












TABLE 9. Doubly charged ions of benzene and alkyl benzenes 

R elative intensities in perceutage of maximum peak in spectrum 

Compound 

Benzene 1. ________ _ ____ 0.05 1.15 0.35 23.0 

Me-Benzene 3 __ __ _ _____ . 04 0. 13 1. 73 0. 42 

Eth-Benzene ___ ____ __ _ . 04 . 02 . 10 .02 
1,2-me2-ben zene _____ ___ .04 . 15 . 05 
1,3-me,..benzene __ __ ____ . 03 .01 . 16 .05 
1,4-me2" benzene __ __ ____ .06 

1 Also has peaks at C,H,++ 0.03 and C,H,++ 0.05. 
, Based on a peak of 0.20 at 39.5 from C 1'C,12H.++. 

9 . Benzene and Alkyl Benzenes 

Table 9 gives doubly charged ions of some aro­
matics. These have been listed in a separate table 
for convenience of tabulation, because they include 
many ions not found in other hydrocarbons . The 
peak heights are larger than in other C6 , C7, and 
Cs hydrocarbons. 

Benzene has a very large C6H6++ peak and only 
one small Cs peak in contrast to most of the 
spectra in table 5. Cyclohexene is the only com­
pound in table 5 that has large C6 peaks. 

M ethylbenzene resembles qualitatively the 
C7H 14 cyclics (table 6) except for differences 
definitely related to the fact that there are 8 H 
atoms instead of 14. C7H 2++ and C7H 4++ would 
be masked by singly charged peaks in the cyclics. 

The CsHIO aromatics give spectra quite unlike 
any of the Cs molecules of table 7 except the 
CSHl2 molecule, 4-ethenyl-I-cyclohexene. It dif­
fers from this in having Cs iou peaks that are 
larger than the C7 p eaks. The estimate of CgH IO++ 
is based on very small isotope peaks and is quite 
uncertain. The fact that C7HS++ is small or miss­
ing here in contrast to other Cs molecules un­
doubtedly is a consequence of the fact that dis­
sociation by removal of CHa gives C7H7++, whereas 
multiple dissociation or rearrangement is required 
to give C7HS++' 

10. Hydrocarbons with 10 or More Carbon Atoms 

There is li ttle published data on these heavier 
hydrocarbons. n-Decane, CIOH 2Z , gives only two 
small peaks, CSH2++0.02 and CSH 4++0.02. 

I-Decene, C10H20, shows only one doubly charged 
ion, C7HS++0.03. This is also the only ion in 1-
octene, whereas I-nonene gave this ion and C7HO++' 

Doubly Charged Ions in Mass Spectra 

0. 97 0.49 4.87 2.35 3.45 

.05 .05 .05 .20 . 02 0. 05 0.08 0.32 0. 24 

. 08 .05 . 05 .28 . 03 . 06 .11 .73 .66 

.07 .05 .04 . 21 .01 . 10 . 12 .78 .77 

. 15 .04 . 02 .22 . 02 . 07 .61 .52 

, Also has peaks at C,H ,++ 0.17, C,H,+> 0.02, and C,H," 0.11. 
, Based on a peak at 53.5 from CI3C,I2H1o++. 

'0.2 
' . 2 
' . 5 

The four butyleyclohexanes give doubly charged 
spectra like the CoHls cyclics, except that the 
peaks are smaller. All the ions have seven carbon 
atoms. 

The Atlantic Refining Co. ha published mass 
spectra [7] of the three diisopropylbenzenes 
(C12H 1S) at an ionizing voltage of 50 volts. The e 
include the heaviest doubly charged ions recorded 
to date. The three spectra are similar, and 1,3-
diisopropylbenzene give the following peaks: 
C9H 7++O.37, CoH o++0.08, C9H ll ++0.05, CIOH 7++O.75, 
CIOH9++ 1. 25 , CIOH ll++2.79, 8 10H I3++O. 53, and 
CU HlS++0.65. 

IV. Ratio of Peaks at 70- and 50-Volt 
Ionizing Voltage 

The API tables gives mass spectra obtained 
with ionizing voltages of 50 and 70 vol ts and, in 
general, the doubly charged peaks are considerably 
larger at the higher voltage. The value of the 
ratio of the currents at 70 and 50 volts, i(70)/i(50), 
is of interest, as it gives at least qualitative evi­
dence as to the appearance potential of the ion. 

A plot of ion current as a function of ionizing 
voltage rises at first almost linearly from the 
appearance potential but gradually becomes con­
cave to the axis of abscissas approaching a flat 
maximum value at roughly 30 volts above the 
threshold. Ionizing voltages of 50 and 70 volts 
fall near the flat maximum for the more probable 
single ionization processes, and the ratio i(70) /i(50) 
is nearly unity. However, if the appearance 
potential is high, then the ratio will be much 
greater than unity and approach infinity as the 
appearance potential approaches 50 vol ts. 

There are a few direct measurements of appear­
ance potentials of doubly charged ions and these 
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are correlated with the observed values of i(70)/­
i(50) in table 10. There is a rather large experi­
mental uncertainty in the ratio amounting to at 
least 10 percent, and one can only conclude that a 
value of 1.2 to 1.3 corresponds to a potential 
between 30 and 36 volts and 1.4 to roughly 40 
volts. Above 40 volts the ratio will increase 
rapidly with increasing appearance potential. 

T ABLE 10. Correlation of appearance potential and the 
ration of ion currents at 70 and 50 volts 

Compound Reference Ion Appearance i(70)/;(5O) 
potential 

C,B , ................. [2] C2H s++ 32 I. 25 

C,H •.. . .............. [3) C2H a++ 36 1.3 

C,H , ................. [4] C SH 6++ ' 27 1.0 
C,H , ................. C6H s++ 30.4 1.2 
C,H , .............. . .. C6H 3++ 39.8 1.4 

Observed values of the ratio i(70)/i(50) for the 
more abundant doubly charged ions in hydro­
carbons with two to five carbon atoms and for 
benzene are listed in table 11. It is found that 
the ratios for the same ions in different isomers 
are nearly equal. In general , the range of values 
indicated is no greater than the experimental 
uncertainty. This is true even when the isomers 
are ch emically different, as in the case of cyclics 
and olefins . The table is arranged to show that 
the ratio increases as the number of hydrogen 
atoms removed increases, and that ionization 
processes involving removal of equal numbers of 
hydrogen atoms from different molecules give the 
same ratio within the range of experimental un­
certainty. There is not a progressive decrease in 
the ratio as the number of H atoms removed 
becomes less, but the ratio remains nearly the 
same for removing 7H and 8H and similarly for 
5H and 6H, 3H, and 4H and for 1H and 2H. 

Interpretation oj ratios in terms oj appearance 
potentials.- The interpretation of this is fairly 
obvious. Studies of appearance potentials of 
singly charged ions show that frequen tly but no t 
always, the hydrogen atoms are removed in pairs 
to form H2. Thus Delfosse and Bleakney [6] find 
that in propane, CaHs+ is produced by the transi­
tion CaH8~CaHs++H2+H requiring 14 volts. 
The process CaH8~CaH4++2H2 occurs at 14.7 
volts, and CaH8~C3Ha++2H2+H r equires 15.7 
vol ts. As it requires about three electron volts 
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TABLE n .- Ratio of peaks at 70- and 50-volt ionizing voltage 

Ionization preccss i (70)/i (50) Remarks 
---------------------

3 isom ers . 

C,H IIH C,H,+++8H . .... 2.8 to 3.7 7 isomers, mean 3.5 . 

C.HlO-~C.H3+++7H ..... 2.2 and 3.5 2 isomers. 

C3H s",C3H ,+++6H ...... 2.0 P ropane. 
C,H ,... C,H ,+++6H ...... 2.2 and 2.45 2 isomers. 
C,H ,o-'> C,H ,+++6IT 1.6 to 1.9 7 isomers, mean 1.7 . 

C3B s"'C3H 3+++5H_ ..... 1.9 Propane. 
C.H s ... C.B 3+++5B ...... 1.85 to 1.88 4 isomers. 
C.H ,o-'>C,H ,+++5H . .... 2.0 2 isomers. 
C,H ,...C,H 3+++5H ... ... 1.7 and 1.9 2 isomers . 

C3H , ... C3H ,+++4H ...... l.43 and 1.48 2 isomers . 
C3H s ... C3H ,+++4H ...... 1.5 Propane. 
C,H ,...C,H,+++4H ...... 1.3 and 1.4 2 isomers. 
C,H ,o-'> C,H ,+++ 4H ..... 1.1 to 1.5 7 isom ers, mean 1.2. 

C,H , ... C,H 3+++3H ...... 1.4 2 isomers. 
C.H , ... C.H 3+++3H ...... 1.42 to 1.46 4 isomers, meaa ] .44 . 
C,H ,... C,H ,+++3H ...... 1.2 and 1.35 2 isomers . 
C,H , ... C,H 3+++3H ...... 1.4 Benzene, appearance 

potential 39.8 volts. 

C,H ,,,, C3H ,+++2II ..... . 1.3 2 isomers. 
C,H ,... C,H .+++2H ...... 1.0 and 1.2 2 isomers. 
C,H ,O-,> C,IIs+++2H ..... 1.1 to 1.3 3 isomers, mean 1.2. 

C,H , ... C,H 3+++H ...... . 1.3 Ethylene, appearance, 
potential 36 volts. 

C,H , ... C,H ,+++H ....... 1.25 E thane,appearance, poten-
tial 32 volts . 

C3H .-7 C3H ' +++H ....... 1.3 and 1.2 2 isomers. 
C,H , ... C.H,+++H ....... 1.2 to 1.4 4 isomers, mean 1.3. 
C,H s ... C,H,+++H ....... l.l and 1.25 2 isomers. 
C,H .... C.H,+++Fl ....... 1.2 Benzene, appearance po-

tential 30.4 volts. 

C,H ,... C' H 8++ ....... .. .. 1.1 Isoprene. 
C,H , ... C. H,++ ........... 1.0 Benzene, appearance po-

tential 27 volts. 

to remove each H atom from a hydrocarbon and 
the energy of recombination 2H ~H2 is 4.5 electron 
volts, i t makes a large difference whether the pairs 
are removed as H2 or 2H. As the different radi­
cals have different ionization potentials and may 
have excess kinetic energy, the appearance poten­
tials cannot be computed from these considerations 
alone. However , the results of table 11 would 
indicate that dissociation into H2 usually occurs 
in double-ionization processes. That is, it re­
quires about the same work to remove 4H2 and 
3H2+ H, 3H 2 and 2H2+ H, 2H2 and H 2+ H. 

From comparison with the few instances in 
which the appearance potential isknown,itappears 
that all double ionization processes involving re­
moval of H or H 2 require 30° to 36 volts. Processes 
involving removal of H 2+ H or 2H2 require 
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roughly 40 vol ts. Processes involving removal of 
2H2+ H and 3H2 must fall in a narrow voltage 
range above 40 volts, whereas removal of 5H 2 

must require nearly 50 volts. 
Molecules with more than five carbon atoms 

give values of i (70)/i(50) somewhat less than those 
lis ted in table 11 for removal of a given number of 
H atoms. Thus in seven C7HI4 cyclics in the 
process C7H I4-o>07H6+++8H, the ratio ranges · 
from 1.3 to 1.5 as compared with 3.5 given in table 
11. In the same isomers C7H 14-o>C7Hs+++6H 
gives a mean ratio of 1.2, as compared with the 
mean l.8 for the values in table 11 for loss of 6H. 

In table 7 three of the CSH 16 isomers give large 
doubly charged peaks of mass 97. This could be 
either CsH ++ or 07HI3++' The ratio i(70)/i(50) is 
l.15 to 1.17, indicating a low appearance potential, 
and for this reason the ion has been ascribed to 
C7H13++' Removing 15 H atoms would require 
a very high appearance potential. Similarly 
2,2,4 ,4-tetramethylpentane in table 8 gives ions of 
masses 96, 97 , and 98. The ratios are in the range 
1.13 to 1.18, and the ions have been ascribed to 
C7R 1Z++, C7HI3++' and C7Hu++. 

V. Summary and Discussion 

The doubly charged ion spectra of hydro­
carbons ,vith three, four , or five carbon atoms 
follow some simple rules that can be summarized 
as follows: 

l. In the most probable ionization processes 
carbon bonds are not broken , but all except two , 
three, or four hydrogen atoms are removed. 

2. The relative intensity distribution is similar 
in all hydrocarbons ,vith the same number of 
carbon atoms. 

3. The magnitude of the peaks is least for 
saturated molecules, greater for monoolefins and 
alkylcyclics and greatest for diolefins and cyclo­
olefins. 

4. Ion peaks tend to alternate in intensity with 
larger values for ions with an even number of H 
atoms. 

These rules are in contrast to the case of 
singly charged ions. For these the most probable 
ionization processes frequ ently involve breaking 
carbon bonds, the spectra depend considerably 
on the structure of the molecule and are quite 
different for paraffins, olefins, and diolefins. 
Ions with an odd number of H atoms tend to be 
more abundant. 

Doubly Charged Ions in Mass Spectra 

Doubly charged ion pectra of molecules with 
six or more carbon atoms are quite different from 
the lighter hydrocarbons. The most probable 
ionization processe involve breaking of carbon 
bonds in all these except the alkylbenzenes and 
the 0 7 cyclics. Structural differences and the 
degree of saturation give large differences in the 
spectra. CSH 2++ is often the maximum peak in C6 

hydrocarbons and in C7 paraffins. In other C7 
hydrocarbons and in Cs and Cg hydrocarbons, 
07HS++ is often the maximum peak Rules 3 and 
4 remain true, in general, with minor exceptions. 

A qualitative consideration of t he ionization 
process gives a partial explanation of some of the 
properties of doubly charged ion spectra. The 
least poten tial required to doubly ionize a large 
molecule would involve removal of two electrons 
from two atoms near each end of the molecule. 
(The Coulomb law of attraction makes the work 
requircd to remove the second electron least if it 
is removed from an atom as far away as possible 
from the first ion) . The resulting ion with a charge 
near each end is subj ect to large disruptive force , 
and probably a frequent result of double ionization 
is that the molecule ion dissociate into two singly 
charged ions. In general this process will be 
indistinguishable from single ionization processes, 
but Stevenson and Hipple [8] point out that the 
appearance potential of CH3 + in the two butane 
isomers indicates that it comes from the process 

If, however , a molecule loses most of its hydrogen 
atoms in the dissociation process, t hen the bonds 
between carbon atoms become double bonds and 
the bonding force is greatly increased . Evidently 
it is then sufficient to overcome the disruptive 
force of the double charge. 

The intensity rules for doubly charged ions in 
molecules with three to five carbon atoms can be 
explained on the hypotheses that all but two to 
four H atoms must be removed to give stable ions, 
and that the probability of this ionization process 
decreases as the appearance potential increases. 
With unsaturated molecules and cyclics the num­
ber of H atoms to be removed is less, and the 
intensity increases. As hydrogen atoms tend to 
be removed in pairs to give Hz, ions with an even 
number of H atoms are commonly more abundant 
than ions with an odd number. 
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From table 11 it is seen that removing 10 H 
atoms from C5H12 to give C5H2++ requires nearly 
50 volts. One reason why different ionization 
processes are involved in molecules with six or 
more carbon atoms is because the work required 
to remove all but two H atoms exceeds the ioniz­
ing voltage. In the C6Ha isomers, CSH2++ is 
again the largest peale This can be obtained by 
the least energy by removing CH4 and four H2 
molecules. The fact that C5H 2++, CSH4++, and 
C5H6++ are larger than the peaks with an odd 
number of H atoms, supports the view that loss 
of CH4 and H2 molecules actually occurs. In 
singly charged ion spectra, peaks with an odd 
number of H atoms are larger, and it is known that 
the more probable ionization processes involve 
dissociation with loss of CH3 and other radicals 
with an odd number of H atoms. (Ionization 
with dissociation into CH4 is known to occur but 
is less probable [8]). 

In C6 hydrocarbons doubly charged ions with 
six carbon atoms are found in C6Hl2 isomers, and 
these ions are the most abundant ions in cyclo­
hexene, C6H IO, and in benzene, C6H6. C6 ions 
become more abundant as the number of H 
atoms decreases. This is also true of C7 ions in 
the C7 hydrocarbons. In Cg hydrocarbons there 
are no doubly charged Cg ions in CgH1g and CgHl6 
isomers. They are strong in 4-ethenyl-1-cyclo­
hexene, CgHI2, and predominant in the CgH10 alkyl­
benzenes. 

In hydrocarbons with seven or more carbon 
atoms the ion C7Hg++ is commonly the most 
abundant ion. The empirical fact that such an 
ion is stable is another factor that makes the 
doubly charged ions of the heavier hydrocarbons 
differ from the lighter ones. Also in the heavier 
hydrocarbons certain configurations of carbon 
atoms seem to favor doubly charged ions such 
as the 2,2,4-trimethyl arrangement in Cg hydro-
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carbons. Other configurations, such as ethyl side 
chains in the octanes, give no doubly charged 
ions. This introduces striking individual dif­
ferences among isomers that are not found in the 
lighter hydrocarbons. Individual differences, de­
pending on structure, are the rule in singly 
charged ion spectra. 

VI. Conclusion 

The study of doubly charged ion spectra is of 
interest in that it gives additional evidence as to 
the ionization process. Doubly charged ion 
peaks are, however, not very useful in the prac­
tical application of most spectra to chemical 
analysis, although it is essential to know the 
complete spectrum of every pure compound 
analysed. In the case of propadiene and propyne 
there is a striking difference in the doubly charged 
ions that affords the best basis for distinguishing 
the compounds. In nearly every other case the 
peaks are too small to be used in analysis. 
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