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The relation between the fragment ion distribution and recombination energy of the incident positive ions

was studied by means of charge exchange reactions.

The energy range which is consistent with the molecular

orbital (MO) theory proposed by Hirota to account for the mass spectra by electron impact was also investigated,
and the usefulness of the theory was discussed. The energy range to which the MO theory is applicable is very
limited, the fragment ions produced at the high recombination energy to which it is apparently applicable, being
the C,, G; and G, ion groups. It is probable that these species are not produced directly from the parent but by
degradation mechanisms via intermediate steps, thus causing disagreement with the MO theory. Its applicability

to alkanes is open to question.

Mass spectra obtained by electron impact are uti-
lized for the identification of organic compounds.
Although mass spectroscopic analysis is widely used,
only empirical or semi-empirical rules have been used to
explain the experimental results.)) The theory of mass
spectra by electron impact is important for studying
the initial processes of radiation actions on various
substances since the interaction of radiation with ma-
terials is attributed almost substantially to excitation
and/or ionization by radiation-induced electrons.

In 1952 Rosenstock et al.?) proposed a quasi-equili-
brium theory to account for the mass spectra of re-
latively simple organic substances by electron impact,
the underlying assumptions of the theory being as
follows:

(1) The electronically excited molecular ion pro-
duced by interaction of the molecule with an electron
changes swiftly into the electronically ground but vi-
brationally excited molecular ion.

(2) The fragment ions are formed by unimolecular
decomposition of the vibrationally excited molecular
ion involving competing and successive processes.

(3) The rate constants of the elementary processes
are determined by the use of the absolute rate theory.

They estimated the breakdown curve of the n-
propane molecular ion, in qualitative accordance with
the experimental results, but quantitative agreement
was not so good.

Efforts were made to improve the agreement of the
theory with experimental results.?) Vestal et al.®) de-
veloped a method of enumerating the states and suc-
ceeded in evaluating the mass spectra quantitatively.
In this improved quasi-equilibrium theory, however,
there have still been difficulties as regards its applica-
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The dissociation schemes on n-alkanes are presented from the expreimental results.

tion to cases involving fragmentation processes from
clectronically excited states and those from super-
excited states.®

For explanation of the fragment ionization process,
Fueki and Hirota® proposed a theory based on the
assumption that the probability of fragmentation is
proportional to the electron density on the highest
occupied molecular orbital in the molecule. The
theory was applied to many organic compounds and
fairly good accordance was observed with the ex-
periments using electron impact of normal or cyclo-
alkanes.”’ However, experimental evidence of the
energy range fit to the theory seems to be lacking.

We have studied the relation between the distri-
bution of fragment ions and the recombination energy
of the incident ions by means of pure charge exchange
reactions involving no transfer of momentum. The
energy range consistent with the molecular orbital (MO)
theory was also investigated, and the usefulness of the
theory was discussed.

Experimental

The charge exchange reactions of various molecules were
carried out with a double mass spectrometer.®) The primary
ions, produced with a bombarding electron beam (100 eV),
were accelerated to 800 V and led into the reaction chamber
whose repeller potential was below 10 V.  The ions produced
by the charge exchange reactions were drawn into the second
analyzer system at 3.5 KV, and detected with an electron
multiplier of 16 stages.

The pressure of the reaction chamber was 8 X 10— mmHg.
n-GHyo, n-GiHyy, n-CiHyg, n-CyoH,y,, cyclo-GiHy,, cyclo-
CgH,,, cyclo-C,H,, and cyclo-CgH, ; were reagent grade(Tokyo
Kasei Co.) and n-CgH, g was spectroscopically pure. n-CgH,,
was purified from starting material of reagent grade (Tokyo
Kasei Co.) by means of gas chromatography.
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CH,;*, CH,*, C,H,*, H,Ot, Xet, Clt, Ht, Krt, N,*,
Art, Xet+, Art+, and He* were used as the source of primary
ions. CH,t* and CH,* were obtained from methane, Cl+
was the fragment ion of trichlorofluoromethane, H+ the
fragment ion of hydrogen, and GC,H,*, H,O+ and N,* were
obtained from C,H,, H,O and N, respectively. All the
other ions were produced from the corresponding rare gases.

Prior to experiments of charge exchange reactions, a re-
examination of the recombination energy of the incident
primary ions should be necessary because of the comparatively
large velocity. However, with the use of the double mass
spectrometer, Nagatani et al.? observed that the recombination
energy of the comparatively fast primary ions was in good
agreement with Lindholm’s value of slow ones.’® We
therefore used the following Lindholm’s values as the re-
combination energies of primary incident ions:

CH,+ a range around 9.8 eV
CH,* 10.4 eV and lower
C,H,+ 11.4eV

H,O+ 12.4 eV

Xet 12.1—13.4 eV

Cl+ 12.9—14.4 eV

H+ 13.6 eV

Krt 14-0—14.7 eV

N,+ 15.3 eV

Ar+ 15.8eV

Xett 18.0—20.0 eV
Krt+ 21.0eV

Artt 24.0eV

Het 24.6 eV

Results and Discussion

The charge exchange reaction is generally con-
sidered as follows.

A+ M+ - A* 4+ M (3)

where the energy E, for producing the process A—>A+
is dependent on the recombination energy of M+,
the ionization potential of A, and the kinetic energies
of A and M+*. For the pure charge exchange reaction
not involving the transfer of kinetic energy, the following
equation can be applied:

A+ M+ - At + M + (R.E)y — (IP.), (4)

where (R.E.), is the recombination energy of M and
(I.P.), the ionization potential of A. If M=A in
Eq. (4), the resonance process for which E,=(R.E.),—
(I.P.),=0 occurs. For the case of M A one can excite
the molecular ion A+ by the energy E,=(R.E.),—
(LP.),.

Thus the fragmentation processes from the particular
excited state of the molecular ion by the charge
exchange reactions can be observed with the use of a
double mass spectrometer. The produced fragment
ions are normalized to the sum of the total ion inten-
sity, and the relation between the fragment ion dis-
tribution and the recombination energy of the incident
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ions can be illustrated as the breakdown curve of the
molecular ion.

It is considered that the breakdown curve obtained
by the charge exchange reactions is closely related to
the mass spectra by electron impact. Mass spectra
by electron impact are expressed as the sum of the
mass spectra over internally excited states of various
energies of the molecular ion, and calculated by the
use of the breakdown curve and the internally energy
distribution of the molecular ion.!%)

As an example the breakdwon curve for n-C,H,,
is shown in Fig. 1. The abscissa indicate recombination
energy of the incident positive ions and the ordinate
indicates the intensity of the ions. The plotted data
were obtained in this work, and the curve in the low
energy region (<14eV) was obtained by Steiner
et al.!® using the photon impact. From this breakdown
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Fig. 1. Breakdown curve of n-C;Hjq.

TABLE 1. COMPARISON OF THE OBSERVED VALUES BY
ELECTRON IMPACT AND THE CALCULATED VALUES
BY CHARGE EXCHANGE REACTION

mfe A. P. 1. Caled.
(27) 9.3 7.7
(28) 1.9 1.8
(29) 10.9 8.3
(41) 12.4 11.8
(43) 23.8 23.8
(57) 11.4 6.0
(70) 4.1 3.0
(71) 10.5 9.2
(100) 3.1 2.5

11) For example; H. von Koch and E. Lindholm, Arkiv Fysik.,
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34, 189 (1961).
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and the internal energy distribution function the com-
posite fragment ion distribution can be calculated.?”
The result is compared with the observed values by
electron impact (electron energy: 70 €V) in Table I.
The agreement is quite satisfactory. This means that
the fragment ionization processes after the charge ex-
change reactions are almost consistent with ones by
electron impact for the same energy imparted.

In contrast to the quasi-equilibrium theory, the MO
theory proposed by Hatada and Hirota and others”
to account for the mass spectra by electron impact
contains three assumptions.

(1) The lifetime of the excited molecular ion is
very short (<10-135), the excited molecular ion being
in a super-excited state, and the fragmentation occurring
in the stabilization process.

(2) The scission probability of the skeletal bonds
of bombarded molecule is proportional to the posi-
tive charge distribution at the corresponding bond
of the molecular ion, or proportional to the electron
density of the highest occupied molecular orbital at
the corresponding bond of the bombarded molecule.

(3) The theory is applicable only to the primary
scission, and the secondary and other scissions are ex-
plained by the quasi-equilibrium theory.

Hirotal® pointed out that the electronically excited
molecular ion is produced in a super-excited state,
several eV above the ground state. The minimum
energy for producing the super-excited molecular ions
can be estimated by the following equation:

V(min) = LP. 4+ nRT + D(c-c) (5)

where L.P. is the ionization potential of the starting
molecule, n the number of the degree of freedom, D
the dissociation energy for the carbon bonds, 7" ab-
solute temperature (K) and R the gas constant. 20 eV
was obtained for the molecule having 50 degrees of
freedom.

In order to examine this theory it is important to
study the energy dependence of the fragment ion dis-
tribution especially in the recombination energy re-
gion of about 20¢V. From the breakdown curve
(Fig. 1), it is necessary to study the energy region which
is consistent with the MO theory (or to check the frag-
ment ion distribution predicted by the theory).

In the MO theory, Fueki and Hirota® could not
determine which of the ruptured fragment groups was
in the positive state i.e. which one lost an electron on
the rupture event. C,4C,_, was therefore used to
represent the scission probability for the i-th bond from
the end. The summation C,+C,_; was normalized to
be 100 except for the parent ion group. Thus we first
obtain the breakdown curve of the molecular ion by
the charge exchange reaction and next the abundance
of the C,; group. Finally the relation between C,-+
C,_; and the recombination energy of the incident
ion can be obtained, and the energy in which the
MO theory holds can be determined. The relation
of C,4+C,_;, versus energy in n-C;H;; is shown in
Fig. 2 with the data in Fig. 1. The predicted values
on n-C;H,; by the MO theory are as follows: Cj+

13) K. Hirota, Skitsuryo Bunseki, 20, 101 (1972).
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Fig. 2. Relation between C;+C,-; and recombination
energy of incident positive ions on n-C;His.
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Fig. 3. Energy range of fragmentation consistent with the
MO theory.

Cu=5% (%), CotC;=35 (%), Cit-Co=11 (%).
The energy range to which the MO theory is ap-
plicable is thus determined for n-alkanes and cyclo-
alkanes. In Fig. 3, the black portion shows the energy
range apparently consistent with Hirota’s MO theory.
We see that the energy range to which the MO theory
is applicable is very limited. There are no energy
regions to fit the MO theory in n-C,H, n-CgH,,,
n-CigH,e, cyclo-CgH;, and cyclo-CGgHyq.  The results
for n-C,;H,, and n-CgH,; were re-estimated more ri-
gorously than in the previous communication.?)
The mass specira by electron impact can be cal-
culated by the breakdown curve and the internal energy
distribution function. It is assumed, however, that
the maximum of the internal energy distribution func-

Relative cross section
(arbitrary unit)
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Fig. 4.
ion.

Internal energy distribution of 7-C;-H;q molecular

14) S. Ikuta, K. Yoshihara, and T. Shiokawa, Chem. Lett.,
1972, 685.
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tion is about 1 €V plus the ionization potential. Figure
4 shows the internal energy distribution on 7n-C;H,q
molecular ion which was used to calculate the mass
spectra. The breakdown phenomenon in the high
recombination energy range seems to contribute very
little to the whole mass spectra. This means that the
mass spectra in the energy range which are consistent
with the MO calculation (Fig. 3) contribute little
to the whole mass spectra by electron impact.

Although Hirota ef al. could not quantitatively pre-
dict which of the fragment C, and C, (m=N-—n;
where N is the total number of carbon atoms) was to
be in the positive charge, they qualitatively proposed
that the abundance of the C, ion group was larger than
that of the C,, ion group in case of n>m, since the
charge density of the C, ion group was larger than
that of the C,, ion group. It seems that there is a
comparatively large ion group (>Cy/y: Gy is the
parent ion group) in the energy range to which the
MO theory is applicable.

Figure 5 shows the breakdown curve of the n-hexane
parent ion obtained by the charge exchange reactions.
It is evident that the fragment ions produced at the
high recombination energy, to which the MO theory
is applicable are the C,, C; and C; ion groups. These
Cy, Gy and C; groups are predominant in the mass
spectra at the high recombination energy on all alkanes.
These results do not agree with the MO theory.
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Fig. 5. Breakdown curve of n-CgHjy,.

From the above results, there arise some doubts
about the applicability of the MO theory to alkanes.
It is probable that the agreement between the ob-
served values by electron impact and the predicted
values by the MO theory happens to be given by inte-
gration of the breakdown curve along the internal
energy distribution by chance. The argument seems
to hold in the case of cycloalkanes in which double
scissions are necessary to give the fragment ion dis-
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Fig. 6. Dissociation schemes of r-alkanes.

tribution in the present study. We cannot exclude
a possibility that there is a discrepancy in the mecha-
nism between electron impact and charge exchange
resulting in fragmentations. The possibility that the
mechanism involving the pre-ionization from the super-
excited state should also be considered but we do not
believe this will alter the discussion given above.

It seems that application of the MO theory to the
fragmentation of the alkanes (>C,) as a whole is
difficult.

The dissociation scheme on alkanes is given in Fig. 6.
At the high recombination energy (>17 eV) fragment
ions were always C,, Cg and C; ion groups. Figure 6
[a2] shows comparatively swift fragmentation processes.
It is assumed that the molecular ions produced change
swiftly to the C; or C, ion groups, and thereafter the
C; or C, ion groups comparatively slowly change to
the Cy', C,” and C; ion groups experimentally observ-
ed. In the swift process one can imagine that avail-
ability of the molecular orbital consideration may be
possible, although it is far from proven in the results
of this study.
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