
I, 

unit with the third is also determined by the method 
illustrated in figure l. 

It is apparent that a continuation of this proces 
will yield the correct attenuation of the combination 
of any number of attenuators . 

An extension of the process illustrated in figure 3 
yields: 

n n 
AT= L: A~+ L: 20 10glO I I - r~-lIr; 1 (16) 

R = l 1=2 

where, 

A~=attenuation of K 'h network. 
rt= reflection coefficient measured at the 

input termin91s of the l'h attenuator 
with its output terminals connected 
to an impedance Zoo 

Journal of Research of the National Bureau of Standards 

r~- I l =reflection coefficient m easured at the 
output terminals of the [l - I]'h at­
tenuator with the input terminals of 
attenuator no. 1 connected to an 
impedance Z oo 

These re ults may be applied to attenuator that are 
not used in a transmission-line system if express ion 

of the form (~+~~) are substituted for the ap-

propriate refiection coefficients and the same refer­
ence impedance (Zo) is used throughout. 

WASHINGTON , May 23, 1950. 
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Total Ionization of Hydrocarbons From Mass Spectral Data 
By Fred L. Mohler, Laura Williamson, and Helen M. Dean 

The total ionization is computed by adding all t he mass peaks in t he spectrum a nd 
multiplying by the sensit ivity (current per uni t pressure) for t he maximum peak. This is 
divided by t he corre ponding product for n-butane to obtain a re lative value independent of 
the units used. Data are taken from t he API Catalog of Mass Spectral Data using reviser! 
values of sensit ivity obtained by measuring pressure with a mi cromanometer. Tot,al 
ionizations of a ll t he isomers of a, co:nl?o und are nearly equal with only a few values diffe r·ing 
greatly from t he mean value. ThIS IS t rue In all cases where data are available for many 
isom ers. With some exceptions total ionization increases with increas ing number of carbon 
atoms in each series Cn H 2n+2, Cn H 2n , e tc. To tal ionization tends to decrease in compounds 
with the same number of carbon atoms and decreasing number of hydrogen atom but there 
are many exceptions. Tables summarize data for 198 hydrocarbons. 

Values of total ionization of isomers will in some cases permit compu t inO" a ll isomers a s a 
group in chemical analysis wi t hout identifying t he compound. . 0 

I. Introduction 

Tables of mass spectra [1]1 commonly give the 
intensity of mass peaks relative to the maximum 
peak taken as 100 and the sensitivity (current per 
unit pressure ir! the gas reservoir) for th e maximum 
peak in arbitrary units . The tables also give the 
sensitivity for the maximlml peak of n-butane at 
mass 43 in the same units. The ratio of the sensi­
tivity of any compound to that of n-butane is a 
number that is independent of the arbitrary units of 
current and rate of leak from the gas reservoir to 
the ionization chamber. The Slilll of all the mass 
peaks times the sensitivi ty for the maximum peak 
is a number proportiona.l to the total ionization for 
the compound, and the ratio of this to the total 
ionization of n-butane is aga.in a number independent 
of the arbitrary units. These relative values will 
depend to som e extent on instrumental selectivity 
and will differ somewhat for different types of instru­
ments. In the Consolidated mass spectrometer the 
spectrwn is covered by varying the ion accelerating 
voltage with constant magnetic field , and heavy ions 
are collected with Jess efficiency than light ions. This 

1 Figures in brackcts indicate the literaturc rcferences at the end of this paper. 

intl:o~uces a small but unkno"lvn uncertainty in 
deI"lvmg total IOntzation by adding the mass peaks. 

A greater source of enOl" in publi hed data com es 
from the determination of the sensitivity or current 
per unit press ure in the gas r eservoirs . The common 
pl"Ocedure for meas uring this pressm e has been to 
admit the gas into a volume of about 2 cubic centi­
meters and mcasme the pressure of 10 to 40 m illi­
meters on a mercury manometer. Then the gas is 
expanded a thousandfold to give a pressure of 10 
to 40 microns in the reservoir. The gas pipet 
method l.eads to very large errors when the vapor 
pressure IS nearly equal to the manometer pressme 
a~d the estimated pressw·e will be much too high. 
Dlbeler, Co.rdero, and Greenough [2, 3] have devel­
oped a mlcromanometer suitable for m easurinO" 
directly the pressure in the gas reservo ir . Th~ 
pressure-sensitive elem ent is a thin metal diaphmgm 
and ~he motion of the diaphragm is measm ed 
electncally by the change in mutual induction 
between two. coils close to the diaphragm. 
Co~paratlve .measurements with the gas pipet 

and WIth the nl lcromanometer show that use of the 
gas pipet leads to large experimental errors for all 
hy:drocarbons with eight or more carbon atoms. For 
thIS reason all tables of mass spectra published by 
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this Bureau in the API catalog since February 1949 
give sensitivities based on micromanometer readino-s 
and sensitivities have been redetermined for nea~ly 
all the heavier hydrocarbon spectra published before 
this date. A table of revised values r elative to 
n-butane has been published in the API Catalog of 
Mass Spectral Data [1]. 

When the total ionization is recomputed on the 
basis of the corrected values of the sensitivity relative 
to n-bu tane, some regulari ties are found tha t were 
previously concealed by experimental errors in 
estimating the press me. This paper gives a sum­
mary of results. 

II. Computation of Total Ionization 

In n early all cases we have used the data a t 50 
volts ionizing voltage published in the API catalog. 
All the mass peaks are added and multiplied by the 
sensitivity for the base peak, and this product is 
divided by the similar product for n-butane. As 
noted above there is some error introduced because 
the qonsolidated mass spectrometer is slightly less 
sensitive to heavy ions than to light ions. This is 
partly compensated for by the fact that larger 
magnetic fields are used to cover the spectra of 
h eavier compounds. Thus, hydrocarbons with less 
than six carbon atoms including n-butane are meas­
ured wit~l a magnetic field requiring 865 volts ion 
acceleratlllg voltage to focus ions of mass 43. Hydro­
carbons with s ix to eight carbon atoms are measured 
with a fi eld requiring 1,130 volts for mass 43 and 
the sensitivity is increased by a factor 1.06.' For 
hydrocarbons with nine or more carbon atoms the 
field is 1,700 volts for mass 43 and the sensitivity 
1.08 times that at 865 volts . This effed could 
eas ily be corrected, but it compensates at least in 
part for the fact that the average mass of the ions of a 
h eavy hydrocarbon is in general greater than the 
average m a:ss of n-bu tane ions. The tables give 
values relatlve to n-butane measured ·with 865 vol ts 
ion accelerating voltage fo r mass 43. 
R~sults of independent m easurements of sensitivi ty 

relative to n-bu tan e are reproducible to within about 
2 percen t. Larger errors seem to arise over lono· 
periods of time or when ionization chambers ar~ 
chang<=:d. .Possibly this is beca use the efficiency of 
collectmg IOns depends rather cri tically on focusino· 
fields and slit widths and. on the initial kinetic enero.y 
of the ions. b 

III. Results 

. !~ble 1 gives the sum of the mass peaks, the sen­
SltlVlty, and the total ionization rela tive to n-butane 
for. the eigl~teen C8H 18 isomers. A previous publi­
catIOll of thls laboratory [4] gives a similar table but 
with sensitivity measured by the gas pipet. Values 
of the sensitivity derived in reference [4] are much 
higher than those given in table 1 by factors railging 
from 1.7 to 1.07. This gives a serious error in the 
total ionization reported in [4] and completely 
conceals a regularity shown in table 1. 'iVhereas the 
sum of the mass peaks and sensitivities cover a 

TABLE 1. Sensitivity and total ionization relative to n-butane 
for octane mass spectra 

Compound 

n-Octane. ______________ . ________ . ____ 
2-Methylheptane _____ _ . ___ . ________ . 
3-Methylheptane ____ . ___ . ____ ._ . __ .. 
4-Met hylhep tane ______ , _____ . __ . ___ . 
2,2-D i methylhexane ___________ __ . ____ 

2,3-Dimethylhexane._. ___ . __________ . 
2,4·Dimethylhexane. ___ . _. ______ . ___ . 
2,5·Dimeth ylhexane. __________ ... ___ . 
3,3-Dimeth y!hexane ____ . _____ ___ . ___ . 
3,4-Dimethylhexane __ ._. ________ . ___ . 

3-Ethylhexane _. _____ . _______ . __ . ___ . 
2,2,3·Trimethylpen tane. ___ . ____ . ___ . 
2,2,4· r:rrimethyl pentane. _________ -- --
2,3,3-Trimethylpentane _________ . ___ . 
2,3.4·Trimethy lpentane __ . ____ . _____ . 
2·Metbyl-3·eth ylpenta ne __ . _________ . 
3· M etby l-3·ethy l pen tane ___ . ____ . ___ . 
2,2,3,3-Tetrametbyl bntan e __________ . 

Mean. _________________________ 

M axi- Sum of Sensitivity Total ioni­
mum mass relative to zation rela-
peak peaks n ·butane t\;'~t~~~-

43 397 1. 44 1.8.3 
43 422 1. 30 1. 75 
43 472 1. 21 1.83 
43 363 1.67 1.94 
57 242 2.41 1. 87 

43 370 1. 52 1.80 
43 455 1. 29 1. 88 
43 416 1. 35 1. 80 
43 390 l. 43 1. 78 
56 488 1.14 1. 78 

43 309 1. 89 1. 87 
57 292 1. 86 1. 74 
57 249 2.33 1.86 
43 374 1. 41 1. 69 
43 337 1.56 1. 68 
43 348 1. 61 1. 79 
43 326 1. 68 1.75 
57 237 2.12 1. 61 

---- -- -- -------- ------- ----- 1. 79±0. 06 

near~y t"vVo-fold range of values, the total ionization 
relatlve to n-butane is nearly constant. l\10st of 
the octanes give valu es of total ionization that are 
equal within experimental error but four or five 
values differ from the mean by more than the 
expected error. This variation cannot be ascribed 
to instrumental selectivity for ions that differ in 
mass, since four of the cOlupounds thi1t have nearly 
identical spectra give total ionizations that differ 
co.nsiderably. These are 2,2.-dimethyl-hexan e; 2,2,3 -
tnmethylpentane; 2,2,4-trllnethylp entane· and 
2,2,3,3 - te~raI?etl:lJlbL1 tan e. For these compounds 
the totalIOl1lZatIOn ranges from 1.87 to 1.61. 

Table 2 summarizes values of total ionization for a 
large number of compounds. Column 1 gives the 
empirical chemical formula , column 2 gives the num­
ber of isomers measured , and column 3 gives the 
mean value of the total ionization rela tive to n ­
butane and the mean deviat ion from the mean value. 
In every case where a large number of isomers has 
been measured one can make the same generalization 
3S was made for the 18 octanes. The values of the 
total ioniza tion are nearly equal and most, but not 
all, of the values are equal within the expected ex­
perimental errors. 

Compounds in table 2 have been grouped according 
to the empirical formulae, and the first twelve com­
pounds are the paraffins of formula C nH 2n+2 . Total 
ionization for all isomers has been computed for com­
pounds with less than ten carbon atoms and only the 
normal compounds are given for compounds with 10, 
11 , and 12 carbon atoms. For compounds with six 
or less carbon atoms the sensitivity was me3sured 
with the gas pipet, and a few checl\: measurements 
indicate that there is no serious error. H eptanes 
give appreciably higher values of sensitivity by this 
method. Data for the 35 nonanes corresponding to 
table 1 have been published in a paper on "Mass 
spectra of the nonanes" [5]. These values have been 
computed from data for 70 volts ionizing voltage. 
The total ionization at 70 volts is slightly grea tel' than 
at 50 volts in all compounds, but there seems to be 

236 

J 
"1 
I 



TADI,E 2. Total ionization relative to n-butane 

Formula N umber Total ioni-
oe isomers zation Formula Number Total ioni-

of isomers zation 

O H, __________ 1 0.46 
O,H , _________ 1 . 70 C,H. __________ 1 0.56 
O,H, _________ 1 .87 C3H , __________ 2 .75±0.06 
O,H IO _________ 2 . 98 ±O. 02 C.H , __________ 5 .86±0. 02 
O,HI2 _________ 3 1. 09 ± 0. 07 C,H IO _________ 7 1. 03 ±O. 03 
C,H,, _________ 5 1. 54 ± O. 06 C'Hl ' __ _______ 20 1.42 ±0.06 
C'Hl ' _________ 9 1. 69 ± 0. 05 
O'Hl'-- _______ 18 1. 79 ± O. 06 C,Hu _________ 22 1. 58 ±O. 07 
C'H 20 _________ 35 1. 94 ± 0. 13 C. H I8 _________ 6 1. 91 ±O. 09 
n - C IOH 22 _____ 1 1. SO 11 - 1-0iOH 20 __ 1 2.27 
n-Cl1Hu _____ 1 1. 98 n-l-CuH,, __ 1 2.06 
n-C12H z6 _____ 1 1.94 

O,H, _________ 1 0.55 
C3H. _________ 1 . S7 
O,H, _________ 4 . S7 ± O. 07 C.H , __________ 0.43 
O,H, _________ 11 1. 03 ± O. 04 
O,H IO ________ _ 7 1. 26 ± 0.09 C' H8 __________ 1.06 

08H14 _________ 2 1.67 ± O. 04 CSH I2 _________ I. 34 

C1oHl'- _______ 2 1. 64 ± O. 22 C1oHl' _________ 2 1. 61 ± O. 01 

O,H, _________ 0.69 

O,H , _________ 2 1. JO ± O. 04 
O,H, _________ 1 1. J3 
OsH IO _________ 4 1. J5 ± O. 06 C'H 8 __________ 1.18 
O'H l' _________ 8 1.27 ± O. 07 
CloH 14 ________ 4 1. 17 ± O. 05 

OiOH 8 _________ 1. 45 

lit tle if any difference in the value of t he ratio to n­
hutane. The mean elTOl' and the extreme departures 
from the mean arc somewhat greater than for the 
octanes. Eight nonanes with nearly identical specLra 
show nearly the full range of values for total ioniza­
tion, so again ther e is no evidence that variation in 
total ionization is caused by instrumental selecLivi ty. 
Experimental errors may be somewhat greater here 
as the spectra were measured over a long period of 
t ime. Values of total ionization increase progres­
s ively with increasing number of carbon atoms up to 
CIOHn. 

Values for total ionization of compounds 01' Jormula 
C llH 2n arc given in the same row as the paraffins with 
t he same value of n. These compounds include 
oietins and eycloparaffins. C3H6 includes propene, 
0.69, and cyclopropan e, 0.80 . C4HS includes four 
butenes of m ea n. total ioni2'a tion, 0.87 , and eyclo­
butane, 0.83. The C5 compounds arc SL,( pentenes, 
1.02, and cyclopentane, l.07. C6HI2 includes 16 
hexenes and six cydoparaffins with mean values of 
l.43 andl.40, respectively. C7H I4 isomers have been 
omitted as most of the sensitivity values have not 

, been based on mic]'omanometer pressure measure­
ments and data are considered inaccurate. CSHI6 
includes four oiefins and 18 cyclopal'affms giving 
values of l.63 and l.57. Mean values for six C9 cy­
cloparaffins and foJ' I-decene and l-undecene are 
given. In general, differences between cyclics and 
oletins are no greater than the differen ces found 
among isomers of tli e same chemical dass. Except 
for the two heaviest compounds, Cnnzn compounds 
give valu es of total ionization. slightly less than the 
(:orrcsponding paraffins. 

Th e CnH 2n- 2 compounds include a variety of chem­
ical classes. C2H 2 is acetylene, C3H 4 methyl:::.cetylene, 
and C4I-T 6 includes butadiencs and butynes. The 
eleven C5H s isomers include a variety of chemical 

compounds that differ strikingly in their spectra and 
the equality of the total ionization is very sign ificant 
[6]. There is more variation in total ionization 
among the C6HIO isomers. CsHa includes l-octyne 
and 2,5-dimethyl-l ,5-hexadiene. The two C IOH 18 

compounds are cis- and trans-decahydronaphthalene. 
The total ionization values are l.42 and l.85, r espec­
tively, which is an exceptionally large difference for 
two isomers. Values for total ionization of C nH 2n- 2 

compounds are sometimes grea tel' and sometimes less 
than the C nH2n compo unds with the same value of n . 

Only five examples of C nH Zn - 4 compounds have 
been studied. C4H4 is I-buten-3-yne from a spectrum 
published by Humble Oil and Refining Co. [7], C6HR 
is eyclohexadiene, and CSH12 is vinylcyclohexene. 
Two terpenes, CIOH 16, are alpha pinene and tl'icyclene, 
and t he total ionization of these is identical within 
experimental error. These chemically different com­
pounds are in this respec t in marked contrast to the 
two decahydronaphthalenes (CIOH1S), which are struc­
turally similar although they show a large difference 
in to tal ioniza tion. 

C nH 2n- 6 compounds are alkylbenzenes with two 
exceptions. C4Hz is butadiyne computed from data 
published by Union Oil Co. [8]. The C6H 6 isomers 
include benzene and 2,4-hexadiyne. The two com­
pounds are chemically vcry different but the mass 
spectra and the total ionization are similar. The 
C nH 2n- 6 compounds give less total ionization tha,n 
compounds with more hydrogen atoms with one or 
two exceptions. 

There is only one m eas uremen t for a compound 
CIlHzn- s, namely styrene. The total ionization falls 
in th e same range of values as found for the Cs a]ky1-
benzenes. 

Naphthalene is an example of a compound of 
formula CnH2n- 12. The total ionization is greater 
than that of CIO alkyl benzenes and compara.ble with 
the dccahydronaphthalen es of formula C nH 2n- 2. 

The only striking generalization concerning total 
ionization is that the total ionization of isomers is 
nearly equal. 'iVherever there are many isomers this 
relation is sho'ivTl conclusively , but individual com­
pounds occasionally differ from the mean value by 
much more than the experimental error. The total 
ionization tends to increase with increasing number 
of carbon atoms within the same series up to CIO' 
It tends to deer'ease with decreasing number of 
hydrogen atoms and equal number of C atoms but 
there arc many exceptions . 

It is of interest to consider structurally related 
compounds instead of all the isomers , and table 3 
gives values for the normal paraffins, the normal 
olefins with a double bond in the first position, and 
some normal acetylenes with a triple bond in the 
first position. The values for the normal compounds 
do not differ systematically from the average for all 
isomers , and the trend of values with increasing 
number of carbon atoms and decreasing number of 
H atoms shows the same type of irregularities that 
were noted for average values. It was noted aboye 
tha t cyclics and olefins of the same molecular weight 
show no systematic difference in total ionization. 
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The irregularities are not of a type to be explained 
by instrumen tal selectivity arising from the fact 
that heavy ions are collected with somewhat less 
efficiency than light ions. 

TABLE 3. Total ionization relative to n-butane 

N ormal Total Normal Total Normal Total 
paraffins ionization l-olefines ionization I-acetylenes ionization 

CR, 0.46 
C,R, .70 C,R, 0. 56 C,R , 0.55 
C,Rs . 87 CaR , . 69 CaR , .87 
C.RIO 1. 00 C.Rs .87 C,R . . 83 
C,R" 1.17 C,RIO 1.05 C,R, I. 06 
C,R" 1. 55 C,R I' I. 49 C,R IO 1.29 
C,RI' 1.64 
C,RI' 1.83 C,RI ' 1. 79 CsRa 1.64 
C.R,. 1. 98 C.Rls 2.13 
CIOR" 1.80 CIOR,. 2.27 
CIlR" 1. 98 CIlR" 2.06 
CI,R " 1. 94 

The fact that isomers give nearly the same tot9l 
ionization can be applied to analysis of complicated 
mixtures when it is impossible to determine the 
septtrate components. Thus, one could analyze for a 
trace of gasoline vapor in air on the basis of the sum 
of all the peaks and an estimate as to the average 
number of carbon atoms in the mixture. If, for 
instance, the spectrum indicated that heptanes were 

predominant, the sensitivity factor would be, from 
table 2, 1.69 X 312 X sensitivity of n-butane where 312 
is the sum of the peaks in the n-butane spectrum. 
This is a better approximation than is obtained by 
using the sensitivity of anyone compound in cases 
where one may reasonably expect that a mixture of 
compounds is present.. W e are indebted to S. 
Schuhmann of this Bureau for calling attention to 
the possibility of analyzing for all isomers as a group. 
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