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1:2 and some theoretical support for this view has
been proposed, notably by Fano.

There have been a number of attempts at relat-
ing quantitative knowledge of the primary physical
effects to the resultant chemical effects. It 1s not
the purpose of this introduction to survey these at-
tempts. Some of them have been very useful in
guiding further experimentation. These essentially
speculative treatments have been concerned with a
number of factors, the possible effects of which have
been considered individually and also in their rela-
tionships to other factors. They include: mecha-
nism of neutralization; the contribution of negative
ions and negative ion formation; the fate of ex-
cited molecules and the effect of excitation level,
state of aggregation and of other molecules, sur-
faces, etc., on the fate of such excited molecules;
the phenomenon of energy transfer; Stern—Vol-
mer reactions of excited molecules and of excited
free radicals; and, rather recently, ion-molecule
and electron-ion—-molecule reactions. From a more
chemical point of view the speculations extend to
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the fate of free radicals, both ‘“‘cold” and “hot,” and
to the effect of temperature on that fate.

With all this speculation and incipient theory it
is apparent that much more extensive and reliable
information is required before one can expect to
make reasonable predictions in radiation chemistry.
In the radiation chemistry of organic compounds
especially, a strictly pragmatic approach to ra-
diation chemistry may be particularly useful. Not
only can the observations and correlations resultant
from careful, detailed work give useful information,
the immediate applications of which would be read-
ily apparent, but, much more importantly the subtle
variations of study possible in the radiation chem-
istry of organic compounds (e.g., by detailed studies
of a homologous series) may eventually give us a
clearer understanding of the physical processes
precedent to the chemistry and thus in turn give us
a sound basis for prediction. In this Symposium,
there are represented in a systematic way some of
the purely chemical approaches to the solution of
some fundamental problems of radiation chemistry.
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The most abundant ions obtained from xylenes and other polymethylbenzenes by electron impact result from the loss of -

a methyl radical.

Although other alkylbenzenes preferentially cleave a bond once removed from the ring, the polymethyl-

benzenes appear to cleave a ring-to-alkyl bond. Mass spectra of a series of labeled p-xylenes confirm the conclusion, based

on a study of appearance potentials, that the resulting ions do not have the tolyl structure.
Consequently, the methyl group lost does not contain solely the elements of an

drastic rearrangement before dissociation.
original side-chain.

The mass spectrum of a compound gives the dis-
tribution by mass of the ionized products that result
from electron impact. Unfortunately, the spec-
trum tells nothing about the identity of an ion ex-
cept its mass—or, more accurately, the ratio of mass
to charge. The masses of the more abundant ions
from most compounds can be accounted for by pos-
tulating cleavage of one or more bonds in the orig-
inal molecule. Such a simple explanation is at-
tractive and has been the basis for many assump-
tions about the nature and origin of ions produced
by electron impact.

Although such assumptions have facilitated em-
pirical correlation of mass-spectral data, without
supporting evidence they may be no more than
convenient fictions and have little significance for
problems involving actual chemical processes. For
example, chemical reactions induced by electron

- impact seem to have important implications for ra-
diation chemistry and perhaps other areas. Also,
appearance potentials of ions, interpreted in terms
of reactions more often assumed than established,
have been widely used to compute bond-dissocia-
tion energies and other thermochemical values.
Although the simplest assumptions continue to be
useful in providing initial hypotheses, such assump-
tions must be proved valid by independent observa-

Further, these spectra indicate

tions before they can be accepted as descriptions of
actual chemical particles and events.

The most abundant ions obtained from xylenes
and other polymethylbenzenes by electron impact
have masses 15 units lower than the parent mole-
cules.%? These masses correspond to loss of a
methyl group and suggest cleavage of a ring-to-
methyl bond. When the process is considered to be
such cleavage, however, appearance potentials of
the ions derived by loss of methyl from toluene, the
three xylenes and mesitylene are not mutually con-
sistent.? These potentials lead to heats of forma-
tion of the ions from the xylenes and mesitylene far
lower than that of the ion from toluene, and close
to that of the ion derived from ethylbenzene by the
loss of methyl. This finding has led various in-
vestigators to suggest that the ion derived from
toluene is actually phenyl,* but that those derived
from the other compounds have rearranged to ben-
zyl® or tropylium?ions. Regardless of the structure
attributed to the ions, the methyl lost was assumed

(1) 1. W. Kinney and G. L. Cook, 4nal. Chem., 24, 1391 (1952).

(2) 8. Meyerson, Appl. Spectroscopy, 9, 120 (1955).

(3) F. H. Field and J. L. Franklin, J. Chem. Phys., 23, 1895 (1054).

(4) However, see P. N, Rylander and S. Meyerson, ibid., 27, 1116

1957).
( (5))P. N. Rylander, 8. Meyerson and H. M. Grubb, J. Am. Chem.
Soc., 19, 842 (1057).
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implicitly to be one of the original side-chains.

Evidence bearing on the origin and configuration
of an ion can be obtained from the distribution of
labeled atoms in the ion derived from labeled mole-
cules, and in its further decomposition products.
To throw further light on the dissociation of poly-
methylbenzenes under electron impact, we there-
fore studied the mass spectra of p-xylene and four
labeled p-xylenes: a-d, a,a’-d), o-d, and «-C.
To provide a possible basis for generalizing from p-
xylene, we obtained the spectrum of m-xylene-a,a’-
ds for comparison with that of the para isomer.

Theoretical
Individual steps in a decomposition path can

often be identified conclusively from the locations
of metastable peaks in the mass spectrum.S—*  Such
evidence reveals two important paths for p-xylene.
Metastable peaks at

78.4 (106%) —> (91+) + 15
and

46.4 (91%) —> (65%) + 26
establish the path

—CH; —CyH,
CsHyot ——> CHyt ———> GiH,+ (a)

A metastable peak
59.7 (106+) —> (79%) + 26
establishes the path

—-H —C.H,
CeHyy* ———> CiHyt ————> CHy* (b)
The assumption that the methyl lost in path s is
an original side-chain could be checked readily. If
it were valid, the per cent. labeling of the resulting

C-H;* ions from the labeled xylenes should be
od aa’-d o-d o-C
50 100 (singly labeled only) 100 50

Any significant deviation from these values would
show that rearrangement had occurred. More-
over, if rearrangement had occurred in the forma-
tion of C;H;™, it should be reflected in the distribu-
tion of the label in the CgHs* resulting from further
breakdown.

The hydrogen atom lost in the first step of de-
composition path b might reasonably be expected
to come from a side-chain, with the formation of a
p-methylbenzyl ion. However, such a simple ex-
planation seemed questionable in view of evidence
that the toluene molecule-ion rearranges to a seven-
membered ring before losing a hydrogen atom.5?
The CeH:* ion was of further interest because of
the uncertainty about its identity when derived
from monoalkylbenzenes.’® The spectra of la-
beled xylenes might be expected to clarify the proc-
esses in this path, and possibly those leading to the
formation of other fragment ions as well.

(6) P. N. Rylander and 8. Meyerson, J. Am. Chem. Soc., 78, 5799
(1956).

(7) M. B. Wallenstein, A. L. Wahrhaftig, H. Roesnstock and H.
Eyring, in “Symposium on Radiobiology,” ed. by J. J. Nickson, John
Wiley and Sons, Inc., New York, N. Y., 1952,

(8) H. M. Rosenstock, A. L. Wahrhaftig and H. Eyring, J. Chem.
Phys., 28, 2200 (1955).
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(10) 8. Meyerson and P. N, Rylander, J. Am. Chem. Soc., 79, 1058
(1957).
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Experimental

p-Xylene-a-d was kindly supplied by E. L. Eliel, of the
University of Notre Dame. p-Xylene-a,a’-d; was made
by reducing Eastman White Label p-di-(chloromethyl)-
benzene with lithium aluminum deuteride. p-Xylene-o-d
was prepared from 2-bromomagnesium-p-xylene by addition
of DyO. p-Xylene-a-C!'® was prepared by the reaction of
Eastman C1SH,I, of 669, isotopic purity, and p-tolyllithium
in ether; the product, after washing with water and con-
centration by distillation, was separated by gas chromatog-
raphy. A portion of the p-xylene-a,a’-d; was treated with
HF-BF; under conditions that have been shown to effect
complete side-chain isomerization to m-xylene.!212 TUn-
labeled p-xylene was an API Standard Sample.

Spectra were recorded on a Consolidated Model 21-102
mass spectrometer. Isotopic species in the samples of
labeled p-xylenes, determined at reduced ionizing voltage,!®1¢
were

a-d a,a’-d; o-d o-Ci8
Unlabeled, % 4.8 3.6 20.8 34.0
Singly labeled, % 95.2 23.3 79.2 66.0
Doubly labeled, % 72.3
Triply labeled, % 0.8

All spectra were corrected for naturally occurring Ct3;
the spectra of the labeled species were corrected for the con-
tributions of unlabeled xylene and, in the case of the xylene-
d, spectrum, of xylene-d;. Traces of aliphatic hydrocarbon
appeared in the spectra of p-xylene-a,a’-d; and -a-C13, but
the other spectra revealed no components other than xylene.
Partial spectra of the labeled p-xylenes are shown in Table
I. Complete spectra will be submitted for issuance as part
of the API *“Catalog of Mass Spectral Data.’’%

TasLe I

PARTIAL SPECTRA OF p-XYLENES \

Corrected for naturally occurring Ct3
Mass

m/e  Unlabeled a-d a,a’~dg®s b o-d a-Cits
109 0.6
108 100.0
107 100.0 39.3 100.0 100.0
106 100.0 47.0 10.8 46.6 52.9
105 51.6 7.8 5.3 - 6.4 4.5
93 32.1
92 97.5 142 .4 153.9 99.7
91 172.7 .7 4.6 19.7 72.7
90 1.3 2.2 2.6 3.2 2.8
81 4.5
80 6.11 7.0 6.23 6.53
79 8.36 7.58 10.9 9.16 8.47
. B8 0.6
67 0.64 2.0 0.86 0.65
66 1.18 5.95 8.9 8.82 6.25
65 12.8 8.24 4.8 5.71 7.48

@ Uncorrected for 19, xylene-d; (corresponding to 0.89%,
in the original sample). ? Contains traces of aliphatic hy-
drocarbon.

Distribution of Label in Fragment Ions.—The
abundance of C,H,,* ions from unlabeled xylene is
measured by the relative intensity at mass M =
12n + m in the mass spectrum. In the spectrum
of a labeled xylene, C,H,,* ions are distributed be-

(11) D. A. McCaulay and A. P, Lien, 1bid., T4, 6246 (1952).

(12} The mass gpectrum of the m-xylenc-a,a’,~d: was found to be
indistinguishable from that of the p-xylene-a,a’,-d2. This observa-
tion was taken to indicate that no methyl hydrogen had exchanged
during isomerization.

(13) R. E. Honig, Anal. Chem., 22, 1474 (1950).

(14) D. P. Stevenson and C. D. Wagner, J. Am. Chem. Soc., 72, 5612
(1950).

(15) Amer. Petroleum Inat., Research Project 44, “Catalog of Mass
Spectral Data,’’ Carnegie Inst. of Technology, Pittsburgh, Pa., 1047~,
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tween masses M and M + 1, the latter being attrib-
uted to the labeled species. However, the inten-
sity at M may include some contribution from la-
beled C,H -1+ and so cannot be used, in general, to
compute the distribution of the label in Cp.Hat
ions.

Distribution of the label can be estimated readily
if the next-heavier ion Cp,Hpny,* is absent or nearly
absent from the unlabeled xylene spectrum. The
relative intensity 7, at M for unlabeled xylene gives
the total yield of Cn,H,+—the sum of the labeled
and unlabeled species in the case of the labeled xy-
lene, The relative intensity I, at M -+ 1 for the
labeled xylene gives the yield of labeled C,H,.*.
The difference I, — I, is attributed to unlabeled
C,Hax*. This general procedure assumes negligible
isotope effect on the dissociation process.

Where the yield of C,H,, — 17 is negligible relative
to that of C,Hn™, as seen in the spectrum of the un-
labeled compound, the distribution of the label
among ions of the latter formula may be determined
directly; the intensities at masses M and M + 1
give the yields of unlabeled and labeled C,H,*
ions, respectively. This procedure may be used,
for instance, for the C;H;* ion from xylene, with
results nearly identical to those obtained by the
general procedure.'® However, the absence of
interference from the next-lighter ion is peculiar to
the C;H;* ion among all those studied in the xylene
spectrum. In the interests of uniformity, there-
fore, we have employed the general procedure
throughout,

The yield of labeled C,Hax — 1+ can be estimated
from the difference between the relative intensity
at mass M and the computed yield of unlabeled
C.H,t*. Per cent. labeling of the C,H,, — 1+ions
can then be computed with confidence where
the total yield of C,H,,* is much smaller than that
of C,Hn — 1*. In the spectra of the singly labeled
xylenes, for example, the abundance of labeled
C:H;* of mass 66 can be computed despite the
presence of CsHst. The mass-66 intensity of un-
labeled xylene is taken as a measure of total CsHst
yield. The mass-67 intensity of a singly-labeled xy-
lene is attributed to labeled CsHst. The difference
between these values then measures the yield of
unlabeled CsHst and is subtracted from the mass-66
intensity of the labeled xylene to obtain the yield
of labeled C;Hy*. Where the specified condition is
not met, such a computation should be accepted
with caution, because errors, from whatever source,
are cumulative,

The C:;H;+ and C;H;* Ions.—The per cent.
labeling of C;H;* ion from each singly labeled xylene
is given by the ratio of the relative intensity at mass
92 for the labeled xylene to that at mass 91 for un-
labeled xylene. Similarly, the per cent. doubly
labeled C;H;* ion from xylene-d; is given by the
ratio of the mass-93 intensity for this compound to
the mass-91 intensity for unlabeled xylene. Un-
labeled C;H;* from the singly labeled xylenes and
singly labeled C:;H:* from xylene-d; were obtained
by difference from 1009,

The observed distribution of variously labeled

(16) Agreement of the C7H:* results by the two computing proce-
dures supports the assumption of negligible isotope effect in the forma-
tion of this ion.
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C;H;* ions from the labeled xylenes is markedly dif-
ferent from that expected if the methyl group lost
were an original side-chain

a-d a,a’~ds o-d a-C13
Unlabeled 44 .. 11 42
Singly labeled 56 81 89 58
Doubly labeled .. 19 .

Rearrangement must therefore have occurred
either before or during dissociation.

The distribution of deuterium from the deuter-
ated xylenes can be accounted for on the assump-
tion that the methyl group lost is an original side-
chain that has had a 50:50 chance of exchanging
one hydrogen with a ring hydrogen. The observed
distribution agrees closely with that calculated on
this basis '

a-d a,a’-ds o-d
Unlabeled 42 .. 12
Singly labeled 58 83 88
Doubly labeled .. 17

Models that would meet the statistical require-
ments for deuterium labeling are the electromeric
structures®:

P=S e

Each methyl is considered to give rise to a CH,
group; and the CH; subsequently lost may be
formed from either of these and & hydrogen atom
from an adjacent CH group. These statistics
require that no appreciable amount of CH; be lost
without first being involved in a rearrangement.
Even this rather extensive rearrangement is not ade-
quate to account for the xylene-a-C'? data, which
indicate that 58 minus 42, or 169, of the methyl
radicals lost contain carbons originally in the ring.
The yields of labeled C;H;s* relative to that of

labeled C;H;* from the singly labeled xylenes are
given by the mass-66 intensities in the spectra, re-
calculated with a value of 100.0 assigned to the in-
tensity at 92. The mass-66 intensities thus ob-
tained

a-d o-d a-C13

5.6 5.6 5.7

imply that the atoms originally in the ring and in
the side-chains were no longer distinguishable in
the C/H;* ion. For complete equivalence of the
atoms, the values should be identical and equal to
5.3, five-sevenths the mass-65 intensity in the un-
labeled xylene spectrum, recalculated with a value
of 100.0 assigned to the mass-91 intensity. The
data suggest that the bulk of the C;Hg* ions are
derived from a C;H;* precursor, as in the dissocia-
tion of toluene and other monoalkylbenzenes,®® but
that some likewise stem from other precursors, pre-
sumably CsHye* and CsHet.

. Heats of formation of C;H;* ions, calculated from
the appearance potentials from the three xylenes
and ethylbenzene, are 243, 244, 239 and 234 kcal.,
respectively.®? Good agreement among heats of

(17) Cf., A.C. Cope, A, C. Haven, Jr., F. L, Ramp and E, R. Trum-
bull, J. Am. Chem. Soc., 74, 4867 (1952).
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formation of ions of the same empirical formula but
derived from different compounds has often been
used to suggest that the ions have the same struc-
ture.®® On this basis, it is tempting to suggest that
the structure of C;H;* from the xylenes is the same
as that from ethylbenzene, which has been shown
to be tropylium.»® This suggestion would be con-
sistent with the evidence of the CsH;+ data that
the atoms in C;H;* have lost identity.

The CgH;*+ and CH,* Ions.—Relative intensity
at the parent-mass-less-one measures the loss of
protium atoms from the molecule-ion. In the
spectrum of unlabeled xylene, this intensity meas-
ures the total yield of CsHo™ ion. If any deute-
rium is lost from deuterated xylene, the intensity
will be less than that for unlabeled xylene. The
parent-less-one intensities show that individual
ring and methyl hydrogens are lost about equally.
These intensities agree closely with the values cal-
culated for complete equivalence of the ten hydro-
gens

a-d a,o-dy o-d
Observed 47 39 47
Calculated 46 41 46

Such agreement implies loss of identity of the hy-
drogens and suggests extensive rearrangement be-
fore or during dissociation. ,

Similarly, the per ecent. labeling of the C¢H-* ion
from xylene-a~C'? implies complete equivalence of
the carbon atoms in the CgHy* ion. If CgH;t
originates solely by the loss of acetylene from CsHy+
the per cent. labeling is measured by the ratio of
the mags-80 intensity of xylene-C'? to the mass-79
intensity of unlabeled xylene, both spectra being
recalculated with a value of 100.0 assigned to the
parent-less-one intensity. The value obtained is
76, in good agreement with the 75 expected for a
process in which two out of eight equivalent atoms
have been lost. The spectra cannot reveal whether
equivalence of the carbon atoms was achieved in the
xylene molecule—ion or in the CgHy* ion. Rear-
rangement processes by which the hydrogens and
the carbons become equivalent may, therefore, be
either the same or different. The configuration of
the C¢Hyt ion is uncertain; however, as in the dis-
sociation of ethylbenzene and «-chloroethylben-
zene,' this ion is clearly not derived solely from
the original benzene ring. '

The CgH;* Ion.—The CiH,* ion, a distinctly
minor product of xylene decomposition, is the one
product observed that can be accounted for by
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bond cleavage in a molecule-ion with the conven-
tional xylene configuration. Because it is the
heaviest five-carbon ion produced, it is subject to
no interferences, and the intensities due to labeled
CsHet from labeled xylenes can be determined un-
ambiguously despite their small values.!®* Atoms
originally in the ring and in methyl side-chains have
not lost their identities. The observed isotopic
distribution can be accounted for by the loss from
the molecule-ion of methylacetylene, which con-
tains the elements of a methyl side-chain, the at-
tached carbon, and an adjacent CH group

i +
[Haccm] > CiHy* + G,

The observed mass-67 intensities due to labeled
C:He* agree with the values calculated for this proc-
ess

a-d o-d «-C13
Observed 0.64 0.86 0.65
Caleulated .59 .89 .59

Other Xylenes.—The pronounced similarity of
the mass spectra of the isomeric xylenes2® is not
limited to the unlabeled compounds. The spectra
of m-xylene-a,a’-d; and p-xylene-a,a’-d; are indis-
tinguishable, and one would expect the spectra of
other labeled m-xylenes also to be indistinguishable
from those of the corresponding p-xylenes. There
can be little doubt that decomposition under elec-
tron impact of m-xylene, and, indeed, of o-xylene
closely resembles that of the para isomer.

Conclusion

Drastic rearrangements are involved in the proc-
esses by which p-xylene gives rise to C;H;* and
CiHs* and to CgHoet and CeH:t. Furthermore,
these are rearrangements not of radical ions but of
molecule-ions. Mounting evidence*5%!? suggests
that such rearrangements may be far more common
than has been supposed. Without supporting
evidence, mass spectra cannot be safely interpreted
in terms simply of bond cleavage in the original
molecule.
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(18) Xylene-d: was an exception; small aliphatic peaks at masses
69-71 in the epectrum of this sample suggest that the peaks at masses

67 and 68 may also contain contributions from aliphatic contaminants.
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