. Beynon has applied this to quantitative analysis 
of deuterated toluences.9 Since the IKE spectrum in most cases is a 
unique fingerprint of a corapound, it is a useful tool to determine if 
two compounds with sirailar mass spectra are Isoraers. If the IKE spectra 
are different, the two compounds must have different structures. 

IKE spectroscopy is in an early stage of development and few 
corapounds have been investigated. Even so it is easy to envision an IKE 
spectrometer consisting of an ion source, electrostatic sector, and 
detector which would find use in organic structure determination and as 
a potential method for gas chromatographic peak identification. 
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R8 
CAS CHROMATOGRAPHY - CHEMICAL lOtllZATIOH MASS SPECTROMETRY 

G. P. Arsenault and J. J. Dolhun 

Department of Chenistry 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02133 

This paper describes a gas cliroma togroph-rnass spectrometer 
(GC-MS) combination in whicli the carrier gas from the gas 
chromatographic (GC) column is deliberately and completely passed 
through the ion source of the mass spectrometer (MS) v;here it is used 
as the reactant gas for chemical ionization (Cl). 

Chemical ionization mass spectrometry (CIMS), first described by 
Munson and Field (1) and since proved useful in organic structure 
elucidation (2,3), requires the presence in the ion source of about 1 
torr of a reactant gas which, by a combination of electron impact 
ionization (Cl) and ion-molecule reactions, gives rise to the reactant 
ions used for Cl . GC effluents arc ideally suited as input to Cl 
sources provided the carrier gas and the reactant gas are the same. In 
that case there is no need for splitters or separators which are 
customarily used for gas chromatography-electron impact ionization 
mass spectrometry (GC-EIMS). 

The QUAD 500 quadrupole mass spectrometer \;as selected as the MS 
component of tlic gas ch roma tography-chemi ca 1 ionization mass 
spectrometry (GC-CIMS) system because ttic quadrupole moss filter has 
two distinct advantages over a magnetic deflection analyzer for CIMS. 
The first is that it requires much lower ion energy, in tlie 
neighborhood of lOV. The second is that it con operate at much higher 
pressure. These advantages are not absolute in the sense that magnetic 
deflection instruments can not be used for the same purpose. Indeed 
the first (1) as vjell as most of the existing Cl sources (t) are being 
used in magnetic deflection mass spectrometers. fJcverthel ess the 
quadrupole mass filter has relative advantages for CIMS v/hich v;cighed 
heavily in its favor vjhen the choice of instrument was made. 

The trial carr ier-reactant gas selected for CC-CIMS v/as methane 
because it had already been used extensively for CIMS (l-i*). In 
separate experiments with a GC equipped with a thermal conductivity 
detector, methane v/as shov/n, v/ith mixtures of hydrocarbons and of 
methyl esters of fatty acids, to give separations and retention times 
identical for practical purposes to tiiose obtained v/hen helium v/as 
used as the carrier gas. This in effect means there is no need to use 
methane while v/orking out the detailed conditions of the gas 
chromatographic separation of a mixture. The conditions may be v/orked 
out using helium and a flame ionization detector. A shift to methane 
is then made v/hen the GC and the CIMS are used In combination. 

The GC used is a Varian Aerograph Series 1200 equipped v/ith a 
flame ionization detector ond a standard 1/8" injector as v/cll as a 
capillary injector. When the GC is to be used In combination with the 
MS, the outlet of the CC column is disconnected from the flame 
ionization detector and connected to a hollov/ tube v/hich leads, via an 
on/off valve, directly into the Cl source. IJone of tiie conventional 
detectors is used at the outlet of the column. VUien the GC-CIMS 
combination is in use, the CIMS in effect becomes the CC detector. 
This mode of detection was decided upon because there are a number of 
potential carr i er-reactant gases v/hicli could be used interchangeably 
as the need arises. Independently of the carrier-reactant gas in use, 
a high sensitivity of detection of the order of one picogram per 
second was required. 

Detection of the CC effluent by the quadrupole mass spectrometer 
may be divided into three component steps which are the same v/hethcr 
the instrument is used in the El mode or the Cl mode. First, tlie CC 
effluent is ionized in the ion source of the mass spectrometer. 
Second, the total ion beam thus produced Is allov/ed to enter the 
quadrupole mass filter which is operated with the DC voltage off and 
the RF voltage set at a prc-sclocted value. Finally, the partial, 
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unresolved ion beam v/hich emerges from the quadrupole mass filter is 
detected by means of the electron multiplier. The electron multiplier 
signal is conditioned and recorded v/ith a pen and ink recorder. The 
equivalent of a gas chromatogram, with recorder response as the 
ordinate and time as the abscissa is thus obtained from the GC-MS 
combination. There are two advantages to this mode of detection. The 
first is that it is highly sensitive because the DC voltage is off and 
the electron multiplier is used. The ion transmission by the 
quadrupole mass filter operated in the DC off mode approaches 100?j. 
The second is ttiat it is selective since the ions transmitted through 
the quadrupole mass filter depend on the value at v/hich the RF voltage 
is set. This is porticulorly useful vjith the Cl source since the 
unresolved ion beam v/hich emerges from this source is made up mainly 
of unreacted reactant ions v/hich would interfere v/ith the detection of 
the compound ions should they still be present at the detector. Thus, 
with methane as reactant gas and a source pressure of 1 torr, the 
principal reactant ions are CHj*", C1.H5* and C3H5 (5), and their 
passage through the quadrupole mass filter may be prevented by setting 
tlie RF voltage such that the transmission for all ions below m/e. 50 is 
zero. 

A scientific communication which includes data obtained v/ith the 
CC-CIMS system described above operated both as a gas chromatographic 
detector and as a mass spectrometer has been accepted for publication 
(5). CC-CIfiS shows promise as a useful variation of GC-MS v/hich has so 
far been confined to EIMS. Since Cl sources are dc. facto El sources if 
they are operated at lov/ pressure, the possibility now exists for 
doing GC-EIMS and CC-CIMS runs on successive injections using the same 
GC-MS system. Since electron impact and chemical ionization mass 
spectral data are complementary, a combination of the data obtained 
using the CC-MS system operated in the El and Cl modes should prove 
useful in examining complex mixtures such as those encountered in 
nature . 
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APPLICATION OF CHEMICAL I O N I Z A T I O N MASS SPECTROSCOPY T O THE A M I N O 

TERMINAL SEQUENCE OF PROTEINS 

W i l l i a m R, Gray 
Departrnent of Bio logy, Ca l i fo rn ia InsHtute of Technology, Pasadena, Ca l i fo rn ia 9 ] 109 

and 
Leonard H. Wo jc i k and Jean H. Futrel l 

Department of Chemistry, Univers i ty o f U tah , Salt Lake C i t y , Utah 84112 

We wish to report the results of our efforts in the f ie ld of peptide sequencing by chemica! 
i on i za t i on . Wet chemical methods o f peptide sequencing involve de r i va t i za t i on , c leavage and 
chromatographic analysis o f the fragments to determine the amino acids present. Such techniques — 
dansylat ion { format ion of phenyl th iohydantoin der i va t i ves ) , or the more sensitive f luorescent dye 
technique — suffer from the fact that a rather large amount of sample is required for iden t i f i ca t ion 
(3 - 5 micrograms/ res idue) . Peptide sequencing has met w i t h some success' by high resolut ion 
e lec t ron impact instruments, but again suffers from the lov/ v o l a t i l i t y of the sample, and rather 
compl icated spectra, requir ing computer analysis. We wish to report here a combinat ion of chemical 
and mass spectral treatment that rel ieves some of these d i f f i cu l t i es . 

The peptides are n-terminal acety lated w i th an equimolar mixture of acet ic anhydr ide and 
perdeutireo acet ic anhydr ide, then c leaved enzymat ica l ly and permethylated,2/3/4 wh ich produces a 
tagged n- terminal peptide der iva t ive easi ly separable from the water soluble cofragments. Cleavage 
before ace ty la t lon results in a mixture that can be separated by th in - layer chromatography and 
ana lyzed . Peptides conta in ing arginine or sulfur must be pretreated — a r g i n i n e Is hydro l ized and 
ace ty la ted ; su l fur -conta in ing residues are treated w i th raney n i c k e l . Peptides so treated have residues 
of unique nominal mass w i th the except ion of leucine and Isoleuclne. 

The chemical Ion izat ion spectra were run in the instrument described previously ' w i t h the 
fo l l ow ing source condi t ions: pressure 0 . 5 Torr, repel ler vol tage 1.25 vo l ts , anode vol tage 0 , 
temperature 200°C . 

A te f lon probe t i p was constructed so that sample temperature can be cont ro l led independent o f 
source temperature. Chemical Ionizat ion of the der ivat ized peptides produces qu i te c lean spectra w i th 
about 905^ o f c leavage at the peptide bonds. Cleavage apparent ly produces the acy l ium ions almost 
exc lus ive ly , and thus the doublet showing presence of the n-termlnal residue (deuter ium label) occurs 
In nearly a l l peaks. Thus the Integral mass d i f ference between doublets represents the Ind iv idual 
residue, and the sequence is def ined by the presence of the terminal residue In each successive 
fragment. The sensi t iv i ty of the chemical lonizat lon'system al lows us to work w i t h considerably smaller 
samples than other techniques. Usable spectra have been obtained w i th 0 .7 micrograms of the peptide 
te t ra -a lan lne . A number of peptides have been run, and the'results appear promising at this po in t . '•. 
The advantages o f the combined de r l vo t i za t i on /chemica l lon lzat loni t reatment are Increased v o l a t i l i t y 
o f s a m p l e , making i t possible to run larger peptides, speci f ic c leavage, sensi t iv i ty of the technique, 
andi .abl l i ty . for rapid sample throughout due to lack of residual contaminat ion of the chemical 
ion iza t ion source. A complete report of this work w i l l appear in the Journal of the Amer ican Chemical 
Soc ie ty . 

References., . ,, 

1 . F .W. . .McLaf fe r ty , R. Venkataraghavan and P. I rv ing , Biochem. Blophys. Res. Commun. , 3 9 , 274 

(1970 ) . ~ 

2 . S . I . Hakamor, Biochem. J . , 55 , 20 (1964 ) . 

3 . D . W . Thomas, B .C. Das, S .D. Gero and E. Lederer, Biochem. Biophys. Res. Commun. , 3 2 , 199 

(1968 ) . • " 

4 . W . R . Gray and E. del V a l l e Ursino, Biochemistry ( i n press, 1970) . 

5. J . H . Futrel l and L . H . W o j c i k , 17th Annual E-14 A . S . M . S . M e e t i n g , Dal las, Texas, 1969. 

6 . J . H . Futrel l and L . H . W o j c i k , Rev. Sc i . Instr. ( In press, 1970) . 

B425 



81 
ISOTOPE EFFECTS IN THE DECOMPOSITION OF METHANOL BY ELECTRON IMPACT 

S.M. Gordon and G.J. Krige 

Chemistry Division, Atomic Energy Board, Pelindaba, South Africa 

Introduction 

We have recently obtained experimental results for the ionization and 

dissociation of methanol by electron impact . Ionization efficiency curves 

for the parent ion and several fragments were measured over a wide energy 

range using the retarding potential difference (RPD) technique. The data 

were used to construct a breakdown curve for methanol which showed good 

agreement with that obtained by charge exchange. 

In the present investigation, a study of the deuterated molecule 

CD,OH has been undertaken. This has enabled us to measure the appearance 

potentials of those ions which could not be distinguished frcm one another 

in CH-,OH. In addition, an H-D isotope effect has been investigated in 

terras of the quasi-equilibrium theory (QET) of mass spectra . The results 

suggest that the assumption of a large number of energy level crossings to 

ensure energy randomization may not be satisfied in the case of methanol. 

Experimental 

A single-focussing Nuclide 12-inch 90-degree mass spectrometer, 

equipped with a 5-electrode RPD gun, was employed . Ionization efficiency 

curves were obtained using a multichannel analyzer in the multiscaling 
4 

mode to accumulate RPD data automatically . 
The CD,OH was obtained froin Merck, Sharp and Dohme Ltd. of Canada. It 

had a stated isotopic purity of 99 atom > D, and was used without further 

purification. 

Results 
A reasonable set of primary and secondary reactions for the dissocia­

tion of CD,OH''" is given in Fig.l. This scheme is based on that proposed 
J R 5 

by Friedman et al. and the experimental data of Beynon et al. . Approxi­

mate values for the activation energies E ^ for the primary reactions PI 

to P6 and the secondary reactions SI, S2, S4 and S7 were obtained by taking 

the difference between the measured appearance potentials of the product 

ions and the ionization potential of CD,OH"^(10.98 - 0.07 eV). Other values 
for E 4. were estimated from thermochemical considerations, act 

Typical ionization efficiency curves obtained in the present study are 

shovm in Fig.2. The electron energy scale was calibrated using krypton. 

The slope of the parent ion curve for CD̂ OH"̂ , like that for CH-jOH"̂ , de-
1 creases above about 14.5 eV . This indicates some deviation from the ideal 

threshold law. The c 

an isotopic impurity. 
7 

Lifshitz et al. have also used the RPD technique to measure the 

appearance potentials of CD.-OH'̂ , CD.OH"̂  and CDO"̂  from CD̂ OH"̂ . Their 

results are in good agreement with ours. 

Second derivatives of all the ionization efficiency curves were used 

to construct the histogram-like breakdown scheme shown in Fig.3. 

Discussion 

According to Fig.3, the loss of a methy 1-D from CD-,OĤ  occurs far more 

rapidly than the loss of the hydroxyl-H. This observation is supported 

by the /? 
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by the 70 eV mass spectrura of CD-,OH , in which the CD-,0'̂ /CD„OH* r a t i o i s 

about 0 . 0 3 . Consequent ly , we may r ea sonab ly assurae t h a t mass 31 in 

CH-,OH c o n s i s t s of CH OH"̂  i o n s . 

In terras of the QET, which assumes t h a t fragment ions a r e formeJ tfter 

energy randomiza t ion by c o m p e t i t i v e u n i m o l e c u l a r decompos i t ions from the 

ground e l e c t r o n i c s t a t e of the pa ren t ion , r e a c t i o n s in which H i s l o s t 

a re f a s t e r than the co r r e spond ing r e a c t i o n s in which D i s l o s t . As a 

r e s u l t the r e l a t i v e amount of CH„OH* from CH-,OH"̂  should be s i g n i f i c a n t l y 

l a r g e r than t h a t of CDpOH* from the d e u t e r a t e d molecule , whereas the 

araount of CDt from CD-.OH''" should c o r r e s p o n d i n g l y exceed t h a t of CH^ from 

CH GH"̂ . 

Before we can t e s t t h i s p r e d i c t i o n in p r a c t i c e , a l lowance must be 

made f o r subsequent d i s s o c i a t i o n s of the CDjOH"̂  and CD-,0'* i o n s . This was 

done as f o l l o w s ; (1) According to the r e a c t i o n scheme ( P i g . 1) , CDpOH'*' 

y i e l d s CDO*, COH"̂  and CD.O"̂  by r e a c t i o n s SI, S2 and S3, r e s p e c t i v e l y . On 

the b a s i s of the a c t i v a t i o n e n e r g i e s and the assumpt ions of the QET, 

CD.OH"̂  mainly forms CEO* and COH*. S i m i l a r l y , CD,0* mainly forms CDO* by 

r e a c t i o n S4. (2) Since r e a c t i o n S6 y i e l d s very l i t t l e COH* ( P i g . 3 ) , i t 

fo l lows in the same way t h a t r e a c t i o n S7 forms a n e g l i g i b l e amount of CDO*. 

(3) The shapes of the breakdown cu rves f o r masses 32 and 30 sugges t t h a t 

r e a c t i o n S8 forms very l i t t l e CDO* in t h i s r e g i o n . 

In view of the above c o n s i d e r a t i o n s , we may assume t h a t CDO* and COH* 

a re formed e x c l u s i v e l y by r e a c t i o n s SI , S2 and S4. Consequent ly , we have 

added our breakdown curves in Pig. 3 f o r CD,0* and CD„OH* (ana logous to 

mass 31 in CH-,OH), and CDO* and COH* (ana logous to raass 29 in CH,OH) to 

g ive the composi te cu rves f o r CD,OH* and CH-,OH* in Fig. 4. 

F ig .4 shows t h a t the t o t a l r e l a t i v e abundance of CH„OH* from CH^OH* i s 

roughly the same as t h a t of CDpOH* frora CD,OH*. S i m i l a r l y , the abundances 

of CHt and CDt a r e approx imate ly equa l . This r e s u l t i s a t v a r i a n c e w i t h 

the p r e d i c t i o n made e a r l i e r on the b a s i s of t he QET. 

To p l a c e t h e s e r e s u l t s on a sounder f o o t i n g we have used the QET to 

c a l c u l a t e a breakdown p a t t e r n f o r CD,OH*. The assumed r e a c t i o n scheme 
5 9 ( F i g . l ) i s more comprehensive than those p r e v i o u s l y eraployed ' because 

c o n s e c u t i v e competing r e a c t i o n s have been inc luded . Rate c o n s t a n t s f o r t he 

v a r i o u s decomposi t ion p r o c e s s e s in t h i s scheme have been c a l c u l a t e d from 

the e q u a t i o n s developed by Haarhoff f o r the a c c u r a t e enumerat ion of the 

d e n s i t y of s t a t e s . Ac t iva ted complex c o n f i g u r a t i o n s f o r each primary 

r e a c t i o n were chosen by changing the f r e q u e n c i e s of the p a r e n t molecule ion 

(assumed i d e n t i c a l to t hose of the n e u t r a l molecule ) so as to r e f l e c t the 
12 l o o s e , s e m i - r i g i d o r r i g i d c h a r a c t e r of the complex . Schematic diagraras 

of the c o n f i g u r a t i o n s used f o r r e a c t i o n s PI to F4, and the co r r e spond ing 

r a t e s as a func t ion of i n t e r n a l energy a re g iven in P i g . 5 . Thus, i t may be 

seen f o r example t h a t a l t hough r e a c t i o n s P2 and P3 have h i g h e r a c t i v a t i o n 

e n e r g i e s than r e a c t i o n P4, t h e i r r a t e s ove r t ake t h a t of r e a c t i o n P4 s i n c e 

they proceed v i a l o o s e r complexes, and they become dominant a t h i g h e r 

e n e r g i e s . 

The r e l a t i v e i n t e n s i t i e s of a l l the i o n s given in F i g . 1 , 10" seconds 

a f t e r i o n i z a t i o n , a r e shown in F ig .6 as a func t ion of the i n t e r n a l energy 
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of the molecular ion. This result agrees essentially with that given by 
9 + Davis and Long for CH-,OH , whose calculations were based on the simpler 

J 5 

reaction scheme originally proposed by Friedman et al. . On the whole, 

qualitative features are reproduced quite accurately by the calculated 

ourves but two striking differences between the theoretical and experimen-
Q 

tal intensities should be noted . 

In the first place, despite "tJie choice of an extremely loose complex 

for the formation of COt by reaction P5, the theoretical curve is about 

two orders of magnitude smaller than the experimental curve. This result 

provides additional evidence that CD, is not formed by a competitive uni­

molecular process from the ground state of the CD-,OH* ion. In a raolecule 

of this size, it may well be that the number of energy level crossings is 

insufficient to ensure complete energy randomization. 

The second noteworthy point concerns the secondary decomposition of 

CDpOH* to form CDO*. According to the theoretical calculations, the 

abundance of mass 30 rises very rapidly between 3 and 4 eV of internal 

energy and is one to two orders of magnitude larger than the observed 

abundance. At higher values the discrepancy reduces to about a factor of 

two. Since CDpOH* is fonned along with a neutral D atom from the parent 

with no excess energy, all of the excess internal energy in the systera is 

available to CDpOH* for further decomposition. Thus, within the framework 

of the QET the curve for mass 33 should rapidly decrease to zero at the 

onset for mass 30. The fact that our experimental curves do not exhibit 

this behaviour again suggests that the randomization of energy in the 

CDpOH* ion is incomplete. 

We wish to thank Dr. D.M. Kemp and Dr. P.C. Haarhoff for their 

interest and advice, and Miss J.F. Brown for technical assistance. 
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S3 

ON THE IMPROVEMENT OF APPEARANCE POTENTIAL 

MEASUREMENTS BY NUMERICAL ANALYSIS"^ 

by 
2 

B. G. Giessner and G. G. Meisels 
Chemical Physics Program 
Department of Chemistry 
University of Houston 
Houston, Texas 77004 

ABSTRACT 

The deconvolution of hypothetical and experimental ionization efficiency curves by 
the energy distribution difference (EDD) technique and by Fourier Transforms was exa­
mined. The EDD method was found to be capable of removing the contribution from the high 
energy tail of che electron energy distribution, but did not lead to appreciable improve­
ment in the resolution of fine structure for conventional electron guns which also 
suffer from energy broadening factors other than filament temperature. 

The Fourier Transform approach was found to be relatively insensitive to the de­
tails of the electron energy distribution, but highly dependent on noise. A simple 
smoothing procedure based on a three-point least squares polynomial was found to make 
possible the recovery of fine structure. Deconvolution of the experiraental Xenon ioniza­
tion efficiency curve could be achieved with a nominal width at half height of the quasi-
electron energy distribution of ca. 0,17 eV as judged from the width of the line corres­
ponding to the 6d autoionizing level. 

INTRODUCTION 

Ionization efficiency curves determined experimentally by the use of conventional 
electron guns lend themselves to the extraction of ionization and appearance potentials 
only with difficulty because of the super position of the broad electron energy distri­
bution, typically.^with a width at half height of about 1 eV, on the ionization cross 
section function . Precise knowledge of ionization,and appearance potentials can be 
achieved experimentally by employing photoionization ' or energy selected electrons . 
The adaptations of these methods to conventional mass spectrometers requires considerable 
expertise and is sometimes forbidding when the instrument must serve a multiplicity of 
purposes. It is therefore desirable to remove some of the electron energy spread by 
electronic or numerical-mathematical analysis of ionization efficiency data when modified 
coramercial instruments, are employed for appearance potential determinations. 

We have recently described a method by which the first.,and second differential 
ionization efficiencies of molecules can be measured easily. At the same time, electron 
energy distributions were measured and shown to have a width at half height of approxi­
raately 0.6 eV . Boch determinations were made without mechanical modifications or entry 
into the ion source regions. While these techniques permitted the unique assessment of 
appearance potentials, the broad energy distribution made onset and structure in the 
ionization efficiency difficult to assess. We have therefore examined analytical methods 
to affect better energy resolution. 

Two methods have been proposed to achieve the removal of the electron energy dis­
tribution from the observed ionization efficiency curve. Historically, the first is that 
of Morrison who used a Fourier Transform method and estimated-electron energy distribu­
tions. The second, proposed by Winters, Collins and Courchene , is based on an analysis 
of energy distribution of the ionizing electron beam, which is assumed to be of the sim­
ple quasi-Maxwell-Boltzman type . This method is similar to an interpretation by 
Marmet of the retarding potential difference (RPD) method of Fox et. al. 

The first method has been employed only sparingly in the past , even though it 
achieved a considerable improvement in a nominal resolution, about comparable to velocity 
selected electrons . The second method has been used more frequently, but has led to 
discrepancies in the assignment of transition probabilities of acetylene^ and to ioniza­
tion efficiency curves not in agreeraent with known spectroscopic levels 

It appears at this time that the Fourier Transform method, which is clearly 
superior in principle, has not found wide acceptance while the simpler Energy Distribu­
tion Difference (EDD) method is suspect because of possible oversiraplication. We have 
therefore compared these deconvolution techniques using two approaches. The first con­
sisted of the synthesis of simulated ionization efficiency curves from an assumed cross 
section function and assumed electron energy distributions both of which were of the 
types one might find experimentally. This was followed by deconvoluting the first deri­
vative of these curves by both techniques. At the same time, noise and the effects of 
deconvolution by distribution functions of incorrect shape or width were assessed. The 
second approach applied the two techniques to the experimental derivative ionization 
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efficiency curve of Xenon. The first derivative was chosen because it displays structure 
more clearly. 

EXPERIMENTAL 

The first differential ionization efficiency curve of Xenon was determined directly 
using modulation of the electron energy at 20 Hz with an amplitude of 70 millivolts, and 
synchronous detection of the ion current as described elsewhere . The electron energy 
distribution was measured similarly by modulation of the electron energy and synchronous 
detection of the trap current, using a retarding potential between electron collector and 
ionization chamber . 

RESULTS 

1. Hypothetical Case. 

a. Idealized ionization efficiency curve. The assumed ionization efficiency 
curve and its derivative are shown in Figure 1. The energy scale is expressed in units 
of kT because this unit automatically allows an assessment of energy resolution as a 
function of filament temperature. The idealized curve has a linear threshold (represen­
tative of direct ionization) followed by a step (autoionization) at 1.5 kT aboveyS^^eftond 
linear portion begins 4.0 kT above threshold, with a slope of 1.5 that of the preceding 
linear section. The first derivative of this function was obtained by a numerical method 
which calculates the derivative of x, of the Lagrangian interpolation polynomial of 
degree 2 relative to the three successive points i-l, i, and i+1. Ic shows two steps of 
relative heights 1.0 and 0.5, and a delta function centered at 1.5 k.T units above the 
first step. At a typical filament temperature of 1730°K, one kT unit corresponds to ca. 
0.15 eV, so that the spacing for such conditions would be 0.22 eV between onset and the 
step function, and 0.60 eV between onset and the second linear portion. The differen­
tiation procedure introduces a slight amounC of smoothing and therefore broadening, in­
creasing width at half height from 0.1 kT to 0.2 kT units. 

b. Electron energy distribution. The EDD approach is based on a mathematical 
analysis of the quasi-Boltzman distribution of the forra E exp(-E/kT) (Figure 2). However, 
this funcCion is a poor approximation of the experiraentally raeasured distribution 
(points of Figure 2),largely as a result of potential drop across the filament . It is 
readily possible to improve the approximation by allowing for this effect. An acceptable 
fit is obtained when broadening is taken Co be the result of a uniform 4 kT potential 
drop (Figure 2, Curve b ) . Both distributions were used in the calculations. 

The hypothetical ionization efficiency curve and the electron energy distribution 
were folded into each other by a point-to-point numerical multiplication and summation 
technique at 0.1 kT intervals. The first differential of this curve was again taken 
numerically as above. 

c. Deconvolution by che Energy Distribution Difference (EDD) method. The EDD 
method employs a simple subtraction of a fraction b of the ion current observed at an 
electron energy higher by a constant increment than that at which subtraction occurs. 
For a synthetic curve using the pure quasi-Boltzman distribution, 0.67 kT (ca. 0.1 eV at 
1730") was used as the constant increment while the factor b was varied until the optimum 
fine structure was obtained. As predicted by the simple analysis of Winters, Collins, 
and Courchene , the value of b best suitable for this purpose was found to be 0,67 and 
che resulCant curve is shown in Figure 3, curve b. The existence of the delta function 
in the first derivative at 1.5 kT above threshold is discernible, but it is not com­
pletely resolved frora the first step function. The second step function is clearly vi­
sible. The.delta funcCion can be resolved entirely when the energy spacings between the 
processes are increased, and shows a width of kT at half height. 

The capability of the method can be assessed more directly by using it to deconvo-
lute the electron energy distribution itself, that is, by calculating the quasi-distribu-
tion which is achieved by this technique . This approach also yields a pseudo-distribu­
tion of width kT at half height, and with essentially no high energy tail (Figure 4.). 
However, when the EDD raethod is applied to a broadened electron energy distribution 
(curve c. Figure 2) which represents our experimental distribution raore realistically, a 
pseudo-distribution results (Figure 4) which is improved only by ca. 10%, but has its 
high energy tail removed. Application of the EDD method to an experimental ionization 
efficiency curve will cherefore usually reduce the tailing of the ionization efficiency 
curve and raake the initial break more easily visible, but will not permit an assessment 
of fine structure in the curve. Since the EDD method appears incapable of producing a 
major improvement in energy resolution under most circumstances, the effect of incorpora­
ting noise on the hypothetical function was not investigated. 

d. Deconvolution by Fourier Transform (FT) methods. The,use of Fourier Trans­
form for the removal of instrument functions was explored by Stokes , and its applicability 
to the deconvolution of ionization efficiency curves has been demonstrated by Morrison . 
It was also employed by Moore . IC is based on the representation of the ionization 
efficiency curve and the electron energy distribution by transforms whose meaningful 
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numbers of real and Imaginary terms are equal to those available in the original func­
tions. The descriptions are exact when the numerical methods are handled properly, and_ 
the inverse transforms recover the original curves without error. 'When FT methodology 
is eraployed for deconvolution, small numerical errors are introduced by the division of 
two small numbers, as pointed out by Morrison ; this is a serious complication only for 
the higher terms of the expansion, and following Morrison's suggestion we have compared 
the norraalized moduli and reduced the values for the first derivative ionization effi­
ciency function to those of the instrument function where the former was greater. When 
the inverse transform corresponding to the deconvoluted curvCgis obtained, the result is 
considered to be in error when the imaginary part exceeds 10 of the real one; this con­
dition was always fulfilled In our calculations. When the correct functions are employed 
for deconvolution, the original hypothetical ionization efficiency curve is recovered 
exactly and without artifacts, and is indistinguishable from Figure lb. It is immaterial 
whether the quasi-Boltzraan distribution on the broadened quasi-experiraenCal function ia 
employed. 

The addition of rectangular, random noise of 0.5% peak to peak intensity to the 
hypothetical first derivative ionization efficiency curve made the deconvoluted results 
extremely noisy (Figure 5, open circles). However, integration produced an ionization 
efficiency curve in which the structure was considerably sharpened over the original. 

A vast improvement in the appearance of the deconvoluted derivative curve could be 
obtained by the following technique. The noise first derivative curve convoluted with 
the instrument function i s smooched by evaluating y. a t x, as the least squares poly­
nomial of degree one relevant to the three successive points, i-l, i, and i+1. The 
smoothed curve is deconvoluted, the result is integrated and smoothed again by the same 
method. The differential of this function is also shown in Figure 5 (filled circles) and 
it is clear that the original structure is well recovered and the noise reduced to a 
level no longer forbidding the use of the firsC derivative. This smoothing procedure in­
troduces some broadening and therefore loss of resolution as demonstrated by its applica­
tion to a noiseless function (Figure 6, curve a), which increases the width at half 
height of the delta function frora 0.2 to somewhat more than 0,3 kT. This unremovable 
broadening, which corresponds to ca. 0,05 eV under typical operating conditions, can be 
reduced by a high point density but is only a small sacrifice for the improvement. 

When deconvolution of curve a in Figure 3 is attempted by a quasl-Maxwellian dis­
tribution arbitrarily cut off by linear extrapolation of the steeply descending high 
energy portion, only rainor oscillation about the horizontal portions, not exceeding 10% 
of their values, are observed. When noise is also added the truncation of the higher 
energy terms becomes totally lost and the result is indistinguishable from curve b of 
Figure 5. When a distribution of correct shape (i.e. quasi-Boltzman) but with excessive 
width is employed, the location of the delta function is not affected (Figure 6, curve b) 
but the steps of the first derivative ionization efficiency curve show appreciable nega­
tive curvature. When a quasi-Boltzman distribution of reduced width at half height (cor­
responding to a lower temperature) is employed, significant upward curvature of the sec­
tions which should be horizontal results. However, even an underestimate of the width by 
60% does not obscure structure and still permits the assessment of thresholds. 

The combined effects of incorrect function shape and noise were also investigated. 
The scatter resulcing from the noise substantially obscures the effect of using the in­
correct function even when the width of the latter is underestimated by as much as 25%. 

2. Deconvolution of the Experimental Xenon Curve. 

a. By the EDD method. The experimental first differential ionization effi­
ciency curve of Xenon (Figure 8) shows sharpening of a step-function when the EDD tech­
nique is applied. In the integral forra (ionization efficiency curve), this would corres­
pond to a "break" at ca. 0.6 eV above threshold. In view of the multiplicity of autoio­
nizing states between onse t s of the ^PT/? ^"^^^1/2 states of Xenon'̂ -'- such a simplicity of 
behavior is suspect of being an artifact. Experimental evaluations using velocity selec­
ted electrons do not show such behavior, but indicate the presence of autoionization at 
energies approximately corresponding to known states22. This observation confirms the 
earlier comment that, for a real electron energy distribution, the EDD method serves pri­
marily to reduce the high energy tail of the quasi-distribution. 

b. By the Fourier Transforra method. One difficulty in the application of the 
FT method is the choice of the instruraent function. Whereas the method is not particu­
larly sensitive to the forra of the electron energy distribution, the improveraent in reso­
lution deteriorates substantially when incorrect instrument functions are eraployed. This 
is a rather critical factor for Xenon since the energy separation of the onset of direct 
ionization and the first autoionizing state is small, and the higher autoionizing states 
become denser and eventually converge on the onset of the P1/2 state. Previous investi­
gators have used either an assumed function^, or taken the axis-reversed second differen-

dependent on the norainal electron energy . We have therefore made experimental 
measurements of the distribution at several electron energies (typical examples are shown 
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in Figure 8), and used those at nominal energies of 12,13, and 14 eV for deconvolution. 
Considerable structure in the first derivative curve is apparent no matter which 

distribution function is employed, and the delta functions at approximately 0.3V and 0.7V 
above the steepest portion of the initial rise are easily recognizable. The result of a 
deconvolution using the 13 eV discribution is shown in Figure 9. The positions of some 
of the known states are drawn in for comparison. The first peak ascribable to the 6d 
autoionizing state is resolved from the intital stepfunction increase only by a small and 
almost indiscernible shoulder. It is not present when che deconvoluclon employs the 
other electron energy distributions, which also do noc lead to the essentially horizontal 
portion at the highest energies. The effective width at half height of the quasi-distri­
bution achievable by FT analysis can be assessed from the shape of the line coinciding 
with the spacing of the 6d autoionizing level, and is approximately 0.17 eV. This reso­
lution is about equivalent to that obtainable by the RPD raethod and that of the EDD 
raethod when temperature is the only factor causing electron energy broadening. The 
Fourier Transform deconvolution is considerably superior and less equivocal than the EDD 
approach for conventional instruments where the simple quasi-Boltzman distribution does 
not suffice to describe the instrument function. 
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S7 
ELECTRON ATTACHMENT TO MOLECULES 

F. C. Fehsenfeld and D. B. Dunkin 
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The flowing afterglow technique is being used to study the attachment of low energy 

electrons to a variety of molecules. The present research is concerned with effective 

electron scavengerSj molecules which rapidly attach electrons in a quasi-binary fashion 

to form negative ions which are stable against detachment. Apart from the practical 

aspects, this research provides new information concerning low energy electron inter­

actions with -"/arious molecular structures. The experimental arrangement used to study 

these processes will be described and several attachment rates including that of electrons 

to SF/-, C. Fn, CF.3I, CpF Cl, NO ,and 0 will be reported. Also the teraperature dependence 

of these rates, the temperature dependence of the attachment channels and the pressure 

dependence of the reactions will be discussed. For example it is found that electrons 

attach to SF/- with a rate constant of 2.2 x 10 cm /sec. This rate is independent of 

pressure and temperature in the range studied. At 273 the principal negative ion is SF̂ -

with the relative concentration of SF̂ . less than one part in 10 while at ^73 K the SF_" 

signal has Increased to four parts in one hundred of the SF/- signal. 
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THERMODYNAMICS OF NEGATIVE IONS USING A FLAME ION SOURCE* 

Rudolf R. Burke, David E. Jensen and William J . Miller 

AeroChenn Research Laboratories, Inc. 
Sybron Corporation 

Princeton, New Jersey 

This paper summarizes the results of a series of negative ion studies which have 
led to the determination of the electron affinities of a number of metallic oxides and 
hydroxides stable at high tennperatures. Specifically, the negative ions formed upon the 
addition to K-seeded H2/O2/N2 flames, of boron,^'^ molybdenum,"* tungsten,*'^ chromium 
and vanadium compounds have been exannined and equilibrium constants derived in those 
cases for which the necessary supplementary thermodynannics of neutral species are 
available. This information is not presently available for chromiunn and vanadium; there­
fore, the complete interpretation of the data obtained for these additives is impossible. 

The flames employed in this study are fuel rich H2/O2/N2 flames having tempera­
tures between 1815 and 2475 K. These flames have been extensively studied over aperiod 
of years and are now very well characterized. The burner is shown in Fig. 1. It pro­
vides for an annular shield flame surrounding the inner test flame. Both parts of the 
flame are fed the same fuel gas mixture, producing a well-defined, high tennperature, iso­
thermal test s t r eam with no cool boundaries. Ionization in these flames is provided by 
the addition of alkali nnetal salts from an atonnizer. This apparatus can also be used to 
supply the metals being studied in the fornn of water soluble salts; nnore commonly, how­
ever, the metallic additives are introduced into the unburned gas s t r eam as volatile fluo­
rides or carbonyls. 

Electron concentrations are nneasured via a microwave resonant cavity technique; 
the cavity surrounds the flame as indicated in Fig. 1. Details of this technique are given 
in Ref. 6. Other experinnental procedures include mass spectrometry for ion identifica­
tion and relative ion concentration determination, electrostatic probes for absolute ion 
concentration determinations, and optical spectroscopic nnethods (both absorption and 
emission) for measurennents of neutral metal atom concentrations. 

The mass spectrometric apparatus is shown in Fig. 2. Ions are sampled through 
a 0.05 mrn dianneter hole in the tip of a stainless steel cone mounted on a water-cooled 
plate. When sampling nnetal-containing flannes, it is necessary to allow the tip of the 
sannpling cone to beconne hot enough to preclude condensation of refractory oxides. The 
cones were therefore made of stainless steel (a poor conductor) and angles chosen such 
that a corripromise was achieved between the smallest possible outside angle { to nnini-
nnize flame disturbance) and the largest possible inside angle (to nnaxinnize punnping) con­
sistent with the heating requirements described above. Typical successfully employed 
cones had internal and external cone half-angles of 42* and 47', respectively. 

In order to illustrate the experimental techniques and data interpretation, the 
negative ion results obtained for molybdenum additives are here summarized; a full 
account of this work is given in Ref. 3, Typical effects of addition of molybdenum to 
flames containing potassium are illustrated in Fig. 3. Clearly both electron attachment 
and potassiunn-molybdenum compound formation are occurring. Plots of [n-] vs . [Mo] ^ 
([n.] = total negative ion concentration, [Mo]c = total molybdenum in all forme in the 
flame) ar^ straight lines of gradient 1.0, aa are similar plots of individual negative ions. 
Two groups of negative ions were observed at masses 140-148 and 157-165 and were 
identified ae M0O3' and HM0O4 , respectively. The hydrogen content of the ions wae fur­
ther confirnned by eubetituting D^ for Hj as fuel. 

F r o m available neutral species thermochemistry^ it was computed that the domi­
nant Mo-Containing species is H2M0O4. It is therefore reasonable to conclude that 

Work sponsored by the Office of Naval Research under Contract Nonr 3809(00). 
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a t t a c h m e n t t a k e s p l a c e v ia 

foUowed by 

e" + H2M0O4 = HM0O4" + H 

HM0O4 + H = M0O3" + H2O (2) 

W h e t h e r o r not t h e s e a r e the dominan t e l e m e n t a r y r e a c t i o n s , t h e r e is suff ic ient d a t a to 
d e n n o n s t r a t e tha t t h e s e r e a c t i o n s a r e e q u i l i b r a t e d , F ronn the m e a s u r e d r a t i o s of ion con ­
c e n t r a t i o n s and icnown f l a m e gas c o m p o s i t i o n s one m a y c a l c u l a t e e q u i l i b r i u m c o n s t a n t s 
(Kĵ ) for r e a c t i o n s (1) and (2). T h e s e in t u r n , combined wi th t h e r m o c h e m i c a l da t a for the 
n e u t r a l nnolybdenunn s p e c i e s p e r m i t c a l c u l a t i o n of the e l e c t r o n af f in i t ies for the ions 
o b s e r v e d . T h e s e c a l c u l a t i o n s a r e pe r fo rnned us ing both 2nd and 3 r d Law a s s u m p t i o n s ; 
one t e s t of the p o s t u l a t e d r e a c t i o n m.echanism.s and the a s s u m p t i o n of equ i l ib r iunn is a 
c o m p a r i s o n of the 2nd and 3 r d Law v a l u e s o b t a i n e d . An a l t e r n a t i v e p r o c e d u r e invo lves 
adding c h l o r i n e to the f lame s innul taneous ly wi th m o l y b d e n u m . T h e n , by c o m p a r i n g the 
r e l a t i v e c o n c e n t r a t i o n s of Cl~ and M o - c o n t a i n i n g i o n s , Kx and Kg m a y be d e r i v e d by c o m ­
p a r i s o n wi th the known equ i l ib r iunn cons t an t for C l " fornnat ion . 

Ana logous s t u d i e s of the o the r nnetals c i ted above h a v e p r o d u c e d t h e r m o c h e n n i c a l 
d a t a for the e l e c t r o n a t t a c h m e n t and i o n - m o l e c u l e r e a c t i o n s l i s t e d in T a b l e 1. D e r i v e d 
e l e c t r o n aff in i t ies a r e g iven in T a b l e II , The v a l u e s of the e q u i l i b r i u m c o n s t a n t s g o v e r n ­
ing f o r m a t i o n of B O 2 ' , M 0 O 3 ' , WO3", HMoQ4~, and HW04~ i l l u s t r a t e the high s t a b i l i t i e s 
of t h e s e i o n s ; b o r o n , m o l y b d e n u m and t u n g s t e n a r e a l l nnore e l e c t r o p h i l i c in t h e s e f l a m e s 
than c h l o r i n e . Connpar i son of e q u i l i b r i u m c o n s t a n t s for compound f o r m a t i o n shows that 
t h e s e a d d i t i v e s a l s o fornn compounds wi th po t a s s iunn nnore s t ab l e t h a n KCl unde r f l ame 
c o n d i t i o n s . 

F u r t h e r c o n f i r m a t i o n of the quan t i t a t i ve i n t e r p r e t a t i o n of t h e s e r e s u l t s and 
inaprovennent of the p r e c i s i o n of the reconnnnended en tha lpy changes nnust awai t a c c u r a t e 
de t e rnn ina t i on of the nnolecular p a r a n n e t e r s of the s p e c i e s i nvo lved . It shou ld a l s o be 
noted tha t a t t h i s t i m e the i n t e r p r e t a t i o n of the c h r o m i u m and vanadiunn r e s u l t s is 
e x t r e m e l y u n c e r t a i n . The r e a c t i o n s for t h e s e tv/o m e t a l s have t h e r e f o r e not been inc luded 
in Tab le I. T h e r e is not yet suff ic ient t h e r m o c h e m i c a l da t a a v a i l a b l e on the n e u t r a l 
s p e c i e s involved even to identify wi th c e r t a i n t y the ox ides and h y d r o x i d e s p r e s e n t in t h e s e 
f l a m e s or the r e a c t i o n s r e s p o n s i b l e for nega t i ve ion f o r m a t i o n . The ions o b s e r v e d 
inc lude CrOa" , C r 0 3 ~ , and H C r 0 3 " in the c a s e of c h r o m i u m and HVOs" and H2VQ4~ fronn 
v a n a d i u m . The ex ten t of e l e c t r o n a t t a c h m e n t is much s m a l l e r for t h e s e two nnetals t han 
for c h l o r i n e or any of the nnetals c i ted in T a b l e I. 

T A B L E L EQUILIBRIUM CONSTANTS AND E N T H A L P Y CHANGES 
FOR FORMATION OF NEGATIVE IONS AND COMPOUNDS 

R e a c t i o n 

HCl + e -
HBO2+ e -
H2M0O4 + e -
H2WO4 + e -

H M o 0 4 - + H 
HWO4- + H 

K + HCl 
K + HBO2 
K + H2M0O4 
K + H2WO4 

^ 

= 
:̂  
S 

-
= 
-
;: 
:: 
^ 

c r + H 
BO2 ' + H 
HM0O4" + H 
HWO4- + H 

M o O s ' t H2O 
WO3- + H2O 

KCl + H 
KBO2 + H 
KHM0O4 + H 
KHWO4 + H 

E q g i l i b r i u m Cons tan t 

180 exp( -7600 /T) 
1500 e x p ( - 1 0 0 0 0 / T ) 

24 exp(500 /T) 
25 exp(1300 /T) 

0 . 8 5 exp(10400 /T) 
0 .87 exp(5700 /T) 

1 0 . 3 e x p ( - 2 1 0 0 / T ) 
37 e x p ( - 2 5 0 0 / T ) 

3 . 6 exp(3500 /T) 
4 . 0 exp(2900 /T) 

A H g 
(kJ m o l e ' ' ) 

+74 
+94 ±20 
+50 ±40 
+40 ±40 

-60 ±40 
-22 ±40 

+ 6 
+ 8 ±20 
-46 ±40 
-40 ±40 

R e f e r e n c e 

8 
1 
3 
4 

3 
4 

8 
1 
3 
4 

A H Q is the s t a n d a r d en tha lpy change at 0 K. R e a c t i o n s of c h l o r i n e - c o n t a i n i n g 
s p e c i e s a r e inc luded for p u r p o s e s of c o m p a r i s o n . 
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TABLE U. ELECTRON AFFINITIES 

l o n 

c r 
B 0 2 " 

B O " 

HM0O4" 

M0O3" 

HWO4" 

WO3" 

E l e c t r o n Affinity 
(kJ m o l e - ' ) 

2 8 0 

' 393 ± 2 0 

> 240 

410* 

249 ± 50 

400* 

304 ± 50 

R e f e r e n c e 

8 

1 , 2 

2 

3 

3 

4 

4 

Error limits not given due to uncertainties 
in H—O bond dissociation values. 
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S10 
Electron Attachment in Substituted Aromatic Hydrocarbonst + 

W. T. Naff* and R. W. Compton 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 3T830 

and 

C. D. Cooper 

University of Georgia, Athens, Georgia 306OI 

Attachment of slow (O - 5 ev) electrons to a number of aronatic species has been 

studied in a TOF mass spectraneter using an automatic R.P.D. electron beam -with reso­

lutions of ̂  0.1 eV. Autodetachment lifetimes were measured for parent ions formed by 

two-body attachment of thermal (̂  O.O3 eV) electrons to the following molecules (life­

times in ̂ isec are given in parentheses): CgFJCl (17.6), CgF^Br (2l), CgF̂ -CN (17), 

CgF^CHO (36), CgH^CN U 5 ) , CgH^NOg (17-5). CgD^NO^ (22), m-CgH^ClNO^ (̂ 7̂), and per flu-

oronapthalene (I23). The highly fluorinated ions had lifetimes exhibiting a systematic 

increase with the number of vibrational degrees of freedom consistent with the trend 

observed in our previous study of cyclic fluorocarbons. The value of 17»5 i-isec for the 

nitrobenzene lifetime is a correction of a previously reported value of kO usee. Sta-

ballzation effects are presumed responsible for the previous erroneous measurement. The 

measured increase of lifetime with deuteration is in qualitative agreement with the 

theory of long-lived negative ion lifetimes [1], The vibrational density of states of 

the ion is expected to be increased by deuteration since heavier vibrators have more 

closely spaced vibrational levels, 

Cl', Br", and l" were formed from CgF^X (X = Cl, Br, l) along with C ^ ~ at inci­

dent electron energies below 0.1 eV. Current ratios for X to Cr-F_ were found to be 

approximately lOO/l, 3/I, and I/3O respectively. No nondissociative attachment was ob­

served for CgFt-I. Parent and fragment ion production in Cz-F̂ -Cl and CgF Br overlapped 

in the energy region around 0.05 eV within the limits of our resolution with parent 

currents having ^ 1/20"*̂ ^ the intensity of fragnent current. A thoroxigh investigation 

showed that measurable dissociation occurred in < 1 |j,sec. Parent ions living more than 

one microsecond decayed only through autodetachment. These results indicated that either 

dissociation occurs from a resonant state different from the long-lived state, or that 

autodetachment with a long lifetime occurs when the incident electron energy is below 

the threshold for dissociation. The former possibility reqiiires that the long-lived 

state does not have the correct assymptotic form for dissociation. The latter assump­

tion would indicate that dissociation occurred with a dominating rate when energetically 

allowed, with our apparatus unable to differentiate between energies for which dissocia-

tion was allowed and those for which autodetachment was the only open channel. 

Mono-chlorination of nitrobenzene essentially doubled the autodetachment lifetime 

and added a new mode of dissociation, Cl and N0_ ion cxrrrents from m-chloronitro-

benzene showed almost identical energy dependences with peaks at .- 1 eV and ̂  3̂ 5 eV 

corresponding closely to the energy dependence of NOp" dissociation fron nitrobenzene. 

This was taken as evidence that the Cl and NO- ion ciirrents result from unimolecular 

dissociation of the same intermediate negative ion state with the incident electron in a 

rt-electronlc orbital. Iodine substitution in nitrobenzene had the effect of elimination 

of long-lived parent ion formation with dissociative attachment producing I dominating 

at thermal electron energy. 
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[1 ] R. N. Compton e t a l . , J . Chem. Phys. k ^ k63k (1966) . 

tResearch sponsored by the U.S. Atomic Energy Commission under c o n t r a c t wi th Union 

Carbide Corpo ra t ion . 

+A manuscr ipt on the above work i s i n p r e p a r a t i o n t o be submit ted t o the J o u r n a l of 

Chemical P h y s i c s . 

* 
Oak Ridge Graduate Fel low, Un ive r s i ty of Georgia, under appointment from the Oak Ridge 

Assoc ia ted U n i v e r s i t i e s , 
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Sll 
Mass Identification of Negative Ions Formed in Electron Swarm Experimentst *• 

R. N. Compton, D, R. Nelson and P. W. Reinhardt 

Health Physics Division^ Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

An apparatus has been constructed to mass-identify negative ions formed in high 

pressure (̂  1 torr) electron swarra experiments. Electrons are produced at a plane 

parallel cathode by photoemission frcro a palladium film. The photoelectrons make many 

collisions with the gas as they drift toward a positively biased anode located a few 

centimeters from the cathode. The negative ions formed from priraary attachment or sec­

ondary collisions (stabilization of virtual ions, ion-raolecule reactions, etc.) are mass 

analyzed with a quadrupole mass spectrometer after they exit through a 5 ^ H hole bored 

in the anode. A study of negative ions forraed in pure SF^ showed SF/- " to be the dominate 

ion at low values of the electric field to pressure ratio, E/P. The SF/- ion signal 

decreases with increasing E/P as expected for an attachment cross section which in­

creases with decreasing electron energy. The SF_ ion is observed to have a peak coin­

cident with the SF/- ion at thermal energies and at room temperature SF̂ - is approxi­

mately 1+̂  as intense as the primary SFy ion. This is in good agreement with the recent 

temperature dependence studies of Chen and Chantry [l] where production of SF at 

thermal energies is shown to be due to dissociative attachment to vlbrationally excited 

SF/r. The current of SF_ exhibits a second more intense peak at E/P ̂  100 v/cm/torr 

where SFj- and SF̂ -" are approximately equally abundant. F first appears at an E/P of 

^ ko v/cm/torr and increases rapidly with increasing E/P and becomes the dominate ion 

for E/P > 500 v/cm/torr. Under pre-ionization and actual discharge conditions the SF„ 

ion is observed to be of comparable intensity to that of SF/- and SF̂ - • Part, or all, 

of this current may result frora the clustering of SF/- to F ions. Beginning at an S/P 

of -« Uoo v/cra/torr weak signals of F_ and SFi are found to appear. 

Studies of attachment of electrons to SF/- using COp as a carrier gas (CO plus 1 

ppm SF/-) show that SF/- increases with decreasing E/P and is about 25 times more abundant 

than SF ", The SF/-~ signal is approximately constant below E/P = 1 v/cm/torr and de­

creases rapidly to about one fifth this constant value at E/P = 3 v/cm/torr. An analy­

sis of the dependence of the SF/-" current with E /P , together with knowledge of the elec­

tron energy distributions in CO vindicate that the energy half-width of the SF/- cross 

section is less than 0.025 eV. 

[l] C. L. Chen and P. J. Chantry, Temperature Dependence of SFg , S|V and F Produc -

tion from SF/-, Book of Abstracts, 22^ Gaseous Electronics Conference, p. 39. 

tResearch sponsored by the U.S. Atomic Energy Commission under contract with Union 

Carbide Corporation. 

*A manuscript on the above work is in preparation to be submitted to the Journal of 

Chemical Physics. 
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Tl 
COMPUTERIZED PHOTOPLATE DATA REDUCTION 

By 

G. Lauer, R. A. Meyer and R. S. Carpenter 

Science Center, North American Rockwell Corporation 
Thousand Oaks, California 

We have designed a system to automatically locate and integrate the lines on a spark 
source mass spectrometer photoplate. 

The raajor criterion for this development was the reduction of operator time to a 
minimum consistent with a fiscal limitation to eq.uipment at hand. Ve selected the concept 
of continuous incremental density recording on magnetic tape followed by subsequent 
computer processing. 

DATA ACQUISITION 

We continuously translate the photoplate and take 150,000 incremental densities from 
the 15 inch plate in 75 seconds. Our resolution is 2.5u which seems adequate for spark 
source work. 

The output from the photomultiplier of the microdensitometer is fed into an 
operational amplifier for impedance matching and then over kO feet of coaxial cable to 
the sample and hold amplifier of the PDP/8 computer system. 

The PDP/8 has îK of core, a 32K disk, and a 12.5 ips magnetic tape. A Tektronix 6ll 
storage display unit and normal input-output hardware complete the system. 

During the continuous translation of the photoplate, a clock vithin the computer 
generates an interrupt signal every U50ysec. This causes the instantaneous analog 
voltage, which is a measure of photoplate transmission, to be sampled, digitized, and 
stored sequentially in one of tvo 512 word buffers in core memory. When one buffer is 
full, its contents are written onto the tape. During the writing the other buffer is 
being filled with incoming data. When the particular exposure or desired portion has 
been corapletely scanned, the operator manually signals the computer. This function may 
also be perforraed by a preset limit switch. An end of file mark is then written on the 
tape and the typewriter outputs the amount of unused magnetic tape left. Thus, each 
exposure becomes one of several files on the tape. A roll of tape holds 6 complete 15 
inch scans and requires 7^ rainutes of operator tirae. The software allows prior identif­
ication of each file through alphanumeric information input as a header. The typing of 
an E in response to the question "OPTION" causes entry into the second phase of operation. 

DATA REDUCTION 

Without further attention, the tape rewinds and the 20 lightest and the 20 darkest 
readings in each file are located, averaged, stored, and output as baseline and satur­
ation values. Again the tape rewinds and each file is searched for lines or peaks that 
fit a set of previously input parameters. Output at this point may be directed to the 
typewriter, scope, and/or paper tape punch. The data from the paper tape is re-entered 
for mass identification, ion intensity determination, and analytical calculation. This 
last phase will be the subject of another presentation. 

Once the incremental densities are recorded on magnetic tape, the operator has two 
programs available. Normal usage is to continue in the automatic mode; type "Y" when 
asked "do you want to reduce this data?" and then leave the typewriter to do other work 
for about U5 minutes. After this period of time, all lines have been located, their 
positions have been determined with respect to start of the scan, they have been inte­
grated above baseline, and their maximum density and line width have been determined and 
recorded. Alternately, the operator may watch the scope and see each selected peak 
displayed. He may interrupt the program at any point to make changes, mark anomalous 
peaks, change parameters, etc. However, typical operation is in the latter unattended 
mode. 

An alternate program developed during the evolution of the automatic system allows 
much greater operator control. With this program a 25,000 data point window is read from 
the tape to the disk. Any 512 successive points may be displayed on the scope, including 
a pointer which provides a running reference within the entire file o t a particular 
exposure. The display may be expanded, integrated, or each transmission value may be 
listed. Thus, one is given an opportunity to optimize parameters for automatic peak 
location. The entire window may be displayed block by block and the window moved to any 
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place on the tape. This mode is used mostly for demonstration purposes. 

The automatic mode starts with location and storage of the lightest and darkest 
portions of the file or scan. The tape is rewound and a 25,000 point window read onto the 
disk. ' Header information is output and peak is searching initiated. The entire peak 
location algorithm is based on the arithmatic difference between one incremental density 
data point and its immediate successor. This difference we choose to call SLOPE. Thus, 
if SLOPE is large and positive, we are on the upslope part of a peak; if small, we are in 
an area of constant intensity; and if large and negative, the line is moving off the 
densitometer slit. In the search mode, each successive SLOPE value is compared to a 
parameter called forward slope. This is'the minimum slope consistent with start of a 
normal peak. If the SLOPE is greater than forward slope, an upslope counter is started. 
A preset number of such successive SLOPE causes branching into the upslope mode. Any 
single SLOPE not meeting the forward SLOPE test during the counting causes the counter to 
reset the counter to zero. When the upslope test has been satisfied, the location of the 
peak start is stored and the program branches to upslope. Here each successive slope la 
now compared in two ways: is it zero or negative or is it positive and less than shoulder 
slope. This allows the algorithm to differentiate between the top of a peak and a 
shoulder or incompletely resolved line. Identification of n SLOPES meeting the shoulder 
parameters causes a flag to be set and resumption of the rapid upward path indicated by 
slope greater than forward slope triggers peak end. The "peak" is intergrated above base­
line, its centroid determined, maximum density and width determined. Then the integral is 
compared to the minimum peak integral parameter, its height is compared to minimum height 
above running background and its width is compared to the maximum unsaturated width. If 
the peak passes all these tests, its values are output and it is displayed on the oscillo­
scope. The integration limits are indicated by dotted lines and the centroid by a solid 
line. Running background is displayed as a horizontal line. 100 points are displayed 
on each side of the peak. The location of n SLOPES less than shoulder slope, trigger the 
peak end routine and causes output subject to the same peak end tests. The upslope mode 
may also be terminated by n SLOPES having a greater negative value than the downslope 
parameter. Analogous shoulder tests are applied in the downslope mode. Downslope is 
terminated by location of n SLOPES having a less negative value than end slope and exits 
to peak end mode. From peak end the program re-enters the search mode. During search 
mode, the last 25 point window is continuously averaged and called running background. 
This value is used in the peak end mode to define acceptable peaks. 
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T2 
Advantages and Disadvantages of High Resolution. Data Reduction with the Froiectina. 

PAT HAUG*, DAVID BONNELL, BILL PHILLIPS, JACK RUNYAN and CHUCK BECKER, Department of 
Chemistry, Rice University, Houston, Texas 77001 

With the acquisition of a Consolidated Electrodynamics Corporation 21-llOB high 

resolution raass spectrometer, the department has been faced with the problera of effi­

ciently reducing the high resolution data obtained. Without the financial capability of 

acquiring an automated raicrodensitoraer and hoping for the interim development of an 

on-line, real-time computer systera (capable of accurate intensity measureraent as well as 

mass measurement), we have devoted considerable effort to the development of a routine 

systera for obtaining coraplete high resolution raass spectra. The relative advantages 

and advances in automated raicrodensitoraer systeras and suitable coraputer acquisition and 

reduction systems have already been discussed at considerable length. Peak matching, 

although accurate, appeared to be too time consuming and tedious; raore significantly it 

involved tying up the instruraent for considerable periods of tirae, particularly if a 

substantial nuraber of fragraents were of interest. 

We, therefore, purchased a Bell and Howell projectina. Originally, W. Richter 

conceived of the idea of modifying a microscope designed for quality control of yarns. 

The instrument is basically a microscope (wich x 10 or x 50 magnification) with a large 

viewing screen which has a vertical hairline. A 14 inch stage has been attached which 

can be moved by a lend screw accurate to 2 b̂. Unfortunately this only travels 30 rara 

before it is necessary to reset it using a calibration line. This does introduce a 

certain potential error into large distance raeasureraents which is not present with a 

longer lead screw. For high precision measureraents it is necessary to measure all lines 

by proceeding in the sarae direction, in other words one cannot go past a line and then 

go back to it without recalibrating, as a consequence of screw slack. Another rainor 

disadvantage is that the viewing area is only half the width of the plate. Only half 

of the lines may, therefore, be viewed at any one tirae. This also raeans that lines 

1-15 will have distance increasing with increasing raass and lines 15-30 will have 

distance decreasing with increasing raass. 

Bell and Howell provide a raass table with the projectina listing masses, cora­

positions and R.D, values for comblnacions of C, H, N, and 0 frora raass 69-500. 

Values are based on the fact that 

/ra - /m- d - d_ 
X I _ X 1 

J^2 " ' ^ l ^2 " ^1 

y - R.D. 

d- is larger than d so that for half of the lines on the plate, an additional sub-

straction is required. We have found that this table was useful for only half of the 

compounds we were interested in studying. In several cases (10%) we required data frora 

m/e 40 - 69; we had several compounds (207o) in excess of m/e 500 and several corapounds 

(207o) with elements other than C, H, N and 0. 
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Two programs have been written compatible with the Rice Burroughs 5500 for reducing 

daca frora the projectina, which are modifications of the Baylor Medical High Resolution 

systera. These are available on request frora Che author either in written form or on 

IBM cards. The first of these RD/KOMP requires that the distance measureraents be 

punched out on IBM cards. There is a slot for intensity which, however, raust be 

estiraated by the operator. This prograra generates a data deck and print out with all 

the accurace raasses. Soraetimes the masses are so obviously off ac this point thac the 

student can correct his choice of calibration lines. The accurate raasses are then fed 

to the second prograra ELCOMP/ELDRIV which computes the empirical corapositions of the 

raeasured masses, the calculated raasses, and the error involved. 

It is necessary for the calibration raasses to be identified and inserted raanually. 

(The computer cannot do this since visual relative intensity measurements are not 

really accurate enough so that the coraputer could select the calibration lines.) 

About ten freshman were utilized in this study with a mortality rate of approxi­

mately 507o. The first spectrum raeasured by a student usually required about 25 hours 

for reading a plate frora raass 40 to raass 600. One raight assurae that the reset procedure 

required considerable tirae, but this averaged only one and one-half minutes/reset with 

approxiraately ten required. The second plate usually required only about 10 hours, 

since by then students could find their way around the spectrura. About three hours 

were required to punch the 600 data cards and another six hours to get thera run through 

the two prograras. Altogether twenty coraplete spectra were raeasured. The average 

deviations of raass measurement varied from .01 raass units Co .003 mass units depending 

on the operator. Three of the sarae plates were run on the Baylor automated raicro­

densitoraer and gave an accuracy of .003 mass units. However, only about 507o of the 

lines were detected by the thresholding device. Many of che reraaining plates were 

fogged and could not be run on Che autoraated systera. In summary, the advantages of the 

projectina over peak matching are: 

/ 
1) There is a perraanent record retained which raay be referred back to ac any tirae. 

We have found iC instructive to allow freshman students to determine the 

empirical coraposition of particular ions in sorae of che high resolution spectra 

in an experimental cheraistry experiment, 

2) The instruraent is only tied up during the running of the plate racher Chan 

while the peaks are being raatched. 

However, it is not felt that the overall tirae involved in obtaining the measureraents is 

necessarily shorter. 

AdvanCages of projectina over autoraated raicrodensitoraer are; 

1) Frequently one can work with places which are cloudy due to poor developing. 

2) Ic is possible Co determine accurate raasses for very weak (below threshold) 

lines which autoraated systems frequently do noC record, 

Ic should be emphasized that one raajor conclusion, after all of the work of 

modifying a prograra for data reduction, is that the projectina is not really desirable 

for coraplete spectra reduction. Far greater accuracies are possible with far less 

frustration if only the dozen or two dozen lines of interest are raeasured racher than 

all lines. The time required for such deterrainations is not disproportionately less 

and accuracy is usually satisfactory. 

ACKNOWLEDGEMENT - The raass spectroraeter was provided through grants frora N.I.H, 
and N.S.F, Research was supported by the Petroleura Research Corporation. 

B448 



T5 
A Computerized Fully Automatic Analytical Mass Spectrometer ' ' 

R. W. Crawford. J. W. F r a z e r and R. K. Stump 

Our gas analytical mass spec t rometer at the Lawrence Radiation Laboratory is 
used to quantitatively analyze a great nunnber of gas samples . In order to save 
manpower and increase accuracy, we decided to fully automate the mass spec t rometer 
by interfacing it to an l8-bit digital computer. I would like to ennphasize that this is 
not just another data logger, but is a system for taking gas samples , introducing them 
at known p r e s s u r e , analyzing thenn and putting out data for computation. This 
sequence of operations is under computer control and functions completely unattended. 

A completely new inlet systenn was designed and built to replace the original 
inlet furnished with the spec t rometer . Contained in the inlet a re valves and 
connectors for running automatically 8 samples and 18 attached s tandards . There a re 
2 complete vacuum sys tems , plus the necessa ry vacuum gauges and power supplies. 

The entire inlet vacuum system is constructed of stainless steel tubing and 
valves and is either welded together or connected with high vacuum flanges. All inlet 
valves a r e pneumatically operated and can be used in two ways, manually controlled 
by pushbutton or by relays driven by the computer. 

An inexpensive p res su re t ransducer is used to monitor the p res su re of the 
sample in the inlet and give the computer data so it can decide how to expand the gas 
into the sample r e s e r v o i r . An accurate capacitance type p ressure t ransducer is 
connected to the sannple r e se rvo i r and its output read into the computer to give an 
accura te measure of the final sample p r e s su re . 

Eighteen of the most commonly needed pure gas standards a r e permanently 
attached to the inlet sys tem. Each standard is contained in a s tainless s teel sphere 
with a manual bellows valve. This standard bulb is attached to an air operated 
bellows valve with a small variable leak in between the standard and the pneumatic 
valve. All standard assembl ies a re connected to a comnnon manifold. 

The electronics of the original instrument have been replaced with the exception 
of the ion source control. Some of the new electronics a re commerc ia l such as the 
e lec t rometer and the accelerat ing voltage power supply. Others were designed and 
built at the laboratory. The magnet regulator presented the greates t design problem 
because of the high impedance of the magnet coi ls . A regulator was built that would 
select or scan fields by computer control. The accelerat ing voltage control was 
built to select or sweep voltages on connputer command. 

During each run the computer reads several signals from the mass spec t romete r . 
The signals we provide a r e ion current , accelerat ing voltage, magnetic field, sample 
line p res su re and sample rese rvo i r p r e s su re . 

The output of the ion current e lec t rometer is t ransmit ted to the computer ' s 
analog bay. Here it is fed into a differential amplifier with high common mode 
reject ion and then through a low pass filter. To obtain the required dynamic range 
the signal is conditioned by both a XI and X8 amplifier . 

As the spec t rum is scanned, peak tops a r e located and measured, mass 
calculated and the mass and peak height innmediately typed out on a teletype next to 
the m a s s spec t romete r . This infornnation is also written on magnetic tape, along 
with the spectrum ser ia l number and p r e s su re . When the days run is connplete, the 
nnagnetic tape is taken to the large computation center for off-line process ing. 
Quantitative resul t s a re calculated using a modification of the stepwise regress ion 
progrann of Tunnicllff and Wadsworth. 

To control the m a s s spectrometer we use a medium sized l8-bi t digital data 
p rocessor in a t ime-shared nnode. There a re 7 instruments using the connputer at 
the same t ime. The control progrann is written in a form of assembly language. 

This form of programming is necessa ry to conserve computer memory space, and t ime, 
since all p rograms are memory contained and operate in rea l t ime. 

It is planned to submit this work to Analytical Chemistry for publication. 

=i-' Work perfornned under the auspices of the U. S. Atonnic Energy Commission. 
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T6 
ACQUISITION AND REDUCTION OF HIGH RESOLUTION 

MASS SPECTRAL DATA WITH A MULTI-USER TIME-SHARING COMPUTER SYSTEM 

William F. Haddon, D. R. Black, and R. H. Elsken 

Western Regional Research Laboratory, Agricultural Research Service, 
U.S. DeparCmenC of Agriculture, Albany, California 94710 

High resolution mass spectral data acquisition and processing is accomplished in 
our laboratory by a direct, real-time Interface between a 21-110 specCrometer and an 
IBM 1800 process control computer with 32 K of core storage. The computer controls and 
acquires data from an X-ray diffraction, an infrared, and two Raman spectrometers tn 
addition to the mass spectrometer. We have utilized che compucer's interrupC and 
priority structure to permit simulcaneous and asynchronous operation of Che mass 
spectroraeter, che X-ray diffraction unit, and one of the IR or Raman spectrometers. 
The laboratory aucomacion system is also cime-shared wich off-line batch processing 
operations and thus the 1800 serves as a general-purpose computer for our staff of 
about 200 scientists. The maximum data acquisition rate for the mass spectrometer is 
18.5 KHz and is limited by the IBM analog input system. All mass spectral data 
processing is done on the 1800. Incremental magnetic tape is used to store raw and 
processed data. 

Our choice to digitize the electron multiplier output of the 21-110 was motivated 
by che demonstrated superior mass-measuring accuracy for magnetic scans over 
alcernative phoCoplaCe procedures (1) (2) and by the exciting possibility for obtaining 
high resolution mass spectral information before removing the sample from the 
instrument. These advantages more than compensate for the possible loss in sensitivity 
for electrically decected mass spectra compared to phoCoplate recording (3). 

Figure 1 is a diagram of the computer-spectromecer incerface. The control console 
is of our own design and is similar to consoles in the X-ray, IR/Raman, NMR, and EPR 
laboratories. Particular program options are initiated by number using a 16-bit 
digital input group of toggle switches in conjunction with a "control entry" interrupt. 
The same toggle switches are used to enter data using a separate "data entry" interrupt. 
General programming details published for che IR/Raman system (4) are similar Co those 
used for the mass specCrometer. The primary communication device is a Tektronix R56^B 
storage oscilloscope which can be used Co wrice messages aC up to 250 characters per 
second or Co plot spectra. The CRT driver subroutines are supplied by IBM. A 
programmable audible alarm is used to alert che operator to problems detected by the 
programs or to signal the end of a mass spectral scan. An intercom permits dlrecC 
voice communication with the computer operator. The data acquisition system can also be 
operated at the computer, and mass spectrometer programs which require use of the line 
printer are usually called from the computer room to avoid interleaving prinCed daCa 
with that of off-line users. All the mass spectrometer programs are stored on disk. 
One of che two tape units on the 1800 is available to the mass spectrometer greater 
than 90% of the time for recording or processing data. 

The only Cwo changes required on the 21-110 were the addition of an electronic 
computer-controlled scanner and a solid-state FET electrometer amplifier (Keithley 
Instruments Co. Model 301). An exponential scan from mass 750 to 22 at 100 seconds per 
decade has been used for most work at 10 - 20,000 resolucion. An Anadex Model CF-611R 
crystal clock drives the ADC and thus establishes Che time base for the spectrum. 

The data acquisicion program operates as shown in Figure 2 using IBM cycle-stealing 
subroutines for transferring Che digitized data into core and for writing the 
thresholded'data to magnetic tape. The time scale is assigned by the thresholding 
program and is based on the position of the data in the input tables and the sequential 
number of the input table being processed. All arithmetic is in inceger mode and Che 
coding is IBM symbolic assembler language. BeCween 15 and 20 Cape records are written 
for a spectrum containing 250 peaks at 15,000 resolution. Data acquisicion and control 
functions for che oCher speccrometers operate from different areas of core so chat 
asynchronous operaCion is achieved wichout loss of mass spectrometer data. After 
recording a mass spectrum the peak centers can be calculated by a separate program 
which then feeds back information on the number of valid peaks recorded over different 
raass ranges, and the number of peaks which exceeded the dynamic range of the ADC. For a 
spectrum of 100 peaks this information is available less than 10 seconds after 
cermination of the magnet scan, thus allowing adjustment of the spectrometer gain in 
real time. The internal mass standard (PFK) is usually admitted after obtaining a 
satisfactory preliminary scan unless the sample size is limited. 
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Figure 3 lists the disk-resident programs which can be inlciated from the mass 
spectrometer console. Any of these programs can be modified without disrupting on-line 
operation of the computer. Option 6, which calculates m/ê  values, is based on PFK and 
CHCI3 as Internal mass standards. The standard masses are Caken six at a time and 
ficced using IBM polynomial regression routines. The algorlchm which identifies the 
first 6 peaks is based on che time differences beCween them (constant to about 1 part in 
2500 over several months) and on their intensities (peak areas). 

Programs requiring use of the line printer are initiated from the computer room. 
The program for calculating elemental compositions is conversational and allows 
heteroatom limits Co be set and changed during execution. We use the line printer for 
elemenC mapping and an example of Che output is shown in Figure 4 for the carbon-
hydrogeh peaks of n-butyl hexanoate. Peak intensicies, represented by asterisks, are 
plotted against carbon number to produce a series of mass spectra for each rings-plus-
double bond value and elemental combination. Rearrangement peaks are thus clearly 
separated from even electron ions and particular ion series are easily identified. The 
sum of intensicies for each ion series is also given to indicate the relative importance 
of the series. The molecular weight of a particular peak can be calculated by adding 
the numbers at the top and right-hand edge of che element map. 

Operation of che NMR and EPR speccrometers will also require the analog input 
system of the 1800 so that asynchronous operaCion of Chese instruraents with the mass 
spectrometer is not feasible with our current system. We plan Co acquire a separace 
ADC and mini-computer for the raass spectrometer to digitize and threshold the data 
before transferring it to the 1800. 

Reference to a company or product name does not imply approval or recommendacion 
of the product by the U.S. Department of Agriculture to the exclusion of ochers chat 
may be suitable. 

References 

1. A. L. Burlingame, D. H. Smith and R. W. Olsen, Anal. Chem. 40. 13 (1968). 

2. A. L. Burlingame, D. H. Smith, T. 0. Merron and R. W. Olsen, 16th Annual 
Conference on Mass Spectrometry and Allied Topics, May 12-17, 1968, Pitcsburgh, Pa. 

3. K. E. HabfasC and K. H. Maurer, l-̂ th Annual Conference on Mass Spectrometry and 
Allied Topics, May 22-27, 1966, Dallas, Texas. 

4. J. R. Scherer and Saima Kint, Applied Optics, in press. 
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T7 

A COMPUTER PROGRAM FOR THE IDENTIFICATION OF 

LOW RESOLUTION MASS SPECTRA 

Stan ley L. Grotch 

J e t Propuls ion Labora tory , C a l i f o r n i a I n s t i t u t e of Technology 

Pasadena, C a l i f o r n i a 91103 

A coraputer program a id ing in the i d e n t i f i c a t i o n of low r e s o l u t i o n mass s p e c t r a has 

been developed and success fu l ly t e s t e d . The only s p e c t r a l informat ion r e q u i r e d for each 

unknown i s the absence or presence of a peak above a spec i f i ed t h r e s h o l d ( t y p i c a l l y , 1% 

of the base peak) a t each nominal mass over the a.m.u. range 12-200. 

A one -b i t encoding of peak he igh t ( i . e . , only peak or no peak information) r e s u l t s 

i n two s i g n i f i c a n t computat ional advantages: ( l ) e s s e n t i a l l y p a r a l l e l computation b e ­

comes p o s s i b l e i n the matching p r o c e s s , (2) b ina ry packing permi t s h igh ly e f f i c i e n t use 

of core s t o r a g e . These two f a c t o r s r e s u l t in extremely r ap id l i b r a r y search r a t e s 

(severeil thousand coraparisons/sec) . 

Each unknown b ina ry spectrum, X, i s compared aga ins t a l l i nd iv idua l merabers, L . , 

of a s i m i l a r l y encoded l i b r a r y of approximately 7000 corapounds. A c r i t e r i o n of mismatch, 

C, i s c a l c u l a t e d for each comparison: 

C = X0R(X, L. ) - N*(AND(X,L.)-NEK) ( l ) 

where: 

X0R(X,L.) = logical "exclusive or" operation (the total number of channels which 

disagree in the comparison of X with L.). 

AND (X,L.) = logical "and" operation (the total number of channels in which 

spectrum X and spectrum L. both have a "1" present). 

N = a constant weighting factor (typically 2-5) 

NPK = number of peaks ("l"5) in unknown spectrum, X. 

As the library search proceeds, a record is raaintained for each unknown of the ten 

library members yielding the miniraum values of C. In essence, the search locates the 

ten corapounds in the library which have binary spectra with the least number of weighted 

disagreements minus agreements with the unknown. 

The terra, MPK, is not essential for the calculation. It is an offset value which 

assures that C=0 for a perfect match. The constant weighting factor, N, was found to 

produce the "best" separations when equal to 2-5. 

Extensive calculations (l) have shown that a binary mass spectrum is a unique 

pattern for identification purposes. Tests have also been performed with the identi-

B453 



fication program using mass spectral data frora three texts (2-1+) and data measured in 

our laboratory (5) as "unknowns." Of a total of I68 corapounds present in the library, 

156 were correctly identified among the top ten. Even when the compound was not among 

the top ten, valuable insights were provided by the program as to the unknown's identity. 

Preliminary tests of the prograra with mixtures of two compounds have proven very 

encouraging. In one test, 13^ "unknown" spectra were synthesized by combining two pure 

compound spectra frora the library such that each "xinknown" had a peak present at a given 

mass if and only if at least one of the pure spectra had a peak (essentially a 50-50 

mixture). In 2/3 of the cases, both con̂ jounds were correctly identified in the top ten, 

and in only 3 cases was neither corapound in the top ten. 

It is planned to publish a more coraplete account of this work in Analytical 

Chemistry. 

REFERENCES 

1. "The Matching of Mass Spectra When Peak Height is Encoded to One Bit," 

S. L. Grotch, submitted to Analytical Chem.istry. 

2. "Interpretation of Mass Spectra, an Introduction," F. W. McLafferty, 

W. A. Benjamin, New York, 1967. 

3. "More Spectroscopic Problems in Organic Chemistry," A. J. Baker, G. Eglinton, 

F. J. Preston, T. Cairns, Heydon & Son Ltd., London, 1967. 

h. "Spectrometric Identification of Organic Corapounds," R. M. SHverstein, 

G. C. Bassler, Wiley and Sons, New York, 1967. 

5. H. G. Boettger, personal communication, May 1970. 
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T9 
SMALL CCMPUTER DATA SYSTEM FOR A PORTABLE QUADRUPOLE MASS FILTER ^ 

N. A. Jones, R. D, Friesen, and J. W. Fyper 

Lawrence Radiation Laboratory, University of California 

Livermore, California 9^550 

INTRODUCTION 

A small, inexpensive eanputer data system has been constructed and evaluated for a 
portable pulsed-beam quadrupole mass filter. This system is composed of a conventional 
stereo audio tape deck interfaced to the detector of the mass filter which records the 
digitized mass spectra on audio tape. These tapes are processed on an identical tape 
deck interfaced to a 4 K word memory-12 bit PDP-8 computer. 

Sane practical constraints were placed on the development of this data system. 
Because of future specialized uses, the entire mass filter system was built on a port­
able vacuum cart. Consequently, the data system hardware had to be easily portable so 
we couldn't connect it directly to the ccmputer. The second constraint was a very 
tight budget. - ^ using conventional stereo tape decks rather than computer-ccmpatible 
units, we greatly reduced the cost of the system. 

INSTRUMENTATION 

The pulsed-molecular-beam quadrupole mass filter is described in detail in refer­
ence 1. The first ccmponent of the mass filter-to-tape-deck interface was a Vidar volt-
age-to-freq.uency converter which digitized the signal from the synchronous detector. A 
12 bit binary counter collected that data for 2k milliseconds. Then the counter was 
gated off, and the data word transferred to a shift register. Twelve shift pulses moved 
the data word to a Viking ^33 tape deck which recorded the word serially on one track of 
the tape. On the other track the 12 shift pulses were recorded to be used for synchro­
nization later. While data frora one channel were being shifted out, the next channel's 
data were being collected. Channels were collected until a channel counter reached a 
preset number. At that time, a sweep counter was incremented, a 1 second record gap 
left on the tape, and the whole process repeated until a preset number of sweeps was 
collected. A digital-to-analog converter connected in parallel with the channel counter 
created a synchronous voltage ramp to sweep the mass filter. The data, collected at a 
rate of h2 Hz, were recorded at a tape speed of 3 3/k inches per second. The computer's 
tape deck played it back at twice that speed, 

A tape deck identical to the one on the mass filter transferred the data from the 
tape into the eanputer. It loaded the data serially into a shift register using the 
sync track for shift pulses. After 12 pulses, the data were transferred in parallel 
to a holding buffer and the computer interrupted. The ccmputer had 12 milliseconds to 
service the interrupt before the next channel of data was loaded. Half a second gap in 
the data indicated the end of a scan, 

CCMPUTER PROGRAM 

The first part of the data reduction prcgram read the data tape, rejected any bad 
records, added sweeps together into one spectrum, and displayed the summed spectrum as 
data were read in. Since the tape's format was so simple, we used software flags and 
counters conbined with 2 timing loops to organize the data channels. The oscilloscope 
display was done during these loops. The first timing loop, which was between 12 milli­
seconds and half a second, finished only when the end of a sweep had been found. The 
program then checked the channel counterj if it,didn't agree with the preset number of 
channels, the sweep Just collected was rejected. Otherwise, it was added to the pre­
vious summed sweeps. 

The second loop, longer than l/2 a second, finished only when the last sweep had 
been collected. Once this loop was done, the program went on the second part of the 
reduction program. A canplete summed spectriM was now stored in the ccmputer's memory 
to be reduced in any convenient way. For our particular needs, we wrote a program to 
strip a spectrum of up to seven masses and store and output the peak masses and net 
Intensities, The ccmputer found the top of each peak and subtracted fran it the average 
of the lowest points on either side. The program printed out and stored this net peak 
height along with the appropriate mass number and gross height. If the operator wished, 
the program outputted the raw spectrum. 
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DISCUSSION 

The evaluation of the data system was carried out by re-examining the extensively 
studied hydrogen-deuterium self exchange in water vapor.^»3 q^Q equilibrium constant 
for hydrogen-deuterium exchange in water determined from many spectra taken on our new 
data system was ccmpared with the constants calculated from spectra taken on a chart 
recorder and reduced by hand. We averaged seven successive chart recorded sweeps to­
gether, which is roughly equivalent in time to 119 summed tape sweeps. We also simmied 
tape sweeps of 10, 25, 50j 75j and 100 sweeps. Except for 10 sweeps, the summed tape 
records agreed fairly well with the chart record. Averaging only 10 sweeps together 
apparently wasn't sufficient to overcone the sources of error in this system, namely 
peak pressure decay and noise from the phase-sensitive detector. After about 20 to 25 
sweeps were summed, these errors were smoothed out. For the chart record, peak pressure 
decay was corrected for by hand, and the recorder's time constant and the slower scan 
rate smoothes out the detector's noise. By using several deuterium concentrations, we 
checked to see if there was any trend in equilibrium constants with deuterium concen­
tration, but we didn't find any. 

We also compared the constants with previously published values. Table I shows 
that comparison and the agreement is excellent. It's interesting that each constant 
shown was measured on a different type of spectrometer with a different ion source; 
Friedman and Shiner used a steady-molecular-beam ion source on a single-stage magnetic 
spectrometer; I^er, Newbury, and Barton used a pulsed-molecular-beam source on a double 
focusing magnetic-electrostatic spectrometer; and the present work used a pulsed-beam 
quadrupole mass filter. 

TABLE I CCMPARISON OF RESULTS 

Ko. of 
Temp. 'jd D Range Analyses 

Friedman and Shiner"̂  25°C 25-75^ 2500 3,76 + 0.02 

lyper, Newbury, and 2k,Q + 0.5 23-70^ 38 of 30 3.1k + 0.07 
Barton sweeps each 

Present work 22.7 1 0-5 23-65^ 37 of 100 3-76 + 0.07 
sweeps each 

We conclude, then, that this eanputer data system for the quadrupole mass filter 
gives data of equivalent quality to previous data frcm the same instrument and to data 
from our double focusing instrument. 

This work was performed under the auspices of the United States Atonic Energy 
Ccmmisslon. 

^ To be submitted to the Review of Scientific Instruments. 

1 - J, W. IVper and R. S. Newbury, J. Chera. Fhys. 52, 1966 (1970). 

2 - J. W. lyper, R. S. Newbury, and G* W. Barton, Jr., J. Chem. Phys. k6, 2253 (l967). 

3 - L. Friedman and V. J, Shiner, J, Chem. Phys. kk, k639 (1966). 

k - The standard deviation listed is that' of a single measurement. The standard devia­
tion of the mean in each case would be + 0.01. 

Reference to a canpany or product name does not imply approval or reccmmendation 
of the product by the University of California or the United States Atonic 
Ccmmission to the exclusion of others that may be suitable. 
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T i l 
An Automated Signal Averaging Data Acquisition 

*t System for Ionization Studies 

C. Herndon Williams and Arthur W. Lynch 
Sandia Laboratories 

Albuquerque, N. M. 87115 

An automated signal averaging data acquisition system was developed 

for some electron impact ionization studies performed in the ion source of 

a Bendix 3015 TOF mass spectrometer. The atoms and molecules studied 

included both condensible (Ag(v) and C (v), where n = 1...5) and non-

condensible (Xe(g) and SF,(g)) species. It was desired to form the ion 

yield, I~/e , i.e. the ion current per unit ionizing electron current, 

from the measured analog signals in such a way that the ion yield is 

proportional to the ionization cross section, and thereby exhibits its 

energy dependence. Once formed the ion yield was signal averaged to 

achieve (1) higher S/N and better reproducibility on the low level C ~ 

signals, (2) subtraction of the residual gas background contributions to 

condensible species ion yields (3) relative freedom from slow temperature 

drift of the Knudsen furnace, and (4) less manual reduction and more con­

venience in treating the output lon yield curves. 

The system was built around a Nuclear Data Model 800 "Enhancetron" 

Signal averager, whose time base sweep drives the electron energy power 

Supply, and whose 1024 channels accumulate, digitize, and average the 

quantity I~/e . The lon current I~ was the analog electrometer output of 

the mass spectrometer; the electron current e was collected on ion source 

electrodes (trap anode and trap shield) and measured on another electrom­

eter. The lon yield was formed by dividing I~ by e" in an Intronic M602 

operational amplifier divider. The averaging process could be monitored 

on an oscilloscope and the averaged ion yields vs. EE were plotted on an 

X-Y recorder. 

A manual molecular beam shutter was used to Interrupt the condensible 

species beam. With the condensible beam shuttered, the ND-800 could be 

operated in a SUBTRACT mode to remove residual gas contributions. This 

proved to be especially necessary in the case of the fragmentation con­

tribution of CO to C and in all ion yields that were measured out to 

100 eV. The lon yields for Xe and Ag were compared to total ionization 
1 2 • cross sections measured by others ' through 30 eV and were found to 

accurately (± 57„) reproduce their energy dependence. The S/N was suffi­

ciently good to resolve several elements of fine structure (appearance 

potentials) in the ion yield curves of Xe , Ag and C . One concrete 

result of this data acquisition system was the ability to measure the ion 

yields of the very low level C, and C_ species. 

This work was supported by the United States Atomic Energy Comraission. 

This material is being prepared for submission to the Review of 

Scientific Instruments. 

1. D. Rapp and P. Englander-Golden, J. Chem. Phys. 43_, 1464 (1965). 
2. S. I. Pavlov et.al., Sov. Phys. JETP (Eng. Trans.) 25., 12 (1967). 
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ON-LINE QUANTITATIVE ANALYSES 
WITH MASS SPECTROMETER AND COHPUTER 

T12 

H. E. Lumpkin and J . H . Harding 

Analyt ical Research Laboratory 
Esso Research and Engineering Company 

Baytown, Texas 77520 

The use of computers to handle mass spectral data was almost forced on spectrosco­
p is ts by the sheer volume of data avai lable from high resolut ion instruments. As early 
as 1964, Biemann and co-workers(1) used measurements from a photoplate as input to a 
computer and calculated masses, assigned molecular formulas, and pr in ted an element map 
as an aid in pure compound structure determination. Automatic data acquis i t ion systems 
fol lowed(2,3) with data being col lected and sometimes p a r t i a l l y processed in real t ime. 
More recent ly a technique fo r quant i ta t ive high resolut ion- low voltage analyses of very 
complex mixtures was described by our group(4). This method was developed in these 
laborator ies(5) but has been expanded and computerized. 

The a v a i l a b i l i t y of a medium size computer (IBM 1802), acquired pr imar i ly to handle 
high resolut ion data, has led to i t s use for on- l ine data acquis i t ion and computations of 
spectra from a low resolut ion mass spectrometer. Our aims were to reduce the time and 
cost of established procedures and to cut out human er ro rs . These aims have been achieved 
using the equipment and programs described in th is paper. 

An overal l view of the data flow is shown in the f igure below. A Consolidated Model 
21-103C has been modified by replacing the en t i re ion current ampl i f ie r system with an 
Analog Devices Model 3D1 so l id state operational ampl i f ie r . I t has a fas t response time 
and no d r i f t . Communications between the instrument and the computer are provided by 
in ter fac ing equipment. 

CEC 21-103 

PROC. NO. 

' 

IBM 

1802 
-

EXTER­
NAL 

SYNC. 

MSPRO 

PROGRAM 

DATA 
FILES 

CEC MS 

PROGRAM 

INMAS 

PROGRAM k 

CECLV 

PROGRAM 

DATA 

FILE 

INTERFACE 

The inter face establishes a t r iang le of communications between the HS, 
and the computer. The inter face performs control funct ions and signal 

the MS opera-
condi t ion ing. 
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Control funct ions are passed to the computer by means of a single pushbutton and four 
toggle switches. The pushbutton creates an in ter rupt f o r the computer which, upon suc­
cessive occurrences, is interpreted as a request fo r computer serv ice, a command to s ta r t 
a scan, and a command to stop a scan. Toggle switches are interrogated at the end of a 
Scan to determine which analysis is to be performed on the data. Control functions 
generated by the computer act ivate status l igh ts on the MS operator 's console ahd provide 
s tar t -s top control for MS scans. 

Signal condit ioning is required for the three analog signals monitored by the com­
puter: Magnet cur rent , accelerat ing vol tage, and ion i n t e n s i t y . Redcor amp l i f i e rs , 
Model 391030, are used fo r th is purpose. 

Magnet current is sampled p r io r to and a f ter a run, and the average value is used in 
mass ca lcu la t ions . Accelerating voltage and ion in tens i ty are each sampled 250 times per 
Second for a MS scan rate of 1 mass decade/minute. Analog to d i g i t a l (A/D) conversion 
rates are cont ro l led by using the external synchronization feature of the IBM 1800. 

LOGIC OF PROGRAMS 

CECHS ' ' 

This is a mainline program. Its function is to control status lights on the HS, 
start and stop MS scans, and branch to other programs which perform specific tasks. 

If the MS operator does not start a scan within 18 seconds after the computer 
activates a ready light on the MS console, this program branches to a mass number calibra­
tion routine named CECMI. CECMI is discussed later. 

If the MS operator initiates a scan, this program causes the scan to start and 
branches to the subroutine ONFLY for detecting peaks in real time. CECMS then calculates 
mass and saves an array of peak heights and mass. 

At the completion of a scan CECMS interrogates four toggle switches and either prints 
the spectrum obtained and exits or chains to INMAS. 

ONFLY 

This subroutine receives ion current signals from the MS in real time. An average 
baseline is determined at the start of a run and this is assumed to be constant throughout 
the run. The program detects peaks and saves their maximum intensity and corresponding 
accelerating voltage. Peak heights are used rather than peak areas in order to save 
computer time. The routine has worked successfully at A/D conversion rates up to 1 KC. 

CECMI 

This subroutine is used for mass number calibration. A signal proportional to accel­
erating voltage, monitored by the computer, is adjusted while the MS is focused on a known 
peak until the mass number calculated by the computer is correct. The current value of 
mass number, ion intensity, magnet current, and accelerating voltage are printed on a 
typewriter located at the MS. 

INMAS 

This mainline program gets the number of peaks in the spectrum and arrays of mass 
number and peak height from CECMS. It compares mass spacing and peak height of four peaks 
at a time and rejects noise spikes, metastable ions, and half masses. A running delta for 
difference between calculated mass and integral mass compensates for drift in magnetic 
field and nonrepeatability of the voltage decay scan. The peak height array is re-indexed 
to correspond to integer mass. For example, the peak height for mass 69 is entered into a 
PKHTA array as PKHTA(69). We refer to this peak height array indexed to integer mass as 
the integral spectrum. The peak heights of missing masses are set to zero. 

INMAS then prints an integral spectrum at a typewriter in the MS laboratory, turns to 
the next page and chains to MSPRO or CECLV as determined by the setting on the toggle 
switches. 

MSPRO 

This mainline program receives the integral spectrum from INMAS, reads fixed data 
from a selected disk data file, sums the peak heights for specified masses, does matrix 
multiplication, and prints analyses at the typewriter. The contents of a data file and 
the space requirements for a 12 component analysis are shown below: 
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Item No. Words 

Title of procedure 25 
No. of rows, columns, components 3 
Inverted matrix of calibration data 288 
Names of components 96 
No. of peaks in summation 12 
Mass numbers used 80 

504 

On an IBM 1810 disk storage u n i t , one sector corresponds to 320 words; therefore, only 2 
sectors are required for th is data f i l e . 

MSPRO pr in ts the sums of peak heights and both un-normalized and normalized analyses 
in a f ixed' format fo r each procedure. 

CECLV 

Peak heights of specif ied masses are divided by ca l ib ra t ion coef f ic ients to give an 
aromatics low voltage analysis. A compound type and carbon number d i s t r i bu t i on analysis 
from CnH2n-6 through CnH2n-18 covering a range of n=6 to n=22 is pr inted in a rectangular 
array. Appropriate mass series and carbon numbers are given as row and column headings. 

APPLICATION 

We have used the computer fo r data acquis i t ion resu l t ing in what we ca l l a raw 
spectrum fo r almost two years. The raw spectrum consists of peak height and approximate 
mass and is used pr imar i l y for experimental scans. The programs y ie ld ing completed 
analyses have been in use fo r over a year. The fo l lowing procedures are current ly on- l ine : 

Procedure No. of Components 

Raw spectrum only 
Integral spectrum only 
Naphtha-Petroleum 
Gas Oil Saturates 
Gas Oil Aromatics 
Aromatic Low Voltage 
Naphtha-Coal Liquefaction 
Gas 

. 
-

11 
7 

12 
89 
16 
22 

Recently we replaced the four toggle switches, which allowed up to 16 procedures to 
be selected, with two decade d i g i t a l switches, providing 100 d i f f e ren t se lect ions. As the 
requirements fo r established procedures change, we have the capab i l i t y of developing new 
methods and put t ing them on- l ine . 

We plan to submit an expanded version of th i s paper to Analyt ica l Chemistry. 
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