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ANALYTICAL METHODS IN MASS 
SPECTROMETRY 

A. G. Shazkey, Jr.J ]. L ShultzJ 
cmd It. A- Friedel ~ 

A bs~rad 

T HE PURPOSE of this investigation was to develop methods for 
analyzing coal derivatives and products from the Fischer-Tropsch 
synthesi~ As part  of this investigation it was necessary to study the 

mass spectral characteristics of many classes of compounds. The mass 
spectra of alcohols, +.he trimethylsilyl 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 tung3ten filaments in the mass spect~mete2". 
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. 

Introduct/on 
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 Federal Bureau 
of Mines. The analysis by mass specU'ometry 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 synthesis 

SmDCm, kor7  pla~s~isL 
Pdmea rch mathematkclan. 

• P~o~-t coordinator. 
All sotbom sue I-ith the Pittsburlth C.,c~bu RelJea~b Cen~r,  BuM~u of Mines, ]~iLtsborlrh, P ~  

Work 08 mmuml, c r lp t  eompl@t~ A u i [ ' ~  1~F6,5. 
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2 ANALTrlCAL METHODS IN MASS SPECTROMETRY 

P c a r b o r o d u e t  contains more oxygenated material and less highly branc, h ~  hydro- 
ns. To assist in developing the required methods of analysm, mass 

spectral correlation studies were made of several classes of oxygenated 
compounds contained in FischeroTropsch synthesis product. Combined 
chemical and mass spectrometric techniques to analyze for these compounds 
were developed. . . ~ .  

Coal hydrogenation product contains more aromazic ano oxygena~ea 
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 hydr~  
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- 
matic fractions 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 providin~ qualitative and/or quantitative analyses of gases, Hquids, 
and, under special conditions, solids. Mass spectrometers at  the Pittsburgh 
Coal Research Center are equipped to obtain spectra of materials having 
vapor pr~sures of at  least 50 microns at  room temperature or at  
temperatures not exceeding 300 ° C. 

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

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 s 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 limitationsresult 
from similarity in fragmentation patterns and rearrangements proaucing 
parent mass peaks of lower members of homologous series. 

Chemical and physical methods used in this investigation to make 
samples amenable to mass spectromet~:c 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 spe.~rometers equipped with elevated-temperature 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 a 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 coal hydrogenation process were 
introduced into 'the high-temperature mass 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 emi~er. 

.~¢J UPI)ATA 19 t 



E ERM E PROCEDURE 

The spectra were obtained on two Consoli- 
dated E l ~ y n a m i c s  Corp. model 21-108C 
mass s p e e t r o m ~ '  one with the inlet sys- 
tern operated ~t room temperature and the 
other with the inlet a t  286 ° C. 

The instrument w~.th the room-temperature 
inlet was used to analyze gaseous mixtures 
and mixtures Gf low-molecular-weight (about 
200 or less) liquids using Y0-volt electrons, 
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 1Y. For all liquid sam- 
ples the spectral dat~ are reported as chart  
divisions per unit liquid volume. In most 
instances the unit volume was 0.00068 ml, 

' ] ~ e . f ~  to 0 1 ~ [ k  ]Prands. uanke8, mr mnde]g of ~ p n ~ m t  a- 
made ~ f~-l~*-~e unders tsndlng  and dee8 not imply endorsement 
by the Burmu o! MiueL 

the volume of a self-filling micropipet (3~)., 
For  the naphthenes (29) a 0.000S6-ml pipet 
was used. For the acetals (80) peak heights 
were related to the strongest peak in the spec- 
trum (,base pe~.~.).._ The s~,~. ~ thus 
reporr~a as sensluv~y coemmenm on a liqum- 
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 a t  285" C was 
used for the high-molecular-we.ight samples 
(solids and liq~fids with low vapor pressure). 
This instrument c~aires  approximat~y I n ~  
of sample. Data were obtained using 70-volt 
electrons for conventional analyses and 7.0- 
volt (indicated) electrons for  low-ion/z/ng- 
voltage determination~ 

o Xtad~ uumbem in p l ~ t , b e n e J  refm" to | t4ms in tJbe l r ~  of 
referemees s t  the end o t  thls  re3~rL 
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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. Interferences among 
the various classes of oxygenated compounds 
and hydrocarbons result from similarity of 
fragmentation processes that occur during 
ionization by electron impact. 

Mass spectral correlation studies b.ave been 
carried out for several cl~-~ses of hydrocar- 
bons (11-I~, ~9, 69, './.~), sulfur compounds 
(#0), and amines (17). Themass spectra of 
various oxygen-containing compounds have 
been investigated, including aliphatic acids 
by Happ and Stewart ('~), high-molecular- 
weight primary straight-chain alcohols by 
Brown (14), ethers by McLafferty (61), and 
aldehydes by Gilpen and McLafferty (89). 
At the Pittsburgh Coal Research Center, cor- 
relation studies have been carried out for 
alcohols (3~'), ketones (81), acetais (30), tri- 
mezhylsilyl 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 Cc 
to C~ paraffin-naphthene mixtures was de- 
veloped. The general technique is to use the 
summation of intensities for peaks charac- 
te.-istic of various compound types. Analyses 
of complex mixtures can be obtained in this 
manner. A type-analysis for alcohols has 
also been developed (84). 

CORRECTION STUDIES 
Mass Spectra of Alcohols 

The mass spectra 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 cor~idered to be of 
three major tTpes--primar:.- secondary, and 

tertiary. Mass spectra make subclassifica- 
tions desirable. Thus, the primary group 
contains two classes: (1) normal straight- 
chah, and v-branched (7,  ~-, etc., branched) 
and (2) /3-branched. Secondary alcohols may 
be classified as 2-, 3-, 4-, etc., types. Tertiary 
alcohols have also been subelassified into part- 
ly symmetrical types (dimethyl, diethyl, etc.) 
and the completely unsymmetrical types 
(methyl, ethyl, methyl propyl, ere-). Com- 
plete mass spectra for the 69 alcohols investi- 
gated have been published (8~). 

P~mary .~cohols 
Normal aru~ ~,-B~'a~zclze,i..--Thirtcen normal 

and v-branched primary alcohols were inves- 
tigated. In 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 to the 
loss of mass 33, either water and a methyl 
group or --CHzOH plus two hydrogens. The 
third important peak represents loss of mass 
46, which may signify a split between the 
/~- and ~-carbon atoms plus t ransfer  of one 
hydrogen, or a split between the a- and/~-car- 
bon atoms plus loss of a methyl group. For 
the C.. to Cs alcohols in this group, the parent 
molecule minus mass 46 produces an olefm- 
type peak that is either the base peak 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, presumab!y because of split- 
ting between the third a..d 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, etc.) fragments. The other spe- 
cies derived from the molecule-ion may be 
considered an oleflnic ion, fragmentation of 
which produces olefm-type (41, 42, 55, 56, 
etc.) and alkane-Wpe peaks. Rate of effu- 
sion measurements (-~, gl) and appearance 
potentials show that an olefin does not actu- 
ally form in the ionization region before 

~ _ _  ~I L 
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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 spect-mm of the correspond- 
Lug olefin. This similarity is shown for 
1-pentanol and 1-pentene in table 1. 

TABLE l.--Com~arison o/spectrum o.: 
~rimarv, stza~ght-cha~a a~ohol urith 

w t / •  

Vo. I s s . i i l l  i i i i i i  

. . . . . . . . . .  i I 4 2  . . . . . . . . . . .  
41 . . . . . . . . .  
39 . . . . . . . . . .  
'!-8 . . . . . . . . . . . .  / 
2 7  . . . . . . . . . . .  ~ 

intenmty, 
d i v i ~om per t 
~mole ...... [ 

t Olefln-type peaks, relative abundance 

l -Pentanol 1-Pentene 

45.0 31.7 
5.3 1.7 

15.4 2.6 
64.1 57.9 

I00 100 
67.4 45.0 
27.3 34.6 
20.9 4.9 
53.2 32.3 

156 179 

~-Bmnched.--The six ~-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 molecule minus 
mass 18, excepL for 2,2-dimethyl-l-propanol, 
which has no hydro.~rens on the E-carbon 
atom. In contrast to the normal primary 
alcohols, fragnmntation in the B-branched 
compounds is prominent between the ~- and 
~-carbci~s, the latter being a tertiary carbon. 
In the 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 B-branched alcohols. A mass 33 
fragment ion in the spectrum of 2-methyl 
1-propanol is very intense. The parent- 
minus-32 peaks are also intense. 

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 
in the fragmentation presented. The numbers 
in parentheses indicate relative abundance of  
ions; arrows indicate increasing abundances. 

The probability that the alkant~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 olefmic, paraIRn- 
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. 

TABLE 2.--lonizwtio~ di~tribzftio~ for 
aicokols amo.g ~arioua types o/ 

f~agmentation peaks 

Alcohol group 

Primary: 
Normal ....... 
7-Br~ched .... 
~-Branched .... 

S e c o n ( : ~ i l ' y :  
2Jl"ype . . . . . . .  
3-Ty13e . . . . . . .  
Other ........ 

Tertiary': 
Dime~hyl-type 
Diethyl-type.. 
Other . . . . . . . . .  

Fragmentation peaks, percent 

Olcfmie 
(41, 42, 

55, 5 6 . . )  

55.9 
5~.6 
40.3 

28.5 
32.9 
42.2 

21.3 
2.4.1 
25.2 

Alcohol ic  
(31, 45, 
5 9 . . . )  

11.4 
9.8 
9.9 

42.6 
34.6 
23.7 

49.0 
44.1 
43.3 

Pam.ffmie 
(29, 43, 
57 . . . )  

20.5 
25.0 
35.2 

18.7 
18.6 
20.6 

17.4 
21.3 
20.0 

t ! I I I 

CH ~-CH rLCH - t-T'CH -'+CH - - ~ - O H ÷ :  - . 

(e) (d) Co) (~1 Ca) 

(a) Mass 71 ( 3 ° )  | +rna~ 17 (G.94) 
Co) Mass 57 (°,3..9) ,~ +mass 31 (77.6) 
(e) Ma~ 43 (,'29.9) +mass 45 (6.3) 
(d) Mass 29 G2.0) 
(e) Mass 15 (9.4) 

~a~s s8 ( o ) - -  l (A) 

' ~1 ' (e) ( ) (e) 

(c) Mass 43 (29.9) +rna~ 27 C53.2) 
+mass 59 (0.93) T (d) Ma~s 29 (72.0) +mass 41 C67.4) 
trnass 73 (0.08) | (e) Mass 15 (9.4) +mass 55 (64.1) 
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ANALYTICAL METHODS IN MASS SPECTROMETRY 

The fragmentation of a B-branched uri- 
mary alcohol, 2-methyl-l-butanol, is given in 
diagram B, and its spectrum is compared in 
table 3 with that of the corresponding olefin, 
2-methyl-l-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. Paraffmic-type peaks from 
2-methyl-l-butanol are quite intense, so that 
the alcohol is not as closely related to the 
olefin as 1-pentanol is to 1.pentene. 

CH, 
I 

I I " I I H* CHrT-~ CH .-7-CHq-CH: ~-~O 
I I I I 

~d> ~c~ Co) Cat 

(a) Mass 71 { 3.1) I +mass  17 (0.97) 
{b) Mass 57 (98 .9)  $ + m a s s  81 (59.3) 
(c) Mass°.9(100 ) +mass 5 9 ( 4 . 5 )  

lel>W,..z.~: 15 (10.1) 

TABLE 3.--Comyarf.soTz of spectrum of 
primary, B-branched alcohol with 

corresponding olefin 

m/e 

7 0  . . . . . . . . . . . .  

69 . . . . . . . . . . .  
56. 

42 ............ 
41 ............ 
39 ............ 
28 ............ 

Base peak 
sensitivity, 
divisiov.s 
per #mole .... 

Olefin-type peaks, relative abundance 

2-Methyl-l-butanol 

36.4 
1.3 

85.5 
23.9 
16.1 
90.5 
29.2 
12.7 

185 

Mass 88 (0.27~--, 
l 
CH= 

.... (e) 
I I I 

CH~---~.-CH. v-- ~ - CH-..* mass 70 (36.4) 
I I 

Cd) Col 

(c) Mass 29 (100)-.l-mas.~ 41 (90.53 
+mass 73 ( 0.147 1 (d)l.. (e)~tv~ass 15 ( 10.1)+mass 55 (23.9) 

2-Methyl-l-butene 

31.0 
2.9 
4.4 

100 
32.6 
27.4 
33.9 

4.7 

149 

(B) 

Secondary Alcohols 
The secondary alcohols were subclassified 

on the basis of location of the hydroxyl group 
on the 2-, 3-, 4-, etc., 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 hydrocarbon group and from the loss of 
water plus the hydrocarbon group. Base 
peaks for 2- and 3-type secondary alcohols 
are alcohol-type peaks and can be attributed 
to the loss of the larger alky] group from the 
parent mass. For the 2-type alcohols inves- 
tigated, the base is mass 45 (CH~CHOH--) 
and for  3-type, mass 59 (CH~ CH= C H O H - - ) .  
The 4- and 5-Wpes ~vestigated 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 the base 
peak intensity. 

Mass spectra of four naphthenic alcohols 
were also 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, alcohols, as expected. 

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

Terl~.-.xy Alcohols 
The tertiary alcohols investigated included 

the partly symmetrical types (dimethyl alkyl, 
diethyl alkTl, etc.--for example, dimethyl 
propyl carbinol) and the completely unsym- 
metrical types (methyl ethyl alkyl, methyl 
propyl alkyl, etc.--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 loss of the largest of 
the three all~,l groups. For the dialkyl-type 
tertiary alcohols above the dimethyls, the 
base peak results from loss of one of the two 
identical alk-yl groups--for example, a diethyl 
type loses an ethyl group. Dimethyl tertiary 
alcohols give the most intense base peaks of 
all of the types studied. Tertiary alcohols, 
other than the dimethyl type, have a base 
peak and also one or more other alcohol-type 
perks of about the same intensity. Parent 
peaks are all insignificant. Fragmentation 
of tertiary alcohols does not produce intense 
olefin-type peaks (table 2). 

~ - ] 1  U ~ i " t A q ' A  lc,~,-L, 
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Tow~ I o ~  
Total ionization, expressed as divisions 

per micromole (table 4), was calculated by 

TABLE 4.--Total ioniz~i~'n of a~iph~c 
a~cohols, i~ di~iaio'aa ~er mieromole 

(Vlriat.lon with ~m.t-tmn nt.m~1~er -"~'gr~ t t t t~ ' im chara~'.~r) 

C! 
C: 
C~ 
C, 
C~ 
C, 
C~ 
C, 
C, 

Average 
Number  of total  ionization 

~omers  above mass  17 

1 
1 
2 
4 
7 
II 
it 
16 
6 

280 
525 
603±27 
843~-70 

1.006±35 
1,264~-59 
1,300-v76 
1,475-v106 
1,~33+171 

addition of all sensitivity ccefncients above 
mass 17. Total ionization increases continu- 
ously from C~ through C,, then it  appears to 
s ta r t  leveling off. These data  agree with the 
findings of Mohler, Willismson, and Dean for  
hydrocarbons, total ionization of which in- 
creased up to C~o and then remained constant 
(65). Because the total ion current  should 
increase with increasing molecular weight, 
the constancy observed above C~o can be the 
result of several factors, including poor va- 
porization or changes in ion-collection effi- 
ciency ~'ith mass distribution. Observed to- 
tal ion currents  of alcohol versus molecular 
weight exh~i t s  discontinuities ~mtween the 
following pairs of carbon h u m o r s :  C: and C~, 
C, and C~, C, and C,. and C~ and C~. Mohler's 
data showed a break only between C~ and C, 
for  naphthenes, olefins, and paraffins. 

Idtmtflication of A/cohols 

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

Primary AIeohola 
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 intensifies of other strong peaks. 

Specific characteristics:  
1. Straight-chain and r-branched. Base 

peak for  C, and below is mass 31 ; base peak 
for C~ and above is generally an olefm-type 
peak. 

METHODS 7 

2. ~-branched. Base peaks are alkane-type 
peaks. 

Seconda~ll AIeoILols 
General characterist ics:  

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 alcohol-type. 
3. Parent-peak intensity is less thzn 2 per- 

cent of the base peak intensity. 
Specific characteristics:  

1. Symmetrical ( R ~ -  C H -  R, ) .  One 
& 

intense alcohol-type peak;  mass of R is iden- 
tified by subtracting 30 (CHOH) f rom the 
mass df this peak. 

2. Un.symmetrical (R~- -CH - -R : ) .O ~{  

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

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

at  least four t i m ~  tha t  
of any  other  peak: m a ~  

45 and 19 peaks are more interne than  for other  alcohols: 
mass  31 peak is less intense than for other types  of 
secondary alevhoL~. 

(b) 3-type/CH:CH:CH--R:\. Base peak it at m .  
/ / ! 59; tmse-l~mk i n ~ n -  
\ OH } ~ t y  is a t  l e u t  1.5 

"~imts t ha t  of any  
other peak; mass  31 i~ 30 percent  or more of the  b a ~  pt~k.  

(¢) 4- and  5-type. Ba.~ weak i-~ olefin-type peak ( m a ~  
55 or 69, for example):  brine-peak intea~ity Zq a t  least  
three t imes  that  of any  other  peak: m ~ s  31 L~ 30 percent  
more of the Im.~ peak. 

Te~'H=W A/eohoL~ 
General characteristics:  

1. Base peak is of the alcohol tyFa. 
2. At  least 30 percent  of the total ion cur- 

rent  is found at  alcohol-type peaks. 
Specific characteristics : 

I 
1. Part ial ly symmetrical : R: - -  C ~ R.. 

(a) Dimethyl  (R, f R : - m e t h y l  group). Base peak 
is a t  least twice as intense as any  other  peak: ba.~e peak 
results from loss of larger alkyl group CR:). 

(b) Diethyl  ( R , - R ~ - e t h y l  ffeoupL B. weak re- 
sult~ from Io~ of ethyl group (R:): there are two or  mor t  
intense alcohol-type peaks. 

(c) Dipropyl  (R: - R t -  propyl group). R u e  peak ft,- 
sui ts  from loss of propyl group (R:); there are two or more 
intense alcohol-type peaks. 

I - -  , ,~--~]~ 
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2. Completely ~=unv~me~rieal (methyl ethyl 
and methyl propyl types): R~ =I= R_- =~ R~. 
Base peak results from loss of largest 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 alcohols by infrared spectrom- 
etry. In infrared analysis all pr:mary alco- 

TABLE 5 ---Groups identifiable i~z unknown 
alcohol by mass spec$r~ 

Alcohol group Structure 

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

~-branched . . . . . . . . .  

Second~-:,': 

2-type ........... 

3-t~pe . . . . . . . . . . . . . .  

4-type . . . . . . . . . . . . . .  

Tertian. . . . . . . . . . . . . . . . . .  

--CCCC--OH 
--CCC--OH 

I 
C 

--CCCCC 
t 

dH 
--CCCCC 

l 
OH 

--CCCCC 
I 

OH 
C 

I 

--CCC 
J 

0R 
:t Masses  of  both g'eoupe on c~rbin~)  a re  i d e u ~ f l a b l ¢ .  

hols show a band near 9.5 microns, secondary 
alcohols near 9.0, and tertiary alcohols 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 a band at 9.5, eta Infrared analysis 
can be used more easily than mass spec- 
trometry to identify a substance as an alcohol. 
However, infrared usually cannot identify 
alkyl substltuents 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 e i ther  method independently. 

Quantitative Analysis of Alcohols 
Pressure Measurement Errors.---Sensitiv- 

i ty values base<l on micromanometer  pressure 
(instead of unit volume introductions) were 
not reliable for  all alcohols; difficulties were 
encountered with hexanols and higher  alco- 
hols. Determinations of 1-octanol in syn- 
thetic blends were about 30 to 35 percent  low 
when based on pressure sensitivities. Micro- 
manometer  measurements of known micro- 
volumes of liquid indicated tha t  calculated 
molecular weights of 1-octanol were high by 
about 30 to 35 percent. !n  contrast,  sensi- 
tivities based on liquid volume produced ac- 
curate  determinations of 1-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 a t  elevated temperatures  
should raise this limit. 

Type-Analyses.--The two types of p r imary  
alcohols and secondary plus tertiary alcohols 
can be determined (in mixtures containing 
only these alcohols) by a type-analysis meth- 
od ( I -  °, . '9).  Table 2 given data on total ion- 
ization for various groups of mass peaks in 
the various types of alcohols. Appropriate 
groups of pea.ks for type-analyses were select- 
ed on the bast~ of these data, and results of a 
type-analysis are given in table 7. The 
mat r ix  given in table 8 includes all alcohols 
above C,. Furthermore,  th~ 2-type secondary 
alcohols can be analyzed by means of mass 
peaks 45 and 19. 

A simple means has been found fo r  esti- 
mat ing C~ to Ca pr imary  alcohols in products 
f rom synthetic fuel processes. The  31 and 27 
mass peaks of these compounds are  of nearly 

TABLE 6.--Mass ~ec~ral  analyses of alcohol ~r~zthet~c blends 

S~.'.'.'.'.'.'.'.'.',~t:ic b l e n d  A . . . . . . . . . . . . . . . . . . . .  
MS ~mr, l ~  1 . . . . . . . . . . . . . . . . . . .  
MS ~ . . . . . . . . . . . . . . . . . . . .  

S y n t h e t i c  b l e d  B . . . . . . . . . . . . . . . . . . . .  
M S  x n n l y s ~  I . . . . . . . . . . . . . . . . . . .  
M S  z n a l y l ~  2 . . . . . . . . . . . . . . . . . . .  

S y u e k e ~ c  b l e a d  C . . . . . . . . . . . . . . . . . . . .  
M S  s . n s l . v s m  1 . . . . . . . . . . . . . . . . . . .  
M S  a ~ J ~  2 . . . . . . . . . . . . . . . . . . .  

l - B u t ~ . ~ o l  

312. 
30.4 
31.8 

71.7 
71.T 
7L0 

88.0 
89.7 
87.9 

S~rJD~ ~ e v d  D ..................................... 

AI~hvL v o ]  u.me,./:z~rcen~" 

1 - P e . n l : a = o i  1 - H e x a . u o l  1 - H e p t ~ o l  

o o . o . . .  . . . . . . . . . . .  , . . . . . .  . . . °  . . . . .  . . . ,  . . . . . . . . . . . . .  . . . . .  

. o o ,  . . . .  , .  . . . . . . . .  . . . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . . .  . . .  

4 0 . 6  3 0 . 0  1 9 . 7  
39.9. 30.3 19.6 

6 X . T  
6 9 . 6  
68.,?.  

2 8 . 3  
2 & 3  
2 9 . 0  

1 2 . 0  
1 0 . 3  
1 2 . 1  

9 2  
1 0 . 9  

~ UPDATA 1¢t7~:, 



ANALYTICAL METHODS 

equal intensity ; also the 27 peaks of paraffins 
and olefins in the same fractions are approxi- 
mately the same as the 2'7 peaks of these three 
alcohols. Therefore, the alcohol content can 
be estimated from the ratio of the 31 peak tc 
the 27 pea~ This determination checks the 
infrared type-analysis for  total alcohols. 

Component Analyses.--Table 6 illustrates 
the analyses of three different b!?~ds of 
1-butanol and 1-octanol, and the an~.y~s of 
a four-component C~ to C, alcohol blend. 
Such analyses are straightforward when no 
unlmown interfering compounds are present. 

TABLE 7.---Ma~ 5~pectraI type.analyses of C, to C, alcohols 
I B k n d  1 Blend ~. 

No. of Synthogie~ ~ ~ l | ~  NO. G~. S)~r.,~14~. M S  
A t ~ t m 4  g~,up ~ i,m blend v o l t  v o l l L l e - p e ~ t  ~ c o h o l s  in I d e l d  ~ m ~ - ~ t  ~ M - N r ~ t  

PlrizmL~ (no rma l  ~ ..~.br'amcbed) ~ S G4.2 65.0 5 7"2..4 "/5.4 
~ -  f J~brgnebed)  . . . . . . . . . .  2 2 L 7  l & ~  2 27 .6  ~'~.4 

. . . . . . . . . . . . . .  } 14.1 16.4 0 0 ~'~ 
. . . . . .  i T 

TABLE 8.~Mat~z  for ~.rpe-an~ysis of C, to C, alcohc, fractions 

PrimaD" alcohols 

Mass peaks, Normal and 
v-branched ~-brznehed 

.~42 +56 +70 -r ........................................ 1,379 897 218 

.TA3 +57 +71  -- ........................................ 918 1.848 856 

.~45 + 59 +73. ........................................ 102 173 2~70 

"- ~ t t A  ine.l~de mU m , , l ~  .I,,.,,,~ 

secondary 
and 

m1~ry 
alcohols 

Mass Spectra of 
Trimethylsilyl Derivatives 

Although mass spectrometric methods have 
been used to analyze mixtures of alcohols as 
previously described (I~, 3~), determination 
of individual C~ to Cto pr imary  alcohols in the 
presenc- of hydrocarbons requires prelimi- 
nary =.pazation before chemical or spectro- 
scopic methods can be applied. A method, 
utilizing the trimethylsilyl ether derivatives 
of alcohols, has been developed for rapid, 
direct analysis of individual alcohols in hy- 
drocarbon solutions (5~-55, 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 t r imethyl-  
silyl ethers and 8 related silicon compounds 
were obtained. Trimethylsilyl ethers have 
higher volatility than hydrocarbons and oxy- 
genated compounds containing fewer carbon 
atoms. For  exzmpie, the mass spectrum of  
a C,,, alcohol from a conventional room- 
temperature  mass spectrometer is not usable, 
but  the spectrum of  a trimethylsflyl e ther  pre- 
pared f rom a C,o alcohol can be obtained 
witheut difficulty. 

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

instances of intense rearrangement peaks in 
mass spectra, mainly of oxygen-containing 
compounds, have been reported (/,3, 52, 81, 
87). Earlier work by Dibeler on a similar 
silicon compound, hexamethyldisiloxane, 
(CH,)~ Si..O, also showed many rearrange- 
ments peaks (_~2). The complete mass spec- 
tra of the 26 trimethylsilyl ethers have been 
published (76). 

Frv~rment Ions 
Primary Straight-Ch~i~ Trimethyl~ilyl 

Ethers.--A characterist ic mode of f rag-  
mentation was found fo r  all the normal (C, 
to C,o) aliphatic trimethyisilyl 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 trimethylsilyl e ther  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, e thy l  branched, and secondary 

I 



10 ANALYTICAL METHODS 

trimethylsilyl ethers do not show this pat- 
tern similarity. The intensity of mass 89, 
(CH~)~SiO+, is different for the C, C.~, and 
C~ normal aliphatie 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~o normal alcohol derivatives. 
Thus, the ion (CH3)3Si0 + is unimportant un- 
less the hydrocarbon chain consists of four or 
more carbon atoms. 

TABLE 9.--Fra@menta2io~ peaks in 
mass ~'-pectr~ of normal aliphatic 

t rim ethyIsilyl ethers 
F.~mmDl¢: 1-hexyl ~H'mt ive  

R e l a t i v e  
m / e  S t r u c t u r e  i n t e n s i t y  

'73 . . . . . .  . ,  , .  

8 9  . . . . . . . . . .  

103  . . . . . .  

P a r e n t  m i n u s  1 5  

P a r e n t  . . . . . . . .  

CH: \ 
~Si--(or--ClH~) 
/ 

CH~ 
\ 

CHr--Si-- 

CHS 
CH~ \ 
CH ~-.--Si--O--- 

c m  / 

CH~ H 
\ I 

CHr-Si--O--C-- 

CH~ / 

CH: 

CH,s--&--O--CH.~-CH~ 
C H  : . ~  o r  : T 

CH, 

CH ~r~Si--O--CH .-- -CH: 

CH, / 

17 

45 

16 

25 

100 

. 9  

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

Primary Branched Trime~kyl~,,2yl Ethers. 
--Below mass 103 the same major peaks 
appear in the spectra of the primary branch- 
ed- and straight-chain alcohol derivative& 

I N  M A S S  S P E C T R O M E T R Y  

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

L \cJ 
A strong peak, corresponding in mass to 

the all~.,l radical minus two hydrogen atoms, 
is also in the spectra of the v-branched deri- 
vatives. 
Secondary Trimethyl~lyl Ethers.--The five 
ethers derived from straight-chain secondary 
alcohols show intense peaks resulting from 
a break at the functional carbon. 

+ 

RL--C--]R.- (R.- is the larger hydrocarbon group) 

si  

This fragmentation produces the base peak 
at mass 117 for 2-pentyl and 2-hexyl tri- 
methylsilyl ethers and a 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 alk-yl 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 peaks 
are less intense for the derivatives of the 
secondary alcohols. 

Tert~zy Trimethyls~lyl Etker&--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 spectra. 
All other peaks down to mass 75 are weak. 

B ~ g e m e n t  Ions 
Several intense rearrangement peaks ap- 

pear in the mass spectra of all the normal 
alcohol 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 (2~, 31) made on 
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mass 75 rule out the possibility of an impur- 
ity. With ~-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~O, and includes 
masses 59, 45, and 31 (22). These same mass 
ions were also found by Zemany and Price in 
the mass spectrum of  te t ramethyls i lane ,  
(CH~),Si (10]). 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- 
lax to those proposed by Dibeler, with the 
addition of an oxygen atom (~2). 

Derivatives of the branched primary, sec- 
ondary, and ~ertiary 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  ~-branched p r i ma ry  alcohols 
investigated. 

Isotope determinations indicate that this 
is the correct assignment. Rearrangement 
peaks in the mass spectrum of hexamethyl- 
disilazane, (CH,),Si..NH, parallel those in the 
spectrum of hexamethyldisiloxane. 

A n a l y ~  of Alcohol by Trimethyls/Iyl Ethe~ 
Because of their high volatility, normal 

aliphatic trimethylsilyl ether derivatives of 
C, to C,o 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 
pectrometer. With derivatives of normal 
0 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 der ivat ives  and the re fo re  
serves as a convenient check on the total 
alcohol content. 

TABLE 10.--Re~xrangcmsnt structm-~ 
in trimethyl,~yl ethers 

R e a r r - a n g e n x n t  se r ies  

TI P2 l 

m/e 59  m/e 75 

m / e  45 m/e 61 

m/e 31 m/¢ 47 

A p p a r e n t  s t r u c t u r e  

_] 

i 

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

Only secondary and tert iary 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 al ho~thecop°si" 
tion of branching. Of the primary 
only those having v-branching show intense 
peaks at mass 89. 

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

The trimethylsilyl derivative of propylene 

TABLE 11.--TFpe/dent/flood/on of alcohols by t~methyl,~yl e~her KeTd~a.ti~es, cha~ div'hrio~ 

( ~ i m ~ . I s Q y l  d~T i , , 'ad~3 

l • m • y "  suffiight-ehain 1-tmryl to l-deeyt . . . . . . . . . . . . . . . . . . . . . . . . .  
• magio-bm~l~l  tmt~l ~ oct~d, i m ~  me~yt  Md ethyl 

brsmektme ................................................... 
( 2 - t ) - ~  oa ly ) .  ~ to  Z..hexyt . . . . . . . . . . . . . . . . . . . . . . . .  

m 7S q 

A A W  S p m ~  

51~ 
I 210 

I m..ieptame min i  27 -- 4W2 ~ v i i o u  :.ez refit liquid wflmme. 

- - - 1 1 1  r"  _ .  I I  

L'PDATA z97~-- 
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glycol has the expected very weak parent peak 
and an intense parent-minus-15 peak. In 
contrast ,  both the pa ren t  and parent-minus-15 
peaks are intense for the trimethyls/lyl deri- 
vatives of phenol, butyl mercaptan, and the 
cresols. Both m- and ~-cresol show similar 
fragmentation patterns, while o-cresol has a 
much leas intense purent-rrdnus-15 peak and 
a more intense mass 91 than m- or p-cresol. 
Trimethylsilyl derivatives should aid in r.he 
analyses of mixtures contain/rig these classes 
of compounds as well as in .~.he analysis of 
alcohols. 

Mass Spectra o_~ 
Acetal-Type Compounds 

Mass spectra of mixtures of ~-~ygenated 
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, the~fore, fragmentat/on 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, ~0). 

T h e  general formula of t h e  acetals is 
H 0R~ 

RI ~ ~'I 
"OR= 

w h e r e  R~ is h y d r o g e n  f o r  d i o x y m e t h a n e s  
(formals)  f rom the reaction of  formaldehyde 
with alcohols, or  CI~  for  d/oxyethanes (ace- 
tals) f r o m  the  reaction of acetaldehyde wi th  
alcohols, or C~I-I: f o r  dioxypropanes (l~ro- 
pionals) f r o m  the reaction of propionaldehyde 
with alcohols. 

Effusion ra te  measurements  were  made 
with the valve open to  the mass  spect rometer  
leak. The effusion ra te  with ~-butane was  
the  r e f e r e n c e  f o r  ca lcu la t ion  o f  a p p a r e n t  
molecular weight~ For  the calculation of  
specific reaction ra te  constants, the curves 
obtained fo r  mass spectral  peak  h ~ g h t s  de- 
creasing with  t ime were corrected fo r  normal  
decay of peak heights. 

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

A series of acetals of formaldehyde, acetal- 
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. 

Compounc~ Source 
Dimethorymethane (dimethylformal) ............................... Celanese Corp. 
Diethoxymetlmne (d/ethylformal) .................................. ~'.astman Kodak Co. 
Di-n-proproxymethane (di~n-propyl~o~nml), ft-actionated . . . . . . . . . . . . . .  Celanese Corp. 
1,1-Dimethoxyethane (dimethylacetal) . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Do. 
1,1-Die~oxyethane (diethylacetal or aeetal) . . . . . . . . . . . . . . . . . . . . . . . . .  Eastman Kodak Co. 
1,1-Di-=.propoxyethane (di-=-propylaeet~l), synthesized . . . . . . . . . . . . . . .  Bureau of Mines. 
1,1-Di-=-butoxyethane (di~n-butylaeetal) . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Celanese Corp. 
1,1-Di-=-hexoxyethane (di-n-hexylacetal), ~ractionated . . . . . . . . . . . . . . .  Carbide and Carbon Corp. 
1,1-Dimethoxypropane (dimethylpropional), fractionated . . . . . . . . . . . . .  Celanese Corp. 
1,1-Diethoxypzopane (diethylpropional), synthesized . . . . . . . . . . . . . . .  Bureau of Mines. 
1,3,S-Trioxane, sublimed ........................................... Eastman Kodak Co. 
2,4,6-~-imethyl-l,3.5-trioxane (paraldehyde) . . . . . . . . . . . . . . . . . . . . . . .  Do. 
2-Methyl-l,3--dioxolane ............................................ Carbide and Carbon Corp. 
Formaldel~de solution, 37 percent .................................. Fisher Scientific Co. 

Acetals 
Mas~ Spectr~.--The prefe r red  f ragmenta -  

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 f ragments  
a re  easy to ident ify because of the mass  dif- 
ference between carbon and oxygen. Loss 
of  --OPt.  produces peaks a t  masses  101, 87, 
73, etc., whereas loss of  R~ produces peaks a t  
103, 89, 75, etc. These a re  the  two strongest  
mass  peaks in the higher molecular wei~rht 
portion of each spectrum. A single acetal 
can be identified by appI/cation of a simple 
equation involving the mass  f ragments  f rom 
loss of --Rz or --OR:: 

2 t imes (mass of  f r agmen t  f r o m  loss of  
--0R.~) minus (mass of  f r a g m e n t  f r o m  
loss o f - - 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 dioxolaues, cyclic 
acetals derived from ethylene glycol, were 
also studied. In the spectrum of 1,3-dioxo- 
lane, the fragmentation may be considered 
as occurring at two bonds siraultaneously to 

L'P ATA 
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produce a fa i r ly  ;,~tense peak a t  an  even 
m a ~ ,  44. 

O--C H: 

H:C/~ --l-- 

In 2-methyl°l,3-dioxolane, the same type 
of fragmentation produces the even-numbered 
mass 58. Trioxane,  the t-rimer of formalde-  
hyde, and paraldehyde, the t r imer  of ace- 
t a l d e h y d e ,  m a y  also be cons ide red  cycl ic  
acetals. 

Miztures Containing Acetals.--An acetal 
is easily detected in the presence of alcohol 
and aldehyde. Mass peaks a t  75, 89, and 
103, f requent ly  found in mixtures  of  alde- 
hydes and alcohols, are usually a t t r ibutable  
to acetals. But mass 61, common in spectra  
of such mixtures,  cannot logically occur in 
spectra  of acetals. A f ragment  of mass  61 
mus t  contain two oxygens, but  the smallest  
such f r a g m e n t  f rom acetals, - - C H ( O C H ~ ) :  
f rom dimethoxymethane (dimethyl f o rma l ) ,  
has a mass  of  75. A possible explanation for  
the presence of unaccountable mass  61 peaks 
is the f ragmenta t ion  of hemiacetals. 

Hem~cetals 

FTv~ Formaldehyde and Alcohols (Hemi- 
[ormala) in the Vapor Pha~e.--Decomposi-  
tion rate constant.  The spectrum obtained 
f~m z co~mercia l  formaldehyde solu~on in- 
dicated the possible presence of a hemifor- 
real. The s rJectrum of  formaldehyde should 
not have mass  peaks  above its molecular 
weight, mass  30, but  a commercial grade of  
formaldehyde vaporized into the mass spec- 
t rometer  showed peaks  at  masses 31, 32, 33, 
45, 61, and 75. Normally,  methanol is added 
to formaldehyde solutions as an inhibitor, 
and is responsible for  a t  least some of the 
31, 32. and 33 peaks. The 75 peak may be 
explained by the format ion  of dimethoxy- 
methane (d imethyl formal) .  But the 61 
peaks and pa r t s  of  the 45 and 33 peaks could 
not be assigned to ei ther the formaldehyde 
or methanol. The only apparent  explanation 
for  the 61 peak is loss of a hydrogen atom 
f rom the hemiformal  of formaldehyde and 
methanol, H=C(OH)(0CH=) .  The 45 peak 
also is a t t r ibuted to hemiformal  and results  
f rom splitting off of  a hydroxyl  group. Meth- 
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ylene glycol, CH= (OH) ,, a known constituent 
of aqueous formaldehyde solutions (9-°), is 
probably 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 alcoholic-formalde- 
hyde solutions that methylene glycol dissoci- 
ated more completely than bemiformals on 
vaporization (~,1). 

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 blend. Ex- 
tensive hendformal formation is indicated in 

TABLE 12.--E~ence o[ ~m~forz~ 
i~ ~a~or ~has~ of 

[orraaZdehyde-me~h~noZ-~e~" ble~d 

m/. B I t ~ d  Metl~mol 

2.160 5$2 
3O 1,10T 73,,3 

31 1,179 942. 

~ '  626 623_9 
75.7 9.9 

45 T7 . . . . . . . . . .  

61 ltS,~ . . . . . . . . . .  

Fesk beicl~ ebs~ d i~ons  

d e h y d e  

L,,~8 

Pro~cd  
s~-u~.'tam o! 

Rmidu~ fxaa'm~= ion 

~,o 
0 

I N OCH, 

0 

H 
I ocw,  

., OH 
H 

185 H . ~ ] / 0  CH= ~ 

table 12 by the residual peaks remaining after 
subtraction of the spectra of methanol and 
formaldehyde. These residuals were larger 
th~n those from commercial formaldehyde 
solution, because the synthetic blend con- 
rained a much higher concentration of 
methanol. 

To find the origin of the mass peak at  61, 
determination of the molecular weight of the 
parent sU'ucture was attempted by effusion 
rate measurements based on Graham's law 
of diffusion (24, 31). 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 i t  

IN MASS SPECTROMETRY 

could not have originated from a structure 
with a mass less than 61. The apparent mo- 
lecular weight (fig. 2) was 0.64 because of 
the instability of the structure producing 

~zs 

~" 2 0 
w~ 
-I- 

-.-~ iS 
< 0 
uJ 
ft. 

1 I I i I I l 

ass 61 

2 4 e 8 I 0  12 14 16 

TIME ,minutes 

FZGtmm 2 . - -Ra te  of Decomposi t ion o f  Mass  61 F r a g -  
ment  F r o m  the  Hemi fo rma l  o f  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 (fig. 2) illustrates that vapor- 
phase decomposition of hemiformal is a first- 
order reaction. The specific reaction rate 
constant, calculated from the rate of decrease 
of this peak, was 0.0069 minute "1. 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 componenim 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 hemfformal 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 30 to 60 minutes, the decreasing peaks 
indicate that decomposition of hemiforma] 
had been completed and that  the normal 
effusion rate of the mass spectrometer had 
become dominant. 

~_) UPDATA 1 9 7 ~  
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A blend of formaldehyde and ethyl alcohol 
in water was also investigated briefly. A peak 
corresponding to the 61 peak from the hemi- 
formal of methanol was found, as expected, at 
mass 75 for the hemfformal of ethyl alcohol. 

From Acetaldehyde an~ Alcohols ~n Vapor 
Piu~se.--Decomposition rate constant. A blend 
of acetaldehyde and methanol was investi- 
gated for hemiacetal formation. HemJacetal 
apparently formed, but only in small concen- 
traUon in the vapor phase. The spectrum, 
given in table 13, includes a mass 61 peak. 

T 

TABLE 13.--Ev~ence of hemiaveta2 ~ 
~apor phase of aee~ldehyde-methanol blend 

81 
~2 

44 

~5 

GI 

Peak ~ l ~ ,  ~ d i v i ~ o u  

61',$ 58.4 7.7 
• r2o.o 712 1.9 
470.0 470 . . . . . . . . . .  

7.1 
2.~,0 . . . . . . . . . .  184} 
312.0 . . . . . . . . . .  3]2. 

~-~ .',' . . . . . . . . .  9.7 

l@.G . . . . . . . . . . . . . . . . .  

L9  . . . . . . . . . .  o . . . . . . .  

13.I  
- -10 .0  

1.4 
6.1 
0 

18.2 
27.0 

0 

24.0 

I6.6 

1.9 

I 'ml,  o ~ l  
ll='Umture of  

L--~m~t  ion 

' ,  O C ~  

+CH, CIZ'/~ 

0CK, 
+ / 

CH.CH ,,~' 

/"~ocs, 

: \o ,~  
OCH~ + 

• \ o c ~  
25 

n 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 ntinute-~, 
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 attributable 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. Struct~Jxes proposed for 
some of these unstable peaks are given in 
table 13. 

4 5  I . . . .  I .... I I l I I 

_~ 4 0 ~  

o 
.--- ~ "  ~ (cokzda~d) 

2 5 - -  ~ 

Mass 61 

isl "l I I i 1 I I - 
0 2 4 6 8 I0 12 14 It= 

" '  TIME, m~ules 

F I G ~  &--Rate of Decomposition of Mass 61 Frag- 
ment From the Hemiaeetal 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 mixtuze 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 a methyl group. 

Mix~es of Alcohol and Aldehyde 
A3rp~r~zt Forma~ioT~ of Ac#,alz.--The nfix- 

ing at  room temperature of an aldehyde 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 and methanol did 
not indicate formation of dimethoxymeth- 
sue. All other blends, including formalde- 
hyde-ethyl alcohol, did indicate 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. 

Evidence of the presence of acetals in alco- 
hol-aldehyde mix-tures is significant because 

U DATA 1976 : 
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TABLE 14.--Aee~zls f~med i ,  
akohol.aldehyde b ~ ,  mo~pcfccnt 

Blend I: 
Ethyl alcohol ......... 
Pmpionaldehyde ...... 
Diethorypropmme ..... 

Blend 2: 
1-Pmpand . . . . . . . . . . .  
Acetalclehyde . . . . . . . . .  
Di-n-propox~thzne... 

Blend 3: 
AceUtldehyde . . . . . . . .  
Methanol . . . . . . . . . . .  
~ t ~ a n e  . . . .  

Blend 4: 
Acetaldehyde . . . . . . . .  
Methanol . . . . . . . . . .  
Water .............. 
Dimethoxyethane .... 

Blend 5: 
Ethyl alcohol ........ 
AeeUddehyde ........ 
Diethoxyethane ....... [ 

Synthe t i c  
b lend 

67.6 
32.4 
0 

64.8 
35~2 
0 

41.7 
58.3 

0 

5.6 
7.8 

86.6 
0 

49.9 
50.1 
0 

MS 

68.2 
31.5 
'(.3) 

66.4 
33.6 
x(.3) 

4?-4 
57.6 
'(.I) 

5.1 
7.3 

87.6 
,(.03) 

52.5 
47.5 
'(.I) 

x Ap~t t~ t  ~ t r a t i o =  

the formation of  acetais in the absence of a 
dehydrating agent  is not expected. However, 
no at tempt was made  to isolate the acetals 
from the alcohol-aldehyde mixtures; there- 
fore, the existence of acetah is not certain. 

Form~io~ of Hem/aceta/s.--Hemiacetals 
definitely form upon mixing an aldehyde and 
an alcohol (6, 60). Although they are un- 
stable in the vapor  phase, bemiacetals may  
interfere with analysis of the alcohol and 
aldehyde. One can check fo r  interference b.-- 
searching the spect rum for  peaks suspected 
of instability and observing their behavior 
with time. Slowly r is ing pressure for  several 
minutes af ter  expansion of the sample also is 
a good indication of the presence of unstable 
molecules that  a re  decomposing to give two 
or more molecules each. Interference can be 
circumvented by  awai t ing complete decompo- 
sit-ion of the hemicompounds after  expansion 
of the sample into the spectrometer. Af te r  
a predetermined wai t ing  period, or a f te r  
there is no f u r t h e r  rise in micromanometer 
pressure, analysis may be carried out. 

Mass Spectra of Ketones 
Forty-lywo aliphatic, cyclic, and aromatic 

ketones ranging f rom 2-propanone to 7-tride- 
canone were investigated. The correlation 
study was based mainly on 35 aliphatic ke- 
tone~ They are classified as methyl, ethyl, 
pr~pyl, ere_, on the basis of R~, the smaller 
alkyl group in RI--CO--I~. Compounds were 
used as obtained, without further purifica- 
tion; infrared and mass spectra showed no 
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contamination by alcohols, adds ,  esters, or 
aldehydes. 

Not all major  f ragmentat ion peaks result 
f rom simple bond rnpture~ Several  rear- 
rangement  peaks, resulting f rom rearrange- 
men t  of atoms in the molecule ion before and 
d u ~ ' g  fragmentation, appeared in the  spec- 
t r a  of all the aliphatic ketones inveg~.ated.  
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 investigat~,d 
have been published (81). 

Normal F m ~ m e , ~  Peaks 
Al/phati¢ Ketones . - -F0r  the atiphatic ke- 

tones, major  fragmentat ion peaks are pro- 
duced by splitting on e i ther  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 
m as~  Loss of the larger hydrocarbon group, 
R.~, also results in a major  peak.  This frag- 
men t  is ei ther the base (mo6t intense) or over 
40 percent of the base peak intensi ty  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 and 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 resul t  from 
the  symmetry of the molecules, three  involve 
loss of the larger hydrocarbon group by split- 
ring 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, ethyl, etc., types. For 
the methyl ketones, mass 44 is less than 9.9 
percent of the 43 peak~ Mass 43 cannot re- 
suit entirely from the structure ( ~ ) +  
and may be mainly the fragment ions 

(C--C--)+ 
II 
O 

from parent~minus-R~ f_,-~ments. 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- 

o 
minus-R~, fragments. For 8 out of 11 propyl 
ketones and I of 3 butyl ketones, peaks 71 and 
85, respectively, are shown by isotope mea- 
sttrements to arise partly f rom ~ t - m i n u s -  
R= fragmentation. 
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Ar~m~c grid Cyclic Eeto~ses.--The mass 
spectra of four cyclic and three aromatic ke- 
tones were obtained. Although this is an in- 
su~cient 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 carbonyl group, similar 
to the alipbatic ketones. Aromatic-type frag- 
mentation peaks are also in these spectra. 
The four cyclic ketones investigated show a 
characteristic fragmentation pattern similar 
to that of the correspo ~ ~ing hydrocarbon, but 
different from that oz the ketones described 
previously. Strong peaks result 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. 
l ~ g e m e n t  Peaks 

.4Ziphcztic 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 dli~culty. The 
percentages of total ion current in rearrange- 
ment ions range from almost 28 percent down 
to less than I percent. The 12 ketones hav- 
ing the highest percentage of total ion cur- 
rent in rearrangement ~ have mass 58 
(2-propanone parent mass) as the major 
rearrangement peak. 

Evidence, other than the infrared spectra 
mentioned previously, was obtained to rule 
out impurities as the source of these peaks. 
For all higher mass ketones, mass 36 either 
was not present or limited the possible 2@ro- 
panone impurity to 3 percent. Ylasses 58 and 
59 in the spectrum of 2-heptanone were in- 
vestigated extensively. Determinations of 
rate of leak on mass 58 (2~, 31) in the spec- 
trum of this 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, etch, 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 

I~: MASS SPECTROMETRY 

the odd-mass series of rearrangement peaks 
for  this compound, mass 59 is the most in- 
tense peak. This fact might indicate tha t  
these two types of rearrangement peaks are 
formed by related processes. Rearrange~aent 
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 serie~ 

The following rules can be given regarding 
rearrangement peaks of aliphatic ketones as 
classified according to methyl, ethyl, er~, 
types in the tables. Possible structures ~xe 
indicated. 

METHYL TYPF~mThe most intense re.~;r- 
rangement peak is mass 58, 

! 

C--C--C*.L.R, 
" 
o 

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, 

I 

q 11 L__ 
0 C~'-H 

ETHYL TYPe..--Mass 72, 
I 

C--C--C--C÷÷R, 

0 L---H 
is the most intense rearrangement peak for 
3-heptanone and higher molecular weight 
ethyl-type ketones. 

PROPYL AND ISOPROPYL 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  ~z-propyl-type 
ketones, mass 86 being second most intense. 

BUTrL TO HEXYL T~Es. - -Mass  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 moro 
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 

~(F...~ UPDATA 1976~:~ 
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maSS 60 rearrangement fragment. The mass 
60 r~a~mgemeut  fragment for the aliphatic 
acids is equivalent to the ketone rearrange- 
merit peak, mass 58. if  we assume that  the 
csrbonyl group is involved in the mass of the 
ketOne rearrangement ions, the most intense 
~ e n t  fragment for each of the 
me.thyl- 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- 
azrangement peak. As a minimum, two bond 
ruptures and the changing of position of two 
hydrogen atoms must be involved: 

u 

R--[~C--C,--C* ~'---R. 

H~, 0 ~----H 
With branching on a carbon adjacent to the 
csrbony] group, this postulate would not hold, 
a,d a 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 
L~ger (52). 
Ketones having the highest percentage of 

total ion current in rearrangement peaks 
are ~uethyl-type ketones, in which a simple 
hydrogen-transfer mechanism is sulr~ent. 

.4ronu~ic and Cyclic Keto~ea.--The mass 
spectra 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 

A ~a~ticc:l Signit~canve of Rearrangement 
pealc~.~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, propyl, butyl, and higher types 
witho,~ branching on a carbon atom adjacent 
to the carbonyl group, mass 58 rearrange- 
ment peak intensifies are more than 20 per- 
cent of the 2-propanone parent sensitivity. 
A similar chance exists for confusing higher 
m~SS ethYLketones with 2-butanone. For 3- 
heptanone and higher molecular weight ethyl 
types, the sensitivity is 70 percevt or more of 
the P~butanone sensitivity. 

It should be possible to determine the mo- 
lecular weight of any ketone through 2-un- 
decanone from the relatively intense parent 
p~.~cs of these compounds. The empirical 

rules, as stated in the discussion of normal 
fragm_entation, should aid in determiRing the 
mas~ cf each of the two hydrocarbon groups 
~,t~ci:ed to the carbonyl group. Rearrange- 
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.---Corrdation ol lcetone 
s~c~ure  ~o~th re~rra~emen~ pea~s 

m m ' m m S ~ m ~  p ~ k  

Br~mebed o n  3d m r b ~  . . . . . . . . . . . . . . . . . .  • . . . . . . . .  

E t h y l  ~ ' l ~ :  . F ~ ' ~ t - e . . k m  m ~ d  
be.yoad 4 t h  era'boo . . . . . . . . . . . . . . . . . . . . . .  z . . . . . . . .  

m-P~py! type: ~ h e , . c d ~  sad bra,nehad 
4¢h ca.rlmnL .................. • . . .  ~ . . . . .  

I s o p r o p y l  ¢Ylm'- W i t h  L i d  ~ r . h a u t  
b M m e h / ~ t  . . . . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . .  • . . . . .  

But~rl t o  hezy l  ~ :  $ m d ~ a c ~ l m i u  mKl 
b r l m e h ~ / s  . . . . . . . . . . . . . . . . . . . . . . . . . . .  x . . . . .  , ..... ~x 

1 Only 1 ezample of M m z " ~  

a ]E~be r  h u e  ker.o~m stmUed did ] ~ .  i ~ d e  e ~ , l ~  w'.'tb 
branch~r on carbon a~ieent  to Mrbo;m3,| f'MNIp. 

• S e e o n d  m o s t  I n ~ e m m  r s m - r a m ~ t  ~ ~ b iH~, |  t y l m .  

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 tbe 
branching is on the smaller hydrocarbon 
group. Although positive identification can- 
no*. always be made, the choice is limited to 
two or three possibilities. 

Mass  Spec t r a  of Esters:  
Fo rma t ion  of R e a r r a n g e m e n t  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, ~2) and aromatic esters (62). Newton 
and Strom compared the spectra of isopropyl 
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: 

RL--C-'O'--R~. 
U 
o 

- -  -- -L 

,t~-,I lrTPr~aq"A ~aT~L 
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1Ws4Cmmrr. nmm'~ Ma~or 

1'1'0 15,5 ~ $8 

1~B 85 71 86 

14~ 99 71 58,~8~ 

_ [ _ .  - _  ,,,,,,,, 
x F ~ t  llnd ~ n d  s n o o t  pe~tk:$ below plRnt 

TABLE 16.--!denb/fi~z$~o~ of ~ f r o ~  zzass ~ectra~ o~ro, c~"~tios 

Pcmt~ou at  c~bonyl  

Lore or ~ 29 iudic~tm snmUer group N ~;  
reazrsmgv, n ~ t :  ~ 72 indicacm ethyl Zt'oup. 

I,,om of ms.m 15 i n ~ r ,  ea mefl]yl group; rest,- 

I ~  of  m u s  43. indics tea  m~t l l e r  gr~uD is  C~; 
~ , m m m ~ m n ~  ~ms 86 i n d ~ m  ~opmpyl 

o! msm 4~ i n ~ . c ~  ~ zrsap ~a C=; 
r e ~ ' ~ n 4 ~ n ~ u t  m a m ~  of ,58 a n ~  86 i~d icsm 
~-propyl type. 

S~zb~ 
bnmched bey, rod 
4oh ~rbon.. 

P ~ ' b l y  b t ' s . ~  
I~yond Sd csrbon. 

Branched ~n 

SU-z~ht-cks~or" 
branched beyond 
4oh ¢~.rbon. 

P~a~'~b compound 

~ - ~ O m m O ~  ~ o r  
b r ~ c l ~ d  C~. 

2,.Undec~noneS or 
bn.neb.ed CIr. 

Z-Mei~hyl .~  
hept:anc~e~ or  
doubly bnmclm~ 
cs. 

4-Nouanoue or  
bnn~ C~ (7- 
m~yl-4= 

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

FracJment Ions 
Major peaks can be correlated with the 

structural fragments 
R~,  R~C--, and --C--O--R-.. 

o 
With only two exceptions among the exam- 
ples studded (isopropyl isobutanoate and 
methyl hexanoate), mass ions corresponding 
to the structure RI--C-- have intensities at 

[I 
0 

least 30 percent of the base peak intensity. 
These ions form a mass series an~ogous to 
the paraffin mass series 29, 43, 57, etc. Peaks 
corresponding in mass to the remaining struc- 
fatal fragment,--0--I~_ (masses 31, 45, etc.), 
~re distinctive where the alkyl group P~. is 
saturated, even though their intensities are 
only a few l~ercent of the base peak intensity. 
Mass 87, corresponding to the structure 

--C--C--C--O--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,--~---) + or the alkyl group R,+, 

]I 
O 

as shown in table 17. The base peak for for- 

4 ~ intense., 

mates is mass 31, a rearrangement ion except 
for methyl formate. 

TABLE 17.--Origin of base ~ea~  i~z 
mass ~ectr~ of esters 

E~m Base 1~mk~mld Fragment [on 

For~tt4~ ................ 

Acetates ................. 

P~l~a. a~Um: 
M e t h y l  ~ ethyl . . . . .  
Propyl ~md h~r ..... 

31 

43 

29 
57 

43 

except  methy.L 
R . - C . -  ~- 

O 

__+  
R~ss..-C~+ 

II 
0 

R I ~  ÷ 

Olefm-type ions forming the mass series 
27, 41, etc., are 30 percent of the base peak 
intensity in many instances. Ions corres- 
ponding in mass to olefm molecular ions (not 
rearrangement ions) are ~scussed bolow -~ 
der rearrangement ion correla~ons. 

Only five comparisons could be made to 
show the effect of branching in the alky! 
group R2. 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 RI alkylgroups. 

iRear~cmgement Ions 
Empirical rules have been found which re- 

late rearrangement peaks to various ester 
types. Two series of rearrangement peaks 
were found in the mass spectra of esters. 
Peaks  r e s u l t i n g  f r o m  the f r a g m e n t ,  
R~--C--O--, are small; however, there are 

0 
peaks equivalent in mass to this fragment 
plus two hydrogen atoms. They form a series 
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of ~ e n t  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 pos~'~ility that  impurities 
are the source of these peaks (S~, 31). The 
most intense resxra~ement peak. in each in- 
stance is characteristic of ~. particular type of 
ester~mass 47 for formates, 61 for a ~ a t e s ,  
etc. 

In a few instances, a major contribution is 
made to maSS 61 by esters higher than ace- 
rates (most intense exceptions are n-prowl 
n-propa~ozte and ~-propy] isopropanoate). 
For the other peaks in this series, masses 75, 
89, etc., only esters of a particular type make 
major conm'~utious to the characteristic re- 
arrm~gement peak. This correlation is sum- 
mari~ed in table 18. These characteristic 
peaks are found only when the alkyl group 
attached to the oxygen atom has two or 
more carbon atoms. Further limitations are 
described below. 

TABLE 18.--Co~. dat/o~ of rearrwngemen~ 
peaks in mox~ spect~ of 

A e e ~ . t ~  ........ I 61 

! 

PmOanof f iua  . . . . . .  75 

~ c ~ o ~ . ~  . . . . . .  $9 

P e u t ~ s o ~ t ~  . . . . . .  103 

H - - C - - o - - ( - - 2 H )  
n 
0 

C - -C - -O - -  [~-2H} 
1 
0 

C--C--C--O--(+~MB) 

O 

C--  C - - C - - C - - O - -  ( - -2~)  

0 

C - - C - - - C - - C - - C - - O - - ( ~ H )  
M 
0 

C - - C - - C - - C - - C - - C - - O - -  ( --~ 2H) 
N 
O 

I 
c-  --c-I c--c--o--(+zx) 

T F 
I 0 

[ 

c- -c~c-~o-c~c+~,  
O 

t 
C-- --C~C~--C--O--C--CK. (--H) 

i 0 

I PeakO in th~  ~ a ~  weak for  h ~ n 4 m ~  trod h l ~ x ¢  et~fl 

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

R r ,-e.--~-.-O-Cl~ 

J 
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 I~ contain two or 
more carbon atoms. Contr~'butions to mass 
60 are posm'ble from either-- 

R,r~(+2H)]+ 

{ ; 1 
o r  

_ I t_ 
HJ 

Mass 60 is not in the mass spectra of the 
methyl esters. The first structure is there- 
fore consistent with the first series of rear- 
rangements (masses 47, 61, etc.) that appear 
to involve the transfer of two hydrogens from 
R . .  

For ethyl ~ and higher ~ the 
ira indicate .ormation of an olefin-type ion 
corresponding to the alkyl group I~ minus 
one hydrogen. This type of fragmentation 
becomes very evident for butyl and higbor 
homologs. In severn] instances a typical 
olefin pattern is produced such as for heptyl 
propanoate. Alcohol and olefm spectra are 
similarly related (S~). 

For esters having small I~. groups, olefinic 
parent ions are of lower intensity and also 
less evident because of more intense general 
fragmentation at  the lower masses. Olefm 
parent peaks are intense only for esters hiv- 
ing intense rearrangement peak~ Neither 
the characteristic intense rearrangement peak 
nor the corresponding olefm parent ap..p~rs 
for a compound having an Rffi group deficient 
in hydrogen, such as allyl butanoate, or an Rffi 
group with no hydrogen on particular carbon 
atoms, such as feTe-butyl acetate. The char- 
acteristic acetate rearrangement peak is very 
weak (<:10 percent of th~ intensity of mass 
61 in ~-butyl acetate) in the spectrum of 

~UPDATA ~7~ 
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ter~-butyl acetate. However, sec-butyl pro- 
paUoate and all the compounds con~ining iso 
structures for  P~ groups show the typical 
rearrangement peaks. 

The correlation between formation of re- 
arrangement ions and olefm parent ~rag- 
ments provides further evidence that the 
alkyl group, R:_, is the source of hydrogen 
atones in the rearrangement process. A I -  
though only one hydrogen atom would be 
lo~ in ~orming the olefin parent ion-frag- 
ment, the rearrangement mass corresponds 
to the trausfer of two hydrogen atoms. Thus 
when one hydrogen atom is transferred, the 
alkyl group, I%., forms a positive ion; when 
two hydrogen atoms are transferred, a posi- 
tive rearrangement ion is formed. This is 
suPDorted by the observed intensities of the 
four peaks corresponding to these positive 
ions. An example is given below u~ng heptyl 
propano~te, molecular weight 172. 

0 

R--~-O rearrange- 
ment ions: 

rn/e 74 . . . . . . .  
~ t e  75 ....... 

Olefin-t-lFpe fragment 

~n/e 9S ........ 
~ l c  97. 

C:te~it.y 

11.9 
231 

117 
14.9 

Number of H a toms~ 

Lost after 
Rearranged (--O--C--) 

break 

2 

2 

The foregoing data are also consistent with 
the rearrangement series observed for vari- 
ous types of esters (table 17). These peaks 
differ by 14 rn~ss units and can be correlated 
sn the basis of a possible rearrangement-ion 
rna~s: 

These observations concerning ester rear- 
rangewent ions can be summar!zed 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 
~trong mass spectral rearrangement peaks of 
the above type are ~ert-butyl acetate and ally] 
butanoate. These exceptions could be re]a_ted 
to a deficiency of hydrogen on particular 
carbon atoms in the alkyl group, 1%., and/or 
weakness o~ a carbon-oxygen bond 

! ! 

CR,--C~O--C--~. 
~ ,  , 

The spectrum of ~er~-buf71 acetate shows 1u- 
tense mass 57 and 59 peaks, indicating pref- 
erential fragmentation at  the oxygen atom 

i 
~ . ~ - ,  R,). 

I! , 
o 59~57 

When rearrangement ions are observed, an 
olefm parent ion of carbon number corres- 
ponding to the remaining structure is also 
found. 

Formation of RearKangement Ions 
Formation of rearrangement ions has been 

invest/gated by Langer (5~), Friedman and 
Long (36), Henig (~6), and others. Mech- 
anisms postulated for their formation include 
migration of hydrogen atoms, isomerization, 
and complete regrouping (26, 86--87, ~6, 52, 
87). McLafferty has tabulated many of the 
positive rearrangement ions and found that 
intramo]ecular hydrogen migration can often 
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 these 
rearrangement ions. As table 19 also shows, 
mass 62 in diethyl peroxide can be formed by 
the transfer of one hydrogen atom. All these 
examples can be explained by th~ formation 
of more stable products. 

TABLE 19.--Ezampl~s of ~mss ~pec~ra~ 
re~rra~zgcment ~ 

Compound 

Butaaaic acid . . . . . . .  

Bu~uzt . . . . . . . . . . . . .  

Diethyl peroxide . . . . .  

Propyl ace~.te . . . . . . .  

~ p y l  e~a'~.sL~e . . . .  

58 

6O 

44 

62 

61 

63 

Pc~ib le  structure 

C--C-F_C--C--H'I + 
 V,o, j 

÷ L ~ J  

oTo-jo-o-o 
F + .,H ],-  o-TTT-o-o 

Correlation of the ion-masses 47, 61, eta, 
with the homologous series (table 18) indi- 
cates that the mass o£ alkyl group Rz 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 
Blcakney (-°0) bare evidence from mass 
spectra of methyl and ethyl alcohol that the 
charge can be localized and valence changed 
during electron bombardment. Friedman 
and Turkevich (37) concluded, from a study 
of the mass ~-pectra of deuterated isopropyl 
alcohols, that ion --tructures involving a bond 
change of the oxygen atom account for ap- 
proximately 75 percent of the observed ion 
yield. This finding supports the assumption 
of localization of charge on the oxygen atom. 
Collin (17) proposed localization of charge 
on the nitrogen atom, to explain rearrange- 
ment peaks found in the mass spe' "~ of 
amines. The above evidence for l~tion 
of charge occurring during eleczron impact 
is summarized in table 20. 

TABLE 20.--Forma~fo~ of r e a ~ n g e m ~  
i o R s  

( L~:a/i~tion ot clmrlre m(~lmu~m) 

MLss s p e c U ~  ev idence  for 
valance change dur [ug  

ionization: 
Ma~ 31 in  spectrum 

o[ methano l  (~.0~ is 
ev idence  t h a t  ion 
structure L, ...... (C -,OH) 

Spectrum of L~opro- 
py[ a lcohol  ($7~ 
shows m a n y  ions 
con ta in ing  

Specu-a of a m i n e s  
(17) iz.di~-~ te  
ion iza t ion  is 
talduZ pl~ce on 
n i t rogen  a t o m  . . . .  

E.~ter s p e c ~  i~- 
d i ~ - ~  r~mzT-~mEe- 
merit  ion  c o ~  
r m @ o n d i ~  in 
m~ss  to  . . . . . . . . . .  

Possible structure re- 
sultint from localization 
o! charge on o z y t e u  
a t o m  L~ . . . . . . . . . . . . . .  

The compounds listed in table 19 differ 
f rom the alcohols investizated by Cummings 
and Bieakney (-°0) and Friedman and Turke-  
rich (37) in that, exc~_pt for  the peroxide, all 
contain a carbonyl  group and some have more 

than one oxy~zen atom. I f  instead of an  addi- 
tional w ' . ~ c e  bond fo rming  between the 0 + 
and a carbon a t o m - - f o r  example, --Cm~)+, 
as these authors  have desc r ibed- -a  s t ructure  
of the type (C=O+--H) is formed with a 
rearranged hydrogen, the observed rear- 
rangement  ions can be explained, iqotope 
values indicate tha t  mass  63 in propyl  car-  
bonate contains three oxygen atoms and one 
carbon atom, as shown in table 19. With 
three hydrogen atoms necessary fo r  the ion- 
mass, an additional bond is required as fo r  
the esters. This again could be credited to 
the same mechanism. 

Direct evidence for this process has been 
obtained zrom the appearance potentials of 
the rea r rangement  ions. Calculated and ob- 
served values show good a L n ~ n e n t  for  mass  
61 in ethyl acetate. The  use of deuterated 
compounds would give further information. 

Identification of 
Ions resulting from both structural breaks 

and rearrangements can be useful in identi- 
fying estez~ Because of the i r  relativdy high 
volatility, esters containing 10 carbon atoms 
can be introduced easily into the room- 
tempera ture  mass  spectrometer.  

Parent  mass  peaks cannot  be ~ for  ester  
analysis when alcohols or  acids a,-e present  
because these three classes of compounds 
have identical parent  masses.  The intense 
ueaks result ing f rom the  frsa-ments R,+ and 
R , - - C - - +  and the r ea r rangement  ion 

U 
0 

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 r ea r r angemen t  peaks for  idez:- 
t i fying esters is i l lustrated in figure 5, whi¢~ 
shows the part ial  mass  spectrum of a sample 
that  was found by inf rared  analysis to con- 
tain an ester. .~ par t ia l  s t ructural  identifica- 
tion was possible from the ester r em'ran~ - 
ment peak at tr~sss 117, ~-hich is attributable 
to C~CO01~ 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, ll7, 131, 
etc., up to mass 187 corresponding to unde- 
canoates. 
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Typ~Analyms 
Paraffin-Naphthene Mixtures 

Mass spectrometer al~]ysis of hydrocarbon 

B y t y • e s  has been descr~1~ed by Brown (IS). 
applying sums of mass peaks which are 

specific for various types, Brown was able 
to analyze for aromatics, ~ ,  combined 
naphthenes and oleRus, and combined diole- 
flus and cyeloolefms. In the present investi- 
gation, structural types in C, to C~ pam/rm- 
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 
monosubst~tuted and polysubstituted cyclo- 
pentanes and cyclohexanes was also carried 
out. 

Detailed information can be obtained by a 
good fractionation of paraJFm-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 para f~  compounds in the C~ to C~ 
range, the infrared method is rendered more 
laborious by the presence of c ~ - t r ~  naph- 
thene isomers. For example, l~?~S-~rimethyl- 
cy.clo .pentane exists in three forms: c~, c~, 
c~s" c~, c/s, trv~s" and c/s, t ~ s ,  c/z. 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 paraffm-rmphthene 
portion and fractionating it into three 
molecular-weight cuts. Comparisen analyses 
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are presented below to show the negl/gible 
advantage of careful fractionation into many 
cuts. 

Mass spectra of the 36 (C~ to C,o) naph= 
thenes used in this investiption hive been 
published (29). Only average peak values 
were used for the C, and C, paraffin isomers. 
Sensitivity coe~cients were determined on s 
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. divis~ous per microm 

The basic analytical scheme is indicated in 
table 21, which shows the different structural 
types, the fragmentation that takes place, 
and the resulting cah'bration mass peaks. 
The mass spectra of many polysubstituted 
cyelopentane derivatives were found to pos- 
sess more/ntense 69 and 70 mass peaks than 
the cyclohexanes; conversely, the polymalx~i- 
tuted cyclohexanes displayed more intense 97 
mass peaks. Monosubstituted cyclopentanes 
tend to lose the aIkyl group or chain plus one 
hydrogen to produce strong 68 mass peaks; 
rnonosubstituted cyclohmmnes behave simi- 
larly to give large 82 peaks. These were the 
bases for splitting the naphthenes into four 
different type~ The fragmentat/en 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 select~l for calibration. 
The combination of peaks chosen for calcu- 
lation of total ~ is the same as that 
of Brown (I2). 

TABLE 21.--Ma~e spectra/t~oc-~udys~s of ~ p h t / ~ s ;  g e w ~  ca2~ra2io~ ~ peak~ 
N ~  Type ~ b ~ m e u ~  Cdbm~iou  

(11 P s m m m  . . . . . . . . . . . . . . .  (C!~) 

(2) 

C J) 

(4) 

(S) 

. . . . . . . . . . . . . .  C I ~ - -  CH~--- CH~,.- Cff - -  C K ~  - 
I c~ 

~ I~lkJ~JmKslJm8 . . . . . . . . . . . . . . . . . . .  

Polyw~-,~"~- '  ~ (4im~hyl) . . . . . . . . . . .  

M u b s t ~ u t e d  cyeJopemanes . . . . . . . . . . . . . . . . . . .  

P o ~ m l ~ / u t t s d  e y d o p m t a u m . . .  

C ~  

ys~ 

- - (G2Hs)  
- -  (C..jHv) 

- - ( -  -CH3)  

- - ( l ~  

- - ( - -CH3)  
_ _ m )  

- - ( - -CKD 

--(CH:zlx.O.1.2 

- - ( - - C ' ~ )  
i 

- - (Cff )  

4Z, $7. ~ .  U , - -  

97 

68 

69, U 

70 

• .~,,J L'PDATA 1976~. 
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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, (-b cyclohexane), and C~. The com- 
ponents of the C, fraction, cyclohexaue, meth- 
ylcyclopentane, and the five C, paraffins, were 
analyzed individually. For calculation 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- 
ring 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 Ca in table 23, 
and that  for a seven-component Cs in table 24. 

TABLE 22..--Outli~e of tFpe-s~aZy]s~s of ~phtlzene..~7~zffi~ blends, C~ mw~rf~ 
(Compotmd-type numbers are in parentheses) 

Cz) 
I ] 

14 . . . . .  . . . . . . . . . . .  , ~ . 0  
Ul +6T-~-, 71-~S ..... 182.~ 

................. 2.0 
1,8 ................. l&4 
~+TO . . . . . . . . . . . . .  197.2. 

t ; .6  
1,G~'.3 

. . . . . . . . . . . . .  , 
1.4 

114.6 

Methylcyclol~mz~e.. 

(~) 

47.3 
97.1 

.'290.4 

E,tby l~opeatane. .  

(4) 

3.1 
1 ~  

4~ 
4t~O 
863.0 

1. t-nimecbylcycl~pe~ta, ne. 
e ,',,-1.2.Dime thylcyclopenw.ne. 
teaas-l~oDimethylcyclopQn umL 
~e-1~3- Dime t.bylc',]clopen ~.u e,. 
t r~s-l,,q-Dimethyic-ycto peucsne. 

(5) 

23.1 
1 6 6 . 6  

9 . 9  
2 2 . 9  

6 3 4 . 7  

s ( : l ~ - . ~ , e x . l u t e  ]xJUa in  t h e  C~ l -as~e .  

SynLhefic Blends 
A ccuracy of the method was tested by anal- 

ysis of a 9-component Cr~yclohexane syn- 
thetic blend and a 17-component Cs blend. 
The results are shown in tables 25 and 26, 
respectively. For the Cs blend two differen~ 
calculation methods were found to be appli- 
cable. The general five.component calcula- 
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 (5a), 
other trimethyls (Sb), and the methylethyls 
(5c)], provides more detailed information 
with acceptable accuracy. The largest errors 
exist for the 1,2,3-trimethyls plus l~2,4-tri- 
methyls (5b) and the methylethyls (5c). 
Addition of these two answers produces a 
more accurate result. 

Coal-Hydm~nation 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 paralfm-naphthene cuts, 
and the comparable results obtahed from 
analyses of C7 and CA molecular-weight cuts. 
Components in the Ce range were determined 
individually. Cyclobexane was also analyzed 
in the C, cut. 

Overlapping of the C7 and C8 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, trimethylcy- 
clopentanes, and paraffins. Any overlap of the 
parzJrms was relatively unimportant since the 
various paraffin calibration coefllcients do not 
vary greatly. 

Caution must be exerdsed in analyzing for  
ethylcyclohexane in the presence of large 
amounts of methylethylcyclopentanes. The 
matrix shown in table 24 demonstrates rather 
intense mutual interference. In addition, no 
calibration standard is available for either 
c/s- or tra~-1,3-methylethylcyclopentane- 
Probably it is this compound which, in early 
analyses, produced high apparent concen- 
trations for ethylcyclohexane 10°C below its 
boiling point. A reasonable solution to this 
difficulty is found in the six-component ma- 
trix described in footnote i of table 24, in 
which ethylcyclohexane and methylethylcy- 
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 calculation for ethyl- 
cyclohexane is more reliable. The difference 
between this value for ethylcyclohexane and 
the combined result from matrix, table 24, 
represents methylethylcyclopentanes. 

m _  L _ ~  _ _  _.. , -~t_-.r. ¸ 
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callbrJl lon peak 

49+57-J-?t Fs6 . . . . . . . .  

s?.}-112 . . . . . . . . . . . . . . .  
~s., . . . . . . . . . . . . . . . . . .  
56 IS9-i 70 t83 . . . . .  

TABLE 23.--.Outline of type.a~m~ysis o[ naphthe.e-~ara~in blends, 5-¢ompo~n~ C, mat~z 
( C o m p o u n d - t y p e  n u m b e r s  a r e  i n  ~ e r e n t h e s e s )  

(IS 

1,80~.5 
1.0 
0 
1.2 

395.0 

Kt hyicy~loheum* 

iS) 

2S,4 
9'/2.0 
221,X 

29.'/ 
1,12'/.4 

[ ' l ra~ml 1 ii.  DlmechyJeyeioke[ane 
r01.1,$-DJrnethyleycioheslna 
fratq.t-I I|. l)tmot I~yleyck)hesano 
cil.l,tI.Dlmethj4¢yeloheu she 
iraw, j.l,2.Dlmethyieyelohoaana 
¢ie.l,i.Dimothylcyclohesane 
/r on~. 1,4.DlmethyleycJohonna 

12) 

174.8 
l~r.E 

809.o 
24,8 

G454,1 

o. Propyleyclopent4nl 
j'-Propyieyelop~n(a,e 

(4) 

287,'/ 
S?,2 

| ' / i .1 
545.0 

1,049,6 

J iI.MethyJethyle:y¢iopestane 
cu.1.2.MethyllChy|¢yelopentane 
1 ,1 ,2 .TrJmet~ydopen t sna  
I, 1,2 -Trl methyieyeiopeotsna ca, tress, #(e.l.~,8.Tflrnathyieyelopantana 
c ~.. cb, c/j.l,2,B.'rrlnulhyleyelolpaSt4Oa 
rle, #fens. dj.l,2,d-Trlrnetkyicyclepentmso 
¢(e. ell,/rau~.J~2,l.TrlmothyteVctopentane 

(S) 

222.4 
68.2 

181,6 
31.4 

1.928,2 

T A B L E  24,--Outline of type.a, alysis of naphthette-pal"a~i~ blends, .~-com~onent C .  ~ '  
( C o m p o u n d - t y p e  n u m b e r s  a r e  In p a r e n t h e s e s )  

.~slltJIst[on peak ParsOns Ethyl¢yciohexs ne i~l.Dlmothyleyclohaisna M.Propylcyclopentsne ],102.Trimethylcy¢|openLona tie, froM+ ¢~-1,~ 8- I,I-MethyletOyl©yClopenc:ui c e-l,2 • (-Plopyleyolopentena I , l .8"Tr lmathy loyal°pent'he Tflmethykyc|opentene cil.l,2.MethylathyleyeJoptmtane 
r~,  r ~'. cb-l,2,8. 

Dimethytcyclo~elane Tr  Imet hylcyeloi:en tan • 
Iran4.1~. =(i, b'oM, ¢/m-13p4" 

Dimethy~yclobexan¢ TrJmetbyJcyelmPentauo 
¢(*.1,J- d, ,  c " ,  r,en~-L2,i- 

D[mathykyclohei|no ? l i m i t  byleyctopentase 
trane.]~- 

Dlmathyleydoheasne 
c/ I . I , i -  

Direst br ier ¢lohe,tsl~l 
rran,-I,4- 

Dlmathyieyviohessne (Sb) (54:) ( | )  {~) ( | )  ( l )  (61) 

I$ -~51 +'71 -~85.. 1,806.5 gS.i IT4,I 217.1 H 8 , I  218,1 1t1.0 
12 . . . . . . . . . . . . .  1,0 S?R.O t1.e S;.S 4,S 8,8 ISS.S 
17 ÷ l  IS . . . . . . . .  0 201.2 880.0 11 ! . !  n o , e  150.9 ! i 1.0 
;~ . . . . . . . . . . . .  1.9 S8.~ a4.8 sle.o 44.4 s4.a st.~ 
J2 . . . . . . .  ~6.e l | .s  st1.1 s41.6 400.5 203.0 160.e 
ro . . . . . . .  [ [ [] [] 193.2 sl.o 110,1 144.0 156.8 sM.6 3?0.5 
32 . . . . . . . . . . . . .  a.7 212.0 84,8 118.4 IJS.S 44.7 4548.6 

i To form s 6-component matrix from throe dale, use peaka B2 -J- 08 (row 2 -~ row 7) sod ~.G.-~.~'ne proportJonsJly type | ,  athyleyelohexene, end type is,  mathylethyi~!Y~:~-; ,~;;'~ned' 
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TABLE 25.~Ma,~ z ' p e ~  type-~rt~lyn£s of Cr ~rtd ¢yc~o~e~n¢ ~ n . ~ p h t h e n e  syr~hetic 
blends, ~olume-,pere, e~  

Type Synthetic blend MS analysis 

(I) 
(I) 

12) 

(4) 

(5) 
C5) 

• .  , , .  J 

Compound 

n-Hept~ne ............................................. 
3-Methylhexane ........................................ 
2,3-Dimethylpeutane ................................... 

Cydohexane . . . . . . . . .  

Methylcydohexane ..................................... 

Ethylcydopentane ..................................... 

,1-Dimethylcydopontane .............................. 
fra~.~-1,2-Dimethylcyclopentane ......................... 
ca*-. ,3-Dimethylcyelol~ntane ............................ I 

12.4~ 

20.1 

27.2 

9.0 

6.8} 
6.2 19.6 
6.6 

23.0 

19.9 

27.1 

10.7 

19.3 

TABLE 26.--Mctss @ectral t~e-~nd~s£sof (7, ~r~n-razphthen~ synthetic bl~nd.s, 
volume-percent 

Type 

(I) 

(1) 
(1) 

(2) 

(3) 
(3) 
(3) 

(4~ 
(4) 

(Sa) 

(Sb) 
(Sb) 

(5c) 

Compound 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  814 
2-Methvlhept~ne ....................... 5.4 
2,5-Din~ethylhexane .................. 5.0 
2,2,4?Trimethylpontan~ .................. 5.5 

Etbylcyclohexane .............................. 

1,1-Dimethylcyelohexane ................ 5.6 
dsol ~-Dimethylcyclohexane ............. 5.9 
tra~-l,3-Dimethylcyclohexane .......... 5.8 
c-3-1,4-Dimethylcyelohexane ............. 5.8 

n-Propylcyclopentane ................... 4.9 
~Propylcyclopentane .................... 5.2 

1,1 °-Trimethylcydopentane ............. 2.5 
1,1,3-Trimethylcydopentaue.. 8.1 

e~,/ran.~,¢is-l,2,3-'rrimethylcydopontane... 2.8 
ds,c~,tnms-l,2,4-Trimethylcydopenta~e... $.8 

1-M ethyl-l-ethylcyclepentane ............ 5.3 
1-M ~thyl-2-ethylcydopentane. 3.3 

Sylnthetic blend 

24.3 ............... 

11.7 ............... 

23.1 ............... 

10.1 . . . . . . . . . . . . . . . . .  

10.6 . . . . . . . .  

11.6 ~ 30.8 
20.2 

8.6 

MS analysis 

Matrix, table 24 

24.0 ....... 

10.9 ....... 

22.8 ....... 

9.9 ....... 

10.1 ....... 

9.5 } 22.3 

12.8 , 

Matrix, 
table 23 

24.0 

112 

22.7 

9.7 

,32.4 

An inherent  l imitation in type-analyses is 
the loss of accuracy in analyzing one compo- 
nent of  a given type, particularly if  the cali- 
bration values for  this component differ 
appreciably f rom the average calibration. 
In this  method i f  only ~-propylcyclopentane 
is present the application of calibration val- 
ues based on n-propylcyclopentane and iso- 
propylcyclopentane will produce an answer 
about one-third too high. Conversely the  
presence of  only isopropylcyclopentane 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 £easible. Few calibration standards are  
available and the numerous possible combi- 

nations of substituents a re  expected to intro- 
duce extensive interference.  Fur ther ,  coal 
hydrogenation gasoline was found to contain 
CD and Czo bicyclics, which produce strong 
interfering 68 and 82 mass peaks. The C~ 
bicyclic has been identified as hydrindaue, 
and its interference may be removed by use 
of the parent  peak, "~ass 124. The C~o bi- 
cyclics probably comprise a mixture  such 
tha t  correction for  the in ter ference  would be 
difficult. 

A simplified analysis f o r  C~ and above may 
be suitable for  obtaining the limited, but use- 
fnl, split into total cyclopentanes and cyclo- 
hexanes. I t  is probable tha t  the higher com- 
pounds will follow the same behavior as the 
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TABLE 27.--Type-~aalyses of C, ~ r = ~ -  
na~hthene mi.~ures from coaZ.hyd~ogenati~ 

~odu¢~ 
(Boiling ran~ 82" to ~05" C) 

Combme~ mmty=m 

Cyei~msume, ............. | ~S 

M ~ ~  ........ I ~ . ~  
~ k . ~ m u m ~  ........ ~ 11.s 

v ~ t  

~'L8 
2~.S 

~.i 

1 "r~e ~ r  I ~ i o n  of the ¢:7~k~ax~De d i ~ t i ~  ~ ~ *  C. 

TABLE 28.-- Type-analyses of C, pm'a~rL. 
naphthene miz~'es f~'om coal- 

hydrogen~rlt product 

............. I z&s 

~.ci~,ui, ......... I &S 
I~,~- ~ 1.2.A,-Trime~$- [ 

~ j ' ¢ k N ~ s ~  . . . . . . . . . .  | 14.7 
Me~lw le~yk 'yc lopen t~mew .I 14.0 

eombtaed ¢.~r., 
,vo is l .m~pm,~ ",. 

26.5 

11.8 

S_ • 

13.4 

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

ANALYSIS OF OILS DERIVED 
FROM C O A L  

Analysis of high-boiling ta r  acids from 
petroleum, coal, and neutral oils from coal 
has consisted largely of the laborious isola- 
tion of individual pure compounds. "Fhe pro- 
cedures usually involve chemical treatment 
of the oil and provide only an approximation 
of the amount of certain compounds present 
in the or;ginal oil 

Routine mass spectrometric analysis of liq- 
uid products from coal hydrogenation has 
been limited primarily to the determination 
of certain hydrocarbon types (29). We nor- 
really determine total para~ns,  total naph- 
thenes. C6 to C~o 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 

were applicable to high-bo~ing saturated 
and aromatic fractions from coal hydrogena- 
tion. 

To obtain molecular weight distn~uUoRs, 
the low-ionizing-voltage technique, described 
by Stevenson and Wagner (88), Lttmpkin 
(58), and Field and Hastings (27) was ap- 
plied to the sat,u-areal, aromatic, and tar-acid 
fractions. Thus, the combined type-analysis 
and low-ioniziug-voltage analysis provided 
total percentages for types of compounds and 
molecular weight distribution of these com- 
pounds (78, 82--83). This approach gave de- 
tailed information for rapid product com- 
paxisons and required little preliminary 
processing of the samples. 

Methods of Anallrsis 

For mass spectrometric methods to be most 
effective, samples must first be separated by 
compound class, The general analytical 
scheme applied to these materials is shown in 
figure 7. The tar  acids and bases are 
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 (FIA) 
and drop quantities of the saturate, olefinic, 
and aromatic fractions are collected for  mass 
spectrometric investigation. The aromgtic 
fraction will contain any neutral oxygen, sul- 
fur, or nitrogen compounds present in the 
total oil. The saturate and aromatic frac- 
tions are analyzed for compound types by 
standard type-analysis techniques and for 
carbon number distrFoution by low-ionizing 
voltage. The oleflnic 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 diolefms will appear as paraffL, m 
and the cycloolefms will appear as naph- 
thenes. From type-analysis for paraffins and 
naphthenes, total values for each of the two 
groups of olefms 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. 

T Ana r s 
Type-analysis methods axe based on the 

fact that for a given hydrocarbon type a 
large fraction of the total ion intensity 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 

__ r-r _ .~,~, 
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Totnl nil 

t 
Tcr acids 

TM$ ethers 

MS onolys~S 

MS ChaSSis 

Extraction of tnr acids nrzl bases 

Pnra~ffins 

[paraffin ] 
L~w-voltoge analysis MS type-anoiysislcyclopnr- / 

L offin .J 

Carbon number distribution 

Molecula~r sieves 

(NOrmal and iso determination) 

FZGO'/z¢ 7 . - - P z ~ e l ~  Separation and 
High-BoflL~g 

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

Two type-analyses were applied to the sat- 
urated fract/ons. One, developed by Clerc, 
Hood, and O'Neal (16), is relRtively inde- 
pendent of structural variations within each 
saturated type. This method is based on the 
constancy of total ion/zat/on over a certain 
portion of the spectrum. The other, devel- 
oped by Lumpldn (57), does not determine 
monoarornatics. 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-r/rig condensed cycloparafrms. 

Two type-~nalysis methods for analyzing 
aromat/cs in petroleum have been described 
(~4, 6-~). Both methods determine the per- 
centage of various 1- to 5-ring ~,~romatic 
structures. Neither method is d/rectly 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 coeffi- 
cients from peak intensities found in par- 
ticular aromatic fractions. As in the case 
of the saturat~l fract/on, the Bureau inves- 
tigation followed a more genera] approach, 
based on total ionization, for a type-analysis. 

I 
Neutral oil 

FIA a!alysi$ 

Olefins 

l 
Microhydragenntion 

AromaT tics 
(Also neutral O;N;'S- 
containing molecules) 

(Some ns parnffin 
determinations) 

ME; type-analysis 
(Totnl percent" for erich 

aromatic type) 

MS low-voltage analysis 
(Carbon number distribution) 

Mass Spectrometric AnalFt/c~l Scheme ~or 
Oils From CoaL 

In this investigation, analyses were calcu- 
lated as follows: For characteristic peak sum- 
mations, those groupings chosen by Hastings 
and coworkers ($4) were used; that is, sum- 
mation 91 for benzenes, 117 for indmm and/ 
or tetratins, 129 for dinaphthenes, etc., 141 
for naphthalenes, and 167 for acenapht.henes. 
Sensitivities were based on the total ioniza- 
tion work of Otvos and Stevenson (70), and 
Clerc, Hood, and O'Neal (16). Crable and 
Coggeshall have shown that total ionization 
per unit I/quid volume is essentially independ- 
ent of molecular weight (18). An extension 
of this work by Kearns and ~oworkers was 
applied to aromatics (~). 

Low-Ioniz/ng-Valtage Analysis 
The first application of the ]ow-ioniz/ng- 

voltage technique, reported /n the 1/terature 
in 1950 by Stevenson and Wagner, was to the 
mass spectrometric determination of mono- 
deuterio para~ns  (88). Since 1957 this 
technique has been widely adopted in petro- 
leum and chemical laboratories. Low-ioniz- 
ing-voltage operat/on has been applied to both 
qualitative and quantitative determinations of 
organic components in complex l/quid mix- 
tures (~.8). In many instances only the 
molecular weights of the compounds present 
can be determined. For some mixtures the 
structural types can be determined, but a 
quantitative analysis is not possible, since 
calibration data are not available. However, 
for many aromatic-, olefinic-, and phenolic- 
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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 s 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 
can be eliminated at low-ionizing voltage, 
thus .making detection of impurities possible. 

As shown in table 29, compound types can 
be gTouped roughly according to ionization 
potentials w~,th the olefinic and aromatic 
types requiring the least energy to produce 
ionization. Many fragment ions from or- 
ganic molecules require several volts addi- 
tional enero~y 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, ~.,nd also the peak inten- 
sit)- 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 I0 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.--A T~rOXim~te ~xm£zat~on 
potent~a3~, elec~'o~ol~ 

Compound ~ '1 Iou iza~on Io~r,e~tiLI 

m-ParaS1 (C~-C,.: ...................... ' 11.2-I0~ 
J - O ~  (C.-C,.) ....................... I 9.7-9.$ 

0 n e ~  Y.o prod~Jee fru.L~mmstn.¢.~oo: 

c.--c__ ................................ I ~3_.~ 

C - - H  ................................. ~ 4 . 2  

90 

80  -- 

'°i i 
6O 

5~ 

40 

30 

[ t I I I I 
10 20 30 40  50 q~ TO 

(LECTAO~ ENERGY, ,mrs 

F~Gu~ $~Typical IonizaUon Efflcienc-7 Curve for 
Molecui~ Ions From HydrocarbonL 

compensated for by increasing the sample 
charge. Circuit changes necessa~, to oper- 
ate comme~i~l!y available mass spectrome- 
ters at reduce(] ionizing voll=~es have been 
described by Lumpkin (58). 

The technique is most effective when ap- 
plied to a mixture consisting of similar stntc- 
tural types. For a hydrocaxbon mixture it is 
desirable to have saturated and unsaturated 
structures separated before the amalFais. 
However, in certain instances it is possible to 
determine whether a particular peak is as- 
signable to a satmmted 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 8.6-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 con- 
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FIGUm~ 9.--Partial Mass Spectrum o£ Naphthalene, Normal and Reduced Ionizing Voltages. 

raining various combinations of carbon and 
hydrogen, peaks occurring at  masses 136, 
102, I00, and 98 in the spectrum of naphtha- 
lene can be misleading..In general, rear- 
rangement ions appear/rig at even. masses 
and corresponding in mass to a radical plus 
a hydrogen atom have appearance potentials 
only a few tenths of a volt higher than the 
parent molecular ion. 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, av ~. 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 

series of aromatic hydrocarbons can be de- 
term/ned from the sensitivity factor for the 
init/al member of these series (58). 

Lumpkin's method of der/ving such fac- 
tors for a homologous series is based on the 
prem/ses 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 
zero sensitivity at infinite molecular weight 
(ss). 

Kearns, Maranoski, and Crab]e (49) ex- 
tended Lumpldn'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, 83). 

Therefore, sensitivity factors for  phenols, 
dihydric phenols, alkoxyphenols, indanols, 
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phenylphenols, acenaphthenols, and naph- 
thols were obtained on s unit (0.001 cm') 
liquid-volume basis (fig. 10). The order of 
increasing sensitivity for the phenolics is the 
same as for the corresponding aromatic.~ de- 
termined by Kearns, Maranowski, and Crable 
(,t9). These authors also investigated the 
variation in sensitivity with degree of sub- 
stitution for atkyIbenzenes. The only struc- 
tural types that  have shown a large variation 
in sensitivity with number of alkyl subs~tu- 
ents are alkylbensenes (69) 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 
condensed 

Variations in sensitivity factor with the 
number of alkyl 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 

substituents on the ring. This behavior also 
is similar to the result reported by Kearns 
and coworkers for the alkylbenzaues, 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 (~9, 83).  As  the num- 
ber of pure phenolic compounds available 
for calibration is quite limited compared with 
aromatic hydrocarbons, this correlation is 
useful for approximating sensitivity fa.~ors 
for certain phenolic types. 

The number of substituents per phenolic 
rings can be determined for the alkylphenols 
using the same technique reported previously 
by Kearas and coworkers ~or alkylbenzen~ 
(~9). Tar-acid fractions (80 ° to 280 ° C) 
produced by the hydrogenation of Rock 
Springs (hvcb) 78 percent carbon coal (nmf) 
in many instances consist primarily of phe- 
nols and indanols (fig. 13) (Y,0). As sensi- 
tivity factors for the indamols show much 
less variation with deEree of substitution 
than for the phenols, any large deviation 
from 100 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 

1,400 

1,200 
"o 

= 1,000 

o. 800 

0 

~ 600 

=~ 400 

ID 

200 

o 
OOil 

I I t ~ [ I I [ I t 

/ {3 N o p h ~ o t s  
2 V A c e n o ~ t h e n o t s  
3 o Methylindonols 

13 @ • Indonols 

X Dihydric phenols 5 
6 • Phenylphe,'~ls 

7 A Alkoxyphenols 

_ P .o, 

- e 9  
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F l ~  10.--Low-Ionizing-Voltage Sensitivity Data for Phenolic Types. 
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FIG'U'~ 1L~Low-Iot~Jzi~-Vol~ge Sensitivity Data ~or Alkyl-Substituted Phenols." 

can be read directly from figure 12. This 
method will give a maximum value for  the 
average number of substituents, because sen- 
sitiviry 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 

I I | i 

~8 

N 

4 ! 2 
NUM~qER OF ~JBSTITUTIONS P~'R PH~'N~ RING 

Flat, ms l-°-~Varlation of Sen,-itivity Factor With 
Number of Alkyl Subs'~mem~ on the Phenol Ring. 

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 30. 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 
substitu$.ion 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 (53). Formation of TMS 
ether derivatives increases the mass of the 
parent ~olecule-ion by 72 mass units for 
each OH g~oup and produces a new series of 
peaks free from interference by other classes 
of compounds. Determinations on a syn- 
thetic blend of 1- to 4-ring phenolic com- 
pounds have shown that the re~,ction 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-/oniz/ng-ro/tc@e 
scnaitivity of metk~lindnols, cha~t d i ~ o ~ s  

7-Met.k~-4-iadaaol  . . . . . . . . . . . . . . . . . . . . .  
v - M e ~ , v ~ d u ~  ..................... 

~-w~W~-~xb.,~ ..................... 
A ~  ......................... 

~. , ,~, ,~.~. . . . .~ . .  ~ :...'~.... 
l..Medsyt..4-1adaaot . . . . . . . . . . . . . . . . . . .  

• ~ n p l e  off ~ :  iN,Meth3').4-1l~bst~l: 

99~ 

~J2~ 

'mS 
685 
6414 

f~q$ 
e=22 

OH 

rivatives axe approximately 25 percent lower 
for l-ring and 8 percent lower for condensed 
2-ring compounds. In many instances, TMS 
ether derivatives could not be prepexed 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 tax-acid fraction unless con- 
siderable quantities ()15 percent) o~ ];eu- 
tral material were indicated in the TMS eth#.r 
spectrur~ 

Application of Methods 
Coal-tax acids have been separated by sev- 

eral methods including formation of com- 
plexes, butylation, diffezential solubilities, 
etc.. F ' , t l o w i n g  a r e v i e w  o f  ex is t ing  methods,  
Dean, w~ite, and McNeil concluded, "No sat- 
isfactory systematic method of analyzing 
coal-,:ur acids has yet been described" (:~I). 

TABLE 3 1 . - - L o w - / ~ z ~ - ~ o / t ~ e  ¢~Jy=r~ 
of ¢ s'y'~th."~c blend of ~henols, 

~olume-percent 

Comlpomsd 

: : : : : : :  " 

~ t . ~ p b t b e m ~ l . . .  
~ - F ~ - - y l p b e ~ o l .  . . . . . . . .  

MS ,uu,tym 

-'11.6 

A. ~memyl- J 
=ilyl ether  

der i~ t~vm $ ~ t b e ~ :  

' f , . l  5.9 
1,?..T 17-I 
'$.1 5.1 
7.6 ~ 2  
6,.5 S.5 

~11..2 9.9 
1.1 -~ 

• ~ o f  ~ e t ~ b ~ l  e~se~ ~ o e  e o r e u ~ o =  with  
p b e l ~ l  ee'J~tivi|  ]r. 

• ~ eompcmmk lusve moleeular w=,~.~t of  1 7 0 :  w e i z ~ e d  
sttivig.v 

14 

=~ J2 
I 

E , - i  

~0 

i 
0 

8 0 

z 6 

L~ 

>" 4. 

..J 

W " r  

I I I I 
O -  Phenols 

X -  Indonols t 
X 

0 I ^ ' 

6 8 I 0  12 14 IB 

C A R B O N  N U M B E R  

F I ~  l~.---Carbon Number Dis~bution of Phenols 
and Indanols in • Tar-Add F m c t i ~  (!10" to 
28O o C). 

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

Tar acids and neutral oils from various 
coal hydro~nation oils and coal tars have 
been an~ly'zed by th i s  technique.  F~wamp]es 
of the mixtures analyzed and data relating 
to their origin are given in table 32. 

~ p l e A  
In m a n y  instance.% a quant i ta t ive  i n ~  

tat ion of  th e  spectrum was  not necessary .  
For example, the extent of dealkylation of a 
tar-acid fraction (240 ° to 420 ° C) from a 
coal-tax distillate was determined simply 
from changes in peak i n ~ s i t y  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 acenaphtheno]s and/or phe- 

m 
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Flb'O~ 14.--SensitivRies of Phenols and Their  T r i m e t h y ~ l  
Ether Derivatives at Low-Ionizing Voltage. 

(1OO5 

TABLE 32.--Id~i~o~ of egmi0/~s ¢z~a/yze~ 
Desig- 
nation Fraction Source of 
in text Coal Treatme=," ~ l y z e d  material 

Low-~moerature cazbonization; catalytic Tar acids 
dealkymtion of tar  adds. <420 ° C. 

A 

B 

C 

D 

E 

F 

G 

Wyoming 
hvsb. 

Bd~sh ....... 

Texas lib..ire. 

Rock ~.pdnzs, 
Wy..., hvcb. 

Blecded 
hvab. 

Blended 
hvab. 

I Subbitum- 
m o v ,  s 

1 Westerm 

Vertiml retort .............................. 

Low-temperature carbonization; tar add 
extraction. 

Hydrogenation st 465 ° C and £00G ps~g-- 
caCa]yst, 0.5 percmnt molybdenum. 

Hi~h-~emperature tar; hydrogenation at 465 ° C 
and 2,000 psig--cata].vst, 2.0 percent iron. 

Low-temperature czrbon~.s~on; .hydrogenation 
at 300 ° C. and 2,500 psig--czt~lys~ 
niekd on kiesslguhr. 

509" C earboniza~on. 

Tar adds 
£32 ° to 278 ° C. 

Tar  a d ~ .  

Neutral oil, 
80 ° to 280 ~ C. 

Neutral oil, 
80 ° to 280 ° C. 

Neut-m] oil, 
176 ° to 236" C. 

Neutral oil, 
120" to 290 ° C. 

Bureau of Mines, 
Morgantown Coal 
Research Center. 

~,eferen~ f1.  

Eeferences 8 and M. 

Fureau of Mines, 
Pittsburgh Coal 
Research Center. 

U.S. Steel Corp., 
Clairton Works. 

Union Carbide 
OleRus Co. 

=- DATA 
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nylphenol~ 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- 
imam peak intensity for the cracked sample 
occurred one carbon number less than in the 
spectrum of the original sample_ This infor- 
mation was su~cient to enable the course 
of the catalytic cracking operation to be 
followed. 

90  

8 0  

- -  6 0  

I 
4 C  

2 C  

• ! i i I [ [ 

C Ov~.aeo m,~vw¢ - -  

t 

F I ~  1 5 . ~ e  C r a ~  o f  P h e n o l s  F r o m  
C o a l * T a r  ~ a s  E v i d e n c e d  b y  L o w - I o n i z i n g -  
Voltage Mass Spectra. 

Smnple B 

When the desired pure compounds are not 
available for synthetic mixtures, determina- 
tions on samples previously analyzed by other 
methods are helpful ;.n evaluating a new tech- 
nique. To compare the total phenol and in- 
danol 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 overafion 
were obtained from the Coal Tar Research 
Association. These fractions, contafuing pri- 
marily phenols and indanols, had b e ~  ana- 
lyzed for specific compounds (2I) .  'l~e Brit- 
ish data for two fractions shown in table 33 
represent sums of values found for specific 
compounds at a particular ¢~rbon number but 
are not necessarily complete analyses. In 
general, values obtained by low-ionizing 
voltage were somewhat higher than those 
obtained chemically. 

TABLE 33.--Ano, lys~ oF higk.bo~ing tar 
oz.ids from Coal Ta~" Resegrch Assoeiati~ 

( CTRA ) , Leeds, Englgnd, 
#olume-pereen~ 

FRACTION w r ~  I ~  OF 24L~" ~ Za4.~  C 

FRACTION ~ ~ OF Z4Y.$* T O  ~ *  C 

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

5a:~e  C 
A qu~t i ta~ve ~ y s i s  of a t~-~cid frac- 

tion from low-temperature t a r  derived :fro~ 
lignite is shown in table 34 (8, /,8). This 
sample contained a larger variety of phenolics 
than the coal-hydrogenation product and il- 
Instrates a broader application of the method. 
Six of the seven structural types showed one 
well-defined maximum; the series of dihydrie 
phenols showed two, poss~ly because of the 
presence of anthrols and/or phenanthrols 
which occur at the same parent mass series 
as the dihydrics 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 zemained in the 
sample. The data were verified by a spectrum 
of the trimethylsilyl ether derivative~ 

Kualysis ~ Neutral Oils ~ From 
Sc~np.~ D 

Table 35 shows the analysis of a sample 
consisting primarily of neutral oil, obtained 
by blending fractions of coal-hydrogem~tion 
oil (80 ° to 280 ° C) as a prelhninary step in 
preparing a jet fuel. Carbon number distri- 
bution data for the following compound types 
including alk-yl derivatives are shown in fig- 
ure 16:  Benzenes, indans, and phenol~ Fur- 
ther hydrogenation to convert aromatics to 
naphthenes, as described by Se~hlesinger and 
coworkers (7~), is required for this mater~ 
to meet JP-4 jet fuel specification~ 

Sample E 
Data on distillable neuLeal off (80 ° to 280 ° 

C) obtained from hydrogenated high-tem- 
perature tar  are shown in table 36. This 
material was prepared by a single pass by- 
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TABLE 34~--Ma.~ spectral analysis of meth~wol-e~t~t of Ir~o.~,emp~ure ~,.r from Tezas 
Z~9~e, ~olm~,.'p~e~ 

c 
c 
C 
c 

To~l,, 

Compou, ,~ i  ~ p m  a n d  ~ l  i ~ l ~ ' ¢ ' m  

P i  

& 7  
7.¢ 
7.T 
4.4  
1.7 

L0  
.6 
.5 
.6  
.6 
.5 
,3 
. I  

0.4 
.5 

LO 
.5  
c, 

.5 

.8 
LO 

.8 

.6 

.4 

.1 
....... .,I, . . . . . . .  : : [ . : . : : : : [ ~ : . : :  ......... :1. ....... : : : : : : [ : . : : . : : . :  ........ Z X° .............. .I ...... 

~L8 7.S 10.9 12.7 9.0 1~6 

T , , ~  ~ N a p h ~  A c q m a p ; * ~  Aoeaaphr .hyhmok  

, o . . , . ,  . . . . .  , . . . . . . . . . . . . . . . . . . . . . . . . .  . . ° . . . . . o ,  ° . . . o . . . . . o . . .  . . . . . . . . . . . . . . . . .  
• ,,., ..... ,-,,,,i*.,-, ..... ,,,.--! ................ i ................ i ................ ....... 6~" ......................................................................... 

• 0.9 .,.o,.,..,, ............... ° ..... oo,,, ...... ,,.,. 
~ O  2.0 ~ S  ................................. 

"--5 -"8 1.8 ................................. 
1.8  2.5 2.2 0.?. 0 . I  
LI L 6  1.5 .7 .5 

.8  .g  . 8  1.7," .9 

.7 .5 .6 1.~ 1.o 

.5 .S .5 .8 .8 
,4 .4  .5  ,S 

-2 .~ .3 ,4 .S 
.2" .2 ° .2 ~ .3 
• 1 ~ . I  2. .2 

5.0 

, Grand ~ r - 9  v o / ] ~ , e . ~ t , , .  

drogenation of top t a r  a t  3,000 psig  and 465 ° 
C. The axomatic portion, compris ing 97 
percent of  the neut ra l  oil, was  analyzed both 
by low- ion iz ing  voltage and convent'.-.zml 
type-analysis.  The  type-analysis was based 
on a var ia t ion of  the method described by  
Lumplda  (58). Results of the low-ionizing- 
voltage analysis a r e  shown as summa~ons  of  
the various values obtained a t  each carbon 
number.  The resul ts  compared favorably,  
with the exception of the indenes. These de- 
viations possib~_y ar ise  f rom contributions to 
the spectrum by the additional s t ructura l  
types indicated in the low-voltage analysis  
including phemylnaphthalenes and / o r  methyl-  
enephenanthrenes and pyrenes and /o r  fluor- 

\ / \  ° " 

. /  
N 

~ x x 

ol , 
6 8 io 12 Ig 

~ u ~ E R  

F I ~  l ~ n  N u m b e r  D i s t r ~ u t i o n  of P h e n o l s ,  
I n d a n ~  a n d  B e n z e n e s  in  B l e nde d  F r a c t i o n s  (80  ° t o  
280 e C) of • C m g l - H y d r o g e n a t i o n  OiL 

anthenes. Sensitivity factors for the type- 
analyses were based on total 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 cannot 
be confirmed by other instrumental or chem- 
ical methods, agreement between the two 
mass spectrometric methods indicates the 
data are valid. 

Sample F 
As a fu r the r  application of the  technique to 

neutral  oil, three f ract ions  (bp 176 ° to 236 ° 
C) of  saturated hydrocarbons produced by 
hydrogenation of low-temperature  t a r  were  
analyzed (74). These samples  were  also of  
interest  because of  the i r  pos s~ le  application 
as  j e t  fuels. The type-analysis  (table 37) 
indicates the samples consist  p r imar i ly  ( - -95  
percent)  of  condensed and noncondensed cy- 
cloparaflins. The relat ive amounts  of  con- 
densed and noncondensed s t ructures  were  
determined and also the ra t io  of  the C~ to Cc 
r ings  fo r  the  noncondensed structures.  Car-  
bon number  distr ibutions fo r  the cycloparaf- 
fins a re  first approximat ions  as only limited 

TABLE 35.--Ma.~ spect, raI analy~s of 
coal-hydrogena$ion oil, ~olume-3)erce~zt, 

Indz~, tetrz~s . . . . . . . . . . . . . . . . . . . . . . . . .  19.0 
Beazenes ................................ ~.1 
Paraffins ................................ 16.7 
Noncondensed cydoparaflins . . . . . . . . . . . . . .  2~4. ~ 
Condensed e y d o p ~  . . . . . . . . . . . . . . . . . .  
~Taphtha]e.nes . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8.7 
Ole.fins .................................. 2.0 
Indenes ................................. .7 
Aceaaphthenz~ . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
Phenols ................................. 7.8 

:~ UPDATA 1976~~. 
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TABLE S6.--Mgss spectral a~alysis of dis- 
tillable neutral oil from hydrogenatio~ 

of a high-tempera~re tag, 
~olume. ~'cen~ 

m.l~l ~m.iv~uves # u m ~  

Xe~:~timm . . . . . . . . . . . . . .  
Nmoktlmakmm . . . . . . . . . . . . . . . . . . . .  
A.ae~nm~hcJ~ylmmm. lluommam . . . . . . . .  
. 4 .mp b dute¢ , ,  ~ . .  
P l m u m t l m r m m a  u Oma,~m~ . . . . . . .  
luK l~mo . . . . . . . . . . . . . . . . . . . . . . . .  
P ~ v t n a p h ~ . ' ~ t m m a  mmrJU.v:,m~ 

plmma~z, lammoa~ . . . . . . . . . . . . . . .  
lluommzJn~mm~ . . . . . . . . . . .  

l&l $.1 
10.6 i 12.9 

14.0 I~L,I 
ILTK.8 2K~ 

5.7 10.1 

~.4L . . . . . . . . . . . . . .  
.6 

~ A ~ o  d/.mlm~tm km ummm~L 

calibration data are available. For the sam- 
ples shown in table 37, values above I0 per- 
cent are probably ,~ood to -~10 percent of the 
amount shown. Below 10 percent, values 
could be in error as much as ~50 .percent. 
The fractions show a progressive increase 
in the carbon number at which maximum 
concentration occurs. 

~ m p l e  G 
A sample of neutral oil (bp 120 ° to 290 ° C) 

from the carbonization at 500 ° C of • sub- 
bituminous western ~ was obtained from 
the Union Carbide Ol~ns  Co. This sample 
had been subjected to extensive i n v ~ o n  
including the determination of physical prop- 
er~ies, ~ analysis, n,-d-M calculations, etc. 
The Bureau of Mines FIA analysis s~mes 
quite well with the estimated percmutsges 
given by Union Carbide as shown Jn table 
38. Table 39 shows type-analyses for the 
compound types in the three fractions. Anal- 
ysis of the olefmic fr~tion,  after hydro~m~ 
tion, indicated this fraction c o u i s t ~  of ap- 
proximately 10 percent cyclic structures 

The 12 homologous series can be assoc~tei  
with the compound types shown in t~ble 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 tax acids remained in this 
neutral oil. A comparison of c~lculated val- 

TABLE 37.--Mass spectral analysis of sa~u~zted ~,utral  oils ~rrodu~ed by h!drogenat~n of 
low-temperature t~r, ~olume.perccnt 

ru4L~, 
"C N s p h t b ~ m m  

175..-198 0.4 
."~'-"~4 Trace 
217-'~*~8 Tnte~ 

Nacsemsde~¢~ 

Toud Cs/C~ ~ eydopse~Snm Cm 

47 4-q 61 I ~ "  28 1.8 6"T 
20 1.S TT . . . . . .  

C~ Cu C~ C~.~ C~s C~e 

~8 60 6 . . . . . . . . . . . . . . . . . . . . . . . . . .  
...... S 42 ~1~ 13 4 

ues based on mass spectrometric data for 
average molecular weight, total rings per 
molecule (Rr), aromatic rings per molecule 
(R~). ~iouble 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 
spectrometric method. 

TABLE 38.--An~lysis of 1°-0 ° to ~90 ° C frac- 
tio~ of neutral oil from carbonizatio~ of 

~bbituminoua Wes~er~ coal a~ 500 ° C. 
Comparison of n-d-M and mass 

spectral re.~ults 
I U m ~  ~ Bunmu o( 

m.~-M t,,'mm 
method MS m~l~mm 

A ~  moiemd~ ~e~ch¢ . . . . . . .  ,1~2 ± 3  156 
R T(tmud rmp/mok,~-uJe) . . . . . .  | 1 . ~  q.0S 
RA Im'~mtk: f in s~ /moh~de) . . . 1  .6~ ,.~ 
N -  (de~d~ b m d ~ / m o l e ~ d e )  . . . . .  l .3~, J.39 
H / C  {atom ra~o) . . . . . . . . . . . . . .  1 1.S,2 1,5% 

Ult~mue . . . . . . . . . . . . . . . . .  | L~8 ~e~0~ . . . . . . . . . . . . . . .  

~ ~ n ~ l  f t ~ m  b o i l l n ~  rmmg~ 

• Half o f olefl~ masJdered u ca~t~i~n~r 2 double bo~clk. 

TABLE 39.--Mo~s s p e c t r a / a ~ y s / s  of 120 ° 
to 290 ° C fractio~ of neut~zl oil Horn 

c~ rbon~at~m of sub b~.tumi~u~ 
W ester~ coal at 500 ° C, 

~olume~ercent 

N c ~ e w ~ l ~  ~ . . . . .  
C ~ c l ~  ~ . . . . . . . .  

- -  . . . . . . . . . . . .  

Ucw~umt~d ~ & i c n  ( i m d m m ) .  
A l k y ~  . . . . . . . . . . . . . . . . .  

]~HhUL m d  ~ee t e n ' ~  
Pheaab. ~ o h y d r l c  a n d  cLihy&rk 

Bureau of 
Minm ~ u J t l m  

MS FIA 

IS.4 

7.1 } 

llL8 

2.0 

Cm.~le  

2S des 

S 8 ± $  

• Po~ibty c o  ~ 8 Dee~tmt of mokes~I~ eon~.lnln8 N. S. or  O. 
otber ¢]sa~ pbenob, a~e not kieuLiflecL Probsbly ~ 8 ~ o n f  
ar~cna~ic z~d o l d n i ¢  ty~5 .  

|. ,m .... ~,. 
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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 analyses of certain 

~rpesef compounds present unique problems. 
ese problems arise from (1) similarity of 

mass spectra, (2) chem/cal reactivity, (3) ad- 
sorption in the mass spectrometer, (4) trace 
impurities h: cal/bration compounds, (5) the 
need for very accurate analyses of trace 
components in the presence of interfering 
compounds, e t c .  

The similarity of mass spectra of various 
hydrocarbons is both an advantage and a dis- 
advantage analytically. Type-analyses have 
been devised based on these shnilarit/es and, 
where ordy general information is required, 
these data are usually sufficien'2. 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 hydrocarbons 
from the remainder  of the hydrogenated 
product (68, 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 isqbutene and isopentene in 
this synthesis product (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 call- 
brat-ion 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 calculated (31). 

Mass Spectrometric Determination 
of the Ratio of Branched to 

Normal Hydrocarbons Up to Cle/n 
F~cher-Tropsch Product 

The Fischer-Tropsch synthesis is being in- 
vest/gated by the Bureau of Mines as a means 
of converting coal to hydrocarbons. Gaseous 

TABLE 40.--Mass spectral carbon number  disf;ribu$io~ d a ~  fo r  neutral oil (b~ 120 ° to 290 ° C) 
[ t o m  She 500 ° C ~arbon~za~ion of a ~ubbi~minous WesSer~ co~, vvIume~perc~r~" 

p .............. 0 

8 

0 
- - 8  

0 0 0 
- - 1 0  --1,?, - - 1 4  

! io'  
. -  

0 0 
+ 2  

0 0 0 1 o 
O, - - 2  - - 2  0 - - ~  - - 6  

o =  _ _ _  

O J  

.1  

. . ,  . . . . . .  

. . . . .  o ° . °  

° ° . . o o ° . ° l °  . . . . . . . .  i . . . .  . . . . .  i . . . . . . . . .  , , . o . . . ° o o  

" ' I 
I9 . ? .  2 . 3  8 . 8  1.4 O.G 

T . . . . . . . . . .  , . .  

,~o::: . . . . . . . . .  ~ o.3 o.1 . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4.4 Z.5 .3 0.7 . . . . . . . . . . . . . . . . . . .  

~.~ . . . . . . . . . . .  ~ 7  " 4  . 7  2.0 . . . . . . . . . . . . . . . . . . .  
I z  . . . . . . . . . . . .  ~ 0  " 3  1.1 4,,.3 0 'o . . . . . . . . .  
t3 . . . . . . . . . .  L 6  " ) . . ~  1 . 4  5.0 .9 0 . 3  

14 . . . . . . . . . . . .  1.,7. 1 .~  1 .3  1 .9  1 ,1  . 3  
,,, . . . . . . . . . . . . .  g . 9  . 9  . 7  .4  .1 
ta . . . . . . . . . . .  ,3 . 3  .4 .1 .1 .1 
:7 . . . . . . . . . . . . . . . . . . . . . .  1 .1  . I  ,1 . . . . . . . . .  
~ I I  . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  . . . . . .  . . o ,  . . . . . .  , . . .  . . . . . .  

~ |  . . . . . . . . . . . .  . . .  . . . . . . . . . . . . . . .  : . . . . . . . . .  l . . . . . . . . .  i . . . . . . . . .  i . . . . . . . . .  

T o l a l  . . . .  23.4 12.0 6.3 14.8 " 8  0,8 

0 .1  . . . . . . . . .  , . . . . . . . . .  ~ . . . . . . . . .  , . . . . . . . . .  , . . . . . . . . .  I . . . . . . . . .  0 . 3  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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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 (91,) ; Brunet (15) ; and Gall 
and Kipping (38). While carbon number 
distribution data for the hydrocarbons have 
in certain instances been obtained up to C_~, 
information concerning the ratio of branched 
to normal hydrocarbons in Fiseher-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 
paraf f ins ,  in hydrogenated fractio-~s of 
Fischer-Tropsch synthesis product~ 

Theoretical chain branching schemes for 
the hydrocarbons in Fischer-Tropseh product 
have been proposed by Anderson, Friedel, 
and Storch and others (3, ~.8, 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 Ce (3). 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 parafran~ 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, CiriUo, and Melpolder "felt that an 
average isoparair~ would dissociate so as to 
lose 43 mass units," and, therefore, used 
peaks corresponding to (molecular weight 
--43 mass units) for isoparaiRu determina- 
tions (13). Ferguson and Howard described 
a method for determining the iso-to-normal 
paratfm ratio in gasoline-range petroleum 
(-~5). The same authors used thermody- 
namic equilibrium data of Prosen, Pitzer, and 
Rossini to weight individual C~ to C8 isopar- 
a~ns and obtain representative sensitivity 
factors at each of these carbon numbers (71). 
Using molecular sieve techniques, average 
isopara~u sensitivities were also obtained 
for the C~ to C~ paraffins in representative 
gasolines. In this instance, Ferguson and 
Howard had to assume that a representative 
fraction of isopara~mm was obtained hy the 
molecular sieve technique, because very few 

pure i s o p ~  above C2, are ava~ab]e for 
synthetic blend determinationL 

O'Connor and Norris described a complete 
analytical scheme for e h a ~  the com- 
pound types in the light-gas oil (100 ° to 6~.0 ° 
r )  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. Exe~ilent 
results were reported on synthetic blends pre- 
pared from the limited number of pure com- 
pounds available. For the isoparafrms, 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 ~awJTms up to ~ are de- 
sired for a carbon number distribution de- 
termination by gas chromatography or other 
method. 

Branched-chain hydrocarbons in Fischer- 
Tropsch synthesis product consist primarily, 
of mono-substituted and dimethyl-substitnted 
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 dL~culty 
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 C3z 
to C,, in hydrogenated fractions of Fischer- 
Tropsch product. The product was produced 
at 2 6 5  ° C using an ammonia synthesis cata- 
lyst composed of Fe~0,, MgO, and KaO. The 
synthesis was carried out with 1H..-to-1CO 
gas at 21.4 atmosphere.~ After hydrogena- 
tion and removal of the oxygenates, the re- 
maining product consisted of the same major 
types of hydrocarbons found in petroleum: 
Paraffum, naphthenes, and monoaromatics. 
Information derived from this investigation 
concendng 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 descrfbiag 
the distribution of Clo to c2o synthesis prod- 
uct, agreement between theoretical and ex- 
perimental data also indicates the validity of 
molecular sieve separation in this range. 

F.apeimeaml Procedure 
Separation a~d Sample Prepara t ion .P  

Fractions of the product investigated boiled 
in the rang~ 170 ° to 323 ° C, 323 ° to 3 9 0  ° C, 
and >390 ° C residue. This included all 
paraiFms add olefins having more than 10 
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carbons. The 323 ° to 390 ° C fraction was 
intermediate between the liquid and residue 

~ roduct and was the smallest of the three raction~ The flow diagram, figure 17, gives 
the sample handling and preparation for 
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FIGUmC 17.--Sel~ration and Analysis of >170 ° C 
Fraction of Fischer-Trolmch Synthesis Product 

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 olefms. O~.ge-~t~ 
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 carbony! 
groups. The fluorescent indicator adsorption 
technique (FIA) was also applied to a 

ortion of the 170 ° to 323 ° C and 323 ° to 390 ° 
fractions af ter  hydrogenation. Drop quan- 

tities of the saturates were collec~l from the 
FIA for spectrometric investigation. Results 
obtained by this separation method were con- 
sistent ~ t h  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 percent by vol- 
ume of =omethyluaphthalene was added as an 
internal standard to a portion of the saturate 
concentrate collected from FIA. Removal of 
normal paraffans by the molecular sieves re- 

sulted in a reduction in parent  peak intensi- 
t ies.  Thus, comparison o f  mass spectra  
obtained before and after  sieve treatment, 
following adjustment to bring internal stand- 
ard peaks to the same intensity, permitted 
determinat ions  for  normal  and branched 
paraffins. 

Mass SpeetromeL~c Ca l ib , -a~  Dats.-- 
Mass ions corresponding to the molecular 
weights of the parafl~s were used. Appro- 
priate calibration data covering the mass 
range of interest were needed for both the 
normal and branched-chain paraffmic struc- 
tares (fig. 18). As pure normal paraffins are 
available to Ca.., data were easily obtained for 
the normal compounds (curve I). 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~o-~C=o 
determined from actual product (curve 4) ; 
data from fractions of branched parafRus 
consisting primarily of single carbon num- 
bers, C, to C~, were combined with data 
from a broader fraction in establishing curve 
4; (2) Sensitivity factors based on data for 
the mono- substituted and dimethyl- 
substituted compounds, major components in 
Fischer-Tropsch product, were extrapolated 
from Co and lower carbon numbers (curve 3). 
Good agreement is shown between sensitivity 
factors obtained by the two methods. More 
highly 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 para1~s were used in obtaining 
sensitivities for the total pa~ 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 (6S). 
The elution technique gave a better separa- 
tion of normal and branched components 
(above C~o) 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- 

l _ _  1_ 
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FxGUI~ 18.--Sensitivity Data for Pamt~ns in Fischer-Tropsch Product. 

43 

1 

36 3 8  4 0  

tween 0.2 and 0.5 ml of sample containing 
about i0 percent by volume of =-methylnaph- 
thalene is charged to the column, followed by 
approximately 8 ml of isopentane tha t  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 r~maimng 
in the fma] 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 (I) molecular sieves are ef- 
fective in removing normal para~ns from 
actual Fischer-Tropsch product, and/or (2) 
during the stripping operation only iso1~.n- 
tane and not portions of the sample or in- 
ternal standard are removed. A blend was 
orepared consisting of approximately 40 per- 
cent ~-C,, and the remainder 170 ° to 323 ° C 
product. The ~z-C,, was completely removed 
by sieve treatment. A second mixture was 
prepared consisting of 0~3 ml of 170 ° to 323 ° 

C product  (including approximately I0  per -  
cent ~methy lnaphtha]ene  as internal s tand-  
ard)  and 8 ml  of  isopentane. Af te r  s t r ipp ing  
the isopentane, the  same mass spec t rum was  
obtained as before  addition of the isopentane. 

Results 
A s u m m a r y  of the carbon number  dis t r ibu-  

tion da ta  for  the three fractions is shown in 
table 41. Pa ra~n-naph thene  type-analys is  
results for  total  percentages of  these two 
s t ructural  types  are also given (29).  The  
naphthene content  is . -2  percent  i n  the  first  
two fract ions  and then rises to 16 percen t  in 
the >390 ° C residue. Values fo r  the oxygen-  
ates were obtained by summing the 
functional g roup  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. Determina- 
tions on the >390 ° C residue were made to 
C~,, the highest carbon number with readable 
peaks. The composite analysis of the total 
(last column) was based on a s~tion 

I! 
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TABLE 41.--C,g~'bo~ number d~s~bgt~n fo~ ~ i~ hyd~oge~w~e~ f ~  of Fischer- 
T~'~sch ~roduc~, ~oImr~-'pcrce~ 

Fraction of total boiling 
a t  > 1 7 0 "  C . . . . . . . . . . . . . . . . .  

O x ~ ' l r d m t ¢ ~  . . . . . . . . . . . . . . . . . . .  
N a p h t h e n ~  . . . . . . . . . . . . . . . . . . .  

P&l 'g l [ f l~  . . . . . . . . . . . . . . . . . . . . . .  

170" to 323* C 

3 6 . 8  

20.6 
2.4 

77.0 

Boiling range, *C 

323 ° to 390" C 

13.3 

35.8 
1.6 

62.6 

> 3 9 0  ° C 

49.9 

34.6 
16.4 
49.0 

Composites 
boiling at; >170 ° C 

100 

29.6 
9.3 

61.1 

DISTRIBUTION FOR PARAFFINS 

Clm . . . . . . . . .  ° . . . ,  . . . . . . . . . . . .  

C I I  . . . . . . . . . . . . . . .  ° . . , , , . , , , ,  

C / , ~  . . . . . . . . .  , . . , . , o  . . . .  o . . . . .  

t i l l  . . . . .  , . . . . . .  , . . . . . . . . . . . . . .  

g::: ::::: . . . . . . . . . . . . . . . . . . .  

~I~ . . . . . . . . . .  °-.°.-. ......... 

Ct~ ................ o .... ° .... . 

CI| ................ °,.,.,°,.., 

CI~ ................ ° .... , ..... 

CII) ........... .,......,,...,. 

C11 . . . . . . . . . . .  ..,°°o... ...... 

C~| . . . . . . . . . . .  .,°,,°,. ...... 

CI~ ................... ,.,..,. 

3.7 
12.1 
11.7 
11.1 
10.3 
8.9 
7.0 
4.8 
2.9 

1.1 
.71 
.43 
.27 
.20 

C ~ i  . . . . . . . . . . . . . . . .  ° . . . .  ° . . . .  , . . . . .  . ° . . ,  . . . .  ° ° . °  

C ~ |  . . . . . . . . . . . . . . . . . . . . . . .  ° . . ,  . . . . . . . . . .  . °  . . . . . .  

C ~  . . . . . . . . . . . . . . . .  ° . . . . . . . . .  , . . . .  . . . . . . . . . . .  . .  

. . . .  o . . . . . . . . . . . .  , . . . . . . .  ° . . .  . . . . . .  

. . . . . . .  ° , ° . o ° °  . . . .  . . . . . .  ° . . .  . . . . .  

. . . . . .  ° . . . . . . . .  . . . ,  ° ° . ° . . o ° . ° . ° ° . o °  

0.2 . . . . . . . . . . . . . . . . .  
.28 

1.3 
3.4 
6.3 
8.4 
9.'/ 
9 . 4  
8 1  
6.0 
3.9 
2.7 
1.5 
1.1 
.50 

. . . o . °  . . . . . . . . . . .  

. . . . .  ° . ° ° . . . . . ° ° o .  

o ° °  . . . . . . . . . . . . . . .  

• . ° °  . . . . . . . . . . . . . .  

. ° . ° .  . . . . .  ° . . . . . . .  

0.25 
.79 

1.5 
2.1 
2.7 
2.9 
3.1 
3.1 

C - . I  . . . .  . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  . .  . . . . . .  . . ° .  . . . . . . . . . . . . . . . . .  

C l |  . . . . . . . . . . . . . . . . . .  . . ° . ° . . .  . . . . . .  . . . . .  . . . . . . .  , . . . . . . . . . . . . . . . . . .  

C ~  . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  . . . . . .  . . . .  . . ° . .  . . . . . . . . . . . . . . . . .  

C | ~  . . . . . . . . . . . . . . . . . . . .  . ,  . . . . . . . . . .  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  

C~t . . . . . . . . . . . . . . . . . . . . . . . . .  ,,,..,.,. .... , ...... , .................. 

~|| ........................... , ...... . .... . ...... , ................ 

Aroma~ie~ and higher molecular 
weigh~ parafSns ................................................... 

z Dt, c~mlut,  d from ~eSk summxt~o'~ ~ on ~flcme fz'ac~on~ 
= ,Not total C,~; lower I m ~ ¢  fraction vontained C~, Im¢ no t  C. .  

3.1 
3.2 
3.0 
2.7 
2.3 
2.3 
1.9 
1.8 
1.4 
1.5 
1.4 

8.0 

Of peak  int~nsitie~ in the ~ r e e  f rac t ions ,  
weighted according to the volume f r ac t ion  
of each, r a t he r  than  a summation of  percent -  
ages shown fo r  the  three f r a c t i o n .  This  was  
done to e l i ~ i - a t e  any er rors  tha t  m i g h t  occur 
~y app ly ing  weighted sensitivity f ac to r s  i f  
e i ther  branched or normal mater ia l  was  con- 
eentra ted  in the  low- or  high-boiling ends  of  
the f ract ions.  Figure  19 shows the  volume-  

v cent  of  p ~  a t  each carbon numbw" 
tom Cx~ to C~, fo r  the hydrogenated product .  

Value~ f r o m  C= to Cao are quite s imilar .  
Table  42 shows a s a m m a r y  of  the  de te rm-  

i n a t i o n s  f o r  n o r m a l  p a r a f f i n s  f r o m  C~x 
through  Ca, using molecular sieve sepa ra -  
tions. Predicted values according to  the 
chain growth scheme of Anderson, Friedel, 
and Storch (discussed later) are also shown 
(a). 

~1.5 
4.9 
4.7 
4.3 
4.O 
3.6 
39 
2.7 
2.3 
2.1 
1.9 
1.8 
1.7 
1.6 
1.7 
1.6 
IA 
1.5 
1.4 
1.4 
1.4 
1.3 
1.0 
0.90 
.80 
.82 
.63 
.60 
.50 

3.9 

The carbon n u m b e r  distrfbution fo r  nor-  
real para~ms in the  170 ° to 323* C f rac t ion  
was also determined b y  an  independent mass  
spectrometric method  (courtesy, Atlantic Re- 

TABLE 42.--Determina~ior~ of n - p ¢ ~  £¢ 
kydrog~ted F~cher-Tropsck ~o~he~ 

~'rodnct,, b,p > 1 7 o  ° C, 

Cl  

e l= ,  

c,.  

Total ~ Itcffieb e~rl~n 
aumb~- J p ~  ~ . - pa raS .  

~ t a l  l~ud~cted~ 

741 71.3 
70.2 68.4 
66.6 6~.7 
~2.1 63A 
58.2 60.6 
54.0 68.2 

47-9 83.8 

Eeferem:¢ a. 

: 1976~:: 
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Hydr~enated Fischer-Tn~x~eh Px~lnet. bp >t~0" C. 

fining Research Laboratory). This method 
is based on a matrix operation involving over 
700 coe~Scients (z s ) .  

TABLE 43.--Di~7-~u.tion of normal 
p a r ~ n z / n  170 ° t~ 323 ° C fred/on o~ 
Fi~cher-Tro~sch synthe~ p r ~ ' ~ ,  

rolume-pereent 

c, 

tJ 
C,.  

Cry 
Cll  
Cto 
c, .  

M a k s m b ~  m M S  m w t x  

1.6 
3.2 

l S A  
l l . i  
10.6 
9.1 
7.a 

3.$ 
2.0 
1-2 
.T 

1.6 
3.2 

13.0 
10.S 
9.2 
&4 
7.G 
S.S 
4.O 
2.a 
1.9 
L0 

Results shown in table 43 are in good a~ree- 
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. 

~ of Remflts 
Anderson, Friedel, and Storch derived the 

following expression to describe the carbon 
number distribution for Fischer-Tropsch 
p;w~luct (3) : 

= kF,a"'~ (I) 
or 

l og (~JF . )  = nlog  a + log(k/~') (2) 
where ~, = numl~r of moles con~i~ing (n) 
carbon atoms, 

F,  is a function of (/) ,  a constant repre~fm- 
tire of the extent of branching, 
and (k) and (a) are constauta 

AS a plot of log (4~/F.) versus (n) should be 
linear (equation 2), this expression can be 
used to examine experimental data. 
20 shows the a2~.ement between the premmt 
data for total ~ s  and predicted values 
based on a branching factor f=0.045. 

Values for normal parat~ns determined in 
this investigation by the corabined molecular 
sieve-mass spectrometric technique 
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 separations for ~ to approxi- 
mately C=o. Predicted values for the normal 
paraffins shown in table 42 are based on a 
chain growth calculation that considers only 
monomethy] and dimethyl branched isomers 
(3). The calculation of the total branebed 
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 para~ns being low and 
the normal isomers high. However, branched 
para~Rns other than monomethyl or dimethyl 
have been found only as minor components 
(total <0.5 percent for C6) in previous in- 
vestigations (9~). 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 indieates 
that contributions from the other branched 
isomers become s~rnificant at higher carbon 
numbers. 

- -  lit 
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Results obtained on Fischer-Tropsch prod- 
uct produced at 965 ° C with an iron catalyst 
are also consistent with results reported by 
Gall and Kipping under similar synthesis 
conditions (38). Gall and Kipping found in 

o m 

o 
v 

w 

a ,  

! I  
IO  
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~' • 0 .803 
f • 0 .045 
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~-~cu~ 2D.--Pre~cted Values ~or Carbon Number 
Distribution of P ~  izl Hydrogenated Fischer- 
~'ropseh Products, bp >170 = C. 

their study of the Ca to CA paraEmic fraction 
of synthesis product that the proportion of 
branched-chain isomers increases regularly 
with synthesis temperature; that is, the (f) 
factor increases with increasing synthesis 
temperature. Extrapolating the Cs to Cs 
data obtained by Gall and Kipping to higher 
carbon numbers (fig. 21) indicates that, for 
265 ° C operation, the para~n fraction should 
consist of approximately 64 percent normal 
p ~  at  C~,. The present investigation 
gave a value of 62 percent normal parairm 
at C~,. 

For  product obtained with an iron catalyst, 
Anderson and coworkers have shown that  
predicted values for  isomer distribution, us- 
ing a branching factor of 0.115, show excel- 
lent agreement with their experimental val- 
ues. However, the experimental data of 
Weitkamp (94) and Brunet (~5) used for  
this comparison were obtained under high- 
temperature-synthesis conditions. The prod- 
uct with which Weitlmmp dealt was produced 
at 315 ° C, and the product Brtmer analyzed 
is described as being produced between 290 ° 
and 370 ° C. These data from l~gh-tempera- 
ture operations are also consistent with the 
data Gall and Kipping obtained 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 temperatare variation of iso- 
mer distribution. 

Data shown in figure 20 imply that  one 
value for  (~) and (f) in the chain-growth 
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scheme will not apply over the entire mo- 
lecular weight range, and a chan~e in these 
constants must be made at  approximately C..o. 
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 . 1 1 5  (~). The 
deviation found in the plot of the Weitlmmp 
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 
~o 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 C=o 
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 exte~ively 
branched product obtained at approximately 
300 ° C. Perhaps other terms to descn'oe cy- 
clization or the role of oxygenated compounds 
are required. 

A n a l y s i s  of  B u t e n e s  a n d  P e n t e n e s  
b y  H y d r o c h l o r i n a t / o ~  

Determination of the amounts of the in- 
dividual butenes present in a butene mixture 
is complicated by the similarity of their hUmS 
spectra. A procedure was described by Mel- 
polder and Brown (&~) for converting the 
isobutene in samples to tert-butyl chloride 
prior to mass spectrometr/c analysis. Iso- 
butene 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-l-butene and 2-methyl-2-butene re- 
act to form t e r ~ m y l  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 HCI a~ 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 
HCI is added and the mixture alternately 
cooled and warmed to complete the reaction. 
When a large percentage of isobutene is pres- 
ent, precaution must be taken not to exceed 
the vapor pressure of tee't-butyl chloride-- 
200 mm of mercury at room temperature_ 

This reaction is quantitative and can be car- 
ried out in about SO minutes. 

C C 

1 
C1 

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 
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 mLxture 
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 isobutene 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-testil~ units 
to attempt a separation of butenes in the 
presence of many interfering compounds. 
The resu l t i~  data, table 45, indicate that 
this procedure should give reliable results on 
this type of sample. 

TABLE 44.--Mo.ss spectral a~1~lsis of 

h~rocarbo~, mole-percent 

I 

22.4 L ~ 70 .0  1 

TABLE 4 5 . ~ M ~  ,pect~1 amllys~s of 
~.mtl~c blend of C, to C, h~droc~rbo~, 

mole. Perce~ 

l - l T - m  . . . . . . . . . . . . . . . . . . . .  

1 -Pe r i l  . . . . . . . . . . . . . . . . . . . .  

l - B u t m e  . . . . . . . . . . . . . . . . . . . . .  

O.3 O.3 
.5 .6 

$.0 ~ .  
I0.0 ii.S 

1.@ 1.0 
39.8 3R.7 

2.0 J 1.8 

6.0 6.7 

_ _  rFi- 
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Mass Spectrometric Knalys£s of 
~.zxtures C o n t ~ g  Nitroqen Diox/de 

Chemical determination of oxides of nitro- 
gen has been the subject of considerable study 
(~7, 98). Nitrogen dioxide has behaved er- 
ratically in the mass spectrometer a~d 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, 
nitric oxide, and other gases in multicom- 
ponent mLxtures (SS). 

Materials 
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 .rather than rubber, 
should be used. 

Synthetic nitrogen dioxide was prepared 
by reacting synthetic 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 liq- 
uid 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 ~i- 
trous oxide impurities can be prevented from 
entering the spectrometer by sampling at a 
temperature slightly above liquid nitrogen 
temperatures. This was done by freezing the 
sample, then suspending it slightly above the 
surface of the liquid nitrogen bath 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 I00" C in 12.5 ml of 95 percent sulfuric 
acid. The solution was placed in a 100-ml 
sample bulb which was then frozen in Dry 
Ice and evacuated. Mercury was sucked in 
through the stopcock bore and allowed to 
react~ The mixture was frozen in liqu/d 
nitrogen in order to pump off any traces c.~ 
air, and samples were taken with the bulb 
suspended above liquid nitrogen. The mass 

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 
was used for preparation of the synthetic 
blends. 

Stopcock Gre~esDFour lubricants were 
tested: Apiezon L, Consolidated grease 
(grade B), Dew Coming high-vacuum, sili- 
cone, and Perfluoro (FCX-759, furnished by 
E. L 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 formation of nonvolatile products. Dupli- 
cate analyses of the helium to nitrogen diox- 
ide ra~o 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=enr- 
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 appreciable formation of nitric oxide, car- 
ben monoxide, and carbon dioxide. No vol- 
atile reaction products were found with the 
silicone grease. 

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

D~ff~o~-Pump O~.--Only silicone pump- 
ing fluid (Dew Coming 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 temperature& 
Twenty millimeters of nitrogen dioxide were 
completely 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- 



ANALYTICAL 

terious e~ect is eventual deterioration oI the 
pumping fluid. This process is slow because 
the pump was exposed to nitrogen dioxide 
pressures of less than 0.I mm of mercury. 
In 9 months of  par t t ime operation with ni- 
trogen dioxide and nitric acid the pump oil 
was changed only once. 

Appar~tus.--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. 

~m~len Dioxide 
l~tsta~ilit~.--The errat ic  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 amotmts 
of dinitrogen tetroxide and nitrogen diox- 
ide existing at normal temperature and 
pressure. Under the conditions of m~ss- 
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 equih'brium is not 
involved in the question of instability. 

I t  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 
f rom 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, 
c~rbon 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 /o r  ni trat ion reactions ap- 
parently occur to some ex t en t  A nitrosate 
arises f rom addition of two molecules of ni- 
trogen dioxide to a double bond, producing a 
nitroso gToup on one carbon and a ni t ra te  on 
the other. Formation of such species would 
remove molecules of nitrogen dioxide com- 
pletely f rom t "e  gas phase without producing 
any volatile product tha t  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 a f te r  nitrogen dioxide runs had been 
completed. There was no nitrogen dioxide, 
mass 46, background. Thermal decomposi- 
tion of the nitrosates of 1-hex~me and buta- 
diene and of ni t rated 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 pr ior  t reatment  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, 
af ter  which the amounts of carbon monoxide 
and carbon dioxide formed become fair ly con- 
stant f o r  a given nitrogen dioxide pressure. 

Conditio~ng Procedu~'e.-- F_at~Y NrDgo- 
GEN DIOXIDE RL~c~--Conditioning of the mass 
spectrometer normally refers  to t rea t ing 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 exposed. 

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

1. Overnight (8 hours) treatment of both 
gas-handling system and filament with I00 
microns of nitrogen dioxide in the expansion 
bottle behind the mass spectrometer lealc 

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

A~t~r this treatment the spectrometer was 
ready for  analyses. I f  samples with nitrogen 
dioxide partial pressures below 200 microns 
were to be analyzed, the spectrometer was 
given the following t reatment  in order  to 
maintain stability: 
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3. Nitrogen dioxide at a pressure of I00 
microns for 20 minutes every 2 hours. 

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

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

5. Nitrogen dioxide at a pressure of 100 
microns unti ! 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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F x ~  22.~Preliminary Test for Proper Condition° 
ing With NO~ Separ~_te 80-~cron Samples Used 
for Determination a t  Each Mass. 

justed for one mass, nitrogen dioxide was 
introduced, and the mass peak was scanned 
immediately. The same peak was reseanned 
every 15 seconds for 5 minutes. A different 
sample for each mass peak was introduced 
and t~n 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. Constancy must be 
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attaiv.ed for the 46- and 30-mass peaks for 
successive nitrogen dioxide samples, as shown 
by curves b of figure 23. 
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FZG~ 23.--Test for Proper Condi~ionin~ ~rith NO. 
by Consecutive Runs. 

LATE2 Nrrsoo~.N DioxmE RUNs.--The rig- 
orous conditioning described above was found 
to be  the minimum t rea tment  necessary dur- 
ing the first few weeks of  handling ~itrogen 
dioxide samples. Curves a of  figure 23 illus- 
t ra te  the extensive reaction and consequent 
loss of  nitrogen dioxide suffered when no 
conditioning was applied. Curve c 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 
(curve d, fig. 23), which indicates that the 
slight conditioning now uecessary is required 
only for the inlet line and ionization chain- 
bet. Further indications that the gas-han- 
dling system was well condi2ioned after 8 
months was found in the lack of any appre- 
ciable nitrogen dioxide reaction overnight. 
A sample of nitrogen dioxide was run, then 
allowed to remain in the gas-handling sys- 
tem for S hours. The spectrum of this sam- 
ple the following morning was almost iden- 

m 
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ticaL ALso, the sample pressure according 
to the micromanomet~r did not change. 

N~r~c Add Co,~iHon~ng.--An alternative 
conditioning procedure utilized fuming n~ ~'~'ic 
acid vapors ($5). The strong o~diz ing prop- 
erty decreased the time involved, but the 
material was more difl~ult to handle. 

With a tungsten filament, reversion to rou- 
tine opera,on is achieved readily by treat- 
merit of the mass-spectrometsr filament with 
2-buten~ 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 Dioz~de M ~ s  Spectr~lmThe 
mass spectrum of nitrogen dioxide varies 
with the partial pressure  of the substance. 
The is  terms 
s u r e  in microns, which refers to the pressure 

in the expansion bottle, behind the goldfoil 
leak of the Consolidated spectrometer. Spec- 
tra for  various vressures are listed in table 46. 

S]eEc'rL~ )"oR ~ ABOVE 15 MZ(:ZoNs. 
~Colmnns 2 to 7 of table 46 give the spectra 
for  pressures between 200 and 13 microns. 
The principal peaks in the spectra are fmmd 
at masses 46, 30, 16, and 14, which are attrib- 
utab]e to ionization and ~ m e n t a t i o a  of the 
nitrogen dioxide molecule. Above 15 microns 
the sensitivities (and patterns) for these 
principal peaks are almost constant and in- 
dependent of pressure (fib~ 24-25). The re- 

producibility is indicated by the straight 
lines obtained. Cons/ste~y of mass 46 sensi- 
t ivi t i~ is shown further  in figure 25 by six 
consecutive runs in the r e , o n  of 75 microns. 
Day-to-day reprodum'bility of se~,dflvlUes 
(and patterns) for all four principal mass 
peaks were generally compurab~e to the 
results for hydrocarbon gase~ 

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 

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 ni~ous oxide 
which has no doubly ionized -~ 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=-~2N0-{-0=. A small peak for 
water was usually but not always produced 
by rfitrogen dioxide. 

The apparent concentrations of water, c a r -  
bon monoxide, carbon dioxide, and oxygen, 
which were found in the mass spectrum of 

nitrogen dioxide, were not as large as the 
pattera 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. On a particular day at a given 
pressure these minor mass peaks were nearly 
as reproducible as the principal 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 
second filament (table 48).  The decreased 

TABLE 46.--Mo~s spec~ro2 ~ e r n s  of NO, o~ ~g~op.~ 
! 
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. . . . . . . .  j . . . . . . . .  . . . .  . . . . .  ,, o o . , . . . . . . . . . . . . , . . . o  . . . .  , . . . o . . . .  

• . ,  . . . . . . . .  • . . . . . . . . . . . . . . . . . . . .  , . . . . . . .  , . . . .  . , . . ,  . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . .  , . . . . . . . .  , . . . . . . . .  , . . . . . . . ,  

46.3  59.3  35.9 7 / . 8  117 ~ 400 
• 5 .4 . . . . . . . .  ., . . . . . . .  . . . . . . . . .  , . . . . . . . .  , . . . . . . . .  

352 382 336 ~ 604 '706 96.5 
1.0 1.0 ........................................ 
4.4  6.2 ,5.9 12 Z5 26 35 

23  3 3  19 26 4 8  "140 340 
100 '100 I 0 0  100 100 100 100 

. . . . . . . .  . . . . . . . .  . . . . . . . . .  , . . . . . . . . , o . .  . . . . .  . . . . . . . . .  , . o . .  . . . .  . . . . . . . . . . . o ° . . ° . .  

. . . . . . . . . . .  . . . . . .  0oo . . . o  , . . . . . . . .  ° o . . . . o  . . . . . . . . . . . . . . . .  

8.8 8.5 8.64 ~ 7.1 6.4 5.1 

Specu,  s o b t ~ m d  w i t h  b l end  o f  2 l~erceut  .',~O~ in  be l lum.  E~ectJ,  v e  NO= ~ m m . n m  c s 3 c u l s t ~  on  ~ i s  
~ e ' c u t a b l e  ion. 

s O m s b ~  c l m r ~ e d  ton .  
• Z ~ t o ~ e  peLk .  

• ~ - B ~ ' ~ a e  m a ~  E8 sem~t/v i t3,  ";.73 d iv is ions  ~ m i c z o o  : ~, -but=~e 43 /58  r a t i o .  7.87. 
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TABLE 47 . - -Ap:~ren t /mpuz/ t / e~  produced 
in spectrometer b~" niProgen d~x'ide, micro~ 

( ' J~ rp l e~  d . t t a  a t  lOG e n d  o~. 8 z~l~o~ ~h~r 8 =aooth~ o~ 1~0~ r ~ )  

Compound [ 100/~ or NOs 5 # of NO~ 

H~)? ............... 0.2 0.2 
3.O. .5 

co~. . . . . . . . . . . . . . . .  ! .2 . t  
o : . ~ i i i i i i i i i i i : i i  1.o. .t 

44, 28, 18, and 12 peaks were at tr ibuted to 
decreased carbon dioxide, carbon monoxide, 
and water  through improved conditioning 
with time. Temperature  effects were inves- 
tigated only sligh ~tl~ y. Results indicated tha t  
the nitrogen dioxide spectrum is temperature-  
sensitive. The la rger  parent  peak sensitivi- 
ties and smaller pat tern  values, which re- 
sulted f rom operation at temperatures  lower 
than the usual 250 ° C, should promote more 
accurate analyses of mixtures. 

TAB LE ~8.--NO, patterv~ at 100 micron.s 
obtained with ~wo di~erent mass-specProvn- 

eter filaments, percent of moss/~6 peak~ 
Mass [ P~l~nent I i 

1" . . . . . . . . . . . . . . .  i I.e8 
14 . . . . . . . . . . . . . . .  °.9.6 
16  . . . . . . . . . . . . . . . .  I 78.1 
18 . . . . . . . . . . . . . .  [ 2.13 

32 . . . . . . . . . . . . . . . .  I 3.32__ 
. . . . . . . . . . . . . . . .  ~ 5 . 0 0  

46 . . . . . . . . . . . . . . .  i 100 

F i ] L , ~ e n t  2 ~ 

* 1.45 
40.2 
92.3 
:0 

"-15.8 
2 9 8  

4.19 
+'- .39 

100 

s S e n s i t i v i t y  of  mJms  16. in  cL iv i s iou  p ~  m i ~ o n .  10 . t  fo~ f i l amen~  
1 : 9.10 fo r  £1~men t  2. 

"- D¢¢remm~l ~ 1 ~  fo r  CO. CO:. a n d  H=O a r e  a~trib~L~bk to  i m -  
pt"ovt~ eond i t lon iu lc  w i zh  ~.ime. 

SPECTRA FOR PRESSURES BELOW 15 MICRONS. 
- - I n  contrast to the approximate constancy of 
spectra for pressures above 15 microns, meas- 
urements below 15 microns showed large 
variations with decreasing pressure (fig~ 
24-25, 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 -{- 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 a given 
pressure was shown by mass 46 sensitivities 
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for  six successive runs in the region of  4 mi- 
crons (fig. 25). Mass 46 sensitivities were 
fairly reproducible f rom day to day;  all of 
the other mass peaks were reproducible only 
on the same day. Although the apparent  im- 
purit ies are large, as shown fo r  5 microns of 
nitrogen dioxide in table 47, the i r  stability 
on any given day permits accurate analyses. 
Spectra fo r  nitrogen dioxide par t ia l  p r e ~  
sures below 0.5 micron are possible by  utili- 
zation of a higher  electron catcher  current.  
Pa t te rns  and sensitivities obtained at  50 mi- 
crvarnperes compared favorably with results 
at  the usual setting of 10 microamperes 
(tables 49-50). 

TABLE 49.--N0_. mass spec t r a /pa t t e rn~  at  
ionizing currents of 10 and 50 ~az 

',mr,,._ z o ~  curt,eat m,,m-~..~,,t: ........... I " ' ~ i  

16 . . . . . . . . . . . . . . . . . . . .  

2 8  . . . . . . . . . . . . . . . . . . . . .  

AA . . . . . . . . . . . . . . . . . . . . .  
4,6 . . . . . . . . . . . . . . . . . . . . .  

~ v i W  ~ m 46, 
¢ B w  p e r  m i c r o n  . . . . .  8 . 1  &G ~S 

• P a t t e r n  ~ l m m  m k~ee¢  t l m u  eo lv~lpolu l l~ :  s e a h ~ l  i n  tak4e 46.  
b e ~ u ~ e  of  b ~ . r  c o m U t l o n l u l r  on  t h ~  ~ & w .  

Speclara  ob ta imml  w i t h  ~ 04[ • p e ~ e s t  N O g  in  kQllwm. Ef fec -  
t i ve  NO~ prlmm~m ca l cu l a t ed  on  this Imsls. 

TABLE 50.--Moss spectra/ m.rnthet/c b/end 
an~yM.s a~ 50 ~¢~, mole-percent 

(Total pressure, 100 microns) 

I . ~ o . . ~ o  t co I co.  t ~. I " "  

Ms , ~ , . - ,  . . . . . . . . . . . . . .  t o -  I o . -  t o . .  I - ~ -  o [ - ~ -  .~ 
s>-au'~tic bie~d ........... I .Ts ~ .~ I .s4 I .s4 I .s4 ~.z 

Mass Spec~a of Nitric Oxide and N/trous Oxide 

The mass spectra of n i t r i c  oxide and n i -  
t r o u s  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 par t  of the 28 peak are due to carbon 
monoxide. The remainder of the 28 peak is 
at tr ibuted to nitrogen, which was present 
probably bemuse of slight nitr ic oxide de- 
c o m p o s i t i o n  a c c o r d i n g  to  t h e  e q u a t i o n ,  
2NO ~ N.. + 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 ni tr ic  oxide spoc- 
t rum was constant and independent of par- 

I ~  L ' ~ T ) A T A  'lO"J,-': 
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tial pressure. No conditioning was required; 
the small peaks due to carbon monoxide were 

TABLE 51.--Mm~ spec~raZ ~el'~e,rns of ~ ' ~  
oMde, ~trous oz~Ze, and ~d~ge~ d~ozide 

NO N,O 

12 . . . . . . . . . . . . . . . .  0.31 0 .14 
1 4  . . . . . . . . . . . . . . . . .  1 2 , 1  16.8  
15 . . . . . . . . . . . . . . . . . .  ~-5~ , 1 4  
1(; . . . . . . . . . . . . . . . . . .  "--7:; 6,05 
19.6 . . . . . . . . . . . . . . .  t . . . . . . . . . . . . . . . . . . . . . . .  

28  . . . . . . . . . . . . . . . . . .  5,64 18.1 
29  . . . . . . . . . . . . . . . . . .  05 .23 
30  . . . . . . . . . . . . . . . . . .  X0Q 38.3 

3 1  . . . . . . . . . . . . . . . . .  .~7  .13 
. . . . . . . . . . . . . . . . . .  .23 .15 

44  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100  
45  ................................ T5  
46 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ..~.~I :::::::::::::::::::::::::::::::::::::::::::: 

S ~ m d v ~  W ~ * , ~ a ~ . - i ~  
~ v w ~ a  per  ,,,;er~n' . . . .  44 .6  33 .0  

NO, 

2.45 
4O.2 

: .24 

15.8 
.41 

~98 
; . 0 9  
4.19 

.39 

tO0 
.59 
.36 

9.10 

z M e ¢ ~ t t a b ~  igm. 

= ~.buta .ue  mmm 55 sens~tiv~t:,, %,'3 divis ioms ~ m i ¢ ~  

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

The principal peaks of ~it-zous oxide are 
the 44, 30, 28, 16 and 14. Besides isotope 
peaks there was only one other peak, a small 
mass 12 for c~bon monoxide. But the con- 
tribution of carbon monoxide to the 28 peak 
was less than 10 percent of the total  
Analysis of Nitrogen D~ox~de in 1~xxlures 

S~the~ic Ble~Is.--Blends were prepared 
both by mixing in the instrument by means 
of the micromanometer and in a conventional 
blending system. The f o m e r  method has the 
disadvantage that the blend cannot be re- 
rained for future runs, but the elimination 
of reaction or contamination in an auxiliary 
blending system is an important advantage. 
The blend analyses are tabula~md in table 52. 
In all cases nitrogen dioxide rmlibrations were 
made at the stone time, although past cali- 
brations were often applicable. Conditioning 
of the system for nitrogen dioxide does not 

T A B L E  5 2 . - - M ~  ~ec~ml a,ze2y~es of ~j',,tl:e~ic b~zd, s co~zf.c~,g 
NO, = ~  NO, mo~,-p~rce~ 

S~the~c Blenda Prepu.red Direc t ly  i n  M ~  S p e e l : r o m e t e r ;  M i = o =  P r e m u ~  M ¢ ~ e e m e n t a  b y  M i = o m a n o m e t e r  

~MS ~=~,.I:,-~ ................ 
1 ~Sy~tbe~¢ . . . . . . . . .  I 

i 
/ ' J s  , = , d ~  . . . . . . .  I 
~ s ~ ¢  . . . . . . . . .  I 

~MS ~ . . . . . . .  
~ s ~ = d ~ ¢  ......... 

4 I~s - ~  . . . . . . .  : . . . . . . . . .  
~ } ' = ,  kedge . . . . . . . . . . . . . . . . .  

s I Ms "=~'i' . . . . . . . . . . . . . . . .  
,Sy'ntber~c . . . . . . . . .  

) ' M S  - -  - ~ > ~ a  . . . . . . .  4 9 . 0  
6 ~ S y ~ t b e ~ ; c  . . . . . . . . .  4 9 . 8  

~ M S  a n a ~ } ~  ....... 78.3 
T ~Sratbe~.ic . . . . . . . . .  78 .9  

;MS a = , ~ , ,  . . . . . . .  ";4.4 
~Sy 'nrJ~t~c  . . . . . . . . .  ";4.3 

~MS ~ ,  . . . . . . . . . . . . . . . .  
9 ~S~m~ie . . . . . . . . . . . . . . . . . .  

10 ~MS a ~ a ~  . . . . . . . . . . . . . . . .  
~ S ) ' n ' c ~ e  .................. 

11 / M S  m . d ~ i ~  ................ 
l S y n t / ~ t ~ c  . . . . . . .  ; 

~ M S  - - - ~  . . . . . . . . . . . . . . . .  
~ S , , ~ a ~ c  . . . . . . . . . . . . . . . . . .  

~ M S  a = . . I r s . ,  . . . . . . .  i . . . . . . . . .  
~3 ~sr . th~e  . . . . . . . . .  ! . . . . . . . . .  

91.3 
91  ° 

90.5 
90.0 

85.3 
8 5 3  

90.6  
90.4 

94.5 
94.9 

50,8 
50.2 

4.V 
5.0 

4.9 
5.1 

60.3 
59.0 

5.1 

9.4 
I 0 . 2  ° 

I 1 .0  
11.6 

9 . 5  
10.0 . . . . . . . . .  

14.7 . . . . . . . . .  
14.'; . . . . . . . . .  

9.4 
9 . 6  . . . . . . . . .  

5 . 5  . . o . . . . . .  
5.1 . . . . . . . . .  

.2 . . . . . . . . .  
0 . .  . . . . . . .  

5.0 . . . . . . . . .  
5.4 . . . . . . . . .  

5.0 ::::::::: 

: : : : : : : : I : : : : : : : : :  

3.9 . . . . . . . . .  I 
4 .0  . . . . . . . . .  

......... I 15.1 

......... I 15.0 

1 0 . l  | 12.1 
9 . 6  I 12 ,0  

11.1 1 14 .1  
11.2 I 13.6 

. . . .  , . , ° .  

5.G 
5.3 

~.1 
4.9 

13.1 

15.2 
15.0 

I 9 . 4  

13.5 
13.6 

o . . . . . . .  

. o . . .  . . . .  

: : ' : = Z : I  

4.5  
4 .7  

"3 .1  
t 3 . 3  

15.3 
15.1 

1 o 0  
12.1 

14.1 
18.7 

. . . . .  o . . .  

6 . 4  
5 .4  

6.1 
5 .7  

IN 
31.0  
31.6  

25 .2  
25 .4  

28 .6  
28 .?  

, . o  . . . . . .  

. . . . . .  o . .  

. . 1 o  . . . . .  

4 . 3  
4 . 3  

8 . 3  
8 . 4  

6 .T  
6 . 8  

7 . 6  
7 . 6  

........ Z%'.Z':IZ:Z=L 

.......... , ...... l ......... 

................. I-.. ...... 

.......... • ...... I-.-...... 

................. • I ......... 

........... • ...... t ......... 

.................. ! ......... 

::Z: i:::::::iIi:::::::/ 
. . . . .  . . . . . . . . . . . . .  i . . . . .  . . . .  

. . . . . . . . . . .  o . . . . . .  i . . . . . . . .  • 

-~9.'/ . . . . . . . . .  , . . . . . . . . .  
4L0 ......... , ......... 

44.1 ......... ,.., ...... 
43.8 .................. i 

. . . . . . . . .  1S.1 I . . . . . . . . .  

. . . . . . . .  ~:" 1" 

Sy'e,t.bet:ie B l e ~  Prept.re~ on  Convent~onsl  Blend]n~ S y s ~ z ~  With M ~ c u r y  Mffinometer 

I ~xS am,J~ ....... , ........ 

S ~ e u c  ......... [ ........ 

I MS s=a~yL~ ....... , ........ 

Sy'nLbeUc ......... , ........ 

I MS *=a]yms ....... L ........ 

S~t~ez~e ......... ~ ........ 

G.5 
7.0 

6.3 
7 _  ° 

6.5 
7.1 

5.0 ,. . . . . . . . .  
4.9 . . . . . . . . . .  

5 .  ~ I . . . . . . . . .  
4 . 9  . . . . . . . . .  

4 . 6  . . . . . . . .  
4 . 9  . . . . . . . .  

4.9 J 4`7 4 .9  4.9 

4.9 4.4 
4.9 4.9 

4.9 3.4 
4.9 4 .8  

4.8 

4 . 9  

5 . 2  
4 . 9  

5 . 4  
4 . 9  

. . . . . . . . . . . . . . . . . .  i . . . . . . . . .  ~¢o  
73.4 

. . . . . . . . . . . . . . . . . .  I . . . . . . . . .  I, o . . . . . . . . . . . . . . . . . .  i . . . . . . . . .  
73,~ . . . . . . . . . . . .  . . . . . .  J . . . . . . . . .  
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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 react spGntaneoualy at  
atmospheric pressure, formed no nitrogeu 
dioxide at 90 microm~ This was demonstrat- 
ed by blending nitric oxide and oxygen to a 
pressure of 90 microns in the _spectro.meter; 
after  30 minutes no 46 peak for  mtrogen 
dioxide had appeared (table 53). 

Blends 1, 2, 4, and 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 cah'bration 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 cah~nration 
runs and by correcting for  the mass 30 back- 
ground. Lower accuracy, within I 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 cah'bration 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. Prelim£uary 
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 reproducibil~ty 
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.--Nonr~¢~ of NO a~d O, i~ 
mic'ro~ pressure range', m o ~  

NO O~ [ NO, 

amLLvm ............... ! ~,4 I ~-6 t! 
smm~m~ ........ | S7.4 l ~.6 / o o 

• , ~ s o ~ , - , - - , u r  . . . . . . . .  | ~ n  ! ~ | 

• Total Dr~e of NO ÷ O1 mL~=re -- 895 miemm. 

Nitrous oxide 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- 

amperes (table 50). The analysis was made 
with a total pressure of I00 microns; no at- 
tempt was made to concentrate the nitrogen 
dioxide with a re f r igeran t  

Procedure for An61ysis of N~trogen D~ 
o z / d e . -  Analysis of ~ containing 
nitrogen dioxide can be carried out by the 
following procedure: 

Construct a working curve of partial 
pressure of nitrogen dioxide versus n~-Q 46 
peak height (fig. 26). 

Prepare a table, or graphs, of pattern., val- 
ues at  various partial pressures of m ~  
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 diomde 
at partial pressures corresponding to those 
found in the mixtures. 

Subtract the nitrogen dioxide contn"vuUon 
from the mixture spectrum and proceed with 
analysis in the usual way. 

The applicability of previously determined 
working curves of peak heights versus nitro- 
gem dioxide partial pressure must be checked 
dally. 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 
standard compound. 

ANALYSIS OF SAMPLES CONTAINING MOBE 
THAN 15 MICZONS (AFrEg EXPANSION) OF 
NITROGEN DIOXIDE.---The working curve is a 
straight line for  partial pressures above 15 
microns, and therefore is easily corrected if a 
sensitivity check indicates a ~ Patterns 
are nearly constant in this pressure range 
and are also easy to adjust. 

ANALYSIS OF SAMPLES CONTA/lqIIqG LESS 
THAN 15 MICRONS (AFr/~ EXlDAN$1ON) OF 
Nrreou~ DI0XID~--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 
day to day, nitrogen dioxide patterns must be 
run on the same day and at  the same partial 
pressure as that found in the sample~ 
means running calibrations after the sampms 
instead of before. 

Analysis is simplified if most of the l~ttern 
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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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 p .a~i~ pressure into the less 
troublesome regzon 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 beau 
conditioned by long exposure to nitrogen di- 
oxide (83). Red-fuming nitric add was in- 
vestigated because of its importance in rocket 
propulsion. Reproducible mass spectra were 
obC~dned after conditioning with nitrogen 
dioxide or nitric acid. 

Ezper~ental 
Liquid red-fuming nit'He add (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 

sample bottle was immediately sealed with a 
ground joint and stopcock assembly, 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 o£ 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 rrdcrons. Dur- 
ing any break in operation, conditioning was 
maintained by treatment with nitric acid at 
a pressure of 100 microns until operation 
resumed. Eventually the conditioning pro- 
cedure was shortened to running 100 microns 
of nitric acid for i 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. 

l~.esults and DLscu~on 
The spectrum of red-fuming nitric acid is 
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shown in table 54. Reproducibility is illus- 
t ra ted  by spectra f rom duplicate sample in- 
troductions. The apparent  assignments are  
given for the various ions of the spectrum. 
In  the m a ~  spectrum of  both ni trogen diox- 
ide and nitric acid, ions containing carbon 

(masses 44, 28, and 12) are unavoidable in 
an instrument used for mass-spectral deter- 
minations on hydroearben~ Nevertlmlem, 
analytical appHeations can be made, as the 
m~ss-s1~c, tral peaks for these carbon-con- 
taining xons become reproducible (table 54). 

TABLE 54. - -Succ~i~e  m a ~  special 1~t tcr~  of ~,d-f'~ming nitric add 

m/e. percent o f  mass  46 peak: 
1 2  . . . . . . . . . . . . . . . . . . . .  
1 4  . . . . . . . . . . . . . . . . . . . . .  
16 . . . . . . . . . . . . . . . . . . . . . .  
17 . . . . . . . . . . . . . . . . . . . . . .  
18 . . . . . . . . . . . . . . . . . . . . . .  
2 8  . . . . . . . . . . . . . . . . . . . . . .  

3 0  . . . . . . . . . . . . . . . . . . . . . .  

3 °- . . . . . . . . . . . . . . . . . . . . . .  

4 4  . . . . . . . . . . . . . . . . . . . . . .  

4 6  . . . . . . . . . . . . . . . . . . . . .  

6 3  . . . . . . . . . . . . . . . . . . .  

73 . . . . . . . . . . . . . . . . . . . . . .  
JD . . . . . . . . . . . . . . . . . . . . . . .  
77 . . . . . . . . . . . . . . . . . . . .  
7 9  . . . . . . . . . . . . . . . . . . . . . . .  
8 1  . . . . . . . . . . . . . . . . . . . . . . .  

Sensitiv~tT of molecular ion, in 
divisions per micron: 

Molecular ion ............ 
.-Butane mass 58 . . . . . . . .  

Prc~ur¢. microns ............. 

A'- 

0.58 
10.4 
21.7 
24.4 
49.4 
20.0 
85.7 

3.63 
2.19 

100 
'2.07 

.96 

.21 

.11 

.26 

.13 

.268 
6.3~5 

119.4 

Relative intensiW 

HNO, 

B= 

.056 
9.02 

19.8 
24.8 
53.6 
20.4 
84.4 

3.61 
2 . '~  

100 
~.04 

.78 

.24 

.12 

.25 

.I1 

.259 
6.35 

114.1 

N0..l 

1.45 
40.2 
92.3 

*0 
15.8 

298 
4.19 
=.39 

'100 

9.10 
7.73 

100 

A.ppaz~t 
a t  

C-e 
N* 
0 + 
H0 + 

C0 ÷, N :* 
NO* 
0: ÷ 
C0: + 
NO:  + 
HNO~ ~ 

' Ni~roa 'ea  dloxid¢ I ~ t t e m  ir . . luded for  e o m ~ r i s o n .  
2 Dup l l c l~e  sample int rodu~ion .  

CO= and H~O l ~ m b  ifl NO:  sp~ '~ rum ~-~ty eo~ide~-ably  wi th  eEtlmt Of 
* MolecuIRr ien uader l ined .  

e o n d i t i o ~ .  

No investigation was made into the origin 
of the small mass peaks at  73, 75, 77, 19, and 
81. Obviously they cannot be at tr ibuted to 
fragmentat ion 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 li samplingeate system at  mi- 
cron pressure~ dup 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 
f rom the mass 63 peak, and ni trogen dioxide 
f rom the mass 16 peak. Mass 16 suffers less 
than mass 30 f rom the interference of nitric 
acid. Mass 30 may also be used fo r  calcula- 
tion of nitrogen dioxide in the presence of 
ni t r ic  acid ; because of its g rea te r  sensitivity, 
the mass 30 peak should be advantageous for  

analysing small concentrations of nitrogen 
dioxide. 

Rhenium Rlaments are expected to reduce 
conditioning procedures and the product ion 
of in ter fer ing  c;,rbon-containing ions, and to  
afford g rea te r  sensitivity and accuracy of  
analyses of both nitric acid and nitrogen 
dioxide (73). 

For  ana~.ysis of liquid mixtures of n i t rogen 
d i o x i d e  a n d  n i t r i c  a c i d ,  w h e r e  l a r g e  s a m p l e s  
are available, volumetric methods a re  more  
accurate than  the mass spectral method. Fo r  
a n a l y s i s  o f  t h e  v a p o r  p h a s e  o r  o f  t r a c e  q ~ a -  
t i t l e s  o f  l i q u i d ,  t h e  m a s s  s p e c t r a l  m e t h o d  i s  
m o r e  a c c u r a t e .  

Determ/ncrtion of H~S a n d  
Vapor-Phase  H20 

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 spectrometer analyses were al- 
ways low and the H=S in the stopcock grease 
was eluted as background in subsequent sam- 
plea. Inlet systems supplied with instru- 
ments produced since about 1950 are metal 
with metal valves replacing the stopcocks. 
The m/cromauometer has replaced the mer- 
cury manometer, which, while still connect- 
ed, can be isolated from the syste~ The 
only adsorption in the present system is in 
the stopcock grease of the sample bottle itself 
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..0 vapor. Since the water 
was in the vapor phase, the instrument had 
to be conditioned for both H=O and H=S. The 
following technique, using the flow system 
sho~vn 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. 

/ 

:2 

5 

~5 

C MicromQnomlller 

8' To Isatron and analyzer tube 

C Cos s~mp~ in~l 
D To ori f ice l~quid somple anlet 

E To wocuum pumps 

F B- l i ter  ezponsion volume 

FI~'~ 27.---S~¢matlc Diagram of Flow System in 
Mass Spectrometer Inlet System. 

IN MASS SPECTROMETRY 

2. The sample bottle was attached to the 
inlet system (C) and the system pumped to 
the sample-bottle stopcocl~ 

3. A water sample was introduced through 
the orifice (D) with valves 2 and C. 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 3 
closed, the system was pumped out, two cali- 
hration samples were bled from valve 3 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 system was then 
pumped out again. 

6. A sample was admitted %o 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 
technique were compared with the synthetic 
values, Tutwiler analyses, and methylene 
blue determinations: 

M~ 
Slr~Aet~ T.t~-r Mct~ B~e a ~ c ~  

2,5 2.0 12. 2.3 
1.o 1.o .5 1.o 

.6 .7 .6 .5 

.3 .3 .3 .I 

The Tutwiler method, used to 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 compaxe 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 (HI)) 

The direct chemical preparation of hydro- 
gen deuteride, 994- percent pure, was re- 
ported by Wender, Friedel, and 0rchin (9?). 
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 determination of 
hydrogen-deuterium mixtures, as in the cal- 
culation of equilibrium constants for the 
reaction of H=+D=z~2HD (81). The un- 
known production of D+, mass 2, from frag- 
mentation of HD interferes with the amalysis 
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TABLE 55.--Ma.~ ~oe~m/ana/ysu  o! 
synth~t/¢ b/esd~ o l  vdt,r /c M 

nitrogu~ dioxide, ~r~ole-,p~ce'rft 
~ S y a t l m f i ¢  t d ~ d  M S  a n a l ~ m  

1 ' ~HNO, ( 1 6 3 )  . . . . . . . . .  71.1 68.7 
~NO, ( l  16). ~ 31.3 

.rH..N0, . . . . . . . . . . . . . . .  90.3 91.0 
" ~NO= ................... 9.7 g.O 

IHNO, ................ 9~.6 93.9 
$ tNO= . . . . .  5.4 (;.1 

z B J e ~  n r e l ~ u d  d J r e e t ~  i n  m u m  s p e c t r o m e t e r .  ]KJc~u  p r m -  
! ~ i ~  m e n s u r e m e ~  bT ~ r .  

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 detenained directly because of the 
interference of unknown H= impurity. This 
di~culty was.circumvented by measurements 
of rates of diffusion through the leak system 
of the mass spectrometer (~). Relative 
rates for H.., measured at mass 2, and for 
HD, measured at mass 3, were found to be 
IY_72 and 10.48 percent per minute, respec- 
tively. These two values were plott,~ versus 
H: and HI) percentages, and a straight line 

HD 
~00 8 0  60 4 0  20 C 

~2 

o t  m o s s  2 
O NO som;) le I P u r e  H 2 ~ 1 t  
~ )  Syntl~el~: bler~o o t  H2 / J 

. oo,, ,~o s o ~ , ,  e /  i 
; ,7 ~o , ~ p , e  z / I 
E • Synthetic blend of H z ~"  t 

9 

w 
i-- 

P u r e  HD 
tmoss  2,) 

2 0  4 0  6 0  8 0  t O 0  
H 2 

F ~  28~--Rate of Diffusion Curve for I )~ .rmiaa-  
t:~ou of H. Impurity and Relative Abu~lance of  
D+ F'ro~ KD. 
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was drawn between them (fig. 28). Then, 
measurements were made at  mass 2 for  two 
samples of HI) with unknown H.. impurity; 
thus, the rates of diffusion were due to mix- 
tm~s of HI) 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 t.he percentages of H~ im- 
puri ty and the relative abundance of D+, 
1.13~0.05, were determined. Composition 
of one high-purity HI) sample was found to 
be 98.8 pe.~cent HD, 0.4 percent H2, plus 0.8 
percent D: determined by direct analysis, 
compared with 99 percent HD by chemical 
analysis. Linearity of the relationship, rate 
of  d i f f u s i o n  ve r sus  c o n c e n t r a t i o n ,  was 
checked by measuring the rates for  six syn- 
thetic blends of HD plus small amounts of 
H... The resulting points fit the s t r a~h t  l i ~  
within experimental error of the measure- 
ments (fig. 28). 

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

TABLE 56.---Maz8 ~'pectra of H=, HD, 
cmd D, 

1o~ ] H ,  H D  D ~  

mcd~'~Lar.ioa po~k: 
t . . . . . . . . . . . . . . . . . .  H .÷ '2 .01 0.82 ~1.0~ 
2 . . . . . . . . . . . . .  I I , ~ r , D  + J  S . . . .  , I00 .0  l .Lq . . . . . . . .  

. . . . . . . . . . . . . . . . . . . .  ~ t 00 .0  . . . . . . . .  
• . . . . . . . . . . . . . . . . .  D~ ÷ , . . . . . . . . . . . . . .  1 0 ~ 0  

zoo. m v m c m s  mLcme ] :~S.4 ?-S.5 °..5.6 

t C o r r ~ m m d i a z  ~ f r o m  r l f e ¢ ~ ,  i s  ? . ~  
C o r m D o m i i a •  v a l ~  f rmB M e ~  • i s  1 ~ 2 .  

• C o r n m ~ n d i m g  v a ] ~  f r o m  ~ t . r e m e e  • i s  1.9.  

D:, 0.8 percent HI)) are given in table 56. 
Data were obtained with 70-volt e l~a~as  
and magnetic scanning. I t  will be noted that 
the total monstomic ions from H= and HI) are 
practically equal and are twice the amount 
of monatomic ions obtained from D:. The 
values for  H+ and D+ from H= and Do, 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 D2, 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 (~5). 

Equilibrium constants at 500 ° C for Hz W 
• Rm~ me~ur~m~tJ  w e ~  made i n  | m J ° ~  o r  lem m ~al~lmize 

pol  . . .e " i ~ u  N ~ r a t i o a  : l i B a r i t y  of  t he  N m l l o l  p ~  a t  clif- 
f , i o n  r a t¢~  l o d i m t e d  t h a t  R p a r a t i o o ,  i / a z W .  ~ 
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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 Kso.c in table 57 is 3.87----.0.02, as 

TABLE 5 7 . - - ~ C a ~  of equiHb~um 
c~.,sta~ts ~ 500 ° C' for H, -b D, ~.~ 2HD 

from ~ ~e~rcd  a ~ y s e s  
Mall 2 ¢ ~  for D ÷ from HI)  

,,, 

D,. t HD, H. .  ,Sample p c ~ m ~ t  p e r c e n t  X l o ~  • 

& . . . . . . .  ~9.1 48.5 14.4, 3.84 
& ....... ~ 46,6 14.6 3-~4 
]~ . . . . . . .  4LG 4~5 L ~ 9  3 .86  
B . . . . . . .  41.6 45.5 1Z.9 3.86 
C . . . . . . .  5.%1 38.1 6.8 2.90 
C . . . . . . . .  ~ $ L I  S.7 8.$0 

,A'v="N~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8,87 =1~.02 

No H~D 
c o - - o n  

I'~ | I oo 0 

3.71 
3.71 
3.71 
&f2 
3-68 

3-70-~-reY 

Km* c - 3 .~ .  

compared to the theoretical value of 3.83 
(99). If mass 2 values are not corrected for 
D+ ions from HI), in these samples of low I-I= 
content, the average K,o.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,u.c of 
3.75~-0.07, 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 sensitivity in which the be- 
havior of the instrument, when running a 
given gas, depends on the nature of the gases 
which were introduced previously. I t  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 $harkey (7#) and Sharkey, 
Robinson, and Friedel (77) have studied the 
conditions causing gas sensitivity 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 routine opera- 
tion of the mass spectrometer, in routine gas 
analysis, it is advantageous to employ con- 
stant pressure samples. With the automatic 

I N  M A S S  S P E C T R O M E c I ~ Y  

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 micropipst 
permits rapid and reproducible sample 
introductions. 

Anomalous negative peaks have been ob- 
served in the mass spectra of several gases 
including 0=, N:, CO and CO-.. A study was 
made of this phenomena, and a mechanism 
was proposed (75). 

Condit ion/r ig of 
M a s s  Spec t romete r  F'zlaments:  
Tungsten Cc~bide Formation 

The so-called conditioning of mass-spec- 
trometer filaments is a 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 a well-conditioned filament and a 
so-called nonrecoverable filament. The con- 
ditioning technique is somewhat arbitrary 
but usually 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 spectral 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 a non- 
recoverable filament. These filaments are 
discarded, resulting in lost operating time 
for the mass spectrometer while a new fila- 
ment is being installed. This problem is 
particularly acute in high-tsmperature 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. 

197~. 
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Information related to the carbiding of 
tungsten filaments has been published by 
Andrews (4), Dushman (23), and Strong 
(89). The information issued by the last 
two authors has been collected from a vari- 
ety of source~ 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.]2 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 temperatures, 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 2~00 ° K. Andrews (~) was able to 
corr--.Aate the cold conductance of tungsten 
filaments with the carbon content. 

} 

wZ¢ 

CkI|Ok. Se¢ctn, 

F x ~  29.--Chauge of Couduetanee With Carbon 
Content for ~ m g s t e n  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 
(5I), 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 

during mass-spectrometer conditioning re- 
sults from a bulk, not a surface, eha~e.  
Changes in filament current must therefore 
result from the presence of varying amounts 
of W, W,C, and WC. These changes are 
observable in 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 (~) and 
Dushman (,°8) concerning the formation of 
tungsten carbides follow. Conditioning can 
be done by almost any hydrocarbon; bow- 
ever, when an oxygen atom is present in the 
molecule, conditioning proceeds more slowly. 
As an example, alcohol carbonizes roufhly 
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 resuR 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- 
stem 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 wiZain 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 (*) 
examined various tungsten-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 diffractimi techniques 
were used in addition to microscopic exami- 
nation of selected sections of the filaments. 
The filaments investigated were first divided 
into segments approximately 1/3~-inch 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 conditiordnN with 2-butene fo r  
approximately 5 hours, during which time 
the current dropped from 5.0 to 4.1 amperes. 
For the last hour ths fil~.ment current re- 
mained steady, indicating that the current 
had reached a minimum value. This fila- 
ment was then conditioned with v-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 current 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 I0 
hours, the conditioning sample was pumped 
out and then readmitted. Overcc~ditioning 
of the filament was indicated, as J.e current 
increased to 4.1 amperes during the pumpout. 
To 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 
30 and 31. Cross sectional diagrams based 
on these results are also given. 0nly ~-W=C 

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 regions. 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 be~veen 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 structur~J 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 olo. 
elation, have a carbon content of 3 percent 
near the surface, corresponding to a-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- 
perat-,,re. The addition and loss of small 
percentages of carbon will occur slowly as 
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samples containing hydrocarbons and /o r  oxy- 
genated compounds are intr~uced.. Over- 
conditioning should take place mowly, oecause 
hydrocarbon decomposition is slower on WC 
and carbon than on =-W=C. 

An increase in Rlament current resulting 
f rom the loss of  carbon can therefore be e ~ -  
ily corrected by reconditioning. An increase 
in filament current, resulting ~-om the carbon 
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content being considerably above the ~.per- 
cent value, corresponds to filament conduct- 
ance values on the r ight .hand port ion of  the 
curve. The addition of carbon by condition- 
ing will s imply result  in a fu r the r  increase 
in filament current .  Operation with  the  car- 
boa content between 3 and 6 percent  can 
therefore  be correlated wi th  observed Ol:>erat- 
ing characterist ics of an overconditioned Rla- 
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merit 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 a-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 a 
filament during actual instrument operation. 
Figure 33 shows the tes~ performed and the 
resulting changes in ~Jament current. This 
filament was overconditioned by the intro- 
duction of 2-butene a'~ high pressure until an 
overconditioned, unsLeady state was reached. 
High-pressure oxygen was then introduced, 
after which the filament current declined to 
its previous normal 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 Lqlarnent was le~t in 

good operating condition, as judged by the 
filament c~rent. A_~er these tests, this 
filament operated several months, during 
which time stable operating conditions were 
maintained. 

The results of this investigation give a 
basis for many of the observations derived 
from empirical tests made in the pasf~ It 
has been observed that unstable operation 
resulting from the repeated analysis of mix- 
tures of aromatic coml~ounds could be cor- 
rected by introducing oxygen. This was 
simply a case of deconditioning the filament 
after  it had been overconditioned wit~ aro- 
r~ t i c  compounds. It  has also been observed 
that  increasing the operating temperature 
of the ion source improved the stability of 
operation when samples consistiuf; almost 
entirely of hydrocarbons are introduced re- 
peatedly. A~y increase in filament tempera- 
ture. resulting from an increase in tempera- 
ture' of the ion source heater, should reduce 
WC formation and carbon accumulation on 
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the filament sorface, as carbon will diffuse 
more rapidly with increased filament tem- 
pem~,ure. In high- ternpera turemass  spectom- 
et ry  there is a ver'.¢ definite limit to the .~xn- 
ple pressure that can be used and ~till retain 
stable current conditions; experience indi- 
cates this limit is re~ghly 50 microns. When 
this pressure limit is exceeded, definite cur- 
rer.t changes are  observed ~th 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 referred 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 t~-o 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 investi~ation should not 
only provide a technique for increasing the 
usable life of tungsten filaments but also in- 
dicate how more stable mass-spectrometer 
overation can be obtained. 

Rhenium Fdaments for 

Mass Spectrometry 

Many properties of rhenium and its pos- 
sible applications in electronics had been in- 
vestigated by Sims (8~). Several of these 
properties make rhenium a desirable electron 
emit ter .  I t  melts a t  approximately 3180 ° C, 
only 232 ° below tungsten and i ts  thermJonic 
work function is 4.80 volts, compared with 
4.56 for tungsten. Rhenium is considerably 
more resistant than tungsten to the water 
cycle, a major advantage in mass spectrom- 
etry. since many samples contain largo per- 
centages of water. Further, rhenium remains 
ductile at all temperatures and therefore is 
less likely to be ruptured by thermal or me- 
chaniczl shock. It is easily .~pot welded and 
its carbides are unstable. For the same emis- 

sion density, its evaporat ion ra te  is about 150 
tim~s tha t  of tungsten ( though still only 
about one-fortieth tha t  of  carbon) .  One may  
expect a service life of a rhenium emitter ,  
limited by evaporation alone, to be at  least 
several months a t  the emission densities ordi- 
nari ly used in analytical mass  spectrometers.  

Rhenium emit ters  have been used in two 
analytical mass  spectrometers  for  several 
years.  The tungsten wire  on a standard fila- 
ment  assembly for  a Consolidated type 21-103 
mass  spectrometer  was replaced ~ i th  a rhe- 
nium wire of  the same diameter  (0.007 inch). 
Both rhenium and tungsten heaters  have been 
used on assemblies having rhenium filaments. 
Satisfactory operation was obtained, and the 
tempera ture  of  the ion source could be con- 
trolled at  the usual 250 ° C. Fo r  the same 
emission, rhenium filaments required less 
current  than tungsten filaments, 3.0 instead 
of 3.8 amperes.  Rhenium filaments in the 
heated-inlet mass  spectrometer  were exposed 
for several months to the  same variety of 
high-molecular-weight aromat ic  compounds 
that  caused difficulty with tungsten filaments. 
Operation w:~s sa t is fac tory  a t  all times, 
without evidevce of gas sensitivity or !o~p 
formation. 

As expected, rho~nium emitters did not form 
solid carbides. Repeated .~ttempts 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 o5 
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 rela÷-ed to gradual con- 
tamination of the ion source. This condition 
was completely cured by pumping overnight. 
Improved temperature stability is indicated 
by the mass 127/mass 223 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  t imes each daywhen 
the tungsten emi t te r  was in use. Bet ter  tem- 
perature  stabil i ty of +.he rhenium filament is 
of considerable advantage m 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 oxygen into instruments having 
rhenium and tungsten emitters, indicated a 
reduction in the CO= back~ound by a factor 
of about 5 with rhenium filaments. 

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

Automatic Munometer for 
Const, unt-Pressure Gas Soznpling 
In routine mass-Sl~ectrometric analysis of gases, pressures are r', easured by manometric 

methods. Such ~.easurem~nt often requires 
manipulation of H.vpco~.~ or valves to obtain 
pressures in the do-~.ired 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 bu/lt into 
one leg; some restriction is needed between 
the legs of the manometer to retard the mer- 

cury flow when sampling is done at  near at- 
mospheric pressures. The device is 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 
pump 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 p u n t i n g  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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Fzcmnc 34.--Manometer ~or 0btatnZug Uniform Gas 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 ram. Measurements on samples of air 
were made with a micromanometer after an 
8.6-cm ~ sample had been expanded into a 3.3- 
liter volume. 

In the 70-ram (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 nncron (0.12 per- 
cent). The deviations include errors of vol- 
tune expansion and of the micromanometer. 

Table 58 :bows the reproducibility of the 
28-ram (72-micron) -~amples 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-ram introduced slowly and with extreme 
care. so that the sintered disk was barely 
uncovered. The difference in avecage pres- 
sures, 0.5 micron (0.19-ram), is presumably 
due to the slightly different momenta witl'- 
which the mercury approaches the cutoff 
point. In each series of runs the percentage 
values for spread and standard deviation 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-ram sampling 
device the standard deviation. 0.44 percent, 
represents a pressure deviation of 0.12-ram. 

TABLE 58.~ReproducibHit¥ of co~sta~tt- 
pressure go~ samples, urith ~a~iou~ 

intzoductio~t methods 
M e t l m d  
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As the sample pressure is reduced by pump- 
ing through a sintered disk, posMble 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. A~ter automatic reduction 
of the pressure to 28-ram, 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.mMozs s'pectraZ test fo~* f1~,vtion~ 
ation through ~rintered disk. DetcrmimKion 
of ratio of componen~ i~t e I to I m/,zt'~ee of 

H. and CO 
[ l ~ m a l u  ~ . ,  .~Smm -' k m o w a  r s t ~  o f  11: Io  C O .  0 . N  1 ] 

M # A a d  P.du~... I f  t lC.O 
R a p i d  a t m m p b ~ d c  p~aw~-e I m ~  

1 ........................................... O.WCJ 

3 ........................................... 

A ~ " q m  .................................... S m  

Slow l o w  p ~ m m u ~  l n c r ~ l ~ e c ~ n  

2 ........................................... 
S ........................................... . ~ 1  

A ~ ' a Z e  .................................... S t Z  

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

Uniform pressures of samples enable easier 
checking and comparing of results; ddieate 
control of valves to get nearly uniform pres- 
sure is replaced by automatic operation; and 
anaJytical accuracy is in,.-re~sed somewhat 
by the high precision of measurement of 
calibration and sample pressures. 

Self-Filling Micropipet for 
Liquid In~luet~n 

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 
small 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 I00 rmcrons of mercury (I00). 

The method herein described is a volume- 
measuring modification which is simple, time 
saving, and su~eiently accurate, and involves 
no reading errors. The method requires only 
the usual mercury-sintared disk valve and a 
self-filling 0.001-mi micropipet (2, I0) (fig. 
35; available commercially in sizes 0.001 to 
0.010.ml). 

The methods permit su~ciently good quan- 
titative analysis, as shown by the reproduci- 
bility tests in table 60 for ~z-heptane, ~z-octane, 
~-nonane, and a xylc:e mixture, both with 
air flowing through me 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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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- 
liverva 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 analysis, 
the mass peaks for air need not be measured. 
Quantitative results for hydrocarbons appear 
to be best if the pressure of sample plus air in 
the 4-liter vacuum system is kept near a 
Pirani gage reading of 0.20±0.03 ram. 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 f-da- 
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_ 

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 compaunds, 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 add up to near 1.0, approximate percent- 
ages are obtained immediately, although nor- 
malization to 1.0, or 100 percent, is usually 
necessary. 

Application with increased accuracy to C4 
alcohols, C3 acids, and other ox~-genatsd com- 
pounds was obtained by a modification of the 

TABLE 60.~Reprod~biHty of Hqu~ ~Tz~roduc~m ~ o  ~ 8  ~e~rome~er 
by O.O01-z~l ~eZf- fdH~ m~cro'pi~et 

Compommt Mmm 

m-Htp~me . . . . . . . . . . . . . . . . . . . .  100 
. . . . . . . . . . . . . . . . . . . . . .  114 

~-Nomum . . . .  
Xyk.~s  . . . . . . . . . . . . . . . . . . . . . . .  I0¢ 

Average peak heizhtl 

Airflow Mercury aexl 

55O (S) 50o (5~ 
PSI fS) 271 (5) 
225 (6) ~,.~5 C73 
213 (6) 212 (6 ~. 

Average dev~.don from 
aver'aEe, p~rc~nc Maximum spread, percent 

Airflow Mercury ~ Airflow Merctwy seal 

1.8 4.6 
2.S &5  
4.5 7.3 
3J~ 8.6 

0.6 1.4 
.7 2.0 

1.6 ~ 5  
12  2.1 

t ~ i= ~ t l = e ~  = ~ r ~ e n t  ~=umbe.r o t  roJ=~ 
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mercury seal method, which consists of for- 
cibly squir t ing sample and mercury through 
the pipet and onto the sintered disk. 

TABLE ~l.--Ma.ss spectrcl analyses of 
synthetic blend introduced with O.O01-ml 

seZf-fdling m~crovipet, votume-,percent' 
Component ; S3mr.bede b k ~ l  M S  umdysis I M S  amdylfl8 2 

n - N ~  . . . . .  ~.2 3.,% S J  

: , i s  ' ;~ r~4 
4-Me~ythe1~mle .  ~ 4.3 ~'9 
m - H ~ , - -  ....... ~ 4.9 4.5 

s A t rSow ~ ~ f o r  c a h ~ a t l e a  ~ d  i m g ,  les. 

Anom~ous Neqative Peaks 
in Mass Speem~ 

In the mass spectra  of the gases 0=, N:, C0, 
and CO=, negative peaks have been found 
approximately two mass units lower than the 
peaks of the positive molecular ions. Arnot  
(5) and Sloane and Press (85), using mass 
spectrometer  tubes of special design, ob- 
served negative peaks corresponding rougt~y 
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 ei ther  (1) capturing 8n- 
other electron to form a negative ion of the 
same type, or  (2) t ransferr ing the energy 
of the positive ion to another type atom on 
the surface, which in turn captures an elec- 
t ron to fo rm 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 
tub~ This indicates tha t  the source of the 
negative peaks is in the region of the exit 
slit of  the analyzer section and probably 

arises f rom a nonconducting layer on the exit 
slit plate. A schematic diagram of  this pos- 
sible source of negative ions f rom carbon 
monoxide is given in figure 36. With field 
conditions set to focus positive ions of mass 
26, mass 28 ions 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 nun. 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 i t  possible 
for  them to be collected. In figure 37 is 
shown a negative peak nea r  mass 26.2 on the 
portion of a CO spectrum. 

Table 62 gives the rat io 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  0=, 0.42X10% and for  CO.~ 
2.3 X 10-'. 

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 

Ion C o l l e c t o r  
sou rce  

/ !  \ / /  
2 8 t  / 

Fzgu=z S£--P~le Souwe of Nesa~Ive PeakL 

Moss 2 8 - 2 9 - 3 0  ~ Negotive moss 
26  peok 

$7~A, Portion of CO Spectrum; B, Reprodum'n~ty af Ne~t lve  Ma~ =6 Peak. 
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negative /on of another t y ~  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 
t h e  same shape. If  a transfer of energy were 
involved, the ions formed would possibly 
have a large energy spread giving broad 
peaks. Therefore, the negative peak in the 
spectrum of N.. is probably due to Nz-. 

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

determined, this reLsfdons}dp was l i n e r  up 
to three times normal operafin~ 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.- -R~o of nege, ff~e ~o !oos~e 
io~ pea/~s 

Gas R~o 
N s  ....................................... 2.9x10-4 
O= ........................................ 3.5x10~ 
C O  ....................................... 4 .5x i0"4  
CO= ........................................ 5.9x10"4 



CONCLUSIONS 

The analytical techniques described re- 
suited from studies of the mass spectra of al- 
cohols, ketones, esters, acetals, trimethylsi]yl 
ether derivatives of alcohols, paraffins, and 
naphthenea. These techniques made possi- 
ble qualitative and, in some instances, quan- 
titative analyses of complex mixtures from 
the Fischer-Troosch synthesis. Methods de- 
veloped for obt,~ining mass spectra at low- 
ionizing voltage yielded 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- 
i*.~cl 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- 

est deviations in sensitivity with degree of 
substitution occur for the al~Ibenzenes and 
alkylphenols. Only relatively minor varia- 
tions in sensitivity factors occur at  a given 
carbon number for other types having an 
aromatic ring structure. F~t~'apolation to 
zero sensitivity at  infinite molecular weight 
appears satisfacto.-y, for obtaining approx/- 
mate sensitivities for phenolic as well as 
neutral material. 

Shortage of pure compounds will limit the 
investigation of sy~tbetie mixtures that  
should accompany the extension 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. Extm~ion 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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