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Doubly Charged Ion Spectra in Mass Spectra
of Hydrocarbons

By Fred L. Mohler, Evelyn G. Bloom, Edmund J. Wells, Jr., Jonathan H. Lengel,' and

C. Edward Wise

A compilation of doubly charged ions in the mass spectra of 148 hydrocarbons has been
made, based on mass spectra published in the American Petroleum Institute Catalog of Mass
Spectral Data. In hydrocarbons with three, four, or five carbon atoms, the most probable
double ionization process involves loss of all but two or three hydrogen atoms without
breaking carbon bonds. Unsaturated molecules give larger doubly charged ion peaks than
saturated molecules, and ions with an even number of hydrogen atoms tend to be more
abundant than those with an odd number. In saturated hydrocarbons with six or more
carbon atoms, double ionization with breaking of carbon bonds is most probable, but in

benzenes and highly unsaturated molecules, double ionization without loss of carbon atoms
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is probable.
ular structure.

These heavier molecules show distinctive differences depending on molec-

The ratio of ion current at 70 volts to that at 50 volts ionizing voltage is an indication

of the appearance potential of the ion.

It increases as the number of hydrogen atoms

removed increases, and the results indicate that hydrogen atoms are removed in pairs

to give Hs.

I. Introduction

The mass spectra of hydrocarbons and other
polyatomic molecules in general show some small
peaks that arise from doubly charged ions. Ions
with a double charge are characterized by an ap-
parent mass equal to half the molecular weight of
the ion. If the molecular weight is an odd num-
ber, the doubly charged ion will be distinguished
by half-integer values; if it is an even number,
then it will often happen that the apparent mass
of the doubly charged ion is coincident with the
mass peak of a singly charged ion. For this
reason the data on the occurrence of doubly
charged ions are necessarily incomplete.

The application of the mass spectrometer to
chemical analysis has resulted in the careful
measurement, of mass spectra of at least 200 hy-
drocarbons; and these spectra afford a vast

iNow at Naval Powder Factory, Indian Head, Md.

Doubly Charged Ions in Mass Spectra
826086—49—4

amount of data on the existence of doubly charged
ions, but no attempt has previously been made to
collect and correlate these data. The Catalog
of Mass Spectral Data of the American Petroleum
Institute [1] 2 has been the source of data used in
this compilation, and the tables contributed by
the Mass Spectrometry Section of the National
Bureau of Standards have been used except in
cases noted in the text. There are distinct ad-
vantages in using data of one laboratory insofar
as possible, for there are minor differences between
laboratories arising from instrumental differences
and different methods of operation. In three
cases, ethane [2], ethylene [3], and benzene [4],
appearance potentials of some doubly charged
ions have been published. For most molecules
all that is known is the relative intensity of the
doubly charged ions at one or two ionizing vol-

2 Figures in brackets indicate the literature references at the end of this
paper.
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II. Experimental Procedure

Mass spectra have been measured with a 180°
Consolidated mass spectrometer following recom-
mended procedures [5]. The instrument is
equipped with automatic electron current control,
and the ionization chamber is thermostatically
maintained at 245° C. The compounds used are
in most cases the pure NBS Standard Samples.

The Catalog of Mass Spectral Data [1] gives
intensities of mass peaks relative to the maximum
peak taken as 100. The limit of this instrument
is about 0.01 percent of the maximum deflection,
and as spectra are always obtained with a pres-
sure sufficient to give a nearly full scale deflection
at the maximum, the lower limit remains about
the same in all spectra. Peaks of doubly charged
ions rarely exceed 1 percent of the maximum, and
most of the peaks are less than 0.1 percent. The
reproducibility on these small peaks is about
10 percent of the peak height, or 0.01 percent of the
maximum for peaks less than 0.1 percent.

The tables in the catalog give relative intensities
with ionizing voltages of both 50 and 70 volts.
This paper tabulates values at 70 volts and in-
cludes some data on the ratio of ion current at
70 volts to that at 50 volts. The relative intensity
at 70 volts is greater than at 50 volts and often
much greater. The API Catalog gives spectra
from several laboratories for many of the com-
pounds, and in general there is good agreement on
these small doubly charged ion peaks in all cases
where they are reported.

ITI. Results
1. C, Hydrocarbons and Methane

No doubly charged ions in the mass range 6 to 8
are observed in methane. Table 1 lists the doubly
charged ions in CH;3;.CH;, CH,=CH, and CH=
CH. The doubly charged ions all contain two
carbon atoms, and those ions of even molecular
weight are coincident with the singly charged ions
CH*, CH,;* and CH;*. However, in two cases
there is a basis for estimating the intensity of
doubly charged ions of even molecular weight.
Kusch, Hustrulid, and Tate [3] report a small peak
in ethylene at mass 14% from the ion C*C™H ™,
The C;’H,™ peak will be about 50 times as large
as the 14} peak. They used a mass spectrometer
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of greater sensitivity than the Consolidated in-
strument. Similarly, in acetylene a peak has been
observed at 13% from the ion C2C®H,**, and the
CyH,** peak is computed from this. The dis-
tinctive differences between the three C, com-
pounds are of a type not found in the heavier
hydrocarbons.

TaBLE 1.  Doubly charged ions of C; hydrocarbons

Relative intensities in percentage of maximum peak in spectrum

‘ Compound C:H C:H2 C:H3 CoHy C:Hs
—
Ethane _________| _________| _________ 0.07 | _________ 0.70
Ethylene_ _______ 10.007 | 42 10.3 |cooeooo-
Acetylene_ ______| . _______ N e e

I Kusch, Hustrulid, and Tate, Phys. Rev. 52, 843 (1937). The value for
C2Hst+ is an estimate based on a small peak at 1414 from C12CBBH++.
2 The value for CoHg++ is based on a peak at 1314 from CR2C13Hgt+,

2. C; Hydrocarbons

Table 2 lists doubly charged ions found in the
five hydrocarbons CH;.CH,.CH;, CH,.CH,.CH,,
CH2 == CH_ CH:;, CH2= C= CHQ, and CHs—
C=CH. All observed doubly charged ions con-
tain three carbon atoms, and the apparent masses
fall in a mass range 19 to 21 containing no singly
charged ions. Delfosse and Bleakney [6] have
previously published data on doubly charged ions
in propane, propylene, and propadiene at 100-volts
ionizing voltage.

TABLE 2. Doubly charged ions of C; hydrocarbons

Relative intensities in percentage of maximum peak in spectrum

Compound ‘ C:;H; Cs3Hs C3Hs C3;Hs C3;Hg
Propane_________ 1.10 0.61 1.12 0.26 0.02
Cyclopropane___| 3.33 1.44 2.40 .73 .02
Propylene_______ 3.23 1. 96 2.35 .67 .04
Propadiene 1. ___ 2.79 3.20 3.61 | ______ | ...
Propynel_______ 3.23 2.34 (SR e e

1 From unpublished mass spectra at a 50-volt ionizing potential.

With one exception, the relative intensity of
the ions CsH,™, C;Hs;*t and C;H,*t are similar
in the five molecules in contrast to some distinctive
differences in the spectra of the singly charged ions.
Propyne differs from the others in that the CoH, ™
peak is small, and this is of interest because other-
wise the mass spectra of propyne and propadiene
are nearly identical.
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3. C, Hydrocarbons

Table 3 lists the doubly charged ions in ten Cy
hydrocarbons. C,H,* ions of mass 25 to 29
mask doubly charged C, ions of even molecular
weight, but in 1,3-butadiene a small peak at 27%
from C®CJHgtt permits a rough estimate of the
intensity of the C*Hg+* peak.

TaBLE 3. Doubly charged ions of Cy hydrocarbons

Relative intensities in percentage of maximum peak in spectrum

Compound C3H: | C3H3 | C3Hy | C4H | C4H3 | CsHs | C4Hs | C4H7
n-Butane_______ 0.04 [ 0.01 {0.02 | ____ | 0.36|0.08 | ____|0.05
i-Butane________| .05 .02 04| ___ . .21 S 02| IFCH | R
1-Butene________ .06 .03 .02 ... | 1.06 LT .06
cis-2-Butene_ ____ .02 .01 | .01 | ____ (155 .27 ____|[ .17
trons-2-Butene__| ____ | ____ [ ____| ... | 165 | .29 ( ____ 27
i-Buteine ________ .06 | .03 | .03 0.95| .09 | ____
1,2-Butadiene._ . .03 02 om | - | 407 SOUR| e
1,3-Butadiene _ .09 | .02 o= | 3.99 | .48 [11.60
1-Butyne________ .06 .05 | - .03 13.62( .20 | .- | ...
2-Butyne________ | —— — .01 (3.25 | .46 [ ___ | .-

1 Estimated from a small peak of C13Cgl2Hg++.

The relative intensities are roughly similar in
all these spectra, and there is no evident relation
between the intensity distribution in the mass

TABLE 4.

spectra of doubly charged and singly charged
ions. C.Hz™ is in every case the largest peak,
and the height is least in C.H;, isomers, greater
in the C,Hy isomers, and largest in C,Hy molecules.
There is a small but real difference between the
cis- and trans-2-butene (the singly charged ion
spectra are very similar).

4, C; Hydrocarbons

Table 4 lists doubly charged ions of 12 C;
hydrocarbons. It includes all C;H;, and C;H,
isomers except some rare cyclics but only two
of the many CzH; isomers. As in the case of
C; and C; hydrocarbons, the relative intensities
in all these spectra are similar. C;H,™" is the
largest doubly charged peak and it is smallest
in C;H,;; isomers, larger in C;H;, isomers, and
largest in the Cs;Hg isomers. Ions with three
or four carbon atoms give small peaks often near
the threshold for observation. Ions with an even
number of hydrogen atoms tend to be more
abundant than those with an odd number. This
is probably a fairly general rule for doubly charged
ions, partially concealed by the fact that there is
often masking of ions with a double charge and
an even number of H atoms.

Doubly charged ions of Cy hydrocarbons

Relative intensities in percent of maximum peak in spectrum

Compound C3Hz | C3Hs | C3Hy C4H3 CsH CsHy | CsHs | CsHy | CsHs CsHg | CsHy CsHs | CsHp
n-Pentane . ___________________________ pawe e e 0.04 o=t 0.33 0.08 0.13 0.05 0.07 0.02 . SO
{-Dentane s S .06 . 27 .05 .09 .02 .03
Neopentane____________________________ S 04 - .09 .02 .04 .01 -
Oyelopentane_...______________________ - oy . 0.01 .84 .19 .44 810 .24 .05 0.01
1-Pentene_.____________________________ 0.02 0.01 0.01 .03 .01 1.03 .24 .34 .21 .22 .10 .04 0.02
cis-2-Pentene______ ) [ o S .06 .03 1.23 .37 .53 .25 .22 .09 .08 .02
trans-2-Pentene ! - --] ~.01 ——e 01 .06 .01 1.52 .37 .53 .26 .24 .10 .09 .03
2-me-1-Butene__________________________ o R —e .06 .01 .90 .21 .29 .15 .13 .06 .04 .01
3-me-1-Butene ' ________________________ S I R .10 .01 .55 .14 .15 .08 .06 .04
2-me-2-Butene__________________________ .01 SR .01 .04 .02 1.15 .25 .39 ol .29 .07 .12 .02
Cyclopentene . ________________________ .03 .02 .01 .02 .05 2.43 .64 1.00 .70 .74 .35 .13 —
2-me-1,3-Butadiene 2___________________ .03 .01 .01 LD .10 4.31 1.07 1.07 . 80 .85 .30 .41 ——

1 These also have a small peak at C4Hs*++,

5. C; Hydrocarbons

Table 5 lists 23 Cg hydrocarbons including all
C¢H,, isomers and most of the common CgH,,
isomers but only two Cg;H,, molecules. Doubly
charged C; ions with an even number of hydrogen
atoms are masked by singly charged ions. These

Doubly Charged Ions in Mass Spectra

2 Also has a peak Cg++0.08.

spectra in contrast to C;, C,, and C; molecules
show considerable variations and do not follow
the rule that double ionization without loss of a
carbon atom is most probable. Cj; doubly charged
ions are missing in CgH, 4 isomers and are relatively
weak in the olefins. The intensity distribution
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TABLE 5. Doubly charged ions of Cg hydrocarbons

Relative intensities in percentage of maximum peak in spectrum

Compound C4H3 CsHa CsH3; CsHy CsHs CsHg CsH7 CsHg CsHy CsH3 CeHs CsHy CsHyp
= H XA @ e e 0.02 0.07 0.02 0.06 0.03 0.05 0.02 0.01 . . s S AN
2-me-Pentane - .02 .08 .02 .05 .03 .06 .03 .02 0.02 - S o oStz
3-me-Pentane_ - .02 .08 .03 .06 .03 .03 SR S Sy N S
2,2-me;-Butane__ o .02 .03 .03 207 .02 .03 .03 .03 .01 . SRR S —
2,3-meg-Butane_________________________ .01 . 06 .01 .04 .02 .02 .02 .02 oo s s e s
Cyclohexane_ __________________________ .03 .06 - .06 .02 .04 P . o e 0.01 0.07 0.03
me-Cyclopentane_._____________________ S .12 .02 .08 .06 .07 .03 S S SR o .02 -
1= 0 X G110 N S U .01 10 .04 .09 .05 .03 .02 A v .06 S R I
cis-2-Hexene___ .02 .20 .04 .12 .02 .02 .01 S S .05 St .02 s
trans-2-Hexene._ . .02 .14 .04 810 .02 .02 .01 S e .05 . rO1) —aas

trans-3-Hexene_________________________ .02 .28 .09 .14 11 .24 .15 .02 .42 .09 .01 .04 .03
3-me-1-Pentene_____.___________________ .02 .18 .05 .10 .07 .04 .02 ek o ey e e S
4-me-1-Pentene._ — ol .05 .18 .13 calf .13 .03 .07 .01 T o—ca

2-me-2-Pentene.__ .02 .19 .05 .09 .05 .03 .02 g e .03 e .05 .05
3-me-cis-2-Pentene_______ .01 .14 .04 .12 .04 .03 .01 S - .02 Y .04 .02
3-me-trans-2-Pentene_ . _________________ .01 .19 .04 .10 .04 .03 .02 R .03 .05 .03
4-me-cis-2-Pentene__.___________________ - .32 .09 .16 (20} .09 .07 .02 .02 .01 U
4-me-trans-2-Pentene. _ - .29 .09 alrf .12 .09 .07 .02 .02 .01 S
2-eth-1-Butene__________________________ .04 .23 .05 .10 .04 .04 .03 . .02 .03 B .03 -
3,3-me;-1-Butene_______________________ .02 .18 .06 .07 .06 .02 .04 e - SR S P S
2,3-mex-2-Butene...____________________ N oilf .05 .07 .02 .02 Sen e S .01 S .01 .08
Cyclohexene._ ... __...__.________ .03 o1l .02 .05 .02 —— — . - .25 o1l .53 .09
1,5-Hexadiene ! ________________________ .03 .14 .04 .05 .03 . S BO7 .02 .05 .

1 This also has peaks C3H3t+0.03, C3H3++0.02, C3H++0.02, CsHs++0.01.

TaBLE 6.  Doubly charged ions of C; hydrocarbons

Relative intensities in percentage of maximum peak in spectrum

Compound CsHy | CsHs | CsHy | CsHs | CsHs | CsHy | CsHs | CsHyp | CsHyo | CeHy | C¢Hg | C;Hs | C7Hz | C;Hg | C7Hy | C7Hyo
n-Heptane_..._______________ 0.03 0.02 0.02 | oo | oo | e | e | e | e | e | e 0.02 o
2-me-Hexane _ R (2 .02 (2 S | . = (N2 | R - .01 s
3-me-Hexane_._______________ 03N | RIS 03| oo P02} | S | IR | T | I | T | e | (U | .01 S
3-eth-Pentane._.______________ AP ey || emmes || 2emem || emmee || o | emee P e || e | e | e S (PR .01 oo
2,2-meg-Pentane .02 0.01 .03 | 0.01 S02 | RV | SPRIROUI | DRSNS | RO | e RO 7 | ISR | RO | (IO | S, .
2,3-mez-Pentane 02| g 04| SO R SUSn | RN | PV I (RS | | I | N | SR | S
2,4-meg-Pentane_____.________ w035 fse st 02 .01 .09 1 0.05| 0.05| 0.09 | 0.06 02| | - 01 R
3,3-mez-Pentane._____________ .03 .01 P17 (RN (SRR R (RS R I R (S ERTRVE SN | SRR | RS o
2,2,3-mes-Butane. . ___._______ AP | meeem 0% || cecan LY [ O e ] R i sy O3 Y| [ | (P | | —— e
me-Cyclohexane 1. __________. 03| oo 03 | oo . 04| L. N1 2 .03 1 0.05 | . 0.20 | 0.06 .26 ( 0.02 | 0.10
eth-Cyclopentane_ .__________ .08 .01 02| .. 02 | . PN(1) O AR I, .01 .02 .16 .05 .19 .02 | .02
1,1-mez-Cyclopentane .. .. __ SO4R] RSN A02 8t SOTE| — ()] e | .18 2 .14 .03 .19 .01 .02
cis-1,2-mez-Cyclopentane. . _ __ N7 .01 .03 W01 | oo S O8RS S .03 =102 16 .05 o 73t .03 | .02
trans-1,2-meg-Cyclopentane__.| .06 | _____ GBI e | e I s 02 | oo ] e .02 .02 .14 .04 o] .03 | .02
cis-1,3-meg-Cyclopentane._ . _ . SO RS, 04| L. A | e OB {REETE H07 .08 .13 clyf .04 VAl .02 .04
trans-1,3-mes-Cyclopentane . . _ 78| REEEeE 04 | Lo L Gl S e SO0N! pe—— o4l .07 .12 .16 .05 .23 .03 .04

1-Heptene.. ... .._..__._.. SHLOB DRSS U | RN | PRSP | R SIS, (T e .07 .02 .05 s
4,4-meg-1-Pentene 2___________ SO4 N e .02 e B e e | e - .10 o 411 02| .02 e
2,3,3-mes-1-Butene 2. _________ S OD | — 023 S | TN | R | (ISR | R | Sl .10 <06 | - L S o

1 Also gives peaks C7H5+0.02, C7H1++0.01.
2 Also give small peaks at CgHy++.
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among the C; ions is frequently much like that in
the C; hydrocarbons, though the intensity is less.
Trans-3-hexene is an exception, for here C;Hy ™
is the largest peak, and this peak is small or absent
in all other C; hydrocarbons. The benzene
spectrum is given in table 9.

6. C,; Hydrocarbons

Table 6 lists doubly charged ions of 19 C;
hydrocarbons. Ions C;H,** and C;H/ would
be masked by singly charged ions in C;H;; and
C;H,, isomers. The nine C;H;; isomers give a
variety of mass spectra of doubly charged ions

TABLE 7.

with Cj; ions the most prominent, except in one
case, 2,2-dimethylpentane, which has a maximum
peak at CgHg™*.  The only other C; with a maxi-
mum at this peak is 4,4-dimethyl-1-pentene.
This is a structurally similar molecule, except that
it contains a double bond. The cyclics all give
quite similar doubly charged ion spectra with
C;Hgt* the maximum peak. Table 9 gives the
spectrum of methylbenzene.

7. C; Hydrocarbons

Table 7 lists doubly charged ion spectra of
15 CgHyz isomers, 22 cyclic and olefin CgH

Doubly charged ions of Cg hydrocarbons

Relative intensities in percentage of maximum peak in spectrum

Compound CsHz | CsHy | CsHg | CsHs | CsHyg | CoHi | CeHy | CeHy | C7Hs | Crhg| C7H7 | CrHs | C:Hg | C7Hyo | C7Hyy | C7Hyz | CrHys
nzOctancNuSENERENIEENIIINNSISI SRR SR | S| S SRR | SR SN | SR S S S—— 1N (R [ESTIN ISR R FO .
2-me-Heptane. 0.01 | 0.01 [ | . [N SRR S ceeo | ccco | .06 0.01 | 0.04 | _____ 0.03 | .
3-me-Heptane_ _ . o .02 | .01 | . S — o e e |l cono | cece AR R L | S| - S
4-me-Heptane___________________ HO2E IR0 28| Reusy| Pany| Sea st = = e | e || e A1 AR | EPUSR R .
2,2-me>-Hexane. _ I IR e 003 | | 05| .| .04 _.___ 04|
2,3-meg-Hexane__________________ .01 01 | oo | oo | oo e |l e e . L0 7 I I I e |
2,4-meg-Hexane._ (1) U RS I I I o || O | s ST | | e (4 3| p— ol || com || s -
2,5-meg-Hexane. - e || ecms || ccee || emea || 13 003 | | .o | .__o| .08 ____ 205 | o 05 |
3,3-meg-Hexane._ _ 01 SO N U (S | RE— - 1720 R (R IO
3,4-mey-Hexane_ _ ()10 =1 (1 13| QU | P | o || Smeos azeo || soes SO Y|/ (R (R I
2,2,3-mey-Pentane_ | ey | QS | SO0 EE SR e .03 . CHOS T e S | e
2,2,4-me3-Pentane. .01 SO/ 10 | RPN O | 0.01 .14 07t L03 | oo 04| £03 | -——_.
2,3,3-me3-Pentane . 1 0) U IR IR IR I e e | e e 03 RO R S |
2,3,4-me3-Pentane. R e S R 028 | SIS S e A | . AU e e e B
2,2,3,3-mes-Butane_______________ DERYL | SSTEUR | BTSN PR Sooo [R020 s = 203 172 [ (R T R, N
1-Octene__________ RO R (PSR R RNB | S S . Rl S | S, B
trans-4-Octene _ _ — S S S| e e e PR (R 1 R I 12 S (N IR
2,4,4-me;-1-Pentene SR RS R | SR | NS 02 ool | o 07 (.04 .21 .04 08 | 0.03 01 .30
2,4,4-me;3-2-Pentene______________ SIS | TSI | U | RPSTSN | — (R N[ ISV 0.02] .29 | .11 .68 | .12 17 10 01 .22
Cyclohexanes:
l,l-mep . ______________________ ST R e e ()1 | R | . m_— .23 .07 .37 i .08 .03 .03 .04
cis-1,2-mey_ _ P S R I I R P .21 .05 . 25 .04 .04 01 oo -
trans-1,2-me; o SO SO RO (U R .20 .05 | .20 | .02 ol || s || e B
cis-l4-mey_____________________ SRR (PSP (RN TR N .02 O3B NS s .21 .06 . 26 .05 1 3 R I
trans-14-meg___________________ me | e | e || e .01 02 01 o7/ .05 .22 .04 .04 .01 O E—
cis-1,3-me;_ _ e || s || mmen .02 01 o .14 .08 .14 .05 05 | .. 02 Lo
trans-1,3-mez R SO | R | | S .02 .01 S m R .21 .10 S 20 .06 L05 | oo | oo B
ethyl ____ . .03 .01 (001 | | o e || e || oo || e .10 .03 .08 .03 RO P | O | R
Cyclopentanes:
n-Propyl._____________________ .03 SO25{ SO ST | R SREINLS (RN | I B o il 04 .11 1) O S S | R
i-Propyl._ L0208 IR () 1S SRR | S SO [ | U e .20 .09 .30 .07 .04 A e
1-me-1-eth ol 2 B3 [ | e B | SR .13 .05 .13 .02 1| p— o .02
cis-1-me-2-eth S 2| TS RSO S | S . e || et o .16 .05 ) .02 O3 | G | I
1,1,2-me;. L028{N02 1| SN R SR I | .22 09| .29 .08 .04 .03 | .
(1132 3 =TT 0 N .01 .02 02 ) o .05 17 S R .02 .30 .15 .53 .16 .10 .09 .04 .24
cis, cis, cis-1,23-mes____________ .01 .01 ()15 | S | TSR SN O | — R 121 .05 .16 202 SO2 N | | R .
cis, trans, cis-1,2,3-me; 028020 |8 U1 NI BEE IR S SO | e 16| .07 | .22 | .03 .03 S
cis, trans, cis-1,24-mes__________ .01 .01 .01 .01 0.04 | ____ U 0 .04 .14 P15 T I R S
cis, cis, trans-1,2,4-me3__________ 01| .01 | .01 | .01 Gl P e S e SRR .09 .05 .13 | .03 1) U IR I N
4-Vinyl-1-cyclohexene y__________| .04 | ____ - SR . R AR | .03 .25 | .29 11 10| o ot
1 Also gives peaks C7H:++0.18, C7H3++0.02, C7H++0.07, CgH3++0.04, CgH3++0.01, CgH7++0.09, CsHg++0.20, CsHy,++0.01,
Doubly Charged Ions in Mass Spectra 373
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TaBLE 8. Doubly charged ions of Cy hydrocarbons

Relative intensities in percentage of maximum peak in spectrum

Compound CsHs | C:Ha
V= INIOT ELT10 NI e sess
2,2,3-meg-Hexane__.______.______________________________. 0. 04
219 4-mes-Hexanemes e IS .03 N
2,2,5-mes-Hexane_ .. __________ - .07 0.01

2,3,3-meg-Hexane_________________________________________
2.3, 5-meg-Hexame - L
2,4,4-me3-Hexane _________________________________________ e e
3,3,4-mes-Hexane_________________________________________ S .01
3,3-eths-Pemtane. . =
2,2,3,3-mes-Pentane______________ . I
2,2,34-mes-Pentane____________ .04 .01
2,2,4,4-meg-Pentane_____________________________________ .04 .01
2,3,3,4-mes-Pentane_____________________________________.

Cyclopentanes
n-Butyl - .05 I
=B 1 Gy .13 .03
Cyclohexanes
GOSN s sm e s e et e S S o S e S S s .05
i-Propyl. . .09 .03
1,0,300€3 - .14 .09
1-Nonene__ .. .04

C/Hs | CtHy | CiHy | C;Hy | C7Hya | C/Hys | C7Hyy | CgHp | CsHu
0.03 R 0.01

.03 s o e v SR s

.04 P .04 PO 0.04 S 0.02

.15 0.02 .20 0. 04 .33 0.14 5

.02 - —— o .

.06 .01 .03 i .02

.06 2=t .04 e .04

.01 . e

.04 . .03 s .03 S

.09 .05 .03 .06 .03 .02

.24 03 24 .05 32 52 28

.03 I

.08 B .02 S .02

.15 .01 .09 = .03

.05 . .02 N o

.14 .03 .06 .01 05 B I B S
.27 24 .15 .05 .08 Geoe e 0.03 0.03
.03

1 This also has a peak of 0.02 at C;Hat+.

isomers, and 1 CgH;; molecule. Cg ions with an
even number of hydrogen atoms would be masked
by singly charged ions. Three CgHyg isomers not
included in the table give no observable doubly
charged ions. These are the three octanes that
have ethyl side chains; 3-ethylhexane, 2-methyl-3-
ethylpentane and 3-methyl-3-ethylpentane. Most
of the CgH;s molecules give small doubly charged
peaks, and in 12 cases the maximum peak is
C;Hg**.  The largest peaks and the greatest
number of peaks are in 2,2 4-trimethylpentane.
Among the CgHy; cyclics, the most abundant
doubly charged ions are in 1,1,3-trimethylcyclo-
pentane and of the four olefins 2,4 4-trimethyl-2-
pentene has the largest peaks. These three com-
pounds have a structural similarity that is parti-
ally concealed by the rules used for numbering
the side chains. The CgH;, molecule, 4-ethenyl-1-
cyclohexene, shows many peaks not found in any
other molecules in this table. The occurrence of
(s ions ranging from CgHy*t to CgHy ™ is signifi-
cant. The ions C;H,™* and C,H, ™ would be
masked in most of the other compounds in table 7.
The spectrum resembles somewhat the alkyl
benzenes of table 9.
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8. C, Hydrocarbons

Table 8 lists doubly charged ions of 13 CyHy,
isomers and six CgH,s isomers (cyclics and one
olefin). One nonane, 3,3-diethylpentane, shows
no doubly charged ions. In the octanes it was
also found that isomers with ethyl side chains give
no doubly charged peaks. With one exception the
doubly charged ions of these molecules are C; ions.
The exception is 1,1,3-trimethylcyclohexane
with two small peaks at CgHgt™ and CgH,**.
This molecule gives the most intense doubly
charged spectrum of the five cyclics listed. It was
found that 1,1,3-trimethylcyclopentane gave the
largest peaks of any of the CgH;s cyclics listed in
table 7. A following section gives evidence that

peaks at 96, 97, and 98 are C;H,,*+, C;Hy;;t+ and

C;H, t; and not Cgtt+, C;H**, and CHytt.

It is of interest that n-butyl-cyclopentane and
n-propyleyclohexane have similar spectra and that
the so-butyl and so-propyl are also similar to
each other and different from the other cyclics.

In general the doubly charged spectra of C, |

hydrocarbons are much like those of Cg hydro-
carbons.
cases with only two striking exceptions.
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TABLE 9. Doubly charged ions of benzene and alkyl benzenes

Relative intensities in percentage of maximum peak in spectrum

Compound CsH | CsH3 | CeHs | CeHs | CrH | C7H2 | C7H3 | C7Hy | C7Hs | C7Hs | C7H7 | C7Hs | CsH3 | CsHs | CsH7 | CsHo | CsHio ‘
|
Benzene! _________.___ 0.05 L B A () B G () B R B R e [REane s
Me-Benzene3_.________ — 04 | | oo 0.13 1.73 | 0.42| 0.97 | 0.49 | 4.87 2. 85| 3l B R e R
Eth-Benzene__.________ s .04 <023 e ens .10 .02 .05 .05 .05 .20 .02 0.05| 0.08| 0.32| 0.24 | ____
1,2-mes-benzene R PR : S R R I, .15 .05 .08 .05 .05 .28 .03 .06 ol .73 .66 |40.2
1,3-méz-benzene .03 (1) B R e .16 .05 oA/ .05 .04 2l .01 .10 .12 itk NG 42
1,4-mezbenzene________| ____ | - __ | | oo | oo W06 | oo .15 .04 .02 .22 02 | . .07 .61 .52 45
|

1 Also has peaks at CsHa++ 0.03 and Cs;Ha++ 0.05.
2 Based on a peak of 0.20 at 39.5 from CB3Cjs12Hgt++.

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 Cg, C;, and
C; hydrocarbons.

Benzene has a very large CgH;™ peak and only
one small C; peak in contrast to most of the
spectra in table 5. Cyclohexene is the only com-
pound in table 5 that has large C; peaks.

Methylbenzene resembles qualitatively the
C;H,; cyclics (table 6) except for differences
definitely related to the fact that there are 8 H
atoms instead of 14. C;H,™ and C,H,"™ would
be masked by singly charged peaks in the cyeclics.

The CgH,, aromatics give spectra quite unlike
any of the Cg molecules of table 7 except the
CgH,, molecule, 4-ethenyl-1-cyclohexene. It dif-
fers from this in having Cg ion peaks that are
larger than the C; peaks. The estimate of CiH,,t*
is based on very small isotope peaks and is quite
uncertain. The fact that C,Hg™" is small or miss-
ing here in contrast to other Cg molecules un-
doubtedly is a consequence of the fact that dis-
sociation by removal of CH; gives C;H;**, whereas
multiple dissociation or rearrangement is required
to give C;Hg ™.

10. Hydrocarbons with 10 or More Carbon Atoms

There is little published data on these heavier
hydrocarbons. #n-Decane, C,,H,,, gives only two
small peaks, C;H,"0.02 and C;H,*10.02.

1-Decene, C,oHsg, shows only one doubly charged
ion, C;Hg™0.03. This is also the only ion in 1-
octene, whereas l-nonene gave this ion and C;Hy* .

Doubly Charged Ions in Mass Spectra

3 Also has peaks at CsHa++ 0.17, CsHs*+ 0.02, and CsHy*+ 0.11,
4 Based on a peak at 53.5 from CB3C712Ho*+.

The four butylcyclohexanes give doubly charged
spectra like the CyH,;s cyclics, except that the
peaks are smaller.  All the ions have seven carbon
atoms.

The Atlantic Refining Co. has published mass
spectra  [7] of the three diisopropylbenzenes
(CoHg) at an ionizing voltage of 50 volts. These
include the heaviest doubly charged ions recorded
to date. The three spectra are similar, and 1,3-
diisopropylbenzene gives the following peaks:
C,H;0.37, C;Hy++0.08, CoH,;++0.05, C,oH,+10.75,
CiHytt1.25, C,H;72.79, €,;H;5770.53, and

X CHH15++O.65.

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

The API tables gives mass spectra obtained
with ionizing voltages of 50 and 70 volts 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 2(70) /2(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 volts.

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.

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

Compound Reference Ion Appearance| i(70)/i(50)
potential
Qg s s [2] CHstt 32 1.25
ClaH SN 3} CHstt 36 1.3
[4] CgHgtt 27 1L{0]
. CeHst 30.4 1.2
S CgHatt 39.8 1.4

Observed values of the ratio #(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 chemically 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 of ratios in terms of appearance
potentials—The interpretation of this is fairly
obvious. Studies of appearance potentials of
singly charged ions show that frequently but not
always, the hydrogen atoms are removed in pairs
to form H,. Thus Delfosse and Bleakney [6] find
that in propane, C3H;* is produced by the transi-
tion C,H;—C;H;*+H,+H requiring 14 volts.
The process C;Hg—C;H, +2H, occurs at 14.7
volts, and C;Hy—C;H,"+2H,+H requires 15.7
volts. As it requires about three electron volts
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TaBLE 11.—Ratio of peaks at 70- and 50-volt ionizing voltage

Tonization precess i(70)/i(50) Remarks
CsH12>CsHott+10H____| 4.5t06.8 3 isomers.
CsHypo»>CsHot++8H _____ 2.8 t03.7 7 isomers, mean 3.5.
CiH1o>CsHat++7TH _____ 2.2and 3.5 2 isomers.
C3;Hsg—>C3Hot++-6H______ 2.0 Propane.
CsHg—>CsHott+6H______ 2.2 and 245 2 isomers.
CsH10—>CsHyt+t4-6H 1.6to1.9 7 isomers, mean 1.7.
C3Hs>CsHst++-5H______ 1.9 Propane.
CHg>CsHat++4-5H______ 1.85 to 1.88 4 isomers.

CiH 0> CsHst+4-5H _____ 2.0 2 isomers.
Cs;Hs—>CsHat++5H______ 1.7 and 1.9 2 isomers.
C3He—>CsHot++4H______ 1.43 and 1.48 2 isomers.
CsHg>CsHyt++4H______ 1.5 Propane.
CsHs—>CsHyt+4-4H______ 1.3and 1.4 2 isomers.

CsH o> CsHett+4H . ____ 1.1 to1.5 7 isomers, mean 1.2.
C3He—>CsHat++3H______ 14 2 isomers.
CiHs—>CsH3t++43H______ 1.42 to 1.46 4 isomers, meaa 1.44.
CsHs—>CsHst++3H______ 1.2and 1.35 2 isomers.
CsHe>CeHst++3H______| 14 Benzene, appearance

potential 39.8 volts.

C3He—>CsHsH+2H ____ 185 2 isomers.
CsHs—>CsHet++2H _____ 1.0and 1.2 2 isomers.
C;H»—»>CsHgtt+2H _____ 1.1to1.3 3 isomers, mean 1.2.
CoHy—»CoHat++H 1.3 Ethylene, appearance,
potential 36 volts.
C;He—>CoHst++H_______ 1595 Ethane,appearance, poten-
tial 32 volts.
CsHe—>CsHst++H_______ 1.3 and 1.2 2 isomers.
CiHe—>CsHs+++H_______ 1.2to 1.4 4 isomers, mean 1.3.
CsHs—>CsH+++H_______ 1.1and 1.25 2 isomers.
CsHe—>CeHt++H_______ 18D Benzene, appearance po-
tential 30.4 volts.
CsHs—>CsHgt+___________ 15 Isoprene.
CeHe—>CeHegt+___________ 1.0 Benzene, appearance po-

tential 27 volts.

to remove each H atom from a hydrocarbon and
the energy of recombination 2H—H, is 4.5 electron
volts, it makes a large difference whether the pairs
are removed as H, 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 H, usually occurs
in double-ionization processes. That 1is, it re-
quires about the same work to remove 4H, and
3H,+H, 3H, and 2H,+H, 2H, and H,+H.

From comparison with the few instances in
which the appearance potential isknown, it appears
that all double ionization processes involving re-
moval of H or H; require 30° to 36 volts. Processes
involving removal of H,+H or 2H, require
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roughly 40 volts. Processes involving removal of
2H,+H and 3H, must fall in a narrow voltage
range above 40 volts, whereas removal of 5H,
must require nearly 50 volts.

Molecules with more than five carbon atoms
give values of 7 (70)/i(50) somewhat less than those
listed in table 11 for removal of a given number of
H atoms. Thus in seven C;H,; cyclics in the

process C;H,,—C,H;""+8H, the ratio ranges -

from 1.3 to 1.5 as compared with 3.5 given in table
11. In the same isomers C,H,,—C;Hg**+6H
gives a mean ratio of 1.2, as compared with the
mean 1.8 for the values in table 11 for loss of 6H.

In table 7 three of the CgHy4 isomers give large
doubly charged peaks of mass 97. This could be
either C;H*™* or C;H;3**. The ratio 7(70)/i(50) is
1.15 to 1.17, indicating a low appearance potential,
and for this reason the ion has been ascribed to
C;H;;"*. 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
C;H,.;**, C;H,5*+, and C,H,/ .

V. Summary and Discussion

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

1. 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 with the same number of
carbon atoms.

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

4. Ton 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 frequently involve breaking
carbon bonds, the spectra depend considerably
on the structure of the molecule and are quite
different for paraffins, olefins, and diolefins.
Tons with an odd number of H atoms tend to be
more abundant.

Doubly Charged Ions in Mass Spectra

Doubly charged ion spectra of molecules with
six or more carbon atoms are quite different from
the lighter hydrocarbons. The most probable
ionization processes involve breaking of carbon
bonds in all these except the alkylbenzenes and
the C; cyclics. Structural differences and the
degree of saturation give large differences in the
spectra. C;H,* is often the maximum peak in C,
hydrocarbons and in C; paraffins. In other C,
hydrocarbons and in C; and C, hydrocarbons,
C;Hgtt is often the maximum peak. Rules 3 and
4 remain true, in general, with minor exceptions.

A qualitative consideration of the ionization
process gives a partial explanation of some of the
properties of doubly charged ion spectra. The
least potential 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
required 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 subject to large disruptive forces,
and probably a frequent result of double ionization
is that the molecule ion dissociates 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 CHy" in the two butane
isomers indicates that it comes from the process

041{10—5(‘/3}17-}' -+ (0]; {3+ + %e.

If, however, a molecule loses most of its hydrogen
atoms in the dissociation process, then 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 H,, 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 C;H,, to give C;H,"" 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 CgH,, isomers, C;H,™" is
again the largest peak. This can be obtained by
the least energy by removing CH, and four H,
molecules. The fact that C;H,**, C;H, ", and
C;Hgt are larger than the peaks with an odd
number of H atoms, supports the view that loss
of CH,; and H, 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 CH; and other radicals
with an odd number of H atoms. (Ionization
with dissociation into CH, is known to occur but
is less probable [8]).

In C;s hydrocarbons doubly charged ions with
six carbon atoms are found in CgH,, isomers, and
these ions are the most abundant ions in cyclo-
hexene, CgH,;, and in benzene, CgHg. Cg ions
become more abundant as the number of H
atoms decreases. This is also true of C; ions in
the C; hydrocarbons. In Cg hydrocarbons there
are no doubly charged Cjg ions in CiH g and CgH
isomers. They are strong in 4-ethenyl-1-cyclo-
hexene, CsH,, and predominant in the CgH,, alkyl-
benzenes.

In hydrocarbons with seven or more carbon
atoms the ion C;Hg™ 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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