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MASS SPECTROMETRIC INVESTIGATIONS OF THERMALLY TREATED
EXTRACTS FROM COAL

by

A. G. Sharkey, Jr.,ﬂ J. L. Shultz,b and R. A. Friedel®

ABSTRACT

As part of an investigation to obtain information on the chemical structure
of coal, mass spectrometric techniques were used to study pyridine extracts. Materilals
extractable at room temperature from Pittsburgh seam (hvab), Wyoming subbituminous,
and North Dakota lignite were examined before and after heating for 4 hours at 450° C.
Changes were observed in the carbon number distribution for several aromatic structures.

INTRODUCTION

As part of a program at the Federal Bureau of Mines to obtain information on
the structure of coal, mass spectrometric techniques were used to investigate coal and
various materials derived from coal. The purpose of this investigation was to deter-
mine primary materials assoclated with the coal structure. H. W. Holden and J. C.
Robb (6) pyrolyzed coal directly in a mass spectrometer ion source and R. I.

Reed (11, 12) has applied mass spectrometric techniques to coal and coal extracts.
Because of the complexity of the spectra obtained under normal operating conditions
and the lack of calibration data, only qualitative iInterpretations were attempted in
these preceding investigations.

While several investigators have noted the similarity in the infrared (i.r.)
spectra of coal, varilous extracts of coal, and condensates obtained by the vacuum
pyrolysis of coal, little has been reported concerning the constituents of these
materials or the molecular weight distribution of these constituents (2, 10). 1In an
investigation of pyridine extracts of various coals, H. N. M. Dormans and D. W. van
Krevelen found average molecular weights of approximately 500 for extracts from coal
with 80 and 91 percent carbon (3). The highest average molecular weight, near 1200,
was reported for a pyridine extract from 87 percent carbon coal. J. K. Brown, in a
summary of the i.r. results for extracts, noted that while the closest agreement be-
tween the 1.r. spectra of extracts and the parent coals was shown for extracts ob-
tained with good solvents, the major bands persisted even with the poor coal sol-
vents (2). Similarly, in investigating condensates from the vacuum pyrolyeis of coal
to 550° C, A. A. Orning and B. Greifer reported that condensates constituting up to
10 percent of the coal had i.r. spectra very similar to the spectrum of the coal (10).

In the present mass spectrometric investigation, low-ionizing voltage tech-
niques were used to produce a spectrum consisting primarily of molecular-ions 4,
13, 14). with this technique, many structural types assoclated with materials de-
Tived from coal can be identified and, in certain lnstances, carbon number distribu-
tion data can be obtained for the alkyl derivatives. The mass spectrometer is ideally
suited for this type of investigation as (1) it is a highly semsitive analytical tool,
(2) the equivalent of only 0.001 ml. of liquid sample is required for analysis, and
(3) vacuum pyrolysis and similar investigations can be carried out directly in the
instrument, thus reducing the possibility of secondary reactionms.

One phase of this investigation was the determination of changes occurring
in material extracted at room temperature, following heating to temperatures asso-
ciated with low-temperature carbonization. By investigating the extracted material
apart from the coal structure, it was hoped that changes occurring in the major hydro-

a. Supervisory physicist.

b, Mathematician.

c. Project coordinator.
All authors are with the Pittsburgh Coal Research Center, Bureau of Mines,
U. S. Department of the Interior, Pittsburgh, Pa.
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carbon portion of coal could be determined independently of physical and geometrical
features (such as pore structure of the particular coal). It has been established that
primary tars and coal extracts contain similar components; however, it has not been
determined how close is this relationship, or what differences do exist in the two
materials (16).

EXTRACTION PROCEDURE AND RESULTS

For this investigation, it was desirable to obtailn a maximum yileld of ex-
tract at room temperature. Dormans and van Krevelen found that coals could be exhaus-
tively extracted by shaking with pyridine at room temperature for about 17 hours (3).
Yields and also average molecular welghts for the extracted material compared favor-
ably with those obtained using Soxhlet extraction methods. Pyridine extracts for this
investigation were prepared following the general procedure outlined by Dormans and
van Krevelen. A sample of dry, greater than 200-mesh coal was prepared from newly-
mined lumps of Pittsburgh seam (hvab), 84 percent carbon coal. The coal was stored
under nitrogen following preparation. Approximately 1 gram of the coal was extracted
to exhaustion by shaking with 10 cmd of pyridine for 17 hours. The extract was pre-
pared and handled in an inert atmosphere, including introduction of the extract into
the inlet system of the mass spectrometer. A Consolidated Electrodynamics Model 21-
103C mass spectrometer, equipped with the solids inlet system shown in figure 1, was
used for all determinations (8). Approximately 5-mg samples were introduced.

Ultimate analyses for the three coals investigated, Pittsburgh seam (hvab),
Wyoming subbituminous, and North Dakota lignite (vitrain), and also the percent of
material extracted with pyridine at 25° C, are given in table 1. The percentages of
extracted material obtained are in agreement with results reported by Dormans and
van Krevelen (3).

TABLE 1.- Carbon content and percent of coal extracted
with pyridine at 25° C

Percent Percent
Coal carbon extracted
Bituminous, 84.0 21.2
Pittsburgh seam (hvab)
Subbituminous, 75.5 13.5
Nugget Mine, Wyoming

Lignite (vitrain), from 67.9 9.5
Kincaid Mine, Burke Co. h
North Dakota

A major portion of each extract from the above coals was heated (under
vacuum) for & hours at 450° C. Mass spectra to approximately mass 400 were obtained
of the original extracts and the heated portion. To compare the major features in
the spectra before and after heating, the spectra were tabulated on the basis of
peak height (in chart divisions) per unit charge to the mass spectrometer (5 mg).
Peak intensities at any given mass in the spectra are an indication of the relative
concentrations of material having this molecular weight. Alkyl series corresponding
to the following structural types are shown in figures 2-7: For Pittsburgh seam coal--
4-ring, peri-condensed and fluorenes; subbituminous coal-- 4-ring, perl-condensed and
acenaphthenes; lignite-- 4-ring, perl-condensed and anthracenes and/or phenanthremes.

CHANGES IN SPECTRA F(ILLW’DQG HEATING

Mass spectra of the extracts before and after heating show the following
general ‘features: The extract from the Pittsburgh seam coal shows one to three
maxima for the various alkyl series. After heating, the alkyl serles show only one
or two maxima with the majority having a single, well-defined maximum. The unheated
extract from subbituminous coal is the most complex, showing three to six maxima for
most alkyl series. Following heating, the number of maxima is reduced to three or
less., The alkyl/ series for the extract from lignite show the least complexity, having
only one or two maxima, both before and after heating. In all these spectra a maximm
indicates the presence of onme (or more) structural type. While peak intensities for
the extracts from Pittsburgh seam and subbituminous coals are comparable before and

3
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after heating, a major reduction (one-tenth to one~third of original intensity) is
shown for all peaks in the pyridine extract from lignite following heating. Partial
analyses of the gases produced during the four hours of heating at 450° C are shown
in table 2,

TABLE 2.- Partial analysis of gas from vacuum pyrolysis of coal
extracts heated to 450° ¢ for 4 hours

Weight percent of coal extract

Gas Bituminous Subbituminous Lignite
H, .041 .083 .13
CHy, 2,08 3.59 4.55
C,Hg 1.06 1.89 1.85
CqHg .61 1.31 1.26
co, 42 1.70 2.83

Total of above .
components 4.21 8.57 10.62

Mass spectra of thermally treated Pittsburgh seam and subbituminous coal
extracts show many of the same features. Peak intensities for the various alkyl series
in Pittsburgh seam and subbituminous coal extracts indicate considerable simplifica-
tion of the mixture after heating. Peak distribution curves for the heated Pittsburgh
seam extract, 1in general, show a single, well-defined maximum, and indicate a much
lower average molecular weilght for the alkyl derivatives. The mass spectrum of the
heated extract of subbituminous coal also indicates a considerably less complex mix-
ture after thermal treatment. This is illustrated by the peak distribution curve for
4-ring, peri-condensed compounds (figure 2). 1In this instance, a single, well-defined
maximum is shown. Prior to heating six maxima were present, indicating a minimum of
six different structural types having molecular weights in the same series of mass
numbers. Other than an indication of a large reduction in the amount of material
having molecular weight below 400, mass spectra of the pyridine extractable material
from lignite show essentially the same features before and after heating (flgures &4
and 5). The total quantity of gas produced by heating the extracts increases with
decreasing rank of the coals, consistent with results obtained for the pyrolysis of
whole coal. Gases from all three heated extracts indicate extensive dealkylation,

The lignite extract produced the largest amount of €0, as expected from the higher
oxygen content.

QUANTITATIVE ANALYSIS OF PYRIDINE EXTRACT FROM PITTSBURGH SEAM COAL

The largest amount of pyridine-extractable material was obtained from Pitts-
burgh seam coal and, following heating of this extractable material, the mass spectrum
indicates the least complex mixture. For these reasons, the pyridine extract from
Pittsburgh seam coal was chosen for an attempt at a quantitative analysis. A portion
of the unheated material was analyzed by mass spectrometry without further treatment
giving the results shown in table 3. The major portion of the sample (approximately
.15 g) was transferred in an inert atmosphere to a sample tube, placed under vacuum,
and heated to 450° C for 4 hours. Analysis of the solid residue from the heated ex-
tract is also given in table 3. The carbon number range for the unheated and heated
extracts was approximately Cg to C3g, with structures containing from one to six or
more ring(s) indicated. Major constituents, having values from 9 to 18 percent, in-
cluded the following compounds and their alkyl derivatives: Naphthalenes, acenaph-
thenes and/or biphenyls, acenaphthylenes and/or fluorenes, anthracenes and/or phen-
anthrenes, phenylnaphthalenes and/or methylenephenanthrenes, and 4-ring peri-condensed
compounds. Minor constituents, having values from 1 to 7 percent, included: Ben-
zenes, naphthols and/or indenes, indans and/or tetralins, and 4-ring cata-condensed
compounds. Molecular weight distribution data for homologous serles corresponding to
phenanthrenes and/or anthracenes, acenaphthylenes and/or fluorenes, and 4-ring cata-
condensed structures are shown in figures 8, 9, and 10. Approximate values for con-
tributions to the same homologous series by larger ring systems (indicated on figures)
were calculated using average sensitivities for these higher molecular welght con-
stituents,
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TABLE 3.~ Mass spectrometric analyses of pyridine extracts from
Pittsburgh seam (hvab), 84 percent carbon coal.

Compound types, Volume percent
including Solid residue from
alkyl derivativesl/ Unheated heating to 450° ¢
Benzenes 3.4 4.1
Indans, tetralins 0.8 1.3
Naphthalenes 17.8 14.9
Acenaphthenes, biphenyls 12.3 11.7
Acenaphthylenes, fluorenes 15.9 14.8
Anthracenes, phenanthrenes 9.1 13.4
Phenylnaphthalenes, methylenephenanthrenes 11.2 10.9
4-ring peri-condensed aromatics 11.1 8.9
4-ring cata-condensed aromatics 7.4 6.6
Naphthols, indenes 1.0 3.4
Unknowns (estimated) © 10, 10.

1/ Values include contributions to same homologous series by high molecular
weight alkyl derivatives of five- and six-member ring systems.

An increase in the concentration of components in the mass 200-500 range was
found for extracts heated to 450° C for 4 hours. For example, the 3-ring phenanthrene
and/or anthracene alkyl derivatives in the mass range 178-304 (figure 8) increased by
a factor of 2 during heating. Molecular weight distribution data for other compound
types (figures 9 and 10) indicate dealkylation. In addition, the high concentration
of methane relative to hydrogen observed in the gases produced during the heating of
the extract suggests the decomposition of alkyl substituents (9). There was also a
decrease in the concentration of 4- and larger ring systems in the heated extract.

Accompanying the dealkylation was a tendency for the maximum concentration
in any homologous series to occur 28 to 56 mass units higher, that 1s, after the addi-
tion of alkyl groups containing two to four carbon atoms, This distribution 1is
similar to that observed in low-temperature carbonization products and also other
materials derlved from coal and processed at temperatures below 500° C.

A small percentage of residue, corresponding to an estimated 10 percent of
the total sample Introduced, remained following the mass spectrometric analysis. As
indicated in table 3, very little low molecular-weight (m.w. < 150) phenolic material
was found in the pyridine extract prepared under essentially oxygen-free conditioms.

From this investigation it appears doubtful that vacuum pyrolysis products
reported by previous investigators actually represent primary decomposition material.
Holden and Robb, in their mass spectrometric investigation, heated the coal for days
at temperatures up to 420° C (7). Sun, Ruof, and Howard used an average temperature
of 550° C for 4 hours (15); Greifer used temperatures over 500° C for from 1 to 3
hours (5); Batchelder considered low-temperature tar closely related to primary mate-
rial (1). Techniques for pyrolyzing the coal rapidly are perhaps the only valid
methods for studying the primary thermal decomposition products.

The fact that the extractable materilal changed when heated to temperatures
slightly above the plastic range for coal is of considerable interest and can possibly
give an insight into the role played by these materials during coal decomposition and
coking. Results obtained in this preliminary investigation possibly support a theory
that materials derived from coal decrease in complexity in the order (1) extractable
material, (2) low-temperature carbonization product, and (3) high-temperature carboni-
zation product. While the step from low~ to high-temperature carbonization.is well
established, the role played by the extract in this series is not as well known and
will bear further investigation by this technique.
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ANALYSIS OF SATURATED HYDROCARBONS
IN BOILING RANGE 450-900°F

W. C. Ferguson and L. R. Snyder
Union 0il Company of California
Brea, California

Abstract

A method for the determination of six compound classes
in saturated hydrocarbon samples has been developed. These
classes include paraffins and mono-, di-, tri-, tetra- and
pentanaphthenes. The method is applicable to saturate fractions
extracted from both straightrun and cracked stocks in the carbon
number range from about 12 through 35 (4500-900°F). Data on
which the method is based will be presented, together with some

typical anlytical results.
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MASS SPECTROMETRIC ANALYSIS OF MIDDLE DISTILLATE
SATURATED HYDROCARBONS

A. Hood, P. R. Mommessin, and B. K. Fritts
Shell Development Company
Houston, Texas

Abstract

A mass spectrometric method is described for the analysis
of mixtures of saturated hydrocarbons containing 1l to 18 carbon
atoms per molecule. It is based on polyisotopic fragment lons and
provides volume percentages of n-alkanes plus isoalkanes, monocyclo-
alkanes, dicycloalkanes, tricycloalkanes, tetracycloalkanes, and
monoaromatics. The significant advantages of this method are (1) that
to C

it has been developed specifically for the C range of

11 18

petroleum saturates and (2) that it has been based primarily on
hydrocarbon-type concentrates and therefore, for the most part, is

not limited by the assumptions associated with pure compound calibrations.
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Characterization of Aromatics in Light
Catalytic Cycle Stock

by
Thomas Aczel, K. W. Bartz, H. E. Lumpkin and F. C. Stehling

Humble 01l & Refining Company
Research and Development
Baytown, Texas

This paper describes the 1dentification of aromatic compound types in a narrow
fraction of a Light Catalytic Cycle Stock. Particular emphasis is given to the part of
the investigation concerned with the analysls of compounds in the CnHEn—lh series. The
data obtained indicate that these compounds are naphthenonaphthalenes, such as tetra-
hydroanthracenes, tetrahydrophenanthrenes and benzindanes, and the corresponding ketones.

Analytical evidence in support of the conclusions reported is discussed in
detail. The investigation was carried out on sharp chromatographic fractions obtained by
alumina gel percolation of the aromatic portion of a narrow distillate (622-625°F).
Individual fractions were examined mainly by MS, but UV, NMR, IR, and catalytic micro-
dehydrogenation techniques were also employed.

Introduction

Interest in the composition of light cycle stocks from catalytic cracking stems
from the possibility of using this material as a source of higher valued products. As
reported in a previous paper (1), an extensive program for the characterization of the
major components contained in this refinery stream has been carried out in our
Laboratories. The investigation was conducted on a narrow boiling (622-625°F) distillate
fraction, which was previously shown to contaln the maximum concentration in the com-
pounds hitherto characterized as acenaphthenes and acenaphthylenes, respectively. One of
the aims of this study was in fact to prove or disprove the presence of these compound
types.

The general approach to the problem consisted in the examination,by MS, UV, NMR,
IR and microdehydrogenation techniques, of sharply separated chromatographic fractions
cbttained by repetitive alumine gel percolations of the aromatic portion of the material
under investigation.

Details on the separation technique used and other experimental conditions are
reported in the above mentioned work. In brief, the former consisted of an initial
separation on alumina gel and repercolatlon on the same media of blends of adjacent cuts
which appeared to be of interest. Thus cuts number 10, 11, 12, 13 and 1k, 16, 17, 18
obtained in the first step became the feed for percolations A and B, respectively. The
degree of separation achieved is illustrated in Figure 1, in which summations by series
of low voltage parent peek Intensities are plotted versus weight per cent of sample off
the chromatographic column. The overlap noted between the terminal part of percolation
A and the first of percolation B is due to the contigulty of the cuts selected for
repercolation.

The identification of the compound types belonging respectively to the
CnHon.6, CpHon-8, CnH2n-10, CnHon-16 and CpHon-18 series, i.e. alkylbenzenes and benzo-
thiophenes, indanes and tetralins, indenes, dihydroanthracenes and fluorenes,
phenanthrenes and anthracenes, is discussed in our previous communication.

This paper deals with the characterization of the compound types found in the
CpHon 12 and CpHon_ 1k series.

Discussion
CnHop-1o Series

As expected, this seriles consists of two compound types, naphthalenes and
dibenzothiophenes (6). The bimodal distribution of the parent peak intensities, plotted
against cumulative weight per cent of the chromatographic fractions, in the -12 series is
shown in both Figures 1 and 2. The separatlon between the Ci5 naphthalenes and the C13
dibenzothiophenes of the same molecular weight is particularly evident in Figure 2, as
well as the carbon number separation, in order of decreasing molecular weilght, achieved

13
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for the naphthalenes in percolation A. These identifications are substantiated by the
data shown in Figure 3, in which the characteristic fragment peaks are plotted. Fragment
peaks characteristic of alkylnaphthalenes are predominant in percolation A, coinciding
with the first maximum in the parent pesk plot, while the intense peak at m/e 197,
attributed to dibenzothiophenes, coincides with the maximum in percolation B. Further
evidence for these identifications 1s furnished by the large size of the peaks at m/e 1kl
and at m/e 197 compared to those at m/e 127 and at m/e 183.

The presence of a compound of molecular formula 013H105 is proved also by the
low voltage isotopic ratios reported below:

Experimental Theoretical
Cut No. (Perco- 15 20 25 30 35 CisH18 C13H108
lation B) -— —_— _— —_— —_ _— —_—
Peak height 199%
Peak height 198 15.29 15.12 15.544 15.21 15.30 16.49 15.00

Heteroatoms can be detected from isotopic ratios because of the relatively more
abundant CL3 carbon isotope (8).

The difference between the average isotopic value found and the theoretical
value for C13H108 of + 0.27% is higher than expected, and is probably due to the
recording system rather than to a mixture of the hydrocarbon and sulfur compound, as high
isotope ratios are also observed in other seriles.

UV spectra obtained on the above listed fracitions contaln characteristic
dibenzothiophene absorption bands.

CnHon-14 Series

Mass spectral data indicate the presence of at least two and possibly three
compound types in this series, revealed by the maxima in the plots of concentrations of
individual carbon numbers versus welght per cent sample off the chromatographic column
(Figure 4). It must be noted that concentrations were determined by low voltage
analysis (7). Since only approximate calibration data were avallable, these should be
regarded only as indicative of trends.

The first compound type 1s concentrated in fractions A-7 through A-LO. The
maxima for the individual carbon numbers appear again in order of decreasing molecular
welght. The appearance of a second compound type is indicated by a second seriles of
strong maxima in the Cl7 and C;¢§ curves, respectively at A-kl and B-5 and at B-10.

Fractions A-Uh and B-5 are equivalent because of the overlap in percolations A
and B as mentioned in the introduction.

Indication of a third class of compounds belonging to the CpHpp_3l series is
gilven by another maximum in the C1g curve at cuts B-35 and B-40. No identification of
this type has been attempted because of the extremely small amount present in the
distillate under examination.

The high voltage fragmentation pattern (Figure 5) offers sparse clues for the
identification and differentiation of the two compound types. The most abundant peaks
can be attributed to a loss of a methyl group from the molecule ion, indicating the
presence of at least two methyl substituents on the nucleus and possible nuclear molecular
weights of 168 and 182.

Identifications for the two major compound types were carried out by using
auxiliary spectral techniques. The investigation was focused primarily on the fractions
in which maximum concentrations of the CpHpp_jl compound types were iIndicated by mass
spectral data.

The conclusions reached and the supporting evidence are discussed below in
separate sections.

First Compound Type

Examination of the high and low voltage mass spectra and precise isotope ratio
measurements (Table I) indicated that this compound type 1s a hydrocarbon of molecular
formula CnHon_1Y4, &s expected, with a nuclear molecular weight of 168 or 182.

NMR spectra obtalned on fractions A-25 and A-35 contain absorption bands at

15
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chemical shifts characteristic of

Aromatic H,

CH2 @ to an aromatic ring,

CH3 @ to an aromatic ring,

CHp B or B© to an aromatic ring,
CH3 attached to an alicyclic ring.

1
2
3
L
5

This evidence is compatible with the following nuclear structures:

Perinaphthane 1,2,3,4-Tetra- 1,2,3,4-Tetra- Benz[f]indane Benz[e]indane
Nuclear MW 168 hydroanthracene hydrophenanthrene Nuclear MW 168 Nuclear MW 168
Nuclear MW 182 Nuclear MW 182

NMR data definitely exclude the presence of acenaphthenes

1 2
SUS
T Ly

6 5

although this compound type has hteen considered to be one of the major components in
middle distillates. This contention is based on the fact that neither fraction A-25 nor
A-35 has an MMR absorption band at about 6.8 to 7.0 T (tetramethysilane standard =

10.0 ppm). The methylene groups in acenaphthene absorb at 6.85 1, and methyl substitution
in the 3 or 8 position would be expected to cause the ortho methylene resonance to shift
upfield from this value by about 0.15 pmm. The NMR spectrum of A-35 given in Figure &
shows no significant absorption in this range. It might be proposed that if the 1 and 2
carbon atoms in acenaphthene were each substituted with two methyl groups that no
resonance at 6.85 T would be obtained. Assuming that the CpHp,_1), species in A-35 are
acenaphthenes, then the MS data indicate an average of 3.8 carbon atoms in side chailns,
predominantly as methyl groups. The intense absorption between 7.5 to 8.0 1 indlcates
that the substituents are largely attached to aromatic rings, hence the 1 and 2 carbon
atoms of acenaphthene could not be exhaustively methylated.

The NMR spectrum of A-25 is very similar to that of A-35, except that the band
assigned to CH3'S attached to alicycliec ring is relatively more intense in the former
fraction. This Indicates that the decrease in the average carbon number observed by MS
in proceeding from A-25 to A-35 1s caused primarily by a decrease in the number of
alicyclic methyl groups, the aromatlic methyl content remaining approximastely constant.

UV spectra obtained on fractions A-25, A-35 and A-40 (Figure 7) are broadly
compatible with those published (3) for the five compounds depicted above. They are
consistent with a perinaphthanic type structure with the exceptilon of an absorption band
at 255 millimicrons present in fractions A-35 and A-40 and a weak band at 326 millimicrons
observed in all three fractions. The other suggested structures give rise to bands at
326 millimicrons, but not to the one at 255 millimicrons. In addition, they present weak
bands in the 300-320 millimicrons reglon not detected in these fractions.

The intensities of the UV bands attributed with certainty to the first compound
type {at 233 and at 326 millimicrons) follow the same variation pattern through the
fractions examined as the corresponding MS parent peak intensities.

Since the absorption band at 255 millimicrons is inereasing in intensity from
fraction A-27 to fraction A-40 it can be ascribed to the second compound type in this
series. The band at 282 millimicrons 1is probably common to both compound types.

The presence of moderate concentrations of tetrahydroanthracenes and tetra-
hydrophenanthrenes in the above fractlons has been verified by catalytic microdehydro-
genation techniques. This approach has been described by Keulemans and Voge (4),

Rowan (9) and Cousins (2). The dehydrogenation is carried out in a stream of carrier gas
and the effluent products are examined by GC. According to their data the compounds
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containing cyclohexyl rings are dehydrogenated to the corresponding aromatics, while the
cyclopentyl rings remain essentially unaltered.

Slight modifications on the technique allowed its application to the problems
encountered in this work. The equipment consisted essentially of a pyrex glass reaction
tube heated at TOO°F containing a platinum on A1503 catalyst, connected on one side to a
supply of the carrier gas (helium) and on the other to a cold trap. Reactlon products
collected in the cold trap were transferred to the mass spectrometer for analysis and the
data obtained compared with those recorded prior to dehydrogenation. The use of MS was
warranted by the complexity of the materials under investigaetion.

Experiments with pure compounds and literature data indlcated that tetra-
hydroanthracenes and tetrahydrophenanthrenes dehydrogenate to anthracenes and
phenanthrenes belonging to the C,Hon_18 series, while benzindanes and perinaphthanes
remain either unaffected or dehydrogenate at the most to compounds in the CpHo,_jg series.

The presence of anthracenes and phenanthrenes and the simultaneous decrease in
the CpHon_1) types detected by both MS and UV, as shown below, in the dehydrogenation
products of cuts A-13 and of a blend of cuts A-27,-28,-29-31, indicates therefore that
these fractions contain both tetrahydroanthracenes and tetrahydrophenanthrenes.

Dehydrogenation Data

A. MS Analysis by Low Voltage Method (wt. per cent)

Compound Cut A-13 Cuts A-27,-28,-29,-31
Type Feed Product _A Feed Product A
Cplion-6 10.9 12.8 +1.9 3.8 12.2 + 8.4
CpHon 8 2.8 - - 2.8 1.8 2.5 + 0.7
Coflon-10 - - - - 0.8 +0.8
Collon-12 45.5 50.6 + 5.1 18.0 31.8 +13.8
CrHon-14 36.6 22.4 -1k.2 70.8 31.1 -39.7
Cnflon-16 h.2 7.1 +2.9 5.6 13.0 + 7.0
Crflon-18 - 7.1 +7.1 - 8.6 +8.6

B. Differential UV Data (wt. per cent)

Found after Dehydrogenation Cut A-13 Cuts A-27,-28,-29,-31
- Anthracenes (at 377 my) 1.5 3.3
Phenanthrenes (at 255 my) 7.2 13.1
total CyHopn-18 8.7 16.k

The MS data also show an increase in the -12 and -16 series. These may be
attributed to craking of the -1L4 types to naphthalenes and to the dehydrogenation of
perinaphthanes or benzindanes. The unreacted material in the CHo,_y), series consists
probably of benzindanes, although incomplete dehydrogenation of the other types cannot be
excluded completely.

Second Compound Type

The material giving origin to the second series of maxima in Figures 4 and S is
an oxygenated type, possibly one of the following structures, appropriately substituted
with methyl groups to account for their molecular weights from 210 to 22k4.

B am o o

Perinaphthanone Benzindanone Tetrahydrophenan- Tetrghydro-
Nuclear MW 182 Nuclear MW 182 threnone anthracenone
Nuclear MW 196 Nuclear MW 196
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The experimental evidence in support of these structures furnished by exact MS
isotopic data, high resolution mass measurements, IR and UV spectra, 1s discussed below.
The prescnce of a similar class of compounds, fluorencnes, in Wilmington petroleum has
been reported recently by Latham-et-als—(5). - -

The measurement of isotope ratios from mass spectral data can be a very powerful
technique in indicating the presence of a hetero-atom in a molecule. The first clue that
the second pesk in the C.H _1h series was an oxygenated compound came from examining the
ratios of the peak heights of masses 211 and 210 (016) in the fractions tabulated below:

B-1 B-5 B-10 B-15 Cid18 C15H1),0

Isotope, Ratlo, % 17.69 17.01 16.48 16.58 17.57 16.47

The 1sotopic value at B-1 1is in very good agreement with that expected for a CqgHig
hydrocarbon; the value at B-5 1s intermediate; those for B-10 and B-15 are much lower.

The isotope ratios for the latter two fractions check extremely well with the theoretical
value of 16.47 for an oxygenated compound, clStho' This material is thus believed to be
an oxygenated compound. Fraction B-5 1s a mixture of the hydrocarbon and the oxy-compound
and the isotopic data is intermediate for this fraction, as would be expected for a mix-
ture. The isotopic data mentloned above, together with similar data for other fractions,
are given in Table I. In examining these data one should bear in mind that an unexplained
biaz of about + 0.1% to + 0.3% has been experienced recently in all of the isotopic data
obtained on our instrument. This 1s exemplified by the measured isotopic values for the
well identified 015 dibenzothiophene (CnHQn-IE series).

Exact mass measurements, carried out on a CEC Model 21-110 high resolution mass
spectrometer of the Mattauch design also confirmed the presence of oxygenated compounds
in these fractions. Data obtained on fraction B-12 are reported below.

Nominal Mass Measured Mass Theoretical Mass for
C15H;,0 Crehsg
210 210.173 210.171 210.207
Cighigl Ca7iag
22l 204,187 22l .191 2ol 227

The infrared spectrum of fractlon B-10 contains two sharp carbonyl bands. One at
1682 cm~l is believed due to a conjugated carbonyl and the other at 1725 em™l is attri-
buted to a non-conjugated carbonyl.

Examination of the UV spectra of several fractions containing the oxygenated
material reveals that each has a weak, yet distinct maximum, at 255 mu. This absorption
band first appears in the UV spectrum of A-35 (shown in Figure 7), and is consistent with
the appearance of the ?17 oxygenated compound, shown by the MS data in Figure 4. The

~—same_255-ify band -s1s6-appears in A-4LO, and in the fractions of the B percolation through

B-15, as shown in Figure 8. The initial appearance, general variation of intensity, and
disappearance of the UV features in the chromatographic fractions agree well with the MS
plots.

A complete interpretation o” the data is hindered by the appearance in these
fractions of two other compound types dibenzothiophenes and dihydroanthracenes. Although
not quite sufficient by themselves, the ata obtained are consistent with the conclusions
deduced from the MS and IR spectra, which “.learly indicate that the second compound type
found in the CH,, ;) series is an aromatic ketone. In addition to the evidence discussed
above, the similarity of the high voltage mass spectrum to that of the first compound type
indicates an analogous ring structure, i.e. the s*ructures of ketonaphthenonaphthalenes
shown at the beginning of this section.

Conclusion
The investigation discussed in this report, together with the data already
published (l) has led to a radical change in our ideas of the nature of certain compound
types in light catalytic cycle stocks. We deem particularly significant the proofs ob-
tained on the absence of acenaphthenes, at least in the narrow distillate fraction
studied. The discovery of an oxygenated compound type in.relatively high concentration is
also meaningful.

The gathering of the detailed information obtained in the course of this work was
made possible by the sharp separations achieved and the integration of complementary
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analytical technigues and tools. The role of mass spectrometry in particular was shown
to be extremely valuable, both in indicating the presence of different compound types,
and thus pinpointing the fractions to be subjected to further analysis, and in identify-
ing the components contained in the same fractions. The data obtained by the use of high
resolution mass spectrometry illustrate well the power of this technique.
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Table I

Isotope Ratios from MS Low Voltage Spectra
CnHon_1) Series

C No. Experimental Theoretical
Percolation A. Fractions Hydrocarbon Oxygenated Compd.
% s n_  »_ B
C15 16.72 16.67 16.92 16.46 15.36
Ci6 17.69 17.86 17.87 17.81 17.84 17.57 16.47
Cyp 19.07 18.03 18.68 17.58
Percolation B. Fractions Hydrocarbon  Oxygenated Compd.
15 1 15
C15 16.69 16.76 16.50 16.46 15.36
C16 17.69 17.01 16.48 16.58 17.57 16.47
C17 17.60 18.68 17.58
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BAND ASSIGNMENT
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Solvent : GClg b CHpaAr and in naphthene ring
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Int, Std.:  TMS d  CHpB ond B2Ar and in naphthene ring
Hy: 0.06 milligauss e CHs on naphthene ring INTEGRAL
Date: 6-13-61
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Fig. 6. NMR Spectrum of Cut A-35.
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Fig. 8. Ultraviolet Spectra of Cuts B-1, B-5, B-10, and B-15 in Iso-octane.
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THE MASS SPECTRA AND ANALYTICAL CORRELATIONS OF
C5 THROUGH C;q CODA COMPOUNDS

by

R.F. Kendall, F.O. Cotton, N.G. Foster, and B.H. Eccleston
Bartlesville Petroleum Research Cenfer, Bureau of Mines
U.S. Department of the Interior, Bartlesville, Okla.

SUMMARY

The problem of air pollution is of national interest, and as a part of the investigation of
this problem the Bartlesville Petroleum Research Center is studying exhaust gases produced by
automotive engines. These gases have been cited as contributors to the eye-irritating components
of the smog that plagues urban areas throughout the country. Identifications of the hydrocarbons
in automobile exhaust gases are hindered by the relative unavailability of pure mass spectra
reference materials, especially of unsaturated hydrocarbons other than the simple alkenes.

The mass spectra and analytical correlations of over 30 cycloolefins, diolefins, and
acetylenes (CODA compounds) are reported. Spectra correlations are supported by low voltage
mass data., Methods utilizing gas-liquid chromatography for isolating high purity unsaturated
reference compounds are described.

Particular emphasis is given to the mass fragmentation patterns of the acetylenes as com-
pared to those of the cycloolefins and diolefins. Mass interpretation of mixtures containing such
hydrocarbon types is frequently difficult because each type has the same empirical formula,
C,Hon-2/ and an abundance of rearrangement peaks.

Availability of spectra and correlations on pure CODA compounds should aid in future
identification studies on exhaust gases.
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DETERMINATION OF HYDROCARBON TYPES IN KEROSENE
RANGE DISTILLATES BY MASS SPECTROMETRY
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MASS SPECTROMETRY OF SULFUR COMPOUNDS. V. STUDIES OF THE
MASS SPECTRA OF 2-+-BUTYL-, 3-t-BUTYL-, AND 2,5-DI-t-BUTYLTHIOPHENES

by

N.G. Foster, D.E. Hirsch, R.F. Kendall, and B.H. Eccleston
Bartlesville Petroleum Research Center, Bureau of Mines
U.S. Department of the Interior, Bortlesville, Okla.

SUMMARY

The mass spectra of more than 50 alkylthiophenes have been reported in recent years, pro-
viding @ better understanding of the processes of fragmentation in such molecules. Studies of mass
spectra of the -available tertiary butyl thiophenes have indicated a mechanism of fragmentation
entirely different from that proposed for the bulk of the thiophenes. These data and similar results
on closely related alkylbenzenes, observed by other workers, prompted the more detailed study of
these types of alkylthiophenes reported here.

The mass spectra of 2-, 3=, and 2,5-di-t-butylthiophenes are presented and the possible
paths of ion fragmentation discussed. Low voltage data will be used to support these suggested
mechanisms. The fragmentation mechanisms will be compared with those existing for other alkyl-
thiophenes and with those reported by other workers for analogous alkylbenzenes. The analytical
consequences of fragmentations from these types of thiophenes will be discussed.

Knowledge of spectra of these types of compounds and of their fragmentation patterns will

aid in interpreting mass spectra and in predicting basic mass spectral patterns for all alkylthio-
phenes.
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Appearance Potentials and the Mass Spectra of

Fluorinated Olefins

Chava Lifshitz* and F. A. Long
Chemistry Depertment, Cornell Unlversity
Ithaca, New York

Abstract

Appearance potentials and mass spectra have been determined for a
group of simple fluorinated olefins. In some respects the reactions
of . the positive ions are similar to those of the hydrocarbon analogues;
for example there are frequent losses of Hp or HF to form acetylene
lons. Rearrangement processes, lnvolving atom migration, occur more
frequently in the more highly fluorinated compounds. For the most part
the relative rates of the unimolecular decomposition procesgses vary with
the energy demands, but frequency factors are occasionally quite low
for rearrangements. The observed appearance potentials agree fairly
well with values calculated from heats of formation of the species in-
volved, but there are some exceptions,. Ionization efficlency curves
for some of the fragments from CFzCFH and CpF, show interesting
features which are discussed,

Introduction

The mass spectra of fluorocarbons are usually quite different from
those of the hydrocarbon analogues. For instance, several interesting
rearrangements are observed, which are absent in the hydrocarbon
spectra*, The fluorinated olefins were chosen in the present study,
because these compounds show considerable parent ion peaks in their
spectra, contrary to the hehavior of the fluorinated paraffins?.
Furthermore, the heats of formation of several of the fluoroethylenes
have been determined experimentally by Neugebauer and Margrave2, while
athers are lmown from estimations®, It 1s thus possible to gain further
information from the appearance potentials of the different fragments
about the thermochemistry of the radicals and ions involved.

Experimental

The data were taken on a C.E.C. mass spectrometer, model 21-401, -
which has been modified as described previously®,

Appearance potentials were determined by the vanishing current
method, using argon or neon as calibrating gas, in the same way as has
previously been discussed*.

The fluoro-ethylenes studlied were all better than 99.8% pure.

Results and Discussion

75 volt spectra

Table I gives the spectra (in terms of percentage ylelds of the
various ions) of several fluoroethylenes. These were obtalned with 75
volt electrons, 10 pA current and an accelerating voltage of 210 v.

*on leave from the Israel Atomic Energy Commission
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Mass Spectra of Fluoroethylenes

Table I

CH>CHa

CHaCHp
19.4
13.2
14.0g
10.6¢

CH>CHF CHaCFp CHFCF2 CFoCFp
0.6 2.6
0.2
1.8
9.9 1.1
11.4
2.8 13.1 15.2 28.6
0.9 5.7
0.1 12.4
10.4 9.2 1.
24,9 16.7
34.55
0.9 1.7 10.6
0.3 16.0
1.0 0.3
g.ﬁ 29.7
35.
P 1.3
0.4 37.3
26.2p
) 2o.up
Table II
Appearance Potentials for Fluoroethylenes in volts
CHoCHF CH2CFz CHFCF2 CF2CFp
17.8
13 .73 19.78
14.3g
15,45 15.22a 15.» 1%,0¢
15.3a
15,08
14,04 14,44 20
14.0, 14.8,
10.4¢
19.2s 15,14
14,22
14,8,
16.6+ 16.1a
10.4¢
13.5,4
16.0,
10.33
10,1,
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Intensities are rounded off to the nearest 0,1% and most of the peaks
below this value are omitted. Doubly.charged ions are not included.
The agreement with previously published results on CzHs, CHaCFz and
CaoF4 1s good, except for a generally smaller degree of reaction in the
present case. This 1s especially apparent for CpF,, where C2F3+ is
the highest peak in the spectrum whereas CF* 18 the highest according
to Dibeler and coworkersS.

As one goes from ethylene to perfluoroethylene, successively sub-
stituting the hydrogens by fluorines, the general features are a
gradual lowering of the ylelds of acetylene lons (CZH2+, C2HFY or CngI)
and an 1ncrease in the yields+of the rearrangement products CHat, CHzF,
CFaH*, and CFa* as well as CF .,

CHoCFp and CHFCFz show low ylelds of the parent-minus-one-hydrogen-
atom; & simllar behavior has been observed in CeFs4Hz and CeFsHY. There
is in this ethylene seriles also a gradual decrease in parent lon yleld
and an increase in the ylelds of ions of the type CHz', CHF' and CFa".

Appearance Potentlals

Table II summarizes the appearance potentials observed for the main
peaks of the fluoroethylenes. These data are averages of from 3 to 5
runs for each specles. The standard deviations are in the order of
from 0.05 to 0.10 e.,v., for the more abundant ions.

The ionization potentials of these compounds have been previously
determined. The values which were obtained are listed in Table III.
Table III
Comparison of Tonization Potentlals

Present Previous Photo- Spectro-

Electron Impact’ Electron Impact 1onization scoplc

C2He . 10.66 10.46-10.9° 10.517
CHzCHF 10.45 10.378
10.3%6°
CHoCF» 10,45 10,302
10.33°
CHFCF» 10,33 10,148
C2Fa 10.12 : 9,310 10.12°

The present electron impact lonizatlion potentlals are all 0,1-0,2
e.v. higher than the photoionization values®,® except that for CaFs.
Other appearance potentials which have been measured previously are
for the fragments from CoH, ® and for CFa% from CaF.!° and the agreement
is quite good. -

The ions of lowest appearance potential for the "hydrogen" end of
the series (Table II) are the acetylene ions, which are formed from .
the parent by an Hz or HF spllt, while for the more fluorinated members
the rearrangement ions CFpHT, CF3+ and CF* lead to the lowest appear-
ance potentials. The energy demand for the production of the CX2+ lons
(CHa*, CHFY and CFp.*) decreases with fluorine content. On the other
hand, the energy which 1s needed for the production of parent-minus-one-
atom increases with fluorine content; this agailn is similar to the trend
observed for fluorobenzenes'. The next sectlon 1llustrates these
features further.

Breakdown Mechanlsms

Figure 1 shows the proposed mechanism for the CHpCHF spectrum.
The numbers above the formulas are the percentage ylelds, while those
above the arrows are the energy differences in golng from parent ion
to product ion. CoHot is formed from the parent by an HF split, while
CoHFt 1s formed by an Hp split. Although the acetylenic ions have lower
appearance potentials than the parent-minus-one-F or one-H ions, thelr
total yleld 1s lower, This 18 indicative of unfavorable frequency
factors, CFt 1s formed by direct rearrangement from the parent,
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together with CHs and not with CHg+H; this will become evident in the
forthcoming thermochemical calculations.

9.9
Czﬂz+
11.4
CoHat
10.4
CoHF*
A,P,=10.45 .
21‘.9 ’
CoHoFt
2.8
CF+
Fig. 1. Mechanism of CHpCHF speectrum

Figure 2 shows the mechanism for the production of the CHoCFz
spectrum. Here already a greater contribution from rearrangement ions
as compared to acetylenie ions_1s observed. That CHxt i1s not a
secondary (from CpHzFt or CH2F) but formed directly by cleavage of the
ethylenic bond, wlll be seen from the thermoehemical caleculations.
Neutral radicals are assumed to be formed along with the different
positive ions. Indeed no negative lons have been observed for CHaCFp'?',

F1§ure 3 shows the proposed mechanism for CpF4. The possibility
that CF' 1s & secondary as well as a primary is shown by the arrow in
parenthesls. The value of 1,7 whieh 18 given beside the arrow will
be discussed in the following section,

Ionization Efficlency Curves

It 1s seen that on the whole the energy demand is what determines
the likelihood of a process, but there are some striking exceptions,
In CoFs (Fig. 3) for example, CFa' has the lowest appearance potential
other than the parent, yet comprises only 1.3 percent of the spectrum
at 75 volts. Figure 4 shows the ionization efficiency curve for this
ion; the strliking feature 1s that there 1s almost no linear rising part.

3.99 9.2

CoHFt
16.7 4,94 = 1.1
CzHoF* CoHet

4.8
CoFoHt

35.4
CHoCFo "

A.P.=10.45 12.4

CHpFt

13.1
CF+

2.6
CHz*

Flg. 2. Mechanism of CHaCFz spectrum
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1.3
CFat

28,6
CFt
T0.]

37.3
* CoFat

20.4
CFp=CFp*
A.P.=10.1p

10.6
crat

Fig. 3. Mechanlsm of CFzCF» spectrum

In order to study this point further, the dependence of the percentage
yields of the different fragments from CzF4 upon the ionizing voltage
was determined. Figure 5 shows this dependence for several ions.
ve-Iz is the lonizing voltage minus the ionization potential of the
parent, CFa* rises to & low mgximum.yield at a relatively low

V,.-1% and then levels off. CF” gshows a similar behavior to that of
C?a+ at low voltages (see Figure 5) but at higher voltages the CFt
yield rises very steeply.

The dependence of the percentage ylelds of the different frage
ments from CFHCFz on the lonizing voltage was also studled and the
results are glven in Figure 6 (the voltage scale was not calibrated
in this case?. Here, too+ CF2H' rises to a maximum but this is at a
much higher yleld than CFa™ in CaF4 and at a higher ionizing voltage.

Several lonization efficiency curves for CF* are shown in Figure
T. These were drawn so thag the slopes of the linear parts are equal
in all three cases, The CF' curve from CHaCFz 1llustrates the ex-
pected behavior, The CF' curve from C,F, shows a break, while the
CF* curve from CHFCF, shows a long tail.

It 1s eppropriate to point out at this point how appearance po-
tentials were determined for CFY and CFs¥* in CpFs and for CF+ from
CFHCF,. In all of these cases the pressure of the gas studied and
that of the argon were matched so that the first parts of the ioniza-
tion efficiency curves for the ion and for Ar' coincided (contrary to
the usual procedure* of matching the linear parts). The values thus
obtained are the ones given in Table II, A second appearance po-
tential of 17.7 v was determined for CFT 1in CaF4 from the break in
the ilonization efficiency curve by adjusting the pressures of CaF4 and
Ar so that the linear slopes were the same. If it 1s assumed that
this higher appearance potential is the consequence of a secondary
decomposition process one calcul&tes the parenthetically noted value
of 1.7 volts for going from CzFs™ to CF* (Figure 3). Appearance
potentials for these lons CF' and CFa* are uncertain to a greater
degree than 1s shown by the experimental spread because of the odd
shapes of the ionization efficliency curves.

Thermochemical Calculations

Some thermochemical calculations were carried out based on the
measured appearance potentials. Table IV shows some of the heats of
formation which were used in these calculations, as well as the re-
sults obtalned. The values for CHCHF and CFoCFH are estimations by
Maslov and Maslov®. The AHp value for CHaCHF 1s shown to be correct
by the appearance potential of CzaHat from this compound; knowlng the
heat of formation of CzHa' from its appearance potentlial from CpHe,
the heat of formation of CHgCHF 18 calculated to be =1.22 e.v,

The heats of formation of CH2F+, CF2H+ and CF3+ given in Table IV
are from thelr respectlve appearance potentials in CHoCFpz, CHFCFz and
CF2CFp. The listed heat of formation of CF was used in these calcu-
lations. These results are based on two assumptions, namely that
neutral CF is formed in the procegses forming these three ions and
that excess rearrangement activation energy is negligilble.
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The heat of formation of CFt given in Table IV is calculated from
its appearance potintial in CHoCHF assuming the process:
CHCHF —» CHa + CF™, From the heats of formation of CF' and CF the
ionization potential of CF is calculated to be 9.55 v. As any contrl-
bution from rearrangement energy was agaln neglected in thls case
AHp(CF*) as well as I.P, (CF) constitute upper limits, The latest
spectroscopic ionization potential of CF is 8.9 volts'®, The possibility
that CF* 1s formed by the process:

CHaCHF —> CHz + H + CFT

instead of by direct rearrangement from the parent was considered but
discarded, because this would give I.P. (CF) = 6.22 e.v., which is much
lower than any of the previously reported results on CF,

Table IV
Heats of Formation and Ionization Potentials of Some Selected

Fluorocarbon Species

Species AHp,e.v,

a
CHpCHF* -l.22¢
CHaCFo* -3.36,
CHFCFo* -4.8ap
CFoCFo* -6.59c
CFsCF=CFo* -11.22
CHoFt 8.4y
CFzHT +6.1
CFi+ +3.72
CF +12.82

I.P.,v

CF* +3.2,9 9.5
CF2 -1.60
CHgF e 9.hsg
CFa* -5-3 8-9

*
Literature values which were used in our calculations
a, Ref, 3, these are estimations which are good to within 5-10%
b. Ref. 2, experimentally determined values
c. Ref. 12, an estimation based on AHg(CzFs)
d. Ref. 13, based on the spectroscopically determined C-F bond
energy.
e. Ref. 14, from kinetic measurements of activation energies.

From the heats of formation of CFs and CFst (Table IV), the ioniza-
tion potential of CFs 1s calculated to be 8.9 v, as compared to the direct
electron impact value on the CFs radical, of 10.1 v*®e, The present
value 18 1in better agreement with the value based on CFs appearance po-
tentials from trifluoromethyl halides?, The present low value may be
the adlabatic ilonization potential of the radical. On the other hand,
the possibility of an lon-palr formation cannot be excludeg, especlally
in view of the peculiar ionlzation efficlency curve of CFs from CzFs.

If CF+ and CH2F+ are both formed by similar rearrangements from the
parent CHaCFa, then the difference in their appearance potentials from
this compound is equal to the difference in the lonization potentials of
the respective radicals, because both of these differences are equal to
the AH of the reactlon:

CHoFT + CF — CHF + CFF

Having obtained an independent value for the ionization potential of
CF (Table IV) one may proceed to calculate the ionization potential of
CHZF, The value (9.4s v) thus obtained is in good agreement with the
direct measurement on this radical (9.3s v), according to Lossing and
coworkersl®,

Attempts were made to calculate the ionizatlon potentials of CHF and
CF> from their appearance potentials in CHFCF, and CpF4, respectively.
In order to do this, the heat of formation of CF> had to be known. There
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are several conflicting values for this in the literature. The value
in Table IV of AH (Csz = =1,60 is calculated from measurements on the
appearance potential of CoFet from CaFe and is in good agreement with
the value of Margrave and coworkersi®, Even so it 1s an upper limit
due to possible rearrangement energy. But the appearance potential

of CHot in CoHs 18 ~s 2.6 volts higher than the calculated value, if CHy
1s formed with CHj,, The CHo% appearance potential in CHoCFp 18 ~ 1,6
volts higher than the calculated value, if CHpt is formed with CFp,

Yet both of these appearance potentials are several volts lower+than the
values calculated, if CHpT i1s a secondary (in one case via CzHs  and in
the other via CaHoFt), It thus seems that excess energy 1s involved 1in
the breakage of the ethylene bond and the CHFt and CFe¥ appearance po-
tentlials cannot be used to calculate their ionization potentials.
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1MASS SPICTRA OF TERPENI AND S35QUITIRPANS HYDROCARBONS

C. B. Koons and J. N. Mercer
Jersey Production Rasearch Company
Tulsa, CGkilahoma

A study of the mass spectral - chemicel structure correlations of [ifteen terpenc
and sesquiterpene hydrocarbons will be presented. The pressnce of carbon-carbon double
bonds in all of thesc hydrocarbons mokes correlation difficult becausce of the sbundance
of’ rearrangement peaks. However, the frogmentations of these hydrocarbons on clectron
impact do szem to present certain patterns which may be useful to the analyst involved
in either qualitative or quantitative analysis of these hydrocarbons. Some excellent
mass spectral data and interpretations hove been reported by Friedman ond Wolf (1958)
and Gilchrist and Reid (1960). This report will be concerned with five of the same
hydrocarbons investigeted by these workers as w2ll as six terpenes and four sesgquiter-
penes not reported.

The magss speeira for these hydrocarbons were obtained on a Consolidoted 21-103C mass
spactraneter and rocorded with the CEC Moscot peuk digitizer. The mass spactra were
tuken with 70 volt ionizing electrons. sxhoust pumping was accanplished with n~ Varian
ho/liter/sec. ion pump. Liquid and solid samples were introduced into the mass spec-
trometer through the Microtek Dry COrifice Inlet System, which was deseribed in same
detail by McAdams end Harris at the last A3TM i#-1b Meeting in Chicago. A double-ended:
glass pipet was used for the liquid samples and a glass sample cup dipper for solids such
as camphene, tandard deviation of sample cize on multiple runs with the double-ended
pipet was 2% and the solids dipper 3%. This heected inlet system is so comstructed that
the vaporized sample cames in contact only with glass. Mztal surfaces, which are known
to cotalyze doublc bond migrations in hydrocarbons, are avoided. In order to determines
if ony opprecicble double bond migrations and subsegquent rearrangements ware occurring
in the heated inlet system at 150O C., spectra were obtained on several of the some
terpenes investigated by Friedman and Wolf (1953). 1In their system, the somples vere
sealed directly to 2 tube going into the ionization chamber end were run from the vapor
vressure of the sample ot dry ice temperaturce. Spectra on four hydrocarbons vere
compared: comphene, dipentene, o(-pinens, cnd @-pinene. Tigure 1 shows comparisons of
the more praminent spoctrel peaks for cumphienc, ond Figure 2 the som> for oA-pinens.
Dipentene and @-pinens gove similar results. It appears thot similax spectro are
cbtained by the two methods, and that double bond migration is negligible in the heated
inlet systom. The inlet system was maintained at 150° €. for obtaining the mass spectra
of the eleven terpens ond four sesquiterpene hydrocarbons.

The investigoted terpenz and sesquiterpane hydrocorbons arz listed in Toble T.
These hydrocarbons werce cobtcined fram camcreial sources: Hercules Powder Co., Dodge
and Olcott, Heyden Hewport Chemical Corporation, ond Fritzche Bros. Included in the
samples (Toble I) is an acyclic terpene, six monocyclic terpenss of which three contaoin
axocyclic double bonds end three do not, four bicyclic terpenes of which two contain an
cxocyclic double bond wnd two do not, snd four sesquiterpene hydrocurbons of whiech two
are bicyclic and two tricyclic.

Total ionization was obtained by the summation of peck heights from m/e 27 to m/e
pParent +2. The totol ionizotion for the cleven C1oH1E isamers was very similar,
averaging 1.58 2.08 relative to the totnl ionizetion of normal butcne. The relotive
total ioniuzation for the four sesquiterpones was 1.92 £.09. The range is sgain quite
small. These results secin to ogree well with the work done by Mohlor ond coworkers
vhere they found that tho total ionization for (1-C)lo hydrocarbons to be cssentially
constant for isamers but proportional to molecular weight. Field and Fronklin have
later proposed that the lack of the depondence of the total ilonization upon the structure
of the individual isamers is evidence in favor of the moleculer-ion intermediota theory.
If the decamposition of the molecule occurred immediately upon ionization, lerger veria-
tions in the amount of ionization occurring with the different isamers might bLe expected.

In the following discussion, the monoisotopic peak heights for the vorious hydro-
carbon spectra are expressed in per cent of total ionizotion. Let us Tirst look at the
most praninent peaks for the acyclic and monocyclic terpencs listed in Table I.  The
base peaks are enclosed in reectangles. It is apparent that there is considereble varia-
tion of spzctra with structure. The monocyclic terpenes because of the stability
cssociated with the ring hove much more intense parent peaks thon dose acyclic ter-
pene. It should also be noted that the parent peaks are more inta2nse for the monocyclic
terpencs with both douvle bonds in the ring than those with one doublz bond exocyclic.
The myrcens spectrum shows many more Cp, Cg3, and Ch frogments, such oo /e U1, indicating
morz severe fragmentation in the absence of the ring. The two monocyclic terpencs with
the larger minus - 15 peoks are - and ¥-tzrpinene which have two methyl groups allylie
to a doubles bond in the ring. The minus - 43 peaks are quite large in cll terpenc
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TABLE I

PROMINTENT SPICTRAL PEAKS OF TERPENE AND SESQUITERPENE HYDROCARBONS

Ierpenes
Name Structure Classification Per Cent of Total Ionization
R B 9i 8 T
Myrcene >=/:\—_/— Acyclic 1.1 1.3 15.5 2.7 /19.%7

Y-Terpinens >—O— Monocyelic 6.9 6.1 /i8.9] 0.2 4.3
a-Terpinen: >—@— Monocyelic 4.7 @ 9.0 0.9 .2
a-Phellandrene >—®— Monocyclic L4 2.7 0.6 k.7
Dipentena \>—®— Monoeyelic 2.5 2.6 7.5 5.2
Tarpinolene >=<:>— Monocyclic 3.1 5.3 /L6 2.6 5.5
B -FPhellandrene >—<;>= lMonocyclic 3.7 1.8 /19.3/ 7.2 k.9
a-Pinene @— Bicyclic 2.4 4.8 @7 1.5 6.9
3-Carene \Dv Bicyelic 3.3 3.8 @7 0.6 5.4
B-Pinene &= Bicyelic 1.9 2. /I5F 0.8 10.3
Comphene @= Bicyclic 3.1 118 /Ig0/ 4.0 10.0

Sesquiterpenes

Clossificetion Per Coent of Total Icnization
m/e 20k 161 119 93 L1

=
2
=
€«
-
&
G
g
(el
g
o

Codinene Q:)\ Bicyclic 6.0 @ 2.8 1.8 L.9
B-Cearyophyllenc T:Q_ Bicyclic 0.6 1.6 1.8 6.1 /B.9/
a-Cedrenz b Tricyclic 2.8 3.0 /i3.3] 6.9 6.7
Longifolan: % Tricyclic 1.8 3.8 2. /I3 3.9
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spectra including those shown here. It is the base peak in four and the second largest
in the other three. Fricdman and Wolf have proposed a cyclic C7H9 ion intermediate for
camphene fragmentation, which also could be formed from the terpenes shown here. The
large 93 peak for myrcene may indicate ring closure after loss of a 3 carbon group. The
tvo larpgest 93 peaks are formed fram e~ and P-phellandrene which contain the isopropyl
group allylic to the double bond. Dipentene shous the smallest 93 pack, probably becausce
of the preferred allylic bond rupture to form the prominent /e 63 frogment. This hydro-
carbon is the only once by which two allylic bond ruptures can occur sirmltonecusly to
produce C5Hg fragnents.

Also shown in Teble I is similar doto for the bicyelic terpenes. The parent peocl
intensities are siailar to those for the monocyclic terpenes with one couble bond exo-
cyclic. | Ring strcin no doubt accounts for the reduced porent peck intensities.  Comphene
shous the largest minus - 15 peak, probebly due to allylic bond rupture. The other three
bicyclic terpencs do not contain methyl groups a¥tyXic Yo = ole bond. The minus - b3
peak is the bagse pzok in the spectra of these four hydrocarbons. Tor the first three,
the frogmentotion likely involves the loss of the bridge structure 03H6 plus an additional
hydrogen. For comphene, the rupture probably occurs ot the bonds of th2 quaterncry
carbon. The largest minus - 43 peaks occur in the spectra of «- ond B-pinene in wvhich
double bonds are ollylic to the bridge structure. The hydrocarbons containing the double
bond exocyclic show larzer omounts of Cop, C3, and C), fragments, such as m/e 41, Appar-
ently the presence of double bonds in the ring increases the stability of the ring and
prevents extensive frogmentation.

The spectra for the sesquiterpen2 hydrocarbons because of their more complicated
structure show morc complex fragmentation patterns. The praminent pzakc for thess hydro-
corbons are also shown in Table I. Cadinenc shows the leorgest perent ion, m/e 20k,
probably dus to the comparative stability of the fused six carbon rings. and the presence
of both double bonds in thez rings. o~ccdrene contains the next largest parent ion,
probebly because of the absence of exocyclic double bonds. The other tvo possess more
ring strain and exocyclic double bonds end the molecular ion is quite smcll. Hone of
these hydrocarbons show vory large minus - 15 peaks, and these arc not listed in Toble I.
Longifolene shous the lrrgest minus - 15 peak relative to the porent, probably because of
the presence of tne doubls bond allylic Lo the angulor methyl group. Codinene's base
peak occurs at m/e 161, thz loss of 43 mass units or the isopropyl group fram the ring.
The other thres do not have large minus - 43 pecks or isopropyl groups attached to a ring.
The base peak for «-cedrone occurs ot m/c 119, = CoHiy frogment. The fragmentation to
form this ion no doubt irvolves several bond ruptures, either simultancously or consecu-
tively. Onc plausibla simultancous rupture could occur in the two cyclopentone rings
adjacent to the two quaturmery caibons. The base peak Tor longilolone occurs at m/e 93,

a C7H9+ fragment whicn 1 so praminent in the spactra of the terp hydrocarbons. This
some paak is also lergs Tor B-coryophyll ond x=-c2drenc, and mey indic that the
sesquiterpene moleculnr ion, liliz the terpenc counterpert, fragments to fomm o stable
C7Hg cyclic inteim=diat. ion of the Form wroposed by Wolf and FMricdmen. e base peak
for B-caryophyllen: occurs at m/e Ll eiong with @ high concentrotion of Cp, C3, and C)
fragments. The ilnstsbility of the fuscd Towr end nine carbon rings moy account for the
extensive fragnentction of this moleculnr ion.

&
(8]

From the data on these terpene and scsquitcrpene hydrocarbons, it ¢npears that the
thrae structural charccteristics which most greatly affect the mass spectral patterns of
these hydrocarbons are (1) position of doublz bonds, ecither cyclic or cio:yclic, (2)
position of possible frogmentation allylic to 2 double bond, and (3) presence or abscnce
of ring strains. BRBocause of the evident differences in the spectra of these hydrocarbons,
it is believed thet elfcetive qualitative or quantitotive analysis by mass spectrometry
is possible with thoasz naturally-occurring hydrocarbons.
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REARRANGEMENT IONS OF ALIPHATIC ESTERS AS
OBSERVED IN THE MASS SPECTROMETER

H. 0. Colomb, Jr., B. D. Fulks and V. A. Yarborough

The mass spectra of aliphatic esters have previously
been correlated with their structure by Sharkey, Shultz and Friedel.
The high resolution mass spectra of many of these esters as ob-
tained by Beynon, Saunders and Williams have largely confirmed
postulations concerning the fragmentation processes.

The determination of structure by mass spectrometry is
made more difficult by molecular rearrangement. In the esters pre-
sented here, the major rearrangements are specific and may even aid
in structure determination.

The first slide lists the most important rearrangement
ions in the mass spectra of the formic acid esters and their
abundance relative to the most intense peak in the spectrum which
is called the base peak. The general formula for these esters may
be written:

RlC-O-R2 where R1 and R2 are alkyl groups.

The R, group corresponds to the acid portion of the ester and the
R2 group to the alcohol portion.

esters are the ions at m/e 31, 45 and the |Rp-H|* or olefin ion.

The base peak is the same in these esters as it is in the corre-
sponding alcohol for all except n-butyl, 3°-butyl, isoamyl and
cyclohexyl, and in general the mass spectra resemble those of the
alcohols, RpOH. The peak at m/e 45 is the base peak in the
formates of 2° alcohols as it is in the alcohol. Of all the esters,
the olefin ion is largest in the formic acid esters where R2 is
butyl or less (except 2°-butyl).

The most important rearrangement peais in the formic acid

The acetic acid esters are shown in Slide 2. Here the
major rearrangement ions have the same type of structure as they
do in all the esters studied above the formates. The base peak
for all the acetates is the m/e 43, ([CH3CO]}*) ion. The relative
intensity of the olefin ion, ([RZ-H]+), shows the same relationship
as in the higher esters, that 1s, cyclohexyl gives the maximum
olefin ion intensity and neopentyl gives the least. Also the n-
and iso-~alcohol esters give more olefin ilon intensity than do the
2°-alcohol esters,

The [R;CO0 + 2H|* or acid plus 2 hydrogen atoms peak at
m/e 61 is not as intense in the acetates as it is in the other acid
esters. The general trend, however, is evident in that n-alcohol
esters give rise to more_ rearrangement than branched or 2°-alcohol
esters. The [31000 + 2H]+ peak is least for the ester from the
most highly branched alcohol, neopentyl and 3°-butyl, as is the
case in all the acid esters above the acetates.
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SLIDE 1
REARRANGEMENT ION INTENSITY IN FORMIC ACID ESTERS

Base Peak RZ—H,% M/e 31 M/e 45
Ethyl! 31 71.3 100 32.6
Propyl 31 65.0 100 3.0
Isopropyl 45 30.0 6.0 100
n-Butyl 56 100 57.8 7.4
2°-Butyl 45 26.9 18.0 100
Isobutyl 43 80.6 64.5 2.6
3°-Butyl 41 39.2 18.1 8.4
n-Amyl 42 58.3 50.9 5.2
2°-Amyl 45 27.3 9.1 100
Isoamyl 55 74.0 42.7 10.0
Neopentyl 57 2.3 14.5 7.2
Cyclohexyl 67" 17.1 10.0 3.5

1Sharkey, A. G. Jr., et al., Anal. Chem. 31 87 (1959)

SLIDE 2
REARRANGEMENT ION INTENSITY IN ACETIC ACID ESTERS
Base Peak R,-H,% M/e 61 [R,CO0 + 2H]"

Ethyl® 43 5.0 10.5
Propyl! 43 10.6 20.4
Isopropyll 43 7.6 14.2
n-Butyl 43 34.6 10.7
2°-Butyl? 43 19.7 .5
Isobutyl 43 22.9 2.5
3°-Butyl 43 35.4 1.6
n-Amy1? 43 46.3 23.4
2° -Amyl 43 12.9 2.5
Isoamyl? 43 39.7 12.3
Neopentyl 43 2.7 1.0
Cyclohexyl 43 55.0 5.6

1Sharkey, A. G. Jr., et al., Anal. Chem. 31 87 (1959)
2Beynon, et al., Ibid. 33 221 (1961)
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Slide 3 shows the relative abundance of the two types of
rearrangement ions for proplionic acid esters. The n=alcohol esters
in this series give the largest [R]C00 + 2H]* ion intensity, and
the esters from neopentyl and 3°-butyl alcohols give the least.

Slide 4 shows the relative abundance of the rearrangement
ions in the butyric acid esters. Both the olefin ion and the
[R1C00 + 2H]* ion are more intense than in the corresponding ace-
tates and propionates. Also, in general the more stable the Rp+
ion is the less will be the [RjCO0 + 2H]Y ion intensity. The base
peak is usually the R1CO" ion but depends more on the nature of
the Ry group than it does in the other esters except the valerates.

. Slide 5 shows the relative abundance of the rearrangement
ions in the isobutyric acid esters. Here the effect of chain
branching in R; is evident and in most cases causes a decrease in
the olefin ion and [31000 + 2ﬂ]+ ion intensities from those in the
unbranched acid esters. The isoamyl ester gives about as intense
an olefin ion as does the cyclohexyl ester,

Slide 6 shows the rearrangement ion intensities for the
valeric acid esters. The [RjC00 + 2H]* ion is maximum in intensity
for all the esters except the ethyl and isobutyl compounds. The
olefin ion is also at maximum intensity for Ry n-amyl and higher
The intensity of the [R;CO]* ion is more dependent on R, than any
of the other acid esters studied.

Slide 7 gives the rearrangement ion intensities for the
pivalic acid esters which are esters of acetic acid with all the
hydrogens of the alkyl part of the acid group replaced by methyl
groups. Because of the large amount of chain branching in R] the
base peak is the m/e 57 which is probably the C4H9+ ion. This peak
is so intense as to be off scale in some of these ester spectra
when run at normal pressure. The olefin ion is lowest in intensity
and the [RICOO + 2H}% ion intensity is much decreased over the
corresponding valerate ester.

The effect of chain branching in Ry, the alkyl portion
of the acid group, is more clearly shown in Slide 8 which lists
the rearrangement ion intensity for the cyclohexyl esters. The
[R1€00 + 2H]* ion intensity increases as R; increases and de-
creases with increased chailn branching.

The mechanism McLafferty proposed to explain the forma-
tion of the [R1C00 + 2H]™" ion is shown in Slide 9. This concept
involves a six membered ring-type intermediate with the shift of
a hydrogen beta to the carbonyl carbon and one which is gamma.

This gives an alkene radical and a positive ion which is stabilized
by resonance. This mechanism requires both beta and gamma hydro-
gens in the alcohol portion of the ester; indeed, where there are
no hydrogens beta to the carbonyl carbon as in the 3°-butyl esters,
there is very little rearrangement; and, in the neopentyl esters
where the gamma hydrogens are all replaced by methyl groups, there
is even less rearrangement. In these later cases, it would seem
more reasonable to expect a methyl shift, and Slide 10 shows the
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SLIDE 3

REARRANGEMENT ION INTENSITY IN PROPIONIC ACID ESTERS

Ethyl1

Propyl
Isopropyl
n-Butyl
2°-Butyl
Isobutyl
3°-Butyl
n-Amyl
2°-Amyl
Isoamyl
Neopentyl
Cyclohexyl

loharkey, A. G. Jr., et al., Anal. Chem.

SLIDE 4

Base Peak R,-H,% M/e 75 [Rlcoo + 2m)"
29 17.8 8.2
57 10.9 34.7
57 9.2 22.7
57 32.4 23.7
57 14.3 .2
57 26.1 6.0
57 10.7 .9
57 37.2 34.3
57 16.6 6.9
57 49.1 10.3
57 4.0 0.9
57 58.0 21.4

31 87 (1959)

REARRANGEMENT ION INTENSITY IN BUTYRIC ACID ESTEkS

Ethyl
Propyl
Isopropyl
n-Butyl
2°-Butyl
Isobutyl
3°-Butyl
n-Amyl
2°-Amyl
Isoamyl
Neopentyl
Cyclohexyl

83.

44

Base Peak R,-H,% M/e 89 [R1C00 + o)
71 7.0 13.0
71 29.8 54.6
43 13.9 18.9
71 54.7 52.0
71 25.9 18.7
71 42.3 14.8
43 35.8 7.8
43 48.3 48.1
71 20.9 11.2
71 72.2 12.2
71 10. 2 1.2
71 2 60.2



intensity of the [R1CO0 + CH4]+ ion in the neopentyl esters. This
ion and the olefin ion are the most important rearrangement ious in
these spectra.

This same mechanism, shown in Slide 11, has been applied
to the rearrangement ion, [CH,COORy + H]*, found in some methyl and
ethyl esters. This rearrangement requires a hydrogen gamma to the
carbonyl carbon and the only acids in this series that meet this
requirement are butyric and valeric acids. 1In Slide 12, this is
shown to be the case, only butyric and valeric esters having this
peak in appreciable abundance.

To test the validity of the mechanism even further, cyclo-
hexyl butyrate and valerate were synthesized with the alpha posi-
tions of the cyclohexyl group deuterated. The rearrangement peak,
[R1CO0 + 2H]*, was found to be shifted, and the ratio of the intens-
ities corresponding to the addition of two hydrogens, hydrogen-
deuterium and two deuteriums was 1:2:1. This corresponds to an
equal choice of hydrogen and deuterium for the rearrangement. This
result seemed puzzling as all the hydrogens gamma to the carbonyl
carbon had been replaced by deuterium. However, investigation of
the molecular models (Figures 1 and 2) shows that when the cyclo-
hexyl group is in the boat form all the hydrogens on the same side
as the carbonyl group are accessible to the carbonyl oxygen by a
cyclic mechanism like that previously outlined. The three hydrogens
on the side of the cyclohexyl group opposite to the ester carbonyl
group are not accessible to the carbonyl oxygen without bond
breaking. Thus, in the rearrangement process, there is an equal
choice among four hydrogen and four deuterium atoms for the two
atoms shifted. The deuterated esters were checked by NMR and found
to be essentially completely deuterated in the alpha positions of
the cyclohexyl group and nowhere else. In conclusion, the experi-
mental evidence is consistent with the cyclic mechanism and involves
the concerted shift of a hydrogen beta to the carbonyl carbon and
one further down the chain, the gamma one being favored, to form
the [R1COO + 20]* rearrangement ion.
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SLIDE 5
REARRANGEMENT ION INTENSITY IN ISOBUTYRIC ACID ESTERS

Base Peak R,-H,%  M/e 89 [RCo0 + 20]"
Ethyl 43 8.5 .8
Propyl 43 12.7 30.9
Isopropyl 43 8.3 8.7
n-Butyl 43 40.0 52.8
2°-Butyl 43 25.3 20.0
Isobutyl 43 45.2 22.3
3°-Butyl 43 6.9 2.2
n-Amyl 43 27.5 35.9
2°-Amyl 43 14.1 A
Isoamyl 43 51.3 .8
Neopentyl 43 13.0 1.2
Cyclohexyl 43 52.3 54.0
SLIDE 6

REARRANGEMENT ION INTENSITY IN VALERIC ACID ESTERS

Base Peak Ry-H,%  M/e 103 [RjC00 + 2]"
Ethyl 29 22.8 5.3
Propyl ~ 85 30.9 62.2
Isopropyl 43 16.1 25.3
n-Butyl 29,85 93.8 67.5
2°-Butyl 85 42.1 26.0
Isobutyl 85 62.4 19.7
3°-Butyl 60 20.3 7.9
n-Amyl 85 90.2 73.9
2°-Amyl 85 35.6 18.9
Isoamyl 70 100 12.8
Neopentyl 82 15.3 1.6
Cyclohexyl 85 100 84.8
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Ethyl
Propyl
Isopropyl
n-Butyl
2°-Butyl
Isobutyl
3°-Butyl
n-Amyl
2°-Amyl
Isoamyl
Neopentyl
Cyclohexyl

R,-H
Mass 82

17.
52.
58.
82.
52.

100
15.6

N o O oy N

SLIDE
REARRANGEMENT ION INTENSITY

7

IN PIVALIC ACID ESTERS

Base Peak R,-H,% M/e 103 [RjC00 + 2H]"

57 4.3 ) .2

57 6.6 20.3

57 5.8 4.8

57 18.0 22.2

57 6.9 5.2

57 21.2 14.4

57 3.8 .1

57 15.5 28.2

57 6.2 .8

57 34.8 .3

57 8.8 .8

57 15.6 25.1

SLIDE 8
REARRANGEMENT ION INTENSITY IN
CYCLOHEXYL ESTERS

Ester [R1C00 + ZH]+ Mass
Formate .36 47
Acetate 5.7 61
Propionate 21.4 75
Butyrate 60.1 89
Isobutyrate 54.0 89
Valerate 84.8 103
Pivalate 25.2 103
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SLIDE 9

REARRANGEMENT MECHANISM OF THE [R1COO + " Tont

\ \ AN
508 — § - Y
‘\c:l\ /f:c ; N
H/ 0 \ H—0 R
~— Rl + 1

+

O=0

H——O// \\R

lMcLafferty, F. W., Anal. Chem. 31 85 (1959)

SLIDE 10
RELATIVE INTENSITY OF THE [Rlcoo + CH4]+ REARRANGEMENT

ION IN THE NEOPENTYL ESTERS

Acid Intensity, %
Formic 0.3
Acetic 16.2

Propionic 13.8
Butyric 14.9
Isobutyric 20.4
Valeric 15.2
Pivalic 5.2
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SLIDE 11
REARRANGEMENT MECHANISM IN METHYL AND ETHYL ESTERSl

N \
A T S
+
\c:l {c o Co
7 Seny” N ci? “o—R

R = -CHy, -C,H,

McLafferty, F. W., Anal. Chem. 31, 82 (1959)

SLIDE 12
RELATIVE INTENSITY OF THE [CH,COOR, + H]"
REARRANGEMENT ION
R2 Group

Acid . Methyl Ethyl
Acetic 16.0%* 3.9%+
Propionic 0. 2%+ 0.1%
Butyric 63.2 41, 9%
Isobutyric 2.8 6.3
Valeric 100 50.2
Pivalic 0.6 0.5

*From Sharkey, et al., Anal. Chem. 31
88-9 (1959)

tParent peak, not a rearrangement peak
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MASS SPECTRA OF TRIMETHYLSILYL ESTERS
R. M. Teeter
California Research Corporation, Richmond Callfornla

Hexamethyldisilazane (HMDS) was introduced as a reagent
for the preparation of volatlle derivatives for mass spectrometry
in 1957 by Langer, Connell,and Wender (1) and by Sharkey, Friedel,
and Langer.(2) The group from the Bureau of .Mines has continued
to use HMDS profitably for the preparation of ethers.(3,4)

Independently, Becke-Goehring and Wunsch (5) and
Birkofer and Ritter (6) have treated acids with HMDS to form,
trimethylslilyl esters, but no mass spectra were reported. Ruhlmann
and Gilesecke (7) have used the esters, prepared by a different
technique, to ald the gas chromatographic analysis of amino acids.

The reactions to be discussed are given below:
(e ¥y); Si—NH- S/ (CHy)3 + A ROH ——= 2 RO/ (CHy); + NH3

HMD S + ARNHy ——> 2 RNHSI(CHy)3 + NH3

HMDS + ARCOOH — 2 RCoOSi(CHy)3+NH;

The principal advantage of trimethylsilyl (TMS) esters
over other acid derivatives 18 the simplicity of preparation.. In
a typlcal preparation one places 2 or 3 mg of an acld or acild
mixture in a small flask, adds a crystal of NH4Cl and 8 or 10 drops
of HMDS. The mixture is heated under reflux for 2 or 3 hours, and
a l-ul sample 1s removed for mass spectral analysis. Usually, no
i1solation step 18 required since the molecular welights of most of
the esters are higher than that of the HMDS. The flask is a speclal
one consisting of a 10 mm diameter reflux condenser sealed off 1into
a test tube end 1-2 cm below the water Jacket. A standard taper
Joint at the top accepts a drying tube to protect from atmospheric
moisture. Protection from moisture is important since hydrolysis
oceurs very readlly. A drop of purified TMS benzoate exposed to ailr
starts to deposit crystals of benzolc acid in about 10 minutes.
Excess HMDS protects the esters.

In the mass spectra of the esters, the loss of methyl 1s frequently
the most favored process, with the resulting M-15 peak the largest
in the spectrum. In the case of the benzoate ester, the m/e/179
from the loss of methyl 1s even larger than the very stable benzoyl
ion at m/e 105. The spectrum of TMS octadecanoate shows an even -
larger M-15. It can be seen from this that the TMS group some-
times dominates the spectrum to the polnt where structural
information is lost.

(1) S. H. Langer, S. Connell, and I. Wender, J. Org. Chem. 23,
50 (1958).

(2) A. G. Sharkey, Jr., R. A, Friedel, and S. H. Langer, Anal.
Chem. 29, 770 (1957).

(3) 8. H. Langer, R. A. Friedel, I. Wender, and A. G. Sharkey, Jr.,
Anal, Chem. 30, 1353 (1958).

() . Friedman, M. L. Kaufman, and I. Wender, J. Org. Chem. 27,
66M (1962).

(5) M. Becke-Goehring and G. Wunsch, Chem. Ber. 93, 326 (1960).
(6) L. Birkofer and H. Ritter, Chem. Ber. 93, 424 (1960).
(7) K. Ruhlmann and W. Glesecke, Angew. Chem. 73, 113 (1961).
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Although the study of the effect of HMDS on other
functional groups has been largely confined to hydroxy and amino
substituents, it 1s worth noting that in the one case studied, ester
Interchange did not take place. The spectrum of the TMS ester from
hydrogen methyl terephthalate has 1ts largest peak at m/e 237, the
M-15 fragment from methyl trimethylsilyl terephthalate. The M-15
fragment (at m/e 295) from bis(trimethylsilyl) terephthalate was
present but corresponded roughly to the very small amount of free
terephthalic acid in the original half-ester.

Reaction of HMDS with hydroxy and amino groups proceeds
as described in the papers already cited; amino aclds yleld
N-(trimethylsilyl) amino trimethylsilyl esters. In the spectrum
of the product from norleucine, the M and M-15 peaks are present;
and, in addition, peaks at m/e 188 and m/e 232 due respectively
to the amino ester and silylamino ester are found. The reaction
paths are shown in Figure 1.

Figure 1
HaN-CH-COooH  ymos HaN—tiH—C_DOSI'(Cl*s); wrips, (CH3); S/NH-CH-CooSi(cHy),
(C’H’-)3C Hs3 (C HL)3C'H 3 CCH’)J ¢ HJ
Ne.rt. DE.T.
Lz) —CHy 2)FRAGMENTATION

::} ®,
H,_N—cin-coos-(cﬂ;)z (cw,)3 SINN -C‘.H ~C0OS( Ha
(199 (CHh)CHs (233)  (CH>);CH;
The structure of the m/e 232 ion will be discussed later.

In Figure 2 the heights of the 188 and 232 peaks are
plotted as a function of time of reaction with HMDS.

Figure 2

R\\hyé 252

.
x
)
i
T
x o Ve 168
u
: & 2 /6 0 24 20 T a2
° 4 e 2 urs. 2

The m/e 188 peak shows the typical behavior of an inter-
mediate that 18 consumed by a subsequent reactlion. That 1t does
not drop to zero is probably due to the presence of a small frag-
ment of the same m/e from the final product.

Several esters undergo decarboxylation, An example is
the fragmentation of the product from p-hydroxybenzolc acid. The
M-15 fragment is at m/e 267. This lon loses COz to form an ilon
at m/e 223, That 44 1s lost in one unit is shown by a large
metastable peak & m/e 186.3. A mechanism 1s proposed in Figure 3
for a generalized aromatic acld.
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Ortho attack by the charged silicon atom 1s a possibllity but is
probably not the major route on the basis of the evidence in
Table I.

Table I
m/e

Y Z Ht (M-59) /Ht (M-15) |Metastable
-OH -H 0.4 186.3
~NHjp -H 0.3 185.4
~NO» -H 0.09 ?144.7;*
-CHa -CHa 0.02 1h4,7])*
~COOCH3 -H 0.2 157.1
-CO0S1{CHs)a | -H 0.07 (213.5)

( ) Metastable ion not observed.
* Metastable lon lost in HMDS spectrum.

Note that in the case of the p-nitroester, where the
nitro group cannot donate electrons, the extent of the reaction
1s decreased relative to that observed with hydroxy and amino
substituents. Mesitolc acld, with both ortho positions blocked,
still loses COz.

Further evidence in favor of attack on the carbon holding

the carboxyl comes from the spectra of some aliphatic esters as
shown in Flgure 4,
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Figure 4

Q
u
//0 DE.T. /C\ —coy
—CH— ~—> R-—-CH O ——> R — CHa
R-Choeg ) ey N
—c L)
o M Si® ;@
: VRN AN
Si (CHy)s ey CHs CH, CH,
(m) (M-15) (M-59
Acid Ht (M-59) /Ht (M-15)
Octanoic 0.046
Decanoic 0.043
Octadecanoic 0.046
Alanine 0.12

The first three esters show a small M-59/M-15 ratio, while
in alanine thls ratio 1s larger. This may reflect a change 1n
mechanism with the nltrogen participating in the formation of a
five-membered ring intermediate. Here we do not have the supporting
evidence of metastable peaks.

In the spectrum of the product from aspartic aclid, we
can see a peak which seems to be characterlstic of most g-amino
aclds. The reactlons -are shown in Figure 5.

Figure 5
. DE.T. ‘9.( "
HN-CH-COOH | WaN=CH—CooSi(CHy);  giyy,  CH—ceosilty)
| Hmes . 2, .
CH,—CooH CH-Coa SI(CH‘_;)} 3)..(;*7- QH—COOS!CCHJ)}
(a772) (a43)
lHMDS

CH;)JS.‘ NH#—CH— Cao Si (CH3) 3
(349 Meeest (CH3)5
NE.T. NE.T. _
nET A) —cH coo3icHy, 2) —CHy-
&) o6 5i(tHy),
(EH3) Si NH-ClH—Cdcgi (cHy)2

® @ .
(CHy); SINH= CIH (i); SINH=CH~Coosi(cty) CHpcoosi(cHy),
CH (OO S (.C-HJ)} (2 Ia) 335)
(32 ¢

Apparently the diester 1s formed which then loses ammonla
to glve the maleate or fumarate product, characterized by its M-15
peak at m/e 245. The same ion 1s formed under the same conditions
by dehydration of malic acid. The completely silylated material
fragments to yleld ions at 232 and 218, the latter i1s common to
most amino acld esters except proline, which does not have a
primary amino group.
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An m/e 232 ion has already been mentioned as a fragment
from the norleucine ester. In this case, and 1n that of leucine,
mass 232 can be obtained by the loss of n-propyl or isopropyl,
respectively, from the parent ion; but the isoleucine ester shows
the same ion 1n the same abundance. Figure 6 shows the structures
assigned on this basils.

Figure 6
(eHy), s NH-CH- Coosi(cH)a

(KH2)3CH,
NORLEUCINE \\\\\\‘

D ®
(CH;,) SNH=CH <«——— (CH3)3 St NH~CH i ~Co0si(Chy) s —> (CHJ)JS,NH CH=Co05i Hzg
! O~ QH(CH,)
c H 3/2 C4H<i
(1s8) L4y LEVCINE @3@

(cHy),Si NH- CH—Coo Si (CHy)y
H,C— CH~CH- CH,
|SoLEUCINE

Loss of CaHy from the trimethylsilyl group, accompanied
by rearrangement, seems a likely route, especlally since M-43 lons
are seen 1n other ester spectra where, in some cases, there is no
other possible source. The reaction 1is probably loss of a methyl
radical (to M-15) followed by loss of neutral ethylene. The 158
fragment (M-117) is also common to most amino acid ester spectra
and is exactly analogous to the "amine fragment" that Biemann(8)
reports 1n the spectra of the ethyl esters. In both types of
esters, 1t is frequently the largest peak in the spectrum.

One reaction other than that of active hydrogen replace-
ment was found in our survey. Reaction of HMDS with phthalic
anhydride ‘yields N-trimethylsilylphthalimide which undergoes an
interesting series of reactions 1n the mass spectrometer. The
sequence 18 shown 1n Figure 7.

Figure 7
o O
2 DEL. c
©( / HMDS @: \ N =S¢ (‘-Hs)z_% \/1 —5i (c“3)2
i (2 19) 2)-(y C.;/ (204)
o I S
o
D le s
Chge — Ty —— s @,
C
09 e od) I8 :
N, St (CH3>Q N§Sl (CHJ)Z o 6204')
—C0og . —~ Si(cHy);, ®
w255 :) @L
: 2c® =N
6“;» &S (704)

o (cHy),

(8) K. Biemann, JACS 83, 3795 (1961)
55



On electron lmpact a parent ion is formed (m/e 219)
followed by loss of methyl to glve the base peak at m/e 204,
Migration of electrons ylelds the acylonium lon. Rotatlon of the
other carbonyl can then give the rearranged product contalning a
potentlial COz group. Another electron shift can then lead to
expulsion of COz with a confirming metastable peak at 125.5. The
resulting ion at m/e 160 subsequently fragments to the phenylene
nitrile ion of m/e 102.

The critical point in this reactlion sequence 18 the
decarboxylation step, and 1t is tempting to postulate that the
orlginal reaction product might have the structure shown for the
204 ion Just before decarboxylation. However, the structure of
Compound A was verified by an independent synthesis from potassium
phthalimlde and chlorotrimethylsilane. The mass and infrared
spectra of the substance prepared by the two routes were ldentlcal.

Table II is a list of the compounds which have yielded

esters or other products on treatment with hexamethyldisilazane.

Table II
Phosphoric Acid Mallc Acid
Benzolc Acid e-Aminocaproic Acid
Terephthalic Acid Caprolactam
Hydrogen Methyl
Terephthalate Alanine
Phthalic Anhydrilde Serine

p-Hydroxybenzoic Acld Aspartic Acid
p-Aminobenzolc Acid Lysine
-Nltrobenzolc Acid Tryptophan
esitoic Acid Proline
Octanolc Acid Methionlne
Decanoic Acid Ethionine
Octadecanoic Acild Phenylalanine
Maleic Acld Glutamic Acid
Fumarlc Acid Leucine
Succinle Acid Isoleucine
p-Toluenesulfonic Acid Norleucine
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INFORMATION REGARDING THE FRAGMENTATION OF LONG CHAIN COMPOUNDS
OBTAINED FROM THE MASS SPECTRA OF HEAVY ISOTOPE-LABELLED MOLECULES

Ng. Dinh~Nguyen, Ragnar Ryhage,
Stina StHllberg-Stenhagen and Einar Stenhagen
Institute of Medical Bilochemistry
University of Goteborg, and Mass Spectrometry Laboratory
Karolinska Institutet
Stockholm 60, Sweden

Abstract

A study of the mass spectra of a series of isomeric
long chain methyl esters with a -CDZ-group at different positions
along the chain has given information about hydrogen-—deuterium
exchange—~phenomena and the formation of ions through elimination—
rearrangement and elimination—coupling reactions. Results obtained
with 13C and halogen-substituted esters have given further information

on some of these processes.
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DETERGENT ALKYLATE ANALYSIS BY MASS SPECTROMETRY
By

E. W. Boyer, M. C. Hamming, and H. T. Ford
Research and Development Department
Contlnental 01l Company

Ponca City, Oklahoma

ABSTRACT

Analysis of detergent alkylate by mass spectrom-
etry 1s conventionally based upon pattern coefficients ob-
tained by examination of distillation fractions from crude
alkylates. A new approach based on rearrangement phenom-
ena and employing sensitivity data independent of volume
or pressure measurements is described. The quantitative
rearrangement technique reduces and simplifies computa-
tions. Calibration data presented should be directly
appliable in other laboratories for molecular distribu-
tion analysis on a wide range of monoalkylbenzene systems.

INTRODUCTION

Analyses of alkylbenzenes in the detergent
alkylate range are normally accompllshed by the use of
synthetic cracking patterns. These synthetlc patterns
are obtained by mass spectrometer examination of narrow
fractions separated from crude alkylate by high effi-
ciency distillation. Analytical techniques using this
approach have been described by Brown et al (4). Modi-
fications of this basic technique have been utilized
in many laboratories concerned with the characteriza-
tion of detergent alkylates by mass spectrometry. The
basic concept in the synthetic cracking pattern method
of calculation involves the use of mixed alkylbenzene
isomers of essentlally the same molecular weight to
represent the fragmentation patterns of the mlxed iso-
mers 1n an alkylate to be examined. Although the tech-
nique 1is entirely satisfactory for determining molec-
ular distribution of alkylate samples similar in chemical
history to that from which the calibration fractions
were separated, serious limltations are apparent when
attempts are made to apply these patterns to alkylben-
zenes of dissimilar structure. The work to be pre-
sented here describes a technique which, to a large
extent, overcomes these limitations to conventilonal
analytical methods. Analysis is based upon a suffi-
clent consistency of the rearrangement ions (m/e 162
and above) relative to the CpHpp_7 fragment ions (P-1).
The rearrangement lons are equal 1n mass number to the
molecular ions of lower homologs (P). Corrections to
the polycomponent molecular ion are based on measure-
ments of the parent minus one peak. Sensitivity data
presented are based on total ionization studies of
thirty-six known structure alkylbenzenes synthesized
at Continental 0il Company or obtained from API Re-
search Project 42,
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PARENT MOLECULE

PSEUDO STRUCTURES OF FRAGMENT IONS

w®
, !t
R -C + R"H
Hoo o ©
R - C—E-(':L‘-R P-l 7~
O N el
-¢c-§c-c- -R —L»R'-C~-H +R"
. S QO
n P
M; = P; —E °iixj=Pi'ki—|(Pi‘|)
"
Mj monocomponent peak, M, at m/e i
P; polycomponent peak, P, at m/e i
ajj calibration coefficient, a, at m/e =i, for component j

X; divisions of base peak, x, of component j appearing
in mixture spectrum

CONSISTENCY OF THE

correction factor, k,at m/e

i-1
Figure I

190/189 RATIO AFTER 4 BOND CLEAVAGE
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Figure I
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GENERAL THEORY

Alkylbenzenes cannot form, by simple bond cleav-
age under electron bombardment, fragment ions equal in
mass to molecular lons of lower homologs. Theoretical
considerations supporting the major premises of this ana-
lytical method can be simply stated. Molecular ions of
alkylbenzenes in a mixture spectrum can occur by four
processes: 1.) by a molecular specle actually present in
the mixture, 2.) by concerted bond cleavage and rearrange-
ment, 3.) by contributions from heavy isotopes, and 14.)
by intermolecular processes. Considering these four
possibilities for the formation of an alkylbenzene molec-
ular ion, it is possible to elimilnate intermolecular
processes, since 1t has been shown (1) that contribu-
tions from such processes are neglligible at the pres-
sures normally employed in analytlcal mass spectrometers.
Effects of contributions from heavy 1lsotopes can be cor-
rected by the use of standard tables of natural abundance
such as that of McAdams (8). This leaves only two possi-
bilities for the formation of a molecular ion in a mix-
ture spectrum. Since the intensity of molecular ions in
the mixture is desired, it is necessary only to correct
this peak for contributions through rearrangement proc-
esses. Figure 1 shows the schematic arrangement of beta
bond cleavage of the alkylbenzene under electron bom-
bardment. It is important to emphasize that the ilon
structures shown are symbolic and are not intended to
represent the true configuration. Skeletal rearrange-
ments of the phenyl molety of the molecule may take place.
Evidence has been presented by Meyerson and hls cowork-
ers (12,13,14,16) and others (6) that the CyHy' ions are
the symmetrical seven-member tropylium ion.

Mechanism 1 in figure I, showlng the formation
of an 1lon one mass unit less than a molecular ion, re-
sults from the true heterolytic cleavage of the beta
bond. Formation of a lower molecular weight parent ion,
mechanism 2, demonstrates a typical beta bond cleavage
(7,11) with simultaneous proton shift. These two proc-
esses are interdependent in a manner not yet completely
understood. General considerations and mechanisms of
rearrangements under electron bombardment have been ade-
quately described by McLafferty (9,10). Studies in this
laboratory under different pressures have shown that P
is not second order dependent on P - 1 at reasonable
pressures. No work has been done to establish the order
of dependence of P - 1 on P, although 1t appears that
low voltage appearance potential studies would elucldate
this mechanism (5). Data presented later will show a
remarkable resemblance in the relative abundances of
these two lons formed from several different molecular
species of monoalkyl substituted benzenes. The basilc
premise in this work will support the theory that the
contribution from any molecular specie to a molecular
ion of a lower homolog, P, can be calculated from the
peak intensity at P - 1. From this consideration and
data presented in subsequent tables, 1t will be shown
that the following equation 1s valid.

n

Mi = Pi - g 'aiJXJ = Pi - ki_l (Pi_l)

3 =1
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M4 Monocomponent peak, M, at m/e i
Py Polycomponent peak, P, at m/e i

ayj Calibration coefficient, a, at m/e = 1,
for component ]

x4 Divisions of base peak, x, of component,
Jj, appearing in mixture spectrum

ky_q Correction factor, k, at m/e i-1
Intensity factors (Ip) are reciprocals of total

intensity sensitivlities relative to normal hexadecane
calculated by the following formula:

(m/e 226) (Z A)
(EnCyg) (m/e A)

Ie =

where

m/e 226 = Peak helght in division at m/e 226
for nCig

2 nC16 = Total ionization of nCig (25 to 228)

m/e A = Peak height in divisions at molecu-
lar 1on for compound A

A = Total ionizatlon of compound A (25
to molecular ion +2)

The products of P - 1 and the corresponding Ig
yield the partial volume fractions (15) which are subse=-
quently normalized to 100 per cent.

Relative sensltlivitles are, to an extent, de-
pendent upon the method of reducing the polycomponent
peak to a monocomponent peak. The correction factors
"k" and the intensities factors "If" from Table I are
dependent varilables and should not be used separately.

RESULTS AND DISCUSSION

Flgure 2 shows the data obtalned by examination
of fragment ion intensities from beta bond cleavage of
four alkylbenzenes of different molecular weilghts, each
having a C7 branch. The two lons formed corresponding
to P and P - 1 are m/e 190 and m/e 189, respectively.

The ratio P/P - 1 is shown to be usably consistent.

A similar study of thirty-six alkylbenzene standards pro-
vided additional data for calculating the contribution to
P as a function of P - 1, regardless of the precursor to
P - 1. A summary of data for the calculation of alkyl-
benzenes by the rearrangement technlique is given in Table
I. Correction factors for rearrangement lons vary in-
versely with the molecular weight (above mass 190) and
become quite small at higher masses, while the 1sotopic
contributions become larger with increasing molecular
weight. To simplify calculations, these two contribu-
tions are combined in the final correction factor "k";
therefore only one mathematical operation is necessary,
based on the P - 1 peak, to calculate the contribution
from any number of higher homologs to the ion intensity
at mass P.
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TABLE I
SUMMARY OF DATA FOR THE CALCULATION OF ALKYLBENZENES

BY THE REARRANGEMENT TECHNIQUE

"k"
Correction "Ig"
Factor Intensity Factor
Carbon No. (Applied to (Reciprocal of Total
of Molecule P from P-1) Intensity Sensitivity)

12 .1629 .1505
13(a) .1795 .1584
14 194y L1664
15(a) .2055 .2186
16 .2058 .2708
17(a) .2100 A
18 L2101 .3581
19(a) .2262 .3778
20 .2318 .Loo8
21 .2387 U615
22 .2L98 L7133
23(a) .2545 L4791
2k .2656 1869
25(a) 2767 Joht
26 .2878 5024
27(a) .2989 .5103
28(a) .3100 .5181
29(a) .3212 5259
30(a) .3322 <5337
31 3434 .5h15
32(a) 3545 5493
33(a) .3656 5571
34(a) .3767 5649
35 3879 5727
36(a) .3989 .5805
37(a) ol .5883
38(a) Q212 +5961
39(a) k323 6039
Lo(a) L3y 6117
Li(e) JL5Ls .6195
42(a) 4769 6273

(a) Extrapolated values

Efforts to evaluate the absolute accuracy of
this method face the same dilemma as efforts to evalu-
ate accuracy of the synthetic cracking pattern technique.
Because of the complexity of the mixture, a typical de-
tergent alkylate cannot be bilended from known compounds.
Previous analytical methods were not amenable to compo-
nent analysis of simple mixtures of single 1lsomers; how-
ever the present technique is applicable to any alkyl-
benzene mixture above mass 162. To demonstrate this,

a blend of seven different known structure alkylbenzenes
was made and analyzed using the figures from Table I.
Blend values and analytical results are shown 1n Table
II. Average error of T0.5 per cent 1s not outstanding
compared with results expected from component analysis;
however, when compared with results obtained from typi-
cal detergent alkylate pattern coefficients (Table 11),
the accuracy and extended applicatlon of the rearrange-
ment technique can be appreciated.
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TABLE II

ANALYSIS OF SYNTHETIC MIXTURE
{Liquid Volume Per Cent)

Calculated By
Calculated By Synthetlc
Rearrangement Cracking

Blended Compounds Method Method Pattern Method
1-phenyloctane 5.2 L.9 1.9
5-phenyldecane 17.0 17.6 27.1
3-phenyldodecane k5 k3.2 1,7
T-phenyltetradecane 13.8 13.8 12.2
6-phenylpentadecane 10.0 10.7 8.4
8-phenylhexadecane 6.0 6.3 4.8
2-phenyioctadecane 3.5 3.5 3.9

TABLE III

ANALYSTS OF DODECYLBENZENE

Continental's
Synthetic Continental's
Crecking Rearrange-

“Mkyr Chatn Metho  __ Meshod _ Methos(1)
8 - 0.3 -
9 1.6 0.8 1.1
10 _ 9.6 8.7 7.6
1n 28.0 27.9 25.8
12 L7.2 k1.8 k9.5
13 ’ 8.7 9.k 10.2
14 2.6 2.6 2.9
15 1.k 1.3 1.k
16 0.6 0.8 0.8
17 0.3 R 0.5

Average Molecular Weight 2k2 22 243

Average Molecular Welght by
the Mechrolab Osmometer - 237

(1) Brown, R. A., Skahan, D. J., Cirillo, V. A., Melpolder, F. W.,
Anal. Chem. 31, 1531-8 (1959).
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Results from analysis of a typical dodecylben-
zene mixture by this technique, by the synthetic crack-
ing pattern method used at Continental 01l Company, and
by the only previously published method by Brown et al
(4) are shown in Table III. It should be emphasized
that Continental's synthetic pattern data were obtained
by calibration on fractions separated from a mixture
very simllar to the dodecylbenzene analyzed here. The
rearrangement method 1s based entirely upon studies of
pure alkylbenzene different in structure from those
typically present 1n the dodecyl type alkylate produced
by phenylating polypropylenes. Even so, the analytical
accuracy 1s completely acceptable when compared with
results obtained by the other methods. Average molecu-
lar weights calculated from the distribution analysis
compare favorably with those obtalined on the Mechrolab
osmometer showlng an average difference of 5 amu. This
difference may well result from the fact that the os-
mometer 1s measuring the true average molecular weight
of fhe mixture, whille the mass spectrometer values
represent the average molecular welght of the alkyl-
benzenes only.

A more stringent test of the applicabillity of
this new method to complex mixture analyses has been

made. A heavy residual alkylate, Cpp to Cup, was frac-
tionated into approximately nine 10 per cent cuts and

a bottoms portion. Each fraction was analyzed, and
data obtained are shown in Table IV. These data were
calculated to original sample composition with results
shown under composite analyses. Distribution data
obtained by the new method are shown 1n the last col-
umn of Table IV. Although absolute agreement 1s not
extremely flattering, when the mass range of the sam-
ple and the complexity of such mixtures are considered,
these results are entirely acceptable. The average
molecular weights calculated from distribution data,
399, agree very well wilth the osmometer molecular weight
of 396. Agreement between molecular welghts obtained
by these methods 1s not offered as proof of accuracy
but serves only as circumstantial evidence for reason-
able accuracy and consistency of the analytical method.

Any component in the mixture, other than alkyl-
benzenes, which contributes to the P or P - 1 peak in-
tensities will interfere with accurate analyses. Gen-
erally, such interference can be expected from indanols,
condensed tetracyclonaphthenes, certain sulfur-contain-
ing compounds, many halogenated compounds, etc. The
analytical method 1s intended for application to deter-
gent alkylate systems where typical aromatic content is
approximately 99 per cent with a small saturate or cyclo-
paraffin content. The method has been successfully ap-
plied to complex systems containing as llttle as 10 per
cent alkylbenzenes in a mixture composed primarily of
saturates and oleflns. Generally, the method is applica-
ble to any system for which the synthetic cracking pat-
tern method was useful and 1s far less sensitive to
changes in branching of the alkyl substituent.

Thils analytical technique has been in use at
Conftinental 011 Company for the past year. It has been
used successfully on detergent alkylate mlxtures ranging
from C9 through Cu2. The data presented in Table I should
be usable for analyses of similar mixtures from any mix-
ture spectrum obtained on a CEC-103 or comparable mass
spectrometer. Recent work, which will be the subject of
later papers, has demonstrated a similar applicability
to dialkylbenzenes.
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TABLE IV

ANALYSIS OF HEAVY ALKYTATE AND DISTILLATION CUTS

Com-
posite

No. of

Direct

Bottoms Analysis Analysis

Carbon

Mol.
Wt.

Cut 2 Cut 3 Cut b Cut Cut 6 Cut Cut 8 Cut
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9.2 9.2 9.1 9.4 9.1 9.3 8.9

Average Molecular Weight by Mass Spectrometry

9.1
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MASS SPECTRA CORRELATIONS AND APPEARANCE POTENTIALS
OF THE MAJOR TOBACCO ALKALOIDS
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Richmond 6, Virginla
W. A. Powell
Department of Chemistry
University of Richmond
Richmond, Virginla

ABSTRACT

. The mass spectra of some major tobacco alkalolds have been
determined and correlations between the spectra and structures

of these alkaloids are discussed. The more abundant peaks in

the spectra of the alkalolds result from the followlng mechanlsms:
(1) The lonlzation of the molecule, (2) loss of a hydrogen atom
from the molecule, (3) bond rupture between the pyridyl nucleus
and the nucleus of the cyclic amine, and (4) splitting out an
empirically CH N neutral fragment. The molecular welights of
these alkaloids are readlly determined from thelr intense
molecular lons.

The appearance potentlials of the major lon specles from
these alkalolds were measured and probable modes of lon for-
matlion are discussed.

The design of a heated inlet operable at 200°C and 1 X lO-6
torr 1ls presented.

INTRODUCTION

The maln objectives of this project were three-fold: (1)
to design and fabricate a heated Inlet system for the mass
spectrometer; (2) to analyze under normal operating conditions
the major tobacco alkalolds; and (3) to determine the ionization
potentlals of the alkalolds as well as the appearance potentlals
of some of the major fragment lons derived from the alkalolds.

The tobacco alkalolds comprise a small fraction of the many
organic compounds which cannot be analyzed gass spectrometrically
at room temperature and pressure of 1 x 10-° mm, of Hg. or higher.
Since thls 1s the case, a sultable heated inlet must be improvised
in order to vaporlze the alkaloids. From the mass spectrum of
the alkalold, 1t 1s then possible to arrive at a positive identi-
fication of said materlal if present in a sample of unknown
composition.

The lonization potential of a molecule is simply an additional
physical constant similar to a boiling point, melting point, etc.
Generally speaking, it cannot be used as a direct method of
identiflicatlion, but it can serve as an additlonal parameter for
substantliating the proposed structure of a compound. The
appearance potential of a fragment lon may lend itself useful
in In determining such entltles as bond energy and heat of
formation.

EXPERIMENTAL

A Consolidated Electrodynamics Corporation (CEC) Model 21-103
C Mass Spectrometer was used 1n thils study. The general features
of the instrument have been previously described (1). The
sallent modificatlion of the instrument is evident in the exhaust
pumping system. The standard mercury diffusion pump was replaced
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HEATED INLET FOR MASS SPECTROMETRY

TO ISATRON
FROM V-3 MANIFOLD VEECO VALVE

GALLIUM FRITS —— KOVAR
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8LOCK
KOVAR
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FlrGues /
APPEARANCE RELATIVE
POTENTIAL INTENSITY
ALKALOID m/e (electron-volt) (PERCENT)

NICOTINE 162 8.011£0,06 19.2
161 10,05+0,06 17.6

133 11,180,089 26.6

84 9.88+0,03 100.0

ANABASINE 162 8,70+0.08 30,9
161 10.12%0.07 21.5

133 10.9810.08 42,3

120 10.58t004 16.3

(XK 11.49t009 32.1

106 13181006 45.4

108 12,891004 57.8

84 9.5810.02 100.0

NORNICOTINE 148 9.30+£0,06 23,1
147 10,05£0,03 34,1

120 1014002 328

e 10,710,053 100.0

s 10,51+0,06 22,1

80 9.58+0,09 21,5

70 9,69+0,05 80,4

APPEARANCE POTENTIALS and RELATIVE INTENSITIES of the
PRINCIPAL I1ONS from

NICOTINE, ANABASINE, and NOSNICOTINE

Figure 2
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by a Varilan 8 1l/sec. Vac-Ion pump with an argon stable cathode.
The operating characteristics and the advantages of thls pump
have been described elsewhere (2).

The heated inlet system consists baslcally of three stain-
less steel valves to ilsclate the one-liter glass reservoir from
the evacuation manifold. (see Figure 1) These valves are
equipped with Viton seats and sillcone rubber gaskets. The
introduction of solid and viscous liguid samples 1s made possible
by a Cajon vacuum coupling, fabricated into a sample holder,
and positioned in the front of the heated inlet system between
two of the valves described above. A silicone rubber gasket
insures a vacuum seal between the body and the gland portlons
of thils coupling. Graded seals (Kovar) are used to join the glass
to metal portlons of the inlet. This entire coupling is heated
electrically. The introduction of non-viscous liquids of low
vapor pressure can be accomplished through the use of this
coupling or they can be charged through a galllium covered sintered
disk as described by O'Neal and Welr (3).

The inlet line from the gas manifold system of the instrument
1s passed through the top of the oven and attached to one arm of
a glass tee. The base of this tee ls attached to the one-liter
reservior in the oven. Restricted orifices (gold leaks) are
inserted in thils arm of the tee and at the base of the tee. The
orifice in the arm of the tee serves two purposes: (1) it
restricts the flow of gases from the room temperature manifold
to the lon source, and (2) it minimlzes condensation of high
bolling materials on the glass tublng outslde the oven. The
gold leak 1n the base of the glass tee restricts the flow of
gaseous high bolling materlals effusing toward the lon source.
The sample exhaust valve, ldentlcal to those described above,
is conmected to the heated inlet reservolr. 1In operation, the
residual alr in the vacuum coupling ls evacuated, after which
the entlire coupling 1is heated, and the sample in the vacuum
coupling is vaporized. The vapors are expanded into the heated
reservolr through the sample inlet valve. These vapors diffuse
from the reservoir to the lon source (isatron). The mass spectrum
is then obtained in the usual manner.

The oven surrounding the heated inlet system is fabricated
from asbestos board. An inner and outer casing are constructed
of 0.25 inch asbestos board with a 1.5 inch Fiberglass bat
between these two casings. A two kilowatt, two-coll, rectangular
heater is used to provide a fast increase In temperature.
Current for this heater 1s supplled from a two kilowatt Varlac
mounted above the oven. A Fenwal thermo-regulator 1s attached
close to the heated sample reservolr to control the oven
temperature, A thermocouple ls used to monitor the temperature
of the heated inlet system. The temperature of the oven may be
varied from amblent to 300°C and controlled at less than 2% of
the predetermined value.

The mass spectra of the alkaloids and thelr nuclear moleties
were obtalned at electron energles of seventy (70) volts and a
magnet current of our hundred (400) milllamperes. The lon source
was maintalned at 250°C. The samples of pyridine, plperidine,
pyrrolldine, and N-methylpyrrolldine were analyzed as received.
The nicotine was freshly distilled prior to this study. Anabasine,
obtained from Fluka A. G. (Switzerland) and estimated to be 95%
pure by paper chromatography, was analyzed as recelved. Nor-
nicotine was 1solated in our laboratory from the diplecrate and
analyzed wlthout further puriflcatlion. A search of the literature
indicates that the mass spectral patterns of nicotine, anabasine,
nornicotine, and N-methylpyrrolidine have not been reported previously.
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The mass spectra obtained for pyridine and plperidine compare
favorably with those llsted in the American Petroleum Institute
tables of mass spectral data. The mass spectrum of pyrrolidine
was reported by Gallegos and Kiser (4).

The lonization and appearance potentials were measured using
the technique of Dibeler and Reese (5). The instrument modifl-
cations necessary to measure these potentlals were described by
varsel and co-workers (6). In these studles, xenon was used as
the calibrating gas. The lonlzation potential of xenon is 12.15
electron volts (7).

RESULTS AND DISCUSSION

A. High Voltage Mass Spectra

In tge nass spectrometer which operates at low pressures
(ca. 10-©° mm. Hg.) the molecules of the compound studied are
bombarded ln the gas phase with electrons of low energy (10 to
100 electron volts). The processes which result from the impact
of electrons on organic molecules are exceedingly complex and
are by no means fully understood (8,9, 10). If an impacting
electron possesses energy greater than the lonization potential
of the molecule, the most common primary process which results
from this collision 1s the removal of one electron from the
molecule:

M + e = M+ + 2e.

The molecular 1ion, (M+ ), may decompose Into a positive lon and

a neutral fragment. This process can occur repeatedly, thus
leading to a stepwlse multl-fragmentation. The nature of the
ions and thelr relative abundances depend on the structure of

the molecules which are bombarded. In general, two compounds
that are structurally different will glve different fragmentation
patterns. Like the infrared spectrum, the mass spectrum can be
consldered as a fingerprint of the compound.

The partial mass spectra of nicotine, nornicotine, and
anabasine obtalned at a potential of 70 electron volts are
shown in the accompanying figure. (Figure 3) Structures are
included to coincide with the various lons which were detected.
In all cases the molecular lon 1s one of the most abundant
specles noted.

The alkaloids are characterized by the following Ilntense
peaks: the molecular or parent, parent minus one (p-1), parent
minus twenty-nine (p-29), and the parent minus seventy-eight (p78).

Although the empirical formulas of nicotine and anabasine
are lidentical, the mass spectra of these compounds are quite
different. The most outstanding difference 1s the relative
intensity of the peaks in the m/e 104 to 106 region. These
lons are quite abundant in the spectrum of anabasine, but are
relatively small in the spectrum of nlcotine.

Since the molecular welght of nornlcotine 1s 148 as com-
pared to 162 for nicotine and anabasine, there 1s no possibility
of error in arriving at the 1ldentiflicatlon of this compound
whenever an unknown 1is suggested as belng one of these three
compounds .

B. Ionizatlon and Appearance Potentlal Measurements

The lonization potentials of nicotine, anabasine, and nor-
nicotine together with thelr nuclear moleties, pyridlne, N-
methylpyrrolidine, piperidine, and pyrrolidine, were determined.
(Filgure 4) Because of the good agreement between the lonization
potentials of the alkalolds wlith those of the corresponding
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cyclic amine, 1t 1s suggested that the electron removed from
the alkalold molecule comes from the cyclic amine portlon of
the alkalold during the lonization process.

With pyridine, good agreement between the observed value
(9.98 electron volts) and the literature values (9.8 electron
volts) was obtalned. Our observed lonizatlon potential of
pyrrolidine 1s about 0.6 electron volts lower than other
reported experimental values, but 1t is in good agreement with
the value calculated by the equlvalent orbital method. Our
preclsion for the lonlzation potential of pyrrolidine was quite
good. The cause of the dlscrepancy between the observed value
and the literature values 1s not known.

The lonization potentlal of N-methyl pyrrolidine has not
been reported previously. One would perhaps expect the lonlzation
potential of this compound to be lower than the ionization
potential of pyrrolidine because of the electron donating
capacity of the methyl group. The experimental data attest
to this fact in that the ionlzation potential of N-methyl-
pyrrolidine is B8.06 electron volts, as compared to 8.60 electron
volts for pyrrolidine.

The ionization potential observed for plperidine is 8.49
electron volts. This value 1s about 0.7 electron volts lower
than the literature value, but the observed value agrees well
with that value calculated from the equivalent orblital method.

Nicotine (3'~pyridyl -2- (N-methyl)-pyrrolidine)

t
The lonizatlon potentlal for nicotine is 8.01 = 0.06
electron volts. The appearance potential of the m/e 161 ion
(p-1) 1s 10.05 * 0,06 electron volts. The hydrogen atom may be
abstracted from the methyl group attached to the nitrogen atom
of the N-methylpyrrolidinyl moiety. The proposed mechanism is:

+ +
N 5 o N + H
| | |

~ HCH ~
N : N CH2

The appearance potentlal of the m/e 133 ion (p-29) is 11.18 =
0.09 electron volts. This ion 1s thought to be formed by rupture
of both bonds alpha to the nltrogen atom of the N-methylpyrrolidinyl
nucleus. The proposed mechanism is:

+ )
X }‘{111;1 > lH CI_'L + CHN

N// CH,

N

The appearance potential of the m/e 84 ion (p-78) is 9.88 =
0.03 electron volts. This lon is formed by rupture of the carbon-
carbon bond between the pyridyl and the N-methylpyrrolidinyl
moletles. The proposed mechanlsm 1is:
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N \N: :N: X

| |
N CH 4 CH, + ' —

These energlies give insight to some of the bond energles of
nicotine.

Since the appearance potential for the m/e 84 ion is less
than that for the m/e 161 lon, 1t is probable that the carbon-
carbon bond between the pyridyl and the N-methylpyrrolidinyl
nuclel 1is weaker than the carbon-hydrogen bonds present in the
N-methyl-pyrrolidinyl moiety. The difference in the appearance
potentials of these two ions is 0.17 electron volts or 3.92
kcal (23.06 kcal/electron volt).

Since the m/e 133 ion 1s formed by breaking two bonds, one
would expect that the appearance potentlal of this lon would
be higher than those obtalned when only one bond 1s broken.
The experimental data support thls premise.

Anabasine (3' pyridyl-2-piperidine)

Since both individual moletles for anabasine are unsubsti-
tuted, one would expect the lonizatlon potential of anabasine
to be higher than that of nlcotine. Thls was shown by experi-
mental data to be the case. The lonlzation potential of ana-
basine is 8.70 + 0.08 electron volts while that for nicotine is
8.0l + 0.06 electron volts.

Since the bond dissoclatlon energy required for the formation
of the m/e 161 ion (p-l) from the molecular ion in anabasine
(32.8 keal) is less than that required for the formation: of the
same lon in nicotine (47.1 keal), it is suggested that the hydrogen
atom removed to form this ilon comes from one of the carbon atoms
of the plperidinyl nucleus. The proposed mechanism is:

+
X >

~
N

Since beta bond cleavage 1ls preferred, it should be noted that
in the proposed mechanlism the hydrogen atom 1s beta not only
to the pyridinyl molety but also to the nitrogen atom of the
plperidinyl molety.

The appearance potential of the m/e 133 lon (p-29) is 10.98
+ 0.08 electron volts. Thls lon 1s thought to be formed by
rupture of the bonds alpha and beta to the nltrogen atom of the
piperidinyl nucleus. The mechanism may be as follows:

— —

I~ I+ +
//\CHz
+ CH=NH

X —_ X —CH

\
N\
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Since the m/e 119 lon is thought to be formed by spllitting
out a methylene group from the already formed m/e 133 lon, and
additional bond must be broken and more energy 1s required. One
would therefore, suspect that the appearance potentlal of the
m/e 119 lon would be higher than that of the m/e 133 ion. The
experimental data show that the appearance potential of the m/3
119 lom (11.49 + 0.03 electron volts) 1s about 0.51 electron
volt ?igher than that of the m/e 133 ton (10.98 £+ 0.08 electron
volt.

The m/e 120 ion is possibly formed by bond rupture of the
two bonds beta to the nitrogen atom in the plperlidinyl nucleus.
Since the appearance potential of thils lon (10.58 electron volts)
is less than that of the m/e 119 ilon (11.49 electron volts),
the author suggests that the bond dissoclatlion energles of these
bonds are less than the bonds alpha and gamma to the nltrogen
atom. These latter bonds are thought broken to form'the m/e
119 ion. The rupture of these latter bonds is postulated as
the mode of formation for the m/e 119 ion. The proposed mechanism
for the formation of the m/e 120 ion 1is:

AN CH CHa
Ny~ ' + Cae

The m/e 105 lon is thought to be formed by removing an additional
methylene group from the already formed m/e 119 lon. As stated
previously, this process proceeds at the expense of energy; there-
fore, one would expect the m/e 105 lon to have a higher appearance
potential than the m/e 119 ion. The observed values for the
appearance potentials of the m/e 105 and 119 lons are 12.89 and
11.49 electron volts, respectively. The observed data are in
good agreement with the proposed mechanlsm.

The experimental value for the appearance potentlal of the
m/e 106 ilon 1s 13.18 £ 0.06 electron volts. This ion could be
formed by rupture of the bonds alpha and beta to the nitrogen
atom of the piperidinyl nucleus according to the following
mechanlsms

+ C4He

Another possibility, although less favorable, for the formation
of this lon is the rearrangement of a hydrogen atom to the al-
ready formed m/e 105 ion.

The base peak (m/e 84 ion) from anabaslne is formed by
breaking the bond between the pyridyl and the piperidinyl nuclel
and imparting a positive charge to the piperidinyl nucleus.

The observed value of 9.58 + 0.02 electron volts for the
appearance potential of this ilon suggests, as in the case of
nicotine, that the carbon - carbon bond between the two nuclel
is weaker than any of the carbon-~hydrogen bonds in the
piperidinyl nucleus. The mechanism is:
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Nornicotine (3'- pyridyl -2- pyrrolidine)

The observed ilonilzatlon potentlal (9.30 electron volts) for
nornicotine is somewhat higher than one would expect based upon
the value obtalned for pyrrolidine. (Recall that ionizatlion
potentials of nicotine and anabasine agree closely with those
of N-methylpyrrolidine and piperidine, respectively). However,
the lonilzatlon potential of nornicotine is lower than that of
pyridine and the suggestlon that the electron removed durlng the
ionizatlon process comes from the cyclic amlne molety 1ls sub-
stantiated. Since all measurements were made at least in
duplicate and the reproducibility within any glven set of wvalues
was good, the apparent dlscrepancy 1s unexplalnable at this time.

The appearance potentlal of the m/e 147 ion (p-l) from nor-
nicotine is 10.05 + 0.03 electron volts. The energy difference
between thls value and that observed for the lonization potential
indicates that the hydrogen atom removed comes from one of the
carbon atoms of the pyrrolidinyl nucleus. Since the appearance
potentlial of this lon is In excellent agreement wilth that of the
m/e 161 lon (p-1) from anabasine, 1t 1ls suggested that the same
process 1s occurring In both cases. The proposed mechanism 1s1i

+ +

\N*9 X + H
™ 0

N N

The splitting out of the neutral fragment, empirlcally CHN,
forms the m/e 119 ion which 1s the base peaX In the nornicotine
spectrum. The appearance potential for this ilon (10.75 & 0.05
electron volts) is slightly lower than that for the formation
of the m/e 133 ion formed by the removal of the same neutral
fragment from nicotine and anabasine. Since a large amount of
energy ls required to lonlze the nornicotine molecule, one would
expect that the dissoclation of the lonlzed molecule would
proceed more readlly than that observed for a molecule with a
lower lonlzatlon potentilal 1f the same dissoclation process is
occurring. In this study, the observed data substantiate thils
postulation.

The observed appearance potential of the m/e 120 ion is 10.14
+ 0.02 electron volts. This ion can be formed either by the
formation of C:H, or CHzN neutral fragment from the molecular
ion. The formation of the latter fragment would require re-
arrangement of a hydrogen atom. Since thls value 1s less than
that observed for the m/e 119 lon, the data suggest that the
C2H, radical is the one actually formed. If the CH=N radical
were formed, the appearance potential of the m/e 120 ilon should
be greater than that of the m/e 119 ilon because of the energy
requirements of the rearrangement process.
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The formation of the m/e 118 lon can occur if an additional
hydrogen atom is removed from the m/e 119 ion. Thils process
should proceed at the expense of energy and the appearance
potentlal of the m/e 118 lon should be greater than the appearance
potential of the m/e 119 ion. Experimentally thils was not the
case. The most probable mechanlism for formation of the m/e 118
lon appears to be the splitting out of C:H, + 2H fragments from
the molecular ion. In thls case the appearance potential of the
m/e 118 ion should be greater than that of the m/e 120 lon. The
experimental data substantiate this propcsal. The appearance
potential of the m/e 118 ion (1l0.51 * 0,06 electron volts) 1is
greater by 0.37 electron volt than the appearance potentlal of
the m/e 120 ion.

The m/e 80 ion in the nornicotine spectrum is one of the
more abundant lons. The appearance potential of this lon 1s
9.58 + 0,09 electron volts. This lon is not as intense in the
mgss spectra of nicotine and anabasine as 1t 1s In the nor-
nicotine spectrum. This lon is thought to be formed by the
rearrangement of two hydrogen atoms to the pyridyl molety of the
alkaloid.

The formation of the m/e 70 lon 1s attributed to the
cleavage of the carbon-carbon bond between the pyridyl and
pyrrolidinyl nuclel. The appearance potential of this lon is
9.69 + 0.05 electron volts which 1s in reasonable agreement with
the appearance potentials of the lons formed, vlia this mechanism,
from nicotine (9.88 + 0,03 electron volts) and anabasine (9.38
+ 0.02 electron volts).

In the accompanying table, the appearance potentlals and
the pattern coefficilents are listed for the lons which were
studied. The data demonstrate that there 1s not a definilte
correlatlion between the pattern coefflclents and the appearance
potentials.

SUMMARY

The mass spectra of nicotline, anabasine, nornicotine and
thelr nuclear moietles (pyridine, N-methylpyrrolidine, piperi-
dine, and pyrrolidine) were obtalned at electron energies of
70 electron volts. ’

The mass spectra of the alkalolds are characterized by the
intense peaks attributable to the following ions; the molecular
or parent, the parent minus one (p-1), the parent minus twenty-
nine (p-29), and the parent minus seventy-eight, (p-78). This
latter lon is formed by the rupture of the bond between the
pyridyl and the respective cyclic aminyl nuclel. The intensity
of this lon in the spectra of all the alkaloids indicates the
ease with which this bond is ruptured. Appearance potential
data substantlate the weakness of thls bond.

The ilonlzatlon potentlals of the alkalolds agree very closely
with those of the respective cyclic amines. Thils 1lndicates that
the electron removed from the alkalold during the lonization
process comes from the cyclic amine molety.

Appearance potentlal data show that the carbon-carbon bond
between the pyridyl and the cyclic aminyl moleties is the weakest
bond in all of the alkalolds studled. These data further indicate
that the hydrogen atom removed to form the parent minus one lon
comes from the N-methyl group in nicotine, and from the cyclic
aminyl nitrogen in anabasine and nornicotine.

The heats of formatlon of the fragment ion and some of the
bond dissoclation energles may be determined from the data
presented.

The studles presented herein were made possible by the
deslgn and fabrication of a sultable heated inlet system for
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mase spectrometer. The outstanding {eature of this inlet is
thot 1t permits the direct introduction of sollds and viscous
liqulids into the instrument.

1.

10.
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SPECTRA OF COMPOUNDS OF BIOLOGICAL INTEREST *

K. Biemann and James A. McCloskey
Department of Chemistry, Massachusetts Institute of Technology,
Carmbridge, Mass,

Many of the organic compounds which are of importance in biochemistry are of rather
low volatlility, becsuse of the number of polar groups present., Frequently these sub-
stances are encountered in rather small amounts thus making it difficult or impossible
to employ chemical conversion into more volatile derivatives, an approach which we have
used extensively in the past.

To cbtain usable maes spectra of such compounds, such as nucleosides, free amino
acids and peptldes, etc., we have sublimed or distilled the samples directly into the
ionizing electron beam, a, of a Bendix TOF mass spectrometer using a tiny oven assembly
(Fig. 1) which enters the source region through a vacuum lock, b, (lock and piston are
from a Bendix Model 843 Hot Filament Sample System). To avold accidental pyrolysis of
the sample, catalytic effects of the filawment material, and contemination of comsecutive
samples, the substance, c, 1s placed into a disposable glass cup, 4, (short piece of
melting point capillary). By passing current through the helix of resistance vire, e,
the cup is heated to a temperature at which the compound has sufficient vapor pressure
to give a good spectrum (for exampls, 80 - 200° for varicus amino acids). Care has to
be taken not to apply too much heat which leads to too fast an evaporation.

The spectra are scanned Within a few seconds or as slowly as 1 - 2 minutes, using
a Honeywell-Visicorder No. 1508,

Mass spectra of a number of nucleosides have been cbtalned 1. They permit identi-
fication of the base, which gives rise to rearrangement peaks involving the abstraction
of one and two hydrogen atoms (m/e 112 and 113 in Figs. 2a and b). The sugar moiety
also gives rise to a significant peak (m/e 117 in the deoxypentosides shown in Figs. 2a
and b, while it is at 133 in pentosides). Isomers such as 2' - deoxyuridine (Fig. 2a)
and 5' - deaxylyxosyluracil (Fig. 2b) can be distinguished and the differences inter-
preted in terms of the structures.

With this technique it 18 quite easy to obtain the mass spectra of compounds
deuterated on O, N or S by simply evaporating in a dessicator a drop of a solution of
the sample in Ds0 placed into the sample cup. Fig. 2c shows the spectrum of 5' - deoxyl-
yxosyluracil so treated. The shifts of the peaks are in agreement with the assigmments
mentioned sbove., Furthermore, it indicates, for example, the structure of the fragment
of wass 57 which cannot contain -OH because its mass remains unchanged.

The mass spectra of a considerable number of free amino acids have been obtained 2.
All exh%bit a fragmentation pattern closely related to the spectra of amino acid ethyl
esters ” and can, therefore, be interpreted along the same lines, Differences in mass
(28 m.u.) are observed with those fragments that contain the -COOH group (instead of
-C00CH.). In addition, the rearrangement of one hydrogen atom during the cleavage of
the Cy 2 Cs bond is observed to a certain extent.

To illustrate the extreme sensitivity of this method, a spectrum obtalned with
0.25 microgram of phenylalanine is shown in Fig. 3.

# This work was supported by the National Imstitutes of Health (RG 5472) and the
National Aeronautics and Space Administration (NsG 211 - 62).

1) For a more detailed discussion see K. Biemann and J. A. McCloskey, J. Am. Chem, Soc.,
84, 2005 (1962). -

2) For a more detalled discussion see ibid., August, 1962.

3) K. Biemann, J. Seibl and F. Gapp, J. Am. Chem, Soc., 82, 3795 (1961).
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Fig. 1. Sample system for introduction into the ion source of a Bendix TOF
Mass Spectrometer. For detalls see text,
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Fig. 2. Mass spectra of (a) 2' - deaqyuridine, (b) 5' - deoxylyxosyluracil
and (c) same as (b), but treated with D0,
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A FRAGMENTATION MODEL FOR n-PARAFFINS

John C. Schug
Gulf Research & Development Company
Pittsburgh, Pennsylvania

ABSTRACT

A tentative model is described to interpret the mass spectra of n-paraffins,
In this model, it is assumed that parent molecule ions dissociate to produce primary
fragments which contain at least half the total number of carbon atoms available. If
the fragment ions retain sufficient excitation energy, they may dissociate further,
with the same requirement that any products are at least half as large as the decaying
species, At each step, all possible dissociations are assumed to be in competitionm.
Rate constants are calculated by the latest version of the statistical theory. Break-
down curves are given for n-decane and described for other cases.

The assumed model is capable of explaining the dependence of the fragmenta-
tion patterns on the ionizing voltage, the relative abundances of numerous fragment
ions, and the observation of several metastable ion peaks. However, other expected
metastables do not appear, and in addition it is impossible to reconcile the computed
breakdown curves with the observed mass spectra by the use of a presently acceptable
internal energy distribution function. The need for further experiments and calcula-
tions is pointed out.

I. INTRODUCTION

Very little is actually known about the dissociation processes that are
responsible for the mass spectra of large molecules. The fragmentation patterns of
long-chain n-paraffin molecules have long been familiar, and have been thoroughly
characterized™, but no interpretation has been given for them, The recent studies by
Beynon and coworkers® on C*?~labeled molecules have definitely proved that these
patterns result from a series of consecutive dissociatioms. - If, as in the present
work, the statistical theory of mass spectra” be accepted, the same deduction can be
drawn on the basis of the numerous metastable ion peaks that are observed® in the
spectra,

With the available data as a basis, it 1s possible to construct a number of
reasonable dissociation mechanisms. In this paper, one such model is investigated.
A tentative dissociation scheme for n-paraffin molecule-ions 1s postuated, and its
predictions are compared with some experimental observations,

It is assumed that the breaking of carbon-carbon bonds is the controlling
process and, therefore, simple dissocilations of the paraffinic chain are the only
steps that are considered in this work, Finer detalls, such as atomic rearrangement
during dissociations and the loss of hydrogens, are left for future considerations.
For the present, then, any fragment ions encountered will be characterized as Cn+, and
the number of hydrogens contained in them will not be a point of concern, Whenever it
becomes necessary to specify the fragment ions more completely, as in estimating
activation energles and calculating dissoclation rate constants, it will be assumed
that all fragment ions observed are of n-alkyl stoichiometry (C.Hop,;).

The postulated dissociation scheme considered in this work is as follows:

a) By virtue of their excess internal energies3, parent molecule-ions,
CxHopnt2, undergo primary dissociations to fragments Cn+: where n > N/2.

b) During the primary, as well as any successive dissoclations, 1t is
assumed that the excess internal energy is equipartitioned between the fragment ion
and its complementary neutral fragment., This is expressed by

E' = ?I(E'égo)/(n1+nu); 69

where E 1s the excess energy of the imitial ion, 4{0 is the activation energy for the
reaction, ny and ny are the numbers of degrees of freedom in the iomic and neutral
products, respectively, and E' is the excess energy found in the resulting ionic
species.

¢) Independent of its origin, any fragment iom, C +, that possesses
sufficient energy may dissociate to smaller fragments, Con » with the stipulation that
m > n/2,
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Table I.

ESTIMATED ACTIVATION ENERGIES FOR
C-C BOND DISSOCIATIONS

Activation Energy (ev)

Fragment Ion n-Pecane n-Eicosane
eyt 3.6 3.6
CoHg+ 1.8 1.8

+
C,H, 0.9 0.9
+
C,Hy 0.7 0.7
+
CgHyp 0.6 0.6
CH + 0.5 0.5
613
C_H 0.5 0.5
715
CH _+ 0.5 0.5
817
CoH; ot 0.8 0.5
+ --- .
1oty 0.3
C + --- .
C11H23 0.5
+ --- .
Cyatas 0.5
C. H__+ --- 0.5
13 27
c u *t --- 0.5
14 29
c ¥ --- 0.5
15 31
+ ——-
C16M33 0.3
+
C._H --- 0.5
17 35
+
CigHyy --- 0.5
+
CgHyg --- 0.8
Table II.

NORMAL MODE FREQUENCIES ASSUMED

+
FOR CyHapnyp MOLECULE ION

Mode

C-C Stretching
C-C-C Bending
C-H Stretching
CHy Deformation
CHy Deformation
CHy Rocking

CH3 Rocking

Torsions

Number

2N-4

2N-4

N-1
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Frequency

1000 cm”!

500
3000
1400
1400
1200
1000

100



IT. IMPLICATIONS OF THE MODEL

For a typical dissociation process,
Rp=Ryt ——> rT 4R, , 2)
the activation energy, 6;0, may be estimated by the relation,

&€, = D(R}-Ry) + I(R]) - I(Ry-Ry), €))
where D {s the bond dissociation energy in the neutral species and 1 denotes ionization
potential, In Table I are listed the activation energies obtained from this expression
for the scission of all possible C-C bonds in n-decane and n-eicosane molecule-ions.
(Only the lower halves of columns 2 and 3 are i?pgrtant in this treatment.) Bond dis-
sociation energies were taken as 3.4 and 3.7 ev?’”, respectively, for interior and end
bonds of the chains, The ionization potential of each molecule was taken as 10.2 ev7.
The values used for the lonization potentials of n-alkyl radicals were determined by
Clancy and Crable®. The data of the latter investigations showed that I(CpHon+1)
decreases as n increases, but that the changes are very small for n > 6. In Table I,
it is apparent that zero increments were assumed here for n > 6, It might be noted
that if the increments are in fact different from zero, then the first feature (a) of
the dissociation scheme (preceding section) is compatible with the various empirical
observations? which are usually referred to as "Stevenson's Rule'".

For dissociations other than the primary ones, the necessary data for estimat-
ing é: are not presently available. For the lower molecular weight species, Eq. (3)
generaily leads to values of about 1 ev. 1In the present work, values of 1.2 and 1.0 ev
were used for all subsequent reactions; the former quantity was applied to all losses
of neutral C; fragments, and the latter to all other processes,

10,11
Earlier work™ ™’ has shown that the original version of the statistical

theory~ gave poor results for the low-voltage mass spectra of n-paraffins. Consequently,
in the present work, the improved expression for the rate constant given by Vestal et

gll has been used: L Q
Z (N-I) H [L{") LS
o= Q/ Q! by #* 2

k@ =V X s (4)

2 W& 5T 2]

p=1

S e
where N is the number of oscillators in the decaying ion; L) and l/ *are the geometric
mean frequencies of the normal ion and the transition complex; each term in the
denominator (numerator) corresponds to a state of the normal ion (transition complex)
in which P (Q) of the oscillators are excited and the remaining ones unexcited;

— - — 1/p
- 1_/5...1/) )
» - — (]
H o4 e
where l/i: % sttt ){_are the P excited oscillators, the bar indicates the arith-
metic mean of all such possible terms, and a similar expression holds for J ,* ; and
each series terminates with the last positive term, or with K=N or L=N-1, whichever
occurs first., Since Eq. (4) is so unwieldy, all the rate constants given in this
paper have been evaluated with an IBM 7090 digital computer.

To evaluate rate constants, it is also necessary to specify frequency
distributions for parent ions, decaying fragment ions, and the trangition complexes
of all reactions., An approximate frequency distribution for a CyHppny2 molecule-ion
was obtained by generalizing the vibrational assignments made by Herzberg for ethane
and propane 13, and is given in Table II. For the transition complex of a primary
reaction, this distribution was changed by deleting one C-C stretching mode (this
corresponds to the reaction coordinate), and decreasing by a factor of ten each of :
two C-C-C bending frequencies, four C-H stretching frequencies, four CHj deformation
frequencies, and four CHy rocking frequencies. For fragment ions undergoing further
dissociations, frequency distributions were obtained by simply choosing the appropriate
number of each vibrational mode from Table II. These were then modified for the
corresponding transition complexes in the same manner as described above for the
primary reactions. These assumptions are highly arbitrary and, therefore, the
dissociation rate constants cal¢ulated here may be in considerable error; however,
fragmentation patterns are determined by the relative rate constants of competing
processes, and in this sense the results should be reasonable.
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Table III.

COMPARISON OF RELATIVE ABUNDANCE CURVES
FOR THREE n-PARAFFINS

Ionizing Voltage

Feature n-Decane n-Pentadecane n-Eicosane
CZHS+ Appearance  ~ 17 volts = 20 volts ~~ 24 volts
+
CSHII Maximum 13 17 22
+
CAH9 Maximum 18 27 32
c f,* Plateau 28 46 >60
Table 1IV.

SOME OBSERVED METASTABLE PEAKS 1N MASS
SPECTRUM OF n-NONANE

m Dissociation

76.6 09H20+ (128) —> C7H15+ 99) + CZHS
56.4 Colyot (128) —> C6H13+ (85) + C4H,
40.5 c9u20+ (128) —-)C5H12+ (72) + C Hy
48.6 c7Hm+ (98) —> C.Hy" (69) + CyH,
33.6 CyHy 3t (97) =B o gt (57) + CyH,
32.8 C,H, * (99) —P CHgt (57) + CgH
38.2 061113+ (85) ——DC4H9+ (57) + CH,
36.5 CgHy,* (86) — C4H8+ (56) + C,H,
21.6 Cely 3+ (85) —P C3iyt  (43) + CqHg
26.1 C5H11+ 1) ———>C3H7+ 43) + C,H,
24.5 C5H12+ (72) ~—> C3H6+ (42) + C,H,
29.5 C4H9+ 57) ——>c3u5+ (41) + CH,
15.3 04H7+ (55) ——?CZH; (29) + C,H,
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Figures 1 and 2 show some rate constants calculated as a function of excess
energy from Eq. (4) and the assumptions outlined above. 1In Fig., 1 are shown rate
constants for the primary C-C bond scissions of the n-decane molecule-ion; each curve
corresponds to a different activation energy. Fig. 2 gives rate constants for
dissocilation of a C-C bond in several different n-alkyl radical ioms, in each case
for éfo = 1,0 ev, The rate constants shown in the figures attain unreasonably high
values, probably because of a poor choice of frequencies for the transition complexes.
In the present work, the curves are not too important because the assumed model does
not, in general differentiate the scission of various bonds in an ion, either in
activation energies or in frequency distributions; in more refined treatments, their
details will be much more important,

The method of calculating breakdown curves3 is well-known, and therefore
is not repeated here; the procedure is laborious, but quite straightforward. In this
work, an additional assumption has been made, viz., that the fragmentation of any
species 1is an all or nothing proposition, If the gum of the rate constants for all
considered dissociations of an ion is less than 10 sec'l, it was assumed that no
fragmentation occurs. For rate constant sums greater than this value, fragmentation
was assumed to be complete, with each of the possible fragments being obtained in
proportion to the corresponding rate constant,

The breakdown curves calculated for n-decane are shown in Fig. 3, where every
aspect of the postulated model is apparent. Analogous breakdown curves can be con-
structed for all n-paraffins. The essential features of all such curves are equivalent,
and the oan differences lie in the energies that are of interest, For example, in
n-decane C3” ilons predominate in the region of 4-5 ev. Calculations of n-eicosane
show that about 10 ev is required for an equivalent result in that case. The greater
energy spread for larger molecules is primarily caused by the fact that a greater
number of consecutive reactions is required to cause the appearance of particular small
fragment ions,

From the breakdown curves, denoted by f; (E), the fractional abundance of each
ion in a mass spectrum can be calculated by
o0

Fy =/ £ (E) P(E) dE, (6)

2

where P(E), a normalized distribution of internal energles, is a function of the
ionizing voltage. Chupka and Kaminsky'“ have recently measured the P(E) functions for
propane and n-butane, but is not yet possible to generalize their results for larger
molecules.

Even without knowledge of the P(E) functions, though, the preceding consider-~
ations and results lead to a number of predictions regarding the mass spectra:

1. At low ionizing voltages, the mass spectra will be dominated by Cn+ ions,
where N/2 £ n g N-2,

2, At all ionizing voltages, the smaller ions in this range should be more
abundant than the larger ones; i.e., Freo S Fag <Fpag *°° < FN/Z , where F 1s as
defined in Eq. (6) and the subscripts refer to carbon numbers,

3. Fragment ions having N-1 carbon atoms should at all voltages constitute
a negligible part of the spectrum,

4. Regarding the energy dependence of the spectra, it is predicted that the
larger the molecule, the greater the ionizing voltage required before the pattern
becomes independent of voltage.

5. The presence of numerous metastable ion peaks 1s predicted. For example,
in n-decane, insofar as the activation energies and frequency distributions applicable
to the primary formation of Cgt, 07*, and Ce+ ions are equivalent as assumed here, a
metastable ion peak for each of these primary reactions is expected,
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ITI. COMPARISON WITH EXPERIMENT

In the present work, two types of experimental data were examined. These
are (a) the variation of mass spectra with lonizing voltage and (b) the occurrence of
metastable ion peaks. All of the data presented here were obtained with Consolidated
Electrodynamics Corporation 21-103 standard mass spectrometers.

A. Patterns

The fragmentation patterns of n-decane, n-pentadecane, and n-eicosane were
studied as a function of ionizing voltage, from below the initial onset of ionization
up to seventy volts. Some of the data are given in Figs. 4, 5, and 6, where the
relative abundances of typical ions (given as per cent of the total observed ion
current) are plotted against the ionizing voltage. Throughout the entire voltage
range, the relative abundances of different classes of lons are much the same as at
seventy volts®, The C Hyn,1 lons are always most abundant, but the general behavior
is similar for all ions of the same carbon number, Where some carbon numbers have been
left off the figures entirely, the curve shapes of the omitted ions do show continuous
gradations between the curves that are plotted.

It seems to be a general result that in the spectrum of CyHopny2, the curves
for C ions can be divided into two classes, depending on whether n is greater or less
than N/2. When n > N/2, the relative abundance begins at a maximal value, but decreases
rapidly as the ionizing voltage is increased. When n < N/2, the curves begin at
minimal values, pass through maxima, and attain plateaus. For smaller values of n,
the maxima become broader and shift toward higher voltages, until finally, for C;~,

¢,t, and C3+, the curves do not pass through maxima but just increase over the entire
voltage rafhge.

In terms of the postulated model, the gradual changes noted in the curve
shapes of Figs. 4-6 can be correlated with the numbers of consecutive dissociations
needed to form each species and the number of different paths that result in it, As
regards the specific predictions listed at the end of the preceding section, each one
may be examined in turn:

1. The first prediction is borne out. The data obtained at very low
ionizing voltages are inaccurate, but the curves extrapolate in such a manner that at
the onset, the spectra are dominated by ions in the ramge N/2 < n g N-2.

2, It is obvious that the second expectation is fulfilled.

+
3. The third prediction is also accurate, as the Cy_; lons never account
for more than a few hundredths of a per cent of the total ion current,

4, Table III contains a comparison of the curves for several specific
fragment ions in Figs. 4-6. Clearly, prediction (4) holds true also.

B. Metastables

When an ion of mass m; dissociates to yield an ion of mass m,, and the
rate constant is in the range of 10° sec™*, a "metastable ion peak" is often observed
in the spectrum at an apparent mass value of

¥ = mzzlml . @)

Bloom and coworkers4 have already listed numerous observable metastables
in the mass spectra of n-paraffins. In the present work, in addition to observing
the m* values, attempts were made to measure the ratio m,/m,, as well, by using a
metastable suppressor as a retarding device; this experiment is similar to some
measurements described by Hipple et al"”. Since the available instrument with a
heated inlet system does not contain a metastable suppressor, no compounds larger
than n-decane have yet been studied. The results obtained for n-nonane and n-decane
are shown in Tables IV and V, respectively., In general, the observations and results
are the same as those reported by Bloom et al; however, the metastables corresponding
to loss of hydrogen alone are not shown in the tables because these reactions are not
considered in the present work,

Every assigmment made in Tables IV and V corresponds to the loss of a neutral
fragment which contains at most half the total number of carbon atoms in the decaying
species, This 1s clearly not in disagreement with the reactions postulated in the
assumed model and employed in the sample calculations. It is equally clear, though,
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Table V.

SOME OBSERVED METASTABLE PEAKS IN MASS
SPECTRUM OF n-DECANE

m Dissociation
+ +
89.9 CigHyy (142) =3 Cgh,, (113) + C,H;
70.4 Cigtyy (142) —>CiH) (100) + CyHg
63.4 + @u)—dcH t (85) +C.H
3 CBHIB (114) 6 13 (&) 25
61.6 + (112) —>» C H__+ (83) + C H
C3H16 ( ) 6 11 83 25
4y, o3y —dc t @1 +cH
4.7 C5H17 ars 5“11 an 36
+ +
50.4 C i, (100) ——>.c5H11 (71) + C,H,
48.6 H + (98) =3 CH+ (69) +CH
C7 14 (98) 59 (69) 25
+ +
33.6 CH) 4 (97) —> C,HyT  (57) + CH,
+ +
32.8 c7H15 (99) —> C4H9 (57) + C3H6
+ +
8. CH 85) —> C H 57) + C_H
8.3 6 13 (83) 49 G 24
6.5 C + (86) =3 C H T (56) + CH
3 6“14 (86 48 6 26
+ +
21.8 CgH) 5 (85) —> CjH, Y (43) + CjH,
+ +
26.0 C.H v (T1) — CyH, (43) + C,H,
+ +
24.5 CsHy, (72) ~=——> C,Hg 42) + C,Hy
+ +
29.5 C,Hy (57) ——> CHs™  (41) + CH,
5 + +
27.7 C,H, (55) —>c3H3 (39) + CH,
+
15.3 C,H, (55) —>C,H*t  (29) + C,H,
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that a metastable peak is not observed for every postulated reaction. One possible
reas?n for the absence of some expected metastables is that in the region of k“"lO6
sec”~ , the rate constants vary extremely rapidly with the excess energy (see Figs. 1
and 2). It is quite possible that, for several competing reactions, extremely small
differences in the activation energies and/or transition-complex frequency distributions
would cause the relative yilelds in this energy range to be very unequal, while for
larger energiles, they would be essentially equal. Additional calculations must be

made to confirm or deny this possibility.

IV. DISCUSSION

It has already been mentioned that Chupka and Kaminskyl4 have experimentally
measured the P(E) functions [see Eq. (6) for propane and n-butane molecule-ions.
Since they found that these functions could be approximated on the basis of simple
molecular orbital treatments, it is instructive to consider the required P(E) functions
for some larger molecules.

In the seventy-volt spectrum of n-decane, the experimental yields of Cg, C7,
Cgs Css Cy4y and C3 ions are in the ratiosl of 0,051:0,091:0,266:0.407:1.0:1.55. On
comparing these numbers with the breakdown curves of Fig, 3, it is seen that the energy
distribution function is required to have a maximum in the region of 3-4 ev, and also
it must decrease quite rapidly at both higher and lower energies. In the case of
n-eicosane, it is estimated that the corresponding maximum must occur in the region
of 10 ev,

The molecular orbitals employed by Chupka and Kaminsky were linear combina-
tions of equivalent bond orbitals, as originally derived by Lennard-Jones and Hall,
It is recalled that the latter authors made several attempts to calculate the ioniza-
tion potentials of n-paraffins, and found it was impossible to decide whether the first
ionization occurs from a "symmetric'' or an "antisymmetric' molecular orbital®®”
Whichever was assumed to be the case, it was possible to evaluate certain of the
equivalent orbital interaction parameters by fitting a set of observed ionization
potentials; however, an additional number of parameters were completely undetermined,
One set of molecular orbital energy levels can be calculated from the detérmined
parameters, but the other energy levels are not known.

In Figs., 7 and 8 are shown the energy levels calculated according to the two
alternative assumptions for n-butane, n-decane, and n-eicosane ions. Fig. 7 is based
on the assumption that the lowest ionizatlion potential is for a symmetric molecular
orbital, and Fig. 8 corresponds to the other case. 1In both figures, the energies
shown are those above the minimum ionization potential, and the height of each line
is proportional to the effective degeneracy of the energy level. 1In the former case,
the quantity (a-b) is undetermined., The value indicated for it is a maximum, and the
energies of the antisymmetric molecular orbitals are shown as degenerate on the figure.
When the other assumption is made, both (a+b) and ¢, are unknown. The value shown for
(a+b) is a minimum value, and that of ¢ is the one found most appropriate for propane
and butane by Chupka and Kaminsky. Here, the undetermined energy levels are shown as
two groups of degenerate ones centered at (a+b) and c¢c. In both figures, the quantity
X is undetermined; it is responsible for two states that are neglected in the equiva-
lent orbital treatment; and again, the value shown for it is that recommended by
Chupka and Kaminsky. 1In both cases, the values used for the 'known' parameters are
the same ones found appropriate by Lennard-Jones and Hall, and employed by Chupka and
Kaminsky.

It is tempting to try to relate the requisite maxima in the P(E) functions
to the high level density evident for the symmetric molecular orbitals in Fig. 7.
However, neither Fig. 7 nor Fig. 8 provides an energy level distribution that is
compatible with the required P(E) functions for decane and eicosane., If a choice
must be made between the "symmetric' and "antisymmetric" assumptions, the latter must
be preferred in the present case, It is quite possible here that the undetermined
energies of the symmetric molecular orbitals could bunch together at an energy
considerably higher than the 1,6-1.7 ev obtained in Fig. 7. Thus, the situation for
n-decane looks very reasonable. On the other hand, this high level density will
definitely not shift from 3-4 ev in decane to 10 ev in n-eicosane.
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Figure 4, Typical data showing the variation of the fragmentation pattern with
lonizing voltage for n-decane,
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Figure 6. Typical data showing the variation of the fragmentation pattern with
ionizing voltage for n-eicosane.
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Some of the possible reasons for the discrepancies found here are:
(a) the Lennard-Jones and Hall energy levels are not appropriate; (b) the
activation energles employed in the calculations are too high; and (c) the whole
model applied here is in error. None of these possibilities can presently be singled
out as the correct one.

13 Another difficulty arises when one considers the data of Beynon et 212 on
C “-labeled molecules, Inasmuch as nothing was said to the contrary, it was tacitly
assumed in the above treatment that during each dissociation an ion may lose a neutral
fragment from either of its ends with equal facility, However, such a picture is not
capable of explaining the results of Beynon et al®, Although it presently appears
that agreement can be obtained by slightly modifying the model, this problem will not
be considered in detail at this time,

Future work to either confirm or deny the appropriateness of the model
suggested here must include: further experimental and computational study of
metastable peak intenslties; experimental determinations of internal energy distribu-
tions in larger molecules; and inclusion of rearrangement processes in the calculations.
Based on the necessarily qualitative considerations given in this paper, it can be
concluded that the proposed model is reasonable in many respects, It is at least
clear that the statistical theory is capable of interpreting the mass spectra of
n-paraffins,
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APPLICATION OF THE IMPROVED QUASI-EQUILIBRIUM

THEORY TO PROPANE(I)

Marvin L. Vestal 2)
Austin L. Wahrhaftig
Wm. H. Johnston

We have recently completed some extensive calculations on the unimolecular
decomposition of propane. These calculations were based on the quasi-equilibrium
theory originally developed by Rosenstock, et al (1) but used the improved method for
counting the states of a collection of harmonic oscillators which we presented at the
E-14 Committee Meeting last year in Chicago (2, 3). The calculations were done on the
IBM 7090 at Wright-Patterson AFB., We wish to express our appreciation to the Air
Force Aeronautical Research Laboratory for support of this work and to Dr, Jean Futrell
for his assistance in running the computor calculations.

The rate equation derived in the original development of the quasi-equilibrium
theory using the classical approximation, is given by

-2 )

where E is the total energy in the molecule ion, Esthe activation energy, N the number

of oscillators, and Z the frequency factor. Since the original development of this rate
equation, a number of investigators have found serious quantitative disagreement be-
tween the prediction of the theory, using equation (1), and experiment. We recently
developed a more accurate method for enumerating the states of a collection of non-iden-
tical harmonic oscillators, which when used in the quasi-equilibrium theory, results in
equation (2) as the rate expression.

K(E)=% Z=1(Nd1) o E%.%—m*-%i}o

N |op 3 P-11P-1
pza(P )(P-l)! [w Tp-—32

i

(2)

== = 1/p
- » 2V b/
O'P = T[_LTJ;'FTE

Here E,E€,, and N are the same as before and ¥ is the geometric mean frequency. d"":, R

a dimensionless factor of order unity, is the ratio of the mean frequency to the arith-
metic mean of the products of the reciprocals of the molecular frequencies taken P at a
time. The daggers (¥) denote similar quantities for the activated complex configuration.

For these calculations we have considered activated complex configuration in
which some of the degrees of freedom are represented as free rotors. For these cases,
the improved rate expression takes the form

(1) Work performed at the William H. Johnston Laboratories, Inc.,, Baltimore, Md.,
and was supported by U, S. Air Force Contract AF 33(616)-7638,

(2) University of Utah and William H. Johnston Laboratories, Inc,

94



TABLE I. ACTIVATION ENERGIES

Reaction ) A A, P.
CaHyT ——> CHs' 0.79 : L.of.3
CaHsT —> CoHy' 0.58 0.5%.3
CqyHs' > n-CaHq' 1. 34 L4tz
CyHet——> s-CaH, 0.52 0.5 1.2
CyHe  ——> C3He' 0.60 Lotz
CoHs s CH, 3.5 4.0 .4

+
C,Hy ——> C,H, 3.3 .37 .4
CsHy — > CHs' 2.7 2.8%.3
CsHe ——> CyH, 4.0 .61 .3

+ +

CaHs > C3Hj 6.0 _
¥ + +
C3Hs > C,Hsg > C,H; (1}
+ +
> CZH4 _— CZHZ (2)
+ + +
> n-CsHy > C3Hs > C3H, (3)
+ + +
> s-C3Hy > C3Hs > C3Hjy (4)
+ +
> C3Hg —— > C3Hy (5)

Figure l. Simplified Reaction Scheme Used For Propane

Calculation,
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where L* is the number of free rotors in~the activated complex configuration, N is the
total number of degrees of freedom, and B¥is the geometric mean rotational energy
constant,

For applying the theory to subsequent fragmentation of the primary ionic frag-
ments, it is necessary to consider the distribution of the initial excitation energy be-
tween charged and neutral fragments., If we assume that all states within an energy
shell between E and E + dE are equally probable, than the probability that sufficient
energy is contained in the charged fragment for the secondary fragmentation to occur
is given by

Er P, (€)p, (E-€1-€)de

P(E) = %;el
(0 P, (€),02 (E-€,-€)de

(4)

where E is the total excitation of the parent molecule-ion, él, is the activation energy
for the primary reaction, € , is the minimum energy required in the charged fragment
for the secondary reaction to be observable./, (E) d € is the number of states of the
charged fragment with energy between € and € + dE, and”, (€ }dE is the correspond-
ing number of states for the neutral fragment., The minimum energy €, for the second-
ary reaction to be observed is found by calculating the rate for the reaction as a func-
tion of energy using the improved rate equation and finding the energy at which this
rate exceeds some selected minimum. For these calculations, we used 10 sec-!as
the minimum observable rate.

In these calculations we have also considered the effects of the temperature in
the ion source on the fragmentation pattern. In these calculations we have made the
following assumptions:

1. The internal energy of the molecule-ion is the sum of the internal thermal
energy of the molecule and the energy added by the ionization process,

2, The probability of adding a given energy by the ionization process is inde-
pendent of the thermal energy of the molecule.

This is equivalent to assuming that the ionization potential is uneffected by the
temperature of the molecule, and that the probability of forming an ion with less vibra-
tional excitation than the molecule from which it was formed is zero., It is well-known
that the situation is really much more complex than this and these assumptions are
certainly not valid for electron energies near threshold.

The simplified reaction scheme used for these calculations is shown in Figure 1.
This is essentially the same reaction scheme used in previous calculations on propane
by Wahrhaftig and co~workers (4), The activation energies assumed for these reactions
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are shown in Table I where they are compared with differences in appearance potentials
as given in Field and Franklin (5). For all of the more abundant reactions, the appear-
ance potentials used are within the range of error of the experimental values as deter-
mined from differences in appearance potentials. The activated complex configurations
used in the calculations were similar to those used by Kropf, Eyring, Wahrhaftig, and
Eyring (4) except that: no free rotations were assumed for the normal state, two free
rotations for the activated complexes leading to the formation of C,Hs% and n-CsHq ¥,
one free rotation for CHt, and none for S-C;H;t and C Ht.

The calculated breakdown graph for propane is shown in Figure 2. Here we have
plotted calculated relative abundance of the ions versus internal energy in the parent
molecule ion. The rather long tails on some of the decaying fragment ions is a result
of the fluctuation of energy between charged and neutral fragments. We are fortunate
in having the breakdown curves of Chupka and Kaminsky (6) with which to compare these
results. The experimental measurement is slightly smeared as a result of the energy
spread in the electron beam and the thermal energy of the molecule. In order to have
a more direct comparison of the calculated results with the experimental curves, itis
necessary to include these effects in the calculations by averaging the calculated curves
over suitable energy distributions., For the electron energy distribution we assumed
a 2500° K Boltzmann distribution. The effect of temperature was included by averaging
the calculated distribution over the internal thermal energy distribution for the mole-
cules at 600° K, The breakdown curves resulting from averaging over both the electron
energy distribution and the internal thermal energy distribution are shown in Figure 3,
At the top are Chupka and Kaminsky’s experimental breakdown curves and at the bottom
our calculated breakdown curves.

Overall the agreement between the two results is quite acceptable. Small dis-
crepancies, such as the lower abundance of C,H,T ion in the calculations, probably
result from the use of the simplified reaction scheme.

One difference which appears significant, however, is the rather long tail on the
parent ion curve in the experimental result. There seems to be no way to account for
this tail on the basis of direct ionization and complete energy randomization. Thus, it
appears that this discrepancy may indicate either autoionization, in which case the
second derivative curve would be distorted due to a different threshold law for this pro-
cess, ‘'or it may indicate incomplete vibrational energy randomization in which case all
of the energy is not available to the fragmentation process. This point should be inves-
tigated further,

Calculations on the variation of the propane mass spectrum with electron energy
and with temperature have also been completed. The results of these calculations to-
gether with a more detailed discussion of the methods employed will be published else-
where.
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STUDIES OF METASTABLE ION TRANSITIONS WITH A 180° MASS SPECTROMETER

Norman D. Coggeshall
Gulf Research & Development Co.
Pittsburgh 30, Pa.

Abstract

The decay of metastable ions through transitions giving an ionized fragment
and a neutral radical has been investigated with a 180° mass spectrometer, Four
aspects of the main problem have been studied, These are: a) the decay of meta-
stable ions within the ion source to produce a continuous distribution of "metastable
ions" ; b) an examination of the mathematical conditions relating dissociation beyond
the ion source exit slit to the formation of a "metastable" peak, to the shape of
such a peak, to the cut-off imposed by the analyzer walls and to the length of travel
during which detectable dissociation may occur; c) an examination of the conditions
for determining lifetimes with a 180° instrument and d) a consideration of the
elements leading to the broadness of metastable peaks,

The distribution function resulting from dissociation within the source drops
very rapldly and is ordinarily hidden within the peak due to the daughter ion. The
formation of a metastable peak in a 180° instrument results from a low-order
dependence of where the ion fragment resulting from dissociation hits the focal
plane on the position of dissociation beyond the exit slit. The cut-off mass due
to ioms striking the walls of the analyzer tube may be readily calculated. 1In a
CEC Model 21-103 instrument there is adequate distance of free travel beyond the
exit slit to allow the instrument to be used for lifetime measurements, Using
repeller voltages up to 120 volts, shorter lifetimes than those previously reported
have been observed. For the m* = 31.9 metastable peak from n~butane, for example,
there is evidence that the metastable ions are created in at least three classes,
each with its own lifetime. The shortest lifetime observed was of the order of
9 x 108 second. Evidence has been obtained to indicate that the broadness of the
observed metastable peaks is probably the result of the perturbation of focussing
conditions by the increased angular spread in the ion beam.

Introduction

The existence and interpretation of ions arising from the dissoclation
of metastable ions are of great importance in constructing a theory of mass spectra,.
The present report gives some results from a quantitative examination of metastable
transition ions as observed in a 180° mass spectrometer. The ions resulting from
the dissociation of metastable ions are usually observed at non-integral mass units.
For simplicity these peaks will be referred to as metastable ion peaks and the mass
in each case will be referred to as the metastable mass, The relationship between
the metastable mass, the mass of the metastable ion from which it originates, and
the mass of the dissociation fragment bearing the charge was first given by Hipple
and Condon™.

Unless otherwise stated, all data examined were determined with
Consolidated Electrodynamics Corporation Model No. 180° mass spectrometers, equipped
with Isatron ion sources. In some cases, a metastable suppressor was used. Slit
widths and electrode separations utilized were those normally used and recommended
by the manufacturer.

Dissociation of Metastable Ions Within the Ion Source

Let us denote by ng the total number of ions of mass m created per unit
area in the electron beam. We shall assume that a fraction of these are created in
a metastable state with a decay constant . We denote by m; the mass of the
charged fragment resulting from dissociation. The apparent mass possessed by these
ions when collected at the detector, otherwise referred to as the metastable mass,
is denoted by m*, The geometry and symbols used for the ion source are given in
Fig. 1. Here, the electron beam passes through the ionization region approximately
one-half way between the repeller and the first slit. Ions will reach the first
slit at a time t; after being formed and with a potential of Vi. 1Ions will reach
the second slit a time ty after passing through the first slit and with a total

potential of V = V1 + V2.

lJ. A, Hipple and E. U. Condon, Phys. Rev. 68, 54 (1945).
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FIG. 2.

Geometrical conditions required for a fragment ion to be
collected at the detector.
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The focussing conditions in a 180° instrument are given by

oV = rZeHZ/(Zcz) (€D)

where r is the radius of curvature in cm., e is the charge of the electron in e.s.u.,
H is the magnetic field in gauss, and ¢ is the velocity of light in cm./sec. The
potentials used in Eq. (1) must be in e.s.u. The apparent mass of a metastable ion
is calculated by inserting in Eq. (1) the value of V at which it is observed and
calculating for m*,

Metastable ions which dissociate immediately upon creation will yield
normal ions of mass m;, Metastable ions which dissociate at the exit slit will yield
ions of the usual apparent mass m* given by

m* = m12/m (2)

Metastable ions dissociating between the plane of the electron beam and the exit slit
will appear at apparent masses lying between mj and the m* of Eq. (2). It is the
purpose of this section to derive the distribution function for these metastable ions
as a function of m*,

Let us consider a metastable ion created at t=o in the electron beam, let
us further consider the case wherein this ion dissociates at a time t before the ion
has passed out of the source. The ml+ ion emerging from the exit slit will have an
equivalent potential V, which will be less than the instrument potential V = V; + Vo
When Vo is equal to the potential which normally focusses normal ions of mass mj, the
m1+ ion resulting from dissociation of a metastable ion will be collected and will
have an apparent mass m* derived from Eq. (1). As will be seen later, we may
calculate Vg as a function of t and invert the function to evaluate t in terms of
Ve. This, in turn, may be transformed to provide t as a function of m*, i.e.,

t = t(m*),

The number of metastable ions which dissociate in the interval between t and
t +At and which can be collected by the detector will be given by

At

£ (m¥)dn* = J Aange dt 3)
where f(m*) is the intensity distribution function for the number of ions from
metastable transitions as a function of m*, and A is a collection and transmission
factor which relates the number of ions issuing from the exit slit to the internal
geometry and discrimination of the source.

Using t = t{(m*) we transform Eq. (3) to

- € (m*
£@m*)dur = ) Aange A )%dm*
from which we may express f (m*) as
; - Ac@w )
£(m*) = - e Aange

The exact evaluation of t(m*) for a 180° instrument would be based on the
equations of cycloidal motion, However, for the sake of tractability we shall ignore
the magnetic field, For large values of Vi (one-half the repeller voltage) this will
be a good approximation, whereas for low values of V), it will be very poor. We shall
also assume uniform electric fields between the repeller electrode and the first slit
and betweén the first and second slits. This ignores the field penetration through
the first slit but it would be impossible to account for it in a simple analytical
treatment. The above approximations dictate that numerical results calculated from
the following treatment should only be used to establish the qualitative and semi-
quantitative nature of the behavior,

Let us first consider a metastable ion which dissociates before the first
slit at time t (0o < t < tl) where cl is the time it takes an ion of mass m to reach
the first slit, We shall use the common operating conditions such that Vy/Vp is constamt
so that V; = diV and Vy = dyV, dj + dy = 1. Applying the equations of motion to a
charge particle in a uniform field, we find

2N. D. Coggeshall, Phys. Rev. 70, 270 (1946).
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2 2 ’
mvo(2) m-m e d
1 - e év - 1 Z 22 )
2 m 2m d?

where v(2) is the velocity of the charged fragment resulting from the dissociation as
it emerges from the second slit. If this ion is collected at the detector, it will
appear at a mass m calculated from Eq. (1) by inserting the total instrument acceler-
ating voltage V. We may use this with Eq. (1) to get

2 2
Her m myv (2)
m¥ = = —1 ! (6)
2c2 e 2

2
This allows us to replace the my4r (2)/2 term and the V and V2 terms in Eq. (5) as
functions of m*, When this is done and the resulting equation solved for t, we get

N ) 1/2
t = (mym*-m 2)/alazm1d1 [0
e m=m
where ay = Hzer2/2c2 and a, = 5 1
2md m
We may evaluate ty as
t =4 2m
1 edyV

When this is inserted in Eq. (7), we may solve for the m* (1) which applies to iomns
dissociating at the first slit. This is given by

m-ml
m#(l) =m 41 - — dq (8)

Utilizing Eq. (4), we may then evaluate f(m*) between m; and m* (1) as

1/2
A 2 2
N~ (mym*-m*7) /2, apmy dy &

f(m%) = Aan

For the evaluation of f(m*) corresponding to the dissociation time occurring between
'
t] and t + t,, let us demote t =t - t;. When this is done, we find for o <t <t

that
2 ' ‘2
myve(2) - El evy + eVy - E!Z m-my v(l) t +eVyt (10)
2 m s m 2ms

where v(l) is the velocity of the undissociated metastable ion as it passes through
the first slit. We may proceed through the same type steps as used above to transform
Eq. (5) to derive an expression relating m* and t. This is

. {33- 26 L age? - age “*+a7m*} au
1 J o

where a,, a;, ag, ag and a; are constants which may be evaluated in terms of m, mj, d,

s, dy, 32, a, ahd a,, Eq. (11) is quadratic in t so that it may be solved explicitly

in terms of m* to ogtain the t(m*) function to use in Eq. (4). Using this and Eq. §9),

the complete f(m*) function may be evaluated for the distribution between mj and m_ </m,

of the ions resulting from dissociation within the source. 1

2

The f(m*) function discussed above drops very rapidly in progressing from m;
to lower masses. When observable at all it is in the form of an asymmetric tailing on
the low mass side of the normal fragment peak. This tailing is normally not seen in
the peaks from CEC Model 21 instruments used without metastable suppressors. 1In these
the ion source dimensions and normally used values of the d;/d, ratio favor a very
sharp drop of the f(m*) function. However, the ion source geometry and dl/dZ ratios
effective in the sector type instrument, employed by Hipple, Fox and Condon3, favor a
less steep descent of f(m*) and the low mass asymmetric tailing may be observed in
Figs. 1 and 8 of their article.

3J. A. Hipple, R. E. Fox and E. U. Condon, Phys. Rev. 69, 347 (1946).
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The reason f(m*) drops so fast is that the metastable ion spends most of
its residence time in the ion source in the initial stages of its acceleration anﬁ,
hence, most of the fragment ions from dissociation of metastable ions in the source
will have m* values so close to mj that their contribution cannot be detected. The
f (m*) function cannot be graphically displayed without an arbitrary normalization at
some mass value lower than m . This is because the f (m*) function possesses a
singularity at m* = my. To appreciate how the major contribution from f (m*) is
hidden within the experimental peak width of the m,” peak, let us consider

C4H10+ (58) ——> C3H7+ (43) + 15; m* = 31.9 where m* designates the normally observed

metastable peak mass. We use the representative operating conditions of V = 1610
volts, V., = 2 volts. For these conditions t, = 1,01 x 107° seconds and )+ ty =
1.17 x 1076 seconds. Assuming the metastable ion to have a half life of 2 x 10-6
seconds, we find that 347 of the metastable ions dissociate within the source but
that 30% dissociate by the time they reach the first slit, Using the above relation
for m*(l) we therefore find that of the total area under the f(m*) curve, 88% of it
lies within the extremely narrow mass interval (unobservable) between mj (43) and
0.99996 m (43).

It would be of value to achieve experimental conditions such that the f (m%)
curve could be unambiguously recognized and measured on the low mass side of the
m1+ peaks. This could provide further information as to the approximate lifetimes of
the metastable states dissociating to particular ions. We may obtain guidance on the
physical conditions required by examining the above equations. Since the observations
will be in the immediate neighborhood of m), we may express m* = m, ~-A m,. Ions
dissociating as they pass through the first slit will give A&ml(l) calculated from
Eq. (8) as

Py my 1) = mldl (m-ml) /m

The fraction of the total accelerating voltage, represented by dy, which operates
behind the first slit, may thus be adjusted to make those ions dissaciating at the
first slit apBear at a2 m, value outside the natural width of the m1+ peak. If we
neglect A&nﬁ_ relative to mlgsml, we may simplify Eq. (7) to

t = ("Aml/dl , alaz)

The area under the f(m#*) curve appearing between & m;' and & ml' when
both are smaller than &m(l) but preferably lying outside the matural peak width will
be

on )
(12)

£ (m*)dm* = Aang exp - ,\ ( Aml'/dl ’alaz) - exp - A ( ’Amll'/d1 | alaz)

Aml'

This area will be increased by decreas§n§ the numerical values of aj and a; which
correspond to reducing the value of (H°r“) and increasing the value of d (see Fig. 1),
respectively, It should be remembered that the above derivations are based on the
assumption of uniform electric fields, of no magnetic field, and of no field penetra-
tion. The latter effect, particularly, will make the above relations useful only for
qualitative guidance.

An experimental difficulty that may negate the effects of increasing dy is
the broadening of the m1+ peak as the repeller voltage is increased. This may oceur
if the effect of increasing repeller voltage is to thicken the electron beam so that
ions may be created at points of different potential. The m;  peak may also broaden
due to changes in focus conditions. This broadening of the m peak may, therefore,
completely obscure the f(m*) contribution.
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Dissociation of Metastable Ions Beyond the Ion Source

Ion peaks resulting from the dissociation of metastable ions within the
magnetic analyzer region of a 180° instrument would not appear if it were not for a
fortuitous mathematical relationship. This is that the lateral displacement with
which the fragment ions strike the focal plane has a low order dependence upon the
position at which the metastable ion dissociates for some distance beyond the exit
slit., This is inherent in the derivation made by Hipple who showed that such a peak
should be observed in a 180° instrument.

We may derive, in the same manner as Hipp1e4, the f (m*) curve for ions
resulting from the dissociation of metastable ions past the exit slit in the same
general procedure as before, We let t = o at the exit slit and derive t = t(m*) for
substitution in Eq. (4). Let us refer to Fig. 2 which refers to a 180° instrument,
Here, S; refers to the exit slit of the ion source and S, refers to the entrance slit
to the detector, Here, an mt ion path has a radius R, tﬁe m1+ fragment path has a
radius r*, and r is the radius for the paths of ions normally focussed, From the
geometry, we see that when a metastable ion dissociates after traversing an angle 6,
the conditions for the fragment to be collected dictate that:

2 = 0l + @r-R)2 + 2 ®R-r%) (2r-R) cos @ a3

To simplify this we may use (from Eq. 1):

2
my v mV m*¥W He (14)

m r*2 R r 2¢

Denoting m-m; =Am, this leads to:

cos 8 =

(2 m \,T‘Zm* - A (15)
Q ST ™ (Ba/f®

We may combine Eq., (15) with results from Eq. (14) to obtain

2 Sur Juonk -An
t(m*) = (mc/eH)cos * Jm* -Jm (an/ 9

Using various results from above we, therefore, have for the distribution function of
apparent metastable mass:

tn) = aane TR _d e -Ame cos! { 2 Lo+ S - omk - B an
o dm* oH Q@ yor - m (am/Jm

In Eq. (17) only the derivative portion of the right-hand side need be considered to
define the shape of f(m%), This is plotted in Fig. 3 for two cases: for ( A mc/eH) =
0,666 and 0.504., These correspond to mt (58) dissociating to mt(43) + m(1l5) with half
life of 1.5 x 10”°% sec and an impressed magnetic field of 4600 gauss for the first case
and with half life of 2.5 x 1078 sec and an impressed magnetic field of 3300 gauss for
the second case, These curves were determined by machine calculation. The calculations
thus predict a sharp asymmetric peak which tails off towards higher mass,

Hipple4 determined the same type of results to explain the existence of a
metastable peak in a 180° instrument., He discussed the effect of baffles, sometimes
used in a 180° instrument, which would cut out those ions which are not displaced very
far from m;“/m. In the CEC instruments used here, there are no baffles between the
exit slit of the source and the detector slit. It is, therefore, possible to calculate
at what mass there would be a cut-off due to the ions hitting the walls of the analyzer
tube., When we examine in detail how this cut-off operates, we find it does so for the
ions resulting from dissociation of metastables rather than on the metastable ions
before dissociation.

A
J. A. Hipple, Phys. Rev. 71, 594 (1947).
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Referring to Fig. 4, T is the radius of the outer inside wall of the analyzer
tube and we consider a metastable ion progressing on a circle of radius R until it
dissociates at point A. Ordinarily, it would then progress in a circular path of radius
r* unless it encounters interference from the wall. This first occurs for the fragment
paths that tangentially encounter the wall. 1In the figure c is the center of the tube,

d is the center of the circle of radius R and f is the center of the circle of radius r¥
Interference occurs when the distance g between points ¢ and f is such that

rx+g=1_1
We may evaluate g from the relation
g2 = @-r%2 + ®R-r)? - 2(R-t%) (R-T) cos 8 (18)

Let us denote the ratio t/r as h. Then using the relationships in Eq. (l4) we transform
Eq. (18) to

¢(h \‘ m*m—ml2

2

= (Jm Sl e oo Jan 8 cos 8 (19
m m Ja
We may find the effective m* at which wall interference occurs by inserting the appropri-
ate value of h in Eq. (19) and find the proper values of m* and cos & from the use of
Eq. (15). 1In our instruments h was approximately 1.1°., For the mass 58 ion from n-butane,
for example, decaying through a metastable transition to a mass 43 ion to give the mass
31.9 metastable peak, the predicted cut-off is calculated by the above procedure as mass
32,23, This corresponds to a limiting & of 0.310 radians and an allowable travel dis-
tance in the analyzer tube of 3.94 cm. The quantities evaluated for this particular
metastable transition will, in general, not be exactly applicable to other transitions.
However, they will serve adequate order-of-magnitude values.

The upper mass limit of the 31.9 peak from n-butane was experimentally evaluated
by extrapolating the high mass side of the peak to the base line. This gave an upper

limit to the metastable peak of 32.27 which is in good agreement with the value predicted
above of 32,23,

Lifetime Measurements with 180° Instrument

We shall show here that lifetime measurements may be made with a 180° machine
and we shall provide several examples,

Let us assume that ions of mass m are formed in the electron beam at a density
of no per unit area, Let us assume as in Eq. (3) that a fraction a of them are in the
metastable state at the instant of formation. The number of ions of apparent mass m* =

m1/m will be given by the following equation:

- A(t +t.) - As/v
L(m¥) = an A(Vq,V,,V)e 17727 (1-e ) D, (V)Dg (20)

Here, A(V,,V,,V) represents a collection-transmission factor, dependent on the potentials,
which relates the number of metastable ions which emerge from the exit slit, available for
dissociation, to the number created per unit area in the electron beam., Here, s is the
distance such ions may travel with velocity v in the analyzer tube before effective cut-
off, DV(V) is a discrimination function which measures the beam attenuation due to
initial kinetic energy components parallel to the magnetic field®. Dy is a discrimination
function which measures the beam attenuation due to kinetic energy components which are
imparted to the ions by the process of dissociation of metastable states. Similarly, the
intensity of the m” ion peak will be given by:

. ' I(m) = (1-a)n, A(Vy,V5,V") DV(V') 1)
where V, and V. indicate the different voltages for focussing the m' ion than were used
for the m* ion. Here, we omit any contribution due to undissociated metastable ions
reaching the collector. This is due to the facts that with the accelerating voltages
used and with the analyzer radius used, the total transit time is of the order of ten
microseconds. This is adequate for essentially complete dissociation for lifetimes of
the order of 107° sec.

Sprivate communication from Dr. C. E. Berry.
b¢c. E. Berry, Phys. Rev. 78, 597 (1950).
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Let us denote the ratio of these peak intensities as R(Vl) where

R(V)) = I(m)/I(m*) = Be 1+t

where
1 l t
(1-a)A(Vq,V5,V )D, (V)

-As/v
a(l-e )D, (V)DA(V1,Vy,V)

(22)

Consider a set of runs, using constant magnetic field, in each of which a different V;
is used. The total accelerating voltages for parent ions and fragment ions from meta-
stable transitions will always be the same and, hence, B will be essentially constant.
All terms in B are constant under the conditlons defined except the ratio A(V,, v, sV )/
A(VI,VZ,V) This ratio is that of the collection-transmissien factor for the un 1ssoci-
ated ion for the values of V corresponding to m and m*, Since the collection-trans-
mission value will depend primarily on Vy, which is the same in both terms of the ratio,
we may treat the latter as constant. We may, therefore, plot log R(Vy) versus tj+tj to
obtain information on metastable lifetimes.

A number of such experiments have been run in our laboratory and the results
are plotted in Figures 5, 6, and 7. 1In these experiments, V; (one-half of repeller
voltage) values up to 60 volts were used to reduce the total res1dence time ty+ty to
the submicrosecond values seen. The metastable peak intensities were taken from the
maxima of the metastable peaks. With each successive increase of V., the electron
voltage (nominally 70 volts) was decreased a corresponding amount so that the ionizing
electron energy would be essentially constant for all points. Straight lines may be
drawn through different segments of the curve with the immediate interpretation that
the metastable ions are distributed in different species characterized by different
1lifetimes. An examination of Hipple's measurement of the half life for one of the meta-
stable transitions for n-butane shows that the shorter half lives were not found then
as the residence times achieved were not short enough.

It could be argued that the data presented represent a continuous distribution
of half lives, However, the straight-line portions are rather distinct. There is some
evidence in these data to indicate that shorter half lives than those observed would be
found with a further reduction of residence time. 1In Table I are given the half lives
as calculated from the straight-line portions,

TABLE I
METASTABLE TRANSITION HALF-LIFE VALUES

Compound Transition Half-Life Values
n-butane  CHjo(58) —HCyHy (43) + CH (15) 8.9 x 1073 sec.
6.1 x 10'2 sec,
2.7 x 1077 sec.
n-butane Ca“fro(ss)'—) c3u’6'(42) +CH,(16) 8.1 x 1078 sec.
5.8 x 1077 sec.
4.8 x 1076 sec.
+
isopentane C4H;KS7) —> C3H5(41) + CH,(16) 1.03 x 107 sec.
5.4 x 1076 sec.

Considerations on Metastable Peak Shape

In many cases, the peaks resulting from a metastable ion transition occur so
close to the normal ion peaks that the complete peak shape cannot be observed. An
example, however, where the metastable peak lies apart from meighboring peaks is the
m* = 31.9 peak for n-butane. In examining such metastable peaks it is seen that there
is tailing on the high mass side as predicted in Fig. 3. However, the peaks do not
rise abruptly on the low mass side as predicted by Fig. 3, but show a surprising amount
of tailing towards lower mass (see Fig, 9).



It is important to determine, if possible, the origin of the low mass tailing.
Let us first consider the effects of the incremental velocity changes imparted to the
fragment ion in the process of disEociation. We may consider two extremes: the one in
which an increment of velocity & A is imparted perpendicular to the velocity -~ of
the parent ion, and the other in which the increment is added to or subtracted from the
parent ion velocity. 1In Fig. 8 we have a diagram, with exaggerated conditions, which
applies to the first case for an ion which dissociates just as it passes through the
exit slit., Let us suppose that the angle between the new velocity after dissociation
and the velocity before dissociation is 6., Then 8 =Aar/n

For the purposes of this calculation we may neglect the change of absolute
value of velocity. Using the same absolute value of -4~ we may determine the center of
the orbit of fragment ion after dissociation, This will be swung out from the focal
plane by a distance s _where ® = s/r, This center will be shifted parallel to the focal
plane and relative to the original center by a distance & r where 6 = AQr/s, This
deflection of orbit is equivalent to an apparent change of mass by & m. To determine
2> m we use the relations above plus the relations

mV = Dr:2 where D is constant

‘AV/V‘ = l Am/ml
lov \= 2VAr/r|
to obtain l(Am/m) ' =2 (AM/MZ

Dissociations with the incremental velocity change opposite to that shown will produce
the same value of A m,

For dissociations wherein the incremental velocity completely adds to or
subtracts from the original velocity, we may use

mAS = Her/c
| 62| = ar| 2r/r]
to obtain i PaN m/m| = ‘ 2D A5 )

Thus, we see that the spread of apparent mass due to velocity additions per-
pendicular to the original velocity depends upon the square of the small quantity
(OD~r/~), whereas, the apparent mass spread due to additions or subtractions of the
velocity increment to the original velocity depends upon the first power of (&7 /0.
Thus, if the broadening of the peak were due to velocity additions, it should be
dominated by the latter type. However, this argument is based on the assumption that
the perpendicular type of dissociations would not sufficiently alter the solid angle of
the beam to disturb focussing conditions,

Let us assume, for the moment, that the broadening is due to dissoclations of
the latter type, wherein there is numerical addition or subtraction of the energy of
dissociation to the kinetic energy of the fragment ion. Since the processes that produce
the metastable ions are the same, by the statistical theory of mass spectra, then we
should observe the same kinetic energy spread or equivalently, mass spread, in the
normal ml+ ion peak,

A comparison was made between the observed (& m/m) for the m* = 31.9 and the
m, = 43 peaks for n-butane under a number of operating conditions. The (& m/m) values
were obtained by making, for each run, a plot of m versus chart distance and determining
the width of the base of each peak., The width of the metastable peak was determined in
each case by linearly extrapolating the sides of the peak to the base line, as in Fig. 9.
The results of these determinations are given in Table II.



TABLE II

(A m/m) Values for m* = 31.9 and m; = 43 for n-butane

(V* refers to the accelerating voltage for m* and V

refers to the accelerating voltage for m, = 43)
Repeller (2V) v ( m*/m*) \ (o m/ny) (& m*/m*) / (amy /my)
1/2% of V¥ or Vv 137 0.0256 547 0.0089 2.88
" 1180 0.0223 875 0.0049 4,55
" T 1505 0.0200 1116 0.00473 4,23
" 1880 0.0198 1387 0.00393 4,00
" 2260 0.0181 1676 0.00366 4.95
" 2635 0.0177 1955 0.00340 5.21
30 737 0.0278° 547 0.01325 2.10
30 1180 0,0202 875 0.00612 3.30
30 1880 0.0175 1387 0.00426 4.11
30 2635 0.0173 1955 0.00367 4.72

Examination of the conditions applied in Table II show that the observa-
tions were taken across a wide range of accelerating voltages with both small and
large repeller voltages. The results show that the (. m/m) values decrease with
increased accelerating voltage as expected but not to changes in repeller voltage.
In all cases, (am/m) for m* is larger than (& m/m) for m, whereas, the relation
would be reversed if the broadening were due only to the kinetic energy spread
effective for the m;  peak.

Let us assume that the dissociation of the metastable ions is of a differ-
ent type than the one that produces the normal m1+ ions and that an extra increment
of kinetic energy O V* is imparted to the fragment ions. Let &V be the energy
spread of the normal m," ions and assume that the energy spread of the metastable
ions can be represented by AV + OV*, Then

|(Am*/m*)| = | (DV + Dywy vk

We may then derive the relation
| (onmsrme) 1 Amy /my) | =|A<m*/m1) + (m*/mp) (Av*/Av>|

This predicts that the ratio (A}rn*/m*)/(‘;xnl/ml) should remain constant with in-
creasing accelerating voltage. We see in Table II that rather than remain constant,
the ratio changes by a factor of two over the range studied. We thus conclude that
the abnormal broadening in the metastable peak is not due to an extra increment of
energy DV* imparted to the fragment ions during dissociation., Since we find no
basis for an explanation based on incremental kinetic energy change, we conclude
that the breadth of the metastable peak results from the details of the focussing
action and its dependence on angular scatter, i.e., an instrumental effect.

In an earlier section it was shown that the metastable transitions studied
exhibited species of different lifetimes. It is of interest to ascertain, if pos-
sible, if shape of the metastable peak depends upon the species making the major
contribution to the metastable peak. When low repeller voltages are used so that
the residence time in the ion source is long (of the order of 1.5 microseconds), the
metastable peak is dominated by transitions of lifetimes of the order of 2 micro-
seconds., If the repeller voltage is high so that the residence time is of the order
of several tenths of a microsecond and if the short lifetime species predominate in
the ion source (as was seen for the three cases studied), the metastable peak is
dominated by transitions of lifetimes of the order of hundredths of microseconds.

I1f the metastable transitions of short lifetime gave ions of a different kinetic
energy spread, it would be expected that the shape of the metastable peak obtained
with high repellers would be significantly different from the shape obtained with
low repellers,
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Method of extrapolating the sides of the m* = 31.9 peak
to determine A m¥*,

INCREASING MASS —>

Comparison of the shape of metastable peaks, m* = 31.9, Fig. 10
obtained at different repeller voltages. A is for a peak

obtained at low repeller voltage. C is for a peak obtained

with high repeller voltage. B is the superposition of

curve A distended in the vertical direction to the same

height as curve C onto curve C.
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In order to get information on this, a metastable peak obtained with
low repeller voltage was graphically expanded to the same height as a peak obtained
with high repeller voltage. The results are shown in Fig. 10. Here, A represents
the m* = 31.9 peak as observed with a repeller voltage of 3 volts and C is the same
peak as observed with a repeller voltage of 120 volts. Curve B is that produced
by the one-dimensional expansion of Curve A traced on top of Curve C. Here, the
dashed portion at the bottom refers to lower portion from Curve C. On the whole,
the curves are identical except for the departure as seen in the base. It is
believed that this resulted from error in the expansion of the smaller portions of
Curve A, This latter step was made by measuring peak to the nearest 0.001" at points
separated by 1/64 inch and multiplying by a normalizing factor. Until this experi-
ment can be done with greater accuracy, we must conclude that the factors affecting
peak shape, such as kinetic energy, and angular spread, are the same for transitions
of short and long half lives.

Acknowledgment

Appreciation is due to Dr. J. C. Schug for various discussions on these
topics and to Messrs. J. P, Klems and H. T. Best for obtaining data and making
calculations.

114



THE CHEMISTRY OF UNIMOLECULAR ION DECOMPOSITIONS

F. W. McLafferty and R. S. Gohlke
Eastern Research Laboratory
The Dow Chemical Company

Framingham, Massachusetts

Many correlations of mass spectra have been made in the last few
years, and in most cases these have included some speculations on the mech-
anisms involved in formation of more abundant ions'’2, At this time, it
might be useful to attempt to set forth a more general picture of what is
occurring during the unimolecular decomposition of organic ions caused by
electron bombardment. The following picture is of necessity somewhat over-
simplified, but the reader is referred to an amplified version which is in
press~.

The title is meant to emphasize that these are types of chemical re-
actions. Despite the obvious differences between these and ordinary chem-
ical systems, we find that emphasis on the similarities gives a useful
framework for the understanding of the ion decomposition mechanisms. The
major differences of these two chemical systems appear to be: (1) the ef-
fects of the extra energy imparted by the bombarding electrons, and (2) the
effect of the removal of an electron on the stability of the positive ion
as compared to its corresponding neutral entity.

Because any intermolecular reactions are ruled out by the low pressure
in the ion source, there are relatively few modes of chemical reaction open
to the molecular ion which is initially formed by electron impact. The
most obvious of these is simple bond cleavage.

Simple Bond Cleavage. In

A-B-C-D¥ ———> A-B* + c-D

the B-C bond is cleaved to yield the ion A-B* plus neutral fragment C-D.
The tendency for such a reaction to take place in general appears to be
enhanced by )

(1) the lability of the particular bond

(2) the stability of the ionic and neutral products

The factors in physical-organic chemistry which are found to affect
ordinary chemical reactions appear applicable in general to these ionic
systems also. Thus, the polarizability of the bonding electrons adjacent
to an alkyl group increases in the order ethyl <isopropyl <tert-butyl,
which fits in well with the known increased cleavage tendency at chain
branchings in alkyl ions.

R§CH2CHa < R}CH(CHz)z < R}C(CHa)a

As will be seen later, the stability of the product ion can also be used
as a strong driving force for this increased cleavage. The strong influ-
ence of the inductive effect is seen in the C;H,* ion abundance in the
beta-haloethylbenzenes.

ICHz}CH2() < BrCHa}CH2() <C1CHz}cH2 )

The abundance of the C7H>+ ion is 87@, }T%, and 57% of the total ions for
the iodo, bromo, and chloro compounds, respectively. Apparently, the e-
lectronegative halogen atom pulls electrons out of the beta bond, thus
weakening it, as well as increasing the ionization potential of the methyl
halo radical.

Bond lability is also affected in an expected manner by resonance.
Thus, in a benzoyl compound the cleavage of the @-carbonyl bond is reduced
by an electron-supplying functional group in the para-position, and in-
creased by an electron-withdrawing compound in the same location.
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In fact, such effects can be correlated with the Hammett sigma constant?.

The electron removed in ionization may create a site of initial
localized charge which effects the subsequent cleavage of a neighboring
bond. Favored sites are atoms such as nitrogen, sulfur and oxygen, which
contain non-bonding electrons which are easily donated, i.e., have a low
ionization potential.

& — ®
R-CHz-0-R' ——> R{CH270-R' ——> R + CH2-0-R'

Electron transfer to neutralize this localized charge, as first proposed
by Cummings and Bleakney®, will explain the well known beta bond cleavage
in ethers, amines, sulfides, etc. Undoubtedly, the stable oxonium ion
thus formed is a major driving force in this cleavage (it contains a new
bond to compensate for the one cleaved) and could thus be viewed as the
cause rather than the result of the mechanism shown. However, this con-
cept of electron transfer to the site of initial localized charge has
proved useful as a convention for such mechanisms.

This concept can also be applied to ''even-electron" fragment ions
such as .

RZCHYCHD —> & 4 cHp-cHa

Here the radical ion structure of the fragment dictates a localized charge,
which can be neutralized by the transfer of a pair of electrons, resulting
in the new alkyl positive ion and neutral olefin molecule. Here again, the
stability of the products could be viewed as the cause as well as the re-
sult of this localized charge mechanism.

This mechanism can also be successfully applied to common unsaturated
functional groups, e.g., aldehyde, ketone, acid, ester, olefin, phosphate,
sulfonyl, etc. 1Initial ionization from the oxygen atom of a carbonyl group
or from the 7 -electrons of an unsaturated linkage can also cause transfer
of electrons from an adjacent bond

R' R!
e s KNP 5 w4 rece®
R - R -

@ @ '
CH2=CH‘-(CE§R ——> CHz=CHZCHz + R-

Product Stabilities. As outlined initially, the other major factor effect-
ing the bond cleavage tendency is the stability of the ionic and neutral
products produced. Here the significance of the electron removed in ioni-
zation should be reemphasized. This destroys the stability of the elec-
tron octet in producing the molecule ion, thus changing the stable '"even-
electron' molecule into an unstable "odd-electron'. 1In the same way, a

Hi0:H , Hi0tHO

neutral "odd-electron' radical is less stable than its "even-electron" ion
counterpart, as the latter does not contain the unpaired electron.
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The stability of the neutral product from the ion degradation is
analogous to the ordinary chemical case. For example, unsaturated
molecules are generally more stable than saturated, thus the formation of
such molecules as olefins, Hz0, HCN, CO, ROH, RCOOH, etc. can provide a
major driving force for a particular decomposition. Product ion stabili-
ties also parallel chemical experience. As predicted by the Huckel rule
for 4n + 2 T electrons, the tropylium® and cyclopropenium ions (n=1 and O,
respectively) are classic examples which provide strong driving forces,

s , CHz'-;'-CHuCl-b@

and the stability of the allyl ion is well known. Non-classical ions such
as the "protonated cyclopropane'"” and cyclic bromonium® structures have
been postulated to explain unusual fragment ion intensities.

#® 30

CHz —?—-CHz s <_>
Nl

The unusual chemical stability found for difluoro carbene, CFz:, as com-
pared to CHz:, can account for the surprising loss of CF> from the molecu-
lar ions of aromatic fluorocarbons®’®. _As mentioned above, a series of
oxonium (e.g., RCHz-OHéD, RCH=0H®, RCEOED, quaternary ammonium, and similar
ions containing hetero atoms are unusually abundant, corresponding to their
well known chemical stability.

The relative stabilities of the products will also determine which of
the two fragments resulting from the cleavage of the particular bond will
hold the positive charge. This is known as "Stevenson's rule".! For
example, in the prominent beta cleavage rearrangement of propionate esters,

RR'CH-CHz-O-CO-CzHéD-——%>RR'C=CH2 + HO-CO-CgHs(3 or RR'C=CH;D + HO-CO-CzHs

the propionic acid fragment has an ionization potential of 10.5 e.v. 1In
the mass spectra of the ethyl (R=R'=H), n-butyl, (R=CzHs,R'=H) and isobutyl
(R=R'=CH3) esters, the respective olefin ions increase markedly in abun-
dance through the series, in line with the respective ionization potentials
of C2H4, 10.5 e.v.; CHaCH2CH=CHz, 9.70 e.v.; and (CHs)2C=CHz, 9.3 e.v.
Similarly, beta-ghenethyl esters give CgHg' as the most abundant ion in
their spectral®’'? in line with the 8.9 e.v. ionization potential of sty-
rene.

Cyclic Compounds. Multiple cleavage of ring bonds is necessary to produce
fragment 1ons in cyclic compounds. Thus, the cleavage of the AD bond as
shown does not change the mass of the molecular ion, and further cleavage

A4-1® I

A
- — |, — ]
B—C B—4—C B D

such as a bond BC is necessary to produce a fragment ion.

Thus, major ions from the 2,2,5,5—ds-cyclopentanonel® might be ex-
plained by?
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\ >/ N\ CHz CHz
CHz-CHz CHz -

After the initial cleavage at the carbonyl group, loss of the stable ethyl-
ene molecule from the opposite end of the resulting open chain fragment ion
would yield the ahundant odd-electron oxonium ion. The fact that the cor-
responding CD2CHZY olefin ion is also abundant suggests that the accompa-
nying carbonyl neutral fragment has the stable cyclopropanone structure
instead of the diradical initially formed. The spectrum also exhibits
major even-electron ions formed through rearrangements.

Decomposition Through a Cyclic Transition State (Rearrangements). One of
the most fascinating aspects ol the chemistry of the unimolecular decom-
position of these energetic ions is the high tendency to produce rearranged
products, often through a specific and favored mechanism. In retrospect,
this is not so surprising if one considers a number of features of this
unique system of chemistry. Ordinary chemical reactions, e.g., substitu-
tion, usually involve the formation of a new bond at the same time a bond
is ruptured, thus lowering the energy requirements. For unimolecular ion
decompositions, rearrangement can similarly provide a mechanism for forma-
tion of a new bond to offset the bond cleaved.

" To make this new bond through the simple reaction of two active cen-
ters such as

®
A D- A---D--- A-D c
—_ -_—>

would not be generally feasible because of the marked change in the bonding
orbital required in A and C. Actually, because of the cyclic transition
state, there must be two bonds cleaved, and thus a compensating formation
of two new bonds. This can be achieved by

B-A p-®_
- 7

——-A----D-—-~C®——> + C@

involving a concerted shift of electrons. This can be rewritten as shifts
of pairs of electrons.

The most favored configurations of the cyclic transition state are
those in which a concerted shift of electron pairs is possible. These are
a four-membered ring, or a six-membered ring containing one double bond?*

A----D A D
=

B A; (o8 B A C
B U“ B \D

ot =
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The tendency for an ion to undergo a particular rearrangement decom-
position depends mainly on the relative probability of the transition state
and the relative stabilities of the products. Where there is a strong
tendency for one such rearrangement path is termed a ''specific'' rearrange-
ment, or if there are quite a number of probable paths of similar energy
requirements, the rearrangement is called "random''.1*

Typical '"'random" rearrangements are the formation of ions such as
CaHeDt,CalsDat, CoH4Dt, etc. in the spectrum of CDaCH2CH>CH3'® in competi-
tion with the expected major ions CzH7™, CaH4Dat, CzHst+, etc. All of the
bonds in such a hydrocarbon are similar in requiring a relative high a-
mount of energy for their decomposition, so that this randomizing process
can be viewed as a competing exchange of the hydrogen atoms in the excited
molecular ion, possibly through four-membered transition states?

The presence of a polar functional group in the molecule usually low-
ers the energy required to cleave one or more of its bonds, decreasing the
opportunity for such randomization. The hetero atoms of such functional
groups can also provide a site for localization of the initial charge on
molecular ion, which has been viewed as a driving force for such '"'specific"
rearrangements®®. Actually, there are a number of close analogs to such
rearrangements, espegially in high energy radiation, photochemical, and
thermal reactions.

The four-membered ring transition state appears to be a logical ex-
planation of a number of rearrangements, although one cannot generalize
in its application to similar types of compounds. Thus, the large CzHa,
ion in the spectrum of ethanol should appear to arise from the loss of a

H----OHGD
l[ = —>  HOH + CHa=CHD
CHz——CH2

molecule of water through such a transition state, a low energy process
with a high entropy of activation® However, it has been shown that the
mass spectra of deuterated n- -butanols*? do not show specific loss of a beta
hydrogen atom with the ejected H0 molecule. This still might involve a
four-membered ring intermediate with formation of a cyclic product ion®

>
R-CH-—j:ijz —_— HOH + R-CH-CHQ(3
(CHz2) (CHE)n

Quite a wide variety of rearrangements appear to go through a four-
membered ring transition state®, such as3

@
H NH@R' ..... N H=CH> @
—_— [j —> RCH<CHz + HaN=CHz
RCH— CHa RCH—Y—
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l_*{g —> HOCHs + Ne—¢ @
° \..”
CHsOOC/ \ / \\\\ ¢
H
B

Probably the most well-defined general type of rearrangment is that
of molecules containing unsaturated functional groups, involving a six-
membered ring transition state®*’18,

f}f e P
. —_— I+ N f\R

H=C

This class of rearrangement is prominent for carbonyl compounds
(ketones, aldehydes, esters, acids, amides, and carbonates), olefins,
vinyl and phenyl ethers, n-alkyl benzenes, phosghates, sulfites, etc.
The spectra of labelled compounds have shown!®’29’2l that almost all of
the migrating hydrogen comes from the gamma-position as shown. A wide
variety of rearrangements have been reported which evidently go through
such a six-membered ring transition state, such as

Hzc/é'\‘ox-@ cu®
—_ HOH  + o

9 c'c% g

which has its unsaturation situated dlfferently 1n the ring!®, or the
abundant CHo=CHCH20H' ion from 1,2-epoxypentane??2

Addltlonally there are examples of ion rearrangemens in which a
three-membered ring transition state seems to be involved?® The best
established case is the elimination of carbon monoxide from carbonyl com-
pounds, which has been described in detail by Beynon and co-workers

In recent studies of the mass spectra of complex fused ring compounds
the major cleavage paths seem to involve combinations of the principles
outlined above. A major ion of keto steroids described by Budziklewicz and
Djerassi

24 can be formulated as

CHz
®

OH

while Biemann and co-workers? postulate an interesting series of degrada-
tions for the formation of major ions in the spectrum of ibogaineZ2S.
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Although the mechanisms summarized hopefully show some progress
towards our understanding of the chemistry of such excited organic ions,
the mass spectra of many compounds still cannot be predicted in even a
qualitative fashion. Excellent recent research from a number of labora-
tories involving labelled compounds promises that progress in the field
should be much more rapid in the immediate future,' however.
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MASS SPECTRA OF ORGANIC COMPOUNDS
OBTAINED USING A RADIO FREQUENCY SPARK SOURCE

Michel DesJardins University of Cincinnati
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ABSTRACT

Mass spectra of organic compounds were obtained, using the
C.E.C. Fleld Evaluation Unit Double Focusing Mass Spectrograph,
equlpped with a radio frequency spark source.

Spectra were obtained for fused aromatic hydrocarbons, metal
phenyl compounds, amino aclds, and heterocycllcs. In addition
to showling a parent 1lon, the spectra show characteristic
fragmentation whilch permlts in many cases, elucidation of
molecular structure. Techniques are discussed and data are
presented for compounds such as coronene, anthracene, tetra-
phenylgermane, arginine, and thianthrene.

INTRODUCTION

The use of spark source mass spectrometry for organic materials has
little pfe edent 1n the sclentific literature. Indeed, it has been
reported 1) that organic solids have been found to break up completely
in the spark gap to yleld the mass spectrum of the individual elements
involved.

As reported previously by Baun and Fischer(z) of this laboratory,
with amino acids it is possible to obtaln fragmentation with masses
up to and above the molecular welght by using the spark source.

It will be shown that characteristic fragmentation can be obtained
with many organic compounds and in some cases the data are not unlike
those which are obtained with the conventional electron impact ion
source.

INSTRUMENT

The instrument used for thils work was the prototype of the C.E.C.
21-110, a double focusing Ilnstrument of the Mattauch-Herzog type.(3)

Figure 1 shows schematically the mass resolving system, which includes
the source reglon, the electrostatic sector, the magnetlic sector, and
the photo box. :

Flgure 2 shows the instrument with the spark source in place. The
electrode arrangement for the spark source 1s shown in Filgure 3. The
radio frequency spark source is supplied with 100-150 KV of rf voltage
to the sample electrodes. Repetition rates of 1 to 10,000 pulses per
second are avallable and the pulse length can be varied from 5 to 50
mlcroseconds.

TECHNIQUE

In working with organic materials, conventional spark methods for
nonconducting materials were tried. The most suitable was found to

be one in which the samples were packed into hollow aluminum electrodes.
These were then used as sparking electrodes. For thils reason alumlnum
lines of mass 13.5, 27, etc., appear in all the spectra.
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The spectra were recorded on Ilford Q-2 plates. Exposures were
measured in coulombs by the integrating beam monitor. The photographic
plates were then read on a microphotometer and values for per cent
transmission were obtalned. All the spectra shown have been plotted
using 100 minus % transmission as a function of the intensity of the
ion beams. In most spectra obtained, 1t was possible to observe one

or more lines whlch showed photographlc reversal due to very high
intensity ion beams. The value for the per cent transmlssion of these
lines has been reported as R.B.; i.e., reverse blackening.

DATA

In Figures 4 through 10, the data from the photographic plates have
been plotted in a concise form, in order to easily observe the
characteristlcs of all of the following spectra.

Coronene The spectrum of coronene as illustrated in Figure 4,
represents an almost 1deal case since 1t 1s one of the most stable of
the fused aromatic hydrocarbons. Hence a good vacuum can be easlly
maintained while spark ionization takes place. Several interesting
points are apparent in the spectrum of this compound.

1. A parent lon can be easlly recognized. Examination of the
photographic plate would reveal that the strong lines in the
high mass region are, in addition to being darker, greatly
broadened. This 1s true with most parent ions. Since only
transmission measurements were made, we are justified in showing
these lines heavier than others.

2. Masses corresponding to a doubly charged molecular ion group are
to be observed at m/e = 147.5 to 150.5.

3. It will be noted that thls spectrum bears many similarities to
the characteristic spectra of fused aromatic hydrocarbons as
obtalned by conventional electron-impact ionization. One such
similarity is the grouping of lines, the number of which corres-
ponds to the number of carbon atoms in the molecule.

4. Although a large portion of the ilons produced are in- the low mass
range, one can see that masses even greater than the molecular
weight occur. This is apparent also in the spectrum of anthracene,
Figure 5.

Anthracene In the spectrum of anthracene, Figure 5a, one
agaln observes the characteristic fragmentation that occurred with
coronene. However, with a 20-fold increase 1n exposure, as shown
in Flgure 5b, llnes are detected up to the mass of a dimer and above.
These lines also occur in groups and are due to rearrangement and
addition processes.

Mixture The spectrum of chrysene, Figure 6a, 1s another
example of a spark ionized fused aromatic. Again the same character-
istics are shown.

Triphenylsilane, the spectrum of which is shown in Figure 6b, is
Interesting in that several definite ilons can be identifled. For
example, at mass number 77 a group of lines is seen which corresponds
to a single phenyl group wlth varying numbers of protons. The line
at mass number 105 corresponds to a sillcon atom with a single phenyl
group. At mass 154 we observe a rearrangement whereby two phenyl
groups are assoclated. Mass 183 represents the parent molecule with
a phenyl group removed. The parent ion is observed at 260, but a
line at 259 representing the removal of the proton, probably from
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the silicon, is more intense. Also a doubly charged parent ion is
observed at mass 130. At mass 287 an additional lon corresponding
to the parent lon plus aluminum (from the electrodes) can be observed.

The mixture spectrum of these compounds in approximately 50/50
proportion by weight is shawn in Figure 6c. The characteristic
features of the individual spectra are retained in the mixture
spectrum. No attempt has yet been made to make a quantitative measure
of mixtures. .

Thianthrene The spectrum of thianthrene, a compound of a
somewhat different nature 1s shown in Figure 7. Ions of special
significance are, of course, the parent ion at mass number 216 and
the doubly charged parent group observed at 107.5 to 108.5. Mass
number 18Z is the diphenyl-monosulfur ion.

Removal of one C and one H from the parent ion gives a strong peak
at mass number 171. The peak 152 results from the rearrangement ion
formed by the removal of both sulfur atoms from the molecule. Again
the combination of aluminum with the organic molecule yields the ion
at mass number 243,

Triphenylphosphine The spectrum of triphenylphosphine,
illustrated in Figure B8a, shows similarities to that of triphenyl-
silane. A phosphorus-phenyl ion is observed at mass 107. At mass
number 154, once again the rearrangement ion of two associated phenyl
groups 1s observed. At mass number 183 an ion corresponding to the
molecular weight minus one phenyl group occurs. The last strong mass
observed is the parent peak. However, again by increasing the exposure,
many additions and rearrangements can be observed as shown in
Figure 8b.

Tetraphenylgermane Figure 9 illustrates the spectrum of
tetraphenylgermane, a relatively high molecular weight compound.
It is interesting because of the multiplicity of lines due to isotopes
of germanium. At the molecular weight no one strong peak is observed,
but three moderately intehse peaks., which are due to the more abundant
isotopes of germanium, can be seen. In the same fashion, the fragment
ion, triphenylgermanium, shows three strong lines at masses 301, 303
and 305 for each of these isotopes.

Again the biphenyl metal ions at masses 224, 226 and 228 are seen.
The monophenyl metal ions at masses 147, 149 and 151, and also the
metal isotopes at mass number 70, 72, 73, 74 and 76 can be observed.

Arginine One advantage of the spark lonization technique for
crganic compounds lies in the fact that compounds which cannot be
ionized by conventional means can be spark ionized. For example, in
the case of amino acids, structural information can frequently only
be obtained by analyzing derivatives 1if a conventional l1lon source is
used. Free amino acids, because of their zwitter ion character, have
very low vapor pressures and frequently g?compose if heated to the
temperatures required for vaporization.( By using spark ionization,
amino acids can be ionized as such. .

Figure 10 shows the mass spectrum of arginine, an amino acid which
gives some characteristic fragmentation by spark ionization. It has
been noticed consistently that a proton can add to the amlne group,
giving rise to a parent plus one lon, usually stronger than the parent
ion. This observation has bee? Tade using a conventional ion source
for such compounds as peptides 5) and esters of amino acids.?4) In
the arginine mass spectrum, two lines can be observed one and two mass
units greater than the molecular welght. Both are stronger than the
parent ion. These two lines can be explained by the presence of the
two amine groups to which a proton may add.
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Several characteristic lines in this spectrum may be observed. At
mass 160 the parent-plus-one mass minus fifteen (or minus the NH
group) occurs., The lines at masses 130 and 131 correspond to the
parent-plus-one and the parent-plus-two masses minus 45 (or minus
a carboxyl group).

SUMMARY

Certain difficulties are encountered in spark ionization of organic
compounds which are not met when using the conventional ion source.
The greatest of these is that Intensity measurements made from photo-
graphic plate blackening cannot, at this time, be considered as
accurate or reproducible from plate to plate as measurements made by
electrical means. The erratic nature of the spark precludes use of
non-integrating electrical measurements of intensity. Also the spark
mass spectrum is frequently much more difficult to interpret than

the conventional mass spectrum due to the large number of recombination
and rearrangement ions which occur.

Some of the advantages of spark ionization might now be considered.
Compounds of low vapor pressure, which are troublesome for conventional
ionization, can be easily lonized by the spark. The problem of

thermal degradation, sometimes encountered in electron-impact
ionization, can many times be avoided in spark ionization.

For example, the conventional mass spectra of phthalic acid and

phthalic anhydride are % entical due to the thermal conversion of
the acid to anhydride.( By spark ionization, different spectra
are obtained for these compounds, each being characteristic of the

starting material.

From this short presentation one can recognize that the application
of spark ionization mass spectrometry will have its place, along with
conventional mass spectrometry, among the tools available for molecu-
lar structure studies.
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APPLICATION OF TIME OF FLIGHT MASS SPECTROMETRY
AND GAS CHROMATOGRAPHY TO REACTION STUDIES

E. J. Levy, E. D. Miller and W, S, Beggs

The Atlantic Refining Company
Philadelphia, Pa.

Introduction:

The work to be described represents an &rplication of time of flight
mass spectrometry and gas chromatography to the study of the changes in procduct
distribution, as @ function of crecking cycle time(ls, during the cracking of
n-nonane over & silica elumina catalyst. OCrocking cycle time msy be defined
as the period that a cetolyst is exposed to "feed" before it is regenerated.
This paper will describe the experimentsl technicues ond some of the initiel
resulis.

In the usual mierocstolytic stvdies z hydrocerbor feed is cllowed
to paes over e ceételyst for & given period of time, e.ge. 15 minutes <nd then the
rroducts are collected and enalyzed ancé the % conversion for the 15 minute
perio¢ determined. The percent conversion determined in this way is azn integral
conversion and reyresents the totel conversion for the 15 minute period,

Ir the present investigation, the crocking period was directed into
short intervels of gpprovimetely 2€ seconds (corresponding to one slug of feed)
and then the conversion and product distribution for esch 28 second period wss
determined seporately.

Apparatus end Experimentel Irocedures:

The eguipment used in this investigetion is shown schemsticsily in
Fig, 1 &nd consists of:

1) a Fisher introduction veclve

2) a temperature controlled resctor contsining 5 grems of silica-
alumina catalyst

3) on indicsting sempling cystem including a two position six
ported aerogrzph volve, 2 sampling loop, end 2 Gow-Mzc thermal
conductivity cell

4) an F&M Model 500 ges chromatograph

5) & Bendex Model~l) Time of Flight mess spectrometer

In a typical run, a slug of 50 microliters (.05 ml) of r-nonane
is introduced with s Fisher ripet through a Fisher introduction valve into
a streem of prehested helium flowing at 30 ml/min. and is carried over a
catalyst bed maintained at 950°F. The n-norane is partially crzcked over the
silica clumina catalyst end pesses as 2 slug through the reference side of the
thermel conductivity cell, 'In one position of the Aerograph velve the slug goes
from the reference side of the thermal conductivity cell through the sample loop
arnd out through the detector side of the thermol conductivity cell. As cen he
seen from figure 2, with the valve in the position describec, ¢ positive end then
& negative deflection was obtained from a recording potentiometer corrected to
the thermzl conductivity cell. To transfer the product slug to the gos chroma-—
tograzphy unit the sbove secuence is repested except that whern the positive deflection
from the reference side of the thermsl conductivity cell returns to the base line
the Aerogrerh velve is switched and the semple is carried to the ges chromato-
graphic inlet line. As may be noted in figure 2, no negative deflection was
obtzined indicating that the product slug was completely trnnsferred to the gss
chromatogrephy unit,

The product slug wes then sepoarcted by gnas chromatogrephy into csome
35 peaks. The gas chrometograrhic colwnn used for this separstion was a8 1/4
inch 50 foot length of 20% silicone greszse in series with @ 4 foot section of
15% Carbowax 20M on 42-60 mesh Chromosorb-il, The column terperature wes main-
tained at 40°C. for the first 20 miwtes end then programmed ot the rate of
5,60°C,/minmute up to 200°C, It was then held¢ at 200°C. until 21l the gcs
chromatogrephic pesks emerged. The totel runping time for a chromstogram
was approximately 90 mirutes. Slugs 1,2,3,4,5,14,24,34 end 44 vere snalyzed
for esch series before regeneretion. Slug 45 woulc be euvuivslent to 8 slug 1
for ~ series using a catalyst after regcneration.
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Figures 3 and 4 sre photographs of the catslytic cracking rezctor,
the vacuum menifold connecting the 9 micron leak from the gas chromatograph
unit to the spectrometer,ond the Bendex Time of Flight Mass Spectrometer. The
vecuum menifold enables the line betwecen the leesk, figure 5, vhich is located
at the exit of the chrometogrsphic unit to be evacuated before the valve to the
spectrometer is opened. Once helium fills this lire, little or no cwriliery
pumping is required to meintain a pressure of 5 x 107® mm., in the spectrometer.

There are three modifications of the spectrometer that should be
mentioned becguse they aided in obtaining usesble mass spectrs under the concitions
of ropid veriation of sample size over severzsl orders of magnitude., The first
is e voltage selector switch which reproducibly chenged the potentiel spplied
to the ion multiplier. It consisted of a high voltage rotary selector switch
with neon bulbs conrected in series between the selector positions, 2By turning
the selector switch the gair of the ion multiplier con be chznged rapidly and
reproducibly to match the size of the sample being observed. The second mod-
ification is & totel ionization switch which aprlies a =150 volt potentisl to the
anelog controller gete, thereby collecting the secondary clectrons produced by
iors at sll messes present. This device is & very convenient method for
determining the time deley between the meximum of the resk on the ges chroma-
togrorhic thermel conductivity cell and the meximum intensity of the semple ir the
spectrometer. The ions produced by the helium carrier pes sre gated out by
setting the anslog scanner at Mass 4. The third modificstion is an electrical
connection between the scanner sand the controller so that the scen generetor
for the scanner will also drive the controller ond thereby recoré snother complete
nass spectrum separated by a smoll time interval as shown irn figure 6, The cusl
spectra permit detection of composition changes within s single gas chrometogrephic
reak and help ir meking an accurste detcrmination of the components conteincc within
a single gos chromatograrhic peak,

Anzlysis of Epectrs

The confidence that one can have in the reproducibility of the mass
spectre under various conditions are shown in Tables I, II, III. Hexene-l was
selected ¢s the test compound becoruse it appesred 1o show & grester verisbility
in pattern then the eguivelernt sstursted hydrocsrbon. In Table I, a pattern
study is shown for hexene-l introduced through & standerd molecular lesk inlet
system, The first column lists the masses of the mejor lons observed., The
second column contzine the mesn velues for the patterns besed on m/e 56=100%.

The third column lists the stendsrd devistions for the patterns. The next two
columns are the high and low ronge from the mean. The last column is the con—
fidence that one cen have that any other pattern obtcined will fell within the ranges
defineds In Table II, the psttern data for l-hexene introduced through the inlet
system while helium is entering the spectrometer through the 9 micron glass

leak from the gas chrometogrephic exit line, is treated in a similar fashion.

This condition is equivelent to the isolation of & gas chromstographic peak plus
carrier gas with a velve system &s described by Ebert(2). In Table III

hexene-1 was introduced through the ges chromatographic iezk end the cate tested

as before.

From this study it can be concluded thet the conditiors ip Tables I
and II produced mess spectrsl patterns with & renge of plus or minue 5-10%,
approximately 70% of the time., With the conditions shown in Table III, the
veriability in % pettern is conciderably greater so that the spectrz obtzined
have to be treated very ceutiously. The repeated spectrs &s shown in figure 6
helped considerably ir establishing confidence in the patterns.

Hesults and Discussion

A typical pes chrometogrom obtained for the crecked procucts of n-nonarne
is shown in figure 7. The identifications of the pezks in figure 7 &nd the pro-
duct distributions by weight % are shown in Table IV,

Yhen percent conversion wss plotted against slug number es shown in
figure 8 en initiel conversion of 32% was obtained irith the fresh silica elumina
(90 Atlzntic THL) catalyst and 23% with the steem dezctivated cetelyst (60
Atlantic D+L), The values dropped sharply after o few slugs £nd leveled off st
20% end 9% respectively.
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Table

Fettern Study of hexene=1 Through Inlet System

Hexene~]1 -~ Inlet System

(]

%M O HM ML 2T
4647 2,88 2.7 bel 75.3
30,9 1.37 1.0 2.0 69.2

100
6.8 0.87 1.1 1.0 77.6
65.4 1.95 1.6 2.7 T1.2
7845 1.78 1.5 22 .1
96,3 3,61 3.7 362 6545
48.7 1.65 24 1.3 741

5304 3405 2.9 2.9 65.8

Table 11

Pattern Study of Hexenew 1_Through Inlet System snd Helium

Hexene-l -~ 1Inlet System + Helium

Range

M O HeM ML % TA
L5 1,29 1.3 1.5 .8
31,6 2.38 2.9 2.8  77.0
100,0

65,1  4e4T 541 42 69.9
66.8  3.96 4eb 3.9 7.2
7804 1.55 1.0 2.3 67.4
97.1 3.98 4ol 3.6 6644
48,0  0.90 0.9 1.1 79.7

54,6 0.32 0.3 0.3 64.8

134



L*GL 0°¢T T°QT 22°¢T  €°19
VoL 6°6 £°g  00°8 8°87
2L £°6 6°¢T 40°0T 776
G*29 G°0T G°L 68°8 9°8L
2z YL L*8 72T 0T°6 1°%9
9°2L 6°2 L°E  86°C L°G9
00T

Gy 3°1 2°T ge°1 YLz
L*EL, Al g8°T 0¢£°T A

VL 5 T-H — TN/ " %

‘ne*n ysnoayy, = [=8USdXSH

35TUT OoTYd=2LI0F3U0IYY S39 UANOIY] [-9uUSXSH JO Aphis ULaT3ed

III °¥T9ElL

Le
6¢

7

£7
e

99

78
57T

135



e - Lﬂ
e ly B

: ‘.;

“u0 00 O-

ooc (@eoce

Photograzh of Time of Flirht lMess Spectrometer

136



Table IV

Identificetion of Gas Chromatographic Pezks snd Produet Distribution

Gas Chrom,
Penk # Identification Weight Fercent

1 Hydrogen )
2 methane ) 2.4
3 ethylene 0,920
4 ethane 0.895
5 propene 0.793

propylene 3.172
6 isobutane ) 0,633
7 l-butene

isobutylens ) 2.148
8 n-butsne 0,716
9 trans butene-2 0,964
10 cis butene-2 0.663
11 3 me butene~l 0.110
12 isopentane 1.060
124 pentene-1 0.220
13 n-pentane 1,069
14 pentene-2 04542
15 2 me butene—2 1,409
154 3 me pentene~l 0.031
16 2 me pentane )

cyclopentane ) 0.277

4 me pentene-2 )
17 3 me pentane 0,165
18 n-hexsne )

3 me pentere-2 trens ) 0,403

3 ethyl butene-1 )
19 3 me pentene~2 cis 0,128
20 me cyclopentane 0,081
21 2 me 1,3 pentadiene 0.041
22 benzene

n heptane ) 0.186
23 heptanes 0.077
24 toluene 0.288
25 unidentified Cg? 0.045
26 nonane 784395
264 xylene M+P 0.305
27 xylens O 0,110
28 me. et, benzene 0.801
29 tri, me. benzene 0.550
30 tri, me. benzene 0,178
304 Cy0 aromatics 0,083
31 Cyp aromatics 0.124

Product distributions by csrbon number for an initial slug of n-nonane
over a fresh and a stesm deactivated catalyst are shown in figure 9, Analysis
of succeeding slugs indicated that the product distribution by carbon number
remained approximately constent as a function of slug number or cracking cycle
time. As can be seen in figure 10 when the ratios of isoC, to nCj, sre plotted
against slug number there does not eppesr to be a significent chenge in ratio
with slug number. When the ratios of G, olefin to C, paraffin are plotted against
slug numbers (figure 11), there does sppear to be & significant increase in ratio
with increase in slug number.

Conclusions

The genersl techniques described here cen be applied to any reaction that
can becarried out in a flow system. VUher applied to the study of the product
distribution from the catalytic cracking of n-nonane over s silica slumina
catalyst as o function of cycle time it was found thsat the product distribution
by carbon number was relatively independent of cycle time, however, the hydro-
carbon typre within a carbon number changed ss & function of crecking cycle time,.
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USE OF CAPILLARY GAS CHROMATOGRAPHY -WITH
A TOF MASS SPECTROMETER

W. H. McFadden, Roy Teranishi, D. R. Black, and J. C. Day
Western Regional Research Laboratory, Albany 10, California

In recent years considerable attention has been given to the direct introduction into a
rapid scan mass spectrometer of eluents emerging from a gas chromatographic column
(1,2,3). This technique is of value when it is not possible or convenient to collect
the eluent and perform the analysis by means of a conventional inlet system. Such can
occur when the unknown chemical may be unstable and polymerize or oxidize before the
operator can perform the mass analysis. Frequently, the eluent contains.only a few
micrograms of material and subsequent transfer to the mass spectrometer may be difficult
or inconvenient. Often these small amounts of material are collected with very low
efficiency, primarily due to aerosol effects, and direct introduction becomes desirable.

Previous work has been done with packed chromatographic columns by diverting approxi-
mately 1% of the total eluent into the mass spectrometer. With capillary chromatograms
the total gas flow is normally about 1% of that used in packed column chromatographs so
it seemed logical to consider the possibility of introducing the total eluent into the
mass spectrometer. This simple extension of the existing technique is very desirable
when analyzing complicated mixtures which can only be satisfactorily fractionated with
a capillary chromatograph. Normally the capillary column can be expected to have 10 to
100 times the theoretical plates obtainable with a packed column and consequently will
give separations not achieved by the latter. This is particularly necessary when the
unresolved components have a similar mass spectral pattern such as occurs with meta and
para xylenes.

The apparatus used in this work is shown schematically in Figure 1. The chromstographic
equipment is operated in a conventional manner except that the exit pressure is reduced
to vacuum. To compensate for this, the gauge pressure at the inlet is reduced by 15 lbs.
and in this manner retention times are close to those observed with the same eguipment
operating under normal atmospheric outlet pressures. The auxillary vacuum is used for
preliminary evacuation of the chromatograph exit. Occaslonally it is used to reduce by
a factor of two to four the amount of eluent entering the mass spectrometer. In opera-
tion the micrometer valve is wide open.

The helium carrier gas from the chromatograph enters directly into the ionization cham-
ber of a Bendix Time-of-Flight Mass Spectrometer. The mass spectrometer vacuum system
maintains a pressure of about 10-5 Torr (estimated from an ion gauge calibrated for dry
air). The presence of an organic compound in the eluent is determined by-observing the
mass spectral output on the oscilloscope. When an unknown appears, the mass spectrum
is recorded on a Minneapolis-Honeywell Visacorder at a scan rate of m/e 24200 in 8
seconds. .

In this preliminary work a simultaneous chromatographic detector has not been used.
Consequently, without a chromatographic record, it is not possible to compare directly
chromatograms obtained under vacuum with those obtained under normal operating condi-
tions. However, reconstructed chromatograms have been obtained by plotting the intensity
of the base peak recorded on the mass spectrum versus retention time. Althougb this
does not give an exact measure of the amount of material, it enables the placement of
the observed compounds and hence gives a general estimation of the chromatographic
efficiency. Results have indicated this to be as good or better than that obtained by
a similar column operating with a conventional ionization detector at aetmospheric
pressure. This is in accordance with currently accepted views on column operating
efficiency (4).

In Figure 2, a typical chromatogram from a packed column is shown. The sample was a
small fraction separated from an orange juice condensate oil. The column was a 1" pre-
paratory column but the separation efficiency was essentially the same as can be
obtained on a 1/8" column. The substrate used for this separation was neopentylglycol-
succinate and is considered to be very favorable for compounds of the type present in
this unknown. The chromatogram shows the presence of six compounds which were identi-
fied primarily by matching the RF values of classically known compounds.

In Figure 3, a capillary chromatogram of the same sample is shown. In spite of the fact
that the Dow 710 silicone 0il used in the column gives poorer separation than the
neopentylglycolsuccinate used in the packed column, the mixture is now resolved to show
twelve compounds. Because the majority of these are CipoHj¢g terpenes it is essential
that they must be separated if any mass spectral identification is to be obtained. For
example, the mass spectra of O-thujene and G-pinene are sufficiently similar that 1-5%
impurity of ¢-thujene in (-pinene would go completely undetected. The pattern for
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camphene differs considerably in the intensity of the base peak at m/e 93 (22% of the
total ionization for a-pinene, 13% for camphene) but this difference is spread rather
evenly throughout the other peaks so that 2% camphene in O-pilnene might be interpreted as
a small error in the base peak intensity. Clearly separation of these types of compounds
is necessary. The two chromatographic peaks labeled CigHi6 in Figure 3 have not yet been
structurally identified but as impurities in the overwhelming myrcene fraction, their
presence was not even detectable.

Another example that emphasizes the need for the utmost separating power in the chromato-
graphic equipment is given by results obtained on a tiny sample of extract from peas.
After a laborious series of chemical and extractive separations performed on 5000 lbs. of
fresh peas, there was obtained, in addition to other fractions, about 3-4 microliters of
a residual oil. This mixture gave 22 clear chromatographic peaks on a packed column. On
a capillary column, 29 peaks were observed but this was not run with an optimum tempera-
ture program. With a lower temperature program the eluent from the capillary column was
introduced into the mass spectrometer and 39 separate compounds were observed.

The class identity of these 39 compounds is shown in Table 1. Eighteen alkyl benzenes
were observed. It is again emphasized that because many of these have similar mass
spectral patterns the identification of one in the presence of an isomer is difficult
even in relatively large amounts.

Table 1

COMPOUNDS OBSERVED IN EXTRACTANT
FROM BLANCHED FRESH PEAS

Number of
Compounds

of-
o
oF

Aliphatic Hydro-
carbons above Cy 12
(Also possibly ketones)

Others: Terpenes,
Indenes, Furans, etc. 9

Total 39

Although the presence of several aliphatic hydrocarbons was determined, the mass spectra
of the many isomers of CgHzp, CipHop, etc., are so similar that positive identification
of such small quantities is almost impossible. It is of value however to get an estimate
of how complex the mixture of this class of compound might be and again the combined
capillsry chromatography and mass spectrometry offers the most practical solution. Iden-
tification of some of the other compounds in this pea extract is still tentative and
awaits further study.
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As a final example of the advantages of this technlque, some of the data obtailned on an
apple julce extract are presented. Figure 4 is a synthetic chromatogram obtained by
plotting the intensity of the base peak versus the retention time. Several of the peaks
have been identiflied and, as would be expected, correspond to compounds established by
classical identification methods. In addition, a pentenal and hexenal were tentatively
identified. These compounds may have been missed in classical work because of the long,
tedlous extractive procedures in which such labile compounds were decomposed. In the
present work, silnce only a few microliters were required, a quick extraction was per-
formed on 1 liter of apple juice with a low-bolling solvent that was easily evaporated
off. The total time from beginning to flnal analysis was only a few hours and the
possibility of error due to decomposition or oxidation is considerably reduced.

Chromatographic peaks fifteen and sixteen have not yet been identified. A preliminary
study indicates that each of these may be two uncatalogued compounds, possibly aldehydes
or unsaturated esters or alcohols in the molecular weight range 1lhk to 128. If this
work had been performed with a packed column, these two peaks would most likely have
been one chromatographic peak and the hope of identifying four uncatalogued compounds of
moderate complexity from the mass spectrum of thelr mixture would seem very unlikely.
Indeed, it would not be easy to tell that four materials were present. Further work
will be required, but the extra separation efficiency offered by the caplllary column
has in this case again given information not easily obtained.

In conclusion 1t is appropriate to note that this technique is only an extension of work
ploneered and established by other workers (1,2,3). Because it makes possible separa-
tions and mass analysls not attained from previously described techniques, it is desir-
able to emphasize the simplicity with which capillary chromatography can be coupled to

a rapld scan mass spectrometer.

We wish to acknowledge the contributions and encouragement of many other members of the
Western Regional Laboratory staff, in particular, Dr. J. W. Ralls and Mr. R. M. Seifert
who permitted us to use their work on pea extractant as an example.
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Uses of a Total Ionization Monitor for
Time-of-Flight Mass Spectrometry

Roland S. Gohlke
The Dow Chemical Company
Eastern Research Laboratory
Framingham, Massachusetts

Our laboratory has had a mass spectrometer, a time-of-flight instru-
ment manufactured by Bendix, and has been modified to provide mass reso-
lution which is considerably superior to time-of-flight instruments previ-
ously available. The mass spectrometer itself will be fully described in
a paper to be given later in the week. One area we are going to investi-
gate with the mass spectrometer is the study of chemical reactions occur-
ing at near atmospheric pressure in a flowing system. For example, we
might wish to examine, in a continuous manner, changes in the product dis-
tribution from cracking ethylbenzene to styrene as the temperature or
pressure of the reaction were modified. To this end we have constructed
a highly versatile, miniature reactor which essentially fits into the ion
source of the mass spectrometer in such a manner that the reactor orifice
is within 1 1/2 cm's of the ionizing electron beam. That's enough about
the reactor - perhaps I'll describe it more fully at next year's meeting.

In preparing the mass spectrometer for its end use, it was desirable
to incorporate several modifications into the mass spectrometer. One of
these modifications appears to have a fairly wide area of application and
this is what we wish to describe.

We have incorporated an electronic device into the mass spectrometer
so that we have an option of two modes of operation. We can operate nor-
mally and obtain the usual 10,000 spectra per second from the instrument,
or, we can obtain 5,000 spectra per second and a measurement of the total
number of ions reaching the detector by switching in the circuitry shown
in Fig. 1. This device functions as follows: on the first mass spectrome-
ter cycle we are given the normal mass spectrum in the usual manner, to
use as we see fit. On the second mass spectrometer cycle, however, -150 V
is applied to one of the collectors in the multiplier within 0.5 micro-
seconds and stays there for the entire duration of that instrument cycle,
which is 100 microseconds. This has the effect of collecting the electrons
provided by all the ions as they strike the collector and hence is a meas-
ure, or at least an indication of the total number of ions that strike the
collector. On instrument cycles 1, 3, 5, 7, etc., we obtain the normal
mass spectrum which can be viewed with the oscilloscope or which can be
scanned in the usual manner. On cycles 2, 4, 6, 8,etc., we obtain a volt-
age which is a measure of the total ionization occuring. The total ioni-
zation measurement is monitored with the meter on the scanner chassis and
also with a recorder. We do not observe it on the oscilloscope.

A separate, simple power supply is used to power this alternal cycle
integrator, as we call it, and this is shown in Figure 2. The entire de-
vice was constructed by B-Line Electronics of Saxonville, Massachusetts
and cost us % 350.00.

We use it for a number of different tasks. We might use it to check
whether or not the trap current regulator is helping to stabilize the mass
spectrometer output as shown in Figure 3, and we would see that the total
ionization monitor tells us that the trap current regulator is helping to
alleviate a downward drift in total ionization which is occuring from some
unknown cause in the unregulated mode. The total ionization monitor also
provides a rapid method of adjusting the various mass spectrometer controls
such as the horizontal and vertical deflection to provide maximum output.
These adjustments can be made with a higher degree of sensitivity than is
possible to obtain by trying to visually observe slight peak height chan-
ges on the oscilloscope. Adjustment of the mass spectrometer's external
magnets is also facilitated with the total ionization monitor.

We use it while we are obtaining spectra for analytical purposes as
shown in Figure 4. Here we felt that the previous sample had been pumped
out at this point so we injected a new sample of 1 x4l of acetone into the
inlet system. When the total ionization monitor indicated that a reasonably

147



6038

—> +150 V.

Figure 1

" POWER SUPPLY _ SECTION

THORD.
2% R00 6.3 V.A.C.
110 V.A.C. -~ 0_1

+150V7.

TR-100

100/ 359

All Rectifiers
Selatrea CER-70

x
=

IL

Figure 2

148



steady state existed, we scanned the acetone spectrum shown in the lower
trace, while the monitor recorded an unusually rapid sample depletion.
When we decided that a sufficient mass range had been scanned and opened
the pump out valve, the total ionization monitor indicated a fairly slow
pump out. The entire action shown on this slide required about three
minutes.

Sometimes; not all goes well as shown in Figure 5. Here, in an ex-
tremely poor spectrum of an organo tin compound, the total ionization
monitor indicated a series of rapid pressure flucturations occuring at the
low mass end, followed by a general withdrawal of the mass spectrometer
from the field of battle as shown by this decline. 1In this manner, we
have a very nice indication as to how much reliance we should place upon
the spectrum. If we have to use a spectrum such as this, we can at least
use the total ionization trace as a crude normalization base to adjust all
the peak heights to constant pressure conditions.

Figure 6 shows another use. Here we wanted to know the identity of

a solvent which had been used to crystallize a certain material. We heat-
ed a single crystal until it melted, whereupon a small amount of vapor was
released. A glance at the oscilloscope revealed that this pressure surge
was due to CHzClz and this broader one was due to water. We could, of
course, have scanned the spectra with one of the unused pens, if the iden-
tity had been in doubt (Recorder being used in a Minneapolis-Honeywell
12-channel Visicorder).

Figure 7 illustrates how well the total ionization monitor might dem-
onstrate some unsuspected failure, such as a sudden leakage of the silicone
rubber system through which liquid samples are injected into our inlet
system. Unless the oscilloscope had been observed rather carefully, we
would really have had no reason to suspect that the higher mass ions had
been scanned under conditions quite different from the lower mass ions.

I should point out that one of the reasons the system failed so for-
tuitously is that it was being repeatedly pierced with a 20 ga hypodermic
needle throughout the course of the scan. The sample was then pumped out
as indicated.

We have also used the device to monitor the output from capillary gas
chromatography columns, in which case the total ionization monitor responds
to each component as it leaves the column. No other detector is necessary.

We have also used it in conjunction with our Knudsen Cell to indicate
the changes in ionization as the effusion of a particular specie proceeds.

All in all, the device has been most useful to us and I am sure that

additional applications or modifications of it have already suggested them-
selves to you.
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""ANALYSIS OF COPOLYMERS BY PYROLYSIS AND MASS SPECTROMETRY"

Graham G. Wanless

Esso Research & Engineering Company
Linden, New Jersey

The first slide(l), if you please, will show where this method
fits in the polymer family. This tabulation shows skeletal parts of the
Simha classification scale, which lists polymers according to the manner
in which they come apart, on pyrolysis.

Slide 1
Polymer Degradation Studies
Monomer
Polymer Yield (Wt.7%)
Ethylene or Methylene 0.025 Wt. %
m-Methyl Styrene 45.
Methyl Methacrylate >35.

Products which produce high yields of monomers can be dealt with
easily by assaying the off-gases. There are published methods for this,
for example, Strassburger, Brauer et al (1960). We are concerned prin-
cipally with the other end of the Simha scale--that is, with those polymers
which yield minor amounts of monomeric gases, decompose by random scission,
and yield predominantly lube-oil-like fragments.

The objective of this work was to develop a rapid mass
spectrometric method for analysis of copolymers--and the particular example
of this paper is the copolymer of l-pentene and 4 methyl l-pentene.

Our best procedure consists of depolymerizing a portion of a
milligram sample of a polymer in a device which 1s attached directly to
the heated inlet system of the mass spectrometer. This equipment {s
sketched in the next slide(2).

Slide 2

ARD HEATED INLET SYSTEM USED FOR POLYMER DEPOLYMERIZATION

=1 SAMPLE CUT-OFF
VALVE
EVAPORATOR =

(-]
JL 250°C
SAMPLE CHAMBER

10 ROUGH\SEPARATELY CON-
bUMP TROLLED HEATERS

FOR EVAPORATOR &
EVAP. LINE

479°C,
SAMPLE CUP (A) ;
GALLIUM VALVE— _L

Reprinted from Journal of Polymer Science 1962 with kind permission of the editors.
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More detail of the sample cup is shown in Slide 2A, please.
(Referring to the slide..... ) This flange on the temperature probe forms
a cover for the sample cup, after the latter has been raised up. Since
the thermocouple bead is now inside the sample cup, we can know the polymer
decomposition temperature rather exactly.

The mass spectrometer solids inlet system has two very special
advantages for this type of work:

(a) Rapid escape of the cracked fragments into the
cooler high-vacuum sample system of the instrument,
thus allowing minimum thermal abuse of these
fragments.

(b) The total ionization meter which permits us to con-
trol the quantity of cracked gases introduced into
the instrument--without having to weigh out a
sample.

It has been known already that the spectra which one can obtain
from such depolymerizates are quite specific. I should make reference to
an earlier paper in this committee by D. L. Cook in June 1959. An example
of these spectral regularities are shown in Slide 3. You will note how
these characteristics persist up to Ce0 at least, thus embracing a sequence
of 9 or 10 monomer units. The slide shows only the series CnH2pn.2, which
we prefer for this work.

Slide 24

ARD - HIGH RANGE MASS SPECTROMETER EVAPORATOR AND
SOLIDS INLET SYSTEM

SAMPLE BOTTLE | EVAPORATOR
OVEN 250°C ZP‘-{EQECMOCOUPLE

GALLIUM LEVEI——
—~GLASS SAMPLE CUP
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Slide 3

THREE DEPOLYMERIZATION METHODS YIELD COMPARABLE RESULTS

RELATIVE M.5. PEAK HEIGHTS

10608

§

T T T TTTTiT

8

T TTTTIT

8
T T

I T S S N S—

1

CARBON NUMBER IN SERIES CnHygn - 2

AN NI BRI Lty

Another objective of this slide 1s to show that essentially

the. same results can be obtained, with some variations in cracking

severity. Slide 3 shows results from three different cracking procedures--
two variations using the apparatus already described, and 8 third in an all

glass vacuum apparatus comparable to that of D. L. Cook(1959).

Some

latitude 1s present and this i{s very satisfactory from an analytical

standpoint.

The real problem 18 how to interpret such spectra.

for doing 8o 18 the scheme shown in the next slide(4), please.

Our basis

Thus, 1f the copolymer is made from two monomers A and B, one
would expect by simple theory to obtain the products and cross products
Now 1f the copolymer is rich in B and poor in A, one

shown in this alide.

would predict:

B>A

2B> 2A
1A2B> 2A1B, etc.

Slide &4
Monomers A B
Dimers 2A AB 2B
Trimers 3A 2A1B 1A2B 3B
Tetramers 4A 3A1B 2A2B 1A3B 4B
Pentamers 5A 4A1B 3A2B 2A3B 1A4B 5B
Hexamers 6A S5A1B 4A2B 3A3B 2A4B 1A5B 6B
Heptamers 7A 6A1B S5A2B 4A3B 3A4B 2A5B 1lA6B 7B
Octamers 8A 7AlB 6A2B OA3B 4A4B 3AS5B 2A6B 1A7B 8B
Nonamers 9A B8AIB 7A2B 6A3B O5A4B 4A5B 3A6B 2A7B 1A8B 9B
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This idea can be tested out by using a2 w8ss spectrum such as the one we
have just shown in & previous slide. Let B = Cg and A = C5. Then the
result of such a test is shown in the next slide(3).

You will note that the predictions hold perfectly up to hexamers.
After this some superimposed complications set in, but the data can still
be used for analytical purposes up to the nonawers.

Slide S
MASS SPECTRAL ABUNDANCE RATIOS FOR COPOLYMER SAMPLE A
(Series CnHyn-2, Isotope Corrected Data)
Fragment Predicted Ratios Predictions Confirmed or Not
(Fig.2)
Monomers Cs 7Cs Yes
Dimers Ci2>C10 Yes
Trimers C17>C16 Yes
Tetramers Ca3>Ca1 Yes
Pentamers C29>Cap Yes
. Cag >Ca7 Yes

He xamers C35>Ca31 Yes

C34 >C32 Yes
Heptamers C41 >C36 No

C40 >C37 No

C39 >C38 No but C4; »C3g etc.
Octamers C47>Ca1 No

Ca6 >C42 No

C45 >C43 Yes + No but C47 >C45, etc.
Nonamers Cs3 >C4¢ No

Cs2 >Cq7 No

Cs1 >C4g No

C50 >C4q9 No but C53 >051, ete.

The theory says that we can carry out a one-step depolymerization
and MS scanning operation, measure one or more pairs of peak ratiocs, and
read the copolymer composition from a correlation plot. Slide 6 shows such
a plot. This slide shows points for three unknown samples plotted about a
two-point calibratiom curve. If one assumes that a linear calibration curve
is a fact, then we have an absolute calibration. Rather than assuming this,
it {8 much more satisfactory to correlate with an {ndependent method. For

this purpose we use NMR data, on the basis of the g_e_x_r,_g_],;gﬂ). (Referring
to this slide.....) The copolymers will have the ratio of CH + CHy which
will vary between these two extremes. CHj



PEAK HEIGHT RATIO C;,/C;7 (SERIES CnHpn-2)

Slide 6

MASS SPECTROMETER CALIBRATION CURVE FOR COPOLYMERS
1-PENTENE AND 4-METHYL-1-PENTENE

2.5
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I
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I

(FOR ARD HIGH RANGE MASS SPECTROMETER)

1667-23

i

H
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NOTES:

ORDINATE VALUES FROM
C16/C17 PEAK RATIOS

ABSCISSA VALUES FROM
SIMULTANEOUS EQUATION
CALCULATIONS USING 3
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AVERAGING RESULTS
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Slide 7

NMR _ASSAY CAN REFLECT COPOLYMER COMPOSITION

Polymer Ratio CH + CH2
l-Pentene: - H CHj
|
CH, = C CHy - C -
| i
CHg CHy
! X 2.3
CHy CHy
] |
CHjg CHg n
4 Methyl-l-Pentene: -| H
|
CH, = C CHy, - C -
2 i 2 i 1.0
GHg CHg
] |
C-H C - H
SN RN
CHgz CHj CH3 CHg
L I

However, these Zeigler-type copolymers are insufficiently soluble
for conventional NMR analysis. The difficulty can be overcome by
depolymerizing the polymers in an apparatus shown in Slide 7A. This equip-
ment is comparable to that of D. L. Cook (1959). It gives products of about
the same molecular weight distribution as does the direct mass spectrometric
method.

Slide 7A
POLYMER DEPOLYMERIZATION APPARATUS
0
=~VACUUM
PUMP
BLOCK HEATER>
WOODS' METAL
BATH
WET ICE TRAP— LIQ NITROGEN TRAP
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o The final slide(8) confirms the agreement between the MS and NMR
methods.

Slide 8

CORRELATION OF M.S. AND N,M_R. DATA
(COPOLYMERS OF 1-PENTENE AND 4-METHYL 1-PENTENE)

1.30 — &N T T

1.20+
1.10
1.00}
0.90 |-
0.80

0.70 -

MASS SPECTRAL C# RATIOS (TABLE IV)

0.60 LI | 1
5 25 50 75 100

PERCENT MONOMER (NMR)
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Mass Spectrometric Study on the Evaporation of Volatile
Components in Commercial Polyethylene

Kisaku Nakagawa

Electrical Communication Laboratory
Nippon Telegraph and Telephone Public Corporation
Musashino-shi, Tokyo, Japan

1. Introduction

Mass spectrometric method has been utilized successfully in analyzing the degrada-
tion products of high pol{mers. Extensive works have bheen conducted and excellent re-
sults have been reported. lr213)

The recent advances in the field of high molecular weight mass analysis(u’B) has
caused us to study the possibilities of the direct application of the mass spectrometric
method to the analysis of the structures of macromolecules, especially for branching
structures.

One of the purposes of this paper is to verify the presence of the light components
which are vaporizable in a vacuum without being subjected to degradative reactions. The
other purpose is to offer the typical mass spectra of the volatile components in commer-
cial polyethylene, and to make comparisons with standard linear hydrocarbons.

2. Preliminary Experiments

2.1. Molecular Distillation of Polyethylene:

In order to confirm the existence of the light components which are volatile when
the polyethylene is heated in a vacuum, a commercial high density sample (Marlex, made by
Phillips Co. Nominal molecular weight: 70,000) was distilled as shown in Fig. 1. Dis-
tillastions were performed over & temperature range of 150-L00OC.

The molecular weight of the evaporation products condensed on the dry ice trap were
estimated cryoscopically, and were on the order of 500-1,500. The results are illus-
trated in Fig. 2.

The variation in molecular weight of the residual polymer which remained in the bot-
tom of the stills were estimated by means of limited viscosity measurements. The results
shown in Fig. 3 indicate an increase in the relative molecular weight up to 250°C. By
interporating the curve in Fig. 3, the temperature at which the polymer sample begins to
degrade can be estimated. Degradation reaction in Marlex appeared to predominate over the
eveporation at about 280°C.

Finally, both the residues and products were examined by infrared absorption. In
Fig. 4a and b, the relative optical density of the absorption due to vinyl, vinylene and
vinylidene radicals of the residues and products are illustrated, respectively. Since the
molecules of Marlex are believed to have a vinyl radical at each end, the spectrum shown
in Fig. 4b could be taken as evidence of the general similarity of both molecules in the
residue and product. Moreover, the opposite inclination in the relative optical density
of vinyl (referred to the methylene rocking) against the distillation temperature could
be regarded as evidence of the presence of evaporation stage prior to that of degradation.

Based on the results of this preliminary study, it would be reasonable to state the

following conclusions:

1) 1In commercial polyethylene, there are components having a low molecular weight and can
be vaporized at a certain temperature in a high vacuum.

2) The molecules in veporized components have & similar terminal structure as those of
molecules in the residue.

2.2. Determinstion of Ion Source Temperature:

The optimum condition of the mass spectrometer was determined by the following tests.
standard hydrocarbons (API), n-Hexadecane, l-Hexadecene and 1-Pentadecene, were introduced
into the spectrometer and analyzed. Both the ionic yield and the relative jon intensity
in the spectra were found to be quite sensitive to the ion source temperature. These
variations are shown in Fig. 5 and 6. The base peak was of CyHig for three standard
samples adopted and over the temperature range of L40-270°C. Most of the peaks belong to
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the CnHEn+l sequence (abbreviated as 2n+l, hereafter) displayed nearly similar variations
to each other. Their intensity increased as the temperature was elevated up to about
200°C and turned to decrease for higher temperatures. The anomalous peaks in the 2n+l
sequence are of Cjg, Cy; and Cj5. These behaviors are found to have their maxima at about
120°C and minima at about 2000C.

Two species of ions, 02H+ and C3Hg in the CnHEn—l sequence are observed to behave in
nearly the same manner as those in the 2n+l sequence. Whereas, the peaks having more than
4 carbons belonging to this sequence are found to exhibit the similar variation of the
anomalous peaks in 2n+l sequence.

The behavior of parent ions are unique to all others. Their decreases in intensity
ageinst the ion source temperature are observed to be almost linear up to 200°C. At
higher temperatures they reduce their intensity to the amounts which are comparable to
those of ions having 1l or more carbon atoms.

In view of the ionic yield and the stability agaminst the temperature fluctuation, the
ion source was kept constant at 200°C throughout the process.

3. Experiments on Polyethylene

3.1. Ion Source and the Instrument:

A conventional gas analysis ion source was modified slightly by winding a tungsten
wire around the gas inlet glass pipe to serve as a simple furnace. Tungsten wire was 0.1
mm in diameter and the heating zone was 40 mm in length.

Sample polymers (re-precipitated powder) were placed in small vessel made of glass
and placed in the furnace. Temperatures in the furnace were indicated by means of an
Alumel-Chromel thermocouple enclosed in a glass tube. The modified ion source is illus-
trated in Fig. 7. The ion Acceleration was reduced to 1,000 v (normally 2,000 v) to ex-
tend the analyzable mass range to the C;g group or a little higher. The operation con-
stants are listed in Table I.

Table I.

Operation Constants of Fhe Instrument
(Hitachi Model RMU-5)

Ion Acceleration Voltage 1,000 v
Resolving Power (appro.) 170
Analyzable Range below C38 group
Ionization Voltage 80 v
Ion Source Temperature 200°C

3.2. Operation:

When the instrument was evacuated to the order of lO_7 mm Hg, degassing was performed
by maintaining the sample temperature at about 90°C. This condition was attained by only
heating the ion source to 200°C.

It took about 15 minutes to scan from the C; to the C;g group. The repeated runs
represented no marked decrease in ion intensity. Memory effect was examined by stopping
the heating of the furnace before the elevation of temperature to a higher value. About
half an hour was found to be sufficient to reduce the ion intensities to the amount corre-
sponding to the initial temperature of 90°C. 1In conclusion, memories were observed to be
not essential in this case.

4. Results and Discussion

4.1. Mass Spectra:

In addition to Marlex, Hostalen GD was subjected to the analysis. Hostalen is a
polyethylene manufactured by the Ziegler-process. The nominal molecular weight is 70,000,
the same as Marlex 50-15.

For both polyethylene samples, many peaks were observed in groups for every carbon
number to the extend of our upper limit of mass range. An example of the spectra is shown
in Fig. 8.
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The characteristic features of these patterns are summarized as follows:

1) The peaks having the highest intensity is the ChH§ jon for both samples and over the
entire range of temperature. .

2) Peaks are distinctly divided into groups according to their number of carbon atoms.

3) Each group consists of CpH3nyi, CnHEn-l: CpHdy, CnH§n-2 and lower intensity ions. In
all groups except C6-C9, the CnH§n+lhave the largest and CnH+ -1 tge next to the
largest peak in their respective groups. In Cs-C9 groups, the CpHon_ 3 have the
largest peaks.

L) Total jonization of groups is expressed in the descending intensity Ci, C3, Cg5 and the
groups heving more carbon atoms.

The percentage intensities of CpHYn41 and cnﬂgn-l relative to the base peak are
illustrated in Fig. 9 and 10. The corresponding ions of the standard n'C16H3h and
1-Cy¢Hqp are superimposed thereon. The anomalous peaks, of Cyg and C33, were found to be
quite Sensitive to the ion source temperature.

In comparing the CnH£n+l patterns of standard normal paraffine with the corresponding
patterns of both polyethylene samples a close similarity was observed. On the contrary
the ChH 2n-1 patterns were observed to come close to those of OL-olefine.

L4.2. Reactions at Temperature below 350°C:

In Fig. 11, temperature dependence of typicel peaks of bolh samples were illustreted
in Arrhenius plot. As shown in the figure, the processes of ion production, namely the
production of vapor from the polymer sample, were found to consist of two stages: a grad-
ual increase in intensity in the lower temperature range, and a following steeper increase
at the higher temperatures. The former is named Process I, and the latter Process II.

Since, in this case, the peak height would be directly proportional to the rate of
yield of vapor products, activation energies can be calculated from the figure directly.

For Process II, the activation energies are found to be 24.7 kcal/mol and 34.0 kcal/
mol for Hostalen and Marlex, respectively. Two ionic species in each sample are regarded
to behave similarly to 8 ch other. These activation energies are much lower than t??ﬁe
presented by Jellinek,( who offered the values of 46-66 kcal/mol, and of Madorsky of
71 keal/mol. Both authors associated these values to the reaction of thermal degradation
in polyethylene.

Although the details of the reactions occurring in these temperature regions are not
obvious, it might be speculated that some degradative reactions are taking place. They
might be caused by some other reasons than the simple C-C ruptures. Moreover, the tenpera-
tures corresponding to the nicks of the curves in the figure are found to be about 290°C
and 210°C for Marlex and Hostalen, respectively. The former is in fair agreement to the
molecular distillation mentioned previously in Sec. 2.1.

For Process I, activation energies are found to be 6.7 and 5.8 kcal/mol for ChH;‘and
CuH? ions of Hostalen, and 7.6 and 6.5 kcal/mol for the corresponding ions of Marlex.
Taking the mean values of all other ions belonging to each sequence, the value for Process
I appeared to be 6.5 +1.2 kcal/mol. Taking into account the limited accuracy of the
measurements, the whole ions which appeared at temperatures lower than the nick could be
regarded to have been generated through a reaction. ’

In view of the low value in the activation energy, the rate determining step in this
region can be attributed to evaporation or diffusion of the vapor molecules.

Employing the spin-echo technique, McCall et 31(8) estimated the activation energy of
the self-diffusion of low pressure polyethylene to be 5.3 kcal/mol. The same authors ob-
served the levelling off in the activation energy at about Cpg-C3p in their experiment on
standard hydrocarbons, and they correlated this phenom?n? with the segmental motion of
molecular flow in polymers. On the other hand, Jensen 9) estimated the vapor pressure of
polyethylene (details were not given) by evacuating an oven containing the polymer through
an orifice. Jensen reported that the vapor pressure, P, for the temperature range of 30-
180°C, was expressible as log P = 7.4 - 4,500/T, which is the equivalent to an energy of
activation of 8.9 kcal/mol.

Although both values are slightly.different from the result obtained in this paper,
McCall's value 1s rather close to ours. Taking into account the difference in the pump
out speed between these two experimental conditions, it might be concluded that the reac-
tion taking place during Process I 1s the evaporation of the lighter components included
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originally in the polymer sample, and that the rate of the process is determined by the
diffusion of these components through the sample.

Therefore, those ions which are detected at temperatures corresponding to Process I

could be subjected to the mass analysis.

the ion source of a mass spectrometer.

5. Summary

Two samples of commercial polythylene were heated in the furnace prepared close by
From the results obtained by this experiment and

the preliminary works, the following conclusions are obtained:

1)

2)

3)

L)

5)
6)

NeoJRecEN o QN IV g VU Vi o
N A A NSNS N

Many ions were detected when the sample was heated up to about 150°C. These ions dis-
play a pattern which is characteristic to the chain hydrocarbons having carbon atoms
more, at least, than 18. Cryoscopic determination indicated that the molecular weight
of the Marlex product at that temperature to be about 500.

Arrhenius plot of the ion intensity indicates that the reactions taking place in the
sample polymer consist of two stages: Process I and II.

Activation energies of two samples corresponding to Process I are appeared to be equal
to each other, and to be 6.5 + 1.2 kcal/mol. This value might be correlated to the
diffusion process of the volatile components through the sample polymers.

Process II would be associated to some reaction of degradation. Activation energies
corresponding to this stage are appeared to be 34.0 and 24.7 kcal/mol for Marlex and
Hostalen, respectively.

Transition temperatures from Process I to II indicgte the point where the degradation
in the polymer sample begins to predominate over the evaporation.

Thus, the peaks detected at temperatures in Process I are those of the ions of vola-
tile components which evaporated out of polymer sample.
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A MASS SPECTROMETRIC STUDY OF PHOSGENE AND ITS INTERMEDIARIES

By: H. R. Harless
Research and Development Dept.
Union Carbide Chemicals Company
South Charleston, West Virginia

Phosgene (carbonyl chloride) is becoming more generally
important as a commercial chemical. Due to recent added interest
in this highly corrosive material it appeared imperative that
crude product mixtures and refined batches of phosgene be subjected
to extensive analytical rectification.

Phosgene is usually produced by the direct reaction of
carbon monoxide and chlorine. Chlorine can be purchased from
commercial suppliers in a relatively pure state. Carbon monoxide
is ordinarily made according to the reaction shown on slide 1.

2 Hy0 + COp + 3 CH, ———>> 4 CO + 8 H,
The carbon monoxide made from this reaction is combined

with an equal amount of chlorine at elevated temperatures as
illustrated in the lower equation of the first slide.

co + Ccl, cocl,

Analysis of phosgene had been accomplished, in the past,
by wet-chemical methods using various techniques, many of which
employed modified Orsat equipment. These procedures are lengthy
and costly, therefore various instrumental methods of analysis
were investigated. Infrared spectroscopy proved to be of value in
identifying functional groups of contained impurities but was not
amenable to the complete analysis of phosgene plus all impurities.
Gas chromatography of commercial phosgene was explored but this
method was also deficient due to the reactivity and corrosiveness
of the material. The literature is essentially devoid of informa-
tion about mass spectrometry and gas chromatography of phosgene.

At the Pittsburgh Conference on Analytical Chemistry and
Applied Spectroscopy in March of this year W. H. Gunn and R. A.
Murie, Diamond Alkali Research Center, Painesville, Ohio, noted
that the reactivity and corrosiveness of hydrochloric acid, phos-
gene, and chlorine gases precluded their separation and determina-
tion via gas chromatography. A search of the literature by Gunn
and Murie gave no inforwation on this separation. Therefore, the
development of columns for their separation was undertaken. A
number of columns were investigated; some gave partial resolution,
others resolved the component, but gave poor peaks. The substrate
materials investigated included fluorocarbons, fluoro-silicone
fluid, chlorowax, and other halogenated materials.

166



Also at the Pittsburgh meeting H. J. Hoenes, H. C.
Proehl and Z. Nagy, Pittsburgh Plate Glass Company, Chemical
Division, Barberton, Ohio, described a gas chromatographic method
for the analysis of oxygen, nitrogen, carbon monoxide, carbon
dioxide and chlorine in phosgene. Using a single chromatograph
with two columns mounted on a four-way Teflon valve, their
analysis was accomplished in about 30 minutes. With a four-meter
column of Fluorolube and a one-meter column of 13X molecular
sieve in series, oxygen, nitrogen, and carbon monoxide were eluted
in time to turn the four-way valve causing phosgene to by-pass the
molecular sieve column. A second sample, injected with the
molecular sieve column in the by-pass position, gave a combined
peak for oxygen, nitrogen, and carbon monoxide, but separated the
carbon dioxide, chlorine, and phosgene. They noted that sample
handling and peak height calibration were exceedingly delicate.

Since chemical methods are lengthy and expensive and
other instrumental methods were not completely satisfactory, mass
spectrometry was explored rigorously in this laboratory. Personal
communications with commercial suppliers of phosgene indicated
that they considered that it would be impossible to analyze this
material with a mass spectrometer. Our study was undertaken as
a last resort.

The most severe obstacles to a study of phosgene by
mass spectrometry are, 1. the corrosive nature of phosgene toward
the metals of the instrument, 2. the extreme dipole action upon
the interior surfaces of the mass spectrometer, resulting in
memory effects, and 3. the reaction of phosgene with residual
micro amounts of water inside the instrument to form carbon dioxide
and hydrogen chloride which is difficult to distinguish from that
contained in the original phosgene. Any water is immediately
consumed by the following reaction:

+ 2 HCl

0=C\ + HOH —mm ——> CO2

(As a sidelight I would like to suggest that if you wish
to remove all traces of moisture from your mass spectrometers,
merely inject a small sample of phosgene and pray for the life of
your filament).

After many attempts to reconcile anomalous results,
especially spurious concentrations of carbon dioxide and hydrogen
chloride, a conditioning method was developed, wherein a large
preliminary injection of phosgene was allowed to reach equilibrium
inside the mass spectrometer. It is believed that this pretreat-
ment will involve dipole dislodgement of prior residents,
positioning of dipoles upon the interior surfaces, and the reaction
of phosgene with residual water.

A period of five to seven minutes with 100 microns of
phosgene appears sufficient for equilibrium to be achieved by
this pre-treatment and subsequent evacuation of the mass spec-
trometer results in stable operating conditions. A rigorous ..
program has been pursued which indicates that satisfactory
analytical results, for product mixtures, can be attained.
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A typical analysis of cylinder-grade phosgene lists
eight components as follows:

Compound Mole Per Cent

Carbon Monoxide
Carbon Dioxide
Hydrogen Chloride
Carbon Tetrachloride
Carbonyl Sulfide
Acetone

Sulfur Dioxide
Phosgene

rPOOCOOOCOOPM
NERENPRPHEPDULO

\O

In addition to these constituents, varying and sporadic
amounts of nitrogen, chlorine, dichloroethane, and trichloropro-
pene have been observed from time to time.

Carbon tetrachloride was considered an incongruous
constituent until impurities present in the carbon monoxide from
the modified water-gas reaction were resolved. Excess methane,
one of the materials usually present in the carbon monoxide, is
sometimes carried with product carbon monoxide and is chlorinated,
primarily, to carbon tetrachloride. An extension of this reaction
also leads to infrequent traces of the C-2 and C-3 halogenated
hydrocarbons.

Mass spectrometry can be employed to resolve all of the
listed impurities in phosgene. The easily predicted ionization
modes of phosgene are seen in the monoisotopic mass spectrum
shown in the next slide.

PHOSGENE MASS SPECTRUM

(Monoisotopic)
M/E R.I. ToNt
12 0.3 C
16 0.1 0
28 2.3 co
31.5 0.2 metastable
35 24.9 cl
47 3.2 CcCl
63 100.0 CcoCcl
70 4.1 cly
82 0.6 ccly
98 3.8 cocly

Additional demands were placed upon our technique due
to the highly corrosive nature of chlorine which is detrimental
to metallic parts of the inlet system and ionization chamber of
a mass spectrometer. Free chlorine was eliminated by agitating
product mixtures from the CO + Cl, reaction with mercury to form
the non-volatile chlorides of mercury prior to injection of the
gaseous products into the instrument. Estimates of the amounts
of excess chlorine in certain mixtures were then made,
independently, by gravimetric methods.



CONCLUSION

Mass spectrometry is amenable to analysis of phosgene
in crude commercial product mixtures and in refined batches of
high-purity material. Impurities inherent to the stepwise
reactions leading to phosgene have been identified and resolved
by applying unique conditioning methods. Adaptation of these
methods to process control has been satisfactorily accomplished.
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MASS SPECTRGMETRIC STUDY OF POLYMERIC IONS, A.H. Turnbull,
Atomic Energy Research Establishment, Harwell, Berkshire,
England.

In the experiments described in this paper, gas was admitted to the mass
spectrometer through a molecular beam system. Hence gas molecules reaching
the ion chamber of the mass spectrometer had followed a collision-free path.
The general layout of the apparatus is shown in Fig. 1, while thé molecular
beam system is shown in greater detail in Fig. 2.

Gas from a reservoir at pressures up to 6 agm. entered the first stage
of the molecular beam system through a 0.6 x 1072 inch diameter orifice.

Some of the gas molecules then entered the second stage through a 0,05 inch
diameter orifice. Gas-scattering of molecules fram the beam was minimised by
keeping the distance between the first and second orifices as short as
possible. This was achieved, as shown in Fig. 2, by mounting the second
orifice on a cone. The first stage bolted directly on to the mouth of a

Y4 inch oil diffusion pump (speed 300 litres/sec.), 80 that a pressure of about
1 torr was maintained within this stage for a reservoir pressure of about

5 atm, The second stage bolted directly on to a 2 inch oil diffusion pump
(speed 70 litres/sec.) and was separated fram the third stage by a slit 0,400
inch x 0.04 inch. The third stage was in turn separated from the mass
spectrometer by a slit of the same size and was pumped by a 2 inch mercury
diffusion pump with a liquid nitrogen trap (speed 30 litres/sec.).

This in%et gystem and the associated mass spectrometer (6 inch radius
analyzer, 90~ deflection in magnetic field) were designed and constructed in
the Reactor Technology Branch of the U.K.A.E.A. Reactor Group, During
experiments carried out there, using carbon dioxide as the sample gas, poly-—
meric ions of the form (COp), were reported by Bentley!, who considered three
possible sources.

(a) They are formed in the mass spectrometer itself, either by ion-
molecule reaction or some other process. Experimental evidence seemed
to rule out this possibility.

(b) Polymeric molecules are formed during the expansion of the gas from

the reservoir into the molecular beam system. There was no evidence to

show whether or not this was the cause. Bentley considered it unlixely

on the grounds that an expansion involves, on average, the separation of

ggjacent molecules. Joule-Thomson cooling was calculated to be less than
C.

(¢) Polymeric molecules are always present in carbon dioxide. Bentley
considered that this was the most probable explanation "in the light of
existing evidence".

The mass spectrometer and molecular beam inlet system were transferred fram
the U.K.A.E.A. Reactor Technology Branch to A.E.R.E., Harwell where, in the
course of further work, the existence of these polymeric ions was confirmed.
Their source, however, is still doubtful. The results of two experiments did
not support the hypothesis that polymeric molecules are always present in
carbon dioxide.

Experiment 1. Two baffle plates, each carrying a 5/16 inch diameter off-asxis
hole, were mounted inside the cone which carried the entrance orifice of the
second stage of the molecular beam system, while the large end of the cone was
closed by a plate carrying a 0.25 inch x 0,042 inch slit aligned with the
entrance and exit slits of the third stage of the molecular beam system. Thus
those gas molecules which reached the ion source of the mass spectrometer must
have suffered several thousand wall collisions between entering and leaving
the second stage of the molecular beam system. The effect of the baffles was
to cause the camplete disappearance of the ions (CO5)y, from the mass spectrum
for n > 1. (The intensity of the CO, pesk was about 1/5 of the value prior
to the insertion of the baffles).

Experiment 2. The gas reservoir and the pipe leading from it to the entrance

orifice of the molecular beam system were filled with 1/8 inch diameter lead
shot, thus reducing the gas space to a large number of small volumes whose
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wall-to-wall dimension was about 1/40 that of the empty reservoir. There was
no resultant change in the relative intensities of the polymeric ions for a
given carbon dioxide pressure in the reservoir.

The results of Experiment 1 show that:
(a) The polymeric ions are not formed in the mass spectrometer,
(b) The polymers are destroyed by well collisions.

On its way from the gas reservoir to the inlet of the molecular beam
system, a molecule makes of the order of 10% wall collisions. Since polymers
are in fact observed in the system (and are not formed in the mass spectrometer),
they must if initially present in the reservoir, be reconsitituted by gas
collisions made on the way from the reservoir to the inlet of the molecular
beam system, (It was calculated that gas collisions would be about 105 times
as frequent as wall collisions), One therefore postulates an initiation pro=-
cess:=

m, ——*m1! (monomer)
m1! ¢ m — mzx (dimer)

L] ®
no + m, > m ete.
and a chain termination process as follows:=-
% wall
m, >
The equation governing the reaction may therefore be written:-
L] ¥ » ®
3m "ot = i [m  Mm ] - kp[mn Iy ) - kylm ™)
where kp and kd are rate constants.
At equilibrium, o[m ™]/ot = 0

t
m k [m]+k
whence a1 . —E_1——d

m * ko lmy ]

The rate of chain termination due to destruction at the wall is proportiocnal
to the rate of diffusion to the wall. According to the Einstein-Smoluchowski
equation :

_ 2
ky=a 2Dn/A
where a = constant;

A = average distance to wall;
Dn = diffusion coefficient for mnx
Now Dn is inversely proportional to mn! and B0 one can write
_ 2r w
ky = Kn/A [mn ]

where kn is & constant for a given value of n.

»
oo k

Then —2% = 1 + —5
m kPA [mn ][m1]

Thus a change in A should cause a change in [m:_1 ]/[mn!], which is at variance
with the results of Experiment 2.
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With the molecular beam system and reservoir in their initial condition,
several other gases were examined in the mass spectrometer, with the following
resulta.

He, Ozi No polymers seen,

+

N,0: Polymers seen up to about (1‘120)10

Ny A peak was seen at mass 56, i.e, (N2) , which was about 1/6 of, the
N2 peak. No other polymers were visible at least up to (N )6 . N2
from the same gas cylinder was examined in a mass spectrcune%er with
a conventionel gas inlet system. No peak at mass 56 was visible,

50,: Polymers were seen up to (SO2 ? at mass 448, Peaks were also present
at masses 80, 112, 144, 176,208 and 240, which correspond to (302)n

+ 0, Vhen examined in a conventional mass spectrameter, SO, from
the same gas cylinder showed only the usual cracking pattern, with
peaks at masses 32, 4B and 6L.

It is considered possible that these polymers and complex molecules are
created by a shock wave which forms in the molecular beam system, probably
between the first and second orifices. By isolating the supply of ges to the
reservoir and observing the rate of pressure drop in the latter as the gas
passed into the molecular beam system, the mass flow rate of gas through the
first orifice was determined, knowing the orifice area and the pressure on its
downstream side, the gas velocity was calculated and found to be supersonic,

Experiments are in hand to test the shock wave hypothesis,

1. P.G. Bentley, Nature, 190, 432 (1961).
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INVESTIGATIONS OF AZIDE DECOMPOSITION
REACTIONS BY ISOTOPIC TRACER TECHNIQUE

Donald P. Easter and Amos J. Coleman

Basic Research Group
U. S. Army Engineer Research and Development Laboratories
Fort Belvoir, Virginia

The thermal and photolytic decomposition of the metal azides has been the subject of much
study, particularly over the past ten years. However, no firm conclusions have been drawn re-
garding the reaction mechanism. The overall decomposition is usually represented by the equation:

MeN, - Me + 3/2N;

where Me represents any metal. Since this must obviously be a step process we must consider
the possible steps which can lead to this overall result. The formation of a neutral N, radical is
generally accepted as the key to interpretations of decomposition of ionic azides. 1,2 Unimolecular
breakdown of an azide radical to give a nitrogen molecule and an atom in their ground states re-
quires only 7.5 kcal/mole but is forbidden by the correlation rules. Dissociation into excited pro-
ducts is permitted, but requires an additional 62 kcal/mole.

Unfortunately, the simple conclusion that the reaction must therefore be bimolecular is not
borne out by kinetic studies. The evidence is not completely unequivocal, but a unimolecular
process seems to be favored.® Moreover, the products are not simply and invariably metal plus
nitrogen. Depending upon the reaction conditions and the particular azide under study, varying
amounts of nitrides and other products may be formed.

We have attacked this problem through the use of potassium azide labeled in a central or
terminal position with nitrogen-15.%’ ' ® (European and American usage differ with regard to the
placing of the superscript numbers indicating atomic weights in formulae. In an effort to avoid
any possible confusion in this regard, I have placed the superscript numbers directly over the
symbol of the element). Figure 1 shows the two N-15 labeled forms of potassium azide. Since
the compound is ionic, the two ends of the azide radical are indistinguishable. Below it are shown
the three possible nitrogen molecules involving the mass 14 and 15 isotopes.

Two decomposition schemes will be considered, represented overall by the equations shown in
Figure 2. Formation of potassium nitride indicated in the second equation may be considered to
arise from the reaction of potassium metal with nascent nitrogen from decomposing azide around
it, or by some stepwise process which does not involve the intermediate formation of free
potassium. An alternative series of reactions in the presence of water can yield ammonia in the
same overall stoichiometry without the intermediate formation of potassium nitride.

EXPERIMENTAL PART

The apparatus used in carrying out the decompositions is shown in Figure 3. The quartz re-
action bulb is seen at the left of the figure. The gas handling system in which volatile reaction
products-were pumped off and measured consists of a recording manometer, cold trap, small
diffusion pump, Toepler pump, gas burette, and McLeod gauge. A more detailed diagram of the
reaction cell and recording manometer is shown in Figure 4. The pressure change produced by
the decomposition reaction was followed by means of a single arm mercury manometer with a
resistance wire sealed into the arm holding the moving mercury column. Any change in the
mercury level resulted in a change in resistance which was measured and recorded by the circuit
shown in Figure 5. This set-up permitted unattended operation of the apparatus for extended
periods of time with continuous registration of the progress of the reaction. Figures 6, 7, and
8 show some typical time-pressure curves obtained in various modes of decomposition. In all
cases the reaction was continued to virtual completion; that is, until no further pressure change
was observed over an extended period of time. The gas was pumped over into the burette,
measured, and transferred to a sample bulb for mass spectrometric analysis and determination of
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isotopic distribution. Water was added to the solid residue remaining in the bulb, resulting in a
vigorous effervescent reaction. The solution was then cooled to liquid air temperature, and a
second gas sample was taken.

An alternative procedure, used in the photolysis experiments, was to expose a water solution
of the azide sample contained in a double walled quartz vessel to the light from a mercury lamp,
GE UA-3. Cooling water circulating through the jacket held the temperature below 15°C during
the reaction. After decomposition had apparently gone to completion, the solution was cooled to
liquid air temperature and volatile products were pumped off and measured as described above.

Measurement of the isotopic distribution of nitrogen gas was made by standard mass spectro-
metric techniques. However, in order to make a similar determination on ammonia, it is
essential to separate it quantitatively from water, since N-15 ammonia and H, O coincide on the
mass scale. This, unexpectedly, proved to be a formidable problem. There are a number of
well known procedures for producing dry ammonia gas which are not particularly difficult. But
the quantitative removal of a small concentration of ammonia in water solution to permit gas
analysis and isotope determination has so far defied all efforts. Chemical drying agents capable
under atmospheric pressure of reducing partial pressure of water in a gas stream to <0.001 mm
are ineffective, since the traps must be evacuated to secure quantitative passage of NH,. The gas
chromatograph, using packing of polyethylene glycol on fluoropack, gave apparent separation, in
that the detector trace indicated no overlap of the water and ammonia peaks, but mass spectro-
metric analysis of the trapped fractions showed that large amounts of water remained in the ammo-
nia, even after a double pass through the column. By proper control of flow rate and column
temperature, separation of the ammonia and water peaks on the detector trace could be extended
to any desired time. Fraction cutting could be accomplished with assurance of no sample over-
lapping. The unheated parts of the apparatus were flamed for outgassing. Carrier gas was kept
running continuously for weeks with liquid air trapping at the inlet and the whole system above
atmospheric pressure. Even with all possible precautions that occurred to us, water contamina-
tion of the ammonia samples could not be eliminated.

Since isotopic distribution of the product ammonia is an important datum, we are now working
on the chemical conversion of the ammonia to nitrogen to permit this determination.

Ammonia analyses to be reported here were made by titration following distillation from the
basic solution remaining after the experimental procedure described above.

RESULTS

Our initial experimentation was done with terminally labeled compounds, simply because this
was the material which was most readily available. The results, predictably, were inconclusive.
It was found that the fraction of azide decomposing by the metal plus nitrogen route, as indicated
by the amount of hydrogen liberated in the reaction with water, varied from a maximum of 11% in
the rapid thermolysis runs down to a fraction of 1%. Isotopic distribution of the nitrogen gas
obtained in decomposition reactions ?g terminally labeled potassium azide showed less than half
the theoretically expected amount of N .

Similar experiments made with centrally labeled potassium azide yielded only a fraction of
1% N,, whereas random recombination olf Pitrogen atomg should have been expected to give a
mixture consisting of 44. 4% N,, 44.4% NN, and 11.1% N, .

The results, in summary, are shown in Figure 9. The relative amounts of hydrogen and
ammonia in the products were taken to indicate the percentage decomposition of the azides by the
alternate routes. Isotopic distribution of nitrogen in each mode of decomposition for the two types
of N-15 labeled potassium azide is shown at the right.

The results are consistent with the hypothesis of a ynimolecular process. The formation of a
free azide radical at some stage of the reactions is neither conclusively supported nor precluded
by these findings. However, further studies” are in progress in these laboratories which it is
hoped will conclusively answer this question.
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AN ISOTOPE DILUTION-MASS SPECTROGRAPHIC-SEALED TUBE MICROANALYTICAL
METHOD FOR COMBINED OXYGEN DETERMINATION
R. N. Boos, A. Soha, N. R. Trenner

Merck Sharp & Dohme Research Laboratoriles
Division of Merck & Co., Inc,, Rehway, N. J.

i One of the most difficult problems in elemental analysis has been the direct
determination of oxygen. Elving and Ligett published & comprehensive review of the
literature in 1944 including 99 references(7), concluding that the methods then avail-
able were not wholly satisfactory.

Many papers concerning the direct determination of oxygen have been pub-
1ished during the past two decades 1,2,6,11,15,16,18,19,20,21 giving improvements on
or variations of the Schutze method(17), Zimmerman{2l) adapted Schiitze's procedure
to the micro scale and Unterzaucher(19) vastly improved upon 1t. The voluminous
literature is indicative of the difficulties encountered which included the elimina-
tion of aeir inclusion during the insertion of the sample into the tube, a study of
the correct temperature required for the conversion of COp to CO, the type of carbon
essentlal to this conversion, the type of furnace that could withstand the extremely
high temperature, the purification of the carrler gas, and the effects of the various
pyrolytic gases such as hydrogen, ammonia, hydrogen sulfide, carbon disulfide, and
carbonyl sulfide. Unterzaucher(éo) found, too, that compounds containing phosphorus
and fluorine not only produced high results but also had a harmful effect on the tube
packing so that subsequent determinations were unsatisfactory.

With these difficulties in mind, it was deemed advisable to study an entire-
ly different technique; one that required no carrier gas, nor an extremely high tem-
perature, nor any added carbon which might contain adsorbed gases from the air, and
yet would be specific for oxygen and thus unaffected by the pyrolyt%c gases evolved
An isotope dilution procedure similar to those developed for carbon 3) and nitrogen(12)
but involving 016 seemed to offer an answer to these objectives, especially since
this approach substitutes merely the attainment of total oxygen equilibration for the
quantitative handling requirements of absolute methods,

Grosse, Hindin and Kirshenbeum{8,9) introduced an isotope dilution method
for the direct determination of oxygen. They equilibrated a gnown weight of sample
with a known volume of oxygen containing a known amount of 019 1n excess of  th
natural abundance in a platinum tube at 600°-800°C. Grosse and Kirshenbaum
demonstrated an increased precision by using five to ten atom percent 019 enriched
gas. Kirshenbaum, Streng and Grosse(1l3) extended the method to include fluorine
compounds, and Kirshenbaum and Streng 14%) used the procedure for the determination of
oxygen in rubber, The Schitze-Unterzaucher procedure gave low oxygen values for com-
pounds which form difficultly combustible carbon residues, whereas the isotope dilu-
tion method gave acceptable results,

The elaeborate gas-handling system for accurately measuring and transferring
the enriched oxygen to the sample tube required by the above procedure could be elim-
inated by substitution of a crystalline, nonhygroscopic, 018_enriched orgenic com-
pound that could be readily prepared. It was found that 018-enriched succinic acid,
meetlng these requirements, could be prepared by simple exchange between succiniec
acid and 0lC-enriched water in a Carius tube at 145°C for 16 hours.

Preliminary experiments disclosed that, upon pyrolyzing an organic compound
in a sealed, evacuated quartz tube at 800°C, a favorable equilibrium was established
between COp and CO in the presence of the carbon resulting from the pyrolysis of the
organic material. Since nitrogen would undoubtedly be one of the pyrolytic products
of nitrogen-contalning compounds, it was necessary to measure, mass spectroscoplcally,
the ratio of the 46 to 4k peaks (COp) rather than the 30 to 28 peaks (CO).

Initislly temperatures ranging from 600°C to 900°C were used for the pyrol-

ysis of mixtures of tracer and sample, The variable mass 46 to b4 retios_gbserved
were attributed to the exchange of 018 with some ‘background’ source of 010 associated
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Table I.

Teble II.
o W -
Temp. C[16 Hrs. [ Wy rp
400 0.04
500 0.20 7.13 179
600 0.5k L. 65 776
700 0.90 2.28 771
800 1.40 1.95 .T70
800 a 0.035 Average LTTh
600 b 0.280
a - carbon coated tube.
b - outgassed at 900°C/16 hours.
Table ITI.
WT WS rg wo
1.355 1.595 .290 .035
1.575 1.545 .322 .024
1.505 1.550 .309 .0k0
1.430 1.500 .298 075
1.570 1.605 .310 Nol'te}
1.620 1.580 .318 .0k6
1.645 1.595 .319 Nl
1.505 1.545 .310 .038
1.075 1.015 .323 .033
FIG. T
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12mm O.D.—> J
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| J 2mm o.D.—-U-— 5o
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QUARTZ PYROLYSIS TUBE PREPARED FOR CHARGING.
CONSTRICTED AFTER CHARGING.

SEALED UNDER VACUUM.
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with the tube since they proved to be a function of the size of the tracer sample
used. The quantity of oxygen exchanged varied from 0.5 mg to 1.5 mg depending upon
the time and temperature of the pyrolysis. This prohibitively high blank was
decreased to 0,05 mg to 0.1 mg of oxygen by utilizing a carbon-coated quartz tube
prepered by the pyrolysis of acetone vapor at 1100°C., Unfortunately, however, the
heavy deposit of carbon resulting from the pyrolysis of some organic compounds gave
rise to & peeling away of the carbon coating from the wall of the tube resulting in
recurrent high background values.

Dahn, Moll and Menassa(5) reported that water resulted from heating oxygen-
containing compounds with o-phenylenediamine hydrochloride at 300°C, Boyer, Graves,
Suelter and Dempsey recently found that CO2 was cobtalned on heatlng water with

guanidine hydrochloride in a sealed tube in a "soft gas flame" L},

Since 1t had been observed that the amount of exchange of 018 with 016 was
a function of the temperature, Table I, it seemed apparent that by adding a mixture
of o-phenylenediamine hydrochloride and guanidine hydrochloride to the sample and
tracer and pyrolyzing at L00°C, the blank would be smaller, less significant, and
perhaps more reproducible. This proved to be the case and indeed the blank was
experimentally determined as ebout 43 micrograms of oxygen, & more acceptable value.

Theory - Derivation and Definitions

The mass spectrometer measures:

Ns6 _ | _ Relative numbers of 12016018 molecules (1)
EEK Relative numbers of C12016016 molecules
Now L67 2
Keq. - "[Lu]—e= (2)
. (4] (846
Egs. (1) & (2) combined: W8 . ¥t (3)
L
but N8 - N6 4 o8
Nl6 = I‘IJ+6 + 2Nm+
. 8
. . Eqg. (3) becomes: 3&_ = X ()
Nl6 2
NlB
By definiti b g le
y defin on ¢ 18 = W
N6 ' §B
which by eq. (4) becomes:
T
f18 =z + 2 (5)
Similarly £, =2 (6)
16" r+2

A study of the O]-8 content of the succinic acid tracer carried out using
varied specimen weights revealed that there was a significant 016 background (blank)
contributed by the quartz ampule. The magnitude of this background effect was
evaluated in the following maaner.
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HOOCCH,CHoCOOH

H OH
NaOOC-?—C—COONa-EHQO
OH H

D< NHOH. HC1

COOH
CHpNHCOOCHCHs
OCHoCOOH

NO5 ij NHCO U NO,

o]

CHpCHoO0H
O v
N\CHyCH0H

NOp

Table IV.

185

2 Oxygen
%

C F Error
20.2 20.7 2
25.0 24,4 3
23.2 22.3 ky
25,0 26.0 L
10.6 11.0 5
k.4 4.2 1
22.8 22.9 o.h
54,2 54,k 0.4
55.7  55.4 1
26.6 26.9 1
25,4 24,5 L
33.8  32.7 3
33.2  33.hk 1

(Continued on next page)



Let the symbols T refer to the succlnic acid tracer, S to the sample and
0 to the background, then the number of mole atoms of 01% is given by the following
sumations:

M8 _Wp nr (Fr_ )4+ Y5 ng (2 x 2073)

¥y Tp 4 2
\ \ J
Vo v
tracer sample (7)
+¥% (2 x 1073)
“ie 0
background
T S (=2—) + "8 1° (0.998) (8)
Mp T rT + 2 Mg S

+ Yo (0.998)
1%

W = Weight of tracer or sample in system.
M = Molecular weight of tracer or sample.

n = Number of O atoms per molecule of tracer or sample.

Tp = N46 for tracer only.

ey
W, = Weight of oxygen contributed by background.
2 x 10°3 and 0.998 are natursl sbundances of 08 ana 06
respectively.
The sought quantity is the weight fraction of oxygen in the
-]
16 ns
semple defined as: X, = (9)
Mg
From combination of Eqs. (7), (8) and (9) and let
rs = Nh6 for sample plus tracer pyrolysis:
Nib :
128 ¥ -3
—_ " (rq -1 + (0.998rq-4 x 1072 )W
X, - (s (s D)+ (0998 Mo
0. (10)

wg (4 x 103 -0.998 rg)

I

T 2
M =18 —_— 16 + 1.008 + 12.01
p =188, (rT+2)+ % (rT+2) oy e
for succinic acid ny, = 4; HH =6, n, =14

In this work rp = 0,774 & Wy = 0.043 then (10) reduces to:
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(continued)
% _Oxygen %
c F Error
SOaN(CH; )
21.9 23.0 L.5

S0,N(CHy ),
O SOpNHCH; 29.6  30.6 3
NYJ
23.0 23. 1
NEN/(( ’ >

o]

NO,

COv NO 9.8 10.3 5
N\ _#0
) 30.6  29.9 2
Nm/le/ HoO
0
HO OH
[ 55.2  56.8 3
0
FI6.IT
STANDARD 8
REFERENCE GAS GO,
==\
LEAK
SAMPLE TO MASS
AMPULE SPECTROMETER
EVACUATION
!
$%0 { $'%0

MANOMETER

Hg
DIFFUSION

PUMP
il

i TOEPLER
l 3/ PUMP
TO AMPULE 290mt
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>4~ HOKE ALL-METAL VALVE ¥413 To MElRCURY
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0.3834 Wy (rg-0.774) + (0.998 rg-4 x 10'3) Wo
Xo = (11)
Wg (4 x 2073 - 0.998 rg)

X, 0.383 Wp (0.774-rg)-0.043 rg (12)
WsTs
W = 0.383 Wp (rp - rg) (13)
Ts

for case where Xo =1&Wg=o0

Method
Apparatus - Fig. I shows the quartz pyrolysis tube and the platinum weighing tubes.
The latter were made by cutting lengths of 2 mm o.d. platinum tubing and sealing one
end by fusing the pletinum in an oxyhydrogen flame.
A pot furnace that can be maintained at LOG°C.

Consolidated-Nier, Model 21-201, Mass Spectrometer equipped with a modified
manifold system a&s shown 1n Fig, II.

A modified ampule breaker as shown in Fig. III.
Reagents -

Oxygen-18 enriched succinic acid: 1.6 grams of succinic acid and 1 ml of
65 atom percent 010 enriched water are sesled into an 11 mm o.d. heavy walled Carius
tube and heated overnight at 145°C, After cooling, the tube is opened and the
contents transferred to a 50 ml r.b. flask for lyophilization. When most of the
water has been removed, the succinic acid is further dried to constant weight in a
vacuum desiccator.

Guanidine hydrochloride.

o-Phenylenediamine hydrochloride.

Determination of rqp -

An approximate weight of between two and four milligrams of the tracer
compound are transferred to the platinum weilghing tube which is then inserted into
a quartz pyrolysis tube. After adding approximately 8 mg of & 1:1 mixture of o-
phenylenediamine hydrochloride and gusnidine hydrochloride, the quartz tube is
constricted in the oxyhydrogen flame as shown in Fig. I-B, evacuated to a few microns,
and then sealed off as shown in Fig. I-C to form the pyrolysis ampule.

The sealed ampule is inserted into the electrically heated pot furnace and
held at 400°C for 16 hours.

The ampule 1s put into the ampule breaker, the latter attached to the
manifold of the mass spectrometer, Fig. II, and the system evacuated for ten minutes.
The U tube is cooled in liquid nitrogen, the ampule broken and the non-condensible
gases pumped off. After replacing the liquid nitrogen with a dry ice-acetone bath,
the liberated CO» 1s transferred by the Toepler pump to the mass spectrometer for
measurements of the 46 and 44 peak heights when succeedingly set to fall on collector
#2. 1In order to determine the peak heights more accurstely, the read out devices
originally provided with the mass spectrometer were replaced by & multirange
Hewlett-Packard Model U12A vacuum tube voltmeter,

\
Let: r, = -&é.
Ty
Table II shows values found for rqp for various quantities of tracer.
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Oxygen Function

0
0/\)%0 s —(!-NH— » NOo

CH3CO
n
No, , -C-Ni,
H
0
Lo,
0 0
1l It
CHiC-, -C-NHy, NO,

0
0
£
_'N\
o)
1)
NO,, C-NH
~NH-CO-NH-
CHz0,  =NOH, ~CO0C,Hy
0\
<: :::: 2 CH
CH2

[o]
<i:::> E-CHQ-O-_, CH3-50,-0-
Ye=0 )
L
0?~o

; ;
I} t
@-C—CHQ-O- ; CH3-C-0-

N
H2P03-0- , =OH ,

,C=0

0

It
CH30, (CH3)3000-, Cl CgHy,~C-N=

Table V.

_1_7 Oxygen

Calc, Found

26.2 26.8
15.6 15.4
16.9 16.6
7.6 7.7
9.9 10.4
15.8 15.5
15.5

23.4 23.2
9.3 9.1
T w8 1.8
6.6 6.9
15.2 15.4
13.5 13.3
33.7 33.6
15.1 1,7
32.3 32.h
37.9 36.8
4.8 15.2
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Determination of rg -

Since the accuracy of an isotope dilution method is highest when the amount
of isotopically-labeled element approximately equals the unlebeled element content of
the sample, the quantity of sample and tracer is so teken that rg = 1/2 7.

An accurately weighed sample, Wg, of the compound in question is put into
one of the platinum weighing tubes end an accurately weighed quantity of tracer, Wy,
is put into a second one. The procedure is now exactly the same as that followed
for the determination of rt.

Determination of the Oxygen Background, W, -

Having determined rp for the tracer and rg for a known compound, Wg can be
calculated from equation (13). Table III represents the oxygen background effect
for various values of Wp, Wg, and rg when rp = 0.774 and succlnic acid containing
only 016 was used as a standard.

Discussion of Results

As shown in Tables IV and V a wide variety of oxygen-containing organic
compounds which included most of the common oxygen functions as well as the inclusion
of elements, such as fluorine, sulfur, and phosphorus were used to test the subject
method. It 1s worthy of note that fluorine, sulfur and phosphorus do not lnterfere.

Most of the compounds were prepared in our research laboratories and had
been submitted for elemental analyses. Each compound had acceptable analyses for all
of the elements present other than oxygen as well as having been characterized by a
variety of appropriately critical physicel measurements.

In Teble V the compounds are listed only by their oxygen functions since
they were compounds that might possibly have patent significance.

The only types of compounds thus far encountered which gave consistently
unacceptable results were the coumarans and hydroxy benzoic aclds yielding approxi-
mately 80 percent of the theoretical values.
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APPROACHES TO MASS-SPECTROMETER GAS ANALYSIS
USING PHOTOGRAPHIC-PLATE ION DETECTION

J. W, Guthrie
Sandia Corporation
Albuquerque, New Mexico

INTRODUCTION

The analytical technique to be described was developed while investigating the
possibility of using photographic-plate ion detection to measure semiquantitatively
the normal methane and complex methane in certain gas mixtures. Methane occurs as
an undesired impurity in sealed ion accelerating tubes where deuterium and tritium are
also present. The complex methane resulted from exchange reactions between ordinary
methane, protium, deuterium, and tritium. The samples of interest also contained
helium 3 from tritium decay and helium 4 from leak detecting and atmospheric gases.
The total pressure in the approximately 100-cc glass and metal sample containers
ranged from tenths of microns to several torr. Helium 4 was selected as the single
component for method development. N

A CEC Model 21-110 mass spectrometer equipped with a room-temperature,
glass-inlet system; an electron-bombardment type ion source; and a photographic-plate,
ion-detection system were used. Usable resolution to an M/AM = 5000 was available
with a primary slit width of 0.002 inch., Ilford Q2 plates 15 x 2 x 1/32 inches were
used.

Reasons for selecting photographic-plate ion detection were:

1. Sample size and the desire to cover a wide mass range (36:1 possible on one
exposure).

2. High-resolution requirements involved in the complex-methane spectrum.

3. To gain experience with photographic plates for future use in solids analysis.
(It has since been found that for solids-analysis work some of the problems
involving photographic-plate ion detection might be more easily solved using
the gas-source, photographic-plate combination. )

ANALYTICAL TECHNIQUE AND RESULTS

Figure 1 is a flow diagram of the mass-spectrometer, gas-handling system.
Helium 4 calibration spectra were produced on the plate by the following procedure:

1. A calibration bulb, with volumes equal to the sample container and the
special opening device, was attached to the inlet system at the same connec-
tion where the sample would subsequently be attached.

2. Helium was introduced to the manifold and calibration bulb. The helium
pressure in the system was measured with a CEC micromanometer. Helium
was then trapped by a stopcock (not shown in Figure 1) in the portion of the
calibration bulb equal to the sample-container volume. The helium in the
remainder of the system was then pumped out.

3. The manifold was isolated from the pumping system, and the trapped calibra-
tion gas was expanded to the stopcocks leading to the spectrometer ion source.
Three paths, each with different leak rates, were available. A path having a
leak rate of 0.2 cc/sec for air was usually used.
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4. The stopcock to the selected leak was opened, and after a 1-minute delay a
timed exposure was made. After the first exposure, 5 seconds were allowed
to position the plate for a second exposure of the same calibration sample.
The second exposure was usually twice the length of the first. Two different
exposure times provided some assurance that a usable line density would be
obtained; however, for some calibrations and samples only one exposuretime
was used. Fifteen exposures could be made on each plate. The voltage
selector for the electric sector was used to switch the beam off the photo-
graphic plate for exposure-time control.

This procedure was repeated with a range of pressures. The calibration bulb was
then removed and replaced with a sample container and its opening device. The sample
gas was expanded to the same volume and introduced to the ion source through the same
leak used for the calibration gas., The same delay and exposure times used for calibra-
tion were used for the sample.

A recording microphotometer was used to obtain data from the photographic plate
for line-density calculations. A calibration curve was made by plotting line density
versus the helium pressure trapped in the calibration volume before expansion and in-
troduction to the mass-spectrometer ion source. The partial pressure of helium in the
sample was then obtained from the plot by using the density of the sample line.

Two typical results are given. Figure 2 shows a plot for Sample A where 4He+
was the calibration line. Only one exposure per calibration pressure was used.
Figure 3 shows plots for Sample B, =He * was the calibration line, and two different
exposure times were used for each calibration pressure and the sample. For SampleB,
the line density was less than the desired level, and the sample helium pressure was
not bracketed during calibration. The results for these typical samples compared
favorably with results of similar samples analyzed by conventional mass-spectrometer
gas-analysis techniques.

Figure 4 shows data from a single exg_?riment to determine the argon content of
air for a simple check on the method. 40A™ was the calibration line, and two different
exposure times were used for each calibration pressure and the air sample. Since the
argon content in air was known to be about 0. 93 mole percent, the range of argon pres-
sures for calibration spectra was defined when the pressure of air to be introduced as
the sample was chosen. The standard inlet system was used for this experiment. The
mole fraction of argon in the air sample was calculated by reading the partial pressure
of argon in the air sample from the calibration curves and dividing by the total air
sample pressure measured with the micromanometer. Argon values of 0.98 and 1. 00
mole fraction percent were calculated from the data. Again the recorded density range
was somewhat lower than that of the desired straight-line portions of calibration curves.
Also, the less than 1 micron values used for calibrations were in a difficult range for
the micromanometer.

DISCUSSION

The technique described for helium 4 analysis depends somewhat upon previous
knowledge of quantities expected or upon having sufficient similar samples for test runs.
Preliminary tests are required to determine:

1, The most desirable spectrum line for calibration (whether it be a line pro-
duced by a singly or multiply charged ion or from a fragment or parent mol-
ecule ion in the case of methane).

2. [Exposure times.

3. Best leak rate and ionizing current to use so that exposures of less than 10
seconds may be avoided.

Several changes could probably be made to speed up the analysis and include more
data on each plate. These changes might include:

1. Narrowing the slit which defines the spectrum height so that more exposures
per plate could be made.
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2. Introducing calibration gas only one time and then plotting data relating line
density with quantity of gas through the leak.

3. XVhen the spectrum of interest is not crowded, such as in the 4He+ and the
He' ' regions, several rows of spectra could be recorded by a slight change
in the magnetic field after the first 15 exposures. This method has been used
in the helium experiment for some samples.

In any event, the method is not rapid; however, for the particular samples of
interest the method could be expanded to include helium 3, the hydrogen isotopes, and
related components such as HD, HT, and DT.

The method can also be applied to the normal-methane/complex-methane analysis,
but a major difficulty is lack of resolution. Singly charged parent molecules and singly
charged fragments produced in the mass-spectrometer ion source may produce 70 lines
in the spectrum between m/e 12 and 25. Background components also add to the spec-
trum in the region of interest. A resolution of M/ AM > 100, 000 is required to resolve
all the normal- and complex-methane species. With a resolution of 5000 and assuming
little contributions from fragments containing ~“C or parents and fragments containing
1 C, then 13 of the 15 1 C-containing, parent-molecule ions may be assigned for first
approximations. However, concentration of the various species can greatly alter this
approach. Calibration plots would be made from CHy * lines. In the sample spectra ob-
served to date, as many as 37 lines have been recorded between m/e 12 and 25.
Twenty-nine of these lines have been assigned to the normal-methane and complex-
methane spectra.

Our work on this project is incomplete and is likely to remain so for an indefinite
time since solids analysis is presently of greater importance.

196



UPPER ATMOSPHERIC ION COMPOSITION MEASUREMENTS
WITH MAGNETIC MASS SPECTROMETER

John H. Hoffman, Charles Y. Johnson, and Julian C. Holmes
U. S. Naval Research Laboratory
Washington 25, D. C.

ABSTRACT

Measurements to date have shown that the most abundant ion in the
F region of the ionosphere is 0+. Theory predicts that the 0+ region yields
to an He+ region and finally to an H+ region with increasing altitude. In
order to provide direct experimental identification of these ions, and
possibly of other minor constituents, and to demonstrate the relative
importance of each as a function of altitude and solar activity, a magnetic
- mass spectrometer having a 60° sector field and 1-1/2-inch radius has been
developed. This instrument, suitable for rocket or satellite experiments,
has a resolving power of about twenty and is capable of measuring the energy
distribution of ions from O to 2 kev/amu. Because the mass spectrometer
has a sensitivity of the order of tens of ions per cc, depending on instrument
orientation in the rocket and rocket velocity, it could be used to measure

the ion composition of interplanetary space.
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OXYGEN QUTGASSING CAUSED BY ELECTRON
BOMBARDMENT OF GLASS

Jack L. Lineweaver
Corning Glass Works
Corning, New York

Abstract

A flow system has been used to study the oxygen evolved,
as a result of electron bombardment, from twelve commercial glasses.
A small cathode ray tube, with the aluminum coated glass samples
located near the face plate, is sealed directly to the source of
a mass spectrometer, The samples are bombarded with a 3 x 3/4 inch
television type raster using 150 microamperes of 20 kev electrons.
It has been found that the outgassing, from all but two of the

glasses, fits the empirical equation Q=Qco (].-e-t/K

). In this
equation, Q is the sum of the oxygen released during the bombardment
time, t, and that evolved during a subsequent thermal outgas. A

mechanism for electron bombardment induced oxygen release is proposed.
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MASS SPECTROMETRIC INVESTIGATION OF GAS EVOLUTION FROM METALS
John Roboz and Robert A. Wallace

Genersl Telephone & Electronics Laboratoriles, Inc.
Bayslde, N. Y.

The objectlive of thls work was two fold: first, to extend analyticel methods Into
the fractional ppm range; and second, to lnvestigate the mechanism of the gas evolution
from metals. The particular metal selected was nickel; the technlques developed, how-
ever, may easlly be adapted to simllar studies of other metals, or even non-metals.

The three major parts of the apparatus are: The extraction system, the gas trans-
fer system, and the analytical system, which is a 21-620, cycloidel focusing mass
spectrometer (Fig. 1).

Both fusion and hot extraction furnaces were used, and no significant changes
were made on the more or less conventional designs, described in the literature (1).
One minor modification is the simple elevator design in the hot extraction tube, shown
in Fig. 2. It consists of a quartz platform, which can be moved up and down, making
it possible to remove and re-introduce samples at any time.

In quantitative analyticel work the mejor limitation of the vacuum fusion method
1s believed to be the blank; thus our first objectlve was to reduce its velue. The
total blank, obviously, represents the sum of the blanks of the various parts of the
instrument. Since conventional furnaces were used, no reduction in the blank wes
expected from this part of the apparatus. Replacement of the chemical train by the
mass spectrometer resulted in practically complete elimination of the blank contrib-
uted by the analytical system, Also, a very significant decrease in the blank was
achieved through the deslign of the transfer system, Figure 3 shows & schematic draw-
ing of the transfer system. A detailed description will be published elsewhere; only
the more signiflicant features will be discussed here. First, both stop-cocks and
mercury cut-offs were completely ellminated by using stainless steel bellows seal
valves. Second, the total pressure of the gases of interest in the system was kept at
a level of 2-3 x 10~7 Torr by means of the pumplng system.

The most important compoment, Dy, is & 3-stage mercury diffusion pump, which
serves to remove the gases from the extraction system. Fast removel of all the evolved
gases from the hot zone is one of the most significant factors in vacuum fuslon and
extraction analysls. The pumping speed of Dl is 80 liters/sec, and its ultimate vacuum
is 5 x 10°° Torr. The fore-line of the transfer pump connects directly to the fine
side of a second diffusion pump, D2, providing a straight path to transfer the removed
gases into a storage place or directly into the mass spectrometer. The purpose of
this second pump is to increase the accuracy of measuring the volume of the evolved
gases, The pump was designed by Naughton and Uhlig (2) to have a constant volume fore-
line., This was achleved by seallng an additional water-cooled tube Into the condenser,
so that mercury atoms with long mean free paths are condensed at a definite point., A
third pump, Dy, wnich 1s a standerd pump, serves for evacuetion and initial outgassing
and for removal of residual sample gases.

In order to establish the accuracy of the gas transfer system, two different sets
of experiments were performed. In Table 1 date for determining reproducibility are
shown with a calibrated helium leak. From these data it may be concluded that the
reproducibility of the gas transfer system is essentially limited by the signal-to-
noise ratio of the detector system resulting in an accuracy within & to 6%.

In a second set of experiments, gas mixtures of similar quantity and composition
to that expected from the nilckel samples were prepared and transferred through the
system. Results of a typlcal experiment are summerized in Table 2. The gas mixture
was prepared right in the metal inlet system, and e known portion was taken out and re-
introduced as an unknown sample. It can be seen that the transfer may be considered
quantitative within about 5 to 6%, always negative. This 1s in agreement with results
obtained using the hellum leak. There was no change in composition and this was, in
fact, the major significance of this test.

As mentioned previously, the principal objective was to obtain low blank values.
In conventional vacuum~fusion instruments, according to an AST™M specification (3), a
blank of about 0.2 micron-liter/min is necessary for quantitative determinations using
standard operational procedure. Anyone with practical experlence well knows how diffi-
cult it is to meet this requirement; in fact, the maintenance of low blanks 1s gen-
erally considered to be the major experimental problem in vacuum fusion analysis. With
our equipment, it was possible to obtain blank values 5 to 20 times less than those
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reported in the literature both for fusion and extraction experiments.

The high vacuum, low blank, ges transfer system, combined with the mass spectrome-
ter could, in principle, be utllized to extend analytical methods into the fractional
ppm range. In Table 3 calculated detectibility limits are shown, corresponding to a
reading of 3 divisions on the recorder.

As far as vacuum fuslon techniques are concerned, the experimentel results indi-
cated, that in splte of the low blanks, and in spite of the use of the mass spectrome-
ter, i1t was not possible to obtaln better results than those using conventional methods.
This indicates that the significence of the blank ss a limiting factor is somewhat
overestimated and directs attention to the problem of film formation during fusion
analysis. Beach and Guldner (h) made an extensive study of the effect of evaporated
films on the recovery of gases evolved from metals, Nickel exhibited the worst behav-
ior, the limit of analysis being about 1-3 ppm. This is in agreement with our experi-
ments. Our final conclusion is that mass spectrometric technique could be utilized to
extend the vacuum fusion method into the fractional ppm range only if major modifi-
cations were also made on the furnace system, in order to eliminate or reduce film
formation. This aspect of the problem was not pursued any further by us.

In the vacuum extraction type of analysis, the carbon film is totally absent, and
the extraction is usually performed at temperatures at which the vapor pressure of the
metals is relatively small. Therefore, the low blanks and the sensitivity of the mass
spectrometer could be fully utilized. We were able to analyze very smell gas quanti-
tles, orlginating either as impurities of very low concentration, such as in cathode
studies where available samples are small, i.,e., milligram size.

In Table 4 data are presented on the reproducibility of the determination of hy-
drogen in powder rolled nickel. Since the reproducibility of the transfer system has
been determined previously (Table 1 and Table 2), the differences in the analyses made
under identical conditions should provide information on the reproducibllity of the
outgassing. The analyses were made in a quartz tube, at 1200° C for 10 min., From
these and similar experiments, we may conclude that our deta are reproducible within
a factor of about two in the fractional ppm region, The limiting factor 1s sample
inhomogeneity.

In order to obtaln information on the mechanism of the gas evolution, both static
and dynamic type measurements were used. In the dynamic studies the mass spectrometer
was continuously following the gas evolution.

In regard to the evolution of carbon monoxide, 1t is generally believed that it
is a result of the reactlon between the carbon and oxygen content, present as carbides
and oxides; there 18 no carbon monoxide present as such (5). We have contributed sup-
port to this theory by showing that the total oxygen content may be recovered as car-
bon monoxide using only hot extraction techniques, provided there is a stochiometric
excess of carbon present in the nickel. This is usually the case in commercial nickel
samples. Thus, in order to determine the total oxygen content, it is not necessary to
fuse in graphite crucibles. If, however, the carbon content of the samples is insuf-
ficient to convert all the oxygen into cerbon monoxide, the gquantity of gas evolved is
limited by the carbon content.

Experimental data are presented in Table 5 for the evolution of hydrogen from
nickel at various temperatures. ' It can be clearly seen that while the total hydrogen
obtainable was essentially the same in all the experiments, only a fraction of the
total could be recovered at a given temperature, below 1200° C. A step-wise increase
of temperature resulted in renewed gas evolution. These experimental date may be ex-
amined in view of the two mein theories of the mechanism of the hydrogen contalnment
in metals.

The process of the gas evolution from the metal into vacuum is dependent on the
internal equilibrium pressure and the freedom of diffusion. The former is a function
of the temperature, the quantity of the occluded gas and its mode of contalnment. The
latter is characterized by the temperature and the activation emergy. 1In & solution of
the classical van't Hoff type, en interstitlal solution, the equilibrium pressure of the
solution must decrease with increasing solubllity, as the temperature is ralsed, assum-
ing a given concentration. This is a general characteristic of all endothermic oc-
cluders. Thus, the gas evolution should continue until all the gas is extracted into
the external vacuum, and the rate of evolution should contilnuously decrease, in pro-
portion to the decreasing concentration. This was obviously not the caese in the present
experiments.

Ssmith (6), on the other hand, has questioned the presence of any solid solution in
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the case of endothermic occluders, and has assumed that the absorbed hydrogen resides
in lattice defects, so-called rifts or pockets. The opening and closing of these
rifts, resulting from both mechanical and heat treatmenis, completely control the
presence and distribution of the hydrogen. Our present experimental data appears to
favor the rift-occlusion theory rather than the classical-type lattice solution, since
complete outgassing could not be achleved at any given temperature, and an increase in
temperature resulted in renewed hydrogen evolutlon. In addition, if samples were re-
moved by means of the elevator, after extraction had been completed at a glven temper-
ature, and later Introduced at the same temperature, additional hydrogen was released.
Although the quantities involved were very small, hardly exceeding the limits of de-
tectibility, the trend 1is important. Agein this can be explained by the rift-theory,
assuming the opening of new rifts after the re-introduction of the samples.

In Fig. 4 dynamic measurements of the evolution of hydrogen are shown. It can be
seen that after 2 min. the extraction 1s complete. The hydrogen pesk actually starts
to decrease, which is, of course, a consequence of the continuocus pumping through the
leak. The desorptiorn of gases from thin plates can be treated mathematically as a
speclal case of Fick's law, and the coefficlent of diffusion may be evaluated from a
plot of the logarithm of the rate of evolution egainst time, assuming that the physical
dimensions are known. From such an analysis, it was shown that the mechanism of the
hydrogen evolutlon st & given temperature is campletely diffusion controlled.

It must be emphasized here that these samples were "taken from the shelves,” il.e.,
the hydrogen content originated from the actual manufacturing process. In a series of
experiments using the same nickel materlals, all the hydrogen was removed by pumplng
at 1200° C for several hours, and hydrogen was introduced via diffusion, by simply
heating the samples 1n a hydrogen atmosphere., In thls way, we were able to 1lntroduce
about the same quantity of hydrogen as the samples originally contained. Next we
anelyzed these samples to recover the hydrogen introduced and to observe whether the
step-wise evolution also occurred. It was found that all the hydrogen introduced
artificially could be removed at any desired temperature, and subsequent increase of
the tempersture did not result in edditional hydrogen evolution. Experimental date
are shown in Table 6, The total quantity of hydrogen can be seen to be the same,
regardless of the temperature of the extraction. The mechanism of the release was
found again to be controlled by diffusion. These experiments were also repeated using
deuterium saturated samples, and the results were the same., Incldentally, use of
deuterated samples enabled us to determine the diffusion coefficient of deuterium in
nickel and its temperature dependence which has not been previously measured. These
experiments will be published elsewhere.

In summerizing these experimental results, we may conclude that the character-
istics of the thermal evolution of hydrogen in nickel are dependent on the mode of
contaimment, which, in turn, is determined by the experimentel conditlons of the ab-
sorption of the gas. In cases where the gas absorption 1s purely diffusive in nature
the containment 1s in interstitial solution, and the total quantity of gas can be
released at a given temperature. However, In cases where the gas content originates
during manufacturing of the material as a result of chemlcal reactions on the surface,
probably involving water vapor, and where the metal is exposed to mechanical influ-
ence, the contaimment 1s in lattice defects and only portions of the total quantity
can be released et a given temperature. The mechanism of the gas evolution Iin all
cases is diffuslion limited.

In the course of this work, it was observed that at 1200° C, after ell the hydro-
gen was believed to be removed, a very slow hydrogen evolution persisted. At first
this was considered to be due to an increase in the instrument background. Also the
vacuumn system as a whole and its various parts were accused of gettering and subse-~
quently outgessing. Thls extraneous gas evolution, however, could be stopped easily
by removing the samples from the hot zone by means of the elevator; this showed that
the phencmenon was real. The quantity of thls residusal gas, in a 1 to 2 g sample,
barely exceeded the limit of detectibility. Although the gas lncreased with increas-
ing sample size, the linear relationship found between the welght of samples and the
partial pressures 1n the case of the readily diffusible hydrogen was not followed.

An example of a dynamic measurement msy be geen in Fig. 5. This clearly shows that
while all the hydrogen evolves in a matter of minutes, the peek does not decrease the
way one would expect as a consequence of the pumping out of the mass spectrometer
reservoir. Here 1t appears that approximately the same quantity of gas was evolving
as was being pumped out. From leak rate calculations the quantity turned out to be
sbout 0,01 ppm/min, and the evolution contlinued for several hours, exhibiting a slow
decreasing tendency. The study of the residual hydrogen involves experimental diffi-
culties since 1t occurs at only higher temperatures, where the vapor pressure of
nickel 18 already such that intensive film formation tekes place. This makes quanti=-
tative determinations elmost impossible.
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Temperature

°c

300

600

lele]

1000

1200

*Below limit of detectibility

Outgassing

1lst
2nd

'3rd

1st

2nd

1st

2nd

1st

2nd

1st
2nd
3rd

Lth

Total

TABLE 5

Hydrogen
u-l/g ppm u-1/g Ppm n-l/g ppm
5.6 0.6
3.6 0.4
1.7 0.2
10.9 1.2
8.0 0.9 22.1 2.4
* *
8.0 0.9 22,1 2.4
3.0 0.3 0.6 0.06
* ¥*
3.0 0.3 0.6 0.06
1.0 0.1 3.6 0.3
* 0.6 0.06
1.0 0.1 4.2 0.36
2.0 -0.2 2.0 0.2 25.6 2.8
0.2 0.02 0.2 0.02 0.k 0.0k
0.2 0.02 0.2 0.02 0.2 0.02
0.2 0.02 0.2 0.02 0.2 0.02
2.6 0.26 2.6 0.26 26k 2.88
25.5 2,76 29.5 3.08 26,4 2.88
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The existence of this so-called residual hydrogen was previously observed in the
outgassing of iron, and was considered as & unique phenomenon (7). It is apparent
now, that the seme phenomenon also occurs with nickel, except that the quentitles in-
volved are mmaller, in fact so small, that only the mass spectromeiric method makes
1t possible to detect them. It appears from the kinetles of the evolutlion, that in
whatever form the residual hydrogen i1s contained, 1t must be firmly bound and the
release must be controlled by factors other than diffusion. This suggests the pres-
ence of campounds such as water or a slowly decamposing hydride of an impurity. Fi-
nally 1t should be mentioned that in the experiments with charged samples, no increase
of the residual hydrogen was observed, indicating that no hydrogen entering via diffu-
sion forms residual hydrogen. Also, in the case of semples charged with deuterium, no
residusl deuterium was observable. Thus the residual hydrogen must be a consequence
of the complex processes that take place during the absorption of hydrogen in the
course of the manufacturing of the metal, resulting in a different mode of contain-
ment.

In summary, an experimental technique has been developed for studying gas evo-
lution from metals using conventional extraction devices, en advanced gas transfer
system and a mass spectrometer as the analytical tool. Experimental information was
obtained regarding both the mode of containment of the gases in nickel and the mecha-
nism of their release. In addition, quantitative methods for the determination of
gas content by means of hot extractlon techniques were extended into the fractional
ppm range.
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TABLE 6

Evolutlon of Hydrogen fram Charged Samples

Temperature Outgassing # # # #h #5
°c Quantities expressed: ul/g

Loo 1st 33.0
2nd 6.0
3rd <0.2

600 1st <0.2 32.1
2nd <0.2

800 lst <0.2 <0.2 30.6
2nd <0.2

1000 lst <0.2 <0.2 <0.2 34.0
2nd 0.2

1200 lst 0.k 0.6 <0.2 0.4 32.8
2nd 0.4 0.2 <0,2 <0.2 0.2
3rd 0.2 0.2 0.2 <0,2

Note: All 5 samples charged under identical corditions.
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The Effects of Surface Reactions on Mass SpectraT

Dwight A. Hutchison, John W. Kraus,* Louls G. Pobo

Argonne National Laboratory, Argonne, Illinois

Introduction

A number of effects called "memory effects" are well known to those
concerned with mass spectrometric analyses, particularly where great
precislon of analyses is a matter of concern. If we eliminate electrical
effects, e.g., polarization of input resistors to an electrometer, there
st11l remain many disturbing "memory effects" with which to contend. It
1s well known that one must condition a mass spectrometer fo obtain re-
producible results. Baking at 250-300°C is a usual method of cleaning
a vacuum system to rld 1t of adsorbed gases. Dependent on the gaseous
adsorbing power of the metal from which the ilon source box is constructed,
varylng amounts of gases introduced for analyses will be adsorbed.

Before another sample can be analyzed, it is necessary to remove these
gases 50 that they are not a source of Interference to subsequent analyses.
Methods used to eliminate these adsorbed gases consist of further baking,
the introductlon of a gas to be analyzed for a period of time necessary

to displace the previously adsorbed sample, and the introduction of a

gas which adsorbs more greatly than the prevlious sample yet has no ion
peaks to Interfere wlth the next sample to be analyzed.

As an example of the latter conslder the 1sotoplc analysis of carbon
dioxlide which is readlly adsorbable on many metal surfaces, particularly
Nichrome V or various steels from which most ion-source boxes are con-
structed. A technique of known practlcability l1s to condition the ilon-
source with argon which apparently i1s more readily adsorbed than is
carbon dloxide. In this manner the ion peaks due to m/e 40, 38, and 36
from argon do not interfere with the m/e 44, 45, and 46 peaks from carbon
dioxide. It is commonly accepted that the reason for these procedures
i1s to elimlnate the isotopic exchange reactions occurring on the surfaces
in the ilon-source reglon.

1

Inasmuch as 1015-1016 collisions-cm °-sec™! occur between the gas
and the lonization-box walls under usual operating conditlons, 1t is not
surprising that surface reactlons occur. Yet, the ldeas expressed in
many published papers appear to neglect the possibillty that surface
reactions may obscure the observed ion currents which are thought to be
due wholely to gas phase processes. It is our purpose here to review
possible tests for surface and gas phase reactions, and to present some
illustrations of these tests wherein a typical electron-beam ion-source
was employed.

Possible Tests for Surface Reactions

(a) Kinetic Order ~ The most definltive test as to whether a suspected
secondary ion results from a surface or gas phase process 1s a determina-
tlon of the kinetic order of the observed lonic current with respect to
the varlous possible reactant molecular and lonic specles. Since the
composition of a gas 1s held constant during the course of observation,
the kinetlc order may be obtalined from a record of lon current as a
function of gas sample leak pressure if the leak is effusive. A log-log
plot of the observed ion current versus leak pressure yields a straight
line, the slope of which 1s numerically equal to the kinetlc order with
respect to the reactant species. If a filrst order plot is obtalned for
a secondary lon the atomic ion composition of whilch cannot have resulted
from any one of the various possible reactant specles, then there is
evldence favoring a surface reaction for the formation of the secondary
lon.

*Post—Doctoral Research Fellow, 1957-58. Present address: The
M. W. Kellogg Co., Jersey City 3, N. J.

TBased on work performed under the ausplces of the U. S. Atomic
Energy Commlssilon.
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(b) Ion Current versus Time - If a gas leak which separates the sample
container and lon-source region has been shown to exhibilt effusive flow,
then a linear relation between observed primary ion currents and gas
sample pressure exists. Under these conditions a primary ilon current
will decrease exponentially with time. If two primary speciles react to
form a secondary ilon specles in the gas phase, then plots of the logs of
the primary and secondary ion currents versus time yield straight lines,
the slopes of which are related by,

Ky +ky, = Kg (1)

where k is a slope, and the subscripts 1, 2, and S refer to the reaftant
species M1, Mo, and the secondary species S, respectively. Gutbier- has
shown Eq. (1) to hold experimentally in the case of reactions between

Hy and Hp, Ar, Op, Np, COp. If relation (1) does not nold, then one may
suspect the occurrence of a surface reaction.

(¢) Ion Current versus Temperabure of Ion-Source - It 1s well known

that the Jensity of adsorbed molecules on a surtace depends exponentially
on the reciprocal of the absolute temperature. Thus, the ratlo (11+i,)/ig
where 1 is an lon current should remain essentially constant for a gas
phase reaction and should vary conslderably for a surface reaction. Under
a given set of experimental conditions, one may record the various ion
currents from the time when the electron beam fllament is turned on until
it has heated the lon-source to some equilibrium temperatures. If the
above lon-current ratio varies greatly, we may conclude partial evidence
for a surface reaction.

(d) Change of Kinetic Order with Ion-Box Surface - The change of the
kinetic order of a reaction with a change in the material or surface from
which a reaction vessel is made is well known. Thus, 1f the inner surface
of an ionization-source is changed, we may obtain information as to how

to produce a surface or gas phase reaction.

(e) Change of Kinetic Order with Gas Composition - If two reactant gases
which adsorb differently on a given metal are introduced into an lon-source,
then in principle the surface coverage of reactant specles may be altered
which may alter the kinetic order. The change of kinetic order with gas

composition allows elucidation of the reaction mechanism.

(f) Ion Current versus Repeller Voltage or Electron Current - In principle,
we might expect some dillerences of surtace reactions Irom gas phase
reactions in plots of lon current versus repeller voltage and in ion
current versus electron current. It would appear, however, untll the
effects of changing space-charge are better explalned, that these plots
lend little practical value in dlstinguishing between gas and surface
reactions.

Illustrations of Methods

We wish to 1llustrate the above listed tests from datda which we have
collected on the followlng reactions,

Ng+) + Dé"') - N,DT + D (2)
Hg+) + oé“”) - HO} + H (3)
colt) 4 og’) - G0} + 0 (%)

where the symbol (+) indicates that elther of the reactant species may
carry the positive charge.

In Figure 1 we have plotted the logs of iyopt, 1no+, and ipot versus
the log of the leak pressure for reaction (2). “The slbpes for t%e reactant
specles are seen to be 1.00. The slope or kinetic order for the product
NoDt 1s 2.00. Thus, 1t would appear that reaction (2) occurs in the gas
phase.

In Figure 2 we have made plots for reactilon (3l similar to those in
Figure 1. Again, the formatlon of reactant lons Hpt and 02+ 1s first
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Table 1. Variation of pressure-order for formation of HOp from gases
varylng in Hy-0, composiltlon.

PRESSURE DEPENDENCE OF HOp WITH
BLEND COMPOSITION IN Hp—0p, MIXTURES.

Blend Composition {%)| Pressure Order
Hg O2

84.3 15.7 1.82

64.2 35.8 1.42

50.3 49.7 1.18

38.6 61.4 0.99

19.6 80.4 0.97

order wlth respect to pressure. However, the formation of the secondary
ion HO2t changes from second order at the lower pressures to first order
at the higher pressures. We may conclude that a gas phase reaction pre-
dominates at lower pressures and a surface reaction at higher pressures.

In both Filgures 1 and 2 the data were collected with an ion-source
constructed from Nichrome V metal. In Figure 3 we present data for
reaction (4) for which a gold surface in the ionlzatlon box was used as
well as a Nichrome V surface. It is seen that wlth the gold surface the
formation of COot is second order with pressure which indicates a gas
phase reaction, whereas a surface reaction 1ls indicated far the Nichrome V
surface.

In Figure 4 we show a plot of the log of igot, ipst, and iH02+ versus
time for reaction {3) using a gold surface for the ionZsource. Weé find
that the sum of the slopes (kg +kop) is equal to 6.4 x 10-3 min.-1 while
koot 1s 6.5 x 10=3 min.-1. This Sonfirms Eq. (1) and a similar plot
given by Gutbier.l One may conclude that a gas phase reaction is
occurring. However, 1t 1s seen from Table 1 that the kinetlc order for
formation of HOpt on a Nichrome V surface from the same gas mixture 1is
1.18 which indicates a predominant surface reaction.

In Table 1 we show how the kinetic order for formation of HOE by
reaction (3) changes with gas sample composition when an lon-source
made from Nichrome V is used. The interpretation of these data follow
closely the work of Langmulr?2 on platinum surfaces at higher temperatures
where the oxygen 1s preferentially adsorbed instead of hydrogen. A
similar explanation may account for our observed pressure-order changes.

We should like to mention that if two species react on the lon-box
surface then we could obtain an experimental kinetic order of 2 even
though a surface reaction were occurring. To elimlinate such a case would
require the variation of gas composition in conjunction with the other
tests listed.

Conclusions

We have presented some methods for testing whether observed ion
currents result from gas phase or surface reactions in the lon-source
of a mass spectrometer. With these tests we have shown the existence of
surface reactions occurring on the inner surfaces of the lonization box.
These processes could easily have been interpreted as gas phase reactions
if the tests had not been run. It is our hope that these tests wlll be
utilized by those who appear to consider all ions of a mass spectrum to
be formed by gas phase processes.

References
1H. Gutbier, Zeit. f. Naturforschung 12a, 499 (1957).
°I. Langmuir, Trans. Faraday Soc. 17, 621 (1921-22).
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(35) THE ANALYSIS OF GASES IN TRANSISTOR PACKAGES

USING AN ULTRA HIGH VACUUN MASS SPECTROMETER SYST:=M
P. D. Davidse

Philco Scientific Laboratory

Blue Bell, Pennsylvania
Extended Abstract

The work described is part of a study of the fundamental
aspects of transistor failure. Some transistors that fail during
aging tests show partial or complete restoration of their original
characteristics following puncture of the transistor package. To
further investigate this effect a device was constructed which would
enable measurement of transistor properties during evacuation of
the package, followed by the admission of another gas. A mass spec-
trometer was used to analyze the gas originally in the package.

The mass spectrometer used was a CEC 21-612 tube with an
adsorption type forepump and & triode getter ion pump. The system
was all metal (except for a Bayard-Alpert ionization gauge) and
bakeable., Preliminary experiments carried out with a non-bakeable
mass spectrometer (CEC 21-103C) have given inconclusive results,
because of the elution of gases, notably water vapor, from the
walls of the system during the analysis.

Figure 1 shows the gus sampling device. The transistor can
is punctured by using the movement of metal bellows to drive the
can against a metal pin. The package is supported by a holder
mounted on a flange which-has ceramic insulated feedthroughs for
electrical connection to the transistor. The outside guide tube
aligns the package during puncturing and carries a stop which keeps
the bellows extended. ©n withdrawal of the stop by turning the
lever to the '"up" position the vacuum pulls in the bellows and
forces the transistor can against the puncturing pin. By turning
the lever another 180° to the original "down" position the transistor
is moved up again. The whole operation may be performed with the
index finger in about a second. The gas released is leaked into the
mass spectrometer section of the system.

Figure 2 is a photograph of the tiansistor can puncher mounted
in the vacuum system. In the photograph is shown attached to the
guide tube a microswitch which makes contact with the ring holding
the cam when when the transistor package is punctured. The switch
closes a relay circuit which activates & camera mounted on the
8creen of a transistor curve tracer. This permits recording of
transistor characteristics as a function of time during the puncturing
operation. A similar arrangement serves for examination of the
transistor characteristics during admission of other gases.

The analysis of the results is complicated by the large
number of variables in trunsistor manufacture. As would be expected
the detailed relationship between transistor characteristics and
gas environment depends very much upon the particular type of tran-
sistor examined. The curves shown at the meeting illustrated some
of the types of behavior seen, but the systematic investigation of
these effects is, as yet, incomplete.
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analysis of Gas in Glass Diodes Without Diode Destruction

k. A. Meyer, Atomics International, Canoga Park, Calif,

J. Brandewie, Autonetics, Downey, Calif.

Persistant failure of several types of glass enclosed diodes
to meet performance specifications led to a request for analvais
of the gas contained within the envelope. It was further renuested
that the diode Jjunction be preserved to allow electrical testing,
etching, etc. after the gas had been remnved. The second re-uest
precluded enployment of standard vacuum crusher techniques and
the apparatus shown in slide 1 was developed, This is of course
a modification of the common magnetic hammer techninue and vrovides
a method for limiting the travel of the punch.

The glassware is based on a 55/50 standard taver joint. The
punch and diode block holder shown in the slide detail was
fabricated from brass. It provides opposing screws for holding
the diode mounting blocks and also for centering the diodes under
the punch. The top pertion of the punch is threaded for the travel
limiting nuts. The male member of the 55/50 joint was sealed,
flattened and 2 electrical leads sealed through the edges of the
section. The punch and diode block holder was then cemented to the
flat section with epoxy cement. The design of the female nart of
the joint is obvious and contains the hammer guide and nrovision
for connection to the mass spectrometer inlet svstem.

In operation the diode was mounted on a small steel block
with epoxy cement as shown in the slide detail. Care was used to
insure that the lead wire-glass junctions were covered and that
envelope sides were well imbeded in the cement. R-313 bonding
agent from the Carl H. Biggs Comvany, Santa Monica, California,
was used throughout this work. It is a room temrerature short
cure time epoxy cement.After a 24 hour precautionary cure veriod,
the diode and block were placed in the apparatus. The nunch travel
limiting nuts were adjusted so the point would just contact the
diode when a 0.020" shim was placed between the nut and the top
of the holder. Thus, when the shim was removed, the pcint could
penetrate 0.020" into the diode envelope. The diode lead wires
were soldered to the electrical test connections and the female
part of the joint sealed on with apiezon W. The apparatus was then
connected to the mass spectrometer inlet and evacuated. The hammer
was lifted with an external magnet and dropped to drive the diode
punch into the glass envelope thus releasing the gas for normal
volume measurement and mass spectrometer analysis.

During the testing of a large number of diodes only one
junction was broken when the glass envelope was opened.

The test results, while not germane to the vpaper title, are
interesting and conclusive. For example, while one set of 5 good

diodes averaged 5 x 10—5 standard cc of the typlical nitrogen-areon
carbon dioxide m*xture of combustion gases, 4 out of & failing

diodes contained 9 x 10'3cc of air containing the normal amount of
oxygen and up to 5% trichlorethylene. The increase in gas volume
and the presence of both oxygen and trichlorethvlene used as a
cleaner after sealing were positive proof of leaks in the dlode
envelope.
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. RESIDUAL GASES DURING OPERATION AND
LIFE-TESTING OF POWER KLYSTRONS

Lowell Noble and Robert K. Waits
Eitel-McCullough, Inc.
San Carlos, Cal.

ABSTRACT

The gases present during exhaust processing, operation, and life
testing of high-power klystrons were analyzed using a Diatron mass spectrometer,
During bakeout at 500°C, hydrogen, water, carbon dioxide, and methane were
evolved. Carbon dioxide, methane and carbon monoxide predominated during
cathode conversion. Electron bombardment of internal tube parts released
carbon monoxide. After seal-off, the pressure was 10-7 Torr (carbon monoxide,
methane, hydrogen). One hundred hours of klystron operation reduced the

9

pressure to 10°° Torr (carbon monoxide, hydrogen). Microleaks in a sealed
klystron resulted in the appearance of argon; neither oxygen nor a mass 28

increase were detected. The argon disappeared during klystron operation.
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SOLUTION OF LINEAR SIMULTANEOUS EQUATIONS
by
Jd. Leonard
Tidewater 0il Company
Martinez, California
Abstract
A computer progrem for solving linear simultaneous equations is presented which
works directly on a stored table of coefficients, No transfer matrix isrequired and
the entire operation, including setting up the table of coefficients, can be handled
by non-technical personnel, Input data and output printout orders are completely in-
dependent of each other and the arrangement within the computer storage. The program
currently in use involves a 26 x 26 matrix with 9 items of supplementary informetion,
It provides submatrix operations of any order and is completely stored within the
drum capacity of an IBM 650 computer. Computing times vary but are generally com-
parable with square inverse calculations of the seme order,
Introduction

The purpose of this program is to provide a system which:

1) Calculates mass spectrometer and other data related to the analysis of
hydrocarbon and gaseous mixtures,

2) Is as secure as possible from operator or key punch confusion,
3) Cen be maintained and operated entirely by non-technical personnel.

4) Requires as little knowledge of computers or computer programming for set
up or operation as possible,

Three versions of the program have been prepared:

1) The original version which was written in September 1957 for use on a Bur-
roughs E-101 computer,

2) A version for a basic IBM 650 computer with alphabetic festure which was
written in 1959 and until recently was the version used.

3) An IBM 1620 version which is now in operation.

Some features of the originel program were incorporated %n}o a program de-—
scribed by J, M. Gillette of Tidewater's computer department, 1) This IBM 650 pro-
gram preceded our own IBM 650 version but was not adaptable to ocur needs for several
reasons, including limitations on available storage space,

The comments which follow apply particularly to both the IBM 650 and 1620 ver-
sions, Both versions use identicel key punch forms for all constant and data inputs,
The routines have the following features:

1) No transfer matrix of any kind is used.

2) Input, matrix and output cen be independently altered,

3) The progrem instructions cannot be upset by any known key punch or data
errors, Operations will either cease with an alarm or, in the case of improper data,
will print out the defective case and then process correctly any following correct

cases,

4) The program cannot be set up improperly on the computer.
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DATA FOR (IMS PROGRAM

Header Card

Sa.mplc Number Code

1 - 758 - 10011

/z7fsfr-‘“ ______
H/E T BT
18-20 21 - 2u; 25--27 28--30 31

jl‘ Descriptiod E-; Pressure

_7(0 &%o‘o/a!_
5720 4ol

£/ 3Nitrogen . . ... .

Iaobut ene

Argon

l 0 Butenes or Butene-g . .

Isopentane

q 8. % IButane & Light er(ct) s
| 1Amylenes (ct) )
' IIsopentane \ct)

_Tot;]_ P-entanes (ct)
- Drag (ctT)

. __Bc*tovns (m1.)
E&cep‘t for colnmms 117 5 in thp hoader card, a].l “Golnmns

CL-33

220



5) No case type identifications are required. There is only one very compli-
cated case in the progrem. All real cases are simplifications of this complicated
case, The input data are used by the routine to determine what skips of program in-
structions will take place to process a real case,

6) All card types are identified by their content. There are no extra punches
required to identify card types. Header cards, for example, ere identified as header
cards because they contain alphabetic data. -

7) The program is not committed to a particular mathematical procedure, Gauss-
Seidel, square inverse, delta and successive subtraction methods can be used with
little or no change in operating instructions.

o 8) All input data and all intermediate data of interest are included in the
output.

9) A means of switching to other programs, including IBM library programs, is
provided in both the program and the wiring.

10) No coded titles are used in the output,

11) Calculations are rapid. The time required, however, can vary considerably
depending on several factors including matrix arrangement, mode of operation, and
the leveragé of the equations. In the Gauss-Seidel mode, an approximation is pre-
pared by the program to reduce the number of cycles required for solution. The
1620 version, using Geauss-Seidel mode, often solves the equations in less time than
that required to enter and punch out data.

The IBM 650 version has some unusual programming. There are no counters in
the program, There are also no store data sddress or store instruction address in-
structions employed. The location of constant terms, including equation coeffi-
cients, is almost as important to the successful operation of the program as ‘the
instructions themselves,

The basic idea behind the original routine was to develop a case which was
sufficiently complicated to cover all real cases, The developed case did not have
to represent any real situation as all real cases would be merely simplifications
of this complicated case, By this procedure, a minimum amount of storage would-be
required for instructions, Next was to try to develop an operating formula which
could handle all of the principle mathematical problems to be encountered. No such
formula exists but the following expression fulfilled our needs:

X’ L ot bxc— > ax

With such an expression and a means of locating individual terms, any of sev-
eral mathematical processes can be used by simply eliminating selected steps in the
Operation., For example, eliminsting all but the summation term provides the basic
operation for square matrix calculation, eliminating the b and ¢ terms provides an
expression for calculating residuals, and using the expression as stated provides
the expression for Gauss-Seidel operations., The basic expression for Gauss-Seidel
operations is:

n
A TS s T I
ral
X: =
1 a..
11

The successive subtraction method uses the same operation steps as the Gauss-
Seidel, The method is set up eutomatically whenever the matrix coefficients can
be stated as a triangular matrix whose post diagonal terms are all zeros. .

Although the Gauss-Seidel form arose from building up several mathematical
models, it was a fortunate choice. Our operators were familiar with the system,
having used it with a Consolidated Ehginfefing Corpofation Type 30-103 computer.
They were already using the C, E, Berry e convergence criterion to set up.matrices
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for inversion by IBM library routines, (Using the largest or large terms for diag—
onal terms will not always produce satisfactory inverses for some of our matrices.)
The Gauss-Seidel procedure also is one which could be used without a transfer matrix
if an efficient selection method, cycling method and means of estimating could be
found, The solution to these problems on the IBM 850 was as folbws:

1) Set up the matrix as normally written using location 0051 for 8;;. This
produces two desired results, The matrix is exceedingly simple to load and all co-
efficient terms are located prior to the punch band,

2) Convert the punch band into registers which will contain all input and
output data. In this manner, all data which ere variable will be in predictable
locations,

3) Set all constants associated with the program in rows which are aligned
with the appropriate coefficient columns,

4) Use the first digit of the first word of each punch band as a selecting
switch and the next three digits as an index.

5) Disregaerd normal program languages in favor of a laenguage which is geo-
graphically oriented.

8) Use remnants of the answers to the preceding case as an estimate for the
present case,

Input, output and security problems were solved in the following manner:

Location zero always contains zero, location 1950 always contains 8000 and
locations0001 to 0036 contain the preferred order of output punching,

With this arrangement and the single read instruction calling for reading cards
into band 1950, no card can enter without being subject to wiring and code checks
except an IBM type load card. An IBM type load card, however, will cause a branch
to the console switches to be executed and the console switch instruction will read
in the next card. If this card is not a 5/card load card, both the 5/card load of
the program and the program code will be destroyed, If a 5/card load program card
is loaded, the program code will still be destroyed but alterations to the stored
program can be made if cards of the proper format follow.

All input cards for cases contain the programs code. Therefore, the wrong
code, the wrong wiring, the wrong program, or loss of cards from the correct program
will result in a program stop.

The input cards are simple, FEach card contains a seven-digit case identifice-
tion number followed by a three-digit code, The header card which must be first of
a set then contains an alphameric description of the case, The detail cards con-
tain:

1) A three-digit index,
2) The data making up the constant term of the equations,

3) A ten-digit field consisting of background and/or combination analysis
vector data.

4) A digit which shows whether the data are to be used to solve equations or
to check equations solved by the use of other data,

The index in the case of mass spectrometer cases corresponds to the m/e data,
Any three-digit index can be used except 000 and it is not necessary for each index
to be a separate three-digit number. For example, 056 is used as the index for both
grouped butylenes and a single butylene in the split butylene calculation. It is
required, however, that there be a register for each index (two 056 registers in
this cﬂse) and that the program properly set up switches and registers before solv-
ing the equations. A register with a zero index is not available. Therefore, the
row, column, constants and register area associated with the zero index are free
for storage of instructions,
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The ten-digit field is a part of the vector used for combination analysis,
The system used for combination ?nslysis is similaer to one described by James Weis
at en earlier ASTM E-14 meeting, 3

On input, the program checks each card for suitability to the case being devel-
oped and the program being used. It then seeks out a register and stoxres the data.
If required, it also turns on the switch for that register, The program senses the
completion of cese input by detecting the alphabetic information in the following
header card,

Calculation proceeds as follows:

1) All switches are checked to see if a proper solution is set up. Switches
and the location of data are altered &s required,

2) In the Gauss-Seidel mode, an estimate is prepared.

- 3) The location of the first on switch is used to prepare a set of variable
instructions., (A maximum of eight veriable instructions are stored on the drum,)

4) The variable instructions and the location of the remaining switches deter-
mine the terms used in the calculation of an estimated root (Gauss-Seidel). The
absolute difference between the absolute values of this term and the original esti-
mate are added to the contents of a special accumulator and the new value stored.

5) Following switches ere used in the same manner until all switches have been
used to determine equations,

6) The sum of the absolute differences of the new and old estimates is com-
pared against a stendard. T1f withip the standard, the program branches to post
matrix calculations, If the standard is not met, the special register is reset to
zero and a new cycle is started.

7) The post matrix calculations consist of calculations of all residuals
(using modified instructions of the basic operating formula), and a series of
normally programmed steps,

The printout is accomplished by printing a title card, followed by any spec-
ial cards, and then going to a printout priority routine, This priority routine
checks for "on" switches in the order determined by the data located in storage
locations 0001 to 0036, When an "on" switch is found, the register associated with
that switch is printed. When the complete list of priorities has been checked, an
off switch variation is made in the punching routine and the list of priorities is
again searched, This time the routine checks for "off'" switches, Each time an
"off" switch is located, the appropriate register data are punched providing input
date entered that register, If the register was not used for either input or calcu-
lations, it is ignored,

Once set up, the operational part of the program does not have to be changed
for handling & wide variety of problems involving the solution of simultaneous
linear equations, Non-technical people set up their problems by writing the coef-
ficient matrix on an IBM "Drum Storage Layout Form" (IBM Form No. 22-6283-1), The
three-digit indexes are listed in the preferred order on locations 0001 to 0036
and the first word of each register. The IBM form cen also be used as a key punch
form, We do not permit different variations of the routine to use the same code,
The code is selected by one person who keeps track of all codes used. Training
time to set up and operate the routines is less than eight hours., This does not
include the time required to learn what peaks are involved in a mass spectrometer
calculation or any deta on the internal operations of the routines. An experienced
operator can set up the routine as fast as he can copy his data onto the form.
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Ce E. No - G, Grenoble, le 29 mai 1962

CONSTRUCTION OF AN I, B, M. PUNCHED CARDS FILE FOR IDENTIFICATION
OF CHEMICAL COMPOUNDS BY THEIR MASS SPHECTRA.—- PAR Aymé CORNU -

After the spectrum of a given sample has been obtained,
this spectrum is to be compared with all the pure compound spectra
available in the laboratory, in order to find either an identical
spectrum, or any similar ones.

At present, our own collection of mass spectra contains
about three thousand three hundred spectra, and obviously, for
each analysis it is practically impossible to go through the whole
of these records, to find an answer to our problem. Therefore we
have established an index system permitting a fast access to the
greater part of the whole collection,

Our index system is composed of one set of handwritten
matrix cards, destined to set up two collections of I, B, M. pun-
ched cards, nominative an analytical cards respectively.

I - MATRIX CARDS FILE -

Each of such card corresponds to a pure compound whose
mass spectrum is filed in our collection.

On each matrix card is registered :

1°/ - The name of the compound 3

2°/ - Its reference, order number and collectionmmber j
3°/ - Its molecular formula ;

4°/ ~ Its molecular weight ;

5°/ - The list of masses of the ten strongest peaks, classified
according to decreasing height ;

6°/ - The developped formula.

All these cards are gathered in a collection which inclu-
des to this day :

-~ 1 715 Cards from A, P, I, Collection ;

- 800 Cards from G. A, M, S, 3

- 700 Cards from Litterature data.

TOTAL +.o 3 215

IT - I, Bs M. CARDS FILES -

Date registered on the matrix card are transcribed in
perforations on I, B, M. punched cards, but this transcription
is made in two stages.

s
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4) -

B) -

each

,Trow,
. with

So-called "nominative" cards -

Hominative cards contain as perforations, the entire name
of the compound, up to sixty types or signs, and the corres-
ponding reference number (five figures, two letters and one
figure?.

Cards of this file do not contain any other scientific
data and are exclusively destined to the clear interpretation
of the compound name, on the analytical cards,

So-called "analyticel™ cards -

Cards of this file contein :

19/ - In columns number one to forty, the masses of the ten
strongest peaks, following the order of decreasing peak
height. Each peak is represented by four figures thus
hundreds, tens, units, and tenths of mass. It is possible
to put down in this list, peaks of double-charged ions,
wich are sometimes very strong in aromatic compound
spectira.

2°/ - Molecular weight in columns number seventy to seventy twa
Decimael part is neglected, and, for Br and Cl, molecular
weight is computed for the lighter isotope only,

30/ ~ Molecular formula are punched in columns number fifty two
to sixty nine. Atom number of Carbon, Hydrogen, Bromine,
Chlorine, Fluorine, Iodine, Nitrogen, Oxygen, Phosphorus,
Sulphur, Silicium, are punched in predetermined columns,

other eventually occuring elements are punched as "miscel=

leanous",

4°/ - Reference number is punched, as for nominative cards, in
columns number seventy-three to eighty.

After punching, these cards are interpreted, i. e., on

card are automatically printed
19/ - The masses of the nine strongest peaks j
20/ - Molecular formula ;
30/ - Reference number ;
40/ - Molecular weight ;
50/ - Complete clear name of the compound,

For this last interpretation, which is printed on a second

the nominative cards file must be introduced, in connection
the analytical cards file, in an I. B. M. collator.

Three copies of this analytical file are made in diffaent

colours, blue, green and yellow.

Many tests are made for verification of punching ; wrong

cards are eliminated and replaced by corrected ones.
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1983 1 53 36 41 87 69 a3 7 27 s
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58 A6 2 35 56 70 41 43 9 a7 .7’ a4
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91 . 1 55 70 41 42 .43 57 a9 86 31
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973 1 5% 70 43 39 42 a7 as $3 13
936 1 85 76 42 41 39 arT 39 53 86
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The first set of cards, (yellow coloured) is ranged accor-
ding to molecular weights,

The second one (blue coloured) is filed according to refe-
rence numbers, and so, itforms a card copy of the spectral data
lists,.

The third one (green coloured) is filed according to the
masses of the ten strongest pesks in decreasing order.

After filing, cards are tabulated, giving a list somewhat
similar to the "spec finder" of infrared Sadller spectra,

When the spectrum of the compound being investigated has
been run, the strongest peaks are measured, and the list of the
masses of the ten strongest peaks ; this list is immediately compa-
red to the similar lists of the third cards file.

The order of masses of the ten strongest peaks seems to be
a so characteristic value, for one compound, that it is almost
certain that comparison of lists will permit identification of com-
pound. If not, interversion of any peaks may be tried, for any
differences may occur in spectral patterns due to instrumental
peculiarities in ionization process.

If no similar list of peaks is found, it must be suspected
that either the collection do not contain the true answer to the
problem, or the compound is not a pure compound and must undergo
further separation. Examintation of spectra whose strongest peaks
list is close to that of unknown compound can permit to obtain
interesting data upon fragments or partial molecular structure of the
analysed sample.

Practically, in the case of a pure compound whose spectrum
is inside the collection, we do every time succeed inidentification.

The yellow coloured file, classified according to molecular
weight, is very useful in identifications based upon parent peak
examination. The file, at the analyst's disposal gives him a complete
list of the different atom cominations able to bring about any given
molecular weight. Consideration of other strong peaks printed on the
card give many valuable informations for identification.

Using an I. B, M. sorter it is possible to file the cards
in any derired order, or to eliminate those of compounds with are
obviously of no interesat.

In conclusion, we think this punched card"file solves with
simplicity the difficult problem of a fast access to the prncipal
data of the totality of our mass spectra collection.

N, B, = After this work was completed, we found out that F, W. McLafferty

""" (Anal. Chem 31-1160-1959) and G.C. Doderer (Applied Spectroscopy
14 No 15-139-1960) have studied the same subject, and created
indices of rather different form.

A, CORNU,
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A MASS SPECTROMETER FOR A STUDY OF THE
COMPOSITION OF THE UPPER ATMOSPHERE

Alfred O. Nier
University of Mimnesota
Minneapolis, Minn.

ABSTRACT

A mass spectrometer suitable for installation in an Aerobee-Hi
rocket has been constructed based on the prototype developed earlierl.
It will be used for a study of the composition of the atmosphere in the
range 100-250 km. Two shots are scheduled for 1962 in a cooperative program
with J. H. Hoffman, C. Y. Johnson and J. C. Holmes of the Naval Research

Laboratory. Details of construction and operation will be discussed.

1 Alfred 0. Nier, Rev. Sci. Imstr. 31, 1127 (1960).



A Quadrupole Spectrometer for Precision Mass Determinations
U. von Zahn, S. Gebauer and W. Paul
Physikalisches Institut, Bonn, Germany

The construction of a quadrupole spectrometer for preclsjon mass determinations was
stimulated by the fact that our knowledge about the accurate values of nuclidic masses
is relatively poor in certain regions of the periodic table. Particularly, many of the
elements between xenon and tungsten are known only to about one part in one million,
Because of this situation, the layout of our guadrupole spectrometer is especially
designed for heavy masses., The theory of the quedrupole spectrometer is given as
reference |,

To achieve a reasonable resolving power, the ions should stay a long time within
the quadrupoie field. In our cese, we wani to have the ions experience at least 500
periods of the Hf in the analyzing field. To reach this goal we built a long field--
it is about 6 m long, and second, we are using rather slow ions--ions with an energy
between 10 and 30 eV, Figures of the spectrometer are:

Length of field L=582m
Field radius ro= 3.5 cm
Frequency VvV = 471 keps
Hf amplitude (for A = 200) VvV = 3924 V
DC voltage PN U= 658YV

Hf power noen on N = 290 w
Entrance diaphragm ®=1mm

Each electrode of the quadrupole field is made up of & group of 60 wires, which are
stretched to 80% of their breaking load, The wires are fastened only at the ends of the
fieid and in our opinion this is a falrly simple technique which gives us a rather
constant field geometry, The jons are formed in a conventional electron impact source
and detected by a 17 stage multipiter,

Mass scanning is achieved by simultaneous change of both the Hf voltage and the
DC voltage with fixed frequency.

To compare an unknown mass with a reference mass, we make use of the !inear
relationship between focused mass and applied DC voltage. But this situation is com-
plicated by the fact that the basic equation looks like this:

8eUi

[

2 2
miG) "o

The mass ratio can be determined by the ratio of the applied DC voltages, but there
appears the so-called Mathieu parameter "a" for both species of ions, These parameters
determine the motion of the ions within the quadrupole field and the second equation
gives the definition of "a", To derive the mass ratio from the voltage retio alone,

we need s criterion that a /a, equals exactly unity, For this the most sensitive test
seems to be to look for the |nten5|tz of both peaks. Because the intensity ratio 12/1
which one measures at the detector is proportional to the initial ratio I /I

times a factor, which depends on both”a values 10

L. 12,9 0.23699 - a,

1 II,O 0.23699 - a,
The number 0.23699 is a fundamenta! constant of Mathieu's differentisl equation; hence
one gek the correct intensity ratio at the detector only when a = a5 Eliminating a,
by means of the first equation gives the third expression

8
1 1 | m' U
T 'E * 0.736%9 - &~ ml'uz’]
) 1,0 . | 2 Yy

The ratio U, over U, is given by 8 precision resistor divider., The circuit is such
that always“this equation is valid:

2. R
U, R+ AR
Therefore the infensity ratio as a function of A R is the following equation,

2or 2 . ™ R ):l

IOL 0.23699 - o m, R + &R

-—al
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Because AR is very small compared with R, we get a nearly straight line for the
intensity ratio versus AR. The slope of this line depends on the factor with a, .

All these curves with different a, should have a unique crossing point, This point then
gives us both the true intensity ratio and the true AR. From that AR one can easily
calculate the mass ratio.

To test this method and our apparatus we measured the well-known mass ratio of
xenon isotopes, The results are:

Mass ratio:

132Xe
3 = 1,007 632 | Quadrupole field
Xe + 5
t,007 632 06 Ries, Damerow and Johnson (}960)
+ 8

Intensity ratios

l3lXe
TSE;: = (0.7902 + 0,0020) x f
¢ =\1317132" _
= 0.7872 Quadrupole field
0.7877 + 0.0027 Nier (1950}
Mass ratio:
|34Xe o
132xe = |.015 173 0 Quadrupole field
* 10
1,015 171 88 Damerow (1960)
+ 6

The mass ratio of 132 over 131 agrees very well with the much more precise value of the
Minnesota group. The relative abundance ratio for the two isotopes is also quite good.
The first value is the measured value. Because we are using a multiplier and the
conversion factor from ions to electrons depends on the velocity of the incident ion, we
applied a correction factor 0,9962 to get the final result. Although both vatues agree
with that of Nier, the agreement of the corrected value is much better, It seems to be
worthwhile to emphasize that this Intensity measurement is done with a resolving power
between 2,000 and 6,000,

To make further tests we compared two isotopes which are two mass units apart. In
this case the egreement is not as good and there is no doubt that our measurement is in
error, However, we now believe that we know the reason for this, There are indications
that the intensity ratio is biased due to different time constants in the detection
circult for each peak, anu this causes an error in the mass ratio also,

1 should make a short remark on the resolving power of the instrument. As you saw,
the accuracy of our messurements depends mainly on the sensitivity of the intensity
versus DC voltage variations, Therefore the resolving power is of secondary
importance but should be high enough to resolve impurities. Our measurements are
normally made with resolution below (0,000 and the maximum resolving power was 16,000,
This value is not high enough to resolve carbon 13 peaks which meke it necessary to
select the reference peaks very carefully.

References

i« W. Paul, H, P, Reinhard, U, von Zahn, Z. Physik 152, 143 (1958}
2. U. von Zahn, submitted to Z. Physik,
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HIGH RESOLUTION TIME-OF -FLIGHT MASS SPECTROMETER
by

D. B. Harrington, Product Specialist,
The Bendix Corporation, Cincinnati Division
Cincinnati, Ohio

R. S. Gohlke, Research Chemist,
The Dow Chemical Company
Eastern Research Laboratories
Framingham, Massachusetts

A brief description of the operation of the time-of-flight mass spectrometer
will be given, followed by a more detailed description of the factors affect -
ing mass resolution. Following this, some examples will be given of im-
proved mass resolution achieved with the high resolution time-of-flight
.mass spectrometer built by Bendix for The Dow Chemical Company.

The Bendix Mass Spectrometer produces from 10, 000 to 100, 000 complete
mass spectra every second. (All instruments described in this paper oper-
ate at the more standard 10 KC frequency). The first event in the forma-
tion of each mass spectra is the creation of the ionizing electron beam in
the ion source (Figure 1). This electron beam lasts approximately 0.3 micro-
seconds, and ordinarily the ion accelerating pulse (ion focus pulse) occurs
immediately after the shut-off of the electron beam. The ions which have
just been created are thereby accelerated through the middle grid of the ion
source and receive their final energy of 2, 800 volts from the ion energy
grid. All ions of the same mass to charge ratio receive the same energy,
so that the lighter ions travel faster and reach the collector first. These
separated mass bunches are amplified in the magnetic electron multiplier,
whose output is presented to an oscilloscope synchronized with the opera-
ting frequency of the mass spectrometer. Simultaneously, individual mass
signals as well as mass spectra can be be recorded on a chart recorder,
although the mechanism for this is not illustrated in Figure 1.

There are two major factors affecting mass resolution in a time-of-flight
instrument, space focussing and energy focussing. Figure 2 illustrates
space focussing. We take two ions with the same mass, the same charge,
and zero initial velocity. The initial position of the white ion is slightly
forward of the black ion's position, so that when the ion accelerating pulse
is applied, the white ion finds itself at a -200 volt potential while the black
ion is at a -190 volt potential. The white ion will leave the ion source well
in advance of the black ion, but the black ion will have 10 volts more energy,
so that eventually it will overtake and pass the white ion. The height of the
ion accelerating pulse is chosen so that the black ion will just overtake the
white ion at the collector.

Figure 3 illustrates energy focussing. We again have two ions with the same
mass and the same charge, but this time their initial distances from the col-
lector are identical, and their initial velocities are equal but in opposite di-
rections. As soon as the ion accelerating pulse is applied, the white ion in-
creases its speed towards the collector, while the black ion is brought to a
stop and then returns to its initial position. From this time on, its subse-
quent history is identical to that followed previously by the white ion, - since
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the black ion velocity at this point is equal both in magnitude and direction
to the initial velocity of the white ion. Therefore, the black ion will always
trail the white ion, and will reach the collector after the white ion has al-
ready been detected. The difference in arrival times of these two ions will
exactly equal, in this idealized case, the "turn-around time' of the black
ion.

In practice, a pulse height for the ion accelerating pulse is chosen which
will give the best compromise between space focussing and energy focus -
sing. This best compromise is indicated by the sharpness of the mass
spectrum presented to the oscilloscope or to the recorder.

Time -lag energy focussing is a device for overcoming the damaging effects
which initial energies have on mass resolution. To help understand a later
description of time-lag energy focussing, an inspection of Figure 4 may
prove useful. This shows a graph of ion time-of-flight versus initial posi-
tion in the ionization region. This graph is superimposed on a schematic of
the ion source. One curve holds true for ions with the same mass, the same
charge and the same initial velocity. If any of these three parameters is
changed, a new curve is needed. To achieve best focussing for the white and
black ion shown which have the same mass, charge and initial velocity, the
height of the ion accelerating pulse would be adjusted so that the maximum
of this curve coincided with the position of the ionizing electron beam with-
in the ion source. This would result in the smallest flight time difference.

In Figure 5, a family of three curves is shown similar to the single one shown
in Figure 4. The three ions in Figure 5 all have the same mass, the same
charge, and they all are equally distant from the collector at the moment
when the electron beam is turned off. The middle ion has zero initial velo-
city, while the white and the black ions have equal initial speed but opposite
velocity, The white and black ions of Figure 5 correspond to the same two
ions shown in Figure 3. Intime-lag energy focussing, the beginning of the
ion accelerating pulse is delayed, so that a time lag occurs between the end
of the electron beam and the beginning of ion acceleration. During this lag,
ions will move to new positions in the ionization region as a function of their
initial velocities. In the case of the ions in Figure 5, the optimum lag is
that which will permit the white and black ions to move to new positions in
the ion source where their times of flight will be equal to each other as well
as being equal to the flight time of the middle ion Ihaving zero initial velocity.
Since we are still dealing with ions having the same mass and charge, time-
lag energy focussing is mass dependent.

Theoretically, mass resolution in the time-of-flight mass spectrometer can
be improved by increasing ion energy and increasing flight path, as well as
by introducing time -lag energy focussing. In the latter half of 1961 the
Cincinnati Division of The Bendix Corporation built a time-of-flight mass
spectrometer for F. W. McLafferty and R. S. Gohlke of the Eastern
Research Laboratory, The Dow Chemical Company, Framingham.
Massachusetts. Gohlke specified that this instrument should include time-
lag energy focussing, a flight path extended from the usual 100 centimeters
to 167 centimeters, and an ion energy variable from 2,800 to 5,600 electron
volts rather than the usual fixed energy of- 2, 800 volts. In practice, it was
found that mass resolution was indeed improved markedly by time-lag
energy focussing and by the increased flight path. However, increasing the
ion energy gave indications of actually worsening mass resolution, so that
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the energy now used with this instrument is approximately 3, 000 electron
volts. Subsequent theoretical and experimental work done by R. A. Fluegge
at the Research Laboratories Division of Bendix in Detroit suggests
strongly that increasing ion energy does actually improve the mass resolu-
tion occurring just before the multiplier anode, but that the output time con-
stants of the readout circuitry more than off-set this improvement. As
ion energy increases, these time constants become increasingly important
because the time separation of adjacent masses gets smaller.

A photograph of a standard Bendix Mass Spectrometer utilizing a 100 centi-
meter flight path, 2,800 e.v. ion energy, and no time-lag energy focussing,
is shown in Figure 6. This Model 12-101 Mass Spectrometer is also
equipped with a Model 925 Knudsen Cell Sample Inlet System. Figure 7 is
a photograph of the Dow instrument, which shows the obviously longer flight
path. The heated molecular leak inlet system associated with this instru-
ment was designéd by Gohlke and built under his direction at Dow.

The harmful effect of large initial energies on mass resolution where no
time -lag energy focussing is used can be seen by comparing Figures 8 and
10, which show spectra taken with a' standard Model 12-101 (Figure 6).
Figure 8 shows the recorded spectrum of mercury (there is an attenuation
factor of 10 between the two traces) and Figure 10 shows the recorded spec-
trum of the CC13Jr ion from carbon tetrachloride. The oscilloscope presen-
tation of this same carbon tetrachloride spectrum is shown in Figure 9. In
each case, the masses, reading from left to right, are 117, 119, 121 and
123 a.m.u. Even though the carbon tetrachloride peaks are almost half the
mass of the mercury peaks, the valley between peaks two mass units apart
is certainly no lower for carbon tetrachloride than for mercury.

The mass resolution improvement made in this carbon tetrachloride spec-
trum by the longer flight path alone and by the combination of longer flight
path and time-lag energy focussing can be seen in Figures 11 and 12. The
same spectra are shown in both figures; Figure 11 shows the oscilloscope
presentation and the oscillograph presentation is shown in Figure 12. The
upper spectrum in each figure shows the resolution given by the longer flight
path by itself, and the lower spectrum in each case shows the improvement
given by combining the longer flight path with 2.6 microseconds of lag. Each
spectra in Figure 12 is also divided into two attenuations, x1 and x5. In
Figure 11, the peaks, reading left to right, are 117, 119 and 121 a. m. u..
while in Figure 12 the order is reversed.

Summarizing our experience over the past 8 years as well as our future
expectations, we arrive at Figure 13, We define unit resolution as that' re-
solution which produces less than 1% peak height contribution. Good com-
parative figures for the resolution of various ion energy and flight path com-
binations using optimum values of time-lag energy focussing are not avail-
able, so the improvement in resolution given by time -lag energy focussing
is not included in Figure 13,

An article by one of us which describes more fully the operation and applica-
tion of the Bendix Time -of-Flight Mass Spectrometer is listed below. This

article also contains a fairly complete bibliography.

Harrington, D. B.,"Encyclopedia of Spectroscopy',
Reinhold Publishing Company, 1960, pp 628 - 647
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FIGURE 6

Model 12-101 Bendix Mass Spectrometer with 100 cm. flight path
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MERCURY ISOTOPES AS SCANNED ON BENDIX TIME OF FLIGNT MASS SPECTROMETER
FIGURE 8

Flight path length = 100 cm., lag = 0, energy = 2800e.v.
Masses, left to right: 196, 198, 199, 200, 201, 202, 204 a. m.u.

eor o® o
one &

FIGURE 7

Model 12-101 Bendix Mass Spectrometer at Dow Eastern
Research Laboratories with 167 cm. flight path.

240



FIGURE 9

CC13+ ions from carbon tetrachloride, oscilloscope presentation.
Flight path length =
Masses, left to right, 117, 119, 121, 123 a.m.u.

100 cm., lag =0, energy = 2800 e.v.
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FIGURE 11

CCl; ions from carbon tetrachloride, oscilloscope presentation.
Flight path = 167 cm., Energy = 3150 e.v. Top Trace, Lag = 0,
bottom trace, lag =2.6 u sec. Masses, left to right, 117, 119, 121 a.m,u.

o™ . R I B “—_——j

h ' H

FIGURE 12

CC13+ ions from carbon tetrachloride, oscillograph
presentation. Flight path =167 cm., energy = 3150e.v.
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A CASCADE MASS SPECTROMETER
F. A Vhite,* J.C. Sheffield, and ¥.M. Rourke

General Electric Company
Knolls Atomic rower Laboratory**
Schenectady, New York

Introduction

The session this morning is devoted to instrumentation, and I shall
describe an apparatus which has been constructed at our laboratory that may
have some novel instrumentational aspects. However, I should also like to
focus attention on the variety of physical investigations which can be
pursued with this new tool. Hence, I shall refraln from presenting a
detailed description of the spectrometer, in order to indicate several
interesting and lmportant phenomena which can be probed with this device.

Fhysical Description

The first slide is a schematic dlagram of the electromagnet. It is
basically "C" shaped. You will note that the exciting coils surround a
massive cylinder. The cylinder is approximately 2 feet 1n diameter and 21
inches in height. The exciting coil includes 34,000 turns of copper wire
which can produce a field up to 8000 gauss. The top and bottom yoke are
trapezoidal shaped slabs, of 8 inches thickness. The dotted lines of the
schematic mark the contour of the pole pleces, and suggest why the term
"cascade” has been tagged to this spectrometer.

You will note that not one, but two successive 180° trajectories can
be accommodated within the pole face boundaries. The pole face is large
(over 500 sq. inches) and the mean radius of curvature of the first trajectory
is 12 inches. .Consider now the second trajectory. You will note that, in
principle, there is no lower limit to the radii of curvature---only an upper
limit (12 inches R - 180°) i.e., we have a continuum of possible ion paths---
corresponding to a very wide range of ion energies and masses for a fixed
magnetic field strength.

Slide No. 2 shows the complete "cascade" spectrometer. It weighs between
9- and 10-ton. The vacuum chamber is simply a Duraluminum ring, machined to
match the contour of the pole pieces that couprise an integral part of the
vacuum chamber. Viton "0" rings complete the seal between the Duraluminum
ring and top end bottom pole-piece surfaces, The magnet gap is 3/h inches
and the vacuum chamber is pumped by two diffusion pumps complete with large
liquid nitrogen traps. You will note that two mass spectrometer source
assemblies, vwhich are attached to the vacuum chamber. The first is a
conventional surface ionization source conplete with suitable focusing plates.
The second is located at the focal point or "detector' position of the first
180° spectrometer. It can be employed for several distinct uses---as a
detector, as a surface ionization source, or as a target with which primary
ions may interact to produce secondary ions. I shall forego further physical
description of the machine except to point out that two detectors (a rfaraday
cage converting to an electrometer, and a very small "semiconductor" magnetic
electron multiplier can be made to "scan" the entire focal plane of the Znd
180° analyzer. The electron multiplier, in fact, utilizes the fringing field
of the magnet for its operation. We have discussed this device at a_previous
ASTM meeting (1960) and it has also been reported in the literature.

*Fresent Address: Linear Accelerator Laboratory, Rensselaer Polytechnic
Institute, Troy, New York

**Operated for the United States Atomic Energy Commission by the General
Electric Company, Contract No. W-31-109 Eng. 52.

e, a. White, J. C. Sheffield, and W.D. Davis Nucleonics 19 58 (1961).
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EXCITING COILS

CORE

POLE
PIECE

slide 1. Top view of electromagnet indicating the pole piece contour, yoke, and
exciting coil.

Slide 2. Assembled cascade spectrometer with oil diffusion pumps and liquid No
traps. To the right of the two pyrex caps can be seen the magnetic electron
multiplier housing and scanning mechanism.
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3lide No. 3 shows the two sources schematically, indicates the
trajectories of primary and "cascaded" ion beams, and the "scanning'
electron multiplier used to detect the arrival of single ionized atoms
along the focal plane of the second 180° analyzing sector. At this point,
I should probably state that the instrument was conceived so as to
provide some insight into very complex interplay of phenomena that occur in
the surface lonization process. It is our opinion that such studies must
look at transient as well as equilibrium phenomena. Let me simply indicate
the experimental observations which, in principle, can be obtained with
this equipment.

1. Assume Ep>LEy. In this case the primary beam is decelerated,
electrostatically reflected, :nd the "eascaded" tmajectory is
similar to the primary one. Note that this is a "reflection"
two-stage. instrument, rather_than "“transmission” types which
we have previously reported.=’3 The "abundance sensitivity"
we have measured to be about 100 times that of a single stage
instrument .

2. Assume Ep<Ej;. In this instance the primary beam will be
incident on the second surface ilonization source filament. Ve
are thus "doping" or loading the 2nd surface ionization filament
by ion bombardment. Inasmuch as T, is varlable (as well as the
bombarding energy, El 2) we can study the re-emissioi. process
dynamically.

3. Fulsed Techniques. It 1is clear that the primary source can be
pulsed with variable pulse widths and repetition rates. Our
prelimimary work indicates that such an approach 1s necessary
in order to clearly differentiate between the primary reflection
ions and those which penetrate deeply into the "target" filament,
diffuse to the surface, and become re-ionized.

4, Sputtering Fhenomena. Sputtering takes place to some extent in
every mass spectrometer source, in the conventional analyzing
tube, and to an appreciable extent on the cathode of most
spectrometer detectors, i.e., electron multipliers of one
category or another. OSputtering, in fact, must play some role in
changing the work function and hence the secondary electron yleld
of most mass spectrometer multipliers, at least if high current
beams are monitored.

Because my time is limited, I will mentlon only three specific measure-
ments that should be of academic and instrumental interest to mass spectrosco-
pists.

Let us use Cs -133 as the primary lon beam, in all cases let E>Ep, and
now examine ions which are sputtered from two dlfferent "target" filaments,
molybdenum and copper. Ve recall that most atoms sputter off a surface as
neutrals, but an appreciable fraction, possibly 1%, will come off as charged
particles. The actual percentage is a function of many parameters. First
considering the case where Ej is ~ 10,000V, E, is ~ 7000V and a thin molybdenum
ribbon is used as either a clean surface ionization filament which can be
heated, or a sputtering target---where we observe Mo* ioms and analyze them
in the "cascade" or second trajectory.

Slide 4 shows us the qualitative picture we obtain. If we heat the
filament to a suitably high temperature, thermally emitted Mot ions from the
wmolybdenum filament may be mass analyzed. The resolution is poor because
certain compromlses have been made; wide slits, source somewhat out of focus,
etc., What is of interest is that we obtain substantlally the same spectrum
if we do not heat the filament, but bombard the cold molybdenum filament
with a beam of Cs* ions. Sputtered stoms that leave with a single positive
charge are accelerated through a potential E and the similarity of the
spectrum to that of the thermally emitted spectrum, clearly indicates that
the sputtered ions have a very limited energy distribution (< 10 ev).

It is also now of interest to investigate the sputtering yield, as a
function of the energy of the bombarding cesium beam. Slide No. 5 indicates
27.A.Vhite and T.L.Collins Applied Spectroscopy 8 No. k4, 169 (1954).
3F.A.White,f.M.Rourke,and J.C.Sheffield Applied Spectroscopy 12 No. 2 46 (1958).
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TRAJECTORIES OF

MAGNET POLE PRIMARY CESIUM SPUTTERED IONS
PIECE ION BEAM (Ea<Ey) .

— i e Bl TS
’1‘_—51 -E2 MAGNETIC ELECTRON
MULTIPLIER
TARGET FILAMENT

Slide 3. Schematic of cascade spectrometer.

SPUTTERED SPECTRUM OF
MOLYBDENUM FROM
~ 3000V Cs* IONS

== Mo - 100
~———

/

—
Mo-92
i (~16 x 10~ AMP —FULL SCALE)
& THERMALLY EMITTED
MOLYBDENUM SPECTRUM
———> Mo- 100

c___

JS——

——

Mo-92

Slide 4. Sputtered spectrum of molybdenum produced by ion bombardment compared
to a spectrum from a surface ionization source.
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our preliminary results and reveals the yield as a monitonically increasing
function of bombardment energy. The data was obtained by applying suitable
bias potentials, Eo, and adjusting the magnetic multiplier to the Mo -92 mass
position. The assumptlon is made that the number of sputtered atoms which
emerge with a single positive charge 1s proportional to the total yield (which
is predominantly neutrel).

Slide No. 6 shows results obtained when a copper filament was bombarded
with a cesium beam. It has special interest because copper cannot be analyzed
via a surface ionization or thermal ion source. You will note that we
obtained a completely resolved spectrum of the two copper isotopes. We were
also able to make a reasonably precise ratio determination of Cu-~63/Cu-65.

The ratio which we obtained by this technique was 2.25 * 0.02, and we
believe this 1s the first precision isotopic ratio determination made by
analyzing sputtered species, Our value is in agreement with the accepted
values determined by elecgron bombardment of CuCl, vapor by Brown and Inghram
and of Duckworth and Hogg’ using a spark source with a copper electrode.

We are not suggesting that a sputtering technigue can ever compete in
general applicability to surface ionization or electron bombardment sources
in mass spectrometry. It will be appreclated, however, that the method is
almost non-destructive, igquiring in favorable cases, a very small number
of sputtered atoms (~10"~° grams), and it 1s possible that isotopic abundance
determinations of surface atoms may be useful in diffusion studies, etc., as
well as providing a tool for a further understanding of the sputtering
phenomenon itself.

I have not had time to review some of the other measurements that can
be made with a spectrometer of this type. To date, however, 1t has proven
to be an exceedingly versatile research tool. Gith the aid of this
instrument we hope to make many additional measurements that will allow us
to build better snalytical spectrometers.

—
H. Brown and M. G. Inghram, Physical Review 72, 347L (1947).

5
H. E. Duckworth and B. J. Hogg, Physical Review 71, 212 (1947).
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RELATIVE SPUTTERING YIELD (Mot92)

dide .

(1350 to 7000 ev range).
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3lide 6. Mass spectrum of sputtered copper target (from 600 ev cs® ions).
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AN EXPERIMENT INVOLVING THE NUMERICAL DETERMINATION OF
ION PATHS IN NON-HOMOGENEOUS MAGNETIC FIELDS

by A. C. Lilly, Jr., T. J. Weismann and D. A. Lowitz
Gulf Research & Development Co., P. O. Drawer 2038,
Pittsburgh 30, Pennsylvania

INTRODUCTION

In calculating the exact paths of charged particles in inhomogeneous fields,
a knowledge of the intensity of the magnetic field at every point is necessary.
Presently available empirical methods 1- for the determination of ion paths appear
suitable for the design and construction of single collection mass spectrometers.
In dealing with the simultaneous collection of more than one ion beam, a knowledge
of the exact ion paths becomes important. The need for this information arose in
our laboratory in connection with the construction of a double-focusing mass
spectrometer employing simultaneous collection of three ion beams. This paper is
concerned with the specific method employed in these trajectory calculations and
the general applicability of the method in dealing with non-homogeneous, but known,
magnetic fields.

Magnetic field matrices were, compiled using a Hall device gaussmeter and
the procedure of Coggeshall and Mu?§3t(5 was adapted to enable calculations to be
performed on an IBM 7090 computer.

EXPERIMENTAL

In order to adequately measure the magnetic field used in the computations,
the apparatus shown in Figure 1 was employed. The field was measured by means of a
Radio Frequency Laboratory Model 1295A Gaussmeter eguipped with an HB-9338 bismuth
Hall-effect probe which was mounted on the carriage of a stepping device (originally
designed for a well-logging application) having a variable step length adjustment
which permitted the desired interval for measurement to be selected prior to the
experiment. In practice, the instrument was so positioned that the interval of the
automatic stepping device provided the x interval of an x,y coordinate system. The
desired y-value was obtained manually with the aid of a calibrated arm on the
carriage and was adjusted before each set of measurements in the x~direction. We
have measured the fields of two magnets by this procedure: a permanent magnet
with an apparent 60° magnetic sector fabricated from magnetron magnets using soft
iron pole pieces and an electromagnet with an apparent 60° magnetic sector in a
Nuclide Analysis Associates ratio mass spectrometer. For each of these magnets
approximately 3000 field points were measured. Spacings of 0.l cm in the field of
the permanent magnet and 0.1 inch for that of the larger electromagnet were used.
The measurements represent the z-component of the field in the central plane of the
magnets and are accurate to * 3% or * 10 gauss with a lower limit of 10 gauss. The
matrix of field points thus measured may be transformed into any convenient co-
ordinate system for utilization in the computer program. The format employed in
these studies is shown in Figures 2 and 3. The coordinate system for the magnetic
field was chosen so that its ordinate, y", was parallel to the bisector of the
magnetic sector. The field matrix, defined by the x", y" coordinate system

(Figure 2a), was orlented so that the x" axis was parallel to the x', y' coordinate

TDempster, A. J., Phys. Rev., 11, 316 (1918).

ZHerzog, R., Zeits. f. Physik, 89, b7 (1934).

Mattauch, J. and Herzog, R., Zeits. f. Physik, 89, 786 (1934).
l“Nier, A. O., Rev, Sci. Instruments, 11, 212 (1940).
5Coggeshall, N. D. and Muskat, M., Phy. Rev., 66, 187 (194k).
The program is available through SHARE.

250



FIGURE 1. Stepping device with Radio Frequency laboratory Model 1295A Geussmeter
and bismuth Hell-effect probe for magnetic field measurements.
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FIGURE 2a. Format showing placement of magnetic field coordimate system
within coordinate system of particle's trajectory (fixed in-
strument coordinate system).
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FIGURE 2b., Format showlng etffective displacement of magnetic fleld coordinate
system.
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system of the particle's trajectory. The source was always taken at the origin of
the particle's coordinate system. The input data for computing a2 particle's tra-
jectory then consisted of (i) ?O: the angle between the particle trajectory and

the x' axis at the source; (ii) xg, the distance of a reference point in the x",

y" coordinate system from the y' axis; (iii) ys, the distance of a reference point
in the x", y" coordinate system from the x' axis; (iv)} R, the radius of the cir-
cular trajectory based on the particle's mass, charge, velocity and on the maximum
value of the field, Hp; and (v) a dispersion angle, @, at the source, which defines
two additional trajectories forming an envelope about the one defined by Qg and so
placed that the trajectory defined by ¢O initially constitutes a central trajectory

(Figure 3).

The output data consisted of the X' and y' values for each trajectory and
the field value encountered at each "printed out" point for the three trajectories.

In order to reorient the magnet by means of either s rotation or trans-
lation, the values of xg, yg and Qo were changed accordingly so that in the next
x', y' coordinate system, the x" axis was again parallel to the x' axis, and the
source was again at the origin (Figure Eb).

Particle trajectories can, in principle, be calculated for a wide range of
particle energies, angles of incidence and source locations.

The procedure used for the calculations was essentially that of Coggeshall
and Muskat(5). Starting with the Lorentz force law

'F'=—§—(E'+Vx_ﬁ) (1)
and letting ’

T = 0; B = —k..Bz =_}E.HZ (2)
it follows that

y= 254 (3)

=9 ()

If the normalized field h(x,y) is defined as follows

H(x
HELY) - () (5)
o}
equation (3) yields
2.1 20 -
L= -2 hixy) ax+ < (6)
3}O
where T = sin Qo and Hp is the maximum field value measured. R is the effective

radius in the field Hp.

Dispersion or aberration effects originating beyond the source slit may
be simulated by the appropriate placement of the magnetic field matrix within the
instrument coordinate system. The iteration procedure used in carrying out the
calculations may be explained as follows. The eguation for sin ¢l where ¢l is the
angle the trajectory makes with the x axis after the first step, is given by

sin ¢l = K hl)o(x,y)(xl-xo) + sin ¢O (N
where
- oo =7
K = o, and sin ¢ &
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! X "

FIGURE 3. General geometry employed in the trajectory calculations.

FIGURE 4. Chart traces of mass spectrsa simultaneously recorded on three channels of multiple
collector instrument.
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After step 2 (at x2) the equation for sin ¢2 is
sin by = & (B, (69 iym) + By o(9) (g 50) ) + oin 0 (8)

and at step J
n=j
sin 4)j = <K 2 hn,n-l(x’y)(xn-xn-l) + sin 4)0 (9)

n=1

In the limit as the size of the lnterval approaches zero one obtains

A
sin ¢, = & [ n0y) 4, + sin 8, (10)
. _ 6]
lim X "X 1= 0
or & > 3
. N 0
(i xymx, g = 0) = K [ hlny) ax + 22 (12)
0

The calculations were repeated for intervals of decreasing length until the value
of the integral was stabilized. The calculations described have been used in the
design of a small 3.25" radius double-focusing mass spectrometer for potassium-
argon geochronmetric measurements. The spectrometer measures three focused ion
beams simultaneously, i.e., mass 36, 38 and 40. Figure 4 displays chart traces
of the three beams obtained simultaneously during a mass scan. By comparison of
the peaks in the region of the dashed line, it is evident that mass 36, 38 and 40
occur simultaneously within the width of a single mass peak.

A more quantitative presentation of the results is given in Table I.

TABLE T
I/I S1lit

Collector m/e 38 Width
Inner 36 0.84 .o4o"
Central 38 1.00 025"
Outer 40 0.56 .o4o"

vA(exp.) = 1365 * bo ¢O = 31.5

VA(calc.) = 1290 x, = 16.5 cem

In making these measurements, mass 38 was collected on the central channel and the
fraction of masses 36 and LO entering the designated channels was measured. Va(cale.)
is the energy used in the calculatlons for the total placement of each of the

three jion beams in their respective channels. Va(exp.) 1s the energy required to
yield the results shown in Table I, employing the same’values of @O, Xg and yg used
in the calculations. The observed deviation of Vp(eyp,) and Va(calc,) Of

approaches the accuracy of the magnetic field measurements. A detailed measurement
of the magnetic field permits other calculations of interest to be made. Figure 5
illustrates the dependence of the focal properties of the 3.25" radius permanent
magnet on the angle . It is seen that as this entry angle is varied from 28° to

33° the image lengths shift along the paths until at 33° the rays diverge completely.
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FIGURE 5 . Dependence of focal properties of 3.25" radius permanent magnet on angle o.

FIGURE 6. General case of first-order focusing of ion beam in homogeneous

magnetic field with sharply defined boundaries of any arbitrary
shape (after Reference 2).
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The symbols in the Herzog equation, which relates the pertinent parameters
for focusing by an irregularly contoured field with no fringe effects are defined
in Figure 6. Transposed to yield the image distance the Herzog equation is

cos (¢ - el)
reind+l —m8m M ———
1 cosl
= - (12)
cos (0 - 52) 1, sin (¢ - € - e2) .
cos € T

2 cos €l cos €2

This equation is given in terms of the deviation of the beam ¢ rather than the
sector angle. To obtain the equation in terms of the sector angle ¢' when con-
sidering a regular sector, one substitutes § = §! + €] + e5. The angle €1 and €p
are, respectively, the angle of incidence and the exit angle of the central ray.

Figure 7 illustrates the dependence of 1y on the position of the sector's
apex along the ordinate. Several values of €] are considered. The curve predicted
by the Herzog equation for a perfect magnet of the same radius and angle is shown
for comparison. The differences are probably due to the curvature of the field
lines, as shown in Figure 8 for the small permanent magnet.,

Figure 9 illustrates the dependence of 1lp on €3, the angle of incidence,
for the dispersion angles 0.1° and 1.0° for the small permanent magnet. Again the
prediction of the Herzog equation for a perfect magnet of the same size is shown
for comparison. Figure 10 illustrates this behavior for the NAA 6" radius electro-
magnet with o's of 0.5° and 1.0°.

Coggeshall(7) has studied the general form of the fringing fields on
magnets by assuming the regions of constant magnetic potential are as shown in
Figure 11l. A Schwarz-Christoffel transformation was then used to transform the
upper pole piece surface onto the negative real axis and the median plane onto
the positive real axis. The field was calculated between the two planes and again
transformed back into the z-plane. The fringing field is then given in normalized
form in terms of a parameter n which is the .ratio of pole piece thickness to gap
width. Using the fringing field curves published by Coggeshall, trajectories were
calculated for the permanent and electromagnets described in this paper employing
the same technique outlined for the trajectory calculations in the real fringing
field. Figures 12 and 13 show the comparisons of the trajectories, for the per-
manent magnet with n = 1 and the electromagnet with n = 3, with the trajectories
calculated using the real fields. Also shown are the two normalized fields along
the beam paths.

CONCLUSTONS

1. Using the measured values of the normal field in the median plane of
the magnet of a double focusing mass spectrometer, the simultaneous trajectories
for masses 36, 38 and 4O were calculated. Expressions published by Coggeshall and
Muskat were used for the calculations. The experimental data for the simultaneous
collection of the three masses reproduced the calculated values t0 a reasonably
good degree of accuracy.

2. If the Herzog relationship for image length in terms of object length,
incident angle and exit angle is used without considering the actual field contour,
large errors can be accumulated due to irregularities in the slope of the contour.
Calculated values of the image length based on the actual field deviate greatly from
the values calculated by means of Herzog's relationship when the sector is assumed
to be regular.

TEOggeshall, N. D., Jour. of Applied Physics, 18, 855 (1947).
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A High Sensitivity Mass Spectrometer Ion Source

M. Doctoroffi and S,S. Grossel
Vacuum-Eloctronies Corp.
Terminal Drive
Plainview, New York

A mass spectrometer lon sourcel capablg of producing over 100 times the positive ion
output of the conventional Nier-type source“ has been developed. The distinguishing
feature of this new source is that both lons and electrons move parallel to the_axis of
the tube. The axial sowrce is similar in concept to the one of Stein and Binns- but
differs in that no magnetic field is required to gollimate the electron beam.

Fig. 1 18 a schematic diagram of the source., Electrons accelerated from the filament
through the grid are brought to a focus in the vicinity of the ilon voltage defining slit.
Beyond this slit they diverge, some being collscted by the ion focusing electrode, and
the rest returning to the ion voltage plate and being collected there, As a result, ilons
are produced in three regions: between the filament and the electron accelerating grid;
between the accelerating grid and the voltage defining slity and between the voltage
defining slit and the grounded object slit., Ions formed between the filament and the
electron accelerating grid return toward the fllament. Ions created beyond the acceler-
ating grid, but not very near the voltage defining slit, are not drawn out. These ionms,
however, do psrtially neutralize space charge repusion in the electron beam,4 allowing
more effective focusing action, JIons generated in the third region, beyond the voltage
defining slit, are not focused, and are only a small percentage of those realized at the
collector. Most of the extracted ions originate in a small volume around the voltage
defining s8lit, Stopplng potential measurements of the energy distribution in the ion
beam, indicate that this volume 1s bounded by equipotentials separated by only a few
volts. Only these ions, created in the immediate neighborhood of the voltage defining
slit, are focused onto the object slit, and they constitute nearly all of the emerging
beam. In essence, the arrangement is such that the major part of the ions which reach
the collector comes from an area where the potential variation 1s amall, though ions
with a large range of energies are formed at other points within the source.

The axial source has a partial pressure sensitivity appraximately ten times greater
than the Veeco-Nier gource at the same emission current of 2 milliamperes, Operating at
50 milliemperes the axial sowrce is about 100 times more semsitive than the Veeco=Nier
source at 2 milliamperes. The detall available from the axial source is apparent in
the inset on Fig. 2 where, at 10 milllamperes, a set of small peaks in the sixties is
scanned on a more sensitive scale, Object and image slits were 0,006 and 0,015 inches,
respectively, and scans were taken in a Veeco GA-3 gas analyzer tube having a 2 inch
radius of curvature and a magnetic fisld of L0OO gauss. It should be noted that the
standard gas analyzer uses the Nier-type source.

In conclusion, the axial source has been found to generate an ion besm with a
sufficiently small energy distribution for many mass spectrometry applications, and to be
capable of a sensitivity 100 timss that of a Nier pattern source,

# Now at Sylwania Research lLaba, Waltham, Masasachusetts

1 4. Doctoroff, S.S. Grossel, D.W. Oblas, Prooceedings of ihe Second International Congress
on Vacuum Techniques, 1961 Pergamon Press (In Print)

2 4.0, Nier, Rev. Sci, Inst. 11, 212 (1940)

3 F.S. Stein, J.E. Binns, AEC Document MIDC-1670 (158)
L £.6. Iinder, K.G. Hernquist, J, Appl. Phys., 21; 1088 (1955)
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SOURCE DESIGN CONSIDERATIONS FOR SECTOR FIELD MASS SPECTROMETERS

George Salser and Yuji Tajima
Department of Chemical Engineering
New York University, New York, New York

In our work with a 60° magnetic deflection rapid scan mass spectrometer,
we have been able to observe certain effects which, in all probability, have not been
as readily detected in machines with lower sweep speeds. Two of these effects, which
I will discuss, originate in the source region and are highly undesirable. They are,
namely, -

1. The voltage effect described by Nier and others -- it is character-
ized by a drop in detector ion current when acceleration voltage is decreased; and

2. The instability of detector ion current with time under conditions
which should lead to a stable ion current.

A short description of the machine will undoubtably make the discussion
somewhat clearer. The machine, modeled after that of Blanchard and others at
Laval University, is a rapid scan 60° magnetic deflection instrument with a 6" radius
of curvature. An electron multiplier is used as a detector with its output dis-
played on an oscilloscope. For slow speed operation and absolute measurement of ion
current, provision, is made to replace the multiplier with a vibrating reed elec-
trometer. An emission regulator is used and all circuits at high voltage are
protected by guard shields. The normal sweep voltage is from 6000 to 1000 volts
although the machine will sweep down to 500 volts. The sweep speed may be varied
from a sweep taking several seconds to sweeps of about a millisecond. All the units
are highly regulated.

The machine as it was originally set up showed great instability and
variability. Consequently, a program of rebuilding was started -- all electronic
control units were rebuilt to give outputs of high stability. Provisions were also
made to supply the source region with all types of voltages which might be useful.
Draw-out and repeller voltages, both fixed and variable with sweep, were installed.

The original source and its ion lens are, I am sure, familiar to most
of you who have worked with sector machines. This is shown on Fig. 1. The source
itself is of the electron bombardment type. The lens consists of plates set upon
glass insulators -- the voltages of these plates being derived from the accelerator.

To determine the voltage effect, all variables were maintained constant
and the accelerator was allowed to sweep. This results in a panoramic display of
mass peaks on the scope. The magnet was then manually swept at very slow speed
causing the whole mass peak display to move across the face of the oscilloscope.
vWhen the peak of a particular mass was focused at various acceleration voltages,
its height was plotted to give a graph such as that shown in Fig, 2. The solid
line is one of the better curves drawn from such data. As can be seen, the ion
current falls off alarmingly when the acceleration voltage is decreased below 2000
volts. Furthermore, the voltage effect curve was not at all stable ~- it varied
almost from one minute to the next. The broken lines show some of the other curves
which were obtained and indicate the variability which was encountered. Analytical
work was, of course, impossible under such conditions.

It was felt that modulation of the beam by the accelerator linked draw-
out might cause the drop observed in the ion current. Consequently, the machine
was equipped with both repeller and drawout plates, connected in a manner so that
their voltages would remain fixed relative to the ionization region, during thke
period of a sweep. However, the voltage could be set at any desired level., This
modification resulted in a rather small improvement indicating that although a
modulation did occur, its contribution was small. The instability as well as a
major portion of the voltage effect remained unaffected.

Fig. 3 shows one of the many modifications of the ion lens which was
tried -- deflector plates of the type shown were installed but again the improve-
ment was small, The instability remained unchanged.

Theoretical considerations show that ions may be lost in a number of ways.
One of these is space charge dispersion of the beam, Fig. L gives the .formula used
for calculating this effect and some of the calculated values for our system. We
have assumed that the beam consists of ions traveling in parallel paths with a
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cross section equal to that of the exit slit. The values calculated are accelera-
tion voltages required to prevent a widening of the beam by a factor greater than

2 in a length of 100 cm. This effect is mass dependent while our observations have
shown that the voltage effect has little if any mass dependence. Furthermore, we
do not have a parallel beam of ions -- but one which broadens through the magnet
region and is subsequently refocused which lowers the current density, and we do
pot normally operate with ion currents much in excess of 10-9 amperes., On the
basis of these considerations, we concluded that this space charge dispersion ef-
fect will not be prominent above 1000 volts, the region where we operate. However,
in larger machines with longer path lengths, or at higher ion currents, the contri-
bution of this effect might be quite large in the high mass range.

At this point, let us consider a top view of the mass spectrometer.
This is shown in Fig. 5 -- one can see the track which ions must take to reach the
detector. Along the plane of the tube perpendicular to the vertical plane, there
are no deflector plates to correct for deviations in the ion path. Consequently,
any side accelerations received in this plane within the source region will irre-
versibly deflect the beam. If we consider a simple vector diagram of the accelera-
tion voltage and some side acceleration, it can be seen that the effect of side
vectors is indeed a voltage effect since the angle changes rapidly as the accelera-
tion voltage is reduced. At 1000 volts, for example, a side vector of only 26
volts will completely eliminate the beam. This is in the order of magnitude of the
voltage which would create the effect which has been observed in our machine.

Since such side vectors may arise in the jionization region as a result
of penetration of the electron acceleration voltage and anode voltage, efforts
have been made to eliminate such fields. After considerable shielding, it was
found that the ionization region did indeed contribute a small side vector. This,
however, was not enough to explain the voltage effect encountered. In the course
of this work, it was found that screens are not permissible in the electron beam
since heating by electron bombardment occurred and resulted in surface ionization.

It was noticed that often for brief periods of perhaps 3-L seconds, the
voltage effect would disappear. These were always preceded by a discharge of some
kind, suggesting that perhaps arcing over the insulators occurred and effectively
wiped them free of charge. Charges upon insulators would cause side acceleration
vectors which would be variable with time. In view of the foregoing observations,
some method of shielding the beam from the insulators was sought.

The use of a lens to shield a beam has long been known in cathod ray
tube work. A detailed description of the two cylinder lens used by Epstein is
given in the Proceedings of the Institute of Radio Engineers, Vol. 2L, 1936, At
the upper right in Fig. 6 is the lens used in cathode ray tube work -- it con-
sists of two metal cylinders forming an optically spherical lens. For our work,
an optically cylindrical lens is needed. This configuration is shown in the lower
right -- the lens consists of flat plates. The source using this lens is shown
on the left half of the slide.

This assembly not only eliminated almost all traces of the voltage
effect but also gave extreme stability. Repeller and drawout voltages were held
constant with respect to the ionization region. %hen they are linked to the
accelerator power supply, modulation of the beam occurred.

In the present lens design, the voltage ratio used is between L:1 and
631, making the focal point for the main lens lie within the ionization region.
A second lens formed between the focus plates and the drawout plate shorten the
focal length so that the crossover formed at the drawout plate is refocused as
is shown in the slide. An exit slit has been omitted since the resolution is
determined.by the crossover at the drawout plate and the presence of the slit
would probably only cause modulation of the beam.

In conclusion, to eliminate the voltage effect and minimize the insta~
bility of the ion current, certain principles must be adhered to in the design
and operation of sector field mass spectrometers. Namely,

1. The ilon beam must "see"™ only conductors since insulators tend to
collect charges causing highly undesirable electrostatic fields. Insulators may
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be elther physical supports and/or deposits from the back diffusion of pump oil,
samples analyzed or residues from improper cleaning.

2. The ion lens and ion ejection system must be designed so that
modulation does not occur. Modulation can be produced not only during ion ejection
from the ionization region but also by angles produced at crossover so that the ions
can no longer be termed paraxial.

3. The ion beam must be shielded from all electrostatic fields crosswise
to its path or deflection plates placed in the tube to correct for the effect of
such fields.

We would like to take this opportunity to thank the Air Force Office of
Scientific Research, Propulsion Division for their support of this work under

contract AF L9(638)173 and Dr.C. E. Berry for his invaluable advice at a time when
we had run out of answers.
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"STUDY OF RESOLVING POWER OF A SINGLE-FOCUSSING, 12 IN,
RADIUS, 60°, MASS SPECTROMETER"

Graham G. Wanless and George A. Glock, Jr.

I, INTRODUCTION

We thought that it would be of interest to describe the perform-
ance of our 12 in, radius, 60°, single-focussing mass spectrometer.

This instrument was a joint effort of General Electric Company
and Esso Research and Engineering Company. I should give credit to
L. A. Dietz of General Electric Company, and to W, H. King, Jr., and to
B. E. Hudson, Jr., of Esso Research and Engineering Company.

In the past, this mass spectrometer has been used on a variety of
high temperature and high mass range problems up to about mass 900, where
the peaks were still individually resolved. With the original 0,008 in.
collimating slits, the resolving power was about 500,

More recently its resolving power has been increased to a least
2750, It is the purpose of this paper to describe some experiments made
with this problem in mind.

The first slide, if you please, will show a photograph of the
mass tube,

Slide 1

The output signals are fed through a Cary vibrating reed amplifier,
alternatively, to an oscillographic recorder and to a sensitive high-
impedance recorder, )

The ion source design is shown schematically in the second
slide,

1ON SOURCE DESIGN
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Slide 2

269



It contains three slits -

a) 0.005 in. ion-gun slit
b) Two 0.0015 in. collimating slits.

There is a lot to show on one slide. So let me show slide 2A,
which i5 the same as slide 2 with the voltage divider added.

ION SOURCE DESIGN
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3-62- 1449
Slide 24

II. POTENTIAL RESOLUTION OF A SINGLE~-FOCUSSING INSTRUMENT: -

Slide 3

THE POTENTIAL RESOLVING POWER Mp) 1S

Mp= o R
(S+W+A)

LS-62-11450

Slide 3

where R = mass tube radius

S collector slit width

W = width of ion-beam object (not necessarily equal to
A

collimating slit widths)
= sum of instrumental aberrations contributed to the
refocussed ion beam.

W is the result of the electrostatic focussing in the ion gun, and

it is diTficult to know. If we assume that W equals the actual collimating
slit widths, then we can estimate the sum of the instrumental aberrations.
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In our case,

Mp = 2750, MINIMUM
R =12. W,
S =0.00025 IN.

W =0.0015 IN.[ASSUMED]

LS-62-11451

Slide 4

(a) If there were no instrumental aberrations,

Mp = 12.0 = 6857.
. + .

(b)

FOR AN ASSURED RESOLUTION OF 2750,

12.0
0.00025 + 0.0015 + A}

Mp = 2750 =

L$-62-11452

Slide S
(c) If 0.001 in, collimating slits were used, the resolution
could be increased to 3109, or by about 14%.

Thus, it is evident that there is no use in reducing slit widths,
unless concurrent progress is made in reducing aberrations.

IIT. PRACTICAL MEANS OF IMPROVING RESOLVING POWER: -

This subject has been considered carefully by Thorburn and Robbins
(1) in relation to a Metropolitan-Vickers M.S. 2 mass spectrometer. Their
paper is an excellent guide when studying this problem.

1. In the time available, it has not been possible to make a

critical investigation of every variable. The subjects, although important,
on which we have not worked are: -
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(a) Spherical aberrations, and aberrations causing
Image curvature,

(b) Increasing the field strength of the yoke magnets.

(c) Space charge effects. These have been avoided.
ATI of the work presented was done with a sample
charge of 0.6 mg.

2. We have studied eleven other variables which are discussed
below: -

Reduction of slit widths: -

(a) 1Ion beam object width (collimating slits):

This instrument had great sensitivity, and it has been
possible to trade some of it for increased resolving power. The collimating
slits have been reduced gradually from the original 0.008 in. widths to
0.0015 in.

(b) Collector slit:

At the same time, the collector slit has been reduced to
0.00025 in. Concurrently with these changes, reduction in instrumental
aberrations have been made and these will be discussed.

The net result is a single-focussing instrument which can be
used for conventional work, and after reducing collector slit width - in
high resolution studies. As an example, we may enjoy a sensitivity for
n-dodecane parent ion, in a resolved doublet, of 2000 chart divisions per
milligram. Later slides will show examples.

INSTRUMENTAL ABERRATIONS

&) STABILITY OF ACCELERATING VOLTAGE.

) PARALLEL ALIGNMENT OF COLLIMATING
AND COLLECTOR SLITS.

(e} REDUCTION OF SLIT_LENGTHS

MINIMIZE EFFECT OF BACKGROUND
SCATTERING BY DIFFERENTIAL
PUMPING.

LS-62-11453

Slide 6

(c) Accelerating voltage:

We have studied this extensively and found that in our case,
the stability of the high voltage power supply was not critical. This was
established by various filter experiments. (See section 3-(k)). Our problem
was shown to be a chromatic aberration.

(d) Parallel alignment of slits is extremely critical. Slide 7
will show the symptoms of this trouble. -
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SATELLITES AND
SKEWED PEAK SHAPES

X xi

x30
x3
Ma3 Hay
xioo Xi0
COLLECTOR N =
SLIT wipTHg 0-02% 0.00025
LS-A2-I14Ba
Slide 7

(i) Satellite peaks which can be seen when
the collector slit is opened rather widely,

and (ii) Skewed peak shapes which are observed when
the collector slit is closed down.

(These peaks were obtained from a blend of equal volumes of n-nonane and
2-octanone.)

After all of the electrical improvements were made, and which are
discussed in this paper, successful twisting of the mass tube removed the
peak satellites and increased resolution by 119% (from 1320 to 2900).

(e) Reduction of slit lengths to prevent scattering of the ion
beam by impinging on the mass tube, in the region of the analyzer magnet,

Thorburn(1) found a 15% galn in resolution when the second
collimating slit was shortened, and a 40% gain when the collector slit was
shortened.

So far, we have applied this to the second collimating slit
by shortening it from 0.60 in. to 0.31 in. Time did not permit a special
investigation of this change, but undoubtedly it helps, since our mass
tube is 0.67 in. wide, inside, in the analyzer region.

(f) Differential pumping of the mass tube has been simulated in
our instrument, by installing a second diffusion pump at the collector slits,
and by inserting a slotted plate between the ion gun region and the anal-
yzer region of the mass tube. The slot in this plate is 17 mm x 5 mm, and
it has had no adverse effect on sensitivity. Narrower slots will be tried
out,

This change was made to reduce pressure and to reduce ion beam
scattering in the analyzer region. It has demonstrated that a mass tube of
this size needs a second diffusion pump at the collector end of the tube.
During the two years when the instrument was run with one diffusion pump,
some accumulation of heavy ends occurred at the far end of the mass tube.
This accumulation is being removed gradually since installation of the
second pump. The pressure below the leak is now down to 1.8 x 10-7 mm Hg.
Although we have not measured the gain in resolution directly, this change
is undoubtedly a contributing factor to increased resolution.

Two other changes which contribute to quiet instrument opera-

tion include (1) a separate ground from the chassis of the high voltage
power supply, and (2) internal grounds in the mercury diffusion pumps.
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3. Chromatic Aberrations: -

This is the principal area for research., We will discuss five
factors which we have had a chance to study:

CHROMATIC ABERRATIONS

t9) MINMZE EFFECT OF DRAWING-
QUT FIELD,

OPTIMIZE FILAMENT TQ SHIELD
ENTIAI

[} S ERAT)
POTENTIAL,

@  PRQVIOE D, URRENT ARQUND
ION GUN.

&) REMOVE ON GUN OSCILLATION.

LS~62-11455

Slide 8

(g) Any effect of the drawing-out field which may have existed
was minimized by reducing the slit width at the Ion chamber from 0.008 in. to
0.005 in. We found that this did not decrease sensitivity. It does hurt
the cracking pattern somewhat, but we can stand it. With an ionization
chamber temperature of 190°C,, in our instrument, the M226/M57 peak height
ratio for n-cetane is still 0,071.

(h) For our instrument the optimum filament - to - shield
potential appears to be 45 volts. This is shown by data in the Tollowing
able: :

Table 1
Filament~-to-shield Percent valley in

potential mass 43 doublet

55v 28.5% (1)

50 25,

45 21,

40 22,

35 28.

30 30.

25 . 25,

20 43.

15 42,

(1) Measured from base-line.

(i) Increasing accelerating potential increases resolving
power as shown: -

Table II
Accelerating Percent valley in Approximate Re-
Voltage mass 128 doublet solving power
5500V, 21% 2780
6600 15 2990
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Most of our work has been done at 5500 Volts. Work above 6000 Volts will
require redesigning of the clearances in the ion source.

D.C. Circuitry around the ion source is commonly used in

)
appearance potential work., We have been pleased to find that it also con-
tributes to increase resolving power. The arrangement shown in slide 9
gave a 50% gain in resolution compared to that obtained with the conven-

tional AC-regulated filament circuit.

D.C. ION SOURCE CIRCUITRY

SAMPLE
FILAMENT I REPELLER

=] TRAP

p

B-BATTER(ES

$-82-11454

Slide 9

(k) 1Ion source oscillation. Even with complete D.C., cir-
cuitry around it, we have Tound that there is still an oscillation associ-
ated with the ion source. It can be removed or greatly reduced by install-
ing an additional capacitator in the high voltage power supply, as shown in
slide 10. This modification produces another gain in resolution of about

MODIFICATION TO
HIGH VOLTAGE POWER SUPPLY

TAL, HIOH N/

0.2 MFD. 828803V iy pypeLLER”

(13000VIN, 3900V 1 saneLn

(ADDITIONAL. %
TO DRAW-OUT
CAPACITATOR) PLATE

LS -82-11487

Slide 10
Many additional circuit modifications have established that the effect is

not a superimposed AC ripple coming from the high voltage power supply.
The ripple is a phenomenon associated with the ion gun itself.
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4., 1Instrument Tuning Parameters: -

IMSTRUMENT TUNING- PARAMETERS

) DRAWING-OUT POTENTIAL
G FOCUSSING POTENTIAL
Gil) BEAM CENTERING POTENTIAL

Gv) REPELLER POTENTIAL

LS-62-11458

Slide 11

(i) Drawing out potential: (Referring to Slide 2A, again,

please):

In this ion source design, the clearance between the flanges
on the ion-gun exit slit plate and the drawing-out plate is only 0.055 in.
This makes the drawing out potential non-critical with respect to general
tuning of the ion beam. However, it does influence resolution. For a
5500 V., accelerating potential, the drawing-out potential is set at about
430 volts with respect to the shield potential.

(ii) Focussing and (iii) beam centering potentials:

These are extremely critical and require 10-turn Helipots
on the fine adjustments.

(iv) Repeller potential:

Potentials of +2.2 to +2.9 volts are preferred for optimum
resolving power,

IV. RESULTS:
(a) Resolution:

The net result of attention to these details is shown in slide 12.

n-NONANE PLUS 2-OCTANONE

|

i
BT

Ma3 m71

La-e2-0e38

Slide 12

276



We show the separation of the mass 43, 71 and 128 (parent) peaks for the
pair n-nonane and 2-octanone. A resolving power of 2750 can be claimed.

Slide 13 shows similar pairs of parent peaks for the pairs
n-nonane and 2-octanone

n-decane and 2-nonanone
n-dodecane and 2-undecanone

PAIRS OF PARENT IONS
X0
a-NONANE
-~OCTANONE
X0
~DODECANE +
Z-M
x30 N
[2-NONANONE
COLLECTOR M128 NM2 w7
SsuUT ————— Q00028 ———
SENSITIVITY 2470 2700 2000 div /mg.
Le-ax-neso
Slide 13

(b) Sensitivity:

This is indicated on the previous slide. With a 0.00025 in,
collector slit, the sensitivity at mass 170 is 2000 divisions per milligram.

(c) Absolute Mass Measurements:

Finally does the machine give the right answers? Are they as
accurate as can be obtained with a double-focussing machine?

To attempt to answer this we have examined the nonane/octanone
pair in the CEC-21-110 double-focussing mass spectrograph and in the mass
spectrometer which we are describing. Ten sets of measurements were made
in each instrument. The absolute values are quite close together as shown
in the last slide:

ABSOLUTE MASS MEASUREMENTS

CORRECT 0.F. MASS S.F. MASS
NUMBER SPECTROGRAPH | SPECTROMETER

M43 43.0321 43.0318 43,0340
A -0.0005 +0.0019

-

m7 71.0723 71.0739 71.0729
A +0.0016 +0.0006
M128| 128.1610 128.1599 128.1598
A -0.0011 -0.0012

LS-62-11461

Slide 14
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The 95% confidence limits for the data from the single-focussing
mass spectrometer are as follows: -

0.0031

95% Confidence Limits

M 43

M 71

0.0018

128

0.0035

With the single-focussing machine we appear to have a slight system-
atic error at mass 43, It has not yet been investigated fully. But we can
say that it is due neither to errors (a) in peak measuring, nor (b) in
chart drive rate, nor (c) in ability of the recorder to keep up with the
scanning rate. Probably the error is associated with the analyzer magnet

power supply.

We acknowledge the help of E. S. McBride, who provided the spectro-

graphic results,

Reference (1):

R. Thorburn and E. J. Robbins, "Increasing the Resolving Power of
a Metropolltan - Vickers M.3.2 Mass Spectrometer with Particular Reference

to Analysis of Uranium Hexafluoride."

Authority, report DEG-94 (CA)).
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CORRECTION COILS FOR SECOND ORDER FOCUSING WITH
THE ARGONNE 100 INCH RADIUS MASS SPECTROMETER

*
C. M. Stevens

Argonne National Laboratory

Argonne, Illinois

ABSTRACT

The second order coefficients, Bll’ B1

p

97 and B

2 ' 2
am (Bll a” + 512 ap + 822 B

2p In the expression

),

have been made very small for the Argonne 100 inch radius double focussing

instrument by the use of three circular coils placed in the magnet gap at

the entrance, middle, and exit regions. The set of
required in each coil to give complete second order

assuming a set of linear first order equations,

KI = B

Comparison has been made between the measured value
coefficients before correction and the calculations

Konig.

currents 11, 12, and 13

focussing was determined

of the second order

of Hintenberger and

*
This work was supported by the United States Atomic Energy Commission.
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MECHANICAL MODIFICATION OF TWO-STAGE,
12-INCH RADIUS MASS SPECTROMETER AT
VALLECITOS ATOMIC LABORATORY

by

W. E. Duffy

I. INTRODUCTION

The instrument discussed in this report evolved from one
developed at Knolls Atomic Power Laboratory of General Electric
Company. It was described first by White and Collins in 1954 in
Applied Spectroscopy, Volume 8, page 169. The instrument ori-
ginally contained an all-glass vacuum system. Vacuum was
maintained by three large glass liquid nitrogen cold traps,
three mercury diffusion pumps and one 140 1/min. mechanical
pump. Pressure was measured by one thermocouple gage and three
ionization gages. 1In this laboratory a second, 70 1/m mechanical
pump and a thermocouple gage were added but otherwise the system
remained unchanged. A flow diagram of the system as it existed
at our laboratory is shown in the first slide.

Introduction of a solid sample required isolation of the
source region by closing valves 3, 4, and 5, venting the source
cap to atmosphere, melting the black sealing wax with a torch
and removing the cap. The old sample was then removed and re-
placed with a new one. The source cap was resealed on the system,
pumped out with the mechanical pump and then opened to the mercury
diffusion pump which pumped upon the source region. This operation
usually required ten to fifteen minutes. . Subsequent pumpdown
necessary to attain an operating pressure of 2 or 3 x 1077 Torr
required 3 to 4 hours. Since a complete isotopic analysis required
an hour or more the instrument was limited to two analyses per day,
even with overnight pumping on the first sample.

II. PLANNED CHANGES

An increase in the analytical requirements of the laboratory
necessitated a modification of the mass spectrometer to permit more
capacity. The most obvious improvement was some means to reduce
pump-down time between analyses. The rapid sample-changers known
personally to the author and reported in the literature did not
possess all of the characteristics desired. It was resolved, there~
fore, to design a changer based upon that built by C. M. Stevens
of Argonne National Laboratory but differing enough in detail to
fit the particular requirements of this instrument. Since adding
a sample changer would mean redesign of the source end of the
vacuum system it was decided that a completely new vacuum system
would be designed. The idea grew until the system became all metal.
The cold traps and diffusion pumps were eliminated and replaced by
ion getter pumps. The glass analyzer tubes were replaced by copper
wave guide tubing bent to the proper dimensions.

The changes thus contemplated were intended to remove danger
of glass breakage, to increase pumping speed and to eliminate cold
traps and the attendant dependence upon liquid nitrogen. Also, use
of ion getter pumps would provide a clean system free from potential
contamination by mercury or oil diffusion pumps.
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III. MODIFICATION DESCRIPTION

Using the basic vacuum lock developed by C. M. Stevens of ANL

and the high voltage ion source described by L. A, Dietz of KAPL
. X ; X X (1,2)

as starting points the system shown in the second slide was designed.

The vacuum lock contains essentially two stages of differential
pumping. The first stage is mechanical and operates continuously.
It roughs out the source assembly after the O-ring seal has been
tightened about the sliding piston. After pumping on this stage
for a short period the O-ring seal is loosened sufficiently to
permit movement of the piston and the source assembly is moved to
the second stage. The O-ring is then retightened. Valve No. 2, -
located between this second stage and the source region is kept
closed during this operation. This valve is then opened slightly
to permit a small amount of the included air to leak into the large
Vac Ion pump. It is now closed until the Vac Ion pump recovers.
This is repeated several times until the valve can be opened wide
with very little change in the Vac Ion pump current reading. The
O-ring is now loosened slightly and the source assembly is moved
into the source region. The O-ring is again tightened. The valve
is closed and the Vac Ion pump now pumps directly upon the source
assembly. Valve No. 1 is kept closed except during initial evacua-
tion of the system.

Extraction of the source assembly is accomplished by loosening
the 0-ring seal and lifting the piston until the source assembly
just clears the O-ring tightening nut. The counter weight stops
at this point and holds the piston in this position. The O-ring
is tightened and the old sample hat and filament is replaced by
a new one. The sample introduction procedure is then repeated.

The sliding piston and cylinder of the vacuum lock are made of
304 SS. Both surfaces are hard chrome plated and machined to a
clearance of *+ 0.0002". The diameter of the piston is 2 inches.
The close tolerances maintained minimize in-leakage of air. This
is decreased further by the Viton O-ring preceding the first stage
of pumping.

The path of the ions in this instrument lies in a horizontal
plane. The vacuum lock was designed to operate in a vertical plane
along the axis of the source slit assembly. This arrangement permits
the movable piston to be of minimum diameter and allows rotational
and translational adjustment of the ion source.

The short piston is connected to the long piston directly
through the source assembly and acts as a plug when the source is
extracted. Furthermore the short piston separates the first stage
of pumping from the second when the source is extracted. The
source assembly itself is isolated from ground by specially built
ceramic spacers. Each piston section is supported at three points.
To permit proper alignment of the two sections during the insertion
or extraction operations the short piston is supported by screws
which hang loosely from the ceramic spacer. This allows a self-
centering action during axial movement.

The electrical leads are introduced through a special ceramic
seal with a stainless steel sleeve which is heliarc welded inside
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Fig. 3 - Mass Spectrometer and Control

Fig. 4 a - Front View of Vacuum and Magnet Sections
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the long piston. The short piston is grounded during source opera-
tion to prevent the buildup of a static charge. The two ion beam
collimating slits are of fixed dimension and both are at ground
potential. This differs from the design of Dietz which specifies

a potential upon the first collimating slit. The z-focus plates
are located between the two collimating slits and are insulated
from them. A battery voltage up to £ 300 volts may be applied to
these plates.

The ion source was designed to operate at 15,000 volts. Tests
with a megohmmeter show that the source will operate as designed.
So far our power supply has limited us to 5000 volts.

A 75 liter per second Vac Ion pump operates continuously upon
the source region. This is isolated from the analyzer by the 8-mil
beam collimating slit. The first and second stage analyzer tubes
are pumped on by an 8 liter per second Vac Ion pump which is located
directly beneath the center slit. The detector region is pumped on
by a second 8 liter per second Vac Ion pump and is isolated from
the analyzer region by the detector slit. The detector, an electron
multiplier, may be sealed off from the remainder of the system by a
one-inch gate valve which normally remains open. The two eight
liter/sec. pumps share a common power supply. The 75 liter per
second pump has an independent power supply.

The two analyzer tubes were bent to specifications from oxygen
free, high conductivity copper wave guide.

The center slit and detector slit were each made continuously
ad justable by using bellows seals and two flat bladed micrometer
depth gages to move the slits.

All vacuum seals were made with commercial shear seal flanges
and copper gaskets or with Viton O-rings where use of copper gaskets
was impractical.

Two sapphire windows were located to observe the source region
and permit pyrometer measurement of the sample filament temperature.
A small cold-finger liquid nitrogen trap was flanged into the source
region to reduce sample background and help reduce pressure. Use of
this cold trap was intended only when very high abundance sensitivity
was desired. However, it has been found that regular use of the cold
trap reduces sample introduction time by about one-half. The trap is
kept filled throughout the day and allowed to warm up overnight.

Although the system was constructed entirely of metal, extensive
high temperature bakeout was impractical due to the fixed and in-
flexible connections between the various components. This did not
hinder the highly satisfactory performance of the vacuum system,
however.

IV. PERFORMANCE

Operating pressure in the source region was generally 1 to
3 x 107" Torr. Following an overnight pump-down the pressure was
often 2 to 3 x 107 Torr. The pressures in the analyzer and
detector regions were nearly equal and remained at about 2 x 10'7
Torr, even during sample change. There were no detectable leaks
in these parts of the system.

284



Fig. 4 b - Front View of Vacuum and Magnet Sections

Middle Slit and Detector Assemblies

Fig. 5 a
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During routine instrument operation, using the cold finger,
sample introduction procedure consisted of three minutes of pumping
in the first stage, two minutes pumping in the second stage and
ten minutes pumping in the source region before a satisfactory
vacuum was obtained and sample analysis commenced. Occasionally
additional time was required, but seldom was more than 20 minutes
of pumping necessary.

Approximately one hour is required for a complete isotopic
analysis. The result is that the instrument easily may run from
four to six samples per eight hour day.

Shut down of the instrument for any reason consists simply of
switching off the pumps and venting the instrument. In order to
protect the electron multiplier during a shutdown the one-inch
gate valve in the rear is closed and the rear Vac Ion pump is left
on.

Operation of the rapid sample-changer is quite simple. Trouble
from galling of the sliding surfaces is eliminated by reasonable
attention to cleanliness.

The use of copper sealing gaskets and Viton O-rings has proven
very satisfactory. The initial assembly of the system resulted in
a practically leak-free unit.

V. COMPARISON OF OLD AND NEW INSTRUMENTS

Prior to modification the instrument was limited to one to two
analyses per eight hour day. Since modification the instrument
easily may analyze four to six samples in the same period. Elimi-
nation of the large cold traps has reduced intrumental requirements
for liquid nitrogen from 250 liters to 5 liters per week. Sample
size, abundance sensitivity, adjacent mass resolution and counting
rates remain essentially the same as before. Use of the z-focus
and the mechanical translational and rotational adjustments permits
very accurate positioning of the source filament and minimizes
physical misalignment. The physical appearance of the instrument
is improved and housekeeping simplified.

VI. FIGURES

The attached figures show different views of the instrument.

References:
1. Stevens, C. M., Rev. Sci. Instr. 24 148 (1953).

2. Dietz, L. A., et al, Anal. Chem. 32 1276 (1960).
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Fig. 5 b - Middle Slit and Detector Assemblies

Fig. 6 - Source Piston Fully Withdrawn
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1.

C. Brunnée, L., Jenckel, K. Kronenberger June 1962
ATLAS MESS~ UND ANALYSENTICHNIK GmbH, Bremen, Germany

Identification of fractions which have been separated in a gas chromatoéraphic
capijlary column

a)

b)

Instrument

In order to apply the Mass spectrometer Cil 4 for this problem, a special
inlet device had to be developed, This device can be seen in Fig. 1 as part
of the total arrangement,

At the end of the capillary column, the gas stream B

is split. The one part of the e

gas stream is directed to the [
detector of the gas chromato-
graph, the other part is
directed to the inlet connec-
tion of the mass spectrometer.
This inlet connection consists
of a throttle capillary. The
gas stream leaving the column
flows freely around the throt-
tle capillary without being in
direct contact with the wall
of the capillary column. In
this way the liquid phase is
prevented from reaching the
inlet line to the ion source,
The entire inlet arrangement
can be heated up to 350°C. Fig. 1

In addition to this special

inlet arrangement, the CH 4 was also equipped with a special jon detection
assembly, consisting of a multiplier and a cathode ray oscilloscope or a
multiple galvanometer recorder respectively. The performance data which can
be attained with such an instrument are listed in Fig. 2 as far as they are
of interest for the problem discussed here.

Pard
renetie

Measuring accuracv under different conditions
The accuracy of the recording of an ion
current J belonging to a definite charac~

ATLAS Mass Spectremerer C H &

teristic mass is mainly dependent ,n the (Perfarnancs Dara}
mean statistical fluctuations F which ven Benge: -t o 00
decrease with increasing values of the e 2 - 1000
ion current J and of the time constant T Russtustons Mo - 200/ 400 / 130s
Vihg recordln system, proportional to Seennteg Preieds
Mt = K/ JT ©) Altoratien of tas mageer fisld
The value of JT depends on the necessary Ter
resolution and on the necessary scanning V) alteratten of e
speed, Taar el
To increase the resolving power requires Zesruiniig;

) gy B 10 fer 200

narrowing the slit .widths, which results in
a decrease of the ion current Jyzx. An in-
crease of the resolving power with the W g
scanning speed V remaining constant re- s
quires a reduction of the time constant T ) sencemsration raoge
of the recording system, A reduction of 3
the time constant T is also unavoidable -
when the scanning speed V is increased.

In summary, j& results:

Fazconst, FA¢ . V,

where A is the resolving power and V is

the number of recorded mass oktaves Fig. 2
p.sec,

It depends on the specific problem which resolving power and which scanning
speed at a given maximum ion current has to be chosen for the performance
of a mass spectrometric analysis. Among many factors the substance quantity
and the time period of the appearance of the fractions at the outlet of the
column must be considered. In any case, resolving power and scanning $peed
should be chosen not liigher than absolutely necessary.

To retain high readout accuracy we shall reduce the minimum scanning speed
required for the exact recording of the mass spectrum in that way that we
do not record the absolute ion currents but the proportion of the ion
currents to the nrevailing partial pressure of the fractivn measured, in
order to eliminate the influence of the temporury alteration of the partial
pressure on the distribution of the peak heights in the mass spectrum

and gas asnzumpiion of b atm

of ths racerder 0,1 wen,

ant
y 108)
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for a larger part of the scanning time of the fraction.

c) Practical examples of measurements
With a cathode ray oscilloscope (Tektronics 545) 10 scans of the mass range
ME = x to ME = 2,5 . x Ber second could be recorded. The time constant in
this case was T = 2.10—% sec., With this measuring arrangement, continuous
mass spectrometric analyses at the output of a gas chromatographic canillary
column have been demonstrated consecutively on the ACHEMA 13 Exhibition in
Frankfurt/M, Germany, in Summer 1961.
In the meantime, the cuthode ray oscilloscope has been replaced by a multiple
trace ultraviolet beam galvanometer recorder (ABEM). This tvpne recorder
offers the advantuge that the mass spectra can be taken and recorded in 7
different sensitivity ranges simultaneously. Measurement results are shown
in figures 3 to 6.
Fig. 3 shows the gas chromatogram of a sample obtained with a capillary
column, This sample consisted of the fnllowing components:

PEAK |COMPONENT  CONCENT RATION |PEAK | CoMPONENT CONCENTRATION kEAA’ COMPONENT CONCENTRATION
~a [9%] | ~0 {%] | ~o [%]

39 |2.2-Dimethythexane 050 | 44 | Toluene 2820 | 49 | n- octorne 262
40 |2.6-Dimethylhexane 109 | 45 |2,3-Dimethylhexans 7200 | S0 | Fthylberzere
41 |24 -Timethylhexane 200 | 46 |&- Methyl heptone 374 57 | p-Xylene
42 |2,2,3 -Trimelhylpentane 47 | 4=~ Methyl heptane 780 | 52 |m-xytene
_43 (33~ Dimethythexrane 073| 48 | 3- Methyl heptane 603 |53 | o-xyierne

E—
Lo
i :
1 T

l ’ 5 : :
i — ] ! !

PART OF THE GAS CHROMATOGRAM — -~ _ . &

| OF A SOLUTION OF MORE THAN 50 COMPONENTS

e e -

: ! ;
: ! i ! i i i l i l

Fig. 3
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0f the gas stream leaving the capillary column, mass spectrograms have been
recorded continuously with a scanning time of 1/4 gecond for the mass range

ME = x to ME = 2,5x, (ME = 40 - 120)

Fig. 4 shows a cut-out of the mass spectrum of the comnonent No. 39 marked

in the gas chromatogram. This cut-out shows that even this component, which

is present in the sample to 0,5 % only, can be well analyzed by mass spectro-
metry. Evaluable mass spectra are still obtained with a concentration of 0,1 %
of the component concerned. If only the main peak in the mass spectrum of

the component is recorded, considerably smaller concentrations are still
detectable.

022 sec

5 22 Dimethylhexane
'jf [8 = backgrovna]

3 '6#[5]
.‘: {e] sf 1k %

&
P a— g1(s]

T s ‘
J\\;kJVVV&J '\Hkujk%AVqu~awVvaﬂﬁ_ﬂﬁ¥== ? Y
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Fig, 4 Spectrum 2,2-Dimethylhexane {I’eak No.39 of gas chromatogramm,

Fig. 3)
022 sac
p- Xylene
Fig. 5a
51 %.gy Spectrum
: p-Xylene
{ | No.4 of
! 05 table Fig.6
M 7




' 822 sec L Fig. 5b
B B "&;' L1086 Spectrum
. -5 ” | m-Xylene
i : . . IR | No.3 of
{ - m- Xylene . Y| table Fig.6

e -

e

e o enm e e g

e

Fig, 5 shows the mass spectra taken of p-Xylene and m-Xylene which were not
separated in the gas chromatogram of Fig. 3. The evaluation of these spectra
for the ratio 152/150 is listed in the table of Fig. 6 for 5 different

recordings.

Each of the
five spectra 1 2 3 4 5 Medium API
recorded jin ’ value
0,22 sec. .
" 29.3_ }_.._l_, 31,5 }_4_ 31,8 1,40
p-Xylene 5T£=1,03 ['Z52a1,02 | £5e2a1,04 | £75=1,01 | 554001,03 | 1,03 1 Too=1.05
Ratio 1
peaks ga
_Xvl 13,3, 20,0_ 69,0_, 24 69,0 ;.5 | 66,2 8,11
Y lene 59,071:24 58,37 1019 ) 55,7712 | 5,578 [ 53707125 | 1,22 [ gm0 30
peaks 52
50
Fig. 6

2, Measurements with an RPD Ion Source according to éox and Schiff

For exact AP-measurements

an ion source.for the Mass Spectrometer CH 4 has

been developed and tested with which retarding potential difference measurements

can be performed. With an emission current of 250 ,uA
{uA was measured at the collector.
e

This current

an electron. current of
as independent from the

ectron energy down to about 3 volts. A multiplier was used for the measure-
ment of the ionsa,
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ELECTRON BEAM

—
Fig. 7 is a schematic outline F:gil
of the construction of this ien

source, Since the impulse peri- -
ods for electron current and

ion current can be chosen inde-
pendently from each other, it

is algo possible to measure the 4%

lifetime of shortliving ions frend :wwn r

with the source. ® . (_1447

The performed measurements had 0 e

the following result: = astvz ot o psec .

a) With the original arrange- - u
ment published by Fox, [akeree ror e o souCE war
Hickam, Kjeldaas and Growe, Srmoes

Rev, Sci,Instr, 26, 1101
(1955) the adjustment of the
electron optic proved to be
rather critical and not al-
ways reproducible. With a
somewhat altered arrangement, published on the Joint Conference on Mass
Spectrometry in London by Cloutier and Schiff, however, well reproduc-
ible ionization efficiency curves could be recorded with a simple ion
source alignment. The less favourable result achieved with the arrange-
ment according to Fox can probably be explained by the fact that the
critical field of the retarding plate is very easily disturbed by surface
charges whereas the space-charge threshold of the arrangement according
to Schiff is not subject to such interference,.

b) As has already been observed repeatedly by othera the ionization efficien-
cy curves for argon and other rare gases showed breaks. With CO, however,
perfectly straight ionization efficiency curves could be taken with our
ion source., These curves were very well reproducible. Several times re-
peated appearance potential measurements on CO coincided within a toler-
ance of 0,02 volts (Fig. 8).

Structure analyses on various

. 4
alkalgides (o) €0° 0N CURRENT
Mr. G.Spiteller (Org. Chemical i
Institute, University of Vienna,
Austria) carried out a number of o

structural investigations on a
series of low volatile alkaloides
using a CH 4 Mass Spectrometer. 4
As a result of these analyses
Fig. 9 shows the mass spectrum
and the formula derived there-
from for "Kopsin", an Indian
vegetable poison, A detailed

description of the measurements S TE Y B Tm BT T worev )
and of deliberations with re- aTiaT wiAnC -
spect to the correct coordinating smee APPEARANCE  POTENTIAL MEASUREMENT 12
of the measured ion currents will . 8

be published elsewhere, Fig,

The samples were vaporized from a
small graphite furnace which can
be heated under controlled condi-
tions. The graphite furnace is
introduced into the ion source by
means of the vacuum look of the
CH %,

£2)

e nar

spektrum  des I rodtrce

293



Fig

In Fig., 10 this vacuum lock is

shown in a demounted arrangement.

A replaceable ionization unit
containing the furnace with sample

and the ionization chamber can be
introduced into the ion source

without venting the analyzer. Be-
cause the sample enters the ionization
chamber directly in vapor phase, an
extremely low vapor pressure suffices
for taking a spectrum which is reach-
ed by most organic compounds without
decomposition, The lowest value to
which the temperature of the ion
source and like wise the temperature
of the vaporization furnnce can be

set is 150°C. Fig. 10

For measurements of this kind it is

desirable to have a high resolving power and to be able to determine the
exact masses of unknown ion currents. The latter is possible in the CH 4
with an accuracy of 0,1 > for differences in mass between two peaks. The
highest resolution’ which can be achieved is demonstrated in Fig. 11;
These cowmpletely separated peaks represent the ions 09H20+ and Cyglly  on
mass number 128, which have a relative difference in mass of 1/1365.

This high resolution was achieved in the Shell lesearch Institute in Delft

(Netherlands) by using slits of 0,01/0,03 wn.

1 M=128;
oM =0,094

11: Maximum Resolution CIf 4. S1lit Widths 0,01/0,03 mm

g. H
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APPLICATION OF POLYPHENYL ETHERS AS CONDENSATION PUMP FLUIDS

IN MASS SPICTROMITRY

By
F. C. Maseles
Mass Spectrometry Laborarory
Universitv of Texas

Austin 12, Texas

The exhaust high vacuum system of 2 large mass spectromster such as the
Consolidated 21-100 series should remain in overation at all times as downtime
is usually more costly than oumn overation. Until the develonment of the Penning
sorntion tvpe high vacuum pumos, most mass spectrometers have used mercurv con-
densation pumps and cascaded dry ice and liquid nitrogen travs with all their
attendant evils. Mercury oumo fluid possesses some inherent advantapes that
orpanic vump fluids quite likelv will never survass. However, mercury's short-
comings in this situation outweigh its advantages.

Mercury pumps have been favored for mase spectrometer service, not because
o0il pumos are incapable of attaining the required low oressure with less elabo-
rate cold trapping, but as long as one must relv on cold trans, cold tran failure
on a mercury system is less disastrous than cold trav failure on an oil eystem.
Unlike oils, mercury is not decomnosed thermally or chemically with the releast
of large volumes of Volatile decompositions products diffuse into the analyzer
and contribute to the background and to the formation of insulating lavers in the
analyzer that become ‘statically charged and adversely affect the resolution of
the instrument. Mercury pumos are chean: one charge of fluid lasts a lifetime:
they are designed to work into a high forenressure lessening the requirement for
very high quality forepumps; and, where trested with due respect, constitute
1little hazard to personnel, Were it not for the requirement of liquid trans to
obtain pressures below 10'&torr, one would not be justified in considering the
elimination of the mercury pumn.

However, a liquid nitrogen trav is required on a mercury svstem and its
apparent pumving speed for C hydrocarbons and some even more readilv condensed
materials is limited. Maintenance and annoying task and, in soite of the best
logistics, the nitrogen supply is too frequentlv interrupted necessitating shut-
down and loss of time.

Introduction of the volvpehnyl ethers as condensation oump fluids promises a
revolution in vacuum techniques and elimination of liquid nitrogen trans excent
in the most sophisticated systems.

Qualification as an acceptable numo fluid for mass spectrometer service
imnoses some very severe requirements on an organic compound. I will dwell
briefly on two of these requirements and, for those interested in nursuing the
subject further, I recommend Mr. Kenneth Hickman's paver "High Vacuum with the
Polyphenyl Zthers", to be published shortly in the Transactions of the American
Vacuum Society. e o e e T

An organic pump fluid should have a vapor oressure below 10-Btorr at room
temperature and be sufficiently stable that in service its rate of decomnosition
does not exceed the cavacity of the oump to eliminate the volatile decomvosition
products before they diffuse into the analyzer.
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Slide #1: Temperature- vapor nressure nlot.

This slide, a temperature-vavor nressure vlot for several of the polymhenvl
ethers and Octoil-S illustrates how the volyvnhenvl ethers meet the vanor ores-
sure requirement. Because of the extremely large extravolation used here, ten
orders of magnitude in the case of Compound Z, there is considerable uncertainty
ag to the true vamor vressures of these compounds at 25°C; however, if we assume
three orders of magniture as reasonable limits to the uncertainty of this data
and combine this with the information that Monsanto Chemical Company, Texas Cityv,
onerates a mass spectrometer with an oil,diffusion pump and double coower chevron
baffles cooled to -hO C with Compound Bla it is not unreasonable to exnect Com-
nound 3 to perform satisfactorily from a vanor nressure standpoint at room tem-
nerature.

The second of these criteria is more important and more difficult to determine
and, as a first approximation, we distributed information on the volvnhenyl ethers
around the camnus and several of our more venturesome colleagues tested Monsanto
05-138 in their vacuum systems. All tests were made in glass svstems, Baird Alohert
structure ion guages were used to measure pressures. O0S 138 verformed better than
the oreviously nused oils and one man who overates a very clean system for helium
purification revorted untraowed ultimate nressures in the 107 range. Addition of
liquid nitrogen to the traps did not lower this nressure. An unexpected and still
not fully exolained bonus was an anoarent increase in vumning sneed as ultimate
nressures were attained much more rapidly with 0S 138. With this information, we
decided to install an untranped glase nump on our 21-102 and give it a trv.

Slide #2: Shot of pump.

This slide shows the present installation and includes a tan-water cooled "D" trav.
The first installation was identical excent that the trap was not in the line and

a VG1A was used in place of the Veeco guage tube shown here. I will exmlain why

the trap was installed when the nert slide is shown. The pumn shown here is a two-
stage glass fractionating similar to Consolidated's GF20 and was used because it

was available. It is backed by a Welch Duo-seal 1400 series. This diffusion oumo
will eventually be replaced by a three-stage pump of the same tvve and a magnetically-
actuated glass ball isolation valve will be vrovided to facilitate bakeout of the
suction line and trav and to provide overnressure nrotection for the analvzer. You
will notice that the boilers of the nump have been heavily insulated. We have used

a coat of high temverature aluminum paint on the glass covered by one inch of asbes-
tos fiber. The operating temperature of 0S 138 is about 2859C devending on the
forevressure, and adequate insulation is essential in present pumos to attain this
temoerature without excessive power input to the boilers and to minimize fluctua-
tions with room temperature and drafts. Variac control of the individual boilers

is desirable permitting fine adjustment of the power input and overation of the pumo
in its most efficient range. 01l diffusion pumps are frequentlv condemned when the
real fault is excessive boiler temperature caurcing decompogition of the oil. The
temperature we use is slightly below that temnerature at which pumping speed ceases
to rise with an increase in boiler temverature and is judged with sufficient accuracy
by observing the change in exhaust pressure with boiler temperature while nitrogen is
admitted through the sample inlet system. The entire pump is onerated at as high a
temperature as is possible to facilitate ravid ourging of materials of low volatility.
The exhaust pressure attained by the untravned system was below the canacility of the
original VG1A vacuum guage. The background is shown on the next slide.

Slide #3: Soectrum records.

The record marked number one is a tyvical background of the original installation
and evceot for the neaks shown the record is clean to mass 600.

1) An 0il Diffusion Pumo System for Mass Soectrometers, G. L. Roberts, K. Allan
Pinkerton, and R. F. Wall, Monsanto Chemical Comoany, Texas City, Texas.
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The second record is the_type pattern nroduced by oil hackstreaming into the
analyzer. The higher mass reécord shows a few veaks in the 200 and 350 range. The
base near would be 28 as indicated here. Ve have made no attemnt to obtain s mass
spectrum of this oil as we are not equinned to nroperly bale out the inlet system.
This record was obtained quite by accident and is the result of leaving the magnet
on maximum current over the weekend. Monday morning one could toast bread on the
magnet and the oumo suction line was hot to the touch. ‘We shut down, cleaned un,
inetalled the tran, the Baird Alnhert tvne puape, and modified the exhaust vacuu§
guage to accomodate the new tube and to evtend its range one decade lower to 1070,
4 troical bactground for the present system and the usual exhaust vressure 1s shown
on the third record. We have cooled this trav by filling it with liquid nitrogen
and the magnitude of the neaks does not decrease. Filament emission of the new
guage is very sensitive to contamination bv a samole so we have no information on
the exhaust pressure during a samnle run or for half an hour after as it usually
takes that long for the guage to recover: however, all traces of the sample disap-
pear from the record as ranidly as the inlet exhaust system can dismose of the
cample, Whereas formerly, with a liquid nitorgen trav, it took from three to five
minutes and sometimes longer for 3]l traces of substences such as acetvlene and
benzene to disapvear, opumo out time now seldom exceeds one mimute.

Needless to say, our liquid nitrogen purchases have dropred to almost zero
with a resulting annual saving of aonroximately $1500; however, the most gratifying
result has been the ability to leave the laboratory overnight or over the weekend
without so much as a glance at the filament of the discharge vacuum guage and specu-
lating about whether one will find it still burning on return.

With our vresent “nowledge and glassblower's time accounted at $7.00/hr., we
can duplicate this entire system for less than $175.00.

Our use of the 21-620 mass spectrometer is experimental and necessitates fre-
quent orening of the vacuum system to make changes in the analyzer or inlet system.
Iven when let uv with helium, it usually requires 24 hours or more to comvlete the
cvele. In an attemnt to chorten this time by elimination of the charcoal trao, we
removed the original oumo and trac and first reolaced it with a water-cooled "D"
haffle and an externally heated glass body nump using the jet assembly from the
original metal diffusion numo. This svetem was assembled using Buna S "O" rings
coated with 0S 138. The nump reduced the nressure to zero on the discharge Penning
gnage in two hours, but there remained large vneaks at masses 2, 18, 28, and lk.
Four davs of numning eliminated the ik neak but the 28, 18, and 2 peaks were still
0. RO, and 20 divisions respectively. The sensitivity of the instrument at this
time was 100 divisions/micron for mass l3 of N-butane. Our first sveculation con-
cerning this behavior was that the metal jet assembly was causing catalytic decom-
nosition of our oil, and we have not yet ruled out this possibility. The oump was
renlaced with a pump similar to the one used on the 21-102. One "O" ring was
eliminated in the change. Pump down was again quite rapid and the magnitude of the
bacxgronnd neaks were reduced considerably but not to zero. At this time a vessel
containing a Buna S "O" ring was onened to the gold leak and the background peaks
rose into the thousands range indicating that our background was originating in the
"O" rings in coite of their coating of 0S 138. The system was again reworked and
all but one of the "O" rings were eliminated with a consequent reduction in the
bacground. To eliminate the last ring required machine work not convenient at the
time. Vigorous baking of the last remaining "O" ring has reduced the background to
less than ten divisions. Sometime in the near future, we will eliminate it also
and re-install the glass-metal opumo and evaluate pumps that have metal in contact
with the oil.

The method we have used for conversion of the 21-620 to this tyve exhaust
system is more difficult and costly than converting the 21-102 as machine work is
required and svace is limited. The benefits accruing to the usual user are few
and, in our ovinion, not worth the effort required. In our case, the reduced turn-
around time is worth the effort and we will continue to use the system for that
reason; and, as wWe intend to continue our exveriments with the polyphenyl ethers,
it is a convenient system for that vurnose.

Presented at Tenth Annual Meeting of ASTM Committee E-1L on Mass
Spectrometry, June 3-June 8, 1962, New Orleans, La.
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Simultaneous Measurement of Two Ion OQurrents by Pulse Counting in a
Maess Spectrometer

Leonard A. Dietz
General Electric Qompany
Knolls Atomic Power Laboratory*

Soheneotady, New York

Abstract

Simultanecus measurement by pulse counting two ion beame with a mass
separation of A M/M as small as 1/250 has been accomplished in a 30-in radius
double-foousing mass spectrometer of the Dempster type. Positively-charged
ions are produced by thermal ionizaetion on a hot filament and are detected by
two heavily shielded electrostatic electron multipliers. The disadvantage of
multiplier size is overcome by using electrostatioc deflecting plates to in-
orease the dispersion between two resolved beams by deflecting each beam in
opposite directions from the focal plane of the magnet into its multiplier
detector.,

Introduoction

In ocertain experiments with low intenasity beams of ocharged particles,
it is desirable to detect two or more beams simultanecusly in order to
improve the precision of comparing small curremts, Simultaneous collection
of two ion beams was first accompliphed in a mase spectrometer used for gas
analysis by Nler, Ney, and Inghrem.” Thls paper describes a dual pulee
dount ing eystem for detecting two ion beams which are resolved in a large
mass spectrometer. The dual ion beams can be used in specisl investigations
or for precise ieotopis anslysis. Dual pulse counting has a baslc advantage
over conventional direct current methods used in measuring the ratio of two
emall currents, since the instantaneous statistical fluctuations of both
beams are summed over time, direotly in digital form. This paper is a re-
port of the progress we have made in achieving simultaneous pulse eounting
at the Knolls Atomic Power Laboratory. A few details of the teohnique still
need to be worked out.

Apparatus

The mass spectrometer used in this investigatlon is a Dempster type
with a 90°, 30-in radius electrostatic analyzer followed by a 180°, 30-in
radius magnet. It was constructed by F. A, White,2 who first used the magnet
to analyze the energies of redioactively-emitted alpha pertiocles.

An all-metal vacuum system has been built to incorporate five 75 liter/
sec Varian getter-ion pumps, one on the source chamber, one at each end of
the electrostatic analyzer, and two on the magnet chamber. A view of the
completed maes espectrometer is shown In Fig. 1. All vacuum joints are cop-
per shear gaskets or are Viton O-rings of 1/8-in cross sectional diameter.
The source chamber is machined from a esingle block of stainless steel and
the electrostatic analyzer vacuum chamber is bent from a 5-in diam stainless
steel seamless tube with en end flange welded on each end. Each end of the
electrostatic analyzer rests on an accurately positioned ball bearing and
the middle is supported by a rod which ocan be raised or lowered by means of
a bellows-sealed micrometer drive. Thie technique was developed by Nier?
and has proved very useful in the aligmment of our optics. The electrostatioc
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analyzer plates are mounted between two flat electrioally grounded sectprs

by means of sscurately ground pyrex epheres, after the method of Berry.

The magnet pole faces are sealed from atmosphere by two sets of Viton O-
rings in a stainless steel ring which extends l-in inside the entire peri-
phery of the pole faces. Two O-rings are positioned concentrically in dove-
tailed grooves cut in the top surface of the sealing ring and are in contact
with the top pole face and the sealing ring, Two more O-rings are positioned
similarly in the bottom surface of the sealing ring. Each of the four O-
rings 1s about 16-ft in ciroumference. Beam access holes on the median plane
of the magnet are cut through the ring, between the two paire of O-rings.

The space between emch set of O-rings is evacuated to a few miorons pressure
by a mechanical pump as shown in Fig, 2. Pressures in the unbaked eleotro-
static and magnetic analyzer portions of the mase spectrometer are less than
1 x 10-8 and approximately 4 x 10-8 Torr, respectively. The higher pressure
in the magnet chamber appears to be limited primarily by the vapor pressure
of Viton. Differentisl pumping reduces the contribution of source chamber
pressure to the analyzer pressure by a factor of 100. The source chamber
contains a small liquid nitrogen cold trap. It 18 the only cold trap in the
entire high vacuum eystem.

A "ferris wheel® type of eample loader> mounts § V-type filementeS and
permits § semples to be analyzed without breaking vacuum. The sample loader
is shown in Fig. 3. It is mounted on a KAPL-type ion gun with z foous g

The dual pulse counting arrangement is shown schematicelly in Fig. 4.
Each beam is defleocted from a point slightly beyond the focal plane of the
magnet, into its electron multiplier detector, by means of electrostatic
deflecting plates. The shape of the electrilc field between the deflecting
plates was optimized by field plotting and ray tracing. The beam deflectors
are not shielded from the fringe field of the magnet. The output of each
multiplier is fed into a 10-Mc counting eystem, i.e. the resolving time of
the system is O.1 microsecond. Exoept for etarting and stopping gating pulses,
the two counting systeme operate independently of each other.

Other types of detectors were condidered, i.e. solid state orystal
oounters and semiconductor megnetlo miltipliers, but at the time the dual
counting system was designed, data were lacking on their response to random
counting rates of severel megacycles. Therefore, we decided to use a small
l4-stage eleotrostatic electron multiplier and counting system which we are
using in the detection of single beams.l .

Magnetic  shielding by means of a hollow circular iron cylinder reduces
the etray magnetic field in tge region of the electron paths through a multi-
plier by a factor of about 10%. The megnetic shielding of each deteotor ex-
tends approximately 2-in beyond either end of the dynode structure. We have
found this type of eimple shield far more effective than many layers of high
permeability foil or an iron shield of rectangular cross seotion. For an
isotopic analysis, the separation between the center lines of each pair of
beem deflector plates is edjusted by means of miorometer drives to equal the
dispersion between the two beams for isotopes of mmsses M, and My. Also,
the deflection voltages, &« V; and x Vo, are adjusted independently to give
maximum oounting rate from each eleotron multiplier. The deflection voltages
are obtained from voltage dividers connected across the positive and negative
voltages supplied to the electrostatic analyzer.

Experimental Resulte
For precise ratio determinations, the ratio response must be independent

of small fluctuations in magnetiec field intensity and accelerating voltage,
and in small errors in dial settings. By adjusting the width of the defining

302



Q@314I1SSVYIONN
€689 - SH

b *81d

TIYM HONI-8/€ X 'Q'T HONI-@

Naml

SQI3AIHS DIL3INOVW NOYI OOWYVY ow._.QJnTwaO_ZN
2

z1%
3JAONAQ fN “
1813~
\ oY)
¥0L53130 [/
IU_J&_FJDE \“ h | / | N N ~\|ﬂ//
NOY103713 AL 0 \U_ 7} W

Z\\
//

A

' ONIY -0

W7, NOLIA

_ had_zm

0i1vlS0y 103713

2ny 1
A+ A+
- In- $31vd
¥0103713430 Wv3g
T Wi T i
—e NOIS¥3dSIa 8¢
L3INOVI .081 40
3INYId 004
NS | _I

SNIQVY HONI - 0

G3HISSYIINN

[T

T

U SO U

303



slit at the entrance to the 180° magnet, the besm width at the magnet focal
plane can be made much narrower than the smallest separation of the beam de-
flector plates (0,040-in), so that none of the beam is intercepted by these
plates. The ratio response as a function of changes in the accelerating
voltage is shown in Fig, 5. That is, both beams are translated simultanecusly,
stepwise across the beam defleotor defining slits. Voltages and foocusing con-
ditions for each multiplier were the same, Notice that the value of the ob-
served ratio drops in going from curve B to curve 0, even though the ion gun
was not refocused, This results from changing the illuminating current den-
sity distribution over the sensitive areas of each of the first dynodes, We
find that the ratio response is different for different filaments or for dif-
ferent focusing conditions with the seme filement. For example, we find no
platean when both beams are deflected along the 2z (vertical) axes of beth
first dynodes. Therefore, it appears that the dual pulse-counting technigue
presented here is limited at this time to comparison measurements only, and
cannot be used for absolute abundance measurements.

In applying dual pulse oounting to precise isotopic ebundance measure-
ments, we have found that alternately measuring a semple and a standard, both
on different filamente, does not give the desired precision. As was just men—
tioned, this is due to the non-uniform sensitivity of the electron multiplier
over the length of a dynode. It appears thet an ion which strikes the middle
of the first dynode has a higher probability of producing a detectable pulse
than one striking at either end. For instance, the distribution of ions in
the z (vertical) direstion is large emough so that ions can strike the first
dynode of the RCA eleotron multiplier at a point only 1/8-in from either erd.
We believe this can be corrected by proper baffling and multiplier design.
However, thls limitation currently restricts ocur application of simultaneous
pulse counting to certain measurements_which can be accomplished with a newly
developed internal standard technique. In addition to epplying this promising
new technique to our two-stege instruments, we are ourrently engaged in ex-
tending it to simultaneous colleotion.
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DISPLAY SYSTEM FOR RECORDING RAPID

CHANGES IN GAS COMPOSITION

B. R. F. Kendall

Nuclide Analysls Assoclates
State College, Penna.

INTRODUCTION

During the past few years, increased attention has been given
to the development of fast-scanning mass spectrometers. Many of these
instruments are capable of supplying thousands of complete mass
spectra during the course of gas reactions lasting for small fractions
of a second. In order to record such rapid changes in gas compo-
sition, particularly when these changes involve several different
gases, speclal output circuits and display systems are required.

Where all of the information appearing at the output of a fast-
scanning mass spectrometer must be recorded, a rotating drum camera
can be used-. Successive spectra are displaced vertically, so that
peak heights must be measured and replotted before a detailled study
can be made of peak helght variations as functions of time.

If changes in the amplitude of a single mass peak are to be
recorded, a system described by Damoth2 can be used. The mass peak 1s
displayed on an oscllloscope screen and caused to move steadlly across
the screen in a direction parallel to 1its baseline. The envelope
of such a dlsplay indicates varilations of peak height with time.

Changes in the amplitudes of particular mass peaks can also
be recorded using multi-channel systems. Some of these have been
described by Fowler and Hugh—Jones3r Harrington®, and Stallard-.
Systems of this kind are restricted to use at a limited number
of preselected mass positions.,

Anogher method of recording changing spectra has been suggested
by Levine®, as an extenslon of the usefulness of the linear intensity-
modulated oscilloscope display mentioned in a previous paper’ by the
present author, 1In this type of dlsplay, the positions and brightness
of spots along a straight line give the mass numbers and qualitative
indications of the peak amplitudes. If this display is moved in a
direction at right angles to its length at a suitable rate, peak
amplitude changes are seen as intenslty varlations in the moving spots
representing each lonic speciles. The method 1s sensitive and makes it
possible to record a large amount of informatlon on a single photo-
graph. A disadvantage 1s the difficulty of obtaining quantitative
indications of peak amplitudes from the density-modulated negatives,

This paper describes a new type of display system, developed
in the course of a general study of methods of extracting, processing,
and displaylng data obtalned from spectral instruments. The system
transforms information contained in repeatedly swept mass spectra
directly into simultaneous peak helght versus time traces for all
peaks 1n the spectrum. The baselines of these traces are positioned
on the vertical axls of the display in such a way as to identify the
corresponding mass numbers., The display 1is normally presented on an
oscllloscope screen and can easlly be recorded on a single photograph.

PRINCIPLE OF OPERATION

The new system glves a quantitative display of both mass and
peak height information along the vertical®axls of the oscilloscope
screen. The horizontal axls 1s used as the tlme axis. Intensity
modulation 1s used to make visible the separate peak helght versus
time traces for each mass.

306



f\ Typical Spectrum

m |
9 *1 i \ 9 l 9
- a |
- |
m,—; L m, my mO B,

>
N

™\ k

3
h?
V3
3
N -
[0
3
N
3
pme— o
3
N
Oz
h}n h? h§>

| 2 3
Step Number

Fig. 1. Example of conversion of two-dimensional spectrum to
vertical one-dimensional display.
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The manner in which mass and amplitude data can be displayed
quantitatively along a vertical axls can be explalned by reference to
Figure 1, A typical two-dimensional mass spectrum 18 shown at the top
of Figure 1. This can be displayed as 1n Step 1, with mass plotted
vertically. In general only the masses m], mp and the amplitudes
a1, apo of the peaks wlll be requlred; the spectrum can therefore be
displayed as in Step 2, without loss of useful information. The
idealized mass peaks can be folded along the vertical axis, as in
Step 3, without loss of Information provided they do not overlap.

To allow for peak height indicatlions even in the event of overlapplng,
the folded 1ldealized peaks can be replaced by markers Ay, Ao
indicating the positions of the peak tops, as in Step 4. Fluctuations
in the peak amplitudes aj, as are then represented by corresponding
movements of Ay andAp. By reduclng the amplitudes of the 1ldealized
peaks instantaneously to zero as 1n Step 5, A; and Ap can be brought
to the baseline positions By and Br. These positlons respectively
indicate the mass numbers m] and mo on the mass scale and the datum
positions from which the corresponding peak amplitudes are to be
measured,

The simplest of several possible practical arrangements 1s shown
in Figure 2. The mass spectrum (a plot of ilon current versus time)
1s appllied to the vertical deflection plate Y3 via a two-position
switch which provides for grounding Y so that the baselines can be
marked, The signal representing collected mass number as & functlon
of time 1s applled to the other vertical deflection plate Yo. A
modulating signal, proportional to the second differential of the peak
amplitude wilth respect to time, is applied to a sultable modulating
electrode 1n the cathode-ray tube, A normal time-base signal 1s
applied between the horlzontal deflection plates X3 and Xo.

Suppose the system 1s put into operation with ¥1 grounded so
that the base lines can be marked. The oscllloscope electron beam
is set at an intensity too low for it to be visible. The beam 1s
swept downwards by the sawtooth voltage representlng the mass sweep
of the mass spectrometer, Whenever a mass peak passes through a maximum
the trace brightens, giving the two markers Bj and Bp which identify
the masses and indicate the baseline levels from which peak helghts
are to be measured.

Suppose that Y3 1s then reconnected to the signal representing
the mass spectrum, The oscllloscope ‘electron beam 1s again swept
downwards by the sawtooth voltage, but superimposed on this steady
sweep are rapld upward deflectlons which occur whenever a mass peak
is reglstered by the 1lon detector. The amplitude of each upward
deflection 1s proportional to the helght of the corresponding mass
peak, At the 1limit of each upward deflection the spot.is brightened
so that it becomes vislble. The horizontal time-base voltage 1s
simultaneously deflecting the moving electron beam slowly across
the screen so that simultaneous peak helght versus tlme traces are
obtailned for each peak,

EXPERIMENTAL EQUIPMENT

The prototype display system was developed for use with a specizl
time-of-flight mass spectrometer operating at sweep repetition frequen-
cies of 25-50 Ke. The equipment was intended for use in gtudying gas
evolutlon processes lasting for times as short as a few milllseconds.

A block dlagram of the experimental system 1s shown 1in Filgure 3.
The mass spectrum signal is applied to the ¥; plate of the oscilloscope
tube through a delay llne. The press-button switch Sw 1 makes it
possible to suppress the peak helght indlcatlons so that the baselilnes
of the peak height versus time traces can be determined, The second
differential of the mass spectrum signal, after amplification wilth phase
inversion and removal of negatlve components of the waveform, 1s
applied to the cathode of the oscilloscope tube., The delay line is
adjusted to cancel the delay Iintroduced by the modulating amplifiler. A
sawtooth voltage representing the mass sweep 1s applled through an
attenuator so that the mass scale of the dlsplay can be varied. A
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Block diagram of experimentsl display system.
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Fig. 4. Changes 1n gas composition during desorption from tungsten filamenl.
Adsorption time: 4 hours at residu3l gas pressure of 1.8'x 107¥ tory.

309



simple pulse generator controlled by the switch Sw 2 triggers a standard
oscllloscope time-base circult and supplles a second triggering pulse

at a preselected time thereafter to initiate the phenomenon to be
studied.

RESULTS OBTAINED WITH EXPERIMENTAL DISPLAY SYSTEM

A typlcal photographic record is shown in Figure 4. This shows
varlations 1n the partlal pressures of gases desorbed from a tungsten
filament during heating from 300°K to 2000°K at 389C/sec, Adsorpfion
time was four hours at a total residual gas pressure of 1.8 x 1077 torr,
The baseline markers down the left side of the photograph identify the
gases present and indlcate the levels from which the corresponding peak
helghts are to be measured. The steps following the baseline markers
Indlcate the partial pressures of the residual gases, the major con-
tributions being from hydrogen and carbon monoxlide. Smaller amounts
of carbon dioxide and methane are also present. The single hydrogen
and complex carbon monoxide desorptlon peaks are clearly indilcated.

The largest vertical deflection of the cargon monoxlide trace corresponds
to a partial pressure of approximately 107 torr. Traces of methane

and nitrogen can be detected at approximately 7O0PK and 1200°K,
respectively.

The limited bandwldth of the cilrcuits used to amplify the modulat-
ing signal caused some filling-in of the desorption peak contours. This
does not affect the accuracy of partial pressure indications. which are
measured from the upper edges of the peak contours. It does, however,
make 1t more difflcult to interpret traces which cross or overlap.
Production versions of the display system willl be avallable with a
special nonlinear pulse amplifier in the modulating circuit in order to
avold this effect.

Figure 5 shows a set of results taken under the same conditions
as Figure 4, except that the adsorption times were varied from 1 minute
in trace 1 to 24 hours in trace 11. The changes 1n shape and
amplitude of the hydrogen and carbon monoxlde peaks for different
adsorption times (and hence surface coverage) are in general accordance
with results obtalned by other investligators using pure hydrogen and
carbon monoxlde 1n .separate experiments,

The experimental display system has also been used to study gas
evolution from heated metalllc surfaces, cleanup of gases from glass
during exposure to intense light, evolution and pumplng of gases durilng
flashing of tltanium getters, and desorption of adsorbed carbon diloxide
from tungsten. The latter experiments showed that carbon monoxide was
the only gas desorbed as a result of heating a tungsten fllament on
which carbon dioxide had been adsorbed, The carbon monoxide desorption
spectrum was almost identical with that obtained in experiments in which
pure carbon monoxlde was adsorbed, except for a very small additional
desorption peak between 350°K and 400°K,

Figure 6 shows a record of gas gvolution from Pyrex as a result of
irradiation for 1 milllisecond by a 10- watt Xenon lamp. The record was
traced from the original photograph because some of the detalls were too
faint for satisfactory reproduction. The glass was in the form of a
side tube with a 7cm, line-of-sight path into the lonizing reglon of the
time-of=-flight mass spectrometer.

Before the flash, the basellne positlions were marked in the usual
way. The background gas pressure was 10~9 torr, consisting almost en-
tirely of hydrogen, carbon monoxlde and a smaller amount of carbon
dioxide.

The timebase was thentriggered and the flash tube fired at time
zero, Meximum flash intensity occured at the point marked x on the time
scale, The rapld increase in hydrogen and carbon monoxide partial
pressures 1s clearly shown, Further experiments with the equipment
adjusted for a higher mass range showed that a smaller amount of carbon
dloxide (indicated by the dotted line in Figure 6) was also evolved,
Each of the three traces reached a maximum after about 1 to 3 milli-
seconds, the effectlive time constants increasing with molecular weight.
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These pressure transients then fell with time constants of several

tens of milliseconds as the evolved gases were pumped away. Allowing
for the time taken for evolved gases to reach equilibrium in the
ionlzing region, it appears likely that desorption occurred only during
the flash for each of the three gases,

Similar experiments wilith helium, methane, water vapor and argon
present in small auantitles in the background gas showed a barely
detectable photodesorption of methane, and no detectable photodesorption
of the other gases,

The photodesorption effects were found to be reversible if clean
glass surfaces were used., After 12 flashes, each lasting one milli-
second, the amount of gas desorbed at each flash had fallen by an order
of magnitude, After 5 to 10 minutes without flashing, the amount of gas
desorbed at the next flash was close to the original value.

DISCUSSTON

Results obtalned with the dilsplay system show that it offers a
simple and convenlent way of displaying and recordlng rapldly changing
mass spectra, Although the exlsting equlpment was designed for use at
the very hlgh sweep frequencies characteristic of time-of-flight mass
spectrometers, the principle 1s equally applicable to other types of
mass spectrometers which can be adjusted so that the peak tops are
narrow and well-defined.

An important advantage of the dlsplay system over a conventlonal
multichannel output system, apart from relative simpliclty, 1is the
ability to register peak ampllitude changes throughout the mass range
instead of only at a limited number of preselected mass positions,
There 1s therefore no posslbillity of falling to record unexpected but
possibly significant changes in the mass spectrum.

The main applications of the system appear to 1lle in the study
of fast gas reactlions, such as flash photodesorption, photochemical
reactions, and flash thermal desorption. The method 1s also llkely to
be ugeful for studylng slower but much more complex reactions, the
detalled courses of which would be very tedious to follow by con-
ventional means.
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MODIFICATIONS TO THE INLET AND R7WCORDING SYSTEMS OF A C.E.C., 21-103C
MASS SPECTROMETER TO ENABLE LIRECT GAS INTRODUCTION FOR DYiirllIC
EVOLUTION STUDIES by J« D. Reynolds and P. C. Green. General Dynamics/
fort Worth, A Divislon of General Dynamics Corporation.

ABSTRACT

The glass inlet system of a Consolidated Electrodynamics Corpora-
tion 21-103C Mass Spectrometer was modified to accomrmodate alternately
the direct introduciion of evolved gases into the lonizing region or
conventional sample analyses utilizing the standard molecular leak.

Relationships between peak height and flow rate through the ioniz-
ing reglon have been estublished experimentally in order to correlate
pesk height data with evolution rates from a dynamic system.

An oscillograph recorder drive speed control was designed and
installed to facilitate continuous scanning over long periods of time
without prohibitive paper usage. Paper feed rates of one, two, four,
and eight inches per minute are available.

This work was performed under United States Air Force Contract
33(600)-38946.

INTRODUCTION

Expanding the useful range of mass spectrometrlic analysis has
opened many fields of investigation. Several modifications to allow
direct 1ntfo?uction of samples into the lonizing region appear in the
literaturell). The modifications described in this study permit the
convenient use of the instrument in part-time conjunction with a
dynamic gas evolution cell.

Gases may be analyzed quantitatively and qualitatively as they are
generated from a sample exclted by thermal, electrical, or radiation
energy.

The variable speed control on the recorder drive motor opens
possibilities of uninterrupted tracings of single m/e evolutlons and of
spectrum scans compressed to optimum length.

INLET SYSTEM MODIFICATIONS

The modifications lncorporated into the glass inlet system of
a Consolidated Electrodynamlics Corporation 21-103C Mass Spectrometer
have wide applicability to dynamic gas evolution studies such as ther-
mal degradation and pyrolysis product analysis. These alterations offer
the obvlious advantages of belng able to take an analytical look at a
system at any phase of a reaction in that system without interrupting
the progress of the reaction.

At General Dynamics/Fort Worth the apparatus was used to dynam-~
ically introduce gases evolved from irradiated polyethylene into the
ionlzing reglon of the mass spectrometer, thus allowing the first fegl
look at primary decomposition of the polymer in a radiation fleld 2).
The irradiation cell used 1s shown in Figure 1.

A thermal bath was incorporated in the cell to maintailn controlled
temperatures during irradiation. A second cold trap between the reac-
tion cell and the mass spectrometer may be used wilth various thermostat
flulds to fractionally freeze out high molecular weight specie, thus
aiding the analysis of lower molecular weight components of the evolved

ases., -

& Gases evolved from the cell are pumped into the lonizing region
through a three-way high-vacuum hollow plug stopcock allowing the
reaction cell to be evacuated through the sample inlet cabinet vacuum
system or pumped into the lsatron. The gold leak is bypassed by means
of another high-vacuum hollow stopper stopcock.

Inttially, a six-inch section of one-inch 0.D. half-inch I.D. Tygon
was inserted between the reaction cell and the mass spectrometer to
glve structural flexlbllity to the system. A very high rate of water
evolution at reduced pressures necessitated the removal of this link
and illustrated the advantages of the all-glass system which may be
flame degassed.

The stopcocks are lubricated with Dow Corning 11 Compound Silicone
High Vacuum Lubricant. After in-place bakeout, the system exhibited a
low background entirely suitable for precise measurements.

Thls configuration allows normal sample introductlon through the
inlet cabinet and gold leak or direct introduction of evolved gases into
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the isatron with or without the molecular leal. The micromanometer may
also be fed directly from the reaction cell to check evolutlion volumes.

INSTRUMENT CALIBRATION

In order to quantitatively correlate data from the gas evolution
cell the peak height to molecular flow rate ratio must be established.

The relationship between pressure 1in the 1lnlet volume as measured
by the micromanometer and the observed peak height was determined for
hydrogen, methane, ethane, ethylene, propane, and normal butane.

Next, the leak rate was calculated as the change of pressure in the
inle?3§ystem versus time as the gas escapes through the molecular
leak .

The exact volume of the system was obtained from C,E.C. furnished
inlet block prints and physical measurements of the a:iditional glass-
ware., Using the established gas flow rate out of a known volume at a
measured pressure and the peak height associated with this pressure, the
number of moleculess per unlt time flowing through the isatron can
readily be correlated with the observed peak height.

In plotting chamber pressure in microns versus the net peak height
of varlous calibrating gases, a slope of 1.02 to 1.14 was observed in
all cases. The curves for hydrogen, methane, ethylene, and propane are
shown in Figure 2. This variation appears to be real and not a function
of micromanometer zero drift, as drift correctlions were applied to all
curves.

American Petroleum Institute Mass Spectral Data(4) normalized with
known normal butane furnished sensitivities and cracking patterns of
other gases of interest not available,

RECORDER DRIVE SPCED CONTROL

In observing gas evolutions over long periods of time, the benefits
of providing callbrated and synchronized speed reductions in oscillo-
graph recorder chart drive of the mass spectrometer became evident. One
of the foremost advantages is that of extending the recording time so
that data from protracted tests can be preserved without the necessity
of Interrupting the procedure for the replenishment of chart paper.,
Additionally, optimum time scales can be chosen to suit the particular
requirement, arranging the data for easy identificatlon of peaks and for
convenient comparison. Finally, the time scale compression made record-
ings with ohysical sizes which are convenient for reproduction and in-
corporation into reporta,

The use of gear changing %o reduce the drive speed 1is not practical
because the fragile nature of the equipment makes i1t unsuitable for
mechanical modification, because the modification would prevent the
substitution of similar but ummodified recorders, and because of the
inconvenience associated wlth the gear changing operations., Electronic
means of reducing the frequency to the synchronous motor were chosen
over mechanical technlgues for greater reliability, better synchroniza-
tion, less electrical noise and for the greater ease of construction
brought about by the ready availability of the standard electrical come-
ponents.

The synchronous motor on the recorder chart drive normally operates
with a 60 cps input frequency. Driving thls motor with frequencies of
30, 15, or 7.5 cps.,respectively, reduces the shaft speed by factors of
2, 4, and 8. A monostable multivibrator triggered by a negative pulse
rectified from the 60-cycle power line provides a uniform pulse to
drive cascaded binary counters. A selector switch on the inputs to
buffer amplifiers which drive the thyratrons grids to allow the chosen
number of alternations to be gated through the thyratrons to the motor
from the AC anode supply. It is the use of this AC supply on the
thyratrons which enables the tubes to be shut off without other turn-off
circuitry. Using an oscilloscope to observe the waveform of the voltage
appearing across the motor at the normal speed, a 60 cps sine wave could
be seen., At half speed, a positive pulse would be observed across the
motor for the first 1/60-second period, and a negative pulse on the
second period. The waveform at 1/4 speed (or 15 cps) shows positive
pulses for the first two periods and negative pulses for the second two.
Similarly, the waveform at 1/8 speed shows positive pulses for the first
four periods and negative pulses for the successive four periods.

Transistors were used for the frequency dividers because of their
ready availabllity, although glow transfer tubes might accomplish the
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same functlon equally well., Thyratrons were used to drive the motor
instead of silicon-controlled- rectifiers on account of the lower cost
of tubes.

Power supply requirements for the circults are very modest.
Princlpally, this 1s due to the use of alternating current for the
thyratrons, the only elements of the clrcuit with large power demands.
Two readily available 1solation transformers are used in a series
connection to provide the 220-volt anode potential for the thyratrons
which drive the recorder motor. A simple, dual-voltage, zener-regulated
supply furnishes power for the transistors.

A ten-second time delay relay prevents the application of anode
potential to the thyratrons before their cathodes can be brought up to
temperature. Other protective features include the use of a l.6-ampere
slow-blow fuse iIn the maln power line to secure the circuit in general
and a l.,0~ampere fast-blow fuse in the translistor power circuit for
added safety.

The output of the recorder drive speed control unit is connected
to the oscillograph motor through the existing motor control switch on
the recorder control panel, This simplifies wiring and provides for
the simultaneous initiation of recorder drive and other functions with-
in the spectrometer. Due to the nature of the voltage waveforms applied
to the motor for the various speeds, the single existing motor phasing
condenser 1s usable under all condltions. This obviates the necessity
for any changes 1n the recorder itself, either mechanical or electrical,
Under other cilrcumstances separate phasing condensers would be required
for each speed and addltional connectors would be needed for inter-
connections,

The driving clrcuits were constructed on vertical panels surround-
ing a central opening which provides cooling through a chimney-like air
flow. Conslstent with the concept of minimal spectrometer alteration,
the eguipment was located in a vacant space underneath the clock on an
existing panel (see Figure 3),.

After installation, checks were made for overheating, excess vibra-
tion, and inadequate torque. As seen in Figure 4, motor temperature was
actually decreased by 409C at slower spceds. At the low speeds, inertia
does not prevent the obvious movement of the motor with each pulse but
the exlsting shock mounts were found to prevent the transmission of this
vibration to the galvanometer assembly. Synchronism, which might be im-
paired by inadequate torque, was checked satisfactorily by the compari-
agon of the measured length of records to calculated true length.

To make records at normal speed, the speed selector is set at the
60 cps position making the electrlical circult and operating procedures
exactly the same as with the unmodified spectrometer. For slow speed
operation, either 30, 15 or 7.5 cps operation is selected with the
switch, ten seconds warmup time is allowed, and the motor in the record-
er 1s controlled as 1t was previously. A neon light connected across
the motor gives visual indication of the frequency being applied.

As a temporary alternative, the motor can be driven at slow speed
with off-the-shelf equipment found in many laboratories. This has been
done using a Hewlett-Packard low frequency audio oscillator (function
generator) to drive a 60-watt McIntosh Audio Amplifier. The 500-ohm
output of the amplifler was coupled directly to the motor leads and two
10-microfarad oil filled condensers were connected in parallel across
the existing motor phasing condenser. Although the resulting operating
frequency was 7.5 cps for a factor of eight reduction in speed, there
was no direct synchronization with the power line using thls method.
Further, different values of shading capacity are required for the
optimum operation at each speed.

Another possible method whlch was considered but not tried involves
the use of clock motor, cam, and interruptor switch to reduce the duty
cycle of the power applled to the recorder drive motor. While this
method 18 simple and inexpensive it provides poor synchronization with
time, is subject to frailties inherent in mechanical mechanisms, gives
discontinuous movement of the chart paper (which may distort data), and
may cause electrical noise,

The transistor-thyratron circuit described previously was designed
and fabricated in the Nuclear Aerospace Research Facility (NARF) and was
installed on the C.E.C. mass spectrometer in the chemical division of
the General Dynemics/Fort Worth Environmental Test Laboratory. Since
its installation in November of 1961, the electronic speed control has
been used in numerous experiments without melfunction.
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IMPROVEMENT IN READOUT ACCURACY OF THE CEC MASCOT

by
H. M. Grubb and R. W. Vander Haar

Research and Development Department, Americen 01l Company, Whiting, Indiana

The addition of the CEC, Mascot peak digitizer to the high mass
spectrometer system at Whiting has saved a great deal of time in handling
routine spectra. 1In this area of application, its limitation on minimum
readable peak height and non-readout of metastable peaks have been of
little concern. An additlional shortcoming was discovered recently,
however, 1n connection with the accuracy of the peak digitizer. This
problem had not previously been publicized and Indeed may not have been
recognized, to judge from the tone of the most recent CEC letter to
"Mascot Users" (July 25, 1961).

During the course of recent maintenance work, tests were made
to see how well the peak digltizer followed small changes in amplitude of
simulated peak input, particularly in the regions of range changes. A
portion of one of the curves that was obtalned 1s given in Flgure 1. Each
point represents the average of ten or more measurements. The irregular
stepwlse shape of the curve is obvious. The location of the ldeal
response curve 1s unknown, since no calibration points are located in this
area, but errors up to 1% appear likely in this region as a result of peak
digitizer non-linearity,

The step curve suggested that the peak digitizer was off
calibration. Accordingly, the Diglital-to-Analog Converter calibration
resistors were reset following CEC's recommended calibration procedure.

An E.S.I. Model DV-[11 Dekavider was used to obtain the precise voltage
ratlos needed, and g Tektronlx Type chi3 0scilloscope served as the null
detector. The calibration points--800, Lhoo, 200, loo, 80, Lo, 20, lo,

and 8 counts--were set so that the voltage output of the Digital-to-Analog
(D-A) Converter was accurate to the equivalent of 0.2 count or better.

Followlng the calibration, the output of the D-A converter was
checked over various ranges of counts between and beyond the calibration
polnts, using the same voltage divider and oscilloscope. The errors
found in the range 0=100 counts are presented in Figure 2; here the
errors, in counts, are plotted against the number of counts applled to
the D-A converter circuit. The maximum absolute error is 3.6 counts at
79 counts, glving a relastive error of over 4%. Figure 3 shows a similar
plot of the errors found in the range 700-800 counts; here the maximum
error 1s 5.7 counts, but the relative error is less than one per cent
because of the greater number of counts Involved. These errors are large
enough to account for the step curves in Figure 1. It is apparent that
nine callbration polnts are not sufficlent to guarantee good peak
digitizer linearity.

The error curves In Figures 2 and 3 show repetitive cycles.
The pattern of errors for the units repeats at each multiple of ten,
shifted upward or downward by the amount of error present at that tens
level. Simllarly, the pattern for the range 0-100 counts was found to
repeat at each multiple of one hundred, with a similar offset due to the
error at that hundreds level. These plots indicated immediately that the
largest errors were being Introduced at the various tens levels.

The output of the D-A converter is a current which 1s fed back
to the 1lnput of the peak digitizer. Thils feedback current should be
exactly proportional to the number of counts 1n register. Figure i shows
a portion of the D-A converslon clrcuilt, and indicates how the feedback
current 1s developed. The left side of the figure 1s the "B800" adding
circuit from the hundreds board; that on the right is the "80" adding
circult from the tens board. When the counter indicates an "800" 1s
needed, transistor Q-607 shorts the negative end of Zener diode cR-60L
to ground, transistor Q-608 is effectively an open circult, and the Zener
voltage across CR-60l contributes to the feedback voltage, measured at
the feedback summing point. When "800" 1s not needed, the transistors
reverse and the positive end of the Zener dlode 1s shorted to ground;
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however, any D.C. voltage present across Q-608 in its shorted configura-
tion contributes to the feedback voltage. Similarly, when "80" is called
for, transistor Q-612 1s an open circult across Zener diode CR-612, and
the voltage across thls dlode adds to the feedback voltage. If "80" is
not needed, Q-612 shorts out GR-612, but here also any D.C. voltage
across Q-612 still contributes to the feedback voltage.

The CEC manual for the Mascots# indicates that the transistor
shorting voltages are qulte small, and that in normal operation, they are
compensated. The calibration procedure does sffect compensatlon at the
callbration polnts, but 1t may not do so elsewhere.

The voltages across the shorting transistors on the hundreds
board (Q-608 and three others in the same configuration) ranged from 1.2
to 3.0 millivolts. Those on the tens and units boards (in positions
similar to that of Q-612) were much larger, however; they ranged from 20
to 55 millivolts. The order of magnitude difference in these voltage
drops appears reasonable considering the circuit differences. Referring
agaln to Figure li, 1t 1s seen that Q-612, on the tens board, must pass
about 5 milliamperes (250 volts divided by li7K) when 1t shorts out the
Zener diode. On the other hand, the current that Q-608, on the hundreds
board, must carry in order to transfer the positive end of the Zener
dlode to ground potentlal need not be more than the Zener voltage divided
by the seriles resistance, or about 0.1 milliampere. Fifty times as much
shorting current could easlly cause ten or twenty times as much shorting
voltage drop.

In order to appralse the effects of these transistor shorting
voltages, the D~A conversion circuits were analyzed and circult equations
developed from which errors could be estimated. An as example, Flgure S
1llustrates the slituation that exists on the hundreds board when "goo" is
called for. The currents In and out of the summing point at the top of
the 20K summing resistor, disregerding the tens and units boards, are
glven by:

(1) Ez = Ecal (B _ S S S - Ecal
= - \ 3
K800 cal = Vs’ Ryoo T By T Foo' T TR

Eya1.1s the feedback voltage st the summing point for 800 counts. E; is
tBe*"800" Zzener diode voltage, and Vg represents the voltage drop across
the shorted transistors (the transistor voltage drops are all assumed to
be equal here). Equation (1) can be rearranged and simplified to:

Ecal Ez 1 1 1
(2) "% _*tVsg—+txr —t+tx )
800 100 200 Loo

where R 1s defilned by:

i__1 .1 .1 . 1 1
- 20K
B o0 Ra00 Ruoo Fa00
Equations similar to (2) can be written for 100, 200, and L0O
counts (one-eighth, one-quarter, and one-half of 800 counts, respective-
ly):

1 Ecal Eg 1 1 1
(3) TR "R Vel tp— t )
100 200 oo 800

1 Ecal E 1 1 1
) I T = + Vsly +E + )
200 100 Loo 800

1 Ecal Ez 1 1 1
(5) = + VUV ( + + )
Z7R "R % T Bano  Faoo

#0peration and Malntenance Manual, Mascot Mass Spectrum Digitizer, Type
3ﬁ-201, Lots 1-l, Consolidated Electrodynamics Corporation, May, 1960.
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In each case, the Zener dlode voltage 1s appllied to the proper branch
resistance, as called for, and the transistor shorting voltages are
applied to the remaining reslstances. The Zener diode voltages are also
assumed equal.

If now equations (3), (L), and (5) are added, the result will
represent the proper feedback for 700 counts:

7 Ecal 1 1 1 Vg 1 1 1 1
(6) = E, (g + g +g—) + g + 2V (g + R + | + 7)
B8R 100 200 40O 800 * o0 200 koo 800

Equation (6) cannot be realized by the D-A converter, however, because
one transistor cannot simultaneously supply E, and Vg to the same branch
reslstance. The following equation represents the actual "700" count,
where E, 1s applied to the 100, 200, and 100 resistances and Vg is
applied to the 800 branch:

7 E700 _ 7Ecal . Eerror _ ( 1 R S | - Vg
R R R 2R100  Fa00  Thoo  T8o0

The difference between equations (6) and (7,

Eerror 1 1 1 1
(8) Borror _ oy (Ao, 1, 1, 1,
R $R100 ~ ®200  PBlhoo = R8oo

represents the error that must exist at 700 counts if the transistor
shorting voltages are not zero, no matter how accurate the calibration
at 100, 200, and 400.

An error of not more than one count 1s desirable. The feedback
voltage equlvalent of one count was determined to be 3.3 millivolts.
Substituting this value for Egppopr 1n equation (8) leads to a limit of
2.1 millivolts for the transistor shorting voltage drops on the hundreds
board. Similarly, the voltage drops across the tens transistors should
be less than 16 millivolts; both of these limits apply only if error 1s
belng produced by the board in question. Comparison of these limits to
the voltage drops actually measured on the hundreds and tens D-A boards
led to the conclusion that the 2.1 millivolt 1imit on the hundreds board
was attainable by selectlon of transistors, but that the 16 millivolt
1imit for the tens board was not. The shorting voltage characteristics
of a dozen locally purchased transistors did not differ markedly from
those suppllied with the Mascot.

An obvious solution to the problem was the replacement of the
tens board with a duplicate hundreds board, with the addition of the
serles resistors between boards. A new hundreds board was not readily
obtainable from CEC, however, so the alternate course was taken; the
tens board circultry was converted to that present on the hundreds board.
The physlcal construction end printed circuitry on the two boards are
identical, so that the converslon was relatively simple. The transistors
on these boards were placed in the order of thelr shorted voltage drops,
with the lowest one in the "B0O" spot, the next best in the "LOO" spot,
and so on down through the two circults. The 2.1 and 16 millivolt limits
specifled above were met In this way. An accompanying problem was that
of obtalning an extra 20 milllamperes from the -250 volt regulated power
supply. CEC 1ndicated, in response to an inquiry, that the power supply
transformer T-703 dld not have the necessary capacity. The problem was
solved by replacing T-703 with a UTC Type H-8l transformer.

After these changes were completed, the D-A converter was
recallbrated and error measurements in the various count ranges were
determined as before. TFigure 6 shows a comparison of these iatest error
measurements with the original errors for the range 0-100 counts. The
maximum error in this range is now only 0.9 count, at 7l-79 counts. The
largest error found on any of the ranges checked was + 1.5 counts, at
780 counts.
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The "Mascot User" letter referred to previously states that a
linearity of 1 part per 1,000 is inherent in the design of the D-A
converter. Thils 1s taken to mean & maximum error of 1 count in any part
of the 1,000 count range, This specificatlon places limlts on transistor
shorting voltages which are not readily met in the Mascot circultry
originally supplied by CEC. As a result of the changes described above,
however, the linsarity of the D-A converter of the Mascot at Whiting
appears now to approach 1 part per 1,000.



NEGATLIVE ION FORMATION IN VARIOUS SASES
AT PRESSURES UP TO .5 mm OF Hg

R. K. Curran
Westinghouse Research Laboratories, Pittsburgh 35, Pennsylvania

The work that I would like to report on was performed with two different mass
spectrometers. Measurements at pressures less than 1 p were made using a mass spectrom-
eter designed by Dr. R. E. Fox, slightly modified to permit some differential pumping
and the use of a source with an improved collection efficiency for ions with kinetic
energy. The RPD method was used to control the electron beam. The source end of the
instrument for the pressure range above a few microns is shown in Fig. 1. The gas
sample is introduced through the center glass tube. After passing through the ion source
most of the gas exits through the first pump. With the source at 1 mm Hg of He the
analyzer region is at less than 10-6 mm Hg. To facilitate kinetic energy measurements,
the vacuum envelope is run at the acceleration voltage with the source at or near ground
potential. This requires that the individual wires leading to the source be enclosed in
a glass tube to eliminate corona. The electron beam is controlled with an RPD electron
gun. Distribution widths at half maximum of about .l ev are obtained.

Figure 2 represents the layout of the two mass spectrometers. With the ion
collector at ground and the analyzer at the accelerating voltage, the source potential
may be varied to trace out the retarding curve for an ion. The ions are retarded at
the collector. Both mass spectrometers can be equipped with electron multipliers.
The_output noise of the multiplier used corresponds to an input current of less than
107*° amp.

+ The operation of the high pressure mass spectrometer was checked using the
He and He ions from He. Figure 3 shows the electron energy dependence of the Het
and He,t i6n currents. The electron energy scale was calibrated from the vanishing
point Gf the Het ion current. The He + ion current is formed by a secondary reaction
in which the atoms that have been excIted by electron impact later collide with un-
excited He atoms with the result that the excitation energy is carried off by an
ejected electron leaving behind an He,” molecular ion. The He + ion current may be
expected to reflect the excitation fumnctions for the various Hé excited states that
result in its formation. The vertical lines indicate the position of lowest level of
the n = 3, 4, 5 groups that apparently contribute to He,* formation. The correlation
between these and the breaks in the He,t ion current is“quite good. Figure &4 shows
the pressure dependence of the He * and Het ion currents. The pressure dependences
were taken with zero repeller volgage. The solid line through the He,t points has a
slope of two up to a pressure of over 1000 p. This is consistent witﬁ the forming
process discussed above. The Het ion current is observed to be linear with pressure to
over 500 u after which it bends over. It has been shown that this is due to charge
exchange collisions between Het and He in the region between the electron beam and the
exit slit of the ion source, a distance of about 2 mm. The He + fon with an apparently
smaller charge transfer cross section in He does not depart from its p“ dependence
until pressures in excess of 1000 p are reached. Similar results have been obtained
for Net and Ne2+.

Negative ion formation in 0, was examined. An 0~ ion was observed to arise
from two processes. The O~ from dissociative attachment is shown in Fig. 5. The
kinetic energy of the O~ fragment was measured as a function of electron energy. The
results are shown plotted in Fig. 6. The line of slope 1/2 through the points has an
intercept of 3 ev which should be the difference between the dissociation energy of 02

*
This work has been supported in part by the Advanced Research Projects Agency through
the Office of Naval Research.
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and the electron affinity of 0. These results are in agreement with the work of G. J.
Schulz using a total tube but do not agree with the value for the electron affinity
of O obtained by photodetachment or, as will be noted later, with the value obtained
from the study of ion pair formation by electron impact.

An O ion onsets at 11.3 ev and its dependence on electron current is not
linear but rather appears as though the O~ arises from two processes, one involving
one electron and another requiring the excitation of an 0, molecule by one electron
followed by the dissociative attachment of a second electfon. At present nothing
can be said of the details of these processes.

An 0, ion was observed in the negative ion spectrum. In order to discuss
its mode of formation it is necessary to recall some previous work in 0,. In 03 it
it was observed that 0~ and 0,  ions were formed by low energy electrons. The
appearance potentials of these ions, along with their dependence on electron energy,
led to the construction of a proposed set of potential energy curves for the 0,°
molecule. These are shown in Fig., 7. Collisions involving 0” and O, should be
described by these curves. In particular it would appear from the curves that if
an 0  fon has sufficient energy to approach an O, molecule along the lower 0,"
potential curve, then there will be a possibility that the system will separate
along the upper curve to form 0, and 0. This type of process is proposed to explain
the 0, ion current observed. “The dependence of the 0, and O iom currents on elec-
tron energy is shown in Fig, 5. The 0,” ion is observed to onset at 1 ev above the
0~ ion current threshold. The pressuré dependence of the ratio of the 0,7 /0" currents
is linear, but the pressure dependence of the individual ion currents doés not depend
on pressure in the way one would expect. That is 0, and 0  exhibit pressure dependences
that are too large., The origin of this difficulty appears to be in the discrimination
of the mass spectrometer against ifons with kinetic energy. The mass spectrometer appar-~
ently collects only those ions with kinetic energy that are initially directed into a
very small solid angle determined by the exit slit. (The exit slit is small to allow
sufficient differential pumping.) As the pressure is increased, fast ions directed in
an unfavorable solid angle undergo collisions and are slowed before they escape the
allowable collection region for slow particles and thus are collected with an efficiency
depending on the pressure. This effect has been verified by mixing Ne with 0, and
observing the 0 ion curremt to be linear with O, pressure at partial Ne presSures of
about 200 p or more. The ions also exhibit proper pressure dependences when the
repeller voltage is large compared to the ion kinetic energy.

Figure 8 shows the equations for energy balance in the proposed reaction for
the formation of 0, . The first line expresses the fact that to effect the removal of
an electron from “0° and reattach it to 0,, one has to supply energy at least in the
amount of the difference between EA(O) and EA(OZ). This energy 1s supplied through
the kinetic energy of the 0~ ion which is determined by the kinetic energy of formation
plus the effect of the repeller voltage. The 2/3 has its origin in the fact that at
most only 2/3 of the 0 kinetic energy can go into potential energy of the collision
complex. The second line is the expression for KE(0~) at 0, threshold. Eliminating
KE(0~) between the two equations and substituting the values indicated, one obtains
the result EA(0) < 1.5 ev, which is consistent with the accepted value of EA(0). This
is somewhat surprising since the 0 ions come from the dissociative attachment process
previously found to give a value of EA(0) = 2.1 ev. No convincing argument can be given
to resolve this discrepancy.

A very weak O - signal has also been found to onset at 0 ev. The dependence
of this ion on electron energy is shown in Fig. 9. Also shown is the electron retarding
curve used to calibrate the energy scale. The shape of this curve is consistent with the
regults of Schulz obtained in a total tube. The process here is probably the three-body
attachment process

e+oz+02%o2 +0, .

Some investigation has also been done on pair formation processes. The type
of measurement made is shown in Fig. 10 where H * and N* from H, are plotted vs electron
energy. The vanishing point of the H + ion curfent is used to falibrate the electron
energy scale. Such a plot gives two “determinations of the electron affinity of H.
First from the onset at 17.3 assuming this to be H' + H", one obtains EA(H) = .8 ev
using the accepted values of I(H) and D(H,) and second from the difference between the
onset of Ht + H™ and the second break assiming it to be the onset of HY + H gives again
EA(H) = .8 ev. These are in quite good agreement with the accepted value of EA(H).
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Pair formation processes have been studied previously in O, by Randolph and
Geballe,l in NO by Cloutier and Schiff,2 and in CO by Lagergren.3 The work has been
repeated to obtain the data from a single instrument. Figure 1l shows data on pair
formation taken in 02, NO, and CO., In O, the onset 17.2 ev gives EA(Q) = 1.5 ev while
the difference between onsets gives EA(O} = 1.4 ev, In NO the onset 19,5 ev gives
EA(0) = 1.5 ev, while the difference gives EA(0) = 1.6 ev. 1In CO the 20.8 ev onset
gives EA = 1.6 ev, while the difference gives EA(Q) = 1.5 ev. It would appear that
there is little doubt that the electron affinity of O obtained from pair formation
appearance potentials is in agreement with the accepted value of 1.465 ev.

Figure 12 shows the electron energy dependence of 0+/C0. If the AP of 0+ at
23.7 ev is taken as the threshold for Ot + C-, then EA(C) = 1.0 ev and if the 24.8 onset
is ot + C, then the difference gives EA(C) = 1.1 ev. It is interesting to note that
the 0% fon current has structure at less than 1 ev above threshold. If this is inter-
preted as evidence for an excited state of C”, then from the ot data it is .5 ev above
the ground state. The recent work of Seman and Branscomb? on photodetachment in C~
indicates an excited state of C~ somewhere below .5 ev above the ground state of C~.
The present results would appear to be consistent with this result.
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Figure 11
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ELECTRON TRANSFER IN COLLISIONS OF NEGATIVE I1ONS WiTH 0, MOLECULES
T. L. Bailey

College of Engineering and Department of Physics
University of Florida, Gainesville, Florida

Cross sections for the production of slow heavy negative ions and for the produc-
tion of free electrons in collisions of negative ions with 0 molecules have been meas-
ured by an ion beam-gas scattering technique. The experimental method consists of
directing a momentum analyzed beam of primary negative ions, of kinetic energy variable
over the range 4-350 e.v. through a collision chamber containing gas at low pressures.
Slow electrons, produced by detachment processes, and slow heavy negative ions, which
arise from simple electron transfer (and perhaps other processes), are extracted from a
known length of the primary beam path by a weak electrostatic field. These product
species then pass through a region containing a radio-frequency field. When the radio-
frequency field is adjusted to the proper frequency and voltage, it sweeps out all elec-
trons, without attenuating the current of slow heavy ions. Thus the currents of product
ions and electrons can be measured separately, and are used to calculate separately oy,
the cross section for production of slow heavy negative ions, and o4, the cross section
for production of free electrons. N

The systems 03 in 02, H™ in 0p, and 07 in 0y have been studied. The results
obtained for 0; in 0 and for H™ in 0, show that oy is rather large for both systems
over the entire energy range of the measurements. In both cases, the dominant contri-
bution to oy is attributed to simple charge transfer. For 07 in 0y, 0y rises fairly
smoothly with decreasing primary ion energy W, from a value o = 7.9 x 10-16 cm? at
W= 294.3 e.v. to 20.6 x 1016 cm2 at W= 3.6 e.v. The behavior of ot versus W is indic-
ative of a process for which the energy defect AE is approximately zero. For H™ in 02,
ot increases from ot = 6.4 x 1016 cm2 at W = 350 e.v. to a shallow maximum of ot =
13.0 x 1016 cm2 at W= 70.5 e.v., then drops to 0t = 9.6 x 10-16 cm2 at W= 250 e.v.,
and from this minimum again rises to 13.0 x 10-16 cm2 at W = 7.7 e.v., the lowest energy
of the measurements. If ot is due to simple electron transfer alone, its behavior with
energy below W = 25.0 e.v. indicates that the electron affinity of 02 is approximately
equal to that of H, and it is estimated that E(02) = 0.75 * .24 e.v. The maximum at
W= 70.5 e.v. may arise from the reaction H™ + 02 = H + (03)*, where (03)* is in an
excited internal state. ot for 07 .in 02 was smaller throughout the range of the meas-
urements than ot for 03 in 02, or H™ in 02. For this system, op versus W shows an
unusual double maximum structure: there is a flat maximum at W< 100 e.v., where o =
3.4 x 10-16 cm2. yt is nearly certain that oy in the region of the W& 100 e.v. maxi-
mum is due to simple charge transfer alone. An interpretation of this maximum, based on
the preceding assumption, and on the adiabatic hypothesis, gives the inequality E(02) >
0.9 e.v., which is consistent with the estimate deduced from the low energy behavior of
ot for.H™ in 02. The maximum at W= 9 e.v. is attributed to ‘contributions from an ion-

molecule reaction, such as 0 + 07 (Oi)* = 0 + 02, rather than to simple charge
transfer.

o

The electron detachment cross sections at energies above W= 30 e.v. for all three
systems are similar in magnitude and in behavior with ion energy to those which have
been observed for other colliding systems. The behavior of o4 versus W for 0° and H™ at
very low ion energies is rather unexpected, however. a4 for 0~ in 02 extrapolates to
zero at an ion energy considerably less than the appearance potential for direct col~-
lisional detachment, 0" + 02 = 0 + 02 + e€~, and the low energy o4's for H™ in 02 extrap-
olate to a positive value at W= 0. These results suggest that at very low energies the
o4's may arise in part from the reactions 07 + 0p = 03 + e”, and H™ + 02 = HO2 + e,

Preliminary studies of collisions of 0~ ions in Ny show that ot for this system is
negligible in the range 25 > W > 350 e.v., and therefore that the electron transfer
reaction 0~ + N2 = 0 + N2 does not occur. For 0~ in Np, abnormally large currents of
relatively fast heavy ions, scattered through 30° or more, were observed. This indi~
cates that either (3a) there is an unusual amount of large angle elastic scattering, or
(b) an ion-molecule reaction, such as 07 + N2 = NO” + N, is taking place with high prob-
ability at fairly elevated energies.
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SOME UNIQUE APPLICATIONS OF NEGATIVE ION MASS SPECTRA

Russell Baldock *
Chemistry Division, Osk Ridge National leboratory
Osk Ridge, Tennessee

Abstract

The negative lon mass spectra of some organic meterials stand in contrast
to the positive ion mass spectre as being more readily understood in terms of
molecular structure and chemical behavior. Spectra of some of the simple hydro-
carbons and alcohols are presented to support this viewpoint. Often the nega-
tive ion spectra, because of their simplicity and unambiguity, readily lend
themselves to quantitative analyses in mixtures such as formic acid, HCOOH,
and formic-d acid, DCOOH. It 1s shown that negative lon spectra are the
principal data which made 1t possible to identify the transient species observed
in the reaction of D2 + CO2 on platinum. Evidence for the contribution of
negative ilons in the polymérization of mixtures of (CN)2 + Xe are presented
and discussed.

Introduction

Some years ago Melton and Rosenstockl’2 employed a commercially built
mass spectrometer to investigate metastable and collision induced dissociations.
This experience and a number of other considerations led us to design and build
a versatile and sensitive instrument which would be suiteble for a wide range
of applications and investigations in chemical physics.

All of the pertinesthfeatures of the mass spectrometer have been presented
in earlier publications”’ so I will list here only those features which are
pertinent to the study of negative ilons. They are as follows:

1. A high degree of differential pumping so that the pressure in the
ionization chamber may be built up to 1 mm of Hg.

2. A 14 stage electron multiplier plus e vibrating reed electrometer and
counting circuitry for high sensitivity of ion detection.

3. A Hutchison type emission regulator for stability of the beam of ioniz-
ing electrons, and

k. A thoria iridium filament for inertness.

Tt has become evident in the past year that other workers heve also found
that essentially these same instrument features are useful in applying & mass
spectrometer to problems in chemical research.

Figure 1 is a drawing of our ion source. With versatility as well as
exploratory applications in mind, the ion source was constructed as shown.
With differentiasl pumping, the pressure in the ionization chember can be made
about an order of magnitude higher than in the general region of the ion source.
Since the final exit slit of the source is the only vacuum connection between
the ion source and the analyzer tube, a second pump (not shown) is eble to
maintain the vacuum in the analyzer tube about three orders of magnitude lower
than the vacuum in the ion source region.

By means of relatively simple changes to the ion source, ions may be formed
by eny one of the following means:

1. Iow energy electrons (50-100 ev which were used for the work reported
in this paper).

*Operated by Union Carbide Corporation for the U. S. Atomic Energy Commission.
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2. High energy (up to 6 kev) electrons.

3. Alpha particles from Po-210 mounted on & platinum disc and placed
in front of the ion repeller.

4. Beta particles from Ni-63 mounted on a platinum disc and placed in
front of the ion repeller, or

5. Replace the ion repeller with & coil of platinum wire and use a beam
of electrons to ionize species evolved from the surface of the catalyst.

The information reported here on negative ion mass spectra comes from studies
in our group by Melton who was assisted from time to time by other interested
members of the Chemistry Division as noted in the bibliography.

Acids

The negative ion mass spectra of formic acid, HCOOH, formic acid-d, HC09D,
and formic-d acid, DCOOH were studied rather extensively by Melton and Ropp.
They have shown that negative ion formation in these acids 1s predominantly
by loss of the hydroxyl hydrogen. The formation of negative ions from reactants
in the gas phase in these acids by hydroxyl bond cleavage is analogous to liquid
rhase ionic dissociation of organic acids containing the carboxyl group.

In Figure 2, one can clearly see by examining the data, especially for
masses 45 and 46, that in the formic acids the formation of negative ions
results almost exclusively from the cleavage of the hydroxyl bond.

It was also found in some additional studies that the trend in sensitivity
to negetive ion formation in formic acid, acetic acid, and propionic acid is
roughly comparable in megnitude to the relative tendencies of these acids to
ionize in agqueous solution, as measured by their ionization constants.

We note in passing that the small, but measurable intensities at masses
91, 92 and 93 led to a subsequent investigation of an %nteresting negative
lon-molecule reaction in a mixture of HCOOH and DCOOH.

The tremendous advantege of using the negative ion spectra for quantitative
measurements in e mixture such as formic-d acid, DCOOH, and formic acid, HCOOH,
is seen from the date in Figure 3. One needs to measure only mess 46 as repre-
sentative of the unlabelled acid as contrasted with the 28 ionic species in
the positive ion spectra.

The power and simplicity of the negative ion spectra of organic acids con-
taining the carboxyl group, especially when one is concerned with & mixture of
lebelled and unlabelled acids as is sometimes the case in bilological studies,
has been recognized and is being demonstrated in some studies now in progress.

Hydrocarbons and Alcohol

Two general conclusions can be drawn from the mass spectral data now
available for_a few of the aliphatic hydrocarbons, methane, the Co-hydrocarbons
and n-butane.! First, ionization and dissociatﬁon reactions induced by 50-75
volt electrons yield about 1 negative ion to 10" positive ions. Second, the
percent of C2H' formed from the aliphatics, in the open chain molecules sbove
methane increases with increasing saturation. If one considers acetylene,
ethylene, ethane and n~butane in that order, then the percent of CpH~ increases
from 23 to 30 to 38 to 59.

Methane, the first in the series of paraffins, has been studied rather
extensively by three groups of investigators. Since high energy (~ 75 v)
electrons were employed in these studies, the mass spectra were produced pre-
dominantly by ion pair production. The relative distribution of both positive
and negative ions is shown in Figure 4. The negative ion data is from the work
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of Melton and Rudolph and the positive ion date is from the work of Melton
and Rosenstock. These curves have been normalized by making the most abundant
ion iﬁ each spectrum equal to 100. The absolute intensity differs by a factor
of 10™ as shown. The relative intensities of the ions as a function of the
number of hydrogens remaining on an individual carbon atom are of interest
here. The negative ion abundance decreases rapldly with increasing saturation
of the carbon atom, which is in accord with the decreasing electron affinity
with increasing saturation of the carbon while in the case of the positive
ions, Jjust the reverse is true.

The negetive ion mass spectra of the alcohols have several general features
which have been correlated to molecular structure end chemical properties.
Melton and Rudolph have shown that loss of hydrogen by negative ion formation
is almost entirely restricted to loss of an odd number of hydrogen atoms.
Furthermore, the most predominant negeative ion formed by hydrogen extraction
in all the alcohols results in the loss of a single hydrogen atom. For
example, an examination of methyl alcohol labelled in the hydroxyl position,
i.e., CHzOD, has shown that the CH;O' ion is formed almost exclusively as a
result of cleavage of the 0-D bond. This mode of formation of CH}O‘ is analo-
gous to the previously referred to breakup of formic acid. These observations
strongly suggest that negative ions formed by hydrogen extraction are formed
in 811 alcohols predominantly by loss of the hydroxyl hydrogen.

Negative ion formation by electron impact of secondary and tertiary alcohols
proceeds almost exclusively by loss of the hydroxyl hydrogen. In primary alco-~
hols, in addition to forming negative ions by loss of the hydroxyl hydrogen,
other ions cen be formed by the loss of two additional hydrogens, probably the
alpha hydrogens. Since it is known that the alpha hydrogens are more active
in oxidation reactions than the other aliphatic hydrogens, these observations
appear to be in good agreement with the chemical properties of the alcohols.

It can be seen in Figure 5 that the negative ion spectra of n-butane and
n-butyl alcohol show remarkeble simillarity. This agreement is in accord with
the fact that the reactivity of an alcohol in an homolgous series more closely
approaches that of the corresponding alkane as the alkyl radical increases in
length. By way of contrast, the negative ion spectra of ethane and ethanol
are not nearly so similar to one another, as might well be expected.

We also note that in n-butane, which is the heaviest aliphatic hydrocarbon
for which we have negative ion mass spectral data, the cz' ion is an order of
magnitude more sbundant than the other carbon species. Ionic species contein-
ing a single hydrogen are generally more abundant than when an even number of
hydrogens are present. It has been noted that in positive ion mass spectra,
positive ions containing an odd number of hydrogens are usually much more abun-
dant than those containing an even number.

Catalysis

Melton has also used our research mass spectrometer to édentify and study
the volatile transient species produced by catalytic action. Several inves-
tigators have reported that free radicals are formed on and possibly desorbed
from catalysts during heteregenous reactions but these have not heretofore
been identified mass spectrometrically.

The catalyst in the form of a spiral of 0.5 mm platinum wire, 3 x 13 mm
with & surface of ~ 1 cm® was mounted inside the ionization chamber in approxi-
mately the position of the ion repeller and parallel to and Just behind the
electron beam. The catalyst could be self heated by passing a current through
jt. Gases under investigetlion were introduced in the usual manner and products
evolved from the reaction on the catalyst passed into the electron beam and
vere ionized. Products of the reactions were studied as a function of catalyst
temperature, and the pressure and concentration of each reactant.
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Figure 5

Relative abundance of negative ions from some
alkanes and corresponding alcohols.

m/e  Ion Ethane Ethanol #-Butane z-Butanol
12 C- 20 31 3 3
13 CH- .29 51 13 7
14 CH;~ 8 18 7 4
15 CH;™ 28 2 1
24 C~ 100 61 29 31
25 C.H- 100 100 100 100
26 C.H:~ 3 3 5 3
36 Cs 3 6
37 CH~ 2 4
38 CsH,~ 2
48 Co 1 1
49 CH™ 3 2
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Figure 6

FREE RADICALS AND INTERMEDIATES
DETECTED IN THE REACTION D, + CO,-%» D,0 + CO

Me ION PROBABLE PRECURSOR  PROBABLE SOURCE
2 p*,D” D D, B=D +D
30 pco* DCO DCO DESORBED
46  DCOO™ DCOOD;CO0D €0, + D, 2=-DCOOD
60 co3 D,C04,CO5 ~ D,0 +C0,8=p,CO,

62 DCO; D,C04;DCO, D,0 +CO, B4p,CO,
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The reaction of Dy + CO, vwas investigated in an extensive series of
experiments. The formation and desorption of species containing D, C, and
0 was deduced. To determine the configuration of the intermediates, all of
the positive and negative lons produced from neutral species during the course
of the reaction were identified. The results are given in Figure 6.

The positive and negative ions appeared to be derived from two structural
classes of neutral species, nemely, a carbonate type glving rise to DCOx~ and
C03' and a formic acid type giving rise to DCOO~™ and DCoO™.  Since the behavior
of the catalyst with respect to these ionic species had been determined, it
seemed reasonable to determine whether or not the catalyst presented the same
behavior when exposed to & stable compound having either the formic acid or
carbonate type configuration. The test was restricted to the use of formic
acid labelled with deuterium on the carbon atom. The behavior of the radicals
displaced from the surface of the catalyst was completely analogous to that
in the earlier experiments.

We simply wish to emphasize here that the mejor portion of the information
found useful in a study of the transient species desorbed from a platinum
catelyst in the course of the heteregeneous reaction of Dp and COs ceme from
an investigation of the negative ion spectrum.

Mixture of (CN), + Xe

Some years ago Lind and Bardwell )10 showed thet the rates of radiolytic
polymerization are, in general, increased by the admixing of noble gases. In
most systems studied the rare gases had higher ionization potentials than the
reactant gases and the increased rates of reaction were explained on the basis
of charge transfer. In the (CN)p + Xe system charge transfer to the reactant
is not energetically possible since Xe has the lower ionization potential,
12.1 ev against 13.6 ev for (CN)p. However, Lind and Bardwell found that Xe
increased rather than decreased the yield of polymerization of cyanogen.

Melton and Rudolph investigated the transient specles produced in the
(CN)2 and_{CN), + Xe systems and part of their observations are sumarized in
Figure T. When Xe was edmixed with (CN)2 the total intensity of negative
ions was markedly increased. For example, in a GXe: l(CN)2 mixture, the
intensity of (CN)~ was increased about twenty fold. This increase in nega-
tive ion intensity is attributed to two processes: One, ionization by secon-
dary electrons from Xe, and two, & reaction of metastable Xe* (5p°6s) with
(CN)o to form CN radicals which are subsequently ionized.

The increased intensity of negative-ion polymers plus a reaction addition
complex [Xe(CN)p]" observed in the positive ion spectrum are believed to be
the explanation of the previously observed increased rate of polymerization
of (CN)po upon the admixture of Xe.
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Figure 7
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POLYMER-ION MASS SPECTRA
OF (CN)2 AT | mm

o o] T
26 CN |25x10%|24 x10®
52 (CN)2 |9.0x10% 1.9 xI07
78 (CN)s | 1.6 x 10® |1.3 xI0®
104 (CN)s |52 x10°(20x10% | ~
130 (CN)s |60 x10° |45 xI0°
156 (CN)e | 1.2 x 10% 3.l x10°
182 (CN)7 |47 x 10|54 x 10*
208 (CN)g | LI x 10% |37 x10?
234 (CN)s | 1.0 x10' 3
260 (CN)io |2.2x10' 5
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ELECTRON AFFINITY OF ATGMIC IODINE+

Bruce Steiner
Michael L. Seman *
Lewis M. Branscomb

Atomic Physics Division, National Bureau of Standards, Washington 25, D. C,

Photodetachment of I  ions has been observed in a crossed
"beam experiment. The apparatus used was essentially similar to
that in previous photodetachment experiments. Use of four Sharp
Cut filters provided good "effective" resolution close to thres-
hold but did not permit an independent determination of the
behavior of the cross section as a function of wavelength., A
step function cross section, shown by Berry and co-workers to
approximate closely the true cross section behavior, was used
to provide an upper energy limit to the electron affinity shown
to be close to the actual value. The value of the electron
affinity thus determined, 3.076 + .005 ev, is in excellent
agreement with the shock wave determination of Berry, 3.075 t
.003. The absolute magnitude of the cross section in the
re§i9n 3.3 ev above threshold was determined to be 2.1 + 1.1 x
10" " cm“.

INTRODUCTION

Until recently, the electron affinities of the halogen atoms have
been regarded as rather well determined’. Confidence was encouraged by
the fact that the various values determined generally agreed with one
another within typical uncertainties of 0.10 ev, as listed in Table IV,

However, a recent series of shock wave experiments by R. Stephen
Berry and co-workers? has yielded a set of photon absorption thresholds
for C17, Br” and I~ consistently lower by about 0.10 ev than the pre-
viously accepted values. These spectra are especially noteworthy in
that they are the first absorption spectra of negative ions ever ob-
tained in which the absorption of the light is observed spectroscopi-
cally., The chief uncertainty in the experiments of Berry and co-workers
is the accuracy with which the lowering of the threshold energy by
Debye-Huckel effects in the shock wave plasma can be estimated.

The present crossed-beam experimental study of the photodetachment
of electrons from I~ represents an effort (1) to determine the threshold
energy for photodetachment of free I ions independent of plasma effects,
and (2) to determine the absolute magnitude of the cross section in the
region of the threshold. The absolute magnitude of the cross section
can be used in the shock wave experiment to give directly the negative
ion densities in the shock wave. This information can then be used in
the calculation of the Debye-Huckel correction to the observed absorption
threshold, which i8 required to convert this threshold emergy to the free
state electron affinity of lodine.

+This regearch was supported in part by the Office of Naval Research and
the Advanced Research Projects Agency, Department of Defense.

*
Present address: Joint Institute for Laboratory Astrophysics,
University of Colorado, Boulder, Colorado.
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Table I. Filters used in threshold measurement

Filter
Identification Corning Number Transmission less than 1%
for A greater than:

M

o) (A)
A 3389 + 3391 4025
B 3391 3997
o 3389 3980
D 3060 3730

Table II. Experimentally determined relative photodetachment probability,PM

Filter Identification PM Standard Deviation Total Uncertainty
(M) %) (%)
A .28 54 55
B 1.36 6 12
C 3.66 14 17
* D 43.5 9 13

*
Table III. Electron affinity of atomic
iodine as determined in this work

Standard Total Standard Total
X ° Deviation Uncertainty hy Deviation Uncertainty
(&) (&) () (e® (ev) (ev)
+4 +6 -.003 -
PC/PD 4031 -6 -7 3.076 +.004 +.005
+11 +15 -.008 -.012
Pp/Pc 4036 -19 -32 3.072 +.014 +.024
>43 >+43 >-,032 >-,032
Py/Py 4057 -32 -35 3.056 +.024 +.027

*

Wavelengths () ) and equivalent electron affinities (hv ) corresponding to
the threshold.for photodetachment determined by ratios of signal (PM) using
various filters (M) and a step function cross section.
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EXPERTMENTAL PROCEDURE

The apparatus used was essentially similar to that in previous phoZo-
detachment work”;*. I ions were formed in a hot cathode arc discharge
through a mixture of iodine vapor and ammonia. The negative ions were ex-
tracted from the ion source, accelerated, and mass analyzed by a 90° sector
magnetic field. After deceleration, the beam entered the reaction chamber,
where it intersected a chopped photon beam which photodetached electrons
from the ions. These electrons were detected by an electron multiplier
and the signal amplified, synchronously detected, and integrated for
periods up to 50 sec. A 1000 watt dc xenon arc discharge lamp replaced
the carbon arc of earlier experiments. The consecutive introduction of four
Sharp Cut filters, listed in Table I, provided the information concerning
the wavelength dependence of the_cross section.

When adjusted to transmit I , the mass analyzer was capable of full
resolution of one part in 15. The most_likely possible contaminant in
the "resolved" beam is thought to be HI . However, the closed shell-plus-
one structure of such an ion, analogous to that of noble gas negative ions,
is considered to be unstable; almost certainly, HI  constitutes a negligi-
bly small fraction of the beam, if indeed HI exists at all.

The procédure for the measurement of the photon flux differed from
that of previous photodetachment experiments. Before performance of the
present photodetachment experiments, a sectlon of the reflected arc light
was focussed on the slit of a small prism monochromator which was fitted
with a thermocouple detector and previously calibrated for response as a
function of wavelength by an '"NBS Standard of Spectral Radiance”3. The
average of three wavelength scans, corrected for monochromator-detector
sensitivity, was taken to be representative of the relative spectral
radiance of the xenon lamp within the 10 percent intensity fluctuation
of the source. For the photodetachment experiment, the fixed fraction
of the total light reaching the monitoring bolometer” was filtered so
that the bolometer received light only in the region A<4850 A. The
bolometer was then used to measure fluctuations of the light in this
wavelength region during the course of the experiment. The light output
of the xenon lamp varied no more than 10 percent during a period of
several minutes while the current through the lamp was maintained at
41.2 £ 0.2 amperes.

The transmission of each of the various filters was measured inde-
pendently by the NBS Photometry and Calorimetry Section.

EXPERIMENTAL RESULTS

Threshold Energy

The direct experimental results are listed in Table II as signals
in arbitrary units for each of the filters, Each result represents the
average of five or six individual determinations. The uncertainties are
listed both for the standard deviation assuming random errors only and
also as total uncertainties for systematic as well as random errors.

The threshold energy determinations in Table III were made in the
following manner. When time-varying factors are removed, the photodetached
electron current with filter M in place is given” by the equation,

Py = k Jo' ) T,O0 do()) av. (1)

Since the geometrical factor, k, is independent of the particular filter
used, the measurement of ratios of P,'s for the various filters of
known transmission, T, ()), together with measured values for the source
radiance, ¢'()), permits determination of the threshold energy if the
shape of the cross section, o(\), is known. The curves representing
©'ATy as a function of wavelength for the various filters are shown

in f?gure 1. Although the wavelength differences in the transmission
limits of the various filters used in these experiments were far less
than in previous crossed beam experiments, with a resulting increase

in "resolving power" at threshold, the relatively small number of
filters did not permit a precise independent determination of this
threshold shape.
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Figure 1. Photon density per angstrom, ¢'iT in arbitrary units, as a
function of wavelength, for Light from xenon arc lamp with each of four
filters used in the determination of the threshold for photodetachment
of electrons from 7.
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Figure 2. Photon density per angstrom, g'AT in arbitrary units, as
a function of wavelength, for light from xenon arc lamp with filter

combination “E", used in the determination of the absolyte cross
section for photodetachment of electrons from I .
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Previous theoretical treatment® has shown the threshold behavior
of the cross section to be represented by the series o = aEl/ (b+cE+dE2...)
where E is the ejected electron kinetic energy, 1.e. (hv—Eo) where hv is
the photon energy and E, is the threshold energy. Although the relative
magnitude of the higher order terms is not detgrmined by first principles,
a fit of previous experimental-data for oxygen- and carbon? has proved
possible over about 0.3 ev energy range with the predicted infinite
slope at threshold and two or three series terms. In contrast to the
work on those negative ions, the experiments of Berry et al.“ show
that the threshold behavior for 1  approximates a step function,
infinite slope at threshold and constant cross section above. Thus
for I-, many higher order terms are necessary to describe the cross
section as observed by Berry in the above series, even in the first
0.3 ev.

Berry's observations also show that there are no strong absorption
lines near threshold due to photoexcitation followed by autodetachment.
Although the exact shape of the absorption cross section is obscured
by Debye-Hiuckel effects, the curve is observed by Berry to rise monotoni-
cally (and nearly as a step function) within 0.3 ev of the threshold.

It follows that the use of a step function, instead of a more slowly
fising function in the determination of the threshold energy from our
beam experiment, provides an upper limit for the iodine electron affinity.
The integration in equation (1) with a step function cross section
reduces to an integration of the experimental function shown in Figure 1:

g=0
=k [ P00 T, ) A A
TM=0

Py

The upper limit of this integration is the threshold to be determined.
The upper limit in energy we thus obtain is 3.076 * .005 ev. This value is
to be compared with Berry's uncorrected experimental value, 3.070 % 0.003,
which is a lower limit in energy.

The main systematic error in this work is undoubtedly the 10% un-
certainty in the spectral radiance, ¢'(\). Compared to this, other
factors can be neglected. Thus, the uncertainties in the last column
of Table III include this 10% in each P, in addition to the standard
deviation of the various PM values of assuming random errors.

Absolute Cross Section

The magnitude of the cross section between threshold and 3600 g has
been measured rela;ive to the absolute §agnitude og the cross section
for photodetachment of H between 4900 A and 3600 A'. Figure 2 shows
@' T as a function of wavelength for filter "E" used in this measurement.
The absolute cross ffstign magnitude thus determined for a step function
is (2.1 £ 0.5) x 10 cm This error limit is again the standard
deviation assuming random errors.

The difference in area under the true crgss section curve from that
under a step function from threshold to 3600 A probably is not more than
10 percent. Systematic errxors due to beam inhomogeneity probably are not
greater than the range of statistical error. Hence, the total uncertainty
may be * 50 percent. 17 2

The absolute cross section, 2.1 * 1.1 x 10 ""cm has been used by
Berry and co-workers to arrive at an ion density for I . This density
leads them to a Debye-Huckel correction of 6 A, or an electron affinity
of 3.075 + .003 ev. A summary of this and other determinations of the
electron affinity of atomic iodine appear in Table IV.
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Table IV. Determinations by various workers of the

electron affinity of atomic iodine

Method

Value (ev)

Worker

Surface lonization

Surface ilonization
Lattice energies
Photoionization

Shock tube photodetachment
(lower bound)
(corrected)

Crossed beam photodetach-
ment
(upper bound)

3.23 + 0.02 (assuming
A(Br) = 3.50)

3.17 =
3.19 «
3.13 =

3.070
3.075

3.076

0.07
0.06
0.12

0.003
0.003

0.005

Bakulina and Ionov?
Baileyb
Cubiciotti®

Morrison et ld

Berry, Reiman, Spokese
Berry, Reiman, Spokes

This work

I. N. Bakulina and N. I. Ionov, Dokl. Akad. Nauk SSSR, 105, 680 (1955).

bT. L. Bailey, J. Chem. Phys., 28

—_—1

° 792 (1958).
D. Cubicciotti, J. Chem. Phys. 34, 2189 (1961).

93, p. Morrison, H. Hurzeler, M. G. Inghram, and H. E. Stanton,

J. Chem. Phys. 33, 821 (1960).

€R. S. Berry, C. W. Reiman, and G. N. Spokes, J. Chem. Phys. accompanying
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Measurement of Electron Capture Cross Sections Using Swarm Methods

G+ S. Hurst
Health Physics Division
Oak Ridge National Laboratory
Oak Ridge, Tennessee

(*0Operated by Union Carbide Corporation for the U. S. Atomic Energy Commission)

1. INTRODUCTION

in the experimental studies of the formation of negative ions, electron swarm
methods appear to have a definite role. In the swarm method electrons make many
collisions with the atomic and molecular gas through which they move under the action
of an applied electrical field, and unlike in beam experiments, they have a wide dis~
tribution of kinetic energy. This disadvantage concerning the spread of electron
energies does not preclude the following applications of swarm experiments: 1) in spite
of the wide spread in electron energies, careful analysis of swarm data may give
reasonably accurate total cross sections for electron capture; 2) swarm experiments may
be performed over a wide range of average electron energies, e.g., thermal to greater
than 10 ev, depending on the gas used and the magnitude of E/P (volts cm=1 (mm Hg)™");
3) swarm experiments may be done at much higher pressures than beam experiments, hence
collision processes may be examined for various atomic and molecular effects.

In the usual swarm method the types of ions formed are not determined, and the
investigator must resort to theory or to mass spectrometry for this information. Hence,
beam experiments which are not sufficient within themselves to determine all the in-
formation which is needed may be combined with mass spectrometer experiments to con=-
siderable mutual advantage.

In swarm experiments electrons are set free in a gas by various means, e.g.,
thermionic emission, UV irradiation, or gas ionization with energetic particles. Re-~
gardless of their energy of liberation, they come into an equilibrium energy which is
characteristic only of the gas and E/P. This equilibrium distribution of electron
energies is established as a balance between the energy gained from the electrical field
and the energy lost by atomic or molecular collisions. Several swarm parameters are
open to direct experimental measurement; among these are w, the rate of drift of the
electron swarm in the field direction, w/D, where D is the electron diffusion
coefficient, and &, the probability of electron capture per cm of travel in the field
direction at unit pressure. From these measured quantities_one may derive other
quantities of interest such as the average kinetic energy, €, the probability, h, of
electron capture in a collision, and o, the capture cross section, The reader is
referred to Healey and Reed' for a comprehensive treatment of the electron swarm and
for a valuable compilation of experimental data.

Ile ELECTRON DIFFUSION EXPERIMENTS AND AVERAGE ELECTRON ENERGY

Several investigators have used various versions of the Townsendz’3 diffusion
apparatus to study the motion of electrons in gases; recent publications4,5 contain
references to the earlier work. The method is based on a theoretical treatment of
electron transport which considers simultaneous diffusion and electron drift due to
the applied fields For example, if electrons are transported in the z direction due
to an applied field in this direction, the differential equation expressing the time
and space dependent density n is given by

190 _ 2 _wan
P35t~ V" b3z (1

where t is the time, and w and D are the drift velocity and diffusion coefficients,
respectively. The steady state solution (i.e., On/dt = 0) of Eq. (1) has been worked
out for boundary cgnditions appropriate to experimentally convenient geometries by
Huxley and Bennett® and by Huxley and Crompton. Having obtained the solution for the
electron density, one may write expressions for the current received by concentric
collectors, and the experimentally measured ratio, R, of currents received by two
collectors may be used to calculate w/D. For example, consider a source located at
the point where the z axis makes a normal intersectionwith one end of an infinite slab
of height, h, the other end of which contains two concentric planar regions of inner
radius b and outer total radius ¢ (about the z axis). Figure 1 shows a plotd of
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Table |. Coefficient ky for the Druyvesteyn Distribution for Electrons in

Nitrogen, Carbon Dioxide, Methane, Ethylene, and Cyclopropane.

VE/]P Ni trogen Carbon Dioxide Methane Ethylene Cyclopropane
el r?mt:g
0.2 6.74 2.15 2.48
0.4 11.7 3.30 2.36 2.54
0.6 16.0 4.39 2,53 2.81
0.8 19.3 2.00 5.85 2.82 3.09
1.0 21.3 2.05 7.52 3.11 3.50
1.2 23.0 2.12 9.10 3.50 3.83
1.4 24.4 2,13 11.0 3.82 4.14
1.6 25.6 2.21 13.1 4,29 4.45
1.8 26.6 2.31 15.2 4.73 4.83
2.0 27.5 2.39 17.4 5.03 5.22
2.5 29.9 2.72 22.9 6.34 6.08
3.0 31.0 3.12 29.6 7.99 7.06
3.5 33.1 3.77 35,1 9.48 8.01
4.0 33,8 4.67 42.0 11.3 8.93
4.5 35.0 6.07 46.9 13.1 9.95
5.0 35.8 7.85 53.4 14.8 11.1

Table 11. Evaluation of the Ratio wao/f(s) for Various Values of e.
An (E/P)-Independent Ratio Indicates a Solution to Eq. (9.

Electron Energy {ev)

£/ a v.a 20 6.3 6.4 6.5 6.6
on (mm 1g) | see Mam He) | () fweasote) | £(e) Jweafele) | £(e) fua/ele) | orle) | wa /o)

0.40 0.18 0.058 0.00224 | 25.9 x 108{0.00161 36.0 x 108{0.00114 50.9 x 108 0.000793] 73.1 108
0.L5 0.57 0.185 0.00615 | 30.1 x 106 0.00472 ] 39.2 x 106 0.00358 | 51.7 x 106 0.00269 | 68.8 106
0.50 1.20 0.396 0.0126 | 31.h x 106 0.0102 | 38.8 x 106 0.00813 | L8.7 x ].06 0.00643 | 61.6 x 106
0.55 2.0 0.670 0.0213 | 31.5 x 106 0.0179 | 37.k x 108 0.0149 | 45.0 x 108[0.0122 5k.9 106
0.60 3.0 1.02 |o-0317 | 32.2 x 1.06 0.0273 | 37.% x 106 0.0233 | 43.8 x 106 0.019% 51.5 106
0.65 L1 1.%1 0.0%28 | 32.9 x 106 0.0377 | 37.4 x 106 0.0330 | 42.7 x 106 0.0287 49.1 x 106
0.70 5.3 1.86 0.0540 | 34.4 x 106 0.0484 | 38,4 x 106 0.0832 | 43.1 x ioé 0.0383 18.6 106
0.75 6.6 2.34 0.06L7 | 36.2 x 106 0.0589 | 39.7 x 106 0.0533 | 43.9 x 106 0.0481 8.6 106
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R = ib/(ib + ic) as a function of E h/kl for various ratios, b/h, and for a fixed value
of ¢/h = 1.5. The coefficient ky is related to w/D by the equation,

w _ A 38.92 E/P _ 38.92 E/P .
bP k =Tk (2)
1 T

where A = 1 for the Maxwellian distribution and A = 1.14 for the Druyvesteyn distri-
bution. The Townsend coefficient, ky, is a convenient measure of the average kinetic
energy of the electrons, usually called agitation energy, and is defined as follows:

ko = Electron Agitation Enrergy

T  Molecular Agitation Energy at 25° C (3)

Clearly, kr is a function of E/P since the kinetic- energy for molecules is unaffected

by the electrical field, and the agitation energy for electrons generally increases with
E/P. 0f the two distribution functions, i.e., Maxwellian or Druyvesteyn, it should be
said that the latter is generally more meaningful since it is derived from the Boltzman
transport equation and is applicable to electrons under the influence of an electrical
field.

The diffusion apparatus used by Cochran and Forester has been described in con-
siderable detail. Figure 2 is a schematic diagram of the diffusion chamber in which h
was held constant at 3 cm, b could be set at 0.3, 0.6, 0.9, or 1.5 cm, and ¢ was held
constant at 4.5 cm.

Table 1 summarizes the Townsend coefficient ky for electrons in nitrogen, carbon
dioxide, methane, ethylene, and cyclopropane. These are based on diffusion measure-
ments of w/DP and Eq. (2). It is noted that the average electron energy corresponding
to th7se kT values covers the range from about 0.08 ev to 2.0 ev, depending on the gas
and E/P.

I1l. THE DISTRIBUTION OF ELECTRON ENERGIES IN ARGON

Holstein® has shown that the distribution of energies for electrons making elastic
collisions in a gas may be obtained from a solution of the Boltzman transport equation.
This theory has been applied by Barbiere? to He and Ar and the connection between the
energy distribution and drift velocity was shown. Figure 3 shows the drift velocity in
Ar as measured by Bowe'” and by Bortner et al. BowelZ2 has shown that measured drift
velocity as a function of E/P (P is the pressure normalized to 25° C) gives a basis for
estimating the transport cross section for Ar as a function of electron energy. The
transgort cross sections so obtained are in general agreement with the Ramsauer-Kollath
data; 3 thus, the electron energy distributions derived from transport theory are con-
sistent with the experimental drift velocities. Figure 4 shows some of the distri-
bution functlons for Ar at a few values of E/P.14

1V. MEASUREMENT OF ELECTRON CAPTURE CROSS SECTIONS WITH SWARM EXPERIMENTS

One example of an electron swarm experiment for the measurement of the attachment
coefficient, @, is shown schematically in Fig. 5. In the apparatus!5 the motion of
free electrons is examined in two chambers having a common atmosphere. In one case the
""pulse height' due to the work done by the electrical field in transporting free
electrons (liberated by alpha particle ionization) in the field direction is measured
with a pulse amplifier. In the other case the drift velocity is measured. From these
two quantities, O is calculated.

It has been shownl® that the time-dependent change in potential g(t) of the
collector plate of a plane ionization chamber of separation d cm, due to free electrons
moving through the chamber, is given by

9(t) = (A1 - exp(- ft/7()) (4)
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where A is a constant, T, is the collection time of free electrons, and f = aflPd.
In this expression & is %he attachment coefficient for electrons defined by

dN = - aNf Pdx (5)

where -dN/N is the fraction of electrons captured in moving dx in the field direction
and fiP is the pressure of the attaching gas, referred to a standard temperature of

25° C. If the pulse is examined with a pulse amplifier of equal differentiating and
integrating time constants (both equal to tj), the output pulse of such an amplifier is
given by

T
V(1) = f dJ;{E)_.(T_;f).e'(T-t)/tl at )
0

-t/ t
where t/tle Uis the response of the amplifier to a step function.
Using Eq. (4) for g(t), the expression given in Eq. (6) for V(1) becomes for
T<L T
=0

-T/tl
_ Ae exp(urt) 1
V) = e [ TR u} (7a)
and for 7> T
A exp(- T/tl)
V(T) = —T?S:?T?T———— {{exp(uTo)-l}T

-exp(u'ro)<'ro - %) - %_’ (7b)

where u = (T,-t f)/t 74, and where T, is the collection time for free electrons and is
equal to wD. Equations (7a) and (7b? have been evaluated to find the ''pulse height',
i.e., the maximum value of V(1) for Tﬂ/t1 =0, 1, 2, 3, 4, and 5 as a function of f.l6
With experimental values for T and the pulse height, f and & may then be calculated.

The apparatus illustrated in Fig. 5 has been applied17 to the study of dissociative
electron capture.in Hz0 vapor. To obtain electrons in the energy range where
dissociative capture takes place in many molecules, it is convenient to mix these
molecular gases..in Ar. Figure 6 shows the pulse-height data obtained when various
amounts of water vapoir were mixed with Ar at 400 mm Hg. Drift velocity data for
mixtures of Ar and water are shown in Fig. 7. From these data the attachment
coefficients @ were calculated and are shown 'in Fig. 8. In this figure, @ for various
E/P values is plotted as a function of the ratio of water pressure, flP, to Ar
pressure, fP.

From Fig. 8 it is seen that @ is, within experimental error, independent of total
pressure but depends strongly on the ratio flP/fZP. This suggests that the electron
energy distribution in Ar is influenced by water, and that an increase in flP/fZP de-
creases the number of electrons in the range where dissociative capture takes place.

It seems reasonable to expect that the limiting values of @ as flP/fZP approaches zero,
Gg, are to be associated with the electron energy distribution of pure Ar. Thus we can
write Qg in terms of the capture cross section, UC(E), at energy € as follows:

1
E N (2/m)2 [~ ) E
W (D Fdire Do
P w(E/P) € P
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where f(e, E/P) is the normalized energy distribution function for electrons in pure
Ar, w(E/P} is the electron drift velocity in Ar, m is the electron mass, and N0 is the
number of water molecules per cm3 at 1 mm Hg.

Considering the fact that the mass spectrograph datalB_Zo and a beam experiment21
show a fairly narrow peak for the formation of H™ and that in all such experiments the
electron beam has an appreciable spread in energy, it is reasonable to select a
strongly peaked function as a trial solution for UC(G) in Eq. (8). Hence,

1
2

ey N/mE o, - EN
a0<_)=_—€20- (e)f(el,-> f o _(e)de (9)
P w(E/P) 1e P 0 ¢

where €, is the energy at which the capture cross section peaks. Since the various
observers are not in agreement on the energy at which the cross section peaks, we con-
sider €] as a variable and find a value which satisfies Eq. (9) for the experimental
range of E/P. Tabulations of won/f(e) for varijous electron energies € are shown in
Table 1l. In these tabulations the drift velocity w for Ar was taken from Bortner,
Hurst, and Stone.ll The values of the electron energy distribution function for Ar
are those given in Section Ill. It is seen from Table Il that if we let €} = 6.3 or
6.5, the fit to Eq. (9) is less accurate. The magnitude of the cross section integral

«©

A= Jroh(e)de

0

corresponding to €) = 6.4 ev is 7.7 x 10-18 cm2 ev. The magnitude of A and the energy
where the cross section is a maximum, €,, derived in this way compared favorably with
the results obtained by Buchel‘nikova.Zl From_the curve published by Buchel'nikova,
one may estimate ¢; = 6.4 ev and A = 6.5 x 10718 ¢ ev.

The above discussions illustrate the use of swarm experiments to obtain absolute
cross sections, i.e., application (1} in the introduction. Similarl;, good agreement
has been found between beam experimentsZl and swarm measurements!5,17 for the cross
section for electron capture to form 07 due to interaction with 02. Finally, let us
refer to the applications of electron swarm experiments to {2) and (3) in the intro-
duction. For example, it has been found that for mixtures containing small amounts
of 0p in Ny, a depends both on the pressure of 0, and of N,. In this case the average
electron energy ranged from about 0.4 ev to 0.8 ev, corresponding to the E/P range 0.2

- *
to 0.8 (see Table 1), and thus unstable 0;, i.e., (02) is formed by direct capture.

It was found that the cross section for stabilization of 0'* by a collision with 0,
oyawas 3 x 10-15 cm2 and with Nz, o was 6 x 10-17 cm2, Tﬁese widely differing cross
sections are consistent with the idea that o] corresponds to the transfer of

electronic excitation and that o corresponds to vibrational transfer, and this in turn
e -
suggests that 0.2 is initially the 42‘.“ level.
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A Mass Spectrometric Investigetion of Secondary Reactions in Mixtures
Containing Mercury Vapor.

V. éermék and Z. Herman

Institute of Physical Chemistry, Czechoslovek Academy of Sciences, Prague

This paper deals with the first results of an investigation of
the reactivity of ions and neutral excited particles in mixtures contain-
ing vapors of metals. We started this work at the Institute of Physical
Chemistry of the Czechoslovak Academy of Sclences in Prague, hoping to
obtain valuable date in a field hitherto quite unexplored. The data for
such reactions--which occur, for example, in mixtures containing mercury
vapor--might be of importance in gaseous electronics, in radiation chemistry
(Hg atoms are reported to act in some cases as ion scavengers (Newton and
Mains, 1961) ), or in the theory of ion-molecule reactions and interactions
of exclted neutral species.

We have been studying the reactions occurring in mixtures of
mercury with the noble gases, Op, Ny, CO2, H20, NH3’ CHy,» CaHg, CBHB:
CoHp, and CHBOH. An ordinary mass spectrometer of the Nier type was
used; it was equipped with a sensitlve vibrating reed amplifier so that

0'16 a could be measured.

minimum currents of 3.1

The reactions occurring in the mixtures are of two types. To
the first type belong reactions between two neutral particles, one of
which 1s in an electronically excited state. In the reaction e charged
addition product is formed and an electron is released. This type is
analogous to the reactions forming Csz+ ions in vapors of Cs, (Mohler
and Boeckner, 1930),Ar2+ ions in Ar (Tuxen, 1936), (Arnot and M'Ewen,
1938), or XeCHy* ions in mixtures of Xe and methane (Field and Franklin,
1961).

In mixtures of mercury with noble gases (Table I) the reacting

excited particle can be identified, by measurement of the appearance
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potential of the reaction product, as an excited noble gas atom. This

is so even if the excitation energy is higher than the ilonization potential
of mercury (10.43 V: Table I, reaction No. 3).

In mixtures of mercury with molecules the secondary ions contain,
beside the mercury atom, the combined molecule (Table I: reactions 7-11).
The appearance potential of these secondary molecular ions is always lower
than the ionization potential of both particles. In this case the reacting
excited species are probably Hg atoms.

The current of secondary ions depends on the energy of exciting
electrons and exhibits a sharp maximum at an electron energy sbout twice
as great as the excitation energy of ‘the primary particle (Fig. 1). These
curves resemble the excitation function for optically-forbidden transitions,
but the peaks in Fig. 1 are not so sharp and are shifted towards greater
excitation energies. We tried to get more information about the nature of
the reactive particles using the iEEk—log Ek plot (is is the current of the

secondary ions, E1s the energy of the exciting electrons). In these

k
coordinates both the ionization efficiency curves in electron impact spectros-
copy and excitation efficiency curves in optical spectroscopy, corresponding

to allowed transitions, are (at E,_>>13.6 eV) straight lines with positive

k
slope (Miller and Platzman, 1956). Deviations occur if the transition
violates either total spin or orbital momentum conservation rules.

The isEk-log Ek plot for Ang+ ions is shown in Fig. 2. If the
same considerations could be applied in the case of excitation by electron
impact as 1n excitation by photons, then the shape of the curve would indicate
the simultaneous participation of long-lived and short-lived excited states
formed by optically forbidden and allowed transitions, respectively.
However, since very little is known about the shape of electron impact
excitetion efficiency curves for transitions in which electron exchange
occurs, no definite conclusions can yet be drawn from a graph of the type

presented in Fig. 2.



90

o°r

%0

(38eq Pxou g, bw:nﬂ:onvu
(%) . +F%yy P 2 ¢y +31,
o4 S SR T¢r +BuEgn BH 4+
+7y
A +Bney,
Ho « +mmmmo = 8%, LHOSyy S IT +wmm5
% ., Sy g +0%1;
0 Y By, S o+ +H0Sy; aT-¢ -1 +51
oo, +SHomy B 4 +0%Hy 61t +3Hog
H ¥ 1BHOZy, FH + +05Kp
&y +FHOZyy oS o1y +8HoZy B8 4+ oy,
+m§
+ +THy Sy o+ +ohy 9T + By
C oL + Sy 24y +S B+ Gy
+30 S 4 2y
+I0 . PHv g $ror +3Hg T o+ o2,
+3Hy
+JHO L o S+l +7Hg z
+Blio . 5 4 +02y ot +Brgin BH + o2y T
:oﬁummm Hme:wyom uor
mucwhwwnda. \?.mvr.ouwm wﬁspxﬂz
Todgy A.Nzohmx uy m.roﬂum&m wﬂsowﬂoxnco.ﬂ
‘11 STqey,

g

361



<00 LBHHD ¢

10 H+ 3#% =3+ 0% LT~ 21% of

o't K+ B = 8H + 242 22T 2o 85 + 2% 62

2'0 R g2

0t 2o+ 8ufHo = 2w + %% g 1T B0 Iz

T'0 LFEM 9z

¢o wo + %K% - 3n + By ¢t S ‘G2

20°0 (1 + 3ubu%o = sm + ,8u%0) LBuluo M + Bt 72

2'0 LBu%uo ¢z

0'T oo + BHCHD = BW + LH% 9°1T +BH%HD 22

500 v R CE 12

600 ~ : +BHH%D 0z

S00 ~ +3ETEE) g1 + 9% 61

+PHH gt

0> JBHHD JA

suol AI@puoosg Jo Te13u8%0d oI
doUBPUNQY SATIBTIH uo14o89Y sousaeaddy Lrepuooag SINIXTH Jaqumy
(penuT3uod)

*II S19BL

362



Fig. 1:

Dependence upon electron energy (uncorrected) of ion current of

Hg' ion and of secondary ions ArHg', KrHgt, and XeHg'. The current
for a particular ion represents the sum of all isotoplc contributions.
Ordinate heights are extended, for KrHg* and XeHg*, 4 x and 10 x,
respectively. Concentration of atoms in ionization chamber: Hg:

3.8 . 1012 atoms/cm3, Ar: 1.9 . 1013 atoms/em3, kr: 1.2 . 1013

atoms/cm?, Xe: 8 . 1012 atoms/cm3.

£

100 200 300400 &,
Fig. 2:

Dependence of iEy upon log Ex (i - lon current, Ey - electron

energy) for Hg+ ion and secondary ion ArHg?.
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To the second type of reaction belong those in which ions take
part. Secondary ions and neutral particles are formed in these ion-molecule
reactions (Table II). 1In the mixtures containing saturated hydrocarbons,
secondary ions with one carbon atom are formed more readily than the ions
with two or three carbon atoms (see Table II). 1In some cases the secondary
ion HHg+ was observed. Its relative abundance is comparable to or greater
than the abundance of the most frequent secondary ions in the given mixture.
However, it was impossible to identify the primary reacting ions, because
the measurement of the appearance potential of HHg+ ions was very inaccurate
due to the great current of primary Hg' ions.

Using the egquation

Q=1 (ipn )7 (1)
the reaction cross sections Q were calculated in some of the cases, and
the data are summarized in Table III. (In this eguation is and ip denote
the current of secondary and primary ions, respectively, n the concentration
of neutral reacting particles in 1 cm3, and 1 the distance between the
center of the ionzing electron beam and the exit slit of the ionization
chamber.) One of the most frequent secondary ions is the CHBHg+ ion. If
the value of the heat of formation of the CHBHg+ ion, AHp = 160 kcal/mole,
is used (Hobrock and Kiser, 1952), the calculated energy of the (CH3 - Hg)+
bond is 102 kcal/mole. The bond is very strong and 1s comparable to the
strength of the CHB-H bond in the methane molecule (102 kcal/mole).
Table III.
Reaction Cross Sections of Several Ion - Molecule Reactions in Mercury Vapor.
Calculated from equation (1). Electron energy 75 eV, extracting potential 154 V, ionizing

electron current 30 na.

Mixture Reaction Reaction Cross Section
Q . lO16 cm2
Ar + H, A:r++H2 = ammt +m _ 99
4 _ + + OH 69
H20 H20 + H20 = H3O
+ +
O2 + Hg Hg + 0, = OHg +0 3.6
H,0 + He H 0" + Hg = Omig" +H 2.1
ont +Hg = oHg® +H 1.6
CH, + He CHh+ + Hg = CHBH gt + 1 2.0
cH,t + BHe = CH.HET + (H.) 1.2
y g8 = CifHe 2 :

364



Rare Gas Molecule-Ion Formation by Mass Spectrometry.
Kinetics of Ar2+, Ne2+, and He2+ Formation by Second and Third Order Processes
J. S. Dehler, J. L. Franklin, M. S. B. Munson, and F. H. Field
Research and Development

Humble 0Oil & Refining Company
Baytown, Texas

Summary

+, are formed in a mass spectrcmeter operated at

The ions Ar2+, Ne2+, and He

2
high pressures (up to 300 microns) by the bimolecular excited atam reaction R* + R =

R2+ + e, and Ar2+ and N52+ are formed by the termolecular ion-molecule reaction R" + 2R -
+

R2 + R. In helium, vhile He

2+ is formed by a third order process, there is doubt that

an ionic reaction is involved.
Ratios of the rates (cross-sections) for excitation leading to R2+ formation

2, 1.0 x 10_2, and 6.4 x 1072 for argon, neon, and

and ionization are found to be 5.5 x 10~
helium. The measurements were made &t naminal electron voltages (EV) of 15, 20, and 22
volts, respectively, which correspond to meximum excitation. Values of 1.4 x 1072 ana
0 U4s x 10-2 were also obtained at EV = 70 volts for argon and neon.

The experiments yield only the product of the bimolecular rate constant and the
lifetime of the R* reactant atom (krru), and the values of this product obtained at EV =

16, 11.6 x 1o'l6, and

16

15, 20, and 22 volts are for argon, neon, and helium 3.6 x 10~

16 ghd 1.1 x 107

0.58 x 10_16 ce/mol. At EV = 70 volts values of 2.7 x 10~ ce/mol are
obtained for argon and neon. Speculations are given concerning the magnitude of the
lifetimes of R*, and it is concluded that values of about lO'8 sec must be considered as
possible. The corresponding cross-sections for the reaction forming R2+ lie in the range
1000 - 10,000 x 1076 cnf

The rate constants for the formation of Ar + and Ne * by the three-body process

2 2
23 29 ccz/molasec. It is recognized that values

are, respectively, 2.1 x 10°°° am 2.0 x 10
ag large as these are in disagreement with values Iinferred from pulsed discharge ion
drift veloclty experiments. A possible mode of reconciliation is suggested; namely, at
sufficiently high pressures collisional decomposition of R2+ ions formed by the termolec-

ular process occur in the drift velocity experiments.



A High Pressure Mass Spectrametric Study of
Reactions of Rare Gases with N2 and CO

M. S. B. Munson, F. H. Field, and J. L. Franklin
Research and Development
Humble Oil & Refining Company
Baytown, Texas

Summary

Studies have been made in a mass spectrameter at ionization chamber pressures

of about 160 p on mixtures of rare gases, R = He, Ne, Ar, Kr, and Xe, with N, and CO.

2
The fons R,', ArN,', KeN,", XeN,', arco®, krco®, xrco®, xeco', N¥, and (c0)," were

e’ 2’

observed as the result of reactions of excited rare gas atams. Under conditions which

maximize the effect of excited state reactions, RN2

reactions whieh compete with reactions for the formation of R2+. Three body ion-molecule

reactions also form these ions under conditions of higher electron energy and pressure.

* Nh+’ RCO', and (00)2+ are formed by

At higher electron energies {30 ev compared to 15 ev) end lower field strengths

(12.5 v/em compared to 50 v/cm) and other ions, ArC”, xrc*, Xec*, 020+, C02+, c*, o,

5 KrN+, XeN+, N)+, and N+, are formed. N}+ and RN appear to be formed from excited

nitrogen molecule ions. 020+ appears to be formed from excited carbon monoxide molecule

ions, but re* appears to be formed from excited rare gas ions.

Arnt

No campound ions between He or Ne and N2 or CO were observed under the normal

conditions of these experiments, nor were any RO+ ions detected.
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Observation of the Products of Collision Processes and Ion
Decomposition in a Linear, Pulsed Time-of-Flight Mass Spectrometer

R. E. Ferguson, K. E. McCulloh, and H. M. Rosenstock

National Bureau of Standards
Washington, D.C.

ABSTRACT

The feasilbility of detecting neutral species and small fragment ions associated
with ion pulses in a linear, pulsed time-of-flight mass apectrometer has been investiga<
ted. The fast neutrel species may be produced by charge exchange, and both neutrals and
fragment ions may result from collision-induced dissociation or spontaneous dissociation
(metastable decamposition) of ions in the field-free region of the flight tube after
acceleration.

The method used is application of a DC retarding potential a few centimeters
before the electron multiplier detector target. Neutral species are unaffected and appear
at the original mass position of the parent ion; ions are retarded but can still be
focused as sherp pulses arriving after and well separated from the neutral pulses; frag-
ment ions (with the same velocity as the parent ion but with smaller mass) are retarded
more and appear after the parent ion peak.

Charge exchange of fast ions (2.8 k ev) with gas molecules in the flight tube,
single and double charge exchange of doubly charged species, neutrals and small ions from
collision-induced dissociation, and neutrals and ions from spontaneous decomposition of
a parent ion have been observed and will be 1illustrated.

The method is a simple and powerful one for surveying mass spectra for pecu-
liarities of current interest. With appropriate improvements in the apparatus, the
opportunity exists as well for making quantitative measurements of cross sections for the

varjious collision processes observed.
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VELOCITY DEPENDENCE OF ION-MOLECULE REACTION CROSS SECTION
D. A. Kubone and W.H. Hamill

Department of Chemistry and Radiation Laboratory
University of Notre Dame

INTRODUCTION
In general an ion-molecule reaction can be represented by
pfemMm -ster

where P+ is the reactant or primary ion, M the neutral molecule, st the secondary
or product ion and F' one or more neutral fragments. Parent-daughter relationships
are usually established by the correspondence of their appearance potentials. The
choice of the fragment species is dictated by the criterion of A Hg <0, since endo-
thermic reactions are not likely to be observed in the mass spectrometer (8,9).

These ion-molecule reactions, as studied by mass spectrometry, have gained
wide interest in recent years. Much emphasis has been placed upon the various types
of ion-molecule reactions and their implications for radiation chemistry (1,2,3,4).
There have been few publications which have dealt directly with the dependence of the
reaction cross section, Q, on the primary ion energy, Eq.

Gioumousis and Stevenson (5) have presented a treatment based on the rigorous
kinetic theory of gases which relates the microscopic cross section, ¢, to the cross
section, Q, measured by the mass spectrometer. Field et al (13), using averaged
quantities instead of distribution functions, have also treated this problem. Both
treatments predict that Q varies as the inverse square root of the ion energy, Eo.

A treatment leading to a very useful relation between ¢ and Q given by Boelrijk and
Hamill (6) is reviewed.

The present theory introduces the physical size of the colliding particles, a
feature ignore/d in earlier treatments (5,13), to explain the deviation of Q from the
predicted ESY 2 dependence.

THEORY

Langevin (10) described the interaction of an ion with a molecule in terms of a
point charge inducing a dipole moment in a polarizable molecule. The potential
function for such a system is given by

V= ;zi (1)
r

where e is the electronic charge, a the polarizability and r the ion-molecule separation.

The calculated orbits for this type of potential show a critical value, by, of the
impact parameter, b, which is the distance of closest approach of the colliding pair
in the absence of polarization forces such that if b > by the interaction results only in
scattering and if b < by the interaction leads to an intimate spiralling collision. It is
assumed that for collisions with b > by there is no reaction and all collisions with
b < by lead to reaction. Hence, by can be used to define a microscopic cross section.

¢ =1 byt (2)

An expression for ¢ in terms of reduced mass, u, molecular polarizability,
a and relative velocity, g, can be calculated in a straightforward manner.

bo = (4¢* a/ gt/ (3)
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o(g) =nbo? = 2me g™ (a/u)/? )

where p = m, my/(m; + my). The subscripts 1 and 2 refer to the ion and molecule,
respectively.

Stevenson and Gioumousis (5) have related the microscopic cross section o to
the cross section measured by the mass spectrometer in the following manner.
Neutral molecules with a Maxwellian distribution of velocities are ionized by an
electron beam in the ion source. The resulting ions are repelled towards the exit
slit of the ion source by a voltage E applied between the repeller electrode and the
exit slit, giving the ions a2 maximum energy E,. Between the electron beam and the
exit slit these non-Maxwellian ions collide with neutral thermal molecules to form
collision complexes. The average cross section must be calculated at each point
between the electron beam and the exit slit and then averaged over this reaction path.

The distribution function of velocity component v, of ions of mass m, along the
ion path z, in the direction of the exit slit, is given by

Bm, exp [ (=1/kT) (1/2 m, v%, - ezE)]
(1/kT) {1/2 m,; v, - ezE)

flvg,2) = Vi{vgy,z)

(5)

where B is the rate of formation of primary ions and v has the values

v=1 z <0
2 z2>0,vz; >0, (1/2m; V4 -ezE) > 0
v=0 vy < 0
0 (1/2m,;v?% -ezE)< O

The velocity distributions of the ions in the x and y directions and all the components
of neutral molecules are one dimensional Maxwellian distributions

m V2 v
flo) = (Fom) € Fo dx (6)

The rate of reaction R can be expressed in terms of the velocity distributions
f, and f; of the ions and molecules and the microscopic cross section o (g)

R=N _§ol{{ 6 ()6 (vp)g o (g)dvidv, ] dz (7)

where N is the concentration of neutral molecules in the ion source and 1, the
distance from the electron beam to the exit slit.

Since ¢ (g) is an inverse function of g the factor g ¢ (g) is a constant and the
integral reduces to an integral of the product of the distribution functions. Making
the assumption that E, >> kT

2m; o e )1/2 E.-1/2
EE— o
"

R=2m B 1y N( (8)

E, is identified with el E.

The number of secondary ions ng is proportional to the number of primary ions
np, to N, to l, and to the average cross section Q. Thus

ng = np N 15, Q (9}

and so
Q=20 /E,? ~(10)

where
vp =2V w e (B o)/ (11)
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Boelrijk and Hamill have given a more useful relation between o (g) and Q (6).
The number of secondary ions formed in a volume element with 1 cm? area parallel
to the electron beam and sides z and z + dz from the plane of the beamm can be written

dng = npNo (z) dz (12)

Here the microscopic cross section is expressed as a function of position along the
reaction path.

Integration over the path gives
. 10
ng = np N S o (z) dz (13)
o
and z can be written in terms of lp, E and E;. Thus
z/1,"= E/Eq (14)
and making the substitution (11)
is/iP = ns/np (15)

where the i's represent the respective measured ion currents,

. E
ig = ip N 15 E§" OS °s (E)dE (16)
and finally . E
-1 - [o]
io/ip N1)™ = @ = EG? go ¢ (E) dE (17)

To a good approximation the relative velocity g can be taken as the velocity of
the ion, i.e.,

E = 1/2m, gz o (18)
and so equation (4) becomes
+ -
w(E) = 2V (T Gy gV L g (19)
Using (17) and (19)
- .1 cFo /2 _ t/2 20
Q= E, S} ¢ /E dE = 2 ¢ [ /E, (20)

The result is identical to the one obtained by Stevenson.

Equation (10) has been used to describe a number of jon-molecule reactigns (5,
12). However, there are many reactions which show a departure from an Eo.l 2
dependence indicating that (10) is not an adequate description (6,7,13). One fact not
taken into account in deriving (10) was the physical size of the colliding particles.
In other words it was assumed that w bé was much larger than ok, the hard sphere
collision cross section. This assumption appears not to be valid in many cases (6).
For some value of Eg, 7 bf, will be eclipsed by o, i.e.,

2
Ey = (¢L/oK) = - -2
where E¢ is the energy at which 1sz° = oK. Introduction of this ¢k, which is assumed
to be energy independent in the present context, into equation (19) will lead to a dis-
continuity in the functional dependence of Q on E,.
Instead of (19) the microscopic cross section is now written

o, (E) = P, (crL/El/z -oKg)+Pko K: E<E, (22)
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The term in brackets represents the energy dependent area and oK the area for head-
on or "hard" collisions. TheP-factors represent reaction efficiencies and are taken
to be energy independent. From (17) and (22) the integrated cross section is

Q = ZPLvLE;‘/z + oK (Pk - PL) : E <E¢ (23)
If E >E¢ there are only the energy-independent collisions and

02 (E) = Pg og: E>Eg (24)

Integrating over the reaction path

- B - Eo
@ = Eq Sto-,(E)dE+Eol S vz (E) dE (25)
o Et
= 2 Ve _p +P (26)
= E, 2Py o E; -PL oy Ey) K"K

Using (21) and simplifying
1/z -1
Q =P ¢ E,' E; +Pgog: E>E : 27)

bt |
Thus, at high ion energies (E >Et) Q will vary as E5 . This prediction is the
direct consequence of the introduction of the energy independent cross section o .

: S . . -1
There is another criterion which will also lead to an E; dependence. Ata
critical ion energy E. the ion molecule complex becomes unstable, i.e.,

s3(E) = 05 E>E. (28)

An example of this situation has been reported in the case of "sticky collision” com-
plexes (14) and in the ion-molecule reactions of cyclopropane (7).

The integrated cross section is

E E
-1 t -1 [o]
Qy = Eg S ¢, (E) dE + E, S ¢y (E) dE +

o E;
-1 E;0
E, S ¢y (E) dE (29)
Ec
Integrating and simplifying
-1 V2
Q= E, (PLop Ef +PKogE.): E>E.: E. >E (30)
If Ec < E
[ t " Ec L Eo
Q4 = Eg S ¢, (E) dE + Eg S ¢, (E) dE (31)
o Ec
and .
I | 1/2
Q4 = EO (2 PL g1, EC + oK (PK - PL) EC): E >E:: E¢ <Et (32)
EXPERIMENTAL

The instrument used for all measurements is the CEC 21-103A mass spectro-
meter equipped with a 31-402 ion source. Modification of the ionizing voltage and
repeller voltage circuits to facilitate ion-molecule measurements are described
elsewhere (6). The detection and recording of ion currents was accomplished with
an Applied Physics model 30 vibrating reed electrometer and a Sargent model MR
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chart recorder. The range of sensitivity attainable with this combination is 1077 to
10" amperes. The electrometer has been modified for critical damping and is
equipped with a turret switch to expedite rapid changing of the sensitivity of the
electrometer over the stated range.

A complete description of the techniques for measuring appearance potentials,
cross sections, pressure dependences and other related measurements is given in
"Techniques for Studying ion-Molecule Reactions" (15).

Normal gases used in this study were obtained from Matheson and were purified
as needed by standard techniques. Heavy hydrogen was obtained from the Stuart
Oxygen Co. and methane-d, from Merck of Canada; n-butane-d;, was prepared by
catalytic exchange between n-C H,;o and D, {16).

All cross section measurements were made under the following ion source
conditions: ion accelerating voltage, 500 v; electron energy, 70 v; electron current,
10.5 microamp; total pressure in the 3-liter bulb of 570 microns Hg which corre-
sponds toa N of 1.2 x 10~ molecules/cm™. lgis 1.3 mm.

RESULTS AND DISCUSSION

In the reactions reported here no evidence of E. was found, i.e., only one
discontinuity is observed in the plot of Q against Eq .7 Hence, all results will be
interpreted on the basis of equations (23) and (27).

Before presenting the actual experimental results it is instructive to examine
a "synthetic" reaction with regard to the plots of Q against EJY? and E;'. Sucha
reaction has been constructed using (23) and (27) with the values o1, = 50 x 107! cm
evl/? E;=2.0ev, og = 35.4x 10716 cm2, and Py, = Pk = 1 and is shown in Figure 1.
Py and Py, will not always be unity for actual cases; different values of PK and Py,
will only shift the curves along the ordinate. The arrows indicate the position of E¢
on the energy scale. It is evident that Et cannot be determined accurately by direct
observation. However E{ can be determined analytically by the following method.
Rearranging (23) and (27),

1

Ql-a'K(PK-PL)=2PL0'LE(;1/z (33)
Qz'PK‘TK=PL‘TLE§/z ES! (34)

Dividing (33) by(34) and rearranging again

/z Q - P ok (35)
Q -okg (Pg-Pp)

/2 _ 1
EV? = 2E,

Values of Q; (by 7xtrapola.tion from the low energy region) and Q, are read from
a plot of Q against E:c;‘ %2 at a value of Eg above E¢ (estimated by diregt observation).
Pg ok and ¢ K(PK - PL) are the intercepts of Q against E)o_l and E5'?, respectively.
Values of Et, calculated using several different values of Eo, all above Et, were found
to be essentially independent of Egq.

An actual reaction which can be compared to the synthetic reaction just described
is shown in Figure 2. In this case Py is zero.

There are several means to test the adequacy of the treatment. First, values
of PL, ¢ L obs Obtained from the slope of Q against EG}? can be compared to the value

calculated from (11).

=21/Zﬂ.e(E‘L+_EZ_ a)l/z (11)

This comparison is shown in Tables I and II. The high values of Py, ¢ 1, opbg for the
mixtures of light and heavy hydrogen with nitrogen, carbon monoxide and argon can be

372



explained by the following consideration.

Hutchison, et al. (17) and Giese (18) have pointed out that in such systems the
secondary ion can arise from the reaction going by

a. B'+H - BH'+H

and also by
b. H;'+B - BH +H

Consider the following. In general

i = ip N 1o Eg' S ¢ (E) dE (16)
o
1 Eo
ig/lipN 1o) = Q= Eg S ¢ (E) dE k)
o
and
ig = g, *igy (36)
where ig is the total measured ion current of BH+. Then;
. Eo - Eo
is = ipy Nb lo Eg 8 ¢4 (E) dE # ipy Na 1o Eg S oy (E) dE (37)
o o
rearranging
i Eo iny N - Eo
e " ES { va(E)am + P2 g5t (7 oy (E) dE (38)
i
1Pa. b lo ° Pa b o
From (17) and since ip = kN
1]
Qa = Qa+ (kp/ka) Qp (39)

Qa is the cross section plotted using the measured ig and taking B as the reactant
ion. Qa will of course be larger than either Qa or Qp. (39) could also have been

written
1

Qp = (ka/kp) Qa + Qy (40)

Making the assumption that P71 is unity for reactions a and b, the ratio Qb/Qa
can be obtained from theory

Qp/Qa = (ma ap/my a,)V? , (41)

where mjy is the mass of the neutral molecule and a its polarizability. Calling this
ratio f

Qa = (1+kp/ky B) Qa (42)

ka and kp, can be obtained from plots of ip against N, For a given Eg, (41) can be
written

¢ 'Ly = (1+kp/ky B) oL, (43)

In Table 111 values of O'Lacalc from equation (43) are compared to observed
values of °'La
. “16. 1/2 -16 1/2
PL% Lobg i85 50.5 x 107" cm? ev compared to 71.6 x 10 cm® ev

O Lealc for the reaction

+

CO," + H, - COHY + H
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This may be understood qualitatively in terms of a 'steric' factor. If the structure of
the CO,H' ion is
O-C'J=O
H

there will be a steric hindrance for the H-atom to get on the carbon atom, making Py,
less than unity. Unfortunately, there is no information that the author is aware of
which gives any clue as to the structure of this ion., One fact in favor of this structure
is that it is a resonant structure.

In the case of the O,-H, (D,) system, the reactant ion is taken to be O, in its
first excited state. Since the number of O;f in the excited state is less than in the
ground state o ,,,g Will be less than 0 Lcalce However, other work in the literature
lists H,* as the reactant ion (12,21). The present choice of O;*' is based on the
following facts, The appearance potentials of O,H' and H,tcoincide with each other.
However, the appearance potential of OzH+ also coincides, within experimental error,
with the first excited state of O, (19). The observation of O,H? in a mixture of
oxygen and methane shows an excited state of Oz+ is involved. The only reaction
energetically allowed in this system is

o, (* v u) + CH, = O,H" + CH, AH, = -55 Kcal

all others are endothermic: (AHf's obtained from ref. 20).

AH,. Kcal
o, P ng +CH, - OH'+cH, +40
CHY + O - OH" + cH,; +18
CHt + O, - ot + cH +69

AH, Kcal
cH,t + O, - OHT + CH +42

If the reactant ion were Hz+ this would be the only case where H, is not the
molecule in reactions of the type (22)

xt + 1, - xut + H

Another fact which strongly supports the choice of Oz*+ is that E; is observed
for R
o (*ry+D, - 00" + D

but not for

Ot (*ny)+H, - OH'+H

Replacing H, by D, will lower the value of E¢ about a factor of two. This is evident

on inspecting equations (11) and (21). Measurements of Q did not extend to sufficiently
high values of Eg to see E; in the Op~H, system but was high enough to see it in the
0,-D, system. If the ion were H2+ the value of Et would be the same whether H, or

D, were used.

This feature of being unable to observe Et also, applies to mixtures of light and
heavy hydrogen with argon, nitrogen, carbon monoxide, carbon dioxide and hydrogen
cyanide. According to equation (21) the combination of a large o1, and a small ok
dictates a high value of E{. Q for the N,-H, and N,-D, systemns were examined at
higher values of E, by use of extra batteries in the repeller circuit. E¢ was observed
for both Hp and D, mixtures. The calculated ratio EtHz/EtDz from equations (11) and
(21) is 1.875, the observed ratio is 2.1. :
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Another comparison involves ¢ Kyh, Obtained from

1/2
T Kobg o L/Et/ (44)
and values calculated from Van der Waals 'b'. gas viscosity and molar refraction.
These comparisons are shown in Table IV. The values of T Kobg 2F€ Very reasonable
and in fact appear to reflect the differences between the molecules more faithfully
than do the other o 's.

CONCLUSION

The treatment presented here provides an adequate description of the experi-
mental facts. It is a more realistic approach than the point particle treatment used
by Stevenson, since Q rapidly decreases with increasing energy.

The general nature of the present treatment, the agreement between predicted
and observed quantities, the various correlations between the parameters and the
reasonable values of ¢ g indicate a2 direct and so far unique approach to particle
mechanics.

TABLE I
ion molecule sec. ion T L calc T 1, 0bs
D, H, D,H 26 &% ev'/? 31.7 A% ev V2
0, * H, O,H 61.6 25
O,* Dz 0,D 45 14. 6
H,0 D, H,OD 35 28
D,0 H, D,OH 47.4 45
H,0 n-C,Dy H,0D 55 56.5
CD, CD, CDs 38 42
CDs cD, C,Ds 37 40
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ion
N,
Nz
cO
cO
co,
co,

HCN
D,

ion

molecule

H;
D,
H,
D,
H,
D,
H,
D,
D,
D,
H,

system

N, - H,
CO - H,
A-H,
N; - D,
CO - D,
A - D,

molecule

D,

H,

H,

D,

H,
n-C,Dy
CD,
cD,

TABLE II

sec. ion o1, calc T 1,0bs
N,H 58 A% ev V2 84 A% ev /2
N,D 42 66.5
COH 58 75
COD 42 57
COH 71.6 50.5
co;D 51.8 36
AH 68.5 76
AD 49.6 60.5
HCND 41.6 48.6
D, 21.2 21.5
H, 21.2 23.5
TABLE III
i 1 [
sec. ion % Lacale " Lagbs
NgH 71 &2 ev1/2 84 A ev1/z
COH 71 75
AH 77 76
N,D 53 66
COD 53 57
AD 58 60
TABLE IV
2
Et‘/ Kobs Kgv Kvdw
2.6, 6w/ 8 & 18.3 3 24 &°
2.6, 8.1 18.3 24
2.4, 10.7 18.3 24
1.5, 22.2 18.8 25
2.7 T 7.2 18.8 25
2.0, 27.5 34.8 44
1. 6g 23 31.4 33
1.7 21.2 31.4 33

376

10.
10.
10.
13.
13.
31.
24.
24,

w ® o ®

NNy W

AZ



20.

21.
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- Synthetic Reaction

| - 1 |

Figure 1, Plot of Q agalnst ES% and Eal for a
synthetic reaction. Range of E, 1s 0.5 to 11l.5 ev.

The arrows indicate Et°

Leo CD3+CD4~ CD5+GCDy

o E;'

. E';/z

1 ]

Figure 2, Plot of Q against Ea% and Eal for the
reaction CDj + CDy,—CD! + CD;. Range of E, is
0.5 to 11.5 ev,
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SUMMARY

The method of Cermak and Herman has been applied to mass spectrometric studies
of symmetrical electron and proton transfer processes, The characteristics of the fon
source used have been investigated both experimentally and theoretically. A new type of
ionization efficiency curve is obtained if the current of a secondary ion is plotted as
a function of the voltage between ionization chamber and electron trap at comstant low
voltage between the filament and the chamber. Essentially complete discrimination of
primary ions has been achieved.

Electron transfer occurs with rather low cross section in methane but increases
with molecular size and with increasing unsaturation. Large cross sections were ob-
served in sulfur and iodine containing compounds. Double charge transfer reactions such

as
no*t + no - vo + nott

xe™ + Xe » xe + xe™

have also been observed, Proton transfer reactions have been observed in several simple
molecules. Some experimental results are presented which indicate that proton transfer
may occur via a complex (at low kinetic energies) or as a stripping process (at higher
energiles).

Fragment ions have also been observed in the secondary mass spectra of several
compounds, While part of these may result from the scattering of primary fragment ions,
in some cases additional processes have to be postulated such as hydride ion transfer
and dissocliative charge transfer from vibrationally excited ions.

INTRODUCTION

A simple new method for mass spectrometric studies of the interactions between
ions and neutral molecules has recently been described by Cermak and Herman.! The
electron accelerating voltage between the filament and the ionization chamber of a
conventional ion source is kept below the ionization potential of the gas. The electrons
traverse the chamber without causing any ionization and are then further accelerated by
an electric field between the ilonization chamber and the electron trap. The primary ions
are accelerated in the direction opposite to the electron beam by this field before
entering the ionizatlion chamber. These primary ions are not able to pass the slit system
of the mass spectrometer because of a kinetic energy component perpendicular to the
direction of analysis. However, secondary ions produced by collisions with gas molecules
in the chamber can be extracted into the analyzing section of the instrument if they are
formed with negligible amounts of kinetic energy. Cermak and Herman demonstrated this in
studies of dissoclative charge transfer reactions in cases in which the transfer of mass
and therefore of kinetic energy is extremely small

The methodology of Cermak and Herman has been applied in studies carried out
with a Consolidated Electrodynamics Corporation Model 21-103 C mass spectrometer, The
sensitivity of the instrument was increased by using a Model 31 Cary (Vibrating Reed)
Electrometer for the measurement of the ion currents. Studies of the characteristics of
the ion source showed that essentially complete discrimination between primary and
secondary lons is obtained. As & result it has been possible to investigate a number
of typical resonant charge transfer reactions. In addition, the mass spectra of
secondary lons of several simple compounds have been studied. It has been found that
these secondary mass spectra contain not only the parent ions (formed by resonant charge
transfer) but also protonated molecules as well as ions of lower masses resulting from
ion-molecule reactions. It seems noteworthy to emphasize that the high degree of dis-
crimination of primary lons makes it possible to detect certain secondary ions which
cannot be observed in the conventional operation of the ion source.

Characteristics of the ion source

a) Experimental

The normal operation of the fon source is demonstrated in Fig. 1 for methane
(curve 1). The current of the parent ion is given as a function of the electron

379



3@1uy 9v8 3yl vT supyiawm jo 2anseaad ayz uo Juaiind +v:u 3ys jo aduapuadag iz ‘814

«— jUa4und uol Kiopuodas

—lo_

o0l

(1828 14812 iz @AIn> ‘31POF VIBUIPIO IJB ] 9Aan)) mwalsde

«— 7/ Ul aunssasd
009 00 002 00l

T T 1 T ¢l

S}0A DY = +3
"SHOA QY =93

|

J
<
Q

«— juauind uol Asownd

SI0A O .
sjjon g = °3

(md/81108 §°¢ PI2TF

1a1(aday 'HpQ9 ‘maieks 313Tul se3_ayi ul ainssaad aurylaw °de21l uoaIdI(I puw
15quey> uolipzuoy udam1aq 38eifos il "1dqUeYd woTIEZTUOT PUE JUGWR]TF UIBAIAQ
a%e170a :%g) -A1datioadsaa ¢l 10 °g jo uolIduny B gE BuEYIIW WOI IuUBIINI +v=u

«— S}|OA

Ob G¢ Of 62 02 &G O ¢ O
T T 1T 17T T T 7

ajqouoa =13

(YHO)d1

Ol
sjoag =°3

o
Qe

sloA Op =13
3)qoiiDA =°34

|
«—— JU3JIND UOI

)
Qe

{*HD)dI

TN

»0I
9jqDIIDA =13~
SH0A Ot =83
2 E

o)

"

814

380



accelerating voltage at constant trap voltage. A small current which decreases rapidly
with decreasing electron voltage can still be observed below the ionization potential of
methane (13,0 volts). Between 11,0 and 13,0 volt: this current is attributed to the
energy spread of the electron beam. At 11.0 volts the slope of curve 1 changes discon-
tinuously and at lower voltages becomes nearly independent of the electron accelerating
voltage, Fig. 2 shows the dependence of the CH4+-current on the pressure in the gas inlet
system, Proportionality exists 1if the ion source is operated in the conventional way,
i,e, with incident electron energies above the ionization potential of the methane (curve
1). The current increases with the square of the pressure if the electron accelerating
voltage is kept below 11,0 volts (curve 2). 1In this range only secondary CH4+ ions which
result from some interaction of primary ions formed between the chamber and trap with

gas molecules in the chamber are observed.

The formation of these secondary CH,¥ ilons is described in a more detailed
manner by curve 3 in Fig 1. The electron accelerating voltage Es has been kept constant
at 8 0 volts and the CH, current has been studied as a function of the trap voltage Eg.
gurye 3 represents an "ionizatlon efficiency curve" for the secondary ion, The "appear-
ance potential” here amounts to 5.0 volts. This corresponds exactly to the ionization
potential of 13.0 volts of methane since the energy of the electrons is equal to
Eg + Ep = 13,0 when they reach the electron trap. It can therefore be concluded that the
precursor of the secondary CH,* ion is the primary CH,¥ ion which transfers its charge
in & collision with a methane molecule. '"Secondary lonization efficiency curves" are
therefore helpful {in investigations of the nature of the primary ion. However, the
meaning of such secondary ionization efficiency curves 18 somewhat different from that
obtained in more conventional ion sources. This will be discussed in detail in the
following theoretical part.

The description of the characteristics of the ion source is completed by curve
2 in Fig. 1 where the ion current is plotted versus the trap voltage at constant acceler-
ating Voltage above the ionization potential of the gas. As it is well known from
conventional operation the ion current is practically independent of Ep over a wide range.

b) Theoretical

The secondary lons cannot reach the collector 1f they have excessive kinetic
energy either parallel to the long axis of the slits (i.e. in the direction of the primary
ions) or perpendicular to this axis and to the direction of analysis. Only a beam within
the divergence angles @ and P (perpendicular to and in the plane of analysis, respectively)

will pass through the whole slit system. The angle a is determined by the length 1y of
the exit slit of the ionization chamber and 1o of the entrance slit of the collector
system as well as the distance a between the two slits. The angle P is determined by the
widths da dz of the exit slit of the ionization chamber and the exit slit of the ion
accelerating system as well as their distance b, In the mass spectrometer employed here'
1;, 1o and a were 1.0, 1.26 and 40 cm, and d,, d2 and b were 0,15, 0.15 and 7.2 mm,
respectively The values of @ and B are calculated to “be equal to 0,056 and 0.0415 radians
from these data The maximum kinetic energy components Uo and U parallel and perpendic-
ular to thg g}rection of the primary ionigeam which will allow analysis are given by

:-Uoz a2,y (D)
g v
%= (2)

where V is the ion accelerating high voltage of the ion source, In this work V was equal
to 800 volts., Uy and Ug are found to amount to

Uy = 2.5 eV (3
Ug = 0.34 eV - (4)

Let x, be the distance between the ionization chamber and electron trap, x the
distance between the chamber and a point between these two electrodes. The total kinetic
energy of an electron which ionlzes a molecule at this point is equal to Etot= Ee + U(x)
where U 1s the potential difference between the chamber and this point, If the field
gradient between chamber and trap is linear U = Ep . %31 The primary ion formed at the
distance x is accelerated by the potential U and enters the chamber with the kinetic
energy eU(y). At the appearance potential, AP, of the secondary ionization efficiency
curve, all ionizations take place immediately in front of the collector, f.e. x = x4
and Etor = Eg + ET, and all primary ions entering the ionization chamber have the kinetic
energy eEp. However, at higher values of Ey ionization cam occur between x, and a
minimum distance x; which is given by the condition Eg + U(xy) = AP. The primary ion
beam therefore will have a distribution in kinetic energy between elUq(x and eEy. Since
x3 decreases with increasing Er this distribution will become broader and broader,

The number of primary ilons which are formed between x and x + dx (or U and U +
dU) and which will therefore obtain the kinetic energy eU is equal to
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Curve 2: Total primary CH4+ current as function of Ep at E, = constant at 8
volts, (Curve 2 {s calculated from curve 1l according to Eq, 7., Normalization
of curve 2 at Ey = 40 volts)

X: Observed secondary CH‘+ current at various values of Er (E, constant at 8
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N(U) dy < ¢ - C'(U). dx (5)

where ¢ 1s the concentration of gas molecules in the ion source and Uéu) the cross section

for ionization at the distance x, i,e. at total electron energy E, + If U= Ep- %-
(]

. Xo .
N(U) du « ¢ E; U(U) du (6)
The total number of primary ions formed between x, and x; will amount to
%o [T
Ntot « ¢ . E; 'h/' G(U) du (7)
AP-Eg

a(u is easily derived from the conventional ionization efficiency curve, For example,
curve 1 in Fig. 3 represents Uéu) for CH4,+ if E; 18 equal to 8 volts. This curve is the
measured primary ionization efficiency curve 1 in Fig. 1 (the scale of the abscissa is
just shifted by 8 volts)., Curve 2 in Fig. 3 is the integral

Ey
L. J[ o dau
Ex w)
AP-8
of curve 1 and represents the total primary CH4+ current at different voltages Ef, Both
curves are normalized at 40 volts,

The number of secondary ions which are produced by reactions of the primary ions
in the ionization chamber is proportional to

Er
} . . '
Noe = [ Nyt aly @ ®
AP-E,
where UfU) is the cross section of the ion-molecule reaction, By combining Eq. 6 and 8
2 fo T
v —_ . [} .
Yeot™ ¢ E f “w " ®
AP-E,

is obtailned. If o' 1s independent of the kinetic energy of the primary ion, N{,, becomes
proportional to N 4., 1.e. the shape of the secondary ionization efficiency curve will be
identical to that calculated from Eq. 7 (Fig. 3). 1In these considerations it has been
assumed that all secondary ions reach the collector. However, 1f the Secondary ions are
formed with kinetic energies perpendicular to the direction of flight only a fraction, f,
will be collected. As the kinetic energy of the primary ion increases f will decrease
and N' will be described by the relation

2

mlx
Holg

ET
Yot gg )" ¢ S cw i fw @ “o
T AP-E,

Symmetrical charge transfer reactions

Symmetrical charge transfer processes have been studied by a number of zaut:horsf"S
These investigations have mainly been restricted to the noble gases., The reaction
Hot + Hz —+ Ho + HoT seems to be the only process studied in which molecular species are
involved. The cross sections of such resonance processes are expected and have been found
to be higher than gas collision cross sections. Thls arises because the resonance intro-
duces a long range interaction which would otherwise not occur. Relatively litcle
variation of the cross section with the kinetic energy of the ion has been found. At
energles above 200 eV in all cases the cross section observed falls very slowly and
steadily as the relative kinetic energy of the collision partners increases, At lower
kinetic energles, however, a small maximum has been observed in argon and in neon® and a
very pronounced one in hydrogen.* These anomalies have been attributed to the occurrence
of non-resonant processes in the noble gases due to the spin multiplicity of the lowest
state of these ions. In the case of Hy a side reaction in which a change of vibrational
energy 1s involved has been assumed,* Scattering of ions in the case of exact resonance
occurs primarily at small angles, the scattering intensity at 90° being practically zero.?
It can therefore be assumed that all secondary parent ions formed in our ion source
exclusively result from symmetrical charge transfer.

Fig. 3 contains a few points from curve 3 in Fig, 1. These points fit curve 2
in Fig. 3 fairly well. This curve is calculated on the assumption that both £ y) and
gzu in Eq. 10 are constant over the range from 5-40 volte, The agreement indicates, as
men%ioned above, that the transfer of kinetic energy 1s very small and that the cross
section of the observed process is not significantly dependent on the kinetic energy.
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TABLE I

Relative cross section of symmetrical charge transfer reactions

ion relative ion relative
cross section cross section

cuﬁa 1.0)? nc1t 7.0

Coligt 3.3 Nig* 7.8

cot,t 10 st 15

Catit 14 css’ 19
e-CaHy ot 5.0 1.7 27
c-Collyo 29 Net 3.7

Collg” 13 art 9.3

No* 4.1 ket 15

0" 4.2 Xe' 23

cost 4.3

artt 1.1

ket 1.8

xett 3.0

wo™ 0.3

a
reference reaction: CH4+ + CHy - CHg + CH4+
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Fig. 4 shows the lonization efficiency curves for the secondary lons observed
in methane and Figs. 5-7 show similar data for some other simple molecules. The appear-
ance potentials of the parent ions are always identical with those of the primary parent
ions, All observed symmetrical charge transfer processes are listed in Table 1. The
lowest cross section for transfer of a single electron has been found in methane. This
reaction has been selected for reference in Table 1, 1In order to obtain relative cross
sections, the ratio

current of secondary ion at Eo = 8 and Ey = 40 volts
current fo primary ion at Eg = 40 and Et = 40 volts

(11)

has been measured relative to the similar ratio for methane. This'procedure assumes that
the primary fon current in the Cermak-Herman operation of the ion source (Eg = 8, Ep = 40)
is proportional to the ion current in the more conventional operation of the source (i.e.
E. = 40 volts). Since the primary ion current contained ions of kinetic energies between
about 5 and 40 volts, the value of the cross section obtained is an average over this
range. An additional complication arises since the primary molecular ions formed by
electron impact will have various amounts of vibrational energy. The data obtained by

the present method of measuring cross sections can be compared with literature values in
the case of the noble gases. OQur ratio of the cross sections Iin argon and neon amounts to
9.3/3.7 = 2,5 which agrees with the ratio of 2.5-3,0 calculated from the measurements of
Rostagni,® Absolute cross sections may be calculated from the data in Table 1 by using
the known absolute cross section of the transfer process in argon (38 x 10" 8cm? at 20 eV).

The cross section depends significantly on the nature of the compound. In
molecules of similar size (such as ethane, ethylene and acetylene) the cross section
increases with increasing unsaturation. A similar increase is observed by going from
cyclohexane to cyclohexene. High cross sections have been found in the sulfur containing
compounds and in iodine. Tablel also contains some examples of symmetrical double charge
transfer. In these experiments, 110 volts were used instead of 40 to carry out the meas-
urements and Eq, 1l adjusted accordingly. The process

ot + 50 ~ wo + w0t (12)

was the only one found for the transfer of two charges in a molecular system,

Proton transfer reactions

The secondary mass spectra of some simple molecules are listed in Table 2. The
ionization efficiency curves of these secondary ions are shown by Figs. 4-7., 1Ions of the
form Hp4+] Xt from parent molecules H,X have been observed in all cases, The secondary
ionization efficlency curves of these ions begin at the same appearance potentials as
those of the parent ions HyX*. Primary ions HnX+ must therefore be the precursors of the
protonated species as well as the secondary parent ions,

HX+HX (13a)
n n

Hxt+ux

n n

+
Ho X + H X (13b)

In order to compare the competing processes of electron and proton transfer the ratio of

the currents of the secondary ions Hn+1X+ and HnX+ is plotted in Fig. 8 versus the voltage
Er.

+ The general shape of the secondary ionization efficiency curves of the ions
H 4 X differs markedly from that of the ions HnH+. A maximum at 10-15 volts above the
appearance potential can usually be observed (Figs, 4-7). The decrease in the ratio
Hp+1XT/HpX" in Fig. 8 indicates that electron transfer predominates more and more at
higher kinetic energies. The shape of the Hn+1x+ curves in Figs., 4-7 may be explained by
the inverse dependencies of ¢, ¢' and f on the kinetic energy el of the primary ions
(Eq. 10). The increase in a(y) at rather low kinetic energies determines the main features
of the shape of the curve while the decrease in U'(U) and in f ;) becomes predominant at
higher kinetic energies. The decrease of ¢' 18 well known from conventional studies on

ion-molecule reactions.3® It may be described by the relation
o «u? (14)

over a certain range of U. Values for a of -0,5 to -1.4 have been observed for different
reactions.®

The collection efficiency, f(U , can no longer be assumed to be constant as in
the electron transfer reactions since the transfer of the mass of the proton will be
accompanied by the transfer of kinetic energy. This term is therefore expected to decrease
above a certain value of U, but the decrease should depend strongly on the nature of the
collision. The reaction may occur via an activated complex which dissociates into the
final products after a lifetime much longer than the time of a molecular vibration. The
existence of such complexes has been proven indirectly® and directly*!2 in several
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TABLE 2

Primary and secondary mass spectra of simple molecules

Substance® Ion ionization relative intensity
potential (volts)c primary spectrumb secondary spec:tt:umb
Ha0" 2.4 29
0t - 12.61 100 100
water ou’ ~12.8 20 -
ot 13.61 0.7 -
Hast <0.04 2
hydrogen HasT 10.47 100 100
sulfide HS+ 38 4
st 10.36 41 3
Hacl™ 1.2 7
hydrogen HC_]'.-+ 12.90 100 100
cl 13.01 15 0.7
N, 0.6 15
NHy ' 10.52 - 11.3 100 100
ammonia NHsT 67 T2
' 3.5 -
N 14.54 7.8 -
cut 2.8 20
cu, 13.1 100 100
methane CH3+ 9.9 78 120
ezt 11.9 12 6
cut 11.13 5 -
ct 1 -
Caobi, T not detectable 0.2
Calls” 11.6 100 100
CaHgt 8.7 82 122
ethane catyt 10.51 410 93
Caligh 133 17
CoHa' 11.41 74 3
coH' 6 .
cat 0.8 -
CZH5+ not detectable 2
ca,t 10,51 100 100
ethylene CzHs™ 54 9
Colat 11,41 52 5
coHt 8 -
¢zt 1 -

dpressure of the gas inlet system: 600u. Repeller field: 3.84 volts/em
bPrimar:y spectra; Eq= 40 volts, Ep= 40 volts. Secondary spectra: Eg=8valts, Ey=40volts

C¢pata taken from F. H. Field and J. L. Franklin, "Electron Impact Phenomena",
Academic Press. Inc., New York 1957
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ion-molecule reactions, Cowmplexes are probably preferentially formed at low kinetic
energies., At higher kinetic energies the lifetime of the complex will become shorter

than the time required for distribution of the excitation energy in the various degrees

of freedom in the complex, i.e. there is practically no real complex formation. Reactions
which are observed at higher kinetic energies are more likely to occur as stripping
processes. Essentially the cross sections of such processes are not expected to exceed
gas kinetic cross sections, In the case of complex formation the intermediate complex
will move with half the original kinetic energy (eU) in the direction of the primary ion,
the rest of the kinetic energy appearing as internal energy. The reaction product

Ho+1X* will have the kinetic energy § (eU)-45F—= ~ Z (eU) in the direction of the primary

ion (where A is the mass of the molecule HpX). It will have an additional component of
kinetic energy directed at random if part of the excitation energy of the complex and of
the exothermicity of the reaction appears as kinetic energy of the final products. At
values of U above 10 volts the maximum energy component Uy, &t which collection is
allowed, will have been reached, The collection efficiency 1s expected to fall signifi-
cantly as the kinetic energy of the primary ion exceeds a few electron volts.

Where the secondary ilon results from stripping of a proton from the primary ion
the protonated molecule will be formed with the kinetic energy . (eU) in the
direction of the primary ion. This amount is much less than in the case of complex
formation. There f(U) is expected to depend only slightly on the kinetic energy in the
range of 5-40 volts. The ratio Hn+1X+/an+ in Fig. 8 is only slightly dependent on Eg
in the cases of hydrogen chloride, hydrogen sulfide and ammonia. If we can again assume
that ¢' and f of the electron transfer are nearly independent of energy it must be
concluded that o' and £ of the proton transfer show the same behavior. The stripping
model would therefore be more adequate to describe these reactions than the activated
complex model (at least for kinetic energles above 5 eV). The very strong decrease in
the current ratio CHst/CH,* in Fig. 8 indicates that this reaction occurs via a complex
at low kinetic energies while a stripping reaction predominates at higher energies, This
may also explain some observations of Fleld et. al.® who studied the reaction CHyt + CHe~
CH5+ + CHg by operating the ion source in the conventional way. They found the cross
section to decrease at repeller field strengths between 10-100 volts/cm but to become
constant at higher field strengths,

The C2H7+ ion which could not be detected in conventional studies on ion-moleaile
reactions in ethane®3 has been observed (Table 2, Fig. 8) with low intensity. Since the
appearance potentials of CZH5+, CZH5+ and CZH4+ from ethane do not differ very much, 1t
is difficult to attribute the secondary CzH;T to one of these primary ions. A rough esti-
mate shows that the cross section of the formation of CgH;t in ethane must be 100 times
smaller than that of the proton transfer in water. This low cross section explains the
failure to detect CpH,T in the conventional operation of an ion source since C2H7+ is
here masked by the C}3 isotopic peak of the CaHgt iom,

Fragment ions in the secondary mass spectra .

The secondary mass spectra in Table 2 contain a number of ions of lower mass
numbers. Thelr secondary appearance potentials are identical with the known appearance
potentials of these ions when formed by electron impact. It cannot be ruled out that
primary ilons are not scattered and pass through the slit system of the mass spectrometer.
The collection efficiency of scattered ions is expected to be very small since most will
have components of kinetic energy perpendicular to the direction of analysis. Further-
more, the scattering intensity at 90° is very low,'* This would explain the rather low
relative intensities of most of the fragment ions in Table 2. The table, however,
contalns a few examples which strongly indicate that there must be additional processes
of formation of secondary fragment ions,

The ion CH3+ is the most abundant in the secondary mass spectrum of methane.
Its intensity is even higher than that of CH4+ (the abundant ion in the primary mass
spectrum), Furthermore, the secondary ionization efficiency curve of CH3+ always runs
above that of CHy" except for the lmmediate vicinity of the appearance potential of CHj
(Flg. 4). This is in contrast to the behaviour of the primary ionization efficiency
curves of these ions.}5 It must be concluded that CH3+ ions are formed by some ion-

molecule reactions such as H~ transfer from methane

cligt + CH, - CHy + CHa' (15)
or dissociative electron transfer

ca ™ + o, - cHg + CHa' H (16)

1f reaction (16) is initiated by a CHyt fon in its ground state the energy deficit
D(CH3+-H) has to be taken from the kinetic énergy of the CH4+ ion, The cross section of
this process would be very small since the collision occurs adiabatically in the energy
range studied. However, if the CH4+ ion is formed with an amount of vibrational energy
only about one-tenth of an electron volt smaller than D(CHz'-H) the rest of the energy
deficit may easily be delivered by the -kinetic energy., It is at present not possible

to distinguish between reactions (15) and (16), Similarly the C2H5+ ion occurs with
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abnormally high intensity in the secondary mass spectrum of ethane., It is therefore
attributed to the analogous reactions

CaisT + Coflg = Colg + CoHgh Qan
or

+* +
CoHg' + CzHg - CgHg + CoHg” + H (18)

The OH' fon could not be detected in the secondary spectrum of water although
its intensity as primary ion is very high. The absence of this ion as a secondary ion
would seem to corroborate the above ideas that the high intensities observed for CHs
and C2H5+ cannot be due to scattering of the primary ions. It also indicates that
hydride ion transfer (Eq. 19) does not occur. The ionization potential of OH seems to be

o' + Ho0 ~ Hu0 + ou" (19)

slightly higher than that of water while that of CHy is much lower than that of methane
(Table 2). 1In the case of water electron transfer

ot + Ho0 - OH + HxO' (20)

is expected to compete with reaction (19). Reaction 20 is of interest in considerations
of the radiation chemistry of water. It explains the fact that theré is no chemical
evidence of OH' although the mass spectrum of water indicates that ot is formed in high
yield by high energy radiation, In the case of hydrogen chloride, the fragment Cl also
has a slightly higher ionization potential than the molecule. The reaction C1¥ + HC1 -
Cl + HCLT may therefore be responsible for the very low relative intensity of clt in the
secondary mass spectrum of hydrogen chloride.
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THE EFFECT OF PRESSURE SCATTERING ON HIGH PRECISION
ISOTOPIC ABUNDANCE MEASUREMENTS*

ok
K. A. Kaiser
University of Minnesota

ABSTRACT

As part of a study of the present limitations on attainable precision
in isotopic abundance measurements, pressure scattering of the mass spectrometer
ion beam was calculated using a hard sphere scattering model. For a

conventional sector field instrument the calculations predict;

(1) asymmetric scattering tails which fall off logarithmically from abundant

mass peaks,

(2) that nearly all scattered lons which are collected come from two source
regions--one immediately before the collector and the other immediately

before the analyzer,

(3) an apparent change in a null method isotopic abundance ratio when the
collected ion beams move with respect to the collector slits. Also in
precision isotopic gas analysis, the calculations give a natural
explanation of the "Pressure Effect" i.e. the change of a null method
isotopic abundance ratio with ion beam intensity. Preliminary experiments
gave quantitative agreement with calculated values of the scattering

intensities.

*
Paper submitted in partial fulfillment of the requirements for the M.S. degree.

kK
Presently employed at the Argonne National Laboratory.
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Ions in the Carbon Dioxide Glow Discharge

P. H, Dawson and A. W, Tickner
Applied Chemistry Division,
National Research Council,
Ottawa, Canada.

This work is part of a study of d.c. glow discharges in which the
ions are observed by means of a mass spectrometer. The general signi-
ficance of the results extends beyond the direct application to discharge
physics since ion-molecule reactions will be reflected in the ion abun~-
dances that are observed.

The apparatus is shown in Figure 1. The instrument is of a conven-
tional double-focussing type with a variable slit in the plane of the
energy spectrum so that any band of ion energies can be selected., Figure
2 shows the discharge tube and ion source in greater detail. The electron
gun 1s electrostatically focussed to avoid interference with the discharge
and is used only for setting up and testing the instrument. The discharge
tube cathode is movable,and, since the negative glow maintains its posi-
tion relative to the cathode, movement of the cathode enables the various
regions of the discharge to be sampled by the probe. Ions are drawn
from the plasma by a potential difference of about twelve volts maintained
between the probe and the potential of the plasma in front of the probe.

Figure 3 shows a simple physical picture of a discharge and its
principal regions: the cathode dark space, the negative glow and Faraday
dark space and the positive column. An important characteristic is the
variation of electric field. The cathode dark space has a high field and
positive ions from the front of the negative glow are accelerated to the
cathode. Electrons from the cathode are accelerated to the glow and a
substantial proportion reach it with energies of several hundred volts.
The primary ion formation in the negative glow is therefore that caused
by relatively high energy electrons. The interior of the glow is a
nearly field free region in which ions are lost mainly by diffusion to
the walls and it is here that ion-molecule reactions are likely to occur.
On the anode side of the negative glow, the field increases and this
results in the formation of the positive column. The mean electron energy
increases as the positive column is entered but energies only reach values
great enough to maintain the necessary ionisation and effects requiring
the lowest energies predominate, in contrast with the negative glow.

Figure 4 shows some results for a carbon dioxide discharge at 0.1 mm
pressure and a current density of 0.0l+mA/c 2, The major ion produced in
the negative glow is, as expected, CO,". CO" is also found but is much
smaller than would be expected from e%ectron impact data. It is relative-=
ly larger at the front of the glow. In the interior it probably readily
undergoes charge exchange with carbon dioxide since its ionisation poten-
tial exceeds that of €O, by only 0.2 eV. The O * ions have two, possible
origins. They may be fGrmed from reactions betWeen excited CO, ions and
carbon dioxide molecules or by charge exchange between CO ioﬁs and oxy-
gen molecules {ormed as products of the discharge. The reélative displace-
ment of the O, maximum into the interior of the glow is consistent with
both of these processes. The HCO,% ion closely paraliels the behaviour
of CO,% and is presumably formed gy a reaction of CO2" with hydrogeneous
impurities, such as water. The concentrations of such impurities are
very small but they produce significant effects. The interior of the
negative glow seems particularly suitable for the formation of ion clus-
ters and several are observed as shown. Clusters observed in smaller
amounts and not shown in the figure were C0,.C0p and CO0.CO . The
clusters must have considerable stability in order to be detecteg and this
may have some application to current theories in radiation chemistry.

Figure 5 gives some results for a discharge at the same pressure but
with a fivefold increase in current so that the discharge is more abnormal.
CO% is about the same relative to the total level of ionisation, but O,*
is now the dominant ion except at the front of the glow. This is consgs-
tent with its formation from an excited 002+ ion since it is known that in
a more strongly abnormal discharge a greatér proportion of the electrons
reaching the glow have energies equal to the full cathode fall. The
increase in Op* relative to COp* is, however, also consistent with the
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formation of 02+ by charge exchange since the percentage of decomposition
increases with increasing current density.

We have also studied the mass spectrum of carbon dioxide in an analy-
tical mass spectrometer at higher than usual ion source pressures. The
situation is complicated by Ehe apparent occurrence of surface processes
producing oxygen but some 02 is found with an appearance potential of
about 24 eV, as shown in Figure 6. This is surprisingly high since only
18.2 eV, is required for a thermoneutral reaction and excited states of
COat are known, from spectroscopic work, to occur at 18.2 and 19.2 eV.

Several experiments have been carried out with the C02 discharge
using different flow rates to give different overall convirsions. Low
flow rates and added oxygen increase the proportion of O, but not as
much as would be expected if the increased concentration of O, in high
current density experiments was due only to charge exchange with the
increased amounts of oxygen produced. It seems likely, therefore, that
although ths charge exchange mechanism does play some part in the occur-
rence of 0,7, formation by an ion-molecule reaction involving an excited
cO,* 1s alfo important. Further experiments are being carried out in an
at€empt to assess more exactly the relative importance of the two processes.

Some results, at a higher pressure are shown in Figure 7. In the
negative glow, CO" is now smaller relativg to the total ignisation, as
might be expected. (The ion marked (CO,)” should be C0,7 ). In the
Faraday dark space 02+ is the most abundant ion. The relative positions
at which the various”ions increase in abundance as the field increases at
the start of the positive column gives some indication of the mechanisms
of formation in this region, Figure 8 shows a logarithmic plot of the
ratios of ion cgrrents to their respective constant values in the positive
column. For 0,%, the increase occurs nearest the cathode where the mean
electron energy is lowest showing that the 02+ is formed by+the ionisation
of oxygen produced in the discharge. On the other hand CO2™ and HCOp" are
formed nearest the anode and show identical behaviour suggesting a common
mode of formation requiring higher energy - that is, the ionisation of
carbon dioxide. H3COp" and HCO' require an intermediate amount of energy
and must form from easily ionised impurities or from'excited molecules of
carbon dioxide or carbon monoxide. The increase of C,0,™ before that of
C0,* 18 in accordance with the recent finding of Fielg and co-workers
thgt it can be formed by reaction of an excited carbon mgnoxide molecule
(12.8 eV.) with another carbon monoxide molecule. No CO" is observed in
positive column.

In conclusion, the possible significance of these results to work on
the radiation chemistry of carbon dioxide should be noted since one might
expect some analogy with the discharge phenomena. Currently accepted
mechanisms explaining the radiation chemistry of the gas assume that ions
play little part but our results suggest that ion-molecule reactions may
be important.

ELECTRON

nxp

GAS IN =0

GAS DISCHARGE TUBE & ION SOURCE
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DETERMINATION OF ELECTRONIC ENERGY LEVELS
OF MOLECULES BY LOW ENERGY ELECTRON IMPACT

Aron Kuppermann and Lionel M. Raff
Department of Chemistry
University of Illinois

Urbana, Illinois

Abstract

. A method has been devised for determining electronic

energy levels of molecules by inelastic scattering of low energy
electrons. The method consists in sending a beam of monoenergetic
electrons with energy in the range of 25 to 50 eV into a gas at about
10-4 mm Hg pressure. The electrons scattered by the gas molecules are
energy-analysed by retarding fields produced by cylindrical grids whose
axis is the incident non-scattered beam. The energy losses of the
electrons furnish the electronic excitation energies. The electronic
transitions induced include optically forbidden ones, due to exchange
scattering. The method {s thus specially suited for the determination
of the energies of low lying excited triplet states of molecules. Using
the optical ionization potential of helium (24.585 eV) to calibrate the
electron beam energy, the determination of the energy of the 235 state of
helium furnished 19.8 eV. The known optical value is 19.818 eV. Impact
spectra were also obtained for argon, ethylene and other molecules,

The apparatus will be described and the results obtained so far given.
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. PHOTOIONIZATION PROCESSES STUDIED BY MASS SPECTROMETRY

D. C. Frost, D. Mak and C. A. McDowell
Department of Chemistry
University of British Columbia
Vancouver 8, B. C.
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ANALYSIS OF LOW MELTING METALS BY SPARK SOURCE MASS SPECTROMETRY

by
J. D, Waldron and W, A. Wolstenholme

Associated Electrical Industries Ltd,
Manchester, ZEngland

INTRODUCTION

The problem in the analysis of low melting metals by spark source
mags sgpectrometry is primarily one of forming suitable electrodes
from the semple materiel. From this point of view gallium (melting
point 29.80C) presents the most difficult problem since it becomes

molten under conditions normally existing on the spark,

This paper describes techniques which have been successfully
employed to analyse gallium by spark source mass spectrometry
and which might be applied with advantage to other low melting
metals.

GRAFHITE SUPPORT METHOD

The first approach to this problem was made u?igg graphite as a
supporting electrode for a globule of gallium\ll)., During sparking
the gallium melts and spreads over the surface of the carbon, as
shown in Fig.1, and enables spectra of gallium to be obtained,

The technique has the advantage of simplicity but there is atrong
evidence that selective distillation of certain impurities occurs
and only semi-quantitative results cen be given. Also it is
difficult to obtain long exposures and therefore high sensitivity
with this method, To achieve gquantitative determination of
impurities and high sensitivity it is therefore essential that
the gellium should be in the solid state,

COOLED ELECTRODE TECHNIQUE

Por this method the gallium samples were prepared by etching three
times in transistor grade hydrochloric acid and washing in
deionized water, The material was then melted under an infra red
lamp and formed into electrodes 1/16" diameter and approximately
4" long in P.T.F.E. tubing. The tubing was then cut away and the
electrodes placed directly in the ion source of an A.E.I. MS7 mass
spectrometer,

The ion source of the instrument wes modified for this work so that
the electrodes could be cooled to prevent melting while the high
voltage spark is passed between them. A glass tube sealed to a
metal flange was fitted to the +top of the ion source as shown in
Fig.2, The tube could be filled with liquid nitrogen and thermal
contact between the cooled inner surface of the electrodes made by
means of two pleces of copper braid connected to copper strips
vhich were wrapped round the glass tube and clamped to the electrodes
as shown., The tube was filled with liquid nitrogen after
evacuation of the ion source and the level maintained by topping
up approximately every 15 minutes,

Using this method of cooling analyses were carried out with spark
conditions typical of those used for materials of higher melting
point, The only difficulty encountered in maintaining the spark
was the need to adjust the electrode rather more frequently than
usual, Typical pressures in the anaslyser agd source regions of the
instrument during the snalysis were 1 x 10-8 torr and 1 x 10-6 torr
respectively,
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4.

RESULTS OBTAINED BY THE COOLED ELECTRODE TECHNIQUE

Results obtained in the analysis of three different gallium samples
are shown in Table 1. PFor thi? 3nalysis the concentrations were
estimated by the visual method!2) on the apsumption that all the
elements had the same sensitivity., Significant differences were
observed between the samples; the results of zinc and copper were
particularly interesting for the use of gallium in semi-conductors.

TABLE 1
Element Sample 1 Sample 2 Sample 3
Pb . 200 200 <0,006
T1 10 < 0,003 <0,003
Hg 3 1 20,03
Sn 3 1000 0.1
In . 1 3 <0.01
Ag < 0,006 2 < 0,006
Ge 1 < 0,03 20,1
Zn 0.006 6 0.02
Cu 3 1l <0,03
Fe 1 < 0.2 0.03
Ca 0.1 <3 0.3
X 0,1 1 20,01
Ccl 4 1 0.1
S 40.2 <1 006
Si 0.1 1 20,3
Al 0.1 10 0.1
Mg <0.1 0.1 40,1
B 0.03 0.1 20,01

As with normel samples more accurate determinations of concentration
were carried out for certain elements using a microdensitometer.
The densities of the impurity and the gallium lines were measured
and plotted agesinst the logarithm of +the exposure (i.e. the otal
integratgg monitor rrent The results obtained for the 208Pb+,
20571+, Cut+ and 71lGa+ lines are shown in Fig.3. From these plots
the exposures required to produce a given density for the gallium
and the impurity element were compared and an estimate of the
impurity concentration obtained by substituting the values of
exposure 80 calculated in the same expression as that used for the
visual method,

Table 2 shows the results obtained for the concentrations of lead,
copper and thallium in three analyses of one sample. Although more
analyses are required in order to obtain really meaningful statistics
the results suggest that the reproducibility of the method is of

the order of 255

TABLE 2
Plate Concentration {ppm atomic)
B cu n
1 104 3.4 4,5
2 129 3.4 3.1
3 135 5.6 4.1
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5.

Table 3 gives the estimated limits of detection of the method for

72 elements in gallium.

These limits have been estimated from the

photographic plate on the basis of s longest exposure of 10-6

coulombs.

in approximately 24 hours.

Element

Uranium
Thorium
Bismuth
Lead
Thallium
Mercury
Gold
Platinum
Iridium
Osmium
Rhenium
Tungsten
Tantalum
Hafnium
Lutetium
Ytterbium
Thulium
Erbium
Holmium
Dysprosium
Terbium
Gadolinium
Europium
Samarium
Neodymium

Praseodymium

Cerium
Lanthanum
Barium
Cesium
Iodine
Tellurium
Antimony
Tin
Indium
Cadmium
Silver

TABLE 3

Limit of

Tetection

0,003
0,003
0.01
0,006
0,003
0,01
0.03
0.01
0,006
0,006
0,006
0.01
0.1
0.01
0.003
0.01
0,003
0.01
0.003
0.01
0,003
0.01
0,006
0,01

= Rivvi]

(%)

(V%)

® o o o ® o 0 0 s 0 s 0

0O0QO0QOCOOROFOO
OP—‘OI—'gHOi-'

0000000000000
(-]

COMPARISOR WITH STANDARDS

Element

Palladium
Rhodium
Ruthenium
Molybdenum
Niobium
Zirconium
Yttrium
Strontium
Rubidium
Bromine
Selenium
Arsenic
Germanium
Zinc
Copper
Nickel
Cobalt
Iron
Manganese
Chromium
Vanadium
Titanium
Scandiunm
Calcium
Potassium
Chlorine
Sulphur
Phosphorus
Silicon
Aluminium
Magnesium
Sodium
Fluorine
Boron
Beryllium
Lithium

* - overlap by

An exposure of this length can be obtained with gallium

Limit of
Detection

0,01
0.003
0.01
0.01
0.003
0,006

000000000
- e ® o & ¢ 9 9 L[] »
s G G

HOOOOOOOOH

69Ga3+

Two samples doped with approximately 0.8 ppm by weight of copper
and zinc respectively were cast into rods in p.v.c. sheathing and
then etched in the sasme way as indicated above before being mounted

in the ion source.
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In Teble 4 the results obtained by mess spectrometry are compared
with those obtained by neutron activation analysis,

TABLE 4
Mass Spectrometry Neutron Activation
1 2 Mean
Cu concentration
(ppm wt) 0.90 0.72 0.81 1.3
Zn concentration
(ppm wt) 0,66 0.91 0.79 1.0

Bearing in mind thet the mass spectrometric results were calculated
on the assumption that the elements copper, zinc and gallium all hsad
the same sensitivity, the agreement between the mass spectrometric
and neutron activation anslyses 1s encouraging. This is particularly
the case with zinc which was observed to give spuriously high results
in the graphite support technique due to selective distillation
effects.

The difference between the neutron activation and mass spectrometric
results should not be taken as indicating an absolute error in one
or other method. Accepting the neutron activation figures as
correct, the results suggest that copper and zinc have low relative
sensitivities in the spark compared with gaellium.

CONCLUSIONS

Spark source mass spectrometry can be successfully applied to the
estimation of impurities in gallium by cooling the electrodes. The
cooled electrode technique has a number of advantages over the
graphite support method in that firstly, it enablees longer exposures
and therefore lower limits of detection to be obtained (about a
factor of 30), secondly, selective distillation of impurities is
prevented and thirdly, the possibility of interference from the
graphite support electrode is removed.

I+t is possible that the technique could be applied with advantage
to other low melting metals such as indium ?melting point 156.49C).
Although indium does not actuslly melt during sparking there have
been indications that impurity elements such as zinc may give
spuriously high results due to selective distillation effects and
this might be reduced by using the cooled electrode technique.,
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ION CHARGE DISTRIBUTION IN AN R. F. SPARK ION SOURCE
AND ITS EFFECT ON QUANTTITATIVE ANALYSIS

Edward B, Owens
Lincoln Laboratory,* Massachusetts Institute of Technology
Lexington 73, Massachusetts

SUMMARY

Data are presented showing the ilon charge distribution observed from en r. f. spark
source with samples of GaAs, GaSb, InAs, InSb and stainless steel, The experiments were
performed with source conditions varied to have pulse lengths of %, LO, 50, and 160
microseconds, repetition rates of 100 and 1000 pulses per second, and spark volteges of
30 and 90 kv. TIlford Q, plates were used for the ion detector.

The emulsion was calibrated by the "two line" method to convert the non-lineer
photographic data to ion density velues. The line widths were taken into consideration
by multiplying the peak lon density of & line by the width of the line at half peak ion
density. Background corrections were made by subtracting the ion densities due to the
background from the ion density velues of the lines. The validity of this method of
handling photographic date was demonstrated with results of two experiments. One experi-
ment was to put constant exposures on a plate while changing the magnet to plate distance
to deliberately cause the lines to broaden. With line widths changing by a factor of two,
the number of ions determined from the photographic data was constant within lO°/o. The
second verifying experiment was to measure isotope ratios. The relative ebundance of Sg
and of Ga isotopes determined with this method agreed with the accepted values within 5 /L.

In all the exposures used in these tests the charge exchange lines, the polymer lines,
and the triply charged lines were observed to contribute not more than 1°/o to the total
number of ions striking the plete. Therefore the charge distribution of an element in an
exposure was reported as the number of singly charged ions of that element divided by the
total of singly charged ions plus doubly charged lons of that element. Detailed examina-
tion of the data revealed:

1) The charge distribution is not the same for all materials under all conditions.
There 1s no single, universally appliceble constant.

2) The charge distribution is constant to within about 5°/o for a given element in
e given matrix sparked with constant source conditions, but differs for the seme matrix
under different source conditions and for different maetrices under the same source
condition.

3) For each materiel tested the ion charge distributions of the constituent elements
fluctuated together. Thet is, under & given source condition the constituent elements of
a sample all have epproximately the same lon charge distribution. This is a highly
desirasble condition because when it exists only a small error will result in the quanti-
tative analysis 1f the multiply charged ions are neglected and the element concentrations
are determined from the retios of the singly charged ions.

4) No consistent pattern was found for the relationship between the jon charge
distribution and & chenge in pulse length, the number of pulses per second, or the spark-
ing voltage.

Additional informetion was obtained from this investigation by using the data to
calculate the composition of the lon beam from each of the III-V semiconductor compounds
used. These compounds have a one-to-one ratio (et least to within 1 ppm) for the two
elements in the solid sample. The results showed the ion beam from GaAs to be 52 to 53°6
Ga, from GaSb to be 54 to 64°/o Ge, from InAs to be 50 to 59°/o In, and from InSb to be
57 to 63°/o In. The error terms for these experiments are such that the composition of
the beams from GaAs and InAs are probably not significantly different 50 - 50, It was
found also that after prolonged sparking the lon beam from GaAs became predominantly
Ga (87 to 97°/o Ge), indicating perbaps a loss of the more volatile As from the area of
sparking. No other compound showed this effect.

*Operated with support from the U. S. Army, Navy, and Air Force.

-
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PHOTOGRAPHIC QUANT!ITATIVE ANALYSIS
WITH A SOLIDS SPARK MASS SPECTROGRAPH

By
C. W, Hull

Consolidated Electrodynamlcs Corporation
Pasadena, California

ABSTRACT

Any method of quantitative analysis with a mass spectrograph, which uses a
photoplate as a detector, must take several factors into consideration.

In the spectrograph, every mass is focused at a different radius. This
introduces two quantitative problems,

1, Line width and shape vary across the plate,
2. The ion transmission of the instrument itself varies with path length.
The photoplate as a detector also offers various problems,

3. The emulsion does not darken in a linear manner, and the darkening
characteristics change from plate to plate,

4, The sensitivity of the emulsion exhibits ion mass dependence, ion
energy dependence, and may have chemical dependence as weil.

5. Errors may be introduced in the densitometry,
Also, the problems that exist in any mass focusing instrument are present,
6. Space charge may broaden the ion beam.

7. A substantial background level may exist, due in this case to gas
scattering,

And in the spark source, two problems are significant,

8. The ratio of singly charged to multiply and fractionally charged ions
may vary, both from element to element and with time,

9. lonization efficiency chenges from element to element.

Each of these effects can contribute an error in a quantitative calculation.
A quantitative method has been developed which gives consistent results, which
can lead to analysis by comparison with known standards, and gives a more refined
method of studying the problems inherent in the system,

}. DISCUSSION OF PROBLEMS
A, Calibration Curve

In photographic quantitative analysis, the first thing that must be determined
is the relationship between the number of ions striking the emulsion and the darken-
ing effect they have on the plate.

Such a ''calibration curve' is necessary not only for relating densitometer
transmission scans to exposure, but is essential for measuring line widths and
studying line shapes,

Also, at least with the plates now being used, it is quite essential that

some sort of a calibration be done on each plate. Both sensitivity and curve shape
change from plate to plate, even under carefully controlled devel oping conditions.
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Figure 1 shows how the slope of the calibrationcurve can change from plate to plate.
Using a curve calibrated from some previous plate could lead to an error of several
hundred percent, even if normalized for sensitivity.

The variation from plate to plate is not well understood, but is often attri-
buted to changes in the emulsion due to heat and vacuum, The calibration within
a plate is relatively consistent,

There are several empirical methods available for calibrating a plate. One
method is to make a series of exposures. by measuring the total ion beam electrically
with a beam monitor and covering the dynamic range of the photoplate. The dependabil-
ity of this method depends upon the accuracy of the beam monitor and upon the
stability of the ratio of singly to multiply and fractionally charged ions.

Also, various methods using known isotope abundances have been usedsuccessfully}
and are useful when the errors of the beam monitor method are excessive,

A device often found convenient is to ''curve match'' the experimental data to an
empirical equation that Is known to match a correct calibration curve., I1ford Q2

plates are found to normalize to within a few percent to the function.
b=,

oo
T(E)= T, + ——m——
o« 1+ER

or, solved for E

- I/R
E(T) = .:.—T>
T

Here T is optical transmission, T, is the saturation transmission, R is an experi-
mental constant between 1 and 1.5, and € is '"relative exposure,' normalized to
unfty at

!+ T

T(1) = >

Figure 1 is this function, solved for

s TTw !
1=Too 1 +ER

and plotted for several values of R.

Figure 2 is that function, normalized to an experimental calibration curve of
tungsten, The curve matching method seems to be the best for interpolation and
for extrapolation to small exposures,

B. Line Width And Shape
When using an ion-sensitive plate as a detector, there are two assumptions

generally made about its collective properties. The first is that the reciprocity
law is not violated, consequently the plate is a perfect Integrator over time,

1/ E. Owens,''Quantitative Analysis In a Solid State Mass Spectrograph,' paper
delivered before American Chemical Society, Washington, D.C., March, 1962,
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The second assumption is that the exposure on the plate is proportional to the
charge striking the plate, point for point, and hence the plate is a perfect
integrator across the line. Within what limits these assumptions are true is not
yet well known,

After the calibration curve has been determined, the integration across the
line may be performed. Figure 3 shows how the optical transmission scan, as obtained
from the densitometer, could be transformed into an exposure distribution curve,

This curve could be integrated by counting squares or using a planimeter, but
it is generally much more convenient to determine only the half exposure height and
assume that the integral is the product of the exposure, the width at half exposure
height, and a shape factor. As long as the shape factor is constant, area corrections
may be made by making width corrections only. Figure 4 shows the variance in peak
shape found across the plate, The area under that normalized curve has a maximum
change of about 7%. .

The width itself, however, may change considerably more than this, Figure §
shows how line width varies across the plate. This variance is a function of the
individual spectrograph, but a factor of two is not uncommon,

Figure 6 shows line broadening due to space charge effects. (t is a plot of
tine width versus isotope ratio for tungsten., Here the change in width is only
around 20%. However, analytical errors up to a factor of elght have been observed
due to this effect,

Cc. ion Transmission

The Ton beam 15 not collimated in the vertical direction, so that the number
of ions transmitted through the magnetic analyzer at high radius Is less than the
number transmitted at low radlus. Figure 7 shows this magnetic analyzer efficiency
function, as derived from the geometry of the spectrograph. Again an error of up
to a factor of two could result if a correction for the effect were not made,

D. Background And Densitometer Errors

Various types of background effects almost always exist around the low abun-
dance lines. For background due to gas scattering, the densitometer reading for
the background should be converted to exposure from the calibration curve, and this
exposure should be subtracted from the peak exposure of the line. Quite consistent
results have come from this technique.

However, drift in th; densitometer cannot be corrected in this manner, nor
have good results been obtained where the development fog was Inconsistent across
the plate,

Another error may result due to the finite width of the densitometer slit, As
a close approximation, it can be shown that the error due to slit width averaging

is
ATe /2" Tmin ( Wd >2
) 3 Wi/2

Where TyiN is the peak transmission, Ty is the transmission at half exposure
height, Wys2 is the width at half exposure, and Wq is the effective width of the
densitometer slit. |If Wy is near Wy,, , errors of about 10% in Tyjy, or up to 30%
in exposure may result. W4 being finite contributes other errors, but in the highly
non-linear case of a photoplate the shift In TyiN is the most significant.
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E. Example

Figure 8 shows how the measurements just discussed are made on a typical peak.
TMIN is 0,288, and is converted to Eyax = 2.46 from the calibration curve,
Tpak = 0.692 is also converted to Egag = 0.518. The half exposure height is then

Emax~Esak . Emax + Eak

Eiyz = — 5 +Epgax > =1.49

Again from the calibration curve Ej/, 1is converted to Ty/, = 0.405, and the peak
width is measured at this Ty,; point. W;,; Is found to be 0.16.

Next, the A T due to densitometer slit averaging Is calculated and found to
be .015, so that

Tyin -~ AT =.288 - .015=.273

and from the corrected T a corrected E is found
Emax +AE=2.67

Table 1 lists the effects of making the various corrections discussed concerning
Figure 8. Here the line width correction and the background correction are the most
signjficant, although this need not be the case.

F. Other Errors

Although the total of these effects is significant, others just as important
have not been considered, The sensitivity of the plate is dependent upon ion mass,
ion energz. and may have a chemical dependence, These effects have been investigated
by Owens,Z2 Ewald,3 and Hlntenberger.“ The variance experienced is similar to that
found in electron multiplier detection of ions.

Also, the relationship of the numbers of singly charged ions to multiply and
fractionally charged ions clearly affects any analysis. This has been Investigated
by Owens.5

And lastly, due to a lack of analytical tools, the relative ionization
efficiencies of the elements in a spark have not yet been determined to any high
degree of sophistication.

The latter two problems, however, are not problems introduced by photoplate
detection, but come from the spark source itself. The photoplate detector will
be most helpful in determining both charge ratio patterns and ionization efficiencies,

Also, the corrections of Table 1 would have to be made, in some manner or
another, with any type of detecting system attempting to detect at more than one
radius.

2/ E. Owens, ""The Effect of 1on Mass and lon Energy on the Sensitivity of |1ford
Q2 Plates as lon Detectors in Mass Spectroscopy,'' Lincoln Laboratory Report
JA - 1855,

¥ F. Burlefinger and H. Ewald, Z. Naturforschung, p. 430, April, 196},

L/ E, Dornenburg and H, Hintenberger, Z. Naturforschung, p. 676, July, 1961,

5/ E. Owens, "lon Charge Distribution in an R, F, Spark lon Source and its Effect
on Quantitative Analysis," paper delivered before ASTM Committee E-14 Meeting
on Mass Spectrometry, June, 1962,

6/ B, Chakravarty, V. S. Venkatasubramanian, and H, E, Duckworth, '"Relative

lonization Efficiencies for Elements In a Spark Source,'" delivered before
symposium on Mass Spectrometry, Oxford, September, 1961,
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ABUNDANCE CORRECTIONS

CORRECTION ' ABUNDANCE DEVIATION
NONE _ 0.145% 0
BACKGROUND 0.114% -27.2%
LINE WIDTH 0.088% -64.8%
SLIT WIDTH 0.157 % + 7.6%
ANALYZER EFFICIENCY 0.135% - 7.4%
ALL ABOVE 0.071% -103.0%
TABLE |

11. ANALYTICAL

Under ideal conditions, the basic accuracy of the photoplate is good. The
isotope ratios of tungsten, Figure 2, were determined to within 3% of the published
values (closer for the major isotopes). A trace impurity of iron in aluminum at
0.8 ppm has been reproduced to within 3.5% from one plate to another. And, in
general, when a plate is analyzed and several lines are available for analysis,
after proper background and width corrections have been made the concentrations
determined vary by less than 20%.

This suggests that an analyst interested in detecting element A in matrix B,
by comparison with known standards, should be able to do so with good accuracy
to low detection limits,

It also suggests that the photoplate can be a good tool for studying ionizing

effects in the spark source. And in. the event that these effects are predictable,
general analysis should be as accurate as analysis by known standard comparison.
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IMPROVED ACCURACY IN SOLIDS MASS SPECTROMETRY

George D. Perkins and Charles F. Robinson
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THE APELICATION OF SFARK SQURCE NASS SPECTRONETRY
TO AMALYTICAL PROBLEETS ARISING IN AX ATOMIC ENSRGY IIDUSTRY

R. G. Fitzsimmons, W. Fletcher and R, Tushingham

An atomic ensrgy preogramme presents many problems to the snalytical.chemist
and to meet this challenge it is essentizl to exploit the new instruments and
techniques. This paper describes some of the wa(?)ln which the newly available
spark source mass spectrometer, A,E.I. Type U hes been of value.

One of the attractive feztures of this instrument is its ability to yield a
great deal of informaiicn about essentislly pure substances when only a few
rilligroms of the materinl cre available, This feature has been exploited in the
analysis of crysta}s of naturazl graphite which have been rurified by
Dr, J. }. Thomas of University College of North ‘ieles, Bangor., These crystals
weighad about 2 mg each and were about 3 mm. square by 0.1 mm, thick, Fig., 1
shews the size of such = crystal compared with an electrode of normally accepted
size and shevpe. The problem of introducing the crystals into the sparlt was solved
by sunrorting them in extensicn slectrodes of high »urity indium metal. Indium was
choszen becnuse it was resdily obteinable in a state of high vurity, was very
malleable =2nd possessed two isotopes of odd mass numbers (In 11 . In1 5) This last
pronerty makes the irdium rendily identifiable and ensures that its multirly
charged ions produce negligible interferances at lover masses. Fo difficulty wes
exnerienced in striking a spark between two crystzls mounted in this way, The
snarl, which did not wander from the crystesls, could be maintained for several hours
when necessary 2nd 1imits of detection of 0.01 »mm. atomic were readily obtainable,
Over forty impurity elements were detected in some of the samples, An exomple of
the results obtained is given in Table I,

Table I

Aaslyscs of Graphite Crvstals

Results quotad are as p.p.m, wt/wt with respect to carbon,

LTI Cu ¥i Co Fe In Cr v Ti 3¢ Cz X
Detn, 1 0,6 0.3 |<0.05 9 <N,0511.2 0.2 [ <0,7 {<0.04 200 | <3
Tetn, 2 1.5 3 <0,05 10 0.131 3 <D.1{<C.7 k0,04 20| <3
Detn, 3 0.2 1 0.051<0,55 2 0,05 10,4 0.2 1.2 | N.OL 13 ] <b
Dotn. N oL 1.0 <005 L N1 1.3 n. 1.1 o7 1510.3 |
}
1
Netn. 5 0. 10,5 <21 12 0,2 (1.1 r2y 2 n.07 &l n,6
Totn. 6 0,3 [ NLE 008 2 nnNs [n,0 el IR AN i) 10,2
Gaelliniasd
o AR Il N O A G LS e - -
Yepiakian
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Czxrbon is one of the few elements which produce polyatomic ions in
significent numbers, Visual examination of the spectra obtained in this work
showed that the relative abundance of the polyatomic carbon ions did not fall off
uniformly with increasing carbon number,

Fig. 2 shows the variation of relative abundance of the ions with carbon
number. Bach point on the graph is the mean of eight separate determinations,
Up to a carbon nurber of eight, the abundance falls off with carbon number with
aven-odd intensity_ alternstions. This positive ion pattern is similar to that
obtained by Honig 3} and agrees with the prediction of Pitzer and Clementi(h). ~bove
2 crrbon number of eight the pattern becomes more confused. This modification at
hizher czrbor numbers mey well be duz to fphe high local temperatures in the sperk,
quoted by Alimov ond Halkov(57 s 5 x 104 ¥,

The grezt sensitivity and small semple requirements of spark source mass
spactrometry has nermitted the exemination of small arcas and corrosion cavities in
2lloys and graphite, In this case the technique consists of holding o fine probe
of 2hout 0.5 mm, diameter close to the arze or cavity to be exemined znd maintaining
parl. betwaen the probe and the area under test, The probe is made of similar
material to that of the sample but of higher purity, as shown by rrevious analysis,
For excrivle, in the cace of graphite, spectroscopically pure graphit: is employed
a3 the probe, Fig. 3 is o nhotograph showing the rrohe nd sample mounted for
insertion in the source. The vzlue of this technique is in comparing the impurities
prczent on small craas of the surface, Using this technique detection limits of
about 0.5 1.p.in. atomic were obtained and it was found that the spark could be
loczlised te nan arca of ebout 1t sq. mm. The surface was penetrated ts about 0.1 mm.
during the analysis, At levels above 10 p.p.m. atomic detemminations with a
coefficient of variation of 70% were obteined without the use of microphotometry of
the rlates. Fig. L shows some corrocion cavities in a commercially availahble
croaphite which were examined by this technigue. The damrge czused b» the sperlt can
be clerrly seen, indicating the small area examined, Using this method concentra—
tions of immurities in the caevities have been detected and the investigztion is
continuing.

Surfece impurities and varietion of impurity content with depth kave been
studied. In *these cases samples were obtained by millinz the sprecimens and segre-
gating the different layers. The millings were then compected under pressure in a
meulding cie to produce z suitable electrode form.

During this worlz difficulty was experienced with the exeminetion of magnesium
2lloys. The cfficiency of ionisstion of megensium in the sparv source rroved to be
sbout ten times gr ey than exrected. Consequently in order to meat o given
detection 1imit the expocure had to be ten times longer than normal, The high
velatility of the magnesium coused electrical leskage in the =ource, ovarloading the
accelerating voltage power cupnly. It was therciore necessary to limit the ion
current which slowed down the reate of znelysis still further.

This technigue of milling and recompactirg has alsc been used to investigate
the diffusion of metals through other retals, Teble II chows some results obtained
for a sample which had been held in contact with urenium ot 500°C for one week,

Table II

Migration of Uronium in a snmple oftcr contnet at 500°C for 1 week

Disteance from contact Uranium content
surface Pl by weight
0 -~ 0,005" 9
7
0,005" - 0,010" 0.5
(A
0.010" - 0,015" <0
<0,5
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CM.

Fat, T
Fig. 3. Photograph showing the prcbe and sample mounted for insertion in the
source.

Fig. L. Corrosion cavities in a commercially available graphite examined by
©  this technique.
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411 the studies reported above have employed visunl exsmination of the
thntographic nlates, liore zccurzte results crn be obtained using microvhotometry.
Here it has been found advantaseous to calibrate the phetographic plate Osing a
polvicotopic element, The relative abundance of its isotopes zre known and by
rlotting the product of isotopic abundance and total integrated charge agninst
density, meny veoints become available for defining the characteristic curve.

Curvss obtzined in this way are shown in Fig., 5 and €. Uging the more usual
technique of plotting relztive exposure against density only about four points will
be on the linear portion of the curve. Adoption of the isotopic method when znal-
¥sing o standerd commer zlloy (Johnson Matthey C.40) gave a coefficient of variation
of 207 instead of the 257 %o 30% using the older technique.
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High T emperature Vaporizat+ion S+tudies
J.Drowart,

Laboratoire de Chimie Physique !foléculaire
Universi+é Llbre de Bruxelles

Brussels, Belglum

The pressnt report sumrarilzes work done during the past one
and a half gears a+ *he Laboratoire de Chimie Physique i'olécu-
laire, Universit+y of Brussels., I+ presents defini+e results for
a number of systems and preliminary ones for o*hers s+ill under
invest+lgation.

(1,2)

The mass spec*rometer 5 4 and experimental *echnique have
been described previously(u’ . Brlefly, obtaining +hermochemi-
cal data is bssed upon *+he evapora*ion of *he sample from a
Knudsen cell of known *empern*ure, forma*ion of a molecular
beam, lonlza*rlon of *he neutral species dy electron impac* wi+h
electrons of adjustable energy (5-70 ev.) and iden*ifica+ion
of *he paren* molecules from *he wass, appearance potential and
lonization efflclency curves of *he ions. Pres-ures Py are ob-
“ained for *he various molecules so identified *hrough pres-
sure calibra*ions based on quantitative evagporations of known
amoun*s of +he sample or of pressure callbran+s, or on the
observatlion of known equllibria, The firs+ rrocedure requires
in generel knowledge of the rela*ive ioniza*ion cross sections
of species of minor importance. The second procedure reauires
*his knowledge for all srecles, including *he pressure calibran*,
These cross sec*lons are el+her messured by simul*sneous or suc-
cessive quan+tit+a*lve evapora*lions of +he sample and of a refe-
rence slemen*, *he s+tudy of congruent+ly vaporizing compounds(s,e)
or *he use of double oven +echniques(i’10)

(1
calcula*ted values .

, or derlved from

Heats of reac-ion AH® are calcula*ed from *he reila*ions

o _ o] o] (o}
AH = AFy - TA[(F‘T - HO)/’I‘]

or Aﬁg - R dlnK/d(1/T)

where AF$ = - RT 1nK 1s the change in free energy
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K =1T1 Pivi +he equilibdbrium cons*an*,
v4 *he s+toechiome*ric coefficlen* for each reac*tan* or
product+ in +he reac+ion consldered.
A&F; - Hg)/T]hhe difference in free energy function
-of produc*s and reac*ants,
T +he absolute ‘emperature,
Dissocia*+ion energles Dg given below were obtained elther direct*ly
from equllibria of *he type
aBlg) — o A(g) + B(g) + DI(AB)

or from *+hermochemical cvcles

AB(3) —_— AB(g) + AHg(subl,AB)
AB(g) A(g) + B(g) + DJ(aB)

alg) A(s) -AHg(subl,A)
B(g) B(s) - AHg(Publ,B)
A(s) + B(s) AB(s) - AHg(form,AB)

The sys*tems s*udied comprise elemen*s, alloys, carbides, oxides,

sulfides, selenldes and tellurldes, The results ob*ained are as

follows,
Reac+ion AHJ or DJ in keal/mole ref,
1. Element*s
B(s) —e  B(g) 28,0 t 2.5 12
By (g) 2 B(g) 65.5 ¥ 5.5 12
S, (g) 2 s(g) 97,2 t 5 13,14

(ob*ained in *he s+udy of CaS, SrS and BaS (see 5)

Se (g) 2 selg) 77.2 £ 5 14

(obtalned in *he s*udy of ZnSe (see 9)

2, Alloyé.
AgSn(g) Ag(g) + Sn(g) 31.6 t 5 15
CuSn(g) Cul(g) + Sn(g) 41,4 t ¢ 15
Ausn(g) Au(g) + sn(g) 57.5 £ 4 15
AuCr(g) Au(g) + cr(g) 50.4 ¥ 3.5 16
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+
AuPd(g) = Au(g) + Pd(g) 33.3 -5 15

3. Sys+ems Boron-Carbon and Boron-Carbon-Sillicon

1/4 B,C(s) B(g) + 1/4 C(graphi-e) 131.5 £ 2.5 12
BC(g) B(g) + C(g) 105 t 10 17
B,Clg) 2 B(g) + C(g) 260 * 10 17
BC, (g) B(g) + 2 C(g) am t 10 17
BSi(g) B(g) + si(g) 70 *t 10 17
BCS1(¢) B(g) + C{g) + Si(g) 250 t 10 17

4, Magnesium, Calcium and Stron+ium oxldes (G.Verhgegen and G,Ex+een)

(Molybdenum or Tungs*en crucibles)

MgO(g) tg(g) + O(g) 77 L 10
Ccal(g) Calg) + 0(g) 97 %6

sro(g) sr(g) + o(g) g7 t 6

Sry0(g) 2 Sr(g) + O(g) 180 * 12
SrHod, (g) sro(g) + MoQ,(8) 150 20
srMo0, (g) Sr0(g) + MoOg(8) 175 %20
SrWO3(g) Sro(g) + wWo,(8) 160 * 20
Srwo, (g) Sr0(g) + WOg(8) 190 * 20

5, Calcium Stron*ium, Barium and Mangsnese Sulflides

caS(s) CaS(g) 142.8 * 5 (2980K)

’
CaS(g) Ca(g) + S(g) 71,0t 5 13,14
SrS(s) srs(g) 136.2 * 12(2980K)14
Srs(g) Sr(g) + S(g) 3.9 £ 5 14
BaS(g) BaS(g) 11¢ ¥ 11(2989K) 1
BaS{g) Ea(g) + S(g) 90,2 t s 14
2 BaS(s) Ba, S, (g) 15¢ t 16(2989K) 1

"+

Bazsz(g) 2 BaS(g) 84 11 14

423



MnS(g) - Mn(g) + S(g) 65 £ 5 18

6, Mixtures of €alcium, Stron+ium snd Barlum Oxides and Sulfldes

so(g) S(g) + O(g) 123 t 7 14
Ca0(g) calg) + 0(g) 100,1 * 7 14
sro(g) sr(g) + O(g) 12.4 £ 10 14
BaO(g) Ba(g) + O(g) 123,0 t 10 14

7. Indium Sulfide (R,Colin)

In;S(g) 2In(g) + s(g) 150.0 * 5
InS(g) In(g) + S(g) 68,5 * 4
InyS,(g) 1InyS(g) + 1/2 8, (g) 37.2 £ 6

8, Group IV - Group VI Compounds (R.Colin, F,Degreve, J.C, Lievin,
J,Michelet and
G, Verhaegen)

n Ge(s) + n o0, (s) (6e0) (g) 56,9 ¥ 3 (n =1 ; 2080K)

e 2 48.8 £ 5 (n = 2 ; 298°K)
98,5 £ 10(n = 3 ; 2989K)

GeO(g) Gelg) + 0O(g) 156.6 £ 3

Bsn(s ) + 2 sn0,(s)  (sn0) (g) 71 f2 (n=1;2080K)

¢ 75 L3 (n =2; 2980K)

83 T 10 (n = 3; 2980K)
80 t 15 (h = 4; 298°K)
105 L 20 (n = 5; 2989K)
106 L 25 (n = 6; 208°K)

sno(g) sn(g) + 0(g) 28,5 I3

nPbO(s) (Pb0) (g) n=1-4

S15(s) s18(g) 83 - I 3 (2080K)

s18, (s) sis(g) + 1/2 S, (&) 12 3 (2980K)

s1s,(s)  s1S,(g) 70 13 (298°K)

S13(s) Si(s) + s(s) 38 I3 (2980K)

$18,(s)  Si(s) + 2 S(s) 60 1 3 (2¢8°K)
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GOS(S) —_— GSS(E;)

GeS(g)

SnS{s)
25nS{s)
sns{g)

PusS{s}
2 PhS(s)
PbS{g)

SnPbs, (g)

SnSe(s)
2 SnSe(s)
SnsSe(g)
SnSe(s)

SnTe(s)
SnTelg)
SnTe(s)

Ge{g) + S(g)

snS (g}
Snzsz(g)
8n{g} + 3{g)

PbS{g)

Pttsz(g)
Po(g) + S(g)

SnS{g) + PL3(g)

SnSe(g)
Snzsez(g)
Ssn{g) + Se(g)
Sn(s) + Se(s)

SnTe(g)
Snig) + Telg)
Sn{s) + Te(s)

134,

52.
56.
.1

110

35,
66,

79,

46,

47,
47,
95,

15,

48,
80,
11,

1

6
5

7
6
1

5

5
g
0
6

3
9
0

t+ vk gt

[

(54

+

e

3.0
4,0

3.0

(2980K)
(2980K)

(258°K)
{208°K)

{2¢89K)

(2¢B9K)
{298°K)

{298 0K)

(2980°K)

(2¢80oK)

19

19

19

(8,8)
9, Relotive Ionizatlon Cross Sec*ioné from Double Oven Experiments

with ZnSe (R.Colin, D.Detry, P,Goldfinger and M, Jeunshomme),

e Je /
Se,  Se 'Zn

[y /6“ /u—
e 2n

Se s
2

2.3/1/0.7

it

#

1,5/1/0.5
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Thermodynamics of Dilute Solutions by
Koudsen Cell Techniques

J. He Norman snd P. Winchell
General Atomic/Division of General Dynamics
John Jay Hopkins Laboratory for Pure and Applied Science
San Diego 12, California

INTRODUCTION

A program to study the thermodynemic properties of semi-conducting devices is in
progress at General Atomic. One portion of this program, which has been reported else-
where, 1) is concerned with the measurement of the distribution coefficient of a doping
sgent between & solid semiconductor and a corresponding melt. This coefficient is the
ratio of the activity coefficient of the doping agent in the melt to the activity co-~
efficient in the solid. The portion of the program reported here involves mass-
spectrometric studies of the activity coefficient of a doping aegent in appropriate
melts. This work has been done by studying effusates from a Knudsen cell containing
the melts by means of mass—spec?rsmetric techniques similar to those originated by
W. A. Chupka and M. G. Inghram. (2

EXPERIMENTAL PROCEDURE

This investigation was concerned with the antimony-indium system, with zinc used
as the doping agent. Vapor-pressure measurements on the liquid metals were found to
be tractable. It was possible to make significant, accurate mass-spectrometric obser-
vations of intensities of 6th+ and Sby.

In the first experiments, with a heat-shielded furnace, the zinc background signal
far exceeded the zin¢ signal from the Knudsen cell. 1In the next experiments, a water-
cooled plate was installed as a first collimating slit and the heat shielding was
removed. The background zinc peaks were reduced to a few per cent of the cell signal.
However, in this furnace configuration, the Knudsen cell had a large temperature
gradient and antimony condensed on the 1lid of the cell and plugged the orifice.
Radiant-energy heating was installed above the Knudsen cell, parallel to and not
blocking the collimating slit. This did not appreciebly affect the background and
allowed the temperature of the top of the cell to be maintained near that of the melt.

During the early investigations, the molybdenum Knudsen cell was found to interact
with the sample. Analysis of the cell contents showed that an antimony semple dissolved
5% molybdenum. This problem was circumvented by using a graphite cell liner, so that
the melt did not come into contact with the molybdenum.

The furnace and cell used in obtaining the thermodynamic data reported here are
shown in Fig. 1. The furnace is of a tantalum-wire, resistance-heated type. Its body
is molybdenum, and the tantalum wire is threaded through embedded alumina tubes. The
furnace rests on e molybdenum tripod.

The molybdenum Knudsen cell consists of three separate pieces, a cell body, a 1lid,
end a ring. Cell lids are 3/k-in. disks 25 mils thick with 90° "V" slits cut in them;
the orifices are approximately 5 mils wide and from 1/8 to 1/2 in. long. The use of
a slit affords a greater flux than a circuler orifice when the cell pressure is limited
by Knudsen conditions. The 1id is held tightly to the cell body by six stainless
steel screws (graphite lubricated). There is a 3° bevel toward the center, such that
considersble pressure can be applied between the body and the lid. The top ring serves
to distribute the pressure evenly. Platinum—platinum-~10%-rhodium thermocouples are
held in wells in the top ring and in the bottom of the cell body. These thermocouples
are protected by alumina tubes, since they are attacked by antimony vapors. Above the
furnace the grid of 16 strands of 5-mil tungsten wire is held in a nickel-ceramic
frame. The furnace is hung from the furnace base—water-cooled plate. There is a
beam shutter plate in this base. The ion source 1s alkso affixed to the base.

The ion source is similar to that reported by Chupka and Inghram.(z) Although
repellers are available, field penetration from the focus plates is used to draw out
the ions from the source. Using the source in this manner slightly improves the
spectrometer's signal-to-noise ratio, since the noise consists mainly of hydrocarbon
peaks., It is believed that the velocity of the beam causes this discrimination. A
virtual slit is used to keep source contamination low. Electrons of nominally 20-v
energy produced the ions for this study.
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A 3-in. radius, hSO sector-magnet serves as the mass analyzer. The resolution of
the system 1s around forty using a l/2-mm collector s1lit. The detector is a DuMont
PN-SP-181 electron multiplier with 2800 v stepped regularly between its 14 Be-Cu
dynodes. The multiplier anode was removed from the ceramic base and mounted separately
to reduce noise. The signal is amplified by a Keithley Model 410 micromicroammeter.

An experiment is performed by loeding the Knudsen cell with antimony, indium, and
2 at-% of zinc. After assembling the equipment and establishing a vacuum (approximetely
10-0 torr), the cell is heated snd measurements are taken of the cell temperature,
zinc-6U ion signal, and tetrantimony ion signal. The cell temperature is maintained
essentlally constent and these measurements are repeated frequently, the time of each
neasurement being noted,

DISCUSSION AWND RESUITS

When a unique vaporizing species exists for a dilute-solution component, the data
obtained in studies such as those described for zinc cen be interpreted with the ald
of Knudsen flow equations and Henry's law concerning dilute solutions.

At a constant temperature, T, the number of moles of the specles leaving the cell
per unit time, -(dn/dt), or the change in the number of moles in the cell, dn/dt, is
given by ’

dn
a

e (1)
T K(MT)172

where p is the specles partial pressure in the cell, M 1s the specles molecular weight,
A is the effective orifice area, and K is a constant.

If one assumes that the evaporating species 1s the same as the solution component
species and that the solution species is dilute, then Henry's law cen be used to
describe the species partial pressure as follows:

D= P‘rfﬁ; vhere n <<ini . (2)

In Eq. (2), n is the moles of the species in solution, I n, is the total moles of
the solution components, 7 is the activity coefficlent of the “species in solution, and
P is the pressure of the species when n =Zn

.
—dlon K(MT):L/Qzu1
7= "x&® TR
asfr  xemM3ga, (3)
= at : TR ’

where n <<Sn:L .

The significance of Eq. (3) in these studies can be seen in the replacement of
dlnn/dt by dln tIZn*') /dt (becaﬁse nk pAI, 4|, vhere j:zn+ 1s the intensity of the
6th+ peak. This substitution can be made at constant temperature for a Henry's-law
solution, in which case the mass spectrometer signal is a linear function of the cell
pressure. In Eqg. (3) all factors, except the time differential of the logarithm, are
known to be constents in dilute solutions; thus, the term dln {IZn"') /dt mist also be
a constant. The slope of the line produced when ln(IZn'*‘} is plotted asgeinst time is
this constant. The data shown in Fig. 2 illustrates the slope determination. 1In this
figure log (IZn"‘/IS'blﬁ) is plotted in place of the ln(IZn*'} above. Since the rate of
antimony effusion is essentially constant, the use of this ratio tends to cancel
furnece shifts, source drifts, and changes in detector sensitivity. The use of the
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ratio is unnecessary to demonstrate the method, but tends to give more reproducible
results.

According to the derivations, it is necessary to consider only isothermal data.
However, this is experimentally impossible. Therefore, methods of correcting the data
to an isothermal equivalent have been used. Equation (4) is derived from Eq. (1) and
from a statement that the number of ions formed in the source is dependent upon the
quantity of material passing through the source in a given time divided by the beem
velocity, the latter being a residence time factor /I (n/T)/:

Oh _ Lo ()
. B

In Eq. (4), the 1 subscripts refer to the existing conditions (temperature, T,; specles
pressure, Pl; and signel intensity, Il). The conditions that would govern an isothermal
experiment are given by O subscripts. The use of Eq. (L4) involves selecting a Ty and

o’ and PO/Pl (the latter term is obtained from the heat of
"veporization of the specles in en 1terative process.) Also, the evaporating time should

calculating IO from Il, Tl’ T

be corrected according to another modification of Eq. (l) as follows:

=20 | (5)

Here, one equates the moles, o, leaving the cell for the experimental temperature, ‘I‘l,
to the moles, Dy, that would leave at the isothermal temperature, The isothermal
evaporating time, to, is then calculated from knowledge of TO, Tl’ tl, and Pl/Po.

Two thermocouples monitor the cell temperature. The effective cell temperature,
T, is then calculated according to the following empirical function of the base tempera-

ture of the cell, Ty, and the ring temperature of the cell, T (see Fig. 1):

T = O.G.I.‘B + O.ll-TR (6)

This equation was developed empirically and can reasonably be applied for small
differences in the two measured temperatures (e.g., 10°C).

The temperature corrections serve a purpose other than that of correcting minor
temperature fluctuations during an experiment. It is possible by using these temperature
corrections to extrapolate with negligible error the value of IZn.f/IS.b . to zero heating
time and obtain an initial value for this ratio. This initial value can be assigned
to the initial composition of the melt. By properly comparing the initial values of
this ratio to values obtained when essentially pure antimony is used, the activity
coefficient for antimony can be obteined.

By studying the variations in the activity coefficlents of zinc and antimony with
temperature, the partial molar heats of solution of these two entities can be determined.
The heat of solution of entimony is also available from an experiment in which the
temperature is varied and the intensity of the tetrantimony peak is observed. Here the
antimony heat of solution equals one quarter of the difference between the heat of
vaporization of tetrantimony from pure antimony and from the solution in question. A
close study of the antimony activities should allow a calculation of indium values by
using the Gibbs-Duhem equation.

Shown in Fig. 3 is an example of these data. Here the measured zinc activity
coefficients according to Eq. (3) are shown for & 50-50 at-$ melt of indium and anti-
mony with a negligible quantity of zinc present. In Eq. (3), the value of P for zinc
that was used in determining the activity coefficients presented in Fig. 3 is given by
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the equation published by R. F. Barrow, et al.: (3)

log P = 9.5672 = 1.274 log T -

6676. 4
—T (1)

An accuracy of 5% is shown for the activity coefficients , and 1t would appear that the
precision of these measurements is approximately this value. For a Knudsen cell method
using & mess spectrometer, this preclsion exceeds that normally reported for similar
thermodynamic quantities. It is believed that errors in the effective cell temperature
are responsible for most of the uncertainty in these measurements.

One feature of thls method for obtalning thermodynamic data by mass-spectrometric
means is of particular interest--only the relative intensitles of a time-dependent

peak are lmportant. Questions of mass spectrometric sensitivities are eliminated. This
method, in fact, may well be used in determining these mass spectrometric sensitivities.
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THE VAPORIZATION OF BERYLLIUM, MAGNESIUM AND ALUMINUM BORATES
AND THE PROBLEM OF SECOND-LAW MEASUREMENTS*

Alfred Bllchler, J. B. Berkowitz-Mattuck and J. L. Stauffer
Arthur D. Little, Inc., Cambridge 40, Mass.

Introduction

The purpose of this note is to report briefly on the current status
of our work on gaseous metaborates and to discuss in detall some points of
high-temperat?rs technique which arose in connection with this work. It was
shown earlier‘l) that the vaporization behavior of alkeli metaborates
paralleled that of the alkali halides with monomer, dimer and trimer molecules
being produced in the vapor. The fragmentation pattern of these molecules
corresponded to that of the alkall halides, the ions produced by the higher
specles having the formule Mn(BO2);_l. It was therefore of interest to inves-
tigate the existence of other geseous metaborates.

Since the ultimate objective of this work is the determination of
the heats of formation of gaseous compounds, and since thermodynamic functions
for many species of interest are only very imperfectly known, considerable
attention was given to the determination of thermochemical data from the
slopes of vepor pressure vs temperature curves. It was found that small tem-
perature gradients in effusion crucibles could have a surprisingly large effect
on the accuracy of the so-called second-lew heats of veporization. The
uniformly heated Knudsen cell source with two thermocouples on the inside,
which 1s described in this paper, provides reliable second-law enthalpies.

Apparatus

The instrument used in these studies was & 12 inch radius, 60°
sector mass-spectrometer designed by Inghram and built by Nuclide Analysis
Assoclates. Molecules effusing from Knudsen cells are lonized by 60-volt
electrons. Resulting ions are accelerated by a 4000 volt field, deflected
by & magnetic analyzer, and collected elther on a sample collector plate or
on the first dynode of a 16-stage electron multiplier, with a gain of the
order of 5 x 10°. The output of either the collector or the electron multi-
plier is fed to a Vibrating Reed Electrometer and then displayed on & chart
recorder.

For the experiments on the metal-oxide boron-oxide systems discussed
below, & molybdenum Knudsen cell with platinum liners was used. Temperatures
vere measured with a platinum-10% rhodium thermocouple placed in a well at the
bottom of the crucible. Once the systems of interest have been characterized,
the improved Knudsen cells described in this report will be used for deter-
mination of accurate second-law data.

Sample Preparation

Samples were prepared by mixing the appropriate metal oxide in the
Knudsen cell and heating for at least 8 hours nmear 1000°. Where necessary,
the formation of condensed phase products was demonstrated by obtaining X~ray
diffractlon patterns of the residue left after the experiment. X-ray patterns
were obtained on a Philips-Norelco X-ray diffractometer.

* Supported by the United States Army Bureau of Research under the Advanced
Research Projects Agency Program.
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Results
A. Beryllium Oxide-Boron Oxlde

Gaseous beryllium metaborate was observed at temperatures between
1320 and 1520°K. The principel ionic species was Be(BOs)d at mass numbers
93 to 95, the ion-current ratio Be(BOs)3/Bo03 being of the order of 1/50.
No phase diagram 1s availlable for the Be0O-BpO3 system. In the course of an
extended experiment, however, the lon ratio Be(BOQ);/BEO; was found to be
only a function of temperature, although the absolute intensities of both
ionic species decreased with time. These observations suggest that the
equilibrium

BeO(s) + Beoj(g) :ZBe(B02)2(g) (1)

obtained. With this assumption, reaction (1) is found to have an enthalpy
of 35 kecal mole~l. The heat of formation of Be(B02)2 from the elements,
which is calculated from this value, is approximately twice that of the heat
of formation of gaseous lithjium or sodium metaborate, a relation which may
be compared to a ratio of approximately 2.5 between the heats of formation
of beryllium fluoride and lithium or sodium fluoride. To a limited extent,
therefore, the similarity of BO2 to halide ilons is bome out in the case of
the beryllium compounds.

B. Megnesium Oxide-Boron Oxide and Aluminum Oxide-Boron Oxide Systems

In the magnesium oxide-boron oxide system the principal ion species
was identified as MgBOS at mass numbers 65 and 66. Only small ion currents
were found at peeks corresponding to Mg(BOp)s. The phese diagram in this
case is known{2) and is very complex. Further experiments are in progress to
deduce the molecular species in the vapor from the lon species, and to deter-
mine the heat of formation of magnesium metaborate. In the aluminum oxide-
boron oxide system no specles corresponding to a gaseous aluminum borate
were observed at temperatures up to 1400°C. In both the magnesium oxide-
boron oxide and aluminum oxide-boron oxlde systems X-ray examination of the
residue at the terminetion of the experiment showed the presence of
crystalline mixed oxides demonstrating that reactlion between the two condensed
phases indeed occurred.

The Determination of Second-Law Heats
A. Second and Third-law Heats

The procedure which has been used most extensively so far to obtain
thermodynamic data by mass-spectrometric techniques has been the third-law
method. Thus, in the case of a heat of sublimation, a value of AHg can be
obtained from every value of the vapor pressure P measured if the entropies
of the condensed phase and the gaseous species are known:

QH = - RPInP + TaS_ (2)

Much less emphasis has been placed on the second-law methed which in thisl
case would involve the determination of AHg from the slope of & log P vs T
plot. It was realized from the beginning of this work, however, that the
scarcity of molecular constants for the gaseous metaborates was likely to
produce an uncertainty in the third-law heats of formation of these molecules,
which would be at least as large as the 5 to 10 kca% zsxole'l uncertainty
normally associated with second-law determinations. 5 Since the precision
of any glven slope determination was usually of the order of I 2 keal per
mole, it was felt that considerable improvement of the reliability of second-
law measurements should be possible.
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The problem was further underlined at the start of the work on the
mixed oxide systems discussed in this note. In these systems, gaseous BpO3
is, under the conditions of measurement of the experiment, either the major
or the only gaseous species formed. It was therefore planned to use gaseous
By0% as a pressure-calibrating substance. A serles of runs with pure boron_
oxide gave heats of vaporization which were consistently about %2 kcal mole
higher than the most frequently quoted value in the literature. ) A series
of silver calibration runs were then carried out. The second-law heats of
sublimation of silver determined from these runs ,showed a scatter of as much
as ¥ 10 kcal mole™labout the best current value.(5 Temperature errors
provided the most obvious explaﬁation of these results. Traditional anelysis
of the effect of temperature errors on second-law heats, however, gave values
for these errors which appeared excessively large.

Nevertheless, a standard molybdenum crucible was finally equipped
with two platinum-rhodium thermocouples, one of which was spot-welded to the
inside of the crucible 114 while the other projected to the botton of the
crucible. Both thermocouples were led through the 1lid by means of alundum
insulators, with Sauereisen cement used to make the openings tight.

The results of a silver vaporization run carried out with this
crucible are shown in Figure 1. Each of the experimental velues of 1t
(where I is the intensity of the 107pg* peek, in arbitrary units) was plctted
against the temperatures given respectively by the well, inside-top, and
inside-bottom thermocouples. Only the points plotted against the inside-top
thermocouple temperature are shown; for the other two sets of points the
least square lines are shown. It is clear from Figure 1 that with the type
of crucible and heating arrangement illustrated, the lid is the coolest part
of the cell and determines the vepor pressure. The seiond—law heat of
sublimation obtained with the 1id temperature is 66.9 = 1.8 kecal mole -~ for
a mean temperature of 1110°K, in excellent agreement with the best third-law
value available for this temperature, 67.0 0.2 keal mole™t. The experiment
was terminated before all the silver had evaporated, and it was found that
the residual silver had indeed been transferred completely to the 1id. It
should also be pointed out that the temperature distribution implied in
Figure 1 will be observed only when the principal source of heating is elec-
tron bombardment from a filament. At high temperatures, when electron
emission from rediation shields is the principal source of heat, the top of
the crucible will always be hotter than the bottom.

B. Analysis of Temperature Errors

Figure 1 also demonstrated the shortcomings of the standard analysis
of the effect of temperature errors. In this analysis, the temperature read
by thermocouple or pyrometer is assumed to be T + 8T, where T is the "true"
temperature in the crucible (i.e. the temperature which represents the vapor
pressure), while sT represents the error in temperature reading, which is
assumed to be constant over the entire temperature range of the experiments.
Under these circumstences the error &({AH) in the second-law heat AH produced
by an error BT is given by

j_(&l=_§_§_2 (3)

A T
where T is the mean temperature of the experiments. Typically, & temperature

error of 60° is then required to produce a 10% error in AH if the experimental
temperature is near 1200°K.
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As can be seen from Figure 1,however, the temperature gradient
actually varies over the experimental interval. Thus, instead of the true
temperature interval Tp - T) = AT, one measures an interval which is in error
by an amount of & (AT). The error in AH is given by

o) __s(am) )

Ja'; | Ny

If measurements are carried out over a 150° range, a 10% error in AH will be
produced if the temperature is correct at one end of the range, but is off
by only 15° at the other end.

The critical nature of errors in temperature range is illustrated
in Figure 2, which shows & silver run made in the course of development of
a new crucible design. Here the temperature of the 1id was about 100° hotter
than that of the bottom. Nevertheless, the inside-bottom thermocouple gave
a second-law heat of sublimation which was correct to within 2 kcal, whereas
the heat given by the well thermocouple was nearly 10 kecal low. It will be
observed that the temperature measured in the thermocouple well actually
crosses that of the inside-bottom of the crucible. Hence, in this case, a
pressure calibration using total evaporization of a silver sample at tempera-
tures anywhere in the center region of the measurements would have given
excellent results from the point of view of third-law measurements, but would
have been completely misleading as to the reliability of second-law slopes.

C. Crucible Design

The crucible design finally developed is shown in Figure 3. The
over-all configuration resembles closely that used by Penish(5) with the
importent addition that two thermocouples are introduced into the inside of
the crucible. The two halves of the crucible are heated by independently
controlled filaments. It is thus easily possible to keep the top and bottom
temperatures identical within two degrees. A further complication is intro-
duced in work involving molten boron oxide since the latter would react with
the alundum thermocouple leads. In this case, a thin platinum liner is used
with the thermocouples welded to the liner. To perform silver calibration
runs with the latter arrangement (Fig. h), the silver was placed in an
alundum liner. Even with this rather complex arrengement, heats obtained
from slopes have always been within 3 keal mole~l of the accepted value.

We therefore believe that the crucib%e configuration 1s capable of producing
second-law data with an accuracy of - 3 keal.

The new crucible design has been used in a redetermination of the
heat of sublimation of boron oxide. The experimental date are shown in
Figure 5. The two sets of points have been displaced relative to each other
by one decade, since otherwise they overlap very closely. The numbers
attached to one set of points show the order in which they were obtained and
show that there was no trend with time in these experiments. The resulting
heat of sublimation of boron oxide at a mean temperature of 1300°K is
93.5 = 3 kcal/mol.
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Mass Spectrometric Study of High Temperature Reactlons
of BFa(g), Ha(g) and Hz20(g) with B20a(£) and B(s).

Willlam P, Sholette and Richard F, Porter
Department of Chemlstry, Cornell University, Ithaca, N. Y.

Summary

Low pressure, hlgh temperature reactions of Hz-BFs mixtures with
Bz0a, of Hz with B-B203 mixtures, and of water vapor with elemental
boron have been investigated. The experlimental technlque 1nvolves
flowing the reactant gas at pressures between 1076 and 1072 atmospheres
into a Knudsen-type vessel contalning a condensed sample at temperatures
in the range 900°K to 1400°K, and observing the gaseous products effusing
from the oven mass spectrometrically.(l) Mixtures of Hz-BFs reacted
with Bgz0a to produce a spectrum containing chlefly groupings of
m/e = 80-84, 98-102, 116-120, and 135-138, corresponding to lons formed
by electron impact of boroxine, BzOsHs(g), and the fluorcboroxines
B303H2F(g) , BsOaHF2(g) , and BaOsFa(g), respectively, In both the re-
actlion of Hz with (B + Bz0Oa) and that of Ha0 with B the major product
formed is BaOsHa, with smaller yields of BzO4Ha(g) (hydroxyboroxine) also
observed. In the experlments with water vapor and boron, results ilndlca-
ted that Hz0 was completely converted to Hz 1n the reactlon vessel,
accompanied by the formation of Bz0s. Hence thils system was essentlally
the same as that in which hydrogen was reacted with B-Bz0s3, In Table I
we show a typlcal mass spectrum obtailned in the reaction of Hz0(g) on an
isotoplcally enriched sample of 10B,

By means of second law and third law treatments of the data ob-
talned in these studles, heats of reactlon were calculated for the
following equilibria:

1) Hz(g) + BgOsFs(g) == HF(g) + BaOaFeH(g
2 2 BaOaF:H g e BaOaFﬂz%g) + BaOgFa g
3) 2 BaOaFHa(g) == B3OaHa(g) + BaCaFaH(g
1)  3/2Hs( f(r,) + B(s) + B203(L) T BaOgHalg
5) BaOsHa(g) + 1/3B20a(L) == BsO4Hs(g) + 2/3B(s)

Combining the results for reactions (1) -(3) with a heat of formation for
B303F3(g§ of -567 kcals/mole (2) at 298°K, heats of formation were ob-
tained for BsOaFzH, BaOsFHz, and BaOsHa, Reactions (4) and (5) led to an
independent value of AHf, . for BaOsHs as well ag a value for BaOsHs,

To complete Table II a vaiue of -541 kecals/mole (2) for AHP,gq Of BaOgHa(g)
was used to obtaln an interpolated heat of formation for BsOsHa,.

(1) R, F. Porter, D. R. Bidinosti, and K. F. Watterson, J. Chem. Phys.,
36, 2104 (1962).

(2) J.AN.A.F, Thermochemical Data, Thermal Laboratory, Dow Chemical
Company, Midland, Michlgan, 1960,
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Table I

Mass spectrum of gaseous products in
the reactioQ@?f H20(g) with 10B(s)
(enriched).

T = 1250°K, Ionizing electron energy = 75 volts

m/e Ion Intensity
(relative units)

97 N 3.7

96 B30gHz 12.

: 5
80 BaOsHa' 100.0

53 re
69 B2OsH® 4.8

63 1.8

5 6.6

. ¢
27 BOH' 17.3

a) sample 1s about 92 percent *°B and 8 percent B,

Table II

Heats of Formation of Gaseous Boroxines, Hydroxy-
boroxines, and Fluoroboroxines at 298°K,

Gaseous Molecule 2

fape
BaOaHs -307 + 82 -308 + 6%
Ba03H0H =399 £ 6°
BaOaH{ OH) 2 476 = 10
BsOs(OH) s 541 + 10°
BaOgHaF -392 62
BaO3HF2 -479 + 52
Ba0sFs -567 + 3¢

a this work
b interpolated value
c) reference (2).
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