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Ro'téi:i'oinal Effects on the Formation of CH;* from CH, in the Threshold Region.Al
H. M. ROSENSTOCK, K. E. McCULLOH, V. H. DIBELER, and J. A. WAILKER,
Institute for Materials Research, National Bureau of Standards, Washington, D.C. 20234

Chupka, several years ago, drew attention to the importance of rotational energy
effects in interpreting the onset energy of CH;+ from CH, in photoionization. He
agsumed, in effect, that the total rotational energy of the parent ion was available for
dissociation. A more realistic model of the process is one which takes into account the
conservation of angular momentum about the axis of decomposition leading to CH,* + H.
This model leads to a different rotational tailing of the ion yield curve and also a slightly
different extrapolation procedure to give 0°K results. The model is compz.lred to
experimental results at several temperatures for the photoionization of both CH4 and

CDy4. Attention is drawn to the anomalous behavior of the CI—I;+ threshold.
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Photoionization Studies of Some Diatomic Interhalogens, V. H. DIBELER, A3
J. A. WALKER, and K. E. McCULLOH, Institute for Materials Research, National
Bureau of Standards, Washington, D. C. 20234

Mass spectra and molecular ionization thresholds are reported for CIF, ICl, and IBr.
Abundances of atomic ions formed by dissociative ionization and by ion-pair processes
are tabulated relative to the molecular ion abundance at about 21.22 eV. Although all
dissociative ion species are energetically possible, some are unobserved and empirical
qualitative relationships between ion abundance and atomic ionization energies and
electron affinities are noted. Threshold measurements carried out at and below ambi-
ent room temperature indicate ionization of molecules in the ground and in vibrationally-
excited states. Unambiguous identification of the 0, 0 transition for molecular ionization
is obtained from observed effects of temperature on features near threshold of the

ion-yield curve.



Cycllc and Acycllic C3;H; and C3H, Neutrals and Catlons AS
F. P, Lossing, Division of Chemlstry, NRC Laboratories, Ottawa, Canada.

Recent photon impact studies of lonlzatlon and dissociatlon thresholds for
allene, propyne, and derilvativeslhave been supplemented by monoenergetic
electron Impact measurements on cyclopropene and on propargyl (HC=CCH,)
radical. The thresholds f{or formation of C;H; fragment lon, which is
prominent in the mass spectra of many hydrocarbons, are in excellent
agreement at a value of AHf(C;H3+) = 256+2 kcal/mole This is about 25
kcal/mole lower than is currently found Ffor AHp(CH= CCH2%), from the
lonlzatlon potentlal of propargyl radical, and must refer to cyclo- ~CsHst
Formation of thils symmetrical cyclopropenyl cation in the dissoclatilve
lonization of hydrocarbons appears to involve remarkably faclle rearrange-
ment reactions.

14, ¢. Parr and F. A. Elder. J. Chem. Phys. 49, 2659 (1968).
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ACCURATE THRESHOLD POTENTIALS WITH
A QUADRUPOLE MASS SPECTROMETER

by

Thomas C. Ehlert

Chemistry Department
Marquette University
Milwaukee, Wis, 53233

ABSTRACT

A rather simple and inexpensive method of removing most of the ambiquity from
the determination of ionization and appearance potentials with a conventional
electron impact ion source is described., Equations are presented which show that
when unknown and reference ion currents are adjusted experimentally or mathematically
to compensate for sample dependent parameters such as multiplier gain the data and
plotted as log (ion current) vs. ionizing voltage, the result should be parallel
curves which are separated by the threshold potential difference. The development
shows the relation to the extrapolated voltage difference method and offers some
insight into the semi-log method developed by Lossing et al. Results from inter-
comparisons of knowns indicate an uncertainty of only 0.1 eV may be achieved.

INTRODUCTTON

It is well known that the curvature near the threshold of an electron impact
ionization efficiency (IE) curve is largely the result of the quasi-Maxwellian
distribution of thermal electron energies plus the voltage drop along the exposed
length of filament. In high sensitivity instruments one volt or more may be dropped
across the length of filament from which electrons may enter the ion source so IE
thresholds tend to be rather long curves. Locating the onset under these conditions
Tequires, as one person put it, an almost intuitive feeling for the data. Some
of the ambiguity can be removed through mathematical manipulations such ?s the
energy distribution difference (EDD) method described by Winters, et a}. 1) or
the extrapolated voltage difference (EVD) method described by warren(?). 1In our
experience, however, the EDD method requires data freer of perturbations than
ordinarily attainable. Similarly, close to the threshold the noise and exponential
form makes measurement of the separation hetween unknown and reference IE curves
difficult. Still, one ideally would like to measure separations very close to the
thresholds, i.e. in the exponential regions. One way to do this is by using a
detection system which responds to log (ion current) so the exponential region can be
displayed linearly or nearly so. Then, by x-y recording of log (ion current) as the
ionizing voltage is scanned, preferably automatically, and by using noise filtering
on the detection system output one can easily accaumulate an infinite number of data
points in a very convenient form. Lossing, et al. (3) have previously describfg)a
semi-log plot method which though empirical gives generally reliable results.

It requires that the 50 eV ion current of the unknown be normalized to that of the
reference because it usually follows that in the threshold region the log (ion
current) vs. ionizing voltage curves are parallel and separated in the energy direction
by the threshold potential difference. No theoretical justification for the nommali-
zation procedure has been offered nor is it clear what(gg do when the curves fail to
become parallel. It has been pointed out by Nicholson that normalization has no
significance and, in fact, misleads because of all the processes contributing to

the 50 eV current only simple or dissociative %o ization, as the case might be,
remains as the threshold is approached. Honig 6} obtained a relation between the
rate of ion formation by electrons from a thermionic emitter at temperature T and
accelerating Vvoltage V by assuming the probability of ionization P(E) to be pro-
portional to the square of the total electron energy, F, in excess of the threshold
value V.. He showed the slope of log (ion current) vs. V = 2/3kT where V = V¢,
suggesting that curve separations should be measured as the voltages at which the
curves attain this slope. In other words, nomalization is not required. If, as
seems more likely, P(E) varies as the first power of the excess energy the 'critical
slope' becomes 1/2kT. For convenience the argument followed in the latter case is
repeated here.

The rate of ion formation at V, Nj(V), due to the thermal spread is given by
equation 1.
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Ni(Y) = JBCE) dNg () L.
u=o0
where P(E) has the fom

P(E) = c; (E-Vey) if E 2 vey 2a.

P(E} = o if E S ve;

i 2b.

ci being a sample-dependent constant and where dNg(U) is the Maxwell-Roltzmann
distribution function, i.e. the number of electrons with themmal energies between
U and U + dU emitted from the filament per unit time,

dNe(U) = c) U exp (- ) du 3.

In Eq. 3. c1 is a sample-independent constant. Integrating Eq. 1. at a constant
temperature and noting the limits imposed by Eq. 2a and 2b gives

Ni(V) = c2¢i(V-Ve;) + 2kT) if V2 Ve, 4.

and
VeV

N; (V) = cpcj (Vey-V + 2KT) exp (- )y if v < 5.

31
The region of interest here is that represented by Equation 5. To equate Nj (V)
to what one actually measures - the detector output Ij(V) - requires accounting
for a non-unity precursor density in the ion source, source collection losses,
and analyzer and detector discrimination:

I3(V) = G~Tinic N; (V) 6.

where G; is the detector gain, T; the analyzer transmission eff1c1ency( )

the number density of precursor molecules. and cg the source collection eff1c1ency
Using Eq. 6 to eliminate N;j (V) Eq. S becomes

-V

Ve
1;V) = e3¢y (Vei-V + 2KT) exp (- ) 7.

kT

where c; combines all sample—lndenendent constants and cj combines all sample-
denendent constants given in Eq. 6 with cj. Equation 7 shows that if one experi-
mentally or mathematically adjusts the unknown's sample constant to equal

that of the reference sample, i.e. ¢ = cj, then the I vs. V curves will he identical
for corresponding values of Vc¢;-V. This 1s the basis for the EVD method. To avoid
the asymptotic approach to I = O one may plot the data as

Vei-V
InIj(V) = In c3 + In ¢f + In (Vci-V + 2kT) - 8.

Again, when c1 is set equal to cJ the plots of InIj(V) and InIj(V) will be parallel
and separated, at a given value of InI, by Vcl'Vc This is the basis for the

method used here and is an alternative to Honig's aporoach. Since the plot of
InI; (V) vs. V in this region has a slowly varying slope and since differing
values of the sample-dependent constant merely shift the curve in the 1Inl direction
it is clear that the 'normalization' required, experimentally or mathematically,
assures that the Vcj-Ve; separation is measured between corresponding portions of
the reference and unknown curves. Although no expression~has been developed which
describes the current voltage relation from threshold to 50 eV or higher, this
analysis suggests that the normalization procedure in the Lossing method amounts
to equating the reference and unknown sample constants. Implicit in this development
are the assumptions that autoionization, Franck-Condon fﬂctors and internal energy
content do not grossly affect the threshold behavior. :

Preliminary work here indicates that inclusion of a filament voltage drop
effect in the equations will not alter the conclusions drawn above.

EXPERIMENTAL

To apply this method a simple capacitor dischaIge circuit was_constructed
for scanning the ionizing voltage at about 2 v min Next the 10° ohm input
resistor of the Keithley 416 picoammeter, ussd to amplify the secondary electron
multiplier output of the mass spectrometer was replaced with a 2N930
transistor as shown in Fig. 1. As shown this NPN device is used as a diode with
the collector lead unconnected. The approximate form of the P-N junction equation
shown mathematically describes its response characteristics. The response of the
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detection system was checked with a calibrated picoammeter supply and found to

be logarithmic from 10-6 A to 10712 A, Below 10712 4 a predictable deviation occurs
as the exponential term in the function equation I/I5 = exp (qV/kT)-1 becomes
comparable to unity. This does not preclude recording data below 10-12 A since
as an instrumental effect it would appear on all curves. The range of logarithmic
response should be exte?dayle by chilling the junction; however, this apparently
has not been attempted. 1} after focusing on the ion of interest the voltage
scan was initiated and with x-y recording an infinite number of log (ion current)
vs. ionizing voltage points were obtained within a few volts of the threshold.
Curves for other calibrating substances, introduced through a leak valve, were
recorded in the same manner except that the precursor partial pressure in the ion
source and/or the transmission efficiency (n; and tj in Eq. 6, respectively) were
adjusted so the curves were parallel to that of the first species. The x-axis
zero position of the recorder was offset by 10 v while retaining the calibrated
1,00 v in™" sensitivity over the full 10 volt range on this axis. A constant 20
microamperes trap current was automatically maintained at all times. The MnF,*
and MnF* currents were derived from MnF, vaporized from an effusion cell at a
constant temperature * 2°K. At this level the current through the filament did
not vary detectably during the voltage scan. Should such changes occur, as
required by the trap current regulator, the ionizing voltage scale would be
non-linear due to the changing volt drop ecross the filament.

RESULTS

When the average separations between the calibrant curves in the lower half
of Fig, 2 were measured and compared to the differences in the reported ionization
potentials (all known to 0.01 eV or better(4) the average deviation found was
0.08 evV. That is,

z|(vc)Lit'- Vg |/5 = 0.08 eV. The calibrant and unknown curves

could be reproduced to within better than 0.1 eV upon re-recording. Several days
later the entire process was repeated. The IP(MnF,) and AP(MnF‘/MnFZ) found in
the repeat study were only 0.07 and 0.04 eV from tge first set of results, respec-
tively. The averages of these two determinations are 11.18 for IP(MnF,) and 13.29 eV
for AP(MnF*/MnF,), compar?d ith 11.5 and 14.5 eV % 0.3 eV obtained earlier by the
vanishing current method. 13) mis reproducibility indicates an uncertainty of
0.1 eV or less for IP measurements from systematic and random effects. Until
further tests are performed on ions from dissociative processes an accurate assess-
ment of the method's reliability will be difficult. There are reasons to suspect
this method would be less satisfactory for large po]yatoTic molecules or for frag-
mentation processes requiring large activation energies. 14) " our data on IP(MnF)
and AP(MnF*/MnF;) give D°(MnF-F% = 4.8 * 0.2 eV which compares well to the thermo-
chemical result 5.1 * 0.2 eV, (}3) however.

The left side of Fig. 3 reveals the chief instrumental problem, the non-
logarithmic response mentioned above.

CONCLUSTION

The method discussed above, related to the EVD and the semi-log methods,
appears to afford a simple yet accurate means of removing most of the ambiguity
from electron impact ionization threshold measurements with little or no alternation
of the instrument itself. Details of the threshold behavior are not revealed. 1In
fact, the method is based on assumptions that the form of the IE curve with a volt
or two of the threshold is essentially the same for all species to be studied.
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Log ( Ion Current, A )

C,He CiHsBr MnF, O, H,0 MnF CO,
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11 | ; L |
1215 I 12 13 14 15

Ionizing Voltage Uncorrected

Figure 2. Results on several calibrants and unknowns
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Using Model Ionization Efficiency Curves to Evaluate

the Methods for Determining Appearance Potentials. J. T.
OCCOLOWITZ and B. CERIMELE, Lilly Research Laboratories,
Indianapolils, Indiana 46206

Ionization efficiency curves for normal and metastable
fragment ions are computed for model systems described by
the Quasi-Equilibrium Theory of mass spectra. The calcula-
tions take into account different kinetic situations, the
energy distribution of the ionizing electrons and its change
with ionizing potential, and the vibrational energy
distribution of the precursor molecules. Using the model
curves as "experimental" data appearance potentials are
found using Warren's method, Morrison's second derivative
method, the method of semi-logarithmic plots, and the
energy compensation method. The utility of each of these
methods is evaluated by comparing the "experimental"
results with the true appearance potentials for the model
systems.

To be submitted for publication.
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REFORMULATION OF THE QUASI-EQUILIBRIUM THEORY OF IONIC FRAGMENTATION™
Cornelius E. Klots
Health Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

Essentially any attempt to calculate the rate with which some ensemble of excited
species decomposes will involve treating this rate as a function of some small number of
characteristic parameters. By entertaining more and more detailed groupings of these
parameters, such a formulation can be made more fine-grained and presumably more accurate,
but also less general. On the other hand, the smallest number of parameters which might
safely be considered would comprise the conserved quantities of motion. A decomposition rate
for such an ensemble can then be obtained from micro-canonical ensemble theory. Indeed, for
such an ensemble the equilibrium rate constant is the only unique rate constant. Thus, quasi-
equilibrium rate theory assumes quite naturally a central position between generality and
detail,

The essence of quasi-equilibrium theory has been most often formulated within the
constructs of the transition state. Attendant to such formulations are the usual assumptions
of transition state theory regarding reaction coordinates and transmission coefficients. A
quasi-equilibrium formulation which avoids these assumptions would be attractive.

The details of such a formulation, together with an application to the fragmentation

(]

processes of the methane positive ion, are presented elsewhere. It will suffice here to

note that this reformulation invokes microscopic reversibility to connect the fragmentation
with the cross-sections for the reverse process. It is also noteworthy that this reformula~-

(2]

tion in effect puts the ideas of phase-space theory on an absolute time scale. It is often
asserted that phase-space theory represents a radical departure from transition state theory.
In view of the above remarks, we would prefer to emphasize the kinship.

Of especial interest are the metastable decompositions of the methane ion and its
deuterated analogs. The usual transition state formulation does not lend itself readily to a
satisfactory interpretation of them. Tunneling through centrifugal barriers on the other
hand leads to a reasonably good correlation between the observed[3] and predicted abundances.

The correspondence is displayed in the figure. An attempt to place this correlation on an

absolute scale requires additional assumptions, but succeeds nevertheless to within a factor

+

of two. Note that metastable D atom ejection from CD4

occurs readily, contrary to the
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usual mass dependence of tunneling. This is explained in a paper to appear soon. (2] The usual
mass effect does not arise in tunneling through centrifugal barriers. Thus some generality

for the tunneling mechanism is suggested.

*Research sponsored by the U. S. Atomic Energy Commission under contract with

Union Carbide Corporation.
[1] .

C. E. Klots, J. Phys. Chem. (in press).
[Z]]. C. Light, Discussions Faraday Soc. 44, 14 (1967).

B JCh. Ottinger, Z. Naturforschg. 20a, 1232 (1965).

4 JC. E. Klots, Chem. Phys. Letters {in press).
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Figure 1. Correlation between predicted and measured abundances of metastable hydrogen

atom ejection from methane ions.
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A10
ENERGY DEPOSITION FUNCTIONS IN MASS SPECTROMETRY

G. G. Meisels, C. T. Chen, B. G. Giessner, and R. H. Emmel
Department of Chemistry
University of Houston
Houston, Texas 77004

ABSTRACT

Methods for the evaluation of internal energy distribution functions resulting in
ions from impact of energetic electrons are examined and their shortcomings are analyzed.
An approach to the calculation of energy deposition functions based on the Bethe-Born
treatment of collisions is presented. It requires photoelectron spectra and photo-
ionization cross sections as input data. Distribution functions are calculated for
methane, ethane, and ethylene, and are evaluated by folding them into known breakdown
curves. The resultant ion distributions are in good agreement with experimental frag-
mentation patterns for 70 eV electroms.

INTRODUCTION

The statistical or quasi-equilibrium theory of mass spectral assumes that ilons are
formed with a range of excitation energies on initial electron impact, and that this
energy 1s rapidly degraded into vibrational energy of the ground electronic state of the
ion. The subsequent fragmentation is then described in terms of first order rate theory.
Primary emphasis in the development of this model since its original introduction has
been on the correct description of first order ratezcigstants, and good approximations
to actual state density counting are now availablfa IS This aspect of the theory is
therefore well able to calculate breakdown curves™ ’'~” and shows good agreement with such
data obtained by charge exchange or photoionization.ll'l3 The second major factor
affecting the calculation of mass spectra produced by 70 eV electrons, the internal
energy distribution function, has received considerably less attention. A variety of
approximations have been employed to estimﬁge this quantity since the direct evaluation
15 extremely difficult and time consuming. Unfortraately, the. assumptions underlying
the use of the indirect methods may well be invalid. In this communication we show
that energy deposition functions can be derived from the well known Bethe-Born treatment
of atomic collislons, discuss the restrictions of this approach, and evaluate it for
simple molecules.

ENERGY DEPOSITION FUNCTIONS FROM THE OPTICAL APPROXIMATION

It is convenient to begin by reviewing the basis of this apg§oximationl7_19 which is

an immediate consequence of the Bethe-Born theory of collisions, in essence a quantum
mechanical impact parameter treatment. It is an application of perturbation theory and
rests on the assumption that the incident projectile can be described as a plane wave.
This condition is met as long as the Born approximation is valid. For sufficiently
large values of the kinetic energy T of the incident electron it leads to the following

relationship for the total cross section o for the excitation of an atom from the
ground state to an excited or ionized state’ n:
2
= 4nalRe/T - )
;i: on,t naoR /T (fn/E“)ln(ATcn/R) ()

where a_ is the Bohr radius, R is the Rydberg energy, E_the excitation erergy of the
state n above the ground state, f_ the optical (dipole) oscillator strength, and <y
represents a constant of the order of magnitude of unity. In the ionization continuum,
fn is to be replaced by dfn/dEn'

A similar reistﬁgnship can be derived by correlating the collision process with
radiation theory.“ This approach, the Weizsaecker-Williams method of virtual quanta,
analyzes the time-dependent perturbing field of the impinging electron or other charged
particle using classical mechanics. Transformation to the frequency domain yields a
distribution function of harmonic waves whose intensities and frequencies are defined by
the collision process. The effect of these frequencies is then analyzed on the assump-
tion that they add incoherently. Again, the chief assumption is that the perturbation
is small.

The basic equation (I) can readily be converted to a probability function P(E ) that
an lon pair formed on passage of highly energetic electrons is created by an energy loss
E . The fraction of states produced at E, which ionizes is given by n_, the lonization
e?ficiency; the product £ n_ varies as the ionization cross section ¢_. Equation (I)
can therefore be rewritteh In terms of this experimental observable and after
normalization:

E
PE) = (o /E )/ ({, "% (o /E YaE ) an
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Equation II will be valid for high values of T except for the approximation contained
in the assumption that c is independent of En.

The familiar Bethe-Born treatment or the Weizsaecker-Willlams method thus provide
a means of calculating the probability distribution of energy loss as a function of
energy. When this process leads to ionization, the energy loss by the incident electron
cannot be assoclated uniquely with a given excited state, but will be divided between
the kinetic energy of the ejected electron and the ionization energy.

It is possible to estimate the energy partitioning from photoelectron spectra
taken with incident photon energy En = hv with certain limitations. This will not gilve
correct results for systems where multiple ionization is important because in such
processes the enmergy difference between E_ and the emergy remaining with the multiply
charged ion may be divided between two or more electrons.

LIMITATIONS AND APPLICATIONS

The optical approximation ideally restricts calculation of enmergy deposition func-
tions by this method to impacting electron energies in excess of ca. 5 kV for hydro-
carbons and other low-Z atom containing molecules. At the same time, however, lonization
cross sections and photoelectron or ESCA spectra would have to be known over a very
large range of energles. Even then, the folding of these propertles weighted by 1/E
would mot give the entirely correct result because of the limitations imposed by multiple
ionization. _Ionization cross sections at high photon energies would be overestimated
because individual acts would lead to the formation of several ioms.

Fortunately, the electron energy range of interest in mass spectrometry (i.e. 50 to
100 ev) is in the region where, for many species, multiple ionization is not an important
contributor to total ionization. Most of the interaction occurs with valence electrons,
and the optical approximation would therefore only have to be approximately valid for
low energy transitions. There is some evidence that the Born approximation gives an
adequate description of major processes at energles greater than 70 ev,22 and particu-
larly at a few hundred eV.23-25 Moreover, the mass spectra of simple molecules do not
change materlally at electron energles up to several hundred eV.

Therefore, it is only necessary to know photoionization cross sections over a
limited energy range; they are available up to ca. 25 eV from the work of Schoen27 and
that of Metzger and Cook;28 the data are not in very good agreement with each other,
but the former is generally considered more reliable and will therefore be employed
in our further discussion.

Photoelectron spectra are typlcally available only at one or at the most two
selected photon energies dictated by the availability of resonance lines, with the 21.21
eV line of helium most frequently employed. It is therefore necessary to assume that
changes in incident photon energy cause only a shift in the energy axis of the photo-
electron spectrum, and that it is merely truncated at E_ when that energy i1s less than
that of the resonance line used in the determination. ome changes in relative transition
probabilities have been reported,3013l but §enera11y these are relatively small, or
affect primarily higher energy transitions. 1,32 this assumption should not introduce
a serious error.

Photoelectron spectra, however, also discriminate against ions resulting from auto-
lonizing states. Derivative electron impact spectra”? and photoionization mass
spectrometry34 suggest that such processes may be quite important, and photoelectron
coincidence mass spectrometry indicate that both parent and fragment ions may result.
This presents the possibility of a severe complication even ‘though the relative impor-
tance of such processes is not known at present.

The application of this approach to ethane is shown in Figure 1. The photoelectron
spectrum (solid circles)29 is folded numerically by a point by point wmultiplication and
addition procedure36 into the energy loss function for ethane, and the resultant energy
deposition function is shown as the solid curve. The deposition function is qualita-
tively consistent with the observation of McLafferty et.al.37 that the use of photo-
electron spectra alone overemphasizes high energy processes when comparison is made
to 70 eV mass spectra. The general character of the photoelectron spectrum is, however,
retained.

EVALUATION

The energy deposition functions can therefore be evaluated approximately by folding
them into breakdown graphs-%» and comparin§ the resultant mass spectra with those
reported from analytical mass spectrometers. 8 A difficulty 1s apparent in that mass
spectra obtained with various instruments differ substantially from each other. Among
the reasons for this discrepancy are instrumental mass discrimination, particularly
important for Dempster type instruments, and ion source temperature. Photoionization
cross sections, photoelectron spectra, and breakdown graphs are usually reported for
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near-thermal molecules, while in mass spectrometry temperatures are usually ca. 520°K.
We have therefore compared the mass spectra calculated by our aprilori approach with two
of those in the literature. Comparison with spectra obtained with sector type instru-
ments 1s more meaningful because of the lesser discrimination and the probably lower
temperature of the measurements.

The results of such calculations and comparisons are shown in Tables I - III. The
agreement between calculated and experimental fragmentation patterns 1s essentially
within experimental error when the optical approximation is used for the calculation of
energy deposition functions. The direct use of photoelectron spectra leads to a con-
siderable overestimate of the probability of higher energy processes. This is to be
expected since there is no apriori validity for the assumption that the intensity dis-
tribution of photoelectron spectra reflects the internal energy distribution of the ion
formed on impact of 70 volt electrons.~“»

Little advantage 1s obtained from the use of the optical approximation for
ethylene. This is directly a consequence of the dominant formation of parent ion in an
energy band just below the threshold of fragmentation. The cause of the relatively
poor fit may be the contribution of autolonization porcesses which do not manifest
themselves in photoelectron spectra.

CONCLUSION

Energy deposition functions even for the impact of 50 to 100 V electrons can be
estimated by an application of the Bethe-Born theory of collisions using photolonization
cross sections and photoelectron spectra. This approach gives better agreement when
applied to the prediction of mass spectra than any of the other commonly employed ones,
but will fail if the mass spectrum is greatly influenced by double ionization processes,
autoionization, and generally by high-energy states.
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TABLE I

COMPARISON OF ESTIMATED ENERGY DEPOSTION FUNCTIONS
WITH FRAGMENTATION PATTERN FOR ETHANE

+ + + +
Ton C2H6 C2HA CZHS CH3 others

AP,eV 11.52 12.08 12.65 13.6

After weiphting by breakdown curve

Photoelectron spectrum 9.7 37.4 8.6 4.1 40.2
Optical approximation 12.5 42.0 3.0 3.5 33.0
Experimental

API spectrum Number 61; Westinghouse

L.V.; temperature not specified 14.6 47.4 11.8 1.0 25.2
API spectrum Number 2; CEC 21-102; 250°C 11.8  45.1 9.3 2.3 31.5

TABLE 11

COMPARISON OF ESTIMATED ENERGY DEPOSITION FUNCTIONS
WITH FRAGMENTATION PATTERNS FOR METHANE

cH CH; cu? others

Ion 4 2
AP,eV 12.65 14.24 15.16
From Photoelectron Spectrum 39.9% 57.6% 2.5%
From Optical Approximation 52.2 45.9 1.9
API spectrum Number 60; Westinghouse
L.V., temperature not specified 53.1 40.3 3.9 1.9
API spectrum Number 1; CEC 21-102; 250°C 46.0 39.5 7.4 7.1

TABLE III

COMPARISON OF ESTIMATED ENERGY DEPOSITION FUNCTION
WITH FRAGMENTATION PATTERN FOR ETHYLENE
+ + +
Ton CZHA CZHZ C2H3 others
AP,ev 10.51 12.96 13.37

From Photoelectron Spectrum 44,37 19.8% 36.0%
From Optical Approximation 48.7 19.0 32.3

Experimental

API spectrum Number 65; Westinghouse

L.V.; temperature not specified 44.0 22.89 25.8 9.41%
API spectrum Number 23; CEC 21-102; 250°C  38.1 23.7 24.7 13.5
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Figure 1. Approximate photoelectron
spectrum (points) and energy deposition
function (solid line) for ethane;
normalized at maximum.
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STEREOCHEMICAL REQUIREMENTS FOR INTRAMOLECULAR REARRANGEMENTS B2

IN TRIMETHYLSILYL AND TRIMETHYLSILYLPHOSPHATE DERIVATIVES.

D. J. HARVEY, M., G, HORNING AND PAUL VOUROS
Institute for Lipid Research, Baylor College of Medicine
Houston, Texas 77025
Abstract
The mass spectra of the TMS derivatives of alkane diols and sugar phosphates
exhibit a large number of rearrangement jons. Migrations have been observed for
hydrogen, trimethylsilyl and trimethylsilylphosphate groups, Rearrangement ions
involving migration of as many as three groups in sugar phosphates and glycero-
phosphates have been observed. Preparation of derivatives containing both TMS and
D-9-TMS groups on selected positions provided further informatjon about the origin
of the interacting groups. Little is known about the stereochemical requirements for
the formation of these rearrangement ions. Studies conducted with molecules of rigid
or semi-rigid conformation (e.g., trimethylsilyl derivatives of steroid diols and

steroid phosphates) indicate a high degree of stereochemical dependence.

The full papers will be published in J. Organic Mass Spectrometry (May or June 1971)
and Tetrahedron (a 1971 issue).
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B3
INTERACTION OF A SILYL CENTER WITH DISTANT

PHENYL GROUPS IN ORGANOSILICON COMPOUNDS

William P. Weber
Department of Chemistry
University of Southern California
Los Angeles, California 90007

The first compound we would like to consider is l-phenyl-2-trimethyl-

silyl ethane. The spectrum is extremely simple--there are only four

major ions. In addition to the parent ion at mass 178, there are two
important ions formed by simple cleavage of a group from the quarternary
silyl center. These are the trimethyl siliconium ion at mass 73 and the
P-15 siliconium ion formed by loss of a methyl group from the parent at
mass 163. The final major ion is the dimethylphenylsiliconium ion at

mass 135. This ion is formed by migration of the electron rich phenyl
group from carbon to the siliconium ion center with simultaneous loss of
ethylene. Observation of a metastable ion at mass 111.5 and deuterium
labeling work support this rearrangement. A similar rearrangement of
- trimethylsilylbenzyl ethers has been reported by C. Djerassi--only in

this case formaldehyde is lost rather than ethylene as the neutral species.

The second compound we would like to consider is l-phenyl-3-tri-
methylsilyl propane. In this compound, a significantly different type of
interaction of the silyl center with the remote phenyl ring is observed.

In addition to the parent ion, two ions formed by simple cleavage
of groups from the quarternary silyl center are important, namely the
trimethylsiliconium ion at mass 73 and the parent minus a methyl group
at mass 177. Interaction of the P-15 siliconium ion with the remote
phenyl group with simultaneous loss of C3Hg leads to the dimethylphenyl-
siliconium ion at mass 135. However, this is not the most important in-
teraction of the silyl center with the remote phenyl group. The ion at
mass 164 is formed by transfer of the intact trimethylsilyl group of the
parent ion to the phenyl ring with simultaneous loss of ethylene. This
rearrangement is similar to one observed by S. Meyerson in alkyl aromatic
compounds, in which a gamma hydrogen is specifically transferred to the
benzene ring with simultaneous loss of ethylene. Similarities in the
type of specific rearrangement which trimethylsilyl groups and hydrogen
atoms will undergo in the mass spectrometer have been previously noted.
For instance, in the mass spectrum of methyl-4-trimethylsilyl butyrate
a specific transfer of the trimethyl silyl group from the gamma carbon
to the carbonyl oxygen with simultaneous loss of ethylene is observed.
This rearrangement is analogous to the specific transfer of a gamma hydro-
gen to the carbonyl oxygen of ketones--better known as the McLafferty
rearrangement.

The transfer of a trimethyl silyl group from a saturated carbon to
an unsaturated carbon of a phenyl ring in the mass spectrum of l-phenyl-
3-trimethylsilyl propane was substantiated both by deuterium labeling
and by the observation of a metastable ion--both the 3,3-dideuterio and
the l-deuterio compounds were examined.

Other ions of note in the mass spectra of this compound are the
tropylium ion at mass 91 and the l-trimethylsilyl ethyl cation at mass
101. This last ion is often important in the mass spectra of organo-
silicon compounds.

In the mass spectra of l-phenyl-4-trimethylsilyl butane in which the
silyl center and the phenyl ring are separated by four carbon atoms, no
interaction is observed.

The third compound we will discuss is beta-trimethylsilyl styrene.

In addition to a parent ion and a P-15 siliconium formed by loss of
a methyl group from the quarternary silyl center two major ions arise by
interaction of the silyl center with the remote phenyl group. The di-
methylphenylsiliconium ion at mass 135 is formed by interaction of the
P-15 ion with the phenyl ring with simultaneous loss of acetylene as the
neutral species. The ion at mass 145 is also formed from the P-15 ion as
indicated by the observation of an appropriate metastable peak. It is
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2
formed by loss of methane from the P-15 ion. This loss of methane invol-
ves loss of a methyl group from the siliconium ion center and one hydrogen
from the styryl system.

A tempting possibility was that this involved specific loss of the
alpha hydrogen to form an aromatic 2n-electron system--the silacyclo-
propenium ion. However, labeling experiments indicate that the hydrogen
atom lost from the styryl system is lost in a completely random fashion.
The mass spectra of l-phenyl-l-deuterio-2-trimethylsilyl ethylene, 1-
phenyl-2-deuterio-2-trimethylsilyl ethylene, l-pentadeuterio phenyl-2-
trimethyl ethylene and finally 1-(2',4',6' trideuterio phenyl)-2-tri-
methylsilyl ethylene were all consistent with the complete loss of iden-
tity of the seven hydrogens of the styryl gystems prior to loss of one of
them with a methyl group from the siliconium ion center as methane. We
feel this is consistent with an electrophilic attack of the sgiliconium
ion center on the phenyl ring followed by loss of methane to form an
idenyl siliconium ion.

Finally, in the mass spectra of l-phenyl-2-trimethylsilyl acetylene,
no interaction of the silyl center and the phenyl group is observed.
This is reasonable in the light of the rigid linear geometrical require-
ment of the acetylenic bond.

A full report of these results will be published in the Journal of
Organic Chemistry.
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Abstract B4

Don C, DeJongh, Martha L. Gay, and Laurence R, Dusold
Department of Chemistry, Wayne State University, Detroit, Michigan 48202

A, Mass Spectra of Aryl Dimethyl Phosphates - In the 20 €V mass spectrum of

phenyl dimethyl phosphate (1), the base peak is the molecular ion at m/e 204
O,P). The only intense fragment ions are found at m/e 90 (69%, C7H6) and

(CSHU 4
m/e 107 (46%, C7H7O). These are shifted

o]
to m/e 216, 121, and 104 in the mass spec-
Ph-0O- Il)_ OCH, trum of p-cresyl dimethyl phosphate. The
OCH fragment ions result from rearrangement,

i.e., C7H6 contains seven carbons whereas
in 1 there are only six carbons bonded to-
gether, This rearrangement has been studied by high resolution, deuterium labeling,

and metastable defocusing.

B. MO Calculations Applied to Free Energy Relationships - A modified Pople

and Beveridge CNDO method and program has been used to calculate electronic
energies of ions, For example, the energies of PhCO® and of 12 substituted benzo-

phenones, Ph- CO -056H4- Y T, have been calculated. When log E/E,, where
E - SREIgY of Phe is plotted versus the Hammett sigma constants, a

energy of 1>hcoc6H4Y.f '

straight line with a standard deviation of 0. 036 log units is obtained, Implications of

this result were discussed,



Hydrogen Exchange in a Six-Membered Ring Transition
State: Evidence for a Stepwise McLafferty Rearrangement

P. Vouros*, P. R. Briggs and T. W. Shannon

Dow Chemical Company, Wayland, Mass. 01778

Abstract

The mags spectra of 2-methyl-5-chloro-3N-ethylbenzo-
thiazolium iodide and its N-ethyl-d,, ds3 and ds counter-
parts have been examined. These compounds eliminate HI
thermally from the salt to form 5-chloro-3-ethyl-2-
methylene benzothiazoline, which under electron impact
loges CpH, via a McLafferty rearrangement. The labelled
compounds show losses of isotopically mixed ethylenes
with increasing deuterium incorporation in the (M-CpH4)
ion as the electron energy is decreased. The data may
be explained by a stepwise McLafferty rearrangement in
which the intermediate formed has sufficient lifetime
for reversible hydrogen migration to occur.

*Institute for Lipid Research, Baylor College of
Medicine, Houston, Texas

In Press J. Org. Mass Speé.
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The Internuclear Distance Through Which Bifunctional Interaction Can Occur in an Ion

B6

Radical. C. C. FENSELAU and C. H. ROBINSON, Department of Pharmacology and Experimental
Therapeutics, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205.

We have used the steroid molecule as a rigid template to determine how far apart

two functional groups can be moved before detectable interaction ceases.

A number of

steroid diols in which both hydroxyl hydrogens had been exchanged with deuterium, were
examined for loss of D20 on electron impact.
1,2- or 1,3-diols, and with one exception, show strong intramolecular hydrogen bonding
in infrared measurements of solutions. We conclude that intramolecular interactions

of functional groups will occur on electron impact only when the atoms involved can be

brought to within approximately normal bonding distances.

STEROIDAL DIOL

3p, 178D IHYDROXY - 50~ ANDROSTANE

3@, 120~ DIHYDROXY - 53 -PREGNAN-20-ONE

38, 68 -DIHYDROXY-50i-CHOLESTANE

3, 5p-DIHYDROXY - 58 -CHOLESTANE

16a, 17B-DIHYDROXY-4 - ANDROSTEN - 3-ONE

38,4B - DIHYDROXY - 50- CHOLESTANE
EXO0,EX0-2,3-DIHYDROXYBICYCLO[2,2,1IHEPTANE
3p, 58-DIHYDROXY - 58 -CHOLESTANE

Those compounds which lost D20 are all

HYDROGEN
LOSS OF CLOSEST BONDING
D70 DISTANCE (IR)
No 10.8 & No
No 4.9 No
No 4,7 No
No 3.5 No
Yes 3.2 No
Yes 2.4 Yes
Yes 2.0 Yes
Yes 1.6 Yes

This report will be published elsewhere in more detailed form.
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B7

Determination of Fragmentation Pathways of
[[(l—ethyl—3—methy1-5-pyrazolyl)-aminé]methylena malonic
acid, diethylester by High-Resolution Mass Spectrometry
and Metastable Ion Defocusing.

Phillip T. Funke and Allen I. Cohen
The Squibb Institute for Medical Research
New Brunswick, New Jersey 08903

Compound I is thermally converted at 150°C, to l-ethyl-3-methyl-4-
hydroxyl-lH-pyrazolo-[3,4h] pyridine-S5-carboxylic acid ethyl ester,
compound II with the concurrent liberation of ethanol Under electron

c 2 My
l\o GHs
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impact, I (cf. Figure 1) also loses ethanol to form an m/e 249 ion whose
composition agrees with that of II (cf, Figure 2). The fragmentation
pattern of I below m/e 249 is strikingly similar to that of II, although
the intensities relative to the m/e 249 ion are diminished. It is the
purpose of this study to establish, through metastable ion defocusing
and deuterium labelling, the pathways of the conversion of I to II under

electron impact.

That the conversion can occur under electron impact is substantiated
from the observed metastable ion at m/e 210.2, corresponding to the Mt
going to the m/e 249 ion. Additionally, all the mass spectra obtained
from the introduction of I through direct insertion probe at source
temperatures of 60°to 140°C. were identical. Low voltage ionization
(15 ev nominal) spectra of I and II were equivalent to their 70 ev
spectra, with the exception of the m/e 177 ion of I, which occurs by a
pathway not available to II. The chemical ionization spectrum of I at
60°C. has a metastable peak at m/e 211 agreeing with the conversion of
MHt to the m/e 250 ion (cf. Figure 3). The C.I. spectrum of II also
showed a MHt -46 ion (cf. Figure 4).

The spectra of compounds I and II are extremely rich in metastable
ions. The major fragmentation pathways of compounds I and II have been
established by means of metastable ion defocusing employing the variable
accelerating potential method.l The results, summarized in Figures 1 and
2, demonstrate that the pathways are identical and occur by the loss of
small neutral molecules.

To further establish the elimination of ethanol from I, the
N-monodeuterated derivative was prepared by dissolving the sample in
CH30D and exchanging the N-H proton. The mass spectrum showed that
Co,H50D was eliminated to give the m/e 249 ion, As reported by Fenselau
and Robinson2, proton transfer and elimination of small molecules are
expected if the groups are within bonding distances. It had been
previously established for I, from NMR and IR studies, that the amide
proton is intramolecularly H-bonded to the carbonyl group. A second

38



pathway gave rise to a small m/e 251 ion through the loss of C3H50.
Other small-fragment ions, containing deuterium, originate from the
m/e 251 ion. Under electron impact, the following mechanism is invoked.If

io B o] . o]
3
@” 5 e

IQ Hy- CJ.HJI

¢ -

oxygen scrambling occurs, then the elimination could occur by the follow-
ing mechanism. Differentlatlon of the

s
two mechanisms would requireleo labelling. Ring closure would then
proceed by a second proton transfer, i.e. oy O +
Oy, H E
cH ~C. 3 ~
s L Mo s [ O Hs
v
! o N
y &
Hs 2Hs 2

to yield ion 2, corresponding to the M of II. Although it has been
demonstrated that the fragmentation of I proceeds through the ion 2,
fragmentation could also occur through ion 1. It would be necessary to
study the metastable ion energy distribution at an energy resolution
greater than attainable with our instrument to establish the extent to
which fragmentation may occur through ion 1. 1Indeed, even at low-energy
resolution, differences in metastable ion intensities were observed.

In conclusion, it has been demonstrated that ion 2 is one of the
intermediate ions in the fragmentation of I and that the thermal
rearrangement of I can also occur in an analogous manner.

EXPERIMENTAL

The mass spectra were obtained on an AEI MS-902 equipped with an
analog tape and a manually operated metastable ion defocusing unit. High-
resolution data were processed using Squibb programs, on an IBM 1800 or
PDP-11, The chemical ionization spectra were obtained on AEI MS-902
equipped with an SRI source using methane at 1 torr or isobutane at 1
torr.
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Mass Spectroscopy of the Dicyanomethylene Derivatives of Long Chain Molecules*

J. Throck Watson & B. J. Sweetman, Department of Pharmacology, Vanderbilt University,
Nashville, Tenn. and R. E. Wolff, Institut de Chimie, University of Strasbourg, Stras-
bourg, France.

The methyl ether of the dicyanomethylene (DCM) derivative of cerboxylic acids (1)
produce mass spectra which are characterized by an abundant series of fragment ions
extending uniformly to the molecular ion as shown in Figure 1. An importaent feature
of this spectrum is the high abundance (nearly 2% total ionization) of the homologous
series of ions generated by loss of alkyl fragments from the main carbon chain. The
M-15 ion does not belong to this series in that it derives mainly from elimination of
the methyl of the methoxyl group. The other ions, especially the series starting at m/e
135 and increasing in m/e by 14 a.m.u., 149, 163, etc. seem to be formed by a different
and poorly-understood mechanism. The mass shifts resulting from deuterium labelling
at specific positions on the carbon chain of the octadecancic acid derivatives are
tabulated below. Substitution in the & position would be expected to shift m/e 135 to

NCCN

3
‘5«‘0 ‘Q’q sn;’) \ 7/

. : : §
R--CH,~+CH,~~CH,_,-~CH.,~C-0!
-~ R 27T 6“3
& vy . 8 a
dp-a position dp- B position d2— yposition do- & position

expected expected expected expected
135-m=137 135~m=137 135135 1h9-m-149
149-m-151 149151 149 151 163—w165
found c found found found
135-==13 135-m=137 135-w=135 149--14
1bg—=-150 149-m-1k49 ! 149—151 153-»165 !

to 137 and 149 to 151; however, both ions shift by only 1 a.m.u. suggesting that one of
the ¢ hydrogen atoms is abstracted prior to production of the ions of m/e 135 and 1k9.
This phenomenon is similar to that observed in the fragmentation of the esters of car-
boxylic acids (2,3). When the R carbon is substituted by two deuterium atoms, the ion
having m/e 149 does not shift at all suggesting that the entire methylene unit at posi-
tion 3 may be expelled in the formation of this ion. Labelling of C-L gave the expected
results, however, labelling at C-5 produced only a partial mass shift suggesting another
mechanism of hydrogen transfer prior to fragmentation.

The DCM derivative of a carboxylic acid is prepared from the acid chloride (50012),
which is then reacted with a mixture of 1.5 moles with CH2(CN)2 and 1.1 moles of pyri-
dine at room temperature for 3-4 hours. The crude condensation product, presumaﬁiy in

its enol form,is reacted with CHpNp to give the methyl ether of the DCM derivative of

* To be submitted to J. Org. Mass Spectrometry.
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the starting acid (see structurel formula in Fig. 1).

The unique mass spectra of these derivatives may have practical utility in several
areas. Use of the C-30 DCM or higher analogs as calibration compounds may be limited by
volatility. This compound is readily volatilized at 80° from a direct insertion probe,
but only analogs below Cog have been successfully analyzed by GLC. The utility of the
DCM derivatives in the recognition of branch points in long chain acids has been reported
(1). Additional analytical uses of the DCM derivative are under investigation.
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THE MASS SPECTRA OF p-METHYLPHENYLTHIAALKANES

NORMAN G. FOSTER and ROBERT W. HIGGINS:*
Department of Chemistry, Texas Woman's University
Denton, Texas 76204

ABSTRACT

The mass spectra of p-methylphenylthiaalkanes present the
opportunity to study charge competition in two important frag-
mentation processes in electron impact of molecules. The molecular
ion may fragment by a path to produce ejection of a neutral olefin
and the formation of the p-methylphenylthiol rearrangement ion.

In competition with this process is the possible formation of a
tropylium ion by alpha cleavage at the ring between the C-S bond.
This is normally not favored. Simple cleavage or hydrogen abstrac-
tion can also occur. With a p-methyl group substituted on the
phenyl ring "ortho'' effects should not appear, or interfere with
fragmentation studies. Mass spectral data at 70 ev and selected
low ionization voltage data are presented for seven members, some
highly branched, of this series. Metastable ion data are pre-
sented supporting the fragmentation routes observed. Energetics
of the major decomposition reactions are discussed with emphasis
upon the probable charge location and its contribution to the net
spectra observed.

Mass spectral data will be submitted to API-44 Data Center.

*Deceased.
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B11
Photoionization and Electron Impact Studies on Linear Olefins

and Thelr Stereochemical Derivatives*

B. M. Johnson and J. W. Taylor**

Department of Chemistry
University of Wisconsin
Madison, Wisconsin 53706

A comparison between photon and electron impact fragmentation of
the linear ocetenes and decenes has been made using the continuous
radiation from the synchrotron as the photon source. There are
subtle but real differences in the spectra for the individual
positional isomers and some regularity in the spectra of the
geometrical isomers. Using a photon source, it was possible to
study the fragmentations without the influence of thermal
rearrangements caused by the heated filament. The photon data do
not show any strong retention of position or geometry but do
suggest that the energy transfer process for photon and electron

impact are different.

In order to provide structural identity of a particular olefin,
stereo-gpecific derlvatives have been prepared using hexa-
fluoroacetone. The alteration of the fragmentation patterns of
these derivatives do permit characterization of the position and

possibly the stereochemistry of the olefinic bond.

(A full manuscript will be submitted to Analytical Chemistry.)

* This research supported by AFOSR Grant No. 69-1725. The
synchrotronetorage ring is operated under funding from the
Air Force Office of Scientific Research.

** Address correspondence to this author.
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B12
ENERGY PARTITION IN ORGANIC IONS'
R. G. Cooks
Department of Chemistry, Kansas State University, Manhattan, Kansas 66502
K. R. Jennings and S. Jones
Department of Chemistry, The University, Sheffield, England
Partition of the available energy of the activated complex to internal and
translational energy (Ek) of the products of a gaseous lonic reaction has been
studied for a series of reactions with large activation energies for the reverse
reactions (eor). The question of energy partition in organic ions is one on which
little experimental evidence 1s available, nevertheless extreme views have been held
regarding the fate of the energy, eor. It has sometimes been assumed to be statis-
tically partitioned between internal and kinetic energy and sometimes assumed to be
channeled entirely into kinetic energy of the products. Correlationsl’2 between
product ion stability and ck for a given reaction in a series of aromatic compounds
speak for a simple relationship between €

study does not bear this out.

" and ecr but the present more complete

The reaction chosen for study was the simple four-centered elimination of HCN
from the O-methyl ethers of a series of substituted benzaldoximes. The product ion
shows the same behavior as does the corresponding anisole molecular ion.and is assumed
to have the same structure3. Moderately large kinetic energy release occurred through-
out the series.

In order to determine energy partition the quantity € = AHf (oxime ether) +

excess
AP(M* - HON) - AHf(anisole) - IP(anisole) - AHf(HCN), was determined. In cases where
Eor is appreciable, eexcess N Eor at threshold. The kinetic energy imparted to the

ionic fragment was measured from the metastable peak width using the defocusing
technique and a narrow monitor (B) slit. The results are summarized in Table 1, which

also includes values for the forward activation energy (Eor).

Table 1.
Substituent: piO2 pCN H pMe pCl pHeO
ek(ion) 0-20 0-21 0-37 0+30 0-42 054
e’ 181 2-0 1-66 1-82 1-88 0-5h
Eaxcess 1-58 2-11 1-80 1-97 2.02 0-91
% kinetic 1k-9 12-0 257 18-6 24-8 T1-0
M - Hon/t: 0-5 12 22 18 7 1.5
(x 10%)

In spite of the assumptions involved in this treatment (not detailed here), it is
evident that non-statistical energy partition does oceur, Furthermore, given that
there are_ho gross mechanistic differences across the series, the relationship between
& and cof_;s not simple. Certainly neither the whole;gf eor, nor a constant fraction,
eppears 83 €. Nevertheless, there is a trend towar;g }gcreaaing € with increasing
product jon stability, and the position of the activated complex on the reaction
co-ordinate may determine the effectiveness with vﬁiéh energy is channeled away from

the stretching bonds and into the rest of the molecule or ion.

*
This work is to be submitted for publication in the Journal of the American Chemical
Society.
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FIELD-IONIZATION MASS SPECTROMETRY c3
OF ORGANOSILICON COMPOUNDS

J. E. Coutant and R. J. Robinson

Dow Corning Corporation
Midland, Michigan 48640

Early experiments with field ionization (FI) mass spectrometry showed
great promise for this technique in many applications. However, instru-
mental problems connected with the high voltage necessary to produce the
ionizing field gradient still remain, and as a result other techniques
such as chemical ionizetion are becoming more popular for producing "sim-
plified mass spectra" and "incressed molecular ion strength.” These other
methods, though, do not offer what we feel is the main advantage of field
ionization--the ability to study extremely fast unimolecular decomposition
processes of organic and organosilicon ions in the gas phase.

Most organosilicon compounds exhibit high rate constants for a number of
unimolecular decompositions, including both direct bond rupture and
rearrangement processes. On the time scale of electron impact spectra,
most decompositions occur in the ion source, resulting in the detection of
only the product daughter ions to the exclusion of the precursor parent
ions and metastable ions. Field ilonization allows us to decrease the time
scale into the range of 10712 seconds and obtain important structural
information.

The instrument used in this work was an AEI MS-12 single-focusing mass
spectrometer. The combined FI/EI ion source uses commercially-available
razor blades, Schick's Krona-Chrome®, as the field emitter. These blades
proved to be both durable and sensitive enough that good FI spectra,
using the glc/mass spectrometer, could be obtained even at scan speeds of
3 sec/decade.

Early in our work we were puzzled by the sppearance of discontinuities in
some of the fast metastable peaks as shown in Figure 1. These skew meta-
stable peaks appear to be similar to the displaced skew fragment ion peaks
recently reported by Tou! and to the metastable plateau peaks reported by
Beckey?. In both reported cases these peaks are attributed to a constant
field region in the Atlas CH4 ion source. Figure 2 shows the voltage pro-
file for our FI source, and as 1llustrated, our source geometry does not
allow for such a constant field region., The common factor in all these
examples, however, 1s the high acceleration experienced by the ion going
from the emitter anode to the cathode slit, followed by deceleration in
traveling from the cathode slit to a focusing plate (labeled the ion exit
slit on Figure 2). This slit 1s usually at a potential value slightly
less than thst of the emitter anode. These drastic changes in accelera-
tion appear to affect the ion residence time in such a way that & larger
relative number of decompositions can take place in this region and give
rise to these peaks. When the apparent mass of such a peak is related to
the voltage of the ion exit slit, we obtain a good agreement between the
calculated voltage and the measured voltage on the ion exit slit. This is
an instrumental artifact that one should be aware of when interpreting FI
spectra from instruments with similar voltage profiles in the source.

In a survey of some silicon and organosilicon compounds, some interesting
trends were observed. The results obtained from a series of linear
methylsiloxanes were as follows. In all cases, the molecular ion wWas not
observed in the EI spectra. The FI spectra always showed a molecular ion,
although its relative strength decreases with chain length. The peak due
to the loss of methyl from the molecular ion is always largest. The
molecular ion peak and the M-CHs peak are the only significant peaks
observed in the FI spectra. Similar results were obtained for a series of
cyclic methylsiloxanes. For the 1,3,5,7-tetrasilaadamantanes, we have
reported® the skeletal rearrangement giving the loss of e methyl involving
one of the bridgehead carbons in the EI spectra. The FI spectra of these
compounds show only the molecular ion and the metastable corresponding to
the loss of the substituent X on silicon in the cases where X = H, Cl,

and CHj.
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Figure 1
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Our biggest application of FI is for structure determination® and the
identificetion of lon decomposition pathways. A good example of this has
been our work with y-functional silanes. The EI spectra of 3-chloro-
propyltrimethoxysilane exhibits no molecular ion and has chlorine-con
taining peaks at masses 155 and 157. This would correspond to the loss

of 43 and 41 mass units from the molecular ion., Figure 3 shows a proposed
mechanism. We felt that the chlorine was transferring back to the silicon
atom whille the alkyl portion lost or gained a hydrogen atom to give a loss
of CgHs or CsH;. However, there were no metastable ions to support such
one-step, concerted mechanisms. When we ran the FI spectra of this com-
pound, we did obtain metastables to support both processes. In addition,
the FI spectra showed a small molecular ion but no 155 or 157 rearrange-
ment peaks, as would be expected. The effect of the methoxy group on
these rearrangements was studied by a series of 3-chloropropylmethyl-
methoxysilanes. The decrease in the intensitles of both the EI 155 and
157 peaks, and of the FI metastables, paralleled the decrease in the
number of methoxy groups.

Figure 3

CHa
|

+oH
1}
(CH30)aS1(CHz )aC1¥ — (CH30)2-81-C1 & CaHs:

(m/e 198) (m/e 157)
GHa
+0
(CHa0)2-S1-C1 & CaHy-
(CH30)381% & (CHp)sCl1® (m/e 155)

(m/e 121) (m/e 77)

The EI spectra of 3-mercaptopropyltrimethoxysilane also does not exhibit
a molecular ion, It has its base peak at mass 164 with several other
unexplained lower mass peaks. The peak at 164 is the loss of 32 mass
unlts from the molecular ion, and we believed 1t to be the result of a
rearrangement with the loss of methanol as shown in Figure %. This
cyclic ion would then lose CHgO and CaHs to give rise to other peaks.
Again there was no metastable ion to confirm this rearrangement in the
EI spectrum. Figure 1 shows a portion of the FI spectrum of this com-
pound, As can be seen, both the fast and normal metastable for this
process are present as well as the rearrangement peak at mess 164, 1In
addition, this compound showed a strong molecular ion and a peak at mass
121 corresponding to the cleavage of the mercaptopropyl group.

Figure 4
CHgy
0]
L. +
(CH30 )81 CHa CHp CHoSHT ——»  CHa0-S1-CHe’
. 5 CHz + CHsOH

(m/e 196) CHa

(m/e 164)

(CHs0)381% 4+ * (CHz)3SH
(m/e 121)

The appearance of the peak at 164 and the shape of the fast metastable was
hard to explain initially. The 164 peak really should not be present,
especially at its large relative abundance, The shape of the fast meta-
stable tail does agree though with what has been suggestedS for a slower
decomposition process such as a rearrangement. The only explanation con-
sistent with our observations was that two distinct processes were taking
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place--one on the surface of the blade and the other in the gas phase near
the blade surface. In a time study over the period of a half an hour or
so, the relative intensity of both the 164, the rearrangement peak, and
the 121 peak increased while the molecular lon and metastable intensity
remalned constant. This supports the proposal that two decomposition pro-
cesses are occurring and #lso points out the care that must be exercised
when using relative FI intensities.

These examples are some of many that underline our particular reason for
the use of FI mass spectrometry and point out again the great wealth of
structural information uniquely obtainable from this method.
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c4
COMPUTER MODEL OF A FIELD ION SOURCE

J.P. Pfeifer, A.M. Falick and A.L. Burlingame

Space Sciences Laboratory
University of California
Berkeley, California 94720

Field ionization (FI) sources in mass spectrometers are generally regarded as hav-
ing Tow sensitivities compared to conventional electron impact sources. A comparison
of the total ion current emission with the ion current actually entering the mass anal-
yzer suggests that this low efficiency is due primarily to ion optical problems within
the source. In fact, it has been shown that the fraction of the ions produced which
leave the source is perhaps two orders of magnitude smaller in an FI source than in a
typical EB source (1). Thus an improved knowledge of the potential distribution and
ion trajectories within the source should afford an excellent opportunity to improve
the design of FI sources as well as providing additional insight into the physical pro-
cesses which occur within the source. The work described below represents an initial
attempt at understanding some of the characteristics of a specific FI source.

Various mathematical and analog procedures have been developed over a period of
many years for the mapping of electrostatic fields (2), but each has certain limitations
and disadvantages. Methods involving an exact solution to the Laplace equation are gen-
erally restricted to rather simple geometrical configurations; approximate methods, such
as the electrolytic tank or the more accurate resistor network (4) involve specialized
apparatus.

The relaxation method (2} which was used in the present work is & numerical solution
of Laplace's equation. The problem of laborious calculation was largely alleviated
through the use of a computer. The calculations may be performed in either two or three
dimensions and, given sufficient computer time, can be carried to any desired degree of
accuracy.

The Laplace equation (Eg. 1) describes the electrostatic potential U at any point
in a charge-free space when the boundary conditions are properly specified.
2 2 2
vu = A0 20 . 2 )
£ 3y 3z

The approximate form of this equation (in two dimensions) which was used in the computa-
tions was:

Ulx,y) = A-U'(x,y) + %{U(X+Ax,y) + U{x-ax,y) @)

+ U(x,y+ay) + U(x,y-ay)}

where U'(x,y) is the value of U(x,y) from the previous iteration and A is a constant
chosen to give the most rapid convergence.

In order to use the Laplace equation it is necessary to have a charge-free space
surrounded by well-defined boundaries. In order to check whether the former condition
was valid, the average number of ions present in the source under normal conditions was
determined. This number was only of the order of 100, indicating that space charge
should not be a significant problem.

Most of the results to be described were obtained by using a matrix of dimensions
71 x 111, which provides an effective matrix size of 142 x 111 for geometries having
bi-Tateral symmetry. The matrix size was chosen both to fit the available computer
memory and to give a sufficiently precise result without requiring excessive amounts of
computer time. The computations were performed on an XDS Sigma 7 computer with 16K core.
Each matrix calculation required about ten minutes.

Even with a matrix containing some 15,000 points, the spatial resolution was far
too small to distinguish any features of the blade shape. In fact, to provide sufficient
resolution to accurately characterize the emitter edge would require about 1012 elements
and of course an impossibly large amount of computer time. This problem was overcome by
successively enlarging a small section of the potential map until sufficient resolution
was gchieved. In the work described here the maximum resolution obtained was from 10 to
100 A.

The enlargement procedure introduces errors in at least two ways: first, boundary
conditions for each successive enlargement must be interpolated from values in the pre-
vious map. In addition, an appropriate approximation to the blade shape must be made
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in the early enlargements in which the blade dimensions are very much smaller than the
resolution. A successive approximation procedure was used to determine the best boundary
values to be used for the blade in these cases. Fig. 1 shows a typical series of succes-
sive enlargements. The area surrounded by the dashed line in (a) was enlarged to give
map (b}, and so on. Map (e) is linearly enlarged over map (a) by a factor of 10%,

The magnitude of the errors introduced in these and other possible ways was deter-
mined by calculating potential maps for two test cases for which analytic solutions were
available. The first test configuration consisted of two coaxial cylinders of radii
0.4 mm and 7Q0 A. An initial map and four enlargements were made, giving a resolution
of about 15 A in the final enlargement. In all maps the errors were less than 2%.

The second test configuration consisted of a hyperbolic blade of radius 4000 R sus-~
pended 0.25 mm above a flat plane. The results were compared with the exact conformal
transformation calculation carried out by Brailsford and Robertson (5). In the initial
map and each of the four enlargements the errors were less than 1%.

Results

A1l of the results below are based on the geometry of a specific source, the DuPont
(CEC) 21-110 FI source. Some of the important dimensions of this source are shown in
Fig. 2. The normal source voltages are: blade, 8 kV; first slit, -1 kV; and second slit
4 kV. The third s1it was held at ground potential. The blade edge shape was assumed to
be a 10° wedge terminating in a cylindrical edge of radius 1000 A, which was derived
from electron microscope measurements of Brailsford and Robertson (5) on an actual razor
blade. In addition, some calculations were performed using a hyperbolic edge shape of
the same radius. The results for these two shapes were not greatly different.

A rough ion path calculation showed that ions coming off the blade at more than
about a 10° angle failed to pass through the first two slits._ This means that the ef-
fective emitting area of the blade is not more than about 107 cn? if surface irregular-
ities are ignored.

Fig. 3 is a plot of equipotential Tines in a portion of the source. Equipotentials
are drawn at voltage increments equal to 10% of the blade voltage. An enlargement by a
factor of 10 of the area around the blade edge and first slit is shown in Fig. 4. This
region is where so-called fast metastable ions are formed. The dashed lines show sche-
matically the paths of ions formed at the blade edge. The time of flight for an ion of
mass 100 from the blade edge to the upper plane of the first slit is 2 x 107° sec. Dur-
ing this time the ions pass through a potential drop of about 9000 volts so that ions
formed by unimolecular decomposition during this part of the flight will have a signifi-
cantly lower energy than normal ions of the same mass.

The sharply curved equipotential Tines around the blade have a strong focusing ef-
fect. This was noted by Brailsford (3), who calculated jon paths for the case of a per-
pendicular edge suspended above a flat plate. The focusing effect can be rationalized
in the following way. The ions Teave the blade edge with an initial velocity which is
perpendicular to the surface. The equipotential lines which it must cross have decreas-
ing curvature. Therefore the force on the ions, which is always perpendicular to the
equipotential Tines, will be less divergent than the ion velocity vectors. Since the
ions are being strongly accelerated in this region, their trajectories will tend to line
up with the accelerating force, thereby producing a Tess divergent beam.

The effect of the presence of the first slit (which is held at about -1000 volts)
on the pattern of equipotential lines can be readily seen in Fig. 3. As the first slit
is approached the curvature of the center portion of these lines begins to increase
again because the blade field penetrates the slit. The ions are still being accelerated
in this region, but they now experience a divergent force because of the increasing cur-
vature.

As the ions pass through the s1it, they cross a saddle point. The second slit is
kept at a high positive potential, about half of the blade voitage, so that once the
minimum inside the first slit has been crossed, the jons are retarded again until they
pass through the second slit. The reverse curvature of the field lines at the bottom
of the first slit will thus also have a defocusing effect.

Several different cathode (first slit) shapes were tried and it was found that in
general a thicker slit had better focusing properties than a,thinner one. This effect
has in fact been noted experimentally by Derrick (6). The effect is readily understood
in terms of the foregoing analysis. The penetration of the blade field into a thick
first slit is less than with a thinner s1it. The resulting flatter equipotential lines
in the first s1it entrance reduce the defocusing in this region. However, the concom-
itant increase in the equipotential curvature in the lower part of the slit will have
the opposite effect, but because the field gradient is so much larger in the former case
than in the latter, the overall effect is beneficial.
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The equipotential lines in most of the region between the first and second slits are
virtually flat. Since the ions are being decelerated, the y-component of their veloci-
ties is being considerably reduced while the lateral component is essentially unchanged,
causing the ion trajectories to diverge in this region. The second slit is positive with
respect to both the first and third slits (the third slit is at ground potential) so that
it has a focusing effect on the ion beam in the same way as a normal electrostatic single
s1it lens.

Typically, ion flight times to the second s1it are about 3.6 x 10°% sec. for an ion
of mass 100.

So far the surface structure of the blade has not been mentioned. It is well known
that during the conditioning process a forest of whiskers is grown on the blade edge.
Derrick and Robertson and others have published some excellent electron micrographs of
these growth (6,7), and Beckey (8,9) has pointed out that fragmentation patterns observed
for n-hexane require a field of about 6 x 10’ V/cm, so that the assumption of a smooth
blade edge is clearly incorrect. In order to examine this question more closely, a model
was constructed with an irregularly shaped tip whose dimensions were based on the micro-
photographs of actual blade edges (Fig. 5). In examining the equipotentials surrounding
this blade edge it is clear that the effect of the irregularities is negligible beyond a
few thousand angstroms. The effect on the jon paths is not as clear-cut, but generally
their average distribution does not appear to be greatly different from the smooth blade
case.

In summary, it seems clear that further work on the analysis of FI source character-
istics will be useful in increasing sensitivity, as well as providing the necessary mea-
surements for the study of the kinetics of unimolecular decompositions by means of fast
metastables. ’

The authors wish to thank R.W. Olsen and P.J. Derrick for some helpful suggestions
and to acknowledge financial support from the National Aeronautics and Space Administra-
tion.
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paths
calculated for an irreguiarly shaped blade edge.

Fig. 5. Equipotential lines and approximate ion
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Mass spectral evidence for the conversion of benzenephosphonic acid to its
cyclice, trimeric, anhydride and of benzenephosphonous acid to phenylphosphine.
RICHARD H. WILEY, Hunter College of the City University of New York, 695 Park
Avenue, New York, New York 10021

Mass spectral evidence for the conversion of benzenephosphonic acid to its cyclic,
trimeric anhydride and of benzenephosphonous acid to phenylphosphine has been ob-
tained. At low sample temperatures (85°) the phosphonic acid shows peaks for the
molecular ion at 158 amu and for characteristic degradation fragments at

141 (CgHsPOyH), 94 (CgHgO), 78-7(CeHg,CeHs), 65(H4PO,,C5H5), 51(C4H4), 47(PO) and
39(C3H3) amu. Above 1200 and after a pressure surge indicative of dehydration,

a peak at 420 for the cyclic, trimeric anhydride (CgHs5P02)4 is observed along
with fragment peaks at 373, 357, 343, 327, 280, 262, 233, 216, and 199 amu for
which structural assignments are made. The phosphonous acid, at 752, shows

peaks for the molecular ion at 142 amu and for fragments at 124 (CgHsPO),
111—107(C6H5Pﬂf2H), 94 (CgHg0), 78-7(CgHg,CeHs), 65(H3PO9,CsHs), 51{C4H3), 47(PO),
and 39(C3H3) amu. The phenylphosphine is apparently formed by intramolecular
rearrangement rather than by disproportionation as the latter requires the
formation of relatively more of the phosphonic acid than is observed amongst

the peaks of mass over 142 amu. Accurate mass measurements and metastable broad
peaks confirm the postulated fragmentation processes.

The full report will appear in Organic Mass Spectrometry.



MASS SPECTRAL TNTORMATION 03

A REPORT FROM THE MASS SPECTROMETRY DATA CENTRE

R G Ridley and W M Scott
A.W,R.E., Aldermaston, Berkshire, England

Introduction

Early in 1965 the need for a data and information centre on mass spectrometry
was realised by a rmumber of individuel mass spectroscopists., As a result of their
approaches to the UK government, a study of the requirements for such a centre was
initiated by the UK Office for Scientific and Technical Information (OSTI) with an
Advisory Committee of representatives from industry, government and universities under
the chairmanship of Wr A Quayle, Shell Research Ltd. Following this initisl study, the
Mass Spectrometry Data Centre (MSDC) was established at A.W.R.E. in 1966 with financial
support from 0STI. More recently, the Centre has been jointly supported by OSTI and the
Department of Trade and Industry.

Since its inception, the aim of the Centre has been to serve all mass
spectrometry users on a world-wide basis. Every effort has been made to coordinate
activities and cooperate with other mass spectrometry groups in the USA, France,
Germany, Japan etc., and thus avoid duplication of effort. As a result of informal
discussions between the representatives of these various national mass spectrometry
groups, an International Advisory Committee was established in Berlin in 1967. This
committee provides continuing guidance to the Data Centre, discussions having been held
at previous ASTM meetings in Pittsburg, Dallas and San Francisco, at the internmational
meetings in Kyoto and Brussels, and another is planned for this meeting. Subjects
discussed have included field ionization spectra, "quality" mass spectra, mass spectral
data sheets, abbreviated spectral indexes and corputer problems.

MSDC has been engaged in three major fields of endeavour, viz:

1. The provision of a current eworeness literature service, i.e. a monthly guide
to the literature on mass spectrometry and allied topics.

2, The collection and dissemination of mass spectral data, and
3. Corpourd identification by matching of low resolution mass spectra.

This paper summarises the Date Centre's progress to date in these fields.
Criticism of existing services, or suggestions for any additional services that the

Centre might provide, will be welcomed.

Current Awareness Service - the Mass Spectrometry Bulletin

Since applications of mass spectrometry are found in a wide variety of
disciplines, e.g. chemistry, physics, geology, bioclogy, metallurgy etc., the mass
spectroscopist has s particularly difficult task in covering the literature adejuately.
Prior to 1963, the bibliographies of mass spectrometry information provided annually
by ASTV-EL: end by AET were useful guides to the literature. In 1963-65 Dr Cuthbert,
Secretery of the UK Fass Spectrometry Discussion Group, orgenised a task force to improve
literature coverage, by providing a 3 - 6 monthly titles 1ist. Full use of individual
1ists of ~ 500 titles was limited, however, because of the absence of subject organis-
ation and deteiled indexing.

¥SIC set out to provide a more complete current awareness service and a
provisional layout of the Mass Spectrometry Bulletin was prepared in May 1966,
Production began in November, 1966 and has continued monthly since then.

The Bulletin contains references selected from over 250 current journals,
reports, abstract journals, patents lists and 5 computer-based retrieval systems. The
main entries are divided into eight subject sections: Instrumentation, Isotope Analysis,
Chemicel Analysis, Organic Chemistry, Atomic and Molecular Processes, Surface Phenomena,
Thermodynamics, and Other Applications.

Each reference includes the full title (transleted into English where
appropriate), authors' nemes, complete journel reference end selected descriptors which
supplement information in the title of the article., As an additional aid, where more
than six pesks of mass spectrsl data have been reported, the reference is preceded by
an asterisk. Articles are indexed in at least two out of six indexes, viz. subject,
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compound, compounds and ions, materials, elements and authors, which are designed to
facilitate both computer and manuel retrievel.

The current average retrieval rate is ~ 500 articles/month, or more than
6000/year, and more than 3C00 compounds are indexed anmuslly, by neme, moleculer weight,
molecular formula, classification and reference mumber, From November 1966 - March 1971,
over 23,000 articles heve been included in the Bulletin and ~ 12,000 compounds indexed.

Distribution of the Mass Spectrometry Bulletin is effected through Her
Majesty's Stationery Office. A truly world-wide distribution hes been achieved, as
indicated in Table 1,

The Mass Spectrometry Bulletin on Magnetic Tape

Since November 1966, computer methods have been used to provide monthly
printouts for reproduction, and the annuel cumulative indexes have been similarly
produced. As subject and compound classifications are coded numerically, simple methods
of retrieval are possible here, while the main entry, i.e. title, source, author etc.
should be readily adaptable to suit existing natural languege retrieval programs. The
Bulletin is available on IBM-compatible magnetic tape and can be used for computer
retrieval,

Retrospective retrieval from the Mass Spectrometry Bulletin ?a es has been
successfully demonstrated recently by Professor Biemann's group at MIT 1? using an

IBM 1800 computer. This promises to be an extremely useful technique for laboratories
with small dedicated computers. The Centre will be pleased to supply information about
the availability of the Mass Spectrometry Bulletin orn magnetic tape and to provide a
tape for experimental trials.

New-Look Bulletin

From January 1971, the Bulletin has been produced by a computer-controlled
photo-typesetting technique, and appears in a new and more compact format for easier
reading.

Mass Spectral Date
1. Data Sheets

The tof(’a mumber of mass spectra generally available is relatively small, The
totel in the APTI(2) and TPC(3) collections is ~ 2400, each spectrum being recorded under
strict operating conditions. The ASTM-ElL Committee(h) devised an extremely valuable
system for the contribution and circulation of 'Uncertified' spectral data, where this
strict contrfl of operating conditions was not possible. The ASTM-F14 and the Dow
Chemical Co. 5) '"Uncertified' collections together totalled ~ 3870 spectra.

At the Internstional Advisory Committee in Berlin, 1967, MSDC was invited to
continue the collection and distribution of 'Uncertified' spectra on behalf of the
various national mass spectrometry groups. Requests for data are issued world-wide,
and a truly encouraging response has been obtained from individuals and companies in
the 31 countries marked by an asterisk in Table 1. Approximately 6000 spectra have
been contributed as tabulated data, and most of these are recent spectral deta which
have not appeared in the earlier collections.

From the tabulated date processed within the Centre, computer print-out is
obtained for reproduction as a data sheet. The structural formula is added to the
compound name, molecular formula, instrument operating conditions etc, From MSDC
spectrum rumber 3001 onwards, a computer drawn bar graph has been added to the tabulated
m/e and relative intensity values, for rapid visual pattern recognition.

4,500 data sheets were produced by June 1971. Two spectra of the same compound
have only been included where there have been differences in operating conditions or in
the spectra. The data sheets have been distributed to 192 laboratories, in 15 different
countries. Cumulated indexes, ordered on molecular weight, are available.

2. Date Tapes

Increasing use of computers in mass spectrometry has made it essential for
spectral data to be produced in machine-readable form. The Centre now provides the
MSDC collection @f 4000 spectra on megnetic tape, produced on IBM 360 equipment, in a
wide variety of specifications. The information 1s on the tape in a fixed format.
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In eddition, the Centre has also assembled, with considerable contributions
from Dr Boettger, Jet Propulsion Laboratory, Pasadena; Prof. Biemarn, MIT; ICI Ltd.,
(Dyestuffs Division) and Dr Zwolinsky, Thermodynamics Research Centre, a tape containing
6628 spectra from the ASTM-E1L, APT, TRC and DOT collections in the same format as the
MSDC spectra, making a total of 10,628 complete mess spectra.

3. Abbreviated Spectra - 8 Peak Index

The velue to the mess spectroscopist of an index based on the few most
aburdant ions in a spectrum has been demonstrated b t’SAE pioneering efforts of the
ASTM-E1} Committee (STF 356 and AMD 11 p b%icationsg(s » and the Compilation of Mass
Spectra produced by Drs Cornu and Massot‘z7 . IcI (Dyestuffs Division) have completed
a similar index, including their own spectral date and data taken from the literature,
mostly using the lMass Spectrometry Bulletin. Their generous offer to make this index
available world-wide through MSDC led to the publication in January 1571 of the 8 Peak
Index of Mass Spectral Data(€) which contains abbreviated data from 17,124 spectra, in
three tables, indexed by molecular weight, moleculsr formula, and by ion m/e values.
The index is a valuable entry to the data sheet collections and to the literature. A
"ow to use" guide to the index is shown in Fig. 2.

L. 8 Peak Index on lagnetic Tape

By further sgreement with ICI, this collection of 17,124 abbreviated spectra
has now been made available on magnetic tepe. Details of the data format and tape
options may be had from MSDC on request.

Computer Matching of Low Resolution Mass Spectra

The Cenitre has been engaged in the study of computer matching of low
resolution mass spectral data for compound identificatio:;}()%. A variety of methods have
been studied of comparing the recorded mass spectrum of an unknown compound against
a library file of known spectra using MSDC tape og more than 9000 spectra, The very
successful results have been published recently?lo .

These matching methods have recently been applied to a limited mumber of
GC-¥S analyses of natural product mixtures. Comparing the "n" largest peaks in ranges
of "m" atomic mass units is a particularly convenient way to allow for differences in
spectra obtained under widely different operating conditions.

Comparison of the "n" largest peaks in the complete spectrum has also been
shown to be of value, and often identification can still be made when "n" is reduced
to as low as 6. These results indicate the value of combining matching routines with
the abbreviated (8 peak) data file of 17,124 spectra.

Matching programs for an IBM 360/50 computer are currently available from
the Centre.

Summary

MSDC's endeavours over the period 1966 - June 1971 have resulted in the
following 1ist of items being made available to the mass spectroscopist (see Table 1),

The activities of the Centre have been possible only because of the consider-
able efforts of individual mass spectroscopists world-wide. Ve take thls opportunity
of thanking all those who have contributed new information and data. While the Centre
continually strives to make these contributions available to all users, the completion
of the cycle requires widespread use of this information and data back in the individual
laboratory. It is hoped that this progress report will further this aim.

31 March 1971
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TABLE 1

World-wide Distribution of the Mass Spectrometry Bulletin

(Contributions of mass spectral data have been received

from the countries marked *

Algeria ¥Pinland
xArgentina "France
*austria *Germany
*pustralia Fareece
“'Belgiu.m Hungary
*Brazil *India
*B.1.1. Irag
¥oanada Israel
*hina Fltaly
¥5zechoslovakia "J amaica
*Denmark ¥ apan
*East Gernany *Mexico
*pire ¥Netherlands

TABLE 2

Mass Spectrometry Sulletin ...............
Mass Spectronmetry Bulletin on Yagnetic Tape
MSDC Data Sheets ...... Ceenae
MSDC Spectral Data on Magnetic Tape ......

ASTM-E1.., DOW, APT and TRC spectira on
magnetic tape

8 Peak Index of ¥ass Spectra ....cieeveess
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New Zealand

Norway
¥Poland

Portugal

Roumania

¥3outh Africa

xS‘pnin

*sweden

#,
Switzerland

*.x.

*.5.4.

*5,5.5.®7,

*est Germany

Yugoslavia

Nov., 1966 - to date

" n "

1-4500 spectra

1-4000 "

6628 spectra

17,124 abbreviated

spectra.
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COMPUTER RECOGNITION OF METASTABLE I0ONS
A. M. Duffield, W. E. Reynolds, D. A. Anderson, R. A. Stillman, Jr.
and C. E. Carroll

Department of Genetics, Stanford University School of Medicine
Stanford, California 94305

Interpretation of mass spectra by sultably programmed computers has been the
focus of an interdisciplinary research effort at Stanford University for several
years. As part of the continuing study of computer interpretation of mass spectra
we wished to use metastable ion data in a routine manner to extend the scope of
machine analysis of mass spectra. Thus the practical problem arose for the routine
identification of metastable ions present in mass spectra. We have enlisted the
aid of the computer to scan the record of a mass spectrum, help identify the meta-
stable ions, and then list these values for later use. The computer provides as a

final output the parent daughter-ion relationships of the fragments present in the
mass spectrum.

The equipment, Figure 1, used in this study consisted of a CH-4 mass spectrom-
eter attached to a logarithmic transfer recorder. The virtues of this system for
the identification of metastable ions has been reported. The logarithmic signal
is then transferred via an interface consisting of a PDP-1l computer to a time-
shared IBM 360-50 computer.

Salector |
swifch I
Linsor CHART LABORATORY COMPUTER ROOM

Logarithmic RECORDER |

12 bits : 18M 360/5¢
LOGARITHMIC A-D ——"y
Ny PDP-}
C:SS“ AMPLIFIER CONVERTER N | Stonfords
SPMECTRO hp 75634 | | Yime ;ggud
) M
METER Convert B | 8 Y50
command | Conversion uf® * ACME
complete s

scan i

* Locally built |

Sample rate data udnp!orsl

1T 500 to 5000 Hz |

1

OSCILLATOR |

e — ] 1

m (=a I

£ (==
TERMINAL PLOTTER
Figure 1,

Laboratory instrumentation for low resolution mass spectrometry.

This method of digitizing information that has passed through a logarithmic
amplifier tends to preserve the accuracy of the low level sigrals. It has been
shown” that the loss in precision due to the integral bit discrimination of the
analog-to-digital converter causes an uncertainty that remains a constant per-
centage of the signal amplitude.

In this application, metastable ion analysis, the PDP-11 does virtually no data
processing. It serves simply as a buffer and synchronizer between the laboratory
data and the time-shared 360/50. 1In general we like to be able to transmit raw
data during developmental and initial operating phases directly into the large
computer. There we have more freedom and greater systems assistance in developing
logical algorithms for data processing programs. When the method of data reduction
becomes well established we find the economy in reliability by now coding as much
of the data processing as possible in the PDP-11. In addition, with data links
between the small and large time-shared computer, we can use the text handling

facilities of the IBM 360/50 to aid in writing the PDP~1l programs and storing them
for operational uses.
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In Figure 2 is shown a section (from mass 36 to 59) of a logarithmic spectrum
of n-hexane containing several obvious metastable ions. Notice that this data is
logarithmic and is an exact reproduction of the data as it entered the IBM 360/50
computer. The vertical tick marks underneath indicates the positions of the integer
mass peaks as found by the standard low resolution data processing program. This
program has specifically ignored the metastable peaks.

[-100
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Figure 2. Section of n-hexane (logarithmic amplitude) showing an overlay
of the metastable ion positions calculated by computer program.

The purpose of our research was to take the same data base and to develop a
corollary program or procedure which would ignore the mass peaks and identify only
the metastable ions. The first step in this data processing mode is to subtract the
normal peak at each found mass position. Figure 3 shows the atea bordering mass 37
in the spectrum of n-hexane before and after normal integer peak subtraction and
before any smoothing was attempted on the residual data.

37

Figure 4. Effect obtained when
normal peak subtraction at mass
37 of n-hexane is slightly off-
set on the mass scale.

37

Figure 3. Data profile around
mass 37 of n-hexane before
(upper) and after (lower) normal
peak subtraction.
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Three problems are involved in subtracting a normal integer peak from the raw
data. These are:

a. The model of the peak to subtract. What should be the value in the
time stream to subtract from the original?

b. How much to subtract? The residual metastable ion is only 0.1 to 1%
of the integer peak abundance.

c. Just where on the mass scale to subtract the desired amplitude of the
normal peak.

To the first problem we felt that the best model of a peak is defined within
the spectrum itself-or at least a spectrum run under identical conditions. We chose
six of the more abundant integer peaks in the spectrum of n-hexane (used as a
routine calibration gas with the CH-4 mass spectrometer in our laboratory) as
representative of peak shape for that day. These peaks are abstracted from the-
reference run, linearized, summed and then normalized to a height of one.

This peak profile then becomes the model to subtract from all subsequent spectral
peaks. All averaging and subsequent subtractions are done point by point in the .-
linear domain, i.e., a logarithmic to linear conversion is made before these
operations are attempted. For presentation purposes of these illustrations a
linear to log reconversion has been made.

A "peak width" for the purposes of the following discussion 1s considered to be
approximately the width of this model peak at the half height level.

Care is maintained that the data taken for the model peak is over a wide
enough range to insure that trace dispersions are represented. A width of about
four peak widths either side of the center appears to be necessary. At these
distances the contributions from the neighboring peaks are evident. Selection of
model peaks that do not have large neighbors and prior subtraction in the adjacent
positions are helpful techniques in obtaining a truly representative model.

The second derivative of the residual after peak subtraction proved to be the
criterion for how much amplitude to remove. In all cases of smoothing or finding
derivatives we have used the methods described by Savitsky. In determining the
second derivative at the point of subtraction we considered an area which is about
five peak widths distance on either side of the subtracted peak. A second deriva-
tive is determined by suitable smoothing over this area. If too much-peak amplitude
is subtracted, creating a valley, there will result a positive second derivative.
Conversely, if not enough peak amplitude is removed a negative second derivative
will result. Our method is to estimate an initial amount of the peak to be sub-
tracted and then by an iterative procedure subtract that quantity of the model
peak, calculate the second derivative and improve the subtraction estimate.
Iteration continues until the second derivative attains a satisfactory low level.

Finally it was found that if the peak model to be subtracted does not precisely
center over the normal integer peak the subtraction will result in a characteristic
S curve (Figure 4). In this case a measure of this and a qualitative indication of
what should be adjusted may be found in the first derivative. This is calculated
over an area of approximately one-half a peak width at the point of subtraction. The
magnitude of the derivative will indicate if there is a mismatch and the sign of
the derivative will determine the direction of mismatch. If displacement does occur
the model peak is off-set to the right or left in the course of iteration.

After the completion of "peak subtraction" the residual spectrum has a very noisy
appearance. Very slight differences between the model and the peak in each location
will give rise to both positive and negative "noise" spikes. A combination smoothing
and metastable peak enhancement is then done by using an approximate mogel of a meta-
stable peak as the coefficients in the algorithm described by Savitsky. This actually
amounts to a cross correlation of an expected peak's shape with the spectral data and
does greatly enhance the amplitude at the location of a metastable while being in-
sensitive to normal mass peaks and the still narrower noise spikes.

The overlay line in Figure 2 illustrates the result when the metastable ions
recognized by the program from n-hexane are superimposed upon the logarithmic scan.
The metastable ions at mass 36.6 (m/e 86 + m/e 56) and 39.1 (m/e 43 » m/e 41) are
clearly identified. The asymmetry of the low mass edge of the m/e 57 peak is more
subtle. The program was able to recognize this as a metastable ion corresponding to
the transition m/e 86 + m/e 71. The two metastable ions located by the program in
the vicinity of mass 41 and 43 represent extremely dubious metastable ion identifica-
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tions. This defines the most sericus obstacle faced by our program in this phase of
development, namely to distinguish whether metastable fons are present under intense
normal ions. This is a variation on the classic recognition problem. The human can
still make far more complex decisions quickly in certain areas and the recognition
of metastable ilons is mass spectrometry is evidently one.

As a by-product of this research we decided to fuse the advantages of the human
mind (for metastable peak recognition) and the computer (for arithmetic calculations).
This method involved the display of a spectrum on a CRT and following human recogni-
tion of the metastable fons (with a light pen) the computer calculated the meta-
stable transitions corresponding to the nominated metastable ion masses. Figure 5
18 a section of the spectrum of estradiol on the CRT display.

Figure 5. CRT display of a section of a logarithmic scan
of estradiol.

The computer program used the raw logarithmic data and determined the mass
positions and amplitudes of all the peaks present. The user may direct (using a
light pen) the computer to display any portion of the spectrum upon the CRT screen.
The user may indicate with the light pen any peak which is then labeled with its
mass and relative amplitude. (See for instance peaks 215, 228, 244, 253 and 272.

The operater may also indicate at the base of the spectrum a probable metastable
peak. In this case the computer will mark the position with an inverted "V" and
search the already known list of masses for a possible parent-daughter pair.

The user was previously asked for the minimum amplitude peak to consider as

a parent or daughter and is usually set at 1% or 0.5% relative abundance. Then the
actual inequality of the considered cases is computed. If this is below another
given tolerance, usually 0.2 amu, the parent daughter pair are displayed for con-
sideration. In the automatic search method, all such matches are listed. In the
CRT mode of presentation, each possibility is shown, and succeeding possibilities
are shown upon request, All displayed matches are also typed at the teletypewriter
for a permanent record. Figure 6 is an example of the hard copy.
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The observed metastable mass posltions are
237.2 219,0 191.1 166.9 130.9 127.1 108.8

The following neutral species were disallowed
6 7 8 9 10 11 12 13 14 19 20 21 22 23 24 25

Matching palrs of obs. metastable peaks: ESTRADIOL
Tolerance 1s 0.15
Minimum amplitude allowed is 1.00

0BS META (AMP %) META 0BS VS CALC PARENT (AMPS%) DAUGHTER (AMP%) LOSS
237,20 ( 6.00) 0.01 272.0 ( 37.9) 254.0 « 1.1) 18
219.00 ( 5.20) .12 272.¢ ( 37.9) 244.0 « 1.7 28
191.10 ( 5.20) -.02 272.¢ ( 37.9) 228.0 ( 2.0) 44
166.90 ( 5.50) 0.10 272.0 ( 37.9) 213.¢ 12.7) 59
130.90 ( 5.00) -.11 133.0 ( 7.8) 132.0 C 1.8) 1
130,90 ( 5.00) -.00 226.0 ( 1.4) 172.C ( 9.6) Sk
130.90 ( 5.00) -.01 198.0 (¢ 1.1) 161.0  2.0) 37
127.10 ¢ 7.00) -.09 272.0 ( 37.9) 186.0 ( 5.3) 86
127.10 ( 7.00) 0.07 131.0 ( 3.5) 129.0 ( 1.5) 2
127.10 ( 7.00) 0.06 199.0 ( 2.5) 159.¢ ( 8.8) 40
127.10 ( 7.00} 0.08 129.0 ( 1.5) 128.0 { 1.8) 1
108.80 ( 6.50) 0.04 272.0 ( 37.9) 172.0 ( 9.6) 1¢cc0
108.80 ( 6.50) -.10 160.0 ( 12.0) 132.¢ ¢ 1.8) 28

Figure 6. MHard copy of the parent-daughter ions corresponding to the
observed metastable ions in estradiol.

The computer program for this parent-daughter identification from a given
apparent metastable position and a list of found m/e peaks in that spectrum, is
being made available through the facilities of the American Soclety of Mass
Spectrometry. A copy of this disclosure, in the form of an ALGOL procedure for
communication of algorithms, is available from the ASMS Committee III, 'Computer
and Data Processing", Dr. M. C. Hamming, Continental 01l Co., P. O. Drawer 1267,
Ponca City, Oklahoma, 7460 , or by writing directly to this laboratory.
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D5
Further Aspects of the Neive Analysis of Structure

D. H. Robertson
Pioneering Research Laboratory
U. S. Army Natick laboratories

Natick, Massachusetts 01760
and
R. I. Reed
Department of Chemistry
University of Glasgow
Glasgow, Scotland, U.XK.

Application of rudimentary set theory1 was originally made for the purpose of
glving clues to the solution of problems of data reduction and processing in the area of
mass spectrometry, especially within the confines of calculations which could be per-
formed on a small laboratory computer system. For this purpose, analogies have been
taken from the field of information theory, which theory mey be considered as a branch
of probability theory that is concerned with the llkelihood of transmission of messages
when the information comprising the messages are subject to varying probaebilities of
transmission fallure.

Two approaches to the classification of mass spectral data are presented, both of
which utilize the basic concepts of the theory of sets and have theoretical as well as
practical interest.

The first is concerned with probabilities per se; an expression of the form

n
- =i§lpi log Py (1)
is used to calculate a series of n values which express relative weight factors support-

ing the probability of the occurrence of a specific collection of events.

From the standpoint of informetion theory, the expression -p log p is defined as
the entropy of the experiment; that is, the probebility that the information trans-
mitted by the sender is received by the recéiver. This function is designated as 7 and
is called the Khinchine entropy function.

Entropy of the experiment is without dimenslons and may be considered as analogous
with entropy as it is customarily defined in statistical mechanics. It is the equival-
ence of ordinary entropy divided by the Boltzman constant. Within the framework of
consideration for this discussion, the events are the ions appearing in a given mass
spectrum. For these initial calculations, the probabilities represent the ratios of
individual ion currents to total ion currents. This is generally equivalent to relative
intensity of each ion divided by the total ion current represented as a sum of ion
intensities.

In this equation, i is the index of message units corresponding to individual lons
and p is the individual probability for each ion in the spectrum.

If only one event has a probability of unity and all others are zero, the value of
the entire function is zero; if all probabilities are zero, the value of the entire
function is zero; if all probabilitles are equal, the function n will have a maximum
value. There lies in the continuum between zero and maximum value, & collection of 1
values which have disgnostic nature for alkanes, alkenes and alkynes.

e.g. Compound Khinchine Function
n-butane 0.92661k4
2-methylpropene 0.812125
t-2-butene 1.041750
3-methyl-1,2-butadiene 1.215960
1,3,5-hexatriene 1.339620
1,5-hexadiyne 1.6053%00
3=heptyme 1.379110



The second approach is concerned with comparison of spectra for the purpose of
determining their likeness with known spectra in a data file. A sultable analogy is the
superimposition of two nearly-identical plenar figures. The selection of & probability
model for the experiment is made which allows this superimposition in a mathematical
way that is amenable to programming on a& mini computer system.

For the initial model, the following equation was utilized

C [4
b
3(1,2) = F 2(pyy - py) loge Pi-i + N Zpy - py) og, iei (2)
1

For random semples 1 and 2, the N values represent the total number of observa-
tions for each speciles (1in this case the total ion current for the compound 1 or 2);
P1y and p,y represent the probabilities of the 10 400 4n semples 1 and 2; py; is de-
fined as l/2(pli - in)' Resulting J values reflect differences between any two ]
spectra being compared. If the two spectra are identicel, J would have a value of zero.
Differences among spectra are calculated for a group of hydrocarbons, using the straight
chelned hydrocarbon as the template upon which comparison is based in each case, 1.e. y
n-pentane serves as template for members of the unsaturated C-5 cyclo systems.

Reference Compound for the Serles is Hexane

Comparison Compound Divergence gJ )
n-hex-l-ene I ,2269
2-methylpent~2-ene 7.7805
cyclohexane 10.0238
3-hexyne 11.8302
2-methylpentene 12,5054
1-hexyne 18.7163
2-hexyne 25.8092

In a second case a group of compound pairs 1s subjected to comparison, "chereby
showing the sensitivity of the divergence calculation in elucidating structural
differences, especially among hetero-atom systems.

Compound Pair Average Divergence

2-methylpent-l-ene vs.

3-methylpent-l-ene 0.9572h
cyclohexene vs.

hex~1-ene 1.11170
2,3-dimethylpentane vs.

2,4-d1imethylpentane 1.46830
n-heptane vs.

2,4k -dimethylpentene 2.6120
2-thiapentane vs.

" 3-thiapentane 10.2372

l-butanol vs.

2-butanol 17.4428

The general idea with which one is concerned is that of set reduction with the
aid of Khinchine entropy functions and divergence velues as indices for degree of dif-
ference categories; the individual categories constitute subsets from the universal
set of all compounds whose mass spectra are available. Once these values are estab-
lished for a complete series of known compounds, they may be used to determine unknown
structure.

The expanded manuscript will. be submitted for publication to Analytical Chemistry.
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D6
Computer Analysis of Mass Spectral Information

Kain-Sze Kwok, R, Venkataraghavan,
and F, W. Mclafferty

Department of Chemistry, Cornell University
Ithaca, New York 14850

This is a brief progress report on a system for computer-aided andlysis of low-~
resolution mass spectral data for compound identification and structural analysis
utilizing spectra-structure correlations and a file of 10,000 reference spectra. The
general objectives of this system are: (1) to identify the compound if the spectrum is
present in the reference file, (2) to find compounds in the file with the most closely
related structural characteristics, and (3) to identify directly particular structural
features.

Three general approaches have been taken for the computer-aided analysis of
mass spectral data. The first method takes the data and predicts the possible molecular
ion and molecular formula using the well-established rules.*:¢ The second method
involves the usage of learning machine techniques to recognize specific structural
features.3 The third method uses file searching techniques to match the spectrum of the
unknown compound with the reference spectrum of a known compound.

Results and Discussion:

A reference file containing around 10,000 spectra has been generated by com-
bining the data from Abrahamsson-Wiley tape and M.S.D.C. tape. The flle contains
the following information.

1., Compound name, molecular formula, molecular weight, 2 most intense peaks.
2. Wiswesser line notation for the molecular formula,

3. Ion-series data:1 Sum of intensities of particular significant series (e.g.,
15,29,43....) and centroid of the series.

4, Neutral loss data:1 Masses and intensities of particular significant neutrals
lost from M7,

5. Characteristic ions data: Masses and intensities of other significant ions.

This condensed file containing chemically significant spectral information along
with the structural formula represented by the Wiswesser line formula notation 1s used
for both the learning machine approach and file searching operations.

Learning Machine Approach:

Application of learning machines to interpret mass spectral data has been reported
by Isenhour and his co-workers.® In our approach the training set utilizes the con-
densed mass spectral data instead of the original spectrum, Training vectors were first
obtained using the Aldermaston M.S.D.C. compound classification code to recognize
the presence or absence of particular structural features in the molecule, Various
aspects of feature selection to obtain the best response using the minimal amount of
information have been investigated. Success in this has led to our present work on
spectral pattern recognition based on complete and fragment Wiswesser line formula
notation. This appears to be a very powerful method capable of performing a sub-
stantial part of the procedure now done by the human interpreter, and, in particular
cases, providing even more structural information than is now possible.

File Searching Method:

For our computerized file searching the unknown spectrum is first condensed
employing the same procedure used for reference data, and match factors are calculated
for each data class. The ion series match factor indicates whether or not the reference
and unknown helong to the same class of compounds. The neutral loss match factor
indicates the similarity of more specific structural features and functional groups. The
match factor from the characteristic lons data involves the remaining significant ions of
the spectrum. Finally an overall index derived from all the match factors is computed
indicating how closely the two spectra resemble each other; a high overall index
indicates that the compounds are nearly identical. However, even if the compound
spectrum is not present in the library, reference spectra with high individual match
factors can indicate particular structural possibilities. Figs. 1 and 2 show typical
results of the searching operation using unknown spectra not in the reference file.
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Figure 1. Search using spectrum of 1-phenylpentane,

Compound Name M.W, Neutral-Loss Series Charac-Ion Class Match
1-Phenylpentane 148 9/18 (1,000) 0.933 2/7 (0.571) 0,939 0.922
(1-Methylbutyl)benzene 148 7/18 (0,778) 0.714 3/7 (0.858) 0.755 0.769
Methyl p-Tolyl Ketone 134 8/18 (0.889) 0.760 0/0 (0.000) 0.890 0.746
ar-Methylacetophenone 134 8/18 (0.889) 0.676 0/9 (0.000) 0.895 0.725
alpha-Phellandrene 136 6/17 (0.706) 0.764 1/6 (0.333) 0.916 0.700

1-Phenyl-3-methylbutane 148 7/18 (0.778) 0.589 2/7 (0.571) 0.689 0.694
p~Methylacetophenone 136 7/18 (0.778) 0.795 0/8 (0.000) 0,820 0.690
2-Phenyl-3-methylbutane 148 6/18 (0.667) 0.663 2/6 (0.667) 0.801 0,683
tert-Butylbenzene 134 6/18 (0.667) 0.747 1/7 (0.286) 0.884 0,667
3-Phenylpentane 148 5/18 (0.556) 0.843 2/7 (0.571) 0.853 0,667

Figure 2, Search using spectrum of 2-t-butyl-p-cresol.

Compound Name M.W. Neutral-loss Series Charac-Ion Class Match
2-tert-Butyl-m-cresol . 164 8/18 (0.889) 0.899 4/12 (0.667) 0.904 0.866
6-tert-Butyl-o-cresol 164 8/18 (0.889) 0.894 4/12 (0.667) 0.899 0,864
4-tert-Butyl-o-cresol 164 7/18 (0.778) 0.814 3/10 (0.600) 0.881 0.778
p-tert-Butylanisole 164 7/18 (0.778) 0.774 3/11 (0.546) 0.862 0,759

p-(1,1-Dimethylpropyl) 164 5/18 (0.556) 0.857 2/12 (0.333) 0,870 0.754
phenol

6-tert-Butyl-m-cresol 164 8/18 (0.889) 0.368 4/12 (0.667) 0.517 0.685
alpha-Terpinolene 136 6/18 (0.667) 0.606 2/12 (0.333) 0.870 0,635

In Fig. 1 monosubstituted benzenes and aromatic ketones were selected; the class
index, ion-series match factor and neutral loss match factor are fairly high for all com-
pounds in the list as one might expect. An examination of the characteristic-ion
column shows zero values for all of the ketones, thus indicating that the unknown is
an aromatic hydrocarbon., The high overall match of the compound at the top of the list
indicates that it and the unknown are nearly identical, which is true in this particular
case.

For the search shown in Fig. 2 a spectrum of the compound used was not present
in the reference file. As can be seen all of the compounds of highest overall match are
isomers of the compound. The two structurally dissimilar compounds, p-(1,1-dimethyl-
propyl)phenol and a ~terpinolene have low neutral loss match factors and low charac-
teristic ion match factors., The low class index and ion series match factor for the
structurally similar compound, 6-t-butyl-m-~cresol, is due to the fact that the spectrum
in the file does not include peaks below m/e 70.

Conclusion:

Preliminary results from this investigation has shown that a condensed file
containing chemically and spectroscopically significant information will not only help
in identifying a compound unambiguously if its spectrum is present in the reference file,
but also will help select spectra with structural similarities. Spectral pattern recog-~
nition based on the Wiswesser line formula notation appears to be especially promising.
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COMPUTER TECHNIQUES FOR D7

IDENTIFYING LOW RESOLUTION
MASS SPECTRA

Stanley L. Grotch
Jet Propulsion Laboratory
Pasadena, California 91103

Several identification algorithms have been implemented into computer programs which
have been tested using 125 different low resolution mass spectra obtained from five
different sources (1-5), These spectra have been compared against a library of 6880
known spectra (substantially the same library as used by Knock, et. al. (6).)

In all of the techniques used here, each unknown spectrum is compared against the known
spectral library stored on magnetic tape. As the search proceeds, a record is main-
tained of the ten compounds in the library yielding the minimum value of a selected
criterion for each unknown. These "top 10" known Spectra are summarized at the
conclusion of the search, All programs can accommodate up to 30 unknowns on each pass
through the library. FEach complete search package consists of approximately 500
FORTRAN IV statements and was tested using an IBM 360/44 computer.

One set of programs used as a disagreement criterion the sum of the absolute valpes of
the differences in peak height when peak height was encoded to either 2, 8 or 10 levels
at each nominal mass. Another program employed the maximum coincidence of the top

N peaks. The choice of the absolute difference criterion coupled with peak height
encoded to a few bits results in several beneficial effects: (1) very high search
speeds can be achieved by packing many channels into each computer word and utilizing
essentially parallel processing, (2) computer memory requirements are reduced, (3) the
quantity of data to be entered into the computer for both unknown and library is
reduced, significantly reducing data input/output time, Typically, for one bit encoding,
using the IBM 360/44, a complete search of the library required about 15-20 sec. For

up to five unknowns per pass, the rate limiting process is the tape reading speed
entering the library into core.

For each criterion of disagreement, two modes of searching were employed: (l) unres-
tricted search (all members of the library were compared), (2) filtered search (only
library members satisfying certain spectral preconditions were considered): (a) the
mass corresponding to the maximum intensity peak (base peak) of the unknown must be
among the 5 highest peaks of the library member, and vice versa; (b) the molecular
weight of the library member must be greater than an arbitrary specified fraction
(generally, 0.7) of the mass of the highest unknown peak with an intensity greater
than 0.5% of the total ion current.

The recognition performance of a particular matching procedure is measured here in terms
of compound "confusion". For a given unknown, the "confusion' is defined as the number
of different library compounds found which yield a value of the disagreement criterion
which is less than or equal to that of the correct answer. In essence, the confusion

is the number of different compounds which must be considered in order to include the
correct compound.

The results of the recognition performance of the various methods of encoding are
summarized in Table I for both the unrestricted and the restricted search, The
results are presented in terms of the percentage of unknowns correctly identified
within a given confusion for peak height encoding of 1, 3, and 32 bits, as well as
the maximum coincidence of the most intense 20 peaks in both unknown and library.

These results indicate that the maximum coincidence criterion was significantly poorer
in recognition performance than the other techniques which were found to increase in
reliagbility as the number of levels increased. However, even the two level system
attained very high reliability. Since computer requirements and economic costs are
likely to be minimal for this case, it might suffice for many applications.

A detailed account of these results will be published in '"Analytical Chemistry."
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Table I. Comparison of One Bit, Three Bit, 32 Bit and Top 20 Results

*¥%k% Unrestricted Search #*¥x*

% of Compounds With Confusion = CO

Top 20
Confusion = CO 1 Bit 3 Bits 32 Bits vs_Top 20
0 64.8 73.6 80.8 48.0
1 76.0 84.0 88.0 54.2
5 82.4 91.2 96.0 71.2
10 86.4 93.6 97.6 77.6
dkkdk Restricted Search *k&ik
Confusion = C
RO
o 70.4 80.8 84,0 60.0
79.2 88.0 94.4 71.2
5 96.0 97.6 98.4 85.6
10 99.2 100.0 99.2 92.0
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Investigation into Intensity Measurements with
Automated Data Acquisition Systems

W,J. McMurray and S.R. Lipsky

Yale University School of Medicine

New Haven, Connecticut 06510
Abstract:

A description of the modifications to the IBM-1800 data acquisition
system which permits it to be utilized by the mass spectrometer and
Fast Fourier Transform N,M.R. spectrometer was discussed. The data
acquisition program and the data processing programs for the intensity
measurements were described., Rather than scanning the entire spectrum,
repeated scans of a limited mass range were employed. The resulting
data was sorted by mass and intensity and the abundances and standard
deviations in the abundances were calculated for all peaks of interest.
Preliminary results on model compounds were reported which showed the
pre;ently attained precision and accuracy. These experiments were
conducted to determine what level of isotope enrichment can be reliably

detected with the present system.
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E1
TONIZATION OF He BY ELECTRON IMPACT:

MEASUREMENTS OF THE TRIPLE DIFFERENTIAL CROSS SECTION
B3
H. Ehrhardt, K. H. Hesselbacher, K. Jung, K. Willmann

Department of Physics
University Trier-Kaiserslautern

Kaiserslautern, Germany

In the last fifty years a large number of publications have appeared on the
experimental determination of ionization cross sections by electron impact. In the main
the different authors have investigated total cross sections as a function of the
electron impact energy by measuring the ion production for single and multiple ionization.
These data are of considerable interest for the description of plasmas which are not in
thermodynamic equilibrium.

By analyzing the electrons instead of the ions produced there is a variety of
differential cross sections that one can measure and compare with theoretical results
before integration over all scattering parametersl). Each integration has an averaging
effect, i.e. much detailed information about the process is lost. For this reason,
contrary to total cross sections, differential cross sections are much more sensitive to
each approximation made in the calculation and to the model considered as a starting
point.

The most detailed data about ionizing transitions by electron impact are
obtained by studying the triple differential cross section. This cross section is a
function of the impact energy Eo of the incident electrons, the energy Ea of one of the

two outgoing ionization electrons, the scattering angles ea’ 8, of these two particles

b
and the angle ¢ between the two scattering planes defined in the process:

a3 = d3a(Eo, Eps 85 8., ¢)

a
Eo or Ea can be replaced by the energy Eb of the second ionization electron given by
the energy conservation law:
EO = Ea + Eb + IP

IP is the ionization potential of the target (the atom and the ion produced are assumed
to be in their ground state). In measuring the triple differential cross section the
kinematic of the collision process is completely defined and the measured signal can be
compared with theoretical results without any integrations.

In our laboratory we have investigated the triple differential cross section
for helium in an electron spectrometer capable of analyzing both icnization electrons

with respect to their energy and scattering angle2)3).

The analyzed electrons are
detected by multipliers and the pulses produced are counted in coincidence. Measuring

the coincidence rate as a function of one scattering parameter keeping constant all
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other parameters yields a curve corresponding the intersection of a hyperplane with the
hypersurface in a six dimensional space defined by the triple differential cross secticn.
In our experiment the variable parameter is the scattering angle of the slow (ejected)
ionization electrons. Measurements are made for Eo = 256.5eV, 80.5eV, SO0eV, 4leV, and
30.5eV.

The obtained coincidence cross sections show a strong angular correlation
between the two outgoing electrons. There are two well defined maxima in the angular
distribution separated by two minima. The cross section is a minimum for processes in
which both ionization electrons are moving in the same or in opposite directions. The
maxima appear as a forward — and a backward-peak which we refer to as the binary
encounter — and recoil peak respectively. For ionizing processes contributing to the
recoil peak both electrons are detected on the same side with respect to the direction
of the incoming electron beam, i.e. the recoil of the ion produced is a maximum, In
ionizing collisions contributing to the binary encounter peak the momentum transferred to
the remaining ion is a minimum and to the first approximation only two particles, namely
the inelastically scattered and the ejected electron, take part in the collision.

The angular position of the binary encounter peak as well as the relative
intensity in the recoil peak and the total coincidence rate are functions of the detector
angle of the fast (scattered) electrons and the amount of the excess energy shared by
each ionization electron. The obtained coincidence cross section cannot be described in
a satisfactory manner by computations based on different Born approximations, not even
for impact energies ten times higher than the ionization potential of the target,
although total cross sections are reasonably well described at this energy range.

For small primary energies (Eo = 50eV, uleV, and 30.5eV) there is a strong
angular correlation between the two outgoing electrons too. However, whereas for

)

Eo = 256.5eV (in accordance with the reflection model 4 )the recoil peak is never higher

than the binary encounter peak and both peaks are almost on an axis, this is no longer

5)

true for small electron impact energies The expected symmetry axis is bent in a
backward direction and the recoil peak is larger than the binary encounter peak. The
bent axis can be attributed qualitatively to the coulomb interaction between the two
continuum electrons, however, until now there is no explanation for the overwhelming
backward intensity of the triple differential cross section. In conclusion we can say
that for impact energies greater than about 200eV a modified Born approximation
{correlation term in the continuum wave functions) can perhaps yield a satisfactory

agreement with the experiment but for small electron energies the ionization process by

electron impact is not understoed at all.
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Measurement and Interpretation of Ionization Potentials of
Molecules
by Burkhard Brehm
Fakultit fir Physik der Univereitidt Freiburg/Br., Germany

The Iinterpretaetion of molecular photoelectron speotra is usually made
agcording to the following scheme, The eleotronic band systems are correlated
with the orbditals of the molecule by a) comparing the calculated molecular orbi-
tal energies with the obaserved energieas of the band systems and by b} comparing
the predicted bonding charaoter of the orbitals with the general shape of the
vibrational struoture in the photoelectron spectrum. If possible, an analysis
of the detalls of the vibrational structure is made using the Franck-Condon
prinoiple and the molecular vibrational and rotational constants obtained from
ppectroscoplc data, Only for a number of diatomic molecules can the vibrational

2’3); for polyatomic molecules a quantitative

4)

evaluation of the vibrational structure has been made only for a few cases .

struoture be completely analysed

The identification of the elsdtronic states of the ions found in the
photoelectron spectra is based upon the assumption that the ionization processes
obgerved are those processes in which one electron is emitted from a specific
occupied molecular orbital without a significant perturbation of the orbitals
of the other electrons and upon Koopmans' theorem: The orbital energy of an

electron ¢, is equal to the energy necessary to ionize this electron Ei. Clearly

1
the lonization energy of XKoopmans' theorem is a vertical ionization energy, be-
cause the orbital energy of the electrons 1s calculated with the nuclei in the

equlilibrium position of the neutral molecule,

1 1
€ = Ej = -V, - v1)l§=§o

Here § is the vector of the nuclear coordinates of the moleculs, Ko is the equl-

i
librium position of the nuclel and V

2 and V1 are the potential functions for the

ion and the molecule respectively.

A quantitative test of Koopmana' theorem would require very accurate mo-
lecular orbital calculations, which are close to the Hartre-Fock limit and a
quantitative way to extract vertical ionization potentials (IP's) out of the ob-
served photoeleotron spectra. Even in such a oomparison, however, devliations are
expected, because the orbitals of the other electrons are changed due to the
presence (or absence) of the electron to be ionized and due to changes 1in the
energy of the correlation of the electronic motion, whioh is neglected in the

Hartree-Fock approximations).

*)Contrary to the original intentions of the author the topic of this paper will
be limited to the measurement and interpretation of vertical IP's, because
problems and methods of measurin% adiabatic IP's have recently been discussed
in detail by Guyon and Berkowitz ).
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In splte of these shortcomings Koopmans' theorem has proved to be a very
powerful tool for the identification of electronic band systems in photoelectron

spectra and the following generalisation may also prove to be useful:
d 1, - - - -
€ (a) = -(Vz(q) - V,(a)) for g ~aq,.

Taking the one electron orbital energy e1 ag & function of the internuclear co-
ordinates ? it should be equal to the negative of the (vertical) energy difference
between the potential function of the nuclear motion for the electronic state of
the ifon V;(E) and of the molecule V1(E). Even though this relation cannot be ex-
rected to hold over a large range of internuclear coordinates, it should be a
reasonable approximation for the vicinity of the molecular equilibrium position

-

95

In observed photoelectron aspectra the largest band or, if the vibrational
atructure is not resolved, the peak of a band system corresponding to one elec-
tronic state of the ion has been taken as the vertical IPG), even though there
geem to be only qualitative arguments for this choice. As will now be shown, the
vertical ionization energy Ei can be more directly connect:? to the "center of
gravity" of the band system, if the Franck-Condon principla)is assumed to be
valid. In thie case the relative contribution of different vibrational transi-

tions to the electronic transition is given by the Franck-Condon factors:

v' 2
Fow= <o, 0¥, >

Here the [Wv"l are the orthogonal, normalized vibrational wave functions for the

molecule

Ty +v1<§')w = E <Yy m=8

wn v 1, "vu' i’ ik

and the [wv'l are the vibrational wave functions for the ion

T V1(9 E
P, + Vyla) @, = o

<a: -
v 2,00 Py O > = by

T 1is the operator of the kinetic energy, V1(;) and V;(?) are the potential
functions for the molecular and ion electronic state respectively and v" and v'
stand for all the vibrational quantum numbers. E1,v" and E2,v' are the total
energies of the molecule or ion sxcep;[fpr the rotational energies, which will
be neglected in this paper. A direct. consequence of the completeness and ortho-
gonality of the {mv|l angd [wv“} 18

E Fvl v! Fv'
¥ Fyn = Fv" = 1 and in partiocular ;| o = 1,

whioh haes been used to normalize the band system, Theese sume as well as the
following must inolude the disaoziation ocontinua due to the completeness re-
guirement for the funotion systexz la%,}. For the average energy of the transi-
tions from one vidrational state of the moleoule ¥" to all vidbrational states
v' of the ion in a particular eleotronic state one gets:

*
)Aside from the Franek Condon prinoiple it 1is required that the photolonization

does not strongly on the energy of the ionized electron.
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v!

b v"(EZ,v' - E1,v") = ;'(Ez,v' - E1,v") Vyui Dy T Wy You>
= ;' Wi @, > <u%'|E2,v' 1,v"l wv">
=% < 0,><0, T @ -1 - v @)y, >
- T e, >, VD - v @ > . < @ - v @ >

Since in photoelectron spectroscopy very often most of the molecules are in their
vibrational (andé electronic) ground state, v" = O, one gets for this particular

case:

i - -
E, = 5,F (E -E = <¢°|v2(q) - v1(q)lw°>

This relation can be used as a new definition of the vertical ionization poten-
tial, The potential difference can be obtained from the sxtended version of
Koopmans' theorem, given above and vibrational ground state wave functions Wo be
obtained for the many moleculss for which the geometry, the vibrational fre-
quencies and the anharmonioities are well known., On the other hand the sum on the
left side of thie relation can directly be obtained from the photoelectron
spectra even in cases where the vibrational structure i8 not resolved. Ei ie the

center of gravity of the band system in the photoeleotron spectrum.
The next sum rule yields:

TPV (E - E 2 - <y

1 - 2,92
vityri2,v! 1,vh |[V2(q) - V1(q)] H’v">

o

and in the speclal case with v" = 0:

v 2 i 2
- - < -
FFs By g0 - By o) bollvg - v Tle>
2 v = 2 1 2 -2
8y = 3%, (Ez,v"Eu;Ei) = <W°|[V2 - V1] lwo> - B

This relation can be taken as a quantitative definition of the "™wibrational width
Ai“ of the electronic transition and, as Ei' it can bve directly evaluated from

the photoelectron spectra as well as from molecular orbital ocalculations.

Other sum rules involving higher powers of the energy differences can be
obtained in the same way, but they do not appear to have a simple meaning so
they will not be given here. They all have in common that the only property of
the ion which influences these numbers 1s the shape of the ionic potential
function in the vicinity of the molecular equilibrium geometry ;;. So the shape
of the potential functions of the ion and of the molsculs and the vibrational
wave function of the moleculs completely determine the general shape of the vi-
brational structure of the transition. The vibrational fine structure depends,

of course, on the rest of the 1lonic potential functions.

In particular the adilabatic IP'e are not directly connected with the mo-
lecular orbditel energies, but for classes of related molecules a correlation

between the vibrational width A and the difference between the vertical and the
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adiabatio ionization potentiale may exist which would give & very useful estimate

for the adiabatic IP from Ei and 4,.

The convergence of these sums and expectation valuee oan best be discussed
- - >
after separating the potential functions into two parts: V(q) = Vol(q) + Vn(q)-
H
ere Vel
clear repulsion; it 1s the same for all states of the molecule and molecular ion

-
is the eleotronic energy, which ie finite for all q. Vn(a) i8 the nu-

80 that ites singularities ocancel in the expression V;

- 2 -
two sum rules for Ei and A" + Ei given here converge. For sum rules with higher

powera of the energy difference convergence problems may arise from the fact that

- V1. This showe that the

the operators of the kinetic energy T and of the potential energy V do not
commute. A treatment of the nuclear rotation must take the ooupling between the
nuclear and electronic angular momenta into account a coupling which changes its
type for very small and large internuclear distances. These problems and their
connection with the angular distribution of the photoelectrons are beyond the

scope of this paper.

The meaning of the two numbers Ei and Ai defined above ocan be 1llustrated

by the following simple calculation for diatomic molecules: If qo 1ia the average

value of the internuclear distance in the molscular ground state
=<V
a, Jlalyy >

1
the potential difference V2(q) - V1(q) = &v(q) and (6\7(!1))2 oan be developed

around .
q\O

i 2
V() = B+ Kla - q ) + Alg - g )" + c.ven
2 i 2 b 1 2
(8 vian? = (8% 4 2 BlK(a-a ) + ko(a-a ) + 2 ELn(a-qy)

Neglecting all terms of third and higher powers in (q - qo) one gets for E, and

1
2
a7 _
- i 2 2 i
B, = £y + nQ° - ) (~E)
2 2 2 2
A1 = X (a - e,)

This showe that Ei is equal to the classical vertical energy difference Ei except
for a correction term which has the order of magnitude of the difference betwseen
the zero point energies. Ai is squal to the product of the force 1n_2£e upper
state at the equilibrium distance of the lower state and the width (q2 - qi)l‘/2
of the lower state wave function, Direct conseguences can be drawn from this for
isotopic molecules like HZ' D2 and HD: Ei depends on the reduced mass p only
through the correction term, which is proportional to the square root of u. A1
on the other hand is proportional to the fourth root of p. These relations have
not been tested so far, For harmionic potentials and forMorse potentials analytie

- 2
expressions can be obtained for E, and A1 as a function of the potential pars-

1
meters.

Another interesting question arises due to the fact that the molecules in

a gas sample at room temperature are not all in their lowest vibrational and
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rotational state. The effect of rotational excitation can be estimated by taking
for Wo in the expectation values the wave function for an average rotational
energy corresponding to the temperature T. No ocentrifugal terms appear, however,
in the expression for V; - V1 because these centrifugal terma must be assumed to
canoel in order to be consiatent with the set of assumptions made above, If
an,J(T) is the normalized Boltzmann distribution including the degeneracy
factors, the experimental determination of the average energy ES(T) and the mean

square deviation Af(T) are given by

E, (T) =v;’J Bv"’J(T) e F

i
a3 < -
v%J Bv",J(T) wv",J|v2 v1|¢v",J >

2 i 2
B(T) = %o B, (1) < q,v"_ll(v2 - v va",J

Now &(T,T) =% Bv"'J(T)IWv",J(i')'z 1s the probability density of finding the
nuclel at the relative position q averaged over an ensemble of molecules at the
temperature T. 9(3,0) = |w°(;)12. This distridution of internuclear positions at
a temperature T as compared to T = 0 1is ohanged in two ways the average inter-
nuclear distance is increased due to the centrifugal forces and the anharmonicity
of the potential function and the area of internuolear coordinates in which
@(;,T) ie substantially different from zero is increased. This has the following
effects on Ei(T) and Ai(T):Ei(T) deoreases with increasing T if the potential
function in the ton state V;(;) decreases towards larger internuoclear distances
in the vicinity of the molecular equilibrium position E;. This is the case if
the electron ionized is bonding. For the ionization of a antibonding electron
Ei(T) should increase with the temperature. Ai(T) should always increase with T,
but this inorease should be larger in the oase of the ilonization of a bonding
electron. For particular molecules formulae for EA(T) and Ai(T) as a function

of T can be obtained for temperatures for which the thermal excitation is small

compared to dissoziation energieas.

The sum rules given above have s0 far only been used to evaluate the
rhotoelectron speotra of a few diatomic and triastomic molecules, For some di-

atomiec molecules (H2, N 02) Ai and the difference between Ei and the adiabatic

'
IP's have also been oaliulsted from the potential functions, The agreement
between these theoretical and the experimental numbers has always been good, if
g00d potential funotions were availadle, It 1s hoped that the sum rules given
above will prove to be useful even though deviations from the Franok-Condon-
principle and from Koopmans' theorem may in some cases hamper their use, For
rolyatomioc moleoules the sum rules should help to give the evaluation of photo-

slectron spectra a mors guantitative basis.
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A Multipurpose Computer Interface for High Resclution Mass Spectrometry.
R. P. PAGE and A. V. NOWAK, Atlantic Richfield Company, Harvey Technical Center,
Harvey, Illinois 60426

A computer interface for real time acquisition of either electron multiplier signals,
or signals from a photoplate reader is described. Although integrated into & non-
dedicated laboratory computer system centered around an IBM 1800 computer with 32K of
core memory and 3 disk packs, the interface is not dependent on a particular computer
(within speed and memory requirements) and, in fact, the general design philosophy is
such that subsystems or components may be substituted depending on the requirements
of & particular spectrometer or computer. External logic circuitry encodes and
switches amplitude and timing information into a single digital channel so that these
date can be stored in the correct sequence. This is very economical of computer time
and storage and permits all other laboratory instruments, on the system, to be operated
simultaneously with the spectrometer. A crystal controlled oscillator and frequency
divider trigger a high speed 1k bit plus & sign analog-to-digital converter with a
sample and hold emplifier at rates from 312 to 80,000 samples per second for acquisi-
tion of electron multiplier signals. For the photoplate reader, triggering is pro-
vided at 0.5 micron intervels by a shaft encoder.
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THE APPLICATION OF A GC-MS-COMPUTER SYSTEM AND F2

VARIOUS INTERPRETIVE PROGRAMS TO PROBLEMS IN
NATURAL PRODUCTS CHEMISTRY

J.E., Biller, H.S. Hertz and K. Biemann

Department of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

As previously described,l the Gas Chromatograph-Low Resolution Mass Spectrometer-
Computer System developed in this laboratory is designed for continuously scanning and
recording approximately 400 spectra obtained from a GC effluent. Data is acquired
during the up-scan portion of each 4 sec. cycle of the magnetic field. Peak centers
and intensity data are determined in real time and the partially reduced data is trans-
ferred to disk during the collapse of the magnetic field. Background threshold is
continuously updated by the software as the data is acquired. In this way the loss of
sengitivity usually associated with arbitrarily set thresholds involved in hardware
peak detection is avoided by more fully using the capabilities of the computer.

Presently the system consists of a Perkin-Elmer 990 gas chromatograph, an
Hitachi-Perkin-Elmer RMU-6L single focusing mass spectrometer, and an IBM 1800 Data
Acquisition and Control System using interface hardware and software developed in this
laboratory, The 1800 is configured with 32K of core memory, a 3-drive 1810 disk
system, two magnetic tape drives, high speed digital and analog input and output
capabilities, a line printer, a console typewriter, and a digital plotter. An analog
tape system has been interfaced to the computer and to the various low resolution in-
struments in the laboratory. This provides the capability for data to be acquired and
saved for subsequent digitization and processing by the computer at a later time.
Finally, the most recent addition i1s an oscilloscope-microfilming system designed
in-house and to be described in this paper.

Improvements in the scanner circuitry to allow a more repetitive computer-
controlled scan function and major changes in the software system have permitted faster
and more efficient use of the facilities by the laboratory chemist. These faster pro-
grams have resulted in the increased use of the GC-MS-Computer system for problems in
areas such as lunar crust analysis, carbohydrate chemistry, peptide sequencing, raw
oplum analysis (discussed below), analysis of drug abuse problems, geochemical analyses,
and various other fields of organic and blochemical interest, With the large amounts
of data now generated, it was realized that the limiting factor was the relatively slow
speed of the output devices required to present the data to the chemist. Furthermore,
it is desirable to make all of the data (not just the spectra) readily available to the
chemist without requiring him to return to the computer for each additional piece of
information. To meet these goals, a new and faster method of outputting data was
sought, The microfilm system described below has efficiently solved these problems.

The microfilming system consists of a Tektronix 611 storage oscilloscope, a Bolex
16mm H16M5 Cine camera with a 10 mm Switar lens, and a single-framing control mechanism
manufactured by Industrial Camera Company, Epsom, N.H. The plotting and filming are
totally controlled by the computer via analog and digital output features, The com-
puter can process and film a GC-MS run of 400 spectra in under 10 min. (including the
time-to-mass conversion step). The film 1is immediately developed using a Kodak Prostar
Processor and is thus available to the chemist within a few minutes after filming is
completed, The end result is a finished microfilm in a cartridge which can be viewed
on the microfilm readers in this laboratory or in any modern library.

With such overwhelming volumes of data, the chemist has more need for interpretive
programs to aid in the data analysis. Although programs are available for selecting the
significant masses in a GC run,2 it was found that with the rapid filming system, it is
simpler and more advantageous to present all of the available data., Hence, not only
spectra, but also mass chromatograms, and more recently homologous series chromato-
grams3 are filmed. Each mass and homologous series chromatogram is presented with the
total ionization curve overplotted as a dashed line, so that one can easily determine
the GC peak in which a feature is significant.

As a specific example of the use of the above techniques, as well as some of the
other interpretive programs available in this laboratory, some results of an investi-
gation of raw oplum from various geographic origins using the GC-MS-Computer system
described above are discussed. Figure lA shows the total ionization plot obtained from
a neutral extract of a sample of Turkish opium. Figure 1B shows the corresponding
homologous series chromatogram for the series m/e = 60, 74, 88, ..., etc, (molecular
ions of aliphatic esters and their McLafferty rearrangement). As opposed to mass
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chromatograms, which plot one m/e value vs. scan index number, homologous series
chromatograms plot the sum of the intensities of ions differing by 14 mass units vs.
scan index numbers. Hence 14 homologous series chromatograms cover any range.

Figure 1C shows the mass chromatogram for m/e = 74, which accounts for many of the

peaks in Figure 1B (those denoted with arrows). Analysis of the spectra associated with
these peaks indicated that they represent a homologous series of even carbon methyl
esters, starting with Cy¢ at scan number 8l. The "doublet" at scans 115 and 121
correspond to two C;g methyl esters, the former being unsaturated. The remaining peaks
in Figure 1B (denoted by asterisks) are accounted for in the next mass chromatogram in
this homologous series. Figure 1D shows the mass chromatogram for m/e = 88. The
spectra corresponding to these peaks fall into two categories. Those peaks which
correspond to the asterisks in Figure 1B are a series of even carbon ethyl esters,
starting with C1g at scan number 95. The "doublet" at C;g again corresponds to the
unsaturated and saturated esters, respectively. These compounds were identified from
analysis of the spectra and the presence of M-45 jons clearly eliminated the possi-
bility of a~methyl methyl esters (which also would show an m/e = 88 ion). The second
series of peaks in the m/e = 88 mass chromatogram are from the methyl ester GC peaks
discussed above and represent the isotope peak for m/e = 87, the second most intense ion
in fatty acid methyl ester spectra,

Another interesting sample of opium, obtained from a different area in Asia,
showed chemical and gas chromatographic properties quite different from the other
samples analyzed. The gas chromatogram indicated an overwhelming preponderance of one
compound, not found in any of the other samples. Comparison of the spectrum of this
compound to the computerized collection of 8000 speccrah yielded no finds. The
absence of even a similar compound in the collection suggested that the compound in
question was quite uncommon. High resolution analysis of the total opium extract gave
the composition C1jHy,N20 for the apparent molecular ion at m/e = 188, Using this
formula as input to the computerized literature search routine,”’ three references were
obtained. The article shown in Figure 2, the most intriguing of these references, and
of immediate interest because it deals with drugs was examined first. The unknown
spectrum (Figure 3) agreed with the spectrum of Antipyrine shown in the article,
Antipyrine, as its name implies, is an antipyretic agent still used outside the United
States but rarely prescribed in this country due to its adverse and cumulative side
effects, The presence of such a large amount of this synthetic drug in raw opium is an
obvious attempt at cutting., Its presence in the oplum was subsequently unambiguously
confirmed by comparison of the gas chromatographic and mass spectrometric data with
those obtained on an authentic sample of Antipyrine.

From the examples presented one can see the advantages of presenting as much data
as possible to the chemist immediately, thus eliminating the constant need for access
to the computer (including the time lost waiting for the computer) for each additional
plece of information. With previous data output methods the time involved in presenting
this amount of data was prohibitive and therefore the chemist had to choose which data
he wanted before having adequate information on which to base this decision, With the
microfilm system described in this paper, the chemist obtains all the spectra plus the
results of various interpretive aids (i.e. mass and homologous series chromatograms) in
less time than previously required for the printing of just the spectra. Furthermore,
with the literature and spectra data bases as well as other computerized interpretive
techniques now more readily available to him, the chemist can more efficiently use the
data rather than spending his time deciding which data to obtain.
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F3
A COMBINED HIGH AND LOW RESOLUTION DATA SYSTEM FOR GC~MS APPLICATIONS

P, Powers and M.J. Wallington
AET Scientific Apparstus Limited
Manchester, England.

INTRODUCTION

The evolution of mess spectrometers specifically designed both for high and low
resolution GC, has led to a requirement for an appropriate data system to accept
and process the wide variety of information aveilable. Five of the most impoxtant
features for auch a system are the ease of operation, the provision of adequate
gpectrum storage, the ability to change from high resolution to low or vice versa
in & short period of time, the ability to start collecting data for a spectrum soon
after the previous one, and the provision of comprehensive background subtraction
facilities. This paper describes the DS30 Data System which was designed for this
work and illustrates 1ts use in two specific analyses.

Figure 1 shows schematically the hardware configuration of the DS30 System.

It is designed so that it may be extended to accommodate other techniques such as
electron spectroscopy or inorganic spark source mass spectroscopy as well as to
provide multi-mass spectrometer access; software for these other technigues can

be stored on the disk at the same time as the DS30 software. Signsls from up to
four mass spectrometers can be fed sequentially either on line or by way of an
intermediate analogue magnetic tape recorder to the computer itself, The standard
peripherals connected to the system are a teletype, high speed reader and punch,
and disk store, This disk store can have a storage capacity of between 64K and
256K worde., With the latter, there is sufficient storage for over 300 specira,
each of 100 peaks. TUnder GC conditions where repetitive scanning may yield many
background spectra conteining few peaks, total spectral siorage capacity is,

of course, much higher. Additional peripherals available include a digital plotter,
fast printer and digital tape for dumping of output reports in IEM compatible form,

OFERATION

From the user's viewpoint operation 1s extremely simple. A total of 16 fundamental
commands (see Figure 2) is provided, most of which are applicable to both high and
low resclution. Once a command has been given the system prompts the operator for
the remaining required information. Indeed at places like the initial command mode,
where a number of alternatives exist, 1t can reproduce all the avallable choices.

The symbol L.+ indicates that the data system is in the mode to accept commands for
low resolution operation., An example is showm in Figure 2. Typing the RETURN key
at that point caused the data system to reproduce all the basic command information
shown there. These commands provide for:

Acceptance of data from the mass spectrometer,

Calibration of the mass spectrometer with a reference compound,
Conversion of peak times to exact mass,

Subtraction of background spectrs,

Printing reports of mass, intensity and elemental composition,
Plotting the spectra on a plotter, line printer or teletype,
Setting up the system and the interface,

Reporting detailed information on scans already obtalned,

Scan data deletion and reference data handling,

System utility programs.

An examination of the command TUNE in more detail shows the adaptability of the
system to different instrumental conditions, see Figure 3. After the command TUNE
has been typed in, with the data system im the low resolution command mode, & back
arrow is autamatically printed. If operator prompting 18 required the teletype
RETURN key 18 hit whereupon a complete list of all available TUNE commande is
printed. Two letter commands can now be typed and the response obtalned by
pressing the SLASH (/) key. For example typing RF/ causes the system to respond
with L aso showing that the system is in the low resolution mode; by typing H
followed by the RETURN key the resolution mode will be changed from low to high.
Thus the operation of changing from low to high resolution mode or vice versa takes
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only a matter of seconds., In a similar manner many other parameters, such as the
munber of permissable missed references in the calibration procedure ( sy can
be examined and if necessary reset.

It is also possible for the operator to choose what information is to be printed.
The cholce can be selected at the time the report is requested or to save time on
repetitive reports, a group of codes can be pre-set in the TUNE program allowing
the operator to epecify the information to be printed under the so—called 'GO!
report. There is a set of GO parameters for both high and low resolution. The
parameters for the high resolution 'GO' report are selected by typing HG/ and

the system responds with a series of codes which indicate in this case (see Figure 3)
that the report to be printed for high resolution would be formatted (paginated),
include centrold times, exact masses, rumbers of points in the peak, absolute
intensity, intensities relative to the non-reference base peak, intensities
relative to total ionisation, and reference peaks. The underlined user entry at
thie point indicates that a change to this 1ist was made to make the report simply
contein a list of exact masses and intensities relative to the non-reference base
peak, Notice that this report is now unformatted. Similarly, the low resolution
1GO! report is set to contain masses, intensities relative to the base peak, an
indication that the masses are to be printed as nominal masses rather than as
measured mass and to print out any half masses detected.

EXAMPLES OF THE USE OF DS30

The facility for rapid, accurate subtraction of background spectra and indeed of
other spectra of any sort from any given spectrum {8 very important for any data
system being used with GC.

An example of the facilities now available with the DS30 is illustrated by the
analysis of a sample of a 019 steroidal ketone on an MS30 Mass Spectrometer., The
sample was run at 1000 resolution with 60 ng injected onto the column. Scans were
made at 1 sec/decade on both the peak and the background and the results were
processed by the data system. Taking into account the separator efficiency,
column conditions and scan speed the amount of sample consumed over one decade was
one nanogram.

Figure 4 shows the use of the 'GO' report to obtain a fingerprint spectrum fram
the composite spectrum which includes the background. The main intent here was to
examine the relative intensities of the sample base peak and the column bleed peak
at mass 207. Because of the small sample size the 207 peak, which is due to the
silicone stationary phase, was the base peak of the resultant spectrum; in
contrast the parent ion at mass 274 was 67.8%. Figure 5 shows how the data system
was set up to perform the background subiraction, The command SUBT was entered
and the names of the sample and background spectra entered via the teletype; a
name was then entered for the spectrum to be created from the subtraction process.
The data system then requested a normalisation mass., Here the operator specifies

8 mass number which comes only from the background spectrum and which can therefore
be used to allow the background spectrum as a whole to be normalised such that the
peak in question is of the same intensity in both spectra. This ensures that on
subtraction the peaks of the background will be properly subtracted from the
composite spectrum and that a minimum of residual background peaks will be obtalned.

Finally the operator can specify the mass range over which this process of
subtraction is to be carried out. The data system responds with the name of the
compound file and with some parameters connected with the subtraction process.
Paremeters are built into the system (pre-set under TUNE) which allow the
operator to prevent the subtraction process from proceeding if the ratio of peak
heights of the normalising mass in the two spectra is outside the user-specified
renge or indeed if the ratio of total ion current in the two spectra is widely
different. Any peaks which go negative on subtraction are retained as such and
can be printed out if required. In the summary only the total number of negative
peaks is printed out for guidance of the operator,

Figure 6 shows the resultant subtracted spectrum as presented using the histogram
ocutput available on either the line printer or the teletype. In this case the
output has been produced on the teletype. Notice that mass 274 is now the base peak,
that the peaks at mass 207 and 208 have now been eliminated, and 281 is now reduced
in intensity.
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An example of the need for quick turn-round between consecutive spectra which also
exemplifies the use of the subtraction facility, is the separation of GC multiplets.
Figure 7 shows the output from a chromatograph of a mixture of amyl ecetate,which is
eluted first, followed by methyl amyl ketone., This mixture was run through the
MS30 GC system and scans taken on the left hand edge of the doublet (to give a
spectrun essentlally of amyl acetate) and on the shoulder. The reset time of the
data system between the two scans wae epproximately five seconds. The scans
themselves were 3 sec/decade at 1000 resolution snd the resulte after subtraction
are shown in Figure 8. The upper trace shows the histogrem output of part of the
scan made on the shoulder of the doublet i.,e., a scan made up of amyl acetate and
methyl amyl ketone as a mixture. The scan at the bottom of the figure represents
the same part of the resultant spectrum after subtraction in which the characteristic
spectrum of methyl amyl ketone is dominant. Notice particularly that the typical
peaks of amyl acetate are absent from this spectrum. The peaks in the plot of the
two spectra have been magnified by a factor of 10 from mass 80 and above.

MONITOR TRACE FROM O 1 | MIXTURE OF ANYL ACETATE AND METHYL
ANYL KFTONE
10% SILICONE OIL COLUMN AT 125°

TR
Al bemie - ety 2! bt

92



F4
A Time-Shared Computer System for

the Mass Spectrometry I..aborat:ory.l

R. N. Stillwell, J. G. Leferink, N, R, Earle,
and L. S. Washco
Institute for Lipid Research, Baylor College
of Medicine, Houston, Texas 77025

A small computer (DEC PDP 8/1, 4K) is used as a time-shared message switching
and data preprocessing unit inte’:rfaced3 to an IBM 360/50 computer, which itself oper-
ates in a time-shared environment. A photoplate comparator, an LKB 9000 low resol-
ution mass spectrometer, an incremental plotter, teletype terminals, and a dataphone
are in turn interfaced to the PDP 8/I. All hardware functions, including the comparator
shaft encoder, the LKB mass marker, and a hardware peak detector connected to the
analog output of the LKB, are interfaced to the program interrupt facility of the PDP
8/I. About 2.2K of core in the PDP 8/1I is used for buffers, which are allocated as
needed in 64-word segments. The PDP 8/I program is concerned only with the alloca-
tion, deallocation, filling, emptying, and switching of buffers. The 360/50 program,
which runs under the Baylor teleprocessing system, transfers data between the PDP
8/I and disk storage, and can also invoke certain applications programs (e.g. plot
generation). Other programs can be executed independently from remote 360/50 termi-
nals as teleprocessing programs or as batch programs by remote job entry.
! This work was supported by NIH grants GM 13901 and RR 00259.

2 The cooperation and assistance of Dr. Allan H. Levy and Bill Hobbs, of the
Institute of Computer Science is gratefully acknowledged.

3 From circuit diagrams kindly supplied by Mr. Lee Hundley of the ACME group,

Stanford Univerasity.
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Mass Spectrometric Characterization of Aminocyclitol Antibiotics F5

KENNETH L. RINEHART, JR., PHILLIP SCHAEFER, and J. CARTER CQOK

Department of Chemistry
University of Illinois, Urbana, Ill. 61801

CARL P. SCHAFFNER and ALLAN KERSHNER

Institute of Microbiology
Rutgers University, New Brunswick, N.J. 08903

Although the aminocyclitol antibiotics are relatively non-volatile their trimethyl-
silyl derivatives pass through a gas chromatograph™ and can be studied by the combined
gc-ms procedure., Other useful mass spectrometric techniques for studying the amino-
cyclitol antibiotics include high resolution and metastable defocusing. All of these
procedures have been employed in studying the neomycins, the gentamicins, and compounds
related to them; applications will be described. Of particular note is the assignment of
structure from its mass spectrum alone to a new component of the medically important
gentamicin complex,“ gentamicin C2a' isolated by countercurrent distribution.

1)(. Tsuji and J. H. Robertson, Anal. Chem., 41, 1332 (1969).
2D. J. Cooper, H. M. Marigliano, M. D. Yudis, and T. Traubel, J. Infect. Dis., 119, 342
(1969) .
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A Gas Chromatographic-Mass Spectrometric Investigation F6

of the Alkaloids Found in Single Seeds of Ormosia paraensis and O. tovarensis

WOODFIN V. LIGON, JR., and KENNETH L. RINEHART, JR.

Department of Chemistry
University of Illinocis, Urbana, Ill. 61801

Crude basic extracts obtained from single seeds of Ormosia paraensis and O.
tovarensis have been examined using the combined techniques of gas chromatography and
mass spectrometry. The alkaloids isoangustifoline, angustifoline, lupanine, ormosanine,
dasycarpine, costulamine (or dihydroormojanine), ormosajine, ormojanine, and 13-hydroxy-
lupanine have been found to be present in both species. The alkaloids were identified
by comparison of retention times and mass spectra with those of pure samples. Although
dihydroormojanine, costulamine, and dasycarpine cannot be resolved on the gas chromato-
graphic column used, by employing a technique of rapid repetitive scanning of the parent
ion region followed by plotting of the intensities of the individual parent ions versus
time, the overlapping peaks have been deconvoluted to show that both species contain
costulamine or dihydroormojanine (Pt = 315) as well as dasycarpine (P'* = 317).
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Gas Chromatography and Mass Spectrometry of the F71
Erythrina Alkaloids and Their Trimethylsilyl Derivatives

DAVID S. MILLINGTON and KENNETH L. RINEHART, JR.

Department of Chemistry
University of Illinois, Urbana, Ill. 61801

Using a gas chromatograph in tandem with a low-resolution mass spectrometer, a
method has been developed for the routine analysis of Erythrina alkaloids.l The crude
alkaloid mixtures are first treated with bis(trimethylsilyl)acetamide to afford volatile
derivatives of the hydroxylic components and then injected onto a glass column (6' x 2mm
I.D.) containing 3s OV-17 on Gaschrom Q. The gc-mg asystem is operated on-line with a
computer, the mass spectrometer scanning continuously at one second per decade over a
preselected mass range, with each spectrum recorded on magnetic tape. Desired spectra
are printed by an electrostatic recorder in bar-graph form, after the computer has
subtracted background ions and corrected the spectra for changes in total ionization
during the scan. The mass spectral fragmentations of the trimethylsilyl derivatives
yield valuable information on their structures and six new alkalcids, two from E.
folkersii and four from E. mexicana, have been identified. Isolation and further
studies on these compounaé have confirmed the structures deduced from their mass spectra.
1R. K. Hill, in "The Alkaloids,"” Vol. 9, R. H. F. Manske and H. L. Holmes, eds.,

Academic Press, New York, 1967, p. 483.



THE MASS SPECTRA OF TRIMETHYLSILYL DERIVATIVES OF SOME 6-ACID SUBSTITUTED PTERIDINES F8

Jim Serum and Pat Haug

Department of Chemistry, Rice University, Houston, Texas 77001

Toshiyuki Urushibara and Hugh S. Forrest

Department of Zoology, University of Texas, Austin, Texas 78712

INTRODUCTION
In the Tast two years considerable interest has been shown in the mass spectra of
pter-idines..l_2 Most of the naturally occurring species have an amino group in the

2-position and a hydroxy group in the 4-position- {I), although series of 2,4,7-trihydroxy
species (II) have also recently been found to occur naturally. In the 2-amino - 4-hydroxy
series, fragmentation is characterized by successive loss of carbon monoxide and hydrogen
cyanide. The dimethylpteridine of course loses methyl cyanide. Correspondingly, in the
trihydroxy series, one sees toss of HOCN to give m/e 137, followed by loss of carbon
monoxide to give m/e 109 which can either lose hydrogen cyanide to go to m/e 82 or
another carbon monoxide to go to m/e 81. The propyl substituted pteridine does not give

a large molecular ion, as a result of the loss of ethylene via a six membered inter-

mediate.
>
R6 ~N ™S = S1(CH,)
Ry
I. Ry = NH,3 Ry = OH 2-Amino-4-hydroxy pteridine series
II. R2 = R4 = R7 = OH 2,4,7-Trihydroxypteridine series
II. R, = NHTMS: R, = OTMS; Re = SO5TMS; R, = H
V. R, = Ry = OTMS; Rg = SO3TMS; R7 = H
V. R, = NHTMS; R, = OTMS; Rg = CH20P03(TMS)2; R7 = H
VI. R, = NHTMS; Ry = OTMS; R = - ?H - EH - CH,0 P03(TMS)2; Ry = H
T™MSO 0TMS
DISCUSSION

Because most of the Targer compounds with acid substituents could not be vaporized
at temperatures under 350° above which they decomposed, we undertook the trimethyl
silylation of these compounds by reacting in a capillary about 20 ug of pteridine, 10 ul
BSA (N,0-bis(trimethylsilyl)acetamide) and 1 ul TMCS (trimethylchlorosilane) at 60° for
15 minutes. These derivatives could be volatilized at temperatures ranging from 15¢° -
275°. GCMS were possible on a 3% SE column, 10' Tong by 174" at 230° with retention
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times ranging from 3-20 minutes.

The mass spectra of the trimethylsilyl derivatives of the 2-amino-4-hydroxy and
2,4,7-trihydroxy- compounds exhibited large molecular jons as well as fragments at M-15,
m/e 147 [(CH3)251 = BSi(CH3)3]; m/e 75 [H6 = Si(CH3)2]; and m/e 73 [Si(CH3)3]T

Unfortunately, in a series of four acids recently studied, none of the unsilylated
derivatives could be volatilized. The mass spectra of the silylated compounds were
obtained at a source temperature of 300o and an jonizing current of 100 u amps. Con-
siderable difficulty was encountered in obtaining the spectra of these compounds. A
number of spectra at lower temperatures showed no molecular jons. No molecular jon for
2-amino-4-hydroxy-6-hydroxymethyl phosphate (V) has been detected, although if the right
conditions could be found it is expected that a molecular ion would be detected.

The mass spectrum of the trimethylsilyl derivative of 2-amino-4-hydroxypteridine-6-
sulfuric acid (IIT) shows a clear molecular ion corresponding to mass 459 and 2,4-dihy-
droxypteridine 6-sulfuric acid (IV) shows a molecular ion at m/e 460. The loss of the
elements of HSOZTMS yielded ions at mass 321 and 322 respectively. This species in the
case of the dihydroxy compound (IV) shows further loss of a trimethylsilyl radical to
yield a 249 ion. The corresponding fragmentation was not observed for the 2-amino-4-
hydroxy compound (III). The ions at m/e 233 and 234 correspond to the loss of CH3, ™S,
and HSOZTMS from the molecular ion. 2-Amino-4-hydroxy-6-(l', 2', 3'- D-erythro-tri-
hydroxypropyl)-pteridine-3-phosphate (VI) gave a clear molecular ion at m/e 765 and
showed characteristic peaks at m/e 314 corresponding to PO4(TMS)3 and m/e 299 formed
by the Toss of an additional methyl radical. Although compound V gave no molecular
jon, peaks at m/e 314 and 299 were dominant in its spectrum. Previous investigators
have reported the observation of m/e 315 ions in mass spectra of trimethylsilyl-phosphate

derivat1ves.3’4'5

Recently, the molecular ion of (TMS)3 P04(M+ = 314) was reported to
lose a methyl radical to give an jon at mass 299 as the base peak.6 The probability
that the 314 jon is not an artifact in our compounds js supported by the Toss of 314
mass units from the molecular ion of IV to give the m/e 451 fon and the absence of a
m/e 315 may be due to the lack of a rearrangeable hydrogen.

Compound VI exhibited simple cleavage between the two hydroxy substituents yielding
jons at m/e 357 (charge retention on side chain) and m/e 408 (charge retention on ring
fragment).

We are currently attempting to obtain methyl or acetate derivatives of the pteridine

with the hope that these will yield more information.
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INFRARED AND ULTRAV [OLET SPECTROSCOPIC STUDIES OF MOLECULAR IONS G1
TRAPPED -IN INERT SOLID MATRICES

Dolphus E. MIlligan and Marllyn E. Jacox
Natlonal Bureau of Standards, Washington, D. C. 20234

During the past twelve years, we have appllied the matrix isolation technique to the
study of the infrared and ultraviolet spectra of free radicals and other highly reactive
reaction intermediates. These investigations have proved to be exceptionally frultful;
spectroscoplc data have been obtained for over sixty dlatomic and small polyatomic free
radicals, and, In favorable circumstances, the data thus obtained have permitted infer-
ences regarding the structure of these species, as well as computation of the vibratlonal
contribution to the thermodynamic properties. About two years ago, we found that it Is
also possible to stabllize sufficlent concentrations of charged speclies in the inert, nom
lonlc environment of the rare-gas matrix for direct observation of their infrared and
ultraviolet spectra. In turn, these data also have permitted inferences regarding the
structures and vibrational contrlbutions to the thermodynamic properties of these small
molecular lons. Heretofore, data regarding the electronic and vibrational energy levels
of charged specles have been largely inaccessible. O0f course, the spectra of various
charged specles in ionlc crystal lattices and in polar solvents have often been studled.
However, in these environments the energy levels are likely to be significantly perturbed.
Only a few small positively charged species, including CO% and N20*, have been amenable
to gas-phase spectroscoplic Investigation. Prior to the matrix studles, virtually no
spectroscopic data were avallable for negatively charged specles [n an Inert, nonlonic
environment.

The matrix isolatlon technlique Involves the preparation of a mixture of the molecule
of iInterest with a large excess of an Inert dlluent, followed by the freezing of this
mixture onto a sample observation window at a temperature sufficiently low that mole-
cular diffusion is inhiblted and individual molecules are surrounded by matrix atoms or
molecules. Generally a matrix materjal such as a rare gas or nitrogen s chosen, both
because of its rigldity at cryogenlc temperatures and because of Its transparency In the
infrared and ultraviolet spectral reglons. The matrix material used for all of the ex-
periments to recelve subsequent discussion Is argon. In experiments utillzing rar?-gas
matrlces, the vibrational fundamentals generally appear within 5 or at most 10 cm™' of
the gas-phase band origlnﬁ. The ortgin of an electronic trans!tlon may be shifted as
much as a few hundred cm™' from the gas-phase value, but the upper-state vibrational
spacings, llke those for the ground state, generally correspond closely with the gas-
phase values. Because of the very low temperature, between 4 and 200K, absorptions arls-
Ing from thermally excited energy levels do not appear. Very little rotational structure
Is detectable; In an argon matrix, only the lowest rotational levels of a few simple
hydride molecules have been observed. The structural Information which can be derived
from rotational separations Is lost. However, because the Infrared absorptlons typlcally
have half-widths less than about 5 cm'l, it is often possible to resolve i{sotopic separa-
tions. Indeed, studies of the behavlor of vibrational absorptlons upon isotoplc subst!-
tution are the key to the definitive identification of both free radicals and molecular
lons In matrix-isolation experliments.

In many of our experiments, the molecule of interest Is subjected to vacuum-ultra-
violet photolysis, leading to photoionizatlon or to the detachment of an atom or a mole-
cule, If a molecule is detached, it cannot diffuse away, and, depending on the actlvation
energy for recombinatlon, may elther remain trapped in a site adjacent to the reactive
fragment or recombine to re-form the Initlal species. On the other hand, electrons or
atoms may diffuse away from the slte of thelr photoproductlon, leaving a positively
charged species or a molecular fragment trapped In the matrix. These electrons or atoms
may Interact with still other molecules trapped In the matrix, leading to the productlon
of negatively charged species or of free radicals. Because the sample is exposed to the
photolyzing radiation over an extended period of time, secondary photoprocesses generally
also play an important role.

In other experliments, an atomic beam of an alkali metal [s codeposited with the gas
mixture of the molecule of interest in a large excess of argon. A number of molecules,
including NO, NO,, and 505, undergo strong charge-transfer iInteraction with the alkali
metal atoms In tﬁe argon lattlce, leading to the direct production of negatively charged
species In sufflclent concentration for spectroscopic study. Other molecules show only
a weak charge-transfer interactlon with alkali metal atoms, and negatively charged spe-
cles result on exposure of the sample to radiation effective in photolonizing the alkali
metal atoms,

For several years, a band system wlth origin near 5200 A which appeared on trapping
the products of a discharge through methane or the products of the vaporization of
graphite In a rare-gas matrix was ascribed to the Swan system of triplet C,. This as-
s[gnment was, however, open to serious question; the absorption band separation was about
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200 cm~! greater, and the emisslon band separation about 150 cm~! greater, than the sepa-
rations observed for the gas-phase transition. Furthermore, subsequent to the initial
assignment, ?as-phase studies demonstrated that the ground state of Cy is a singlet state
some 610 cm™! below the lower state of the triplet Swan trapsjtion. [n an attempt to
clarify the asslignment, M[1ligan, Jacox, and Abouaf-Marguin D studied the Infrared and
visible-ultraviolet spectra of the products of the vacuum-ultraviolet photolysis of
acetylene in an argon matrix. The appearance of prominent absorptions due to both the
Phillips and the Mulllken systems of singlet Cy demonstrated that the lowest singlet
state remalns the ground state in rare-gas matrices. However, the 5200-A band system
also appeared. Furthermore, studies on Isotopically enriched acetylene samples demon=
strated that this band system must arlse from a specles of formula C,. It was suggested
that, because vibronic i{nteractlon between the lowest singlet and triplet states is
strongly forbidden, some triplet C; might possibly be stablllzed in the matrix.

Subsequently, Herzberg and Lagerqvlst(z) reported the detectlon in the spectra of
transient products of a flash discharge through gaseous methane of a new band system with
origin near 5400 A and with upper- and lower~state vibrational spacings closely similar
to those of the 5200-A band system of the matrix experiments. Isotopic studies confirmed
that this new band system was contributed by a species of formula Cy. Since it was not
possible to find a pair of low-lying electronic states of C, which could account for the
observed bands, Herzberg and Lagerqvist considered the possibillty that the band system
could be contributed by a charged species of formula C,. Assignment to CE was especially
sultable. Furthermore, the electron afflinity of C, was known to be appreciable, and sup-
plementary mass-spectrometric studies demonstrated the presence of a significant concen-
tration of C; in the system. The only difficulty appeared to be the fallure to detect a
spin splitting. However, the high-J lines were significantly broadened.

The correspondence between the vibrational spacings of this new gas-phase transition
and those of the matrix experiments suggested a new series of experimenEs in which a
small concentration of an alkall metal was added to the Ar:CoHp sample. Upon vacuum-~
ultraviolet photolysls of the resulting deposit, the intensities of the singlet C; ab-
sorptions were markedly diminished, and the intensity of the 5200-A band system was dra-
matically enhanced. Although the 5200-A band system could be completely destroyed In the
absence of an alkali metal by exposing the sample to 2000-3000-A radlation, in the pre-
sence of an alkall metal the Intensity of the band system was unchanged even upon pro-
longed exposure of the sample to radiatlon in this wavelength range. These results may
be explalned by noting that the alkali metal provides a source of photoelectrons which
are captured by €y producing C3. In the absence of a supplementary photoelectron source,
exposure of the sample to 2000-3000-A radiation results In photoelectron detachment from
C3, whereas In the presence of an alkall metal, a steady-state concentration of C2 Is
malntalned. Recently, Frosch(L+ has identified both the fluorescence emission correspond-
Ing to the Swan bands of C; and the C; emlssion bands In Ar:CoHp samples which have been
exposed to x rays. All of these data have pointed to the concluslon that the 5200-A band
system Is indeed contrlbuted by €3 and that charged species may be trapped in rare-gas
matrices In sufficient concentration for direct spectroscopic detection. Furthermore,
the demonstratlion that the alkali metal atoms are a sultable source of photoelectrons for
matrix-lsolation experlIments has provided a technique useful for the stabilization of
st111 other negatlvely charged spectes,

In studies of the vacuum-ultraviolet photolysis of NOy in an argon matr!x(S), a pro-
minent, unexplained product absorption appeared at 124t cm”'. Following the discovery
that charged species may be stabillzed in an argon matrix, we noted that the energy pro-
vided by the photolysis lamp was In excess of 9.8 eV, the lonization potential of NO,.
Thus, we came to suspect that photoionization and electron capture Rrocesses might also
occur In this system. Further experiments showed that the 12h44-cm™' peak also appeared
in Ar:NO, samples which had been subjected to electron bombardment, as well as in Ar:NO,
samples which were codeposited with an atomic beam of an alkali metal. In the alkali-
metal experiments, the absorption tentatively attributed to NOE appeared In the inltial
deposit, suggestlng the occurrence of strong charge-transfer interaction between the al-
kall metal atoms and NO,. Isotopic substitutlon studies confirmed the assignment of the
124%-cm™! absorption to the antisymmetric stretching absorption of NO% and indicated that
the valence angle of this specles Is close to 1159, the valence angle found for NOZ In an
lonic crystal lattlce. ?g ever, the absorption frequency Is decreased by 31 cm™' In
going from a KBr lattice to the inert, nonionic environment of the argon matrix. In
the presence of an alkall metal, other absorptions also appear somewhat to the red of the
1244-cm™ absa‘ptlo? ?f {solated NO7. These absorptlons may be assigned to M*---NO3 and
M%---NO3 lon palrs. 7

Similarly, Ar:50; samples which are codeposited with an alkali metal show new ab-
sorptions near 496, 985, and 1042 cm™! which isotopic substitution studies have demonstra-
ted to be contributed by the three vibrational fundamentals of ?02, produced by strong
charge-transfer interaction between the alkali metal and 502.( Consistent with the
relatively small electron affinity of $07, no absorptions due to isolated S0 have been
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Identified; all of the S07 absorptions are somewhat dependent on the alkali metal used in
the experiment. When cesfum is used, the Isotopic data can be fltted to a three-constant
vibratlonal potential function with no frequency deviating by more than 1 cm™! (the ex-
perimental error typical of the observations) for a valence angle of 1100 = 59, without
taking Into account the particlpation of Cs¥ In the vibrations. Simple molecular orbital
theory predicts that the addition of an electron to $0, should lead to a decrease In the
valence angle and to a weakening of the $-0 bonds, Whereas the valence angle of ground-
state 50, Is 119.5°, that found for 503 is approximately 110°, The $-0 stretching force
constant, an_approximate measure of the strength of the S-0 bonds, decreases from a value
of 10.2 x 102 N m~! for $0, to a value of 6.4 x 10 N m~! for $03.

In studies of the vacuum~ultravliolet photolysls of samples of approximately 1% HCI
In an argon matrix, a prominent absorptlon appeared at 696 cm™ ' and a weaker peak at 956
cm ', correspondln% fxactly In both positlon and contour with absorptlons reported by
Noble and Pimentell9) in studies of the Infrared spectra of Ar:HCl samples which were co-
deposited with Ar:Cl, samples that had been passed through a glow dlscharge. These ab-
sorptions were most prominent In In experiment In which the Cly discharge was only 3 cm
from the cold sample window. [sotoplic data were consistent with a llnear, centrosymmetric
molecule possessing two chlorine atoms and one hydrogen atom. The possibility that the
specles was the CIHC1™ anlon, rather than the CIHCI free radlcal postulated by Noble and
Pimentel, was suggested both by the conditions under which the hlghest yield was obtalined
and by the similarity between the spectrum and that reported for the CIHCI™ anlon In a
relatively symmetric crystal envlr nment. When an Ar:HC1 sample was codeposited with an
atomic beam of an alkall metal, a pattern of new absorptions appeared in the 700-1000-
cm™! spectral range, and, upon exposure of the sample to the radlation of a medium-pres-
sure mercury arc, very prominent absorptions appeared at 696 and at 956 cm™!, once again
with contours Identlical to those observed in the dlscharge experiments. 1t was concluded
that these two absorptlons are Indeed contributed by the CIHC1™ anion, formed both by the
interaction of C1~ wlith HC1 and by dissociative electron attachment to (HCI)2 aggregates
In the argon matrix. Recently, the corresponding vibrational absorptions of BrHBr~ have
also been identified at 728 and at 892 em™! in parallel studles of the vacuum-ultraviolet
photolysis of relatively concentrated samples of HBr In an ar??n matrix and in studles of
the Tnteractlon of alkall metals with HBr In an argon matrix. 1)7"a detalled study of
the new absorptions characteristic of unirradlated deposlts of HBr together with an al-
kall metal In an argon matrix Indicates that strong charge-transfer interaction leads to
the formation of M*---XHX™ lon palrs In the Initlal deposlit, and that the mercury-arc ra-
diation facllitates the migration or reorlentation of M in the argon lattice, resulting
In the appearance of relatively sharp absorptions due to XHX™ anions unperturbed by the
presence of a nearby catlion.

When chloroform Isolated [n an argon or a nitrogen matrix is sub{ected to photolysis
by 1216~A radiation, a very promlnent absorption due to CCI3 appears., 12,13 in the ar-
gon-matrix experiments, other unident!fled product absorptions are also present., Since
the lonization potential of CCl3 Is 8.8 eV and that of HCC1,, a minor product in this
system, Is 9.3 eV, well below the 10.2-eV output of the hydrogen dlscharge lamp, photo-
tonizatlon of these two radicals Is possible. Simple molecular orbital theory predicts
that CC]§ and HCC]E should be planar, with C-Cl bonds somewhat stronger than those char-
acteristlc of the neutral radicals, A prominent absorption at 1037 cm™' has the expected
position, carbon-13 shift, and chlorine-isotopic splitting for the degenerate stretching
fundamental of CCI; with planar threefold symmetry.

If Indeed this absorption s contrlbuted by CCl+, one might expect electron capture
processes also to occur, leadlng to the stabllization of negatively charged species which
preserve the overall charge neutrality of the sample. Thus, experiments In which
Ar:HCCl3 samples were codeposited with an atomlc beam of an alkall metal were suggested.
Althouga the Infrared spectrum of the resulting sample was ldentlcal to that characteris~
tlc of Ar:HCCl; samples deposited without the alkall metal, upon exposure of samples con-
taining an alkall metal to mercury-arc radlatlon five prominent new absorptions appeared,
with contours and positions Identical to those of the remaining unexplained absorptions
In the vacuum-ultraviolet photolysis experiments. Four of these absorptions, at approxi-
mately 840, 1270, 2500, and 2720 cm™ ', behaved approprlat?ly In isotopic substitution ex-
periments for asslgnment to HCC]E. The fifth, at 705 ecm™', must be asslgned to another
product, Tentatively, It has been suggested that this product may be HCC]S, known from
gas-phase studles to have only a very shallow potenttal minimum,

In experiments In which Ar:HCCl3 samples were photolyzed by the 1067-A argon reso-
nance line, the CCl, absorption did not appear, but two absgﬁptlons previously assigned
to HCCI, were moderafely prominent. Instead of the 1037-cm ' peak, there appeared an ab-~
sorption at 1038 cm™' with a chlorine-isotoplc splitting characteristic of a molecule
pos?esslng only two chlorine atoms., Thls absorption, as well as another peak at 1290
cm™ ', shifted greatly in experIments on DCCI3, requiring the presence of a hydrogen atom
In the molecule. The asslignment of these two peaks to the two nontotally symmetric fun-
damentals of HCCIE has recelved further support from studles on carbon-13 enriched chio-
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roform samples.

In gas-phase studles of the Interaction between low-energy electrons and chloroform,
C1”™ Is detected, and It is inferred that HCCI2 Is also produced, Thus, the Influence of
the rigid lattice must be conslidered in the matrlx experiments to account for the stabi-
lization of an appreciable concentration of HCC]E, rather than of HCCI,. It is belleved
that electrostatic Interactions between C1™ and HCCl, trapped In adjacent sites in the
lattice Inhibit diffusion of C17. Since Cl atoms should be much less strongly polariz~
able than HCCl, radicals, the decomposition of HCCl§ Into C1 + HCCI13Z, with subsequent
diffuston of tﬁe Cl atom, would be expected to be less strongly Inhiblted by the argon
lattice.

Studies of the Interaction of low-energy electrons wlth matrix-isolated HCCloF and
HCCIF, have also been conducted, but analysis of the data Is not yet complete. In both
of these systems, several absorptions which can be assigned to each of two negatlvely
charged product species have been obtalned. There Is reason to believe that one of these
specles Is the parent molecule, bearing a negative charge, and that the other negatively
charged species Is derived from this flrst specles by detachment of a chlorine atom.

Upon codeposition of an alkall metal at?mlc beam wlth NO In an argon matrix, a new
absorption ?ggears between 1350 and 1375 cm” ', dependlng on the alkall metal used In the
experiment. Isotopic studies are consistent with the presence of a single nitrogen
atom and a single oxygen atom In the speclies responsible for thils absorption. It Is sug-
gested that the absorption results from the NO™ stretching vibration of M*-++NO~ or
M¥---NO~ formed by strong charge-transfer Interactlon between the alkall metal and NO in
the argon matrix. Further supp?rt for thls asslignment Is obtalned from the recent deter-
mination of a value of 1355 cm”~ f?r the first vibratlonal separation of NO™ in the gas-
phase studies by Spence and Schulz 14) of the elastlc scatterlng of low-energy electrons
from NO.

When N20 1s codeposited with an atomic beam of an alkall metal in an argon matr|x$7)
the infrared spectrum of the resulting depos!t is found to be unperturbed by the presence
of the alkall metal. In the absence of the alkall metal, Irradiatlon of the sample by

the full light of a medium-pressure mercury arc leaves the infrared spectrum of the sam-
ple unchanged., However, after a short period of [rradlatlon of a sample contalning an
alkali metal a new absorption appears at 1205 cm'l, and a diminution In the N,0 absorp-
ttons s noted. Upon prolonged irradlation of the sample, the 1205-cm™' absorptlion dlis-
appears, the N0 absorptlons are greatly reduced in Intensity, and absorptlons dye to
(NO) , become prominent. Isotopic substltution studies require that the 1205-cm™' absorp-
tion be assigned to an 0-N-0 antlsymmetrlc stretching vlibration. The gas-phase studies
of the Interaction of low-energy electrons with N,0 indicate that d]ssociative attachment,
producing Ny + 07, occurs. Thus, It seems llkely that the 1205-cm™ | absorption may be
contrlbuted by a product of the reactlon of 07 with NyO. The three most stable resonance
structures for N20 all have a resldual posltive charge on the central nitrogen atom, sug-
gesting that 07 could attack N,0 at the central position, leading to an 0,N=N” structure.

In supplementary experiments, a small concentration of NO was added to the AriN,0
sample, which was codeposited with a sodlum atomic beam, The Na"**°NO” absorptlon ap-
peared In the inltlal sample, and on Irradiatlion of the sample with the full light of a
med lum-pressure mercury arc this absorption and those of N,0 diminished In Intensity.

Not only the 1205-cm ' absorption but also the absorptions of I{solated NO; and of
Na+"'N0§ grew In. These results also suggest the production of 07, which may react with
Isolated NO to produce isolated NO,. The decrease In the intensity of the Nat+<<NO~ ab-
sorption may result from the react%on of thls species with 0 atoms, produced by photo-
electron detachment from 07, to yield Na+"'N0§.

In summary, conslderable data have been amassed supporting the Infrared and, for C3,
the ultraviolet spectroscopic identification of a number of small molecular fons. Where-
as the techniques employed In these experliments do not permit the direct detection of the
electric charge, under favorable circumstances the isotopic data provide definite Infor-
matlon concerning the chemlcal formula of the molecule, as well as semiquantitative data
regarding fts structure., When the spectrum of the corresponding neutral specles Is
known, the presence of an auxlllary electron source strongly supports the asslgnment of
the new absorptions to the anion. In the chloroform photolysis experiments, It has also
been possible to ldentify positively charged product specles. Accessiblllty of window-
less discharge sources Is expected to permlt the observatlon of stil] other positively
charged specles In the near future.

It must be emphasized that the cage effect places fundamental restrictlons on the
matrix experiments. Molecules cannot diffuse through rare-gas matrices at the tempera-
tures employed (4 and 149K), but the lighter atoms and electrons can undergo at least
Iimited diffusion. Cage recomblnation processes and InhlbItlon of certaln decomposition
processes because of polarization effects do occur. Although a number of the lonic
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species here consldered have been observed to undergo photodetachment {n experiments in
which they were produced without the use of an alkall metal, the technique ls inherently
unsuited to the determlnatlon of accurate electron affinities.

Despite these limitatlons, the matrix isolatlon technique provides an extremely
powerful tool for the stabilization of charged specles in sufficient concentratlon for
direct observatton of their infrared and ultraviolet absorption spectra, often Inacces-
sible from other types of experiment. Such spectra are of fundamental Interest. Data
derived from them may, under favorable clrcumstances, lead to the determlnation of an ap-
proximate structure for the molecule. Force constants obtalned on analysis of Infrared
data for the various Isotopically substlituted specles also provide Information regarding
the strengths of the various chemlcal bonds. In turn, this Information can be used to
test the Implications of molecular orbltal theory for molecules with elther a deficlency
or an excess of electrons In thelr valence shells.
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Measurement of Rate Constants and Their Dependence on lon Kinetic Energy by lon Cyclotron
Resonance.” Jean H. Futrell, University of Utah, Salt Loke City, Utah 84112,

Recent advances in the technique of ion cyclotron resonance include the direct measurement
with moderate precision of all the parometers requried for the determination of rate
constants for ion-molecule reactions. Further, ion motion under the customary experimental
conditions is now well understood and a formal description of ICR power absorption

both in presence ond absence of reactive collisions is avoilable. Jon kinetic energy

and spread of kinetic energy from the interaction with applied static and oscillating

fields have been analyzed analytically and, in some cases, experimentally. Consequently it
is now possible to carry our kinetic experiments by ICR with precision comparable to

that of other techniques; in addition certain measurements are readily accomplished

by ICR which are difficult or impossible by other methods. These new techniques and
analytical results will be described and several examples illustrating the character

and precision of measurements now possible by ICR will be presented.
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INSTRUMENTATION AND TECHNIQUES FOR SCREENING PHSTOLOGICAL FLUIDS FOR TRACE IIE’IABOLITES.""

JOHN ROBOZ, IASZIO SARKOZI, ALEXANIER RUHIG, and FERENC HUTTERER, Department of Chemistry
Ths Mount Sinai Hospital, New York, W.Y¥. 10029,

There has been an increasing interest in the so-called "metebolic profiles", involving
the single-analysis dstermination of a largs number of low molecular weight components
in blood serum, urins, and other physiological fluids. The objectives of this work
were to develop routine, automatic methods to measure changss in lavels of mestabolites
of Imown structure, detect unsuspected metabolites and identify them, and, if an
unknown turned out to be of significance, add it to the components that are routinely
analyzed.

Imstrumentation. The analytical system consists of a gas chromatograph, a high
Tesolution mass spectrometer, an automatic microdensitomester, and a dedicated computer,
each properly interfaced with the other for on-line operation, and equipped with a
number of accessories to provide an almost completely sutomatic operation.

The ges chromatograph 1s a Hewleti-Packard, Model 6720 standard dual-column instrument,
equipped with threes-level tempsrature programming, flame ionization detector, and
conventional electromster. A special 1310 effluent splitter enables amne to direct
either 21l effluents into the mass spectrameter, or divert one-tenths of the total

for slmultaneous flame ionization detector. The gas chromatograph ig interfaced with
the mass spectromster through a one-stags jJet type hslium separator and an isolation
valve; separate valving is provided to adjust the rate of helium removal,

The m&ss spectrometer, JEOL, Model JMS 01SC, 1s a double-focusing high resolution
instrument of the Mattauch-Herzog design, using a conventional elsctron impact ion
source. In addition to the GC/MS interface, separate inlets are provided for the
mags oslibrant (perfluorokerosens), gases and volatile liquids, and solids or
geparately trapped GC fractions. For low resoclution work electrical detection (via
elsctron multiplier) is provided. This is interfaced with ths computer for on~lIne
operation. For high resolution work standard photoplate detection is used. Photoplates
are analyzed with an automatic densitometer (JEOL, Model JuD-2C) which, in turn, is
interfaced with the computer for on-line operation. Magnetic scamning and computer
operation for low resolution, and photoplate shifting for high resolution can be
automatically initiated by the rising GC peak as detected on a total ion monitor.
The output of the total ion monitor and the GC flame detector are displayed on a
2-pen potentiomster recordsr.

The computer system consists of a JEOL, Model JEC=5 computer with a magnetic memory
core of L4096 words, 16 bits, binary word construction, two-channel A/D converter,
binary 8 bits digital value, sequential comparison, external magnetic drum memory
with 8,192 words capacity, telstypewriter (50 ch/min), tape puncher, photo readsr,
and digital plotter,

Sample Preparation. Bthyl alcohol (L ml) is first addsd to blood serum (1 ml) to
Temove pro&ﬁs, The separated 1iquid is next freeze dried or vacuum evaporated.

In the "derlvative extraction" method, low molecular weight constituents are

silylated in a relatively nonspecific manner so that components of widely different
structure can be analyzed in a single run. At the same times, compounds that do not
form derivatives are separated and a considerable sample concentration is achieved,
The dry residue 1s treated with 250 Al of silylating reagent (2 parts hexamethyl-
disilazens, 1 part trimsthylchlorosilane, 10 parts pyridine), and after a few minutes
et room temperature the mixture is heated at 120°C for 5 min. Other physieclogic fluids
can be processed by essentially the same methodology. (To date, wrine, amniotic fluid,
and cerebrospinal fluld were tried in our laboratory.). For special Mgroup type™
analysis, or additional concentration of selected components, one may, of courss,
include solvent sxtraction, column chromatography, or enzymatic decomposition of the
original sampls., Most of these processes can be automatized without much difficulty.

Analytical Procedurss. Gas chromatography conditions are summarized in Table 1, mass
spectromstric conditions are summarized in Table 2. These conditlons are quite
standard and sppear to work well for initial screening of serum samples, which is
the primary objective of ths present investigation. For more specific analysls,
conditions may, of course, be changsd, e.g., different temperature programming.

Peak identification is facilitated either by fragmentation patterns (low resolution,
on-line computer), or high precision mass determination (high resolution, automatic
densitometer, computer output of elemental compositions and elsment map).
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Results. Normal serum samplass yielded ss many as L5-50 GC peaks (detected by both the
tector of the QC and the total ion monitor of the M5) of various intensitdes,
including such expected components as glucose and cholesterol. The firat pathological
serum tested was that of an 8-years old boy with a speech defect. Several peaks sugges-
ting dlagnostical sipgnificance were detected, One peak, present in a quantity of at
least an order of magnitude higher than that in narmal serum, was identified by high
resolution mass spectrometry as alanine. The M-15 peak (C. HzoNozsiz) with an observed
mass of 218,1025 (0.6 mm away from calculated mass) was glearly detectable on the
photoplates. High resolution measuremsnts on other fragments confimmed the identification.
Further proof was obtained with low resolution measurements where even the molecular
ion could be detected. Increased concentration of serum alanins has been found in
histidinemla, but further studies are needed %o ascertain the diagnosis. Considering
the present method as & tool for screening, a single run on the serum provided ample
evidence for asbnormality thus calling attention for more specific testing to follow.

Initial data suggest ths applicability of the technique to disorders involving carbo-
hydrate metabolism, orgsnic acids in urine and plasma, and screening for drug abuse.

ACKNOWIETGEMENT: This work was supported by a grant from the Edanros Foundation.

TABIE 1
Gag_Chromatography Conditions

6 ft., 4 ma ID. glass column, filled with 3% GC=-grade SE=30 on Chromosorb W, HP, 100/120
mesh. Helium carrier gas 30-&5 ml/min flow rats. The sample (2-10p4 1) is flash evapo-
rated at 280°C. Temperature programming: isothermal at 809C for L min, increass to 260°C
at 4%/min, isothermal for 20 min, recycls. Effluent is splits ons-tenths enter flams
detector (kept at 300°C), rest enters helium separator (kept at 280°C).

TABIE 2
Mass Spectrometry Conditions

Ion Source: Ionization voltage: 23,5 or 75 V, ionization currents 200 M A, chamber
temperature: 280°C, acceleration voltage: 7.6 k¥.

Mass Range; 12-L0O or 12-800

Low Resolutions Resolutions 2000; scan rates 5 or 10 sec; elsctron multiplier; 2,0 kV;
oscillograph paper: 10 cm/sec.

High Resolution; Resolutions 20,000; exposure (photoplate): > 1 X 10710 coul; 50 lines
on photoplate; PFK mass standard.
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Applications of Mass Spectrometry to Clinical Problems.
Utilization of a GC-MS-Small Computer System for Metabolite Identification.

S.P. Markey and J,R, Plattner
B.F. Stolinsky Research Laboratory
Department of Pediatrics
University of Colorado Medical Center
Denver, Colorado 80220

Abstract:

The description of a small computer data system for use with low resolution magnetic
deflection mass spectrometers has been recently described.l The application of this sys-
tem to problems of clinical interest is being pursued by our laboratory.

One area of intense interest is drug and drug metabolite identification. The anal-
yses were performed on urine because of its availability and high drug concentration, but
it is not always the most appropriate sample. Analysis of other physiological fluids
such as blood and stomach washings can provide important information.2

Sample preparation is limited to simple extractions. Since drugs are usually weak
acids or weak bases, urine is extracted at high (11) and low (2) pH with methylene di-
chloride. The extracts are brought to dryness under nitrogen and the residue redissolved
in methanol for analysis by gc-ms alone.

The gas chromatograph is programmed from 30° to 300° C in 16 minutes which is the
largest temperature range and longest period of analysis commensurate with the need for
rapid analysis. A general purpose 6 ft. OV 17 column is used.

Some compounds such as acetylsalicylic acid decompose during gas chromatography.
Direct probe ms analysis was attempted for identification of these compounds. Such iden-
tifications are ambiguous so lower ionizing voltage was proposed as a method of simpli-
fying the spectrum. Other techniques such as chemical or charge transfer ionization
could also be useful in this respect.3 Spectra obtained at low ionizing voltage were
found to be less complicated, but libraries of compounds run under these conditions would
have to be available to help interpret such spectra.

The results of applying these techniques for emergency toxicology and drug metab-
olism studies will be published elsewhere. In conclusion this is a method which is use-
ful for emergency toxicological analysis or drug metabolism studies. Similar methods
are currently being used at this laboratory for early diagnosis of inborn errors of

metabolism by organic acid analysis.
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ANALYSIS OF MIXTURES OF AMINQG ACID AND PEPTIDE DERIVATIVES BY H4

MICROMOLECULAR DISTILLATION IN A MASS SPECTROMETER
R. D. Grigsby, J. S. Bird, and K. E. Bird

Department of Biochemistry and Biophysics
Texas A&M University
College Station, Texas 77843

The concept of micromolecular distillation was first introduced at the ASMS
meeting in San Francisco last yearl. At that time it was shown that a sample
could be subjected to molecular distillation conditions in the lon source of the
instrument by using the direct-probe inlet system.

Micromolecular distillation data are acquired by distilling the sample to dry-
ness while the temperature of the probe is increased linearly with time. A plot of
individual mass peaks vs. temperature gives elimination curves similar to those
obtained by macro-scale molecular distillation2,3, The heights of the curves are
proportional to the relative abundances for the individual components and the areas
under the curves to the amounts of the components present. The technique is related
to mass-spectrometric tgermal analysis®, to the integrated-ion current method of
quantitative analysis *V, and to a quantitative method of molecular distillation in
the ion source at constant temperature7.

An improved empirical equation is now being used to analyze the data. The
equation is given by
e-B/T

1+ eC(T_D)

I=A

where I is the height of an elimination curve, A, B, C, and D are empirical param-
eters, and T 1s absolute temperatureé The parameters are evaluated by a computerized
least~squares analysis of the data®’

Once A, B, C, and D are evaluated, three quantities of importance are obtained
from the computer output. These are: T(Im) the temperature at which the curve
"peaks out"; Im, the maximum height of the curve; and Ar, the area under the curve.
From T(Im) and the rate of temperature Increase, the time, t(Im) corresponding to
the maximum height can be calculated.

Micromolecular distillation has been extended to allow analysis of mixtures of
amino acid and peptide derivatives. The analysis of samples containing 3 and 5 amino
acid derivatives each plus another sample containing three dipeptide derivatives will
be described below. All samples were run on a CEC21-110B mass spectrometer operated
under low-resolution conditions. The fast-scanning circuit of the magnetic chassis
was modified to allow mass peaks to be displayed with the usual relationship to distance
between the peaks (/7?=al+a2d). An all-glass probe, described previously", was used
in the distillationm.

Four elimination curves for acetylproline in a mixture with acetylhydroxyproline
and acetyltryptophan are shown in Figure 1. Note that the curves peak out together
at a T(Im) of ~ 373° K. Elimination curves for acetylhydroxyproline and acetyltyrpto-
phan are similar except that different values for the T(Im)'s were obtalned
(~413° K and ~450° K, respectively). “At a program rate of ~5°/min the values of
t(Im) for the three components were 11.7+0.3 min, 18.40.4 min, and 24.5%0.1 min,
reapectively, clearly showing that the 3 families of curves arise from separate
components, -

Mixtures containing the trifluoroacetyl derivatives of amino acids have also
been analyzed. Thése show a behavior similar to that for the acetyl derivatives
except for :he values of T(Im). For example, the curve for triflucroacetylvaline
paeaks at a :emperature about 30° lower than does the acetylvaline curve. A similar
difference exists for the trifluoroacetyl- and acetylphenylalanine curves, showing
the greater volatilicy for the trifluoroacetyl derivatives. The higher volatility
can be a disedvantage, however, because the distillation of mixtures containing
trifluoroacetylglycine must be started below room temperature. Otherwise, signifi-
cant amountes of the derivative are lost in the vacuum lock of the instrument.

Calculation of the relative intensities for components subjected to micro-
molecular distillation can be illustrated with results obtained for permethylated
N-acetylalanylleucine distilled from a mixture cbtained during a permethylation
reaction'V, See table given below. Relative intensities can be calculated either
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from Im or Ar and the values will be the same within error limits, as seen from
columns 6 and 7. In column 8 are given the relative intensities for the standard
compound run under isothermal conditions. These values should be compared with
those given in the two previous columns. In most cases the relative intensities
calculated from elimination curves will agree with those obtained by isothermal
distillation within *20%.

Micromolecular Distillation of N-Acetyl-Ala-Leu-OMe

Mass T(Im), °K t(Im), min Im Ar Rell(Im) RelI(Ar) RelI(Std)
100 359.1 8.6 5555 86787 288 308 251
128 360.9 8.9 1387 19026 72 68 58
226 359.9 8.7 668 9880 35 35 36
241 359.4 8.7 1800 27870 93 99 101
255 358.0 8.5 178 3268 9 12 10
258 359.6 8.7 1244 18723 65 67 64
283 361.2 9.0 1321 16687 69 59 72
286 354.9 7.9 149 3049 8 11 8
Ave, 8.6%0.3

The relative intensities given in the table are calculated from the equation1

100n
2

Rel 1 = - iy I;

Here, n is the number of masses used in the calculation. This method of expressing
intensity shares the same advantage as per cent ionization in that the intensity of
any one peak is not related to a base peak and thus is not subject to the error
resulting from the measurement of that peak. By multiplying per cent ionization
values by n/2 the average intensity is forced to have a value of 50. Thus most
intensities fall in a range from 0 to 100 and do not have to be expressed by small
decimal fractioms.

Three elimination curves for a three-component mixture of the permethylated
N-acetyl derivatives of valylvaline, leucylleucine, and tyrosylleucine are shown
in Figure 2. The curve for the tyrosylleucine derivative peaks at *393° K and is
easily separable from the curves for the other two components. On the other hand,
the valylvaline and leucylleucine derivatives do not give curves that are signifi-
cantly different; i.e., both peak at about 361-363° K. Very little difference
would be expected, however, because the compounds only differ by two methylene groups.

The quantitative aspect of micromolecular distillation can be illustrated with
results from a six-component mixture containing acetophenone azine and the acetyl
derivatives of valine, 1soleucine, phenylalanine, tryptophan, and proliné. The
acetophenone azine was added as an internal standard.

Graphs for determining the amino acids in the mixture are shown in Figures 3
and 4., The points were obtained by plotting the weights of the amino acid vs. an
expression depending on the areas under the elimination curves aiid the weight of the
internal standard. The corresponding equation* is

_ . Ar(2)-W()
W) = X0

where W(2) is the weight of the amino acid (or derivative), Ar(l) the area under an
elimination curve for the internal standard, Ar(2) the area under a curve for the
amino acid derivative, and W(l) the weight of the internal standard added to the
sample.

The error in the determinations for Ac-Val, Ac-Ile, and Ac-Phe 1is relatively
high as compared to that for Ac-Tryp and Ac-Pro. Part of the reason for the dif-
ference is that the sensitivity (area under the elimination curve *+ the amount of
the component present) for the analytical peaks 1s lower for the first three amino
acid derivatives as compared to the latter two compounds. Other sources of error
also contribute to the data scatter but will be reduced as the technique becomes more
refined. '

In summary, the technique described here can be used to obtain both qualitative
and quantitative information for samples introduced with a probe-inlet system. It
is not intended to replace the GC-MS combination, which is obviously very successful.
Instead, the method is being developed for samples not having sufficient volatility
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for introduction through a chromatograph. Such samples would include mixtures of
oligopeptides, dinucleotides, phospholipids, and numercus others.
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H5
The Quantitative Sequential Degradation of Proteolytic

Peptide Mixtures Using Mass Spectrometry

R. E. Lovins, T. Fairwell, C. Cabaniss, and T. Sun

Department of Biochemistry
University of Georgia

Athens, Georgia 30601

Using techniques described earlierl, the determination of the N-terminal se-
quence of mixtures of peptides resulting from the proteolytic digestion of a protein
is described. The method involves the use of the Edman reaction (phenylisothiocyanate
or methylisothiocyanate) and mass spectrometry to quantitatively identify (using 15N
isotope dilution) the thichydantoin mixture produced at each step of the reaction. The
use of varying proteolytic digestion rates to produce mixtures of peptides containing
nonequimolar concentrations of peptides is discussed together with the use of low ioni-
zing voltages for the simplified identification of the thiohydantoin mixtures. The
method has been applied to the identification of the N-terminal sequence of a peptide
mixture derived from the tryptic hydrolysis of a protein using varying rates of hy-

drolysis to produce a mixture composed of nonequimolar amounts of peptides.

Acknowledgment - This work was supported in part by Grant # GB27555 from the National

Science Foundation. Robert E. Lovins is NIH Career Development Awardee,
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The Use of Chemical Ionization Mass Spectrometry in Biomedical Problems. HE

G. W, A. Milne and H. M. Fales
Laboratory of Chemistry, National Heart and Lung Institute, National Institutes of Health
Bethesda, Maryland 20014.

In the Edman degradation of proteins, phenyl isothiocyanate reacts with the amino-
terminal amino acid of a protein. This amino acid is cleaved off and can be isolated as
its phenylthiohydantoin derivative, identification of which provides information as to
the sequence of the protein. Identification of PTH-amino acids can be done by TLC or by
GLC but both methods have shortcomings. Electron impact mass spectrometry has been used
for this purpose but the extensive fragmentation of the molecular ions of PTH-amino acids
can create difficulties. Chemical ionization (CI) mass spectrometry has been used with
great success in this problem because almost all the PTH-amino acids give isobutane CI
mass spectra which consist of only a quasimolecular (QM+) jon at mfe (M + 1).

Sperm whale myoglobin was degraded by the Edman method and each PTH-amino acid
released was identified by CI mass spectrometry. The purity of the released PTH-amino
acid decreased as the degradation proceeded into the protein and the necessary quantifica-
tion was achieved by admixture of the sample with a standard amount of the appropriate
pentadeutero-PTH-amino acid. Twenty six steps in the degradation were accomplished with
ease, giving the correct sequence.

The CI mass spectra of a series of plasticizers have been measured. These
molecules, generally esters of di- and tricarboxylic acids, all fail to give molecular
ions in their electron impact mass spectra but all give QM+ ions in their isobutane CI
mass spectra. Such fragmentation 6f QM+ ions as is observed can be readily rationalized
according to the rules of acid catalysis and a study of these spectra has shown that
diethyl maleate and diethyl fumarate give quite different CI mass spectra, as might be
expected. Similarly, phthalates give CI mass spectra which are very different from those
of the corresponding iso- or terephthalates. Plasticizers are found frequently in human

serum and this method permits their ready identification in such biological fluids.

This work will be published in Analytical Biochemistry and Analytical Chemistry.
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Mass Spectral Structural Elucidation Techniques for Biological Compounds
Piet A. Leclercq, Patricia A. White, and Dominic M. Desiderio

Institute for Lipid Research and Department of Biochemistry
Baylor College of Medicine, Houston, Texas 77025

INTRODUCTION

The development of techniques for the structural elucidation of compounds extracted
from biological sources has been a major effort in our laboratory for several years.
Generally, these compounds must be derivatized in order to obtain interpretable mass
spectra. One of the main thrusts of our research program is the development of deriva-
tization techniques on the microgram level.

Permethylation has been found useful for oligopeptides, 1-7 polyene mac rolide58 and
oligosaccharidea.9 This can be extended to compounds such as prostaglandins, steroids,
nucleosides, etc.

The method often has definite advantages over other methods for structural analysis
of these compounds. Derivatization can be performed and mass spectra obtained on
20 pg of material within 2 to 5 hours. Chemical ionization (CI) mass spectrometry has
an increased sensitivity compared to electron impact (EI), in conjunction with the pro-
duction of a "'cleaner'' mass spectrum containing only those fragments arising from
major fragmentation pathways. 10,11

Sometimes mass spectrometry is the only method available for structural analysis.

""wet'' chemical

This can be exemplified for protected peptides where ultrasensitive
sequencing methods are not applicable. Whenever the N-terminus of a peptide is block-
ed, neither hydantoyl nor dansyl derivatives can be formed. Whenever the C-terminus
is blocked, enzymes such as carboxypeptidase A cannot hydrolyze the peptide bonds. 5

On the other hand, there are restrictions imposed by mass spectrometry. These in-
clude the requirements of volatility and purity of the sample, and the molecular weight
must be less than 2000 mass units.

DERIVATIZATION

The molecules found in this type of research have a very large number of replaceable

hydrogens and/or a large molecular weight. We found that the trimethylsilyl, trifluoro-

acetyl, and even the acetyl derivatives were not useful. Therefore, we were forced to

choose the smallest chemical derivative - the methyl group.
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Up to now, the permethylation technique has been used on the milligram level em-
ploying methyl iodide plus a catalyst. 4.9 The most commonly employed catalyst is
the methylsulfinylmethide carhanion.z_8 Gallop, _ei:;a_L.lz reported the first applica-
tion of these techniques on the microgram level. However, their use of large excesses
of reagents would lead to the formation of non-volatile (N and S containing) salts and
other degradation products.

Using oligopeptides as a model, we have systematically investigated the stoichiome-
try of this reaction. By varying the concentrations of the reactants over the range
0:1:1 to 300:300:1, we found that the optimum ratio of carbanion:methyl iodide:peptide
is 10:10:1 equivalents .6' 7

It is necessary to acetylate any free amino groups in order to avoid quaternization
during the permethylation reaction. An excess of methanol:acetic anhydride (4:1) is
employed. Normally, we apply these derivatization techniques to 50 ug of material.

RESULTS

Asg an illustration of areas of applicability, EI and CI mass spectra of representa-

tives of different classes of compounds will be discussed.

PCA-Pro-Tyr-His-NH213. This particular tetrapeptide contains some of the most

""difficult'” amino acids to sequence by conventional techniques. In addition, the N-ter-
minus is blocked. Only recently was a PCAase found. The C-terminus is blocked by
a carboxamide group. The following proline residue inhibits many enzymes. Chemi-
cally, histidine is readily quaternized.

The mass spectrum of the permethyl derivative shows a molecular ion plus all possi-
ble sequence peaks, including the loss of the various side chains.

Met-Gly-Met-Met. Up to now, methionine had to be desulfurized before methylation
due to the ease with which sulfur is oxidized. In those cases where this was not done,
a mass spectrum was obtained with sequence peaks up to, but not including nor beyond
the methionine residue. Dehydroalanine and cyclopropane derivatives were formed in
the permethylation reaction. In the mass spectrum of this tetrapeptide, derivatized
according to our procedure, all sequence peaks except the molecular ion were found.7
This peptide is an excellent test of this procedure due to the presence of the N-terminal
methionine and the C-terminal dipeptide Met-Met.

TRF. The structural elucidation of the thyrotropic releasing factor (TRF=PCA-His-
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Pro-NH;) has been reported.14' 15 As an addendum to this structural proof and as an
illustration of the use of chemical ionization mass spectrometry for these types of
molecules, the CI mass spectrum of TRF was obtained on the NIH MS9. 1 This CI
spectrum was obtained on an underivatized tripeptide and abundant sequence peaks were
found.

Scotophobin. This pentadecapeptide has been extracted from rats who have been
trained to have a fear of the dark. 16 This extracted peptide, when injected into the
brain of an untrained rat, induced the same fear of the dark. This is one of the first
examples of the transfer of a learned behavior from one animal to another. No wet
chemical method of sequence analysis was applicable to this particular peptide due to
the extremely low amounts of total available precious material. (300 ug originally;
after amino acid analysés - 35 ug.) The choice of mass spectrometry was the only
option left.

Because the permethylation technique was in the very early stages of development,
we formed the trifluoroacetyl derivative instead. The EI mass spectrum of the deriva-
tized scotophobin did not yield any molecular ion nor any fragments containing more
than two or three residues. However, we found that enough overlapping di- and tri-

17,18

peptide fragments were found to yield a unique pentadecapeptide sequence A.

A. Ser - Asx - Asn - Asn - Glx - Giln - Gly - Lys - Ser - Ala ~ Glx -
Gln - Gly - Gly - Tyr - NH,

Actually, sequence A was not unique in the fact that at positions 2,5, and 11, ambi-~
guities existed due to the possible loss of ammonia from Asn or Gln.

Peptide B was synthesized by Dr. Boris Weinstein, University of Washington, and
was found to have 2% biological activity.

B. Ser - Asp - Asn - Asn - Glu - Gln - Gly - Lys - Ser - Ala -~ Glu -
Gln - Gly - Gly - Tyr - NH;,

The peramidated form of scotophobin - sequence C - was synthesized by Dr.
Wolfgang Parr, University of Houston, and was found to possesgs 10% biological acti-
vity. By referring to a paper by Sneath, 19 this implies that one amino acid was incor-
rect, showing a factor of ten decrease in the biological activity.

C. Ser - Asn - Asn - Asn - Gin - Gln - Gly - Lys - Ser - Ala - Gln -
Gln - Gly - Gly - Tyr - NH,

This fact left us with three possible peptides to synthesize, namely, a carboxylic

group in residue 2,5, or 11, After synthesis of the first of these three possibilities,

120



sequence D was found to possess 100% biological activity.

D. Ser - Asp -~ Asn - Asn - Gln - GIn - Gly - Lys - Ser - Ala -~ Gln -
Gln - Gly - Gly - Tyr - NH;

The remaining two peptides are currently being synthesized.

Filipin. In order to illustrate the diversity of the usefulness of this general tech-
nique, the polyene macrolide filipin was permethylated. The mass spectrum of O-per-
methyl filipin shows an abundant molecular ion at m/e 780 plus all eight possible losses
of methanol from the macrocylic ring.8 The driving force behind these losses of meth-
anol seems to be the formation of a totally conjugated macrocyclic lactone ring. These
mass spectrometric and chemical techniques are being extended to other polyene macro-
lides including candicidin and amphotericin B.

Prostaglandins. This type of compound is under investigation in our laboratory due
to the wide range of physiological action and the very great biological activity of nano-
grams of substance. As an example of the application of the described techniques to
prostaglandins, the chemical ionization mass spectrum of underivatized PGA| was
obtai.ned.20 The adduct ions at M + 1, M + 29, and M + 41 were observed. Water was
lost from M+ 1, M+ 29, and M + 41. Two molecules of water were lost from M + 1.

The O-methylation techniques are being applied to this family of compounds.

SUMMARY

This research is based on the following three points:

1. To further basic mass spectrometry, including EI and CI methods,

2. To employ chemical derivatives on extremely low amounts of sample and on a
diversity of compounds,

3. To interface with the biological community to elucidate the structure of hypo-
thalamic releasing factors, memory transfer molecules, prostaglandins, polyene
macrolides, and other types of compounds .21' 22

Acknowledgements. We wish to acknowledge the collaboration of Dr. Klaus H;gele
and the technical assistance of Mr. Ken Lyman, Miss Pamela Crain, and Miss Carol
Weise. Financial assistance from NIH (GM 13901, 69-2161, 02055, RR 259, RR 254)
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Mass Spectral Studies of Natural Products. H9

Cardenolides and Bufadienolides,.

Peter Brown, Yoshiaski Kameno and George R, Pettit,
Department of Chemistry, Arizona State University,
Tempe, Arizona, 85281, U.S.A.

Abstract:-

A comprehensive investigation of the behavior of the bufadienolides ?!
(toad venoms), e.g., bufalin, on electron impact has been undertaken for the first
time, Free as well as derivatlzed bufadienolides have been examined, using both
high and low resolution and metastable defocussing techniques,

From the molecular formulae of the various characteristic ions, it has
been possible to differentiate between (i) ions containing the relatively unsatur-
ated 2-pyrone ring; end (ii) those arising from more saturated portions of the
molecule, On this basis, "structural ion types" have been proposed to account for
diagnostic ion peeks in terms of the substitution pattern of the particular com-
pound. Using this approach, the prognosis for structure elucidation of other
bufadienolides, or the related cardenolides, 2 by high resolution mass spectrometry
appears good.

Detailed accounts of this work will be submitted to Organic Mass

Spectrometry.
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APPLICATION OF AN ISOTOPE MS20 MASS SPECTROMETER
IN CLINTCAL RESEARCH FOR THE MEASUREMENT OF 17N AND HEAVY WATER

D. Halliday
Clinical Research Centre
Medical Research Council

Hiddlesex, England.

and

L.,E. Moore and G.J. Chew
AFTI Scilentific Apparatus Limited
Manchester, England.

INTRODUCTION

The production of more sensitive isotope ratio mass spectrometers means that 1t is
now economically feasible to study protein metabolism in human subjects using
15N-labelled amino acids. This is a preliminary report on work currently being
carried out at the Clinical Research Centre, Harrow, using an AEI Isotope MS20
instrunent,

The Isotope MS20 is a small, low-cost instrument employing a 160° magnetic analyser
fitted with double collector systems on each of two radii, 5cm and 2cm. Each ion
current is amplified by an electrometer amplifier, the outputs of which are applied
to a Kelvin-Varley potential divider and ratio recorder to obtain the ratio of the
two ion currents directly. The gaseous samples are admitted via an all-metal dual
vigcous inlet system enabling the direct comparison of a sample and a standard of
known isotopic composition to be made.

The ratios 15N/14N and 180/160 at natural levels in nitrogen or carbon dioxide
respectively can be determined with a reproducibility of 0.01%. The ratio
H'.D"‘/ﬁz+ at natural levels can be determined with a reproducibility of 0.1%.

APPLICATIONS

In a normal subject at rest the energy cost of metabolism is about 1 keal (4 kJ)
per minute, A small fraction of this energy is used for the work of breathing,
the contractions of the heart, etc., but the great majority is used for
biochemical reactions which go on continuously in the body: of these reactions
the turnover of some 300 g per day of tissue protein is probably the major factor
in determining resting energy requirements. Some obese patients have remarkably
low energy requirements, so the hypothesis to be tested is that these low
requirements arise because the turnover of tissue protein is greatly reduced.
There are two reasons for testing this theory., One is that, if it is true, it
would explain why some overweight patients find it almost impossible to lose
welght even on a strictly controlled diet. The other is that we do not know

the effect on health of diminishing the rate of protein turnover, on which there are
two opposing views: one is that a high turn-over rate is a beneficial situation,
because old protein is constantly being replaced by new (and presumably better)
protein, while the other view is that the process of ageing depends on the
{transcription errors which occur when protein is replicated, so a high turnover
rate simply leads to acceleration of ageing rate.

The measurement of protein turmover rate in man is possible but difficult

(see Waterlow 1970, Mutrition Reviews 28,115). Under ideal conditions the free
aminoacid pool, from which all body protein is made, should be uniformly labelled
by an infusion of 158 aninoacid. In practice we have used a simpler, but
theoretically less satisfactory technique of pulse labelling with a single dose
of 100 mg. of 15N glycine. With the pulse labelling technique it is not possible
to calculate absolute rates of tummover, because the specific activity of the
protein precursor is constantly changing with time, but if turnover rates in a
given patient alter in response to a change in diet this should be reflected in
the amount of Isotopically labelled nitrogen which is excreted in the first few
days after glving the labelled aminocacid, provided that the size of the metabolic
pool is not greatly altered between one experiment and the next.
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In the case of obese patiehts who are on a reducing diet it is obviously not
Justifiable to assume that pool sizes remain constant while body welght is
changing, so it i8 necessary that there should be a measurement of "lean body mass"
at the time of each isotope study. This can be achieved if total body water is
neasured by dilution of deuterium oxide in natural body water, since the lean body
mass is approximately 74% water.

RESULTS

Preliminary results of a study on a patient before, during and after a period of
welght reduction are shom in Figure 1, In each case 100 mg of 15§ glycine and
10 ml of Dy0 were given by mouth at 0900 hours.after an overmnight fast, and no
protein was given until 1700 hours on that day. Blood and urine samples were
taken 2, 5 and 8 hours after giving the isotopes., In the first and third
experiment the diet supplied 2200 kcal per day and during the second experiment
only 850 koal per day, but the protein content of all the diets was

60-90 g per day. The design and purpose of the study was explained to the subject
who gave consent.

The results in Figure 1 were calculated from the measured total nitrogen and the
measured 15N abundance as in the following example:

15N ingested - 17.7 m

Total urine nitrogen ?da‘y 1, first half) - 2600 mg

15N abundance - 1.06127 times natural level

Atom percent excess 15N - 0.0232%

Percentage of original 15N excreted during day 1 (first half)
= 0.000?7}?71: 2600 x 100 = 3.4%

It would be unwise at this stage to attempt a quantitative interpretation of the
results shown in Figure 1, but two points clearly emerge. One is that on the
low calorie diet a larger fraction of the labelled nitrogen was excreted on the
first day, and a smaller fraction on subsequent days, than was the case when the
calorie intake was adequate before or aftexr the period of weight reduction, On
the hypothesis of diminished protein turnover this is what would be predicted:
with decreased turnover less labelled aminoacid would be incorporated, and hence
more would be excreted, on the first day. Thereafter the reverse would apply:
since less was incorporated in tissue protein on the first day the specific
activity of body protein would be less, and hence as this protein was
catabolised less isotope would be available for excretion on subsequent days.

It must be emphasised, however, that these preliminary results are merely
compatible with the hypothesis, but they do not prove it. To obtain proof it
will be necessary to make measurement of tissue vrotein specific activity, and
this work is being undertaken in parallel studies in experimental animals.

The other point which emerged, which is perhaps more relevant to this paper, is
that in urine samples after a dose of 100 mg. of 15N glycine to an adult the
isotope abundance accuracy required is well within the range measurable with
this mass spectrometer. A change in the ordinate in Figure 1 of T 0.1%
corresponds to a change in isotopic abundance of 0.2%. Figure 2 shows the
trace obtained from a nitrogen sample differing by 0.3% in ratio from the
stendard. The 0.2 accuracy required is indicated and it is clear that the
instrument accuracy would permit the tests to be conducted with the

15N enriched sample reduced by a factor of twenty or more.

The technique for the measurement of body water is still under review. The

level of accuracy required is not nearly so high as for analyses, because a
normal adult has about 50 litres of body water, ard an estimate accurate to 250 ml,
is perfectly adequate for all clinical purposes. An instrumental error of 0.5%

is therefore tolerable for Dy0, whereas it would be completely unacceptable for 15N,
We have used the batch inlet system heated to 120°C, admitted samples as water
vapour, and measured the ratio of mass 18 and mass 19 peaks. It is possible to
achieve the required 0.5 accuracy by this method, but only at the expense of
rather long preconditioning with standards enriched to the same extent as the
samples, The alternative method is to use the short radius collector system and
measure the mass 2:3 ratio in hydrogen derived from water samples, This is a
well-known and proven method and is being adopted for future tests,

126



THE MASS SPECTRA, ENERGY REIATIONSHIPS AND n
FRAGMENTATION MECHANISMS OF METALLOCENES®

H. J. Svec, G. A. Junk, G. D. Flesch

Institute for Atomic Research and Department of Chemistry
Towa State University, Ames, Iowa

In the Dec. 15, 1951 issue of Nature, Kealy and Pauson announced the
preparation of dicyclopentadienyl iron by means of a reaction between
cyclopentadienyl magnesium bromlde and ferric chloride in anhydrous ether.
Another report, this time in the Feb. 1952 issue of J. Chem. Soc. by
Mlller, Tebboth and Tremaine described the preparation of the same iron-
containing compound by passing cyclopentadiene over specially prepared
iron powder containing a small amount of Al,0, at 300°C. Later in 1952
Wilkinson, Rosenblum, Whiting and Woodward ge ermined its now well-known
structure, which is shown in Flg. 1. The two Cp rings are parallel and
3.25& apart with the carbon atoms in a staggered configuration and the
iron midway between the two rings. The adjective "sandwich" was first
applied to this structure by Dunitz and Orgel in 1953. It was shown by
Rosenblum, Whiting and Woodward in 1952 that the molecule behaves as an
aromatic system undergoing typical aromatic reactions, for example
Friedel-Crafts acylations. Hence they coilned the name "ferrocene" which
was later generalized to "metallocenes”. Thus started a new kind of
organometallic chemistry. Today we will discuss the mass spectra of
ferrocene, nickelocene, ruthenocene and some mono-substituted derivatives
of ferrocene.

Fragmentation. The first lmportant mass spectrometric study of
metalTocenes was that of Friedman, Irsa and Wilkinson (1955) which in-
volved several MCp, compounds. They found that the fragmentation of these
compounds resembleg that of simple three-atom molecules such as CO», H,0,
NoO etc. There is a prominent parent ion, a somewhat less prominent MCpt
and a relatively prominent . Only minor fragmentation of the Cp rings
occurs. Our fragmentation data for ferrocene, nickelocene and rutheno-
cene are shown in Fig. 2 for 50 eV electrons. These data are in good
agreement with those of Friedman and others. The stability of the
molecular ion 1s indicated by the rather large relative abundance of
MCp++. The stability of the Cp rings is evident from the low abundances
of Zons containing residues from ruptured Cp rings, the one exception
being N1(CqHs)*. Tons containing CqHz residues are the most abundant of
such fragmgné ions and we presume t%a% the C3H moieties are cyclic. You
can appreciate the 3-atom-molecule character o§ these spectra when you
consider that for 50 eV electrons the principal ions MCp2+, MCpt and M*
constitute 94% of the total ions from ferrocene, 88% from nickelocene,
and 91% from ruthenocene. 1In the ensuing discussion we will emphasize
these principal ions.

Energetics. The ionization and appearance potentials of these
principal Ions have been determined using the extrapolated difference
technique and automatically recorded ionization efficiency data. vValues
obtained are shown in Fig. 3. These values are similar in a relative
sense to those of others, except that they are several tenths of an eV
lower. This probably results from the fact that we normalized all IE

data at about 1.5 eV above the initial onset of the IE curves. As
reported here 1n another symposium last year, this results in all such
normalized IE curves being superimposable after translation along the
electron energy axis, Please note that with this procedure only the foot
of each IE curve is used to establish the IP or AP of an ion. All tests
with rare gases and materials with well established IP!'s indicate that
this produces better results than any other we have used durilng many years.

These data (first and second rows) indicate that the molecule ion
is very stable since 6-7 eV of excitation above the IP is needed to
remove the first Cp ring. However, a comparison of the data in the
second and third rows implies a very low value for the dissociation
energy of the second Cp group. These conclusions agree with those of
previous investlgators.

Now thils result is contrary to our intuitive feelings and also con-
trary to any expectations based on bondlng theory. Thus we have the

*.
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dilemma concerning "what are the real dissociation energies"? The low
abundance of MT relative to MCpT in the 50 eV spectra suggests that the
strength of the bonds between the two Cp groups and the metal should be
more nearly equal and thus the inaccuracy concerns 4, 5 or 6 eV.

What possibilities for errors exist in appearance potential measure-
ments? One is that the AP values for MCpt are too high. This may be
true because of kinetic energy assoclated with the Fragments, excitation
energy in the fragments or the usual discrepancies associated with
"vertical vs adiabatlc! effects in electron bombardment measurements.

The latter are too small, generally only 0.1 to 0.3 eV, to be considered
as a serious source of.the 4 to 6 eV dlscrepancy. We have measured the
kinetic energy of the fragment ions as just above and up to 10 volts
above theilr onset potentials using the method of Clampitt and Dunning,
and we have been unable to detect any kinetic energy in the fragment ions
different from that of the parent ion. The noise of the measurements was
~0.01 eV. Thus we conclude that there is no kinetic energy effect on
these bond dissociation energies. 1In addition, the shape of the IE
curves for both MCp,* and MCpt are identical in the region between onset
and 1.5 volts above onset, (the normalized curves are superimposable).
Because of this, we feel that excitation energies, if they exist, affect
these ions similarly and thus their effect upon the AP determinations
should tend to cancel.

An alternative reason for the apparent low dissocilation energy of
the second M-Cp bond is that the AP value for Mt i1s too low. On the
basis of the usual conclusions about electron impact values for AP's, the
idea of a low value is unexpected. However, a careful study of the IE
curves shown in Fig. U4 indicates that the conclusions deduced from the IE
curve for Fet are erroneous. In this figure, the three plots for the
ferrocene IE data were obtained by normalizing the recorded curves in
such a way that the ion currents at 50 eV, 26 eV and AP + 2.0 eV produced
the same recorder deflection.

The 50 eV normalizations show a long tall on the Fet IE curve. The
central region of these curves are roughly similar and the voltage sep-
aration suggests that the ionization process leading to most of the Fet
ions requires extra excitatlon of ~7 eV. This conclusion is in agreement
with that qualitatively indicated by the mass spectrum of ferrocene
at 50 eV.

When the normalization voltage is taken at a value closer to that of
the ionization potential, (middle of the figure) this voltage difference
decreases considerably and in the central region is < 3 eV. Finally,
when the normalization is based on the 2.0 eV interval above the AP all
three curves have the same shape and the curves for FeCpt and Fet are
almost superimposed. The difference between the FeCp* and Fet curves
this time is < 0.1 eV. Now, what we have been doing 1s examining these
IE data for possible higher energy processes. It is clear that the Fet
IE curve does indicate the existence of a high energy process. When the
deconvolution techniques we!'ve described at the last two meetings of the
society are applied to the Fet IE data, we find that there are two pro-
cesses leading to Fet. The lower energy process produces Fet and CygH 0>
which we believe is Cpj, and the higher energy process produces Fet ané
2 Cp. The relative abundances of these processes at 26 eV are 60 and 200
for the low and the high energy processes respectively. A comparison of
the direct AP measurements and the deconvolution results for both ferro-
cene and nickelocene is given in Fig. 5.

There is further evidence to support our identifications of these
processes, Hedaya and coworkers have shown that one of the products of
the flash vacuum pyrolysis of nickelocene is Cq, Hyge This was identified
as 9, 10 dihydrofulvalene. Presumably this 1is ghe same Cpp which is seen
in the mass spectra of ferrocene and ruthenocene, as well as nickelocene.
From the ferrocene IE data the IP of Cpp is calculated to be 7.90 eV.
This compares with a value of 7.75 eV found for the IP of 9, 10 dihydro-
fulvalene. Therefore the neutral fragment associated with Fet at the
lower AP value is probably Cpy. It is unfortunate that our neutral
fragment instrument has been undergoing some more development and is
currently not usable because we'd very much like to have been able to
report the direct observation of this neutral compound and its measured
IP to you.

For further support we!'ve looked for metastable transitions which
would support our premise. ©Not only were these observable but they were
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abundant enough so that appearance potentials could be measured. These
data, agein for ferrocene and nickelocene, are shown in Flg. 6. Note that
the dlssociatlion energy for the second-leaving Cp group is in excellent
agreement wilth the value shown for the deconvolution experiments in the
previous filgure.

Fragmentation Mechanisms. We feel the use of metastable transitions
and the deconvolution of primary IE data have clarified the interpretation
of the fragmentation of metallocene molecules when they interact with
electrons. On the basis of this evidence the simple mechanism shown for
ferrocene in Fig. 7 is proposed. With minor varlations 1t applies to
other simple metallocenes. As shown above, the low energy process leading
to Fet requires a rearrangement of the two Cp's to form Cp,. In order to
achieve thls, two carbon atoms of the Cp rings must come czose enough to
establish some kind of C-C bond. If the C-C distance is to be 1.64,the
Cp-Fe-Cp angle must be ~120°, Calculations by Ballhausen and Dahl for
protonated ferrocene, HFeCp +, show that < 0.1 eV of excitation energy is
requlred to make this angle®135°. On this basls, the productlon of Cpy
proposed here 1is expected to have a low activation energy.

On the basils of the IE data and fragmentation mechanlisms, the ionic
dissociation energies for ferrocene, nickelocene and ruthenocene have
been calculated. These are summarized in Fig. 8. The dissociation
energies of the first M-Cp bonds were obtained from AP values for the
primary or fast lonization processes. Those for the second M-Cp bonds
were obtalned from both deconvoluted primary ion IE data and IE data for
metastable processes. As you see, the values for these two dissociation
energies are quite reasonable and are more in keeping with both 1ntuitive
and theoretical expectations.

What are the Implications? If the fragmentatlon of these simple,
essentlally three-unit, molecules can be misunderstood for so many years
and contribute their share to the mistrust of dissoclation energies
derived from appearance potentlal data, what confidence can be placed 1n
any dissociation energy based upon AP values? The answer to this question
is an old one and depends upon how well an investigator ldentifies the
reactions leading to the observed appearance potentials. The problem here
is the same that the calorimetrist has, namely that of knowlng what system
1s being studled. We have been interested in this kind of ion source
chemistry for a number of years and as a result have developed two unlgue
instruments, a simultaneous positive-negative ion mass spectrometer and
more recently a neutral fragment mass spectrometer to &ld In the studies.
The developments have allowed us to attempt to observe directly all of
the products of dissociative lonization. Hopefully the energetlcs of
even the neutral fragments will be determinable more routinely 1n the
future. Only after one knows more about the true nature of the reactions
taking place in ion sources will values for thermochemical properties
derived from IE data merit the same kind of respect afforded calorimetric
values.

Wetve Just shown examples of how AP data from electron bombardment
experiments can be interpreted, or misinterpreted. O0Often the long talls
at the foot of the IE curves are attributed to excess kinetic energy or
excited states 1n the product ilons. However, from this and other studiles
we have made on lnorganic and carbonyl systems over the years, we conslder
these talls to be more often the sum of product-ion yields from two or
more chemically different processes than any other reason. Although this
idea is 1llustrated by our metallocene data let us demonstrate 1t 1n more
general terms, because we feel It 1s a common phenomenon. Figure 9 shows
a simple reaction in which molecule ABC lonizes to form BY by two dif-
ferent processes. These processes have AP's different by an amount equal
to the dissociation energy of the rearranged AC.

Ir Bt is produced solely by reaction I, but the reaction 1s mis-
ldentified as reaction II, the dissoclation energy calculated from AP
values will be low by an amount equal to the dissociatlon energy of AC.
If BT is produced only by reactlon II but the reaction is mis-identified
as I, the calculated dissociation energy will be too high. 1In either
case, the IE curve would appear to have a normal shape. Correct identi-
fication of the process involved may require some independent information
about the product neutrals and/or their dissociation energies., Thus you
see 1t is important to know about the neutral fragments.

If BT is generated principally by reaction I, but II also occurs,
the effects of reaction II will not be easlly discernable in the IE data.
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The IE curve shape will appear to be almost normel and the problem of
identification will be the same as for the previous case. The effects of
reaction IT are detectable only by deconvolution of the IE data for the
primary lons using the total lonizatlon efficiency data as a reference.

If Bt 1s generated princilpally by reaction II but I also occurs, the
observed effect will be an enhanced tall on the IE curve, similar to
that we showed earlier for the 50 eV normalizatlon of Fet data from fer-
rocene. Interpretation of thils tail for Fet requlred further data
menipulation and more refined experiments. For some systems it may be
impossible to come up with a reasonable interpretation.

If Bt is produced equally by reactions I and II, the tail will be
more sweeping and constitutes the major portion of an IE curve. Such
curves are observed frequently 1n real experiments for low mass fragments
which have multiple precursors. However, these IE data are amenable to
deconvolution techniques which may allow for reasonable interpretations.

When one considers complex molecules with many posslble rearrange-
ments, 1t is qulte easy to come up with fragmentation mechanisms whereby
some lons are produced by 3, 4 or more pathways, each of which may have
a different energy requirement. It is no wonder then that low mass frag-
ment ions from complex molecules exhibit great tailing 1n the assoclated
IE curves.

Extension of Metallocene Work. We have shown that deconvolutlon of
fragment 1lon 1E curves aid in Interpreting IE data for the simple metal-
loences, and IE data for metastable transitions corroborated the
mechanlsms proposed. Are these same techniques useful for more complex
molecules? We have studied the substituted ferrocenes shown in Fig. 10
to test this possible extension.

First a survey of the IP's, mass spectra, metastable transitions and
IE curves of the more abundant fragment ilons of these substituted fer-
rocenes were made. The numbers on this figure Ilndicate the range of
lonization potentials of the parent molecules. A naive view of the
reason for thls observed variation in IP's 1s to consider the ionization
of these molecules to be the result of the removal of a non-bonding
electron from an orbital associated with the metal atom. Thus the ease
with wich such an electron would be removed should be affected by the
electron density assoclated with the metal. Those ligands which are
strong electron donors would therefore increase the electron density
around Fe making it easler to remove an electron and thus reducing the
lonization potential. Strong electron acceptors on the other hand would
reverse these effects and the IP's should increase. The data in thls fig-
ure appear to support this view. Note that the IP's vary above and
below the value shown earlier for ferrocene, the lowest value involving a
good electron donor,-OCH3, and the highest value involving the strong
electron acceptor,-CN.

Fragmentation of these molecules in the mass spectrometer ion source
leads to spectra whose complexity is also related to the substituting
ligand. An example is the spectrum shown in Fig. 11 for the compound in
which an acetyl group replaces a hydrogen on one of the Cp rings. It is
clear that the fragmentation 1s much more complex than that for ferrocene.
Extensive bond-breaking of the substituent group occurs. When the sub-
stituting group is aromatic the mass spectrum resembles more that of a
hydrocarbon than the simple metallocene spectrum we spoke of earlier.

Another factor affecting the mass spectrum is the abllity of various
groups to take part in rearrangement processes. When a functional group
of the substituent can form a stable bond with the metal atom, rearrange-
ment lons make a significant contribution to the population of the total
ions. 1In some cases these rearrangement lon currents may be the most
intense in the spectrum. For example, this is true of hydroxy sub-
stituted ferrocenes such as CpFeC5HHCH20H, where the base peak in the
spectrum us CpFeQOH'.

A consistent fragmentation mechanism for a variety of substituted
ferrocenes can be deduced from these general observations. This mechanism
1s shown in Fig. 12. The solid arrows indicate transition pathways con-
firmed by observed metastable transitions while the dashed lines indilcate
proposed pathways for which no metastable transitions were observed. It
1s quite plain that many multi-energy pathways are present. It is sig-
nificant to note that those ions which were products of reactions indlcated
by two or more metastable transitions generally exhiblt broad sweeping
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tails in thelr ionization efficiency curves. Determining dlssociation
energies for such molecules using present techniques is certainly going
to be a horrendous task unless computer techniques can be applied.

Summary. In summary, we have established the fragmentation mecha-
nisms for simple metallocenes using deconvolution and metastable ioniza-
tion efficiency data. The low value for the ilonic dissociation energy
concerning the second-leaving Cp group has been corrected to a more
reasonable value which is approximately 5 eV for the MCp, metallocenes.
From these and other studies made on the chromyl oxyhalides and the
hexacarbonyls of chromium, molybdenum and tungsten we conclude that the
tails of fragment ion ionization efficiency curves are the result of
multiple fragmentation pathways having various energy requirements. The
data can however be deconveluted and produce reasonable information about
the molecules.

In closing T would like to call your attention to a review of the
metallocene mass spectral literature written by G. A. Junk and H. J.
Svec which appears as a chapter in a book entitled, "Recent Topics in
Mass Spectrometry" edited by R. I. Reed and published by Gordon and
Breach, London, 1971. This contains an extensive literature review
covering all accessible published papers through 1969.
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Mass Spectral Studies of Substituted Metal Carbonyl Compounds

F. E. Saalfeld, M, V. McDowell and J, J. DeCorpo
Naval Research Laboratory
Washington, D, C, 20390

The maas spectra obtained at NRL of a large number of metal carbonyl compounds,
RM(CO)x(L)y (R = ClyS1i, F3Si, (CHs)sSi, F,S1(CH3)p, H, tris(dimethylamino)phosphine;
M = Co, Mn, Fe, Mo, Cr, W; L = PF4) have been reviewed, The studies reported included
positive fon spectra and ionization studies for all of the compounds, negative ion
spectra and fonizatfon studies and neutral fragment identification for some of the com-
pounds. From these data, some of the bond energies and heats of formation of these .
carbonyl compounds have been ascertained and several of their important fragmentatfon
mechanisms delineated.

For most of the compounds studied, an appreciable temperature dependence of the
spectra was observed, In addition, in one compound, [(CH,) 4SiFe(C0);J),, a gas-phase
reaction between the compound and CO occurred, forming a new compound when the sub-
stance was introduced into the mass spectrometer via a heated, direct-insertion probe,
These observations emphasize the caution which must be taken in the mass spectral
studies of organometallic compounds.

Mass spectral fragmentation patterns, when presented in a ratio of
+, o+
My /RMLy_ 15

can be interpreted in a mamner which supports an intramolecular interaction between the
substituent and other ligands in the molecule, This same interpretation can be employed,
together with metastable transition data, to give support to the geometrical position.of
the ligand relative to the substituent.

The relative values of the lonization potentials of various carbonyls investigated
appear to indicate the degree of backbonding from the metal to the substituent in the
molecule and the heats of formation of a series of cobalt compounds, RCo(CO),(PF;),.x
suggest that the nature of the RCo-CO and RCo-PF, bonds is similar.

Much of the information summarized in this talk has been published in the following
references:

1. F. E. Saalfeld, M. V. McDowell, S, K. Gondall, and A. G. MacDiarmid, J. Amer,
Chem. Soc. _9_0, 3684 (1968).

2. F. E, Saalfeld, M. V, McDowell, S. K. Gondall, and A, G. MacDiarmid, Inorg.
Chem, 7, 1465 (1968).

3. F. E, Saalfeld, M. V, McDowell, A. P, Hagen, and A. G. MacDiarmid, Inorg. Chem.
7, 1665 (1968) .

4, F.E, Saalfeld, M. V. McDowell, and A, G, MacDiarmid, Proc. Kyoto Internat.
Conf. on Mags Spectroscopy, K. Ogata and T. Hagakawa, editors, University Park Press,
Baltimore, Md., 1970, p. 1073,

5. A. G, MacDiarmid, et al., Pure and Applied Chem. 19, 431 (1969).
6. A. D. Berry, et al., J, Amer. Chem. Soc. 92, 1940 (1970).

7. F. E. Saalfeld, M. V. McDowell, and A, G. MacDiarmid, J. Amer. Chem, Soc. 92, -
2324 (1970).

8. F. E. Saalfeld, M. V, McDowell, A. G, MacDiarmid, and R. E. Highsmith, J. Amer.
Chem, Soc., in press.

133



Deuterium Labelling as a Mechanistic Probe in Chemical Ionization Mass Spectrometry. n

CATHERINE FENSELAU, J. H. DUNCAN, and H. M. FALES, The Department of Pharmacology and
Experimental Therapeutics, the Johns Hopkins University School of Medicine; and The
National Heart and Lung Institute, National Institutes of Health.

In the chemical ionization mass spectrum of heptanal the most intense peak corresponds
to ions formed by loss of water from the M+l species. We undertook to delineate the
origin of the hydrogen atoms eliminated in Hp0 by the use of deuterium isotope labels,
and in a more 'general sense, to contribute to the mechanistic understanding of chemical
ionization decomposition, an area where few isotope labeling studies have been made.
Measurements were obtained on deuterium labeled compounds including heptanal -2-dj,
-3-dg, -4-d2, -3-d3, -6-dz, and -7-d]. Our data leads us to conclude that in the
quasimolecular ion of heptanal the identity of the ionizing proton is not maintained,
but that it is randomized with hydrogen atoms in the alkyl chain. Our observation
suggests that when deuterium labels are used in chemical ionization studies, careful
attention must be paid to the possibility of such randomization.

Per Cent Deuterium Atoms Lost in Elimination of Water From M+l

methane isobutane

E.I. c.I. c.I.

2-d2-heptanal 0% 3% 9%
3-d,-heptanal 60 % 41 7 45 %
4-dg-heptanal 57 % 38 7 40 %
5-dg-heptanal 33 % 25 % 26 %
6-dz-heptanal 36 % 42 % 42 %
7-d)-heptanal (x3) 15 % 26 % 25 %
total 201 7% 175 % 187 %

Values are averages of three scans made at 80° source tempera-
ture and 1 torr pressure. The values are calculated on the
basis that the two hydrogen atoms lost as water equal 200%.

The values are corrected for contributions from isotopic carbon
and for incomplete labeling. Uncertainty is estimated at + 27
for the E.I. values and + 4% for the C.1. values.

This-report will be published elsewhere in more detailed form.
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Chemical Ionization Mass Spectra of Pesticides J2
(Supported in part by the National Science Foundation, Grant No. GD-20231)

Noel Einolf, John Michnowicz, and Burnaby Munson
Department of Chemistry
University of Delaware
Newark, Delaware 19711

The electron (EI) and field (FI) ionization mass spectra of several pesticides
have been reported previously*. We will discuss the conventional methane chemical ioni-
zation. (CI) and high pressure charge exchange (CE) mass spectra of a few pesticides for
comparison. In general, the CI and CE mass spectra are intermediate in extent of frag-
mentation between the very simple FI and complex EI spectra.

The spectra were obtained on a CEC 21-110B mass spectrometer which has been modi-
fied for high pressure operationz. The pressures were 0.5-1.0 torr; the source tempera-
tures were the minimum necessary to give abundant spectra for direct introduction and -
were different for each compound. We are grateful to Joe Damico for providing us with
the FDA standard samples for analysis.

Table I shows the methane CI spectra of two diphenyltrichloroethanes, DDT and the
structurally similar Methoxychlor. The ions have been assigned according to species
and the sum of all the chlorinated isotopes is indicated for each compound. In addition
to the protonated and ethyl addition ions, the only fragment ions correspond to the loss
of HC], C6H5X , and CHCly from the protonated molecular ions. These fragmentations pro-
bably result- from protonation of the aliphatic Cl, the sromatic ring, and the aliphatic
carbon atoms.

C13
CH, CI Spectra of XC6H4- H-CgH, X Table I
Species % Additive Ionization
DDT METHOX YCHLOR
(p,p'X=C1) (p,p'X=0CH3)
oM+ Cz“s)+ 0.8 1.1
o+ HYF 5.6 13.4
ow + B-HCLYt 31 36
o8+ H-CH ) 57 31
(MW + H-CHC14)T 2.5 1.8

Table II shows the methane CI spectra of two carbamates in which structures have
been assigned to each ionic species. The abundances of the decomposition ions are very
different for these two compounds, but the differences can be explained easily by com-
parison with the spectra of other estersd. Sevin is an aromatic ester and should give
the protonated alcohol as the major ion. No protonated acid ilons are expected because
of the lack of an easily transferrable hydrogen from the alcohol group. CIPC is an ali-
phatic ester and would be expected to give the protonated acid and alkyl displacement
ions characteristic of aliphatic esters. No ions are formed which require dissociative
protonation of the nitrogen.

CHA CI Spectra of Carbamates, RNHCOOR' Table II
Species % Additive Ionization
CIPC Sevin,Carbaryl
cl1 Q SH3
¢ © mubocu-cuy) (CHgNHCO0-
(M + C3Hg)™ _ 0.2
0 + CyHg)t _ 2.7
om o+ Wyt 32 12
OH
(RNHC.{*.-OH 5 B
RNHC=OT .5 16
R'OHZ+ _ 45
—=OH
RNH?S,‘,OCZHS 15 -
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One of the major problems in high pressure charge exchange was the presence of hy-
drogen containing ions in the spectra of the reagent gases which gave (H+l)+ ions in the
spectra of the additives. By scrupulously removing the water from the gases, we were
able to reduce the (Mrl)t abundance to trivially small amounts of the total ionization.

Most of the gases which we tried gave predominantly dissoclative charge transfer
spectra and in order to obtain abundant molecular ions we used NO as the charge exchange
reagent gas. The predominant ifon under our conditions was N0+, whose recombination
energy is about 9 ev™t.

The diphenyltrichlorcethane, Methoxychlor, shows only molecular ions and fragments
corresponding to the loss of CC13 from ‘the molecular 1ions.

Tables I1I and IV show the charge exchange spectra of the two carbamates obtained
with NO and a comparison of these charge exchange spectra with the previously reported
FI and EI spectra™., Although the gsame lons are produced, there are striking differences
in the abundances of these ions depending on the mode of formation. These differences
between CE and the other techniques will be investigated further by studylng spectra
with different charge exchange reagents.

Mass Spectra of Ciﬁ, C1©NH-8-‘()-2:§CH3 Table IIT
% lonization
Species EI CE(NO) FI
Ny 4 65 48
RCO,Hy* - 3 -
RCO, 3 3 -
RNCOt 8 ) - 7
RNH2+ 9 9 Tr
CyHyt 16 8 --
Mass Spectra of SEVIN, 8—0-3-NH-CH3 Table IV
% Ionization
m/e EI CE(NO) FI Species
201 1.5 8 21 it
l44 28 68 33 80}#
116 13.5 .2 -
57 8.5 1 40 (GHy-N=C=0)*
References:

1. J. N. Damico, R. P. Barron, and J. A. Sphon, Int. J. Mass. Spec. and Ion
Physics, 2, /6/ (1969).

2. John Michnowicz and Burnaby Munson, Org. Mass. Spectr., 4, 481 (1970); the

more recent modifications will be reported later.

M. S. B. Munson and F. H, Field, J. Am. Chem. Soc., 88, 4337 (1966).

G. K. Lavrovekaya, M. I. Markin, and V. L. Tal'roze, Kinetika i Kataliz, 2,
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APPLICATIONS OF CHEMICAL IOMIZATION MASS SPECTROMETRY
G. P. Arsenault and J. J. Dolhun

Department of Chemistry
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Details of a GC-MS system with a combined EI-Cl source were
reported earlier (1,2). Since that time, the system has been modified
by replacing the combined source with two sources, one E! and one Cl.
A line drawing of the two-source system is shown in Figure 1, and this
paper describes briefly the operation and applications of such a
system.

The two-source GC-MS system may be operatecd in any one of the
following four possible modes: (1) El; (2) Cl; (3) alternate E! and
Cl; and (4) simultaneous EI-Cl. Whatever mode of operation is wused
the path and rate of flow of the GC effluent are the same. The GC
effluent enters the Cl source which is operated at 0.5 torr pressure.
The effluent then leaves this source through the electron entrance or
the ion exit apertures. The vacuum envelope immediately surrounding
the Cl1 source and in which the EI source is located is maintained at &4
x 10°% torr. The system is differentially pumped and the pressure in
the quadrupole mass filter is 3 x 10°° torr,

Operation in the E! mode only requires the Cl source to be off
while the E! source is on. Direct introduction of the GC effluent in
the El source thus takes place since the Cl source is merely a flow
restrictor between GC and MS under these conditions. The El source is
off while the €] source is on if the system is operated in the C! mode
only. The carrier gas for gas chromatography is then the reactant gas
for chemical ionization (1,2,3). The alternate mode of operation is
accomplished simply by switching rapidly and repeatedly between

electron impact and chemical ionization. Finally both sources are on
in the simultaneous mode of operation. The mass spectra obtained are
thus mixed spectra, i.e. El + Cl, because there is only one quadrupole

mass filter and one electron multiplier detector in the system.
H

CH3CH H (I)
(CH3)20HCH2CH2

Figure 2 shows an unretouched reproduction (with the exception of
the explanatory labels and numerals) of three consecutive scans of
amobarbital (J) taken with the GC-MS system operated in the alternate
mode. The total time which elapsed from the start of ‘the first to the
end cf the third scan was 9 sec. The number of complete EI and CI
mass spectra of a GC peak which may be obtained when the GC-MS system
is operated in the alternate mode is naturally dependent on the width
of the peak, Figure 3 shows an unretouched reproduction (the numerals
are added) of a scan of amobarbital (I) taken with the GC-MS system
operated in the simultaneous mode. The scan time was 3 sec., The EI
and CI features of the simultaneous EI-Cl mass spectrum (Figure 3) may
be obtained by examining thke individual mass spectra shown in Figure
2. Alternate or simultaneous EI-Cl mass spectrometry of gas
chromatographic effluents is the subject of a separate publication
(4).

The advantages of two sources, one for El and one for €I (Figure
1), over the single, combined EI-Cl source are numerous and best
discussed in terms of the drawbacks of the combined EI-Cl source which
arc absent in the two-source system. The drawbacks of a combined
E1-Cl source are: (a) The sensitivity in the El mode of operation s
poor when compared to the sensitivity of a conventional El source (5)
; (b) operation of the GC-MS system in the E!I mode of ionization
requires a splitter or a separator in the GC-MS interface or a drastic
reduction in carrier gas flow rate to keep the pressure in the " ion
source within the 1limits necessary to obtain electron impact
ionization only; (c) two separate injections are necessary to obtain
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Figure 1. Line drawing -- no scale intended -- of GC-MS system with

one Cl and one El source; the mass spectrometer component of the GC-MS
system is the QUAD 300 made by Electronic Associates, Inc.

Figure 2, Alternate E! and C! mass spectrometry of GC effluent:
osclllographlc record of three successive scans of amobarblital (I);
carrier-reactant gas: methane.
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Figure 3. Simultaneous EI-CI mass spectrometry of GC effluent:
oscillographic record of a scan of amobarbital (I); carrier-reactant
gas: methane.

both El and C! mass spectra of GC effluent, resulting in considerable
labor necessary to collate and interpret the data from a gas
chromatogram of any degree of complexity.

In conclusion, three points nced to be made: (a) The two-source
system could readily be modified for the direct introduction of solids
into the Cl source; (b) the two~source system described hLerein s
equivalent to a single source with two chambers, one for Cl and one
El; (c) while the two-source system was developed around a quadrupole
mass filter it is eaually applicahle to magnetic deflection
instrurents,
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NEGATIVE CHEMICAL TONIZATION J4
MASS SPECTROMETRY

Ralph C. Dougherty, John Dalton and J. David Roberts

Department of Chemistry
Florida State University
Tallahassee, Florida 32306

Negative ions beams fully as intense as positive ion beams may be
easily obtained under chemical jionization conditions. This is because the
high pressure in the ion source thermally degrades the electron beam so
there is always an abundance of electrons with energies in the 0-10ev
range. With a spectrum of electron energies available all of the major
primary anion forming processesl, electron capture, disassociative elec-
tron capture and ion pair formation from molecular excited states will
occur. The intensity of the primary ion beam is clearly related to the
cross sections for the resonance capture processes and for this reason we
have principally used halocarbons as reagent gases in negative chemical
ionization experiments.

The high pressure negative ioﬁ spectrum of methylene chloride shows
the following ions, C1°, HZO:CIO, He1,®, €1,%, €1:CH,C1,°%, H Cl:CH,C1,°,
C1:(CH2C12)29, and HC12:(CH2C12)20. The intensities of these ions vary
smoothly with temperature and pressure. At ~1 torr and 200°C, Cle, HClze
and C1:CH,C1,°

2
tities of a substrate, anion attachment and other reactions occur, The

dominate the mass spectrum. In the presence of small quan-

specific attachments are very sensitive to the nature of the functional
groups present, The spectra are always simple. Table I lists the anions
observed for a series of simple molecules in the presence of methylene

chloride at ~1 torr and 200°C,
Table I

Negative Ion Chemical Ionization Spectra
‘with Methylene Chloride (1 torr, 200°C).

substrate . Ions observed (relative intensity > 1%)
: ’ exclusive of the CH2C12 spectrum

2-octanol M+ c1]®

n-nonglamine M + Hc12]e _

benzoic acid [M + Cl]e, [2M - H]O

Z-octanone M + Cl]O

benzophenone [M]Og, M + HCl]Bg

p-nitrotoluene M19%, M + 019, M + c11°, (M + HC1]9®
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M+ C10]19,[2M] "

c11®, ™ - 1°,

aldrin M - H3c12]', M - H
0
» [M + HCL,}

™+ c11®, M + c10]
M + c1c0,]°

§

The simplicity of the spectra, their relatively high sensitivity and
the selectivity of the reagent toward different functional groups make
negative chemical ionization spectra with methylene chloride an attractive
candidate for development as a technique in analytical mass spectroscopy.

High pressure anion spectra also have considerable potential in
complex problems in mechanistic organic chemistry. By use of a series of
difference reagent gases it is possible to examine the equilibrium heats
of association of a large number of anion-molecule pairs by using tempera-
ture studies at constant pressure following the leads of Field2 and
Kebarle.3 These heats must be directly related to the stabilities of the
solvent-free nucleophilic substitution complexes. We have determined a
large number of heats of association and find that both steric effects in
SNZ reactions and nucleophilicity effects are primarily due to anion-
solvent interactions and not to anion-substrate interactions. The methyl

chloride-methyl iodide cycle illustrates this point. The literature value
-AHo (kcal/m)

CHyI + C1° cHg1c1® 7.8
CHiC1 + I° CHC11° 9.8
CHgT + C1° CHyCL + 1° 1.7

for the final equilibrium is -10.5 kcal/m.4 The possibility that these
heats reflect the stabilities of frontside association ions and not psuedo-
Jahn-Teller distorted Sn2 transition states can be eliminated on the basis
that 1-bromoadamantane gives no simple halide association ions under condi-
tions which give intense simple halide association ions from other mono-

halides.
1. C.E. Melton, "Mass Spectrometry of Organic Ions,"
F.W. McLafferty, ed., Academic Press, New York,
1963 p. 163.

2. F.H. Field, J, Amer. Chem. Soc., 91, 2827 (1969).

3. P. Kebarle, S.K. Searles, A. Zolla, J. Scarborough
and M. Ashadi, ibid., 89, 6394 (1967).

4, J.L. Franklin, J.G. Dillard, H.M. Rosenstock, J.T.
Herron, K. Draxl and F.H. Field, 219nization Poten-
tials, Appearance Potentials and Heats of Formation
of Gaseous Positive Ions', NSRDS-NBS26, U.S. G.P.O.,
Washington, 1969.
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APPLICATIONS OF CHEMICAL IONIZATION
MASS SPECTROMETRY

Rodger L. Foltz

BATTELLE
Columbus Laboratories
Columbus, Ohio 43201

One of the attractive features of chemical ionization mass spectrometry
(CIMS) is its compatibility with gas chromatography. Because of its ability
to handle higher flow rates, a chemical ionization ion source can be dir?ffly
coupled to a gas chromatograph without requiring the use of a separator. In
this mode of operation the carrier gas used in the gas chromatograph also serves
as the reactant gas in the chemical ionization mass spectrometer.

Figure 1 shows a block diagram of the system we have utilized for the past
year. It includes a gas chromatograph directly coupled to a quadrupole mass
spectrometer modified for chemical ionization.

Normal operation of the GC-CIMS system consists of selecting the desired
carrier/reactant gas by opening the appropriate valve and adjusting the gas
flow rate to give the optimum ion source pressure. For methane this pressure
corresponds to about 1 torr as measured by a thermocouple gauge. Since there
1s no restriction between the gas chromatograph and the mass spectrometer the
pressure in the gas chromatograph column is below one atmosphere. Both 1/8"
packed columns and capillary columns have been used under these conditions.
In the case of 1/8" packed columns the retention times experienced are comparable
to those obtained using a flow rate of 30 ml/min in a conventional gas chromatograph.

For a general purpose GC-MS system it is desirable to be able to obtain both
chemical ionization and electron impact mass spectra since often the two techniques
provide complementary structural information. If helium or nitrogen is used as
the reactant gas under chemical ionization conditions the sample molecules are
ionized by a charge exchange process which should result in mass spectra similar
to those obtained under electron impact conditions. Therefore, it should be
possible to obtain either proton-exchange, chemical ionization spectra or
electron impact-like spectra by simply changing the carrier/reactant gas.(z)

In order to determine whether electron impact and helium chemical
ionization conditions give similar mass spectra, various compounds were
examined using the two methods of ionization. Figures 2 and 3 represent two
rather typical examples. The electron impact mass spectra were obtained using
a standard AEI MS-9 and the helium chemical fonization spectra were obtained
using a Finnigan 1015 quadrupole mass spectrometer equipped with an SRIC model
QS-15 chemical ionization source. The differences between the relative intensities
of the fragment ions in the electron impact mass spectra and the helium chemical
ionization mass spectra are not appreciably greater than one typically encounters
in comparing mass spectra obtained on different instruments and under different
operating conditions. However, we did find that compounds having a high proton
affinity often give intense M + 1 peaks under the helium chemical ionization
conditions. For example, note the intense m/e 197 peak in the Cly, Spectrum of
the diketopiperazine (Figure 3). We concluded that the enhanced M + 1 peaks
result from self-protonation due to the relatively high sample pressure in the
chemical ionization source. We subsequently found that certain compounds give
intense M + 1 peaks even in the absence of a reactant gas. This behavior is
apparently characteristic of the relatively "closed"” or "tight" ion sources used
in chemical ionization mass spectrometers. Figures 4 and 5 compare electron
impact spectra obtained on two compounds using both "closed" and "open" ion
sources. In both cases the M + 1 peak shows a much greater relative intensity
in the EI spectrum obtained using the '"closed" source. It should be emphasized
that these are the most extreme examples that we have encountered and that most
compounds do not exhibit this behavior. Furthermore, the fragmentation patterns
obtained when the spectra are normalized to the same peak are similar and very
different from the fragmentation patterns obtained under normal chemical
ionization conditions using methane as the reactant gas.
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We are now routinely running GC-MS samples by alternately using methane and

heljum as the carrier/reactant geses and are finding the technique extremely
useful.

(1) G. P. Arsenault, J. J. Dolhum, and K. Biemann, Chem. Comm., 1542 (1970).

(2) D, M. Schoengold and B. Munson, Anal. Chem., 42, 1811 (1970).
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THE APPLICATION OF CHEMICAL IONIZATION MASS SPECTROMETRY
TO THE IDENTIFICATION OF DRUGS IN BODY FLUIDS
David P. Beggs, Ralph C. Dougherty, William H, Johnston
Scientific Research Instruments Corporation
Baltimore, Maryland 21207

ABSTRACT

The use of a GLC - chemical ionization mass spectrometer system for the analy-
sis of drugs in body fluids is discussed. The use of hydrogen as the GLC carrier gas

and the reagent' gas provides improved sensitivity,

The prevalence of the MW+l or MW.] peaks in hydrogen chemical ionization
spectra provides easy identification of drugs in body fluid extracts. Positive identi-
fication of any drug may be obtained by comparison of the simple fragmentation pattern

with a standard compound or spectrum.

INTRODUCTION

Recently Fales and Milnel have demonstrated the need for a fast, efficient, and
reliable method to determine the drug contents in body fluids of severe drug overdose
patients. This work deals with the application of a GLC - Chemical Ionization Mass

Spectrometer system to this problem,

The requirement for an interface or separator between the GLC and the MS was
eliminated by using the Chemical Ionization reagent gas as the GC carrier. The
samples passed through a 3% OV -17 column into an SRIC Chemical Ionization
Quadrupole System, Standardization using pure drug samples was accomplished by

direct probe insertion into the chemical ionization system.

Chemical ionization mass spectrometry provides increased sensitivity and
specificity for drug analyses. The spectra are simple, and include, in most cases,
large peaks corresponding to the molecular weight plus or minus one amu ( proton
acceptance or hydride ion loss). In many instances, with certain reagent gases, only
one peak is present in the entire chemical ionization spectrum, An effort was made to

determine the optimum combination carrier-reagent gas to provide 'fingerprint spectra'’.

RESULTS AND DISCUSSION

The effect of reagent upon fragmentation of the sample is shown in Table I. In
each case ionization of the sample occurs by proton transfer and these spectra reflect
the differences in the proton affinities of isobutene, methane and hydrogen. As the
difference in proton affinities between the reage.nt gas and the sample gas increases, the
amount of fragmentation increases. The use of hydrogen provides a sufficient amount
of fragmentation while retaining a significant amount of MW+1 peak. One compound,
aspirin, did not give an intense M+1 peak but it did produce an easily identified spectra
with ions representing the lossof H,O, CH;CO and CH,COOH,
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Most of the drugs studied were barbiturates but some other common prescription
drugs and some non-prescription, drugs, were also analyzed, All of the drugs studied
to date produced simple spectra with at least three fragment peaks and in most cases a
strong ion at MW-1, MW, or MW+1. The drugs which were not derivatives of barbit-
uric acid usually gave ions at MW+1, MW, and MW.1 whilederivatives of barbituric
acid gave ionsmainly at MW+1. This is attributed to the relatively strong nucleophilic

nature of the barbituric acid derivatives,

To effectively demonstrate the use of this technique in the identification of drugs
in body fluids, many synthetic mixtures of drugs in agueous solution were prepar.ed.
These solutions were extracted with chloroform. Aliquot samples were injected into
the GLC. Moenitor of the GLC effluent was accomplished via the total ion monitor of
the quadrupole. Repetitive scans were made over each GLC peak. Identification of
the GLC peaks was accomplished by determining the MW+1 peak. If more than one
drug with the same molecular weight may be present, identification is made by com-
parison of the simple fragmentation patterns. In this manner positive identification
of each drug in a2 mixture can be made. Analysis of other constituents of the mixture,
including impurities, may be easily accomplished if a standard reference sample or

chemical ionization spectrum is available,

No significant change in the spectra of samples was found between 100p and 1000p
of reagent gas pressure. The optimum operating pressure for this system was 350u
of H,. At hydrogen pressures above 900, extended use of the filament resulted in an
abnormally large amount of deposition of the rhenium onto the surrounding.surfaces.
Varijation of the repeller between O and +20 volts produced no significant change.
Increasing the repeller above +20 volts resulted in an increase of the relative intensity
of the fragment peaks, corresponding to an increase in the excess energy accompanying
the ionization process, The sensitivity of this system was found to be 1 to 10 nanograms

depending upon the nature of the drug to be analyzed,
CONCLUSION

Several advantages of this system are apparent, A minimum of sample is lost in
its transfer from the GLC to the ionization region. This is due to the elimination of the
separator and the direct, line of sight connection, The use of hydrogen as the carrier
gas provides improved gas chromatographic resolution which allows the GLC flow rate
to be increased. Chemical ionization with hydrogen as the reagent gas provides an
intense MW+1 or MW-1] peak for most compounds while initiating sufficient fragmenta-
tion to establish a "fingerprint" spectrum,
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TABLE I
CHEMICAL IONIZATION OF SANDOPTAL

Relative Intensities Using Various Reagent Gases
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Isotope effect in the formation of HS~ and DS~ J8
by electron impact on H2S, HDS and Dj3S

Florence FIQUET-FAYARD and Jean-Pierre ZIESEL,
Laboratoire de Collisions Electroniques,
Faculté des Sciences, 91-ORSAY, France

We have studied the formation of HS by dissociative attachment in
HZS' This process is typical of dissociative attachment, with a very small
survival probability for the transitory negative ion. We measured the
shape of the ionization curve, the total ionization cross section and the
isotope effect. The experimental procedure will be described in a paper

submitted to the Journal of Chemical Physics.

The threshold of the ionization curve occurs at 1.45 b 0.1 eV, the
maximum at 2.2 eV. The curve ends at 3.4 eV.

The total cross-section at the maximum is

T (Hs /H,S) = 1.8 10718 em?
The isotope effects are :
+
0’1/0’4 =25 -4
g,/0, =1ts
T,/T,; =1.26 0.03
where the relative cross sections are defined "per bond" and not "per mo-
lecule" :
H,S + e — HS +H 20‘1
HDS + e —— HS™ + D Ta
HDS + e —— DS~ + H @3
D,$ +e —— DS +D 20,

The asymptotic appearance potential for HS can be calculated exactly
since the dissociation energy has been measured by Dibeler and Liston(l).
D, (HS - H) =3.87 ¥ 0.02 ev
while the electron affinity has been measured by Steiner(z)

EA(HS) = 2.296 eV

We find a value of 1.57 Volt for the asymptotic appearance potential.

The remarkable feature is that the asymptotic appearance potential is
identical to the threshold, within the error limits. This implies that the
H,8” potential curve crosses its dissociation asymptote inside the Franck-
Condon region.

We use our results to calculate the complexe energy of the H s~ poten-

2
tial curve :

vem -1 w2,
where Fa is the total autoionization width of the resonant state, and R is

the distance between HS and H.
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The procedure consist in a parametrization of V. (R) and fﬂa(R). Then

we use the O'Malley formula (3} to calculate the isotope effect and the

ionization curve. We adjust the parameters to reproduce the experimental
results. Severallparametric expressions have been used for Vf(R). r a(R)
is written as Bkggﬁi—ﬁ )r , where B and @ are parameters, R, is the equi-
librium distance,and R. is the distance at which the HZS— potential curve
crosses the st potential curve,

The results will be described fully in the full paper. They are consis-
tent with the assumption of an s.wave resonance (P = 0.5) and of a small

dip in the potential curve (about 0.15 eV).

(1) V.H. DIBELER and S.K. LISTON ; J. Chem, Phys. 49, 482 (1968)
(2) B. STEINER ; J. Chem. Phys. 48, 5097 (1968)
(3) T.F. O'MALLEY ; Phys. Rev, 150, 14 (1966)



Formation of O~ from N,O at Temperatures Above 2000 K* 19

J.M. Madson, J.H. Mullen and L.N. Medgyesi-Mitschang
McDonnell Douglas Research Laboratories
McDonnell Douglas Corp., St. Louis, Mo. 63166

The deleterious effect of shock-ionized flow fields on communication and navigation systems may be reduced
by electrophilic molecule injection. The assessment of the ability of each molecule for reducing the electron con-
centration requires detailed high temperature kinetics of the resulting electron-molecule and/or electron-ion reac-
tions. High temperature environments for studying these reactions can be achieved with a plasma. An experimental
system employing a high temperature flowing plasma has been developed for studying electron attachment reac-
tions at gas temperatures from 2000 to 3000 K." The system described here has been used to investigate negative ion
formation in Bry, SF¢, and N7O.2 The present discussion is limited to negative ions resulting from the reaction of
N,O with an argon plasma.

The overall experimental system is shown schematically in Fig. 1. The system consists of four sections:

(a) discharge chamber, (b) reaction channel, (c) expansion-extraction chamber, and (d) mass analysis chamber. An
rf induction plasma generated in the discharge chamber is isentropically expanded into the reaction channel. The
flow velocity becomes sonic as the plasma enters the reaction channel. While in the channel the flowing plasma re-
acts with target gas molecules (in this case NyO) which have been supersonically injected as indicated in Fig. 1. At
the end of the reaction channel the flowing plasma undergoes a free jet expansion into the expansion-ex traction
chamber. This rapid expansion preserves the product species of the reactions occurring in the channel. The center-
line core of the expansion plume is sampled with a conical extractor and analyzed with a quadrupole mass spectrom-
eter. Discharge chamber conditions may be varied from 10 to 760 Torr with input power levels up to 100 kW. The
temperature and pressure of the flowing plasma in the reaction channel are 0.75 and 0.50 of their respective values
in the discharge chamber. The transit time of the ptasma through the channel is about 10 usec; therefore, proper
mixing of the N-O with the plasma is of serious concern and has led to the investigation of several injection tech-
niques. Data obtained using two of these techniques are presented here. The first technique is supersonic injection
of N,O through flush mounted injectors. Three injectors having 50 um orifices spaced 1200 around the channel are
inserted flush with the inner wall of the reaction channel. The N5O pressure behind the injector orifice is always
greater than twice the channel pressure to ensure that the N,O is supersonically injected. The N5O is injected.
normal to the plasma flow and mixes with the plasma as it traverses the channel. The second inje.ction technique
utilizes three conduction-cooled, protruding injection tubes which extend approximately 1/3 of the distance across
the channel (0.125 ¢cm in a 0.4 cm diam channel). N,O is injected subsonically through the tubes into the plasma
stream well inside the channel boundary layer.

Reaction channel Microwave

interferometer

Microwave
radiometer

Quadrupole
mass spectrometer

Induction
plasma

000

Opticat port Extractor

nozzle

Supersonic injection
and optlcal spectrograph

To To
roughing Diffusion pump
pump

Fig. 1 Schematic drawing of exparimental system

*Research supported by Air Force Cambridge Research Laboratories under Contract F-19628-71-C-0024 and
by the McDonnell Douglas Independent Research and Development Program.
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Figure 2 is a schematic diagram of the ion sampling and detection system. The scale at the top of this figure
shows typical operating pressures in various parts of the system. Reversal of the polarity on the lensing and detec-
tion elements of the system results in a change in operation from negative ion detection to positive ion detection.
In addition, an electron ionization source is used for qualitative identification of neutral gas species.
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Fig. 2 Mass spectrometer system for analysis of negative ions, positive ions
and neutral products of high temperature reactions

Typical O— signals obtained when N,O is injected through flush mounted supersonic injectors are shown in
Fig. 3. In Fig. 3, the collected O~ current (arbitrary units) is plotted as a function of the mole percent of N,O in-
jected in the flowing argon plasma.

o 2840K
’ Q 2950 K

0~ signal
{arb. units)

0.1 s L L s L L
010 0.15 0.20 0.25 030 035 0.40 045

N4O (Mole % of Ar}

Fig. 3 Negative ion production using flush mounted supersonic injectors
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Production of O— in N20 results from a dissociative attachment reaction in which an encounter between an
electron and a neutral N-O molecule produces an O~ ion and a neutral N9 molecule, the reaction proceeding with
a characteristic rate constant k. The reaction is described by

. K
e+NsO —— O—+N,. (n

O~ ions may be lost by reacting with N5O in a manner such as

K
2
0-+Ny0O —— NO—+NO @)
or
k3
0= +Ny0 —— 05 +N,. 3)

The differential equation which describes the O— concentration has been solved under the assumptions that
clectrons and NoO molecules are lost only to the O™ formation process and that any O loss is due to reactions (2)
and (3). Solutions for the O™ concentration as a function of the N,O concentration have been obtained for various
values of a parameter “a™ which is the product of the rate constant k1, the initial electron density [N,] o and the
reacting time T. A comparison between the calculations and experimental data is shown in Fig. 4.

The notations [N,] oand [N2O]0 refer to the initial electron and N20 number densities at the point where
the N5O is injected. The solid lines represent solutions of the equation describing O~ concentration for various
values of “a” = kj[N1,T. The circles represent experimental data points. The reaction time T is governed by the
channel length and the gas temperature. Therefore, for fixed channel length and plasma conditions a family of
curves can be drawn representing different values of the reaction rate constant k. To illustrate the effect of O~
loss, rate constants ko and k3 have been combined and called 8k . The use of 8k to represent a secondary reac-
tion rate constant is not meant to imply that the same functional dependence on physical parameters such as temper-
ature exists for the dissociative attachment rate constant and the secondary ion-molecule reaction rate constant.

The curve for 8 = 0 represents no loss of O~ through reactions with N,O molecules. As O™ ~ N4O reactions begin

to be significant, the O signal reaches a maximum and begins to decrease. This feature can be used as an aid in

fitting the experimental data to the calculated curves. A dissociative attachment rate constant of about 5 x 10~2 cm3/
molecule sec at about 3000 K is obtained from the data shown in Fig. 4.

1.0

08 |-
06 |-
04

03

_° Dissociative electron attachment reaction:
Z 02 K,
I: N,O+e —= 07 +N,
= +N,0 Bk
secondary products
[N4Q] , = initial N, O density
0.1
[Ng], = initial electron density

Temperature = 2960K

“a”=ky NI T

0 I 1 | S S | | I | | R
0.1 0.2 03 04 06 08 1 2 3

[N20] /N,
Fig. 4 Comparison of experimental data with theoretically predicted O™ production
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Figure 5 shows the negative ion species detected when N,O is injected into an Ar plasma through injectors
protruding into the reaction channel. NO™, N,O™, and O3 ions are present in addition to the O™ which was present
with the supersonic injectors. Paulson® has listed the following set of reactions to explain the formation of these ions;

k
2
0~ +N,O ——= NO™ +NO (2)
k3
0™ +N,O —035 + N, 3)
kg
NO™ +Ny0 — N,0™ +NO. (S
50.0;
— 0—
Oischarge power* 48 kW
Discharge pressure: 95 Torr
100 Piagma temperature: ~2600 K
r NO™
Negative 1on N20_
current x 1012 (A} -
1.0
- o 0
- 0 0,
- 0
0.1 i i | I L I
0 0.2 0.4 0.6 0.8 1.0 1.2 14

N50 (Mol % of Ar)

Fig. 5 Negative ion production at 2600 K using three subsonic protruding wall injectors

Figure 6 shows an increase of NO+, O+, and N20+ and a rapid decrease in Art as the NZO concentration in-
creases. The rapid decrease of Art suggests that it assists the production of the other positive ions, perhaps through
a charge exchange mechanism.

Investigation of the channel flow indicated that the protruding injectors create a turbulent condition in the re-
action channe) flow thus allowing recirculation of the plasma and Jengthening of the reacting time in the channel. The
production of the additional negative ions shown in Fig. 5 and the positive ions shown in Fig. 6 using the protruding
injector technique where these ions were not detectable using supersonic flush mounted injectors may be a result of
the turbulence introduced by the injectors.

In conclusion, we have examined O™ production when N7 O is injected into a flowing Ar plasma at tempera-
tures between 2500 and 3000 K. Calculations of O~ production based on a dissociative attachment model have
been made which when combined with experimental results yield a rate constant at about 3000 K, of 5 x 10—9 cm3/
molecule sec at least two orders of magnitude greater than that obtained at room temperature. Secondary and
tertiary reactions occurring when N, O is injected through protruding injectors indicates an interesting area for
further investigation. However, the uncertainties introduced by the turbulent channel flow make this technique
less desirable for attachment rate constant measurements.
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Fig. 6 Positive ion production using subsonic protruding wall injectors
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Reactions of Some Solvated Alkoxy Anions* J10

E.G. Jones and T.0. Tiernan, Aerospace Research Laboratories
Chemistry Research Laboratory, W-PAFB, Chio 45433

The reactions of alkoxy anions with alcohols have been extensively studied

1,2

The order of alcohol acidity in the gas phase, determined by measuring the rates
of the forward and reverse reactions, differs from that obtained by solution

To investigate this difference and to obtain information concern-
ing the effects of ion solvation on reaction, we have studied reactions of
anions of the form HOHOR™ and RjOHOR™ with a series of small alcohols. These
ions were formed in water-alcohol mixtures in the first stage of a tandem mass
spectrometex and were allowed to react with the neutral alcohols in a separate

experiments,

collision cha

mber.

The principal reaction of alkoxy anions with alcohols is a proton abstraction;
however, after solvation we observe three major reactions.
abstraction there is a solvent exchange for HOH and also for HOR in the anion.

The normalized product distributions are shown in Tables I and II for some typi-
cal cases. In general there is a reduction in the basicity of the anions on
solvation, as indicated by the relatively lesser importance of the proton abstrac-
tion path. This effect is most clearly seen in the reactions of the hydroxide
ion. It will abstract a proton from all of the neutrals in Table I; however,
after solvation with a water molecule it abstracts a proton only from propanol

the more acidic alcohols.

and butanol,

In addition to proton

Extensive H-D scrambling in the hydroxyl positions was observed after

labelling either the reactant ion or neutral,

Since the largest product anions

are formed preferentially we conclude that these solvent interchange xeactions
occur via a long-lived collision complex which decomposes according to the
stability of the product fragments.

TABLE 1

Reactions of Solvated Anions Observed in the Tandem Mass Spectrometer at O.3eVK.E.

Neutral Ion
HOH HOHOH
MeOH HOHOH

HOHOMg
HOHOEt_
HOHOP,
EtOH HOHOH _
HOHOMg
HOHOEt
PrOH HOHOH _
HOHOM,
HOHOEt
BuOH HOHOH ™ _
HOHOMg
HOHOEt~
HOHOPI
Reactions

Normalized Product Distribution

Proton Abstraction

[sNeReoNe] [=]

[=NeNe)

37
13
11

6

TABLE 1I

Exchange Exchange
HOH ROH
50 50
50 50
89 11
96 4
100 [}
50 50
76 24
38 38
75 19
83 12
32 32
69 18
76 13
85 9

of EtOHOMe Observed in the Tandem Mass Spectrometer at O.3eVK.E.

Neutral

PrCH
BuOH

Normalized Product Distribution

Exchange
MeOH
65
63
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Some Negative Ion Reactions with water*

John F. Paulson
Air Force Cambridge Research Laboratories (AFSC)
L. G. Hanscom Field, Bedford, Mass. 01730

A longitudinal double mass spectrometer system has been used to study the
reactions
H +HZO-‘OH +H2 (1)

o~ +H,0 = OH ™ + OH (2)

together with the corresponding reactions of their isotopic reactant variants (D-, DZO)

in the interaction energy range from 0.3 to 50 eV. In the case of reaction (1) the

- - 2
cross section at 1 eV is about 30 x 10 16 cmZ and at 8 eV is about 1 x 10 1é cm .

2© H +D,0, D +H,0, D9 +13320 atl
1 eV interaction energy give rate constants decreasing from 4 to 2 x 10° " cm” sec’

Cross sections for the reactant pairs H™ + H

in the order given. Principally because of uncertainties in relative ion collection
efficiencies, the measured cross sections are in general lower limits. True cross
sections may be as much as a factor of 2.5 times larger than those measured.
Allowing for this uncertainty, the present results are in fair agreement with those
from some ion source 8xperi.rnents(1) on D" + DZO but differ appreciably with those
from other such experiments, (2 giving both lower cross sections and qualitatively
different isotope effects.

Reaction (2) is endothermic by about 0. 35 eV and shows a cross section

-16 16 2

increasing sharply to about 20 x 10 c:m2 at 1 eV before falling off to 2 x 10° ~ cm
at 15 eV, Both retarding potential and time-of-flight analyses of the product ions
show fast and slow components, which may be identified respectively with the forward
and backward scattered OH  product (in the barycentric system) of this endothermic
reaction, Calculations of the energy transferred into internal modes of the products,
based on the TOF spectra, give essentially identical values for both the forward and
backward scattered product ion components, a result which is a consequence of the
nearly identical masses of the ionic and neutral products. The use of 180_ + HZIGO
shows that the ""fast" ion product is IBOH_ and the "slow' ion product is l()OH-. The
kinematic necessity for forward and backward scattered products in an endothermic
process above threshold may therefore be identified in this case with hydrogen atom

transfer and proton transfer chermnical mechanisms, respectively.
References
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ELECTRON IMPACT FRAGMENTATION MECHANISMS OF SOME HALORUTHENOCENES K1
by
Arun K. Bhattacharya® and Lee D. Smithson

Air Force Materials Laboratory
Wright-Patterson Air Force Base, Ohio 45433

Fragmentation mechanisms have been studied for some chloro, bromo and iodo deriva-
tives of ruthenocene. In an earlier communication we discussed the mass spectra of
polychlorinated ferrocenes.! These di-mr-cyclopentadienyl compounds have a unique sand-
wich type structure. The two symmetric five-membered rings in ferrocene have a staggered
configuration whereas for ruthenocene they have an eclipsed configuration. The barrier
of rotation of the rings about the metal to ring axis is very small, which accounts for
the facile cleavage of the ring to metal bond on electron impact.

The nine compounds incorporated for discussion in this paper are as follows:

R, Unassigned R's = H
(€3}
Ry NP an r, =cl
' =
(111) Ry, R] =Cl
' =
R, \ R, (Iv) Ry, R,, R} =Cl
Ru g (V) Ry =Br
2 (VI) R,, R! = Br
R! R! B
3 1 (VII) R;s Ry, Ri = Br
(VIII) R, =1
1 1 [ -
R, Rg (1X) Ry, R} =1

One of the striking features of the mass spectra of these compounds is the complex
cluster of peaks due to the seven naturally occurring isotopes of ruthenium and the
isotopes of the halpogens. The relative intensities of each cluster were predicted by a
statistical method.? Normalized isotopic patterns have been drawn on the basis of
these calculations., The principal patterns utilized in this paper are shown in Figures
1 and 2.

Fragmentation patterns have been proposed based on considerations of predicted
isotopic patterns, exact mass measurements and metastable peaks. The molecular ion is
the most intense peak in’the mass spectra of all compounds except for iodoruthenocene
(VIII). This can be easily explained on the well established fact that the C-I bond is
rvelatively weak as compared to that of the C-Br, C-Cl and C-H bonds. It is conceivable
that there is a shifting of electron density from the cyclopentadienyl ligands to the
metal atom as the mass increases from iron to ruthenium, with the result that the C-C
bond of the cyclopentadienyl ring becomes weaker than the metal to ligand bond. We have
observed noticeable cleavage of the skeletal carbon bonds in the cyclopentadienyl rings
of these compounds in addition to the usual metal to ring rupture as in ferrocenes.
This conforms with earlier work on metallocenes.3,4

Some of the fragmentation patterns have been shown in Figures 3-5.

~Cstg “Cstls +
C.HRuC H,+ —=23 RuC H+ —=23 Ru

sHsRuCsts stis
i‘cz“z \L—Ru \:‘2‘{2
¢ H Rut
g'lg - RuC,Hy+
. s
AN
+ ik
C,H,Ru -C.H
4 1 2t v
-C,H
+2 2 CoHyt
C2H2Ru

Figure 3. TFragmentation Pattern for Ruthenocene

*
Miami University, Air Force Contract
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Figure 1.

Figure 2.
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-C.H,Cl -RuC, H,
+ 573772 + 2 +
CgHyCL RUC H,ClT —————3 C;H,CIRu’  ——=—3 C4H,Cl

l-RuClz i—csﬂ4c1 -1
-25C1 +
CgH,CLCH, + RU
-Cl ¢ H,Ru’
CoHyClRUC Ho+ 34
CgHyCeH, + > J/ -
=2t
-C_H +
i 54 C4H,Ru
C_H +
53 L-CZHZ
ruct

Figure 4., Fragmentation Pattern for 1,2,1'-Trichlororuthenocene

+ -RuBr2
CSH3Br2RuC5HABr —_— CSH3BrC5H4+
-2HBr l—Br
-Br
+
CSHZBrRuC5H3+ C5H3C5H4
l -RuC B, Br CHyBr RuC H, +
~C Br
C5H3+ \L 5H3 2
RuCSH4+
\L'Czﬂz
RuC3H2+
\L‘Csz
Ruct *

Figure 5. Fragmentation Pattern for 1,2,1'-Tribromoruthenocene

The details of the fragmentation mechanisms will be submitted for publication in
Analytical Chemistry.
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Pyrolysis Studies and Molecular Beam Mass Spectra of 1,2-Dimethoxytetramethyldisilane;

1,1,2,2-TetramethoxydimethyTdisiTane and Hexamethoxydisilane. SARA J. STECK, DePaul
University, Chicago, 111, 60614, JOAN L. MARGRAVE and RONALD P. STEIGER, Rice

University, Houston, Texas 77001

ABSTRACT

The following compounds (I) 1,2-dimethoxytetramethyldisilane, (II) 1,1,2,2-tetra-
methoxydimethyldisilane and (I1I) hexamethoxydisilane were studied in a 60° sector
magnetic instrument. Metastable jons with intensities up to nearly 10 percent of the
principle peaks indicate that the major ion decomposition pathways are (1) the loss
of a methyl group followed by loss of formaldehyde or (2) loss of formaldehyde from
the P/2 ion. Pyrolysis studies of the three compounds showed thermal decomposition of
{I) to Si(OCH3)p(CH3)z, Si(CH3)z, and [S1(CH3)z1ps {II) to Si(OCH3);CHy and CH3S10CH;;
and (III) to S1%0CH3)g and S1?0CH3)2 Also information about the thermal and ion
decompositions of the monosilane producats was obtained.
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Posltlve and Negative Ton Mass Spectra of Some Organomercurlals® K3
Stuart C. Cohen

Department of Chemistry, Syracuse University, Syracuse, New York 13210

Organomercurlals generally show a basic simpliclty in fragmentatlon

under electron impact;

ReHgt  ——=—> RHg

/ -Hg X = Cl, Br

RHgx ™ e > rY

with the organogroup lon, R+, having the highest intensity. For
CeClsHgCl, however, CeClst was the most intense lon, and the followlng
fragmentations were supported by metastable peaks:

CeClsHgclt —=81 5  cocigngt

l—HgClz

CeCle™ —=C1 o ceciat —=CL 5 (cec1e”

A comparilson of the clastograms of CgCle and CeClsHgCl indicate that for

the latter compound, CSCl4+ 1s being formed at the expense of CBClngCl+

rather than 05015+; the route expected for the normal fragmentation belng:
CeClsHgt —=PBB 5 (cgClst —C1 5 cgo1,t.

The relative appearance potentials, A.P.(CsCls¥) - A.P.(CeCls™), for the
lons derived from CgCle and CgClsHgCl indicate different processes for
formation of CeCle™ from the two compounds.

C2ClaHgCl behaves in a similar fashion, with CzClz+ being the most
intense lon, formed by logs of HgClz from the parent lon. For
(CaCla)2Hg, loss of Ca2Clz from the parent lon is supported by a metastable
peak. Clastogram data indicates that in thils case, C2Clz+, ageln the
strongest lon, 1ls being formed at the expense of C2C1lgHgt rather than
(C2Cls)aHgt.

L.e., (C2Cls)aHgt —=C28l2 o coci,mgt —=H8Clz 5 coc1,t

The 1lon, CzC14Hg+, 1s thought to be of the same nature as the parent ion
CzClaHgCl+. The reletlve appearance potential, A.P.(CgCl4Hg+) - A.P.
(C2ClaHgCl™), value of 0.8 + 0.4 e.v. (18 + 9 keal mole'l) shows good

agreement with the value (25 + 18 kcal mole'l) calculated from the bond

energles involved in the formation of Cz2ClsHg™
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i.e., cc:tzfcll\;}){‘g-cu:cch or ?ClﬁHg-CCl:CClz
Cl Cl
In the mass spectra of (CegFs)zHg and CeFsHgX (X = Cl, Br), the organo
lons from CeFsHgX have greater lntensity, relative to CaF5+ (the most
intense ilon), than those from (CeFs)zHg. This indicates the possibility
of HgFX elimination from CstHgX+, producing CBF4+, etc. wilth higher

intensities.

Negative lons were observed from the pentafluorophenyl and trichloro-
vinylmercurials. (CeFs)2Hg gave the parent anion, formed by secondary
electron capture, and CgFs , CeFs , F . CoFsHgX gave CeFsX as the most
intense negative 1lon, formed in an analogous fashion to CsF5X+:

CeFsX~ + Hg

CeFsHgX + e<
o

Several organomercury anions were observed for CzClaHgCl and

CeFsX~™ + HgT + e

CeFsX Hg + Z2e

(C2Cls)2Hg including C4ClsHg , C2Cl4Hg ™ and C=ClsHg~. The most interesting

observation was that of HgClz~, formed by dissoclative electron capture

from Cz2ClsHgCl and probably, by lon-palr formation from both mercurilals.
The mass spectra of (CHs)2C=C(HgCl)z and CHsCH(HgCl)z gave HgaCla",

Hg2C1+ and ng+, in addition to the normal fragmentation. Relative

appearance potentlal measurements for these lons lndicate that ngCl+

and Hga" arise by different mechanisms for the two compounds. Thus, for

(CHa)2C=C(HgCl)a:

/HgCl +
R ;R, ngClz+ _._"% ngc]_"f' ._'CL) Hg2+

\ng

whereas lower energy processes occur for CHaCH(HgCl)a:

4
+ Hg=C1" + RCl
HgCl ——
/
HgCl \ ng+ + Rclz

R

Published, in part, Chem. Comm., 226 (1970), Inorg. Nucl. Chem. Letters,
6, 757 (1970), J. Chem. Soc., (&) 632 (19715. To be published, in part,
J. Chem. Soc., (A).
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K4
Mass Spectra of Organometallic Acetylenes of Group IV and V Elements

M. L. Bazinet, W. G. Yeomans® and C. Merritt, Jr.
Pioneering Research Leboratory
U. S. Army Natick Leboretories
Natick, Massachusetts OL760

Although there are presently a fair number of laboratories actively involved in the
analysis of Group IV organometellic derivatives, relatively little experimental work has
been reported until recently on the mass spectrometry of any but tri- or tetraalkyl type
derivatives of these elements.

In this work we report on the spectral comparison of six triphenyl silicon or
germanium compounds containing & diphenyl phosphine group. These acetylides were anel-
yzed on a CEC 21-110 mass spectrometer, operated at 70 e.V., and equipped with means for
electric sector decoupling, for metastable examination. The analyses were made by
sampling wlth the direct solids insertion probe.

The generalized formula for the types of Group IV element acetylides that were
analyzed is shown in the lower right hand corner of Figure 1. These are triphenyl sili-
con or germanium acetylides where the R group is diphenyl phosphine which is either non-
coordinated or coordinated on the phosphorus atom with oxygen or sulfur.

The left hand side of Figure 1 illustrates a typical fragmentation diagram for this
class of organometallic compounds. The one shown here is for the silicon acetylide with
a non-coordinated phosphorus atom. The mass of the principal lon fragments observed in
the spectrum and the ion abundance are indicated by the numbers shown below the struc-
tural representation of each ion. Ton sbundence is expressed as the percentage of totel
ionization.

The molecular ion decomposition paths are indicated with arrows; when the pathway
is supported by the appearance of a metastable ion, an esterisk 1s shown beside the
arrov.

The molecular ion seen in the top center at mass 468 is the most abundant ion in
the spectrum of triphenylsilyl, diphenylphosphine acetylide. Rupture of the silicon-
carbon bond produces the next largest peak at mass 259, which is the triphenylsilyl ion.
Breaking the carbon-phosphorus bond gives an intense ion at mass 283. Further cleavage
of phenyl groups accounts for most of the remaining ions.

Fragmentation of the compound in which oxygen is coordinated with the phosphorus
atom is qulte similar to the non-coordinated compound. The molecular lon is the most
abundant ion end the next most ebundant is mass 283, corresponding to the loss of the
phosphine oxide group. A series of ions from successive loss of phenyl groups appears
to be gquite characteristic for the compounds of the series we have studied.

Fragmentation of the sulfur coordinsted silicon acetylide indicates that the in-
creased electronegativity of the sulfur atom in the phosphine-sulfide group appears to
weaken the carbon-silicon and the carbon-phosphorus bonds. The triphenyl silicon ion
at mass 259 is the most abundant ion in the spectrum. Loss of the phosphine group by
scission at the carbon-phosphorus bond yields an intense ion at mass 283, and loss of
sulfur gives a relatively abundant ion at mass LEB.

The increased decomposition of the molecular ion results in its being the second
most intense ion. A shift of a phenyl group from silicon to carbon end the loss of the
diphenyl silicon group gives & rearrangement ion at mass 286.

In general, the fragmentation of the germanium compounds appears to be quite sim-
ilar to that of corresponding silicon compounds. However, the decomposition of the
moleculsr ions is greater, and a grester number of ion types are produced. In the non~
coordinated compound the molecular ion at m/e 514 is only moderately intense. The most

* Present eddress: Chemistry Dept., Massachusetis Institute of Technology
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gbundant ion in the spectrum erises from cleavage of the Ge-C bond, resulting in the
formation of the triphenyl germanium ion at m/e 305. This cleavage also provides an ion
of low sbundance st mfe 209 when the charge resides on the ecetylene contalning portion
of the molecule.

Splitting of the carbon-phosphorus bond gives rise to an ion at m/e 329 when the
charge resides with the acetylene conteining portion of the molecule, and to m/e 185
when the charge remains on the phosphorus atom.

As with the silicon compounds, the loss of phenyl groups accounts for most of the
remaining ions. The decomposition pathway leading to the serles of phenyl phosphonium
jons is relatively predominant in the germanium compounds. These ions are relatively
abundant in all the germanium containing compounds.

When oxygen is coordinated with the phosphorus atom of the germenium acetylide, the
most ebundant ion is m/e 453, corresponding to the loss of a phenyl group from the mod-
erately intense molecular ion.

Fragmentation of the sulfur coordinated germanium compound 1s extensive. The most
intense ion is the triphenyl germyl ion at m/e 305, for which four pathways exist, all
substantiated by observed metasteble transitions. The molecular ion is the second most
abundant ion in the spectrum. Rupture of the carbon-phosphorus bond of the molecular
ion produces a moderately sbundant pesk at m/e 329.

Loss of sulfur gives an ion at m/e 51k and loss of the sulfur along with a phenyl
group provides two possible lons at mass 437, where the phenyl group can be lost from
either the germanium atom or the phosphorus atom. Further decomposition of the mass L3T7
ijon by cleavage at the germanium carbon bond glves an ion at mass 209 if the cherge is
on the acetylene containing group, end at mass 228 if the charge remains on the ger-
manium conteining moiety. Cleavage of mass 437 ion at the carbon-phosphorus bond yields
a fairly intense diphenyl phosphonium ion at mass 185, Loss of phenyl groups accounts
for most of the remaining lons, except for the rearrangement ion at m/e 286, due to a
phenyl shift from Ge to carbon.

The origin of the rearrangement ion at m/e 286 which is seen characteristically in
ell the spectra, is depicted in Figure 2. This ion is observed in about 1 percent rel-
ative abundance in the non-coordineted compounds, 5-6 percent in the phosphine oxide
compounds, and from 17 to 21 percent in the phosphine sulfide compounds. Two pathways
are found which can be verified by observed metastable ion transitions. In the first,

a phenyl group may shift from the germanium atom to the carbon atom which, followed by a
loss of sulfur and diphenyl germanium, leads to the rearrangement ion. Another path for
1ts formation is from the mass 51k ion resulting from the loss of sulfur, which then
goes through a similar shift of phenyl group from germanium to carbon. The subsequent
1oss of the diphenyl germyl group produces the rearrangement lon.

The metastable ion spectrum supporting these pativays is shown in Figure 3. The
peak corresponding to the rearrangement ion is seen on the left and the two precursors
are seen on the right. The more intense peak for the parent ion at mass 546 indicates
the principal pathway is through the concerted reaction in which a sulfur atom and a
diphenyl germanyl group are lost simultaneously.

In summary, we have studled the spectra of the silicon or germanium phosphino
acetylenes and a comparison of their fragmentation behavior made. Typical cleavages
are observed which result in the formation of a series of phenylsilyl and phenyl germyl
ijons, as well as phenyl-phosphorus ions. The parent ion or the parent minus the tri-
phenyl silyl or triphenyl germyl group are generally the most aebundant peaks. The effect
of coordination of the phosphorus atom with electronegative atoms such as oxygen or
sulfur tends to increase the overall fragmentation. The most noteworthy observation
has been the discovery of a rearrangement lon vwhich results from & shift of a phenyl
group from the Group IV element to the acetylenlc carbon atom.

The complete manuscript will be submitted to Organic Mass Spectrometry.
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K7
Study of Metastable Decompositions of Doubly-charged
Ions by Ion Kinetic Energy Spectroscopy (IKES)

Teodor Ast, John H. Beynon, and Richard M. Caprioli
Purdue University, Lafayette, Indiana 47907

When a doubly-charged ion undergoes metastable decomposition into two singly charged
ions: m1+z hd mz+ + m3+ + T(eV), a considerable amount of kinetic energy is released as
a consequence of the separation of the charges. As a result, broad dish-topped peaks
are observed. The technique of Ion Kinetic Energy Spectroscopy (IKES)1 can be used
very successfully to study these transitions. When the electric sector voltage of a
double-focusing mass spectrometer is scenned from the value at which the main beam of
stable ions passes through to twice that value, and the ions are collected at the
energy-resolving B-slit, dish-topped peaks corresponding to decomposition of doubly-
charged ions into two singly charged ions can be observed. The dish-topped peak will
be centered at 2mzE/m),where mz is the mass of the heavier of the two decomposition
products, whilst E is the voltage at which the main ion beam is transmitted through the
electrostatic sector. The width of this peak 1s a measure of the kinetic energy released
in the transition.

However, since more than one transition can be contributing to this peak, accurate
measurement of the kinetic energy released is not usually done from the energy spectra.
A peak in the energy spectrum can be mass analyzed; thus the daughter ions of all the
transitions giving rise to the energy peak can be determined. Once the mass of the
daughter ion mz+ is determined, the magnetic sector is tuned to allow only ilons of that
m/e through. If the accelerating voltage is now scanned, keeping the electric sector
voltage constant, a dish-topped peak will again be observed, but this time free from
any interference. The width of this peak can now be taken as a measure of the kinetic
energy released in the transition.2

In this study, a group of aromatic hydrocarbons and nitrogen-containing compounds
has been selected. Mostly, they were methyl, dimethyl, amino and diamino derivatives of
benzene, pyridine and diazines. The selection was made so as to include as many
structural isomers as possible.

For each compound, the energy spectrum was plotted, dish-topped peaks mass analyzed
and accelerating voltage scans performed. Thus all the transitions of doubly-charged
ions into two singly charged ions were identified and the kinetic energy release which
accompanied them measured.

The most common mz+ fragment lost was 27+ (CzH3+) from hydrocarbon compounds and
28* (H.en') from nitrogen-containing compounds (irrespective of whether it was an amino
or ring nitrogen). Other common losses were 15+ and 17+, whilst some of the less
*, 18", 26", 29", 3%, 11" ana k2"

If it is assumed that all of the kinetic energy released in these transitions is

common losses observed included l+, 12

due only to separation of the two charges to infinite distance, the intercharge

distance in the decomposing doubly-charged ion can be calculated. This will always be
the minimum distance; for if part of the kinetic energy released is contributed from
other sources (e.g., internal energy), the intercharge distance will be greater than
calculated. The fact that all values for kinetic energy released measured in this study
(with very few exceptions) fall into the narrow range between 1.8-3.3 eV suggests that

the assumption of charge separation as being the dominant factor is valid.
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Results and Discussion

Detailed results for various sets of compounds studied will be published elsewhere.
Herein, a few representative examples are presented which ilustrate some general trends
observed.

In Table I.A the kinetic energy released and corresponding intercharge distances
are shown for the loss of 15+ from the doubly-charged molecular ion of p-Phenylene-
diamine, N-Methyl- p-phenylendiamine and N, N, N', N' - Tetramethyl- p-phenylenediamine.
Values for intercharge distances suggest that in each compound the charges are
localized as far appart as possible. Values for r increase by 1.33, which corresponds to

addition of one more bond in each case.

TABLE I.
o
Compound Transition Tlev] r{A]
A.
p-Phenylenediamine (I) Mt (M- 15)t ¢ 15T 2.4 5.9
N-Methyl- I " 2.00 7.2
N, N, N', N' - Tetramethyl - I " 1.69 8.5
B.
p-Toluidine M-t et 2.77 5.2
M (m - 28)t 4 28" 3.27 L.b
3,4-Diaminotoluene Mo -2t w27t 2.77 5.2
W (- 28)" + 28" 3.27 b

Data for p-Toluidine and 3,4-Diaminotoluene Table I.B. also support the concept of
localization of charges on the most distant sites possible in the melecule. Introduction
of another amino-group into p-Toluidine does not affect the kinetic energy released
since it provides no larger distance for charge localization.

Another example of transitions for which the inter-charge distances show the
expected trend is given in Table II.A. The doubly-charged molecular ion in
3,k-Diaminopyridine loses 28+ with the kinetic energy released corresponding to the
charges being 6.9X apart.

2
HCN first, the resulting ion (82+ ) loses 28" with kinetic energy released corresponding
o o

If, however, the doubly-charged molecular ion loses neutral

to a b.bA intercharge distance. The difference of 2.5A is what would be expected, since

the structure is two bonds shorter after HCN has been extracted.

TABLE II.
o

Compound Transition Tlev] r{Al

A.
3,k-Diaminopyridine 109" » 81" + 28" 2.09 6.9
82" > su* + 28" 3.27 by

B.
o-Phenylenediamine 108" + 8o + 28" 2.60 5.5
m-Phenylenediamine " 2.63 5.5
p-Phenylenediamine " 2,73 5.3
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Table II. - continued

c.
2,6-Diaminopyridine 109*" + 81* + 28" 3.08 .7
2,3-Diaminopyridine " 2.52 5.7

3,4-Diaminopyridine 2.09 6.9

In most.sets of structural isomers, the kinetic energy released in corresponding
transitions was identical for each isomer. This is exemplified by the transition
108*t & 8ot + 28" in o-, m- and p-phenylenediamine (Table IL B.)3. All three isomers
release an equal amount of kinetic energy (within experimental error), which corresponds
to identical intercharge distances. The rationalization for this can be the operation
of a scrambling mechanism, by which all three 108+2 ions acquire the same structure.

In at least one set of isomers with nitrogen in the ring (more of these compounds
are now being investigated), the kinetic energy relessed differs considerably for
structural isomers. (Table II.C.) One possible explanation could be that the presence
of a nitrogen atom in the ring mey prevent operation of the scrambling mechanism.

The tendency of doubly-charged ions to lose neutral hydrogen in various amounts
was noted throughout our study. In some cases, this loss of hydrogen caused drastic
changes in the amount of kinetic energy released in the corresponding transition.
(Table IIT).

TABLE III.
(-
Compound Transition Tlev] r{al
2-Aminopyridine ou™ 4 66" + 28" 2.93 4.9
92"t » Ut 4+ 28* 2.12 6.8
2,6-Diaminopyridine 109" + 81" + 28" 3.08 4.7
107 + 19" + 28" 2.05 7.0
p-Xylene 106" + 917 + 15" 2.59 5.6
08+ 89" + 15" 2.72 5.3
102"+ 87% 4 15% 1.88 7.7

One possible rationalization for the observed phenomenon could be that the ring
structure breaks open after several hydrogens have been stripped off. In aminopyridine
and diaminopyridine this break occurs after two hydrogens have been lost, whilst in
Xylene, it occurs only after four hydrogens have been eliminated.

Conclusion

From our experiments, so far, it appears that there are two competing factors
involved in regard to charge localization in doubly-charged ions containing hetero-
atom(g): loss of 28* (HzCN+) from nitrogen containing compounds occurs much more
readily than 27" (Ca2Hs') and tends to suggest that charges prefer to localize on
nitrogen; in some cases, intercharge distances obtalned are consistent with such assump-
tion, On the other hand, intercharge distances calculated for most of the transitions
correspond to structures in which the.two charges are localized as far apart as possible,
irrespective of the position of nitrogen atom. An added difficulty is the large amount

of 8Scrambling observed in doubly-charged ions. These are the main reasons why

1711



assigning definite structures from charge separation data is still uncertain. Never-
theless, some structural correlations can be drawn. The ability to distinguish between

the ring and open chain structures is in itself a source of valuable information.
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K8
ENERGY RELEASE IN METASTABLE TRANSITIONS OF RETRO-DIELS-ALDER REACTIONS
by

Thomas A. Elwood and John H. Beynon
Purdue University, Lafayette, Indiana 47307
and '
Peter W. Rabideau
Indiana University-Purdue University at Indianapolis, Indienapolis, Indiana U6205

The kinetic energy released in the metastable transitions of the retro-Diels-
Alder reaction for several gaseous, bicyclic ionsl has been studied. Molecular ions
which decompose to form different product ions, but which yield ethylene as the
neutral fragment, seem to correlate, in terms of the ion reaction energetics, with
ground-state activation energies for the Diels-Alder formation of similar neutral
species in solution. The mass spectrometric decompositions of norbornene, [2.2.2]-
bicyclo~-2-octene and dihydrodibenzobarrelene release ion kinetic energies of 0.056 eV,
0,048 eV and 0.15 eV, respectively; in solution, Diels-Alder reaction of meleic
anhydride with cyclopentadiene, cyclohexadiene and anthracene require activation
energies of 8.93 kcal/mole, 12.6 kcal/mole and 16.3 kcal/mole, respectivelyz. It is
suggested that such correlations may be useful, and that IKES might give estimations

of solution parameters, difficult or impossible to obtain by classical techniques.
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K11
METASTABLE TRANSITIONS IN THE IASS SPiCTRA OF IEUTERATED ETHYLENES

Irtne RAUMEL, Reboert HAGEMANN, René BOTTER
Services Isotopes Stables, C.E.N. Saclay, B.P.N°2, 91 GIF S/YVETTE

INTRODUCTION

Meotastable transitions provide coneiderable information, not only about the reaction
mechanisms near threshold, but alsc about the rate constants of tho dissociation processes,
Thus they are very imporiant to determine the validity of the Quasi Equilibrium Theory [1] in
the case of small polyatomic molecules, Such transitions have been studied carefully f_'oi- small
1sotoplc molecules such as CF, and €D, [2}, C,H, snd 02D2[3], C g » CH,=CD; end €D, [4,5).
But no detailed experiments have bzen performed on the substituted ethylenes, However, these
molecules seem very important frcm the poirt of veiw of the QE.T.

In the case of 02}12+ , it has been shown that ithe fragment ion C
predissociation, at least near ibreshold [6,7.3].

OTTINGER and LIFSHITZ in their publications on CILj-CD3 have given intensities of the
metagtable transitions for the reactions of the ethylene fragrment ions and particularly for

+
CE2—0D2 .

2H+ is formed by

However, their results for tre competitive loas of the various isotopic hydrogen mo-
lecules do not agree,

LIFSHITZ finds that the H2 loss ia the most important reaction, whereas, OTTINCER's
result indicats that HD loss is the predominant cne, From his metastable studies om C}43-cn N
OfTINGER arrived at the conclusion that the frugment CDZ-CH; should be only partly rearranged.
But, this does not agrce with the SCF~CNDO calculations of LORQUET and (ORQUET [BJ. The calcu=
lated activation energy for the isomerisation of CH2 ] CD2+ through an assymetrie form, for

2I)-CD"', has a much lower vu.lue(OB eV) than the activation energy ror the H2 loss

-+
rom 92}‘-4 (2.45 V). Therefore, rearrangement should be much faster than dissociation.,
In ordcr to clarify these different points, we have studied the metastable transi-

exanple CH

tions in aix of the seven deuterated ethylencs and especially the loss of H2 ﬁ-;m the parent
ion. Ve did not study the cisdi-deutero-ctlylene, Calculations of the rate constants have also

been performed in terms of the QE L.

EXPERINENTAL
The experiments wer: perforred cn a singlc~focusing, 20 cm-radfus, €0°~dcllection
mass spectrometer, The lonizing electron energy vag_‘_jo eV and the iun accelerating voltage
5 kVe The ion sourco and the enalyser were puuped separatly and the tube pressure was alweys
less than 1077
only pure wnimolecular decomposj.tions.

torr. Thus, we did not obscrve any pressure induced metastable trans.tions,
The deuterium sutatituted ethyl mnes were prepared in our leboratory. In &ll caces,
the chemical purity was bettor than 89,9 %. The isotoplc purity for €D, wus 98 % . Trans -
i y ) N =
(!2L2D2 contained about 8 % C2F. 3D. C_D.E and CZBBD were not pure mixed with Cz. 4 and C2H4 res

]
pectively. Ibwever the presence of CZH4 and 02D4 did not dicturb the measuroement of the rctaue
table transitions because they do not overlap, The geminated CZH?D2 was kdndly supplied by

Dr, DIZABO®,

RESULTS

The observed retustable transitions for Czlid between mans 22 and 2% are given in
tahle 1,

#* Dro DIZAED .~ Faculté des Scicnces, Puria
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Zable 1
Metastable transition Apparent mass Deconmposition
- 13 + 13 n*
29 =27 25.15 CCH4 2 + H2
28 = 26 24.14 2H€ -'ng
21 = 25 23.15 C% *C,H +H
25~ 24 23.04 ZH"‘ - c

The most important usetastable peak corresponds to the loss of H2 from the parent
ion and is 50 times groater than the othera.
The mass spectrum of 1:x~a:tm-<l‘,gHZD2 given in figuro { shows the thrre metastable
peaks corresponding to the competitive reactions :
30 = 28 mass 26,13
30 = 271 mass 24,30
30 = 26 mass 22,53
The isotopic effect is very large (table 2). It 1s not possible to determine the isotopié

Table 2
Relative abundances X 10-4
Molecule Reacticons m* -
loss of H2 logs of HD|{ loss of D2
B, (28) czﬂ - e, 11 + K, 24.14 3
- +
CH,D (29) CH D = ¢ " + HD 23,31 < 0,06
+
CHD + K, 25.14 4.5
¢80, (30) CZHA 2 ~C H +D, | gem. 22,53 0.01%
" " trans. " 0.01
- czzm* + 1D | gou. 24,30 0.85%
L " {trans. L 0.9
— +
c2D2 + H2 gem, 26.13 T.0%
" " trans, " T.4
b - +
C,0.H (1) C,D,H czrm + D, 22.52 0.1
021)2 + HD 25.29 3
+ - +
o, (32) €D, = ¢D," 4 D, 24,50 3.5

purity of CZH D2 , especially the CZILjD contribution, from the mass spectrum, because the
fragnentation of pure C2 2 2 13 not kmowia priorl. Howevor, the metastable peak 25,14 iy dee
to the lecas of H, from LZIL,D and, knowing the relative intensity of this metasiuble reaction,
we can thus deduce the contribution of C_H,L. This shows that very useful informution can be

2 .’
obtained hy matastable studies. Two resctions are poasible at mass 26.13: VZqZDZ - CZD * Hz
and CZH2 2 CZHZD + D. The contribution of this last reaction must be low since it has not

been observed an a metagtable in the other substiiuted ethylenes (C D d for example),
The isotopic affect concerning the loss of hydrogen from tuB pareat ion, has heen
studied for all the deuteratod ethylenes, The results are summarized in table 2. D2 loez in

* the absoluie values are uncertain
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+ +
02D4 is favored, compared to H2 loss in CEH/. . But in all the partly substituted molecules,
where two or thrce competitive reactions cun occur, the less of the lighter fragment is al-
ways fevored over to the heavier one.

Cpecial mention should be made of C_H_D,. We have studied the two stereo isomers,

222
geminated and trans. Both glve exactly the some values for the metaatable intensities. This

point will be discussed below.
DISTUSSION

The identical results obtainod for the loss of a hydrogen molecule {table 1) in the
two isomers show that a rearrangement has to occur before dissociation. This laat reaction
hes the lowest activation energy for ethylene (2.45 eV). If no scrambling takes place in ethy-
lene before dissociation either of the following two results can be expected t

1, If the hydrcgen molecule loss iskes place fronm the two carbon atoms, only HD
ghould bc observed, at least for geminated ethylene. For the trans iaomer one can reasonably
sasume that the rotational barrier about the C-C bond is low in the ion arnd that this isomer
is rearranged into a mixture of cis and trans. Thus one would evpect a mixture of }i2, HD and
D, loss.

2. If the hydrogen molecule originated from the same earbon atom, the trans ethylene
2 and D2 losc,

So we have to assume coxplete scrambling of hydrogen before disasociation or, as has
been gtated by VON KOCH {9] and by PRASIL and FORST [10], dissociation from the assymotric
form CH - CH}+ Both hypotheses eve in good agreement with the low energy barrier calculated
by IORQUET [8] for the equilibrium reaction CH, = CH = CH, - CE", but these Tesults do not
agree with those of OTTINGER.

We have also tried to verify the large isolopic effect observed for the competing
reactivies in partially substituted ethylencs, We have calculated using the C.E.T ;the break-

would give only ID loss and the geminated one only H

down pattern and the mass apecira of these molecules (a more detailed repoit will be publi-
shed cn theae calculations).

The calculated breskdown pattern has been compared with the experirentel one obtai-
ped by charge exchange by SZARO [11) .

The convolutions of tlie calculated ond experimental breakdown curves wiih the photo-
electron ensrgy distributicn fimction (obtained with the 584 A line) have been compared,
first, with the mass spectrum obtczined by photoicnization (using the He resorsnce line) and,
second, to the one obtained by electronic imprct at 50 eV. These recults are rerorted in table
3. Talle 3

Comparison of erperizental sad calculated mass spectra of Col,

Convolution of breakdown curves |

/e fon Photolonisation | Electronic impact |an photoelectron energy distributim
21433 ¢V 50 eV Experinental Bd,

s ot 100 100 100 100

7 -czn; 127 54.5 147 157

26 |t 76 52,8 82 o

25 c I 8.6 2 4

24 c 2.1 1

M
+
Y

The agreenent between the calculated spectrum from the experimcutal Lreakdowns and the photo--

ioiization resulis in very good. Tids chows that if the distributien function 12 weel kmown,

as in thin cane, the convolution of thia fur~tic. with the kroaimown curves glves the correct
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mass speotrum,

The values obtaiuned with the calculated breakdown curves are in fair agreement with
the former results. A botter fit could be obtaired by a careful adjustment of the vibratio=
nal frequencies. The intensitles glven in the clectron bombavdment spectrum are very diffe~
rent from those of the photoclectron spectrum,

The same results have been obtained for CZHZDZ .

The isotope effect of tue metastable transitions for the loss of H2 » HD and D2
from 02H2D2 can he calculated from the rate constants for these reactions. The values have
been calculated with an activated complex of the following structure

H-—

+

where , the two hydroren atoms origirate from the two carbons, The minivum rate constents

(~ 10° 5™} are in agreement with the oppearance of a metastable penik, but the calculated and
tho experimenial isctopic effccts do not agree, The calculnted metastable intencities are iu
the order HD > BZ> D2 .

We have also calculated these rates tor the three competitive reactions assuming the
followving scheme g

o, echt=cH ~cB ~ca=cHt 4+ B

2 2 3 z
whore the two hydrogen atoms criginate from tho same carbon atom of an assymeiric form of tho
parent ion, The rate constants for the isotope effect are in the right order H2> H > D2 but
the calculated effect is tmch swaller thaa the observed one,

It ia not necessary to invoke any specizl decomposition mechanism, such as prodia-
socziation, 1o explain the mass spectrum of C2H4 » however, for the metastable transitions near
threshold it might bte necessary to take into acccunt tunnelling effects or even predissocia-
tion processes to explain the observed isotope effect in the deuterium substituted ethylenes.
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PROTON-TRANSFER REACTIONS OF NEGATIVE IONS
WITH METHANE AND METHYL COMPOUNDS *
A. di Domenico and J. L. Franklin
Department of Chemistry

Rice University
Houston, Texas 77001

Proton-transfer reactions between a number of negative ions and some CH3Y-type
molecules have been carried out using the high-pressure source of a Bendix time-of-
flight ma§; spectrometer. The primary negative ions (reactants), X, used in this
study have been ordered according to their decreasing (D + EA) or driving force values,
where D is the dissociation energy for the X-H bond and EA ijs the electron affinity of
X. If CH3Y reacts with an ion of driving force (02 + EA ) but does not react with one
jmmediately below with driving force (Do + EAO), the following relationship can be

written:
(O + Eg )« {0y *+ By ) < (Dp +Ey)

where Dy and EA] refer to radical CHyY. If Dy is known, EA] is obtainable and vice
versa. The uncertainty with which D.l and EA] are found is given by the range

[(D2 + EAZ) - (Do + EAO)]. For example, we have found that EA(CH3) > =29 kcal/mole

and EA(CHZCN) < =34 kcal/mole. Preliminary resutts would set the EA of methyl halides
between -45 and -32 kcal/mole but further investigation is required to confirm the above
mentioned values, Nitromethane, trimethylamine and methylether are also under study.

In this work, X : NHZ', 07, F,CN, S, C1",Br, I, and Y: H, OCH,, N(CH3)2, F, Cl,
Br, I, CN, NO,, OD.

*
.Support by The Robert A, Welch Foundation is gratefully acknowledged.
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NEGATIVE ION-MOLECULE REACTIONS IN NON-METAL FLUORIDES L3

T. C. Rhyne & J. G. Dillard
Chemistry Dept., Va. Tech.
Blacksburg, Virginia 24061

Reactions of AsF, and AsF_ with negative lons produced from the materials and from
SF, were studied in an RMU-7 H?tachi mass spectrometer which was modified for lon-
moiecule investigations. (1). These studies have been carried out to learn more about
negative ion reactions in inorganic chemical systems and to explore the feasibility of
measuring Lewis acidities using fluoride ion transfer processes as a quantitative tool.

Negative ions in the low pressure mass spectrum of AsF, include F and AsF at
electron energies around 7-10 ev. No secondary ions were noted at any pressure studied
in pure AsF,. When SF_, was added to AsF, the secondary ion AsF,  was observed in the
region where SF,” and gFS_ are formed by resonance electron capture. The ionization
efficlency curves for SF " and AsF,” are superimposable and the pressure dependence of
the secondary ion formatgon is pseudo-first order in AsF3 and corresponds to the
fluoride ion transfer reaction.

SFg + AsF, =+ AsF,” + SF, (1)

Reaction Cross sections as a function of repeller potential are given in Table I.

When AsF_ was introduced into the ion source at high pressure the ions AsF R

AsF_, and As are formed at near 0 eV. Examination of the ionization efficiency
curves for AsF,”, AsF_~, and AsF, reveals that_all are formed at the same electron
energy. The reaction”for the formation of ASFA is the dissoclative electron capture
process
ASF5 + e hd ASFA + F (2)
Two possibilities exist for the formation of ASFS' elther resonance electron capture
e -
AsF, + e > AsF (3)
or charge-transfer ion-molecule reaction
_A5F5+A5F4 + ASF.T + AsF, %)
The AsF6 ion may be formed by the reactions
- T+
ASF, " + ASF, + AsF, AST, (5)
or
ASF5 + AsF5 + ASF6 + ASF4 (6)

From a plot of % ion current ys pressure the primary ion AsF T is observed to decrease
slightly with an increase in AsF_ pressure, while both AsF, ‘'and AsF increase with
increasing AsF. pressure. These results suggest that AsF " is a secondary ion, and
since the ionization efficlency curve for AsF coincides @ith that of AsF, , the
molecular ion AsF is presumedly formed by gaarge transfer. At pressures exceeding
0.5y of AsF_. the percent ion current of AsF levels off and proceeds to drop slowly,
suggesting Ehat the cross section for chargé transfer decreases and that AsF -, formed
by charge transfer, is destroyed by_some process not operable at lower AsF. pressure.
Since the initial formation of AsF_ 1is pressure dependent (pseudo-first otder) and
corresponds to a bilomolecular procéss, reaction 6 would demonstrate pseudo-second
order kinetics and would require consecutive bimolecular collisions if this were contri-
buting to the formation of AsF, . This process is not likely since much higher pressures
are normally required for such behavior, and no change in_slope of the curve for the %
ion current of AsF is observed in the region where AsF T is diminishing. If reaction
6 does contribute to the formation of AsF, , the amount df AsF formed is insignificant
to that resulting from other pathways of ?ormation. AsF, % idn current shows linear
pressure dependence over the entire range studied, and tRe correspondence of the AsF -
ionization efficlency_curve with that for AsFA identifies reaction (5) as the process
for formation of AsF in AsF

6 pure 5

When SF. was added to AsF_ at near zero eV. the secondary ilon AsF " was observed
to increase In abundance while”AsF, and AsF. showed no corresponding increases.
This behavior suggested that the ion-molecule reaction

SE, + AsFy > AsF.™ + SFg N

occurs in mixtures of SF, and AsF. and that charge transfer between SF ~ and AsF_ does
not take place. Since the SF curve 1s coincident with the curves for all ions con-
taining arsenic, positive identification of reaction 7 to the exclusion of reaction (5)
is not possible.
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The reaction cross sections for the formation of secondary ions according to the
processes discussed above for the arsenic fluorides and in mixtures with SF,_ are
presented in Tables I and II. The values tabulated for the formation of Asé6 in
Table I were calculated after subtracting the contribution to the AsF6 ion current due
to reaction 5.

Table I
SF6 + AsF'3 + Ast' + SFS
SF6 + ASFS -+ AsF6 + SF5
Repeller Cross Section (Az/molecule)
Voltage Secondary Ion
W) ASF4 ASF6
1.5 100.7 72.4
2.0 84.7 55.8
2.5 78.7 39.6
3.0 73.7 34.7
3.5 69.7 32.7
4,0 65.5 30.4
Table II
ASFA + Asl'-‘5 - Ast + ASF4
ASFA + ASF5 -+ AsF6 + AsF3
Repeller Cross Section (A2/molecule)
Voltage Secondary Ion
w) ASF5 A5F6
1.5 138.7 110.5
2.0 105.6 78.2
2.5 97.0 66.8
3.0 87.8 60.5
3.5 85.8 55.4
4.0 84.1 51.1
REFERENCES

1. T. C. Rhyne & J. G. Dillard, Inorg. Chem., 10, 730 (1971).
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FRAGMENTATION OF SMALL INORGANIC MOLECULES: L4

Halides and Pseudohalides

Fred E. Stafford
Depa.rtment of Chemistry and the Materials Research Center
Northwestern University
Evanston, Illinois 60201

Knowledge of whether or not a molecule will form a parent ion is critical in iden-
tifying new molecules by mass spectrometry. In high temperature mass spectrometry,
where fragment ions often are masked, it is necessary also to know what fraction of
the total ion current is due to the parent ion in order to deduce partial pressures. A
specific example is the ion H3B03+(B(OH)3+) which was observed in small intensities
in the H,0-B;0; system by Meschi, Chupka, and Berkowitz (1960).

Previous work on this problem for small inorganic molecules includes a corre-
lation of the appearance potentials of parent and fragment (Kiser, Dillard, and Dugger,
1968), correlation of the geometry of the molecule and ion for IIA dihalides (Hilden-
brand, 1970), and an extensive treatment of halides and oxides (Hastie and Margrave,
1969).

For the small molecules of present interest, it is believed that we are concerned
less with how internal energy redistributes itself into a mode that will cause fragmen-
tation, but more with the initial ionization process and the probability of distribution
over the various hypersurfaces representing the ionized states. In this case it is
expected that a parent ion with a very weak bond is less likely either to be formed, or
to hold together long enough for observation, hence removal of an electron from a
strongly bonding orbital is likely to cause fragmentation. By the same token, removal
of a non-bonding electron or an electron from a double bond is expected not to result
in extensive fragmentation,

While it is now possible to predict bond energies or bond stretching force con-
stants with some accuracy, fragmentation poses a more severe problem. The
observed fragmentation pattern is the result of competing rate processes. Rather
subtle effects might have a large effect in causing a shift from one process to another,
especially where either parent or fragment intensity is small, Furthermore, the mass
spectrometer is a poor tool for measuring such relative rates since reproducibility
from machine to machine can be poor and since the ion source discriminates effec-
tively against ions formed with kinetic energy.

These difficulties notwithstanding, this paper, with emphasis placed on certain
three coordinate molecules, will examine two questions:

(1) To what extent is the method of chemical extrapolation useful, i.e.,

(1)  what, if any, are the trends in fragmentation of the halides MXy?
(11)  do any of the univalent negative groups CH;, BH,, CN, ... OH,
OBO, OPO... behave like a halogen? and
(iii)  do the OR groups (e.g., OH) behave specially because of the
possibility that -M(OR); ~—> -M=0 + ROR? D(HO-H), for
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instance, is 118 kcal/mole and provides a potentially strong driving force.

While possibly useful, this method of analogy is not as good as hoped. We turn
then to

(2) correlation of fragmentation patterns with the molecular orbital patterns as
observed by photoelectron spectroscopy.

Chemical Extrapolation.

With predictions for B(OH); in mind as a sample case, we look first at fragmen-
tation of some Group Il and V MX; molecules:

F CH, OCH; cl Br H
B 0.03 ~0.01 0.26 0.26 0.217 0.24
Al 0.06 0.07 (~0.31) 0.42

N 0.38 0.55
P 0.66 ~0.31 0.27 0.38 #
As 0.38 0.44 0.37

¥The most intense peak from PH, is PH™".

In this and the following table, the number given is the fraction of the parent and
parent-minus-X intensities that is due to the parent, p/[p + (p-X)]. The contribution
of the lower mass fragments, unless otherwise noted is ignored for the present.

On the basis of experience in other areas, it is tempting to believe that the OH
group might be intermediate in behavior between F and Cl, perhaps closer to the
latter; this idea will be tested in the next table. The CH; group, where six of the
electrons are pinned down by the protons, behaves like the F group in the case of B,
but like the Cl in the case of P; other data suggest that cleavage of the M-C bond
parallels that of the M-F bond. The methoxy group, which in this case comes off
primarily as a group (not eliminating e.g., CH,;0), is [ragmented to the same extent
as B-Cl. Fluoride follows the rule that "fluoride fragments more'" in the case of B
and Al, but not in that of P (nor for POF; and PSF; and will be discussed further under
"Correlation with Photoelectron Spectra. ™

The extent of parent ion formation for some MX compounds,

KMX*)/[1(MXY) + I(M*)], is:

F OH 0BO CN ReO, Cl Br
Li ~ 1Taw 0.97 0.77 0.69
»(Li ~. 17 0.63 0.55 0.50)
#(Na .03 0.62 0.79 0.24 s 0.38 0.41)
(K . 002 *Ed 0.15 0.03)

#These last three lines are raw ion intensities, not corrected for possible large
contributions from the dimer; compare the first two lines. The latter sometimes are
incorrectly quoted as fragmentation patterns.

##Li% is formed with appreciable kinetic energy; its intensity is not reproducible.
#w»Parent is minor peak; M+ is formed with kinetic energy.



As is often the case, the fluoride fragments most. This may be

attributed to the highly ionic nature of the M-F bond. Otherwise, these

are woefully few and inconsistent data from which the reader can draw his own educated

guess with regard to yet unexplored systems, With respect to the B(OH); problem,

these are the only data for hydroxyl containing molecules and seem to indicate that they

fragment less than the chloride. To our knowledge, data are not available to answer

question (1.1iii) of the Introduction about the probability of water elimination.
Comparison with Photoelectron Spectira.

As seen above, the chemical extrapolation method, while easy to apply and
successful for certain other phenomena, is not sufficiently perceptive when applied to
fragmentation. Another question to ask is if the nature and the relative ordering of
the ionic energy levels with respect to the minimum energy required for fragmentation
can be correlated to the observed fragmentation,

The energies (eV) of the first few most easily ionized orbitals of the MX;
compounds are (Potts, Lempka, Streets, and Price, 1970):

"Bonding”  AP(MX,") %

a, e' ay' er a e -IP(MX;%) Parent

BF; 15,95 16,68 17,2 19.1 20.1 ~0.3 3
BCl, 12,38 11,73 12,66 14.4 15.6 ~1 26
BBr, 1.2 T10.68 11.7 13,2 14,3 ~1 27
NF, 13.7 16.0 17.4 19.7 1-1.4 38
PF, 12,28 15,89 16,29 17,35 18.5 19.3 4 66
PCl, 10,52 11,71 12,01 12.97 14,2 15,2 1.5 27
PBr, 10.0 10.7 11.2 1.4 38
AsF; 13.00 15,24 16,21 17.2 18.2

AsCl; 10.89 11,75 12,59 13.8 14.6

The last column in the table gives the difference between the appearance potential of
the fragment MX,* and that of the parent; if pair formation, kinetic energy, and
other effects are ignored, this becomes the dissociation energy D(MX,*-X). These
numbers are almost all electron impact results and are culled from various places;
in some instances the electron impact IP's are 1/2 to 1 eV lower than the photoelectron
value. The last column repeats from the first Table the percentage of total intensity
due to the parent,

While there are various changes in the ordering of the orbitals, the dominating
feature is the width of the region (next to last column of above Table) in which parent
ions are formed but are not sufficiently energetic to dissociate. This very nicely
explains the otherwise anomalous PF;, and is just the correlation suggested by Kiser,
Dillard, and Dugger (1968) and quantified by Hastie and Margrave (1969).

According to a simple picture, the main bonding orbitals are the a and e listed
in columns 5 and 6 above. Those listed in the first columns, especially the lone pair

a; are described as '"non-bonding." The data in the Table show the oversimplicity of
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this description and, further, illustrates the problem with trying to predict fragmenta-
tion from the bonding or non-bonding character of the electron removed.

The CH group has the same number of valence electrons as P or N. In CHF,
the a; (CH) orbital is most easily ionized, while in CHCl; it lies some 5 to 6 eV below
those mainly of Cl p character (Potts et al., 1970). As we predicted before seeing
this mass spectrum, the most intense ion peak for the formeris due to loss of H, while
for the latter it is due to loss of CL.

Conclusion.

Fragmentation poses serious problems in the use of mass spectrometry to deduce
the identity and the partial pressures of otherwise unknown (e. g., high temperature)
species. In the example of B(OH);, the resulting range of error in deduced pressure
is about a factor of 30 depending on the assumption used. This problem, however, is
often ignored. Furthermore, relatively few papers present the mass spectra of the
systems studied, making it difficult to survey for trends in fragmentation patterns.

The method of chemical extrapolation, while easy to apply, gives only crude
results. The examples shown illustrate that one has to formulate almost as many
rules of extrapolation as there are compounds whose mass spectra are now known.
With more data the situation may be ameliorated. Indeed, our data for transition
metal halides and oxohalides are much better behaved.

Examination of the photoelectron spectra on which are marked lines indicating
the minimum energy for dissociation of the ion gives the impression that one could
nicely calculate the fragmentation pattern by applying an appropriate weighting factor
and taking the areas above and below the line. This is, of course, over simplified.
The number, type, and relative spacing of the orbitals is nearly constant in the series
considered. We know, however, that relative band intensities change in going from
Hel to He II excitation and expect a change for 70 eV electrons. An experiment, such
as electron impact with coincidence counting of ions and electrons, is needed to show
the contribution of each ionic level to fragment production.

For the purpose of predicting fragmentation patterns, the present results
indicate that a calculation, prediction, or measurement of the ordering of energy
levels is not sufficient. What is needed are predictions of D(R*-X) relative to D(R-X),
a most difficult situation.
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L6
Dissociation Energies of the Molecules

sz, Hoz, Lu TbAu, HoAg, HoAu, and LuAu

2’
K. A. Gingerich, D. L. Cocke, H. C. Finkbeiner, and R. J. Seyse
Department of Chemistry

Texas AGM University
College Station, Texas 77843

The applicability of the Pauling model of a polar bond(l) to inter-

metallic compounds has been previously noted(z’z).

Its application to
interpret the bonding in certain diatomic intermetallic compounds with
substantial differences in electronegativities has shown reasonable

(4,5,6)

success To further test the applicability of this model, the

molecules sz, Ho,, Lu TbAu, HoAg, HoAu and LuAu have been studied by

29
the Knudsen cell mass spectrometric technique. The experimentally ob-
served dissociation energies of sz, Hoz; and Lu2 are used to calculate
bond energies of the heteronuclear molecules, and a direct comparison
between the calculated and observed bond energies is then possible.

The high temperature mass spectrometer technique has been discussed
elsewhere(7’8). Bond energies were calculated using the third law method,
and where a sufficient temperature range was investigated, by the second
law method. The lutetium system was studied in a tungsten Knudsen cell
while the terbium and holmium systems were both studied using tantalum
Knudsen cells. The Knudsen cells and contents were heated by a tungsten
resistance heater. Ionic species were idéntified by their mass to charge
ratio (m/e), shutter profile, ionization efficiency curves and where
possible, by their isotopic distribution.

Pressure calibrations were made where possible by use of the
Au+/Au2+ or Ag*/AgZ+ ratio and the known value of AG® for the dissociation
(8)

reaction X2=2X, as described by Grimley Relative multiplier gains

were measured using a Faraday cup collector. Ionization cross section

(9)

data were taken from Mann Wherever possible, pressure independent
reactions were evaluated, where multiplier gains and ionization cross
sections may be assumed to compensate one another. Temperatures were
measured with an optical pyrometer by means of a black body hole in the
bottom of the Knudsen cell. The holmium runs were done using a magnetic

focusing ion source, while the other runs all utilized a conventional ion

source.
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The third law enthalpies, AH3, were calculated using the relation
AlS=-2.303 RT1og10Kp-TAﬁG;-HS)/T]
where Kp, R, and -A[(G%-HS)/T] represent the equilibrium constant, the gas
constant, and the change of the free energy function for the corresponding
reaction. Second law enthalpies were calculated from the relation
AH3=-Rd1nKp/d[1/T]
and AHJ values were obtained by using estimated heat content changes,
A(H;-HZ), for the corresponding reaction. Free energy functions,
-(G%-HS)/T, used in the calculation of the third-law enthalpies were taken

(10)

from the literature or calculated by means of statistical thermo-
dynamics, using rigid-rotator, harmonic oscillator approximations from
known or estimated molecular parameters.

The experimental results from the holmium-silver and holmium-gold-

aluminum systems are given in Table I. The dissociation energy of HoAg

Table I

Summary of reaction enthalpies for the Ho-Ag and Ho-Au-Al Systema

. I3 DE (AB)
Reaction ) Method kcal mol! kcal mo1-l AB
Ho(g) +Ag, (2) =HoAg (g} +Ag (g) 3rd law 8.6 29.0°
b HoAg
2nd law 13.7 23.9
HoAg(g)+Ho(g)=H02(g)*Ag(g) 3rd law 9.2 19.8¢ Ho,
HoAg(g)=Ho(g)+Ag(g) 3rd law 28.7 28.7 HoAg
Ho, (g)=2Ho(g)} 3rd law 19.0 19.0 Ho,
Ho(g) +AlAu(g)=HoAu(g) +Al(g) 3rd law 17.0 60.0d
d HoAu
2nd law 18.4 58.6

(a)A complete paper has been submitted for publication to the Journal of
Physical Chemistry

(b)DS(AgZ)=37.6 kcal mol ! used: Drowart, Reference (2)
(C)Dg(HoAg)=29.0 kcal mol ! used: this work

1

(d)DS(AlAu)=77.0 kcal mol ~ used: Blue and Gingerich, Reference (9)

was obtained from combination of the enthalpy, AHS, of the pressure

independent reaction (1) with the known dissociation energy(z), D8=37.6
kcal mol_{ of the silver dimer. This dissociation energy for HoAg com-
pares well with that obtained from the pressure dependent reaction (3),

where pressure calibration constants were necessarily used.

187



The third-law enthalpy of reaction (2) in combination with the
dissociation, D3, of HoAg from the present study yields a dissociation
energy, D2, of 19.8 kcal mol'1 for the Ho, molecule. This is in good
agreement with the D3 value obtained for the pressure dependent reaction
(4) where pressure constants were again used. The third-law enthalpy,
AHS, for reaction (5) in combination with the known dissociation energy,

1 (1)

D8=77.0 kcal mol ~, of AlAu

HoAu as 60 kcal mol !,

gives the dissociation energy, D3, for

The third-law enthalpies for reaction (1) and (5) agree with the
corresponding second-law values within experimental error.
Table II shows results from experiments on a terbium-holmium-gold

system. The holmium-gold dissociation energy, D3, of 62.9 kcal mol-1 is

Table II
Summary of Reaction Heats in the Terbium-Holmium-Gold Systems

and Terbium-Terbium Dimer System

AHQ DS (AB)
Reaction Method kcal mol -l kcal mol~1 AB
TbAu(g) +Au(g)=Tb (g) +Au, (g) 3rd law 21.0 74,02 TbAu
Tb (g)+Au(g)=TbAu(g) 3rd law -72.0 72.0 TbAu
HoAu(g) +Au(g)=Au, (g) +Ho(g) 3rd law 9.2 62.22 HoAu
Tb (g) +Tb (s) =Tb, (g) 3rd law 56.0 37.4° Tb,
(a)DZ(Au2)=53.O kcal mt:)l-1 used : Blue and Gingerich, Reference (11)

1

(b)AHv S[Tb(s)]=93.4 kcal mol =~ used: Hultgren et al., Reference (10)

in good agreement with that shown on Table I. The terbium dimer and
terbium-gold dissociation energies were calculated in an analogous manner
to the holmium molecules. The equilibrium constant for the Tb/sz was
about 2X107, resulting in a very weak sz‘ intensity. In order to obtain
a readable ion current for the sz+ species, the capacitor charge method
using a Cary 401 vibrating reed electrometer was used. The capacitor was
allowed to charge for approximately one minute and the relative ion cur-
rent was obtained by integrating the trace over the time interval used.
Table III summarizes a lutetium-gold experiment. These results are

calculated in a similar manner to those shown on Table I and II.
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Table III

Summary of Reaction Heats in the Lu-Au System

AH3 ADS (AB)
Reaction Method kcal mol lkcal mo1l ! AB
Lu, (g) =2Lu(g) 3rd law 25.2 25.2 Ly,
LuAu(g)=Lu(g)+Au(g) 3rd law 79.7 79.9
LuAu
2nd law 77.0 77.0
LuAu(g)+Au(g)=Lu(g)+Au2(g) Ird law 26.6 79.62 LuAu

1

(a)DS(Au2)=53.0 kcal mol * used: Blue and Gingerich, Reference (11}

The resulting bond energies of the species presented in Tables I,
II, and III are summarized in Table IV. The calculated bond energies,
using the Pauling model, and the experimentally determined, DS (A-B), bond

energies are also presented.

Table IV
Comparison of Experimental Dissociation Energies‘1 with

those Calculated After the Pauling Model

1/2[D(A-A) +  DE(AB)P

Molecule DS (AB) D(B-B)} ‘calculated
(AB) kcal mol~1 kcal mol™} kcal mol”!
sz 37
Ho2 19
Lu, 25
TbAu 73 45 73
HoAg 29 28 37
HoAu 60 36 64
LuAu 79 39 67

(a)Weighted averages from Tables I-III, rounded off to nearest kcal mo1” !

(P after Pauling model where D(AB)=1/2[D(A-A)+D(B-B)1+23[x,-xg)’

The calculated dissociation energies assume electronegativities
x[M]=1.3, where M=Tb, Ho, or Lu; x[Ag]=1.9, and x[Au]=2.4. The dissocia-
tion energies of the terbium-gold and holmium-gold are in fair agreement
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to those calculated from the Pauling model. However, the measured disso-
ciation energy of HoAg is lower than calculated and that of LuAu is higher

than calculated.
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L7

MASS SPECTROMETRIC IDENTIFICATION OF GASEOUS
InGaOo, InGaOz, AND GaAlO*

Fred J. Kohl and Carl A. Stearns
NASA Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

The Knudsen effusion-mass spectrometric method was used to study the vaporiza-
tion of the two mixed systems In+Ga203 and Ga+A1203‘ Relative intensities were
measured and metal atoms and the suboxides, M20, were found to be the major vapor
constituents. MZOZ type oxides were minor vapor components. Ionization efficiency
curves were measured for all observed ions of interest. Measured appearance potentials
were used to identify parent molecular species. The new species InGaO, InGaO2 and
GaAlO were established as neutral molecules in the vapor phase. The isomolecular
gas phase reaction

In20(g) + Gazo(g) = 2 nGaO(g)

was used to obtain thermodynamic data for the InGaO molecule. Second- and third-law
methods were used to calculate the heat of reaction over the temperature range from
973 to 1168 K. The atomization energy of nGaO was determined to be 196+4 keal mole'l.

*A more complete account of this work is given in NASA TN D-6318.

191



L8
VAPORIZATION OF THE GROUP IVB METAL CARBIDE$*

Carl A. Stearns and Fred J. Kohl
NASA Lewis Research Center
Cleveland, Ohio 44135

ABSTRACT

The high temperature vaporization of the metal-carbon systems Ti-C, Zr-C, Hf-C,
and Th-C was studied by the Knudsen effusion-mass spectrometric method. For each
system the metal dicarbide and tetracarbide molecular species were identified in the
gas phase. Ion intensities of the carbides and metals were measured as a function of
temperature. Second- and/or third-law methods were used to determine enthalpies for
the reactions

M(g) + 2C(s) = MC,(g)
M(g) + 4C(s) = MC,(g)

Experimentally determined reaction enthalpies were combined with published thermo-
dynamic data to obtain the following dissociation energies in kcal mole'lz Dg(Ti-Cz) =
13646, DY(Zr-C,) = 13746, Dg(HE-C,) = 16047, Dy(Th-C,) = 1696, D{(C,-Ti-C,) =
29146, DO(C,-Zr-C,) = 30847, DS(CZ-HI-CZ) = 32247 and D8(C2-Th—C2) = 33546.
Thermodynamic functions used in the calculations are discussed in terms of assumed
molecular structures and electronic contributions to the partition functions. The trends
shown by the dissociation energies of the carbides of Group IVB are compared to neigh-
boring groups and discussed in relation to the corresponding oxides and chemical
bonding.

*A preliminary account of this work is given in NASA TM X-67844.
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VAPOR COMPOSITION AND CHEMICAL REACTIONS OF LASER VAPORIZED CARBON*

R. T. Meyer, A. W. Lynch, J. M. Freese
Sandia Laboratories, Albuquerque, New Mexico 87115

ABSTRACT

The compositions of laser vaporized graphites and carbides have
been measured by time resolved mass spectrometry to obtain the C.
abundances vs. laser energy and to establish methods for gas phase C,
titrations. Low energy (~ 1 cal/cmz) vaporization of graphite yielded
Cl:Cz:C3 abundances, which agree with Palmer's "best" vapor pressure
dat:a1 if Langmuir vaporization and 4000 K are assumed. Higher incident
energies increased the C3/Cl ratio and added 05 and C7. Laser vaporiz-
ation of TaC, thought to be a source of Cy only, yielded both C; and C3,
but little or no Cy - The NbZC vapor composition varied with apparent
changes in the composition of the solid phase. Vapor titrations were
performed with pure CH4, H2 and 02. Major products from pyrolytic
graphite were C,H, + Hy, CyH,, and CO + co,, respectively; whereas TaC
yielded C,H,, very little C,Hy, and CO + CO,, respectively. The mass
loss from graphite correlated exactly with the sum of CO + co, . The
results indicate that Cn specles can be quantitatively titrated.
Specifically, the following reactions appear to dominate: (a) c, + CH4
CoH, +Hy; (b) 02+H2-‘C2H+H, CH + Hy + CH, + H; (c) C; +0, =
co + 0, Cn(n>1) + 0, » CO +Co,.

*This work was supported by the U. S. Atomic Energy Commission.

1H. B. Palmer and M. Shelef, in Chemistry and Physics of Carbon
(P. L. Walker, Jr., ed.), Vol. 4 pp. 85-I35, Marcel Dekker, Imc.,
New York, 1968.
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NEGATIVE ION PRODUCTION FROM CARBON ALLOTROPES Lo

W. K. Stuckey and A, G. Whittaker
Materials Sciences Laboratory
THE AEROSPACE CORPORATION
El Segundo, California

Since the discovery of the formation of the carbon allotrope chaoite at low
pressuresl, work has continued on the formation and properties of this form of carbon.
A part of this work has involved use of the ion microprobe for analysis of samples2
prepared in the Aerospace Corporation Materials Sciences Laboratory. The samples
were analyzed by x-ray or electron diffraction and by electron probe techniques in
most cases. The only non-carbon ions observed were orders of magnitude lower
intensity,

The observation of chaoite (white carbon) in the laboratory is evidenced by the
characteristic white coloration on the samples. Jon probe studies of the white areas
were performed with striking differences in the secondary negative ion spectra of the
white areas and other areas of the same sample. In the white areas of the sample, a
spectrum of carbon negative ions is observed in which higher molecular weight carbon
ions were detected. The spectrum for chaoite is shown by the solid squares in Figure
1, normalized to C;. Secondary ions from chaoite containing materials have been
observed up to C16 with good agreement in the distribution from C6 to C12 for samples

prepared by various techniques. The secondary ion spectrum for a-face pyrolytic

graphite with 16 KV 0; is shown by the solid circles in Figure 1. In this spectrum, Cl

is the most intense ion species. Negative ions from a-face pyrolytic graphite are
observed up to C; which is 4 orders of magnitude lower in intensity than Cl-.

The secondary jon spectra of other carbon forms are also shown in Figure 1. The
spectrum of c~face pyrolytic graphite shows a greater tendency toward high molecular
weight carbon ions that observed for a-face pyrolytic graphite and is similar to the
spectrum of a graphite single crystal, The negative ions observed from a diamond
sample show a large contribution in the heavier carbon ions as observed with chaoite.
The distribution of the heavier ions is virtually identical for the two forms although the
curves are slightly displaced. The distribution is in good agreement with that reported
by Honig3 except for Cl- where the higher bombarding energy (10-16 KV) used in these
experiments results in greater relative amounts of Cl- than observed in the previous
work which employed 500 eV Ar+. At 16 KV, little change was noted in secondary ion

yields from chaoite with O+, ArT or 0" bombardment.

References:
1, A, G. Whittaker and P. L. Kintner, Science 16_5, 589 (1969),

2. The authors wish to acknowledge the cooperation of Dr. C. A, Anderson of
Applied Research Laboratories, Sunland, California, in the studies on the ARL
Ion Microprobe Mass Analyzer. Similar results were obtained on a Bell and
Howell 27-101A Direct Imaging Mass Analyzer.

3. R. E, Honig, Advances in Mass Spectrometry 2, 25 (1963)
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Mass Spectrometric Vaporization of Ilmenite
J. 5. OGDEN, C. A, ALEXANDER, AND W. M. PARDUE
Columbus Laboratories, Battelle Memorial Imstitute, Columbus, Ohig 43201

The vaporization of ilmenite is considered a likely comparison for establishing the
similarities or differences between terrestial and lunar environments at the time of
solidification. Most terrestial ilmenite is a product of magmatic segregation or it
occurs as an accessory mineral in igneous rocks. The transition metal elements of
ilmenite should have real potential for determination of conditions of temperature
and oxygen pressure during solidification of the lunar surface. The oxygen/metal
ratio depend upon the temperature and oxygen pressure at the time of solidification.
At the melting point of ilmenite the preferential loss of Fe is easily detected.

The ratio Fe/FeO = 420 and T102/Ti0 = 6 at the melting point under vacuum conditions.
The presence of an atmosphere both markedly changes the above ratios and also changes
the absolute volatilization rates by orders of magnitude. Preliminary determinations
indicate that the relative ratios of Fe/Fe0/Ti0/Ti0; are clearly indicative of the
thermal history of the magmatic ilmenite. A number of thermodynamic values were
determined in the course of the investigation; notably of which: D° Fe0=108 kcal,

D°® Ti02=305 kcal.

196

Ln



M1

Abstract

Ion-Dipole Capture Cross Sections at Low Jon and Rotational Energies; Comparison
of Reaction and Capture Cross Sections for NH, and H,O Parent Ion Collisions.
John V, Dugan, Jr,, and R. Bruce Canright, Jr.,, NASA Lewis RC, Cleveland, Ohio

Numerical studies of ion-dipole collisions have been extended to calculating

1 for rota-

capture cross sections 0:: at ion velocities down to 2,5 x 104 cm sec”
tional temperatures TR of 77 K. The 0; values are as large as 3500 Xz at TR =TK
and the slope of (7;' vs ion velocity approaches a v'l"5 dependence in the range of

velocities from 2.5 to 5 x 104 cm sec™!

. Comparison of integrated Qc and mono-~
energetic 0(‘:' values with reaction cross sections QR is made for the polar targets
NH3 and H20 from thermal to several eV. Generally the 0;, Q e and QR values are
greater than Langevin values but less than the maximum cross gection, Conclusions
regarding reaction efficiencies and predicted ion energy dependences are discussed
in the context of various experimental results,

The details of this study will be published in Chemical Physics Letters.
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Reactions of Molecules in Highly Excited Rydberg States Produced by M2

Photon Absorgtion. * WILLIAM A, CHUPKA and JOSEPH BERKOWITZ, Argonne
National Laboratory, Argonne, Illinois 60439

Mass spectrometric studies of photoionization processes show that molecules
produced in highly excited Rydberg states by photon absorption can undergo a variety
of reactions which produce charged products, e.g., chemi-ionization, Penning
ionization, collision-induced ionization, and charge transfer to electronegative
molecules. A major advantage of the photon-absorption technique over electron-
impact methods is the ability to observe the reactions of specific, identified excited
states of energies up to within several millivolts of the ionization limit. The relative
probabilities of such reactions of excited rare gas atoms has been studied as a
function of the electronic state of the excited atom and of such properties of the
reacting partners as dipole moment, electron affinity and electron-capture cross
section, The technique has also been used to determine limits to electron affinities.
For NO3 we find 2.2 eV < EA(NO) < 2.5 eV,

*
Under the auspices of the U.S. Atomic Energy Commission,
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REACTION OF NO* WITH WATER IN A PHOTOIONIZATION MASS SPECTROMETER* M3

M. J. McAdams and L. I. Bone

Department of Chemistry

East Texas State University

Commerce, Texas 75428
INTRODUCTION

The formation of hydrated protons from the solvation of the NO' fon with water is

of interest as this process is one of the reactions which must occur in the D region of
the earth's ionosphere to account for the abundance of proton hydrates there. The
mechanism for this reaction has been studied by Fehsenfeld and Ferguson,l Fehsenfeld,
Moseman, and Ferguson,2 Puckett and Teague,3 and Howard, Rundle and Kaufman.4 Puckett
and coworkers3 used a stationary afterglow technique, while all other authors used
flowing afterglow techniques. We have just constructed a photoionization quadrupole
mass spectrometer using krypton resonance radiation which is particularly well suited
to reinvestigate this system since we can produce ground electronic state NOt with low
vibrational energy without ionizing water.

EXPERIMENTAL

The photolonization mass spectrometer used in these experiments consists of a
reaction chamber, a krypton resonance lamp, and a C.E.C. 21-440 quadrupole mass analyzer.
The reaction chamber which serves as the source of the mass analyzer is field free and
has a 1/32" ion exit hole. The entire system is pumped by 6" oil diffusion pump such
that the pressure in the mass analyzer region can be maintained below 10~ torr for
pressures up to 1 torr in the reaction chamber. The Tobin Bronze reaction chamber is
cubical, one centimeter on a side, with lithium fluoride windows in two sides to prevent
photoelectron production in the source.

A krypton resonance lamp with a CaFy window is used. The design of this lamp has
been discussed elsewhere.? The lamp emits a single line at 1236 X (10.03 eV). Since
the fonization potential of NO is 9.8 eV whereas the ionization potential of water is
12.6 eV, only NO is ionized and the NOt produced is in the ground electronic state.

The reaction mixture 1s prepared in a conventional glass inlet system equipped
with a 2 liter ballast bulb and a Wallace and Tiernan gauge calibrated from 0 to approx-
imately 200 torr. The reaction mixture is bled into the source through a Granville-
Phillips manually variable leak. Rough pressure determinations in the reaction chamber
are made with a Pirani Gauge between the leak and the reaction chamber. 1In experiments
where rate constants are calculated the pressure in the reaction chamber is calibrated
by comparison with reactions with known rate constants. One calibration reaction is
the reaction of NOt with 2-methyl butane which has been reported by Searles and Sieckb
using a similar instrument. They report a second order rate constant of 7.8 x 10-9
cm3/molecule-sec. The other calibration reaction is the reaction of C2H4+ from ethylene
with ethylene, Of the numerous reported values’/ for this reaction we use a cross
section, 62 22 as it gives a pressure calibration consistent with the NO-Cg5Hj2 reactiom.

RESULTS AND DISCUSSION
A graph of the log of percent ionization vs the total pressure for a typical
experjiment with 0.25 mole fraction of water is shown in Figure 1. From graphs such as

FIGURE I: PRODUCTS FROM THE REACTION OF Not MECHANISM
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this for mole fractions of water of 0.125, 0.25 and 0.5 and identical experiments using
D20, a mechanism which is valid under our experimental conditions is deduced. This
mechanism 18 consistent with that reported by other authorsl-4 except that we observe
the production of m/e 37 by reaction 9 which has been reported by Kebarle, et al.,

but is not reported by other authors in the NO-H,0 system. We establish the validity
of equilibrium steps 7, 8, and 9 by observing the ratios of m/e 91/73/55/37 as a
function of the mole fraction of water. The higher hydrates become more abundant at
large mole fractions. Rate constants have been calculated but they appear to be
consistently too large.

Based on heats of formation of the hydrated proton,B tabulated heats of fotmation.9
the observation of reactions 5 and 6, and the non-observation of

NO(H,0),% + Hy0 + H(H0),t + HNO,

we are able to calculate the heat of formation of the hydrates of NO+. These are:
NO(HZO)+ AHf" ~ 161 kcal/mole
NO(H,0)," 90 < aH(® < 97 keal/mole

NO(H0) 3 17 < BH° < 39 keal/mole
We have conducted a series of experiments with H30, HOD and D0 to determine if

there is any isotope effect in the hydration of NO*, i.e., Teactions 1, 4, and 5. An
equilibrated mixture of Hy0, HOD and D0 were prepared by mixing equal volumes of Hy0
and Dy0. Taking into account the equilibrium constant measured by Friedman and Shiner
of 3.75, the Hp0:ROD:D20 ratio in the mixture is 1:1.94:1. This mixture was reacted
with NOt In exactly the same manner as before. Inspection of the m/e 48, 49, and 50
peaks, which corresponds to the singly hydrated NOt, shows a ratio of 1:1.95:1 while
the 66:67:68:69:70 ratio which corresponds to the doubly hydrated NOt, was 1:4:6:4:1
indicating no kinetic isotope effect in the first two hydration steps. The NO(H20)3+
peak was not Intense enough to make an isotopic determination, but it appears that any
isotope effect in the hydration process is at best very small.

10

In addition to the above observation we did not observe any isotope effect in the
H(H20)3+ peak, or for any of the other proton hydrates. This is surprising since
H(H20)3+ is the product of reaction 6 which produces HNOy. This reaction must involve
breaking an O-H bond and therefore should show an isotope effect. Before speculating
on the meaning of the non-observation of an isotope effect, a series of experiments
were conducted with an equilibrated mixture of Hy0, HOD and Dy0 using electron impact.
We were able to observe an isotope effect in the production of hydronium ion. This
gives us confidence that 1f there was an isotope effect in reaction 6 we could have
observed it.

From the non-observation of the isotope effect in reaction 6, we suggest that the
structure of the hydrated NOt is

JH H
o-xt o Ja---0f H
o H---0 H---0
AY N
8 H H

where the dashed line indicates a hydrogen bond. The first water of hydration is
attached by electrostatic interaction. Because of the strong inductive effect of the
positive ion, the hydrogens on the first water are quite electron deficient and are
thus capable of forming a strong hydrogen bond. Additional waters of hydration are
added by hydrogen bonding which further delocalizes the charge. This strengthens the
B8 O-H bond while weakening the a O-H bond. When four waters are attached, the a bond
breaks and the B bond forms leaving H(H20)3+ and HNOp. Since the process is perfectly
symmetrical, i.e., formally the bond strengths in the reactant and the activated
complex are identical for reaction 6, no isotope effect is expected. In addition HNOjp
is properly constituted.
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M5
ION-MOLECULE REACTIONS INVOLVING ALKYL SILICONIUM AND RELATED ALKYL

METAL I.ONS.
PAUL VOUROS, D. J, HARVEY AND M, G. HORNING
Institute for Lipid Research, Baylor College of Medicine,
Houston, Texas 77025
Abstract
The mass spectra of TMS derivatives of various compounds exhibit ions of mass

higher than the molecular ion, e.g.,, M +73, M + 147, The relative abundance of
these ions was observed to be dependent on source pressure, indicating that they were
formed via an ion-molecule reaction., Further examination of the spectra indicated
that these ions corresponded to the combination of a molecular species and abundant
fragment ions, Isotope labeling showed that all the fragment ions concerned contained
a positively charged silicon center, Experiments with a dual inlet system confirmed
that the ions with masses higher than the molecular ion arose from the simple addition
of fragment ions to a neutral molecular species. Differences in the reactivity of

various alkyl metal ions were observed.

For more details see: J. Chem. Soc. (D) 1970, p. 898; Analytical Letters 3, 489
(1970); Org. Mass Spectrom. (in press).
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INTERMOLECULAR HYDROGEN TRANSFER REACTIONS IN Mé

THE MASS SPECTRA OF DIALKYL MALONATES

Mary H. Wilson and James A. McCloskey

Baylor College of Medicine
Houston, Texas 77025

The formation of (M + H)+ ions at low pressures has been observed for many types
of compounds, especially alcohols, nitriles, and esters. Few efforts have been made
to determine the sources of the transferred hydrogen and to relate structure and
reactivity., The alkyl malonates were studied in order to investigate these problems
in a system of moderate complexity with a strong tendency to form (M + H)+ ions.

Methyl, ethyl, n-propyl, and i-propyl malonates were exhaustively deuterated;
and n-butyl, i-butyl, sec-butyl, n-amyl, and n-octyl were deuterated in selected posi-
tions. The ratio (M +D)Y/[(M + H)+ +(M + D)+] was obtained for each labelled com-
pound from 12 eV to 20 eV at 170°C on a LKB-9000 gas chromatograph-mass
spectrometer.

Fragmentation of n-alkyl malonates leads predominantly to the formation of ions

such as a-d which contain labile hydrogen and would be expected to be good proton

/QH + /QH QH +
RO,CCH,C{ + RO,CCH,C=0 HO_CCH,C! + [ROC=CH, ]~
3 2 Z \
27 2%y 27 2%y 2
a b 3 d

donors. Molecular ions are absent for propyl and higher esters. Hydrocarbon ions
are prominent in the spectra of malonic esters of secondary and tertiary alcohols and
comprise the base peaks in some instances. The origin of the hydrogen rearranged to
oxygen in the formation of a, ¢, and d has been determined from the spectra of
deuterated analogs of methyl, ethyl, n-propyl, i-propyl, and n-butyl malonates.
Relationships are found between the variations of relative ion abundances and of

(M + D)+/[(M + H)+ + (M + D)+] with electron energy for each labelled molecule. On
the basis of this data ions a-d may be identified as precursors to (M + H)+ and the

most labile hydrogen of each jon is found to be that which is transferred. ICR double
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resonancel confirms the importance of proton donation and conclusively proves a-d
and several minor ions as precursors of (M + H)+. Hydrogen abstraction by mt can-
not be ruled out but must be a process of minor significance. Chemical ionization
with CD, suggests that the transferred proton in (M + H)+ may be retained in frag-

ment ions resulting from the decay of this species.

Provided by Dr. Robert Wilcox of Varian Associates, Palo Alto, California
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CHEMICAL IONIZATTON: ARRIVAL TIME DISTRIBUTIONS M7

OF REACTANT IONS
G. Sroka, C. Chang, and G. G. Meisels

Chemical Physics Program
Department of Chemistry
University of Houston
Housten, Texas 77004

ABSTRACT

A method for the determination of arrival time distributions in high pressure mass
spectrometry (0.5 to 3 torr) is described. It employs a pulsed electron gun and time-of-
flight analysis of reactant ions using nuclear instrumentation and delayed coincident
individual ion detection. Arrival time distributions of CHY and C.H} are presented,
and mean residence times calculated from the first moments of thesé Curves are shown to
be substantially less than those calculated from idealized Langevin drift theory
commonly employed to estimate this quantity. The change in the arrival time distribution
of methane ion when small concentrations of methane are added to helium is used to
evaluate the total rate constant of methane ion reaction with methane as 1.00%0.08 X
107 %cesec™l. 1t is shown that the simple technique employed for rate constant measure-
ment gives excellent reproducibility and an accuracy which is primarily limited by the
ability to assess pressure in the reaction region.

INTRODUCTION

Chemical Ionizacion1 has become an important tool in analytical chemistry.2’3
Recently attention has been focussed on the possibility of measuring lon-molecule re-
action rate constants under conditions of ghemical ionization#:3 and the approach has
been extended to measxrg ionic equilibria. 7,8 Results have not always been in agree-
ment with each other, ’~ and heats of reaction derived from such measurements® are not
always consistent with those obtained by other methods.

In order to carry out quantitative determinations of first and second order rate
constants it is necessary to know residence time of ions in the source. =] Similarly,
residence time is an important parameter in the assessment of the applicability of
equilibrium considerations. These times are calculated from idealized ion drift con-
siderations originally gdeveloped by Langevinlo and summarized by McDaniel.ll However,
it is known that such calculated residence times can be_in error by as much as an order
of magnitude even under idealized drift conditions.-*> We have therefore constructed
a pulsed high pressure lonization source to measure arrival time distributions directly,
and report here on some of the problems assoclated with residence time calculations for
chemical fonization sources.

EXPERIMENTAL

The high pressure lon source was constructed by replacing the source block and draw-
out slits of a commercial Varian-MAT CH-4, type AN-4B ion source. The revised block has
an electron entrance slit of 0.025 X 2,0 mm, while the electron trap is tightly mounted
against the flange using a 1 mm Teflon sheet as an insulator. The single draw-out
plate contains an ion exit slit of 0.05 X 5.0 mm, and is located 7.0 mm from the electron
beam and 7.6 mm from the rear wall of the chamber. A four inch Edwards pumping system
is gsed to evacuate the reglon surrounding the ion source, maintaining a pressure of
1077 torr or less at an ion source pressure of 3 torr. The source reglon 1s connected
to the analyzer only through a skimmer throttling tube approximately 5 mm below the
beam defining slit. Pressure in the analyzer section did not exceed 0.05 mtorr.

The gas introduction system consists of two five liter reservoirs and a one liter
reservoir. Either of the former and the latter can be opened to the ion chamber via
Granville-Phillips metering needle valves. Pressure In the ion source is measured with
an MKS Baratron Capacitance Manometer. The sensing side of this manometer is connected
to a separate port of the ion source located at right angles to the electron beam and
the gas inlet. The pressure gauge was calibrated using a trapped McLeod gauge.

The electron gun was pulsed by unblocking a biased 85 line per cm Tungsten screen
(90% transparent) between the Rhenium filament and the entrance slit using a 50 nsec
pulse from a Hewlett-Packard Model 214A pulse generator. The trigger pulse from the
generator also started the voltage ramp of a time to pulse height converter (W.H.
Johnston Labs.). The electron multiplier ion detector output was coupled directly into
an amplifier-discriminator and pulse shaper (W.H. Johnston Labs.), whose output
terminated the voltage ramp of the time to pulse height converter, creating a pulse
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whose height is proportional to flight time. Pulses were sorted on a TMC model 401B 400
channel pulse height analyzer whose output was either recorded on a Hewlett-Packard
model 2D-2 X-Y recorder or on a Hewlett-Packard model 500 digital recorder. The experi-
mental arrangement is shown in Figure 1.

The electron pulse Qidth at the screen was measured using a Tektronix model 564
Oscilloscope with 351 and 3T77A Plug-Ins, and showed some broadening to ca. 100 nsec
FWHM. Arrival time distributions are also greatly affected by the electron beam spread
in the ionization region; this was assessed approximately by evaluating the arrival
time distribution of CH+,ion from methane at the lowest pressure where sufficient count
rates could be obtained (ca. 1 mtorr); the distribution had a width of ca. 0.5 miecro-
seconds at half maximum.

RESULTS AND DISCUSSION

A. RESIDENCE TIMES OF CH' AND C_H' ION IN METHANE

5 2°5
The theoretical residence time, t is readily calculated from the
11 theor
expression
- -2
teheor (L/EY(P/T) ¥V au * 10 © sec (1)

where E 1s the field strength in V/cm, L the drift length of the ion in cm, or approxi-
mately the distance between electron beam aund ion source exit slit, P the pressure in
torr, T the temperature in °K, a the polarizability in atomic units (0.053 nm) and u
the reduced mass, also in atomic units.

There are four limitations associated with the application of this equation to the
calculation of residence times in chemical ionization sources.

1. Instrumental factors causing unequal sampling of the arrival time distribution
and the dependence of this factor on the diffusion coefficient D or on ion mass.

2. The questionable reliability of equation I even under conditions where ion
drift is slow and experimental conditions are well defined. Differences between
experimental and ialculated diffusion coefficlents involving factors up to ten have
been reported.ll’

3. The effect of details of the transport process such as ion-molecule reactions,
charge transfer, proton transfer, and other metathetical reactions on the momentum
transfer cross section.

4. Poorly defined experimental conditions such as pressure, electrical fields, etc.
These complications will introduce relatively minor, consistent errors which should
not affect relative measurements. They can also be overcome by careful source design.

In this paper we are chiefly concerned with the first two problem areas. The
idealized drift equatilons require complete collection of all lons, corresponding to
total ionization measurements. The small ion sampling aperture or ion exit slit in
chemical ionization sources discriminates ggainst the observation of ions produced at
longer residence times. It can be shown,1 that the fraction of the ions which reach
the exit slit plane and pass through the sampling orifice may vary as strongly as 1/Dt.
Experimental lon arrival time distributions span nearly an order of magnitude in time.
Discrimination should therefore be substantial and residence times should be measured.

The quantity measured in our experiments is an arrival time distribution which
includes the transit time through the acceleration and mass analysis regions of the mass
spectrometer beyond the ion source exit aperture, as well as the small delays in the
electron multiplier and electronics. The totality of these transit times can be
evaluated by changing the field strength in the ion source while examining the flight
time of a primary ion at low pressures. Since a draw-out field is used and the ion
origin 1s near the back plate, terminal ion energy in the transit region is essentially
unaffected by draw-out field in the absence of lon-molecule reactions. The mean
resldence time T should vary as (Vd )=1/2 1f electronic delays are negligible;

X raw-out
this 1s indeed observed and t, ..., = 1.58° /n/e usec as determined at w/e = 16.

Experimentally observed residence time distributions for ci? and C_H. dions in
methane are shown in Figure 2. Mean arrival times for these ions were calculated at
various values of E/P from the first moments of these curves; these in turn yielded
V. = L/f . This_ formulation is not entirely gorrect but 1is thought not to introduce
a serious error—"’ and is employed commonly.1 Figure 3 demonstrates that drift
velocities calculated in this manner are alinear function of E/P as required for low
field drift conditions. The calculations of reduced mobility and of the diffusion
coefficient D, which can be obtalned from the Einstein relation K/D = e/kT (provided
that E/P is small) are shown in Table I. Experimental and theoretical diffusion
coefficients, calculated from Langevin theory, are in substantial disagreement, con-
firming the inability to estimate residence times accurately from the simple equation I.

Under a particular set of experimental conditions discrimination towards the
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detection of different iiniz specles 1s governed entirely by the diffusion coefficient
for each ilonic gpecies.™* The identity of the observed diffusion coefficlents for
CHY and for C H; can therefore not easily be ascribed to discrimination and may be the
reSult of dif%erences in the transport mechanism.

B. TION-MOLECULE REAGCTION RATE CONSTANTS FROM DRIFT EXPERIMENTS

The ability to measure ion intensity directly as a function of reaction time
(i.e. ion residence time) provides a rapld, convenient and accurate means of determining
rate constants for ilon-molecule reactions involving near-thermal ions. The only para-
meters which need to be known are pressure in the reaction region and arrival time
distributions with an accurate time scale. The approach can be used for chemical ioni-
zation systems, but also generally for all types of ion-molecule reactioms.

+
The reaction leading from reactant (primary) ion R to product ions XI can generally
be written as

k
1
F+n 3 oo o+ oy (&
i k|
where N 1s the reactant neutral and Y the product neutral. The total rate of reaction 1
is -d[R*)/dt = kl[R+l[N]. Since the concentration of N is essentially invariant and
much larger than R the reaction is quasi-first order and yields on integration

+,+
In(R/R) = -k t[N] (I1)

Here R+ is the initial concentration of reactant ilons at zero time. Since the decrease
in reactant lon concentration is usually difficult to evaluate accurately, particularly
when the ress¥re of reagent is changed, it has been customary to equate

Ro = IX; +R'. t is obtained from equation I, but the resultant rate constants are
inconsistent between investigators®»” and vary with E/P.> This can probably be ascribed
at least to the change in diffusion coefficient D with ion identity.

When arrival time distributions can be determined, however, R+ is evaluated
directly as a function of t. R' 1is still not readily accessible as a function of time,
however, at two reactant concengrations Nl and Ny,

In(R{/RD = In(R, ;*/R, ;D) - eIy 1[N, 1) (11D

As long as the initial ion arrival time distributions differ only in terms of intensity,
the logarithmitic term on the right hand side of equation III will be independent of ¢,
and the logarithm of the ratic of reactant ion abundances at two pressures should be a
linear function of t with slope —kl([Nlj_[Nz]),

This method does not require knowledge of the ion transit time since this quantity
merely offsets the curve laterally. We believe that this technique should be sub-
stantially free of the pitfalls of rate evaluations frequently encountered in such
measurements.

The applicability of this approach was verified by examining the well known
reference reaction
cW, + cH, - cHf + cm, (2)
Since this reaction is fast, small concentrations of reactant methane gas were introduced
into the ion Bource already containing 1.08 torr helium as a drift or "bath" gas in
the manner previously described by Vredenberg et.al.’ Three representative sets of data
plotted according to equation III are shown in Figure 4. Rate constants derived from
the least squares fits of such graphs are shown in Table II. The variation of the rate
constant with E/P reported elsewhered is not observed, indicating that conditions in our
experiment are well defined. The absolute rate constant deIived from these measurements

is in good agreement with the value 1.09:0,09 X 10-9 ccsec reported by other investi-
gators.
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TABLE I. DIFFUSION PROPERTIES OF CH+ AND C H+ IONS IN METHANE

5 2'5
E/P L Dlatm10°C
ION (ch_ltorr_ ) (cm“sec )X 10
ciy 15.9 4.51
13.5 4.46
12.9 4.46
10.1 4.42
7.1 4.68
Average 4.51 + 0.07
Theoretical value 6.98
c My 17.2 4.60
14.1 4.59
13.7 4.49
9.3 4.75
7.6 4.02
Average 4.49 + 0.18

Theoretical value 6.15

TABLE II. REACTION RATE OF CH+ WITH CH, IN HELIUM

4 4
E/P (He) k x 10°
ch_lturr_l <:1:|13r_|-n:>1_]'set:_1

1.25 1.05
2,00 1.00
3.69 1.03
5.12 .89
6.19 .99
9.08 .98
12.5 1.04

1.00 = .04
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Figure 1. Schematic of
experimental arrangement for
arrival time measurements.
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for reactions of CH, at three values of
E/P(He). Top to bottom:

E/P(He) = 6.19, 5.12, and 1.25 V/cm/torr.
AP(CHA) = 13.3, 16.6 and 15.1 mtorr.



DIRECT COUPLING OF A GAS CHROMATOGRAPH TO A MASS SPECTROMETER N1

Pat Haug, James Serum, and William Updegrove

Department of Chemistry, Rice University, Houston, Texas 77001

INTRODUCTION

At the time that we began our attempt to connect a Barber Coleman gas chromatograph
directly to a CEC .21-110B high resolution mass spectrometer, the only report in the
literature of such a connection without a separator interface utilized a quadrupole mass
spectrometer,] although a few laboratories had used chemical ionization sources with

2,34 Since that time, Finnigan has commercially announced

methane as the carrier gas.
the direct connection of their quadrupole and DuPont the connection of their 490 sector
instrument.
INSTRUMENTATION

For both stability and pressure reduction, helium was run from a gas cylinder tank
through about 200' of .02" bore stainless steel capillary tubing, with additionally
imposed mechanical restrictions, into a HamiTton injector, adapted for Tow volume. 300'
of .02" bore stainless steel capillary tubing coated with Apiezon L and FFAP were used
for the separation. (150' of FFAP followed in series by Apiezon to provide the necessary
length to maintain a source background pressure of 5 x 10'5 mm.) A high vacuum, low
dead volume, 4 port valco {micropore) valve permitted three modes of operation: 1)
coupling of the capillary columns to a mechanical pump for preliminary pump down with
simultaneous connection of a packed column to the mass spectrometer through a Bieman-
Watson glass separator, 2) direct coupling of the gas chromatograph to the mass spectro-
meter, and 3) isolation of the gas chromatograph from the mass spectrometer. This system

is illustrated in the diagram. The capillary 1ine entered the source housing through the

MECHANIQCL PUMP CEC-21-1108

Al
CAPILLARY M.S.

=f

CONSTRICTION

FOUR-WAY VALVE

SEPARATOR
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removed shutter assembly flange via an insulated, platinum-plated bus bar welded to the
flange. The stainless steel capillary tubing ran into the source block via a ceramic
insulator. The helium flow rate was less than 1 m1/min, when 5 1bs. of head pressure was
maintained (the source pressure with the gas chromatograph isolated from the mass spectro-
meter was 1 x 10'6). Spectra were run at 6 KV to prevent arcing and the unregulated
ionizing current mode of operation was utilized. Most spectra were obtained with the
electron multiplier set at 100 v/stage and a beam monitor reading of 10'10. Sample sizes
of 0.02 u liter to 0.1 u liter were adequate.
RESULTS

Hexane and heptane were easily separated from each other and the resultant spectra
were identical with the individual compounds, although slight difficulty was experienced
in establishing the separating conditions for a mixture of furan, pyrole, and aceto-
nitrile. A fraction of a seep oil from a stream bank near Pataste Arriba in Costa Rica
boiling from 90° - 95°%C displayed at least four components although the separation was
again poor. Although the system worked comparatively well with Tow molecular weight
samples, difficulties were encountered with components consisting of over ten carbons due
to the low flow rates dictated by a lack of pumping capacity. The obvious advantage of
such a system is that extremely small amounts of sample may be detected and identified
with ease.
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ANALYSIS OF STEROID HORMONES BY A NEW DIRECT GC/MS INTERFACE ¥ N2
H. M. McNair, C. R, Dobbs, and L. H., Aung
Virginia Polytechnic institute & State University
Blacksburg, Virginia 2406]

D, C. Damoth and A. J, Luchte
Bendix Corporation
Rochester, New York [46Q3

INTRODUCT ION

The sucTessfuI application of gas chromatography (GC) to the separation of steroids
a decade ago' has made GC the popular cholce for the qualitative and quantitative ana~
lysis of these biologically important macromolecules. The analysis of steroids by GC
has evolved into the preparation of sophisticated chemical derivatives, the development
of selective stationary phases, utilization of all-glass analytical systems, and fur-
ther optimization of chromatographic detection conditlons,

The positive identification of GC pesks poses special problems because the analysis
frequently involves only trace quantities of the molecule of interest, The final char=
acterization of the molecular species has depended primarily upon the comparison of the
refention times of "unknown" steroid peaks to those of authentic standards. Mass spec-
trometry (MS), however, offers an unequivocal moiecular analysis.

The coupling of the GC and the MS into an operating system for steroid analysis
involves problems which, when solved, apply to a broad range of analytical applications.
Fortunately, when the GC/MS system is operating properly, data inferpretation for bio-
logical analyses Is easier than is frequently the case in food or petrochemical analy-
sis. This report describes the development of a GC/MS interface system and its appli-
cation to the separation and analysis of a series of steroid hormones.

EXPER IMENTAL

The direct combinafiog szGC/Ms has been accomplished by interface systems deve-
loped by several workers<:=s%» Littlewood®, Spiteller/, and Rees® have recently re-
viewed combined GC/MS technlques. The problems of direct interfacing have fraditionally
included: a) the time required for MS analysis of an emerging molecular species,
b) enrichment by the analytical system of the molecule of interest, with
respect to the carrier gas,
c) retention of molecular or derivative integrity throughout the GC and MS
systems and interface, and
d) sensitivity.

We found, further, that temperature, surface contact, and effluent stream dynamics
profoundly affected the quality and quantity of the resultant ijon beam, The effluent
from the GC column is composed predominantiy of carrier gas, and we developed a fransfer
arrangement whereby the fotal GC effluent of a Bendix Model 2500 gas chromatograph was
delivered to the ion source of a Bendix Model MA~Z Time=of-Flight mass spectrometer.

The GC column operates at nearly atmospheric pressure and the MS pumping system
must maintain a sufficiently low pressure in the ion flight (analyzer) region to prevent
collisional destruction of the ion beam., Thus, a high-efficiency differential pumping
system (500 liters/sec. for air) was designed to accommodate the resulting high flow
rate (about 20 ml/min.)}. Utilizing the total GC effluent for MS analysis allows the
total ion current monitor to be used as the "GC tracing'". The helium (carrier gas)
signal is blanked out, altowing The ion source electron beam to be operated at 70 elec=
tron volts.

PREPARATION OF SAMPLE MATERIALS AND DERIVATIVE FORMATION

Free steroids were obtained from Supelco, Inc. Trimethylsilyl derivatives were
formed by reacting | = 2 mg of the crystalline free steroid with 100 microliters of
silylating reagent, Each of the steroids analyzed form silyl ethers which were stable

* Trivial names incorporated in this paper include: Etiocholanclone, 3a-hydroxy=5f-
androstane-17-one; Dehydroepiandrosterone, 3f=-hydroxyandrost-5-ene-{7-one; Estrone,
astra=1,3,5(10)-triene~3-oi~17-one; Estradiol, estra=1,3,5(10)-triene~3,|7f-diol;
Estriol, estra-1,3,5,(10)~triene=3,160,17f=~1rijol ; TS, trimethyl silyl (=Si(CH3)3).
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Figure I, Schematic Diagram of the Direct GC/MS System
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to the experimental chromatographic conditions. The reactions were carried out in | mi.
conical glass, Teflon-sealed reaction vials (Reacti-Vials, Pierce Chemical Co., Rockford,
111.); these vials served also as the dispensing confainers from which the samples were
withdrawn for analtysis.

The androgenic steroids (etiocholanolone and dehydroepiandrosterone) were deriva-
tized with bis (trimethyl sityl) trifluoroacetamide (BSTFA) containing t% trimethyli-
chliorositane (Regis Chemical Co., Chicago, Il1.); reactions were carried out at room
temperature for 20 minutes.

The estrogenic steroids (estrone, estradiol, and estriol) were derivatized with
BSTFA, warming To 60° for 5 minutes to effect solution of the steroids, followed by re-
action at room temperature for |5 minutes.

The formation of methoxime derivatives of the ketonic steroids has been suggesfedg
to avoid the formation of enol-TMS derivatives, This procedure can iead to the forma=-
tion of isomeric derivatives that vary in retention time. To exclude this possibility,
and to demonstrate the sensitivity of this GC/MS system to the analysis of multi-
silylated derivatives, we have not incorporated the methoxime technique.

There are commercially availabie derivatives of androgenic and estrogenic steroids,
prepared in BSTFA containing 1% trimethylchlorosilane as catalyst and stabilizer (Regis
Chemical Co.); these are packaged in acetonitrile in septum—-stoppered glass viais under
nitrogen, and have been found to be a convenient, stable series of steroid standards,

CHROMATOGRAPHIC ANALYSIS CONDITIONS

The steroid derivatives were separated in a Bendix Model 2500 gas chromatograph
(Bendix Corp., Rochester, N.Y,) fitted with twin 4~foot, /4" OD glass columns packed
with -3% OV~17 and 3% OV~l (Ohio Valley Specialties Co., Marietta, Ohio) coated on 100/
120 mesh Supelcoport (Supelco, Inc., Bellefont, Pa,). The following chromatographic
conditions were used: Injection port, 220 C; GC/MS transfer line, 240 C; Hefium
(carrier gas) flow, 20 ml/min. Temperature programming (androgens): Injection, 200 C;
isothermal,, 5 min.; program @ 5 C/min, to 230 C; isothermal. Analyzed on OV-17 column,
Temperature programming (estrogens): lInjection, 220 C; isothermal, 7.5 min.; program
@ 5 C/min. to 245 C; isothermal. Analyzed on OV-l column.

The steroid derivatives were completely separable under the chromatographic condi-
tions described. Mass spectra were obtained by rapid scan (10-25 sec,) of the peaks
detected by the total jon current monitor,

The GC/MS interface is composed of an ali-glass system. Figure | shows a schematic
drawing of the interface design, The coiled glass GC column delivers the total column
effluent through a heated, foil-insulated glass transfer line directly into the ion
source of the Time-of-Flight mass spectrometer. The ion source differential pumping
system is the 500 iiter/sec, pump (shaded arrow). The 30 liter/sec, analyzer region
pump is shown to the bottom right, The ion detector and analytical systems are shown
on the right.

RESULTS AND D1SCUSSION

Figures 2 - 6 show the bar graphs of relative peak abundance for the series of
steroids analyzed by the interface described here. The graphs were calculated from the
fast scan recordings obtained from a Honeywell Model 1508 Visicorder (Honeyweli Inst.,
Denver, Colorado), using perfluoro kerosene as the standard.

Figure 2 represents the bar graph obtained from the mass spectrum of the silyl
derivative of etiocholanolone. A prominent peak at 434 (the highest mk observed)
corresponds to the disilyl derivative of the parent steroid, corresponding to silyl
derivative formation at the 3-f-ol and |7-enol sites. The mono-silyl derivative,
which can arise not only as a discreet derivatization product but also as an ion frag-
ment of the larger parent, appears at m/e 362, The "free steroid" peak at m/e 290 is
nct observed. A major peak at m/e 272 represents the loss of the silyloxy group
(=0Si(CHz)3) from the monosilylated derivative.

Figure 3 shows the bar graph for the silyl derivative of dehydroepiandrosterons,
which displays an upper |imiting peak at m/e 432, characteristic of the singly~charged
disilyl derivative, as well as m/e 360, corresponding to the monosilyl derivative.

The "free steroid" peak at m/e 288 is not observed. The major peak at m/e 270 corres-
ponds to the loss of the silyoxy group from the parent-monosilyl derivative.
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A comparison of the spectra of these closely related molecules reveals several distinct
peaks that differ systematically by 2 m/e units, The data ere consonant with the theor-
etical calculetions between molecules differing only by one ethylenic |inkage.

Figures 4, 5, and 6 display the mass spectra bar graphs obtained from chromatogra-
phic separation and analysis of & mixfure of 2 micrograms each of the silyl derivatives
of the female sex hormones ~ estrone, estradiol, and estrioil.

Figure 4 is the graph for estrone. The m/e observed at 342 corresponds to the
monosilyl ether of estrone. No m/e 414 is observed, indicating that the [7-enol-TMS
derivative is not formed under these conditions, The "free steroid" peak is present at
m/e 270 and there is a prominent m/e 256, corresponding to the loss of a methylene,~CHz-~,
from the (M-1) ion, or possibly the IS-F-CH3 group, from the free molecule.

Figure 5 shows the graph for the silyl derivative of estradiol. The highest m/e
observed in 416, corresponding to the disityl derivative (3, 17f~disiiyl estradiol).
The peak at m/e 344 corresponds to the monosilyl ether derivative, and the free steroid
appears at m/e 272,

Figure 6 is the bar graph representation for the silyl derivative of estriol. The
highest mass peak occurs at m/e 502, corresponding to the trisilyl derivative, wherein
all three hydroxyl groups of the parent steroid are converted to the silyl ethers:
3,16%,178~trisilyl estriol. The peak at m/e 432 corresponds 1o either of the three
possible disilyl derivatives, quite probably the 3,I17f=disily! estriol molecular ion.
A’prominent m/e 402 may correspond to the jon resuiting from the loss of the I3-f~CHs
and one of the hydroxyl groups from the parent,

The analysis of these steroid hormones indicates that the high molecular weight
silyl derivatives survive the chromatographic conditions from the injection port thru
the column and transfer !ine To the MS ion source. The multi-sifyl derivatives can be
analyzed intact, as indicated by high m/e peaks identical to the theoretical calcula-
tions in each case,

This interface has the further advantage of simplicity; it does not require extra
pressure taps or fittings other than those associated with glass GC columns. The
overal| sensitivity of the system approaches the submicrogram range - full-scale ijon
current deflection was obtained with 2 micrograms of the sily! derivative of estradiol,
The analytical range under the present conditions, extended to 0,6 micrograms, for half-
scale deflection of the chemical standard, androstane (CigHzz). The speed of analysis,
including the chromatographic separation and recording of the mass spectra, is just that
required for GC analysis aione.
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NEW TECHNIQUES IN GAS CHROMATOGRAFHY - MASS SPECTROMETRY

J.R. Chapman, T,0. Merren and H.J. Limming
AETI Scientific Apparatus Limited
Manchester, England.

The MS30 double beam mass spectrometer was described by Barber et al (1) and some
preliminary data were presented to show the feasibility of double beam mass
measuremnent, With this technique, sample and reference are separated, one to each
beam, So enabling mass measurement to be carried out at low resolution. In this
way, data can be obtained from smaller samples than previously. This paper will
describe sone applications of the double beam technique to the analysis of small
sanmples introduced via a chromatograph and show how the simultaneous collection

of accurate mass and metastable data is particularly useful in structurel analysis,

To obtain atomic composition data by conventional single beam methods of mass
measurement, a mixture of sample and reference is admitted to the mass spectrometer
source and high resolution is needed to separate the sample and reference peaks at
the same nominal mass, An example of some MS30 data obtained in this way fron one
of the components of a mixture of four esters admitted via the chromatograph is
shown in Figure 1 and the corresponding total ion current monitor record is shown
in Figure 2, The spectrometer resolution was set at 10,000, the mass spectrum
was scanned at 10 seconds per decade and the data was acquired and processed by
the DS30 Data System. Actually 2 micrograms of the component, methyl stearate,
was injected into the column. These results are typical of operation at high
resolution, when of the order of a hundred nanograms of sample need to be
admitted to the source during the scan to obtain accurate mass data. If the
sample quantity injected on the column is reduced much below the microgram level,
the smaller number of ions in all but the strongest peals, prevents their being
defined confidently and therefore mass measured.

At a lower resolution, however, say 1000, spectra can be obtained from sample
quantities of the order of a few nanograms injected onto the chromatograph.
Provided that the sample and reference can be kept separate, mass measurements
of unknown components can be made at this very small sample level. With the
double beam instrument, they are kept separate very simply by admitting them
to two quite separate sources,

Table 1 shows some of the resulte obtained by the injection of 100 nanograms

each of methyl stearate and methyl palmitate onto the GC column. The quantity

of sample consumedin the source during the scan time was about 20 nanogranms,

The double beam mass measurement principle was employed at a scan speed of 10 secs
per decade in mass and a resolution of 1000,

Measured Mass Calculated Mass Composition
C16 Ester 270,260 270,256 C17H3402
227.203 227,201 Cy 4H2702
143.105 143.107 CBH1502
C18 Ester 298,285 296.287 C19H3802
255,228 255,232 C16H31°2
143.105 143.107 CBH1502
TABLE 1

14830 Double Beam Masg Measurements on 0,1 Microgram Methyl Estexs
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The rms error on the measurements on these peaks, which are all approximately
10% of the bese peak intensity, is 14 pm. The same peaks could have been mass
measured even if 10 nanograms or less had been loaded onto the column, although
the accuracy then obtailnable, would be approximately 30 ppm (a.ccuracy decreases »
with sample tize). With that loading the same peaks would not have been detected
at all at a resclution of 10,000.

The double beam method offers many other advantages in addition to being able to
carry out accurante mass measurements on small sample quantities, for example, the
simultanecus acquisition of metastable and accurate mess data, As is well known,
metastable peaks, which are widely used in structural elucidation, are usually
less than one percent of the base peak intensity. By conventional single beam
methods, separate experiments to obtain high and low resolution spectra are needed
and several micrograms of sample are required. However, when collecting maas
measurement data by the double beem method, the ultra violet recorder can be run
simultaneously so that the trace provides the usuel metastable information. A
smaller amount of sample is required depending on the level of the metstables
being investigated. For metastables at the 0.3% level, sbout 100 nanograms of
sample 18 required instead of several micrograms,

The following example illustrates the advantage of simmltanecusly obtaining mass
measurement and metastable data by the double beam method in structural elucidation.
A mixture of fatty acids, extracted from the remains of a fossilised plesiosaurus,
was being analysed after methylation of the carboxyl group., The total ion current
monitor record is shown in Figure 3. Comparison of the spectrum obtained on
component 2 with standard spectra had failed to esteblish any match., Although
the spectrum contained no obvious parent ion which could be mass measured, the
double beam method did provide useful accurate mass data on fragment ions which
were seen from the ultra violet chart to be linked by metastables, From the

mass measurement data (Table 2) and the metastable data {Table 3) it can be
deduced that the fragment at mass 201 which undergoes two successive losses of
methanol, contains both a methyl ester and a methyl ether group, as both these
groups are known to lose methanol in the mass spectrometer. Similarly, it can

be established that the fragment at mass 157 contains just a methyl ether group.
The mess measurement data provides supporting evidence for this interpretation

by establishing the exact composition of four of the fragments involved, It can
be concluded from this data that component 2 is 9, 10 - dimethoxy methyl

stearate (I) which would cleave on electron impact across the 9, 10 disubstituted
bond according to well documented reactions to give the fragment ions mentioned
above,

g o

CH3 (CH2 )703 : CH(CH2 )70020113

(1)
REFERENCE
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Measured Mass Celculated Mass Composition

201,148 201.149 Cy1Ep105

169.124 169,123 010111702

137.096 137.097 CgH, 10

157.160 157.159 C,08210
TABLE 2

Mass Measurements Using Double Beam Method on Ester 2 from Fossil Extract

Metastable Mass Transition
142.1 201 —169
111.1 169 —137

99.5 157—125
TABLE 3

Metastable Data in Spectrum of Ester 2 from Fogeil Extract

WU

FIGURE 3
MS30 1 Fosail extract:

2% OV 1 column 150°—> 250° at 4° min !
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Combined Molecular-Beam - Mass Spectrometer for Analyzing Tran-
sient Intermediates in Gaseous Reactionsl. Myron Kaufman and Charles
Kolb, Frick Chemical Laboratories, Princeton University, Princeton, N.J.
08540. )

The neutral parent of each ion observed in a mass spectrometer can
be identified by measuring its properties in a molecular beam prior to
ionization. This novel technique, which we term "molecular beam analy-
sis", is particularly useful for detecting small concentrations of free
radical intermediates in gaseous reactions. Although intermediates have
been detected by use of ordinary mass spectrometry, the free radical sig-
nals are generally obscured by much larger ion currents resulting from
dissociative ionization of stable molecules. These interferences have
in the past been avoided by careful control of the energy of the ionizing
electrons, but only by sacrificing much of the inherent sensitivity of
mass spectrometry. In addition, it is difficult to completely eliminate
fragmentation when it can result from breaking a very weak bond or a
vibrationally excited bond, or when the transient of interest has a high
ionization potential.

In molecular beam analysis, the magnetic and electric dipole
moments and the velocity distributions of the neutrals are determined.
The rough measurement of magnetic dipole moment that can be obtained
from deflection by an inhomogeneous (hexapole) magnetic field is suffi-
cient to indicate whether the parent of an ion has a large moment char-
acteristic of a free radical or atom. Trangients identified in this
manner are: SO, BrO, IO, OH, CH3, CF3 and “CHp, as well as many atoms.
Such paramagnetic species have been detected at partial pressures as low
as 0.0l micron, in the presence of large interferences at their parent
ion. Similarly, deflection in an inhomogeneous electric (quadrupole)
field demonstrates whether the parent is polar. The magnitude of this
deflection is strongly dependent upon the symmetry of the molecule, which
results in either a lst or a 2nd order Stark effect..

Velocity distributions are particularly informative since, for a
molecular beam effusively sampled from a source with a definite trans-
lational temperature, they provide a value for the mass of the parent of
each ion. These distributions are determined by a time-of-flight method,
whereby the beam is pulsed and the spreading of this pulse during free
flight to the ionizer is measured. For very weak signals, time-of-flight
distributions are extracted, by correlation techniques, from the signal
produced by a psuedo-randomly modulated beam.2 With either method,
major distortion of the time-of-flight curve can result if the ions are
delayed in the ionizer due to their attraction to the intense electron
beam. We have avoided this ion trapping by adding gaseous helium to the
ionization chamber, thereby forming helium ions which largely neutralize
the electron space charge. Good agreement with time-of-flight distribu-
tions calculated from the beam-modified Maxwellian distribution are cur-
rently achieved.

We have been utilizing molecular beam analysis to investigate the
rates and mechanisms of some of the reactions of atomic fluorine with
halogenated methanes. In these experiments, fluorine atoms are generated
in a flow reactor by microwave discharge through F2 or CF4. Discharged
CF,, produces F (and CpFg) in the presence of very little F,. This is im-
portant since Fp is a very efficient free radical scavenger, and will
thus reduce the concentration of such intermediates below our level of
detectability. Absolute measurements of the concentrations of F and F3
are obtained by calibrating the molecular beam analyzer by a gas phase
titration with Hy. In the reaction of F with CCly at 2989K, no CCl4F is



2.
formed in the absence of F,. This rules out this reaction proceeding
by a displacement mechanism at this temperature. Studies of Fy-halogen-
ated methane flames had suggested that this mechanism predominated at
flame temperatures.” Atomic chlorine is produced in the reaction mix-
ture, most likely as the product of reactions such as,

F + CCly - CFCly + Cl,

which are expected to be very rapid. Our preliminary value for the rate
constant of

.

F + CCl, ~ CCly + FCl

. 8 . . .
is 2 x 10 cm3/mole-sec, which is almost § orders of magnitude lower
than the accepted literature value for this reaction.

1. To be published in Chemical Instrumentation - Volume 2.

2. V. L. Hirschy and J. P. Aldridge, Rev. Sci. Instr. 42, 381 (1971).
3. K. H. Homann and D. I. MacLean, Comb. and Flame 14, 409 (1970).

4, Table of Bimolecular Gas Reactions, NSRDS~NBS9, p. 15 (1967).

Research support from the Office of Naval Research is gratefully
acknowledged.
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A Combined Gas Chromatograph-Vapor Phase
Pyrolysis-Mass Spectrometric Analysis System

C. Merritt, Jr., C. DiPietro and M. L. Bazinet
Pioneering Research Leboratory
U. S. Army Natick Leboratories
Natick, Messachusetts OL760

Although combined gas chromatography/mass spectrometry has become a time honored
technique, 1t is not entirely foolproof, particularly when it is applied to problems
involving the ldentification of unknown components of very complex mixtures.

Nearly a decade ago attempts were maede to utilize gas chromatographic patterns
resulting from thermolytic dissoclatlon as a substitute for mass spectra as a means of
identification. It was soon realized, however, that g.c. retention indices are not
sufficiently reliable for qualitative enalysis, and meny workers returned to the use of
the mass spectrometer to aid in the identification of the pyrolysis products. Neverthe-~
less, en analysis of the products of the non-catalytic thermal dissociation of organic
molecules provides a great deal of information about their structure.

This paper describes the use of a combined gec - vpp - ms analysis system which has
been devised to utilize the informatlon content of both the thermolytic cracking
patterns and the mass spectra of various orgenic compounds to accomplish their
identification.

A schematic diagram of the apparatus is shown in Figure 1. A first gas chromato-
graph is used to separate the components of the sample. This 1s designated as GC-1.
A dual detector system is used to produce a thermal conductivity output or & flame ion-
izatlon output as the sample may require. The chromatogram obtained from GC-1 provides
for quantitative enelysis. The vapor phase pyrolysis unit is indicated by enclosure
within the dashed line. The details of constructlion may be obtained in literature from
Chemical Date Systems, Inc. When & component is eluted from GC-1, it is trapped in a
deley coil and transferred to the thermolytic reactor where it is dissoclated under
carefully controlled conditions of temperature and carrier gas flow. The resulting
products are swept out of the reactor to a second gas chromatograph. Actually, two gas
chromatographs are avallable to analyze the pyrolysis products. A short column, called
the small molecule column, is used to measure the amounts of CHs, C2Hg, C2Hy, CO, COz,
Hz0, NHz or HeS, that may be produced in the reaction. This column is a part of the
pyrolyzer unit and may be very useful in establishing the functional group type of the
parent compound. Alternatively, the pyrolysis products may be transferred to a second
gaes chromatograph, called GC-2, which is a part of a complete, combined gc/ms enalysis
system. The combined gc/ms system may be used to separate and identify all of the
pyrolysis products of the parent compound. The total analysis system is designed to be
as flexible as possible, with appropriate vents and bypasses, and separate inlets so
thet all or any of the component systems may be used independently.

Although it would be desireble for the mass spectrum of every organlc compound to
be unique, and different from every other compound, this situation is unfortunately not
alvays the case. An example 1s seen in Figure 2 which shows the spectra of two phenolic
ingredients from the splce, oregano. They are positional isomers and their mass spectra
are essentially identical. BEvaluation of the quality of oregano depends on determin-
ation of the relative amounts of these two components. The compounds may be distin-
guished by vepor phase pyrolysis as seen in Figure 3.

Different functional group type compounds can frequently have spectra whigh are
sufficiently similar to cause trouble. The parent ion of long chain alkanols 1s char-
acteristically very weak or absent from the spectrum and a series of ilons corresponding
to the decomposition of a parent minus 18 lon, makes the alkanol spectrum resemble the
corresponding alkene spectrum very closely. Although the 31 peak may be considered
dlagnostic for an alcohol, when the amount of component, or the sensitivity is low, or
when the 8 or 10 most abundant peaks are being used for identification, alcohol and
olefin spectra may be frequently confused.

Such compounds may be distinguished by pyrolysis patterns. Nonanal and nonene
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heve been studied as examples. The pyrolysis of nonene produces & series of olefins
from C2 - Cg corresponding to the successive cleavage of all the carbon bonds, and in-
cluding the parent compound. Nonanol glves gc peaks and spectra for the same seriles,
but, in addition, gc peaks for nonanal as well as the parent compound are observed. The
pyrogram for nonanol would have two apparent nonene peaks in it, but the one at longer
retention would correspond to the alecohol. The clearly distinguishable nonanal spectrum
would in any event be diagnostic.

Trimethylsilyl derivaetives are now being increasingly utilized to permit mass
spectrometric analysis of non-voletile or slightly volatile compounds. Although the
volatility of the compounds 1s enhanced, the spectra obtained of the derivative com-
pound sometimes present problems in identification. The spectra of the trimethylsilyl
amino aclds sre a typical example.

The typical fragmentation behavior of the TS amino acids may be summarized as
follows:

NH(TM™S) e mst M-R* R $:i§
R-CH-~COOTMS m/e T3 m/e 218 M_117

The most abundant péa.ks are those containing the TS moiety. We see the peaks at
mass 73 due to ™S ion and at 218 due to the molecular skeleton less the R group. The
peaks are common to all the ™S amino acid spectra. The other predominant ions are
formed from loss of methyl or 3 methyls from the TMS group or from loss of 117 due to
the carboxy trimethylsilyl group. Although these three peeks are the most useful in
the interpretation of the spectrum of a ™S emino acid, the task is frequently very d4if-
ficult or impossible with mixtures of unknowns, since the molecular ion is usually
absent or very weak in the spectrum. ILikewise, the lons which do not carry the TMS
moiety have very low sbundance. The result is that ™S amino acid spectra, particularly
of the ones where the R group is alkyl such as alanine, valine and leucine are seemingly
identical. We recently had occasion to try to ldentify some unknown free emino acids
isolated from mushrooms and were unable to do so by using the TMS derivative spectra
since they all provided only the TMS containing ilons.

Vapor phase pyrolysis can clarify this situation. The pyrolysis behevior of TMS
amino aclds 1s summarized below:

NH(TMS) A RH + ™S
R-CH-COOTMS fragments
The essential feature of the thermolytic dissoclation of these compounds is that a
serles of compounds is obtained which is characteristic of the R group. This series 1s
designated here as RH. We also obtained some compounds containing the TS group, but
these have less diegnostic value than the RH series. A few examples of the character-
jzation of some ™S amino acids by their pyrolysis patterns is shown in Table I.

Table I

Components Found in Pyrograms
of Certein Amino Acids

A.A. R Compounds

7

glycine H-

alanine CHg- CH,

veline (CHa) 2CH- CHy, C2Hy, CsHe

leucine (CHz)2 -CH -CHa CHy, C2Hy, CaHs, CeHs

iso-leucine CHs CHz (CH CHs) - CHy, CzHy, CsHa, CaHg
. ¢ slanine $CHa- PH, ¢CH3

The complete menuscript will be submitted to the J. of Chromatographic Sclence.
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AN AUTOMATED QUADRUPOLE MASS SPECTROMETER FOR HIGH TEMPERATURE EFFUSION STUDIES

by

Margaret Frisch

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598

Abstract

The electronic circuitry of a Finnigan mass spectrometer has been modified for
control by an IBM 1800 computer. The automated operation provides new possibilities for
exploration, e.g. obtaining time resolved spectra of freshly heated materials for
determining the volatility, composition and energetics of surface contaminants.

Ion detection is now performed in a novel approach by counting of the electron
multiplier output pulses at rates up to 10 MHz using a bidirecitonal scaler. The scaler
1s reversed synchronously with the modulation of the molecular beam, resulting in a
digital lock-in detector., With this technique data can be obtalned at rates up to five
times faster than analog phase sensitive methods because of the absence of a time
constant,

The interface between the computer and the mass spectrometer contains four 13
bit registers which are addressed by an additional 3 bits. These registers are used for
storing the control data required for the automatic operation of the spectrometer.
Register 1 &) Mass range (low, medium or high) is selected via RF relays (2 bits).

b) The counter is remotely programmed for either normal or bidirectional
scaling (1 bit).
¢) Ion energy (proposed) will be varied from O to 10 volts by a 10 bit D/A.
Register 2 The timing interval for gating of the scaler is transmitted in units of the
modulation cycles (8191 maximum). The scaler is gated on for an integral
number of reference cycles in phase with the leading edge.
Register 3  The mass position is selected at rates up to 100 per second via a 13 bit
0 to 8.191 volt D/A with a precision of 0.01, 0.03 and 0.09 AMU on the low,
medium and high mass ranges, respectively.
Register 4 The electron energy is controllable between 0 and 100 volts. The output of
a 0 to 10 volt 13 bit D/A is fed to an operational amplifier with a gain of
10.
The relationship between the mass spectrometer, interface, computer and other

essential electronics is presented in the accompanying figure.
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COMPUTER DETERMINATIONS OF QUADRUPOLE MASS SPECTROMETER Ne

PERFORMANCE CHARACTERISTICS IN CYLINDRICAL COORDINATES*

M. Mosharrafa**
014 Dominion University
Norfolk, Virginia 23521

G.M. Wood, Jr.
NASA Langley Research Center
Hampton, Virginia 23365

ABSTRACT

A generalized computer model of the guadrupole-type mass spec-
trometer has been developed using the Control Data 6600 system at NASA
Langley Research Center. The model is a versatile FORTRAN program
capable of generating ion beams of specified cross-sectional density
and energy distributions, producing mass scans of the quadrupole field
based upon a desired resolution, computing the ion trajectories in
cylindrical coordinates, and determining the percent transmission of
the specified ion beam. The program is the initial phase of the com-
pilation of a library containing functional realizable models of
various types of mass spectrometers. Such models are invaluable for
the optimization of the design of a mass spectrometer system for a
specialized application, and in understanding the observed peculiarities
in mass spectrometer performance.

The program was tested for accuracy by operating the model
quadrupole mass spectrometer at various exact focusing conditionsl and
plotting the ion parameters R, @, radial velocity, and angular velocity
versus the number of rf cycles experienced by the ion in traversing
the quadrupole analyzing field. Maximum truncation errors were limited
to .001%.

Studies of the effects of cross-sectional density and energy
distributions of the ion beam entering the guadrupole analyzing field
were performed. Results showed that non-uniform density distributions
contribute to the deterioration of peak shapes and the appearance of
the pre and post cursors observed experimentally i1n some quadrupole
mass spectrometers. Those results emphasize the need for a new type
of ion source which should be designed for optimum coupling with guad-
rupole analyzing fields in order to obtain maximum sensitivity and peak
shape quality.

A study was undertaken to determine the exit conditions of a
mass—-filtered ion beam with uniform cross-sectional density distribution
and constant axial injection energy at various operating points along
the scan line within the stability triangle. Preliminary results indi-
cate that the quadrupole analyzing field affects the ion beam in two
ways simultaneously during the scan:

a) It images the ion beam at the exit with
successive magnifications and demagnifi-
cations as a function of the operating
point during the scan.

b) The ion beam is progressively rotated
clockwise during passage through the
field; the total angle of rotation upon
exit is dependent upon the operating
point during the scan.

1. R.F. Lever, IBM Journal 26, 1966

* A more detailed account of this work will be submitted
for publication in the Journal of Mass Spectrometry &

Ion Physics.

** Present address: Automated Medical Systems, Inc.
Minneapolis, Minnesota 55420
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A Low Energy Study of Symmetric and Asymmetric Charge-Transfer 4
David L. Smith and Jean H. Futrell, Department of Chemistry,
University of Utah, Salt Lake City, Utah 84112.
At high kinetic energies, electron transfer usually occurs over large impact parameters

and results in little or no momentum transfer. The general charge-transfer reaction

At e B a4 A m

is classified as symmetric if A and B are identical asymmetric if A and B are not identical.
The difference in ionization potentials of A and B is the energy defect of the reaction
and is equal to zero for symmetric reactions. Theoretical onmlysisll2 indicates that the
mechanism through which charge-transfer takes place is different for the two types of reactions.

It is the objective of this study to assess the significance in the case where A and B
are not identical but the energy defect is nearly zero. An ion cyclotron resonance (ICR)
mass spectrometer is used to measure the rate constants for the four possible reactions in the
K¢/ CO system over the energy range from 0.1 eV to 10 eV. This system was chosen because
there are no reactions which might compete with charge-transfer and because the
recombination energies of co® and k+* (2P3/ ) are equal to within 0.01 eV. The experimental

2

rate constants are converted to cross=sections using

Q = (2)

k
v
where v is the root mean square velocity which is obtained through a detailed analysis of ion
motion in the ICR mass spectrometer. Since this study covers the energy range over which
jon-induced dipole orbiting collisions become important, it is also of interest to assess the effect of
such collisions on the charge -transfer process.

The thermal energy rate constants corresponding fo an average ion energy of 0.1 eV

. . +
measured in this work are given in Table |. The rate constant for the Kr /Kr system reported
3
by Jones and Harrison and the Langevin orbiting collision rate constants are also given for
-0 -1 |

comparison. Their value of 15x 10 cmPmol sec . This descrepancy probably results
from a combination of factors. Because of resolution problems in studying Kr by ICR, it is
felt that the present value may be in error by as much as 50 percent. The method used by Jones
and Harrison is associated with a wide spread in ion residence time. Because of this, the

authors feel that their results refer to reaction of ions with kinetic energies ranging from zero to

4
approximately 1 eV. The energy dependence of this rate constant has been measured in
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the present work; the rate constant increases from 8.5 x 10_'0 cm? m0|-' sec_‘ at 0.1 eV to

=10 b ol
17. x 10 cm mol  sec at 1.0 eV. Thus the discrepancy between the present thermal
energy resylt for this reaction and that of Jones and Harrison may be rationalized in terms of
energy spread in the Jones and Harrison experiment. The uncertainty in the rate constants for
the other reactions given in Table | is substantially less than for the Kr+/Kr reaction and is
probably within the range of pa 20 percent. There are no previously available data for
comparison for the latter three reactions. The charge-transfer cross-sections obtained
in this work may be compared with the Langevin orbiting collision cross=sections. If the
probability for charge-transfer in the two symmetric reactions is taken to be 0.5 out to some
impact parameter and zero beyond this distance,5 an effective maximum impact parameter over
which charge-transfer takes place can be established. For the Kr+/Kr system this value
is 11 & and for the CO+/CO system 8.4 A for an ion kinetic energy of 0.1 eV. The critical
impact paramater necessary for orbiting collisions are 6.1 and 6.0 respectively. The important
point is that for an ion kinetic energy of 0.1 eV the maximum impact parameter over which
charge=transfer takes place is still greater than the critical impact parameter for orbiting
collisions. This treatment cannot be applied to the two asymmet ric reactions since the
probability of charge=transfer is unknown. The fact that the maximum impact parameter
for symmetric charge transfer is substantially greater than the Langevin critical impact
parameter does not imply the presence of both o long range and a short range charge-transfer
mechanism. The probability of electron transfer as a function of impact parameter rapidly
oscillates between zero and one corresponding to a rapid oscillation of the electron between
the two nuclei. Thus charge-transfer results from an odd number of oscillations, while an
even number of oscillations is observed as no reaction.  For the reactions studied here it
is presumed that the "final” transfer occurs at long distances whether or not orbiting collisions
occur.

It is interesting to compare the cross-sections for the four reactions studied in this work
with each other. The cross-section for the two asymmetric reactions are equal and are greater
than that of either of the symmetric reactions. That the cross~sections for the two crossed-reactions
are equal clearly implies that charge-transfer from the :’Pl/2 state of K1 is an efficient process,

despite the fact that this reaction is 0.7 eV exothemic.
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4' to be published in J. Chem. Phys.
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4. E. G. Jones and A. G. Harrison, to be published in Int. J. Mass Spec. and lon Phys. (.11971)
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*
Charge Transfer Specira of C4H Isomers

8
T.0. Tiernan and L.P. Hills
Aerospace Research Laboratories
Wwright-Patterson AFB, Chio 45433

Previous studies in our laboratory were concerned with the structure and
reactions of C4Ha+ ions formed by electron impact on cyclobutanel, This work
demonstrated quite clearly that some structural isomerization of the cyclobutane
parent ions takes place. An interesting feature of the C4H isomers is that their
70eV mass spectra show pronounced differences, as is evideng from the data given
in Table I. There are two conceivable explanations for the observed differences;

TABLE I

Major Peaks in the 70eV Mass Spectra

of C4HBIsomers

n/e l—C4H8 cis—2-C4HB Trans-2—C4H8 iso-C4H8 C-C4HB Methyl cyclo-
R propane
56 39 51 S0 67 62 61

55 18 23 23 24 19 -

41 100 100 100 100 89 100

39 35 38 37 40 20 57

29 13 15 19 11 11 --

28 29 23 31 19 100 38

27 31 20 34 16 42 -

a) these may reflect the fact that the molecular ion of each C,H, isomer, from
which fragmentation occurs, has its own unique structure; or b? ghe same parent
ion structure or structures may be accessible to all the C H, isomers prior to
fragmentation, and the differences in the spectra would then result from dif-
ferences in the heats of formation of the various molecular ions in their ground
states. Correlations between the energetics of fragmentation processes and

their abundance have been widely employed to explain ionic dissociation processes,

Recently, Meisels and coworkers2 reported measurements of the appearance
potentials of ions formed by electron impact on the C4H isomers and concluded
that there are indeed differences in the heats of forma%ion of the C H8+ molecu-
lar ions from the various isomers. It was therefore suggested that %he isomers
essentially lose their identity prior to fragmentation and that the differences
in their mass spectra therefore result from a shift in the internal energy dis-
tribution which is caused by this inequality of the heats of formation of the
parent ions.

The competition between isomerization and dissociation will depend ultimately
on the relative magnitudes of the activation energies for the two processes, but
no direct information on the barrier for isomerization is available. It is of
interest therefore to compare fragmentation of the C H_, isomers with varying
internal energy over a wide energy range. This can be accomplished by deter-
mining the ion spectra of these isomers produced by charge transfer reactions.

In the present study, the charge transfer spectra were determined using an in-
line tandem mass spectrometer which has been described earlier3»%4, All reac-
tions were studied using incident ions of 0.3eV kinetic energy so that the

energy transferred in the collision is solely a function of the recombination
enerqgy of the reactant ion. Modifications were made to the tandem instrument to
permit detection of metastables, that is, delayed decompositions, following chaxge
transfer. These changes involved decoupling of the second stage electric sector
and accelerating voltages, and insertion of more precise_controls for the accel-
erating potential, as described in more detail elsewhere”.

The lower section of Figure 1 shows that the onset of fragmentation of the
C4H * parent ion occurs at the same transferred energy for all the isomers.
Fol?owing onset, the rates of fragmentation for all isomers increase rapidly,
the relative rates being consistent with the order of the heats of formation of
CqHg* ions; that is, c-C4Hg* has the highest AHy, (250 kcal/mole), while
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Figure 1. (lower? Relative intensities of 56% ion
from C,Hg isomers.(upper) Intensities of metastable

from decomposition C4Hg* = C3Hg" for various CyHg
isomers.

o5l CYCLO / - 2-
IS0, I :\ METASTABLE
I | | \\\ Q4H8—"C3H

RELATIVE ABUNDANCE

1.0 12.0
RECOMBINATION ENERGY (eV)
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isobutene and butene-2 have the lowest (209 kcal/mole). We are not able to
attribute any real significance to the second rise in the parent ion curve when
HpO% is used as the reactant ion. Perhaps this is due to the fact that some
fraction of the Hp0 has a lower recombination energy. Such factors have been
discussed in a recent paper from our laboratory®. In the upper section of
Figure 1, the relative intensities of the metastables observed from the decom-
position C4H8+ > CgHg* are plotted as a function of energy. The shapes of the
curves sketched from this limited data are obviously quite qualitative, but it
is clear that the indicated metastable decomposition from cyclobutane maximizes
at a lower internal energy than does the corresponding decomposition from the
other isomers.

Figures 2 and 3 show the breakdown curves for the major fragment ions from
the various Cg4Hg isomers. Of particular interest in Figure 2 is the significant-
ly laxger 28% fragment from cyclobutane. In other experiments7 we have shown
that this must be due to direct fragmentation of cyclobutane without prior iso-
merization, a process which occurs via a "loose!" transition state, It is also
quite interesting, as seen in Figure 3, that the behavior of the 27 fragment from
methylcyclopropane closely parallels that from cyclobutane rather than the
behavior shown for isobutene. This indicates that cleavage of the methyl cyclo-
propane ion leads to a linear rather than an iso- structure.

Metastable ions were also detected for other delayed decompositions as shown
in Table II. In general, the position of these metastables is observed to be
consistent with the breakdown curves, that is, their intensities maximize at

TABLE II

Metastable Ions Observed from Charge Transfer to C4Hslsomers.

Reactant Ion Relative Abundances

2tz xet ket axt Ne™
T ocgnt 0.002  0.05 0.001 - - -

Reaction

C4H

8
c .t~ cH -- 0.001 -- -- -- -

cH,T - cH - -- -- - 0.004  --

internal energies near the crossing point of the parent and fragment ion curves,
Somewhat surprising was the observance of a metastable for the Net reaction
corresponding to the decomposition, C4H5+ ind C2H3+ + CoHy.  This has not pre-
viously been reported as far as we are aware.

In general, the breakdown curves indicate that there is some isomerization of
the CgHg'parent ions at lower internal energies, but at higher energies, direct
elimination predominates. This is strikingly illustrated by the data in Figure
4, where the product ion ratio is plotted which corresponds to direct loss of CHj
from DpC = CHCHyCH3z as compared to loss of CDHz. Loss of the latter fragment
obviously requires rearrangement prior to fragmentation or consecutive processes,
The dotted, line in Figure 4 is the ratio expected if complete randomization of
the C4HéD2 ion occurs.
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Figure 2.Relative intensities of 41+, 39" and 28" fragments from C Hg isomers,
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T . 3
CERMAK TYPE STUDIES OF CHARGE EXCHANGE IN A °

PULSED ELECTRON IMPACT SOURCE™

P. M. Hier],**d. L. Franklin and D. K. Sen Sharma
Department of Chemistry

Rice University
Houston, Texas 77001
It is shown that the pulsed source of a time-of-flight mass spectrometer can be
used successfully to study charge exchange and ion-molecule reactions, Since the source
is pulsed, it is possible to display and record both the primary spectrum and the
secondary (charge exchange) spectrum simultaneously. Application of the method to

acetonitrile is discussed.

*
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A complete paper has been accepted for publication in the International Journal of Mass
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Single Ion Impact Mass Spectra of Peptide Derivatives.* ROBERT J. BEUHLER and 04
and LEWIS FRIEDMAN, Brookhaven National Laboratory, Upton, New York 11973

We wish to report results of a study of mass spectra generated by single ion-impact
processes in the collision chamber of a tandem mass spectrometer. Simple peptide
derivatives were chosen for investigation with the object of assessing the utility

of the ion impact technique as an analytical tool for the mass spectrometric sequencing
of amino acids. The primary ion beams used in this ion impact study were Xet, CH +, and
aquo-solvated proton and deuteron systems H30+-(H20)n and D30+-(D20)n with n varying
from zero to three. In sharp contrast to results obtained with similar systems using
electron impact ionization, spectra obtained with highly solvated proton and deuteron
beams showed protonated or deuteronated parent ions as the most abundant ions.
Fragmentation patterns provided evidence for the structure of the protonated parent

ion with the Llonizing proton attached to an oxygen atom at the methyl ester terminus of
the acetylated peptide methyl esters. There was no evidence for formation of gaseous
ammonium ion derivatives by proton attachment to the nitrogen atom in these molecules
and no evidence for the protonation of the acetyl oxygen. The analytical capabilities
of the tandem mass spectrometer technique will be discussed,

*
Research performed under the auspices of the U.S. Atomic Energy Commission.
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Determination of ‘the Abundance of Excited States in o* Ion Beams 06
Produced by Electron Impact on 02, co,, N20, NO, and HZO*

B.M. Hughes and T.0. Tiernan
Aerospace Research Laboratories
Wright-Patterson AFB, Ohio 45433

Reactions between 01 and simple inorganic molecules such as N3, Op, and NO
have been extensively studied in several laboratories. The 0%/N reaction has
received particular emphasis. The effect of translational energy upon reaction
of 0*(%S) with N, has been studied by Hasted, et, al." in the temperature region
from 77° to 300°K and at temperatures up to 600°K by Ferguson, et. al.-., Giese
studied the 0% + N, interaction at translational energies from less than leV
up to about 35ev, The effect of Np vibrational energy for this reaction has
also been studied by Schmeltekopf et, al.2. Theoretical treatments of these
systems have been reported by stubbe4 and by Kaufman and Koski®, One factor
that has been studied only briefly for such xeactions is the effect of electronic
excitation of the 0¥ ion. Stebbings et. al.> showed that the fraction of OV
produced in the O (ZD) state from electron bombardment of oxygen was dependent
upon electron energy. They found that ionization with 50eV electrons produced
approximately 30% of the 0% ion beam in te 2D state. In addition they determined
that the reaction of 0%(“D) with oxygen is faster by more than one order of
magnitude than the reaction of ground state O+(4S) ions, although both reactions
are exothermic.

we have recently studied reactions of O' with N2 and CO in experiments in
which the molecular source of O* was varied”. These reactions were investigated
using the ARL tandem mass spectrometexr, described previously’. Since these
reactions were studied at very low kinetic energy (0.3 * 0.3ev), only exothexmic
or very slightly endothermic reactions are energetically possible, Chaxge trans-
fer from 0*(4S) to N is endothermic by l.9eV for thermal ions. Similarly the
O*(4S) charge transfer reaction with CO is approximately 0,4eV endothermic. On
the other hand, charge transfer from both the O+(2D) and 0%(“P) to these two
molecules is energetically possible even for thermal ions. Since the lifetimes
of these two electronically excited states are very long® (~2.1 hours for the “D
state and ~6.0 seconds for the “P state) reactions of these states can be ob-
served in the tandem mass spectrometer. Thus, the reactions with Nz and CO can
serve as detectors of 0% ions in the incident beam which are in metastable elec-
tronically excited states.

Table I shows the results of impacting 0+ from various sources on Nz and CO.

TABLE I.

Apparent Rate Coefficients for Charge Transfer Reactions

of 0% to N and CO and Fractional Abundances of Excited o* 1ons

from Various Oxygenated Molecules®

" KN +b. F:action of k42" Fraction of
Source of O 2 ot 0 ot+*
0z 0.14 0.28%" 0.16 0.28%-
COy 0.019 0.038 0.024 0.041
N0 0,22 0.43 0.25 0.43
NOo 0.17 0.34 0.18 0.31
Hp0 0.48 0.95 0.50 0.86

a. Reactant ions formed by 60eV electron impact on indicated molecules;
rate coefficients measured for kinetic energy, Elab”0-3ev-

b. In units of 10”° cn’/molecule sec.
c. Taken from data of Reference 5.

The rate data reported here were determined relative to the CH4+/CH4 reaction
which was used as a standard. The incident ion current is measured directly at
the collision chamber in these experiments and secondary products are detected
using a multiplier operated in the pulse counting mode. As can be seen from the
table, the apparent rate coefficients determined by measuring the total incident
ion current, vary by a large factor., The smallest apparent rate coefficient is
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for oF produced from COp, indicating that the beam from this source contains the
smallest percentage of excited ions., Conversely, the largest fraction of excited
0* appears to come from H,0. If the fraction of excited ot ions in the beam pro-
duced by electron impact on Oz is taken as 28%, as is reported by Turner, et.
al.”, the fractional abundances of excited ions produced from the other mole-
cules can be determined. This is a reasonable procedure because our experimental
congitions and reactant ion transit time are very close to those of Turner, et.
al.>.

It is seen that this procedure indicates that approximately 90% of the o*
ions produced by electron impact on Hpy0 are in an excited state. Since this
state is several volts above the level of the ground state ion, appearance poten-
tial measurements may be used to determine the energy of the excited ions.
Figures 1 and 2 show ionization efficiency curves for the major ions in water
along with those for Ar or Ne which was needed as a calibrating gas. 1In both
figures, a sharp break in the O% curve is evident at approximately 28eV. This is
some 10 volts above the minimum energy needed to form 0+( S) and Hp as a neutral
product Figure 2 shows the threshold region on an expanded _scale, with the
energies labeled correspondlng to the processes e +H20 nd 0+(2D) + 2H + 2e~ and
e +H20 nd 0 ( P) + 2H + 2e”, Since the calibrating gas was present in a concen-
tration on the order of 1% of the total water, the long tail observed for m/e 20
is attributed to the Hy 8o parent ion curve superlmposed upon the Ne curve.

From the curves shown in Figures 1 and 2, it is very difficult to conclude
with any certainty which of the two excited states is produced by electron im-
pact. However, the tail of the excited state curve extends below the energy re-
quired to produce the ot 2P) state by more than a volt, indicating that at least
a large portion of the excited ions are produced in the 2p state. Figure 3
presents some more definitive data. Here are shown a series of experiments con-
ducted with the tandem mass spectrometer, in which the 0% and Ne‘* ion currents
in an 0y,/Ne mixture are plotted as a function of electron energy. In addition,
the Np* product from charge exchange of the excited O ion with N, is plotted as
a function of ionizing electron energy. Using the Ne* onset to define the elec-
tron energy scale, the AP(O+) was found to be 19.0ev. This may be compared w1th
a spectroscopic value for the formation of ground state O* of 18.8ev. The OF
appearance potential (using the onset of the o*t* «+ Np * Np + O reaction as an
indicator), was found to be 21l.3evV. The spectroscopic value of 21,.,7eV has been
reported for the 0+( D) state. These results are in very good agreement with
those obtained earlier by Turner et. al.”?, and show that the major portion of the
metastable o** produced from 50eV electron impact on oxygen is in the “D state.
Presumably, the same excited state is also formed from the other source molecules.
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A THREE DIMENSTONAL QUADRUPOLAR MASS ANALYZER P1

by
*
Charles S. Harden and Peter E. Wagner

Research Laboratories
Edgewood Arsenal, MD 21010

In recent years a new mass spectrometer has been developed which is potentially ad-
vantageous in the detection of trace quantities of gases in the atmosphere. The device is
called a "Three Dimensional Quadrupolar Mass Analyzer" (3DQ). The theory of operation has
been fully reported, as have some experimental measurements of some of its operational

characteristics!™®, The ability of the 3DQ to trap ions depends upon the fact that a

charged particle which is subjected to rotationally symmetric, three-dimensional, quad-
rupole electric fields can be made to execute bounded trajectories.

QPERATION

A cutaway sketch of the device is shown in Figure 1. An electrode system consisting
of a shaped ring and two shaped caps is excited with a combination of dc and rf voltages.
The ring and caps are hyperboloids of revolution about the z-axis and are tangent to two
cones placed tip-to-tip at the center of symmetry. The electrode spacing is described by

2 2 . R : .
R = 2z”, where z is the vertical distance from the center of symmetry to either end cap

and R is the radius of the ring. Ions are generated in the interior region by means of
either of two electron guns which inject ionizing electrons through holes in the elec-
trodes. If the dc and rf voltage amplitudes are properly chosen, ions are caused to
execute closed trajectories within the chamber. Periodically, an auxiliary voltage is
applied to the upper end cap. This voltage gate withdraws ions through the screen; and,
once outside, the ions arelaccelerated to the active surface of a channel electron
multiplier. A positive bias voltage 'is applied to the grid between the upper end cap and
the electron multiplier while the withdrawal voltage is off; thus, positive ions are re-
pelled from the multiplier except during ion withdrawal. The output pulses from the
multiplier are amplified and counted or otherwise recorded.

Figure 2 shows a plot of the dc voltage Vd, as a function of the rf voltage amplitude
Va, for which several mass-to-charge ratios will be stable in our device. Voltages are
plotted for an rf frequency of 300 kHz and for Z, = 1 cm. The trajectories of an ion of a

given m/q are stable inside a bounded region and unstable outside. If the amplitudes of
both the rf and dc voltages are changed at a constant ratio the mass scan line passes
through regions of stability and instability and the device becomes mass selective. The
resolution is increased while sensitivity is decreased as the mass scan line intersects a
stability region nearer to the apex.

ELECTRONICS AND TIMING SEQUENCE

If the ionization-withdrawal sequence is made time coherent with the rf driving vol-
tage, it is possible to study the effect of phase of ion injection and withdrawal on the
sensitivity of the device, and to make accurate lifetime measurements on trapped ions.

Figure 3 shows schematically the electronic controls used in our instrument. The rf,
which oscillates about ground potential, is applied to the ring electrode. The dc voltage
is made negative with respect to ground and applied equally to both end caps. The dc is
derived from an rf detector circuit whose dc output is proportional to the amplitude of
the rf input. The dc to rf voltage ratio is changed by applying a different fraction of
the rf amplitude to the detector input. Mass spectra are swept by varying the amplitude
of the rf.

A scaler is used to divide the rf by 2", with 4 ¢ n & 12. The output of this circuit
triggers the ionization pulse generator and a delay circuit. The delay circuit the trig-
gers the withdrawal pulse generator. Thus, the ionization-withdrawal events are locked to
the rf. Ionizing electrons enter the trap through either the ring or the lower end cap.
The electron pulse is turned on by applying a positive pulse to the negatively biased
grid. The pulse height, width, and phase of the ionization and withdrawal pulses are ad-
justable at each pulse generator. The electron multiplier output pulses are amplified and

*
Permanent address: Department of Electrical Engineering, The Johns Hopkins
University, Baltimore, Maryland
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applied to a gated peak detector circuit and an electrometer. The gate is open only while
the withdrawal voltage is on. For digital data representation, a counter is connected at
the output of the gate circuit.

Figure 4 illustrates the timing of the ionization-storage-withdrawal sequence. The
dotted lines indicate the phase relationship between the rf and the ionization and with-
drawal voltages for which ion trapping is most efficient when the applied frequency is
220 kHz. The storage time is varied by means of the delay circuit; a typical value of
250 psec is shown.

EXPERIMENTAL RESULTS

We first describe several miscellaneous phenomena which occur consistently but are
not completely understood at this time. When the device is first turned on, several
minutes - perhaps an hour - pass before any mass-selected ions can be observed. Usually
this time is reduced if Vd/Va is kept small; then Vd/Va can be increased to a value where

mass selection is possible. In other words, the ion trap appears to require a kind of
pre-conditioning prior to operation as a mass spectrometer.

A mass peak is nearly always observed to be larger when a spectrum is scanned down-
ward, from high masses to low masses, than when scanned upward. The amplitudes of mass
peaks obtained on successive upward scans, however, are found to be more repeatable from
scan to scan.

Finally, some long term drift in sensitivity occurs, probably because of drift in
jonizing current and/or rf voltage amplitude.

Resolution

The intensity of a mass peak was studied as a function of resolution under varying
conditions of the rf frequency, the energy of the ionizing electrons, and the storage
time. Resolution is defined as the mass-to-charge ratio of an ion divided by the peak
width in atomic mass units measured at half-height. The data were taken by varying the
voltage ratio Vd/va under ~he conditions given below.

Frequency Average Electron Energy Storage Time
315 kHz 70 ev 250 wsec
220 kHz 60 - 85 ev 250 usec
220 kHz 70 ev 1000 usec

The ionization pulse width was 10 psec in all cases.

Figure 5 shows a plot of peak heights of N+, normalized at an arbitrary resolution of
40, versus resolution measured at nalf-height. “The data have been fitted by the method of
least squares to a single empirical curve. The equation thus obtained is:

Peak Height = (3.65 t .23) exp [-{.0322 * .0023) x Resolution]

The fit is quite good and indicates that the slope (Vd/va) of the mass scan line com-

pletely controls the sensitivity-resolution relationship under the experimental conditions
given here. The energy of the ionizing electrons has no effect on the relationship.

Dependence of Sensitivity on Vd/Va

As stated in the previous section, the sensitivity is strongly dependent on the
slope V,/V_ of the mass scan line. This dependence is in accord with a very simple em-
pirical model for. the trapping process. Figure 6 shows a stability zone for a single m/q.
The zone is cut along line BC by the mass scan line. The number of ions trapped will be
proportional to a quantity which we call the number of stable orbits available for occu-
pancy in the chamber. The model assumes the density of stable orbits (the number per unit
area on the stability diagram) to be uniformly distributed and, further, the total number
of stable orbits corresponding to a given mass scan line to be proportional to the area A
of the zone which lies above the line BC.

The number of ions trapped should be proportional to the integrated area I under a
mass peak. When the angle 8 between the mass scan line and a line passing through the
apex of the zone is small (as is the case for mass-selective operation) the area A is pro-

portional to 82; thus since 6§ = tan'1¢ - tan_I(Vd/Va), 1« [tan'1¢ - tan'l(vdlva)]z, where
¢ is the dc to rf voltage ratio at the tip of the zone. For the values of IVd/Va - ¢| <« ¢

249



one.can show that, I = K (tan'1¢ - Vd/Va)Z, where K is an adjustable proportionality con-

stant. A least-squares fit to a representative set of data with K and tan'l¢ allowed to
be adjustable, is shown in Figure 7. Although the value of K depends on a number of fac-
tors (e.g., 1on121ng current, ionizing voltage) it is satisfying to note that the em-

p1r1ca1 value tan” ¢ = 0 276 is close to the theoretical value of 0.272. Other data were

fitted similarly, tan~ ¢ ranging from 0,25 to 0.28 and K varying from .3 to l.7x106 mv/amu.

Phase and Width of Withdrawal Pulse

As the location in time of the ion withdrawal pulse is changed with respect to the rf
phase, a corresponding change in the intensity of the collected ion current is observed.
Studies at a frequency of 220 kHz show that ions are most efficiently withdrawn if the
withdrawal pulse is applied when the amplitude of the rf is increasing and has about one-
half of its maximum positive value. When the rf frequency is 315 kHz the withdrawal pulse
must be applied when the rf amplitude is nearly at its maximum positive value. The output
pulses of the electron multiplier are observed to start approximately 2 to 4 usec after
the withdrawal pulse is turned on. This delay is attributed to the time of flight of the
ions from inside the trap to the electron multiplier and to the transmission time of the
multiplier. Under most conditions all of the ions are withdrawn from the trap in a time
less than 5 usec. A withdrawal pulse wider than about 10 usec offers no noticeable
advantage in the operation of the instrument.

Since the potential of the end caps is negative with respect to the dc level of the
rf voltage, one might expect ion withdrawal to be most effective when the rf voltage has
its most positive value. The situation is more complicated, however, because half of the
trapped ions are below the center of the device and because the time of flight of the ions
out of the trap is significant. It is therefore not surprising that at different fre-
quencies (hence different values of the rf voltage) the timing of the most efficient ion
withdrawal pulse varies with respect to the rf.

Phase of Ion Production

Theoretical considerations2 show that ions which will be most efficiently trapped are
those produced either in phase with the rf or 180° out of phase. The trapping is expected
to be more efficient when the ions are produced in phase with the rf. This phase depen-
dence was examined experimentally in the following way.

A pulse of 0.2 psec duration was applied to the grid of the electron gun to allow a
very short period of ionization in the trap. The ion withdrawal pulse was set for most
efficient withdrawal about 250 to 300 usec later. The entire sequence was repeated after
128 rf periods (v 580 usec). The phase of the ionizing pulse was varied over several
cycles of the rf. Figure 8 shows the results when electrons entered (a) through the ring
electrode and (b) through the bottom end cap. In (a) the electrons are subjected to a dc
field with a superimposed rf field and in (b) the electrons experience a dc field only.

In both cases the behavior is a theoretically predicted. Peaks in the ion current occur
when the ionization pulse is in phase with the rf, and smaller peaks occur when they are
180° out of phase. In (a) the out-of-phase peaks are smaller relative to the in-phase
peaks than in (b). This is because of the fact that electrons entering the trap through
the ring experience retarding potentials during the negative portion of the rf cycle.
consequently, the signal produced during this portion of the rf cycle, which is usually
small, becomes even smaller or disappears altogether. The dotted curves represent ions
which excape the trap immediately after the ionization pulse is turned off. For this case
the detector sensitivity has been reduced by about a factor of 10. These ions are not
mass selected. They were collected by moving the gate pulse (which activates the detector)
as close as possible to the ionization pulse while leaving the withdrawal pulse (which
destabilizes the ions) at the 250 - 300 usec delay position.

Width of Ion Production Pulse

Unstable ions that have not yet left the trap just after their creation might be ex-
pected to degrade the performance of the device by virtue of the destabilizing influence
exerted by their space charge on the paths of desired ions. This effect would be
manifested in the variation of trapped ion current with width of the ionization pulse.

A plot of N, peak height vs ionization pulse width is given in Figure 9. A strong
oscillation is exhibited with a period equal to that of the rf. As the pulse width is in-
creased the oscillatory structure becomes less pronounced and eventually disappears (pre-
sumably when the trap approaches saturation with stored ions). The time scale for the
structure to disappear is roughly 500 usec.

There are two reasons other than the space charge mechanism mentioned above why the
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peak height might vary with pulse width. First, as is clear from Figure 8, stable ions
are only created during a small fraction of the rf cycle. Second, the ionizing efficiency
could have varied significantly during the rf cycle for the data of Figure 9, because the
side electron was used for this study and the electron energy therefore varied throughout
the rf period. Both of these effects, however, should produce a step-shaped curve, more
like the integral of Figure 9 than the figure itself. A subsequent study made with the
electron gun on the underside of the device showed similar oscillations. It is therefore
clear that ion production extending into the region of unfavorable rf phase not only fails
to contribute to the stored ion density; it actually destroys stored ions. Estimates of
rate constants for ion-neutral and ion-ion collisions indicate times between collisions on

the order of 1()-5 to 10-4 sec, which is far too slow to be important; thus we are left
only with the space charge mechanism.

Ton Storage Lifetime

If the 3DQ is operated with very short ionization pulses, rate constants for the de-
cay of stored ions can be measured directly by varying the storage time (the time between
the ionization pulse and the withdrawal pulse). Other workers > have deduced rate con-
stants from build-up curves of ion concentrations during steady state ion production.

In this work, an electron pulse width of 0.2 usec was used for ionization. After a
variable delay time, the stored N; ions were withdrawn from the trap and the peak heights
were measured. The phases of the ionization and withdrawal pulses were set for maximum

peak heights.

The mechanisms causing ionic decay are assumed to be ion-ion and ion-neutral
collisions. S$ince most trapped ions should be repelled by the walls of the device, ion-

wall collisions are neglected. The ion loss rate equation is
o xan? ok pn + k.p (0
2 3

where n is the number density of ions remaining in the trap at time t, k1 is the ion-ion

collision rate constant, k2 is the ion-neutral collision rate constant, k3 is an ion pro-
duction rate constant, and p is the background pressure. The temm k3p is included to

account for any sources of jonization that do not depend on the pulse of ionizing elec-
trons. Residual ions collected from the vacuum chamber by the trap during the storage
period or ions generated by the gun if it were not completely turned off between pulses
would contribute to k3p.

Experimentally, the quantity measured is the trapped ion current, i (given in milli-
volts of recorder response) rather than n. Since i « n, we have

di _ .2 .
Fri Kll - K21 + K3 . (2)

+ -
In Figure 10 is shown a representative set of data for Ny at 10 6 Torr. The solid
curve is a least-squares fit to equation (2). The values of the K's thus determined are:

K, =1.29 x 1073 mv_lsec-l, K, = 1.25 x 10* sec_l, and K; = 2.14 x 105 mv sect. Attempts

were also made to fit the data with one or more of the K's in (2) assumed to be zero. The
' ' - f

best fit resulted in the constants: K1 =0, K2 =3x 104 sec 1, and K3 =5.79 x 106 my

sec_l. However, the fit to experiment (indicated by the dashed curve in Figure 10) was
clearly inferior to equation (2) with the values of the K's given above.

To convert K1 and K3 to k1 and k3 requires a knowledge of the scale factor between n
and i, The value of k2 is independent of the scale factor. A rough estimate of n/i

(lmv ~ 1 ion/dns) ives
g

K, = 1.20 x 1070 en’sec™!
! 10 -1 -1
k, = 1.25 x 107" Torr “sec
2 12 -3 -1 -
k3 = 2.14 x 100" cm “Torr "sec
The value of k1 agrees with that reported by Dawson, Hedman, and Whettens; our k2 is
about two orders of magnitude larger; out k,, although it may not be directly comparable

7
to their value, is about three orders of magnitude smaller. These results indicate that
ion decay is predominantly due to ion-neutral collisions; however, even at relatively high
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pressures, ion-ion collisions seem to play an important role in the initial ion decay.
Additional work is planned to determine the accuracy of the rate constants. Curve fitting

of other data taken at pressures ranging from 10'8 to 10_6 Torr, to first, second, and
first and second order decay mechanisms yields k1 values around the 10'S c1113sec'1 value
and k, values from about 101 £5 10! Torr™t sec”!. Only one value of k, has been
determined.
REFERENCES
1. Fischer, E. Three Dimensional Stabilization of Charge Carriers in a Quadrupole
Field. Z. Phys., 156, 1 (1959).
2. Dawson, P.H. and whetten, N.R. Ton Storage in Three Dimensional Rotationally
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5, 1 (1968).
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Technol., 5, 11 (1968).
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TANDEM QUADRUPOLE FOR USE AT EXTREMELY LOW PRESSURES (DEEP SPACE)™

Wilson M. Brubaker

Analog Technology Corporation
Pasadena, California 91107

Instruments used in deep space are exposed to intense photon bombard-
merit; Some of these photons may pass directly through the quadrupole to
the detector, where they induce signals similar to those produced by
incident ions.

Experiments made with a quadrupole 10 inches %ong showed that there
is a photon-induced current at a Faraday detector. 1)” When the gas in the
ion source is hydrogen, this photon-~induced signal is about 2 x 10-° am~
peres per torr. One manner of suppressing the photon-induced signal is to
use a tandem quadrupole with rods of the second section bent int? the arc
of a circle to separate the mass resolved ions from the photons. 2) such
an instrument has been built.

. Apparatus - The figure accompanying depicts the geometry of the
tandem quadrupole. Segmented rods provide the delayed dc ramp mode of
operation. The contours of the straight rods are hyperbolic; those of
the curved ones are round. Internal coupling capacitors transmit ac
potentials from the straight to the curved rods, while resistors attached
to curved rods maintain their average potential at ground. The ion
detector assembly can be placed at the ion exit end of the curved section,
as shown, or it can be placed at the end of the straight section, as in
the conventional quadrupole.

Theory - The function of the curved rod assembly is to direct the mass
resolved ilon beams along the arc of a circle, thus separating them from
the photon beam, which enters the quadrupole through the ion entrance
aperture. The working points for the ions which enter the curved section
lie on the q-axis, directly below the apex of the stability diagram. Since
this region is quite remote from the boundaries of the stability diagram,
the ions are transmitted at high efficiency, and their trajectories are
little perturbed by imperfections in the positions of the field-forming
surfaces. Similarly, perturbations in the fields owing to the curving of
the quadrupole axis are of negligible importanceé.

The bent rods lie in two planes. This geometry provides an unob-
structed path for photons to escape without striking a rod. The inside
of the vacuum envelope for the curved section has been blackened to
reduce the reflectance of the photons.

Experimental Procedure and Results -~ Using ion counting at the
output of a channeltron multiplier, photons were observed with the
instrument assembled as shown in the figure, as well as with the detector
at the end of the conventional quadrupole. The passage of ions through
the instrument was blocked by the application of a dc potential between
the rod pairs of the straight section.

The addition of the curved section attenuates the photon-induced
signal by a factor of 2,000 and makes no apparent change in the instru-
ment sensitivity or resolving power.

Conclusions - The addition of a curved quadrupole section to form a
tandem quadrupole increases the signal-to-noise ratio by a factor of u45
without degrading the instrument sensitivity or resolving power.

(1) Final report, "Quadrupole Mass Filter," Contract No. NASW-1736, by
W. M. Brubaker.

(2> U. S. Patent 3,410,997, "Multiple Mass Filter," W. M. Brubaker,
November 12, 1968.

*This work was supported in whole by NASA Contract #952835, monitored by
C. E. Giffin of JPL.
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ABSTRACT*

ION SOURCE FOR MAGNETIC MASS SPECTROMETER TO BE USED IN SPACE#*#

W. M. Brubaker, D. Burnham, and G. D. Perkins

Analog Technology Corporation
Pasadena, California 91107

A special ion source is being developed for use with a double-
focussing, tandem-sector, magnetic mass spectrometer that is intended
for possible use in conjunction with a gas chromatograph on a mission
to Mars. The combination of the requirements for scanning a wide mass
range and using a high and a low energy ionizing electron beam present
unusual demands on the stabilization (in space) of the electron beam.
The demand for a spare filament further complicated the design. A
proposed solution to these constraints is found through the use of
an unusually strong magnetic field to collimate the beam. The design
of the source and 1ts operating characteristics are discussed.

& Article appeared in The Journal of Vacuum Science and Technology,
Vol. 8, No. 1, January/February 1971.

#% This work was supported in whole by JPL on Contract 952576.

10M SOURCE

CONNECTORS

QUADRUPOLE STRUCTURE FOR LUNAR MASS SPECTROMETER
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THE TIME-FOCUSING PRINCIPLE: A DOUBLE-FOCUSING DESIGN P3
FOR TIME-OF-FLIGHT MASS SPECTROMETERS*

J. M. B. Bakker, -

Shell Research Limited,
Milstead Laboratory of Chemical Enzymology,
Sittingbourne, Kent, England.
One of the major problems in the measurement of the time-of-flight of
charged particles is the spread in the time of arrival of particles of equal mass and
supposedly equal energy. Thus, if the time~of-~flight 1n a linear field free path of a

particle with velocity Vo is To' then the time-of-flight of a particle deficient in

av

velocity by an amount Av will be T, = T° 1+ B+ Bz + ﬁa + ...) where B = -
o

1= the
fractional deviation 1in velocity. Similarly, particles with an excess velocityAv will
have a time-of-flight given by T, = TO (1 -8+ ﬂz - ﬁa + ..0)

The time-focusing principle, a first order theory of which is presented here,
makes the time of arrival of charged particles independent of the fractional deviation
in velocity B. This is achieved in the following manner: the particles are made to
spiral in a radial electric field, in which the particles will describe helical orbits.
If the time-of-flight of those particles which have velocity Vo while in orbit is made
equal to To’ then, to a first order approximation, the time-of-flight of particles
deficient in velocity by an amount Av will be T, = T, (1-8 - ﬁz - Ba - ...
Similarly, particles with an excess velocity Av will have a time-of-flight given by
Th = To (1+8 - 52 + ﬁa - ...). This is a direct consequence of the energy focusing
properties of radial electric fields and the fact that angular momentum is conserved in
such fields. The addition of a helical flaght path to a linear flight path will give a
total time-of-flight T = T1 + Th = ZTO for particles of the same mass, independent of §,

provided that the time-of-flight of vo—partxcles is equal over the linear path and the

helical path. In other words, this arrangement gives complete time-focusing.

*
A more detailed account of this work has been submitted to the International

Journal of Mass Spectrometry and Ion Physics.
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P4

Problems Associated with the Resolution of Organic Ions in a Time-of-Flight Mass Spectrometer

By: M.A. Grayson and C.J. Wolf
McDonnell Douglas Research Laboratories
McDonnell Douglas Corporation
St. Louis, Missouri 63166

A problem unique to time-of-flight (TOF) mass spectrometry is concerned with differences observed in the
resolution of organic and inorganic ions. This problem is illustrated in Fig. 1, where the mass spectrum of the
mercury isotopes (Fig. 1a) is compared with that of hexadecane (Fig. 1b). Note that the mercury isotopes
(peaks at mfe = 198, 199, 200, 201, 202, and 204) are well resolved while the peaks from hexadecane (mfe =
226 and 227) are poorly resolved even though the two spectra were obtained with identical operating conditions
in the TOF mass spectrometer. Since the detector in the TOF mass spectrometer is “line-of-sight™ with the ion
source, all species, charged and neutral, are recorded. Therefore, a retarding potential was applied to the detec-
tor stack to separate primary ions from secondary ions and neutral species.” The spectrum obtained from hexa-
decane with a retarding potential of 800V is shown for comparative purposes in Fig. 1c. Both the neutrals and
charged daughter fragments are separated from the primary ions. Obviously, the neutral species and charged
daughter fragments, when superimposed upon the parent ion, drastically degrade the resolution of the TOF mass
spectrometer.

Mercury isotopes Hexadecane Hexadecane with
retarding potential
800 Vde

| —— ———

NS m/e 226 227 Neutrals Charged Daughters

~ S m/e 226 227

Fig. 1 Comparison of the mass spectra of inorganic and organic ions. The six naturally occurring isotopes of
mercury (pressure 1 x 106 Torr) are shown well resolved in Fig. 1a. The parent ion and (M + 1) ion
of hexadecane (pressure 1 x 106 Torr) shown in Fig. 1b are not well resolved. When a retarding
potential of 800Vdc was applied to the detector stack (to separate charged from neutral species) the M
and M + 1 ions of hexadecane are well resolved as shown in Fig. 1c.

The neutral species which give rise to the deleterious effects in the TOF mass spectrometer must be formed
in the drift tube from the ions in question; otherwise the ions and neutrals would not reach the detector simul-
taneously. The mechanisms responsible for the formation of both neutrals and charged fragment species were
investigated. The relative amounts of neutrals, charged daughters, and primary ions were studied as a function
of pressure, nature of the gas in the drift tube, and the molecular weight and number of degrees of freedom in
the parent molecule.

The percent neutrals as a function of pressure in the drift tube for six different organic compounds are
shown in Fig. 2. For pressures less than 5 x 107° Torr the neutral fraction for ail materials is independent of
pressure. However, at higher pressures, i.e., > 5 x 10-6 Torr, the neutral fraction increases rapidly with pressure.
Additional experiments have shown that the neutral fraction increases in a similar manner as a function of pres-
sure when the gas in the drift tube is either nitrogen or helium. These observations suggest that neutrals are
formed by two different mechanisms within the drift tube, one pressure independent and the other pressure
dependent.
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Neutrals as a function of pressure
16 ®, Hexadecane
14+
12+
e 10  Undecane
3 /
2 8- Cyclohexene
éHexane
61— Benzene
4
/;' Bromoform
2+ AH
- ()/
-~
o N e, oL A TR |
1078 1077 1078 1075

Pressure (Torr)

Fig. 2 Percent neutral species arriving at the detector
simultaneously with the parent ion as a function of
pressure in the drift tube for six organic compounds.

The pressure independent reaction is a unimolecular decomposition of the parent ion to a neutral fragment
and u charged daughter. These are commonly called metastable decompositions. Although metastable reactions
are well known in mass spectrometry, they are a serious problem in the TOF mass spectrometer because the
detector is “‘line-of-sight” with the source and the detector is unable to distinguish between charged and non-
charged species. Within a homologous scrics, i.e., hexane, undecane. and hexadecane, the pressure independent
neutral fraction increases with molecular weight.

This observation is in good qualitative agreement with existing theory for unimolecular decomposition?
which states that the time for an excited molecule to decompose is proportional to the number of internal
degrees of freedom. Thus, the simpler excited ions such as those of hexune will decompose in the ion source
prior to extraction into the drift tube of the TOF mass spectrometer while the more complex ions. such as
those of hexadecane, will enter the drift tube in the excited state. Hence, complex molecules with many
degrees of internal freedom will yield poorly resolved mass spectra unless the neutral and charged daughter
fractions are separated from the primary ions of nterest.

The pressure dependent reactions are probably collisional induced charge transfer reactions coupled with
decomposition to form both a charged and neutrai species. This process also occurs 1 the drift tube since the
products arrive at the detector simultancously with the primary ion. This effect is not restricted to complex
molecules with many degrees of freedom as are the metastable decompositions. The effect can. however. be
essentially eliminated by operating the TOF at low pressures.

*This work was conducted under the McDonnell Douglas Independent Research and Development Program.

References
1. R.E. Ferguson, K.E. McCulloh, H.M. Rosenstock. J. Chem. Phys. 42, 100 (1964).

2. S.W. Benson, The Foundations of Chemical Kinetics, (McGraw Hill Book Co., New York, 1960)
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THE MOTION OF CHARGED PARTICLES BETWEEN PS5
CONGENTRIC CYLINDERS AND SOME APPLICATIONS

M. BARIL, L. BOLDUC and M. De CELLES*
C.R.A.M., Département de physique,
Université Laval,

Québec, Canada.

During our work on multipassage magnetic mass spectrome:ersl’2 we decided to
study the possibility of using the cylindrical condenser as a mirror. Ion optical
work3:4 on this apparatus has been restricted to the calculation of trajectories near
the equipotential circle corresponding to the mean energy of the incident particles.
Waters” has studied the more general problem of oblique entry through the inner electro-
de but with analog techniques.

Figure 1

Figure 1 shows one trajectory to be studied. It could be easily shown that
the ion optical properties of a beam centered on this trajectory can be calculated if
¢ and its derivatives relative to 6 and E (the energy of the particle) are known. ¢
i1s given by the following integral:

R
a
¢ =2 Ro sin 8 dR
2 1, R R stn’ @
R R 14 fn "0 - "0
° X R &2
where:
Ra = apogee radius V = potential difference between
Ro = inner electrode radius outer and lnner electrodes
8 = angle of incidence e = electronic charge
X = E/Po R2= outer electrode radius.
E = total energy of the particle
P =

ev/in (RZ/RQ)

* Université du Québec, Québec, Canada.
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This integral has no direct analytical solution. De Celles® has shown that 1t
could be evaluated by using an infinite series of Dawson integrals:

1=
¢~  Toe (8)F (X DX)
i=0
where 2

k
42 2
D(X) =e f etd dq (Dawson integral)

o

Bolduc has written a computer program to calculate ¢ and its derivatives. These values
are utilized in the transfer matrix between the entry and the exit of the mirror. Ini-
tial conditions are: lateral displacement x;, angular displacement oy and energy varia-
tion AE/E of a definite particle relative to a particle following the main path. Final
or exit conditions are noted by the subscript f.

Xe A B C xi
Ge = a b [ ui
AE/E f 0 0 1 AE/E i

Value of A, B, C, a, b, ¢ are function of ¢ and its derivative. Since entry
and exit are on the same electrode and thus at the same potential, the relation
Ab - aB = 1 should be valid. The values for the six elements of the matrix, A B ...
are:

t= (2 =)
de
B = —R0 cos O d¢
d6
Cc= -Ro cos 6 X Po g%
a= -1 (gg - 2)
R cos 6 \d®
o
b—(d¢ -1
(@ )
c = XP_ d¢
° 3E

Second order matrix elements have also been calculated.

This ion optical element has three main features which are: reflexion, de-
flection and dispersion. By an appropriate choice of the parameters, the dispersion
can either be reduced to zero or increased, leading respectively to a deflector or to
an energy ;nalyser. The complete work will be described in a paper to be submitted to
the R.S.I.

References
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THE PLASMA CHROMATOGRAPH-MASS SPECTROMETER AS A QUALITATIVE ORGANIC ANALYSIS INSTRUMENT P6

Francis W. Karasek, University of Waterloo, Waterloo, Ontario
&
Martin J. Cohen, Franklin GNO Corporation, West Palm Beach, Florida

INTRODUCTION

The technique of plasma chromatography permits characterization and analysis of
trace constituents in a gaseous mixture at atmospheric pressure. The instrumentation
involves a positive and negative ion-molecule reactor coupled with an ion~drift spec-
trometer. Reactions occur between a generated reactant ion and the trace molecule to
be detected. The ion-molecule complexes formed are separated in the ion-drift spectro-
meter and arrive at the spectrometer detector as ion peaks which are recorded as a plas-
magram. Individual peaks can be directed into a quadrupole mass spectrometer for mass
identification.

The first publications on plasma chromatography appeared only recently. Karasek(1)
described the basic features of the method. Considerations attendant to coupling a gas
chromatograph to the system are a subject of a recent paper by Cohen(2). A further
paper by the above authors presents a study of the plasmagrams obtained for the com-
pounds 1-octanol and 1-nonanol(3). An experimental correlation of plasmagram time of
an ion-molecule complex to its mass has been reported by Karasek(4) and is further des-
cribed by Kilpatrick(5). This method will be used for interpretation of the results
obtained in this study. Cram(6) recently described experiments with the PC in which
metal chelates of Al and Cr were identified as ion-molecule complexes with molecular
weights as high as 2500 a.m.u. For a more complete description of the instrumentation
one is referred to references (1), (2).

This study was undertaken to determine the qualitative aspects of the plasmagrams
obtained for a series of compounds of very similar molecular weights but different
molecular structures and functional groups. The molecular weights ranged from 122 to
128. These compounds were selected also to provide further data on the jon-drift be-
havior as a function of molecular weight.

Separation of the ion-molecule complexes formed is brought about by their different
mobilities as they move through an inert gas at 760 torr under the influence of an elec-
trical field., The detailed quantitative treatment of the mobility for such ions was
given by Langevin in 1905; his equation predicts a polarization mobility limit which
begins below a molecular weight of 100 as shown in fig. 1. A plot of a large amount
of mobility data taken in the plasma chromatograph-mass spectrometer indicates that
this limit does not occur and that mobility actually follows a curve inversely propor-
tional to the 1/3 power of the ion-molecule mass (4,5). Recent work by Carroll and
Mason(6) using a more complete form of the equation predicts that the mobility can be
expected to follow an experimental curve such as that shown in fig. 1

This experimental and theoretical evidence for the validity of the curve of ion-
mobility versus mass provides a basis for interpretation of the times of the plasmagram
peaks in terms of mass units and the ion-molecule complex corresponding to that mass.
For a given set of operating parameters in a plasma chromatograph the data of fig. 1
can be used.for such interpretation.

RESULTS AND DISCUSSION

The data obtained for these compounds are indicated in the positive and negative
plasmagrams shown in figs. 2-4. Mass assignments for the individual ion-molecule peaks
were made from the correlation curve in fig. 1. Structures consistent with these
masses and the most probable ion-molecule reactions creating them were assigned. Exact
values for the sample concentrations were not obtained. The estimate that concentra-
tions of organic compounds involved in these plasmagrams fall in the range of 1077 to
1011 molar parts is adequate for the purposes of the qualitative interpretation in
these experiments.

The primary reactant ion for formation of the positive jon-molecule complexes is a
mixture of the hydrated protons (H2°)2H+ and (H20)3H+. The predominating species in
any given sample run depends upon the concentration of water vapor reaching the reac-
tion cell from both the sample carrier gas and sample itself. The reactant ions gi-
ving rise to the negative plasmagrams are predominantly the (H20)202- ions.
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The positive plasmagrams of benzoic aclid, salicylaldehyde and naphthalene indicate
the concentrations of the compounds are low, as is shown by the presence of the reactant
ion and a single peak of the ion-molecule complex formed. The benzoic acid forms ion-
molecule complexes with the (HZO)H+; the salicylaldehyde and naphthalene, with (H20)2H+.

As either the concentration or reactivity of the organic molecule increases, the
reactant ion-peak will decrease and even disappear, with the resultant formation of
higher molecular weight ion-molecule complexes containing multiples of the trace mole-
cules. This is shown in fig. 2 for the negative plasmagram of benzoic acid. The appear-
ance of dimers and trimers at higher concentrations is also found to occur in chemi-ioni-
zation spectra. N

Both salicylaldehyde and benzoic acid show that the molecular negative ion is
formed by electron transfer, while the major ion-molecule species appear as different
complexes formed with water molecules and the negative oxygen molecule.

The plasmagrams for naphthalene indicated in fig. 3 show a behavior that is exactly
opposite to that found for benzoic acid. The positive ion-molecule reactions are the
most favored. At a concentration of naphthalene sufficiently high to leave no reactant
ion in the positive mode, there are no apparent negative ion-molecule reactions occur-
ring. The negative plasmagram differs little from the reactant ion plasmagram of the
blank. This behavior is consistent with that observed in the electron capture detector
where hydrocarbons have little sensitivity.

The plasmagrams of these compounds contain a great deal of qualitative information.
The patterns are characteristic of the compounds and their concentrations. When the
negative plasmagram is obtained at the same time as the positive one, much more infor-
mation |s available. Even isomeric compounds have different characteristic patterns.

The plasmagram one obtains for a given compound is a sensitive function of its con-
centration. When this concentration Is kept sufficiently low to retain a strong reac-
tant ion peak in the plasmagram, the pattern is the simplest, usually consisting of the
peak for one ion-molecule complex. Higher concentrations can be discerned by the disap-
pearance of the reactant ion with the formation of more complex, higher molecular weight
ion-molecule complexes.

These data strongly suggest that were one to deliver a definite concentration of an
organic compound to the plasma chromatograph, perhaps via a chromatographic peak, it
would be possible to run reference plasmagrams. These can then be used in the same way
that one uses infrared, NMR. or mass spectra to identify an unknown compound by compari-
son of patterns.

CONCLUSIONS

A1l of these compounds studied give plasmagrams in both the positive and negative
modes. These plasmagrams are not only characteristic of the sample molecules involved,
but also provide an indication of reactivity between the reactant ion and sample under
positive and negative reactant fon conditions. Further information relative to concen-
tration and molecular weight of the sample molecules is given by their plasmagrams.

Work on a more definitive study of the quantitative aspects of plasma chromatogra-
phy is in progress. Quite clearly, only the surface of the potential of this method has
been explored here. A study of the selectivity and sensitivity possible when one uses
different reactant ions for analysis of specific trace compounds promises to broaden the
scope of the method considerably.

REFERENCES
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TRACE GAS ANALYSIS P7

by
David B. Hughes, E. I. Du Pont and

T. D. Nowlin, NASA-Langley Research Center
Hampton, Virginia 23365

INTRODUCTION

This paper describes a sampling technique and associated apparatus for trace gas
analysis that eliminate some of the difficulties experienced in conventional methods.
It is well understood that the outstanding deterrents to a reliable trace analysis are
instrument background and elution. The instrument background was nullified using the
delta method of computation; that is, sensing the difference betwe;n two selected input
pressure levels and their corresponding peak heights. Employing an X-Y plotter, total
pressure was recorded on the X-axis and partial pressure on the Y-axis. A straight
line is formed by increasing the pressure. The value of the slope thus obtained was
used in lieu of the conventional peak height measurement. The elution or memory was
overcome by using an all metal heated flow system through which new sample is contin-
ually flowing.

The analytical mass spectrometer used in this work was the CEC Model 21-104.
Except for the addition of the specially designed inlet system, no modifications were
required other than stabilizing the more critical electronics with a power line
conditioner.

This method of gas analysis also eliminates four other major variables which are
detrimental to performance. Therefore, the prominent variations appearing in the
conventional batch analysis are as follows:

1. 1Instrument Background - HZO’ pump oil, CO, etc.

2. Elution - elution of previous sample gases from inlet manifold.

3. Sample Pressure - accuracy of measurement device.

4, Amplifier Noise - determination of exact peak intensity.

5. Amplifier Zero or Baseline Position - exact zero location.

6. Gas Mixture Composition - light molecules flow at greater rate; mixture

composition always changing; thus requiring careful programing.

A review of the sequence of events in conventional batch operation further points
out possibilities for impaired accuracy.

1. A background scan is run in the same manner as the sample scan.

2, Sample is introduced at least three times to elute and flush away previous

gases.,
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3. The sample is introduced and pressure measured,
4. Valve to the leak 1s opened and scan is run.

5. The sample scan result is adjusted by subtracting background scan.
DISCUSSION

A more accurate trace analysis could be obtained using a conventional batch inlet
manifold by applyiné the delta method with the expectation of canceling background.
This can be accomplished by taking two separate scans of the sample at different
pressures. The net height is then computed from the difference of the two peaks. It
follows that the net pressure is the difference of the two input pressures. In the
system developed by the authors, this procedure was taken one step further. Rather
than taking just two points, many scans are run to obtain an infinite number of points
yielding a straight line., In actual operation, the X-Y plot is produced by resting on
a single peak while increasing the sample pressure.

A diagram of the system is shown in Figure 1. The sample is admitted to the
capillary at a flow rate of 0.05 atmospheric cc/second. The gas passes through the
check valve, which facilitates changing capillaries for other pressure ranges, to the
leak cavity. The leak cavity consists of the volume formed by the "In'" and "Out" ports,
the pressure transducer housing, and the molecular leak. At full pumping speed, the
sample pressure is reduced to about 1 torr. In the leak cavity, the flow must always
be viscous in order that the partial pressures of each component in a mixture are an
accurate representation of the input sample. Approximately 0.04 percent (1l part in
2500) of the total sample flows through the molecular leak to the ion source. Thus,
the great bulk of the sample flows through the leak cavity and out to the pump eluting
and flushing trapped gases.

The operating technique requires setting the mass spectrometer to a m/e that
represents the trace component. By closing the micrometer valve the sample pressure
can be increased in the cavity and the slope of the straight line produced on the X-Y
plotter is dependent upon the peak intensity. Since peak height is a linear function of
pressure, a deviation from a straight line indicates an error; this in fact provides a
continual check of performance. For example, this could be due to drifting off peak,
change in emission, or even a change in mol %.

The amplifier noise may be integrated by using a high time constant RC filter at
the output of the amplifier. The ion current amplifiér zero position only affects the

Y-intercept, not the slope value.
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Basically, the volume percent of each gas in a mixture is computed by comparison

of the tangents of the unknown to a known concentration,

2
10 tan 8] " Qp - -
vol. % = 1 2 T ul o

tan 82 - 01 * a2

where:
61 the angle formed by the X-axis and the line for the unknown gas
- the angle obtained using the known gas
Q1 the ion current amplifier input resistance used for the unknown gas
[+73 the input resistance used for the known gas
w1 the recorder attenuation used for the unknown gas
po the recorder attenuation used for the known gas
o the relative gas sensitivity factor

A high purity gas is selected to serve as the known quantity. The large dynamic range
is obtained by switching amplifier input resistances and recorder attenuations. Gas
sensitivity factors are applied when the calibration gas is not the same as the trace
gas. Furth{r dynamic range can be obtained through the use of minor isotopes.

To illustrate the principle, the concentration of N, in air can be determined by
the following: Pure N, 1s admitted to the mass spectrometer and a 45° line, for con-
venience is obtailned by adjusting recorder parameters since the tangent of this angle
is one. A dry air sample is then introduced with the mass spectrometer still resting
on the N2 peak. With the same parameters, a line is drawn at an angle whose tangent
is 0.781, the decimal fraction of Ny in air. Conventionally, we observe a mass peak
in the form of arbitrary units or voltage output. The mass peak intensity 1s gross and
must therefore be adjusted to a net value according to the aforementioned variables,

Here the only concern is the slope created by an increasing pressure.

EXPERIMENTAL RESULTS

To establish the validity of this method, the percent of Argon in air as well as
the Argon isotopes were determined. .These were compared to ;he published values in
order that the analytical capability of the system over a wide range of concentrations
could be investigated. The sample consisted of dry air. The only sensitivity param-
eters that were changed during the analysis were the ion current amplifier input
resistance and the recorder attenuations. The percent of Argon in air was within one
percent of the published value. The limiting accuracy for routine analysis seemed to

be the error in measuring the angle. Of course the accuracy is improved in celculating
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the tangent by dividing the total Ay by the total Ax. Determination of the isotopic

abundances of Argon in air are shown in the following table:

ARGON ISOTOPES

m/e Nier (Ref. 1) NBS (Ref. 2) This Paper
36 0.307 0.35 £ 0,01 0.34 £ 0.01
38 0.060 0.08 £0.01 0.08 £ 0.01
40 99.633 99.57 £ 0.03 99.58 * 0.02

The values for the isotopes obtained for this paper agree quite well with those
obtained by Dibeler et al, of NBS. It is felt the accuracies shown here are quite good
since the Argon 38 isotope represents approximately 7 ppm concentration in air and
especially so when considering that the measurements made by the other investigators

were made on pure Argon, two orders of magnitude greater in concentration.
CONCLUSTIONS

This method has overcome the difficulties of instrument background and elution
often encountered with the use of the conventional batch inlet systems. Individual
values of the sample and calibration gas pressures are not used since the slope is
substituted for peak height and pressure. However, a large amount of sample is required

* by this method and unique peaks are desirable. Only samples which can be introduced with

a capillary may be analyzed.

The data obtained indicates that samples of gas, such as air, containing ppm
trace components can be quantatively analyzed with improved accuracy. In many cases
considerable time savings will result from the use of this method. Many component
analysis can be performed with a measure of certainty that cannot be obtained with the

conventional batch inlet system.
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Q2
SPARK-SOURCE MASS SPECTROMETER INVESTIGATION OF COAL
PARTICLES AND COAL ASH

T. Kessler, A. G. Sharkey, Jr., and R. A. Friedel

Pittsburgh Energy Research Center, Bureau of Mines,
U.S. Department of the Interior, Pittsburgh, Pa. 15213

Samples of a Pittsburgh seam float coal dust and an ash prepared from the same
float dust were analyzed by spark-source mass spectrometry. Spark-source mass spec-
trometry analyses were made on (1) various sizes of coal particles obtained from
Pittsburgh seam coal and (2) various sizes of coal particles and a respirable dust¥
obtained from 2 mine in the Upper Freeport seam.

Float Coal Dust

A sample of float dust from the Pittsburgh seam was used to determine if coal
dust can be analyzed directly. (Float dust is the term given to dust which is less
than 74 u in size and is readily obtainable in mines). A portion of the float dust
was ashed in a platinum crucible in a muffle furnace at 500° C.

Thirty-two elements out of 68 detected at trace levels (0.1 to 200 ppm) in the
dust and ash from the dust agreed to within a factor of 2 or better in concentration.

Whole Coal

Spark-source analyses were obtained of coal samples without ashing from single
mines in the Pittsburgh and Upper Freeport seams. The concentrations of 24 elements
determined in the whole coal by spark-source mass spectrometry were compared with
published emissign values for (the same elements obtained from) coal ashes from the
same two seams.Ll Twenty out of 24 elements determined in the Pittsburgh seam sample
and 19 out of the same 24 elements in the Upper Freeport sample agreed within a
factor of 5 or less. With the exception of Ga, the elements in disagreement were not
the same in these two samples.

Concentration versus Particle Size

Representative samples of raw coal obtained from mines in the Pittsburgh and Upper
Freeport seams were used to determine if the concentrations of trace elements change
as a function of particle size. The samples were crushed, separated into &4 sizes
less than 5 microns and 2 sizes greater than 5 microns, and spark-source mass spec-
trometry analyses performed.

For the majority of trace elements the concentrations are similar for the particle
sizes investigated. The Pittsburgh seam samples have 27 elements with the same con-
centrations and 1l elements differing by a factor of 3 or less.

The only elements showing differences in concentration for the Pittsburgh seam
samples are Be, U, and Pb. The Be concentration is lower in the < 1.0 p fraction
than in the other fractions. The U concentrations are lower in the < 1.0 p and the
3.3-5.5 p fractions by factors of 100 and 5, respectively, compared to the -250 p and
-44 p samples. The Pb concentration in the < 1.0 p fraction is higher by a factor of
10 compared to the other fractions. The Be, U, and Pb concentrations are as follows:

Fraction, =250 44 3.3-5.5 <1l.0
_ppm, weight
Be 5 5 2 0.2
u 50 50 10 0.2
Pb 2 2 2 20.

The only elements showing differences in concentration for the Upper Freeport samples
are Be and U. As with the Pittsburgh seam samples, the lowest concentration of Be
occurs in the < 1.0 p fraction. The U concentration is lower in the respirable range
fractions (5 microns or less) compared to the larger size fractions; the same trend
appears to occur in the Pittsburgh seam samples., The Be and U concentrations are as
follows:

% Respirable dust has been defined as particulates that are 5 microns or less in size
and are retained in the lungs.
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Fraction, y ~74 > 9.2 5.5-9.2 3.3-5.5 2.0-3.0 1.0-2.0 <1.0

ppm, weight
1 1 0.2 0.2 0.5 < 0.1
5 5 <1 <1 <1 <1

(SR

Respirable Dust

Because the atmosphere in a mine can contain in addition to coal dust other
materials such as rock dust (CaC03), slate, etc., there is the possibility that respir-
able dust in a mine can have a different composition than coal dust of a similar size.

To determine if there are any differences in composition, samples of (1) respir-
able mine dust and (2) a coal dust of respirable size and of similar particle size
distribution, prepared from a representative sample from the same mine, were analyzed.
The respirable dust and coal sample were collected in a mine in the Upper Freeport
seam of Allegheny County, Pa.

The elemental compositions of the respirable dust and a similar size coal frac-
tion are very similar. The only major differences are for Ca, Ag, and B. The Ca, Ag,
and B values for these samples are as follows:

Ca Ag B
gym, weight
Respirable dust 0.80%= 50 10
Similar size coal fraction 0.33%2 0.5 100

a/ Optical emission results

Calcium and Ag are higher in the respirable dust than in the prepared fraction. The
concentration of B is lower in the respirable dust.

This investigation has shown that:

1. The presence of organic material does not interfere with the spark-source
determination of certain elements in whole coal.

2. For one sample of Pittsburgh seam coal, the only elements showing a change
in concentration with particle size are Be, U, and Pb. Be and U are lowest in the
smallest particle size investigated (< 1.0 micron) and Pb is the highest.

3. For one sample of Upper Freeport seam coal, the elements showing a change in
concentration with particle size are Be and U. Be and U are lower in the particles
less than 5 microns in size compared to particles above 5 microns.

4. For one sample from an Upper Freeport seam mine, concentrations of Ca and
Ag are higher and B is lower in a respirable dust than in a coal fraction having the
same sizes of particles.

REFERENCE
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Q 3 IN Elemental Analysis of Air Particulates Using
Spark Source Mass Spectrography. E. R. BLOSSER,
Battelle Memorial Institute, Columbus, Ohio 43201 and
R. J. THOMPSON, National Air Pollution Control Admin.,
Durham, North Carolina 27701

Air particulates in ambient urban atmospheres have been studied extensively for the
benzene~-soluble components, and to some extent for selected inorganic constituents.
The work reported here utilized spark source mass spectrography to perform nearly
complete elemental analyses of particulates from six cities. 1In addition, cross
check data for certain elements were obtained by optical emission spectrography,
atomic absorption, wet chemistry, X-ray fluorescence, electron microprobe, gas

mass spectrometry, and high resolution mass spectrometry.

To be submitted to Science for publication.
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ION PROBE ANALYSIS OF SMALL PARTICLES a4

by
Michael A, Bayard

This paper is a preliminary outline of the problems experienced in the analysis of
small atmospheric particles with the ion microanalyzer. It is based on a rather limited amount of
data; therefore, some points may need refining in the future., Up to now, the electron microprobe
has been the most useful tool for general elemental analysis of particles. The electron probe has
a sensitivity on the order of 10_16 grams, With the electron probe, we have been able, with diffi-
culty, to determine major components of particles as small as 0.1 um. The jon microanalyzer will
have somewhat similar size limitations, but it will give major and minor components of a 0.1 um
particle.

The first effect one notices when small particles are analyzed is a fall-off in inten~
sity as smaller particles are examined. The beam in the ion probe is about 2 um in diameter, 85-
90% of the beam energy can be packed into this 2 um circle. There is some energy available as far
as 25 um from the center of the beam, With an infinite sample, we see a signal from the periphery,
as well as the central 2 um. When particle size drops below 2 um, the signal drops roughly as the
reciprocal of the particle area. However, because the beam distribution is approximately Gausian,
small (less than 1 um) particles in the center of the beam give greater intensity than would be ex-
pected by calculating particle areas. Also, it seems that as particle diameter decreases, there is
a slight additional contribution from the sides of a particle; the particle behaves as if it were larger
than the measured diameter.

Things now become more complicated. If one can plot the measured area of a particle
against intensity, it should, on the surface, be quite easy to note the size of an unknown and, from
expected relative intensity, correct for this small size of the particle. Or, alternatively, one
could simply ratio the measured intensities and determine the relative amounts of each element
and then normalize. There is an effect that will tend to enhance the intensity of some elements. In
the positive ion collection mode, negative ions will condense on the substrate. These negatives can
be neutralized and then re-ionized by the primary beam and increase the measured intensity of the
element. The effect can be quite large--an enhancement of a factor of 3 in some cases. This tends
to make quantatative analysis difficult.

Another problem for the analysis of small particles is their survival time, If we are
to look in detail for all elements in a sample, we would like to have a few seconds counting time on
each isotope. This generally means a minimum of & few hundred seconds to look at each particle.
Ap size decreases, the survival time approaches a few tens of seconds. For particles on the order
of 1 um, there should be no real difficulties. Survival times on the order of 500~1000 seconds
with good count rates are possible. As size drops below this, the particle disappears roughly as
the reciprocal of the area. There is some enhancement of erosion as the particle drops below 0, 5
pm; and at 0.1 um, we can expect the particle to exist for 5-50 seconds.

The sensitivity to trace elements in a particle is affected by particle size. Down to
about 1 um, we can still expect 1-10 ppm types of numbers. As we go below this size, the sensi-
tivity drops rapidly. We cannot buy more sensitivity by increased count times, since cur particle

soon disappears. At 0.5 um, sensitivity for an element that could be seen in a bulk sample at 1 ppm
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is about 100 ppm. The condensation effect can increase sensitivity by a factor of 2-3 in a few cases.
However, with present techniques, we are in poor shape for good trace analysis of small particles.
(The electron probe will yield 5% type sensitivity on 0.5 um particles).

The last problem to be considered is one of sample handling and mounting. The sub-
strate must be chosen with care. There should be very low solid solution impurities which overlap
the elements of interest, and even lower inclusion impurities. If a particle is mounted near an in-
clusion, both inclusion and particle may be analyzed as one. Another criterion is the surface
finish of the substrate., A very good, pit-free surface is desirable so that the particle can be loca-
ted with the optical microscope in the ion probe. Tantalum or an evaporated gold on glass film are
two useful substrates,

Sample handling is usually straightforward. If a filter sample with a large number of
particles is to be analyzed, the particles are simply dispersed on the substrate using a clean or-
ganic solvent, such as benzene. Sometimes the sample is freeze-dried from benzene to limit re-
agglomeration as the solvent dries. Single particles can be manipulated using etched tungsten
needles. A single 1 ym particle can be mounted and analyzed with the ion probe.

In summary, the ion probe should prove to be a very useful tool for small particle
analysis. Its sensitivity is roughly three orders of magnitude better than the electron probe. With
considerably more data, it should prove possible to routinely perform quantatative analysis on

particles less than 1 ym in diameter.
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Q6
SPUTTER-ION SOURCE MASS SPECTROMETRIC ANALYSIS OF PARTICULATES

Frank G. Satkiewicz
GCA Corporation, Bedford, Magsachusetts 01730

INTRODUCT ION

Although the forte of the GCA Ion Microprobe Analytical Mass Spectrometer (IMS
101-B) is in the area of thin film analysis and composition profile studies, interest
in air pollution extended to the mass gpectrometry department through our Pollution
Control Laboratory. One of the first things obtained several years ago was the compo-
sition of fly ash from a coal fired power station. Later, several samples of particu-
lates were examined. Since a concerted effort was not made in this area, the results
set forth in this paper are exploratory in nature and serve merely as an introduction

to the potential capabilities of the IMS 101-B.

PRINCIPLE OF TEST SIGNAL GENERATION AND DETECTION

A source of high energy noble gas ions (in this work 10 KeV Ar+) generated in a
Duoplasmatron 1s directed at the target of interest whereupon sputtering occurs. From
an exchange of momentum +, —, and neutral atomic and polyatomic species are generated.
In the IMS 101-B, the + (or —) ions constituting the secondary ion beam is focused onto

(1-3)

the entrance slit of a double-focusing mass spectrometer. (Normally, a resolution

of 700 at half peak intensity is employed.)

By sweeping the magnetic field from 0-10,000 gauss, the charge to mass separated
ions impinge on a multiplier coupled to a vibrating reed electrometer and then to an
X-Y recorder. In normal operation, it takes about fifteen wminutes to obtain a spectrum
in the range of 1-240 amu. Depending on the nature of the solid and the primary beam
flux density, 0.05 yg - 5 pug of material is consumed in obtaining a spectrum. In this

work, the lowest sputtering rates were used for all but a flyash sample.
THE ENERGY WINDOW

In order to properly interpret an ion spectrum obtained by sputtering, due con-
sideration must be given to the nature of the secondary ion energy distributions.

After having observed different spectra from the same material, Poschenrieder and
his co-workers made a systematic study of the initial ion energy distributions.(a’b)
This was done by reducing the energy bandwidth in the spectrometer and recording the
intensities of various ion species with initial ion energy. It was found that in gen-
eral the distribution for elemental ions is very broad and very narrow for complex
polyatomic ions; the distribution for simple polyatomic ions such as XO+ or XH+ was
found to be intermediary. For a normal setting of a 50 eV bandwidth which can be
moved along the distribution curve (accomplished electronically), one can obtain spectra

consisting of elemental ions or one which includes both. This is illustrated for sili-

con monoxide.

Figure 1 is an atomic spectrum showing major intensities (log-linear) of singly
and multiply charged Si and O, with far lower intensities of the simple polyatoms of
SiO+ and Slz+. By moving the energy window out further, the latter species will be
further suppressed. It can now be seen that the detection limit for impurities such
45,+ 56,+ 58,+

, Fe , and Ni

bution curves of SiO+, and Stz+‘ By varying the energy window in the proper manner,

as Sc in Si0 depends on the shapes of the respective distri-

the exact nature and degree of interference can be determined. There are many instances
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where polyatomi¢ interferences can provide approximately the same isotope ratios as a
suspected impurity, so the latter is not sufficient for positive impurity identifica-

tion.

By moving the window in the neighborhood of 0 eV, a polyatomic spectrum character-
istic of silicon monoxide (see Figure 2) is obtained. This is repro-
ducible and provides a way of obtaining insight into the bonding characteristics of
the solid. This has been used to evaluate differences in stoichiometry and to estab-

lish the nature of solids in thin film form.(5’6)

Thus, the spectrum for SiQ, shows polyatomic ion intensity distribution differen-

2
ces over §i0, etc., providing the basis for interpreting films of Si contaminated with

02, $i0 filwms, and SiO2 polycomponent systems of the latter.

SAMPLE DESCRIPTION AND PREPARATION

The following samples were analyzed:

1. Flyash from a coal-fired power station's precipitator hopper. A swmall por-
tion was pelletized (no additives or binders) and examined directly. Alter-
natively, a small amount could have been sprinkled on a pure gold or tantalum
substrate.

2,3. Bedford, Massachusetts air particulates (inside GCA laboratory air and air
outside the building) were collected by impaction on a tantalum substrate
by Dr. P. Lilienfeld. The particulates from approximately one cubic meter
of air for each sample formed a round spot about 1/32" diameter. The results
for these samples will be discussed in more detail since the idea of obtain-
ing composition data following particulate concentration determination by
impaction appears very desirable. The analyses were performed by direct sput-
tering of the particulates.

4,5. Particulates from unknown sources collected on organic and inorganic filters
(provided by Dr. Enrione of NAPCA) were examined by sputtering a small piece
of the filters which were placed on tantalum. The defocused beam was direc-
ted at each assembly so that approximately equal areas of the sample and sub-
strate were sputtered. Charge-up of the sample was prevented in this way.

Alternatively, the charge compensation filament could have been emplcyed.(3)

ANALYSIS PROCEDURE

After placing the sample in the target chamber and pumping down to &4 x 10.7 Torr
or less, sputtering is started. If the instrument was adjusted for a previous analysis,
a spectrum can be obtained immediately; if not, a peak is located by sweeping the mag-
net and secondary ion optics parameters varied to provide maximum intensity. By using
the defocused beam, the sample can be analyzed at a leisurely pace. It takes fifteen
minutes at the normal scan rate to obtain a spectrum (1-240 amu). The results can be
qualitatively evaluated at a glance providing the groundwork for changing emphasis in
the procedure if necessary. This includes varying the energy window, directing atten-

tion to the intensity history of selected species, etc.

A typical spectrum is shown in Figure 3. Note that the intensity axis covers 5-6
orders of magnitude so that matrix and impurity elements are recorded without switch-
ing. At an energy window of 100 eV, the spectrum is malnly atomic in nature; peaks

followed by (B) are derived from the substrate. In obtaining this spectrum, a uniform
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depth element of about 10008 was removed leaving the bulk of the sample intact. Des-
pite the presence of a strong Clz’+ peak derived from the organic portion of the par-
ticulates, interferences from complex polyatomic ions are negligible at this energy

window.

A typical polyatomic spectrum of particulates is shown in Figure 4. Although
complicated, a detailed study of the spectrum can result in helping identify the major
bonding form in the particulates. In this instance, the predominant bonding is through
oxygen although significant amounts of P, S, C£ and Br are present. The presence of
combination peaks such as AlSiO+ and CrTi+ shows intimate bonding for these elements
such as is found in glasses or minerals. Clearly without control of the energy window,
a positive approach to the interference problem and trace identification is more com-

plicated.

CALCULATION OF CONCENTRATIONS FROM INTENSITIES

The spectra provide intensities which can be converted to concentrations with the
proper choice of sputter-ion yield factors. The problem is not simple and proper dis-
cussion of such a subject is beyond the scope of this paper. 1Ideally, a calibration
standard containing approximate but known concentrations of impurities in the bonding
form in the particles is desirable. In many instances this can be achieved with rela-
tive ease, especially with metallic samples. For example, the sputtering of a series
of Cu-Af alloys containing from 0-12 atomic % of aluminum revealed a linear relation
with the AZ+ intensity at energy window settings for elemental ion spectr§7) These re-
sults and others in this laboratory suggested that as long as the bonding form of the
element in question is the same in the concentration range of interest, the sputter-ion
yield will be a constant; accordingly, calibration is an easy task.

For the particulates, calibration samples could be prepared by fusing known quanti-

3)

ties of oxides or sulfates of the elements in a glass matrix.

In the absence of specific calibration samples, the ion yield factors obtained
from the sputtering of the elements or selected compounds can be used as a first ap-

proximation.

Figures 5 and 6 show relative yield factors of the major isotope of many elements.
This has been drawn from personal experience and intuition. Elements with triangle

identification are educated guesses for the yields.

As can be seen, the highest ion yields are from the noble gases, the alkali metals,
and alkaline earths. A general correspondence with atomic volumes of the elements was
observed, i.e., the higher the atomic volume, the higher the ion yield. The poorest
ion yields are from elements such as As, and Cd. It must be stressed, however, that
these are values for Ew=250 eV and for elements. For elements having narrow distribu-

tion such as Pt and Au, the intensities at low energy window are significantly higher.

There is also a possibility that in trace amounts the ion yield may be consider-
ably higher than for the element. This is suggested in the result for Rh. This value
was obtained from sputtering an NBS doped platinum sample #681, A plot
for oxides of many elements would appear somewhat similar since we have observed paral-
lel intensity enhancement in oxygen in many experiments. For example, Figure 7 shows
the enhancement of B and Si in B-doped Si when sputtered in increasing oxygen pressure.

The use of oxygen for chemically enhancing intensity is good only for those elements
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which normally react with 02; thus, no effect at all is observed sputtering GaAs in the

presence of oxygen.

Sputter-ion yield data based on the above considerations were used in the follow-

ing equation to calculate the atomic fraction, f, of the elements:

+
bl
Y, +
£, = X (1)
+
IX N Iz+ . IA+
Hoae Eoe A
Yx YZ YA+

where Ix+ is the ion intensity of the major isotope of the element in question, and
YX+ is the sputter-ion yield relative to tantalum. The other I's and Y's are for the

rest of the peaks associated with the particulates.

The f's were converted to Ppm by weight from:

6

10 n

Ppm X(weight) = (—_) fX (2)
m

where oy is the mass of the major isotope of X and m is the average mass calculated

from:

m = EX ny + EZ o, + ......fA m [€)]

RESULTS

Table I shows the composition of Bedford laboratory air particulates. The same
sample was analyzed in 1969 and later in 1971. The particulates are mainly 0, Mg, AZ,
Si, Ca and Fe, with significant amounts of C, P, S, V, and Pb. For the above species,
the differences noted in concentration are larger than the expected reproducibility
and suggest that smaller particles of somewhat different composition may be coating
large particles. For any of the elements of interest such as Ca, the intensity varia-
tion as a function of time can be observed. This provides a statistical evaluation of

the signal and gives an idea about homogeneity of composition.

If collection by impaction is carried out, it should be possible to obtain simul-
taneously, particulates in selected particle size ranges. Subsequent microprobe

analysis would provide information on the composition of these distributions.

Table II shows the elements detected in summary for the samples examined. The
origin of the particulates on the filter papers is not known, however, the unusual
amounts of species such as Pb and Cu suggest a source probably other than the atmo-

sphere. The last column is derived from data presented by Morgan et al.(e)

The question of how good the results are can be answered in terms of the nature of
the sample and its substrate and the instrument parameters used in the analysis. Some
of these have already been discussed, such as sputter-ion yield ‘factors. If the latter
are unreliable, the data must be qualified, but relative results are quite valuable.
However, there is no reason why a good calibration cannot be carried out. The preci-
sion of the results depends on the signal strength for a given primary beam density.

In sputtering a homogeneous sample with a defocused beam, multiplied signals of 10-12
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amp can be interpreted as approximately + 50 percent in a normal scan. The detection

limit will average approximately 50 ppm atomic using the atomic energy window setting.

To work in the ppm range requires either focusing the beam or moving the energy
window. The lLatter will be possible only when interferences are excludable and will

not be possible in a wide mass range.

The former must be approached with caution. For small amounts of sample without
a disbursing matrix, the focused beam may result in a change in reference intensity
due to penetration to a substrate; in addition, the sample will be strongly heated with
possible preferential removal of volatiles. This would obviate one of the major advan-
tages of sputter-ion source spectrometry. In addition, the use of a homogeneous de-
focused beam and an extraction diameter that is as large as the beam, secondary ion

sampling occurs over a larger and more representative area.

In summary,the analysis of a very small but statistically meaningful, samples can
be accomplished for elements in the 10-50 ppm range employing a low primary flux den-

sity and in the 0.l-1 ppm range using a focused primary beam.
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TABLE 1

Sputter Ion Source Mass Spectrometer Examination of Laboratory
Air Particulates on a Tantalum Substrate (Defocused beam of 10
KeV Ar*; Ew = 100 ev).

Ix+ x 1010 amp Parts per million
+ (weight)
Specles, X 10/30/69 2/10/71 10/30/69 2/10/71
+
Li 0.6 0.7 800 200
B+ 0.1 0.3 100 40
C+ 3.8 10 29000 10000
0+ 2.2 13 . 220000 180000
F + 0.02 0.2 70 80
Na+ 14 190 8400 15000
Mg+ 7.5 70 36000 51000
A£+ 28 300 45000 67000
Si 23 280 250000 420000
M 0.08 0.7 15000 19000
S ++(02+) 0.27 2.0 28000 28000
c£ 0.9 9 6700 9200
K + 36 70 6900 1800
Ca, 80 160 i 180000 53000
T 3.2 16 5200 3600
v + 0.9 11 16000 26000
Cr+ 0.2 0.8 1200 820
Mn+ 0.2 1.6 6000 8600
Fe+ 3.4 28 130000 150000
Ni+ 0.035 0.3 3600 4300
Co+ + 0.04 0.05 700 230
Zn+ + (Ti0') 0.09 0.2 2500 680
Cu+ 0.03 0.1‘ 5000 2200
Br+ 0.015 0.16 300 400
Si 0.12 0.9 130 140
Y + + 0.03 0.1: 100 40
Cd+ + (Fe2 ) 0.01 0.02 13000 3300
Sn+ 0.01 0.01 700 90
Ba, 0.28 L. 350 180
Ce 0.05 0.17 350 140
R.E.‘s 0.05 0.2 350 180
Pb+ + 0.03 0.09 39000 16000
Bi + (TaSi ) 0.04 0.03 29000 3300




TABLE II

Summary of Particulates Composition; Parts per Million (Weight)

Brayton Bedford Particu- Part. Mean
Point New York Bedford OQutside lates on Inorg. Urban
Flyash City Lab Air Air Org.Filt. Filt. Part.
Li 10 10 500 50
B 40 140 70 80 150 1000
C 4000 19000 20000 6000 39000 3400
0 350000 85000 200000 69000 130000 84000
F -7 80 75 30 30 100
Na 40 1400 12000 25000 2800 4900
Mg 4600 15000 44000 64000 19000 9000
At 150000 55000 60000 87000 23000 22000
Si 340000 400000 350000 510000 150000 660000
P+(SiH) 700 7300 17000 12000 18000 3000
5+(02) 1000 10700 28000 12000 10000 18000 32000
cl ND 16000 8000 3900 480 7000
K 150 1900 4400 2400 2800 670
Ca 33000 120000 120000 53000 43000 92000
Ti 4200 3200 4500 3300 600 800 400
v 730 16000 21000 20000 900 1400 500
Gr 250 1400 1000 480 300 100 150
Mn 310 5500 7500 4900 7300 1700 1000
Fe 130000 260000 140000 130000 84000 27000 15800
Ni 250 2700 4000 3000 1400 200 340
Co 10 100 500 60 70 20 <5
Cu 100 1900 4000 1300 22000 500 900
Zn+(Ti0) ~100 200 1100 700 800 6700
Br ND 340 350 260 100 1400
Rb 3 6 9
Sr 460 300 140 85 150 430
Y 100 30 70 30 40 20
Cd+(Fey) < 50 600 8000 16000 20
Sn <5 40 400 870 200
Ba 300 230 270 150 270 6200
Ce 200 100 250 150 240 50
R.E.s 200 200 270 200 700 60
Pb ND 5500 28000 30000 440000 20000 7900

* .
Sample supplied by Dr.

J. Wagman of NAPCA.
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MS Identifaction and keasurewment of
Polynuclear Aromatic Hydrocarbons In Air Pollutants

Y
R.F. Pottie, Division of Chemistry,
Hational Research Council, Ottawa, Canada
and
R.C. Lao, and J.L, Monkman
Air Pollution Control Division,
Departument of Fisheries and Forestry, Ottawa, Canada

Introduction

Despite the importance of polycyclic aromatic hydrocarbons (PAH),
which contain five or more rings, as air pollutants, little attention
has been given to the mass spectra of individual PAH compounds. Thus
we can only find two standard spectra in the literature those for
perylene and benzo (a) pyrene (BaP) as compared to the ten or more
isomeric compounds of the formulae C,H,or C,H,which are likely to
appear in the"benzota) pyrene fraction" of air pollutants. (1) We
have, therefore, initiated a study to obtain mass spectra for these
compounds, and to evaluate the mass spectrometric techniques as:an
aid to the analysis of PAH in air, The model systems, reported here,
included mixtures of BaP, benzo [elpyrene (BeP) and benzo [k} fluoran-
thene (BkF). It is usuvally of most interest to determine BaP, since
it is carcinogenic., The chromatographic resolution of BaP to seperate
from BKF is incomplete. Also, mutual interferences occur when UV
absorption or fluorescence is the analytical method that is used for
their measurement. BeP is included, since it is usually found with
BaP and BkF in the saie eluate fractions from the column chromatography.

Experimental

The mass spectrometer used in this study has been previously
described {2). A solid probe was designed and built for the direct
introduction of these samples, lixtures were prepared by weighing
individual components and dissolving in cyclohexane, followed by
evaporation and transference of the solid to the probe. Sample sizes
were less than a microgram for the pure co.pounds and synthetic mix-
tures, and gquantities were of the order of a nanogram for the partially
resolved column fractions from polluted air. Probe temperatures were
approximately 100°C, with no changes in spectra occurring over the
range 75-130°C.

Results

Some 20-30 spectra were recorded for each compound with deviations
of less thant5% from the averaged peak height ratios for an individual
scan. The averaged spectra {or the major pealks are listed in Table 1,
Complete spectra will be published elsewhere (3). Fragmentation
patterns of all three PAH are very similar, and the relatively intense
ions in the region w/e 113-126 attest to the high degree of multiple
ionization in these coipounds.

The ionization potentials were nearly ejual (7.3-7.7 ev) and no
trend could be found that would relate resonance energies to carcinogenic
activity. A similar lack of correlation has been observed with otner
physical wmetnods (4).

Altaough the mass spectra of these three PAH are siwilar, sufficiert
differences occur in selected peak ratios to perwit their qualitative
and queantatative measurement, Some of tliese are swamarized in Table 2,
and it can be seen by inspection that only a relatively small number of
peaks are required to uvbtain the coaposition of mixtures of these
coinpounds.,

Thus, & number of mixtures were prepared with known composition,
liass spectra were obtained for the vaporized material and the comp-
ositions were calculated by reference to the data in Tables 1 and 2.
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Results are shown in Table 3. The average deviation in the percentage
compositions obtained from the mass spectra was approximately 5%,

The error in preparing the original mixtures is estisated to be of the
order oftl%. The compositions correspond very well within these error
limits, and the results are very encourasiny in view of the similarities
of the spectra,

The technique was tested further by analysing the coluim chrom-
atopraphic fractions of air samples collected in urban environnents,
One such study is summarized in Table 4. The results were entirely
consistent witi: UV absorption aad [luorescence analysis of the trapped
column fractions,

vie intend to pursue these studies by extending thenm to other PAH
that are preseat in air.

Table 1: aSS SPECTRA OF PAH

Relative Abund.uce
m/e
BaP BeP Bkl
252 100.00 100,00 100.00
250 15.34 23.95 18.69
226 2,33 , 2,17 1.90
225 .27 1.65 1.99
224 3.06 2.94 3.21
126 16.39 14,47 20.56
125 11.46 15.53 12.65
112 8,26 7.95 7.76
Table 2: RATIOS CF SELECTAD FRARS Ii THE TASS
SPECTRA OF VaRIOUS DPAH
Compound
BaP BeP BkF
Peaks Ratio
250/252 0.193) 0.2395 0.1569
113/125 0.5029 0.549%4 0.3774
113/125 0,7207 0.5119 0.6134
125/126 0.69y2 1.073 0.6125




Table 3:

COMPARISON O

¥ CGiPOSITION OF GYHTHETIC

FIXTURES WITH THAT OBTAINED BY FASS

SPECTROMETARY

Mixture
no, I 11 III v v
PAH\Y Composi- | Known 11,3, [Known| 5.3, [Kknown| 7.8, FEnown| 4.8, [Known| I.S.
tion
BaPp R3.38(50.2253.67|74.83] 78.92474. 42| 68.7351.38 48,52
3eP - - - - - R5.54 31,2717.41 1R .88
BkF 74,87 175.62(4,9.780.5,37 25,17 21.0¢ - [21.21 32.50
Table 4: [MAS3 SPEOTROSCOPIC «WALYSIS CF
ALCAM SaMPLE VIT, 1969,
Fraction
No,
Compoeitio 108-118 123-133 134-150
B
PAH
RaP 72.73 19.47 13.20
BeP 22.07 #1.37 h.17
BkF 5.20 LO. 10 82.53
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AN IMPROVED TWO-STAGE MASS SPECTROMETER FOR R2
ISOTOPIC RATIO MEASUREMENTS

J. D. Stein, F. 0, Halliday
General Electric Company, Vallecitos Nuclear Center
Pleasanton, CA 94566

ABSTRACT

A two-stage magnetic analyzer has been designed and comstructed for research in
the measurement of heavy element isotopic ratios. The analyzer consists of two
symmetric 90° sector, 1l5-in radius of curvature, homogeneous field electromagnets with
circular field boundaries, normal entry, and fringing field clamps. Construction
features and ion optics are described and performance factors given.

INTRODUCTION

When performing isotopic analysis in our laboratory it is often necessary to
measure a8 low abundance isotope adjacent to one that is as much as 106 times more
abundant. A good example is the analysis of isotopes produced by neutron capture, The
imajor limitation in these analyses is that collisions with either residual gas molecules
or the vacuum chamber walls scatter ions from a major peak into the small peak being
measured. The ability to detect isotopes of low abundance is called abundance sensiti-
vity, and is defined as the ratio of the detected ions of mass M to those of mass Mtl
when only mass M ions are present.

In a spectrometer with a single 15-inch radius magnet ogerating in the uranium mass
region, the abundance sensitivity is approximately 10% or 10° to one. When two such
fagnets are run in tandem, the abundance sensitivity ranges from 10° to 5 x 108, If en
electrostatic lens or prism is added between the final magnet and detector the abundance
Sensitivity may increase from 107 to as high as 109.

A number of multistage instruments have been constructed,(l’z)however virtually all
of thém have used wedge-shaped homogeneous magnetic fields with straight field boundaries
and normal beam entry. Since shortly after World War II investigators have discussed
improving the focal property of magnetic lenses by giving the magnets appropriate detail-
ed sheping. Most of the improvements in ion optics and magnet design, however, have
occurred not in mass spectrometry, but in the development of beam transport systems for
high energy particle physics. This article will comment on the possibility of improved
ion focusing by homogeneous field magnets and will discuss the design and comnstruction
of a three-stage mass spectrometer.

DESIGN CONSIDERATIONS

The general consideration of this mass spectrometer system was that it should be
capable of measuring isotopic ratios with a high abundance sensitivity, I 107, without
sacrificing high ion transmission. 1In addition it was desired that the system be
designed with sufficient flexibility to allow its use as an engineering instrument for
the development and testing of a variety of sources and detectors,

Specifically desired instrumental characteristics were:

1. Analysis of singly charged ions of up to mass 250 with energies of 15 keV.
2. An operating vacuum of 10'8 torr or below - to reduce gas scattering.

3. Focusing both in the plane of the magnet and perpendicular to this plane
to insure high transmission.

4, Provision for monitoring the beam at each focal point.

5. Minimum fringing field in the source and detector regions.
ION OPTICS

Neglecting fringing fields it is possible to construct a magnetic field shape that
will focus ions from a monoenergetic point source to an object point with a large angular
acceptance. Figure 1 shows a sketch of such a design with a source to detector distance
of 2/7 times the radius of curvature R. As Figure 2 shows, a conventional magnet with
straight pole boundaries is only a first order approximation to this ideal curve. It
can be demonstrated that the geometrical aberration shown is a widening of the image
equal to o2R where @ is the half-angle of acceptance!?), TFor a 15-inch radius of curva-
ture magnet and an angular divergence of ¥ 1°, a beam broadening of approximately 0.005
inch occurs.
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By approximating the ideal field boundary with circular pole faces, a geometrical
aberration is reduced to @”R for a 90° magnet. The image broadening of a 15-inch magnet
is then reduced to approximately 0.0001 inch.

With most sector magnets,compensation for the fringing field is made by moving the
magnet in a direction bisecting the sector angle. This is not possible in a circular
pole edge magnet without perturbing its focusing properties. To solve this problem,
fringing field clamps were designed for our magnets which force the effective magnetic
field limits to correspond to the actual pole edge. These fringing field clmaps or
shunts have three other advantages:

1. They significantly reduce the magnetic field strength in the source and detector
regions.

2. They shield the beam from stray magnetic fields generated by the coils, allowing a
very compact magnet design.

3. Uncompensated fringing fields usually defocus the ion beam in the vertical direction.
The clamps reduce this effect.

Figure 3 shows a plan view of the geometry chosen for the two electromagnets cons-
tructed for our spectrometer.

PHYSICAL DESCRIPTION

The physical arrangement of this mass spectrometer is shown in Figure 4. It consists
of two symmetric 90° sector magnets arranged in the zero dispersion configuration with
an electrostatic vertical focusing lens between them. The magnetic analyzers are
followed by an electrostatic retardation lens which reflects ions which have lost energy
through collisions. After passing through the retardation lens the ions are detected
by a Daly-type detector.(

A Dietz type single filament source is used.

The retardation lens and the center lens are both simple three element lenses with
the outer elements operated at ground potential, The center lens operates at a few
hundred volts while the retardation lens operates at a few ters of volts less than the
jon accelerating voltage.

Except for the sample lock, the entire vacuum envelope is constructed of OFHC
copper and 304 stainless steel with metal gasket seals. A large part of the vacuum
envelope consists of modified commercial fittings to allow experimental flexibility. The
system is pumped by three 80 liter/sec ion pumps to a base pressure of 6 x 1077 torr in
the beam trajectory region, and normal operating pressure is approximately 5 x 10-8 torr.

The two 90° symmetrical electromagents with 15-inch radii are constructed of 8-inch
thick low-carbon steel plates. A maximum magnetic field of 8 kilogauss is obtained
across the 0.805-inch gap when the magnets are energized by a 50 ampere 18 volt supply.
Figure 5 shows the pole edge region with the fringing field clamp in place. The con-
touring of the pole edge is to prevent field saturation. Figure 6 shows the fringing
field and effective field boundary with and without the field clamps.

At present the system abundance sensitivity is approximately 5 x 10° with only the
two magnetic stages operating, and fixed slits set at 0.030-inches. This sensitivity
is in reasonable agreement with predicted performance.

REFERENCES
1. F. A. White and T. L. Collins, Applied Spectrometry, 8, 169 (1954).
2. C. R. Lagergren and J. J. Stoffels, Int. J. Mass Spectrom. Ion Phys., 3, 429 (1970).
3. R. Persson, Arkiv fffr Fysik, 3, 455 (1951).

4. N. R. Daly, Rev. Sci. Instrum., 31, 264 (1960).
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USES OF CHANNEL ELECTRON MULTIPLIERS IN MASS SPECTROMETERS R3

J. P. Carrico, M. C. Johnson, and W. G. Wolber

Bendix Research Laboratories
Southfield, Michigan 48076

and
K. C. Schmidt

Bendix Electro-Optics Division
Ann Arbor, Michigan 48107

In experiments using a vacuum system, better information is sometimes required on
the residual gas background than is provided by an ionization gauge, yet it is not
desirable to go to the expense or complication of a commercially available residual gas
analyzer (RGA). What we needed was a very simple RGA which would give a rough measure-
ment of residual gases present in the vacuum system and perhaps serve as a leak detector.
We congsidered various existing mass spectrometer principles such as quadrupole, magnetic,
and time-of-flight (TOF) and finally decided to use two channel electron multipliers in
a simple TOF device. One multiplier served as the source of electrons and the other as
the ion detector.

The channel electron multiplier (CEM) possesses a number of features which make its
use as a cold cathode e¢lectron source and as an ion detector in mass spectrometers
attractive. These features include a simple dynode structure, stable dynode surfaces,
small size, a variety of configurations, high gain, and a narrow pulse-height distri-
bution.

A channel electron multipliet(l) 18 a small glass tube which is many diameters long
and has a semiconducting, secondary-emitting inner surface. With a few thousand volts
applied across the ends of the channel, electrons, ions, and photons (soft x-ray and
hard UV) striking the negative end of the channel dislodge electrons from the inner sur-
face. These electrons drift across the channel and at the same time are accelerated
along its axis, thereby gaining sufficient energy to release secondary electrons upon
colliding with the wall. On the average, more than one secondary is released per inci-
dent electron when the field strength is sufficiently large for a given diameter chanmel.
This process 1s repeated many times until a large electron pulse, containing as many as
109 electrons, emerges at the positive end of the channel. The operation of a channel
is shown in Fig. 1 where typical trajectories of the electrons in the channel field are
indicated. Assuming that the secondary emission coefficient § obeys the relation § = KE,
vwhere K is a constant and E is the energy of an impacting electron, a simplified expres-
sion for the gain of the channel is

_ . _ K eV2 d2
G = 6" = y T
vV L
o

where n = number of multiplying stages, eV, = initial energy of a secondary electron,

d = channel diameter, V = voltage applied across the channel, and L = channel length.
This expression serves to show the general behavior of the gain as a function of the
applied voltage and the length-to-diameter ratio. Figure 2 shows the gain as a function
of the applied voltages for various L/d ratios. Q? order to avoid ion feedback at high
gain, the channel is curved or bent into a helix! If the gain of the channel is suf-
ficiently large, each input photon or charged particle results in a charge pulse near
the channel output end that is large enough to distort the field in this regien to the
extent that f rsher electron gain is impossible. The result is a narrow pulse-height
distribution. 3 Typical pulse-height resolution as a function of channel voltage is
shown in Fig. 3 for various accumulated counts.

AVD LZ

v d2

The foregoing properties of the channel electron wultiplier were used in the simple
RGA shown schematically i? gig. 4. A channel (CEM 1, Bendix Model 4020), operated in
the pulse-saturated mode, 3 was used as an electron source. It was excited by 18508
photons transmitted by a quartz window from an ultraviolet lamp outside the vacuum.
Fig. 5 shows the detector efficiency of the channel; tungsten efficiency is shown for
comparison. The geometry was adjusted so that the interval between detected photons
was longer than the flight time of the heaviest ions.
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Electron pulses emitted by CEM 1 were accelerated to a piece of .005" thick tung-
sten which was used as electrode 2, The potential on the electron control grid (elec-
trode 1 in Fig. 4) could be varled from 100 to 300V. Positive ions desorbed by electrons
striking the tungsten and gas-phase ions were accelerated to the drift tube which was a
piece of stainless steel tubing (1.6-cm diameter by 13-cm long). Inside the drift tube,
ions sepaizged according to mass-to-charge ratios as in the conventional TOF mass spec-
trometer. The drift tube potential VD could be varied from 100 to 500V.

Ions transmitted by the drift tube were detected by an electron multiplier (CEM 2,
Bendix Model 4028-A). The output of this channel was fed via an electron multiplier to
a 585 Tektronix oscilloscope having a Model 82 dual trace plug-in unit. Pulses having
heights of 200 mV and widths of 30 nsec were developed. The scope was triggered by
the pulse developed at the output end of the first channel and therefore was timed to
the production of ions at or near the tungsten target.

Using a bombarding electron current of A3 x 10_10 Amps (about 100 charge pulses per
second) and an ion energy of 300 eV, resolved peaks of N, 0+, H20+, N2+, 02+ and C02+

were observed when the residual gas was analyzed. The N2+ current was ’\:10"16 ion Amp
when the pressure was 107° Torr.

The resolution depended on the orientation of the tungsten electrode with respect
to the drift tube. The best achievable resolution was estimated to be ~20 (10% cri-~
terion). The effect of the orientation of the tungsten target was attributed to the
dependence of the ion transmission efficiency through the drift tube on the location of
the ionization region. As shown in Fig. 6, the direction of the source field changes
with position. TIons formed in regions where the transverse component of the field is
large receive too much transverse momentum to make it through the drift space. As a
result, only ions from a restricted portion of the ionization region reach the detector.
By rotating the tungsten target, the size of this restricted region and hence, the
resolution varies, Additional improvements in resolution should b? gossible through
the use of a second source accelerating region and space focusing. 4
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"AN AC OPERATED COLD ELECTRON EMITTER MASS SPECTROMETER JRN SOURCE" R4

P. C. MclLeod, J. F. Sprouse, K. M. Jackson, R. E. Harg, and M, K. Testerman

Department of Electronics and Instrumentation
University of Arkansas Graduate Institute of Technology

Little Rock 72203

An ambient temperature electron emitting device that will produce either a pulsed or
an AC modulated electron beam is being investigated. This is a continuation of an invest-
igation of a DC operated cold electron source reported by Sprouse et all. AC operation of
the emitter provides higher instantaneous output currents, longer lifetime, and permits
emission control of the electron beam. The emitter may be pulsed or modulated djrectly
without the use of grids and exhibits a frequency response of 10s Hz or greater at tgmp-
eratures of -100%C to 150°C.

Figure 1 is a diagram of the cold electron source. This source consists of a short
piece of Vycor capillary tubing having typically a 2 millimeter bore. The bore of the
capillary contains a thin film of tin oxide applied by vapor deposition techniques. The
ends of the capillary are coated with gold to provide ohmic contacts to the tin oxide
within the bore. The tin oxide film is disrupted completely around the bore at Fhe B‘g_)jr]lt
where the bore intersects one end of the capillary. This is done electrically y§jpg
either a stainless steel or a tungsten probe with approximately 50 to 100 volts qg épp]ied
to the probe. Upon application of a voltage from one end of the capillary to th‘g SF},‘S_‘”'
electrons will be emitted from the region which has been electrically etched. More
recently, mechanical scribing using a 0.001 inch radius diamond tipped phonograph 9959]9
has been performed one millimeter down in the bore from the end of the capillary. Thfé
was done in an effort to achieve a greater degree of collimation of the electron beam and
to cause the hjéher energy electrons to exit more nearly straight out of the bore, rather
than to fan outias they do if the etch is provided at the intersection 6f the bore and the
end of the capillary. If a positive potentfal is applied to the end of the capillary
neare§; the etch and the opposite end maintained negative, the electrons w11¥‘then emit
tow§rg the positive potential 1n an uncollimated divergent beam. If the bias voltage
applied to the capillary is reversed so that the end away from the etch 1s made positive,
the g]ectrons will exit through the bore of the capillary in a collimated beam at a much
reduced value of current. Obviously, then, 1f alternating current was applied to the
emitter, the source would emit electrons in the forward direction in one half cycle and
through the bore in the next half cycle. In the AC mode of operation instantaneous

currents in the forward emitting condition as high as 400 microamperes, and currents
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through the bore of the capillary as high as 20 microamperes are frequently obtained.
The power required to excite the emitter is typically less than 0.5 watt.

Figure 2 is a comparative spectra from a magnetic mass spectrometer showing the
background spectrum of the system containing the mass spectrometer, first using a tungsten
filament and then a cold electron source. The cold electron source in this case was oper-
ated in the DC mode. These spectra are shown here only to indicate that the cold electron
source may be used in a mass spectrometer and that it compares favorably with a tungsten
filament. At the present time, no spectra have been recorded with a cold source operated
in the AC mode. A1l tests on an ion source using the cold electron emitting device with
AC excitation for the ionizing electrons have been performed using total ion collection.
There is reason to believe that the AC mode performance in a mass spectrometer would be
similar to that of the DC mode.

Figure 3 is a block diagram of the test apparatus employed to determine the magni-
tude of ions generated by an AC modulated electron beam. The physical design of the ion
source shown in this figure is nearly identical to that which was in use when the spectra
shown in Figure 2 were recorded.

The fon collector was positioned at the point where the image slit was brought to
focus. This provided a measure of the number of ions that would impinge on the entrance
slit of the analyzer section of the magnetic sector of a magnetic mass spectrometer if
one had been employed. For the test purposes, the forward end of the emitter and the
ionization region were maintained at approximately 500 volts and the ions were collected
at ground potential.

Figure 4 shows the ion current versus pressure for DC and AC voltage applied to the
cold electron source. For this test a 600 volt peak-to-peak symmetrical square wave was
applied to the cold source so that the emission entered the ionization region at an excit-
ation voltage of 300 volts during one half cycle and exited through the bore of the cap-
illary during the remaining half cycle. The ion current, measured with a DC electrometer,
was approximately one half of the ion current generated with 300 volts applied continu-
ously to the cold source. The frequency of the applied square wave was one kiloHertz.

For each of these curves and for all ionization measurements with the cold electron source,
the electron emission must be measured and used to correct the ion current because, as the
pressure approaches 10'5 torr or higher, the electron emission tends to decrease. However,
the ratio of the ion current to the emitted electron current varies Tinearly with pressure.
In the DC condition this correction must be performed mathematically or the ratio taken
electronically since at this time no research has been performed to accomplish emission
control for OC operation. However, for AC operation emission control may be applied.

As stated before, a symmetrical square wave was employed for the AC data shown. If
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the waveform had been unsymmetrical so that the emitter was in the forward emitting mode
(into the ionization region) longer than the reverse emitting mode, the slope of the AC
curve of ion current would be higher but the energy distribution of the electron beam
would be unchanged. Therefore, the emission may be controlled by varying the width of
the pulse applied to the emitter (at constant frequency) to maintain a constant time
average electron emission regardless of pressure.

At the present time this has been performed only manually, but it has been shown
that, by varying the symmetry of the applied square wave, the time average electron
emission may be maintained constant. Therefore, a linear relation between ion current
and pressure may be generated with no additional correction.

Figure 5 shows the frequency response of the electron emitter with sine wave excit-
ation. From this it may be seen that the frequency response is 105 Hertz or higher and
that the indicated temperature range varies from -100°C to 150°C. It should be pointed
out that the device turns on readily at liquid nitrogen temperatures. In separate tests
performed employing a single pulse of very rapid rise time from a pulse generator, the
time constant of the electron source measured at 63.2% was found to be slightly less than
1 microsecond. This indicates that the device could be used as a pulsed electron source
by pulsing the excitation voltage rather than running the source continuously and apply-
ing a gating pulse to a grid.

Figure 6 is a block diagram of a small AC operated ionization gauge employing a cold
electron source. The source was driven with a 600 volt peak-to-peak sine wave. The elec-
tron collector was put at the opposite end of the capillary for convenience of testing.
However, it could be designed into the same end with the ijon collector so that it would
be unnecessary to have any obstruction except an electrical connection on the end of the
capillary away from the ion collector. The performance characteristics of the device are
the same as that for the AC curve of ion current in Figure 4 except that the slope of the
ion current versus pressure curve is approximately 10-3 amperes per torr. If a square
wave had been used, the slope of the curve would have been considerably higher since, for
sine wave excitation, the emitter has a duty cycle of less than 50% for each half cycle.

At the present state of development, the emission current from the cold source may
be expected to decay to approximately 30% of the initial value and then remain stationary.
For example, the AC lifetime test reported by Sprouse et al was continued and the emitter
was still producing an emission current of 60 microamperes after 25 days, at which time it
was removed from the test apparatus. However, for many applications requiring electron
beams, such as jonization gauges, full time operation of the electron emitter is employed
only because starting from cold causes severe disruption of the conditions within the

system, due to outgassing. Since there is very little heat generated at the emitting
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region of the cold electron source, the outgassing problem does not exist. Therefore, an
ionization gauge employing a cold electron source may be switched on and the pressure
determined immediately. If the source is energized only when it is necessary to deter-
mine the pressure, the lifetime of the source would be almost indefinite, and greater
emission currents would be available. An additional factor would be the absence of con-
tinued bombardment of various surfaces by the electrons, thereby maintaining cleaner con-
ditions within the gauge.

This research was supported in part by the University of Texas at Dallas, and the
included mass spectra were recorded by Dr. John Hoffman of the University of Texas at

Dallas.
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Absolute Gas Phage Acidity and the Determination of Free Energies of Hydration
of Gaseous Anjions. L. BREWSTER YOUNG, Mobil Chemical Company, Edison, N. J, 08817,
E. LEE-RUFF and D. K. BOHME, York University, Downsview 463, Ontario.

Application of the flowing afterglow technique at 300° X to the study of the kinetics
of proton transfer reactions of the type X + YH = Y + XH has led to informatiom
regarding the energetics of such reactions. This information, together with thermo-
chemical data presently available, allows the determination of absolute acidities for
certain Brdnsted acids. An absolute pl(El may be defined by analogy with solution work.
The relation of absolute pKa values to solution pKa values allows the determination of
free energies of hydration of anions which are as yet essentially inaccessible to

solution studies.
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R6
THE THEORETICAL RELATIONSHIP BETWEEN ION MOBILITY AND MASS

D, I. Carroll, Franklin GNO Corporation, West Palm Beach, Florida and
E. A. Mason, Division of Engineering, Brown University, Providence, Rhode Island

INTRODUCTION

In the past few years the Franklin GNO Corporation Has appiied the principles of
gaseous electronics to the motion of stable molecular ions thfough a nonreactive drift
gas to develop a new analytical instrument. This instrument i8 termed & Plasma
Chromatograph™. A combination of a Plasma Chromatogra‘j&h with a'mass spectrom-
eter was described at the last conference in San Francisco by Cohen and Karasek. 1
The Plasma Chromatograph measures the drift time of an ion between two shutter grids.
In this paper the Plasma Chromatograph is combined with a quadrupole mass spec-
trometer. This combined instrument additionally measures the drift timé of a mass-
identified ion between either of two shutter grids and the mdss spectrometer detector.
In both instruments the result is to form and drift the ions dt atmospheric pressure.

For application as an analytical tool, the measured drift times are shown to be
a continuous function of the ion mass and size.

EXPERIMENTAL APPARATUS

The experimental data was taken using the Plasma Chroimatograph-Mass Spec-
trometer combination shown schematically in Figure 1. The pfécedure is as follows.
Primary ions are produced in a carrier gas by a beta-ray source; these primary iods
start a sequence of ion-molecule reactions which, within a fraétion of a millisecond,
yield a few simple molecular ions. These simple molecular ions, in turn, undergo ion-
molecule reactions with the trace compound to form the ion or ions measured in the
drift tube. Thus, if the carrier gas is nitrogen containing a small amount of water
vapor, the primary nitrogen ions start a sequence of reactions yielding (H,O),H",
which react with the trace molecules M to form ions like MHY, M,H*, M(HZO)H+, etc.
The reaction time is normally 10 milliseconds. The ions thus formed in the reaction
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region are then introduced into the drift region, where they drift through nitrogen at
about atmospheric pressure under the influence of an electric field, finally arriving at

a detector. The transit times of the ions through the drift region are recorded and are
of the order of milliseconds. The signal of the instrument is, thus, ion current as a
function of time. The principles of operation are those of electrophoresis in the gaseous
rather than the liquid state.

A large flow of nonreactive drift gas is used to clear the drift region of the trace
molecules to prevent ion-molecule reactions from continuing during the drift time
measurement period.

Either one of the two shutter grids is used to pulse the ions into the drift region.
The ions drift from one of the shutter grids to the sampling aperture and are entrained
in the gas flow into the mass spectrometer region. This low-pressure region is
maintained at 10-3 Torr pressure by a high-speed oil diffusion pump. An ion lens
focuses the ions from the aperture into the quadrupole rod structure. A standard ionizer
is used for calibration only. Provision for optimizing the ion lens and quadrupole rod
bias voltages for both positive and negative ion operation is provided. A Channeltron
electron multiplier is used as a detector and pulse counting techniques employed.

In typical operation a mass spectrum and drift time spectrum is taken of the
total drift cell current. The mass spectrometer is then set to respond to a single ion
mass only. The arrival time of that jon is then measured from each grid to the detec-
tor. The difference in arrival times is the drift time of the mass-identified ion between
the two shutter grids. Since the grid distances and the drift tube temperature and pres-
sure are known, the mobility of the mass-~identified ion can be calculated.

MOBILITY THEORY

The drift velocity of an ion through a drift gas, in the presence of an electrical
field, is controlled by the very large number of collisions the ion makes with the neu-
tral molecules. The average velocity of the jon through the gas is called the drift velo-
city, Vg, and is directly proportional to the electric field intensity, E. The propor-
tionality constant, K, is called the ion mobility.

In 1905, Langevin developed a general theory of ion mobility which is shown in
modern notation here.

i/2
) 3e[i+i]1/2(21r )/ 1
16 NLm M kT Qp
In this equation N is the neutral density in molecules per cm3, e is.the charge
on the ion, M the neutral mass, m the ion mass, and QD the average collision cross
section. This relationship between the mobility and the average cross section is essen-

tially exact. The evaluation of the cross section, however, depends upon the nature of
the assumed interaction forces between the ion and neutrals.

Early measurements of ion mobility were concerned with simple atomic ions in
diatomic gases. Under these conditions, the results are generally well explained by
what is known as the ""small ion limit" of the mobility equation.

13.881 172

K_ = 21
p ai 2 lm M
Assuming that the drift gas has no appreciable dipole moment, then the longest
range interaction potential is the inverse r4 polarization. If this is the only interaction
force, the polarization limit mobility K _ is proportional to the square root of the sum

of the reciprocal masses of the ion and Reutral. Thus, K'p reaches a constant value for
high values of ion mass.

This has not proved to be the case, however, for the more practical situation

considered here, of large complex molecular ions drifted at atmospheric pressure.
Under these conditions, the simple small ion limit equation is inadequate.
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In 1926, the collision integral was evaluated by Hasse for the more general case
of hard sphere repulsion and polarization attraction.> Under these conditions the
mobility is inversely proportional to the sum of the ion and neutral radii squared. In
order to relate this equation to ion mass, the hard sphere assumption that the mass is
proportional to the radius cubed must be made. With this assumption, the hard sphere
mobility is inversely proportional to the ion mass to the two-thirds power for very
large ion mass. A relatively good fit to the experimental data obtained can be made us-
ing this rigid sphere interaction model; however, the absolute values of mobility are
about twenty percent above those obtained experimentally.

The collision integral has recently been calculated by Mason and Schamp for a
much more generalized case which includes both short-range repulsive and attractive
terms, as well as the long-range polarization attraction.4 The assumed interaction
potential in this case is:

oy - e o] ol e 2]

In this equation € is the depth of the potential minimum and r,,, its position.
The Langevin rlgld sphere repulsion has been replaced by an inversé r12 and the short-
range inverse r° attractive term added. y is a dimensionless constant which is used
to weigh the relative importance of the short and long range attraction terms. The
mobility equation in the notatjon of Mason and Schamp is:

1/2 1/2 1
[K]i = 16N M:I

o 2alt 1)*

Values of n“' 1)* have been tabulated by Mason and Schamp as a function of the param-
eter T*, which is the ratio of the thermal energy to the potential well depth of the ion
and molecule:

KT
€

T =

The potential well depth € is related to the size parameter r,, by the equation:

eza

st -y

The relationship between ry, and the molecular weight is based on the model of
a hard sphere where:

_—

where A is the scaling size for the drift gas of molecular weight M.

1/3

COMPARISON OF THEORY AND EXPERIMENTAL DATA

A list of the experlmenta.l values of mobility for the mass-identified ions is
given in Table I. The sample material and assumed ion is also listed.

In Figure 2 the reciprocal reduced mobility in nitrogen is plotted as a function of
ion mass. The solid line is based upon a 12-6-4 interaction potential and the collision
integrals calculated by Mason and Schamp.

A scaling value of 2.7 L for A for nitrogen gas at mass 28 was used with a

value of 0.35 for the weighting factor y. The scaling value of 2.7 A gives the proper
shape and slope to the curve, and the weighting factor gives the correct absolute values.
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FIGURE 2 RECIPROCAL MOBILITY VERSUS ION MASS
Sample Material m/e KQ'1 Jon Interpretation
CHj - CyH,(NO,)3 182 0.629 CHy » CgH3(NO,),"
198 0.645 CHj - C¢H3(NO,),0"
227 0.694 CHj + CgHz(NO,)3”
SFg 146 0.517 SFg-
127 0.496 SFg~
(C2Hz) 3P0, 94 0.504 (CHg)POH?
124 0.533 (CHg),HPO,H*
156 0.586 (C3Hg)3PO,HY
144 0.570 (CH5),HPO, * O
CgH, gOH 65 0.463 (CH30)2H*
179 0.735 R
250 0.855 -
289 0.943 (CyH4 gOH), H"
CH, - SO CH, 79 0.508 (CH, - SO - CHy)H*
157 0. 606 (CHj - 50 - CH3),H"
o, 32 0.468 0,*
"
30 0.434 NO
i‘ 127 0.408 - .
gH, 7OH 131 0.559 (CgH, ,OH)H .
149 0.690 (CgH, ;OH)(H, O)H
188 0.730
261 0.893 (CBHHOH)ZH+
'K, = K 23, B
T 760
TABLE I MOBILITIES OF MASS-IDENTIFIED IONS
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The scatter of the data about the average theoretical values is to be expected.
This is because the collision integral does not contain the mass of the ion as a param-
eter, but only essentially its size. A much better correlation should occur if the
mobility were plotted as a function of ion size, which is unfortunately not generally
known.

Two mass-identified ions have been measured, however, for which the molec-
ular size can be deduced from viscosity data and the measured results compared with
the theoretical predictions.

The atomic ion of iodine has a mass of 127 and a size, based upon viscosity
data, of 4.2 A. It would be expected to have a much higher mobility than that of the
molecular jon SF.~ with a mass of 127 and a size of 5.1 4, The difference predicted
theoretically, based upon the 12-6-4 interaction potential, and the scaling factor
assumed, is fourteen percent, while the actual. measured difference is twelve percent.
Thus, the experimental results are in good agreement with the theoretical predictions.

Since the measured ion drift times are a continuous function of the average
crogs section and, thus, the ion size, the Plasma Chromatograph can serve as a
powerful new analytical tool of very high sensitivity. The ion-molecule reaction with
the millions of collisions possible at atmospheric pressure accounts for the great sensi-
tivity of the Plasma Chromatograph to trace gases. The reactions may be those nor-
mally occurring in the air with trace gases, or selective reactions may be chosen by
the introduction of outside reactant gases into the reaction region.

Mass-identified data reported here extends out to mass 300. The 12-6-4 inter-
action model predicts that the mobility will vary at high values of K'T/¢ on the average,
inversely as mass to the four-ninths power. The general result in the limit KT >> ¢
for an r~D repulsive case is a variation of mobility inversely as M to the
[(2/3)(n - 4)/n]) power. This gives the two-thirds power variation for the rigid sphere
n = o and four-ninths for the 12-6-4 model.

An accompanying paper by Kilpatrick shows additional experimental evidence of
a continuing variation of mobility out to mass 2000.

REFERENCES

1, F.W. Karasek, M.J.Cohen, D.I Carroll, ' Trace Studies with Ion-Mole-
cule Reactions in the Plasma Chromatograph-Mass Spectrometer
Instrument, ' Proceedings of the 18th Annual Conference on Mass
Spectrometry and Allied Topics, June 1970, pB251.

2. E. W. McDaniel, Collision Phenomena in Ionized Gases, App. II, John
Wiley and Sons, New York (1964).

3. H. R. Hasse, Phil.Mag.I, 139 (1926).

4. E. A, Mason and H, W. Schamp, Jr., An. Phy.(NY), 4, 233 (1958).

319



R7
AN EXPERIMENTAL MASS-MOBILITY RELATION FOR IONS IN AIR AT

ATMOSPHERIC PRESSURE
W. D. Kilpatrick, Franklin GNO Corporation, West Palm Beach, Florida

The purpose of this report is to relate ion mobility and ion mass in such a way
that an accurate measure of mobijlity will allow a first order identification of ion species.
The instrument used for these measurements is a Plasma Chromatograph7“1'3, a
device which detects the presence of small concentrations of vapor at atmospheric
pressure (760 Torr).

BACKGROUND

The PC method of measurement involves conversion of the trace gas into nega-
tive or positive ions by ion-molecule reaction, and then directing them along an elec-
tric field, The time interval for an ion pulse to proceed through a fixed distance is
related to a characteristic ion mobility. Under clean conditions and for very dilute
concentrations (0.01 to 100 ppb), this jon mobility becomes identifiable with mass --
an unconventional mass spectrometer.

The Plasma Chromatograph is somewhat like a time-of-flight spectrometer.
But, unlike the time-of-flight spectrometer, the gas impedes ion motion by collisions,
so that a constant ion velocity requires a constant electric field. The collisions also
limit ion energies to the thermal energy of the drift gas, thus giving transit times of
milliseconds instead of customary microseconds for the comparable time-of-flight
device.

Gaseous diffusion tends to destroy the ion pulse contours; but because the dif-
fusion rate is different from the total displacement along the field, it is possible to
complete ion pulse transits before intolerable resolution sets in. Ion mobility is,
therefore, an adequate variable for a general analysis.

Consider the basic equation for ion mobility, K:
K = v/E = x/TE

where v is the drift velocity of the ion when there is an electric gradient E along the
path of the cell, and the drift velocity is determined by the transit time 7 for ions to
travel a fixed length x. In addition, ion mobilities vary inversely with the drift gas
density because of the rate of momentum exchange per encounter, so that a reference
temperature and pressure are normally used for scaling apparatus and comparing dif-
ferent data. By definition, reduced mobility K, refers all conditions to 2739 Kelvin
and 760 Torr which, for a perfect gas, means that:

Ky = (x/7E) - {(P/760) - (273/T)

where T is degrees Kelvin, and P is the pressure in Torr of the drift gas. Accordingly,
specific transit times for an ion species in a plasmagram are comparable if
T+ E+ T = constant, all other conditions remaining the same.

Figure 1 shows a schematic of the measurement arrangement. A carrier gas
of bottled air flows at a rate of about 30 ml/min through a molecular sieve where
moisture is removed. After the sample is introduced into the carrier stream, they
both enter the PC apparatus through a glass inlet. Ions are formed in the ion-mole-
cule reaction chamber and then cross the drift space, become collected, and recorded
by an electrometer. The write-out from the electrometer is called a plasmagram,
which, therefore, displays the transit time of individual ion pulse peaks. The drift
space is maintained at 200°C and is scavenged by dry nitrogen for all measurements.
Operating conditions for the following measurements are substantially uniform and are
shown in Table I.
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DATA

Mobility measurements for twenty-five molecular species have been included,
but similar results have been obtained for hundreds of other compounds which were
examined over an extended period. For all the different samples measured, the diver-
sity in molecular structure has caused no great dispersion in the data, affirming that
ion mobility can form a useful base for identifying ion species. Low concentrations and
clean conditions must prevail, however, if significant results are to be obtained.

Table II lists all the materials examined. There are both negative and positive
ions, and the range covers from 35 to about 2000 amu. Species include monatomic,
aliphatic, aromatic, and complex structures with characteristic groups, such as those
of the Lu, Cr, and Mg chelates. Dimers and monomers appear, depending on the
sample concentration. Figure 2 displays these data in graph form, which also indicates
the continuity of the data.

In Figure 3 the same experimental data are superimposed on an actual transit
time scale which applies to these particular measurements. With such a direct transit
time calibration, it is possible to interpret plasmagram peaks directly in terms of mass.

Figure 4 shows 3 plasmagram of DMSO-d. The dominant response is positive--
a dimer. All of the reactant positive ion has vanished.

Figure 5 shows iodine, which has a dominant negative ion response. This is a
monomer, and some of the reactant is still apparent. Both DMSO and iodine are shown
on a 20 msec time base.

Figure 6 shows a complex lutetium chelate, where several ion-molecule reac-
tions are in process. Because of the heavier ions, it has been necessary to increase
the time base to 50 msec.

Figure 7 shows a heavy complex fluorocarbon, Freon E-9. Reasons for the
"humpback' shape are not clear, but they correspond to fractional complexes, E-1,
E-2, etc.

CONCLUSIONS

Under suitable conditions, a simple ion-mobility relationship appears over a
large mass range, approximately 10 < amu < 10, 000.

Comparison of present data with available references gives a general agreement
for less than 30 amu, but not for higher values. No ion mobility data have come to my
attention for the very high mass region of 200 < amu < 10, 000, and for all masses
there are only limited references to the use of dry nitrogen as a common drift gas.

The experimental data here include many different ion-molecule classes, with
the most variation in a small region represented by iodine (127, monatomic), isooctane
(114, aliphatic), and vanillin (152, aromatic). Mass determinations from the mobility
measurements are within five percent in amu along the mass-mobility curve. A dif-
ferent group was considered where all had simijlar mass, but were of a cyclic structure:
acetophenone (120), salicylaldehyde (122), and benzoic acid (122). They were all
measured as dimers, but they agreed again to within five percent amu. Further com-
parison between classes of materials was obtained from consideration of varijous
biphenylchlorides (188 to 499 amu), where all of the ion mobility data fit well together,
and they fit well with the other data along the curve.

To first approximation, there have been no gross departures from the general
relationship over a wide range in mass for many different ion species.
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TABLE I
ALPHA/I OPERATING CONDITIONS

Temperature: Cell 200 £5°C
Inlet 2000C
Sample, variable 26-200°C

Dimensions: Drift length 8 ¢cm x diameter 10 cm
Cell length 28 cm

Gases: Drift of 300 cc/min, dry nitrogen
Carrier of 30 c¢/min, dry air
System closed to atmosphere
Molecular sieve, Linde #3A

Electrical: Both shutter grids 0.25 msec
Scan time 20 - 50 min
Time Base 20 - 50 msec
Drift gradient 286 V/cm
de electrometer current ~ 2 x 10~9 A
Source Ni-63 ~ 20 mCi
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Negative Ion amu
Chlorine 35.
Nitrogen Dioxide 46
2« Formaldehyde 60
3. Formaldehyde 90
Isooctane 114
lodine 127
Vanillin 152
Diethylphthalate 222
BPC-4 (2,4) 292
BPC-4 (2, 3,4, 5) 292
fod (fragment) 295
BPC-6 361
Hexachlorophene 407
BPC-8 430
BPC-10 499
Cr(tfa), 511
2 - Mg(tfa), 660
Lu(fod); 1061
Freon (E-9) 1612
2 * Lu(fod)g 2122

=

TABLE II
ATOMIC MASS ~ ION MOBILITY DATA

Eo Positive Ion amu I_(o
2.49 2+ Formaldehyde 60 2.07
2.36 Dimethylsulfoxide-d 84 1.84
2.06 Isooctane 114 1.73
1.83 Octanol 130 1.56
1.69 Vanillin 152 1.44
1.52 2 * Dimethylsulfoxide-d 168 1.47
1.46 BPC-1 188 1.34
1.27 Benzoanthracene 245 1.21
1.14 2+ Acetophenone 240 1.24
1.143 2 - Salicylaldehyde 244 1.27
1.19 2 * Benzoic Acid 244 1.28
1,06 2 * Napthalene 256 1.26
. 984 BCP-4 (2, 4) 292 1.14
976 BCP-8 430 .976
906 BCP-10 499 . 906
. 922 2 . Mg(tfa), 660 . 842
. 820
.607
. 497 Notes:
411 . .
BPC biphenylchloride
tfa trifluoroacetylacetone
fod heptafluorodimethyloctanedione

CARRIER GAS

SAMPLE

l

MOLECULAR

SIEVE
I

BOTTLED AIR

r—— —— —

=

PC INLET

ION-MOLECULE
REACTION

/ AND SAMPLE

ALPHA/I

PLASMA
CHROMATOGRAPH
(8 kV, 200°C)

l—lr/

I
1

ATMOSPHERE

——— e — — — —

MOLECULAR I
SIEVE S DRIFT SPACE T
BOTTLED I
DRIET GAS | LECTROMETER I
I
| RECORDER I
FIGURE 1 MEASUREMENT SCHEMATIC

323



10000- ATOMIC MASS IUNI'I'S

ATOMIC MASS —ION MOBLITY
IN DRY NITROGEN
POSITIVE & NEGATIVE JONS
ORY NITROGEN DRIFT GAS

DATA at 200°C /760 Torr Recuced
o

|ooor— 1o 0°C/260 Toer -

00—

3
REDUCED MOBILITY

FIGURE 2 ATOMIC MASS--ION MOBILITY

70!

800

500

40

300

200

100

FIGURE 3 TYPICAL TRANSIT TIME, ALPHA/I

324



T

&L

P

DIMETHYLSULFOXIDE PLASMAGRAM

FIGURE 4

;
v
o T

T
T
L

T
T
Rudl

IODINE PLASMAGRAM

FIGURE 5

325



i

THT

EEEBNE}

PR

T
1

ST

=t

T.
iTETRM

RS A el

[T

LUTETIUM CHELATE PLASMAGRAM

FIGURE 6

FREON F-9 PLASMAGRAM

FIGURE 7

326



TON-MOLECULE REACTIONS IN HIGH PRESSURE CH4-CD4 MIXTURES * R10

Shuang-Ling Chong and J. L. Franklin
Department of Chemistry

Rice University
Houston, Texas 77001

Addition of small amounts of €D, to methane at 0.25 to 0.5 torr pressure results
in the formation of ethyl ions containing various amounts of deuterium. The ratios of
the various products correspond to scrambling occurring in reactions of CH3+ and CD3+
with CH, and CD4. The results are those that would be expected from a long-lived
complex of methyl ions with methane. Similarly, CH4D+ and CD4H+ jons are formed in
ratios that are in accord with a mechanism involving the reaction of CH4+ and CD4+
with CH4 and CD4 rathe} than the reaction of CH5+ w{th CD4. It is concluded that the
Tatter reaction is quite slow if it occurs. There is consistent indication of an
isotope effect which favors the transfer of a proton or a hydrogen over that of a
deuterium or deuteron. Similar results were obtained when small amounts of CHy were

added to CD4 at high pressures.

*
Support by Project SQUID of the Navy is gratefully acknowledged.

A complete paper has been accepted for publication in The Journal of Chemical Physics.
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$1
QUANTITATIVE ANALYSIS OF NITROGEN COMPOUNDS

Thomas Aczel and H. E. Lumpkin
Esso Research and Engineering Company
Baytown, Texas

High resolution - Tow voltage mass spectrometry is used in our laboratories for
the semiroutine quantitative determination of the nitrogen compounds present in petroleum
and coal products. This analysis is an extension of the method used for the detaiz?g
characterization of the hydrocarbons and the aromatic sulfur and oxygen compounds.

We use an Associated Electrical Industries Model MS9 mass spectrometer with a
dynamic reso]zing power of 1 in 10,000. Data acquisition and data handling are
computerized.{2)

The procedure used for the analyses of nitrogen compounds involves three main
steps: concentration of the nitrogen compounds in a polar fraction by means of a clay-gel
separation; identification of the formulas of the components present with the high resolu-
tion mass spectrometer; and quantitative analysis, using experimental and extrapolated
calibration data. This last step yields at the present quantitative data for up to 720
nitrogen compounds per sample.

The clay-gel separation technique, ASTM D-2007, modified to collect an aromatic
fraction, concentrates 80-95 percent of the nitrogen compounds and of the phenols in the
polar fraction. It is more selective in this respect than silica gel alone. These con-
clusions were confirmed by coulometric (Dohrmann) analyses and by the examination of the
mass spectra of fractions obtained from several samples. MS data on a typical case are
shown below,

Weight Percent of Compound Class in a Coal Liquid

Compound Classes Saturates Aromatics Polars
CH 100.0 96.6 1.5
CHO, CHO2, CHO3 0.0 3.4 57.3
CHN, CHNO 0.0 0.0 32.4
Residue 0.0 0.0 8.8

This separation procedure simplifies the mass spectra of the polar fraction.
The 13¢ isotope peaks of the hydrocarbons which interfere with the CHN compounds are
essentially eliminated. Less resolving power is thus required for unequivocal identifica-
tion of the nitrogen compounds. Unseparated samples can still be analyzed, provided that
higher resolution power is available. In our case, this higher resolving power is pro-
vided, if needed, by a computer program which separates and identifies partially resolved
multiplets. Typical multiplets occurring in a polar fraction and in an unseparated sample
are shown below.

A. Polar Fraction B. Unseparated Sample
Component R.P. Required Component R.P. Required
Mass Formula for Separation Mass Formula for_Separation
255.1047 Ci9H13N j} 8.700 147.0684 CgHgNO :} 18.400
255.1340 c16‘3cn]802} ’ 147.0764 Cg'3CH 0 ’
7,0
255,1704 C17V3CH220 000 147.1048 C1gHT3N 5,200
9,000 18,400

255.1984  CqgHasN 1471128 Cyg13cHy,q
Use of the above summarized techniques resulted in the identification of a large
number of CHN, CHNO, CHNO2, and CHN2 compounds in samples derived from petroleum or coal.
These ranged from one to 6-ring systems, with as many as 20-25 homologs per series,
Compounds with one nitrogen atom per molecule were generally the most abundant, followed
by the CHNO types. Similarly to what observed for CH, CHS, and CHO compounds, the rela-
tive abundances of homologs in a given CHN or CHNO series corresponds to a normal type
distribution. A summarized 1ist of nitrogen compounds detected in the polar fraction of
a typical crude 0il is given on the following page.
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Compound Types Number of Homologs per Series

Range Number Minimum Maximum Average
CaHan 5N = CpHop-35N 16 1 21 14
CnH2p-gNO - CpHap_25NO 9 1 10 6
CnHzn-22N2 - CoHan-26M2 3 1 7 3
Number of types: 28 Number of individual formulas: 386

Quantitative analysis at low voltages requires a calibration data set contain-
ing the parent peak sensitivities of all expected components. Unfortunately very few of
these are available for direct calibration, and thus extrapolation techniques are needed
for completing the set.

The extrapolation rules used are based on the trends observed with the available
data. These trends are summarized below:

e Pyridinic type compounds are less sensitive than the corresponding aromatics, which in
turn are less sensitive than pyrrolic types. This effect becomes less pronounced with
increasing number of rings per molecule and the consequent decrease in the "importance"
of the pyrrolic or pyridinic ring with respect to the rest of the molecule. This
effect can be related to ionization potentials. Pyridine has a higher ionization
potential than benzene, which has a lower jonization potential than pyrrole. Lower
ionization potentials correspond in general to higher low voltage sensitivities. (3

e The sensitivity increases with aromaticity (number of condensed rings per molecule)
and with number of substituents. Again, the substituent effect is less pronounced in
the more condensed systems.

¢ The sensitivity decreases with the length of the sidechains.
Data illustrating some of these trends are shown below:

A. Substitution Effect B. Structure Effect
“No. of Avg. Rel. No. of Relative

Compound Type Substituents Sensitivity Compound Rings  Sensitivity
Pyridines 0 59 Pyridine 1 59

1 116 Benzene 1 148

2 175 Pyrrole 1 394

3 255 Quinoline 2 284
Quinolines 0 284 Naphthalene 2 390

1 355 Indole 2 741
Average data are derived from 1 to 7 Phenanthrene 3 532
pure compounds per substitution. Carbazole 3 865

In practice, sensitivities for the pyrrolic and pyridinic nuclei are derived .
from the curves shown below, in which the ratios of sensitivities between the correspond-
ing pyrrolic and aromatic structures, as well as between the pyridinic and aromatic
structures, are plotted against the number of aromatic rings in the structure., These
curves yield the sensitivity r?gjos with respect to the corresponding aromatic nuclei,
whose sensitivities are known. These ratios are set to unity for eight-ring structures,
in which the effect of the nitrogen atom is assumed to be negligible.

T i T ' T ] T ] T [ T | T ,

RATIO OF SENSITIVITIES BETWEEN N COMPOUNDS AND
CORRESPONDING HYDROCARBONS

@ EXPERIMENTAL
© EXTRAPQLATED

Ralio

2.01—

PYRROLIC
TYPES

PYRIDINIC
TYPES

{11[L||||1_11|

7 8

3 5 3
NUMBER OF AROMATIC RINGS
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Sensitivity values for homologs are derived in a manner similar to that dis-
cussed for the sensitivities of hydrocarbons.(3) In most series, these are assumed to
change as the inverse of the molecular weight, and the substitution effect is calculated
only for the one- and two-ring systems,

The reliability of this calibration data set has been tested both by comparing
the weight percent nitrogen calculated from MS data to conventional values and by adding
pure nitrogen compounds to a complex mixture of hydrocarbons. Both types of data indicate
that the data set is reasonably accurate. In one case, for example, 38.4 percent nitrogen
compounds was added to a nitrogen-free kerosene-type material, and the amount found by MS
was 37.0 percent.

At present, quantitative data are obtained for 720 components in 20 CHN and 10
CHNO series, with 24 homologs considered per series. Types included are CpH2pn-3N to
CnH2n-41N and CpH2p-7NO to CnH2pn-25N0. Calculations are performed with an IBM-1802
computer.

Parameters calculated include weight percent of each component and weight per-
cent of each compound type. Values for average molecular weight and weight percent
elemental nitrogen and oxygen are given for each compound type and also for the sum of all
CHN and CHNO types. The weight percent nitrogen found by this procedure is then compared
to the elemental nitrogen found by coulometric (Dohrmann) analysis, and the MS data are
renormalized to the conventional nitrogen level if the agreement is not within ten percent.
The format of the quantitative analysis is shown below, for a portion of the data.

C Atoms in

Sidechains CpH2p-13N CaHan-15N CpHop-17N CpHon-19N CnHop-11NO
0 0.00 0.38 0.08 0.24 0.00
1 0.05 2.48 0.3 0.26 0.00
2 0.53 4.08 0.47 0,20 0.04
3 1.33 3.52 0.24 0.18 0.07
24 0.00 0.00 0.00 0.00 0.00

Total 8.15 13.71 1.39 1.06 0.80

Avg. M 224.9 204.5 224.5 218.9 213.2

%N 0.50 0.93 0.08 0.06 0.05

20 0.00 0.00 0.00 0.00 0.06

A major disadvantage of the separation procedure used is that it does not
separate pyrrolic and pyridinic types. This separation can be attempted by mass spectro-
metric means, assuming, for example, that the CpHzn.5N series is pyridines, the CpH2p-gN
series is indoles, the CpH2n-11N series is quinolines, the CpH2n-15N series is carbazoles,
and so forth. This approach yields a qualitative distinction between pyrrolic and
pyridinic components.

The procedure outlined above yields a reliable quantitative method for the
analysis of nitrogen compounds in samples derived from petroleum or coal. It requires
only a minimum of separation work and can be performed semiroutinely. It results in a
very detailed analysis, determining the relative amounts of as many as 720 components per
sample, Its major disadvantage is the lack of accurate separation between pyrrolic and
pyridinic types. This difficulty may be overcome by additional separation steps.

(1) B. H. Johnson and Thomas Aczel, Anal, Chem. 39, 682 (1967).
- (2) Thomas Aczel, D. E, Allan, J. H. Harding and E. A. Knipp, Ibid., 42, 341 (1970).
(3) H. E. Lumpkin and Thomas Aczel, Ibid., 36, 181 (1964).
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S4
LASER—TIME-OF-FLIGHT MASS SPECTROMETER STUDIES OF

SORBED SPECIES AND SURFACE REACTIONS
A. G. Sharkey, Jr., A. F. Logar, Jr., and Richard G. Lett

Pittsburgh Energy Research Center, Bureau of Mines,
U.S. Department of the Interior, Pittsburgh, Pa. 15213

INTRODUCTION

The purpose of this investigation was to study sorbed species, surface reactions,
and pyrolysis products of carbonaceous materials using laser irradiation-mass spectro-
metric techniques. Four types of samples were investigated: (1) Mildly oxidized
coals, (2) sorbents used to remove pollutants from flue gases, (3) airborne particu-
lates collected in an urban area, and (4) coals of three ranks to study products
evolved during rapid pyrolysis.

It is well established that even mild oxidation has a marked effect on the proper-
ties of coal. Results of several previous investigations have indicated that the
initial stages of oxidation involve the hydrogen-rich structures on the surface of the
coal.= While it has been shown that water vapor, carbon dioxide, and carbon monoxide
are major products from the pyrolysis of oxidized coal, little is known about other
gaseous products and in particular about gases derived exclusively from surface compon-
ents. Irradiation with mild laser light provides a means for limiting the vaporiza-
tion and pyrolysis to surface materials.

Various sorbents for SO, and NO, present in flue gases are being investigated at
the Pittsburgh Energy Research Center. Materials investigated include alkalized
alumina, copper oxide impregnated on alumina, and trona. To evaluate potential sorb-
ents the sorption-regeneration cycle must be studied in detail. Investigations of
gases removed from surfaces of sorbents by mild heating with laser light have assisted
in elucidating the chemistry of the cycle and in evaluating potential sorbents.

The physical properties and chemical composition of urban particulate matter have
been the subject of much investigation. Mass spectrometric studies of organic material
derived from aifborne particulates have been reported by the Pittsburgh Energy Research
Center (PERC).Z/ This investigation and studies by others have shown that only 10-20
percent of the material in particulates has been identified. 1In the present investiga-
tion, rapid pyrolysis of the particulates by laser irradiation in the source region of
the Time-of-Flight (TOF) mass spectrometer is being used to study material collected in
an urban area.

In studies of the carbonization properties and reactions of coal it is important
to know the initial as well as stable products formed during coal carbonization.
Using combined laser irradiation-TOF mass spectrometry, Vastola and Pirone2’/ and Joy,
Ladner, and Pritchard?/ have studied gases from the rapid pyrolysis of several coals.
In the present investigation laser-TOF techniques were used to study products from
coals of a wide range of rank.

EXPERIMENTAL

For studies of the surfaces of oxidized coals and sorbents, a 10-watt, continuous
COy laser with a non-focused beam was used for irradiations. Irradiations were carried
out on samples in evacuated tubes and the products were then analyzed by mass spec-
trometry.

Rapid pyrolysis of the airborne particulates, sorbents, and coal samples was
carried out using a pulsed ruby laser with an output of approximately 6 joules. The
samples were placed in the source region of the mass spectrometer and irradiated
through a window.

RESULTS AND DISCUSSION
Oxidized Coals
Oxidation produced major changes in gaseous products (table 1). Large increases
in the councentrations of €O and C0Oy were observed as reported by other investigators.
In addition, the concentration of hydrogen and light hydrocarbons to C, decreased by

factors of 5 to approximately 10. These data, representing products from the pyrolysis
of surface components, support the proposals of Howard and others that the hydrogen-
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rich structure of the coal is preferentially oxidized. While the temperature of the
gsurface and the depth of material examined by this technique are not known, the major
changes in the gas composition indicate that the oxidized layer is the primary con-
tributor to the gas.

Gases from Laser Irradiation of Sorbents

Samples of copper oxide impregnated on alumina were examined after spending by
exposure to flue gas containing S0, and NOy and after regemeration in hydrogen. Gases
from laser irradiation of samples from the 20th and 75th cycles are shown in table 2.
The lower values of SO following regeneration indicate successful regeneration and
are consistent with the operating characteristics of the material.

It had been observed that alkalized alumina removed S0; from flue gas more effi-
ciently when NO, was in the gas. Laser irradiation of the surface of spent sorbent
revealed for the first time the interaction of N0, with the alkalized alumina. While
traces of NO were obtained in the gas from material exposed to synthetic flue gases
without MOy, approximately 10 times as much NO was obtained from the material exposed
to flue gas with NOy (table 2). The yield of SO, indicative of unreacted S0z on the
surface of the alkalized alumina, 1s also consistent with other data. Four to five
times as much S02 was ohbserved in gas from the sample exposed to flue gas without NOy.
These data reflect the higher reaction rate of S0 to form sulfate with NO; present.
The concentration of CO; was also much higher in gases from the material exposed to
flue gas containing NOx.

Airborne Particulate Matter

A TOF spectrum was recorded for the ruby-laser vaporization of a sample of partic-
ulate matter collected in the Pittsburgh area. For this investigation and also the
following studies of coal, the samples were pressed into thin, one-half-inch diameter
wafers and placed in a stainless steel holder. Spectra were recorded 20 milliseconds
after firing the laser. Peaks attributable to S02 (masses 64 and 48) were prominent
in the spectra. A major peak was also observed at mass 30 and, in a related investi-
gation of particulates by high-resolution mass spectrometry, the composition of the
ion was shown to be NO.

Pyrolysis of Coals of Several Ranks

Mass spectra were obtained of the stable products from the pulsed laser irradia-
tion of Anthracite coal, Pittsburgh seam bituminous coal, and North Dakota lignite.
Spectra were recorded for a 2-millisecond interval, 20 milliseconds after firing the
laser. Good pattern reproducibility was noted for duplicate experiments on the same
sample. The total spectral intensity observed for each coal was nearly proportional
to the percent volatile matter determined for the coals. The yields of oxygenated
compounds, HZO’ CO, and €0y, show the expected increases, relative to hydrocarbons, as
the rank of the coals decreases. Diacetylene is a major product, corresponding to at
least 20 percent of the acetylene in several instances. Ethylene and also HCN appear
to be present.

Mild laser irradiation of surfaces has provided Information concerning surface
reactions and the extent of reaction with the bulk material. More intense irradia-
tion and TOF recording of the spectra can be used to examine organic material asso-
ciated with airborne particulates and dusts.

REFERENCES
1. Howard, H. C., Trans, Am. Inst, Min. Metall. Engrs, 1947, 177, 523-534.

2. Sharkey, A. G., Jr., Shultz, J. L., Kessler, T., and Friedel, R. A., Research/
Development, Sept. 1969, 30-32.

3. Vastola, F. J., and Pirone, A. J., Preprints, 15lst Am. Chem. Soc. meeting,
Petrol. Chem. Div., Pittsburgh, Pa., March 1966.

4, Joy, W. K., Ladner, W. R., and Pritchard, E., Fuel, 1970, 49, 26-38.
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Table 1.- Gases from laser irradiation of oxidized

Pittsburgh seam hvab coal

Form -200 Mesh

Treatment Control Oxidizedil

Analxsishj Mol. percent
Hy 18.2 3.2
C1 41.5 4.8
Cy~ 4.6 1.3
Co 8.9 0.9
c3= 5.6 1.1
Cy 4.4 0.3
co 10.4 35.5
0o, 6.4 52.9

a/ Heated in air at 150° C for 72 hours.

b/ Alr and water free.

Table 2.- Gases from laser irradiation of sorbents

Sorbent Cu on alumina Alkalized alumina
20th 20cth 75th 75th Flue gas Flue gas
Treatment Spent Regen. Spent Regen. + NOy without NOx_
Gas Gas yieldil
$0p 2.13 .83 2.01 .29 .03 .14
CO2 .06 .13 .23 .17 7.56 b4 -
NO - - - - .23 .02
0y .53 .09 .51 .03 .26 .19
Ny .12 .07 .04 - .19 .34
Hp .01 .01 .02 .02 .14 .02
Hy0 .93 .81 3.35 1.74 6.08 3.81

a/ Mm in standard cell; 5-second laser irradiation.
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GAS CHROMATOGRAPHIC-MASS SPECTROMETRIC IDENTIFICATION OF INDIGENOUS ORGANIC MATTER OF s6

THE MURCHISON METEORITE

J.M. Gibert, S.A. Wikstrom, and J. Oro”
Department of Biophysical Sciences
University of Houston
Houston, Texas 77004

ABSTRACT

The Murchlson Meteorite contains significant amounts of complex mixtures, of
amino acids, alfiphatlc and aromatic hydrocarbons, and other solvent extractable organic
compounds. The amino acids found include several protein as well as non-protein
components. The allphatic hydrocarbon fraction of low molecular weight has a predomi-
nance of branched saturated alkanes. The cyclic and unsaturated series increase in
abundance with increasing motecular weight of the hydrocarbons. The benzene fraction
contains predominantly alkyl substituted unsaturated rings. On the basis of their
unique distribution and identities it appears that these organic compounds are in-
digenous to the meteorite. The combined technique of gas chromatography and mass
spectrometry has proven once more to be an advantageous combination for the separation
and identification of such complex mixtures or organic substances.

JNTRODUCTION

Interstellar space, initially thought to be essentially empty, can now be imagined
as an enormous chemical reactor where a number of simple organic and organogenic com-
pounds have been identified (1). Therefore as star and planet formation occur in the
galaxies, these simple organic compounds could eventually be incorporated in planetoidal
environments, thus becoming potential precursors of biogenic structures. With in-
creasing evidence for more organic structures in interstellar space, the analysis of
extraterrestrial samples for organic compounds receives an added momentum.

Carbon compounds in meteorites have been the subject of extensive studies during
the last century. |f one thinks of meteorites as being the remains of the primeval
matter in the collapsing solar nebula, the study of these bodies certainly can provide
very valuable information regarding the stages and mechanisms of evolution within the
solar system (e.g. 2,3).

Two types of organic compounds, hydrocarbons and amino acids, have been the sub-
ject of extensive analysis. They constitute a most interesting fraction of the solvent
extractable organic compounds found in carbonaceous chondrites, a carbon rich type of
meteorites.

Extraterrestrial samples are potentially subject to organic contamination while
exposed to the earthly biota as has been demonstrated (e.g. 4,5). Consequently it is
commonly accepted that recently fallen and freshly collected carbonaceous chondrites,
or very well preserved specimens, are the most suitable samples to study.

The fall of the Murchison occurred near Murchison, Victoria, Australia, on
September 28, 1969. The specimens analyzed at the University of Houston weighed 10
and 499.7 grams, respectively, and had been collected about two weeks after the fall of
the meteorite. They were obtained through the courtesy of Dr. R.S. Clarke, Jr. (Field
Museum of Natural History, Chicago, Illinois).

GAS CHROMATOGRAPHIC-MASS SPECTROMETRIC ORGANIC ANALYSIS

A relatively large piece of the Murchison meteorite aimost entirely covered with
fusion crust, was the primary source of material. It had no visible fractures and a
minimum of soil-staining and weathering, giving it a very clean general appearance.
Several Inside pieces were obtained after removing more than two centimeters of the
fusion crust and outer surface from the original specimen. Figure | shows three re-
presentative gas chromatograms obtained by injection of aliquots of the amino acids
N-trifluoroacetyl-0- Isopropyl esters (6), aliphatic and aromatic hydrocarbon fractions,
into a 150 m, long x 0.5 mm i.d. open tubular stainless steel capillary gas chromato-
graphic column coated with 3% SF-36 connected to an LKB 9000 gas chromatograph-mass
spectrometer. This column has an estimated efficiency of 180,000 theoretical plates.
The complexity of these three fractions is apparent, Mass spectrometric evidence was
obtained for several protein and non-protein amino acids such as alanine, ac-aminoiso-
butyric, glycine, a-aminobutyric, B-atanine, valine, norvaline, proline and glutamic
acid. Preliminary evidence for some other 10 amino acids has also been obtained (7,8).
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Some of the spectra recorded are difficult to interpret since these amino acid deri-
vatives lack a parent ion, and some of the spectra corresponding to different isomers are
very similar. It is fortunate that in many cases similar isomers have different chroma-
tographic retention times and therefore this brings about very valuable information in
establishing the interpretative criteria.

The amino acids found, with the exception of proline and glutamic acid, are pre-
dominantly of the aliphatic type. For this type of amino acids the base fragment
ion generally corresponds to either the loss of the ester or the alkoxy moeity. The 8
and y amino acids behave in slightly different ways.

The most significant fragment ions for some of the amino acids investigated are
summarized in Table 1. These fragments are independent of the specific alcohol used
for esterification of the acid moeity.

TABLE 1

AMINO ACID SIGN|FICANT MASS SPECTRAL FRAGMENT IONS FROM
n-TFA-0-ALKYL AMINO ACID DERIVATIVES AT 20eV
| 2 3 4 5 6 7

PROTEIN

GLY 127 126 154

ALA 1450 14 57 168

PRO 166 211 194

VAL 168 169 55 153 114 196

LEU 69 182 140 183 171

ILE 69 182 171 183 114 153 140
GLU 198 180 240 152

NON-PROTEIN

SARCOS INE 140 141 184 168

B-ALA 168 55 139 185 186 141 126
a-Amino-N-Butyric Amino 154 155 140 182
B-Amino-N-Butyric 140 182 (60) 154 102

a Amino Isobutyric 154 155 83 85 182 166 114
g-Amino lsobutyric 82 - 69 168 153 155

NORVAL INE 168 55 169 126 140 114 154
NORLEUCINE 182 69 168 153 155

Glyclne was the major aminc acid observed (5.3 ug/g) and the other amino acids
were found in amounts of the order of 0.1 ug/g or higher (alanine 3.1 ug/g). Obviously
an appreciable number of other amino acids and possibly amines, remain to be identified,
as shown by the relatively large number of components of the gas chromatogram (Figure 1)
and the complex spectra recorded.

Figure 2 displays two consecutive mass spectra obtained during the actual analysis
of the amino acid fraction. These representative spectra labelled Murchison 70/74 NR
25 and 70/74 NR 26 have been identified as a-amino-N-butyric acid and B-alanine, res-
pectively. The spectra of standards are included in the figure for comparison. In
the spectrum Murchison 70/74 NR 26 the fragment at 154 originates due to memory effect
from the immediately preceeding compound. When complex spectra corresponding to more
than one compound, as indicated above are obtained, the use of gas chromatographic
‘retention times of standard compounds add valuable information that extends the use-
fulness of combined GC-MS as an identification technique (9). However the unavail-
ability of a computer system adds a tremendous burden to the analytical chemist in the
identification of such complex mixtures, otherwise impossible to handle by conventional
methods of chemical analysis.

Figure 1B depicts a representative gas chromatogram of the pentane fraction. The
aliphatic hydrocarbons observed range from Cjg to relatlvely high molecular weight
components. The most abundant series corresponds to the branched saturated alkanes.
They include predominantly monomethylated and dimethylated isomers. Intense ions that
correspond to the loss of fragments with m/e 29, 43, 57 and higher values suggest the
presence of branching at positions 2, 3, 4 etc., respectively (8,9).

The CnHan-1, CpH2p-3 series were also observed but were substantially less-abundant.
Up to )15 some of the CyH2n-1 ions could be assigned to olefins rather than mono-
cyclic alkanes since the m/e doublets corresponding to the fragment ions CH2p-1 and
ChH2n-2, for n =5, 6 or higher, characteristic of cyclics, were not abundant. The

336



100

501

100

501

100

501

100

501

X-AMINOBUTYRIC

154

182

N ,
20 40 60 80 100 120 140 160 180 200 220 240

M/E

MURCHISON 70/ 4 NR 25

e

La b

L
¥

154

20 40

c0
M/E

80 100 120 140 180 180 200 220 240

MURCHISON 7074 NR26

154
, I ||L b it e by LL“'L—JL -“4

168

185

20 40

60 80 100 120 140 160 180 200 220 240

M/E

B-ALANINE

168

185

h

La b ] lL

1
T s

20 40 60 80 100 120 140 160 180 200 220 240

M/E

337




100

1 MURCHISON 70/72 NR 67
l
501
B | L, LJ
20 40 60 80 100 /120 140160 180 2oo 220 240
M/E
100
1 MURCHISON 70/72 NRIS
0] s
174
— J' . -
20 40 60 80 100 /IZO 140 160 180 200 220 240
M/E
100
MURCHISON 70772 NR IO
1
501
| " %
| .I[ et
20 40 60 80 100 120 140 160 180 200 220 240

M/E

~

338




¢ H, -3 series Increased in Intensity after the Clk reglon, and suggested bicyclic
striltures with aliphatic branching.

The top spectrum In Figure 3 is representative of branched alkanes. The higher
fragment at m/e 155 corresponds to the loss of 43 units, therefore the most likely
position for the methyl group is In the second carbon of the alkane chain. Thus this
spectrum can be Interpreted as belng that of 2-methy! tridecane.

While the bottom spectrum displays ions representative of monocyclic and branched
alkanes, the middle spectrum depicts several lons belonging to polycyclics or poly-
unsaturated compounds.

The bottom spectrum in Figure 3 displays several molecular ions 142, 140, and 136.
The molecular lon at 142 corresponds to an alliphatic alkane with some branching at
position 2, probably a 2 methy!-Cjg; 140 most probably corresponds to a cyclohexane
since the peaks at 83 and 8L4 are suggestive of cyclohexanes with aliphatic branching
and 136 has at least 3 unsaturations (rings plus double bonds) and since no other ions
can be related to it, Its structure Is difficult to determine.

The middle spectrum of Figure 3 has the molecular ions 146, 148, and 150, which
have respectively, 5, 4, and 3 rings plus double bonds. Thelr identities are indeed
difficult to establish.

The aromatic fraction yielded mass spectra with fragmentation patterns corres-
ponding to napthalene, pehanthrene or anthracene, and some spectra with branched
aliphatic chains on these aromatic rings were observed. These data together with
gas chromatographic retention times Indicate the presence of alkyl substftuted bi-
cyclic and tricyclic aromatic compounds (8,9).

On the basis of thelr unique distributions and Identities, it appears that the
organic fraction of this meteorite is Indigenous and of probable extraterrestrial
origin. The high complexity of the fraction investigated suggests abiotic types of
synthesis.

These and other organic fractions of products with biogenic signlficance are
currently under investigation.

BIBLIOGRAPHY

1. Donn, B., Organic Molecules in Space, in Exobiology, (ed. by C. Ponnamperuma)
North Holland, Amsterdam (in press).

2. 0Oro”, J., Investigation of Organo-chemical Evolution, in Current Aspects of
Exoblology (ed. G. Mamikunian and M.H. Briggs). Pergamon Press, New York,
p. 13 (1965).

3. Oro”, J., Stages and Mechanlisms of Preblological Organic Synthesis, In the Orlgins
of Preblological Systems and of Thelr Molecular Matrices, (ed. by S.W. Fox).
Academlc Press, New York, p. 137 (1965},

4, Gibert, J., Flory, D., and Oro”, J., Identlty of a Common Contaminant of
Apollo 11 Lunar Fines and Apollo 12 York Meshes. Nature 229, 33 (1970).

5. Qro”, J. and Tornabene, T., Bacterlal Contamination of Some Carbonaceous
Chondrites. Sclence 150, 1046 (1965).

6. Gelpl, E., Koenlg, W., Gibert, J., and Oro”, J., Combined Gas Chromatography-
Mass Spectrometry of Amino Acid Derivatives. J. Chromatog. Sci. 7, 604
(1971). -

7. Kvenvolden, K., Lawless, J., Pering, K., Peterson, E., Flores, J., Ponnamperuma, C.,
Kaplan, |.R., and Moore, C., Evidence for Extraterrestrial Amino Acids and
Hydrocarbons in the Murchison Meteorite. Nature 228, 923 (1970).

8. OQro”, J., Glbert, J., Lichtenstein, H., Wikstrom, S., and Flory, D.A., Amino
Acids, Aliphatic and Aromatic Hydrocarbons In the Murchison Meteorite.
Nature 230, 105 (1971).

9. Gibert, J.M., Studies in Chemical Evolution, Gas Chromatographic-Mass Spectrometric
Determination of Organic and Organogenic Matter in Lunar Samples, Carbonaceous

339



Chondrites and Terrestrial Samples. Ph.D. Dissertation, University of Houston
(1971).

Figure 1:

Flgure 2:

Figure 3:

FIGURE CAPTIONS

Gas chromatograms obtalned on an LKB 9000 gas chromatograph-mass spectro-
meter with a 150 m x 0.5 mm stainless steel open tubular capilliary

column coated with SF-96 operated at 1.41 kg/cm? and the temperatures
1isted below,

A. N-TFA-isopropyl derivatives of the water extracted amino aclds.
Column isothermal at 70°C for 10 min. and programmed at 3°/min.
up to 200°C.

B. Alkanes from the pentane fractlon of the benzene-methanol extract.
Column isothermal at 50°C for 10 minutes and programmed at 2°/min.
up to 200°C.

C. Benzene fraction from benzene-methanol extract. Column isothermal
at 65°C for 15 min. and programmed at 2°/min. to 200°C.

Spectra of a-amino-N-butyric acld and B-alanine standards compared with
those obtained from the Murchison meteorite. Notice the memory effect
for fragment 154 in the spectra 70/74 NR26 of g-alanine which Is the
base fragment in the preceeding spectra (70/74 NR 25).

Three representative spectra of the alkane fraction soluble In pentane.
The top spectrum is representative of branched saturated alkanes, the
middle of polycyclic or polyunsaturated and the bottom Is a complex
spectra where a six membered ring C,p alkane appears to be present.
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MASS SPECTRAL ANALYSIS OF ORGANIC COMPQUNDS 57

IN THE MURCHISON METEORITE

J. G. Lawless, M. Romlez, K. Kvenvolden,
K. Pering, E. Peterson, J. Flores
C. Folsome, and C. Ponnamperuma
Exobiology Division, Ames Research Center

NASA, Moffett Field, Calif. gLO35

The presence of organic compounds in meteorites has often been discounted because
their distribution patterns were suggestive of terrestrial contemination (1). Recent
work with the Murchison meteorite (2) has suggested that the organic compounds are in-
digenous and extraterrestrial in origin.

An analysis of the Murray meteorite, another Type II carbonaceous chondrite, was
undertaken to substantlate these findings. The combined gas chromatography-mass spec-
trometry of the N-trifluoroacetyl-D-2-butyl ester derivatives of the amino acids in the
Murray was studies. A suite of amino acids similar to those found in the Murchison was
observed. The presence of amino acids with nearly equal amounts of D and L isomers,
and others which are non-protein in character, suggest that they are indlgenous tc the
Murray meteorite.

An investigatlon of aqueous and formic acid extracts of the Murchison meteorite
by gas chromatography combined with both low and high resolution mass spectrometry has
lead to the ldentification of 4-hydroxy-pyrimidine and two of its methyl isomers as

their trimethylsilyl derivatives. No purines or triazines were detected.
This work has been submitted to Science for publication.
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The Use of Mass Spectrometry in the Identification of Organic Compounds in Arid Soils
from Antarctica and the Mohave Desert. Carotenold Pigments. H. G, BOETTGER, A. J.
BAUMAN, A. M. KELLY, Jet Propulsion Laboratory, California Imstitute of Technology, and
H. YOKOYAMA, Fruit and Vegetsble Laboratory, USDA, Pasadena, Calif.

For a number of years we have been involved in an effort to characterize soils
from the arid and hostile regions of the planet Earth which resemble the Martian model
as closely as possible. Samples are being collected by R. E. Cameron of our laboratory
from places that are either very hot or very cold, but always extremely dry and usually
more or less saline. The samples, which may come from the surface or from several feet
below the surface and may contain visible remmants of life or be totally devoid of any
detectable life forms, are characterized in the usual biological ways, such as type
and number of life forms, total orgenic content, total carbon, nitrogen, salinity and
soforth.

Our interest as chemists and mass spectroscopists in these soils is three-fold.
First of all, there is very little known about the chemistry of soils in general and
hostlile ones in particular in relatlon to the varlous life forms in it. Secondly, a
more detailed knowledge of the chemistry of solls is vital to the question of the
search for extraterrestrial life via space probes equipped with analytical-chemical
instruments. Thirdly, the problem in itself is an extremely challenging one for the
organic-analytical chemist due to the great complexity of the samples.

In order to attack this problem, colleboration is needed by experts from a number
of disciplines. The organics have to be isolated from the soil matrix and split into
the various chemlcal classes. These fractions must be further separated into individual
compounds which finally have to be identified. Also we have found that many of the
classical bilochemical techniques for isolation and separation often do not work well
‘with mixtures as complex as Boll extracts. Therefore, modification of existing
techniques or development of totally new techniques 1s required.

Very early in this work it was recognized that mass spectrometry, in both the
HRMS as well as the LRMS mode, presents a tool of great value. It permits us to
check the presence or absence of certain classes of compounds. It lets us follow
these compounds through all steps of the isolation and purification procedures. 1In
the end 1t alds us in, or often solely performs the ldentification of the separated
compounds .

We shall now demonstrate this use of mass spectrometry with one recent phase of
our work. This concerns the identification of carotencid pigments in an algal mat
collected in the Mojave Desert near Thermal, California., Figure 1 shows the result
of the column chromatographic separation. The sample which is chromatographed was
isoleted by the latest conventionel techniques for the isolation of carotenoids from
biological media. In addition to the carotenold composition listed, each fraction
contalned a host of other things. This is demonstrated by Fig. 2 which represents
a plot of the total ion monitor output versus the probe temperature for fraction
07-3. I might inject at this point that all fractions are analyzed by means of our
previously reported Temperature-Programmed-Probe technique. As you can see, we have
a varlety of substances still present. Wherever the amount of sample permitted,
further purification was carried out by TLC and/or crystallization and mass spectra
of these samples were used for final characterization. All samples were also
digested with deutero-methanocl and spectra teken of the residue to aid in the
detection and localization of OH and COOH groups. The next two flgures show
computer plots from HR-spectra of some of the fractions where we had enough sample
for purification.

Figure 3 shows from top to bottom the spectrum of authentic Canthaxanthin and
fractions 06-7 and 07-3. The latter 1is Canthaxanthin as confirmed by visual spectra
and NMR. 06-7 is most likely a Cis/trans isomer. A8 can be seen in the
"authentic"” Canthexanthin spectrum, we have a series of peaks at M-16 which ELCOMP
shows to be an apparent loss of oxygen and is reported as such by a number of
investigators. As will be reported elsewhere in detall, we were able to show in
all cases where we could obtain samples, that there 1s no M-Oxygen. The peaks at
these masses were proven to be either due to artifacts, such as impurities, etc.,
or we were unsble to duplicate the reported spectra. Figure 4 shows the high mass
region of the HRMS listing for fraction O7-3 and represents all the characteristic
peaks for carotenolds in general and Canthaxanthin in particular. Figure 5 shows
the plotted epectra of some previously unreported Keto-carotenoids from fractions
07-2, 06-la, and O6-Lb. The top one is Echinenone, the next one is 3-Keto-o-
Carotene. The third one is probably again e cis/trans isomer.
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NMR, etc.

In the next two figures we have summarized the carotenold content of the soil
sample with positive molecular composition assignments by HRMS and more or less firm
structursl assignments also mostly cerried out by HRMS. Only in case of Centhax-
anthin and Echinenone enough sample was availeble for supporting evidence from

I might add that all this work was carried out with 2.6 mg of "carotenoid"
extract which was obtained from 12 Kg of soil and, as mentioned above, still con-
tained large quantitles of other materials.

-

FRACTION %
07-3 51.50
07-2 6.95
35-3 1.78
06-8 5. 73
06-7 5.04
06-4 6.89
20-3 1.63
20-2 1.52
26-5 2.34
26-4 2.30
26-3 6.08
36-2 .17
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MASS MEASUREMENT OF MAJOR PEAKS

OF FRACTION 07-3

564.3974 = 564.3967
549.3765 = 549.3733
508.3359 = 508.3341
485.3467 - 485.3419
472.3362 - 472.3341
458,3175 - 458.3185
412,2770 - 412.2766
(406. 2872)* ~ 406.2872
373.24718 = 373.2531
368.3026 - 368.079
361.2515 = 361.2531
360.2444 = 360.2453
347.2342 - 347.2375

"TOO SMALL FOR PRECISE MEASUREMENT
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] | .. CAROTENOID PIGMENTS IN SURFICIAL ALGAL
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T
TEMPERATURE AND ENERGY DEPENDENCE OF ION-

MOLECULE REACTIONS OF POLAR COMPOUNDS
S. E. Buttrill, Jr.

Department of Chemistry, University of Minnesota
Minneapolls, Minnesota 55455

Introduction
The interaction between an ion and a polar molecule may be written as
2 2
V(r) = ~(e%a/2r%) -(ep/t™) (1)

where a and p are the angle-averaged polarizability and the dipole moment of the
neutral. It is assumed in Eq.(1) that the dipole 'locks in' on the ion giving the
maximum ion-neutral attraction. If one assumes that a reaction occurs on every
collision in which the ion passes over the centrifugal barrier, then Eq.(1) gives
the reaction rate constant as

1/2

a 1/2 2
k{E} = 2me —) + me (—-) 2
(E) "(u mep\ (2)
where p and E are the reduced mass and relative energy of the ion and neutral.

Experimental

Energy dependence studies were performed by applying a constant rf electric
field at the cyclotron frequency of the reactant ion to the source region of a
commercial ion cyclotron resonance spectrometer (Figure 1)}. The time that the ions
spend in the source region is Tg = LSH/CES and normally the source drift field Eg
is adjusted to make T5 about one tenth of the total time that the ions spend in the
cell. Reactant ions are thus accelerated to an average energy of

22 2
T = e EX /8m
before they enter the analyzer region. Both the product ion signal and the total
ion current are measured as a function of reactant ion energy. Relative reaction

rates are determined from relative product ion signal intensities corrected for
small changes in total ion current.

Temperature dependence studies below room temperature were performed by cooling
the analyzer vacuum chamber with liquid nitrogen. A jacket of 0.005 inch stainless
steel extends from the six inch flange over the entire analyzer can. Using poly-
urethane foam insulation, liquid nitrogen consumption is about 2 liter/hour and
operating temperatures of 140°K are attained after about 3 hours.

Wk= mc

ELECTRONVETER
Wy, Ep) TeREENT
IRRADIATING
OSCILLATOR
H ‘gi:/,/”//, /,/’:///,/’////'
Es R _
— = )
/e(_ SouRCE ANALYZER GJL:%NCTDFI
L H qH Wy B4
Ts = c Es

MARGINAL
OSCILLATOR
DETECTOR

Figure 1: Side view of the flat ICR cell used for the energy dependence studies.
Ions are formed by an electron beam in the source and are irradiated for
Tg seconds as they drift into the analyzer.
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Results and Discussion

In order to test Eq.(2) relative rates of ion-molecule reactions in methane, HCI,
ammonia, methyl fluoride, and hydrogen sulfide were measured as a function of reactant
ion energy. The results are shown in Figures 2 and 3. The methane data are in good
agreement with the work of Clow and Futrell (1) and the ammonia results agree with
those of Huntress, et al (2). These workers used a sophisticated pulse technique to
obtain relative reaction rate constants as a function of ion energy. The good agree-
ment with this work confirms that reliable results can be obtained by the simpler
technique used in this study. Since methane does not have a dipole moment, the
reaction which forms protonated methane should have a rate which is independent of ion
energy, In fact the rate constant for this reaction has fallen by 10 percent at an
ion energy of 0.5 eV (Figure 2). In contrast the rate constant for the formation of
protonated methyl fluoride in methyl fluoride (Figure 3) does not fall to 90 percent
of the thermal value until the reactant ion energy reaches 0.9 eV. Detailed analysis
of this data is not yet complete but the results indicate that Eq.(2) can not adequately
describe the energy dependence of these ion-molecule reactions.

One factor not included in Eq.(2) is the rotational state of the polar molecule.
Molecules with high rotational quantum numbers probably would not be able to 'lock in!
on the ion and thus would not contribute as much to k(E) as molecules in lower
rotational states. In order to examine the effect of the rotational state of the
dipole moment on the ion-neutral interaction the total momentum transfer collision
frequencies for non-reactive ions in methane, hydrogen sulfide, methyl fluoride, and
nitrogen have been measured as a function of neutral gas temperature.

100 e c et s CH;+ CH—=CH + CHy _
L

osor v v -

RELATIVE REACTION RATE
T
<
L ]
L

ozal- v -
35 .t 35 .+
H2E s HOl—=H, 8l +Cl v o
v
.60} -
[=8=m] g 1
1 1 1 1 A 1 1 ] 1 L
004 008 Qa0 o=20 [0 060 1.0 20

LABORATORY KON ENERGY (eV)

Figure 2: Relative reaction rate vs reactant ion energy for the reactions shown in
methane and hydrogen chloride.
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The reduced collision frequency of an ion is obtained from the linewidth of the ICR
power absorption signal at high pressure. The power absorption is given by

2.2 2
eE1 £

it (w-w) e

where E, is the electric field strength of the observing oscillator and § is the
momentu)h transfer collision frequency (3). The experimental results are shown in
Figure 4. The pressure and the intensity of E, were adjusted to give a relative
ion-neutral kinetic energy of approximately 0.68 eV in all experiments,

The temperature dependence of the CH2F+ collision, frequency in methyl fluoride
ithhe most striking, dropping from 18(-10) cm’/molec sec at 200K to 1.2(-10)
cm’/molec sec at 4209%K. Since all other parameters are held constant, this effect
must be due entirely to the change in the average rotational state of the dipole.
The temperature dependence of the CH_ collision frequency was suprising and prompted
the experiments in nitrogen, The 5 nitrogen results are in good agreement with
data obtained by Huntress at room temperature (4).

Although quantitative comparisons are not possible at this time, these results
are in qualitative agreement with the trajectory calculations of Dugan and Magee who
found that the calculated collision cross section for HCl decreased with increasing
rotational energy (5).
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Ion Cyclotron Resonance Studies of Ionic Reactions in Perfluorocarbons

Timothy Su and Larry Kevan

Department of Chemistry

Wayne State University, Detroit, Michigan 48202
Perfluorocarbon ion chemistry differs markedly from that of analogous hydrocarbons.
The most interesting feature is that collision induced dissociation (CID) reactions are
generally the most predominant reaction type for both perfluoroalkanes and per-
fluorocalkenes. Also the reaction rate constants are generally a factor of ten or more
lower in perfluorocarbons compared to hydrocarbons. We have used ion cyclotron

resonance (ICR) mass spectrometry to study the ion chemistry of C3F and to compare

8

. . . 1
with our previous studies of this system by tandem mass spectrometry.” The com-
plementary use of both instruments has led to an interesting comparison of kinetic
energy effects on F~ transfer reactions.

By using low drift fields ICR has been used to detect a variety of F transfer, F

transfer, FZ transfer and CID reactions in CZF and C_F_. Examples include the

6 38
following.
. o dk
No Reactions AH ,kcal/mole /dE
- —_— I'xXn
+ . +
1 CF3~+C3F8-'\ C3F7+CF4 14,9 +
+ . +
2 CZF5+C3F8-'1-C3F7+C21~‘6 7.8 +
. + +
- F F F
3 i C3 7+C3 B*CF3+C2 4+C3F8 20.8 +
+ +
. F
4 CF3‘ C2 6"CZF5+CF4 7.2 +
+ + .
F 2-CF -C_F -28. -
5 CF2+C3 8 C 3+1 C3 7 28.8
6 cFtiC F oCFlC F -23.6 -

378 377376
The heats of reaction are calculated from a recent critical compilation of heats of
. . 1 dk . .
formation of fluorocarbon species.” The /dE signs correlate with the thermo-
chemistry. All endothermic reactions, which include all CID reactions, have
positive signs and all exothermic reactions have negative signs. The correlation
holds for all fluorocarbon reactions we have observed including reactions in C3F6,

2-C and cyclo-C4F8. CID reactions predominate in these other perfluorocarbons

F
4~ 8
also.
The kinetic energy dependence above threshold was studied for reactions ! to 4 by

both tandem and ICR mass spectrometry. Inthe ICR measurements a second radio

frequency field of variable magnitude was applied to the source region of the ICR cell.

353



The source residence time was measured experimentally. Thus the ion kinetic energy
was changed by varying the amplitude of the source radio frequency field. In this
way measurements could be made to about 3 eV ion kinetic energy. The ICR measure-
ment of the rate constant, k, vs ion center-of-mass kinetic energy showed that k
increased rather sharply up to about l eV and then increased more slowly at higher
energies for reactions 1, 2 and 4. This is the kinetic energy behavior that would be
expected for these endothermic F transfer reactions, In striking contrast the tandem
measurements on these same reactions show that the rate constant decreases with
increasing kinetic energy. This is what one expects for an exothermic reaction.

We believe that these apparently discordant results are due to the different time
scales for ion detection in the tandem and ICR instruments. Since endothermic
reactions are observed at near thermal energies in fluorocarbon systems it is ap-
parent that excited ions are produced by electron impact fragmentation., This has
been verified by studying the effect of varying the ionizing electron energy. In the
tandem instrument the ion detection time is about 25/«sec while in the ICR instrument
the ion detection time is about 3-5 mseec. It appears that the excited CF'; and

CZF; ions that participate in F transfer reactions are deexcited in the order of 1
mseec. Thus the CF; and CZF; reacti onsin the tandem are those of excited ions and
are effectively exothermic, while the reactiorsin the ICR are indeed mainly
endothermic.

In contrast to the F transfer reactions the CID reaction 3 shows the same kinetic
energy behavior in the tandem and ICR instruments. In both instruments the rate
constant increases with ion center-of-mass kinetic energy, reaches a maximum near
2 eV, and then decreases. This is quite reasonable for a reaction that is less than

1 eV endothermic.

f. T. Su, L, Kevanand T, O, Tiernan, J, Chem. Phys. (1971), in press.

This work will be submitted for publication to the Journal of Chemical Physics,
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The Pulsed Ion Cyclotron Technigue. R. T. McIVER and MAX A. HANEY*,T3
Dept. of Chemistry, Stanford Universlty, California 94305.

A new ilon cell and technique for ICR spectroscopy has been developed. All
of the advantages of conventlonal ICR are -retained. In addition, the
technique permits the accurate determination of rate constants of ilon-
molecule reactions down to 10-'2 cc/mol-sec. The lons are formed in a
single-chamber cell by a short pulse of the electron feam. They are sub-
sequently trapped wlthin the cell for a known, variable period of time

(up to 1 sec at 107° torr). During the reaction period, the lon motion

1s not perturbed by the marginal oscillator detector, which 1s set at a
frequency off resonance. At the end of the reaction perlod, the electro-
static trapplng fleld 1s pulsed to a higher value. This changes the
resonant frequency of the lons and brings those with the desired mass into
resonance. At the end of this detectlion perlod, all lons are ejected
from the cell by inverting the electrostatic trapping field, and the cycle
is repeated. The kinetlc analysis 1s very simple and does not involve the
approximations lnherent in determlnlng rate constants by conventional ICR.
The long time for which lons can be trapped 1n the cell 1ls advantageous

in several other ways.

#Presert address: Natlonal Bureau of Standards, Washington, D.C. 20234.
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Study of Sy2 Reactlons of Negative Ions by Pulsed ICR Spectroscopy. T4

MAX A. .HANEY* and R. T. McIVER, Dept. of Chemistry, Stanford University,
California 94305.

Rate constants for the class of nucleophilic substitution reactlons

Y +RX*X +RY have been obtained using the pulsed ion cyclotron technique.
All exothermic reactions of thils type occur, with rate constants ranging
from 6x10°'° to 2x10-'2 cc/mol-sec. The series Cl +RB#Br +RCl was studied
to determine if alkyl substituents affect Sy2 reactivity in the same
manner as they do 1n solution. The occurrence of the bromlde displacement
reaction in l-bromoadamantane proves that a front-side attack mechanism
can operate in the gas phase. Moreover, the effect of some of the other
alkyl groups on reactivity is different from that in solution, suggesting
that the Walden inversion mechanism may be absent in the gas phase. The
series Y +CHzC1#Cl +CHzY was studied to obtaln the order of nucleophilicity
of anions in”the gas phase. The reactivity of the anions appears to
correlate with the negative charge density at the reactive center. This
result is in acccord wilith the traditional definition of nucleophillc
reactions, although 1t 1s usually obscured 1n solution, where the degree
of solvation largely controls reactivity.

*Present address: National Bureau of Standards, Washington, D. C. 20234.
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Study of lon-Molecule Collision Complexes using Ion Cyclotron Resonance. JOHN R, T3
EYLER, Chemistry Dept., Stanford Univ,, Stenford, Ca. 94305

Usin? an ion cyclotron resonance spectrometer equipped with e trapped-ion anal-
yzer cell’, the kinetics of formation, decomposition, and stabilization of long-1ived
jon-molecule collision complexes have been investigated, The complexes studied were
proton-bound dimer ions, (2M+1)*, produced in simple aldehydes by the following mech-
anism:

K
MY+ M ° Ky e kg
k\.>MH+ + M o= (uHM)™" RY + s
BT T
F*am | kg

MHM*

5CHO, 1-C3H7CH0 .

For all four systems studied, k° and k' are much greater than kt{ and k,, and for
propenal and 2-methyl propanal, k3 =70, Theése two observations make it possible to an-
alyze the much simpler scheme:

M = HCHO, CHaCHO, CyH

K
1 «
MH* + M ——— (mi)™”

koy
Mk,
mhmt
for propanal and 2-methyl propanal.

The exact kinetic equations for this scheme have been solved, and a computer
program written which compares calculated values of ion intensity vs, time with those
obtained experimentally,

For the propanal system, preliminary results indjcate best agreement between
obsErved and calculated curves for kp,k, = 3-4 x 10-10 ¢c/mol,sec, and k1 T 1-2
x10* sec~!, The lifetime of the col]is1on complex with respect to unimglecular de-
composition is the inverse of k_; and is thus found to be 0,5-1.0 x 10=%sec.

R.T. Mclver, Rev. Sci. Instrum., 41, 555(1970),
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COMMITTEE II. FUNDAMENTAL ASPECTS
CHATRMAN, R. S. BERRY

Committee II on Fundamental Aspects met at 5:00 P. M., Monday, May 3, 1971.

Professor R. S. Berry, Chairman of the Committee, was unable to attend due to temporary

disability and Program Chairman F. H. Field appointed W. A. Chupka to conduct the meetirg

Approximately 50 persons attended the meeting. The major subject of discussion

was the suggestion of research areas which are particularly appropriafe as subjects of

symposia for the 1972 meeting. The subjects proposed together with the number of votes

in support and additional comments are given below.

1.

4,

Dissociative Attachment of Electrons to Molecules (26 votes)

This would include both experiment and theory. A review of the status of theoret-
ical developments, rather than a detailed exposition of calculational procedures was
judged to be most appropriate in the category of theory. Possible speakers mentioned
were G. J. Schulz (Yale University), H. S. Taylor (U. S. C.-Theory),

L. G. Christophorou (ORNL), P. J. Chantry (Westinghouse).
Photodetachment of Negative Ions (21 votes)

Suggested as speakers were Linebarger (JILA), some member of the Stanford group
working with Baldeschwider, B. Steiner (NBS-Washington). It was suggested that this
topic might well be combined with 1 to constitute a more general symposium on
negative ions.

Electron Spectroscopy (other than analytical applications) (12 votes)

This subject would include electron spectroscopy of gases and possible of solids
and surfaces. In the latter case, the possibility of a symposium jointly sponsored
by Committee VII on Solids might be explored.

Ion Cyclotron Studies of Jon Molecule Reactions (4 votes)
Ions in Flames (3 votes)

Electrical Discharges (2 votes)

364



Joint Committee III - Computer and Data Processing
ASMS Committee and ASTM E-1k Subcommittee

Mynard C. Hamming, Chairman

Continental 0il Company

Research and Development Department

Ponca City, Oklahoma T4601

Phone: (L05) 762-3456 Ext. L7hl
(405) T6L-4190

Purpose and Scope:

To serve as a clearing house to handle the international ex-

change of computer programs related to mass spectrometry.

Summary of Meeting in Atlanta, 1971

Several indicated that they planned to send computer programs to
this committee. Such programs or information about these programs will be
made available on a continuing basis throughout the entire year by the
Newsletter (a joint effort with Committee XI). As one person attending
the meeting expressed it, much can be learned about computer programs by
carefully reading existing programs. The desire to collect and examine
small computer programs was expressed. A program which took a half day
for one person to write may save the same amount of time for another
individual. Even "tricks" used in setting up a program may prove useful.

One of the objectives is that technical activities become
organized into a modest workshop taking place at the 1972 meeting. Small
groups of those with computer knowledge could exchange it directly with
others on a person to person basis. This idea is being developed and if
your desires are expressed, the program can be more useful to you and
others. A number of programs have been collected and the usefulness of

the committee in the past was expressed.
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Discussions are invited during the year with any of the members
on this committee:

E. M. Emery
Colgate-Palmolive Co.
909 River Road
Piscataway, N. J. 08854
Phone: (201) 463-1212 Ext. 375
(201) 264-0754, North Brunswick, N. J.

F. W. Karasek

University of Waterloo
Department of Chemistry
Waterloo, Ontario
" Canada

Phone: (519) TLL-6111 Ext. 3423

P. R. Kennicott

General Electric Co.

Box 8

Schenectady, N. Y. 12301

Phone: (518) 34L6-87T1 Ext. 6131
(518) 399-L567

J. Rogers Woolson

RCA Laboratories

David Sarnoff Research Center
Princeton, New Jersey 08540
Phone: (609) 452-2700 Ext. 2858

G. R. Sparrow

Analytical Research and Services
3M Company

Central Research Laboratories

P. 0. Box 3221

St. Paul, Minnesota 55101
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COMMITTEE V, NEW INSTRUMENTS AND TECHNIQUES
AMERICAN SOCIETY FOR MASS SPECTROMETRY

Chairman, Harry J. Svec

Committee V met from 5:00 to 7:00 P.M. in the York Room, Regency
Hyatt House, Atlanta, Georgia, May 4, 1971. An over-run crowd (estimated
to be ~175) packed into the meeting room in which there were 140 chairs.
The meeting began with a short statement by Chalrman, H. Svec concerning
the objectives of the committee. This commlittee has had topical programs
for many years at which instruments and techniques, once they had become
well enough establlshed to become a coherent part of the tools of a mass
spectroscoplst, were dlscussed. These discusslons have been in the forms
of talks, panel discussions, question and answer sessions, and exchanges
of 1ldeas by the members attending the committee meetings. Generally, the
format has broken down into more or less formal reviews of a topic fol-
lowed by open exchange of questions about and approaches to problems
pertinent to the topic. This toplcal approach has involved many practical
aspects of magnetic deflection instruments, leak detectors, vacuum systems,
ion pumps, spark source mass spectrometers, high resolutlon mass spec-
trometers, time-of-fllght instruments, radio frequency 1lnstruments,
cyclotron-resonance Instruments, quadrupole instruments, the gas chromato-
graph-mass spectrometer combination and ion probe and imaging instruments.

The toplc for the 1971 meetlng concerned a review of the gas
chromatograph-mass spectrometer combination along lines which would not
only benefit the expert but most of all the neophytes. A ~40 minute
informal telk was presented by G. A. Junk of the Ames Laboratory USAEC
summarizing the subject as it is currently practiced. A comprehensive
bibliography covering the literature of the field through 1970 was
available to committee members. Mr., Junk's talk was followed by a lively
dlscussion concerned wlth practical aspects of the subject. The dis-
cusslon persisted unabated until the chairman cut if off at ~6:45 P.M. in
order to summarize what had gone on and take care of any business.

Durlng the summary of the meetlng and just prior to adjournment the
members were polled concerning whether or not they approved of the format
of the Commlittee V meeting. There was an overwhelming opinion that not
only did they approve of the format but those present questioned why more
of the ASMS Conference was not devoted to simllar meetings. As a result
of this ground swell, an ad hoc committee consisting of leonard Herzog
(Nuclide), Frank Preston (01In), and Donald R. Woods (Ashland 0il) was
formed whose charge was to report to the general membershilp the feellngs
of the 90-100 people stl1ll present at the end of the Commlittee V meeting.
This report was made by Dr. Herzog at the annual business meeting on
Wednesday, 5 May, 1971. A transcript of the manuscript version of the
report has been submitted to the ASMS Executive Board for their
consideration.

A new mailing list consisting of 120 names was collected at the
meeting. Several attendees on the llst indicated their interest in the
business of the meeting and willlingness to cooperate 1ln the work of the
committee.

The talk given by G. A. Junk was a synopsis of a review which is
being prepared for publication in the International J. of Mass Spec. and
Ion Physics. Publication is expec¢ted in 1971. End of committee report.
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COMMITTIEE VvI; BIOLOGICAL APPLICATIONS

Co~Chairmens Dr. J. A, McCloskey

Institute for Lipid Research
Baylor College of Medicine
Houston, Texas 77025

Dr. J. Roboz

Automation Development Laboratory
Mount Sinal Medical Center

11 East 100th Street

New York, N.Y, 10029

Committee VI on Bilological Applications of Mass Spectrometry is a new
Committee created during the 1971 meeting of the ASMS in Atlanta. The
topics discussed during the organizational meeting weres name of the

commlittee, subjects with which the @ommittee should be concermed, and
means of dealing with these topics.

The name of the Committee - Biologlcal Applications -~ wes approved.

Scops of the Commltitee: General area of biomedical applications of mass

I spectromstry. Bmphasis will be placed on GC/MS
applications but without restricting activities
to this area.

Plang for 1971/1972

1.) A ligt of gll S government-funded projects involving biomedical
applications of mass spectrometry will be prepared and distributed to
members of the Commlttee. In charges Dr. J. Milne of NIH. To make this
list as complete as possible, project titles of non-government funded
clinical spplications should be communicated to Dr. Milne by members.

2.) The Comnittes will be involved in questions of (C/MS instrumsntation
only to the extent ofs (a) Special instrumentation nesds for clinical
spplications, (b) Dissemination of information concerning new develop-
ments. An effort will be made to continus the GC/MS bibliography com-
plled by G. Junk and H. Svec. Volunteers are solicited for this work.

3.) An gttempt will be made to collect and distribute mass spectra of
clinically interesting drugs and metabolites as they become available.
(The term "metabolite" is meant to be used in a rather loose sense).
In charges Dr. S.P. Markey, sddresss JFK 3113 (27hl), University of
Colorado Medical Gr., 4200 E. 9th Avenus, Denver, Coloradc 80220,
Spectra should be submitted to Dr. Markey., Next year an attempt will
be made to standardlze the method of submission. Also, efforts will
be made to coordinate this activity with that of the Aldermaston
data collection center, '

L.) A Newsletter will be initiated and published periodically. Items will
include new publications (references) of general interest, avallability
of new instruments, novel attachments, etc. Contributions are solicited.

5.) A mailing list will be set up. Suggestions for the program in 1972
are requested.
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ASMS COMMITTEE VII FOR STUDY OF SOLIDS

1. Purpose and Scope of Committee VII

This committee 1s charged with concern for all aspects of mass spec-
trometric analysis of 1norganic solids. In practice its scope has been
limited to spark source, sputter ion source and laser ion source mass
spectrometry. This limited scope merely reflects the interests of most
of the people that participate in the work of the committee.

2. Roster of Key Personnel
A. J. Ahearn, Chailrman
P. R. Kennicott, Vice-Chairman
R. J. Couzemlus, Secretary
P. R. Kennicott, Task Force Leader, Cooperative Testing Studies
H. Farrar, Task Force Leader, Compilation and Evaluation of Relatilve

Sensitivity Coefficients for Spark Source Mass Spectrometry

3. Major Projects 1969-1971

A. Workshop 1in Plttsburgh Nov. 17-18, 1969
W. M. Hickam, Chairman

B. Workshop in San Franclsco June 16, 1970
J. R. Woolston, Chairman

C. Workshop in Pittsburgh Nov. 16-17, 1970
F. D. Lelpziger, Chalrman

D. Workshop 1n Atlanta May 5, 1971
W. W. Harrison, Chalrman

4, Projects Planned for 1971-1972 and/or Later

A. Autumn Workshop 1971

B. Spring Workshop 1972

C. A detailed study of the ionization processes in electrical
discharge ion sources is proposed. The purpose would be to derive
the relations between the pertinent properties of trace and matrix
elements in a solid sample and the relative numbers of trace ions
and matrix ions produced in the discharge.

5. Committee VII Meeting and Workshop on May 5, 1971 in Atlanta durilng
ASMS Annual Conference.

The meeting was opened at 9 AM by presentations of the point of
view of the ASMS Board of Directors regarding committee activitles in
general and workshops specifically. This can be summarized as follows.

The ASMS Board of Directors believes that if an activity, such as an
extended committee meeting or workshop, draws a sizeable attendance year
after year, this is a clear indication that ASMS should support, and
provide for, such functions as a service to its members. At the same
time, there 1s definite concern among ASMS Board Members over a number
‘of problems posed by such activities. The Board feels that one should
make certaln that such an activity whether held during the Annual Confer-
ence or at some other time, have technlcal content commensurate with the
time allotted to 1t; that it fit in well with, and not duplicate, the
remalnder of the organized program; and that attendance at outside work-
shops not affect adversely attendance at the Annual Conference.
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To achleve these goals, the Board of Directors suggests that prior to
setting up any activity, the Committee Chalrman involved should submit
to the Vice-President for Programs a specific outline indicating its
timing, location, format, technical contents, and any ASMS support
required. The Vice-President for Programs will review the proposal and,
1f necessary, confer with the originator in case there are problems or
conflicts. Once approved, the details of setting up the activity remain
the full responsibllity of the Committee Chairman.

To assess the current workshop needs and desires of Committee VII
particlpants, the following questionnaire was then submitted to those

1n attendance. The number of responses favoring each cholce in the
questionnalre is included.

QUESTIONNAIRE - ASMS Committee 7 Workshops

1. What 1s your preference regarding future workshops?

19 A workshop durlng the ASMS Annual Conference

3 A workshop before or after the ASMS Annual Conference
8 A two day workshop during thils autumn
4 Both

1l Neither
2. What 1s your preference for a workshop during the ASMS Annual
Conference?
36 A one day workshop as in 1970 and 1971
5 A half day workshop as 1in 1968 and 1969

3 Other 0, 2, 5 days

3. What 1s your preference regarding location of an autumn workshop
for 19717

Pittsburgh as in 1969 and 1970

5
20 St. Louis if held during the week of the SAS meeting there
in Oct. 18-22

s Elsewhere NYC, Santa Barbara, Las Vegas, Washington, D.C.

' Mark the following conferences that you have attended.

28 1968 May ASMS Cohference in Pittsburgh

28 1968 November Workshop at National Bureau of Standards

27 1969 May ASMS Conference in Dallas

26 1969 November Workshop in Pittsburgh

22 1970 June ASMS Conference in San Francisco

23 1970 November Workshop in Plttsburgh

l
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At the end of the day, after the above responses to the questlonnaire
were presented, an hour long vigorous discusslon on Committee VII
workshops ensued. A resolution was then passed 35 to U4 favoring the
usual autumn workshop in 1971 and the usual spring workshop in 1972.
The resolution also suggested that the Vice Preslident for Programs
consider a symposium on Mass Spectrometric Analysis of Solids for the
ASMS Conference in 1972.

During the week the conviction grew that the workshops were an excellent
potential source for formal papers at subsequent ASMS conferences and
that a concerted effort should be made to spot exceptional work in
progress, to persuade the doers to finish the job and to present.formal
papers. Conversely, individuals tempted to make formal papers out of
inadequate material might be dissuaded.

The major part of the day was devoted to a workshop, organized and
conducted by Dr. W. W. Harrison, a summary of which is attached. The

attendance at thils day long meeting fluctuated from 44 to 70, with 62
people signing the attendance register.

A. J. Ahearn
Presiding Officer and Acting Secretary

WORKSHOP SUMMARY

Topic I. A CLOSER LOOK AT ELECTRICAL DETECTION

Moderator: J. C. Franklin (Union Carbide, Oak Ridge, Tennessee)

The purpose of this session 'was to examine some of the problems assocliated
with the ‘initial setup of electrical detection systems for spark source
mass spectrometry, to provlide information concerning the reliability

and accuracy of the methed, and to poilnt out some applications of the
electrical detectlon technlque.

Some parameters for critical tuning of the instrument for isotopic analy-
sis in the peak switching mode were discussed. These parameters included
collector slit, focus voltages, and cassette posltion. Additlional
improvements in preclslon were reported due to use of synchronized beam
chop and accurate beam monitoring methods. Precislons of less than

+1% were obtained consistently for isotopic analysis.

The accuracy of an automatic spark control was discussed as it applies

to control of the spark gap and 1ts effect on analytical precision.

The analytical gap was deemed to be most critical for metal samples.

A system of monltoring spark gap wildth by means of an RF probe was
described and the results obtained from measuring gap width were presented.
In addition, a gadget was dlsplayed that allowed use of micromanipulator
and.sample vibration simultaneously. This device provided a significant
improvement in operating conditions. Additional modiflcations presented
during the sesslon were: (1) a monitor modification.that allows use of
the ratiometer and ion current to visually locate peak.maxima without
changing monitor heads, (2) an improved collector slit:i for more accurate
centering of the ion beam, (3) a multichannel scaler that could be
synchronized with the mass spectrometer scan and thus provlde a more
rellable method of adjusting the mass scale from one scan to another.
Several viewpoints were provlded concerning scanning methods of electrical
detection. All scanning methods were exponential scans of the magnet
current. Precision data were presented for uranium, steel and copper
samples. The precislon at the one ppm level seemed to vary from about

15% to as much as U40%, depending on matrix and impurity. Some discussion
was presented of the lon statistics available 1in the scanning mode.
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Comparisons were made of the inherent sensitivity of the photoplate and
the electrical detection systems, which was in turn related to time of
analysis for the two methods of detection. In addition, the effects and
problems of background on the photoplate and in the multiplier were
described. Relative sensitivity factors as obtained from photoplate data
were compared with relative sensitivity -factors obtalned by electrical
detection.

The point was made several times that although electrical detection has
many advantages, there are problems that are less satisfactorily carried
out by electrical detection methods. These problems include certain
pressed Samples, very small samples, and point to plane type samples.

Data were presented that showed that electrical detection can provide
analytical data that are very accurate and precise. However, the effect
of beam chop, sample position, and multiplier effects, among other
parameters, have yet to be fully evaluated.

Toplc II. NEWER ROLES FOR SPARK SOURCE MASS SPECTROMETRY

Moderator: D. L. Malm (Bell Telephone Laboratories, Inc.,
Murray Hill, New Jersey)

In recent years, the capabilities of SSMS have been getting attention
from a number of interesting new areas. This session was designed to
discuss several of these, particularly environmental problems, and to
show the valuable role which SSMS may play in the future.

The application of SSMS to Apollo 12 lunar samples was described, showing
greatly improved precision and accuracy by use of an internal standard

of Lu. Intensity ratios of the analyte ion to Lu were plotted against
concentrations of known geological standards to form working curves
against which the lunar "unknowns" were evaluated. Analysis results

from SSMS compared favorably with data obtained by neutron activation
analysis and isotopic dilution mass spectrometry.

The analyslis of human fingernails by SSMS was shown to be of potential
use as a clinlecal diagnostic tool. Excess elements, as from toxi-
logical problems, may accumulate in the hair and nalls where identifica-
tion can be made. A group of 17 subjects were monitored for over one
year and "normal" distributions shown. Chronological profiles with
points on a two week or monthly basis showed possible cyclical nature of
certain elements. Sample preparation and ashlng techniques were also
discussed. The evaluation and analytical use of ratlos of 42 to +1 lons
often eliminated interferences from organic contributicns for certaln
elements.

A major new area of SSMS application is in the field of envircnmental
pollutlon studies. Problems concerning both alrborne particles and
water analysls, along with contaminated food sources resulting from

man made waste were outlined. It was pointed out that essentlally all
the elements have been detected in this type of application at one time
or another. The high sensitivity and survey capability of SSMS make it
well suited as a supplementary technique to methods which are more
rapid, accurate, and portable. However, in cases where high sensitivity
is the prime requirement, it may be the only approach that will provide
the necessary information for survey work.

Sample handling methods were described in relation to ailr-borne particle
analysis. A direct analysis with no chemical, mechanical, or thermal
treatment is preferable for elements which are easily lost during these
operations. However, even without any treatment, Hg was not detecteg.
For elements less sensitive to the above mentloned operations, an
ashing step is used to eliminate interfering spectra that would be
caused by organics present In the sample or collection media.
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Some SSMS data were compared with chemical, x-ray fluorescence, and
optical emission data. The values relative to these techniques ranged
from +0 to + a factor of 10 or more.

SSMS has also been applied to polluted river and stream water. A
sample handling technique was described. Detection sensitivities of
one nanogram per milliliter were achieved without preconcentration of
the sample. Problems with the analysis of Hg were again encountered.

A successful method for the analysis of Hg at the ppb levels utillzing
an isotoplc dilution technique was presented. The Hg 196 isotope is
added just prior to the acid digestion of samples such as fish flesh,
river waters, and sludge. Copper electrodes are left overnight in the
mercury containing solutions which causes partial amalgamation to take
place. A modified, direct sample insertion probe is employed which
permits the analysis of fifteen samples per hour.

The method has also been applied to the analysis of Pb in beverages,
Cd in alr monitor samples, and Zr in reactor fuel salts.

Topic III. RECENT DEVELOPMENTS IN ION MICROPROBE ANALYSIS

Moderator: J. A. McHugh (General Electric Co., KAPL,
Schenectady, N. Y.)

The last topic of the day included discussions on applications of the
ARL and CAMECA ion probes to various solids analysis problems, the
addition of a sputter ion source to an MS-7 spectrograph, and use of
lon scattering as a quantitative surface analysis tool.

The first series of applicatlons and results of ion probe analyses were
presented by users of ARL Ion Microprobe Mass Analyzers and included

the following: Thin film analysis capability was demonstrated by
analysls results from <10 A impurlty layers on a vacuum evaporated gold
surface. A technique for analyzing single airborne particulates was
discussed and a polished Ta mount with a vacuum deposited gold film was
described for mounting such particulates. Analysis results for a number
of 3 to 6 micron size particulates were presented which demonstrated
that the lon probe method provides statistically significant data for

a wide variety of elements and elemental concentrations in a short
perlcod of time. In most instances, a few seconds integration time is
sufficient. Analysis results for some NBS steels and mineral samples

of both terrestrial and lunar origin were presented along with a dis-
cussion of the quantitatlve accuracy presently achievable with the ion
probe. The accuracy was shown for a number of sample types to be better
than 5% over a wide range of elemental concentrations. The chemistry
and characteristic nature of surface oxide layers can be deduced from

in depth profiling by a combination of inert and reactive gas sputtering.
The capability of performing Rb-Sr age dating solely with the ion probe
was also presented.

The CAMECA Imaging Ion Analyzer has been applied to a wide variety of
material problems, as well as the analysis of airborne particulates.
The depth resolution capabilities have proved useful in the study of
anti-reflective coatings on glass, lon implanted semiconductors, and
surface coatings on semiconductor substrates. Use of negative ion
sputtering has worked well in studlies on insulators and nonconducting
corrosion films.

The discussions departed from ion probe applications to conslder certain
instrumental innovations. One was a modification of an MS-7 to provide
a capabllity for ion sputtering. A modification of the source chamber
with the addition of a differentially pumped primary column and associ-
ated sample viewing optlcs was described.

373



The new technique of ion scattering spectrometry for surface layer
analysis was presented. The method 1s based on monitoring binary
scattering of low energy noble gas lons from surface atoms. The method
is primarily sensitive to the first monolayer of atoms and can directly
monitor lnsulating semiconducting and metalllc surfaces.

W. Harrison, Chalrman

W

J. C. Franklin
D. L. Malm

J

A. McHugh

374



Committee VIII, High Resolution Studies

Don C. DeJongh, Committee VIII Chairman
335 Chemistry Building

Wayne State University

Detroit, Michigan 48202

When high resolution mass spectrometry was in its period of greatest
growth in terms of applications, Committee VIII served as a forum for
mass spectrometrists having high resolution mass spectrometers to dis-
cuss problems and new techniques, Also, anyone considering buying an
instrument could meet users, askquestions, and listen. Has high resolu-
tion mass spectrometry become so routine that this function of Committee
VIII is no longer valid? 1 have questioned several people active in the field
about the continued existence of Committee VIII.

There is general, but not unanimous, agreement that Committee VIII
should continue to function, Meetings should be informal, with free discus-
sion, and with only as much structuring as is required to keep things
moving, Some people favor formation of task forces to do specific jobs,
whereas others feel that this is impractical with an informal group that
meets once a year, There was not much interest in having the Committee
discuss specific applications. Other Committees and the papers presented
at the meetings do that.

By far the greatest need seems to be related to standardization, There
should be standardization of procedures for determining sensitivity; com-
pilation of standards which can be used above m/e 700; standards for
negative ion work, field ionization, and chemical ionization; standards to
test resolution and mass accuracy at various masses; etc, We could help
the general mass spectrometric public by giving them an idea of how much
resolution is needed in most applications, When are HR data needed, and
when is a complete high resolution mass spectrum necessary. Many users
of HR equipment use it only to obtain low resolution data.

Many of these items were discussed at the Committee meeting in
Atlanta, May 3, 1971, As a result of this meeting, a number of people have
agreed to help propose standards for testing instrumental parameters and
overall performance, We will then attempt to get manufacturers to produce
and publish test data, Hence, our project for 1971/1972 is to h/ave a paper
on this subject ready for general discussion and, hopefully, for action at

the 1972 ASMS meeting.
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ASMS Committee IX
"Aids to Education"

The committee has as its overall objective:

OBJECTIVE

To disseminate information and aid in providing a better understanding

of mass spectrometry and to develop an interest in and enthusiasm for the
application of mass spectrometry in all areas of sclence. The initial steps
of a program suggested to attain these objectives is presented below:

)

2)

3)

4)

Establishment of Regional Mass Spectrometry Centers for Instruction and
Demonstration.

The committee plans to designate regional centers for mass spec-—
trometry. Through individual volunteers who would be willing to open
their laboratories to visitors and tour groups. Some thought has been
given to requesting that the volunteers provide some sort of informal
training sessions on operation, and use, of the mass spectrometers and
interpretation of data.

Organization of a Speaker Bureau.

This activity 1s designed to provide a list of speakers on various
aspects of mass spectrometry who would be willing to present talks or
a series of talks at small colleges and/or universities.

Bibliography of Writings in Mass Spectrometry.

The committee hopes to complete a comprehensive list of materials;
books, journals, reports, etc., on mass spectrometry which would be
made available to interested parties who want a survey of the mass spec
literature. It was thought that this would be particularly valuable
to small schools where resource materials may be limited.

Educational Articles on Mass Spectrometry.

The committee plans to write a series of articles on different
aspects of mass spectrometry for publication in a journal similar to
Journal of Chemical Education. The format and level of presentation
would be such that any advanced level undergraduate student would be
informed and stimulated to learn more about mass spectrometry.

J. G. Dillard, Chairman
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Subcommi.ttee X - Definitions and Terms
Minutes of Meeting May 5, 1971, Atlanta, Georgia
The charter of the committee reads as follows:

Assume responsibility for a long-term, deliberate, and
comprehensive study of the words, phrases, terms, numbers,
and specific language of mass spectrometry, The primary_ob-
jective will be the writing of formal standards for publica-
tion by ASTM.

Eighteen members attended the meeting to hear reports by:

Glenn L. Cook, Chairman
Subcommittee X

Laramie Energy Research Center
Box 3395, University Station
Laramie, Wyoming 82070

U. "Jerry" McCleary, Chairman

Task Force on Instrumental Definitions
and Terms

E. I. DuPont

1500 S. Shamrock

Monrovia, California 91017

Seymour Meyerson, Chairman

Task Force on Organic Definitions
and Terms

American 011 Co., R, & D, Dept.

2500 New York Ave,

Whiting, Indiana 46394

Dan Oblas, Chairman

Task Force on Inorganic Definitions
and Terms

GTE Lab, Inc.

208=20 Willets Pt. Blvd.

Bayside, N.Y. 11360

Chairman Cook reported that contacts had been made with the principal
European mass spectrometry groups by Meyerson and McCleary. In attending
the International Conference in Brussels, they assembled a group of 35
spectroscoplsts who are interested in participating in the work of the
committee. This brings the total of those who wish to participate or to
be kept informed to over 70. A timetable for the first review of defini-
tions was devised. Six months from thils meeting date was suggested as
reasonable for circulation of the first list of definitions for review.
Cook will combine the lists from the task force chairmen for circulation.
Any serious disagreements about definitions will be discussed at the next
committee meeting.

Each of the task force chalirmen presented a short discussion of the
philosophy he expected to use in assembling his list of definitions. Each
has a nucleus of working committee members, Others may participate by con-
tacting the chairmen.

After some discussion, it was voted to recommend to the Board of ASMS

and to the Executive Committee of ASTM E-14 that Subcommittee X be desig-
nated a joint committee of both organizations. It was recognized that some
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difficulties might be encountered in complying with ASTM regulations, but
it was felt that these could be resolved. Until the recommendation is
acted upon, the chairmen of the subcommittees of both groups will be kept
informed of the activities of Subcommittee X.
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JOINT SUBCOMMITTEE XI: EVALUATION OF CRITICAL DATA
FOR ENVIRONMENT AND POLLUTION STUDIES

The major activities of Joint Subcommittee XI are the collection, eval-
uation, and distribution of mass spectral techniques and data relating to
environmental problems and pollution.

Subcommittee XI was organized at the 1970 ASMS Conference in San Fran-
cisco and the first formal meeting was held at the 1971 Conference. Approx-
imately 90 laboratories have indicated an interest in the activities of the
Subcommittee; 65 laboratories were represented at the Subcommittee meeting
in Atlanta. The Subcommittee meeting consisted of two informal presenta-
tions on mass spectral data related to the determination of polynuclear
aromatic hydrocarbons, discussion of the Newsletter issued by the Subcom-
mittee, and a discussion of possible symposia for the 1972 meeting. The
informal presentations were:

Application of Gas Chromatography-Mass Spectrometry to Studies of
Polynuclear Aromatics; Auto Exhaust Tars, by Roy A. Pancirov,
Esso Research and Engineering Co.

Mass Spectrometry of Polynuclear Aromatic Hydrocarbons; Application
to Tobacco Smoke, by James Stauffer, Arthur D. Little, Inc.

Three issues of the Newsletter have been distributed and a fourth
issue is contemplated for August 1971. Representatives of eight labora-
tores indicated they will probably have contributions for the next issue.

Three symposia topics for the 1972 meeting were suggested: Mass
Spectral Analysis of Pesticides, Analysis of Oil Spillage, and the Deter-
mination of Sulfur Compounds in Exit and Flue Gases.

Activities during 1970-71 consisted of (1) distributing two issues of
the Newsletter to approximately 160 laboratories participating in the
activities of Subcommittees III and XI, (2) organizing a symposium concerned
with the analysis of airborne particulates, and (3) contacting several
groups that are collecting mass spectral data, with the aim of establishing
a collection of mass spectral data for air, water, and soil pollutants.

The Chairman of Subcommittee XI is a member of the JCAMP Committee for the
collecting and evaluation of mass spectral data and will continue to assist
this group during 1971-72 as part of the activities of Subcommittee XI.

Three activities planned for 1971-72 are:

1. Distribute the Newsletter to disseminate information related to
mass spectral techniques and data applicable to environment and pollution
studies.

2. Organize a symposium for the 1972 ASMS meeting.

3. Assist groups now actively collecting mass spectral data with the
aim of distributing spectral data related to environment and pollution
studies.

Dr. Philip Levins, Arthur D. Little, Inc., will serve as Vice-Chairman

of the Subcommittee. Theodore Kessler, U.S. Bureau of Mines, will continue
to serve as Editor of the Newsletter.

A. G. Sharkey, Jr., Chairman
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ASMS Nominating Procedures

Any ASMS member can nominate another member for any office, except
President, by submitting to the Secretary before February 15:

1. signature of at least 30 ASMS members endorsing the nomination;

2, signature of the nominee agreeing to hold office if elected;

3. resumé of the candidate.

The Nomination Committee (appointed by the ASMS President) will recommend

one candidate per office, and obtain the candidate's consent to serve and a
resume” which will be published and distributed to the members before September.

F. E, Saalfeld
Secretary
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Benefits of Membership
in

THE AMERICAN SOCIETY FOR MASS SPECTROMETRY

1. The registration fee for ASMS members attending the Annual Conference has
been set $10,00 below the nonmember fee.

2. All ASMS memberg receive the printed collection of Conference papers,
regardless of whether or not they attend (in past years, only attendees were sent
the collection).

3, The following publishing houses grant price reductions to ASMS members on
journal subscriptions and some technical books:

a, Heyden & Son, Ltd,
c/o Dr. Gunter Heyden
Spectrum House
Alderton Crescent
London NW 4, England

"Journal of Organic Mass Spectrometry” - 10% discount on current rates
(one year - $18.00; two years - $34,00; three years - $54.00); 20% discount on
selected books (ask publisher for recent listing).

b. Elsevier Publishing Company
c/o Dr. Marc Atkins
Jan van Galenstraat 335
P. 0. Box 211
Amsterdam, The Netherlands

"International Journal of Mass Spectrometry and Ion Physics' - 20% dis-
count on regular rate of $50/yr (add $5.00 for air freight). There is a possi-
bility that the discount may be extended also to some of their books.,

c. University Park Press
115 Chamber of Commerce Bldg.
Baltimore, Maryland 21202

20% discount on "Recent Developments in Mass Spectroscopy" (Proceedings
of the 1969 Kyoto Conference), K. Ogata and T. Kayakawa, editors - $46.00 instead
of regular price of $57.50.

To obtain these discounts, your order should include the statement "ASMS
Member." The subscriptions are for PERSONAL use only.

4. An Employment Register for ASMS Members has been established. Contact
J. N. Damico, Food and Drug Administration, BF-145, Washington, D. C, 20204,

F. E. Szalfeld
Secretary
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INFORMATION AVATLABLE TO ASMS MEMBERS

In order to keep ASMS members better informed on the activities of their
Society, it was decided to publish the following list of items deposited with
the Society's Secretary (currently, F. E. Saalfeld, Naval Research Laboratory,
Washington, D, C. 20390 U.S.A.):

ASMS Charter
ASMS Seal

"Recent Advances in Mass Spectroscopy,' edited by K. Ogata and T. Kayakawa

Vols, 17 and 18 of "Mass Spectroscopy " - the journal of the Mass Spec-
troscopy Society of Japan

Vol. 6 N 4 Methods Physique d'Analyse GAMS

Abstracts of the 11th, 12th, 15th, 16th, 17th, 18th and 19th meetings of
the Annual Conference on Mass Spectrometry and Allied Topics

Proceedings of the 10th ('61), 1lth ('62), 12th ('63), 13th ('64), 1l4th
('65), 15th ('66), 17th ('67), 18th ('69), and 19th ('70) Annual
Conference on Mass Spectrometry and Allied Topics (ome copy each;
not for sale - reference use only)

Any ASMS member having need for the above documents should contact the
Secretary for details.,

F. E. Saalfeld
Secretary
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