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The energies and thermodynamic parameters of the elementary reactions involved in the gas-phase hydrolysis
of silicon tetrachloride were studied using ab initio quantum chemical methods (up to MP4//IMP2/6-311G-
(2d,2p)), density functional (B3LYP/6-3#1+G(2d,2p)), and G2(MP2) theories. The proposed mechanism

of hydrolysis consists of the formation of SiCJ(OH)x (x = 1—4), disiloxanes Gl4(OH)-1Si—O—SiCly—«-

(OH)«-1, chainlike and cyclic siloxane polymers §iCl,—0O—],, dichlorosilanone G5i=0, and silicic acid
(HO),Si=0. Thermodynamic parameters were estimated, and the transition states were located for all of the
elementary reactions. It was demonstrated that the experimentally observed kinetic features for the high-
temperature hydrolysis are well described by a regular bimolecular reaction occurring through a four-membered
cyclic transition state. In contrast, the low-temperature hydrolysis reaction cannot be described by the
traditionally accepted bimolecular pathway for-&il bond hydrolysis because of high activation barrkey (

= 107.0 kJ/molAG* = 142.5 kJ/mol) nor by reactions occurring through three- or four-molecular transition
states proposed earlier for reactions occurring in aqueous solution. The transition states wfit§iGhe-

and two-coordinated water molecules were located; these significantly decrease the free energy of activation
AG* (to 121.3 and 111.5 kJ/mol, correspondingly). However, this decreas&fis not sufficient to account

for the high value of the hydrolysis rate observed experimentally under low-temperature conditions.

Introduction gels, and related species from Sj@ave been studied in detall
from a technological point of viewthe gas-phase hydrolysis

The hydrolysis of SiGJis a potential source of impurities in o chanism itself under equilibrium conditions has only been

many modern technologies that rely on the fabrication of high- ¢, ,died in a very general way.

purity materials for fiber optics and Sj@overage, specifically The commonly accepted mechanism for the hydrolysis of
where the material properties are determined by the number 0fSiC|4 can be represented by the schéme

point defects (e.g., extrinsic OH grougspecause the number

of defects is largely determined by the kinetics of the physi- SiCl, + H,0 — SiCl,OH + HCI (primary hydrolysis)
cochemical processes occurring in the hydrolytic mixture, it is (1)
very desirable to know the mechanism, as well as the thermo- . . . .
dynamic and kinetic parameters of the elementary stages of thisC|3S'OH *+HOSICL — CI;Si—O—SiCl; + H,0

process, occurring in the gas phase at relatively low temperatures (condensation) (2)
under equilibrium conditions. Although the high-temperature Cl,Si—0-SiCl, + H,0 — Cl,Si—0—SiCl,—OH + H,0

or plasma-chemical processes of fabrication of aerosils, silica . . e
P P (further branching, chain growth and cyclization) (3)
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SiCl, +H,0 — SiCIl,OH + HCI (primary hydrolysis) of the methylchlorosilanes Sigh(CHz)yx was conducted in the
(1a) temperature range 20 °C, and the reaction orders, initial

: o reaction rates, and temperature dependence of the rate constants
SICLOH + H,0 — SICL(OH), + HCI (1b) were measured. Surprisingly, they found that (a) silicon

; o tetrachloride hydrolysis takes place even at 20 (b) the
SICL(OH), +H,0 — SICI(OH); + HCI (1c) reaction rate shows the temperature maximum atZ4D°C,
SIiCI(OH). + H.O — Si(OH), + HClI 1d and (c) the order of the reaction with respect tgOHs 2, not

iICI(OH), 2 (OH), (1d) 1 (as suggested by the commonly accepted schem€3)) It
Si(OH), + Si(OH), — Si(OH);—O—Si(OH), should be noted that the observed reaction order could not be

. obtained by combining the equations of the scheme described
(condensation) (2)  gpove.

Si(OH),—O—Si(OH), + Si(OH), — d'flfn a recent. studﬂ/‘i these experimen.'és were repeated on
. . . ifferent experimental apparatus, over wider temperature ranges.
Si(OH);~O—Si(OH),~O—=Si(OH); +HCI (3) This study confirmed that the low-temperature hydrolysis does
.. etc. (further branching, chain growth and cyclization) ~ t@ke place in the range 20.00°C and that the reaction orders
are 1 and 2 for SiGland HO, correspondingly. Also, the
It is important to note that these proposed mechanisms are basedeaction rate decreases with increasing temperature up to 100
primarily on measurements of pressure changes during the°C, corresponding to a negative energy of activation, and goes
reaction. One conclusion from these experiments is that mixing practically to zero at 100C. However, at 470C, the hydrolysis
SiCl; and HO in the gas phase does not result in a pressure begins again and is a first-order reaction for both $i&id
increase up to 50C and, if the partial pressure of Sidé not H,0. In the range 476800 °C, SiCl, hydrolysis is a regular
greater than 300 Torr, then the gas-phase hydrolysis does nobimolecular reaction with a positive activation energy of 121.9
occur in the temperature range-2800 °C in 48 h3 Reaction kJ/mol 10
of SiCls and water begins at a temperature of 3G0and results Thus, the reaction mechanism for the hydrolysis of $iCl
in the formation of various silo.xanes of growing size gnd, vyhen given by egs +3 cannot be considered as absolutely correct
the temperature increases, finally leads to crystalline silicon o at |east, complete. Equations 3 cannot explain the second-
dioxide. It is frequently accepted that, at least at high temper- order dependence on water observed at low temperatures.
atures, the .c.ondensa.tlon.step Of.'[hIS scheme is very fgst a”dTreating the primary hydrolysis reaction 1 as a regular,
the rate-limiting reaction is the Sl hydrolysis step, which  pimolecular rate-limiting step cannot explain the negative
is considered as a regular bimolecular reactidnFor the  activation energy observed at low temperatures and is incon-
condensation step, two different reaction channels are feasible sistent with the observation that the condensation step is slow.
homofunctional (4a) and heterofunctional condensation (4b). ao|| of these facts point to the conclusion that the complete
Usually, homofunctional condensation (4a) is considered to be reaction mechanism is more complicated than scheme(8))
the more kinetically favorable process. and requires additional consideration. It should also be noted
. . . : that there have been no reliable estimates for the kinetic and
SICLOH + SICLOH = SiCl,~0-SiCl, + H,0  (43) thermodynamic parameters of the individual steps—(3),
SiCl, + SiCl,OH — SiCl,—O—SiCl, + HCl  (4b) which makes discussion of the reaction mechanism speculative.
Since the 1990s, there have been a number of theoretical
Since the 1950s, several experimental results have appeare@tudies of the mechanism of siloxane formatibri’ First, Kudo
in the literature which cannot be described by the scheme (1) and Gordoi-!2 investigated the reactions of SiHChnd
(3). First, on the basis of product yield analysis of the partial SiHs-x(OH)x with water at the StCl hydrolysis step and at
SiCl, hydrolysis conducted in a liquid mixture of,® and further condensation steps. They estimated the activation
(CH2),0," it was concluded that the hydrolysis passes through energies and found that the energy of activation at both the
the formation of the termolecular intermediate complex O{gH primary hydrolysis and activation steps can be significantly
H,O-HCI, which is much more reactive than the separag®@H  lowered by the coordination of additional water molecules to
and O(CH), molecules. Although this complex was not the transition structures. However, no rate constants were
characterized by physical methods, its presence was requiredcalculated and no direct comparison with experiment was made.
to describe all of the features observed in the experiment. Later, Thus, the application of this mechanism to the gas-phase reaction
direct infrared spectroscopic analysis of impurities in liquid $iCl  of SiCls remains to be elucidated. Later, Okumoto et®and
was performe®land it was concluded that one of the major Ignatyev et al* demonstrated similar results for the condensa-
impurities of SiC} (apart from HCI and siloxane SigtO— tion reactions of Sild-x(OH)x, SiRs-x(OH)x and related com-
SiCls) were the OH-containing species. Contrary to the proposal pounds. However, as before, the mechanism was not validated
that the condensation step is very rapid, the infrared absorptionsby the quantitative comparison with experimental data. Jug and
of the OH groups were very stable and disappeared only after Gloriozo\*516 proposed an alternative mechanism of siloxane
boiling the reaction mixture for 4 h. Simultaneously, the growth which is clearly applicable to the further stages of
concentration of siloxanes increased in a 1:1 ratio relative to hydrolysis, because the breaking of the first-61 bond can
the concentration of the OH derivatives. This study concluded be considered as an initial step of this mechanism. Jug and co-
that the rate-limiting step under water-deficient conditions is workers? also investigated the various radical processes prob-
the heterofunctional condensation reaction 4b and thatzSiCl ably occurring during the high-temperature synthesis of,SiO
OH is the most thermodynamically favorable intermediate in from SiCl, and Q. They demonstrated that radical reactions
the hydrolysis process. between SiCland Q in the gas phase lead to a wide variety of
In the past two decades, the development of new experimentalproducts but are characterized by very high activation barriers
techniques has allowed direct measurements of the gas-phas€40 kJ/mol and higher) and, therefore, are highly unlikely under
kinetics of the hydrolysis proce8dnfrared spectrophotometry  the soft conditions of the room-temperature hydrolysis.



Reaction Mechanism of Si¢Hydrolysis J. Phys. Chem. A, Vol. 107, No. 41, 2008707

TABLE 1: Energies and Thermodynamic Parameters of to the G2(MP2) results. Although the values of the enthalpy
Reaction 1 Calculated at Different Levels of Theory (kJ/mol) and Gibbs free energy are better at the MP2/643tG(d,p)

level of theory ArEwot Ar(EwortZPE) A/H°(298) AG°(298) level, the energy of reaction at this level is too low, which is
MP2/6-311G(d, ) 546 —158 163 516 the result of occasional compensation of errors in this method.
MP2/6-311GH+(d,py -99 -16.0 -16.2 —22.8 Therefore, we have chosen the B3LYP/6-311G(2d,2p) level
MP2/6-311+G(2d,2p} —16.0 —22.0 —225  —-280 as a practical procedure that provides a reliable estimate of the
B3LYP/6-311G(d,p) —416  -47.9 —48.3 538 reaction energies of large molecules. For some critical results,
B3LYP/6-311G(2d,2p) ~ —39.2  —45.3 —45.r —ol4 we used MP2/6-31+G(d,p) and G2(MP2) theory with the
B3LYP/6-31H+G(2d,2p) —16.9  —23.2 —236 —296 1 P W y ;
B3LYP/6-311+G(3df,2p) —19.1  —25.3 _256 —315 B3LYP optimized structures as an additional method of verify-
G2(MP2) -10.3 —16.4 —-16.8 -22.4 ing the DFT results.

aPC GAMESS calculation with the Cartesian (6d) basis functions. Table 2 shows the thermodynamic' parameters for the
elementary steps of the hydrolysis of SjChlculated at the

Thus, one of the probable explanations for the fast gas-phaseG2(MP2) and B3LYP/6-31t+G(2d,2p) levels. On the basis
hydrolysis reaction at low temperature is the coordination of Of these results, one can conclude that the elementary reactions
additional water molecules to the transition structures. Although of hydrolysis are exothermic and favorable from the thermo-
such reactions are clearly feasible in aqueous solution, thedynamic point of view (enthalpy of reaction is15 to —17
applicability of this mechanism to the gas phase must be kJ/mol and the Gibbs free energyl2 to —30 kJ/mol). This
additionally proved on the basis of available experimental data conclusion constitutes the most important difference between
on the direct gas-phase kinetic measurements. the hydrolysis of SiGl the analogous system SiF- H20.

The main goal of the present work is to estimate theoretically Earlier, we studied the gas-phase hydrolysis of silicon tetrafluo-
the thermodynamic and kinetic parameters of the reactions ride SiR?® using gas-phase FTIR spectroscopy combined with
constituting a possible reaction mechanism for the hydrolysis quantum chemical calculations. This study found that the
of SiCl, and, if possible, to account for the experimental primary hydrolysis reactions in this system are characterized

observations mentioned above. by positive values of both the reaction enthalpy and the Gibbs
free energy. This demonstrates that this reaction is controlled
Theoretical Methods by thermodynamic factors, at least during the initial steps of

hydrolysis. At first glance, it seems probable that another
halogen compound, SigIshould be similar to SiFwith respect
to hydrolysis reactions. However, the calculations do not support
this suggestion.

We can see also from Table 2 that successive hydrolysis of
the SHCI bonds of SiCJ is characterized by decreasing
energetic effects and the Gibbs free energy in the sequence:

All of the chemical structures were optimized by gradient
methods implemented in the GaussiaA®éthd PC GAMESS
packages at the B3LYP/6-311G(2d,2p) density functional level
of theory.

The thermodynamic calculations for relatively small mol-
ecules were performed using G2(MP2) the#t{or siloxanes
with three and more silicon atoms, when the usage of extrapola-
tion methods was impossible, direct thermodynamic calculations SiCl, > SiCLOH > SiCl,(OH), > SiCI(OH),
were performed on the basis of geometric parameters and 4 3 2 2
vibrational frequencies obtained at the B3LYP/6-311G(2d,-

2p) level in the harmonic a_lpproximation. The_scale fat_:tor 0.9613 ;g stronger than the SiCl bond. However, it is interesting that
was used for the harmonic frequenciéSpecial attention was the process of breaking the-SCI bond and forming the SiO

paid to hindered rotation within the molecules under consider- p .4 is increasingly harder the more OH groups are bound to
ation. The effect of hindered rotation on the entropy and the g; This fact was already described by Wichm#&nwhereas
Gibbs free energy was taken_ intq account using the E2 proc_:edure[he opposite effect was found by Schiggeh the SiCh_yHy
qf 5?33432 and the Pltzer-Gwlnn |ndgpend¢nt rotor approxima- decomposition to SiGlHx and Cl radicals when the increase
tion. In some cases, special c_onS|derat|0n of large-amplitude ¢  rasulted in a weakening of SCI bond.
motions was also undertaken using the ADANIMEHS progfam " tpe apove sequence leads to the conclusion that the equi-
originally devel_qped for PES scanning of n_onrlgld SYStems. jiprium involving disproportionation reactions of the hydroxy-
) All the transltlon statles were located USIn.g the prOCEdUres chloro derivatives SIQLX(OH)X should be shifted to the side
implemented in Gaussian 98 and characterized by freqUencyt gerjyatives with smallek. Table 3 shows the energies and
calculations. Standarc_i transition state theory was used for thethermodynamic parameters of the successive disproportionation
rate constant calculations. reactions, leading to an increase in the number of OH groups
on the silicon atom. As can be seen from the data, the most
stable compound is trichlorosilanol S§CIH and that species
Thermodynamic Considerations.It is well-known that the should prevail in an equilibrium mixture. This conclusion is in
level of quantum chemical theory used for the calculation of agreement with experimental data from the infrared spectroscopy
thermodynamic parameters has a crucial effect on the resultsof impurities in liquid SiCl, at room temperaturféAs mentioned
of thermochemical analysis. Although the best results are above, it was shown in this study that the OH-containing
obtained with extrapolation methods (e.g., G2(MP2) and others), impurities are slowly converted into siloxanes in a 1:1 ratio by
the use of these methods is often impractical for large molecules.reaction 4b, confirming that the most stable OH-containing
Therefore, we used more practical procedures that provide species under water deficient conditions is UH.
satisfactory accuracy in the calculation of thermodynamic  Table 4 shows the calculated energies and thermodynamic
functions. Table 1 shows the results obtained at the MP2 andparameters of the condensation reactions for the hydrolysis of
B3LYP levels of theory with various basis sets in comparison SiCl,. One can conclude from these data that the elementary
to G2(MP2) values for the energy and thermodynamic param- reactions of condensation are, as a rule, less thermodynamically
eters of reaction 1. As is evident from the table, the energy profitable. The heterofunctional condensation reaction is char-
values obtained at the B3LYP/6-3t1+G(2d,2p) level are close  acterized by negative values of the reaction enthalpy and the

This is not surprising taking into account that the-8i bond

Results and Discussion
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TABLE 2: Energies, Standard Enthalpies, Standard Gibbs Free Energies and the Equilibrium Constants for the Elementary
Reactions of Primary SiCl, Hydrolysis Calculated at the G2(MP2) and B3LYP/6-31%#+G(2d,2p) (in Parentheses) Levels
(kJ/mol)

elementary reaction ArEot Ar(Ewor+ZPE) AH®298 AG°208
SiCls+ H,0 — SiClOH + HCI —10.3 (-16.9) —16.4 (-23.2) —16.8 (-23.6) —22.4 (-29.6)
SiCLOH + H,0 — SiClL(OH),+ HCI -11.2 (-17.3) —17.0 (-22.6) —17.4 (-23.5) —~16.7 (-21.3)
SiCly(OH), + H,0 — SiCI(OH); + HCI —-10.2 (-14.8) —15.2 (-20.1) —16.0 (-20.9) —13.8 (-18.9)
SiCI(OH)+ H20 — Si(OH), + HCI —10.7 -13.7) —14.5(-17.8) —15.9 (-19.2) —12.4 (-15.6)

TABLE 3: Energies, Standard Enthalpies, Standard Gibbs Free Energies and the Equilibrium Constants for the Elementary
Reactions of SiC}_,(OH)y Disproportionation Calculated at the G2(MP2) and B3LYP/6-31H1+G(2d,2p) (in Parentheses) Levels
(kd/mol)

reaction ArEtot Ar(EmH‘ZPE) ArH208 ArG®298
SICLOH — SiCl; + SICL(OH), ~0.9 (-0.4) —0.6 (0.7) —0.6 (0.1) 5.7 (8.3)
SiCOH + SiCL(OH),— SiCl + SiCI(OH) 0.1(2.1) 1.2(3.2) 0.7 (2.7) 8.6 (10.7)
2SiChL(OH),— SiCls + Si(OH), 0.7 (5.7) 3.7 (8.0) 2.3(7.0) 3.1(16.4)

TABLE 4: Energies, Standard Enthalpies, and Standard Gibbs Free Energies for the Elementary Reactions of Homo- and
Heterofunctional Condensation of Hydroxoderivatives SiC}-x(OH)x Calculated at the B3LYP/6-311+G(2d,2p) and G2(MP2)
(in Parentheses) Levels (kJ/mol)

reaction ArEior Ar(EtoH‘ZPE) ArHoggg ArGozgg
SiCKOH + SiCls— SiCl—0—SiCl; + HCI —17.4 (-39.4) —26.5 (—47.9) —22.8 (-44.0) —24.2 (-48.6)
2SiCKOH — SiCls—O—SiCl; + H,0 ~0.5(-29.1) —3.2(-31.5) 0.7 €27.2) 5.4 (-26.2)
2SiCL(OH), — SiCl(OH)—O0—SiCl,(OH) +H 0 2.7 -6.5 2.2 0.0
2SiCI(OH) — SiCI(OH),—O0—SICI(OH), + H,0 —12.7 —14.7 -11.3 -5.4
2Si(OH), — Si(OH)—0—Si(OH) + H.0 -16.4 -18.7 -15.2 -10.8

TABLE 5: Summary of Reaction Energies and Thermodynamic Parameters for the proposed SiGIHydrolysis Mechanism
(B3LYP/6-311++G(2d,2p)) (kd/mol)

reaction ArEior Ar(E101+ZPE) ArH®208 AG®203
Primary Hydrolysis
SiCls + H,0 = SiCl;0H + HCI —16.9 —23.2 —23.6 —29.6
SiCly + 2H,0 = SiCl,(OH), + 2HCI —34.2 —45.8 —47.0 —50.9
SiCls+ 3H,0 = SiCI(OH) + 3HCI —49.0 —65.9 —67.9 —69.8
SiCly + 4H,0 = Si(OH), + 4HCI —62.7 —83.7 —87.1 —69.8
Condensation and Further Hydrolysis
SiCly + Y,H,0 = ¥,SiCls;—O—SiCl; + HCI -17.1 —24.8 —23.2 —26.9
SiCly + 3/;H,0 = Y/,SiCl,(OH)—0O—SiCl,(OH) + 2HCI —35.6 —49.1 —48.1 —50.9
SiCly + 5/,H,0 = ¥,SiCI(OH),—0—SiCl(OH), + 3HCI —55.4 —73.2 —73.6 —72.5
SiCly + "/;H20 = Y/,Si(OH),—0O—Si(OH)% + 4HCI —70.9 —93.0 —94.7 —90.8
Chainlike Polymerization
SiCly + ?/3H,0 = Y3SiCly(OSiCh),Cl + 4/3HCI —24.2 —34.5 —32.2 —-37.4
Cyclization
SiCly + H,0 = %,Si,Cl,0, + 2HCI 28.5 12.3 13.6 —4.4
SiCls + H,O = Y/3Si5ClgO3 + 2HCI —31.6 —46.9 —45.3 —55.1
Formation of HSiO; and SiC}O

SiCly + 3H,0 = SiO(OH), + 4HCI 200.2 170.2 170.3 129.0
SiCls + H,0 = SiCl,O + 2HCI 245.3 224.1 226.7 180.9

Gibbs free energ,y which is consistent with the negative energy are important because they are discussed sometimes as inter-
of Si—Cl bond hydrolysis. mediates in the gas-phase hydrolysis of SiCl

Although the absolute values of thermodynamic functions  The results presented in Table 5 show that both the enthalpies
obtained at the G2(MP2) and DFT levels of theory are rather and Gibbs free energies of the reactions formingS€+O and
different, all of the trends represented by the two methods are (HO),Si=O have very high positive values, which makes the
the same. It should also be noted that DFT gives reaction formation of these compounds highly improbable under equi-
energies and thermal effects that are higher in absolute valuedibrium conditions. One can conclude that the concentration of
than the corresponding results from the extrapolation method. Cl,Si=0 in an equilibrium mixture is neglibly low and that the
Thus, we can consider the DFT results as a reliable upper boundobservation of this species in mass spectrometry experiments
of the reaction energy that can be used for obtaining qualitative is a consequence of secondary nonequilibrium processes,
results for processes involving larger molecules. probably occurring inside the ionization chamber of the instru-

Table 5 summarizes the energies for all the reactions involved ment. The same conclusion can be reached for silicic acid, which
in the hydrolysis reaction mechanism for SjCThe reaction IS also a very high energy molecule with quite low concentra-
mechanism consists of the reactions of primary hydrolysis, tions in a gas-phase mixture under equilibrium conditions.
condensation (both hetero- and homofunctional condensa- As is evident from Table 5, both the primary hydrolysis
tion), as well as the reactions of linear polymerization, forma- reactions and the condensation reactions are thermodynamically
tion of cyclic polymers and the formation of dichlorosilanone favorable, exothermic processes at all stages of hydrolysis.
Cl,Si=0 and silicic acid (HO)Si=O. The two last reactions  Because the SiCl bond hydrolysis is exothermic, the more
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7 lists the calculated energies and the kinetic parameters of the
corresponding structures. One can conclude from a comparison
of the data presented in Tables 6 and 7 that the condensation
steps have higher activation barriers and are the rate-limiting
steps of the process. The homofunctional condensation (4a) is
more favorable than the heterofunctional condensation (4b) from
the point of view of activation energy. Thus, it clearly prevails
under conditions where water is abundant. However, when there
is a shortage of water in a mixture, the heterofunctional reaction
may dominate, which can change the apparent activation energy.

The conclusion that the condensation step is the rate-limiting
step of the overall process is in agreement with experimental
observationon the existence of OH-containing species in a
mixture of partially hydrolyzed SiGJ and the slow disappear-
ance of these species at higher temperature. It is also interesting
that the most kinetically favorable step among the SiQDH)y
condensation reactions is an intermediate step with3, not
4 as might be expected from a comparison with the results of
the primary hydrolysis reactions (Table 7).

The most important conclusion from the calculated results is
that no bimolecular reactions can describe correctly the observed
experimental features found for the low-temperature hydrolysis.
First, the activation energy of the rate-limiting step is too high
(107 kJ/mol) to permit rapid hydrolysis at 260 °C. The
corresponding rate constant calculated by the conventional

Figure 1. B3LYP/6-31H-+G(2d,2p) optimized structures of transition  transition state theory equation
states: (a) TS1a; (b) TS1b; (c) TS1c; (d) TS1d. Hereafter, the dashed

line marks a forming bond, the dotted line a breaking bond, and sparse ksT Q P, —Av¥
dashed line an additional hydrogen bond. K=— s g AHOR _0 (5)
extensively the hydrolysis occurs the more energy is evolved h I_lQRi RT

i

in the reaction. Because the values of the reaction enthalpy and

Gibbs free energy are quite high, the equilibrium should be . . .

shifted completely to the side of products. Thus, there are no (Qrs and Qri are the partition functions of the transition state
thermodynamic restrictions on the hydrolysis of Si@hd this ~ and the reageri respectlvgly,AHo = Ea + ZPE, po is the
reaction should be controlled by kinetic factors only. As Standard pressure, anth” is the change in the number of
mentioned above, this is a fundamental difference between themolecules due go transmoln stlate formation) has an extremely
hydrolysis of SiC} and the analogous process for SiF low value,~10"9 cm*mol~*-s™*. _

It is interesting that the cyclic polymer structuresSiCl,— Second, the bimolecular reactions considered here cannot be
O—]. formed in the hydrolysis are thermodynamically profitable c0mbined in any manner to yield the second-order dependence
for n = 3 and are more profitable than the linear polymers, in O water measured in the low-temperature hydrolysis reac-
contrast with Sikcyclization where the cyclic polymers prevail tion->°Finally, these simple bimolecular reactions with highly
over the linear polymers only above= 6 or 7. This can lead  Positive activation energies cannot explain the negative value
to a larger proportion of cyclic structures in Si@rmed by of apparentlzgctlvatlon energy observed in the temperature range
the hydrolysis of SiGland to a larger proportion of small cyclic 20_10_0 C. . o . .
polymers in products than occurs during the hydrolysis o.SiF ~ Multimolecular Reaction Kinetics. The failure of bimo-
Clearly, this can have an effect on the physical properties of lecular kinetics to describe the experimental features observed
the formed materials. in the low-temperature hydrolysis stimulated the search for an

Kinetics of Bimolecular Reactions. Consistent with the alternative reaction mechanism. One possibility is to consider
reaction scheme (1)3), it is expected that the primary complexes between the various molecules present in the reaction
hydrolysis step and the condensation step are regular bimoleculafMixture, and primarily with water. The idea of describing the
reactions with four-membered cyclic transition states, as is well- 10W-temperature hydrolysis via the formation of complexes
documented for many similar systems. Figure 1a shows the between water and reaction intermediates was suggested previ-
structure located for the transition state of the primary hydrolysis OuSly in ref 9 where a reaction scheme involving a reaction
reaction, whereas Figure #l show the structures of the bPetween the SiGiH.O complex and a water dimer (B), was
transition state for the three additional hydrolysis steps. The Proposed. However, the scheme was neither proved by kinetics
corresponding energies and the thermodynamic parameters ofXPeriments nor .by any theoretical calcu!atlon. No addlltlonal
the transition states are listed in Table 6. As can be seen, thedttention was paid to the structure or estimate of energies for
activation energy for the first SiCl bond hydrolysis reaction ~ the proposed intermediates. Moreover, the scheme suggested

is 107 kd/mol and decreases in the sequence: in ref 9 was based on the assumption of fast condensation steps,
which is not consistent with the more accurate experiménts.
SiCl, > SiCI;0H > SiCl,(OH), > SiCI(OH), In this work, we tried to locate the structures of the transition

states of the hydrolysis reactions that occur with the participation

Similarly, the condensation steps in the hydrolysis of $iCl of two and three molecules of water. For the reaction with two
as given in reactions-13 can be considered as bimolecular water molecules, two different transition states were located.
reactions with transition states shown in Figures 2 and 3. Table The structure of the first, TS4a, is open with water molecules
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TABLE 6: Calculated Energies and Thermodynamic Parameters of Transition States for the Bimolecular Elementary Reactions
of Primary Hydrolysis Calculated at the B3LYP/6-311++G(2d,2p) Level

geometry of Vim,2 Eot', AEF,®  A(E*+ZPE)¢ AHF, AGH,
elementary reaction transition state  kJ/mol au kJ/mol kJ/mol kJ/mol  kJ/mol
SiCls + H,0 — SiCl5OH + HCI TS1a, Figure la 302i —2207.0526212 105.0 107.0 101.1 1425
SiClLOH + H,0 — SiCl(OH), + HCI TS1b, Figure 1b 182i —1822.6956728 76.0 85.8 78.6 129.5
SiClL(OH), + H,O — SiCI(OH)%+ HCl  TSlc, Figure 1c 174i  —1438.3285975 74.1 85.1 78.0 127.5
SiCI(OH) + H,O — Si(OH), + HCI TS1d, Figure 1d 871  —1053.9669023 55.5 71.1 63.4 115.6

2 Imaginary frequency, cnt. ® Activation energy ¢ Activation energy including the ZPE.

of view. The formation of this kind of structure decreases the
Gibbs free energy of activation by about 30 kJ/mol. Because
the rate constants are strongly influenced by the height of the
activation barrier, we tried to obtain a more accurate value of
AHp using the G2(MP2) energy calculated for the structure and
frequencies of the transition state obtained at the B3LYP/6-
311++G(2d,2p) level. The results of the G2(MP2)//B3LYP/6-
311++G(2d,2p) calculation are also listed in Table 8 (values
in brackets). The G2(MP2) calculations reduce the barrier height,
keeping, however, the relative order of the rate constants for
reactions (1a), (6), and (7) the same as for DFT results.
Figure 6 shows the temperature dependence of the reaction
Figure 2. B3LYP/6-31H+G(2d,2p) optimized structure of the rate constants for the bimolecular-8T1 bond hydrolysis
transition state TS2. reaction (transition state TS1), the corresponding termolecular
reaction 6 (transition states TS4a and TS4b), and reaction 7
proceeding through transition states TS5a and TS5b at the
B3LYP/6-31H+G(2d,2p) level. As shown on the diagram, in
the low-temperature region (up to 800 K) the rate constant for
the bimolecular hydrolysis reaction la has a negligibly small
. . .~ value whereas reactions 6 and 7 have significantly higher values.
parameters of the corresponding termolecular hydrolysis reactlon_l_h f fi f a four-molecule t iti tat Its |
of SiCls: he formation of a four-molecule transition state results in
significant changes to the temperature dependence of the
SiCl, + 2H,0 — [TS4] — SiCLOH + H,0 + HCI (6) _reactior_1 rate: the rate constant for reaction_ 7 decreasgs with
increasing temperature in the range 3@%0 K (i.e., a negative
As evident from the table, the coordination of a second water Value of the apparent activation energy). The reason for the
molecule to the transition state of the regular bimolecular decrease in the rate of reaction 7 is a slow temperature
reaction results in a decrease in the activation energy of the dépendence of the exponential factor of rate congiaBecause
Si—Cl bond hydrolysis reaction by 50 kJ/mol. It is interesting the AHo value in this reaction is small, the temperature
that the energy of dimerization for water itself (experimental dependence of the exponential factor is very weak and the
value 22.6+ 2.9 kJ/mol8 BSSE-corrected B3LYP/6-341+G- temperature dependence of the rate constant is mainly influenced
(2d,2p) value 19.1 kd/mol) cannot explain such a large decreasd® _the preexponential factor, namely, by the partition functions
in the activation energy. The coordination of the second water "atio Qrd/ (QSiFA;QHzOS)-' - . o
molecule results in an increases in the entropy of the system Because the rate-limiting step of the hydrolysis reaction is
and consequently the Gibbs free energy of activation. Thus, thecondensation, it is interesting to discuss what is an apparent
effect of the coordination of a second water molecule\&* activation energy for the low-temperature hydrolysis estimated

is only about 15-20 kd/mol for both TS4a and TS4b. The main N refs 9 and 10 and measured in the high-temperature région.
effect of water coordination is a change in the acidity of the H The measurements were conducted in an enclosed volume under

atom coordinated to the silicon and a weakening of the isochoric conditions. Changes in SiGtoncentrations were

“breaking” O—H bond. Nevertheless, the activation energy of €stimated by observing a decrease in the infrared intensity of
the termolecular reaction 6 still remains too high to explain the the vibrational band of Siglat 608 cnt*. Without considering

coordinated each to another in a manner similar to that of the
water dimer (Figure 4a). The second, TS4b, is a cyclic transition
state with two water molecules forming a four-membered ring
(Figure 4b).

Table 8 presents the energetic values and the kinetic

fast hydrolysis reaction at room temperature. possible changes in the spectral band intensity due to coordina-
Another alternative to bimolecular kinetics is the reaction tion, pressure changes, and other small effects, one can conclude
described formally by that, under these conditions, the observed changes in intensity

correspond to a decrease in SjG@oncentration. Thus, the
SiCl, + 3H,0 — [TS5] — SiCI;OH + HCI + 2H,0  (7) measured initial rate constant is the rate constant for the first
step of hydrolysis, i.e., reaction la. This explains why we
occurring through a four-molecule transition state TS5. Similar observe the kinetic features of the reaction of i@tead of
to TS4, two different conformations were located for the apparent kinetic parameters of the overall hydrolysis, which is
transition state TS5. They are shown as TS5a and TS5b in Figurecontrolled by the rate-limiting condensation reaction. In addition,
5. The calculated activation parameters of reaction 7 are polymolecular reactions can take place not only for the first
presented in Table 8. As shown in the table, the activation Si—Cl bond hydrolysis and then condensation of S, but
energy of this reaction calculated relative to the uncoordinated also for further steps (successive-8ll bond hydrolysis and
reactants is negative. Of the two conformations, the closed condensation for SiGl,(OH)y).
structure of transition state TS5b with an ice-like configuration =~ Comparison with Experimental Data. Figure 7 shows the
of water molecules is more profitable from an energetic point initial rates of SiC} hydrolysis calculated on the basis of
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Figure 3. B3LYP/6-311+G(2d,2p) optimized structures of transition states: (a) TS3a; (b) TS3b; (c) TS3c; (d) TS3d.

TABLE 7: Calculated Energies and the Thermodynamic Parameters of Transition States for the Bimolecular Elementary
Reactions of the Condensation Steps of Si¢Hydrolysis (B3LYP/6-311++G(2d,2p))

geometry of Vim,2 Ewof, AEf b A(E'+ZPE)  AHF, AGH,
elementary reaction transition state  kJ/mol au kJ/mol kJ/mol kJ/mol  kJ/mol
SiCLOH + SiCl, — SiCl;—O—SiCl; + HCI TS2, Figure 2 217 —3876.8397355 140.3 137.1 1358 184.2
2SiCLOH — SiCl,—0—SiCl; + H,0 TS3a, Figure 3a 993 —3492.4758888 129.4 126.2 1246 1777
2SiChL(OH), — SiCl,(OH)—0O—-SiCl,(OH) + H,O  TS3b, Figure 3b 880 —2723.7476776 110.3 108.7 106.2 1604
2SiCI(OH) — SiCI(OH),—0O—-SIiCI (OH);, + H,O TS3c, Figure 3c 1099 —1955.0196064 85.1 87.1 82.8 1408
2Si(OH), — Si(OH)%—0—Si(OH); + H,0O TS3d, Figure 3d 1044 —1186.2781676 93.0 95.1 90.9 1487

a|maginary frequency, cri. P Activation energy¢ Activation energy including the ZPE.

TABLE 8: B3LYP/6-311++G(2d,2p) and G2(MP2)//B3LYP/6-31#+G(2d,2p) (in Square Brackets) Calculated Energies and
Thermodynamic Parameters of Transition States for the Primary Hydrolysis Reactions of SiCl

geometry of Vi, (= AE#,b A(E+ZPE)¢ AHF, AGF,
transition state kJ/mol au kJ/mol kJ/mol kJ/mol kJ/mol
Reaction SiCJ+ H,O — SiCl3;0H + HCI

TS1a, Figure & 302i —2207.0526212 105.0[103.4] 107.0[105.4] 101.1[99.6] 142.5[140.9]
Reaction SiCJ+ 2 H,0 — SiCLOH + HCI + H,0O

TS4a (open), Figure 4a 256i  —2283.5369230 46.5 57.7 49.7 127.7

TS4b(cyclic), Figure 4b 226i —2283.5407040 36.6 [30.3] 49.9 [43.1] 39.1[32.8] 121.3[114.9]
Reaction SiC}+ 3 H,O — SiCIl30H + HCI + 2 H,O

TS5a(open), Figure 5¢c 253i —2360.0193902 —7.14 13.6 1.2 122.3

TS5b(closed), Figure 5d 108i —2360.0261989 —25.0'[—-35.3F 0.5[-9.8¢ —11.9'[—-22.2] 111.5[101.2]

2 Imaginary frequency, cri. ® Activation energy* Activation energy including the ZPE.The negativeE, values are calculated relative to the
isolated (uncoordinated) reactants.

theoretical rate constants (calculated at G2(MP2) level) in low-temperature conditions shows large discrepancies. Figure
comparison with experimental rates from ref 9 and 10. In Figure 7b shows the experimental initial rates taken from ref 9 and 10
7a the reaction rates corresponding to the high-temperatureand the corresponding values for the reactions occurring through
hydrolysis are shown. Two series of experimental values were transition states TS4b and TS5b. All of the values were
recalculated from Figures 2 and 4 of ref 10; the theoretical values calculated at concentrations corresponding to the conditions of
correspond to the experimental partial pressures of reagents  ref 10. As follows from the figure, the termolecular reaction 6
[SiCl4] = 1.01 kPapo[H20] = 2.03 kPa. Comparison between leads to a positive apparent activation energy, whereas reaction
the experimental and theoretical initial rates demonstrates very7 is characterized by a negative value of the appdggmwhich
good agreement, and, consequently, confirms the proposal thais consistent with the experimental trend. However, the absolute
the hydrolysis in the high-temperature region is described by values of the theoretical rates are quite far from the experimental
the bimolecular reaction 1 occurring through the transition state ones and are characterized by significantly lower values. As a
TS1. rule, the calculated values are lower byBorders of magnitude

In contrast with the high-temperature hydrolysis reaction, from the experimental ones. Such a large discrepancy between
comparison between the calculated and experimental data undethe experimental and theoretical values cannot be explained by
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Figure 4. B3LYP/6-31H-+G(2d,2p) optimized structures of transition

states: (a) TS4a; (b) TS4b.

Figure 5. B3LYP/6-311+G(2d,2p) optimized structures of transition

states: (a) TS5a; (b) TS5b.
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Figure 6. Calculated rate constants for SiClydrolysis occurring
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results). The units are (mdrcm®)™s™1, wheren = 1-3 for the
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Figure 7. Comparison between the experimental and calculated initial
rates of the gas-phase hydrolysis of i@t different temperatures:
(a) high-temperature hydrolysis (66000 K); (b) low-temperature
hydrolysis (276-360 K).

experimental and calculated results leads us to conclude that
the low-temperature hydrolysis of SiCtannot be explained

by reactions 6 or 7 occurring in the gas phase. Thus, the
suggestion that the gas-phase hydrolysis of S&Chccelerated

by coordination of additional water molecules to the transition
structure is not supported by the experimental data, and other
explanations should be offered to describe the anomalous
kinetics of the gas-phase hydrolysis under low-temperature
conditions.

In addition to the purely molecular processes considered here,
other processes may be proposed to explain the observed
features of the SiGlhydrolysis reaction at low temperatures:

(i) radical formation and further radical-chain reactions, (ii)
reactions occurring on small water droplets that probably form
in the reaction volume, and (iii) heterophase reactions on the
walls of the equipment. However, the first alternative is not
consistent with the decrease of the reaction rate with an increase
of temperature. With respect to the second alternative, it is hard

the deficiencies of the quantum chemical method or by errors to envision that the effect of liquid-phase reactions will be
arising from the modest accuracy of the thermodynamic or significant under the experimental conditions described above
kinetic models. Rather, the large discrepancy between the(the water pressure is-2L0 times lower than the dew point at
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a given temperature). Heterophase reactions occurring at thefor Polar and Marine research for the fellowship support. We
walls covered by layers of adsorbed water seems to be the mosalso express our gratitude to one of the anonymous referees for

likely explanation. Because the isotherm for water adsorption

his valuable comments.

at pressures close to the saturation pressure can show an order

larger than 1, it can probably explain the second-order depen-

dence for water observed experimentally. Indeed, it can also
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