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f polarization functions are added, q ( d )  = 0.20 and ao(f) = 0.61, 
respectively. This basis set is contracted to [4s3p2d2fl using the 
AN0 procedure. The two outermost s, p, and d primitive functions 
are uncontracted and a diffuse even-tempered s, p, and d function 
is added, resulting in a final basis set of the form 
( 14s9p7d4f)/[7s6p5d2fl1. This basis set yields a polarizability of 
2.64 ai, which is in good agreement with the recommended value 
(2.67 ai) of Miller and B e d e r ~ o n . ~ ~  

The Ar basis set is the larger (17~12p6d4f)/[8~7p4d2fI set 
employed in previous work.6 This basis set yields a polarizability 
of 1 1.13 ai, as compared with the recommended value of 1 1.10 
~ i . 3 ~  
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Theoretical Study of the Thermochemical Stabilities of the Isomers of [H,,Si,O]'+ in the 
Gas Phaset 

Jan Hrulik,' Diethard K. Bohme,g Stanislaw Wlodek,l and Helmut Schwarz* 
Institut fur Organische Chemie der Technischen Universitat Berlin, Strasse des 17  Juni 135, W-1000 Berlin 12, 
Germany (Received: November 7, 1991) 

Ab initio MO calculations were performed on the potential energy surface of the [H2,Si,0]'+ doublet state cations employing 
the UMP4SDTQ/6-31G**//UMP2/6-31G** + ZPVE approximation. The global minimum is found to correspond to the 
trans-hydroxysilylene isomer 2 (HSiOH'+). The cis isomer 2' is 0.3 kcal mol-' higher in energy than 2, and the transition 
structure TS 2/2', connecting the two conformers lies only 0.5 kcal mol-' above 2. The association product of Si'+ with 
H20, Le., SOH;+ (3) is also a low-energy isomer being 3.8 kcal mol-' above 2. A high barrier of 41.9 kcal mol-' (TS 2/3) 
separates the two isomers. The fourth isomer, H2SiO'+ (l), corresponding to the silicon analogue of ionized formaldehyde, 
also has a genuine minimum on the [H2,Si,0]'+ potential energy surface. However, ionized silanone 1 lies 43.5 kcal mol-I 
above 2. In addition, the barriers of 1 toward isomerization to 2 or dissociation to H2Si" and an oxygen atom was relatively 
small. The MO calculations also provide insight into possible fragmentation mechanisms of [H2,Si,0]'+ ions, and the relative 
bond-dissociation energies are discussed. 

Introduction 
Small silicon-containing ions and corresponding neutral systems 

with the elementary composition [H2,Si,0] are receiving increasing 
attention, particularly in connection with ionospheric chemistry,' 
interstellar ~hemistry,~J and plasma etching.&' An understanding 
of the relevant silicon chemistry in these environments requires 
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a knowledge of the thermodynamics of the individual processes. 
A further aspect of silicon species which has often been addressed 
in recent years and which is of fundamental interest from the point 
of view of theories of chemical bonding, concerns the character 
of multiple bonding to silicon. The Si-X double bond (when X 
is an element in the first row of the periodic table) is weaker than 
that with other elements in the same row because of the unfa- 
vorable overlap between the r-orbitals of Si and X (resulting from 
differences in size). The smaller Si-X bond energies, together 
with the differences in electronegativity which manifest themselves 
in higher bond polarities, are responsible for the higher reactivities 
of these species. 

Considerable experimental and theoretical effort has gone into 
generating the individual neutral [H2,Si,0] isomers, proving their 
existence and determining their relative stability. For example, 
matrix isolation and gas-phase experiments have shown spectro- 
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scopically that silanone, HzSiO, is a product of a reacting mixture 
of silane and and that hydroxysilylene, HSiOH, arises 
from the adduct S O H z  formed in the reaction of atomic Si with 
HzO.Io High-level ab initio molecular orbital (MO) calculations 
which were performed concomitantly support the interpretation 
of these experimental results."-I5 All of the investigations were 
restricted to neutral species. Other than ab initio MO calculations 
associated with a theoretical treatment of the kinetics of the 
reaction of Si'+ with H20I6 and an early study17 on SiOH2'+ no 
theoretical studies are known to us which were directed to a more 
detailed description of the potential energy surface (PES) of the 
corresponding [H2,Si,0]*+ ions. Results are reported here for 
UMP4SDTQ/6-31G** ab initio calculations of the possible iso- 
mers for the [H2,Si,0]'+ PES and also, at the same level, for 
transition structures (TS) and the dissociation energies of several 
exit channels. Scheme I provides an overview of the PES which 
was investigated. The calculations were performed in connection 
with our mass spectrometric experiments'* which demonstrated 
the existence of the isomeric ions 1 and 2/2' as well as the cor- 
responding neutral species,'* and in support of SIFT measurements 
of the reaction of Si'+ with H20.16J9 

Computational Details 
All calculations were performed with the GAUSSIAN 90 program 

packagem in the frame of the unrestricted HartreeFock formalism 
(UHF).2' The geometry of the species which were examined were 
completely optimized (regardless of simplifications which may 
arise from symmetry) with the help of the analytically calculated 
first derivatives using the standard gradient procedure. All sta- 
tionary points were rigorously characterized with regard to the 
number(s) of negative eigenvalues of the force constant matrix. 

The designation 6-31G*//6-31G* is applied when the geometry 
was optimized with the polarized 6-31G* basis set,2z which was 
also used to calculate the zero-point vibrational energies (ZPVEs). 
The values for ZPVE were scaled by a factor of 0.89 to compensate 
for the known systematic overestimation of the normal frequencies 
which result from the Hartree-Fock calculat i~ns.~~ The geometry 
of significant points on the PES was then reoptimized with a 
6-3 lG** basis set,24 including electron-correlation effects, with 
Mailer-Plesset second-order (MP2) perturbation theory.25 While 
some errors can result from the uncomplete treatment of the 
electron correlation, we assume that this will not constitute a 
serious problem at the UMP2 leve1.25b~c The final energies were 
then obtained using the geometries calculated in this way with 
a subsequent single-point post-SCF calculation at the UMP4 level 
and including single (S), double (D), triple (T) and quadruple 
(Q) excitation. These are designated as UMP4SDTQ/6- 
31G**//UMP2/6-31G**. These energies are then corrected for 
the ZPVE contributions calculated at  UMP2/6-3 1G*, and we 
believe that these calculations should describe not only the geo- 
metric and electronic structure but also the relative stabilities with 
chemical accuracy. 

1 H 
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Figure 1. Equilibrium geometries for the four isomers of [H2,Si,0]'+ 
calculated at the UMP2/6-31G**//UMP2/6-3lG** level of theory and 
their charge distribution as derived from a Mulliken population analysis. 

The UMP2/6-3 lG**//UMP2/6-31G** optimized geometries 
of the [H,,Si,O]+ isomers can be taken from the diagrams in the 
text. All bond lengths are given in angstroms and the angles in 
degrees. Also, unless stated otherwise in the text, the energies 
are given (in kcal mol-') at  the UMP4SDTQ/6-31GS*// 
UMP2/6-31GS* level. 

Results and Discussion 
Equilibrium Structures. Figure 1 shows the equilibrium ge- 

ometries for the individual isomers 1-3 (Scheme I) calculated at 
the UMP2/6-31G**//UMP2/6-31G** level. As is the case with 
neutral silanone, the radical cation 1 is planar with a preferred 
C, symmetry. The S i 4  bond length is 1.633 A and so consid- 
erably longer than that in the corresponding neutral (1.545 A), 
but also longer (by 0.047 A) than the S i 4  single bond in the 
hydroxysilylene radical cation 2. The Si-H bond is not very 
different than that in the isolated silene cation (1.461 A).z6 The 
charge distribution from the Mulliken population analysis predicts 
a positive silicon atom (qsi = 1.21e) while the spin is predicted 
to be localized on the oxygen atom. The calculated 2A1 state of 
1 is thus a "distonicnZ7 ion. The formal separation of charge and 
spin density is reminiscent of the results of our calculations of 
H2SiC0'+.26 

Two isomers can be distinguished in the case of the hydroxy- 
silylenes 2 (both 2A' and C, symmetry). The bonding parameters 
of the trans conformation 2 are not very different from those of 
the cis conformer 2'. For example, the Si-0 bond lengths are 
only marginally different (1.586 A for 2 vs 1.579 A for 23, and 
the Si-H and 0-H bonds are equivalent within the limits of 
tolerance of the approximation used in the calculations. However, 
significant differences are apparent in a comparison of the 
structures of the radical cations and their neutral counterparts. 
Ionization leads to contraction of both the Si-0 bond (by ca. 0.100 
A) and the Si-H bond (by 0.38 A) because of strong Coulombic 
attraction (Qo = -0.646e). The strong Si-0 *-overlap in both 
cases (2 and 2') leads to a widening of the H-Si-0 angle from 
94.9O in neutral silanonelZb to about 120' in the cations. The 
H-0-Si bond angle in the neutral is similarly increased from 
112.1O to 131.5O and 136.2O in 2 and Y,  respectively. The cationic 
and radical centers in 2 and 2' are located on the Si atom, in 
contrast to 1. 

Structure 3, which formally corresponds to an adduct of silicon 
and water, has a 2Bz state with C, symmetry. The structure is 
characterized by a large Si-0 separation (1.921 A), and an 0-H 
bond which is only slightly different from that in the water 
molecule. The widening of the H-O-H angle from 103.9O to 
125.0' reflects the perturbation of the r-population of the oxygen 
atom through the Si-0 bond connection. 

Transition Structures and Their Harmonic Frequencies. The 
transition structures (TS) connecting the isomers shown in Scheme 
I have been optimized at the UMP2/6-31G**//UMP2/6-31G** 
level. The resulting geometries together with the charge distri- 
butions are summarized in Figure 2 and the harmonic frequencies 
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Figure 2. Transition structures (TS) for the interconversion of 
[H2,Si,0]’+ calculated at the UMP2/6-3 1GS*//UMP2/6-31G** level 
of theory and their charge distribution as derived from a Mulliken pop- 
ulation analysis. 

TABLE I: UMP2/6-31G**//UMP2/63lG** Calculated Harmonic 
Frequencies (cm-’) Scaled Due to the Overestimation of the Parabolic 
Approach by a Factor of 0.89 for the [H2,Si,0].+ Isomers and the 
Corresponding TS 
1 (MIN) 
2 (MIN) 
2‘ (MIN) 
3 (MIN) 
TS 1/2 
TS 2/2‘ 
TS 2/3 
TS 3/d 

567 (b2), 720 (al), 885 (bl), 1016 (al), 2428 (a,), 2501 (b2) 
531 (a’), 561 (a”), 689 (a’), 966 (a’), 2032 (a’), 3470 (a’) 
486 (a’), 492 (a”), 743 (a’), 1105 (a’), 2213 (a’), 3856 (a’) 
375 (bJ, 426 (al), 607 (b2), 1507 (al), 3353 (a,), 3463 (b2) 
479 (a”), 580 (a’), 1065 (a’), 2161 (a’), 2378 (a’) (-1778) 
330 (a”), 737 (a’), 1157 (a’), 2167 (a’), 3955 (a’) (-395) 
153 (a”), 577 (a’), 801 (a‘), 1536 (a’), 3290 (a’) (-1798) 
410 (a”), 569 (a’), 885 (a’), 1077 (a’), 3418 (a’) (-7984) 

TABLE II: Calculated Expectation Valws (S*), Total Energies 
(hrrtrees), ZPVE” (in kcrl/mol), and the Relative Stabilitiesb 
(kcal/mol) for the [H@i,O].+ hmers 

(9) MP2‘ MPV4‘ ZPVE“ AE,b 
1 (2Al) 0.762 -364.829436 -364.836895 11.61 43.5 
2 (’A’) 0.760 -364.906148 -364.913641 13.87 0.0 
2’ (’A’) 0.760 -364.902 199 -364.909 122 11.31 0.3 
3 (’AI) 0.766 -364.899910 -364.911 540 16.33 3.8 
TS 1/2 0.810 -364.780484 -364.798339 8.47 66.9 
TS 212‘ 0.750 -364.900835 -364.907676 10.60 0.5 
TS 2/3 0.762 -364.815552 -364.841652 10.61 41.9 
TS 3/d 0.760 -364.805354 -364.832091 10.60 41.9 

“Calculated frequencies scaled by 0.89. AE, relative stabilities 
based on the most stable isomer calculated from the scaled ZPVE 
corrected UMP4SDTQ/6-31GS*//UMP2/6-3 1G** energies. ‘Total 
energies calculated at the UMP2/6-31G**//UMP2/6-3lG** and 
UMP4SDTQ/6-3 lG**//UMP26-3 1G** level. 
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are given in Table I. The transition structure TS 1/2 (2A’) with 
C, syfnmetry corresponds to a 1,2 hydrogen migration having an 
imagmry frequency of -1 178 m-I. This vibration is characteristic 
for such H-atom migrations, and the Si-H bond length (1.541 
A) corresponds to an elongation of this bond by approximately 
10% which is what one normally assumes for such processes. The 
planarity of TS 1/2 is somewhat surprising in view of the findings 
by Kudo and NagaseIzb for the neutral hydrosilylene HzSiO for 
which a nonplanar transition structure (torsion angle HSi0-H 
= 139.8O) for the 1,2 H shift was predicted at  the UHF/6-31G* 
level. The results of our calculations on the radical cation of 
silanone, H2SiO’+ (1) are more in line with the calculations of 
Schaefer et a1.28 on the isomerization of formaldehyde proceeding 
via planar transition structures. All of our attempts to locate a 
nonplanar transition structure for the reaction 1 is 2 up to the 
UMP2/6-31G**//UMP2/6-3 1G** level were unsuccessful. It 
should be mentioned that TS 1/2 found by us has one and only 
one imaginary frequency (-1 178 cm-I), and the out-of-plane 
H-Si-H bonding vibration has a positive frequency (479 cm-l) 
supporting the planarity of the system. 

The radical center in TS 1/2 is again located on the oxygen 
atom which explains the relatively long 0-H separation (1.497 
A). The remaining bonding situations and the charge distributions 
largely correspond to that in structure 1, thus pointing to an “early” 
transition structure. 

The transition structure 2/3 with a negative frequency of -1798 
cm-I corresponds to the closest saddle point in the consecutive 
transformation from 1 to 3 and fits well the transition structure 
in the neutral analogue ( S i 4  = 1.903 A, Si-H = 1.721 A, 0-H 
= 1.306 A, LSi-0-H = 61.6’) calculated by Tachibana et al.13b 

Another significant structure is TS 2/2‘, which corresponds to 
the barrier for the cis/trans isomerization. Again, we can only 
partially substantiate the results of the calculations by Kudo and 
Nagase for the neutral analogue.12b The structure with an im- 
aginary frequency of -394 cm-I which we have calculated cor- 
responds more to a hydrogen migration in plane (equivalent to 
an O H  inversion) than an internal rotation. It seems that, in 
addition to the dependence of the results on the flexibility of the 
basis set which was determined by Kudo and Nagase,Izb correlation 
effects also play a significant role for the geometry of the stationary 

I 

Reaction coordinate 

Figure 3. Total energy profile for the PES of [H2,Si,0]’+ calculated at 
the UMP4SDTQ/6-31G**//UMP2/6-31** + ZPVE level of theory. 

points. This holds true in particular for transition structures. 
The last transition structure to be discussed in connection with 

the PES for [Hz,Si,O]’+ is the predissociative transition structure 
TS 3/d. This structure is characterized by a high imaginary 
frequency of -798.4 cm-l and a lowering of the symmetry from 
C2, to C, relative to 3. The two 0-H bonds are no longer 
equivalent (0-H = 0.974 A, 0-H’ = 1.414 A). The S i 4  bond 
length of 1.645 A is significantly shorter than that in 3 and is much 
closer to the bond length in SOH+ (1.556 A). At the UMP2/ 
6-31G**//UMP2/6-31G** level we could not locate transition 
structures for all of the other dissociation channels indicated in 
Scheme I. 

Energies. The total energies calculated a t  the 
UMP4SDTQ/6-31G**/UMP2//6-3 1G** level and the values 
for the ZPVE are listed in Table 11. In order to evaluate the 
possible contributions of higher spin contaminations, the computed 
expectation values (S2) are also included. Except for TS 1/2, 
the values are close to a “pure” doublet state. ’ The total energy 
profile for the PES of [H2,Si,0]’+ is summarized in Figure 3. As 
mentioned in the Introduction, we are not aware of any other data 
available for comparison. Hopkinson and Lien29 have calculated 
the hydroxysilylene cation, albeit a t  the UMP4SDTQ/6- 
31G**//UHF/6-31G** level, and obtained a structure very close 
to the structure (2) calculated by us but did not refer to the 
existence of further isomers nor to bond dissociation energies. 

The most stable isomer on the [H2,Si,0]*+ PES corresponds 
to structure trans-hydroxysilylene 2. At the UMP4DTQ/6- 
31G**//UMP2/6-31G** level, the cis conformer 2’ lies only 2.8 
kcal mol-’ higher in energy and this difference disappears almost 
completely (0.3 kcal mol-’) when corrected for ZPVE contribu- 
tions. The two isomers are stabilized in the same way through 
?r-donation into the empty 3p orbital of silicon. The electron 
deficiency of these silacations is partially compensated by the 
electron-rich donor (OH) which provides additional stabilization. 
A detailed discussion of this effect recently has been provided by 
Hopkinson and Lien.29 
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The barrier for cis/trans isomerization of 3.8 kcal mol-' is 
unusually small. The bamer for the neutral system was calculated 
to be 9.3 kcal mol-' at  a similar level of theory (CISDQC/6- 
31G**//UHF/6-31G* + ZPVE).'2 We find this agreement 
satisfying since our experience has shown that the energy of the 
TS is very sensitive to the geometry and that the contribution of 
the correlation energy to the structure of similar systems must 
be regarded as significant.26 The possible comparison with the 
calculation of Pople et alQ30 for the energy profile of the hyper- 
surface of the carbon analogue H,CO, which has a barrier ca. 
30-35 kcal mol-I higher at the UMP4/6-31G**//UMP2/6-31G* 
level than that calculated by us for [H,,Si,O]'+, is of limited value 
but may be used in a discussion of differences between silicon and 
carbon. 

Structure 3 also lies in a deep energy minimum but is separated 
from the trans isomer 2 by a high barrier of 41.9 kcal mol-'. As 
was the case with 2, the high stability of 3 can be explained in 
terms of the interaction of the unoccupied 3p orbital of Si*+(zP) 
with the electron pair of water which gives rise to an enthalpy 
change of 49.3 kcal mol-I for the following reaction: 

Si-OH2'+ - Si'+(,P) + H 2 0  
3 

As indicated in Figure 3, the 0-H bond dissociation of SOH;+ 
(1) via TS 3/d competes with the isomerization process 3 - TS 
2/3 - 2. However, the energetics favor the latter reaction. In 
addition, the process 2 - H' + SOH+ is barrier-free. Conse- 
quently, dissociation of 3 to generate H' and SOH+ is predicted 
to proceed via a multistep path via 2 rather than involving TS 
3/d. 

Structure 1, H2SiO'+, is the least stable of the [H2,Si,0]'+ 
isomers. The minimum calculated for 1 lies 43.5 kcal mol-' higher 
in energy than that for the mast stable structure 2. This difference 
in energy is much less, 3.7 kcal mol-', for the neutral HzSi0.'2b 
The analysis of the wave function shows that the singly occupied 
molecular orbital primarily has the character of a SiH-u orbital 
and the removal of an electron has a destabilizing effect. From 
a chemical viewpoint, 1 corresponds formally to Si-protonated 
HSiO', and it is evident that protonation on 0, conditioned by 
the stabilization of the positive charge on the silicon, is preferred 
to the protonation of the electropositive Si center. The same effects 
have been found in studies of analogous Ge- and Se-bonded 
 system^.^^,^^ 

Conclusion 
Structures 1, 2, 2', and 3 are equilibrium structures on the 

potential-energy hypersurface of [H2,Si,0]*+ at  the UMP2/6- 
31G**//UMP2/6-31GS* level. They are found to be separated 
by significant energy barriers so that they should be stable and 
experimentally accessible to various entrance channels. These 
predictions are consistent with experimental results available to 
date. Charge-reversal experiments with the negative ions 
[H2,Si,0]'- generated from C6H5SiH3 by chemical ionization in 
the presence of N20 have been reported which provide evidence 
for the connectivity 1, H2SiO'+.Isa Evidence for the stability of 
2, HSiOH+, has come from collisional activation and neutrali- 
zation-reionization mass spectrometry of the ions [H2,Si,0]'+ 
produced from electron impact of tetramethoxysi1ane.lBa Se- 
lected-ion flow-tube experiments at  room temperature and low 
pressure (0.35 Torr) of the reaction of Si'+ with H,O which 
correspond with structure 3, SiOH2*+, have shown the production 
of the bimolecular products SOH+ and H' rather than stable 
SiOH2+.19 The initial energy of the reactants is too high with 
respect to the height of the energy barrier and the probability of 

collisional stabilization is too low under these experimental con- 
ditions to allow formation of the SiOH2'+ adduct ion. The re- 
actions of SiH2*+ with 0 and %OH+ with H' which are possible 
sources of structures 1 and 2, respectively, have not yet been 
experimentally investigated. 
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