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An ab initio study of the structure, binding energies, electronic distribution, vibrational frequencies, and

thermodynamic parameters of possible gas-phase complexes of silicon tetrafluoride with water (1:1, 2:1, and

1:2) in different conformations has been performed at the RHF, B3LYP, MP2, and MP4(sdq) levels with a
variety of basis sets up to cc-pVTZ. On this basis, the thermodynamic stability, assignment of observed
infrared bands of SiffH,O adducts in matrixes and in the gas phase, and activation energies of the elementary

reactions leading to polyhydroxy derivatives and siloxane are discussed. The most thermodynamically stable

structure is a 1:1 complex with the most accurate estimate of the binding energy of 2.7 kcal/mol. This complex
is characterized by a small amount of electron transfer from the water molecule to silicon tetrafluoride and
by small participation of the silicon d-orbitals in the coordination bond. A single stable conformation has
been found for complex 2SiH,0 whereas the complex SH2H,O can exist in two conformations (distorted
octahedral symmetry), distinguished by positions of the water molecules. The energetically preferred
conformation of Sig-2H,0 is that with the water molecules in cis positions of an octahedron. The activation
energy for the hydrolysis of first SiF bond is 21 kcal/mol. The most thermodynamically preferred product
at the first stages of hydrolysis is the hexafluorodisiloxane-S®—SiF; (activation energy 30 kcal/mol)
rather than polyhydroxy derivatives.

Introduction complexation of Siffwith oxygen-containing donors, including
. . ) i ) - those with water, are considered in the literature to a lesser

Silicon halogenide chemistry and, in particular, silicon  gegreed~8 Meanwhile, investigation of molecular interactions
tetrafluoride Sik gas-phase association play a crucial role in i, the silicon tetrafluoride water system is important from the
many modern technologies (fiber optics, high pure substancespoint of view of understanding the hydrolysis mechanism of
technology, and microelectronics) and have been intensively this substance. Oxygen- and hydrogen-containing products even
studied by both experimental® and theoreticdt** methods.  of the partial hydrolysis of SiFin the presence of traces of
The Sik molecule hasTy symmetry and has the electron mgjsture are undesirable while using silicon tetrafluoride in
configuration (181t)%(2af(2t)%(1e)(3t)%ty)® in the ground  semiconductor fabrication and in production of preforms for
state. It is frequently assumelithat as in other silicon gjlica optical fiber$ A number of papers have been devoted to
bonds by S|E involves the vacant 3d-orbitals of the central solution (See e.g. refs l, 9’ and 10 and references therein)_
silicon atom; at the same time it has been pointedtliat Usually, it is considered that under these conditions the reaction
o-bonding with electron-donor molecules with the participation results in the formation of a fluorosilicate and a hydrated silicon
of 3d-orbitals is mainly due to strong electronegative groups dioxide or of siloxanes with different composition and hydrogen
located near the silicon atom. fluoride. It was assumédhat in the initial step of hydrolysis a

Among the complexes of silicon tetrafluoride, strong adducts hexafluoro diaqua complex is formed that is then dissociated
with organic ligands, containing a nitrogen atom, have been with formation of a hydroxonium ion and subsequent transfor-
studied in the most detdi The processes of weak gas-phase mations. This scheme is hardly probable in the gas phase with
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TABLE 1: Geometric Parameters of Complex | Optimized at the Various Levels of Theory (Bond Lengths in A; Angles in Deg)
with Atom Numbering Corresponding to Figure 1

B3LYP/ MP2/ B3LYP/ MP2/ MP2/ MP2/
geometry param 6-311G(d,p) 6-311G(d,p) 6-311++G(d,p) 6-311++G(d,p) 6-311++G(2d,p) cc-pVTZ

SiF4

r(Si—F1y 1.581 1.583 1.584 1.587 1.569 1.572
H,O

r(O—H)° 0.962 0.959 0.962 0.960 0.963 0.959

H—O—H° 103.8 102.3 105.1 103.4 104.6 103.5

SiF4'H20

r(Si---O) 2.549 2.596 2.770 2.786 2.838 2.820

r(0O—H) 0.963 0.960 0.963 0.961 0.964 0.960

r(Si—F1) 1.596 1.597 1.595 1.598 1.578 1.581

r(Si—F2) 1.591 1.590 1.588 1.590 1571 1.576

r(Si—F3,F4) 1.587 1.586 1.586 1.587 1.569 1.573

r(H—F) 2.848 2.884 3.224 3.036 3.060 3.073

H—O—-H 105.6 103.8 106.0 104.3 105.1 104.2

Si—O—H 114.7 115.2 120.4 120.4 118.7 1125

aThe experimental value is 1.552%A." The experimental value is 0.957?A. ¢ The experimental value is 104.% 9 The shortest distance
H—F.

a low concentration of water. Earlierwe used infrared 1), 2:1 (complexil), and 1:2 (complexil ):

spectroscopy to prove that along with hexafluorodisiloxane,

SibFeO, the hydroxy derivatives SiE,(OH)y are formed in the SiF, + H,0 — SiF,-H,0

reaction of gaseous Sjwith traces of water. It was impossible I

to determine the formation of any intermediates within the — T 1=

framework of this technique. On the other hand, the use of IR SiFsHO + SiF, ZSIF‘}IHZO

spectroscopy in low-temperature (12 K) argon and nitrogen )

matrixes containing water and silicon tetrafluoride allowed to SiF,*H,0 + H,0 — SiF,-2H,0

one of us (B.S.A)) to observe the 1:1 complex S0, 1"

presumably as a result of partial transfer of electron density

from the water molecule to silicon tetrafluoride. The structures of complexeb—Ill were optimized at
The purpose of this paper is a detailed consideration of the the RHF, B3LYP, and MP2 levels using 6-311G(d,p) and

structure and energetics of the complexes formed by silicon 6-311G++G(d,p) basis sets. Additional MP2 calculations using

tetrafluoride and water with composition of 1:1, 1:2, and 2:1 the extended basis sets were performed for complewe

using ab initio calculations. On the basis of these data, located a single true PES minimum each for compldxaad

thermodynamic and activation parameters for possible elemen-I! - @nd two ones for complekl . Table 1 lists the geometric

tary steps of the interaction of the molecules,Sifd HO have parameters for complelxoptimized at various levels of theory

been studied with the aim of obtaining the most complete together with a geometry of parent i&nd HO molecules,

description of the actual mechanism of hydrolysis of silicon @nd Table 2 shows the optimized geometric parameters of

tetrafluoride and to interpret the available experimental data. comp:exesll andlll . Figure 1 shows the structure of these
complexes.

Complex Sig-H;0 (). Although for complex the hydrogen-
Method of Calculations bonded structure SiF---H—OH seems intuitively to be possible,
the single structurally stable conformation wasGgkymmetry
All the ab inito RHF and MP2 calculations have been Wwith a SO donor-acceptor bond (Figure 1a). The species
performed using the GAMESS progrdfnCalculations at the ~ with one and two hydrogen bonds-FH but without a SO
B3LYP and MP4(sdq) level were carried out using the GAUSS- bond (RSi—F-+*H—OH and KSi<F"g...;>0) undergo non-
IAN94 packagé® Geometry optimization and saddle point activated rearrangement to the structure presented in Figure 1a.
location have been performed without any constraints. All of As is shown in Figure 1a, the hydrogen atoms of water molecule
the stationary points have been characterized by the Hessiarare tilted toward the SiFmolecule. The conformation of
calculations at the RHF and B3LYP level, and some key complexl with a nontilted orientation of water molecule is not
stationary points, at the MP2 level. Basis sets were varied in stable one and is a transition state between two tilted stable
wide ranges from 6-311G(d) to 6-313G&-(2d,p) and cc-pVTZ. conformations. Thus, the structure of complexorresponds
The 6d Gaussian functions were used for the RHF and MP2 to a distorted trigonal bipyramid. It is in agreement with known
calculations whereas the 5d functions were used at the B3LYPresults on quantum-chemical studies of related systems; SiF
level. The basis set superposition errors (BSSE) were estimatedVHz'*?and BR*NHs,!" as well as with results of the above-
with the counterpoise correction method. mentioned IR matrix isolation study of the $iA,0 adduct!
Although the bipyramidal structure is an inherent feature of
complex! for all levels of theory, the calculated -SO bond

Results and Discussion length is strongly influenced by the basis set used. It is common
knowledge that the correct description of the weakly bonded
1. Structure and Energies of Complexes of SiFwith H ;0. complexes may be achieved by supplementing the basis set with

As the first elementary step in the hydrolysis of silicon diffuse functions. As follows from Table 2, using diffuse
tetrafluoride, we have studied the formation of three initial functions results in increasing the-SD bond length by 0.2 A
complexes of SilFwith water, of the compositions 1:1 (complex (7%) both at the MP2 and B3LYP levels. However, further
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TABLE 2: Geometric Parameters of Complexes Il and Il Optimized at the Various Levels of Theory (Bond Lengths in A;
Angles in deg) with Atom Numbering Corresponding to Figure 1

B3LYP/ MP2/ B3LYP/ MP2/
geometry param 6-311G(d,p) 6-311G(d,p) 6-311++G(d,p) 6-311++G(d,p)
ZSiF4‘H20
r(Si1---O) 2.777 2.789 2.907 2.886
r(Si2-+-0) 2.835 2.858 2.942 2.916
r(0—H) 0.964 0.961 0.964 0.963
r(Si—F) 1.580-1.590 1.577#1.585 1.582-1.591 1.584-1.594
r(H-F) 2.686 2.721 2.793 2.813
H—O—H 105.7 104.0 105.6 104.1
Si—O—Si 109.2 108.0 110.2 106.1
SiF4-2H,0 (Structure A)
r(Si---O) 2.090 2.054 2.108 2.066
r(0O—H) 0.965 0.963 0.966 0.965
r(Si—F1,F2) 1.645 1.646 1.647 1.651
r(Si—F3,F4) 1.626 1.629 1.630 1.633
r(H-F) 2.390 2.365 2.416 2.387
H—O—H 108.2 106.7 108.3 106.7
Si—O—H 108.9 108.3 110.3 109.4
O-Si—O0 83.8 83.6 83.1 82.9
F1-Si—F2 153.9 155.5 153.6 155.3
F3—Si—F4 102.4 101.9 102.4 102.1
SiF4+2H,0 (Structure B)

r(Si---0O) 1.944 1.932 1.943 1.933
r(O—H) 0.966 0.964 0.967 0.966
r(Si—F1,F2) 1.666 1.664 1.671 1.671
r(Si—F2,F4) 1.649 1.648 1.654 1.654
r(H—F) 2.356 2.350 2.378 2.378
H—O—H 110.3 108.6 110.4 108.6
O-Si—-O0 177.0 177.5 177.8 177.7
F1-Si—F3 170.8 171.9 1711 172.0
Si—O—H 111.0 110.2 112.3 111.5

aThe shortest distance-+H-.

TABLE 3: Binding Energies of Complex | Calculated at the
Various Levels of Theory and Energies Corrected by the
Basis Set Superposition Error (kcal/mol)

calcd
binding binding energy

level of theory energy corrd by BSSE
RHF/6-311G(d,p) 5.8 -2.1
B3LYP/6-311G(d,p) 7.5 2.9
B3LYP/6-31H+G(d,p) 4.3 2.7
MP2/6-311G(d,p) 7.3 -0.2
MP2/6-311G(df,p)// MP2/6-311G(d,p) 7.4 2.0
MP4(sdq)/6-311G(df,p)// MP2/6-311G(d,p) 7.7 2.7
MP2/6-311G(3df,2pd)// MP2/6-311G(d,p) 6.9 2.3
MP2/6-31HG(d,p) 5.4 2.8
MP2/6-311+G(d,p) 5.4 2.7
MP2/6-311G-+(2d,p) 4.6 2.7
MP2/cc-pVTZ 4.9 2.7

This distance is typically overestimated both in the parenj SiF
molecule and in the complex. This overestimation has little
effect on the structure and binding energy of compleand
may be sufficiently reduced by the using two sets of d-functions
on the silicon atom. Therefore, the MP2/6-3H6(2d,f)
calculations result a noticeable decrease of theFSbond
length.

The calculated binding energies of compleare presented
in Table 3 together with the BSSE-corrected values. As shown
from the table, the calculated values are strongly influenced by
the level of theory. However, the BSSE-corrected values
Figure 1. Calculated structures of complexesill . converge rather fast with the extended basis sets. Similar to the
extending the basis sets has only small effect on this geometricgeometric parameters, the use of the diffuse functions results
parameter. The use of the split d-functions and extended cc-in a significant improvement of the results. The BSSE-corrected
pVTZ basis sets at the MP2 level results only in286 changes binding energy value obtained at the MP2/6-3#1G(d,p) level
in the SO bond length. Other geometric parameters depend is 2.7 kcal/mol, and further extending the basis set does not
significantly less on the basis set except the Sbond length. result in noticeable energy changes. The use of a correlation
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TABLE 4: Changes in the Mulliken Orbital Populations
Due to the Comples | Formation Process at the MP2/
6-311G(d,p) Level for First-Order MP2 Wave Function

AO's  Si F1,F2 F3,F4 o H SiF  H0
SiF4‘H20
s 0.006 —0.003 —0.004 0.006 0.024—-0.008 0.054
p 0.018 —0.020 —0.008 —0.020 0.003 —0.038 —0.013
d 0.001 0.001 0.001 0.000 0.005 0.000
total 0.026 —0.022 —0.011 —0.015 0.028 —0.041 0.041
2SiFH0
s 0.008 —0.003 —0.00%* —0.002 0.030 —0.006 0.057
p 0.012 —0.012 —0.003 —0.025 0.004 —0.019 —0.016
d 0.001 0.002 0.00r 0.001 0.004 0.001
total 0.021 —0.014 —0.007 —0.026 0.034 —0.021 0.042
SiF4+2H,0 (Structure A)
S 0.095 —0.023 —0.017 0.015 0.062 0.014 0.140
p 0.109 —0.090 —0.069 —0.013 0.009 —0.208 0.005
d —0.109 0.006  0.005 —0.004 —0.086 —0.004
total 0.095 —0.107 —0.081 —0.002 0.071-0.280 0.140
SiF4+2H,0 (Structure B)

s 0.109 —0.023 —0.023  0.032 0.082 0.017 0.190
p 0.153 —0.111 —0.086 —0.019 0.009 —0.240 0.000
d —0.172 0.007  0.006 —0.007 —0.146 —0.007
total 0.091 —0.127 —-0.103  0.007 0.091-0.370 0.185

a Averaged values.

energy estimation other than MP2 (B3LYP or MP4SDQ) also
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two molecules of SifFin the ground state of complex are
rotated by about 60relative to one another, and the fluorine
atoms of the second Sjfnolecule stay in positions between
fluorine atoms of the first molecule. Because of this, theH
distances between,B and Sii molecules are nonequivalent.
The H--F interaction between # and the second coordinated
SiF, molecule is more preferable than with first one. Thus, the
elimination of an HF molecule from compléx should be easier
than from complex. As discussed below, this conclusion is
supported by direct calculation of the activation energy.
Similar to complexl, the binding energy of compleX
obtained at the MP2/6-3#1+G(d,p) level can be considered
as a best estimated value. The comparison of the BSSE-corrected
value for complex! (4.6 kcal/mol) and complek (2.7 kcal/
mol) shows that the addition of second SiRolecule has about
a 30% lesser energetic effect than the first one. The average
binding energy value (2.3 kcal/mol) is only slightly less than
in complex I, and the coordination bonds -SO in these
complexes are almost equivalent.
As may be concluded from Table 4, the electronic structure
of complexll is also very similar to those of compléx The
only exception is that the Sifeharge is half that in complex
Complex Sig2H,0 (IIl'). Unlike complexed andll, two
structurally stable conformations were found for compliéx
The ground state (energetically preferred conformation) is a

has only a small effect on the BSSE-corrected binding energy distorted octahedral structure with® ligands occupying cis
values. However, the correlation energy plays rather important Positions (compleXIA ) (see Figure 1c). The symmetry group

role in the process of complex formation (the 6-311G(d,p)
BSSE-corrected energy estimated at the RHF levet-is1
whereas the MP2 value 1s0.2 kcal/mol). The BSSE-corrected
binding energies obtained at the MP2/6-311G(2d,p) and
MP2/cc-pVTZ levels are 2.7 kcal/mol. This value can be

of the complex isC,, with a 2-fold axis bisecting the angle
O—Si—0. Another conformation (compleiiB ) is a slightly
distorted octahedral structure 6§ symmetry with two HO
molecules occupying trans positions (see Figure 1d) and rotated
by 9C° each relatively another. Because of this rotation, the SiF

considered as a most exact theoretical estimate of the bindingff@ment is not planar. It should be noted that the more
energy for complex. It should be noted that the same value is Symmetric configurations of compleiB of Cs symmetry with

obtained at the MP2/6-34#1+G(d,p) level.
Thus, except for the SiF bond lengths, the MP2/6-33H#G-

(d,p) results may be considered as a rather reliable description

of the structure and binding energy of compleit is interesting
that the B3LYP/6-311++G(d,p) results are very close to the
MP2/6-311+G(d,p) results both for binding energies and for

the water molecules rotated by O or 286lative to one another
are not true minima and are transition states between the local
minima of the distorted structure shown in Figure 1d.

Like complexl, in speciedll the HO molecules are tilted
(in opposite directions) to the fluorine atoms in both conforma-
tions of the complex. CompleMIA is formed by the nonac-

the molecular geometry. One may conclude that the binding tivated addition of a second water molecule to complex

between Silrand HO units is only slightly influenced by the
long-distance dispersion interactions.

Table 4 shows the changes in the Mulliken orbital populations

and atomic charges in the process of formation of silicon

whereas activation energy is required for the intermolecular
rearrangement of complddA to thelllB structure.

The binding energies of complexés-lll are summarized
in Table 5 for various levels of theory. Because of the strong

tetrafluoride-water complexes calculated at the MP2 levels. The structural rearrangement of the Jiffagment and significant

data collected for compleixindicate that the water molecule is

electronic redistribution (see below) in complexés andlliB ,

a donor and Sifis an acceptor of electron density but the value the BSSE correction has no meaning in the case of these
of charge transfer is only about 0.04e. The silicon and hydrogenstructures. We will use the calculated (not BSSE-corrected)
atoms lose and the oxygen and fluorine atoms of the, SiF Values of the binding energy hereafter.
molecule gain the extra electron density. The d-AQ’s of the  The energy difference between the trans and cis conforma-
silicon atom as well as of d-AO’s of O and F and p-AO of H tions is rather large (5.0 kcal/mol at the MP2/6-31#G(d,p)
take only a negligible part in the complex formation process. level). This is especially interesting taking into account that the
The main part of the electron density is redistributed between trans-complex is frequently proposed as a primary intermediate
the s- and p-AQ’s of Si, O, F atoms and s-AQO’s of hydrogen. in liquid-phase reactions of SjFF Our calculations do not
Thus, the binding between silicon tetrafluoride and water in support this suggestion, at least for the gas-phase process.
complex| is a result of the coordination interaction without However, it should be noted that these energies and the relative
changes in the electronic and hybridization state and without stability of complexes might be strongly influenced by envi-
significant redistribution of electron density. ronmental effects (specific solvation, electric field of the
Complex 2SikH,0 (I1). Complexll forms by the addition ~ solution, etc.).
of a second SiFmolecule to the oxygen atom of water in In contrast with complexek andll, significant changes in
complex | (see Figure 1b). The single structurally stable the electronic structure occur in the process of the formation of
conformation of compleX is characterized by a bent structure complexlll . The data collected in Table 4 shows that a large
of Cs symmetry with an angle SiO—Si of about 106. The amount of electronic density (0.28e for compl#A and 0.37e
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TABLE 5: Binding Energy of Complexes I-Ill (kcal/mol) 2

level of theory SiF-H,0 (1) 2SiF;H,0 (Il) SiFs2H;0 (1A ) SiFs2H;0 (IlIB )
B3LYP/6-311G(d,p) 7.5(2.9) 13.2 (4.0) 16.1 9.6
MP2/6-311G(d,p) (6d) 7.30.2) 13.7 (1.1) 17.1 10.9
B3LYP/6-311-+G(d,p) 4.3(2.7) 7.6 (4.6) 6.8 1.4
MP2/6-311+G(d,p) (6d) 5.4 (2.7) 11.0 (4.6) 11.0 6.0

a (BSSE-corrected energies are given in parentheses.)

TABLE 6: Relative Enthalpies and the Gibbs Free Energies (kcal/mol) of the ComplexesHlll Calculated at the MP2/
6-311++G(d,p) (B3LYP/6-311++G(d,p)) Levels

rel AG
system reAH° (298) T=40K,P=10"°%atm T=200K,P=3.5atm T=298.15K,P=1atm
2(Sik*H0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
2SiR+H,0 + H,O +0.6* (+2.4) +0.5(+1.1) +1.12(+1.3) +0.72(+1.3)
SiFs-2H,0 (A) + SiFy —4.1 (+1.3) —2.0(+2.2) +0.6 (+5.3) +2.7 (+6.3)
SiF-2H,0 (B) + SiF, +0.8 (+6.8) +3.2 (+8.0) +5.6 (+11.1) +7.7 *+13.7)
parent (2Sig+ 2H,0) +2.7 (+4.3) —0.7 (0.0) —5.2 (—3.8) —10.7 12.7)

@ The values are calculated on the basis of the MP2/6+31G(d,p) binding energies and the B3LYP/6-31tG(d,p) frequencies.

for complexlIlIB ) is transferred from the water molecules to corresponding conditions. To estimateH and AG in the
silicon tetrafluoride. A large part of this amount is gained by process of complex formation, the thermodynamic parameters
the silicon d-orbitals, which play a crucial role in complex of the parent system SjR H,O are also presented in Table 6.

formation. Thus, the formation of the octahedral compldkés However, it should be noted that the parent molecules are not

andllIB can be described in terms of stronddsghybridization an isodesmic system relative to their complexes and direct

after electron transfer to the silicon d-orbitals of Sikolecule. comparison of thermodynamic values can give only a crude
2. Relative Thermodynamic Stability of the Complexes estimate ofAH and AG of complex formation.

=11l in the Gas Phase. It is well-known that, at these levels As follows from Table 6, both MP2 and B3LYP theories give

of theory, direct quantum chemical calculations of the absolute similar results. The only exception is a stability of compllke4 ,
Gibbs free energies values of formation of chemical species which is the most stable system at low temperatures at the MP2
result in the significant discrepancy with experimental data. On level but not at the B3LYP level. The reason for this discrepancy
the other hand, one can estimate relative thermodynamicis that the BSSE correction value at the MP2 level is typically
parameters for so-called isodesmic systems (systems with thehigher than at the B3LYP level (see Table 5). Because the BSSE
same number of chemical bonds of given kidtlin our case, correction was not taken into account for the complebes

the systems 2SiH,0, 2Sik-H,0 + H,0, and Sik-2H,0 + their stability relative to complexek and Il is likely to be

SiF, may be considered as isodesmic (which can be supportedoverestimated at the MP2 level. Thus, the relative stability of
by the fact that the Si-O bonds in complexes have ap- complexed andlll estimated at the B3LYP level seems to be
proximately equal energies). We have calculated relatitie more correct. When one comparésH and AG between

and AG values for these species at the MP2/6-8%1G(d,p) complexed andll or between complexe$lA andllIB , the

and B3LYP/6-31%+G(d,p) levels. The BSSE corrections were BSSE correction has approximately the same value and the
taken into account for complexdsand Il. The vibrational B3LYP and MP2 results are each close to another.
frequencies and moments of inertia of all species under From this point of view, one may conclude that the most
consideration needed for the zero point energy (ZPE) and stable system under consideration is comple€omplexIl is
thermal corrections have been calculated after full geometry slightly higher both inAH andAG, but the difference between
optimization at the corresponding level of theory except complex | andll is quite small. Finally, complexedlA andllIB are

Il whose frequencies are unavailable at the MP2 level. The higher inAG, and structurdllA is more thermodynamically
thermodynamic functions for this complex were calculated using preferred over structurgIB .

the MP2 binding energy and the B3LYP vibrational frequencies.  As follows from Table 6, this order iAG is retained over a

All thermodynamic functions have been calculated in the “rigid wide range of temperatures and pressures. Thus, an equilibrium
rotor—harmonic oscillator” approximation. The effects of an- mixture of Sikr and HO should contain the speciésll, and
harmonicity were partially taken into account at the B3LYP 1lIA in the approximate relative proportion 1:¥210~12 under
level where two low-frequency normal modes of complekes matrix isolation conditions and 1:1810°5 under standard
and Il, namely, rotation of KO around the StO bond in conditions. This fact is in good agreement with the conclusions
complexl (v =4 cnm) and rotation of SiFaround the SiSi made on the basis of the study of the @iF,O adduct in
direction in complex! (v =29 cnt?), were considered as pure  cryogenic matrixe4.This theoretical study also supports the
internal rotations. At the MP2 level, these modes had rather suggestion that complex is the most probable primary
high frequencies (above 100 ch) and were considered as intermediate in the first step of Sjfydrolysis.

harmonic vibrations. The Gibbs free energies were calculated The Gibbs free energy of the formation process for complex
for three different conditions: standard conditiofis 298.15 | (10.7 kcal/mol at MP2) is significantly greater than the
K, P =1 atm); the typical conditions of low-temperature §iF difference inAG between different complexes under standard
purification (T = 200 K, P = 3.5 atm); conditions near to the  conditions but almost equal to zero at low temperatures (0.7
cryogenic matrix T = 40 K, P = 107 atm). The relative kcal/mol). Thus, the complex formation process is more probable
enthalpies and the Gibbs free energies for the system underunder cryogenic conditions than under standard ones.
consideration are listed in Table 6. The values are given relative It should be noted that the above thermodynamic analysis
to the system 2(SiH,0) (a zero level) and characterize the should be considered with caution, especially for low temper-
relative thermodynamic stability of complexés-Ill under atures when all the species are in the condensed state. The
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TABLE 7: Calculated by MP2/6-311G++(d,p) (vca) and Experimental Vibrational Frequencies (cnt?) for Gas-Phase 4.9 and
Matrix Isolation ( vmarix) Conditions of SiF,;, H,O, and Complex Sik-H,O, Shifts in Frequencies ¢, cm™1) Due to Complex
Formation, Calculated Intensities for SiF-H,O (km/mol), and Corresponding Mode Assignment

Vimatrix® (Vgasb) Vcalc
SiF; + H.O SiFH.0O 14 SiF; + H.0O SiFH0 14 lcalc assignment
97 9 ¥(Si—0) + 04(Si—O—H)
110 17 6(0-Si—F1)
112 2 §(0-Si-F1)
160 27 rotation KO around S+O
(264) 256 228 -29 220 04Si—0—H)
(264) 256 240 ~17 1 9:dSi—O—H) + 5(F—Si—F)
266 31 04Si—O—H) + 8(F—Si—F)
325 4 0.dSi—O—H) + O(F—Si—F)
(388) 373 369 -3 78 Oo(SiFs)(umbrella)
(388) 373 376 3 68  O4SiFs) + 04Si—O—H)
(388) 373 386 14 76 O4SiFs) + 0:{Si—O—H)
(801) 767 757 -10 0 v(SiFs)
1023 984,991  —39,-32 999 955 —44 302 v(Si—F1)+ d(SiFs) (umbrella)
1023 999 998 -1 265 vaF—Si—F)
1023 999 1009 10 267 va F—Si—F)
1593 1598 5 1630 1647 17 80 O(H—O—H)
(3657) 3868 3858 ~10 23 wH—-O—H)
3730 3722 -8 3992 3980 —12 86 vadH—0O—H)

aExperimental frequencies from ref 2Experimental frequencies from ref 18Site splitting (see the text).

TABLE 8: Calculated by B3LYP/6-311G+-+(d,p) Frequencies {cac cm™1) of SiF,;, H,O, and Complexes Il in Range
770-4000 cnm! and the Shifts in Frequencies ¥, cm~1) Due to Complex Formation in Comparison with Experimental v
Observed under Matrix Isolation Conditions

SiF4H,0 2SikH0 SiR-2H0 (1A ) SiF4+2H,0 (1lIB)
SiF; + H20 vearc Veale v Vcalc v Veale v Veale v obsrvdv
999 949 —49 960, 970 —38,—28 808 —191 772 —227 —39,—-32
999 993 -5 986, 989 —12,-10 872 —127 920 —-79
999 1005 6 1009, 1010 10, 12 939 —59 920 —79
1602 1622 20 1625 22 1610, 1618 7,16 1598, 1600 —4,-—-3 5
3818 3817 -1 3801 —-17 3775, 3777 —42,—41 3760, 3762 —56,—57
3923 3921 -3 3899 —24 3877, 3877 —46,—46 3862, 3862 —61,—61 -8
relative proportions among complexés-lll may also be In the experimental spectrum of the $iH,0O adduct, two

strongly influenced by environmental or solvent effects. Finally, new bands at 984 and 991 chwere observed. As proposed
the difference between complexieandll is comparable with earlier? these bands are due to site splitting of one vibration
the internal inaccuracy of quantum chemical calculations and that probably corresponds to the-&i stretching mode of SiF
seems to be too small to make an unambiguous conclusion onat 1023 cnil. The observed shifts for these vibrations ai89
the relative proportions of complexésandll . However, the and —32 cnTl. These values are in good agreement with the
reported results should reflect the main features in a real systemcalculated value-44 cnt? of the frequency shift due to complex
and, in particular, the relative thermodynamic stability of | formation. Then, the calculated shifts for the-8 stretching
complexed —lII . and H-O—H bending modes+12 and+17 cnt?) are also in

3. Vibrational Frequencies of Complex Sik-H,0. Because a good agreement with the observed shifts of these vibrations
complexl is a basic intermediate in the hydrolysis process of (—8 and+5 cm?). The calculated SiF bands at 998 and 1009
SiF, in gas phase, its infrared spectral features are of specialcm™1, which were not observed, are probably hidden by the
interest. The reported infrared spectrum of the 1:1,/6i5O strong absorption of unreacted parent Sietween 1000 and
adduct in argon and nitrogen matritdsgs bands at 984, 991, 1025 cnr.
1598, and 3722 cmi assigned to the 4Si--+OH, coordinated A similar picture takes place for the B3LYP/6-3t3+G(d,p)
complex formed in the initial step of reaction 1. frequencies in range 7761000 cnt! presented in Table 8. Like

Table 7 (first three columns) shows the observed shifts in the MP2 results, one of the B3LYP frequencies of complex
the vibrational frequencies of the SiBnd HO under matrix has a shift—49 cnt?® that is in good agreement with the
isolation conditions due to complex formatibnThe next observed band shift. The calculated frequencies of complexes
columns list the MP2/6-31t+G(d,p) calculated frequencies Il are far from the observed IR bands supporting the suggestion
of complex! in comparison with the frequencies of the parent that these complexes are not preferred from thermodynamic
molecules. The last two columns of the table list the calculated point of view. However, compleX has two vibrations with
gas-phase intensities and assignments of the correspondinghifts of —38 and—28 cn1l, in very good agreement with the
vibrations for complex. experimental shifts. On the basis of this fact, we propose that

The calculated spectrum of SHH,O complex has the  the observed two peaks at 984 and 991 tof SiFy/H,0 adduct
frequencies of the kD subunit at 1647, 3858, and 3980 tn may notbe a site splitting of one vibration baotaybe evidence
Only two of them were observed in the experimental spectrum of complexll formation in cryogenic matrixes. The complexes
at 1598 and 3722 cmt under matrix conditions. In range 960 | andll are very close each to anotherAis (see the previous
1100 cnt?, complexl has two calculated frequencies 998 and section), and their relative concentration may be also compa-
1009 cnr! near the band 999 cm of parent Sik; and the new rable. In summary, a definitive decision as to whether the 991
intense band at 955 crhwhich is absent in a parent spectrum. cm! band is due to site splitting of the 984 tiband or is
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TABLE 9: Total Energies, Enthalpies, Gibbs Free Energies, and Equilibrium Constants of Hydrolysis Reactions Calculated at
the MP2/6-311G(d,p) Level (kcal/mol)

reacn AE, AH,°(298) AG,2(298) K
2SiF; + 2H,0 — 2SiROH + 2HF +10.7 -0.9 +7.1 (+6.5) 6.210°6 (1.7-10°9)
2SiF; + 2H;0 — SiF(OH), + SiF; + 2HF +11.5 -0.6 +10.3 ¢-8.1) 2.61078 (1.2210°9)
2SiF, + 2H,0 — SiR0SIR; + H,0 + 2HF +8.5 -0.3 +1.9 (+1.9) 4.210°2 (4.210°2)
2SiF; + 2H;0 — SiF0SIROH + 3HF +13.1 0.7 +5.8 (+4.6) 5.910°5 (4.1:107%)

aValues in parentheses obtained when the rotational normal modes of the OH groups were considered as pure internal rotations.

due to a small amount of compldk cannot be made on the It should be noted that the calculatetiG, is strongly
basis of the available information. influenced by the method of accounting for anharmonicity.
4. Thermodynamics and Infrared Frequencies of Hy- Moreover, the reactions presented in Table 9 are not isodesmic,

drolysis Products. The thermodynamic stability of possible ~and thus, the absolute values of the thermodynamic functions
hydro|ysis products of Slﬁn the gas phase is of Specia| interest should be used with caution. HOWeVer, these facts should not
from the point of view of theoretical limits for silicon tetrafluo- ~ change the relative preferences of the reactions in principle, and
ride purification. We have considered two possible directions SiFs—O—SiF; remains the most preferred product as before.

for the hydrolysis process: (1) the formation of hydroxy 5. Energies of activaTion at the Various Stages of
derivatives SiEOH, SiF(OH), and their complexes with HF Hydrolysis. It is interesting to estimate the_ activation energies
and HO; (2) formation of siloxane S§-O—SiFs, its com- of various elementary steps in the hydr.onS|s.process. The formal
plexes, and its further hydrolysis products (SiB—SiF,—OH). scheme of the processes under con§|derat|on may be presented
The geometries of S§OH, SiF(OH),, and Sik—0—SiF; and as foIIov_vs. '_I'he first (common) step is hydrolysis of co_mplex
SiFs—0—SiF,—OH have been optimized at the RHF/6-311G- | resulting in the for_matlon of SPOH in the form of Sik-

(d,p), MP2/6-311G(d,p), and B3LYP/6-311G(d,p) levels, and OH-Hz0 complex which then decays to $H and HO:

the relative Gibbs free energies have been calculated using a ) )

method analogous to those described in section 2. TheagiF 120 + SiF*H,0 — [TS1] — SiF,OH-HF + H,0 —

SiF,0OH groups are characterized by low-frequency (under 100 SiF;,OH + HF + H,0

cm~1) rotational modes which were considered as free internal

rotations. The OH groups are typically characterized by Then the SiEOH molecule can react either with,8 forming
rotational frequencies in range 16200 cnt! which were dihydroxy derivatives:

considered both as harmonic vibrations and as free internal

rotations. Table 9 lists the total energieAH, AG, and SiF;,OH + H,0 — SiF,OH-H,0 — [TS2] —

equilibrium constants of reaction for four hydrolysis processes SiF,(OH),*HF — SiF,(OH), + HF
calculated at the MP2/6-311G(d,p) level. The values in paren-
theses show thAG and K, values obtained when some OH
modes were considered as free internal rotations. As may be
conc[uded, thg most .ene_rgetically preferred process is—SiF SiF,OH + SiF, — SiF,SiF,OH — [TS3] —
O—Sik; formation which is about 45 kcal/mol lower in the : .

Gibbs free energy than SBH and 6-8 kcal/mol lower than SiF;=O=SiF; + HF
SiF(OH),. Thus, the relative ratio between siloxane and )
monohydroxy and polyhydroxo derivatives in an equimolar gas- Moreover, complexedl andlll can also undergo hydrolysis.
phase SiH,O mixture under standard conditions should be At low watgr concentration in the gas.phase, the hydrolysis of
between 1:10%1076 and 1:103:10°4. Simultaneously, the ratio complexll is the most probable reaction path:

between SiF—O—SiF; and its hydrolysis products should be ) . .

about 1:10% or 1:10°2. This is consistent with the available ~251Fa"H20 = [TS4] = SiF,SIFOH-HF —

or with another Sikrmolecule forming the siloxane,

experimental observations. SiFO—SiFs is a typical impurity SiF,*SiF;OH + HF + H,0 —

in silicon tetrafluoride’® Recently, the SiF30O—SiR—0 frag- SiF, + SiF;0H + HF + H,0

ment was observed in the mass spectra of purified.SiFo

date, there is no direct experimental evidence otGHF and The geometries of all the structures presented in the scheme

ot_her low-molecular hydroxy derivatives in the hydrolytic gpove have been optimized at the RHF/6-311G(d,p), MP2/6-

mixture. 311G(d,p), and B3LYP/6-311G(d,p) levels and characterized
Recently obtain€dFTIR spectra of gas-phase mixtures of by vibrational frequency calculations.

SiF, and HO contain a broad, unstructured band at 3760%tcm We studied 4 elementary steps with nonzero activation

On the basis of the present study, we can assign this band toenergies at the RHF and MP2 levels. These states are designated
the different hydroxyl-containing species formed on further as TS1-TS4. The transition states have been optimized and
hydrolysis of Sik—O—SiF; (e.g. Sik—0O—SiF,—OH) and, characterized by the Hessian calculation. All of these structures
probably, their complexes with 4@ and HF. Moreover, we  have a single imaginary frequency in the infrared spectrum at
cannot ruled out the temporary build up of $IFH during the the both RHF and MP2 levels of theory. The MP2-optimized
first steps of hydrolysis at low temperatures when the thermal structures of TStTS4 are presented in Figure 2.

energy is much less than the activation barrier for siloxane The activation energy of the first common step (hydrolysis
formation (see next section). The simultaneous existence of of first Si—F bond) estimated at the MP2/6-311G(d,p) level is
several OH-containing species with neighboring frequencies 21 kcal/mol. The transition state TS1 of the reaction is a four-
(various siloxane hydroxy derivatives, $®H, and their member cyclic structure (see Figure 2a). The single imaginary
complexes) can explain the unstructured character and breadtHrequency is 972i cm! at MP2/6-311G(d,p) (1528i cm at

of experimental band at 3760 crh RHF/6-311G(d,p)).
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the TS1 structure with a second ifolecule coordinated to
the complex by a H-bond (1.92 A) and a weak additional Si
--F coordinate bond (2.91 A). This additional coordination
results in a significant decrease in activation energy in com-
parison with TS1.

Itis intuitively expected that the transition structure resulting
from complex!l should be similar to its structure; i.e., it is
expected that TS4 should have-8)—Si fragment with a four-
coordinate oxygen. It should be noted that a preliminary PM3
calculation gave this expected structure. However, we failed to
find a structure of this type for TS4 with a four-coordinate
oxygen both at the RHF and MP2 levels even when we started
from the PM3-optimized structure. The located transition
complex has an imaginary frequency 1563iér(RHF/6-311G-
(d,p)) corresponding to the-€H—F asymmetric stretch resulting
in HF elimination. [It should be noted that we failed to eliminate
another imaginary frequency 25i ctin this structure. This
vibration corresponds to the moving of the whole second
coordinated SilF molecule relative to the activated complex
H,0-SiF, and probably has only small effect on the transition
structure.] Thus, the oxygen atom, like in TS2, does not have
enough coordination capacity to form a fourth coordinate bond
in the activated complex TS4. One may reach the conclusion
that the energy of activation is higher than the energy of the
Figure 2. MP2/6-311G(d,p)-calculated structures of transition states fourth coordinate bond of oxygen atom or, from another side,

TS1-TS4. the energy difference between the four- and three-coordinated
. o valence states of the oxygen is less than the estimated value of
The hydrolysis of the second -SF bond resulting in SiF the activation energy, 13 kcal/mol. One can propose that this

(OH), has a slightly higher activation energy of 23 kcal/mol.  conclusion is a common rule for the chemistry of inorganic
The corresponding transition state is rather similar to TS1 (see oxygen derivatives.

Figure 2b). It should be noted that we located a single TS2

transition state structure having a single imaginary frequency conclusion

848i cn! at MP2/6-311G(d,p) (1347i cm at RHF/6-311G-

(d,p)) although one can propose two different conformations  In the first step of the SiFhydrolysis process, the complex

of the complex SifOH-H,O distinguished by the position of ~ SiFa*H20 is formed. The most accurate estimate of the binding

the Si-OH group. In the initial complex, the SOH group is energy is 2.7 kcal/mol. The calculated vibrational frequencies

additionally coordinated to the oxygen atom of the water Of the complex Sif-H2O are in agreement with experimental

molecule and this conformation is the most stable structure of infrared bands of the argon matrix-isolated 0 adduct and

the complex. However, we failed to locate the TS2 structure allow assigning the observed infrared bands. The s,p-orbitals

with the coordinated SiOH group. During the activation  Of silicon play a crucial role in complex formation whereas the

process this group is rotated round the water molecule forming d-orbitals have only small effect.

a weak H-bond to the one of fluorine atoms. Thus, the  The complexes SiFFH,O and 2SikH>O exist in a single

coordination capacity of the oxygen atom of the water molecule conformation whereas the complex $#H,0 exists in two

is not sufficient to form a four-coordinate state of the oxygen conformations distinguished by the positions of water molecules.

in the activated complex. As will be shown below, a similar The conformation with the water molecules in positions cis to

situation occurs for another transition state, TS4. one another is more energetically favorable. This complex is
It is interesting that formation of the product ($iFO—SiFs) characterized by electron transfer from the water molecule to

is characterized by an activation energy of 30 kcal/mol. The the silicon tetrafluoride. The d-orbitals of silicon play a crucial

corresponding transition structure, TS3, is shown in Figure 2c. role in the coordinate bond formation of $iEH,O.

This is a four-member cyclic transition state similar to TS1 with ~ The activation energy for the hydrolysis of the first-i

a three-coordinate oxygen atom. The energy of this structure isbond in the complex SiFH,0 leading to SiEOH is 21 kcal/

the largest one among all the transition states considered heremol. The quantum-chemical calculations support the conclusion

Thus, the most thermodynamically preferred reaction path is that most stable product in the first steps of hydrolysis is a

simultaneously characterized by the highest activation energy.siloxane Sig—O—SiF; and that the main direction of the

One can conclude that under nonequilibrium conditions we will hydrolysis is siloxane formation instead the formation of the

observe more hydroxy derivatives in the mixture of S#éad polyhydroxy derivatives. However, siloxane formation has the

H,O because the reactions leading tos8IH and Sik(OH), highest activation energy among those considered. The activa-

formation may be faster than the formation of siloxane. tion energy of the siloxane formation is 30 kcal/mol. Formation
The process of SiF bond hydrolysis inside compldk is of polyhydroxy derivatives is faster but with a less thermody-

characterized by an activation energy of only 13 kcal/mol. This namically preferred reaction path.

is the smallest activation energy among the reactions under

consideration. The corresponding transition state structure, TS4, Acknowledgment. This work was supported by the Russian
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