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ANALYTICAL METHODS IN MASS
SPECTROMETRY

by

A. G. Sharkey, Jr..! J. L. Shultz?
and R A. Friedel?

Abstract

HE PURPOSE of this investigation was to develop methods for

analyzing coal derivatives and products from the Fischer-Tropsch

synthesis. As part of this investigation it was necessary to study the
mass spectral characteristics of many classes of compounds. The mass
spectra of alcohols, the trimethylsily] ether derivatives of alcohols, acetal-
type compounds, ketones, esters, and naphthenes were correlated with
structure, and analytical methods were formulated. A method was devised
to determine the ratio of branched to normal hydrocarbons up to C;. in the
Fischer-Tropsch product.

Low-ionizing-voltage mass spectrometry was combined with type-
analyses to analyze tar acids and neutral oils from coal. The necessary
sensitivity correlations at low-ionizing voltage were developed, particularly
for phenolic compounds.

Special analytical techniques were developed for the mass spectral
analyses of specific compounds and compound types including (1) oxides
of nitrogen, (2) hydrogen sulfide, (3) isomers of butenes and pentenes, and
(4) hydrogen deuteride.

An investigation was made of the effects of various hydrocarbons and
oxygenated compounds on tungsten filaments in the mass .
The operating characteristics of rhenium filaments under similar conditions
were studied. Several improved sample handling techniques were devel-
oped, including an automatic manometer and a self-filling micropipet.
Studies were made of anomalous and negative peaks in the mass spectra
of certain gases.

Introduction

Investigations of direct and indirect processes for converting coal to
liquid and gaseous fuels and chemicals, and studies of coal structure are
carried out at the Pittsburgh Coal Research Center of the Federa! Bureau
of Mines. The analysis by mass spectrometry of products from these studies
has required the development of new methods to interpret mass spectra.
Methods were designed to solve specific analytical problems. This report
does not represent an exhaustive survey of the analytical techniques used
in mass spectrometry.

Analytical schemes developed by petroleum laboratories cannot be
applied directly to Fischer-Tropsch synthesis product, because the syntbesis

1 Supervisory physicist.
2 Research mathematician.

3 Project coordinator.
Al suthors are with the Pittsburgh Coi! R h Center, B of Mines, Pittaburgh, Pa.

Work ou mapuscript completed Augus® 1965,
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product containg more oxygenated material and less highly branched hydro-
carbons. To assist in developing the required methods of analysis, mass
spectral correlation studies were made of several classes of oxygenated
compounds contained in Fischer-Tropsch synthesis product. Combined
chemical and mass spectrometric technigues to analyze for these compounds
were developed.

Coal hydrogenation product contains more aromatic and oxygenated
material than petroleum. The gaseous product analyzed by mass spectrom-
etry consists of a high percentage of hydrogen and small amounts of paraf-
fins, naphthenes, and aromatics. The liquid product from the coal hydro-
genation process is quite complex, and only a type-analysis is carried out
routinely by mass spectrometry on fractions having a limited boiling range.
The low-ionizing-voltage technique permits analyses of saturate and aro-
mr:téc ftractions of neutral oils and the tar acids in the coal hydrogenation
product.

The mass spectrometer analysis of gaseous hydrocarbon mixtures is
described extensively in the literature and will not be included in this report.

The mass spectrometer is an electronic, high-vacuum instrument capa-
ble of providing qualitative and/or quantitative analyses of gases, liquids,
and, under special conditions, solids. Mass spectrometers at the Pittsburgh
Coal Research Center are equipped to obtain spectra of materials having
vapor prossures of at least 50 microns at room temperature or at
temperatures not exceeding 300° C.

In certzin instances it was necessary to adopt procedures to (1) circum-
vent limitations inherent in the mass spectrometer and (2) simplify mix-
tures by cheomical and physical separations, making it possible to obtain
more information.

The three basic types of limitations on the use of the mass spectrometer
are: (1) that due to the nature of the material to be analyzed, (2) instru-
mental limitations, and (3) spectral limitations. As the mass spectrometer
involves the production of ions in 2 high-vacuum system, the compound to
be analyzed must be stable under high-vacuum conditions (10-¢ mm of mer-
cury) and have sufficient vapor pressure of about 50 microns for ion pro-
duction at the operating temperature of the instrument. This precludes the
analysis of any compound that decomposes under high vacuum or reacts
with any material in the vacuum system. Traces of samples remaining in
the vacuum system can also cause difficulty by producing an undesirable
background spectrum or by reacting with succeeding samples. The instru-
mental limitation primarily involves resolution. Spectral limitations result
from similarity in fragmentation patterns and rearrangements producing
parent mass peaks of lower members of homologous series.

Chemical and physical methods used in this investigation to make
samples amenable to mass spectrometric analysis include (1) reactions to
form derivatives, (2) hydrogenation, (3) sulfuric acid treatment, (4) silica
gel separations, (5) fluorescent indicator adsorption, (6) distillation, and
(7) use of molecular sieves.

After mass spectrometers equipped with elevated-temperzture inlet
systems became available, making it possible to analyze less volatile liquids
and waxes, it soon became evident that the time and expense required to
maintain filament stability would be prohibitive. The conditioning of tung-
sten filaments to produce and maintain operating stability is 2 technique
recommended by the Consolidated Electrodynamics Corp. for all users of
analytical mass spectrometers. High-pressure 2-butene is introduced into
the ion source to form a tungsten carbide coating on the filament. When
the highly aromatic products from the ccal hydrogenation process were
introduced into the high-temperature rmass spectrometer, the tungsten fila-
ments exhibited extreme “gas sensitivity” and deformation after very short
periods. The characteristics of carbided tungsten filaments were studied
and rhenium, which does not form stable carbides, was recommended as an
electron emitter.

a UPDATA 1976k:




EXPERTMENTAL PROCEDURE

The spectra were obtained on two Consoli-
dated Electrodynamics Corp. mode! 21-103C
mass spectrometers,* one with the inlet sys-
tem operated at room temperature and the
other with the inlet at 285° C.

The instrument with the room-temperature
inlet was used to analyze gaseous mixtures
and mixtures cf low-molecular-weight (about
200 or less) liquids using 70-volt electronms,
an ionizing current of 10 microamperes and
ion source temperature of 250° C, and a mass
scan beginning at either mass 12 or mass 17.
All spectra used for the correlation studies
were started at mass 17. For all liquid sam-
ples the spectral dat~ are reported as chart
divisions per unit liquid volume. In most
instances the unit voiume was 0.00068 ml,

¢ Reference to specific brands k d

the volume of a self-filling micropi; (82).s
For the naphthenes (29) a 0.00086-ml pipet
was used. For the acetals (30) peak heights
were related to the strongest peak in the spec-
trum (base peak). The are thus
reported as sensitivity coefficients on a liquid-
volume basis, and spectral peak heights are
directly comparable. The molecular ion peak
is frequently referred to as the parent peak.

The mass spectrometer equipped with a
heated inlet system operating at 285° C was
used for the high-molecular-weight samples
(solids and liguids witn low vapor pressure).
This instrument r2quires approximately 1 mg
of sample. Data were obtained using 70-volt
electrons for conventional analyses and 7.0-
volt (indicated) electrons for low-ionizing-
voltage determinations.

or s of equl is
wade to facilitate understanding and does not imply endorsement
by the Burwan of Mines.
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ANALYTICAL METHODS

The correlation of mass spectra with mo-
lecular structures was studied primarily for
oxygenated compounds since there was little
information in the literature in this field and
since the Fischer-Tropsch synthesis product
contains high percentages of alcohols, ke-
tones, and esters. For oxygenated compounds
containing more than two or three carbon
atoms, serious spectral interference is found.
Analysis of oxygenated compounds is difficult
because ions that arise from the rearrange-
ment of atoms in the molecule-ion before
and/or during fragmentation frequently ap-
pear at the parent mass of lower numbers of
a homologous series. Imterferences among
the various classes of oxygenated compounds
and hydrocarbons result from similarity of
frazmentation processes that occur during
ionization by electron impact.

Mass spectral correlation studies have been
carried out for severa! classes of hydrocar-
bons (11-1%, 29, 69, %), sulfur compounds
(50), and amines (Z7). The mass spectra of
various oxygen-containing compounds have
been investigated, including aliphatic acids
by Happ and Stewart (48), high-molecular-
weight primary straight-chain alcohols by
Brown (14), ethers by McLafferty (61), and
aldehydes by Gilpen and McLafferty (39).
At the Pittsburgh Coal Research Center, cor-
relation studies have been carried out for
aleohols (34), ketones (81), acetals (80), tri-
methylsilyl ether derivatives of alcohols
(76), esters (80), and naphthenes (29).

Correlation studies have led to the develop-
ment of type-analyses where classes of com-
pounds are determined as a sum rather than
specific compounds identified. As part of the
present investigation, a type-analysis for GC;
to C, paraffin-naphthene mixtures was de-
veloped. The general technique is to use the
surmnmation of intensities for peaks charac-
teristic of various compound types. Analyses
of complex mixtures can be obtained in this
manner. A type-analysis for aleohols has
also been developed (84).

CORRELATION STUDIES
Mass Spectra of Alcohols

The mass specifra of 69 alcohols from C,
through C,, were studied and the correlation
of molecular structure with mass spectral
fragmentation patterns was investigated.

Alcohols are usually considered to be of
three major types—primar; seccndary, and

4
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tertiary. Mass specira make subclassifica-
tions desirable. Thus, the primary group
contains two classes: (1) normal straight-
chain and y-branched (y-, &, etc., branched)
and (2) g-branched. Secondary alcohols may
be classified as 2-, 3-, 4-, ete., types. Tertiary
aleohols have also been subclassified intc part-
ly symmetrical types (dimethyl, diethy), etc.)
and the completely unsymmetrical types
(methy], ethyl, methyl propyl, ete.). Com-
plete mass spectra for the 69 aleohols investi-
gated have been published (34).

Primary Alceohols

Normal and v-Branched.—Thirteen normal
and y-branched primary aleohols were inves-
tigated. Im the spectra of alcohols above C,,
one of the highest mass peaks is attributable
to loss of water. This peak is always appre-
ciable. As one proceeds to lower masses the
second important peak corresponds fo the
loss of mass 33, either water and a methyl
group or —CH,0OH plus two hydrogens. The
third important peak represents loss of mass
46, which may signify a split between the
B- and y-carbon atoms plus transfer of one
hydrogen, or a split between the ¢- and g-car-
bon atoms plus loss of a methyl group. For
the C; to C; aleohols ir: this group, the parent
molecule mirus mass 46 produces an olefin-
type peak that is either the base pezk or at
least 40 percent of the base. When it is not
the base peak, the 41 peak is the base. The
base peak for all but one of the primary
alcohols above 1-butanol is an olefin-type peak
(41, 42, 56). 3,4-Dimethyl-l-pentanol has its
base peak at 43, presumsably because of split-
ting between the thiré znd fourth carbon
atoms. Normal alcohols below 1-pentanol
all have the base peak at mass 31. The par-
ent peaks in all cases, except 1-propanol and
below, are small.

The mass spectra of primary alcohols may
be considered to consist of fragment ions
from two different molecular species arising
from the molecule-ion. One species arises
from primary dissociation of the alcohol
molecule-ion to produce a set of alcohol-type
(31, 45, 59, etc.) and a set of alkane-type
(29, 43, 57, ete.) fragments. The other spe-
cies derived from the meolecule-ion may be
considered an olefinic ion, fragmentation of
which produces olefin-type (41, 42, 55, 56,
ete.) and atkane-type peaks. Rate of effu-
sion measurements (24, 31) and appearance
potentials show that an olefin does not actu-
ally form in the ionization region before
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ionization occurs. However, many of the
major peaks in the alcohol spectrum have
intensities similar to the peaks at the same
masses in the spectum of the correspond-
ing olefin. This similarity is shown for
1-pentanol and 1-pentene in table 1.

TABLE 1.—Comparison of spectrum of
primary, straight-chain aleohol with

corresponding olefin
, Olefin-type peaks, relative abundance
m/e
1-Pentanol 1-Pentene

70.. 45.0 31.7
69.. 5.3 1.7
56....... ..... 154 2.6
... 64.1 57.9
2. . .. 100 100
3 67.4 45.0
3., 273 34.6
°8. ... ... ‘ 20.9 4.9
27.. .. 33.2 323
Base peak

intensity

divisions per

umole. ... . 156 179

The relative abundance figures for pairs of
fragments in diagram A irdicate the relative
probabilities for charge distribution between
the fragments ; however, the actual ionization
and dissociation processes are not implied
inthe fragmentation presented. The numbers
in parentheses indicate relative abundance of
ioms; arrows indicate increasing abundances.

The probability that the alkane-type frag-
ment carries the positive charge increases
with decreasing mass; the same occurs for
the alcohol-type fragments. The average
percentage of total ionization observed as
mass peaks of types such as olefinic, paraffin-
ic, and alcoholic is given for each class of
alcohols in table 2. The spectra of secondary
and tertiary alcohols are not comparable with
the corresponding olefins.

| t 1 1 !
CHsCHr-CH+-CH—CH —OH*
© @ © & @

(a) Mass 71 ( 3.2) { +mass 17 (G.94)
(b) Mass 57 (23.9) | +mass 31 (77.6)
(c) Mass 43 (29.9) -+mass 45 ( 6.3)
(d) Mass 29 (72.0) -Lmass 59 (0.93)
(e) Mass 15 ( 9.4) -+mass 73 (0.08)
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B-Branched.—The six g-branched primary
alcohols exhibit patterns similar to those of
the other primary alcohols. The first major
peak in the high mass region of the spectrum
is represented by the parent molecrle minus
mass 18, except for 2,2-dimethyl-1-propanol,
which has no hydrozens on the g-carbon
atom. In conirast to the normal primary
aleohols, fragmentatlon in the pg-branched
compounds is prominent between the « and
B-carbciis, the latter being a tertiary carbon.
In th2 three alcohols of lower molecular
weight, this fragmentation produces a base
peak of the alkane type resulting from loss
of mass 31. In the three alcohols of higher
molecular weight, the base peak may be rep-
resented by loss of mass 31 plus a number of
CH. groups. The alkane-type base peaks
(29, 43, 57, 71) are more intense than the
base peaks of other primary alcohols. Loss
of mass 33 produces a peak of moderate in-
tensity in g-branched alcohols. A mass 33
fragment ion in the spectrum of 2-methyl-

l-propanol is very intense. The parent-
minus-32 peaks are also intense.

TABLE 2.—Ionization distribution for
alcohols among various types of

fragmentation peaks
Fragmentation peaks, percent
Alcohol group ;
Olefinic | Alecoholic | Paraffinic
(41, 42, (81, 45, (29, 43,
55,56...)| 359...) 57..))
Primary:
Normal....... 55.9 114 20.5
~v-Branched. . .. 54.6 9.8 25.0
p-Branched 40.3 9.9 35.2
Secondary:
2-Type........ 28.3 42.6 18.7
3-Type........ 32.9 34.6 18.6
Other..... ... 422 23.7 20.6
Tertiary: :
Dxmethy] type 213 . 49.0 17.4
Dxethy -type.. 24.1 44.1 21.3
Other......... 252 | &3 20.0
Mass 88 (0)—
(A4)

l
t I |
CHr—CHr~CH-CH =CH:* mass 70 (45.0)
© @ @

(c) Mass 43 (29.9) +mass 27 (53.2)
(d) Mass 29 (72.0) 4-mass 41 (67.4)
(e) Mass 15 ( 9.4) +mass 55 (64.1)
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The fragmentation of a g-branched pri-
mary alcohol, 2-methyl-1-butanol, is given in
diagram B, and its spectrum is compared in
table 3 with that of the corresponding olefin,
2-methyl-1-butene. The presented fragmen-
tation is not, however, representative of the
actual ionization and dissociation processes.
The numbers in parentheses indicate relative
abundance of ions; arrows indicate increas-
ing abundances. Paraffinic-type peaks from
2-methyl-1-butanol are quite intense, so that
the alcohol is not as closely related to the
olefin as 1-pentanol is to 1-pentene.

Cfi;

(@hmofomn
1 i 1 1

CHyCH-CH-LCH.-_OH-
@ @ ® @ »

—

TABLE 3.—Com»arison of spectrum of
primary, 3-branched alecohol with

Mass 85 (0.27)w=,

corresponding olefin
) Olefin-type peaks, relative abundance
m/e
2-Methyl-I-butanol| 2-Methyl-1-butene
{1 S 36.4 31.0
69.......... . 1.3 2.9
56....00nnn. 85.5 44
53 . i 23.9 100
42, i 16.1 32.6
41.. .00 90.5 27.4
39.... e 29.2 33.9
28, ... 12.7 4.7
Base peak
sensitivity,
divisions
per pmole.... 183 149
1
CH. (B)

|-
1

CH:—-CH-—C = CH:* mass 70 (36.4)

(&) Mass 71 { 3.1)
(b) Mass 57 ( 98.9) |
(¢) Mass 29 (100 )

‘d‘}mes(m.n +mass 73 { 0.14

(e {e)

Secondary Alcohols

The secondary alcohols were subclassified
on the basis of location of the hydroxyl group
on the 2-, 3-, 4-, ete., carbon atom. In con-
trast to the data obtained from primary al-
cohols, fragmentation patterns indicate that
the first and second intense peaks below the
parent peak result, respectively, from the loss
of a hydrocarbor group and from the loss of
water plus the hydrocarbon group. Base
peaks for 2- and 3-type secondary aleohols
are alcohol-type peaks and can be attributed
to the loss of the larger alkyl group from the
parent mass. For the 2-type alcohols inves-
tigated, the base is mass 45 (CH,CHCH—)
and for 3-type, mass 59 (CH, CH., CHOH—).
The 4- and 5-types irvestigated show olefin-
type base peaks, masses 55 and 69. The in-
tensity of parent peaks for all secondary
alcohols is less than 2 percent of ihe base
peak intensity.

Mass spectra of four naphthenic alcohols
were 2lso studied. Loss of mass 18 and of
mass 33 produces large peaks, but loss of
mass 31 is insignificant. The base peak may
be represented by loss of 29 plus a number of
CH. groups. In this respect, these alcohols
behave like secondary aleohols, as expected.

eEi ITPDATA 1072

(@

)
)
)} (¢) Mass 29 (100 )-+4mass 41 (90.5)
) ‘d)}Mas 15 ( 10.1)+mass 55 (23.9)

1
1

()

Molecular ion intensities are greater than
those found in any other group of alcohols.

Terti=ry Alcohols

The tertiary aleohols investigated included
the partly symmetrical types (dimethyl alkyl,
diethyl alkyl, etc.—for example, dimethyl
propyl earbinol) and the completely unsym-
metrical types (methyl ethyl alkyl, methyl
propyl alkyl, ete.—for example, methyl ethyl
butyl carbinol). Base peaks are of the al-
cohol type. For the dimethyl type and for
the completely unsymmetrical types the base
peak results from the ioss of the largest of
the three alkyl groups. For the dialkyl-type
tertiary alcohols above the dimethyls, the
base peak results from loss of one of the two
identical alkyl groups—for example, a diethyl
type loses an ethyl group. Dimethyl tertiary
aleohols give the most intense base peaks of
all of the types studied. Tertiary aleohols,
other than the dimethyl type, have a base
peak and also one or more other alcohol-type
peaks of about the same intensity. Parent
peaks are all insignificant. Fragmentation
of tertiary alcohols does not produce intense
olefin-type peaks (iable 2).



Totel Ionizetion
Total ionization, expressed as divisions
per micromole (table 4}, was calculated by

TABLE 4.—Total ionization of aliphatic
alcohols, in divisions per micromole
(Variation with enrbon numcher shows stepwise character)

Average
Number of total ionization
isomers above mass 17
C, 1 280
C. 1 325
C: 2 60327
C. 4 84370
C 7 1,006:35
Cs 11 1,264259
o8} 11 1,300+
C. 16 1,475£106
C, 6 1,333£171

addition of all sensitiviiy ccefficients above
mass 17. Total ionization increases continu-
ously from C, through C,, then it appears to
start leveling off. These data agree with the
findings of Mohler, Williamson, and Dean for
hydrocarbons, total ionization of which in-
creased up to C,; and then remained constant
(65). Because the total ion current should
increase with increasing molecular weight,
the constancy observed above C,, can be the
result of several factors, including poor va-
porization or changes ir ion-cellection effi-
ciency with mass distribution. Observed to-
tal ion currents of alcoho] versus molecular
weight exhibits discontinuities hetween the
following pairs of carbon sumbers: C. and C,,
C.2nd C;, C;and C.. and C, and C,. Mohler’s
data showed a break only between C, and C,
for naphthenes, olefins, and paraffins.

Identification. of Alcobols

Correlations lead to the following informa-
tion, which is helpful for identification of an
unknown alcohol.

Primary Alcohols
General characteristics:

1. At least 6 percent of the total ion cur-
rent is observed at masses corresponding to
alcohol-type peaks (mostly mass 31).

2. Base-peak intensity is only slightly
greater than intensities of other strong peaks.

Specific characteristics:

1. Straight-chain and jy-branched. Base
peak for C, and below is mass 31; base peak
fg;k C. and above is generally an olefin-type
peak.

a UPDATA 19768
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2. p-branched. Base peaks are alkane-type

peaks
Secondary Aleohols
General characteristics:

1. At least 15 percent of the total ion cur-
rent is observed at masses corresponding to
alcohol-type peaks.

2. Base peak is usually aleohol-type.

3. Parent-peak intensity is less than 2 per-
cent of the base peak intensity.

Specific characteristics:
1. Symmetrical (R, — CH —R, ) . One

|
OH
intense alcohol-type peak; mass of R is iden-
tified by subtracting 30 (CHOH) from the

mass of this peak.
2. Unsymmetrical (R, — CH — R.) .

ok

Two intense alcohol-type peaks; mass of R.
is identified by subtracting 30 (CHOH) from
highest mass alcohol-type

Mass of R, is identified by subtracting 30
(CHOH) from next highest mass alcohol-
type peak.

(a) 2-type /CH;—CH—R-\. Basepeskisat mass45;

! base-peak intensity is

OH at least four times that

of any other peak: mass

45 and 19 peaks are more intense than for other alcohols;

mass 31 peak is intense than for other types of
secondary alcohols.

(b) 3-type /CH,CH.CH—R.\. Base peak is at mass

(‘)H 59; base-peak inten-

sity is ai least 1.5

times that of amy

other peak; rmass 31 is 30 percent or more of the base peak.

(¢) 4- and >-type. Base peak is olefin-type peak (mass

55 or 69, for example): base-peak intensity is at least

three times that of any other peak; mass 31 i1s 30 percent
more of the base peak.

Tertiary Alcokols

General characteristies:

1. Base peak is of the alcohol type.

2. At least 30 percent of the total ion cur-
rent is found at alcohol-type peaks.

Specific characteristics: R,

|
1. Partially symmetrical: R, — C —R.

0]

(a) Dimethyl (R,=R,=methyl group). Base peak
is at least twice as intense as any other peak:; base peak
results from loss of larger alkyl group (R,).

(b) Diethyl (R,=R.=ethyl group). Base peak re-
sults from loss of ethyl group (R:): there are two or more
intense alcohol-type peaks.

(c) Dipropyl (R, = R = propyl group). Base peak re-
sults from loss of propyl group (R,); there are two or more
intense alcohol-type peaks.
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2. Completely unsymmeiricz! (methyl ethyl
and methyl propyl types): R, =% R. == R,.
Base peak results from loss of iargest alkyl
group (R;) ; there are three or more intense
alcohol-type peaks.

Table 5 is a summary of groups identifiable
in an unknown alcohol by mass spectra.
These findings may be compared with results
obtained for aleohols by infrared spectrom-
etry. In infrared analysis all primary alco-

TABLE 5 —Groups identtfiable in unknown

alcoko! by mass spectra
Alcohol group Structure
Primary:
Normal............. ~—CCCC—0H
B-branched.......... --C(;}C——-OH
Secondarv:’ C
2AWPE . i aeaea -—CCC(I?C
OH
R s - - TN -—CC?CC
OH
4tYPE. . eneianaan -—C(FCCC
OH
Tertiary. v.vvvvnnacnnnns (I)
—C(i'JC
OH
M of botk s on earbinol are identifinble.

hols show a band near 9.5 microns, secondary
aleohols near 9.0, and tertiary aleohols near
8.5 microns. But infrared assignments are
not mutually exclusive; thus, a primary alco-
hol also may have a band at 9.0, a secondary
alcohol 2 band at 9.5, ete. Infrared analysis
can be used more easily than mass spec-
trometry to identify a substance as an aleohol.
However, infrared usually cannot identify
alkyl substituents on the carbinol group;
these substituents can be identified in the

mass spectrum. Hence, the combination of
both methods is much more powerful than the
application of either method independently.

Quantitative Analysis of Alcohols

Pressure Neasurement Errors—Sensitiv-
ity values based on micromanometer pressure
{instead of unit volume introduections) were
not reiiable for all alcohols; difficulties were
encountered with hexanols and higher alco-
hols. Determinations of l-octanol in sym-
thetic blends were 2bout 30 to 35 percent low
when based on pressure sensitivities. Miero-
manometer measurements of known micro-
volumes of liquid indicated that calculated
molecular weights of 1-octanol were high by
about 30 to 35 percent. In contrast, sensi-
tivities based cn liquid volume produced ac-
curate determinations of l-octanol in blends
(table 6). These mass spectral (MS) analy-
ses were made with the micromanometer in
the system; therefore, the volume measure-
ments were not adversely affected by any
sorption which may occur in the microma-
nometer. Micromanometer measurements on
alcohols up to the hexanols were quite reli-
able, and operation at elevated temperatures
should raise this limit.

Type-Analyses.—The two types of primary
alcohols and secondary plus tertiary alcohols
can be determined (in mixtures containing
only these alcohols) by 2 type-analysis meth-
od (12, :9). Table 2 givrs data on total ion-
ization for various groups of mass peaks in
the various types of zicohols. Appropriate
groups of peaks for type-analyses were select-
ed on the bas:s of these data, and results of a
type-analysis are given in table 7. The
matrix given in table 8 includes all aleohols
above C,. Furthermore, thz 2-type secondary
alcohols can be analyzed by means of mass
peaks 45 and 19.

A simple means has been found for esti-
mating C, to C; primary aleohols in products
from synthetic fuel processes. The 81 and 27
mass peaks of these compounds are of nearly

TABLE 6.—Mass spectral analyses of alcohol sunthetic blends

Aleohol, volume-percent

1-Butaael 1-Pentxnol 1-Hexanol 1-Heptanol 1y0ctanol
Synthetic blend A.cuvueiineiinnnnnnes 68.7
e MSanalyns 1. ooeeniimennnnnnens 69.6
MSanRIYEE 2. cieeunenrananronns 682
Synthetic blend B.o.oooievrennnannns 283
b MSuomlysm 1. . .ooivennnnnreas 283
MSanalysig 2. o coeriennanrnnanes 29.0
Syothetic blead C..c.cvvivavnacannen. 12.0
IS analyEi 1oavcaerunsennnncnnn 103
MSanalymig 2. cocveieniannnnnens 12.1
iz pleed D.ue.ciiiiiiniciaenn 9.7
Syatlit sled D ................... 10.9

B UrDAT A,
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equal intensity ; also the 27 peaks of paraffins
and olefins in the same fractions are approxi-
mately the same as the 27 peaks of these three
alcohols. Therefore, the alcohol content can
be estimated from the ratio of the 31 peak tc
the 27 peak. This determination checks the
infrared type-analysis for total alcohols.

Component Analyses.—Table 6 illustrates
the analyses of three different hl-pis of
1-butanol and 1l-octanol, and the anc.ysis of
a four-component C; to C, alcohol blend.
Such analyses are straightforward when no
unknown interfering compounds are present.

TABLE 7.—Mass spectral type-analyses of C, to C, alcohols

‘ Bleaod 1 Blend
No. of Synthetie, MS analysis, No. ol Syuthets MS
Alcobol group alcobols in blend | velume-percent 1 pereent icobols in blend P percen
Primary (normal and y~branched) S [ & 65.0 5 2.4 75.4
Primary mbrln T. ......... 2 2L7 186 2 27.6 2.4
Secondary.............0u0 " ! 141 16.4 0 o a9
Tertiary.... ...cciivieninan.n 3 |

TABLE 8.—Matrix for type-analysis of C; to C, alcohc. fractions

! Primary aleohols Semnddary
an
Mass peaks! Normal and tertiary
v-branched B-branched alcohols
A2 384T0+ . . e 1,379 897 218
oy e 1 918 1,848 3
DA+ = e 102 173 2,270

* Data inclade all alcohols above Co.

Mass Spectra of
Trimethylsilyl Derivatives

Although mass spectrometric methods have
been used to analyze mixtures of aleohols as
previously described (14, 34), determination
of individual C, to C,, primary alcohols in the
presenc : of hydrocarbons requires prelimi-
nary _-paration before chemical or spectro-
scopic methods can be applied. A method,
utilizing the trimethylisilyl ether derivatives
of alcohols, has been developed for rapid,
direct analysis of individual alcohols in hy-
drocarbon solutions (54-35, 77). The tri-
methylsilyl ether derivatives of alcohols,
(CH,); SiOR, are readily prepared (53) and
produce distinct mass spectra free of inter-
ference by hydrocarbons.

The mass spectra of 26 aliphatic trimethyl-
silyl ethers 2nd 8 related silicon compounds
were obtained. Trimethylsilyl ethers have
higher volatility than hydrocarbons and oxy-
genated compounds containing fewer carbon
atoms. For exampie, the mass spectrum of
a C,, alcohol from a conventional room-
temperature mass spectrometer is not usable,
but the spectrum of a trimethylsilyl ether pre-
pared from a C,, alcohol can be obtained
without difficulty.

Trimethylsilvl ethers show several intense
rearrangement peaks in addition to the ex-
pected fragmentation peaks. Numercus other

ges UPDATA 1976i.
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instances of intense rearrangement peaks in
mass spectra, mainly of oxygen-containing
compounds, have been reported (43, 52, 81,
87). Earlier work by Dibeler on a similar
silicon compound, hexamethyldisiloxane,
(CH.). Si.0, also showed many rearrange-
ments peaks (22). The complete mass spec-
tra of the 26 trimethylsilyl ethers have been
published (76).

Fragment Ions

Primary Straight-Chain Trimethylsilyl
Ethers.—A characteristic mode of frag-
mentation was found for all the normal (C.
to C,.) aliphatic trimethylsilyl ethers: Par-
ent mass peaks are weak, but a very intense
peak resulting from the loss of one of the
four methyl groups appears 15 mass units
below the parent mass. Peaks at masses 73,
89, and 103 also are characteristic of this
series, and these peaks have been correlated
with the trimethylsily] ether structure. The
spectrum of the 1-hexyl ether is given as an
example in table 9. Mass 43, which is an
important peak in the mass spectra of many
compounds, is a major peak for the trimethyl-
silyl ethers.

Patterns of the C. to C,, normal aliphatic
trimethylsilyl ethers are similar for normal
fragmentation masses 103, 89, 73, 43, and 29,
and for rearrangement masses 75, 61, and 45.
The methyl, ethyl, branched, and secondary
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trimethylsilyl ethers do not show this pat-
tern similarity. The intensity of mass B89,
(CH,),Si0+, is different for the C,, C., and
C, normal aliphatic compounds. For the
methyl derivative, mass 89 is the parent-
minus-15 ion and is therefore very strong;
for the ethyl and propyl trimethylsilyl ethers,
mass 89 is much less intense than for any of
the C, to C,, normal alcohol derivatives.
Thus, the ion (CH,),SiO+ is unimportant un-
less the hydrocarbon chain consists of four or
more carbon atoms.

TABLE 9.—Fragmeniation peaksin
mass spectre of normal aliphatic
trimethylsilyl ethers

Example: 1-hexyl derivative

Relative
m/e Structure intensity
43..... ... .. | CH,
~
Simm(or—Cakls) 17
/
CH,
.
... .. ...| CH=S8i— 45
CH:/
CH:
N
8. .. .. ..... | CHy—Si—0— 16
cu’
CH, H
~ |
103 .. ... .. CH:——Si-—O—C{:— 23
Cﬂa/ H
CH:
~ :
Parent minus 15 | CHy—Si—0—CH--CH,| 100
% ar : T
CH; e
CH,
Parent.. ....... CH:Si—0—CHx-CH, 9
CH;/

The most intense (base) peak is the parent-
minus-15 ion for the derivatives of the nor-
mal aleohols C,, C., and C, to C,,. Mass 75,
a rearrangement ion, is the base peak for the
C,, C., and C, normal aleohol derivatives,
although the parent-minus-15 peaks are al-
most equally intense.

Primary Branched Trimethylsilyl Ethers.
—Below mass 103 the same major
appear in the spectra of the primary branch-
ed- and straight-chain aleonol derivatives.

QY UPDATA gk

However, the pattern variation is larger for
the branched than for the normal derivatives.
Derivatives for two y- branched alechols, 3-
methyl-1-butanol and 3-methyl-1-pentanol,
produce more mass 89 positive ions than
other branched- or straight-chain derivatives.

4
C

r| —0—siZc
e

A strong peak, corresponding in mass to

the alky] radical minus two hydrogen atoms,
is also in the spectra of the y-branched deri-
vatives.
Secondary Trimethylsilyl Ethers.—The five
ethers derived from straight-chain secondary
aleohols show intense peaks resulting from
a break at the functional carbon.

+
Rl_lc'— R:

O
|
|

Sli

CH;@H}CH:

This fragmentation produces the base peak
at mass 117 for 2-pentyl and 2-hexyl tri-
methylsilyi ethers and & strong peak at mass
131 for 3-type trimethylsilyl ethers. The
branched-chain secondary alcohol derivative
(3-methyl-2-butanol) behaves similarly by
losing the larger alkyl group and producing
the second most intense peak in the spectrum
at mass 117. Mass 73 is more intense for the
straight-chain secondary than for the corres-
ponding primary alcohol derivative and is the
base peak for 2-butyl and 3-heptyl trimethyl-
silyl ethers. Parent-minus-15 mass p
are less intense for the derivatives of the
secondary alcohols.

Tertiary Trimethylsilyl Ethers—The mass
spectra of the two tertiary alcohol trimethyl-
silyl ethers are similar. The parent-minus-
15 ion for the tertiary butyl and parent-
minus-29 ion for the tertiary amyl produce
intense peaks at mass 131 in both specira.
All other peaks down to mass 75 are weak.

(R is the larger hydrocarbon group)

Rearrangement Ions

Several intense rearrangement peaks ap-
pear in the mass spectra of all the normal
aleohol derivatives with the exception of
methyl. Mass 75 is the most prominent
rearrangement peak and always one of the
three largest peaks in the spectrum. Rate of
effusion determinations (24, 81) made on
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mass 75 rule out the possibility of an impur-
ity. With n-butyl trimethylsilyl ether, identi-
cal effusion rates were obtained for masses
131, 75, and 73, indicating that the mass 75
fragment is derived from the parent mass 146.
Two series of rearrangement peaks were
found in the mass spectra of derivatives of
normal aliphatic alcohols (table 10). The
first series is that found by Dibeler in hexa-
methyldisiloxane, (CH,).Si,0, and includes
masses 59, 45, and 31 (22). These same mass
ions were also found by Zemany and Price in
the mass spectrum of tetraraethylsilane,
(CH,).Si (107). These authors concluded
that the rearrangement fragments contain
Si—H bonds. The second series also has
peaks differing by 14 mass units and includes
masses 75, 61, and 47. This series is also
explained by rearrangement structures simi-
lar to those proposed by Dibeler, with the
addition of an oxygen atom (22).
Derivatives of the branched primary, sec-
ondary, and tertiary alcohols investigated
show the same two series of rearrangement
peaks as the normal compounds. Mass 75 is
the base peak in the spectra of all the deri-
vatives of g-branched primary alcohols
investigated.
Isotope determinations indicate that this
is the correct assignment. Rearrangement
in the mass trum of hexamethyl-
disilazane, (CH;) (Si.NH, parallel those in the
spectrum of hexamethyldisiloxane.

Analyses of Alcokol by Trimethylsilyl Ethers

Because of their high volatility, normal
aliphatic trimethylsilyl ether derivatives of
C. to C,, alcohols can be analyzed by the
mass spectrometer without difficulty. Rela-
tive intensities of the parent-minus-15 peak,
useful in such analyses, are given in figure 1.
These peaks are not fragmentation peaks in
the spectra of hydrocarbons and oxygenated
compounds normally analyzed by the mass
spectrometer. With derivatives of normal
C, to C, alcohols, the total contribution to the
characteristic parent-minus-15 peak of a
compound by its homologs is less than 5 per-
cent of the peak intensity. This slight inter-
ference can be corrected on the basis of the

spectra of the pure compounds. Considerably
less than 1 percent of any of the normal ali-
phatic trimethylsilyl ethers should be detect-
able in the presence of hydrocarbons, Mass
75 is of uniform intensity for the C, to C,
normal alcohol derivatives and therefore
serves as a convenient check on the total
alcohol content.

TABLE 10.—Regrrangement structures

in trimethylsilyl ethers
Rearrangemcnt series
Apparent structure
T "t
CH,J+
~ v
m/e 59 m/e 15 —O—Sl<l(§H;
CH, T+
m/e 45 m/e 61 —Q0—si—H
H _
B+
v
m/e 31 m/e 47 —0—Si—H

ir + oxygen - 1.

Individual alcohol derivatives can be idemn-
tified as to type by means of the mass spectral
correlations described previously. These can
be summarized as follows.

Only secondary and tertiary alcohol deri-
vatives have strong peaks (other than the
usual parent-minus-15 peak) above mass 103.

The intensity ratio of mass 75 to 73 is
different for primary, primary-branched, and
secondary alcohol derivatives according to
class. The ratios are given in table 11.

Mass 89 is useful in determining the msi-
tion of branching. Of the primary alcohols,
only those having +~branching show intense
peaks at mass 89.

Secondary and tertiary alcohols can be
identified as to type from the original alcohol
spectrum (34).

The trimethylsilyl derivative of propylene

TABLE 11.—Type identification of aleohols by trimethylsilyl ether derivatives, chart divisions

|
Alconol type ,, Mam7S :
(trimethylsily] derivatives) Rado, moass 73 | Mass T3¢
Average l Spread | Average Spread

Primary, straight-chain lbutyl to 1decyl. .. ... ... ... ...... 20 ol { 513 38

Pfln-ry.. single-branched butyl to octyl, including methy! and ethyl s - i 65 210
DYRBERIRE . . . oottt iiesiii ettt tae i at et e aaaer e -— |

Secondary (2-type caly). 2-butyl to 2-bexyl.........c..ooioianiann £ .04 | 1,013 ; 40

! n-Heptane mass 27 = $92 dvisions ..er unit liquid volume.

6 UPDATA 1976k
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glycol has the expected very weak parent peak
and an intense parent-minus-15 peak. In
contrast, boih the parent and parent-minus-15
peaks are intense for the trimethylsilyl deri-
vatives of phenol, butyl mercaptan, and the
cresols. Both m- and p-cresol show similar
fragmentation patterns, while o-cresol has a
much less intense parent-minus-15 peak and
& more intense mass 31 than m- or p-cresol.
Trimethylsilyl derivatives should aid in the
analyses of mixtures containing these classes
of compounds as well as in the analysis of
alcohols.

Mass Spectra of
Acetal-Type Compounds

Mass spectra of mixtures of Tuygenated
compounds frequently produce mass peaks
that are not attributable to alcohols, acids,
aldehydes, or other similar structural types.
Some of these peaks are at odd masses and
are, therefore, fragmentation peaks. They
are consistently two mass units higher than
fragmentation peaks from other oxygenated
compounds. To produce such peaks, the
oxygenated hydrocarbons must contain two
oxygen atoms and no unsaturated bonds.
Acetals and hemiacetals are logical possibili~
ties. Mixtures of aldehydes and alcohols pro-
duce hemiacetals, most of which are rather
unstable a* room temperature (6, 60).

Compound

Dimethoxymethane (dimethylformal) ...........

Diethoxymethane (diethylformal)

Di-n-proproxymethane (di-n-propylformal), fractionated.......

.............

The general formula of the acetals is
H OR:
R— &
OR:

where R, is hydrogen for dioxymethanes
(formals) from the reaction of formaldehyde
with alcohols, or CH; for dioxyethanes (ace-
tals) from the reaction of acetaldehyde with
alecohols, or C.H, for dioxypropanes (pro-
pionals) from the reaction of propionaldehyde
with alechols.

Effusion rate measurements were made
with the valve open to the mass spectrometer
leak. The effusion rate with n-butane was
the reference for calculation of apparent
molecular weights. For the calculation of
specific reaction rate constants, the curves
obtained for mass spectral peak heights de-
creasing with time were corrected for normal
decay of peak heights.

The complete mass spectra of the acetal-
type compounds investizated have been
published (80).

A series of acetals of formaldehyde, scetal-
dehyde, and propionaldehyde were investi-
gated to correlate mass spectral data for
analyzing mixtures of oxygenated compounds.
The compounds and their sources are as
follows.

Source

.................... Celanese Corp.

. .BEastman Kodak Co.
. .Celanese Corp.

1,1-Dimethoxyethane (dimethylacetal) .......ccuevecercvanns .. Do.

1,1-Diethoxyethane (diethylacetal or acetal)cccccvaceeenienninnocenns Eastman Xodak Co.
1,1-Di-n-propoxyethane (di-n-propylacetal), synthesized.......c.ce.... Bureau of Mines.
1,1-Di-n-butoxyethane (di-n-butylacetal) ......ccecvvevee eveevsaasias Celanese Corp.
1,1~Di-n-hexoxyethzne (di-n-hexylacetul), fractionated ......cccvvune. Carbide and Carbon Corp.

1,1-Dimethoxypropane (dimethvipropional), fractionated ......
1,1-Diethoxypropane (diethylpropional), synthesized
1,3,5-Trioxane, sublimed ...cccv.un cescstcenonae
2,4,6-Trimethyl-1,3,5-trioxane (paraldehyde) ...
2-Methyl-1,3-di0X0laNE tcveecioreascancansannss
Formaldehyde solution, 37 percent «..ceaceucnce

Acetals

Mass Spectra.—The preferred fragmenta-
tions involve rupture of (1) a C—O bond
with loss of —OR. and (2) the C—R, bond
with loss of R,; the residual mass fragments
are easy to identify because of the mass dif-
ference between carbon and oxygen. Loss
of —OR. produces peaks at masses 101, 87,
73, etc., whereas loss of R, produces peaks at
103, 89, 75, etc. These are the two strongest
mass peaks in the higher molecular weight
portion of each spectrum. A single acetal
can be identified by application of a simple
equation involving the mass fragments from
loss of —~R, or —OR;:

&Y CPDATA 1975

+» Celanese Corn.
. .Bureau of Mines.
.. Eastman Kodak Co.

Do.
.................... Carbide and Carbon Corp.
.................... Fisher Scientific Co.

2 times (mass of fragment from loss of
—OR,) minus (mass of fragment from
loss of —R,;) = constant.

The numerical value of the constant de-
pends on the aldehyde from which the com-
pound is derived: 15, 43, 71, etc., respectively,
for formaldehyde, acetaldehyde, propionalde-
hyde, etc. After the aldehyde is determined,
the alcohol portion of the molecule can be
identified.

The mass spectra of two dioxolanes, cyclic
acetals derived from ethylene glycol, were
also studied. Im the spectrum of 1,3-dioxo-
lane, the fragmentation may be considered
as occurring at two bonds simultaneously to
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FIGURE 1.—~Parent-Minus-15 Peak Intensities of Trimethylsilyl Ether Derivatives of Normal Aleohols.

produce a fairly iatense peak at an even
mass, 44
O0—CH.

/s
HC ARt

< I\O—CH:

In 2-methyl-1,3-dioxolane, the same type
of fragmentation produces the even-numbered
mass 58. Trioxane, the trimer of formalde-
hyde, and paraldehyde, the trimer of ace-
taldehyde, may also be considered cyelic
acetals.

Miztures Containing Acetals.—An acetal
is easily detected in the presence of alcohol
and aldehyde. Mass peaks at 75, 89, and
103, frequently found in mixtures of alde-
hydes and alcohols, are usually attributable
to acetals. But mass 61, common in spectra
of such mixtures, cannot logically occur in
spectra of acetals. A fragment of mass 61
must contain two oxygens, but the smallest
such fragment from acetals, —CH(OCH,):
from dimethoxymethane (dimethyl formal),
has a mass of 75. A possible explanation for
the presence of unaccountable mass 61 peaks
is the fragmentation of hemiacetals.

a UPDATA 1978

Hemiacetals

From Formaldehyde and Alcokols (Hems-
formals) in the Vapor Phase.—Decomposi-
tion rate constant. The spectrum obtained
from 2 commerciz! formaldehyde solution in-
dicated the possible presence of a hemifor-

. The svnectrum of formaldehyde should
not have mass peaks above its molecular
weight, mass 30, but a commercial grade of
formaldehyde vaporized into the mass spec-
trometer showed peaks at masses 31, 32, S8,
45, 61, and 75. Normally, methanol is added
to formaldehyde solutions as an inhibitor,
and is responsible for st least some of the
31, 32, and 33 peaks. The 75 peak may be
explained by the formation of dimethoxy-
methane (dimethylformal). But the 61
peaks and parts of the 45 and 33 peaks could
not be assigned to either the formaldehyde
or methanol. The only apparent explanation
for the 61 peak is loss of a hydrogen atom
from the hemiformal of formaldehyde and
methanol, H.C(OH) (OCH,;). The 45 peak
also is attributed to hemiformal and results
from splitting off of a hydroxyl group. Meth-
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ylene glycol, CH.(OH) ., a known constituent
of aqueous formaldehyde solutions (92), is
preobably too unstable to exist in the vapor
phase at a pressure of about 0.1 mm of mer-
cury. Hall and Piret found indications in
vapor density studies on alcohclic-formalde-
hyde solutions that methylene glycol dissoci-
ated more completely than hemiformals on
vaporization (41).

A formaldehyde-methanol blend was pre-
pared to check the spectrum obtained with
commercial formaldehyde solution. The spec-
tral peaks were essentially the same, except
that no indication of dimethoxymethane
(mass 75) was obtained for the blead. Ex-
tensive hemiformal formation is indicated in

TABLE 12.—Evidence of hemiformal

in vapor phase of
formaldehyde-methanol-water blend
Peak height, ebart divisions - o
Formai- ul;ucture of
m/a| Blend | Metbanol | dehyde | Residual fragment ion
29 | 2.160 552 1,388 220
30 | 3107 33 1.083.7 0
H
\, OCH,
a1 | 1179 L] 152 2218 | YEH—C \\
OH
32 626 £239 23 0
= 757 99 |......... 65.8
H
| /ocn,
45 L - P ked H—C 7
7/ or
H
OCH,*
1/
61| 185 |o.oofeein 185 n—'—c\
' om

table 12 by the residual peaks remaining after
subtraction oi the spectra of methanol and
formaldehyde. These residuals were larger
than those from commercial formaldehyde
solution, because the synthetic blend con-
tained a2 much higher concentration of
methanol.

To find the origin of the mass peak at 61,
determination of the molecular weight of the
parent structure was attempted by effusion
rate measurements based on Graham’s law
of diffusion (24, 81). If the parent structure
of that fragment were the hemiformal of
methanol, CH.(OH) (OCH,;), effusion rate
measurements should indicate that the 61
peak is caused by loss of one hydrogen from
mass 62. The measurements might have
indicated that mass 61 arose from a structure
of higher molecular weight, but obviously it
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could not have originated from a structure
with 2 mass less than 61. The apparent mo-
lecular weight (fig. 2) was 0.64 because of
the instability of the structure producing

Z
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S 2

5 g- 20
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¥

x 35

3 2 4 6 8 10 12 14 16
o TIME , minutes

FIGURE 2.—~Rate of Decomposition of Mass 61 Frag-
ment From the Hemiformal of Methanol.

the mass 61 peak. The peak decreased rap-
idly during decomposition of the parent
structure, hemiformal, in the vapor phase.

The logarithmic decay of the peak height
for mass 61 (fiz. 2) illustrates that vapor-
phase decomposition of kemiformal is a first-
order reaction. The specific reaction rate
constant, caleulated from the rate of decrease
of this peak, was 0.0069 minute?. This pro-
cedure is a simple and accurate method for
studying reactions in the vapor phase. Rate
data may be obtained for either decreasing or
increasing components in a reaction by fol-
lowing changes in peak heights of individual
components.

Decomposition of the hemiformal of meth-
anol was further observed by following tem-
poral changes of other spectral peaks of a
vaporized sample of aqueous formaldehyde-
methanol. Figure 3 shows the erratic be-
havior of various mass peaks. Curves in
figure 3 (left) represent major peaks of
the principal components, formaldehyde and
methanol; curves in figure 3 (right) repre-
sent peaks other than those attributable to
the two major components. These latter
curves may be explained by decomposition of
the unstable hemiformal and the consequent
decrease of ions of masses 61, 45, and 33.
The structures proposed for some of these
mass fragments are given in table 12. The
left-hand curves also resulted from decompo-
sition of hemiformal. During the first 30
minutes, the increasing peak heights are ex-
plained by decomposition of unstable hemi-
formals to formaldehyde and methanol.
From 80 to 60 minates, the decreasing peaks
indieate that decomposition of hemiformal
had been completed and that the normal
effusion rate of the mass spectrometer had
become dominant.
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A biend of formaldehyde and ethyl alcohol
in water was also investigated briefly. A peak
corresponding to the 61 peak from the hemi-
formal of methenol was found, as expected, at
mszss 75 for the hemiformasl of ethyl alcohol.

From Acetaldehyde and Alcohols in Vapor
Phase —Decomposition rate constant. A blend
of acataldehyde and methanol was investi-
gated for hemiacetal formation. Hemiccetal
apparently formed, but only in small concen-
tration in the vapor phase. The spectrum,
given in table 13, includes a mass 61 peak.

TABLE 13.—Evidence of hemiacetal in
vapor phase of acetaldehyde-methanol blend

Peak height, chart divizions -
Sy~ Acetal- -;'nctmnol‘
e | e | Methanol | nyds | Regidual| £ oo
28 96.0 552 27.7 13.1
29 | 13520 | 42 671 ~10.0
] 61.5 S84 77 1.4
s1| 7woof| T2 L9 6.1
2! ool a0 ... ... 9
53 @i 182
S 2704, ....... 180 270
| sof .l 812 0
\, OCH,
&5 87l 9.7 24.0 +c3,ca\\
OH
/ocx,
5 L sz | *CH,CH -
7 ocH,
OCH,*
'
51 X P I 16.6 cn,-j-cn(
! OH
. OCH,*
15 I 3 R T 19 |CH,—CH
: OCH,

An attempt to measure the molecular weight
of the parent structure responsible for the
mass 61 peak produced an impossible molecu-
lar weight of 0.068. This value indicates
that the hemiacetal is less stable than the
hemiformal. Decomposition of hemiacetal,
as determined by decay of the mass 61 peak
(fig. 4), was also a first-order reaction. The
specific reaction rate constant, 0.052 minute,
was about 7.5 times that of the hemiformal.

The behavior of other spectral peaks was
also observed. As with hemiformal (fig. 3),
the peaks aftributable to stable structures
increased during the first 30 minutes, while
the peaks for the unstable structures, masses
61, 45, and 33, decreased rapidly. The uni-
form rates of decrease of unstable peaks are
good evidence that the peaks arose from the
same structure. Structures proposed for
sogie gg these unstable peaks are given in
table 13.
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FIGURE 4.—Rate of Decomposition of Mass 61 Frag-
ment From the Hemiacetal of Methanol.

To obtain results comparable with those
from formaldehyde-methanol-water, a mix-
ture of acetaldehyde-methanol-water was in-
vestigated. Formation of hemiacetal was not
as extensive as of hemiformal. The same un-
stable peaks were found, but the relative in-
tensities of hemiacetal peaks were less in the
presence of water.

A mixture of acetaldehyde and ethyl alco-
hol was investigated. During runs on the
same sample, made 30 minutes apart, rapid
decay of masses 75, 61, and 47 indicated the
presence of the unstable hemiacetal of ethyl
alcohol. The 75 peak probably arose from
loss of a2 methyl group.

Mirxtures of Alcobol and Aldehyde

Apparent Formation of Acetels—The mix-
ing at room temperature of an aidehyde and
an alcohol was found to produce mass peaks
attributable to a trace of acetal. The per-~
sistence of these peaks indicated the stability
in vapor phase of the parent substance, Table
14 gives several examples of apparent acetal
formation. The acetal mass peaks were weak
but had the correct relative intensities.

Mixtures of formaldehyde 2nd methanol did
not indicate formation of dimethoxymeth-
ane. All other blends, including formalde-
hyde-ethyl aleohol, did indieate formation of
the expected acetal. The mass spectrometer
is ideally suited for the detection of traces of
acetals because they. usually have two or more
distinctive mass peaks above the mass range
of the alcohol and aldehyde.

Bvidence of the presence of acetals in alco-
hol-aldehyde mixtures is significant because
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TABLE 14— Acetals formed in
alcohol-gldehyde blends, mole-percent

Synthetic
blend MS analysis

Eth)’l alcobol . . 67.6 68.2

Pmptonalde.hyde ...... 324 31.5

Diethoxypropane . . . .. 0 1(.3)
Blend 2:

1-Propanol. .......... 64.8 66.4

Acetaldehyde. .. 38.2 31%2)

Di-n-propoxyethane i,
Blend 3:

Acetaldehyde. .. . ... .. 07 424

Methanol . ........... 58.3 57.6

i thane. . ... 0 I

Blend 4:

Acetaldebyde. .. ... .. 5.6 5.1

Methanol ........... 7.8 7.3

Water. ... .......... 86.6 87.6

Dimethoxyethane. . . .. 0 1(.03)
Blend 5:

Etbyl aleohol... . ..... 49.9 52.5

Acetaldehyde......... 50.1 47.5

Diethoxyethane. ... .. 0 '(.n

! Appsrent coneentration.

the formation of acetals in the absence of a
dehydrating agent is not expected. However,
no attempt was made to isolate the acetals
from the aleohol-aldehyde mixtures; there-
fore, the existence of acetals is not certa.in.
Formation of Hemiacetals —Hemiacetals
definitely form upon mixing an aidehyde and
an alcohol (6, 60). Although they are un-
stable in the vapor phase, hemiacetals may
interfere with analysis of the alcohol and
aldehyde, One can check for interference b~
searching the spectrum for peaks suspected
of instability and observing their behavior
with time. Slowly rising pressure for several
minutes after expansion of the sample aiso is
a good indication of the presence of unstable
molecules that are decomposing to give two
or more molecules each. Interference can be
circumvented by awaiting complete decompo-
sition of the hemicompounds after expansion
of the sample into the spectrometer. After
a predetermined waiting period, or after
there is no further rise in micromanometer
pressure, analysis may be carried out.

Mass Spectra of Ketones

Forty-two aliphatic, cyelic, and aromatic
ketones ranging from 2-propanone to 7-tride-
canone were investigated. The correlation
study was based mainly on 35 aliphatic ke-
tones. They are classified as methyl, ethyl,
propyl, etc., on the basis of R,, the smaller
alkyl groupin R, R.. Compounds were
used as obtamed. without further purifica-
tion; infrared and mass spectra showed no
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contamination by alcohols, acids, esters, or
aldehydes.

Not all major fragmentation peaks resuit
from simple bond rupture. eral rear-
rangement peaks, resulting from rearrange-
ment of atoms in the molecule ion before and
during fragmentation, appeared in the spec-
tra of all the aliphatic ketones investigated.
Results of the correlation study were there-
fore divided into two parts—normal fragmen-
tation and rearrangement peaks. Complete
mass spectra of the 42 ketones investigated
have been published (81).

Normal Fragmentation Peaks

Aliphatic Ketones.—For the aliphatic ke-
tones, major fragmentation peaks are pro-
duced by splitting on either side of the
carbonyl group. Loss of the smaller hydrocar-
bon group, R,, results in the first major frag-
ment ion in the spectrum below the parent
mass. Loss of the larger hydrocarbon group,
R., also results in a major peak. This frag-
ment is either the base (most intense) or over
40 percent of the base peak intensity for the
methyl, ethyl, n-propyl, and butyl types.
Three of five isopropyl-type ketones investi-
gated are exceptions and have less intense
parent-minus-R. peaks. Mass 43 is the base
peak for all of the methyl type aad for all but
6 of the 24 other aliphatic ketones. The ex-
ceptions are three ketones of the ethyl type,
one of the propyl type, and two of the butyl
type. Two exceptions probably result from
the symmetry of the molecules, three involve
loss of the larger hy n group by split-
ting at the carbonyl group, and one results
from rearrangement.

Isotope peaks also indicate that masses 43,
57, etc., result from parent-minus-R. frag-
ments for the methyl, ethy], etc., types. For
the methyl ketones, mass 44 is less than 2.9
percent of the 43 peak. Mass 43 cannot re-
sult entirely from the structure (C—C—C)+
and may be mainly the fragment ions

(C—C—” )+

from parent-minus-R, fragments. For the
first five of the seven ethyl ketones, the iso-
tope values show that mass 57 consists largely
of (C—C—C)+ ions, which are also parent-
{
0

minus-R. fragments. For 8 out of 11 propyl
ketones and 1 of 3 butyl ketones, peaks 71 and
85, respectively, are shown by isotope mea-
surements to arise partly from parent-minus-
R. fragmentation.
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Aromatic and Cyclic Ketones.—The mass
spectra of four cyclic and three aromatic ke-
tones were obtained. Although this is an in-
sufficient number to provide the basis for a
correlation study, certain features of these
spectra should be noted. The three aromatic
ketones (propyl benzyl, isopropyl benzyl, and
Phenyl methyl) have peaks resulting from
fragmentation at the earbonyl group, similar
to the aliphatic ketones. Aromatie-type frag-
mentation peaks are also in these specira.
The four cyclic ketones investigated show a
characteristic fragmentation pattern similar
to that of the correspor1ing hydrocarbon, but
different from that or the ketones described
previously. Strong peaks resulf from the loss
of the following masses from the parent mole-
cule: 28, 29, 42, and 43. Mass 55 is the
base peak, and parent peaks have usable
intensities for all four cyclic ketones.

Recrrangement Peaks

Aliphatic Ketones.—Important rearrange-
ment peaks appear in the mass spectra of all
aliphatic ketones investigated. These peaks
appear at masses corresponding to the parent
mass of the lower molecular weight ketones
and to the parent mass -~1. Therefore, re-
arrangement peaks from higher ketones could
cause considerable analytical difficulty. The
percentages of total ion current in rearrange-
ment ions range from almost 28 percent down
to less than 1 percent. The 12 ketones hav-
ing the highest percentage of total jon cur-
rent in rearrangement peaks have mass 58
(2-propanone parent mass) as the major
rearrangement peak.

Evidence, other than the infrared spectra
mentioned previously, was obfained to rule
out impurities as the source of these peaks.
Tor all higher mass ketones, mass 36 either
was not present or limited the possible 2-pro-
panone impurity to 8 percent. Masses 58 and
59 in the spectrum of 2-heptanone were in-
vestigated extensively. Determinations of
rate of leak on mass 58 (24, 1) in the spee-
trum of thnis compound eliminate 2-propan-
one as an impurity. The mass spectrum of
the heart cut from a distilled sample of 2-
heptanone showed the same intensity mass
58 and 59 peaks as the original sample.

The even-mass rearrangement peaks form
the series 58, 72, 86, ete., while the odd-mass
rearrangement peaks include masses 59, 73,
87, etc. Except for the propyl types, the most
intense rearrangement peaks in each series
for any particular ketone appear at adjacent
mass units. As an example, mass 58 is the
most intense even-mass rearrangement peak
in the spectrum of 2-heptanone and corres-
ponds to the parent mass of 2-propanone. In
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the odd-mass series of rearrangement peaks
for this compound, mass 59 is the most in-
tense peak. This fact might indicate that
these two types of rearrangement peaks are
formed by related processes. Rearrangeiuent
peaks appearing at parent masses of lower
molecular weight ketones are in general more
intense than rearrangement peaks in the odd-
mass series and possibly more important ana-
lytically. The subsequent discussion will be
limited to the even-mass series.

The following rules can be given regarding
rearrangement peaks of aliphatic ketones as
classified according to methyl, ethyl, evc.,
tyves in the tables. Possible siructures zre
indicated.

MerHYL TYPE—The most intense rezr-
rangement peak is mass 58,

1

'’

H

for 2-pentanone and higher molecular weight
ketones without branching, or with branch-
ing beyond the third carbon atom. Because
of branching on the third carbon atom, &-
methyl-2-butanone and 3-methyl-2-pentanone
cannot form the mass 58 rearrangement ion
easily. 3-Methyl-2-pentanone forms the mass
72 rearrangement ion,

C-—C—C"‘Il ] C .
[}
0 CL—H

ETHYL TYPE—Mass 72,

)
I C*-R,
0 LIF
is the most intense rearrangement peak for
S-heptanone and higher molecular weight
ethyl-type ketones.

PROPYL AND 1SOPROPYL TYPES.—Mass 86
is the most intense rearrangement peak of
isopropyl-type ketones, starting with 2-
methyl-3-heptanone. Mass 58 is the most in-
tense rearrangement peak for n-propyl-type
ketones, mass 86 being second most intense.

BuTYL To HEXYL TYPES—DMass 58 is the
most intense rearrangement peak for all ke-
tones of these types. All higher even-mass
rearrangement peaks are less than 15 percent
of the mass 58 intensity.

These observations regarding rearrange-
ment peaks can be summarized as follows:
The most intense rearrangement peak is mass
58, 72, or 86; many ketones have two or more
intense rearrangement peaks.

Happ and Stewart (43), in their work on
the mass spectra of aliphatic acids, concluded
that the carbonyl carbon is included in the

j :
0
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mass 60 rearrangement fragment. The mass
60 rearrangement fragment for the aliphatic
acids is equivalent to the ketone rearrange-
ment peak, mass 58. If we assume that the
carbonyl group is involved in the mass of the
ketone rearrangement ions, the most intense
rearrangement fragment for each of the
methyl. or ethyl-type ketones can result from
a single bond break and the rearrangement of
a single hydrogen atom. However, this is not
true for the range from n-propyl- to hexyl-
type ketones, where mass 58 is the major re-
arrangement peak. As a minimum, two bond
ruptures and the changing of position of two
hydrogen atoms must be involved:

R—}—C——(‘;—C*:—R.

a1 & Log
With branching on a carbon adjacent to the
carbony! group, this postulate would not hold,
and 2 more complex mechanism would be
needed. That less rearrangement occurs in
such structures can be seen from the data for
the isopropyl ketones. More involved meth-
ods of rearrangement, isomerization, and
complete regrouping have been discussed by
Langer (52).

Ketones having the highest percentage of
total ion current in rearrangement peaks
are methyl-type ketones, in which a2 simple
hydrogen-transfer mechanism is sufficient.

Aromatic and Cyclic Ketones.—The mass
specira of the three aromatic ketones did not
show any important rearrangement peaks.
One or more rearrangement peaks (masses
29, 43, and 57) were found in the spectra of
the four cyclic ketones.

Identification of Unknown Ketone

Analytical Significance of Rearrangement
Peaks —Both normal fragmentation and re-
arrangement peaks can be useful in identify-
ing an unknown ketone. It is apparent that
ions corresponding in mass to parent peaks
of low-molecular-weight ketones, but result-
ing from high-molecular weight ketones, can
lead to erroneous analyses.

For methyl, propy], butyl, and higher types
withou: branching on a carbon atom adjacent
to the carbonyl group, mass 58 rearrange-
ment peak intensities are more than 20 per-
cent of the 2-propanone parent sensitivity.
A simjlar chance exists for confusing higher
mass ethyl-ketones with 2-butanone. For 3-
heptanone and higher molecular weight ethyl
types, the sensitivity is 70 percent or more of
the 2-butanone sensitivity.

It should be possible to determine the mo-
lecular weight of any ketone through 2-un-
decanone from the relatively intemse parent
peaks of these compounds. The empirical
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rules, as stated in the discussion of normal
fragmentation, should aid in determining the
mass cf each of the two hydrocarbon groups
atweied to the carbonyl group.

ment peaks will in many instances verify
these side-chain mass assignments. Even
more important, rearrangement peaks should
aid in determining the position of branching.
Table 15 summarizes useful information ob-

TABLE 15.—Correlation of ketone
structure with rearrangement peaks

Most intenne

100

Ethyl type: Straight-chain and branched
beyond dthemtbon ... ..............|..... x
»-Propyl type: Straight-chain and branched
h:;ond dthaarbon!. .. ............... | x

: Qnu lJennph of this structere.

s Higher mass K died did not includ

branching on carbon sdjacent to earboayl Kreup.

* Second most intense rearTengement peak for butyl type.
tained from rearrangement peaks. Four ex-
amples of the identification of ketones are
given in table 16, utilizing normal fragmen-
tation and the information contained in table

15.

Identification of straight-chain ketones
should be relatively easy. In many cases
branching can be determined, especially if the
branching is or the smaller hydrocarbon
group. Although positive identification can.
not always be made, the choice is limited to
two or three possibilities.

Mass Spectra of Esters:
Formation of Rearrangement Ions

Mass spectral studies were made on 31 ali-
phatic esters, ranging from methyl formate
to decyl acetate, to correlate important frag-
mentation peaks with molecular structures.
Previous investigations of the mass spectra
of esters were limited primarily to methyl
(7, 42) and aromatic esters (62). Newton
and Strom compared the spectra of isopropy!
and isopropenyl acetate (67).

Complete mass spectra of the 31 esters
have been published (80).

For this investigation the alkyl groups (R)
have been designated as follows:

R—C—O0—R..

|
(o]

with
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TABLE 16.—Identification of ketones froon mass spectral charucteristics

Fragment rasm? Major
Molecular g .
o First | Second e Pewition of earbonyl Branching Pomsible compouad
142 113 85 2 Loms of mam 29 indicates smaller group i Cp; | Straight-chain or S-Nonanone! or
Tearrangement maas 72 indicates ethyl group. ranched beynnd branched Co
4th carbon.
170 158 L] §8 Loss of rasse 15 indicates methyl group; rexr- | Poesibly braunched 2.Undecanone? or
rangement poak mass 58 supports methyl type. beyend 3d earhon, branched Cy;.
128 85 71 86 Lom of maw 43. indicates amaller group is C1: | Branched in 2-Methyl-S-
rearrangementeak anm 86 indicates isopropy! 2-position. sptanone? or
doubly branchked
1< 93 Kt} 58,486 Loes of muss 43 indleates amaller group is Cs; | Straigh isor” 4-Nopanone or
ressrangement roasees of 58 and 36 indicate branched beyond bran Co (7-
n-propyl type, 4th earbon. metbyl-4-
octznane).t
1 First and ¥econd major peaks bejow parent mass, 3 No second major pesk.
2 Denotes actua] compound, 4 Less intense. .

The ions from normal fragmentation and
from rearrangement are discussed separately.

Fragment Ions

Major peaks can be correlated with the
structural fragments

R, Rx—-?—, and —ﬁJ—O—Rg.
‘ )

With only two exceptions among the exam-
ples studied (isopropyl isobutanoate and
methyl hexanoate), mass icns corresponding
to the structure R,—C— have intensities at

i

8]
least 30 percent of the base peak intensity.
These jons form a mass series analogous to
the paraffin mass series 29, 43, 57, etc. Peaks
corresponding in mass to the remaining strue-
tural fragment, —O—R. (masses 31, 45, ete.),
are distinctive where the alkyl group R. is
saturated, even though their intensities are
only a few percent of the base peak intensity.
Mass 87, corresponding to the structure

—C—C—¢—0—,

and mass 74, a rearrangement ion, are char-
acteristic of the higher methyl esters.

Parent and base peaks can be summarized
as follows. Parent peak intensities, with few
exceptions, decrease sharply with increased
length of the alkyl radical R. that is attached
to the oxygen atom. As an example, the in-
tensity of the parent mass peak of methyl
formate is 480 divisions and that of ethyl
formate only 89 divisions. For the acetates
through butanoates, base peaks (most in-
tense in spectrum) are produced by either the
fragment (R,—C—)+ or the alkyl group R+,

il

as shown in table 17. The base pezak for for-
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mates is mass 31, a rearrangement ion exeept
for methyl formate.

TABLE 17.—Origin of base peaksin

mass spectra of esters
Eaters Base peak, m /e Fragmantion w
Formates...cvvmcurensnan 31 Rearrangement ion,
except methyl
Aceates, .. ..oiieienaaa.. 43 R‘—ff—+
[e}
Propanoates:
pge:hyl and ethyl,.... 29 R,—*
Propyl and higher..... 57 R,—?l:—-“'
Butanoates............... 43 R,—%

Olefin-type ions forming the mass series
27, 41, ete., are 30 percent of the base peak
intensity in many instances. Jons corres-
ponding in mass to olefin molecular ions (not
rearrangement jons) are discussed below un-
der rearrangement ion correlations.

Only five comparisons could be made to
show the effect of branching in the alkyl
group R.. The same major fragmentation
peaks (>20 percent of base peak) appear in
the spectra of normal and iso compounds of
the same carbon number. Five long-chain
methyl esters, investigated by Asselineau,
Ryhage, and Stenhagen (7), show definite
spectral changes with various R, alkyl groups.

Rearrangement Ions

Empirical rules have been found which re-~
jate rearrangement peaks to various ester
types. Two series of rearrangement peaks
were found in the mass spectra of esters.
Peaks resulting from the fragment,
R,—C—0—, are small; however, there are

i

0
peaks equivalent in mass to this fragment
plus two hydrogen atoms. They form a series
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of rearrangement peaks including masses 47,
61, 75, 89, 103, and 117. One or more of these
peaks were found in the mass spectrum of
each ethyl and higher ester investigated
(much less intense for allyl butanoate and
tertiary butyl acetate). Leak-rate determi-
nations on mass 61 from n-propyl acetate and
mass 75 in the spectrum of n-propyl propan-
oate eliminate the possibility that impurities
are the source of these peaks (24, 31). The
most intense rearrangement peak in each in-
stance is characteristic of  particular type of
estcter——mass 47 for formates, 61 for acetates,
etc,

In 2 few instances, a major contribution is
made to mass 61 by esters higher than ace-
tates (most intense exceptions are n-propyl
n-propanoczie and ~-propyl isopropanoate).
For the other peaks in this series, masses 75,
89, etc., only esters of a particular type make
major contributions to the characteristic re-
arrangement peak. This correlation is sum-
marized in table 18. These characteristic
peaks are found only when the alkyl group
attached to the oxygen atom has twec or
more carbon atoms. Further limitations are
described below,

TABLE 18.—Correlation of rearrangement
peaks in mass spectra of esters

Exster correlacion Mass Possible rearrangement structiure
———
Ethy|: and higher
aters:
Formates, ...... [y B—?—O—(+2ﬂ)
o]
Acetales. . .. ... 61 c—<1:—o—(—:-2u)
o
Propsbaates......| 75 C—C—?—O—(-&-zﬂ)
o
Butshoaley, .. --. 9 C—C—C—%—o—(‘—ZB)
(8]
Pentstoates.-....| 103 lC—C—C—C—(I:—O—(-i-m)
o
Hexsdoates . ..... 117 C—C—C—C—O—-%-—O—-(-‘,—ZB)
o]
n-Butancutes and
higher |
(mot tmobu- i
apoRten).. 60 | Cm ~CrC—CmO—(+2H)
o
Methy] esters.
?Gnyw and | :
her LYDes..... - M| C— ~c|—c—f|;—o—cs,(-:-m
! o
Ethyl estere:
n-Botsoostas snd {
higher tyPas (sot . .
isobutaBoatey)......| 88 C— —CTc—g—O—C—CH,(—:B)
' o

2 Peaks in this series are weak for butanoates and higher ethyl

xa UPDATA 19765:

A second series of rearrangement peaks in-
cludes masses 60, 74, 88, and 102. Mass 74
is the only intense rearrangement peak asso-
ciated with methyl esters (n-butenoates and
higher, but not isobutanoate). This mass-ion
can be formed by the transfer of omly ome
hydrogen atom,

R{—c—c—o—cl 4

L

l_n
Mass 88, characteristic of ethyl esters (bu-
tanoates and higher), can be formed in a
similar manner.

Mass 60, found in the spectra of butanoates
(not methyl butanoates or isobutanoates)
and higher esters, could result from both re-
arrangement and a second structural break
occurring when R, and R, contain two or

more carbon atoms. Contributions to mass
60 are possible from either—

R.[—c—%—o——(+2m]+
0

Qr

gl

o S
= A |
Mass 60 is not in the mass spectra of the
methy] esters. The first structure is there-
fore consistent with the first series of rear-
rangements (masses 47, 61, etc.) that
tpc: involve the transfer of two hydrogens from

For ethyl esters and higher types the spec-
tra indicate formation of an oiefin-type ion
corresponding to the alkyl group R., minus
one hydrogen. This type of fragmentation
becomes very evident for butyl and higher
homologs. In several instances a typieal
olefin pattern is produced such as for heptyl
propanoate. Alcohol and olefin spectra are
similarly related (34).

For esters having small R. groups, olefinic
parent ions are of lower intensity and also
less evident because of more intense general
fragmentation at the lower masses. Olefin
parent peaks are intense only for esters hav-
ing intense rearrangement peaks. Neither
the characteristic intense rearrangement peak
nor the corresponding olefin parent appears
for a compound having an R. group deficient
in hydrogen, such as allyl butanoate, or an R
group with no hydrogen on particular carbon
atoms, such as tert-butyl acetate. The char-
acteristic acetate rearrangement peak is very
weak (<10 percent of th: intensity of mass
61 in n-butyl acetate) in the spectrum of
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tert-butyl acetate. However, sec-butyl pro-
panoate and all the compounds containing iso
structures for R, groups show the typical
rearrangement peaks,

The correlation between formation of re-
arrangement ions and olefin parent frag-
ments provides further evidence that the
alkyl group, R., is the source of hydrogen
atoms in the rearrangement process. Al-
though only one hydrogen atom would be
lost in forming the olefin parent ion-frag-
ment, the rearrangement mass corresponds
to the traunsfer of two hydrogen atoms. Thus
when one hydrogen ator is transferred, the
alkyl group, R., forms 2 positive ion; when
two hydrogen atoms are transferred, a posi-
tive rearrangement ion is formed. This is
supported by the observed intensities of the
four peaks corresponding to these positive
ions. ~An example is given below using heptyl
propanoate, molecular weight 172,

Number of H atoms—
Intensity Lost after
Rearranged|(—0—C—)
break
fl)
R—C—O0 rearrange-
ment ions:
m/e T4 . 11.9 1 —
mieTS. . ..., 231 4 —_
Olefin.type {ragment
0nsg:
m/e98. . ....... 117 - 1
m/ic97T. ..., 149 —_— 2

The foregoing data are also consistent with
the rearrangement series observed for vari-
ous types of esters (table 17). These pezks
differ by 14 mass units and can be correlated
o= the basis of a possible rearrangement-ion
mass:

Rx—-—‘Q—O—( +2H)J+
N

These observations concerning ester rear-
rangement ions can be summarized as fol-
lows., For rearrangement ions to be formed,
the alkyl group, R., must contain at least two
carbons. Two structures that do not show
strong mass spectral rearrangement peaks of
the above type are tert-butyl acetate and allyl
putanoate. These exceptions could be related
to a deficiency of hydrogen on particular
carbon atoms in the alkyl group, R., and/or
a wegkness of a carbon-oxygen bond

(Rx—?-i'("I:—C—L
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The spectrum of feré-bui'jl acetate shows in-
tense mass 57 and 59 peaks, indicating pref-
erential fragmentation at the oxygen atom

Re—0—0+ LR,
O 5957
When rearrangement ions are observed, an
olefin parent ion of carbon number corres-

ponding to the remaining structure is also
found.

Formation of Recrramgement Jons

Formation of rearrangement ions has been
investigated by Langer (52), Friedman and
Long (86), Honig (46), and others. Mech-
anisms postulated for their formation include
migration of hydrogen atoms, isomerization,
and complete regrouping (26, 36-37, 46, 52,
87). McLafferty has tabulated many of the
positive rearrangement ions and found that
intramolecular hydrogen migration can offen
be explained by the formation of more stable
products from cleavages (61-62).

Major rearrangement peaks found in the
mass spectra of ketones, acids, and aldehydes
appear to be related through the common
structure shown in table 19. The migration
of a single hydrogen atom accounts for thege
rearrangement ions. As table 19 also shows,
magss 62 in diethyl peroxide can be formed by
the transfer of one hydrogen atom. All these
examples can be explained by thk~ formation
of more stable produecis.

TABLE 19.-—Ezamples of mass spectral

regrrangement ions
Rearrange-
Cempound men” peaks Possible structure
2.Pentancne....ce.ve 58 C—C c—C™
4 5]
Butanoicacid....... 60 c—y—c—osrl+
&
Butanal..ceeeisnsans “ C—CEC—C—aT*
Z L)
Diethyl peroxide..... 62 C—~C—0—0]}+—C—C
[ ]
Propyl acetate....... 61 + 2%
[c—g—-o-—]c—c—c
o
Propyl earbonate. . .. 63 +3H §¥
c—-c—f{o—ﬁ:—o-]lc—c-c
o

Correlation of the ion-masses 47, 61, etc,,
with the homologous series (table 18) indi-
cates that the mass of alkyl group R, remains
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intact during rearrangement. Because these
ions require the addition of two hydrogen
atoms, an additional valence bond must be
formed. A possible mechanism whereby an-
other bond could be formed is localization of
the positive charge on one of the oxygen
atoms after ionization. Cummings and
Bleakney (20) have evidence from mass
spectra of methyl and ethyl alcohol that the
charge can be localized ard valence changed
during electron bombardment. Friedman
and Turkevich (87) concluded, from a study
of the mass spectra of deuterated isopropyl
alcohols, that ion structures involving a bond
change of the oxygen atom account for ap-
proximately 75 percent of the observed ion
vield. This finding supports the assumption
of localization of charge on the oxygen atom.
Collin (I17) proposed localization of charge
on the nitrogen atom, to explain rearrange-
ment peaks found in the mass sper ~a of
amines. The above evidence for locau.ation
of charge occurring during electron impact
is summarized in table 20.

TABLE 20.—Formation of rearrangement
tons
( Localization of charge mechanism)

Mass spectral evidence for
valance change during
omzation:

Mass 31 in spectrum
of methanol (20) is
evidence that ion -~

(C=0H)

structure is.. . . ..
Spectrum of isopro-
pyl alcobol (37
shows many ions
containing - -
groups.. . ... ... (=C=0—) and (—CmO)
Spectra og amines I Il-l ‘l
(I7) ir.dicate
ionization is C—N--—®
taking place on 1o l
nitrogen atom... . H H
Ester spectra in-
dicate rearrange-
rment ion cor- R—C—0 (+2H)]~*
responding in M
massto.......... (o]
R—?—O——H
Possible structure re- o+
sulting {rom localization |
of charge on orygen 1
atomis . ... ....... . H

The compounds listed in table 19 differ
from the alcohols investigated by Cummings
and Blealmey (20) and Friedman and Turke-
vich (37) in that, 2xc~pt for the peroxide, all
contaln a carbonyl group and some have more
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than one oxygen atom. If instead of an addi-
tional valzuce bond forming between the O+
and a carbon atom—for example, —C==0+,
as these authors have described—a structure
of the type (C=0+—H) is formed with a
rearranged hydrogen, the observed rear-
rangement ions can oe explained. Isotope
values indicate that mass 63 in propyl car-
bonate contains three oxygen atoms and one
carbon atom, as shown in table 19. With
three hydrogen atoms necessary for the ion-
mass, an additional bond is required as for
the esters. This again could be credited to
the same mechanism.

Direct evidence for this process has been
obtained from the appearance potentials of
the rearrangement ions. Calculated and ob-
served values show good agreement for mass
61 in ethyl acetate. The use of deuterated
compounds would give further information.
Identification of Esters

Tons resulting from both structural breaks
and rearrangements can be useful in identi-
fying esters. Because of their relatively high
volatility, esters containing 10 carbor atoms
can be introduced easily into the room-
temperature mass spectrometer.

Parent mass peaks cannot be used for ester
analysis when alcohols or acids are present
because these three classes of compounds
have identical parent masses. The intense
peaks resulting from the fragments R,*+ and
R,—C—+ and the rearrangement ion masses

It

0O
31, 47. 60, 61, 74, 75, and 87 should aid in
determining the presence and the type of
ester in an unknown mixture.

The use of rearrangement peaks for ider-
tifying esters is illustrated in figure 5, whica
shows the partial mass spectrum of a sample
that was found by infrared analysis to con-
tain an ester. A partial structural identifica-
tion was possible from the ester rearrange-
ment peak at mass 117, which is attributable
to C.COOR. Several peaks corresponding to
olefin parent masses (70, 84, 126, and 168)
are in this spectrum, typical of the peaks
found in the spectra of aliphatic esters.

Another example of the use of ester rear-
rangement peaks is the qualitative determi-
nation of Fischer-Tropsch synthesis product
distribution. The carbon number of the acid
side of the esters in a mixture can be derived
directly from inspection of the mass spec-
trum. This is illustrated in figure 6, which
contains rearrangement peaks 103, 117, 131.

etc., up to mass 187 corresponding to unde-
canoates.
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Type-Analysis of
Paraffin-Naphthene Mixtures

Masg spectrometer analysis of hydrocarbon
types has been described by Brown (i12).
By applying sums of mass peaks which are
specific for various types, Brown was able
to anelyze for aromatics, paraffins, combined
naphthenes and olefins, and combined diole-
fins and cycloolefins. In the present investi-
gation, structural types in C, to C, paraffin-
naphthene mixtures were studied and a sep-
aration of the naphthenes into cyclopentane
and cyclohexane derivatives obtained by mass
spectral methods. A further division into
monosubstituted and polysubstituted cyelo-
pentanes and cyclohexanes was also carried
out.

Detailed information can be obtained by a
good fractionation of paraffin-naphthene mix-
tures followed by infrared analysis of many
cuts but the method is tedious. Essentially
each individual compound must be deter-
mined. Besides the necessity of analyzing
the many paraffin compounds in the C, to C,
range, the infrared method is rendered more
laborious by the presence of eis-trans naph-
thene isomers. For example, 1,2,3-trimethyl-
cyclopentane exists in three forms: cts, cis,
cis- cis, cis, trans- and cis, trans, cis. These
have different infrared spectra and so must
be determined individually.

The mass spectrometric method developed
is an accurate shortcut. Sample preparation
consists of isolating the paraffin-naphthene
portion and fractionating it into three
molecular-weight cuts. Comparison analyses

are presented below to show the negligible
ad:santage of careful fractionation into many
cuts,

Mass spectra of the 36 (C, to C,,) naph-
thenes used in this investigation have been
published (29). Only average peak values
were used for the C, and C, isomers.
Sensitivity coefficients were determined on a
volume basis; that is, they are the actual
mass peaks as read from the spectra with a
standard introduction of 0.00036 cm®. The
n-butane mass 43 peak sensitivity during this
work was 552 divisions per micron.

The basic analytical scheme is indicated in
table 21, which shows the different structural
types, the fragmentation that takes place,
and the resulting calibration mass pesks.
The mass spectra of many polysubstituted
cyclopentane derivatives were found to tm
sess more intense 69 and 70 mass peaks
the cyclohexanes; conversely, the polysubsti-
tuted cyclohexanes displayed more intense 97
mass peaks. Monosubstituted cyclopentanes
tend to lose the alkyl group or chain plus one
bydrogen to produce strong 68 mass peaks;
monosubstituted cyclohexanes behave simi-
larly to give large 82 peaks. These were the
bases for splitting the naphthenes into four
different types. The fragmentation illus-
trated is not intended to propose a mechanism
but merely to show the number of C and H
atoms that are stripped off the naphthene
molecule by electron bombardment, to pro-
duce the mass peaks selected for calibration.
The combination of peaks chosen for calcu-
iation of totsl paraffins is the same as that
of Brown (12).

TABLE 21.—Mass spectral type-analysis of naphthenes; general calibration mass peaks

Type No. Type Propossd fragmentation Calibration peaks
(2] PRIAINE. . oot e CHBy—CHy~CH;y—CH=CH;-- ~(CHjy)
3—CHz— z—ém ;&?, 43, 57, 73, 85,—
—GEp
ote.
@) M i d cycebexases. ................... ’,CK; -—(--CHy .
o7 =
o) Poly 3 d cyelob d 112 Y
/CK; —(CHy)
N ————e | 9T
CH,
w M betitated cyclopentanes. .. ................ CH,
e —(--CHy)
—— | a8
v ey
(L] Polysabsti d eyclopmtanew. .. ..............0n. CH,
h ~(--CHy)
U s | 69, 88
AN ~—(CHz)x=0.1,2
—(--CHy) 7
—(CH)
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The mass peaks used for the analyses are
listed in tables 22-24. In practice, three dif-
ferent sets of calibration data were used for
analysis of the three molecular weight cuts,
C., C:; (+ cyclohexane), and C,. The com-
ponents of the C, fraction, cyclohexane, meth-
ylcyclopentane, and the five C, paraffins, were
analyzed individually. For ealenlation of the
dimethylcyclohexanes it was found that the
sum of the 97 and 112 peaks was preferable
to the 97 peak alone. The calculation for
methyl-ethyl plus trimethylcyclopentanes was
found to be most accurate by summing the

69, 70, 56, and 83 peaks (table 23}. But a
reliable alternative method consists of split-
ting this class of compounds into three sub-
groups (table 24). In each case the calibra-
tion data were arranged in sets of simulta-
neous equations. The necessary mass peaks
were obtained from the spectra (of synthetic
blends or unknowns) and calculations were
carried out by the usual methods of matrix
algebra. The matrix is given in table 22, the
matrix for a five-component C,; in table 23,
and that for a seven-component C; in table 24.

TABLE 22.—Qutline of type-analysis of naphthene-parafiin blends, C, matriz
{Compound-type numbers are in parentheses)

Calibration pesic....| Cyclohexsnel...! Paraffins..... Methylcycloh .| Ethyleyd .-| 1,1-Dimethyleyel
eis-1,2-Dimethyleyciopentane.
traxs-1,2-Dimethylcyclopentane.
fil-lzl-'lg-igicthﬂgd%penmr.
ranse! methyicyclopentane.

[¢3) 2 (Y] (5)

590.0 1i.6 473 3.1 18.1
182.4 1,6273 97.1 1032 166.6
20  feienensesenens 4.0 99
15.4 14 641 414.0 229
1922 1.6 290.4 863.0 634.7

1 Cyelohexane bolls in the Cy range.

Synthetic Blends

Accuracy of the method was tested by anal-
ysis of a 9-component C,-cyclohexane syn-
thetic blend and a 17-component C, blend.
The results are shown in tables 25 and 26,
respectively. For the C; blend two different
calculation methods were found to be appli-
cable. The general five-component caleula-
tion, based on matrix data shown in table 23,
produced accurate results for the blend.
Matrix data presented in table 24, in which
the polysubstituted cyclopentanes were split
into- three subgroups [gem-trimethyls (5z),
other trimethyls (5b), and the methylethyls
(5¢)], provides more detailed information
with acceptable accuracy. The largest errors
exist for the 1,2,3-trimethyls plus 1,2,4-tri-
methyls (5b) and the methylethyls (5¢).
Addition of these two answers produces a
more accurate result.

Coal-Hydrogenation Gasoline

The method has been applied to the analy-
sis of paraffins and naphthenes in gasoline
obtained from vapor-phase treatment of coal-
hydrogenation oil. Tables 27 and 28 dem-
onstrate the results obtained by combining
the analyses of 25 paraflin-naphthene cuts,
and the comparable resulis obtained from
analyses of C; and C, molecular-weight cuts.
Components in the C, range were determined
individually. Cyclohexane was also analyzed
in the C; cut.
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Overlapping of the C; and C; molecular-
weight cuts may require the application of a
transition analysis for greater accuracy on
the naphthenes. A fraction boiling between
103° and 110° C may be analyzed for methyl-
cyclohexane, ethylcyclopentane, trimethyley-
clopentanes, and paraffins. Any overlap of the
paraffing was relatively unimportant since the
various paraffin calibration coefficients do not
vary greatly.

Caution must be exercised in analyzing for
ethylcyclohexane in the presence of large
amounts of methylethyleyclopentanes. The
matrix shown in table 24 demonstrates rather
intense mutnal interference. In addition, no
calibration standard is available for either
cis- or trans- 1,3 -methylethyleyclopentane.
Probably it is this compound which, in early
analyses, produced high apparent concen-
trations for ethyleyclohexane 10°C below its
boiling point. A reasonable solution to this
difficulty is found in the six-component ma-
trix described in footnote 1 of table 24, in
which ethyleyclohexane and methylethyley-
clopentanes are combined and calculated as a
single component. Splitting these two types
is still possible by combining results from
matrix, table 24, with results from matrix,
table 23, in which the caleulation for ethyl-
cyclohexane is more reliable. The difference
between this value for ethyleyclohexane and
the combined result from matrix, table 24,
represents methylethylcyclopentanes.



TABLE 28.—Outline of type-analysis of naphthene-paraffin blends, §-component C, matriz

(Compound-type numbers are in parcntheses)

9,6l VIVQdn

n-Propylcyclopentane

I-Molhyklhyleyelog:'uunc

Calibration peak Paraffine Ethyleyclohorane l,l-ll%nﬁthy:;yrsloh'n;:o b e ) 1 Mathylethyic: .
c1s-1,2-Dimethylcyclohezans -Propyleyelopentane cu-12. sthyleyciopentane
haud.!-mm!-hyle lohesane pyleyetops 1,1 rlnm‘lﬂeyenopmrno

eis-1,9-Dimethyicyclohesans 11 rimethyleyclop
{rans-1,9-Dimethyleyelohazane ¢, rana, efe- ljz 3-Trimathyleyelopentans
¢is-1,4-Dimethylcyclohezane cls, cia, cio-],8 Teimathylcyelopestane
irana-1,4-Dimethyleyclohonane ¢, (rans, cia-1,2,4-Trimsihylcyclopentane
¢fo, cfs, trana-3,2,4-Trimethyleyclopentans
(1] (t1] (L}] [(}] {8
43-487-4-71-}86.. 1,808.56 88.4 174.8 297.17 282.4
.0 372.0 17.6 21.2 58.9
2018 289.0 1711 181.8
1.9 23.7 84.8 043.0 20.4
495.0 1,127.4 664.8 1,049.5 1,906.2

TABLE 24.—Outline of type-analysis of naphthene-paraffin blends,

(Compound-type numbers are In parentheses)

7-component C, matriz’

Ethylcyclohexans | 1,1-DI mothyleyclohexane | n-Prapylcyclopentane

1,1,2-Trimathylcyclopentane

cis, trans, ¢is-1,2,8-
Trimathyleyclopentane

1,1-Methylsthylcyclopentans
¢€s-1,2-Methylethyleyclopentane

Calibiation peak | Parafins Y imethyl
cte-1,2- i-Propyleyclopentane | 1,1,8-Teimet yleyclopentane
Dl‘mclhyleyclohnlno pyleyelop pe ets, cis, e(s-1,2,8-
tramg-1,2+ Teimethylcyciopentans
Dimethyleyclobhexanc efo, irans, ¢(s-1,2 8-
Cl'l-lr'- rimethyl
Dimsthylcyclohesane eis, cia, frans-12.4-
trans-1,8 ‘k‘vlmolhyleyc”openun
Dimethyleyciohexane
cra-l &
Dimethylcyciohexans
frane-1,4-
Dimethyleyciohezane
(n 2) [L1] [O)] (8a) (6b) (6¢)
49+57471-1-86..] 1,800.6 98,4 174.8 231.7 s28.8 226.1 1610
1.0 a72.0 116 21. 4.4 8. 166.6
] 201.8 080.0 1111 290.6 180.3 1140
1.9 23.7 4.8 648.0 4.4 24.8 21!
26.8 18.6 21171 $41.6 400.6 202.9 180.
192.2 29.0 118.1 144.0 166.9 883.6 270.6
8.7 918.0 4.8 1134 182.5 “aa €48.6
4 row 7) and ecombine proportionslly type 2, athylcyclohexane, and type fe, methylsthyluyclopentanes,

) To form s 8-ecomponent matrix from these dala, use peaka 82 4 B3 (row 2

SGOHLIIAR TYOLLATVNV
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TABLE 25.—Mass spectral type-analysis of C, and cyclohezane paraffin-naphthene synthetic

blends, volume-percent

Type Compound Synthetic biend MS analysis
1) F = (3 3 7 124
(1) | 3-MethylheXane. ... .ccovvererienncieccerrnnsasncnneanrs 53} 24.1 23.0
(1) 2,3-Dimethylpentane. . ..coooiiieiirrnnrnienirenarnsnnens 64

Cyclobexane. . . ..oiuiiiieniieaianiarerienrineeneennans 20.1 19.9
2) Methyleyclohexane. . ...cvuuiiieeeieneerinreenesernnens 272 27.1
4) Ethyleyclopentane. .. ....oovviiiiennirniiniinnnnnenen 9.0 10.7
(5} 1.1-Dimetbylcyc]o?entane ............................... 6.8
(5) trans-1,2-Dimethylcyclopentane...................ooL Ll 6.2%1 19.6 19.3
5 cis-1,3-Dimethylcyclopentane.......c.oeveevieenervnnnns 6.6

TABLE 26.—Mass spectral type-analysisof C, paraffin-naphthene synthetic blends,

volume-percent
MS analysis
Matrix,

Type Compound Synthetic blend Matrix, table 24 | table 23
(%} ,;-l(\)'tctta;ie]h ............................. 8.2
(1} 2-Methvlheptane................c...n. 3.
(13 2,5-Dimethylhexane..... . ............ 5.0 283 o 240 |........ 24.0
(1)} 2,24-Trimethylpentana.................. 5.5
2) Etbylevelohexane........ooovvvvienenin] e kS Ny A PO PO 109 [........ 1.2
g; l,l-lDoinIz;.thylgytiloh;\:;ne ................ §g

c1s-1,2-Dimethbylcyclobexane............. 5.
(3) | rans-1,3-Dimethyleyclohexane. ... ..00 58 [ 31 |rreeeeefrreeees e RS 2.1
(3} ¢is-1,4-Dimethylcyelohexane. . ........... 5.8
€Y n-Propvleyclopentane. . ................. 4.9
4) i-Propylcyclopentane.............cocnen.. 5.2 } B R AEETERD 98 .ol 9.7
(5a} | 1,1,2-Trimethylcyclopentane............. 2.5
(52) | 1,1,3-Trimethylcyclopentane............. 8.1 } 106 f........ e
(3b) | cis,frans,cis-1,2,3-Trimethyleyclopentane...| 2.8 X R
(3b) | cis.cis trams-1.2.4- Trimethyleydlopentane, .|| 8.8 |f 116 202 %08 3.5 023 824
(5¢) | 1-Metkyl-1-ethyleyclopentaxe............ 3.3 ’ )
15¢) | 1-Methyl-2-ethyleyclopentane............ 3.3 } 8.6 12.8

An inherent limitation in type-analyses is
the loss of aceuracy in analyzing one compo-
nent of a given type, particularly if the cali-
bration values for this component differ
appreciably from the average calibration.
In this method if only n-propylcyclopentane
is present the application of calibration val-
ues based on n-propylcyclopentane and iso-
propyleyclopentane will produce an answer
about one-third too high. Conversely the
presence of only isopropyleyclopentane will
produce a value about one-third too low.

Extension of this method, as described, to
C; or higher carbon numbers, is not consid-
ered feasible. Few calibration standards are
available and the numerous possible combi-

B TrDATA ori

nations of substituents are expected to intro-
duce extensive interference. Further, coal
hydrogenation gasoline was found to contain
C, and C,, bicyclics, which produce strong
infterfering 68 and 82 mass peaks. The C,
bicyclic has been identified as hydrindane,
and its interference may be removed by use
of the parent peak, ~nass 124. The C,, bi-
cyclics probably comprise a mixture such
that correction for the interference would be
difficult.

A simplified analysis for C, and above may
be suitable for obtaining the limited, but use-
ful, split into total cyclopentanes and cyclo-
hexanes. 1t is probable that the higher com-
pounds will follow the same behavior as the
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TABLE 27.—Type-analyses ¢f C, paraffin-

naphthene miztures from coal-hydrogenation
product

(Boiling range 82° to 105° C)

Analysis of
ol 12 cuts, combined cut,
Compound typs P olume-p
Cyciobexane:. . ... ... ..... 25 24
Parafing . ! ............. 3.7 23
Moethylcyclohemane. . .. .... 27.1 26.5
Ethyicyclopentane. . ..... . 118 122
Dimathylcyciopentanes . . . us 36.1
1 The major portion of the cyelob distills below 82° C.

TABLE 28.— Type-analyses of C, paraffin-
naphthene miztures from coal-

hydrogenation product
Cotmnbined analyses Apalyws of
of 13 cuts, combiaed cut,
Compound type ! perceat ! P
Puraffne ... ... ... 28.6 26.5
Dimethylcyclobexanes. .. .. 213 >=7
thyicyclebexape......... 32 11.8
11.2. and 1,13-Trimetbyl
cyclopentanes. . . ... .. 3.5 52
12.3- and 12.4-Trimethyl- s 124
cyclopeutanes. . ........ N y
Methylethylcyclopentanes . 14.0 15.2
Propyicyclopentapes. ... ... 7 52

lower homologs. This is indicated by the
fact that the C, and C,, monosubstituted com-
pounds, the propyleyclohexanes and butyley-
clohexanes and the butylcyclopentanes pro-
duce the same strong 82 and 68 peaks as the
lower homologs.

ANALYSIS OF OILS DERIVED
FROM COAL

Analysis of high-boiling tar acids from
petroleum, coal, and neutral oils from coal
has consisted largely of the laborious isola-
tion of individual pure compounds. The pro-
cedures usually involve chemical treatment
of the oil and provide only an approximation
of the amount of certain compounds present
in the original oil.

Routine mass spectrometric analysis of lig-
uid products from coal hydrogenation has
been limited prirnarily to the determination
of certain hydrocarbon types (29). We nor-
mally determine total paraffins, total naph-
thenes, C, to C,, alkyl benzenes, tetralin, and
naphthalene in fractions boiling up to 200° C.
Very little can be deduced from such spectra
as to molecular weights or types of com-
pounds present in higher boiling fractions.
Adjacent mass peaks have approximately the
same intensities, seldom varying by a factor
>2. This nondistinct spectrum results from
the presence of many compounds having sim-
ilar spectra and from rearrangement ions
corresponding to the molecular weights of
lower members of homologous series.

Modified forms of published type-analyses

E; UPDATA 19765

were applicable to high-boiling saturated
:ind aromatic fractions from coal hydrogena-
on.

To obtain molecular weight distributions,
the low-ionizing-voltage technique, described
by Stevenson and Wagner (88), Lumpkin
(58), and Field and Hastings (27) was ap-
plied to the saturated, aromatic, and tar-acid
fractions. Thus, the combined type-analysis
and low-ionizing-voltage analysis provided
total percentages for of compounds and
molecular weight distribution of these com-
pounds (78, 82-88). This approach gave de-
tailed information for rapid product com-
parisons and required little preliminary
processing of the samples.

Methods of Analysis

For mass spectrometric methods to be most
effective, samples must first be separated by
compound class. The general anslytical
scheme applied to these materials is shown in
figure 7. The tar acids and bases are extract-
ed from the total oil and the tar acids and
neutral oils are characterized.

The neutral oil is first subjected to fluor-
escence indicator adsorption analysis (FI1A)
and drop quantities of the saturate, olefinic,
and aromatic fractions are collected for mass
spectrometric investigation. The aromatic
fraction will contain any neutral oxygen, sul-
fur, or nitrogen compounds present in
total oil. The saturate and aromatic frac-
tions are analyzed for compound types by
standard type-analysis techniques and for
carbon number distribution by low-ionizing
voltage. The olefinic fraction is hydrogenat-
ed and the resulting saturate material is
analyzed in the same manner as the original
saturate fraction. After hydrogenation, the
olefins and diolefins will appear as paraffins
and the cycloolefins will appear as naph-
thenes. From ysis for paraffins and
naphthenes, total values for each of the two
groups of olefins can be obtained.

The tar-acid fraction is analyzed by the
low-ionizing-voltage technique and additional
information obtained from a low-ionizing-

voltage spectrum of the trimethylsilyl ether
of the fraction.

Type-Analysis

Type-analysis methods are based on the
fact that for a given hydrocarbon type a
large fraction of the total ion intemsity is
distributed over a small number of intense
peaks which are thus characteristic of that
hydrocarbon type. When the peaks in each
of these groupings of characteristic peaks



34

Total oil

ANALYTICAL METHODS IN MASS SPECTROMETRY

Extraction of tor acids ord bases

i

Tar gcids Neutra! oil
TMS ethers MS analysis FIA analysis
Iysi Y. I Y
MS analysis Paraffins Olefins Arcmatics
. {also neutral O;N;S—
. poraffin contgining molecules)
Low-volitage analysis MS type-analysis|cyclopar- Microhydrogenation
affin

Carbon number distribution

Moleculor sisves

(Normal and iso determinotion)

MS type-analysis
(Total percent for each
aromatic type)

{Same o0s paraffin
determinations)

MS Jlow-voltage analysis
{Carbon number distribution)

Ficure 7.-~Preliminary Separation and Mass Spectrometric Analytical Schame for
High-Boiling Oils From Co=zl.

are mathematically combined and treated as
one peak, they provide distinctive pattern
coeflicients for the determination of particu-
lar hydrocarbon types.

Two type-analyses were applied to the sat-
urated fractions. One, developed by Clere,
Hood, and O’Neal (16), is relatively inde-
pendent of structural variations within each
saturated type. This method is based on the
constancy of total ionization over a certain
portion of the spectrum. The other, devel-
oped by Lumpkin (57), does not determine
monoaromatics. Being based on the spectra
of specific compounds found in petroleum, it
is not independent of structural variations.
However, it yields relative percentages of 2-,
3-, and 4-ring condensed cycloparaffins.

Two type-snalysis methods for analyzing
aromatics in petroleum have been described
(44, 64). Both methods determine the per-
centage of various 1- to 5-ring aromatic
structures. Neither method is directly appli-
cable to products from coal hydrogenation.
The type-analysis matrix of Melpolder and
coworkers (6%) uses for calibration data av-
erage values for specific compounds found in
the aromatic fraction of petroleum. Hast-
ings, Johnson, and Lumpkin (44) derived
sensitivity factors and interference coefli-
cients from peak intensities found in par-
ticular aromatic fractions. As in the case
of the saturated fraction, the Bureau inves-
tigation followed a more general approach,
based on total ionization, for a type-analysis.

6 UPDATA 1976k

In this investigation, analyses were caleu-
lated as follows : For characteristic peak sum-
mations, those groupings chosen by Hastings
and coworkers (44) were used; that is, sum-
mation 91 for benzenes, 117 for indans and/
or tetralins, 129 for dinaphthenes, etc., 141
for naphthalenes, and 167 for acenaphthenes.
Sensitivities were based on the total ioniza-
tion work of Otvos and Stevenson (70), and
Clere, Hood, and O'Neal (16). Crable and
Coggeshall have shown that total ionization
per unit liquid volume is essentially independ-
ent of molecular weight (78). An extension
of this work by Kearns and ~oworkers was
applied to aromatics (49).

Low-Ionizing-Voltage Andlysis

The first application of the low-ionizing-
voltage technique, reported in the literature
in 1950 by Stevenson and Wagner, was fo the
mass spectrometric determination of mono-
deuterio paraffins (88). Since 1957 this
technique has been widely adopted in petro-
leurn and chemiecal laboratories. Low-ioniz-
ing-voltage operation has been applied to both
qualitative and quantitative determinations of
organic components in complex liquid mix-
tures (78). In many instances only the
molecular weights of the compounds present
can be determined. For some mixtures tue
structural types can be determined, but a
quantitative analysis is mnot possible, since
calibration data are not available. However,
for many aromatic-, olefinic-, and phenolic-



ANALYTICAL METEODS 31

type compounds, calibration data are available
and quantitative determinations can be made.
In detecting impurities in relatively pure
compounds there are advantages to obtain-
ing a spectrum at low-ionizing voltage. For
many structural types it is difficult to deter-
mine the presence of impurities having mo-
lecular weights lower than the major com-
ponents, since rearrangement ions from the
major component can occur at lower mass
numbers. Many of these rearrangement ions
cap be eliminated at low-ionizing voltage,
thus making detection of irnpurities possible.

As shown in table 29, compound types can
be grouped roughly according to ionization
potentials with the olefinic and aromatic
types requiring the least energy to produce
ionization. Many fragment ions from or-
ganic molecules require several volts addi-
tional energy compared with the molecular
ion. Thus, the ionizing voltage can be ad-
justed to produce a spectrum consisting pri-
marily of the parent ions of the compound
types present. Electron accelerating elec-
trodes are normally operated (~70 volts)
considerably above the appearance potentials
of the singly and doubly charged ions from
hydrocarbons. As shown in the ionization
efficiency curve, figure 8, this results not
only in more intense peaks, but also in more
stable operation, since any variation in elec-
tron accelerating voltage will have a mini-
mum effect on peak intensity. Both of the
above advantages are lost by operating at
reduced ionizing voltages. The slope of the
ionization efficiency curve is much greater, for
example, at 10 volts, znd also the peak inten-
sity will be reduced for a given sample
charge. The actual reduction in peak inten-
sity will depend on the shape of the ionization
efficiency curve for the particular compound
being investigated. When molecular ion data
obtained at 10 volts are compared with those
obtained at 70 volts, reductions in peak in-
tensities the order of a factor of 10 are quite
common. This can in many instances be

TABLE 29.—Approzimate ionization

potentials, electron-volts
Compound clasm ‘[ loaization potential
w-Paraffing (C,-C,o)............. .......... 11.2-102
1-0lens  (ComChradeos vvnrrenan I 9.7-9.5
Aromatics (C, B o)
Jomer s alk /i groups are added). ..., .. . 35
pe te di intion v Addith
'nut_v to produce {ragmentation:
CCort i ~33
C—Hoeiiii i, ~e2

és UPDATA 1976k

00

90 —

ec t—

7O

60

40 —

RELATIVE PEAK INTENSITY

30 —

| L ] ! 1 A
[o] o] F- 30 <0 50 60 T0
ELECTRON ENERGY, voits

FiGure 8.—Typical Ionization Efficiency Curve for
Molecuisr Ions From Hydrocarbons.

compensated for by increasinrg the sample
charge. Circuit changes necessary to oper-
ate commercially available mass spectrome-
ters at reduced ionizing voltages have been
described by Lumpkin (58).

The technique is most effective when ap-
plied to a mixture consisting of similar struc-
tural types. For a hydrocarbon mixture it is
desirable to have saturated and unsaturated
structures separated before the a.nx.lYan.
However, in certain instances it is possible to
determine whether a particular peak is as-
signable to a satusated or unsaturated struc-
ture on the basis of spectra obtained at
progressively lower ionizing voltages.

Figure 9 shows a comparison of napthalene
spectra obtained at ionizing voltages of 70
and 8.6 volts. The 8.6 volts is the indicated
value, with the actual voltage being approxi-
mately 10.6 volts. In addition to the molec-
ular ion peak, the only other peaks appear-
ing in the B.6-volt spectrum are from C»
isotopes and from impurities in the naphtha-
lene. Impurity peaks can be seen at masses
134 and 142. Fragmentation peaks in the
mass range 97 to 127 are completely missing
in the spectrum obtained at low-ionizing volt-
age. As all even-mass peaks could be mo-
lecular ions resulting from compounds com-
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taining various combinations of carbon and
hvdrogen, peaks occurring at masses 136,
102, 100, and 98 in the spectrum of naphtha-
lene can be misleading. ,In general, rear-
rangement ions appearing at even. masses
and corresponding in mass to a radieal plus
a hydrogen atom have appearance potentials
only a2 few tenths of a volt higher than the
parent molecular jon. For this reason rear-
rangement ions cannot always be eliminated
from the spectrum. In mixtures of high-
molecular-weight hydrocarbons, however, all
parent mass peaks of interest are above mass
100, ap~ lower mass fragment peaks can be
tolerated.

This technique can be applied to the quan-
titative analysis of complex mixtures pro-
vided a prior separation of compound types
has been carried out. Lumpkin has observed
that sensitivity factors for many homologous

_z; UPDATA 1976k

series of aromatic hydrocarbons ean be de-
termined from the sensitivity factor for the
initial member of these series (58).

Lumpkin’s method of deriving such fac-
tors for a homologous series is based on the
premises that (1) the sensitivity factors for
isomers vary little, and (2) for any struc-
tural type they vary directly with reciprocal
molecular weight and can be extrapolated to
z(ero) sensitivity at infinite molecular weight

58).

Kearns, Maranoski, and Crable (49) ex-
tended Lumpkin’s original work on aromat-
ics, and these methods have been applied to
the aromatic fractions from the neutral oils.

To analyze the tar-acid fraction from the
oil, similar information was necessary for the
phenolic-type compounds (77, 88).

Therefore, sensitivity factors for phenols,
dihydric phenols, alkoxyphenols, indanols,
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phenylphenols, acenaphthenols, and naph-
thols were obtained on a unit (0.001 cm?)
liquid-volume basis (fig. 10). The order of
increasing sensitivity for the phenolics is the
same as for the corrm;d}ing aromatics, de-
termined by Kearns, owski, and Crable
(49). These authors also investigated the
variation in sensitivity with degree of sub-
stitution for alkylbenzenes. The only struc-
tural types that have shown a large variation
in sensitivity with number of alkyl substitu-
ents are alkylbenzenes (49) and alkylphenols.
For the bicyclic types, naphthols and indanols,
average sensitivity factors permitted deter-
minations to =10 to =15 percent of the
amount present. Considerably less variation
with degree of substitution was indicated
for compound types having more than two
condeused rings.

Variations in sensitivity factor with the
number of alky] substituents on the phenolic
ring are shown in figures 11 and 12. Sensi-
tivity factors for the monosubstituted to te-
trasubstituted isomeric alkylphenols (molec-
ular weight 150) were obtained from figure
11 and used to derive figure 12. Relative to
the sensitivity factor for the monosubstituted
phenol, there is a linear relationship between
the sensitivity factor and the number of alkyl

1,400 T T

substituents on the ring. This behavior also
is similar to the result reported by Kearns
and coworkers for the alkylbenzenes, and in-
dicates that the appearance potential prob-
ably depends more on basic ring structure
and alkyl substituents than on the presence
of the hydroxyl group (49, 83). As the npum-
ber of pure phenolic compounds available
for calibration is quite limited compared with
aromatic hydrocarbons, this correlation is
useful for approximating sensitivity factors
for certain phenolic types.

The number of substituents per phenolic
rings cti: be detmedtechx;i for thrteadlkylpl.muxgll;
using the same que previo
by Kearns and coworkers ?or alkylbenzenes
(49). Tar-acid fractions (80° to 280° C)
produced by the hydrogenation of Rock
Springs (hvcb) 78 percent carbon coal (maf)
in many instances consist primarily of phe-
nols and indanols (fig. 18) (40). As sensi-
tivity factors for the indanols show much
less variation with degree of substitution
than for the phenols, any large deviation
from 160 percent must occur because im-
proper sensitivity factors were applied for
the phenols. Correct sensitivity factors can
be determined from figure 11, and the aver-
age number of substituents per phenolic ring
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Ficuxz 10.—Low-Ionizing-Voltage Sensitivity Data for Phenolic Types.
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FIGURE 11.—Low-Ionizing-Voltage Sensitivity Data for Alkyl-Sobstituted Phenols.

can be read directly from figure 12. This
method will give a maximum value for the
average number of substituents, because sen-
sitivity factors for the other structural types
vary slightly, and the values used are pos-
sibly low. Application of this method to the
above sample gave a value of 2.3 for the
average number of substituents.

In determining sensitivity factors, the ef-
fect of the position of substituents has also

3

»
f

SENSITIVITY FACTOR, RELATWE
IO MONQSUBRSTAYUTION

o : 1 |
[ 2 3 a
NUMBER OF SUBSTITUTIONS PER PHENOL RING

FioURE 12.—Variation of Sen-itivity Factor With
Number of Alkyl Substituents on the Phenol Ring.
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been investigated. Sensitivity factors deter-
mined at low-ionizing voltage for eight meth-
ylindanols, obtained from the Coal Tar Re-
search Association, Leeds, England, are
shown in table 80. These sensitivity factors
can be grouped according to whether the
methyl group is on the five- or six-member
ring. For the examples available, methyl
substitution on the six-member ring yields
sensitivity factors approximately 30 percent
higher than those for compounds having
methyl substitution on the five-member ring.
Both 4- and 5-indanols are included. The
one exception to the above generalization is
5-methyl-4-indanol.

Trimethylsilyl (TMS) ether derivatives
were used to verify structural types in the
tar-acid fractions (58). Formation of TMS
ether derivatives increases the mass of the
parent molecule-ion by 72 mass units for
each OH group and produces a new series of
peaks free from interference by other classes
of compounds. Determinations on a sym-
thetic blend of 1- to 4-ring phenolic com-
pounds have shown that the zreaction is
quantitative (table 31).

The sensitivities of the phenols and their
TMS ether derivatives appear to be related
(fig. 14). Sensitivity coefficients for the de-
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TABLE 30.—Low-ionizing-voltage
sensitivity of methylindanols, chart divisions

Sensitivity /0.001 em?

1 Example of structure: $-Methyl4-indancl:

g1, i i
]
O

rivatives are approximately 25 percent lower
for 1-ring and 8 percent lower for condensed
2-ring compounds. In many instances, TMS
ether derivatives could not be prepared be-
cause only limited quantities of the pure
phenolic compounds were available. Quan-
titative data on carbon number distribution
were therefore obtained from the spectrum
of the original tar-acid fraction unless con-
siderable quantities (>15 percent) oI neu-
tral material were indicated in the TMS ether
spectrum.

Application of Methods

Coal-tar acids have been separated by sev-
eral methods including formation of com-
plexes, butylation, differential solubilities,
etc. F-llowing a review of existing methods,
Dean, white, and McNeil concluded, “No sat-
isfactory systematic method of analyzing
coal-.ir acids has yet been described” (21).

TABLE 31.—Low-ionizing-voltage analysis

of a synthctic blend of phenols,
volume-percent
MS analyses
As tricaethyl-
milyl athar
As pheaols derivatives Synthetic
303 286 L3
221 211
6.1 5.9
101 127 121
] 51 5.1
83 76 52
. 67 55 5.5
1} e n12 9.8
ToL2 11 K]
8 of hyisilyl etber based on correlstion with

pbeno] scasitivity.
ot ds bave

Both weio 3t of 170 weighted sen-
sitivity osed.
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FIGURE 1¢.-—Carbon Number Distribution of Phenols
ggg" Icn)danols in a Tar-Aeid Fraction (80° to

Characterization of higher boiling neutral
oils from coal is equally unsatisfactory with
investigations being limited to qualitative
determinations or separation of the major
components. The low-ionizing-voltage meth-
od provides carbon number distribution data
—an intermediate step between gross char-
acterization methods (for example, infrared,
n~d-M) and the determination of individual
components.

Tar acids and neutral oils from various
coal hydrogenation oils and coal tars have
been analyzed by this technique. Examples
of the mixtures analyzed and data relating
to their origin are given in table 32.

Sample A

In many instances, a quantitative interpre-
tation of the spectrum was not necessary.
For example, the extent of dealkylation of a
tar-acid fraction (240° to 420° C) from a
coal-tar distillate was determined simply
from changes in peak intensity ratios. The
parent mass peaks corresponded to the fol-
lowing compound types including alkyl de-
rivatives: Phenols, indanols, indenols, naph-
thols, alkoxyphenols, acenaphthylenols and/or
fluorenols, and acenaphthenols and/or phe-
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TABLE 32.—Identification of samples analyzed
Desig-
nation Fraction Souree of
in text Coal Treatmert analyzed material
A Wyoming Low-temperature carbonization; catalytic Tar acids Bureau of Mines,
hvab. dealky:ation of tar acids. <420° C. Morgantown Coal
Research Center.
B British....... Verticalretort .........oovvvimirinnnnnanenn- Tar acids Reference 21.
232° to 278° C.
C | Texas ligzite. | Low-temperature carbonization; tar acid Tar acids. References & and 8.
extraction.
D Rock Springs, | Hydrogenation at 465° C and 2006 psig— Neutral oil, Furean of Mines,
Wy, hveb. catalyst, 0.5 percent molybdepum. 80° to 280° C. Pittsburgh Coal
Research Center.
E Blended High-temperature tar; hydrogenation at 465° C | Neutral oil, U.S. Stee! Corp.,
bvab. and 2,000 psig—catalyst, 2.0 percent iron. 80° to 280° C. Clairton Works.
F Blended Low-temperature carbonization; hydrogenation | Neutral oil, Raference 75.
hvab. at 300° C. and 2,500 psig—catalyst, 176° to 236° C.
nickel on kieselguhr.
G Subbitum- 500° C carbonization. Neutral oil, Union Carbide
inous 120°t0290°C.| Olefizs Co.
‘Western.
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nylphenols. Results obtained on the phenols
are shown in figure 15. The intensities of
the parent masses 94 to 164 were consider-
ably increased after cracking. Alsc, the max-
imum peak intensity for the cracked sample
occurred one carbon number less than in the
spectrum of the original sample. This infor-
mation was suficient to enable the course
of the catalytic cracking operation to be
followed.
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Ficeee 15. —Cshbhc Cracking of Phenols From
Coal-Tar Distillate as Evidenced by Low-Ionizing-
Voltage Mass Spectra.

Sampie B

When the desired pure compounds are not
available for synthetic mixtures, determina-
tions on samples prevxously analyzed by other
methods are helpful in evaluating 2 new tech-
nique. To compare the total phenol and in-
dano! values at various carbon numbers with
values obtained by chemical methods, six
fractions of tar acids boiling between 232°
and 278°C from a vertical retort o) tion
were obtained from the Coal Tar
Association. These fractions, containing pri-
marily phenols and indanols, had been ana-
lyzed for specific compounds (21). ‘The Brit-
ish data for two fractions shown in table 33
represent sums of values found for specific
compounds at a particular carbon number but
are not necessarily complete analyses. In
geperal, values obtained by low -ionizing
voltage were somewhat higher than those
obtained chemically.

a UPDATA 1976&

TABLE 33.—Analyses of high-boiling tar
acids from Coal Tar Researck Association

(CTRA), Leeds, England,
volume-percent
Mass spectral CTRA
Phacols | Iodacels | Phencis | Indasels
FRACTION WITEH bp. OF 241.6° TO 2¢06° C
C. L U P TR
(c:: ’s.t gyt FrARiE IR PRSLERE
G 2 ) 5.6 b+
C, 33 - U PR P
G 3 o8 foLollIllilllililiiiil
FRACTION WITH bp. OF 247.5° TO 249.8° C
C, o.é ...................................
& 10 RE A I 20
G et 17 21 )
G, Ll ai ........................
8.': a1 I IOROURERIR IR

Sample C

A quantitative analysis of a tar-acid frac-
tion from low-temperature tar derived from
lignite is shown m table 34 (8, 48). This
sample contained a larger variety of phenolics
than the coal-hydrogenation product and il-
lustrates a broader application of the method.
Six of the seven structural types showed one
well-defined maximum ; the series of dihydric
phenols showed two, possibly because of the
presence of anthrols and/or phenanthrols
which occur at the same parent mass series
as the dihydries above mass 194. Approxi-
mately 83 percent of the tar-acid fraction
consisted of compounds with 6 to 22 carbon
atoms. This total appears reasonable as some
neutral material probably remained in the
sample. The data were verified by a spectrum
of the trimethylsilyl ether derivatives.

Andlysis of Neutral Oils Derived From Coal
Samp.e D
Table 35 shows the analysis of a sample

consisting primarily of neutral oil, obtained
by blending fractions of coal-hydrogmatlon
oil (80° to 280° C) as a preliminary step

preparing a jet fuel. Carbon number dxstri
bution data for the following compound types
including alky! derivatives are shown in fig-
ure 16: Benzenes, indans, and phenols. Fur-
ther hydrogenation to convert aromatics to
napnthenes, as described by Schlesinger and
coworkers (74), is required for this material
to meet JP-4 jet fuel specifications.

Sample E
Data on distillable neutral oil (80° to 280°
C) obtained from hydrogenated high-tem-

perature tar are shown in table 836. This
material was prepared by a single pass hy-
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TABLE 84.—>Mass spectral enalysis of methanol-exiract of low-temperature tar from Tezas

Lignite, volume-percent
Compouzd types and alkyi derivatives
Paemis Dibydricphenct —— - Naphthet Py y————

Ce 32 04
C, 74 5
C. 1.7 8
[ L4 1.0 0.6 3
C,y L7 S 20 2.0 Q.5
Cn 2 2 2.5 2.8 L8
Cuy b % S5 1.8 25 22 0.2 0.1
G 1.0 B 11 16 L5 o B
Cre K3 1.0 .8 E:3 <8 2 k]
Cia 5 -8 g S <5 13 1.0
Cu K3 R 5 5 S 8 B3
Cor K3 4 3 4 E3 S 5
Ge 5 2 2 3 3 4 5
Ce 3 2 = 2 2 2 3
Cye w1 W1 ol 2 e 2 2
Cur 10 S s <1 .2 ol
G e I T e T s a

Total* 3L8 73 109 12.7 3.0 X 50

1 Grand total, 22.9 volume-percent.

drogenation of top tar at 3,000 psig and 465°
C. The aromatic portion, comprising 97
percent of the neutral oil, was analyzed both
by low-ionizing voltage and conventi nal
type-analysis. The type-analysis was based
on a variation of the method described by
Lumpkin (58). Results of the low-lonizing-
voltage analysis are shown as summations of
the various values obtained at each carbon
number. The results compared favorably,
with the exception of the indenes. These de-
viations possibly arise from contributions to
the spectrum by the additional structural
types indicated in the low-voltage analysis
including phenylnaphthalenes and/or methyl-
enephenanthrenes and pyrenes and/or fluor-

1 \x T

O Phenals

4 Indam

X Benzenes

HYDROCANBONS tH TOTAL OIL, volurne —poreant

.\\4 ™~

¥
3 ) 10 12 e

FIGURE 16.—~Carbon Number Distribution of Phenols,
In es in Blended Fractions (80° to

dans, and
280° C) of a Coal-Hydrogenation OiL
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anthenes. Sensitivity factors for the type-
analyses were based on totzl ionization tech-
niques and should be quite accurate. The
analysis by low-ionizing voltage totaled 101.3
percent before normalization, indicating that
reasonable sensitivities were used. Although
the analysis of this complex mixture cannct
be confirmed by other instrumental or chem-
ical methods, agreement between the two
mass spectrometric methods indicates the
data are valid.

Sample F

As 2 further application of the technique to
neutral oil, three fractions (bp 176° to 236°
C) of saturated hydrocarbons produced by
hydrogenation of low-temperature tar were
analyzed (74). These samples were also of
interest because of their possible application
as jet fuels. The type-analysis (table 37)
indicates the samples consist primarily (~95
percent)} of condensed and noncondensed cy-
cloparaffins. The relative amounts of con-
densed and noncondensed structures were
determined and also the ratio of the C; to C;
rings for the noncondensed structures. Car-
Don number distributions for the cycloparaf-
fins are first approximations as only limited

TABLE 35.-——Mass spectral analysisof a
coel-hydrogeration oil, volume-percent

Compound type, including Coal-hydrogenation
1 derivatives oil
Indanms, tetralins. .. ... ... ... .iiieiiiennne 19.0
Benzenes..........oiiiiiiiiiiieaiiaanas 23.1
Paraffins. ... .. o iiiiiiiiaiiisae e araas 16.7
Noncondensed cycloparaffins. . _........... 22.5
Cond cycloparaffins.......oieininnns 4.0
Naphthalenes......cocueeinniiinocescanns 3.7
QOlefins g
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TABLE 36.—Mass spectral analysis of dis-
tillable neutral oil from hydrogenation
of a high-temperature tar,

volume-percent
Cempound type, inciuds TLow-velt
alkyl derivatives lysi Type
P w1 9.1
Indans, tetrading. .. .............. 10.6 | 129
A bthyleomn, Gucrenes o s
A bth ipb w7 242
Ph A 38 2
Indenes.. . . ............... ..... 87 10.1
Phenyinaphthalenen. methy' me-
pbevanthreneat. . ... ... ... ... sS4 |l
Pyreses, Suoraathencs?. .. .... .. L

1 Average of didubstitution assomed.
2 ldentificrtion DOt eertain : pot intluded in type-analysis matrix.

calibration data are available. For the sam-
ples shown in table 37, values above 10 per-
cent are probably good to =10 percent of the
amount shown. Beiow 10 percent, values
coild be in error as much as =50 percent.
The fractions show a progressive increase
in the carbon number at which maximum
concentration occurs.

Sample G

A sample of neutral oil {bp 120° to 290° C)
from the carbonization at 500° C of a sub-
bituminous western coal was obtained from
the Union Carbide Olefins Co. This sample
had been subjected to extensive investigation
including the determination of physical prop-
erties, F1A analysis, n-d-M calculations, ete.
The Bureau of Mines FIA analysis agrees
quite well with the estimated percentages
gisvenTb%lU?;nshCarbimown i}: t.ag}e

. Table ows yses for the
compound types in the three fractions. Anal-
vsis of the olefinic fraction, after hydrogena-
tion, indicated this fraction consisted of ap-
proximately 10 percent cyclic structures.

The 12 homologous series can be associated
with the compound types shown in takle 40
and complete carbon number distribution
data for these structural types are given in
table 40. Carbon numbers of the various
components range from C, to C,,. Approxi-
mately 2 percent of tar acids remained in this
neutral oil. A comparison of calculated val-

TARLE 37.—Mass spectral analysis of saturcted neutral oils produced by hydrogenation of
low-temperature tar, volume-percent

! ‘Type-analysis
!
Noacondeased
Boili cyciopanfling Low-voltage analysis, tetal condensed aad
C Naphtbaleoe Tom! | Cs/Cyrings | cycloparstine | Cio | Cu Cra Cy Cue Cis Cre
175194 0.4 47 49 61 26 &0 ) P N EET TR P
203224 Trace 28 18 67 1 28 60 |- PR P
217-236 Trace 20 8 T e 5 2 2 13 4

ues based on mass spectrometric data for
average molecular weight, total rings per
molecule (Rr), aromatic rings per molecule
(R.). double bonds per molecule (N=), and
the atom ratio (H/C) is given in table
38. Reasonable agreement is shown in these
data indicating the validity of the mass

TABLE 39.—Mass spectral analysis of 120°
to 290° C fraction of neutral oil from
carbonization of subbituminous
Western coal at 500° C,

h volume-percent
spectrometric method.
Bursauof | .
TARLE 38.—Analysis of 120° to 290° C f Compound type, iscndisg | —m | IS,
- ysis oy 1=0° 10 = jrac- et denvativest MS | FIA | estimate
tion of neutrol oil from carbonization of Soldre
subbituminous Wesiern coal at 500° C. B ene SNNNNOURRI 12.6 N
Comparison of n-d-M and mass Noacondeased cycloparaffins....| 32 % 164 13
spectral results Otefion
¢! H
Union Qe | Rt Eammpa et ] 28 [Jas | mas
roethod : MS apalysm .
Average molecular weight. . . .. .. 152 43 156 U d ics (indepes).| 7.1
R 7(total rings/mwolecule) . . . ... 129 n.05 Alicylbenzenes . .. ...... ey | 234
i!:((m‘?:&nﬁnp/u;m)... © o gg"’““‘-“‘/‘" dipbeoyls.| 2.8 21 S5
A e ooe). | % | & Naphthalesss..... erteennnnt
N Iadans, d ‘or tetraling. ........ 12.0
BrCfmompue. -l S%e | oo Pleaoks, mooehydric and dibydri| 20
' Determined from boiliag ranse,

3 Cycloparsfias considered as all singie ring ; minimum,
? Half of olefins considered as containing 2 double bonda.

D CrDATA 9os,

1 Poasibly ©p to 8 percemt of molecules containing N, 8. or O.
other than phenols, are not ideotified. Probably distributed among
aromatic and olefinic types,
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A minimum of 77 components is indicated
in this mixture, and since the method does
not determine individual isomers or various
structural types having identical molecular
weights, the actual number is probably many
times this figure.

SPECIAL ANALYTICAL TECHNIQUES

Mass spectrometer znalyses of certain
types of compounds present unique problems.
These problems arise from (1) similarity of
mass spectra, (2) chemical reactivity, (8) ad-
sorption in the mass spectrometer, (4) trace
impurities ix: calibration compounds, (5) the
need for very accurate analyses of trace
components in the presence of interfering
compounds, ete.

The similarity of mass spectra of various
hydrocarbons is both an advantage and a dis-
advantage anaiytically. Type-analyses have
been devised based on these similarities and,
where only general information is required,
these data are usually sufficient. However,
for product characterization, values for indi-
vidual components are desirable. Two
approaches were used to reduce spectral in-
terferences, separation by molecular sieves
and reactions to form noninterfering species.

The ratio of branched to normal hydrocar-
bons from C,, through C,, in the Fischer-
Tropsch product was determined for each
carbon number using molecular sieve tech-
niques to separate the normal hydroearbons
from the remainder of the hydrogenated
product (63, 79). A different approach was

used to determine the ratio of branched to
normal hydrocarbons in the charcoal trap
product of the Fischer-Tropsch synthesis. A
hydrochlorination reaction was applied in de-
termining the isobutene and isopentene in
this synthesis produet (63).

Chemical reactivity difficulties arise when
material present in the mass spectrometer
inlet system is attacked by compounds such
as nitrogen dioxide. Conditioning procedures
were devised to permit analyses for oxides of
nitrogen (33).

Adsorption in the mass spectrometer inlet
system is responsible for the difficulty in an-
alyzing for hydrogen sulfide and for vapor-
phase water. Procedures to minimize this
effect were devised.

The presence of trace impurities in eali-
bration standards is of paramount impor-
tance in certain analytical problems. The
accuracy of the calculation of equilibrium
constants for the reaction of H, -+ D.=2HD
is dependent on knowledge of the spectra of
each of these gases and the purity of the cali-
bration materials. The mass spectrum of
hydrogen deuteride was obtained and the
equilibrium constants caleulated (31).

Mass Spectrometric Determination
of the Ratio of Branched to
Normal Hydrocarbons Up to Cyg in
Fischer-Tropsch Product
The Fischer-Tropsch synthesis is being in-

vestigated by the Bureau of Mines as 2 means
of converting coal to hydrocarbons. Gaseous

TABLE 40.-—Mass spectral carbon number distribution deta for neutral oil (bp 120° to 290° C)
from the 500° C carbonization of a subbituminous Westerr coal, velume-percent
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and liquid hydrocarbons from the Fischer-
Tropsch synthesis have been studied by sev-
eral investigators including Anderson, Frie-
del, and Storch (3) ; Weitkamp, Seelig, Bow-
man, and Cady (94) ; Bruner (15) ; and Gall
and Kipping (88). While carbon number
distribution data for the hydrocarbons have
in certain instances been obtained up to C..
information concerning the ratio of branched
to mormal hydrocarbons in Fischer-Tropsch
product is not available above C,. The de-
sired information can be obtained for the
paraffins plus olefins in the product if hydro-
genated material is analyzed. The purpose
of this investigation was to derive methods
for determining carbon number distribution
data, and the ratio of branched to normal
paraffins, in hydrogenated fractions of
Fischer-Tropsch synthesis product.

Theoretical chain branching schemes for
the hydrocarbons in Fischer-Tropsch product
have been proposed by Anderson, Friedel,
and Storch and others (3, 28, 95-96). The
carbon number distribution for the hydro-
carbons is also predicted by these schemes.
Previous investigations have shown that these
chain branching schemes adequately describe
the synthesis product up to C, (8). For these
comparisons, the individual isomers for the
C, to C. hydrocarbons were determined.

Several mass spectrometric methods for
determining the ratio of branched to normal
paraffins have been described. In all of these
methods, certain assumptions have been made
concerning fragmentation patterns and sen-
sitivity factors for the branched paraffins. In
the first investigation of this type, O’'Neal
and Wier assumed that the pure compound,
3-ethyl tetracosane, was representative of the
isoalkanes in petroleum waxes (69). Brown,
Skahan, Cirillo, and Melpolder “felt that an
average isoparaffin would dissociate so as to
lose 43 mass units,” and, therefore, used
peaks corresponding to (molecular weight
~43 mass units) for isoparaffin determina-
tions (13). Ferguson and Howard described
a method for determining the iso-to-normal
paraffin ratio in gasoline-range petroleum
(25). The same authors used thermody-
namic equilibrium data of Prosen, Pitzer, and
Rossini to weight individual C; to C, isopar-
affins and obtain representative sensitivity
factors at each of these carbon numbers (71).
Using molecular sieve techniques, average
isoparaffin sensitivities were also obtained
for the C, to C,, paraffins in representative
gasolines. In this instance, Ferguson and
Howard had to assume that 2 representative
fraction of isoparaffins was obtained by the
molecular sieve technique, because very few
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pure isoparaffins above C,, are available for
synthetic blend determinations.

0O’Connor and Norris described a complete
analytical scheme for characterizing the com-
pound types in the light-gas oil (100° to 650°
T} fraction of petroleum (68). Molecular
sieves were used in determining total per-
centages of normal paraffins and straight-
chain olefins; however, carbon number dis-
tribution data were not obtained. Excellent
results were reported on synthetic blends pre-
pared from the limited number of pure com-
pounds available. For the i 2
methyldecane was the highest molecular
weight compound included in the blends. Us-
ing their method, n-pentane must be refluxed
through the sieves for approximately 100
hours if the normal 1 up to C.. are de-
sired for a carbon number distribution de-
temﬁi:dation by gas chromatography or other
method.

Branched-chain hydrocarbons in Fischer-
Tropsch synthesis product consist primarily
of mono-substit and dimethyl-substituted
compounds. While this mixture is less com-
plex than that found in petroleum, the methyl
branched compounds, particularly those hav-
ing methyl branching near one end of the
alkyl chain, should cause the most difficulty
with separations by molecular sieve material.
In the present investigation, molecular sieve
techniques were used to obtain the ratio of
branched to normal paraffins in the range C,.
to C.. in hydrogenated fractions of Fischer-
Tropsch product. The product was produced
at 265° C using an ammonia synthesis cata-
lyst composed of Fe,0,, MgO, and K.0. The
synthesis was carried out with 1H.-to-1CO
gas at 21.4 atmospheres. After hydrogena-
tion and removal of the oxygenates, the re-
maining product consisted of the same major
types of hydrocarbons found in petroleum:
Paraffins, paphthenes, and monoaromatics.
Information derived from this investigation
concerning the use of molecular sieves should
therefore be applicable to liquid fractions of
petroleum origin. While the purpose of this
investigation was to determine the adequacy
of the chain branching schemes in describing
the distribution of C,, to C., synthesis prod-
uct, agreement between theoretical and ex-
perimental data also indicates the validity of
molecular sieve separation ia this range.

Experimental Procedure

Separation and Sample Preparation.—
Fractions of the product investigated boiled
in the ranges 170° to 323° C, 323° to 390° C,
and >390° C residue. This included all
paraffins and olefins having more than 10
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carbons. The 323° to 390° C fraction was
intermediate between the liguid and residue
product and was the smallest of the three
fractions. The flow diagram, figure 17, gives
the sample handling and preparation for

Busreltatign  frggtions
170%=323*C
323%-350°C
>390°C residue
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FIGURE 17.—Separation and Analysis of >170° C
Fraction of Fischer-Tropsch Synthesis Prodact.

the spectrometric investigation. Hydrogena-
tion was carried out at 185° C for about 16
hours on Raney nickel catalyst. The three
fractions were then investigated by infrared
and found to be free of olefins. Oxyzanated
material was removed from the three frac-
tions by sulfuric acid extraction, and infra-
red (IR) determinations showed these
samples were free of hydroxyl and carbonyl
groups. The fluorescent indicator adsorption
technique (FIA) was also applied to a
portion of the 170° to 323° C and 323° to 380°
€ fractions after hydrogenstion. Drop quan-
tities of the saturates were collected from the
FIA for spectrometric investigation. Results
obtained by this separation method were con-
sistent with those from the acid extraction
technique.

Carbon number distribution data were then
obtained for the paraffinic hydrocarbons in
all three fractions. Prior to molecular sieve
separation, approximately 10 pereent by vol-
ume of a-methylnaphthalene was added as an
internal standard to 2 portion of the saturate
corcentrate collected from FIA. Removal of
normal paraffins by the molecular sieves re-
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sulted in a reduction in parent peak intensi-
ties. Thus, comparison of mass spectra
obtained before and after sieve treatment,
following adjustment to bring internal stand-
ard peaks to the same intensity, permitted
determinations for normal and branched
paraffins.

Mass Spectromeiric Calibretion Datg~—
Mass ions corresponding to the molecular
weights of the paraffins were used. Appro-
priate calibration data covering the mass
range of interest were needed for both the
normal and branched-chain paraffinic struc-
tures (fig. 18). As pure normal paraffins are
available to C;., data were easily obtained for
the normal compounds (curve 1). The prob-
lem with the branched compounds consisted
not only of obtaining the proper pure com-
pounds (very few available above C,) but
also of weighting the calibration data. Two
approaches were used to determine the sensi-
tivities shown in figure 18: (1) The branched
components in hydrogenated Fischer-
Tropsch product were isolated by distillation
and molecular sieve techniques and sensitivi-
ties for the total branched paraffins C,~C.,
determined from actual product (curve 4);
data from fractions of branched paraffins
consisting primarily of single carbon num-
bers, C,; to C,;,, were combined with data
from a broader fraction in establishing curve
43 (2) Sensitivity factors based on data for
the mono-suobstituted and dimethyl-
substituted compounds, major components in
Fischer-Tropsch product, were extrapolated
from C, and lower carbon numbers (curve ).
Good agreement is shown between sensitivity
factors obtained by the two methods. More
hizhly branched compounds having lower
sensitivity factors were not considered in de-
riving curve 3. It is therefore reasonable
that curve 4 gives slightly lower sensitivity
factors than curve 3. Theoretical weighting
factors for combining normal and total
branched paraffins were used in obtaining
sensitivities for the total paraffin at each
carbon number (curve 2) (3).

Molecular Sieve Technique.—Three molec-
ular sieve techniques were investigated: (1)
Simple mixing of the sample and sieve ma-
terial (56); (2) the vacuum evaporation
method developed by Nelson, Grimes, and
Heinrich (66) ; and (3) an elution technique
developed by O'Connor and Norris (65).
The elution technique gave a better separa-
tion of normal and branched components
(above C,,) in synthetic mixtures and was
therefore used in characterizing the 170° to
323° C and 323° to 390° C fractions.

Briefly, the technique is as follows. Be-
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FIGURE 18.—Sensitivity Data for Paraffins in Fischer-Tropsch Product.

tween 02 and 0.5 ml of sample containing
about 10 percent by volume of c-methylnaph-
thalene is charged to the column, followed by
approximately 8 ml of isopentane that has
previously been put through a molecular sieve
column to remove any traces of normal com-
ponents. The material collected is then
stripped of most of the isopentane—with ap-
proximately 25 percent isopentane remaining
in the fina) mixture. Recovery of the normal
components from the sieve material is not
necessary, as changes in the intensities of the
molecular ions and internal standard after
sieve treatment can be used to calculate the
normal paraffins.

Synthetic mixtures were prepared to de-
termine whether (1) molecular sieves are ef-
fective in removing normal] paraffins from
actual Fischer-Tropsch product, and/or (2)
during the stripping operation only isopen-
tane and not portions of the sample or in-
ternal standard are removed. A blend was
orepared consisting of approximately 40 per-
cent n-C,; and the remainder 170° to 323° C
product. The n-C,, was completely removed
by sieve treatment. A second mixture was
prepared consisting of 0.3 m] of 170° to 323°
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C product (including approximately 10 per-
cent a-methylnaphthalene as internal stand-
ard) and 8 ml of isopentane. After stripping
the isopentane, the same mass was
obtained as before addition of the isopentane.

Results

A summary of the carbon number distribu-
tion data for the three fractions is shown in
table 41. Paraffin-naphthene i
results for total percentages of these two
structural types are also given (29). The
naphthene content is ~2 percent in the first
two fractions and then rises to 16 percent in
the >390° C residue. Values for the oxygen-
ates were obtained by summing the i
functional group determinations for the hy-
droxyl and carbonyl group containing com-
pounds. In these fractions of hydrogenated
product there is a trend toward increased
oxygenate and decreased paraffin content
with increasing carbon number. Dztermina-
tions on the >390° C residue were made to
C.s, the highest carbon number with readable
peaks. The composite analysis of the total
(last column) was based on a summation
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TABLE 41.—Carbon number distribution for paraffins in hydrogenated fractions of Fischer-
Tropsch product, volume-percent

Boiling range, °C
Composite
170° t0 323° C 323°t0 390°C >890°C boiling at >170° C
Fraction of total boiling
at >170°C........c.nanne, 36.8 13.3 49.9 100
Oxygenates. . ................. 20.6 35.8 34.6 29.6
Naphthenes. . . ................ 2.4 1.6 16.4 9.3
Paraffins..............ccc0neen. 77.0 62.6 49.0 61.1
DISTRIBUTION FOR PARAFFINS
L - T O 21.5
Cllerees cviinsieenersnnncases 0 e e 4.9
L8 Pt I § 5 S PO I 4.7
1 43
2 . 4.0
- S 3.6
L S 32
63  lieeeiiiicees cae. 2.7
2 2.3
97  feeieiiiiicnaeneaan 2.1
8.4 025 1.9
8.1 79 1.8
6.0 1.5 1.7
3.9 2.1 1.6
2.7 2.7 1.7
1.5 2.9 1.6
11 3.1 14
50 3.1 1.5
3.1 14
32 14
3.0 14
2.7 13
23 1.0
23 0.90
1.9 80
1.8 82
14 63
1.5 60
C:. 14 50
Aromatice and higher molecular
weight paraffins. .. ......ecvafimeeinnncnnnencnnadeceenivieiannanans 3.0 39
2 Determined from peak on e fracti
* Not tota! Cie: lower boiling £ § ’OubutnatCu.

of peak intensities in the three fractions,
weighted according to the volume fraction
of each, rather than a summation of percent-
ages shown for the three fractions. This was
done to eliminate any errors that might occur
by applying weighted sensitivity factors if
either branched or normal material was con-
centrated in the low- or high-boiling ends of
the fractions. Figure 19 shows the volume-
percent of paraffin at each carbon mumbe.
from C,, to C;, for the hydrogenated product.
Values from C.. to C,, are quite similar.
Table 42 shows 2 summary of the determ-
inations for normal paraffins from C,,
through C,; using molecular sieve separa-
tions. Predicted values according to the
chain growth scheme of Anderson, Friedel,
and Storch (discussed later) are also shown

(3).

&) UPDATA 1976,

The carbon number distributior for nor-
mal paraffins in the 170° to 323° C fraction
was also determined by an independent mass
spectrometric method (courtesy, Atlantic Re-

TABLE 42 —Determination of n-paraffins in
hydrogenated Fischer-Tropsch synthesis
product, bp >170° C,

volume-percent
‘Total puraffin at esch czrbon
number appearing as n-paraffio
Experimental Predicted?
G 741 713
Cis 702 684
G 582 60.5
& 22 2
Cia 478 538
3 Referenee 3.
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F1GURE 19.—Carbon Number Distribution for Paraffins in Hydrogenated Fischer-Tropsch Product, bp >170° C.

fining Research Laboratory). This method
is based on a matrix operation involving over
700 coefficients (13).

TABLE 43.—Distribution of normal
paraffins in 170° to 328° C fraction of
Fischer-Tropsch synthesis product,

volume-percent

Molecuiar sieve MS matrix

{Clacniar sie S matrix
C, 1.6 1.6
Cye 32 32
Cis 133 13.0
Cis 119 10.5
Cus 10.6 82
s 9.1 R4
. 7.3 X3
Cre 53 $.8
e 3.5 &0
Cie 2.0 28
v L2 19
. K 1.0

1 Courtesy Atlantic Refining Co.. reference 13.

Results shown in table 43 are in good agree-
ment considering the complexity of the mix-
ture. For normal paraffins >5 percent, val-
ues obtained by the two methods show dif-
ferences of less than 15 percent of the amount
present.

Discussion of Results

Anderson, Friedel, and Storch derived the
following expression to describe the carbon
number distribution for Fischer-Tropsch
product (3) :

¢ = kFaar: (1)
log(¢x/Fa) =nloga + log(k/a®t) (2)

where ¢» = number of moles containing (n)
carbon atoms,

F'o BEEon 1976

¥, is a function of (f), a constant representa-
tive of the extent of branching,
and (k) and (a) are constants.
As a plot of log (¢+/Fa) versus (n) should be
linear (equation 2), this expression can be
used to examine experimental data. Figure
20 shows the agreement between the present
data for total paraffins and predicted values
based on a branching factor f=0.045.

Values for normal paraffins determined in
this investigation by the combined molecular
sieve-mass spectrometric techmique agree
with the isomer distribution predicted by
Anderson, Friedel, and Storch. Determina-
tions made by an independent method (table
43) also support the validity of molecular
sieve segaratlons for paraffins to approxi-
mately Predicted values for the normal
paraffins shown in table 42 are based on &
chain growth calculation that considers only
monomethy] and dimethyl branched isomers
(8). The calculation of the total branched
paraffin at each carbon number above C, is
not feasible using methods described in the
literature. Contributions by other branched
structures will result in the predicted value
for the total branched paraffins being low and
the normal isomers high. However, branched
paraffins other than monomethyl or dimethyl
have been found omnly as minor components
(total <0.5 percent for C,) in previous in-
vestigations (94). The trend for predicted
values for the normal paraffins to be increas-
ingly larger than the experimental values,
from C,, to C,, (table 42), possibly indicates
that contributions from the other branched

isomers become significant at higher carbon
numbers.
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Results obtained on Fischer-Tropsch prod-
uct produced at 265° C with an iron catalyst
are also consistent with results reported by
Gall and Kipping under similar synthesis
conditions ($8). Gall and Kipping found in

i 1 | i

T

MOLES OF PAHAFFINS, weighi-peseant 7 corbon numuber

20 24

CARBON NUMBER
'F1GURE 20.~Predicted Valges for Carbon Number

Distribution of Paraffins in Hydrogenated Fischer-
‘Tropsch Prodacts, bp >170° C.
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their study of the C, to C, paraffinic fraction
of synthesis product that the proportion of
branched-chain isomers inereases regularly
with synthesis temperature; that is, the (f)
factor increases with increasing synthesis
temperature. Exirapolating the C; to C;
data obtained by Gall and Kipping to higher
carbon numbers (fig. 21) indicates that, for
265° C operation, the paraffin fraction should
consist of approximately 64 percent normal
paraffins at C,,. The present investigation
g’:vce a value of 62 percent normal paraffin
a 14=

For product obtained with an iron catalyst,
Anderson and coworkers have shown that
predicted values for isomer distribution, us-
ing 2 branching factor of 0.115, show excel-
lent agreement with their experimental val-
ues. However, the experimental data of
Weitkamp (94) and Bruner (Z5) used for
this comparison were obtained under high-
temperature-synthesis conditions. The prod-
uct with which Weitkamp dealt was produced
at 315° C, and the product Bruner analyzed
is described as being produced hetween 290°
and 870° C. These data from high-tempera-
ture operations are also consistent with the
data Gall and Kipping obtzined at 315° C
(fig. 21). The carbon number distribution
data, and also the ratio of branched to nor-
mal hydrocarbons determined 10 carbon
numbers higher than in previous investiga-
tions, tend to support the work of Gall and
Kipping in the temperature variation of iso-
mer distribution.

Data shown in figure 20 imply that one
value for (e¢) and (f) in the chain-growth

S0
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PARAFFIN AS n-ISOMER, percent
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FIQURE 21.—Variation in Proportion of n-Isomer With Carbon Number for Paraffins (Logarithmic Plot).
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scheme will not apply over the entire mo-
lecular weight range, and a change in these
constants must be made at approximately C.,.
Anderson has noted that a similar plot of
Weitkamp’s data is linear for the range C, to
C,. with a= 0.6185 and f = 0.115 (2). The
deviation found in the plot of the Weitkamp
data is in the same direction as found in the
present investigation. Anderson also noted
that carbon number distribution data ob-
tained for synthesis product produced with a
cobalt catalyst gave a linear plot from C. to
C., with @ = 0.836 and f = 0.035. Thus, for
the lower branching factor (f), the chain-
growth scheme was found to apply over a
much wider carbon number range. The pres-
ent data are linear from at least C,. to Cy
and are more in line with the data for prod-
uct from cobalt catalyst. This would indi-
cate that the chain-growth scheme adequate-
ly describes the product from low-tempera-
ture operations, but not the extemsively
branched product obtained at approximately
300° C. Perhaps other terms to describe cy-
clization or the role of oxygenated compounds
are required.

Andalysis of Butenes and Pentenes
by Hydrochlorination

Determination of the amounts of the in-
dividual butenes present in a butene mixture
is complicated by the similarity of their mass
spectra. A procedure was described by Mel-
polder and Brown (63) for converting the
isobutene in samples to tert-butyl chloride
prior to mass spectrometric analysis. Iso-
putene is then determined in terms of the
chloride and the separation of the isomers is
simplified. Melpolder and Brown have also
ascertained that in pentene mixtures only
2-methyl-1-butene and 2-methyl-2-butene re-
act to form tert-amyl chloride when treated
with HCL

The procedure for the addition of a chlo-
rine atom to the tertiary carbon at the double
bond involves the reaction with HCl at re-
duced temperature and pressure. A portion
of the sample is placed in a blending system
and frozen down with liquid N.; then the air
is pumped off. When the sample has returned
to room temperature, an equal portion of
HCl is added and the mixture alternately
cooled and warmed to complete the reaction.
When 2 large percentage of isobutene is pres-
ent, precaution must be taken not to exceed
the vapor pressure of tert-butyl chloride—
200 mm of mercury at room temperature.

&) USDATA Tooss.

This reaction is quantitative and can be car-
ried out in about 30 minutes.
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The mass spectrum of tert-butyl chloride
has major peaks at m/e 77, 57, and 41. The
major peaks in the mass spectrum of tert-
amyl chloride are at m/e 91, 77, 71, 55, 43,
and 41. Masses 77 and 91 can be used to
correct the spectrum of the butene mixture
for the contributions of the chlorides and to
calculate the partial pressure of the chlorides
in the mixture. The percent of the chloride
is equivalent to the amount of isobuteme or
isopentene in the original mixture.

Before applying this method to the analy-
sis of unknown hydrocarbon mixtures from
the Fischer-Tropsch synthesis, synthetic
blends were first analyzed. Initial work was
carried out with the synthetic mixtures of
C. and C; hydrocarbons shown in table 44.
This work was then extended to include a
blend similar to the mixtures found in the
charcoal traps from the catalyst-testinz units
to attempt a separation of butenes in the

presence of many interfering compounds.
The resulting data, table 45, indicate that
this procedure should give reliable results on

this type of sample.

TABLE 44.—Mass spectral analysis of
synthetic blends of C, and C;
hydrocarbons, mole-percent

1-Pentase | Isopentsnel 1-Butene | Issbutene

Syntbetic bleng...... 3.0 20 700 S.0
Apalysa 1.......... 224 122 70.0 184
Anslynsis 2. . ........ 22.8 2.1 200 181

1 Determined as fert-amyl chioride.
2 Determined as tert-buty] chioride.

TABLE 45.—Mass spectral enalysis of ¢
synthetic blend of C, to C, hydrocarbons,
mole-percent

Synthetic

0

173
Breal.g %

8-—
vt 4 A W
-
b

a2

ok

3 Determination made fram tert-buty] chloride.
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Mass Spectrometric Analysis of
Mixtures Containing Nitrogen Dioxide

Chemical determination of oxides of nitro-
gen has been the subject of considerable study
{47, 98). Nitrogen dioxide has behaved er-
ratically in the mass spectrometer and has
resisted accurate analysis by this method.
This investigation was conce-ned with means
of eliminating the instrumental instability
and devising techniques for the analyses by
mass spectrometer alone of nitrogen dioxide,
nitrie oxide, and other gases in multicom-
ponent mixtures (339).

Matenals

Mathieson nitrogen dioxide in a glass bulb
was frozen in a Dry Ice bath and evacuated
for 30 minutes to remove volatile impurities.
Nitric oxide cannot be removed in this way
because of the formation of solid nitrogen
trioxide. Oxygen was added to the bulb and
the mixture was frozen in order to convert
any nitric oxide to nitrogen dioxide. Pump-
ing away the excess oxygen produced a reli-
able sample of the dioxide. For sampling
from cylinders only a very short section of
tubing, inert plastic ratner than rubber,
should be used.

Synthetic nitrogen dioxide was prepared
by reacting syuthetic nitric oxide with oxy-
gen. The product was frozen in Dry Ice and
excess oxygen was pumped off. The mass
spectrum was identical to the spectrum of
purified Mathieson nitrogen dioxide.

Mathieson nitric oxide was frozen in lig-
wid nitrogen, and volatile impurities were
pumped off. The cylinders used in this work
contained about 1 percent of carbon dioxide
and perhaps nitrous oxide in smaller con-
centrations. Either carbon dioxide or ni-
trous oxide impurities can be prevented from
entering the spectrometer by sampling at a
temperature slightly above lignid nitrogen
temperatures. This was done by freezing the
sample, then suspending it slightly above the
surface of the liquid nitrogen batk before
opening the stopcock.

Synthetic nitric oxide was prepared by dis-
solving 0.5 gram of potassium nitrate, re-
crystallized three times and dried for 2 hours
at 100° C in 12.5 ml of 95 percent sulfuric
acid. The solution was placed in a 10)-ml
sample bulb which was then frozen in Dry
Jce and evacuated. Merzury was sucked in
through the stopcock bore and allowed to
react. The mixture was frozen in liquid
nitrogen in order to pump off any traces cf
air, and samples were taken with the bulb
suspended above liquid nitrogen. The mass
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spectrum showed no nitrous oxide or carbon
dioxide. ‘

No chemical or other tests for impurities
were made on these compounds., The same
gas used for calibration of the spectrometer
I\;»iasdused for preparation of the synthetic

ends.

Stopcock Greases—Four lubricants were
tested: Apiezon L, Consolidated grease
(grade B), Dow Corning high-vacuum, sili-
cone, and Perfluoro (FCX-759, furnished by
E. 1 du Pont de Nemours & Co., Inc.). The
same mixture of nitrogen dioxide and helium
was placed in four sample bottles, stopcocks
of which were lubricated with these greases.
Helium served as an internal standard to
check for loss of the dioxide by sorption or
by Tformation of nonvolatile products. Dupli-
cate analyses of the helium fo nitrogen diox-
ide ratio and of the volatile reaction products
were made at intervals over a 12-day period.
The first of these analyses produced the most
information because an appreciable per-ent-
age of this sample was the gas trapped in the
stopcock bore where the ratio, lubricant to
gas, was the greatest.

Determinations based on the internal stand-
ard indicated that some loss of nitrogen diox-
ide in the grease of the stopcock bore occurred
in all cases. The duplicate analyses showed
that the total amount lost was negligible.
Analyses of the gaseous decomposition prod-
ucts produced the following order of prefer-
ence: Silicone, Perfluoro, Consolidated, and
Apiezon. Apiezon reacted to a much greater
extent than any of the others, as evidenced
by apprecizable formation of nitric oxide, car-
bon monoxide, and carbon dioxide. No vol-
atile reaction products were found with the
gilicone grease.

Preferential loss of nitrogen dioxide in the
grease can be minimized by discarding the
gas in the stopcock bore with a preliminary
flushing. If L-type stopcocks are used the
flushing operation is still desirable.

Diffusion-Pump Oil——Only silicone pump-
ing fluid (Dow Corning No. 703) was used in
the vacuum pump of the gas-handling sys-
tem. Nitrogen dioxide reacts rapidly with
the oil at room temperature to form brownish
addition products. The reaction is not re-
versible, even at elevated temperatures.
Twenty millimeters of nitrogen dioxide were
compleiely taken up after standing in contact
with silicone pump oil. The pressure de-
creased to 0.001 mm and remained there
even after heating. This indicates that there
is no formation of volatile reaction products
which might give spurious peaks in the mass
spectrum of nitrogen dioxide. The only dele-
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terious effect is eventual deterioration ot the
pumping fluid. This process is slow because
the pump was exposed to nitrogen dioxide
pressures of less than 0.1 mm of mercury.
In 9 months of parttime operation with ni-
trogen dioxide and nitric acid the pump oil
was changed only once.

Apparatus.—A Consolidated Electrodynam-
ics model 21-103 mass spectrometer was used
in this work. The gas-handling system of this
instrument is constructed of stainless steel
and utilizes stainless steel bellows valves.
Samples were admitted directly into the
glass expansion bottle through a blind flange
on the left side of the gas-handling system.
A glass manifold with four tapered joints
was connected to this flange so that several
samples could be handled without breaking
the vacuum and risking contamination.

Pressure measurements were made on the
Consolidated micromanometer which oper-
ates in the micron range.

Nitrogen Dicxide

Instability.—The erratic behavior of ni-
trogen dioxide in the mass spectrometer is
attributable to chemical reactivity. Under
normal temperature and pressure conditions
this substance exists as an equilibrium
mixture of the tetroxide and the dioxide
according to the equation N.O, = 2NO,.

Equilibrium data (91) for this system
permit calculation of the relative amounts
of dinitrogen tetroxide and nitrogen diox-
ide existing at normal temperature and
pressure. Under the conditions of mass-
spectrometer investigation the usual pres-
sure range is around 100 microns. At this
pressure the equilibrium mixture is 99.9-
percent of nitrogen dioxide. Pressure mea-
surement in the micron range, by means of
the micromanometer, obviates the necessity
for any correction for the equilibrium, and
analytical results are in terms of nitrogen
dioxide. Obviously, the equilibrium is not
involved in the question of instability.

It is generally known that traces of reac-
tive materials are always present in the
high-vacuum system of the mass spectrom-
eter. Adsorbed water is one such substance.
Others are carbon and polymerized hydro-
carbons. Although no stopcock grease exists
in the metal gas-handling system, traces of
reactive nonvolatile materials accumulate
from samples and from pump oil.

Nitrogen dioxide apparently reacts with
these carbonaceous materials to produce spec-
tral instability. Evidence of reaction was
found in the appearance of nitric oxide,
carbon monoxide, carbon dioxide, and water
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in the mass spectrum of nitrogen dioxide.
In the same manner carbon monoxide and
carbon dioxide appear in the mass spectrum
of oxygen.

Nitrosation and/or nitration reactions ap-
parently occur to some extent. A nitrosate
arises from addition of two molecules of ni-
trogen dioxide to a double bond, nroducing a
nitroso group on one carbon and a nitrate on
the other. FKormation of such species would
remove molecules of nitrogen dioxide com-
pletely from t-e gas phase without producing
any volatile product that might be detected in
the mass spectrum. A good indication of this
reaction was found in the nitric oxide, mass
30, background which persisted for some
time after nitrogen dioxade rums had been
completed. There was no nitrogen dioxide,
mass 46, background. Thermal decomposi-
tion of the nitrosates of 1-hexene and buta-
diepe and of nitrated cellulose have shown
that nitric oxide, but no nitrogen dioxide, is
given off.

Conditioning of the system, to reach a point
of stability with respect to nitrogen dioxide,
involves diminution of troublesome reactions
by prior treatment of the system with excess
nitrogen dioxide. Elimination of these reac-
tions is never realized because carbon monox-
ide and carbon dioxide appear in all nitrogen
dioxide spectra. But, with proper condition-
ing, the spectrometer reaches a steady state,
after which the amounts of carbon monoxide
and carbon dioxide formed become fairly con-
stant for a given nitrogen dioxide pressure.

Conditioning Procedure.— EARLY NITRO-
GEN D1oxmE RUNs—Conditioning of the mass
spectrometer normally refers to treating a
new filament by exposing it to high-pressure
2 butene in order to achieve stable operating
characteristics. With a reactive substance
such as nitrogen dioxide, the conditioning
procedure must involve the entire high-
vacuum system to which the gases to be
analyzed will be

Daily conditioning of the mass spectrome-
ter was achieved initially by the following
treatment:

1. Overnight (8 hours) treatment of hoth
gas-handling system and filament with 100
microns of nitrogen dioxide in the expansion
bottle behind the mass spectrometer leak.

2. Three nitrogen dioxide runs at pres-
sures of 200 microns.

After this treatment the spectrometer was
ready for analyses. If samples with nitrogen
dioxide partial pressures belov 200 microns
were to be analyzed, the spectrometer was
given the following treatment in order to
maintzain stability:



50 ANALYTICAL METHODS IN MASS SPECTROMETRY

3. Nitrogen dioxide at a pressure of 100
microns for 20 minutes every 2 hours.

4. Nitrogen dioxide at a low pressure,
about 10 to 20 microns, for 5 minutes.

During any break in operation, condition-
ing was maintained by the following treat-
ment:

2. Nitrogen dioxide at a pressure of 100
microns until operation was resumed.

It was apparent that once the mass spec-
trometer was stabilized with respect to nitro-
gen dioxide, it had to be kept in contact with
appreciable pressures of nitrogen dioxide
almost continuously.

After conditioning, the data in figure 22
were obtained. The spectrometer was ad-
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Figuxe 22.—Preliminary Test for Proper Condition-
ing With NO,. Separate 80-Micron Samples Used
for Determination at Each Mass,

justed for one mass, nitrogen dioxide was
introduced, and the mass peak was scanned
immedicztely. The same peak was rescanned
every 15 seconds for 5 minutes. A different
sample for each mass peak was introduced
and run in the same manner. All of the mass
peaks were practically maximized, even at
15 seconds. Without proper conditioning,
similar experiments produced erratic results.
Figure 23 illustrates an additional necessary
test for conditioning. Constaney must be
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attained for the 46- and 30-mass peaks for
successive nitrogen dioxide samples, as shown
by curves b of figure 23.
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Fieuee 23.—Test for Proper Conditioniny with NO,
by Consecutive Runs.

LaTeER N1TROGEN DI10XIGE RUNS.—The rig-
orous conditioning deseribed above was found
to be the minimum treatment necessary dur-
ing the first few weeks of handling nitrogen
dioxide sampies. Curves a of figure 23 illus-
trate the extensive reaction and consequent
less of nitrogen dioxide suffered when no
conditioning was applied. Curve ¢ of figure
23 shows that, after 8 months of operation,
the nitrogen dioxide spectrum rapidly ap-
proached stability each day, even without
conditioning. No advantage was found in con-
ditioning of the gas-handling system only
(eurve d, fig. 23), which indicates that the
slight conditioning now uecessary is required
only for the inlet line and ionization cham-
ber. Further indications that the gas-han-
dling system was well conditioned after 8
meoenths was found in the lack of any appre-
ciable niirogen dioxide reaction overnight.
A sample of nitrogen dioxide was run, then
allowed to remain in the gas-handling sys-
tem for 8 hours. The spectrum of this sam-
ple the following morning was almost iden-
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tical. Also, the sample pressure according
to the micromanometer did not change.

Nitric Acid Conditioning—An alternative
conditioning procedure utilized fuming nitric
acid vapors (85). The strong oxidizing prop-
erty decreased the time involved, but the
material was more difficult to handle

With a tungsten filament, reversion to rou-
tine operatior is achieved readily by treat-
ment of the mass-spectrometer filament with
2-butene. No adverse effect on the spectrom-
eter filament was realized. The first filament
was subjected to nitrogen dioxide and/or
nitric acid about 30 hours per week over a
period of 5 months. The total life of the fila-
ment was 8 months, which is about average
for our instrument.

Nitrogen Dioxide Mass Spectre.—The
mass specttum of nitrogen dioxide varies
with the partial pressure of the substance.
The spectrum is discussed in terms of pres-
sure in microns, which refers to the pressure
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in the expansior bottle, behind the goldfoil
leak of the Consolidated spectrometer. Spec-
tra for various pressures are listed in table 46.
SPECTRA FOR ABOVE 15 MICRONS.
—Columns 2 to 7 of table 46 give thenmtn
for pressures between 200 and 13 ns.
The principal peaks in the are found
at masses 46, 30, 16, and 14, which are attrib-
utable to ionization and fragmentation of the
nitrogen dioxide molecule. Above 15 microns
the sensitivities (and patterns) for these
principal peaks are almost constant and in-
dependent of pressure (figs. 24-25). The re-
-producibility is indicated by the i
lines obtained. Consistency of mass 46 sensi-
tivities is shown further in figure 25 by six
consecutive runs in the region of 75 microns.
Day-to-day reproducibility of sensitivities
(and patterns) for all four principal mass
peaks were generally comparable to the
results for hydrocarbon gases.
In addition to the expected isotopic masses
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there are other peaks which are not attribut-
able directly to fragmentation of the nitrogen
dioxide molecule. The 28 peak is produced
by carbon monoxide, and the smaller 44 peak
is mainly attributed to carbon dioxide. The
12 peak checks these assignments. The 22
peak shows that practically all of the 44 peak
is carbon dioxide, instead of nitrous oxide
which has no doubly ionized 22 peak at pres-
sures of 40 microns. The 32 peak is attrib-
utable to oxygen from the slight decompo-
sition of nitrogen dioxide according to the
equation 2NO,—»2N0O4-0.. A small peak for
water was usually but not always produced
by nitrogen dioxide.

The apparent concentrations of water, car-
bon monoxide, carbon dioxide, and oxygen,

Later (::-Butane 58 Feak Sensitivity

nitrogen dioxide, were not as large as the
patteri: values indicated. Concentrations for
a typical run at 100 microns are listed in
table 47. The amounts formed depend on
the condition of the system. Since the ap-
parent components were produced by pure
nitrogen dioxide, the 44, 32, 28, 18, and 12
mass peaks were treated not as impurity
peaks but as parts of the nitrogen dioxide
spectrum. Ca a particular day at a given
pressure these minor mass peaks were nearly
as reproducible as the prineipal mass peaks.

Spectral patterns may not be reproducible
with different filaments. Comparison of spec-
tra from two filaments showed that the 30,
16, 14, and 32 peaks were appreciably higher
with respect to the parent mass 46, for the

which were found in the mass spectrum of

second filament (table 48).

TABLE 46 —Mass spectral patierns of NO, at verious pressures

The decreased

1971

120.7 2.1 42 254 13.0 4.7 34 €.83 4.048 1.961 097 0.491
1.51 1.87 2 3 4.6 6.9 4.4 4.0 13 24 30
293 2.9 30.6 31.6 2.7 40.0 41 39.5 55.6 81 96 140
-5 - 1.03 118 165 2.9 3.5 1 4.4 (- I PO
78 8.6 T84 8.8 80.6 8L5 8.5 884 S5.5 109 118 175
209 217 1.95 27 421 46 DI RN T I I A oet
20 .19 .19 4 P e I O ! D
07 08 08 J2 B L e I !
21 .18 .16 J2 51 3 PR PPN T e P B I Ty
199 213 23.7 256 30.1 463 593 359 78 117 22 400
-3 23 39 .53 g3 I T CE T TS L TR I D pin
278 2 289 305 as2 382 336 439 604 706 965
97 1.06 1.03 114 135 b ) b e e e
323 342 83 3.79 3.9% 4.4 62 59 12 15 26 35
4.43 5.58 6.60 935 129 23 o4 18 26 48 140 340
100 100 100 100 100 100 100 100 100 100 100 100
10 10,0 10.1 10.0 1025 88 8.5 8.64 £33 7.1 .4 81

;iwetn obtained with blend of 2 percent NOy in heliom. Effectize NO: premmures calculated on this haaia.

ctastable ion.
3 Doubly charyed jon,
< Isotope pesk.
& n-Butane mass 58

iHvity 773 divisi

-ach

&) UPDATA 1976:.

per mis

43/58 ratio, 7.87.
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TABLE 47.—Apaarent impurities produced
tn spectrometer by nitrogen d.cxide, microns
{Typieal data at 19C and ai § microns after 8 :noothe of NO; runa)

Compound l 100 uof NO: | 5 pof NO,
HO............... 0.2 02
CO................ 3.2 S5
CO.... ........... 2 R

e e e e 1.2

| ; 1

44, 28, 18, and 12 peaks were attributed to
decreased carbon dioxide, carbon monoxide,
and water through improved conditioning
with time. Temperature effects were inves-
tigated only slightly. Results indicated that
the nitrogen dioxide spectrum is temperature-
sensitive. The larger parent peak sensitivi-
ties and smaller pattern values, which re-
sulted from operation at temperatures lower
than the 250° C, should promote more
accurate analyses of mixtures.

TABLE i38.—NO, patterns at 100 microns
obtained with two different mass-spectrom-
eter filoments, percent of mass 46 peaks

Mass { Filment 1! ' Filament 2!

2 l 1.68 l 145

M. 29.6 40.2

16, ... .l | 78.1 ] 923

8. E 2.13 *0

28 20.6 *15.8

30. 279 298

2. : 3.32 419

4. i 5.00 1 *.39

46 . © 100 L 100

1 Sensitivity of mass 46, in divisions per mi
1: 9.10 for filament 2.

* Decreased peaks for CO. CO:. and H:0 are attribotable to jm-
proved conditioning with time.

. 10.1 for fil

SPECTRA FOR PRESSURES BELOW 15 MICRONS.
—Incontrast to the approximate constancy of
spectra for pressures above 15 microns, meas-
urements below 15 microns showed large
variations with decreasing pressure (figs.
24-23, and the last seven columns of table
46). An important reason for this variation
is the decomposition of nitrogen dioxide ac-
cording to the reaction NO.=NO 4 O, which
becomes important in this pressure range.
Formation of nitric oxide increases rapidly
with decreasing pressure but the accompany-
ing increase in peaks due to atomic and mo-
lecular oxygen were not as large as expected.
Instead, the oxygen produced carbon mon-
oxide and carbon dioxide which increased
rapidly with decreasing pressure.

The rapid changes in pattern and sensitiv-
ity at low pressures are not insurmountable
difficulties. Good reproducibility at a2 given
pressure was shown by mass 46 sensitivities

BYUPDATA tave:

for six successive runs in the region of 4 mi-
crons (fig. 25). Mass 46 sensitivities were
fairly reproducible from day to day; all of
the other mass peaks were reproducible only
on the same day. Although the apparent im-
purities are large, as shown for 5 microns of
nitrogen dioxide in table 47, their stability
or any given day permits accurate analyses.
Spectra for nitrogen dioxide partial pres-
sures below 0.5 micron are possible by utili-
zation of a higher electron catcher curremt.
Patterns and sensitivities obtained at 50 mi-
croamperes compared favorably with results

at the usual setting of 10 microamperes
(tables 49-50).

TABLE 42.—NO. mass spectral patterns' at
ionizing currents of 10 and 50 pa
Effective pressure, microns
4N 0.40

3.7 40 ...l
53.8 50.7 56 3
2.0 di4 87 -

9.1 10.0 30 30
8.6 35.9 68 o]

437 500 504

Tl Kt 10 11

9.9 11.9 20 =

100 100 100 100

t Pattern values are Jower than corresponding values in table 46,
b of better conditioning oo this particular day.

7 Spectra obtained with blend of 2 percent NO: in belium.  Effge-
tive NO; pressures ealculsted on this basis.

TABLE 50.—Mass spectral synthetic blend
analysis at 50 ua, mole-percent
(Total pressure, 100 microns)
No,| N0 | co | co,| N, | BHe

MSanalysis. ............. 065|044 ] 056 | 054 | 041 | 974
Syutheticblead........... 75 54 54 .54 54

Mass Specira of Nitric Oxide and Nitrous Oxide

The mass spectra of nitric oxide and ni-
trous oxide are shown in table 51, along with
a comparison spectrum of nitrogen dioxide.
The principal peaks of nitric oxide, 30, 16,
and 14, are attributed to ionization and frag-
mentation of the nitric oxide molecule. The
12 and part of the 28 peak are due to carbon
monoxide. The remainder of the 28 peak is
attributed to nitrogen, which was present
probably because of slight nitric oxide de-
composition according to the equation,
2NO = N.+4+0.. Mass 32 for oxygen does
not appear in the spectrum, but this may be
due to reaction to form carbon monoxide or
nonvolatile products. The nitric oxide spec-
trum was constant and independent of par-
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tial pressure. No conditioning was required;
the small peaks due to carbon monoxide were

TABLE 51.—Mass spectral patterns of nitric
oxtide, nitrous oxide, and nitrogen diozide

N,O NO,
0.1¢ 145
16,8 402
J4 aT
6.05
...... secons 24
£y versnesanne
........... 122
pt.8 3 15.8
23 A1
883
.13 1.09
.15 4.19
100 - <39
-...-'l)1 e -1-0-0 ......
............ 39
- T 36
sinvity ;
divisions per micron’.... 33.0 9.10
1 Metastahle ion.
% Doubly charged jon.

2 m.butane ass 53 sensitivity, ©.73 divisions per micron,

constant and were considered as part of the
nitric oxide pattern.

The principal peaks of nitrous oxide are
the 44, 30, 28, 16 and 14. Besjdes isotope
peaks there was only one other pezk, a small
mass 12 for carbon monoxide. Bui the con-
tribution of earbon monoxide to the 28 peak
was less than 10 percent of the total
Analysis of Nitrogen Dioxide in Mixtures

Synthetic Blends.—Blends were prepared
both by mixing in the instrument by means
of the micromanometer and in a conventional
blending system. The former method has the
disadvantage that the blerd cannot be re-
tained for future runms, but the elimination
of reaction or contamination in an auxliary
blending system is an important advantage.
The blend analyses are tabulated in table 52.
In all cases nitrogen dioxide calibrations were
made at the same time, although past cali-
brations were often applicable. Conditioning
of the system for nitrogen dioxide does mnot

TABLE 52.—Mass spectral analyses of synthetic blends containing

NO, and NO, mole-percent
Blend |.\|N0,|NoiN,o|co,|co‘N,lozlnzolzzlne
Synthetic Blends Prepared Directly in Mzss Spectrometer; Micron Pr MK ts by Mier
y [MSmaatymis. ] 912
1 Syuthetic. . caeae e feciiecnas 912
- {MSun.lylu [ 80.5
" {Syntbetic. ... oo, il see
MS anslysis B5.3
3 (S 853
o |MS aualysia riereeen| 906
Synthetic. . ... ... S04
s (MSmualpmin o fo 94.5
1Synthetit. . vavnner]onaranans 94.9
6 {MSuu.!ysin ....... 49.0 50.8
Synthetic. ........ 43.8 502
- {MSnul_y!’u....... 8.3 4.7
7 {Syntbetic......... X 50
s [MSanalyuis.......| 744 49
(Synthetic. ........| 743 51
o [MSamalymis.......f .o 603
{SynIBLE. . veonrlevninnons 590 il
MS analysis....... 31 162 43
1o {Symhetigl:‘. : 133 163 43
MS aaslysis, 153 31.0 as
1 {32 151 35 84
MS analysis ... 12,0 252 67
2 {synthen'c ......... 121 254 68
MS analysis....... 181 28.6 7.6
13 {Synthedc ......... 137 287 T6
p— With Meeary M
Y R 6.6 5.0 48 7 48 74.0
A el 7.0 45 45 43 s 73.4
MS analysise...oenfoiennn.. 6.3 52 a9 e 52 740
IR OO RPN 7z 45 43 45 o] 733
MS analysis. .. ..uufernennnns 65 46 |oeveninns w9 a4 5.4 752
C (St 1 7 L | o4 s is 734

z; UPDATA 1976%.
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change the spectra of other components.
Conversely, the presence of other components
apparently has no effect on the spectral be-
havior of nitrogen dioxide. Even nitric oxide
and oxygen, which recct spontaneously at
atmospheric pressure, formed no nitrogen
dioxide at 90 microns. This was demonstrat-
ed by blending nitric oxide and oxygen to a
pressure of 90 microns in the spectrometer;
after 30 minutes no 46 peak for nitrogen
dioxide liad appeared (table 53).

Blends 1, 2, 4, ard 5 contained 10 percent
or less nitric oxide and 90 percent or more
nitrogen dioxide. For such samples, fre-
quent calibration of patterns were necessary
to obtain high accuracy. The calibration of
the 30 peak from nitrogen dioxide is critical
because of the large correction which must be
made before nitric oxide can be calculated.
Greatest accuracy was obtained by alternat-
ing samples with nitrogen dioxide calibration
runs and by correcting for the mass 30 back-
ground. Lower accuracy, within 1 percent,
was possible for mixtures of 10 percent ni-
tric oxide and 90 percent nitrogen dioxide by
the simple difference method ; in this case no
pattern calibration was needed.

Mixtures containing water and nitrogen
dioxide were analyzed with some success
(blends 9-10). Preparation of blends in the
spectrometer was subject to some error be-
cause of adsorption of water. Preliminary
flushing with water and addition of water as
the last component of a blend helped to mini-
mize adsorption trouble. Nitrogen dioxide
and water calibration runs were alternated
with no adverse effects on reproducibility
for either compound. Nitric acid produced a
parent peak at mass 63, but no 63 peak was
observed in the spectra of blends 9 or 10.
Formation of nitric acid would not be expect-
ed since blending was carried out at micron
pressures.

TABLE 53.—Nonreactivity of NO and O, in
micron pressure range’, mo

| wo o, NO,
Original apalyss. .............. 674 26 0.0
Analyuis § mioutes tater. ... ... 674 2.6 [
Analysis 30 minutes iater 6T.5 23 []

2 Tota] pressure of NO + Oy mixture == 8.7 microna.

Nitrous vxide and carbon dioxide, in blends
11, 12, and 13, were split by means of the
double charged ion at mass 22, which occurs
only in the carbon dioxide spectrum.

Analysis of a blend containing only 0.75
percent of nitrogen dioxide was carried out
at an electron catcher current of 50 micro-
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amperes (table 50). The analysis was made
with a total pressure of 100 microns; no at-
tempt was made to concentrate the nitrogen
dioxide with a refrigerant.

Procedure for Analysis of Nitrogen Di-
oxide. — Analysis of mixtures containing
nitrogen dioxide can be carried out by the
following procedure:

Construct a working curve of partial
pressure of nitrogen dioxide versus mace 46
peak height (fig. 26).

Prepare a table, or graphs, of pattern val-
ues at various ial pressures of nitrogen
dioxide (table 46 or fig. 24).

Apply the nitrogen dioxide mass 46 peak
height for the unknown to the working curve
and obtain the partial pressure.

Select the proper pattern values, or run
calibration patterns on pure nitrogen dioxide
at partial pressures corresponding to those
found in the mixtures.

Subtract the nitrogen dioxide contribution
from the mixture spectrum and proceed with
analysis in the usual way.

The applicability of previously determined
working curves of peak heights versus nitro-
gen dioxide partial pressure must be checked
daily. Since the spectrometer must be con-
ditioned with nitrogen dioxide, it is appropri-
ate to check for sensitivity variations with
nitrogen dioxide itself, rather than with some
stardard compound.

ANALYSIS OF SAMPLES CONTAINING MORE
THAN 15 MICRONS (AFTER EXPANSION) OF
NITROGEN D10XIDE.—The working curve is a
straight line for partial pressures above 15
microns, and therefore is easily corrected if a
sensitivity check indicates a shift. Patterns
are nearly constant in this pressure range
and are also easy to adjust.

ANALYSIS OF SAMPLES CONTAINING LESS
THAN 15 MICRONS (AFTER EXPANSION) OF
NITROGEN DIoXIDE.—The working curve is
not linear for partial pressures below 15 mi-
crons and accordingly should be checked at
two or more points. Since all the pattern
values in this low-pressure range vary from
day to day, nitrogen dioxide patterns must be
run on the same day and at the same partial
pressure as that found in the samples. This
means running calibrations after the samples
instead of before.

Analysis is simplified if most of the pattern
values can be ignored. For many analyses of
samples containing less than 15 microns of
nitrogen dioxide, only the 46 and 30 mass
peaks are needed.

The ultimate limit of detectability for ni-
trogen dioxide, using the 46 peak and a
catcher current of 50 microamperes, is about
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Fieuee 26.—Working Curve; NO, Pressure Versus Mass 46 Peak Heights.

0.05 mole-percent, or 0.05 micron partial
pressure with a total pressure of 100 microns.
Concentration by refrigerant can lower this
limit by a large factor, depending on the other
constituents present. Concentration by re-
frigerant may be usable on some mixtures for
a purpose other than analysis of traces of
nitrogen dioxide. The method can be ap-
plied to fractionate a sample containing less
than 15 microns of nitrogen dioxide in order
to raise the partial pressure into the less
troublesome region above 15 microns.

Mass Spectrum of Nitric Acid

In investigating the mass spectrum of ni-
trogen dioxide, reproducible spectra were
obtained only after the instrument had been
conditioned by long exposure to nitrogen di-
oxide (32). Red-fuming nitric acid was in-
vestigated because of its importance in rocket
propulsion. Reproducible mass spectra were
obtained after conditioning with nitrogen
dioxide or nitric acid.

Experimental

Liquid red-fuming nitric acid (reagent
grade) was pipetted from a 0.020-ml micro-
pipet through a silicone-lubricated ground
Joint into a 250-cm* sample bottle that had
been flushed with nitric acid vapor. The
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sample bottle was immediately sealed with a
ground joint and stopcock assernbly, and the
bulb was immersed in liquid nitrogen to
freeze the acid ; the bottle was evacuated and
then was brought back to room temperature.
Portions of this gas sample were introduced.

Daily conditioning of the mass spectrom-
eter was necessary Initially.

This involved overnight (8 hours) treat-
ment of both gas-handling system and fila-
ment with 100 microns of nitrogen dioxide
or nitric acid in the expansion bottle behind
the mass spectrometer leak and three nitric
acid runs at pressures of 200 microns. Dur-
ing any break in operation, conditioning was
maintained by treatment with nitric acid at
2 pressure of 100 microns until operation
resumed. Eventually the conditioning pro-
cedure was shortened to running 100 microns
of nitric acid for 1 hour.

Reversion to routine operation on hydro-
carbon samples was achieved readily by treat-
ment of the mass spectrometer filament
(tungsten) with 2-butene. .

Synthetic blends were prepared at micron
pressures in the gas-handling system of the
spectrometer. Immediately following analy-
sis the blends were discarded.

Results and Discussion
The spectrum of red-fuming nitric acid is
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shown in table 54. Reproducibility is illus-
trated by spectra from duplicate sample in-
troductions. The apparent assignments are
giver for the various ions of the .
In the mass spectrum of both nitrogen diox-
ide and nitric acid, ions containing carbon

(masses 44, 28, and 12) are unavoidable in
an instrument used for mass- deter-
minations on hydrocarbons. evertheless,
analytical applications can be made, as the
mass-spectral peaks for these carbon-con-
taining ions become reproducible (table 54).

TABLE 54.—Successive mass speciral patierns of red-fuming nilric acid

Relative intensity
HNO,
Apparent
Al B: NO.! asgignment
0.58 056 1.45 C~
104 9.02 40.2 N+
21.7 19.8 923 o+
244 248 | HO+
494 53.6 0 H.0+
20.0 20.4 15.8 CO+, N.~
85.7 844 298 NO+
3.63 3.61 4.19 0.+
2.19 222 3,39 CO.*
46. .. . .. 100 100 100 NO.+
63 207 204 L HNO.*
T 96 T8
- T, 21 24 \ .................
T A1 A2
O 26 23 Lo e
Bl.. i 13 a1 [
Sensitivity of molecular ion, in
divisions per micron:
Molecularion............. 268 239 9.10
n-Butanemass 58.... ... .. 6.3 6.33 7.73
Pressure, mierons. . .......... .. 119.4 114.1 100
! Nitrogen dioxide pattera included for ison.

2 Duplicate sample introduction.

3 CO: and H:O pesikr in NO; spectrum vary considertbly with extent of eonditioning.

' Moleculnr ion underlined.

No investigation was made into the origin
of the small mass peaks at 73, 75, 77, 19, and
81. Obviously they cannot be attributed to
fragmentation of nitric acid, molecular
weight 63, but they may be due to higher
molecular weight constituents in the acid,
anomalous effects in the spectrometer, or
reaction products from sample handling.

Successful mass spectral analyses of two-
component blends of red-fuming nitric acid
and nitrogen dioxide were carried out (table
55). After preparation of the blends in the
mass spectrometer sampling system at mi-
cron pressures, duplicate spectral scans were
made. The first scan was considered a con-
ditioning run; analyses were carried out on
the second scan. Nitric acid was calculated
from the mass 63 peak, and nitrogen dioxide
from the mass 16 peak. Mass 16 suffers less
than mass 30 from the interference of nitric
acid. Mass 30 may also be used for calcula-
tion of nitrogen dioxide in the presence of
nitric acid: because of its greater sensitivity,
the mass 30 peak should be advantageous for
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analyzing small concentrations of nitrogen
dioxide.

Rhenium filaments are expected to reduce
conditioning procedures and the production
of interfering czrbon-containing ions, and to
afford greater sensitivity and accuracy of
analyses of bLoth nitric acid and nitrogen
dioxide (73).

For analysis of liquid mixtures of nitrogen
dioxide and nitric acid, where large samples
are available, volumetric methods are more
accurate than the mass spectral method. For
analysis of the vapor phase or of trace quan-
tities of liquid, the mass spectral method is
more accurate.

Determination of H,S and
Vapor-Phase H,O
The accurate determination of H.S by mass
spectrometry is very difficult. The early in-
struments were equipped with mercury ma-
nometers for measuring the pressure in the
inlet system and the inlet system itself was
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made of glass with glass stopcocks. The H,S
reacted with the mercury in the manometer
and was adsorbed by the stopcock grease.
Thus, mass specirometer analyses were al-
ways low and the H.S in the stopcock grease
was eluted as background in subsequent sam-
ples. Inlet systems supplied with instru-
ments produced since about 1950 are metal
with metal valves replacing the stopcocks.
The micromanometer has replaced the mer-
cury manometer, which, while still connect-
ed, can be isolated from the system. The
only adsorption in the present system is in
the stopcock grease of the sample bottle itgelf
and possibly in residues accumulated in the
gas-handling system over long periods of
time. The presence of such residues is dem-
onstrated by the radical conditioning neces-
sary to obtain constant NO. spectra as de-
scribed previously.

The analytical work required for the H.S
equilibrium study, carried out by the In-
direct Coal Conversion Processes Group, nec-
essitated the development of a technique for
obtaining rapid analyses for H.S in the pres-
ence of CO. and H.Q vapor. Since the water
was in the vapor phase, the instrument had
to be conditioned for both H.Q and H.S. The
following technique, using the flow system
shown in figure 27, enabled reasonable
analyses to be obtained for both of these
troublesome components.

1. A CO, calibration was obtained follow-

ing normal procedure and the mass spectrom-
eter pumped out.

Re x5

n‘-N‘——e

A Micromanometer

& To Isatron and onalyzer tube

C Gas sampie iniet

2 To orifice liquid somple inlet
£ To vacuum pumps

F 3-liter expansion volume

Ficurx 27.—Schematic Diagram of Flow System in
Mass Spectrometer Inlet System.
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. 2. The sample bottle was attached to the
irlet system (C) and the system pumped to
the sample-bottle stopcock.

3. A water sample was introduced through
the orifice (D) with valves 2and &. A small
amount of the water sample was bled through
valve 3 into the remainder of the gas-han-
dling system, the isatron, and the analyzer
tube. After 5 minutes, with valves 2 and 8
closed, the system was pumped out, two cali-
bration samples were bled from valve § and
calibration spectra were obtained.

4. The water was then pumped from the
entire system.

5. A flush sample was taken from the
sample bottle and, after 5 minutes was al-
lowed for conditioning, the systemn was then
pumped out again.

6. A sample was admitted to the instru-
ment and duplicate runs made.

7. A 5-minute sample flush was made from
each successive sample bottle.

The following data obtained for H.S by this
techniguz were compared with the synthetic
values, Tutwiler analyses, and methylene
blue determinations:

Syntheti Tutwil Methylene Blue Wh::ltur
2.5 2.0 1.2 23
1.0 1.0 5 1.0
K} 4 .6 S5
3 3 3 1

The Tutwiler method, used fo determine
hydrogen sulfide in concentrations between
0.05 and 10 percent by volume, covers the
range of the synthetic blends adequately.
The methylene blue method is recommended
for the analysis of sulfur as hydrogen sulfide
in the lower concentrations and is applicable
at the 0.5-percent level. The mass spectro-
metric analyses compare favorably with the
Tutwiler at the higher concentrations but
do not appear usable for concentrations less
than 0.5 percent.

Mass Spectrum of
Hydrogen Deuteride (HD)

The direct chemical preparation of hydro-
gen deuteride, 99-- percent pure, was re-
ported by Wender, Friedel, and Orchin (97).
The fragmentation pattern under electron
impact of this compound is of theoretical im-
portance for comparison with the fragmen-
tation patterns of H. and D., and is of an-
alytical importance for determipation of
hydrogen-denterium mixtures, as in the cal-
culation of equilibrium constants for the
reaction of H.+D.=2HD (37). The un-
Imown production of D+, mass 2, from frag-
mentation of HD interferes with the analysis




ANALYTICAL METHODS 59

TABLE 55.—Mass spectral analyses of

synthetic blends of nitric acid and
nitrogen dioxide, mole-percent
Blend ? Synthetic blend MS analysis

1 QBNO (oaan 63)........ 1.1 68.7
'NO, (a8 16).. oo no.. 283 sLs

» {{HNO, 50.3 91.0
= 9.5 9.0
s M6 s3
5.4 6.1

1 Blends prepared directly in mass spectrometer. Micron pres-
sure by

of H.. This interference has been supposed
slight, as is the unknown interference of D+
from D. (9), but if neglected can produce
errors of several percent in calculation of
equilibrium constants.

The relative abundance of D+ from HD
cannot be determined directly because of the
interference of unknown H. impurity. This
difficulty was circumvented by measurements
of rates of diffusion through the leak system
of the mass spectrometer (24). Relative
rates for H., measured at mass 2, and for
HD, measured at mass 3, were found to be
12.72 and 10.46 percent per minute, respec-
tively. These two values were plotted versus
H. and HD percentages, and a straight line

HD
J‘OO 80 60 40 20 ¢}
IJ T T T
Rates of diffusion measured l
ot mass 2
O HD sample }
@ Synthetic biend of Ha
and HD sampie | ®

O HD sample 2

Hl Synthetic blend of Hp
and HD saomple 2

Pure H2

12— ]

RATE OF DIFFUSION, percent per minute

Pure HO
(moss 3)

IOO ! l l I

20 a0 ) 80 100
Hg

Rate of Diffusion Curve for Determina-
mpunty and Relative Abundance of

UPDATA 19;16%--

was drawn between them (fig. 28). Then,
measurements were made at mass 2 for two
samples of HD with unknown H. impurity;
thus, the rates of diffusion were due to mix-
tures of HD and H..* The rate values were
applied to the straight-line plot and the per-
centages of D+ and H.+ which comprised the
mass 2 ion peak were read from the abscissa.
From these values the percentages of H, im-
purity and the relative abundance of D+,
1.13+0.05, were determined. Composxt:on
of one hxgh-punty HD sample was found to
be 98.8 percent HD, 0.4 percent H,, plus 0.8
percent D. determined by direct analysis,
compared with 99 percent HD by chemical
analysis. Linearity of the relationship, rate
of diffusion versus concentration, was
checked by measuring the rates for six syn-
thetic blends of HD plus small amounts of
H.. The resulting points fit the straight line
within experimental error of the measure-
ments (fig. 28).

The relative abundances of all ions from
HD, H, (100 percent), and D. (992 percent

TABLE 56.—Mass spectra of H,, HD,
and D,

100, divie H
8"‘ from H,/D*from D, .

1 Cor ding valve from ref 9 is 2.82,
2 Cor ding value from ref Pis 1.32
? Corresponding valne from reference 9is 1.9.

D., 0.8 percent HD) are given in table 56.
Data were obtained with 70-volt electrons
and magnetic scanning. It will be noted that
the total monatomic ions from H. and HD are
practically equal and are twice the amount
of monatomic ions obtained from D.. The
values for H+ and D+ from H. and D., ob-
tained by Bauer and Beach (9) with 70-volt
electrons, are included in the table. Abso-
lute values of the two sets of data were not
expected to compare; but the ratios, H+ from

H./D+ from D,, compared exactly with each
other and quite well with Stevenson’s calcu-
lated value (86). The relative sensitivity
coefficients (ionization of the parent mole-
cule per unit pressure) from four sets of
data for H,, HD, and D. were essentially
equal, as expected (45).

Equilibrium constants at 500° C for H, <4

¢ Rate measurements were made in 8 minutes or lems to minimize

pon . .e dnﬂmn nnnmn linesrity of tbe semilog plots of dif-
fusion rates indieated that if any, was
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D, = 2HD were calculated, using the calibra-
tion data in table 56, for three samples equili-
brated over an iron catalyst. The corrected
average Kyqec in table 57 is 8.87+0.02, as

TABLE 57.—Calculgtion of equilibrium
constants at 500° C* for H, 4+ D, = 2HD

from mass spectral analyses
Mass 2 corrected for D from HD
No HD
Dy BD, H,, correction
Sample | p 2 P Kiosoo Kisec o
J . TR 291 46.5 14.4 3.84 371
Acvenrns 388 46.6 14.6 3.84 .71
B.ocoon. 416 4£5.5 12.9 3.86 3.71
) : DI 41.6 43.5 2.9 3.86 3.72
Coun.on. 551 381 6.3 3.90 3.68
Comenns 552 8.1 6.7 3.90 3.68
Averagel...oo.vvenfieneensinaficannnrans 9.87 .02 | 3.70£.02

I Beference 2, Kggye ¢ ™ 3,75 .07, Theorctical, Eqgae c = 3.82:
Kaeve ¢ ™ S.80.

compared to the theoretical value of 3.83
(99). If mass 2 values are not corrected for
D+ ions from HD, in these samples of low H.
content, the average Kqoo-c is low, 3.70=0.02
This correction was not used by Rittenberg,
Bleakney, and Urey (72) in determining equi-
librium at 468° C; however, with +35 per-
cent H. the correction is less important.
Their results produce an average K se.c of
3.750.07, as compared to the theoretical
value of 3.82.

INSTRUMENTATION AND STUDIES
OF ANOMALOUS PEAKS

Mass spectrometers using tungsten fila-
ments commonly exhibit a phenomenon
known as gas sensifivity in which the be-
havior of the instrument, when rumning a
given gas, deperds on the nature of the gases
which were introduced previously. It has
been customary to condition the filament pe-
riodically with a gas such as 2-butene to
prevent gas sensitivity. With the advent of
the high-temperature mass spectrometer, this
problem became more serious since the sam-
ples frequently caused gas sensitivity after
only a few hours of operation.

Robinson and Sharkey (78) and Sharkey,
Robinson, and Friedel (77) have studied the
conditiors causing gas sensitivitz and recom-
mended the use of rhenium, rather than tung-
sten, for the electron emitter in the mass
spectrometer.

Other problems investigated concer.: re-
producible pressure measurements (59} and
sample volumes (32) for the roufine opera-
tion of the mass spectrometer. In routine gas
analysis, it i3 advantageous to employ con-
stant pressure samples. With the automatic
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manometer, a standard volume of gas can be
introduced rapidly and the calculating time
is reduced. For the analysis of liquids, it
is essential that a constant volume of sam-
ple is introduced. The self-filling micropipet
permits rapid and reproducible sample
introductions.

Anomalous negative peaks have been ob-
served in the mass spectra of several gases
including O,, N.,, CO and CO.. A study was
made of this phenomena, and a mechanism
‘was proposed (75).

Conditioning of
Mass Spectrometer Filaments:
Tungsten Carbide Formation

The so-called conditioning of mass-spee-
trometer filaments is 2 technique employed
by all users of analytical mass spectrometers.
This investigation was undertaken to deter-
mine the process by which tungsten-filament
conditioning takes place and also to deter-
mine the structural differences that exist
between 2 well-conditioned filament and a
so-called nonrecoverable filament. The con-
ditioning technique is somewhsat arbitrary
but usnally consists of introducing 2-butene
or some other olefin into the mass spectrom-
eter until the filament current becomes stable.
The pressures employed are approximately
10 times the normal operating pressure of the
mass spectrometer. During this condition-
ing period, a current drop of 20 to 30 percent
is usually observed. Further conditioning,
at least for a short period, such as 1 hour,
results in little or no further decrease in the
current., After stable current conditions
have been reached, it is usually found that
reliable and reproducible speciral peak in-
tensities for hydrocarbons and other classes
of compounds can be obtained.

If the conditioning process is not repeated
periodically, it is found in some instances
that the filament current will change with
admission of samples. In most instances,
stable filament operation at the minimum
current value can again be achieved simply
by reconditioning. However, in certain oth-
ers the reconditioning results in increased
filament current, and this is termed 2 non-
recoverable filament. These filaments are
discarded, resulting in lost operating time
for the mass spectrometer while 2 new fila-
ment is being installed. This problem is
particularly acute in high-temperature mass
spectrometry. At times filaments have be-
come unstable in a few hours of operation,
and it has been necessary to attempt various
empirical methods of recovery.
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Information related to the carbiding of
tungsten filaments has been published by
Andrews (4), Dushman (28), and Strong
(89). The information issued by the last
two authors has been collected from a vari-
ety of sources. This problem is of interest
to the lamp industry, and most of the infor-
mation in the above references is related to
tungsten filaments as used in lamps.

A tungsten filament forms the carbide W.C
after a carbon content of approximately 3
percent is reached. Further addition of car-
bon results in the forr-tion of the carbide
WC, and complete conversion of the filament
into the carbide WC is achieved at a carbon
content of 6.12 percent, Drastic changes in
the cold conductance of the filament result
from the formation of W.C and WC, as shown
in figure 29. At elevated temper..tures, these
changes are not as pronounced ; there is ap-
proximately a difference of a factor of 2 in
conductance between pure tungsten and pure
W.C at 2,200° K. Andrews (4) was able to
corrzlate the cold conductance of tungsten
filaments with the carbon content.

00

8 8 3

ORIGINAL CONDUCTANCE, percant

8

E) . M [}

-
CARBON, percent

FIGURE 29. of Conductance With Carbon
Content for Tungsten at Room Temperature.

As used in the mass spectrometer, filament
emission is regulated at a constant value by
varying the current through the filament.
The decrease in filament current observed as
conditioning proceeds could therefore result
from decreased conductivity of the filament
or from an increase in efficiency of electron
emission from the surface. This latter effect
would result from a decrease in the work
function of the surface. It has been shown
by several investigators, including Klein
(51), that the work functions of tungsten
and tungsten carbides are approximately the
same. This, coupled with the change in con-
ductivity observed by Andrews (4) for car-
bided tungsten filaments, makes it appear
definite that the current change observed
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during mass-spectrometer conditioning re-
sults from a bulk, not a surface, change.
Changes in filament current must therefore
result from the presence of varying amounts
of W, W,C, and WC. These changes are
observable ir X-ray diffraction

The rate of conditioning is limited by two
factors: First, the rate of decomposition of
the hydrocarbon on the tungsten surface,
which is primarily a supply problem, and
second, the rate of diffusion of carbon into
the tungsten, which is primarily a function
of the filament temperature. Some general
observations made by Andrews (4) and
Dushman (28) concerning the formation of
tungsten carbides follow. Conditioning can
be done by almost any hydrocarbon; how-
ever, when an oxygen atom is present in the
molecule, conditioning proceeds more slowly.
As an example, alcohol carbonizes roughly
one-tenth to two-tenths as rapidly as naph-
thalene. These observations also include the
facts that the decomposition of a hydrocarbon
on a filament surface proceeds much more
rapidly on W.C than on WC or carbon, and
the diffusion of carbon through WC is much
slower than through W.C. As a result of the
latter property, carbon will tend to accumu-
late on the surface when the supply of hydro-
carbon is excessive; a condition whereby tung-
sten or W,C is the emitting surface of the
filament therefore appear desirable.

Below 2,400° K, carbides decompose slow-
ly; above 2,700° K carbides decompose very
rapidly, and pure W.C will become almost
pure tungsten wi.nin 8 hours. Carbon can
be removed rapidly by flashing a filament in
hydrogen. The effect of oxygen on a heated
tungsten filament containing carbides is to
remove carbon through the formation of CO.
at lower temperatures and the formation of
CO at higher temperatures. Andrews (4)
examined various tuagsten-lamp filaments
under a microscope and found definite ring
formation. These rings were identified as
tungsten and the carbides of tungsten.

For this study, X-ray diffraction techniques
were used in addition to microscopic exami-
nation of selected sections of the filaments.
The filaments investigated were first divided
into segments approximately 1/32-inck long.
Individual segments were then studied by
X-ray diffraction for the presence of tung-
sten and tungsten carbides. Representative
segments were mounted and observed under
an optical microscope.

Tests were carried out by preparing for
examination a well-conditioned mass-spec-
trometer filament and also an over-conditioned
mass-spectrometer filament. New, unused
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filament assemblies were used in both in-
stances. The well-conditioned filament was
prepared by conditioniny with 2-butene for
approximately 5 hours, during which time
the current dropped from 5.0 to 4.1 amperes.
For the last hour thz filament current re-
mained steady, indicating that the current
had reached a minimum value. This fila-
ment was then conditioned with n-butane for
1 hour and removed immediately without
further heating.

The overconditioned filament was also pre-
pared using a new filament. 2-Butene at a
pressure of 500 microns was introduced for
25 consecutive hours. The eurrent declined
to 4.0 amperes after approximately 4 hours
and showed only a slight change to 3.7 am-
peres during the next 6 hours. After 10
hours, the conditioning sample was pumped
out and then readmitted. Overecrditioning
of the filament was indicated, as .he current
increased to 4.1 amperes during the pumpout.
Te insure overconditioning, 2-butene was
admitted overnight for 13 additional hours.

The conditioning and deconditioning of a
third mass-spectrometer filament was studied
during mass-spectrometer operations, but
this filament was not examined by X-ray dif-
fraction. This filament was subjected to re-
peated overconditioning and deconditioning
to verify the theory discussed below.

X-ray diffraction results on the well-
conditioned filaments are shown in figures

ANALYTICAL METHODS IN MASS SPECTROMEIRY

was observed in the diffraction patterns; how-
ever, the phase 8-W.C exists at temperatures
above 2,600° C.

For both filaments, segments near the end-
posts are almost pure tungsten. This would
be expected, since these sections are relatively
cool during operation and there would be very
little chance for hydrocarbon decomposition
or carbon diffusion in these regicms. The
entire length of the well-conditioned filament
was found to have a core of tungsten. Center
segments corresponding to two-thirds of the
filament length have «~W.C as their major
surface component. Sections between the
end-posts and the center section are com-
prised of W and WC. A major difference
between the well-conditioned and overcondi-
tioned filaments is the presence of the car-
bide WC over the entire hot portion of the
overconditioned filament.

These struectural differences and also the
observed current changes can be interpreted
in terms of the variation of conductance with
carbon content as shown in figure 32. A well-
conditioned filament will, during normal op-
eration, have a carbon content of 3 percent
near the surface, corresponding to o~-W.C.
The minimum conductance state is probably
fairly broad, extending over several tenths
of 1 percent of carbon. This will be the
region of most stable operation, with the
filament current constant and the ion source
operating at approximately constant tem-

30 and 31. Cross sectional diagrams based  perature. The addition and loss of small
on these results are also given. Only «~W.C  percentages of carbon will occur slowly as
< 7
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F16URE 30.—Schematic Diagram of a Longitudinal Seetion of a Well-Conditioned Filament
Showing Locations of Crystalline Phases. -
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FICURE 31.—Schematic Diagram of 2
Showing

Longitudinal Section of an Overconditioned Filament
Crystalline Phases.

Locations of

samples containing hydrocarbons and/or oxy-
genated compounds are introduced. er-
conditioning should take place slowly, because
hydrocarbon decomposition is slower on WC
and carbon than on «-W.C.

An increase in filament current resulting
from the loss of carbon ean therefore be eas-
ily corrected by reconditioning. An increase

content being considerably above the 3-per-
cent value, corresponds to filament conduct-
ance values on the right-hand portion of the
curve. The addition of carbon by condition-
ing will simply result in a further increase
in filament current. Operation with the car-
bon content between 3 and 6 percemt can
therefore be correlated with observed operat-

in filament current, resulting from the carbon  ing characteristics of an overconditioned fila-
100 | T f T | | |
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S
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Ficuxe 32.—Conductance Change With Carbon Content for a Tungsten Filament at 2,475* C.
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ment. As carbon diffuses more slowly in the
carbide WC than in «~W.C, carbon will accu-
mulate on the surface of an overconditioned
filament. It appears that the one major dif-
ference between a well-conditioned and over-
conditioned filament is the presence of «~W.C
on the surface of the well-conditioned fila-
ment with the possibility of further carbon
uptake.

This theory has been verified by tests on 2
filament during actual instrument operation.
Figure 33 shows the tests performed and the
resulting changes in filament current. This
filament was overconditioned by the inmtro-
auction of 2-butene a* high pressure until an
overconditioned, unsleady state was reached.
High-pressure oxygen was then introduced,
after which the filameat current declined to
its previcus normsl operating value. This
cycle was reproduced three times by the al-
ternated introduction of high-pressure oxy-
gen and hydrocarbon. After the final intro-
duction of oxygen, the Slament was left in

good operating condition, as judged by the
filament current, After these tests, this
filament operated several months, during
which time stable operaiing conditions were
maintzined.

The results of this investigation give a
basis for many of the observations derived
from empirical tests made in the past. It
has been observed that unstable operation
resulting from the repeated analysis of mix-
tures of aromatic compounds could be cor-
rected by imtroducing oxygen. This was
simply a case of deconditioning the filament
after it had been overconditioned wii: aro-
matic compounds. It has also been observed
that increasing the cperating temperature
of the ion source improved the stability of
operation when samples comsisting aimost
entirely of hydrocarbons are introduced re-
peatedly. Amy increase in filament tempera-
ture. resulting from an increzse in tempera-
ture of the ion source heater, should raduce
WC formation and carbon accumulation on

3.9 ?
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F16uRe 33.—~Cnrrent Changes Observed With the Introduction of Oxygen or Hydrocarbon.
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the filament surface, as carbon will diffuse
more rapidly with increased filament tem-
peralure. Inhigh-temperature mass spectom-
etry there is a very definite limit to the sam-
ple: pressure that can be used and ctill retain
stable current conditions; experience indi-
cates this limit is roughly 50 microns. When
this pressure limit is exceeded, definite cur-
rert changes are observed with each sample
introduced. This also can be explained in
terms of overconditioning and carbon depo-
s:tion on the surface of the overconditioned
tungsten filament.

Several mass - spectrometry laboratories,
particularly those having high-temperature
mass spectrometers, have repcrted instances
of filaments deforming after being used a
relatively short time. This deformation in
the center section of the filament displaces
the emitting tungsten surface relative to the
slit and renders the filament useless. This
has been attributed to high-voltage arcing
creating a hot spot in the center of the fila-
ment. Bowing of tungsten filaments has oc-
curred. however. in instances where the high
voltage has not been applied in the mass spec-
trometer. Thus, it is felt that this deforma-
tion is also related to the conditioning process
and carbide formation. The density of tung-
sten is 19.3, while the densities of W.C and
WC are 16.1 and 15.7. respectively. As the
densities of the two ca-bides are appreciably
lower than the density of tungsten, deforma-
tion of the tungsten filament could result
from excessive carbide formation.

The results of this investigation should not
only provide a technique for increasing the
usable life of tungsten filaments but also in-
dicate how more stable mass-spectrometer
operation can be obtained.

Rhenium Filoments for
Mass Spectrometry

Many properties of rheniumt and its pos-
sible applications in electronics had been in-
vestigated by Sims (84). Several of these
properties make rhenium a desirable electron
emitter. It melts at approximately 3180° C,
only 232° below tungsten and its thermionic
work function is 4.80 volts, compared with
4.56 for tungsten. Rhenium is considerably
more resistant than tungsten to the water
cvcie, a major advantage in mass spectrom-
etry since many samples contain large per-
centages of water. Further, rhenium remains
ductile at all temperatures and therefore is
Jess likely to be ruptured by thermal or me-
chanical shock. It is easily spot welded and
its carbides are unstable. Yor the same emis-
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sion density, its evaporation rate is about 150
tim=s that of tungsten (though still only
about one-fortieth that of carbon). One may
expect a service life of a rhenium emitter,
limited by evaporation alone, to be at least
several months at the emission densities ordi-
narily used in analytical mass spectrometers.

Rhenium emitters have been used in two
analytical mass spectrometers for several
vears. The tungsten wire on a standard fila-
ment assembly for a Consolidated type 21-108
mass spectrometer was replaced with a rhe-
nium wire of the same diameter (0.007 inch).
Both rhenium and tungsten hesters have been
used on assemblies having rhenium filaments.
Satisfactory operation was obtained, and the
temperature of the ion source could be con-
trolled at the usual 250° C. For the same
emission, rhenium filaments required less
current than tungsten filaments, 3.0 instead
of 3.8 amperes. Rhenium filaments in tae
heated-inlet mass spectrometer were exposed
for several months to the same variety of
high-molecular-weight aromatic compounds
that caused difficulty with tungsten filaments.
Operation wus satisfactory at all times,
without eviderce of gas sensifivity or locp
formation.

As expected, rhenium emitters did not form
solid carbides. Repezted attempts to “con-
dition” rhenium filaments were unsuccessful,
the filament current remaining essentially
constant at 3.0=0.05 amperes during 4 hours
of treatment with 2-butene. The absence oi
carbides was verified by X-ray analysis of a
rhenium emitter that had been used for over
3 months. On several occasions filament
emission increased slightly over 8-hour pe-
riods. This variation was not associated
with the introduction of individual samples
but appeared to be related to gradual con-
tamination of the ion scurce. This condition
was completely cured by pumping overnight.
Improved temperature stability is indicated
by the mass 127/mass 222 pattern of normal
hexadecane. Measured over 3-week periods,
the average deviation from the average pat-
tern was 0.8 percent with rhenium and 2.2
percent with tungsten. The ion source heater
had to be adjusted several times each daywhen
the tungsten emitter was in use. Better tem-
perature stability of the rhenium filament is
of considerable advantage in low ionizing
voltage and appearance potential work.
Rhenium emitters have been found durable
enough to be used in analytical mass spec-
trometers. Above-average life of the ion
source (period before dismantling and clean-
ing is required) has been realized repeatedly
in the mass spectrometer with heated inlet
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since rhenium has been in use. Comparative
background tests, made by introducing 100
microns of oxvgen into instruments having
rhenium and tungsten emitters, indicated a
reduction in the CO. background by a factor
of about 5 with rhenium filaments.

These avantages were observed primarily
in using the heated-inlet mass spectrometer
with samples containing high percentages of
aromatic compounds.

Automatic Manometer for
Constant-Pressure Gas Sampling

In routine mass-spectrometric analysis of
gases, pressures are ~easurad by manometric
methods. Such rm.e2asurement often requires
manipulation of s'.cpcocks or valves to obtain
pressures in the desired range; constant pres-
sures are nearly impossible to obtain in this
way. A simple method was therefore sought
to produce constant pressure automatically.

The device developed is a manometer with
a fine-porosity sintered-glass disk built into
one leg; some restriction is needed between
the legs of the manometer to retard the mer-
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cury flow when sampling is done at near at-
mospheric pressures. The device s placed at
the inlet of the spectrometer’s gas-sampling
system.

Operation is illustrated by the three posi-
tions of the mercury column shown in figure
34. The first drawing shows the position
with the sample-inlet system evacuated. An
auxiliary vacuum pump continuously ex-
hausts the right side of the sintered disk.
In the second, the sample is admitted to the
inlet system and forces the mercury column
to the position indicated. The auxiliary
purmp immediately begins to remove excess
sample through the sinte-ed disk and reduces
the pressure to the desired value. Pump-
ing stops sharply when mercury reaches
the top of the sintered disk; overshoot is not
a serious problem because pumring slows
progressively as more and more of the disk
becomes covered by mercury. The time re-
quired to reach the cutoff point is about 10
seconds. Pressure of the sample is deter-
mined by the difference in the two legs of the
manometer, but because of sticking or slight
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pressure
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Fi1cuRE 34.-~Manometer for Obtaining Uniform Gsas Pressure During Sampling.
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overshooting this difference is not always an
accurate measurement of pressure. To ob-
tain the true sample pressure delivered by
the device an accurate auxiliary manometric
device must be used.

Two different sampling manometers were
constructed to operate at pressures of 28 and
70 mm. Measurements on samples of air
were made with 2 micromanometer after an
8.6-cm® sample had been expanded into a 3.3-
liter volumea.

In the 70-mm (183-micron) tests pressures
measured were 182.7, 183.1, 183.1, 182.7, and
183.1 microns, with a mean of 182.9 microns,
a spread of 0.4 micron (0.22 percent), and a
standard deviation of 0.2 micron (0.12 per-
cent). The deviations include errors of vol-
ume expansion and of the micromanometer.

Table 58 chows the reproducibility of the
28-mm (72-micron) samples as well as the
results of two extremes of operation: Data in
the top half were obtained by introducing a
sample of air by opening the system rapidly
to full atmospheric pressure; data in the bot-
tom half are for samples of slightly over
28-mm introduced slowly and with extreme
care, so that the sintered disk was barely
uncovered. The difference in avevage pres-
sures, 0.5 micron (0.19-mm), is presumably
due to the slightly different momenta witk
which the mercury approaches the cutoff
point. In each series of runs the percentage
values for spread and standard devistion are
extremely low; best results are obtained by
rapid introduction. The overall values for
both rapid and slow introductions show fairly
good reproducibility : For a 28-mm sampling
device the standard deviation, 0.44 percent,
represents a pressure deviation of 0.12-mm.

TABLE 58.—Reproducibility of constant-
pressure gas samples, with various
ntroduction methods

Method
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As the sample pressure is reduced by pump-
ing through a sintered disk, possible frac-
tionation of the sample had to be checked.
A sample of gas containing two components
of different molecular weights, hydrogen and
carbon monoxide, was introduced at atmo-
spheric pressure. After automatic reduction
of the pressure to 28-mm, mass-spectrometric
analyses were made. Data in table 59 do not
indicate fractionation within experimental
error for either rapid or slow introduction
of the sample.

TABLE 59.—Mass spectral test for fraction-
ation through sintered disk. Determination
of ratio of components in a 1 to 1 mixture of
H, and CO
{ Pressure, 28mm ; known ratie of H; to CO. 0.991]
Ratio, H,/CO

This apparatus may be built so that the
range of pressure can be changed. How-
ever, simplicity renders interchangeable units
preferable. K The unit has not been applied at
pressure greater thap 120-mm.

Uniform pressures of samples enable easier
checking and comparing of results; delicate
control of valves to get nearly uniform pres-
sure is replaced by automatic operation; and
analytical accuracy is in-rezsed somewhat
by the high precision of measurement of
calibration and sample pressures.

Self-Filling Micropipet for
Liquid Introduction

Analyses of liquid mixtures by mass spec-
trometer require introduction of minute
amounts of calibration liquids (on the order
of 0.001 ml) and measurement of these
amounts to about 1 percent. Sample intro-
duction usually consists of expanding the
liquid directly into the high-vacuum system
of the spectrometer by touching a pipet to a
sintered-glass disk under mercury (90). Two
methods for quantitative measurement of
smzll amounts of liquid have been published:
The volume of liquid is measured by a micro-
pipet constructed of thermometer tubing
(90), or the pressure of the expanded vapor
is measured by a specially designed micro-
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manometer which operates in the pressure
range of 0 to 100 microns of mercury (100).

The method herein deseribed is a volume-
measuring modification which is simple, time
saving, and sufficiently accurate, and involves
no reading errors. The method requires only
the usual mercury-sintered disk valve and a
self-filling 0.001-ml micropipet (1, 10) (fig.
35; available commercially in sizes 0.001 to
0.010-ml).

The methods permit sufficiently good quan-
titative aralysis, as shown by the reproduci-
bility tests in table 60 for n-heptane, 2-octane,
n-nonane, and a xylcme mixture, both with
air flowing through the capillary and with
mercury sealing. Precision of both methods
apparently decreases with the vapor pres-
sure. The airflow method is somewhat more
precise in all four cases; accuracy of this
method is demonstrated by analyses of a

= *
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43-mm
capillary

2 mm—>»

(~0.05mm ID)

Ficuee 35.—Self-Filling

When dipped in a liquid, the small section
of capillary tubing becomes filled only to the
top by capillary action; then the liquid is de-
livered completely to the vacuum system by
touching the pipet tip to the sintered disk
under mercury. Air is allowed to flow
through the capillary following the sample
until all visible droplets of liquids are swept
into the instrument. As the amount of air
thus introduced is immaterial to amalysis,
the mass peaks for air need not be measured.
Quantitative results for hydroecarbons appear
to be best if the pressure of sample plus 2ir in
the 4-liter vacuum system is kept mnear a
Pirani gage reading of 0.20=0.03 mm. Un-
der these conditions the amount of air repre-
sents 20 to 30 percent of the total; no detri-
mental effects on the mass spectrometer fila-
ment have been noted. An alternative meth-
od, sealing with mercury, consists of filling
the capillary with the sample and then pour-
ing enough mercury into the pipet to cover
the upper tip. Thus mercury, instead of
air, flows through the capillary following the
liquid sample.

0.001-ml Micropipet.

typical six-component synthetic blend, mainly
octanes (table 61). Some inconsistency is
expected for the mercury-seal method, inas-
much as droplets of liquid occasionally are
trapped inside the capillary by mercury. Use
of this method is essential when air must be
excluded.

Calculating time is appreciably decreased
by the use of this pipet. It is not necessary
to calculate percentage patterns from the
spectra of pure calibration compounds, be-
cause the amount of sample and therefore
the spectral peak height are always the same,
within experimental error. For the same
reason, sensitivity coefficients (peak heights/
sample pressure or volume) are not needed,
for the peaks themselves serve this purpose.
Because the partial volumes of the constitu-
ents adé up to near 1.0, approximaie percent-
ages are obtained immediately, although nor-
malization to 1.0, or 109 percent, is usually
necessary.

Application with increased accuracy to G,
aleohols, C; acids, and other oxygenated com-
pounds was obtained by a modification of the

TABLE 60.—Reproductbility of liguid introduction into mass spectrometer
by 0.001-ml self- filling micropipet

Average deviation from
Component Mass Average peak height? Maxi spread, p average, percent
Airflow Mercury nex! Airflow Mercury seal Airflow Mercury seal
100 550 (5) 500 (5 4.6 0.6 1.4
114 231 (%) 271 (5) 28 s 7 2.0
2. 225 (6) 225 (D) 4.5 73 .6 2.
106 213 (&) 212 (& 338 8.6 12 21
ber of rons.
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mercury seal method, which consists of for-
cibly squirting sample and mercury through
the pipet and onto the sintered disk.

TABLE cl..—Mass spectral analyses of
synthetic blend introduced with 0.001-ml
self-filling micropipet, volume-percent’

Component Syntbede blend | MS analysis 1 | MS analysis 2
w-Nooane.. .... 3.2 3.5 3.9
........ 743 82 7
2-Methylheptane. 7.0 6.9 70
S-Methylbeptane. 9 12 6.4
4-Methylheptane. 2.9 43 29
wHeptane ... .. 52 49 5

1 Ajrflow method teed for ealibratien and samples.

Anomalous Negative Peaks
in Mass Spectra

In the mass spectra of the gases 0., N,, CO,
and CO., negative peaks have been found
approximately two mass units lower than the
peaks of the positive molecular ions. Armot
(5) and Sloane and Press (85), using mass
spectrometer tubes of special design, ob-
served negative peaks correspording roughly
in mass to positive ions of these gases.

The mechanisms for negative ion forma-
tion that seem most probable are those pro-
posed by Arnot (5). In both processes the
positive ion captures an electron at the metal
surface and is neutralized but left excited.
This is followed by either (1) capturing an-
other electron to form a negative ion of the
same type, or (2) transferring the energy
of the positive ion to another type atom on
the surface, which in turn captures an elec-
tron to form a negative ion of another type.

Negative peaks have been observed with
various ion sources while using the same
analyzer section of the mass spectrometer
tube. This indicates that the source of the
negative peaks is in the region of the exit
slit of the analyzer section and probably

arises from a nonconducting layer on the exit
slit plate. A schematic diagram of this pos-
sible source of negative ions from carbon
monoxide is given in figure 36. With field
conditions set to focus positive ions of mass
26, mass 28 jons will have a larger radius
and strike some point (as shown) on the
exit slit plate. This spot on the plate will
then act as the source of negative ions,
which are deflected by the magnetic field,
collected, and recorded as a negative peak at
26.2 on the mass scale. The difference in
radius of the “mass 26.2” and mass 28 ions
is approximately 2 mm. Assuming that the
negative ions CO— are formed with very low
energy, the radius of the path of these ions
would be about this value, making it possible
for them to be collected. In figure 37 is
shown 2 negative peak near mass 26.2 on the
portion of a CO spectrum.

Table 62 gives the ratio of negative to posi-
tive ions for the gases studied thus far.
These values are of the same order of magni-
tude as the probabilities of conversion given
by Arnot (5) for O,, 0.42 10, and for CO.,
2.3X10~.

The negative ion N,- is known to be un-
stable and was not detected by Arnot (5), but
in the present work on N. a negative peak
near 26.2 was found. This may be due to a

so&"'ce Coliector
—l— — ji:l-“ picte
\ / /
\ /S
N 280

~— 28+ —7

FIGURE 86.—Possible Source of Negative Peaks.
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FIGURE 87.—A, Portion of CO Spectrum; B, Reproducibility of Negative Mass 26 Peak.
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negative ion of another type, according to
Arnot’s second mechanism. However, the
detection of N,~ is feasible in the present
case because of the short distance traversed
to the collector. Further, negative peaks in
the spectra of all four gases appear to have
the same shape. If a transfer of energy were
involved, the ioms formed would possibly
have a large emergy spread giving broad
peaks. Therefore, the negative peak in the
spectrum of N, is probably due to N,—.

It was difficult to relate peak height to
pressure accurately because of the size of
the peak; however, as nearly as could be

N UrDATA 1976k

determined, this relationship was linear up
to three times normal operating pressure.
Any negative ions from hydrocarbons formed
by this process would not be detected because
of the much larger positive ion peaks
occurring at the same masses.

TABLE 62.—Reafio of negative to positive

ion peaks
Gas R
. U 2.9%10-¢
L 2, 3.5%x10~¢
0 4.5x10™¢
L8 0 5.9%10~4




CONCLUSIONS

The analytical techniques described re-
sulted from studies of the mass spectra of al-
cohols, ketones, esters, acetals, trimethylsilyl
ether derivatives of alcohols, paraffins, and
naphthenes. These techniques made possi-
ble qualitative and, in some instances, quan-
titative analyses of complex mixtures from
the Fischer-Trovsch synthesis. Methods de-
veloped for obtaining mass spectra at low-
ionizing voltage yvielded carbon number dis-
tribution data for saturate, aromatic, and tar
acid fractions of oils derived from coal.

Extension of this investigation to higher
boiling fractions (bp >300° C) will be lim-
ited by (1) availability of pure compounds
for calibration, (2) vapor pressures of sam-
ples, and (3) resolving power of the instru-
ment. Lack of pure compounds will probably
not be a serious handicap for at least
semiquantitative analyses.

Use of low-ionizing techniques will prob-
ably increase. Indications are that the larg-

z, UPDATA 1976

est deviations in sensitivity with degree of
substitution occur for the alkylbenzenes and
alkylphenols. Only relatively minor varia-
tions in semsitivity factors occur at a given
carbon number for other types having an
aromatic ring structure. Extrapolation to
zero semsitivity at infinite molecular weight
appears satisfactorv for obtaining approxi-
mate sensitivities for phenolic as well as
neutral material.

Shortage of pure compounds will limit the
investigation of syuthetic mixtures that
should accompany the extemnsion of any
method. The limitation of resolving power
is being overcome by the adaptation of dou-
ble focusing instruments for analytical work.
The most serious limitation is probably low
vapor pressure. Extension of mass spectral
techniques to material of higher molecular
weight will therefore depend largely on the
development of techniques for obtaining ionic
species representative of the sample.
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