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Formation of C6HnSi+ (n = 5–8) from phenylsilane:
an experimental and theoretical study
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Abstract

The metastable ion decomposition (MID) spectra of C6HnSi+ (n= 6–8) generated by electron ionization of phenylsilane were obtained using
mass-analyzed ion kinetic energy spectrometry (MIKES). H and H2 losses were the main channels in the MID of C6H8Si•+ (1). The dominant
product ion in the MIDs of C6H7Si+ (2) and C6H6Si•+ (3) was C6H5Si+ (4) formed by H2 and H losses, respectively. Density functional
theory calculations were performed to investigate isomerizations and dissociations of1–3 at the B3LYP/6-311++G(d,p) level. RRKM model
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alculations were performed to understand their dissociation kinetics. These theoretical results predict that the consecutive disso1→
(+ H2) → 4 + H• dominates at low energies, while1→ 2 (+ H•) → 4 + H2 at high energies. It has been found that several isomers o1–3

ncluding ion–molecule complexes, C6H6·SiHx
+ (x = 0–2), play important roles in the dissociation of1. Reaction mechanisms are propo

or the formation of several isomers of1–4 from the phenylsilane molecular ion.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Organosilicon ions have been the subject of very interest-
ng mass spectrometric studies[1–18]. Their behavior can be
imilar to or very different from that of their corresponding
arbon analogues. Dissociations of aromatic organosilicon
ons are less well understood than those of aliphatic ions
tudied recently by several researchers [14–18]. Compared
o the extensive work on the toluene molecular ion, studies
n the dissociation of the phenylsilane were scarce until the
ppearance of recent reports by Beauchamp and co-workers

5,6] using Fourier transform-ion cyclotron resonance (FT-
CR) spectrometry. After their reports in which the forma-
ion of silacycloheptatrienyl ion, the silicon analogue of the
ropylium ion, from the phenylsilane ion was suggested, the
issociation of phenylsilane ion has been studied using sev-
ral methods including high resolution electron ionization

∗ Tel.: +82 31 220 2150; fax: +82 31 222 9385.
E-mail address:jcchoe@suwon.ac.kr (J.C. Choe).

(EI) mass spectrometry[10], FT-ICR [9], collision-induced
dissociation (CID)[10], and quantum chemical calculatio
[7–9].

In an early EI study by Schwarz and co-workers[4], hy-
drogen scrambling in the dissociation of deuterium-lab
phenylsilane ion was observed, similar to the dissociatio
toluene ion. In the EI mass spectrum of toluene[19], the [M
− 1]+ peak is prominent with a considerable abundanc
the molecular ion,M•+. By contrast, the abundances of [M−
2]•+ and [M− 3]+ are considerable as well as [M− 1]+ and
M•+ in the EI mass spectrum of phenylsilane[10,19]. This
provides an opportunity to investigate the difference betw
the two molecular ions. It is well known that the benzyl
tropylium ions are the main products in the dissociatio
toluene ion[20]. By contrast, the formation of several str
tural isomers was suggested for C6H8Si•+ (1), C6H7Si+ (2)
and C6H6Si•+ (3) by EI of phenylsilane[5,6,9]. The sug
gested isomers include phenyl-containing ions C6H5SiHx

+,
ion–molecule complexes C6H6·SiHx

+, and ions containing
seven- or five-membered ring. Important isomeric struct
387-3806/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijms.2004.06.008
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Fig. 1. Schematic representation of structures1–4. For abbreviations, seeTables 1 and 2.

are shown schematically inFig. 1. Allene and Lampe[11]
and Bohme et al.[12] reported formation of stable complexes
by reactions between benzene and SiHx

+. Schwarz and co-
workers[13] obtained three stable structures (3a, 3b, 3c) for
3using ab initio molecular orbital calculations and suggested
the presence of3aand3b from the neutralization-reionization
spectra. Beauchamp and co-workers[5,6] investigated the re-
actions of C6HnSi+ (n = 5–8) generated by EI of phenylsi-
lane with phenylsilane or benzene-d6 using FT-ICR. They
proposed two structures (1a, C6H6·SiH2

+) for 1, two (2a,
2d) for 2, three (3a, 3b, 3c) for 3, and one (phenylsilylidyne
ion) for C6H5Si+ (4). These ions include the ion–molecule
complexes (C6H6·SiH2

+,3b) and the seven-membered struc-
tures (2d, 3c). Nicolaides and Radom[8] calculated theoret-
ically eight isomers of2 and concluded that2a and2f, the
latter of which contains a five-membered ring, are the most
probable candidates for2 generated by EI of phenylsilane.
A further study to determine the structure for2 was carried
out by Jarek and Shin[9] using FT-ICR and quantum chemi-
cal calculations. Their result agrees with that of Beauchamp
and co-workers for the first structure (phenylsilyl ion,2a),
the silicon analogue of the benzyl ion and called the ‘reac-
tive’ isomer because of its reactivity with other molecules.
They proposed, however, an ion–molecule complex (2b) as
the second structure, called the ‘unreactive’ isomer because
o ize,
t

2d, 2f) for the unreactive C6H7Si+ ion, while they agreed for
the reactive isomer (2a).

In a recent study in this laboratory[10] using high reso-
lution and CID mass spectrometry, an attempt was made to
elucidate the overall dissociations of the phenylsilane ion. Be-
sides the products formed by consecutive H and/or H2 losses
and ring cleavages, the productions of C6H7

+ and C6H6
•+

via ion–molecule complexes and C5H4Si+ via the ion (1k)
containing a five-membered ring were proposed. For the un-
reactive C6H7Si+ ion, both the structures2b and2f were
suggested. The interpretation of the experimental data was
based on usual chemical intuition.

In the present work, density functional theory (DFT) cal-
culations have been carried out to investigate the formation
of C6HnSi+ (n = 5–8) in the ionization of phenylsilane.
This includes several isomerizations and dissociations by H
or H2 losses of each ion. Unimolecular ion dissociation, or
metastable ion decomposition (MID) can provide useful in-
formation in understanding of ionic dissociation kinetics be-
cause MID generally occurs somewhat above the reaction
threshold. MID data can be used efficiently in evaluation of
the energetics obtained from quantum chemical calculations,
especially when exact experimental data such as rate mea-
surements for dissociation of energy-selected ions are not
available as in this case[21–23]. The MIDs of C6HnSi+ (n=
6 d us-
i ES)
f its lack of reactivity with other molecules. To summar
he three groups[6,8,9]suggested three different isomers (2b,
–8) generated by EI of phenylsilane have been obtaine
ng mass-analyzed ion kinetic energy spectrometry (MIK
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[24]. On the basis of the experimental and theoretical results,
reaction mechanisms for the formation of isomeric C6HnSi+
(n = 5–8) ions will be discussed.

2. Methods

2.1. Experimental

MID experiments were performed using a double focus-
ing mass spectrometer with reverse geometry (VG Analytical
ZAB-E) at Seoul National University. Phenylsilane was in-
troduced into the ion source via a septum inlet and ionized
by 70 eV EI. The ion source temperature was maintained at
140◦C, and ions generated were accelerated to 8 keV. MIKES
was used to observe the MID of the ions generated in the ion
source. A precursor ion was selected by the magnetic sector
and the translational kinetic energy of a product ion gener-
ated in the second field-free region of the instrument was
analyzed by the electric sector. To improve the quality of a
MIKE spectrum, signal averaging was carried out for repet-
itive scans. Phenylsilane was purchased from Aldrich and
used without further purification.

2.2. Computational
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3. Results and discussion

3.1. Experimental observations

In the 70 eV EI mass spectrum of phenylsilane obtained
here, the relative abundances of the peaks atm/z 108, 107,
106, 105, 104, and 103 are 100, 97, 89, 55, 1, and 4, respec-
tively. The low abundances of the latter two mean that them/z
105 ion is relatively stable or dissociates by channels other
than H and H2 losses, such as ring cleavages, which have not
been considered in this work. In the MID of the phenylsi-
lane molecular ion atm/z 108, the main products were the
m/z 107 and 106 ions, due to H and H2 losses, respectively.
To investigate further dissociations of these fragment ions,
MID experiments were carried out for them/z 107 and 106
ions generated in the ion source. The main products in the
MID of m/z107 ion were them/z106 and 105 ions. Them/z
105 ion was dominant in the MID of them/z106 ion. These
MID-MIKE spectra are shown inFig. 2.
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Fig. 2. MID-MIKE spectra of the ions at: (a)m/z 108; (b)m/z 107; and
(c)m/z106 generated by EI of phenylsilane. Thin lines denote the raw data.
Thick lines denote the results corrected for isotopic contributions of A-1 and
A-2 peaks, which correspond to the MIDs of: (a) C6H8Si•+; (b) C6H7Si+;
and (c) C6H6Si•+. See text for details.
Molecular orbital calculations were performed w
he Gaussian 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

someric C6HnSi+ (n = 5–8) ions and related fragme
ere carried out at the B3LYP density functional lev
f theory using the 6-311++G(d,p) basis set. Trans
tate (TS) geometries connecting important stable struc
ere searched. All the TS geometries found, other
S2a2b, were checked by calculating the intrinsic reac
oordinates (IRCs) at the same level. The IRC calcula
or TS2a2b was successful at the 6-31+G(d) level.
he odd-electron ions, the unrestricted B3LYP (UB3LY
ethod was used. Spin contamination was satisfactory

he expectation values for the spin operatorŜ2 were in the
ange of 0.75–0.77. The harmonic vibrational frequen
nd the zero-point energies for the optimized structures
alculated at the B3LYP/6-311++G(d,p) level. These h
ot been scaled because the appropriate scaling factor

evel is not known though that of 0.9614 was recommen
or the B3LYP/6-31G(d) level[26].

The following RRKM expression[27] was used to calcu
ate the rate constantk for various reactions involved

(E) = σ
W 	=(E − E0)

hρ(E)
(1)

hereEandE0 are the reactant internal energy and the cri
nergy for the reaction, respectively,W 	= the sum of states
S,ρ the density of states of the reactant, andσ the reaction
ath degeneracy.
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Care is needed in interpreting such spectra, however,
when considerable amounts of A-1 and/or A-2 type ions are
generated in the ion source because their isotopic ions can
contribute significantly to the signal for an A ion[28]. For ex-
ample, the peak atm/z106 mainly consists of12C6H6

28Si•+,
13C6H5

28Si+, 12C6H5
29Si+, and 12C6H4

30Si•+ with rel-
ative abundances of 100: 6.6: 5.1: 3.4, respectively. The
ions with the most abundant isotopes corresponding to these
ions appear atm/z 106, 105, 105, and 104, respectively.
The contributions from the latter three ions to the MID
of the m/z 106 ion were subtracted. (Fig. 2c) The MID
spectra of the genuine ions of2 and1 free from the isotopic
contributions were obtained consecutively in the same way.
(Fig. 2) It appeared that isotopic contributions significantly
affected the MID of2 (Fig. 2b). Before subtracting the
isotopic contributions, them/z 105 peak consists of narrow
and broad components, and the abundances of them/z 105
and 106 peaks are comparable. After subtracting, however,
the narrow component of them/z 105 peak disappears, and
more importantly is that them/z 106 peak is reduced to a
negligible peak. This is due to the large difference between
the MID yields of them/z 107 and 106 ions. The latter was
3.2 times larger than the former. Almost all of the product
m/z 106 ions in the MID of them/z 107 ion originate from
the isotopic contribution of3. These reconstructed MID data
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Table 1
Relative energies in kJ mol−1 of C6H8Si•+ ions calculated at the UB3LYP/6-
311++G(d,p) DFT level

Species Symmetry 
Ea

1a Phenylsilane•+ CS 0.0
1b C6H6·SiH2

•+ CS 12.9
1c C6H6·SiH2

•+ C1 −1.9
1d Slianocaradiene•+ CS −6.1
1e o-Isophenylsilane•+ CS 5.0
1f m-Isophenylsilane•+ C1 57.0
1g p-Isophenylsilane•+ C2V −0.3
1h 7-Silanorbornadiene•+ C2V 66.2
1i Silacycloheptatriene•+ C2V 41.1
1j C6H7·SiH•+ C1 71.3
1k (�4-Methylcyclopentadiene)silicon•+ C1 14.5
1l �-Silatoluene•+ CS −73.7
1m 4-Methylenesilacyclohexadiene•+ C2V 39.8
TS1a1b CS 74.0
TS1a3a C1 128.2
TS1b1c C1 15.8
TS1b1e C1 98.1
TS1b1h CS 91.8
TS1b3a C1 158.6
TS1b3b C1 174.7
TS1c1d C1 −1.8
TS1d1i C1 101.6
TS1d1j C1 155.0
TS1e1f C1 93.8
TS1f1g C1 97.9
TS1i3c CS 197.2

a Energy at the zero point referred to that of1a. Zero-point energies were
added to calculate the relative energies. The calculated total energy and zero-
point energy of1aare−522.7007028 and 0.112066 hartrees, respectively.

3.2.1. Isomerization and dissociation of C6H8Si•+
The relative energies for several isomeric1 ions and the

TSs optimized are listed inTable 1, and some important ge-
ometrical structures are shown inFig. 3. Two structures for
the phenylsilane ion were found. The more stable one (1a)
has a Si H bond in the plane of the phenyl ring. The other
(1a′) has a Si H bond in a plane orthogonal to the phenyl
ring. Frequency calculations show that1a corresponds to a
local minimum, while1a′, a rotational TS that can be as-
signed as the six-fold barrier to internal rotation of the SiH3
group. The energy difference between the two is very small
(0.17 kJ mol−1). Interestingly, the neutral molecule with1a
structure has been calculated to be a TS, while that with1a′
structure to be a local minimum according to a theoretical
study by Portalone et al.[29].

1a can isomerize to1b by a 1,2 shift of an�-H
atom from the silicon to theipso-carbon. The relative en-
ergy (74 kJ mol−1) of TS1a1b is smaller than the energy
(128 kJ mol−1) needed for the dissociation of1a to 3a by
1,1-H2 elimination, the lowest energy channel in the dissoci-
ation of1. (Fig. 4) In this paper, the abbreviationTSxy will
be used to represent the transition state connectingx andy,
optimized for the lowest energy path.1b can transform to
several stable isomers. It can isomerize to a more stable ion
1d via 1c. The barriers between1b and1d are very low.1b
c t
ead to the conclusion that metastable1 dissociates mainl
y H2 and H losses with a branching ratio (measured by
reas) of 2.8:1, and the main dissociation channels of2 and
are the production of4 by H2 and H losses, respectively

.2. DFT calculations

Three research groups have carried out quantum ch
al calculations on the phenylsilane ion and related spe
icoliades and Radom[8] proposed various isomeric stru

ures for neutral C6H8Si and calculated their energies at s
ral levels. The energies calculated for some isomeric2 ions
ere reported also. Jarek and Shin[9] calculated the ene
ies for some isomeric1 and2 ions. Their calculations for1
ere performed at the restricted open-shell HF (ROHF)
P2 (ROMP2) levels. Energies for1a, 1b, 1d, 1i, and1h
ere obtained and a TS connecting1aand1bwas optimized
chwarz and co-workers[13] reported calculated results
a, 3b, and3c. In the present study, stable isomeric and
tructures for C6HnSi+ (n = 5–8) were optimized with th
3LYP/6-311++G(d,p) DFT calculations. For odd-elect

ons (1, 3), calculations were performed at the unrestric
3LYP (UB3LYP) level.
 an isomerize to another more stable ion1eby a 1,2-H shif
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Fig. 3. Geometrical structures for selected species optimized at the B3LYP/6-311++G(d,p) DFT level. The numbers are the bond lengths inÅ. The molecular
symmetry is denoted in parentheses.

from the ipso to theortho-carbon, but with a considerable
barrier (85 kJ mol−1). 1ecan subsequently undergo two 1,2-
H shifts to form1f and1g (Fig. 1). 1b can isomerize to a less
stable ion1h. 1dcan undergo a further isomerization to form
a seven-membered ring in ion1i. By a 1,4 shift of an�-H
atom,1d can form another isomer1j. Its barrier, however, is
very high (161 kJ mol−1 above1d) and lies aboveTS1a3a
so that the isomerization1d → 1j will not occur among the
metastable ions.

We attempted to search and found a pathway from1ato1k
because Nicolides and Radom[8] suggested the formation of
isomers containing a five-membered ring (such as1k), and
their suggestion was supported by our previous CID work
[10]. To reach1k, the intermediate1j should undergo vari-
ous isomerization steps. The highest barrier along the path-
way lies 285 kJ mol−1 above1a, far higher than the energy
(128 kJ mol−1) for TS1a3a. This means that the formation
of isomers containing a five-membered ring cannot compete
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Fig. 4. Potential energy diagram for the isomerization and dissociation of C6H8Si•+ derived from the B3LYP/6-311++G(d,p) calculations. The italic numbers
are the potential energies in kJ mol−1 at the zero point referred to that of1a.

with the direct dissociation of1a. Other possible stable iso-
mers include1l and1m. Formation of these isomers from1a,
however, is also expected to proceed via considerable energy
barriers, although1l is the most stable among the investigated
isomers of1 (Table 1).

H2 eliminations can occur from isomers other than1a.
The barrier for 1,1-H2 elimination from1b to produce3b is
higher than for 1,2-H2 elimination to produce3a, although
3b is more stable than3a. Another possible H2 elimination is
the production of3c from1i by 1,1 elimination. All these H2
elimination channels are energetically unfavorable compared
to 1a→ 3a+ H2.

For H losses from the isomers of1, TSs could not be lo-
cated, suggesting loose transition states. The relative energies
of the H loss products2a–f are listed inTable 2. The lowest
energy channel from1a is the production of2a + H•. Al-
though2f is found to be the most stable among the isomers
of 2, which can be produced from the five-membered isomer
1k by H loss, occurrence of this H loss starting from1a is far
less probable because of the presence of the very high barrier
between1aand1k.

At low energies1aundergoes rapid interconversion to1b,
1c, and1d as will be described inSection 3.3. Dissociations
of 1b, 1c, and1d, however, by losses of H2, H, C6H6, SiH2,
and SiH directly or via further isomerizations to1i or 1j are
e s of

1a to2a+ H• and3a+ H2. (Fig. 4) This indicates that2aand
3a are predominantly produced in the primary dissociation
of 1. This seems to be in conflict with the previous sugges-
tions [6,9] that several isomers of2 and3 are produced. It
is possible, however, that2aand3aundergo isomerizations
after their formation. It is to be noted that the rapid intercon-
version of1a, 1b, 1c, and1d at low energies can explain the
H scrambling in1 [9] and in its dissociation[4] observed in
earlier deuterium labeling studies.

3.2.2. Isomerization and dissociation of C6H7Si+
Fig. 5 shows the potential energy diagram for the iso-

merization and dissociation of2a. The relative energies for
related species are listed inTable 2.2acan isomerize to2bby
a 1,2 shift of an�-H atom from the silicon to theipso-carbon.
The isomerization barrier is lower than the barrier for the pro-
duction of4 by 1,1-H2 elimination.4 can be produced more
easily from2b by 1,2-H2 elimination.2b can isomerize to a
rotational conformer2c prior to dissociation.2b undergoes
easily 1,2-SiH migration to form a degenerate isomer. The
barrier for the migration is very low, which lies 1.0 kJ mol−1

above2b.
2bcan undergo other two isomerizations below or near its

dissociation to4+ H2. One occurs by 1,3 shift of the�-H atom
from the silicon to theortho-carbon. The TS and the isomer lie
9 −1 rs
nergetically less favorable than the direct dissociation
 9 and 96 kJ mol above2b, respectively. The other occu
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Table 2
Relative energies in kJ mol−1 of C6H7Si+, C6H6Si•+, and C6H5Si+ ions calculated at the B3LYP/6-311++G(d,p) DFT level

Species Symmetry 
Ea 
E (1a)b

C6H7Si+
2a Phenylsilyl+ C2V 0.0 158.9
2b C6H6·SiH+ CS 64.4 223.3
2c C6H6·SiH+ CS 74.3 233.2
2d Silacycloheptatrienyl+ CS 35.2 194.1
2e (�3-Cyclohexadienyl)silanium+ CS 70.2 229.1
2f (�5-Methylcyclopentadienyl)silanium+ CS −49.6 109.3
TS2a2b C1 263.1 422.0
TS2a4 CS 278.7 437.6
TS2b2c C1 99.5 258.4
TS2b4 C1 220.8 379.7

C6H6Si•+
3a Phenylsilylene•+ CS 0.0 93.5
3b C6H6·Si•+ CS −13.0 80.5
3c Silacycloheptatrienylene•+ C2V 41.9 135.3
3d (�4-Cyclohexatriene)silicon•+ CS −16.5 77.0
TS3a3b CS 106.0 199.4
TS3b3d C1 −11.9 81.6
TS3b4 CS 223.1 316.6

C6H5Si+
4 Phenylsilylidyne+ C2V 129.4c (194.8) 288.3

a Energy at the zero point referred to that of2a or 3a for C6H7Si+ or C6H6Si•+, respectively. Zero-point energies were added to calculate the relative
energies.

b Energy of C6H7Si+ + H•, C6H6Si•+ + H2, or C6H5Si+ + H• + H2 relative to1a for C6H7Si+, C6H6Si•+, or C6H5Si+, respectively.
c Energy of4 + H2 relative to2a. Value in parentheses is energy of4 + H• relative to3a. The calculated total energies of H and H2 are−0.5022569 and

−1.1795715 hartrees, respectively. The zero-point energy of H2 is 0.010063 hartrees.
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Fig. 5. Potential energy diagram for the isomerization and dissociation of
C6H7Si+ derived from the B3LYP/6-311++G(d,p) calculations. The italic
numbers are the potential energies in kJ mol−1 at the zero point referred to
that of2a.

by the Si insertion into a CC bond to form a non-planar
seven-membered C6H7Si+ ion, which lies 88 kJ mol−1 above
2b. The barrier for this Si insertion lies 3.8 kJ mol−1 above
TS2b4. These isomerizations are energetically unfavorable
compared to the isomerization to2c. The dissociation of2b
by loss of benzene or H is energetically less favorable than
the H2 loss.

3.2.3. Isomerization and dissociation of C6H6Si•+
As in the cases of1aand2a, 3acan undergo easily a 1,2

shift of the�-H atom from the silicon to theipso-carbon to
form an ion–molecule complex3b. (Fig. 6) The isomeriza-
tion barrier is far lower than the threshold of3a→ 4+ H•. 4
can be produced also from3b by loss of H via a TS located
at 28 kJ mol−1 above the dissociation products.3b can iso-
merize readily to a more stable ion3d by slight movement
of the Si atom toward the center of the ring. Similar with2b,
3dcan form a non-planar seven-membered isomer, but this is
energetically unfavorable because of the presence of a con-
siderable barrier lying 4 kJ mol−1 below4 + H•. Pathways
for H2 loss from3 that can compete with the H losses were
not found, agreeing with the negligible detection of C6H4Si+
in the MID of 3.

3.3. RRKM model calculations

3
or H

a

.3.1. Primary dissociation
As mentioned above, the lowest energy channels f

nd H2 losses from1 are1a → 2a + H• and1a → 3a +
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SiH

Si

H

Si

3a

Si

4 + H•

Si+• + C6H6

3b 3d

4 + H•

Si

200

–13

195

106

0
–12 –17

195

223

Fig. 6. Potential energy diagram for the isomerization and dissociation of
C6H6Si•+ derived from the B3LYP/6-311++G(d,p) calculations. The italic
numbers are the potential energies in kJ mol−1 at the zero point referred to
that of3a.

H2, respectively. Since the barrier for the isomerization1a
→ 1b is lower than the dissociation barriers, the following
four elementary reactions are important in the dissociation
kinetics of1.

1a→ 2a+ H•, k3 (3)

1a→ 3a+ H2, k4 (4)

1a→ 1b, k5 (5)

1b → 1a, k6 (6)

The individual reaction rate constants were calculated using
the RRKM formalism inEq. (1). The critical energies of the
reactions and the vibrational frequencies of precursors and
TSs obtained with the DFT calculations were used in the
RRKM rate calculations. The values of reaction path degen-
eracy (σ) used in the calculations ofk3–k6 are 3, 6, 3, and
1, respectively. The internal rotation of the SiH3 group of1a
was taken into account in the calculations ofk3 andk4. The
frequency corresponding to a torsional vibration 32 cm−1 of
1a was omitted, and the rotational constant for the internal
rotation, 2.8 cm−1 calculated from the optimized geometry
was used.

One uncertainty in the calculation ofk3 is the TS for re-
action 3, found to have no saddle point. It is well known that
R onal
f s
t a
c the

 TS
a -
f for

 ge),
o
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Internal Energy of 1a, kJ mol-1

Fig. 7. RRKM rate constants for reactions 3–6 as a function of internal
energy of1a. k3–k6 denote the rate constants for reactions 3–6, respectively.
k3A, k3B, andk3C denote the results calculated using
S

‡
1000 K of 46, 29, and

13 J mol−1 K−1, respectively. See text for details.

Once1b is formed, it interconverts to1c and1d rapidly
because of the negligible barriers connecting them. There-
fore, in the calculation ofk6 densities of states of these three
isomers were added in the denominator ofEq. (1) [27]. Since
1c is a chiral molecular ion, its contribution to the state den-
sity is doubled. The contributions of other isomers such as
1h, 1e, 1i, and1j were negligible. The individual rate-energy
dependences thus calculated are shown inFig. 7. For k3,
the results for the three cases of looseness, A, B, and, C
are depicted, which correspond to
S

‡
1000 K of 46, 29, and

13 J mol−1 K−1, respectively. As shown in the figure, inter-
conversion between1aand1b is faster than the dissociation
of 1a at low energies. As a consequence, the observed rate
constant for the dissociation of1 would be lower due to the
contributions of the states densities of1b, 1c, and1d. In-
cluding these contributions decreasedk3 andk4 by a factor
of 0.7. It is notable that the contributions of the isomers
other than1a to the dissociation rates are small, although a
total of 12 species can equilibrate with1a considering the
path degeneracy 3 for reaction 5. This is because the density
of states of1a is far larger than those of the other isomers
at the same energy due to its vibrational modes with rela-
tively low frequencies and the internal rotation of the SiH3
group.

The rate-energy relation for reaction 3 depends largely on
t -
i ID
o can
b resent
M d
b and
H lated
f f (
RKM rate constants do not depend on individual vibrati
requencies but on activation entropy (
S‡), which define
he degree of looseness of TS[27,30]. According to the dat
ompiled by Lifshitz[30] and subsequent work, most of
S‡ values at 1000 K for reactions occurring via loose
re in the range of 13–46 J mol−1 K−1 (3.0–11 eu). There

ore, to calculatek3 the TS frequencies were adjusted
S
‡
1000 K to become 46, 29 (the middle value of the ran

r 13 J mol−1 K−1.
he activation entropy as shown inFig. 7. From the branch
ng ratio (2.8) of the H2 and H losses obtained in the M
f 1, the degree of looseness of the TS for reaction 3
e chosen. The rate constants corresponding to the p
ID are in the range of 104–106 s−1. As will be describe
elow, reactions 3 and 4 are the main channels in the H
2 losses, respectively. Thus, the branching ratio calcu

rom the corresponding rate-energy curves in the range ok3
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+ k4) = 104–106 s−1 should explain the experimental branch-
ing ratio. Approximately, TSs for reaction 3 with
S

‡
1000 K

of 29–46 J mol−1 K−1 (7.0–11 eu) are acceptable consider-
ing the branching ratio. In other words, the reasonable rate-
energy curve for reaction 3 lies between the curvesk3A and
k3B in Fig. 7(prior to the correction for the ‘observed’ rate).
It seems to be not so meaningful to determine a particular
value of the activation entropy because one branching ra-
tio was used here and the critical energies used depend on
only theoretical expectations. Because of this uncertainty in
the looseness of TS without a saddle point, detailed RRKM
analyses were not performed for the direct bond cleavages
other than for reaction 3, which in any case are less im-
portant. We find that the acceptable TS for the SiH bond
cleavage is somewhat looser than those for typical direct
bond cleavages, and we note that McAdoo and co-workers
[31–34]have suggested that some CH or C Cl bond cleav-
ages occur via a TS tighter than those for typical direct bond
cleavages.

The rate constants for the other isomerization and dis-
sociation channels were calculated. Only the results for the
respective reactions that can compete most effectively with
reactions 6, 4, and 3 will be described. The results calculated
at the1a energy of 250 kJ mol−1 are as follows. The rate
constant for the isomerization1b→ 1hwas 30 times smaller
t n
v
b -
n .
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Fig. 8. RRKM rate constants for reactions 7–10 as a function of internal en-
ergy of2a. k7–k10 denote the rate constants for reactions 7–10, respectively.

Theσ values used in the calculations ofk7–k10 are 2, 4, 2,
and 2, respectively. The contributions from the rapid inter-
conversion of2bwith the other isomers prior to dissociation
or the isomerization to2awere included in the calculations.
The isomerization2a→ 2b occurs far faster than the direct
dissociation2a→ 4+ H2, and once2b is formed it undergoes
very fast H2 loss as shown inFig. 8. This is a typical double
well problem. The solution of coupled differential equations
for the production rates for the two dissociation channels
can be found elsewhere[27,35]. Only its result will be men-
tioned here. The overall dissociation rate is approximately
determined by the forward isomerizationk8, and almost all
of ions 2a with enough energies dissociate via2b and2c.
The large kinetic energy release (Fig. 2b, T0.5 = 0.98 eV) in
the MID of 2 by H2 loss can be understood from the large
reverse barrier (92 kJ mol−1) in the step2a→ 4+ H2 and the
large excess energy (E− E0, about 130 kJ mol−1) expected
for the MID from thek8 curve. The H losses from2a and
2b are energetically less favorable as mentioned inSection
3.2.2, agreeing with the negligible detection of3 in the MID
of 2.

The analyses described so far lead to the conclusion that2a
is the only stable isomer among several isomers of2 that can
be formed from the phenylsilane ion. This disagrees with the
previous suggestions[6,9] that two different sorts of struc-
t s
m
t r
l
2
f ,
s alcu-
l
f
f for
han for1b→1a. The H2 loss viaTS1b3aoccurs slower tha
iaTS1a3aby 2.5 orders of magnitude. The formation of2d
y H loss occurs slower than of2a by 3.5 orders of mag
itude assuming similar looseness for the SiH cleavages

t is concluded that only reactions 3–6 and interconver
f 1b, 1c, and1d are important in the primary dissociati
f 1.

To summarize the rate calculations of the primary di
iation of1, 1acan undergo rapid interconversion to1b, 1c,
nd1d at low energies up to about 250 kJ mol−1 prior to
issociation. At energies higher than about 450 kJ mo−1,

he dissociation mainly occurs without the interconvers
lightly above the dissociation threshold of1, the main dis
ociation channel is1a→ 3a + H2. As the internal energ

ncreases, the dissociation1a → 2a + H• occurs compet
ively and dominates over the H2 loss at high energies.

.3.2. Secondary dissociation
The secondary dissociation to produce4 can occur from

oth2 and3 as mentioned above.2aproduced from1a can
ndergo isomerization prior to further dissociation. (Fig. 5)
he individual RRKM rate constants for the following re

ions were calculated. (Fig. 8)

a→ 4+ H2, k7 (7)

a→ 2b, k8 (8)

b → 2a, k9 (9)

b → 4+ H2, k10 (10)
ural isomer of2, ‘reactive’ and ‘unreactive’, are formed. A
entioned inSection 3.3.1, in the primary dissociation of1

he formation of the isomers other than2a is energetically fa
ess favorable. Although a stable2b ion can be formed from
a if the isomerization barrier lies below the barrier (TS2b4)

or the H2 loss from2b, unlike TS2a2bmentioned above
uch a pathway could not be found in the present DFT c
ation. It is to be noted that the barrier (263 kJ mol−1) obtained
or this isomerization, occurring by 1,2 shift of the�-H atom
rom the silicon to theipso-carbon, is far higher than those
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the isomerizations of1aand3a, 74 and 106 kJ mol−1, respec-
tively. This higher barrier mainly arises from the particular
stability of2aenhanced by delocalization of charge over the
phenyl ring and the Si atom with participation of the 3p Si
orbital orthogonal to the phenyl ring. Accordingly, the en-
ergy (279 kJ mol−1) needed for the direct dissociation of2a
is also larger than those of1aand3a, 128 and 195 kJ mol−1,
respectively. According to IRC calculations, in the course to
reach the TSs for the isomerizations from1a and3a the Si
atom is in the plane of the phenyl ring maintaining theCS
symmetry. In the reaction to reachTS2a2b from 2a, how-
ever, theC2V symmetry of2a is broken by large deformation
of the Si C bond. The Si atom escapes from the phenyl plane
asymmetrically to the twoortho-carbons. The angle of SiCC
and the corresponding dihedral angle of SiCCC ofTS2a2b
are 105.8 and 152.0 degrees, respectively. It is reasonable that
a larger energy is needed for such large structural deforma-
tion. Maintaining the molecular symmetry asCS, a structure
was optimized for the TS, but it was higher in energy than
TS2a2band had two vibrational modes of imaginary fre-
quency. Beauchamp and co-workers[6] reported the yields of
the reactive and unreactive isomers of2 obtained by varying
the electron energy used in the EI of phenylsilane. The unre-
active isomer is produced dominantly at low energies, from
the appearance of2, and its relative abundance decreases as
i lysis
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Fig. 9. Main pathways proposed for the formation of several isomers of1–4.

of 422 kJ mol−1 or slightly higher this is true because the
dissociation via2a is not accessible energetically. At higher
energies, however, the dissociation via2a is more favorable
since according to RRKM calculations (Fig. 7) the produc-
tion of 2a from 1a largely dominates over that of3a. The
contributions of these two channels to the EI mass spectrum
of phenylsilane depend on the internal energy distribution of
the molecular ion deposited by ionization, which cannot be
easily determined. The main pathways for the formation of
several isomeric C6HnSi+ (n = 5–8) ions determined in the
present study are summarized inFig. 9.

3.4. Comparison with toluene molecular ion

As is well known, both the benzyl and tropylium ions
are produced from the toluene molecular ion by H loss[20].
The present theoretical result predicts that the phenylsilyl
ion (2a), the silicon analogue of the benzyl ion, is the
main product formed by H loss. The difficulty in forming
the silacycloheptatrienyl ion (2d), the silicon analogue of
the tropylium ion, is mainly due to its lower stability as
compared to the phenylsilyl ion, while the reverse is true for
their carbon analogues[20].

As mentioned above, the [M − 2]•+ and [M − 3]+ ions
are hardly formed from the toluene ion unlike the phenylsi-
l
f , the
ncreasing energy. Since it was found in the present ana
hat2a is the predominant isomer formed from the phe
ilane ion, apparently at low energies, the unreactive is
an be assigned as2a. It is hard, however, to assign the re
ive one as the other isomers such as2b, 2c, and2d becaus
ven at higher energies the formation of stable isomers
han2ais unfavorable. Therefore, it is proposed that the u
ctive and reactive ions would have the identical structur2a.

t is possible that2aat relatively low internal energy, whic
an be assigned as the unreactive isomer, does not ac
ndergo reactions with other molecules.

The dissociation of3a is rather simple. At moderate en
ies,3acompletely equilibrates with3band3d. At the energy
f the dissociation threshold by H loss from3a, the forward
nd backward isomerization rate constants calculated
108 and 7× 107 s−1, respectively. Since the isomerizat

arrier lies below the dissociation limit, it is possible to fo
table3band3d ions that can be assigned as the ‘unreac
somer of3suggested by the ion–molecule experiments[6,9].
he H loss from3a is dominant over that from3b becaus

he latter is less favorable both energetically and entropi
ecause of a reverse barrier. The lack of Si•+ in the MID of
indicates that the benzene loss, being energetically si
ith the H loss, is entropically less favorable.

.3.3. Overall reaction mechanism
The production of4 via 3a is more favorable than v

a since the overall barrier (energy for1a→ 4 + H2 + H•,
88 kJ mol−1) for the former is far lower than that for1a→
S2a2b+ H• + H2 (422 kJ mol−1). Up to internal energ
ane ion. This is mainly due to the difficulty of H2 elimination
rom the toluene ion. In the case of the phenylsilane ion
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endoergicity and critical energy for the 1,1-H2 elimination
are smaller than the energy needed for the H loss. (Fig. 4)
By contrast, the endoergicity for 1,1-H2 elimination from
the toluene ion is larger than those for the formation of ben-
zyl and tropylium ions by 35 and 70 kJ mol−1, respectively,
according to the UB3LYP/6-311++G(d,p) DFT calculations
(J.C. Choe, unpublished results). In addition, attempts to lo-
cate the TS for the H2 elimination failed, implying a very
high barrier. A similar difference in 1,1-H2 elimination was
found in a report by comparative EI experiments on CH4 and
SiH4 by Morrison and Traeger[36]. The appearance energy
of CH2

•+ was larger than that of CH3+ as well as than that of
CH4

•+, while that of SiH2
•+ was the smallest in the products

generated by ionization of SiH4. The difference in behavior
for the 1,1-H2 eliminations is mainly due to the characteristic
differences between the two atoms. Silicon is larger in size
and its bonding orbitals are more diffuse than carbon. This
leads to longer and more easily bent bonds, which can reach a
TS for 1,1-H2 elimination with a smaller energy requirement.

4. Conclusions

From the present MID and theoretical investigations, the
overall mechanism for the formation of several isomers of
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