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Loss of benzene from methylphenylsilane and
dimethylphenylsilane molecular cations
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Abstract

The dissociations of methylphenylsilane and dimethylphenylsilane molecular cations have been investigated by obtaining the 70-eV electron
ionization mass spectra and the metastable ion decomposition spectra. Benzene loss from these molecular ions was noticeable compared to
the dissociation of phenylsilane molecular cation. To understand the overall dissociation mechanisms, density functional theory calculations
were performed at the B3LYP/6-311++G(d,p) level. It is proposed that the benzene loss occurs via the ion–molecule complexes formed by
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,2 shift of an�-H atom from the silicon to theipso-carbon. The experimental observation that the dimethylphenylsilane ion loses b
ore easily than the methylphenylsilane ion can be understood by considering the stabilities of the product ions.
2004 Elsevier B.V. All rights reserved.

eywords:Methylphenylsilane ion; Dimethylphenylsilane ion; Metastable ion; DFT calculation

. Introduction

Mass spectrometry has been used to understand dis-
ociation kinetics and mechanisms of gas phase molec-
lar ions. Fragmentation pathways of molecular ions are
etermined efficiently using tandem mass spectrometry
MS/MS). Techniques such as metastable ion decomposi-
ion (MID), collision-induced dissociation, photodissocia-
ion, and neutralization–reionization have been widely em-
loyed for the purpose. Methods including isotopic labeling,
eak shape analysis, and molecular orbital calculations pro-
ide valuable information for the elucidation of ionic disso-
iation mechanisms. Accuracy and confidence of theoretical
stimations of energy data for dissociations are being better
ue to recent advances in calculation methods for electronic
tructures of molecular systems.

Mass spectrometric investigations on organosilicon
olecules have provided us with opportunities to study differ-
nt roles of the silicon and carbon atoms in unimolecular dis-

∗

sociations[1]. The dissociation of phenylsilane (1a) molec-
ular cation is a good example[2–9]. As it is well known, the
tropylium ion is produced from the toluene molecular ca
as well as the benzylium ion[10–13]. It has been reveale
however, that the silatropylium ion is not produced from1a•+,
a silicon analogue of the toluene ion, through the studie
several researchers[5–9]. Such a difference could be und
stood by the theoretical expectation that the tropylium io
more stable than the benzylium ion, while the reverse is
for their silicon analogues[9]. The other difference found
that the H2 loss from1a•+ is facile, while it is not from th
toluene ion. This is presumably due to the difference len
of the Si H bonds as compared to the CH bonds.

Detailed investigations on the dissociation mechan
show some similarities as well as differences between th
sociations of the above-mentioned two molecular ions.
similar pathways have been proposed by quantum che
calculations for the productions of the silatropylium ion[9]
and its carbon analogue[11] from the respective molec
lar ions. Both of the pathways are initialized by 1,2 shif
an �-H atom from the silicon or carbon to theipso-carbon
Tel.: +82 31 220 2150; fax: +82 31 222 9385.
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Scheme 1.

ion–molecule complex C6H6·SiH2
•+, can form easily a bi-

cyclic isomer ion (4a•+) via a conformer (3a•+). This iso-
merization pathway is shown inScheme 1. The energies of
these four isomers (1a•+–4a•+) are similar according to the
previous molecular orbital calculation results[9]. The iso-
mer 4a•+ can form another isomer with a seven-membered
ring and produce the silatropylium ion by H loss, but this
process is energetically unfavorable compared to the other
dissociation processes. By contrast, the carbon analogues of
2a•+ and 4a•+ are less stable than the toluene ion or the
seven-membered-ring isomer, cycloheptatriene ion[14]. The
production of tropylium ion through this route is energeti-
cally more favorable than that of benzylium ion. From such
a difference, one can suggest that the ion–molecule com-
plexes (2a•+ and3a•+) and the bicyclic isomer (4a•+), which
interconvert with each other freely, may play a certain im-
portant role in the dissociation of phenylsilane ion unlike
in that of toluene ion. The cleavage of the bond between
the silicon and theipso-carbon of the ion–molecule com-
plexes is possible, which will produce the benzene radical
cation and/or SiH2•+. These fragment ions appear in the
70-eV electron ionization (EI) mass spectrum of phenyl-
silane reported previously[8]. Their relative abundances,
however, were small and they were not detected in the
MID of phenylsilane ion[9], suggesting that the SiC bond
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2. Methods

2.1. Experimental

All experiments were performed using an Autospec or-
thogonal acceleration time-of-flight (oa-TOF) hybrid mass
spectrometer (Micromass) of EBE-TOF geometry, located at
the National Instrumentation Center for Environmental Man-
agement (NICEM) of Seoul National University. Samples
were introduced into the ion source via a septum inlet and
ionized by 70-eV EI. The ion source temperature was main-
tained at 200◦C, and ions generated were accelerated through
8 kV. For obtaining normal mass spectra, only the EBE ana-
lyzer was used and a photomultiplier was used as a detector.
For MS/MS experiments, precursor ions accelerated to 8 keV
were mass-selected by the EBE analyzer. The ions produced
by MID in the forth field-free region were analyzed by the oa-
TOF analyzer. Product ion spectra were obtained by pulsing
deflector electrode placed after the collision cell assembly. A
section of the ion beam containing the precursor and product
ions, accelerated orthogonally by the pulse, entered the linear
TOF analyzer. The ions were detected using a microchannel
plate detector. All compounds were the best grade products
from Aldrich and used without further purification.
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leavage needs high energies and are kinetically less
ble.

In this work, we examine the influence of methylat
t the silicon atom of1a•+ on the dissociation mechanis
nd kinetics. The EI mass spectra of methylphenyls
1b), dimethylphenylsilane (1c), and trimethylphenylsilan
ave been obtained together with the MID spectra of
ations. Detailed investigations on the dissociations of t
olecular cations have not been performed so far, w

he dissociations of their carbon analogues, ethylben
12,15–20], isopropylbenzene[15,16], andtert-butylbenzen
21–24]molecular cations have been studied extensively
issociation pathways and mechanisms of these ions w
iscussed based on molecular orbital calculations wit
mphasis on benzene loss.
.2. Computational

Molecular orbital calculations were performed with
aussian 98 suite of programs[25] using an IBM SP
ighthawk-2 computer at the Computer Center of S
ational University. Geometry optimizations for the sev
olecular ions, intermediates, and fragments were ca
ut at the unrestricted B3LYP (UB3LYP) density functio

evels of theory using the 6-311++G(d,p) basis set. Trans
tate geometries connecting important stable structures
earched at the same level. All the TS geometries found
hecked by calculating the intrinsic reaction coordinate
he 6-311++G(d,p) level for the dissociation of1b•+, and a
he 6-31+G(d) level for that of1c•+. The harmonic vibrationa
requencies and the zero-point energies for the optim
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structures were calculated at the UB3LYP/6-311++G(d,p)
level, which were used without scaling. In all the reported
energy data, the zero-point energies are included.

3. Results and discussion

3.1. Experimental observations

The mass spectrum of1b is shown inFig. 1a. The main
fragment ions are C7H9Si+ (m/z 121), C7H8Si•+ (120),
C6H7Si+ (107), C6H6Si•+ (106), C6H5Si+ (105), C2HSi+

(53), CH4Si•+ (44), and CH3Si+ (43). To determine the dis-
sociation pathways of1b•+, the MID spectra of the molecular
and fragment ions generated in the ion source were obtained.
Since MID occurs not far above dissociation threshold in
general, obtaining an MID spectrum is very useful in devel-
oping dissociation mechanisms especially when combined
with the corresponding potential energy surfaces. The MID
spectrum of them/z 122 ion generated from1b is shown in
Fig. 1b. Some product ions in the MID can originate from
12C6

13CH9
28Si+, 12C7H9

29Si+, and12C7H9
30Si+ as well as

12C7H10
28Si+. Since them/z121 ions, mainly12C7H9

28Si+,
are generated more abundantly than them/z122 ions by the
EI (Fig. 1a), the contribution of its isotopic ions cannot be
n ct

F
p
m
o
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Fig. 2. (a) 70-eV EI mass spectrum of dimethylphenylsilane and (b) MS/MS
product ion spectrum for the MID of them/z 136 ion generated by EI of
dimethylphenylsilane. About 40% of them/z43 ions produced in the MID
originate from the isotopic ions of12C8H11

28Si+. See text for details. An
asterisk identifies the peak by loss of benzene.

ions in the MID of them/z121 ion were them/z43, 95, and
119 ions, with relative abundances of 100, 11, and 20, respec-
tively. After the correction for the isotopic contribution, the
main product ions in the MID of12C7H10

28Si+ are them/z
121, 120, and 107 ions, of which relative abundances are sim-
ilar to those shown inFig. 1b. That is, most of them/z44 ions
produced by the MID of them/z 122 are12CH3

29Si+ and
13CH3

28Si+, and most of them/z 43 ions are12CH3
28Si+.

These originate from12C6
13CH9

28Si+ or 12C7H9
29Si+ not

from 12C7H10
28Si+.

Apparently, them/z 121 and 107 ions are produced by
losses of H and CH3, respectively, and them/z120 ion is pro-
duced by loss of H2 via rearrangement. Detailed energetics
on these dissociations will be described below. The other ions
detected abundantly in the mass spectrum, but not in the MID,
are formed mainly by consecutive dissociations. These were
identified from the MID spectra of the fragment ions. The
m/z 106 and 105 ions are produced mainly via them/z 107
ion. Them/z53 ion (C2HSi+), which has been observed also
in the dissociation of1a•+ and assigned as HCC Si+ in the
eglected in the MID of them/z 122 ion. The main produ
ig. 1. (a) 70-eV EI mass spectrum of methylphenylsilane and (b) MS/MS
roduct ion spectrum for the MID of them/z 122 ion generated by EI of
ethylphenylsilane. Most of them/z 44 and 43 ions produced in the MID
riginate from the isotopic ions of12C7H9

28Si+. See text for details. An
sterisk identifies the peak by loss of benzene.

previous work[8], is produced mainly by ring cleavages via
them/z106 and 105 ions. Them/z44 ion is produced by loss
of C6H6, of which mechanism will be discussed below. The
m/z43 ion can be produced from the consecutive H and C6H6
losses and/or from the molecular ion via rearrangement.
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Fig. 3. (a) 70-eV EI mass spectrum of trimethylphenylsilane and (b) MS/MS
product ion spectrum for the MID of them/z 158 ion generated by EI of
trimethylphenylsilane.

Fig. 2a shows the EI mass spectrum of1c. The main frag-
ment ions are C8H11Si+ (m/z135), C7H9Si+ (121), C6H4Si+

(105), C2H6Si•+ (58), and CH3Si+ (43). To determine the dis-
sociation pathways of1c•+, the MID spectra of the molecular
and fragment ions generated in the ion source were obtained.
The MID spectrum of them/z 136 ion generated from1c is
shown inFig. 2b. The contribution of the isotopic ions of
[M− 1]+ was not large compared to the MID of1b•+. The
correction for the contribution reduced the relative abundance
of them/z43 ion from 17 to about 10, but did not affect those
of them/z135, 121, and 58 ions. Apparently, them/z135 and
121 ions are produced by losses of H and CH3, respectively,
and them/z 58 ion is produced by loss of C6H6. The other
abundant ions are produced mainly by consecutive dissocia-
tions, identified from the MID spectra of the fragment ions.
Them/z105 ion is produced mainly via them/z121 ion. The
m/z43 ion can be produced from the molecular,m/z135 and
105 ions.

In the mass spectrum of trimethylphenylsilane (Fig. 3a),
them/z135 ion formed by CH3 loss is dominant. Also dom-
inant was the CH3 loss in the MID of the molecular ion
(Fig. 3b). Loss of C6H6 does not occur from the molecular
ion.

The dissociation patterns of the investigated molecular
ions are similar to that of1a•+ [8,9] in that the direct cleav-
a
a han-

nels. Of course, the H2 loss occurs only from1a•+ and1b•+.
The most distinct difference in dissociation on methylation at
the silicon atom is the enhancement of loss of C6H6, which
will be identified as benzene below. In the mass spectrum
of 1a, the peak by C6H6 loss was very small[8], and it did
not appear in the MID spectrum of1a•+ [9]. The C6H6 loss
is, however, important in the dissociations of1b•+ and1c•+

as described above, more significantly in the latter. This in-
dicates that the C6H6 loss from1b•+ and 1c•+ can com-
pete effectively with the other main dissociation channels,
while that from1a•+ cannot. The fact that the C6H6 loss was
not observed in the dissociation of trimethylphenylsilane ion,
which does not have an�-H atom, suggests strongly that the
ion–molecule complexes formed by the 1,2 shift of the�-H
atom (Scheme 1) would be intermediates for the C6H6 loss
from 1b•+ and1c•+. Density functional theory (DFT) calcu-
lations were carried out to obtain the potential energy surfaces
for the dissociations of1b•+ and1c•+, which will be used to
understand the dissociation mechanisms and to gain insights
into the C6H6 loss.

3.2. DFT calculations

The potential energy diagram constructed from the
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ges of the SiR (R H or CH3) bonds and the loss of H2
ttached on the silicon atom are the main dissociation c
B3LYP/6-311++G(d,p) calculations for the main disso
ion pathways of1b•+ is shown inFig. 4. Similar to the disso
iation of1a•+ [9], the H2 loss was the lowest-energy chan

n the dissociation of1b•+. It occurs by 1,1-elimination via
ransition state lying 112.4 kJ mol−1 above1b•+. The H and
H3 losses, which need somewhat larger energies than t2

oss, can occur directly from1b•+. The product ions forme
y these three processes correspond to the main peak
/z 120, 121, and 105 ions, respectively, in the MID sp

rum (Fig. 1b). Below the lowest dissociation limit,1b•+ can
ndergo a rearrangement by 1,2 shift of an�-H atom from the
ilicon to theipso-carbon to form an ion–molecule comp
b•+, which freely interconverts with3b•+ and4b•+. 4b•+

an rearrange to the seven-membered-ring isomer5b•+. The
and CH3 losses from5b•+, however, need larger energ

han those occurring directly from1b•+, respectively, an
ence, are less important.

The mechanistic picture of the dissociations and iso
zations described so far is similar to that of1a•+ [9] in that the
roduction of silabenzylium ions is energetically more fa
ble than that of silatropylium ions. A noticeable differe
an be found from the detection of them/z44 ion (SiHCH3

•+)
ith considerable abundance in the mass spectrum of1b, be-

ieved to be produced via ion–molecule complexes, w
uch an ion was detected negligibly in the mass spectru
a. The ion–molecule complexes,2b•+ and3b•+, can pro
uce benzene and/or benzene radical cation by cleavage
eak bond between the silicon and theipso-carbon. The ca
ulated Si C bond lengths of2b•+ and3b•+ are 2.166 an
.120Å, respectively, longer than that of1b•+ of 1.912Å.
he critical energies for these bond cleavages, with re
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Fig. 4. Potential energy diagram for the isomerization and dissociation of methylphenylsilane ion derived from the UB3LYP/6-311++G(d,p) calculations. The
italic numbers are the relative energies (in kJ mol−1).

to 1b•+, estimated from the DFT calculations are listed in
Table 1together with those for the other main dissociation
channels. The loss of benzene, corresponding to the produc-
tion of them/z 44 ion, is energetically more favorable than
the production of benzene ion, but its critical energy is some-
what higher than those of the H, H2, and CH3 losses. This
means that it can compete with the main dissociation chan-

Table 1
Critical energiesa (in kJ mol−1) for the formations of some product ions from
phenylsilane ions calculated at the UB3LYP/6-311++G(d,p) DFT level

Product ions Molecular ions

Phenylsilane•+c Methylphe-
nylsilane•+

Dimethylphe-
nylsilane•+

[M–H]+b 158.9 132.3 112.4
[M–H2]•+ 128.2 112.4 –
[M–CH3]+b – 140.3 112.3
[M–C6H6]•+ 211.1 152.8 107.4
C6H6

•+ 213.4 226.0 234.7
a Values with respect to the molecular ions.
b Silabenzylium structures.
c Reference[9].

nels, agreeing with the observation of the peak atm/z44 in the
mass spectrum. By contrast, the loss of benzene from1a•+

needs far larger energy than those of other channels such as
the H and H2 losses (Table 1), indicating that it cannot com-
pete effectively with the others.

There exist several pathways to produce them/z 43 ion
from 1b•+. According to the present DFT calculations,
SiCH3

+ is the most stable among the possible isomeric
m/z 43 ions, of which energy is smaller than HSiCH2

+

by 166 kJ mol−1. The most energetically favorable chan-
nel is loss of C6H7 (cyclohexadienyl radical) from another
ion–molecule complex C6H7·SiCH3

•+ formed via2b•+. Its
calculated endoergicity is 246.7 kJ mol−1. The SiCH3

+ ion
can be produced also by consecutive dissociations such as
loss of H2 and phenyl radical, loss of H and benzene, and
loss of benzene and H. All the endoergicities of these con-
secutive dissociations estimated are larger than 340 kJ mol−1.
This suggests that them/z 43 peak in the EI spectrum is the
SiCH3

+ ion produced mainly from the molecular ion via the
ion–molecule complex C6H7·SiCH3

•+.
The potential energy diagram constructed from the DFT

calculations for the dissociations of1c•+ is qualitatively
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Fig. 5. Potential energy diagram for the isomerization and dissociation of dimethylphenylsilane ion derived from the UB3LYP/6-311++G(d,p) calculations.
The italic numbers are the relative energies (in kJ mol−1).

similar to that of 1b•+ (Fig. 5). One difference is that
the H2 loss, occurring from1b•+, does not occur from
1c•+ due to the presence of only one�-H atom. 1c•+

can undergo easily a rearrangement by 1,2 shift of the
�-H atom from the silicon to theipso-carbon to form
the stable isomers;2c•+, 3c•+, and 4c•+. The dissocia-
tion via the seven-membered-ring isomer is energetically
unfavorable, similar to the cases of1a•+ and 1b•+. The
loss of benzene occurring via the ion–molecule complexes
is estimated to be the lowest-energy dissociation channel
(Table 1). This agrees well with the experimental observa-
tion of the intense peaks atm/z 58 in the EI and MID spec-
tra (Fig. 2). The H and CH3 losses are expected to occur
from 1c•+ easily also, agreeing with the experimental obser-
vations.

According to the estimated energy data (Table 1), ben-
zene loss from the phenylsilane ion and its methyl deriva-
tives becomes easier as the number of methyl substituents of
the molecular ions increases. This tendency is mainly due to

the different stabilities of the product ions formed by ben-
zene loss. It is apparent that the extent of delocalization of
the positive charge and hence, the stability increase in order
of SiH2

•+, SiHCH3
•+, and Si(CH3)2•+. The data listed in

Table 1show that the critical energies for the H, H2, and CH3
losses also decrease as the number of methyl substituents of
the molecular ions increases. This can be understood also by
considering the stabilities of the product ions. The product
ion with a methyl substituent is more stable relatively than
that without, because of the more delocalized charge. Such
a stabilization effect by methylation is larger in the benzene
loss than in the other dissociation channels. Thus, the criti-
cal energy for the benzene loss becomes the smallest in the
dissociation channels of1c•+, while it is larger than the H
and H2 losses in the dissociation of1a•+. The lack of ben-
zene loss from the trimethylphenylsilane ion is reasonable
because there is no�-H to migrate to theipso-carbon and
form an ion–molecule complex, a precursor necessary for
benzene loss.
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The most energetically favorable channel to produce the
m/z 43 ion from1c•+ is estimated to be loss of C6H6CH3
(methylcyclohexadienyl radical) via2c•+. Its calculated
endoergicity is 296.4 kJ mol−1. Among other possible con-
secutive dissociation channels, loss of CH3 and benzene
is the lowest-energy channel, of which endoergicity esti-
mated is 320.2 kJ mol−1. These are possible pathways for
the production of them/z 43 by the EI. The production
of them/z 43 ion in the MID, however, cannot be under-
stood because the dissociations along these pathways need
much higher energies compared to the H, CH3, and C6H6
losses. It is possible that them/z 43 ion is produced along
another unusual pathway, more kinetically favorable than
those mentioned above, which could not be identified in this
work.

In contrast to1b•+ and1c•+, the ethylbenzene and iso-
propylbenzene ions do not undergo benzene loss[26]. It
is known that the ethylbenzene ion undergoes the dis-
sociation to methyltropylium ion after a 1,2 shift of an
�-H atom to the ipso-carbon rather than benzene loss
[19,20].

4. Conclusions
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