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Abstract: The mechanisms for the hydrolysis of SiH®@ form HSi(OH)} and the condensations of SBH

and HSi(OH) are studied by usingb initio electronic

structure methods including electron correlation via

second and fourth order perturbation theory and coupled cluster calculations. In the gas phase, the barrier
heights for the hydrolysis and silanol condensation reactions are quite high, ranging from 20 to 30 kcal/mol.
The barrier for the condensation of HSi(QH) much smaller as a result of hydrogen bond stabilization of the
transition state. Addition of just one extra water molecule is sufficient to reduce the calculated barriers to

very small values or zero.

I. Introduction

Polyhedral oligomeric silsesquioxanes (POSS) and related
compounds (e.g., zeolites, metal-substituted POSS) have gener:
ated considerable interest in both the experimental and theo-

retcial communities. For the POSS in particular, this interest
derives from the wide practical uses to which these species ca

be applied, such as additives to improve the resistance of paint
and coatings to heat and abrasion, viscosity modifiers, cross-

linking agents, for advanced plastics, preceramics, and additive
in a variety of pharmaceuticals.

Despite the importance of these species, very little is known
about the mechanism(s) by which they form. The initial step
in the synthesis is typically hydrolysis of a trihalosilane (R$iX
presumably to form the corresponding trihydroxysilane,

R—SiX; + 3H,0 — R—Si(OH), + 3HX Q)
This is presumed to be followed by condensation of the
trinydroxysilane,

R—Si(OH), + R—Si(OH), —
R—Si(OH),~O—Si(R)(OH), + H,0 (2)

Subsequent steps involve additional condensations, ultimately
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While there have been many theoretical studies of the
molecular and electronic structures of both silsesquioXeares
their precursor8there likewise has been vritually no theoretical
investigation of the potential energy surfaces for even the
starting steps (1) and (2) related to the mechanism. There have
peen a few accurate predictions of thermochemical properties
for small SiO compoundsand dimer hydrogen bond energfes.
Johnson et dlinvestigated overall energetics for the condensa-
tion of silicic acid, Si(OH) to (OH)Si—O—Si(OH); at a modest
level of theory, but did not locate transition states or determine
barrier heights. These authors did show the role anionic
pentacoordinated silicon can play in basic media. Gordon and

(2) (a) Ahlrichs, R.; Bar, M.; Haser, M.; Kolmer, C.; SauerJJAm.
Chem. S0c1989,98, 199. (b) Kramer, G. J.; deMan, A. J. M.; Santen, R.
A. J. Am. Chem. S04991,113 6435. (c) Early, C. Winorg. Chem1992,
31, 1250. (d) Early, C. WJ. Phys. Chem1994,98, 8693. (e) Hill, J.-R.;
Sauer, JJ. Phys. Cheml1994,98, 1238. (f) Tossell, J. AJ. Phys. Chem.
1996,100, 14828.

(3) (a) Sauer, J.; Hobza, P.; Zahradnik JRChem. Physl980,84, 3318.
(b) Roelandt, F. F.; Vondel, D. F.; Kelen, G. PHEOCHEM 1981, 76,
187. (c) Ernst, C. A.; Allred, A. L.; Ratner, M. A.; Newton, M. D.; Gibbs,
G. V.; Moskowitz, J. W.Chem. PhysLett 1981,81, 424. (d) Sauer, J.;
Morgeneyer, C.; Schroder, K. B. Phys. Chen1 984,88, 6375. (e) Gibbs,
G. V.; D'Arco, P.; Boisen, M. B.J. Phys. Chem1987, 91, 5347. (f)
Grigoras, S.; Lane, T. Hl. Comput. Cheml987,8, 84. (g) Cremer, D.;
Gauss, J.; Cremer, HHEOCHEM 1988, 46, 531. (h) Koput, JChem.
Phys.1990, 148 299. (i) Blake, J. F.; Jorgensen, W. . Org. Chem.
1991,56, 6052. (j) Curtiss, L. A.; Brand, H.; Nicholas, J. B.; Iton, L. E.
Chem. Phys. Lett1991, 184, 215. (k) Nicholas, J. B.; Winans, R. E.;

building to POSS structures, such as those shown in Figure 1.Harrison, R. J.; lton, L. E.; Curtiss, L. A.; Hopfinger, A.Jl.Phys. Chem.

Virtually nothing is known about the mechanism by which these
species form, nor about the effects of the nature of R and X
groups and the effects of solvent, acidic or basic media, or
catalysts.

T Gunma University.

*lowa State University.

(1) See, for example: (a) Feher, F. J.; Newman, D. A.; Walzer, J. F.
Am. Chem. Socl989 111, 1741. (b) Feher F. J.; Blanski, R. 0. Am.
Chem. Soc1992 114, 5886. (c) Feher, F. J.; Budziochowski, T. A.; Ziller,
J. W.Inorg. Chem1992,31, 5100. (d) Feher, F. J.; Schwab, J. J.; Phillips,
S. H.; Eklund, A.; Martinez, EOrganometallicsL995,14, 4453. (e) Baney,
R. H.; Itoh, M.; Sakakibara, A.; Suziki, TThem. Re. 1995,95, 14009. (f)
Liu, J.-C.J. Chem. Soc., Chem. Comm896,1109. (g) Corriu R. J. P;
Leclerg, D.Angew. Chem., Int. Ed. En§996,35, 1420. (h)Tailor-Made
Silicon—Oxygen Compounds: From Molecules to Materi@srriu, R. J.
P., Jutzi, P., Eds.; 1996.

1992,96, 7958, 10247. (I) Brand, H. V.; Curtiss, L. A.; Iton, L. E. Phys.
Chem.1992,96, 7725. (m) Jentys, A.; Grimes, R. W.; Gale, J. D.; Catlow,
C. R. A.J. Phys. Chenl 993,97, 13535. (n) Stave, M. S.; Nicholas, J. B.
J. Phys. Chem1993,97, 9630. (o) Luke, B. TJ. Phys. Chem1993,97,
7505. (p) Teppen, B. J.; Miller, D. M.; Newton, S. Q.; SchaferJLPhys.
Chem.1994,98, 12545. (gq) Csonka, G. |.; Erdosy, M.; Reffy, JJ.Comput.
Chem 1994,45, 925. (r) Limtrakul, J.; Tantanak, DCTHEOCHEM 1995,
358 179. (s) Csonka G. I.; J. Reffy, JTHEOCHEM 1995, 332, 187. (t)
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Koput, J.J. Phys. Chem1995,99, 15874.
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1995,99, 15285.

(5) (a) Ugliengo, P.; Bleiber, A.; Garrone, E.; Sauer, J.; Ferrari, A.
Chem. Phys. Lettl992,191, 537. (b) Bleiber, A.; Sauer, £hem. Phys.
Lett. 1995,238, 243.
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known1°f so this is clearly an important consideration in the
present context.

The present paper presents a study of the reactions represented
by reactions 1 and 2 as a first step in the analysis of the mecha-
nism for the formation of POSS species. R and X are repre-
sented by H and CI, respectively. These reactions are studied
as isolated processes (that is, gas-phase reactions) and in the
presence of an additional water molecule as an initial probe of
the effect of agueous solvation on the reaction energetics.

HgSigO12
(On)

[I. Computational Methods

Estimates of the structural parameters for the compounds studied in
this work were obtained at the restricted Hartré®ck (RHF) level of
theory, using the 6-31G(d) basis $ktThese geometries were then
refined by using second-order perturbation theory (MPand the
6-31G(d) and 6-311G(éP basis sets. Final energetics were obtained
with either fourth order perturbation theory (MPYor coupled cluster
including single, double, and perturbatively calculated triple excitations
(CCSD(T) with extended basis sets. The most extensive calculations
have been performed for the prototypical condensation of silanol,
HsSIOH, to assess the level of theory needed for quantitative accuracy.

To determine whether a stationary point (zero gradient) on the poten-
tial energy surface is a minimum, a first-order saddle point (i.e., transi-
tion state), or a higher order saddle point, the matrix of energy second
derivatives (hessian) was calculated and diagonalized. Zero, one, and
>one negative eigenvalues of the hessian correspond to a minimum,
transition state, and higher order saddle point, respectively. Minimum
energy paths connecting transition states to their respective minima
were determined by using the Gonzalez-Schlegel second-order algo-
rithm 16

All of the Hartree-Fock and MP2 calculations were performed with
use of the GAMESS electronic structure cdfevhile the MP4 and
CCSD(T) calculations were carried out with GAUSSIAN92/D¥T.

H10Sig013
(Cp)

< incompletely condensed
POSS

H10Si10015
(Dsp)

Ill. Results and Discussion

A. Hydrolysis. The hydrolysis reactions are represented
collectively by eq 1. There are actually three steps in which

(10) (a) Lledas, A.; Bertran, J.; Ventura, [@t. J. Quantum Cheni.986,
30, 467. (b) Williams, I. HJ. Am. Chem. So&987,109, 6299. (c) Ventura,
O.; Lledas, A.; Bonaccorsi, R.; Bertran, J.; TomasiTleor Chim. Acta
. . 1987,72, 175. (d) Fabian, W. M. RJ. Phys. Org. Cheni990,3, 332. (e)
Figure 1. Sample structures of POSS species. Poirier, R. A.; Yu, D.; Surjan, P. RCan. J. Chem1991, 69, 1589. (f)
Nguyen, K. A.; Gordon, M. S.; Truhlar, D. Gl. Am. Chem. S0d 991,

_ ; ; i ; ; ; _ 113 1596. (g) Gordon, M. SJ. Phys. Chem1996,100, 3974.
co-workerg investigated similar mechanisms involving penta (11) (@) Hehre, W. J.: Ditehfield, R.- Pople, J. . Chem. Phys1972,

coordinated anionic intermediates using a combination of 565557 (b) Francl, M. M.: Pietro, W. J.; Hehre, W. J.; Binkley, J. S.:
semiempirical andb initio methods to assess both the overall Gordon, M. S.; Defrees, D. J.; Pople, J.A.Chem. Physl982 77, 3654.
energetics and the barrier heights along the competing reaction(c) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schieyer, P. vdn R.
paths. Tachibana and co-work&msvestigated the reaction of fgg?%g)cgiesngh%ﬁﬁ_?ggldélde) %p'fﬂagiﬁ'klgy-"g- 2'%ﬂ$;rb§;:‘ygga8nfen’
SiH, with SiH;OH to produce siloxane with a modest basis set 8o, 3265. (f) Okuno, Y.J. Chem. Phys1996,105 5817 and references
and singles and doubles configuration interaction and found atherein. .

rather large (44.2 kcal/mol) barrier. (12) Pople, J. A.; Seeger, R.; Krishnan, IRt J. Quantum Chenl979

: L S11 149.
. Several aUthOrS_ have studied the hydrogen bonding interac- 2'13) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, J.AChem. Phys.
tions between silicoroxygen compounds and waferThe 198Q 72, 650. '
study that is most related to the current work is that of Xiao _(14)Krishnan, R.; Frisch, M. J.; Pople, J. &.Chem. Phys198Q 72,

" ; . - :
and Lasag&, Whp studied the hydrolysis Of. d'S'loxan? (rever.S(e (15) (a) Paldus, J. IRRelatwistic and Electron Correlation Effects in
of eq 2 for BSIOH) and the effect of acid catalysis on this Molecules and Soligsvali, G., Ed.; Plenum: New York, 1994; p 207. (b)
reaction. It is quite clear that in organic systems, barriers to ngtl\eNtt lFé- SD-_ IHMthesrn Electroni% gsstru\;:ttlxrle Thleggarkony, D. R,
: - or cientfic: singapore, Vol I, p .

proton or hydrogen atom transfers can be dramatically reduced (16) (a) Gonzalez, C.: Schiegel, H. &. Phys. Cheml99Q 94, 5523

by the presence of just one or two water molectfesnd the 5527. (b) Gonzalez, C.; Schlegel, H. &.Chem. Phys1991, 95, 5853~

effect of polar solvents on reactions such ag &re well- 5860.
(17) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.;
(7) Gordon, M. S.; Carroll, M. T.; Davis, L. P.; Burggraf, L. \'€omput. Gordon, M. S.; Jensen, J. H.; Koseki, K.; Matsunaga, N.; Nguyen, K. A,;
Mater. Sci.1993,1, 161. Su, S.; Windus, T. L.; Dupuis, M.; Montgomery, J. A., JrComput. Chem.
(8) Tachibana, A.; Fueno, H.; Kurosaki, Y.; Yamabe JT Am. Chem. 1993,14, 1347.
S0c.1989,111, 806. (18) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W_;

(9) See, for example: (a) Sauer, J.; Schroder, KGCRem. Phys. Lett. Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb, M.
1984,107, 530. (b) Ruelle, P.; Nam-Tran, H.; Buchmann, M.; Kesselring, A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.; Binkley,
U. W. THEOCHEM1984,18, 177. (c) Pelmenschikov, A. G.; Morosi, G.; J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; Defrees, D. J.; Baker, J.;
Gamba, A.J. Phys. Chem1992,96, 7422. (d) Xiao, Y.; Lasaga, A. C. Stewart, J. J. P.; Pople, J. &Aaussian 92, Resion A Gaussian, Inc.:
Geochim. Cosmochim. Act®94 58, 5379. Pittsburgh, PA, 1992.
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Table 1. Relative Energies (kcal/mol) for the Stepwise Hydrolysis kcal/mol in step 2, and 6.7 kcal/mol in step 3. So, the interaction

of HSICl; is clearly strengthened in the last two steps; this is consistent
level R CMI TSPe CM2° P with the relative O- - -H internuclear distances.
1. HSiCk + H,0O — HSIiCLOH + HCI The barrier heights in Table 1 are rather high, although they
RHF/6-31G* 0.0 —4.0 36.8(21.5) -9.0 -6.2 are reduced somewhat when electron correlation is accounted
MP2/6-3lG; 00 -59 280(5.3) —99 -53 for. Nonetheless, the barrier in the first step is approximately
MP4/6-31G 00 -58 293(80) -101 57 30 kcal/mol at the MP4/6-31G(d) level of theory. The barriers
g- HSICLOH + H:0 — HSICI(OH), + HCI in the second and third steps are about 10 kcal/mol smaller,
,\RA';'Zg:gig* 8-8 :g-g fg-i’ g_lg-ss)) :g-é :g-g because the transition states in these steps are stabilized by an
MP4/6-31G** 00 —-53  20.2 (1.6) 99 -33 additional hydrogen bond to Cl. Nonetheless, these barriers are

still a healthy 19-20 kcal/mol. So, in the gas phase, this

3. HSICI(OH) + H,0 — HSi(OH); + HCI reaction is unlikely to proceed without a catalyst.

RHF/6-31G* 0.0 -52  24.9(9.9) -83 -36 - _ X
MP2/6-31G* 00 -7.0 17.8¢0.4) -9.8 27 Since, as noted in the Introduction, the presence of even one
MP4/6-31G*2 0.0 —6.9 18.9 (2.0) -9.9 -—-32 water molecule can often have a dramatic effect on predicted

aSingle-point energies at the MP2/6-31G* geometrieR. = barrie_r heights, transiti(_)r_1 states were located f(_)r each hyd_rolysis

reactant, CM1= complex 1, TS= transition state, CM2= complex step, in which an additional water molecule is present in the
2, P= products.® Values in parentheses correspond to the presence of system. The transition states for the three steps are shown in
an additional water molecule. Figure 3. The additional water clearly plays the role of an inter-
mediary in the transfer of a hydrogen atom, in much the same
way as found previously for formamidiféand 7-azaindolé®?
In the first step, the water oxygen has short distances to three

ydrogens, so that the transition state appears to have some
zwitterionic character. Indeed, the Mulliken charge on th®H
unit in this transition state is abotf0.7. The transition states
for the second and third steps are somewhat different, with the

successive water molecules are added to the starting material
represented here by HSiCIto eliminate a molecule of HCI.
The relevant structures for these three steps are shown in Figure
2a—c, respectively, and the corresponding energetics are sum-
marized in Table 1. On the basis of the analysis for the
hydrolysis of silanol (see next section), geometries obtained by
using MP2/6-31G(d) followed by MP4 single point energies transferring hydrogen closer to its originating oxygen partner.

appear to be reasonable. Note also that in the second and third steps, Cl is able to

The gross features of the potential energy surfaces are the . -
same for each step in the hydrolysis reaction: (a) the reactantshydr0gen bond with two hydrogens, due to the proximity of

silane and water form an intermediate complex (CM1), in which the ~OH group added in the previous step. This was noted
the water lone pair forms a weak bond with the electr’opositive a_b ove for th_e gas-phase analogues as well. Also, the_.-re are
Si, resulting in a pseudo-pentacoordinated silicon. Such additionggnmcalrlt differences between RHF and MP2 for the inter-

’ ” L " nuclear distances that correspond to bonds that are being broken
complexes are well-known for silicdd. (b) The initial addition d formed in each ste
complex rearranges to a transition state (TS), in which the new an p .
SiO bond is already well formed, the new HCI bond is partially The e_ffec_t of the add_ltlona_l water molecule on the hydrolysis
formed, and the SiCl bond is well on its way to being broken. €Nergetics is summarized in Table 1. The water molecule
(c) A second hydrogen-bonded complex (CM2) is formed in dramatlcally reduces the predlcteq barr_lerat all levels of theory.
the exit channel, in which the fully developed hydrolysis product | "€ result is MP4 predicted barrier heights of only 8 kcal/mol
interacts weakly with the departing HCI. (d) The separated for the first step and about 2 kcal/mol for the second and third
products are formed. Both RHF and MP2 structures are given St€PS- Although one would have to add more waters to be
in the figures. The correlated level of theory tends to predict a C€rtain. it appears that hydrolysis in aqueous solution is an
tighter interaction in both CM1 and CM2, as measured by the €nergetically feasible process.
intermolecular distances, and tighter transition states, as mea- B. Condensation. The geometries for the stationary points
sured by the partially formed and partially broken bonds to Cl. on the potential energy surfaces for the condensations of
The transition states in the second and third hydrolysis stepsSiHsOH and HSi(OH} are summarized in Figures 4 and 5,
are quite similar geometrically. The TS for step 1 appears to respectively. For both molecules, the reaction proceeds by first
be somewhat tighter, in that both the forming SiO bond and forming an G-H---O hydrogen-bonded complex between
the forming HCI bond are rather shorter than those in the next hydroxyl groups in the reacting molecules. There is then a
two steps. rearrangement through a transition state that leads to elimination

The energetics for the three hydrolysis steps are summarizedof @ water molecule and formation of the disiloxane. The
in Table 1. The binding energy of CM1 is underestimated by transition state therefore involves once again the transfer of a
about 2 kcal/mol by HartreeFock, relative to the correlated hydrogen atom to an oxygen, so the role of the solvent is again
levels of theory. There is very little variance between MP2 expected to be important. This is discussed below.
and MP4, and the use of RHF vs MP2 geometries (see The MP2 geometries in the silanol reaction (Figure 4) are
Supporting Information) makes little difference. Many of the predicted with both the 6-31G(d) and the 6-311G(d) basis sets.
same comments can be made with regard to the second compleXhe basis set differences are fairly minor, the largest being a
CM2, which is predicted to be-34 kcal/mol lower in energy  decrease in the hydrogen bond distance in the complex and an
than CM1. Note that CM1 is a bit more stable, relative to opening of the disiloxane SIO—Si angle when the larger basis
reactants, in the third hydroylsis step than it is in the first two set is used. For trihydroxysilane (Figure 5) the intermediate
steps. The hydrogen bond energy in the second complex iscontains a double hydrogen bond. Here again, the larger basis
just the energy difference between P and CM2 in Table 1. This set (at the HF level of theory) predicts a shorter O- - -H hydrogen
is estimated to be about 4.4 kcal/mol in hydrolysis step 1, 6.6 bond distance and a larger-80—Si angle in the siloxane

(19) (a) Raghavachari, K.. Chandrasekhar, J. Frisch. ¥1.8m. Chem. product. The effect of correlation on the predicted geometries

Soc 1982,104, 3779. (b) Raghavachari, K.; Chandrasekhar, J.; Gordon, May also be seen in this figure: The O---H disf[an.ces in the
M. S.; Dykema, K. JJ. Am. Chem. S0d.984,106, 5853. complex are shortened further, and the produetGs+Si angle
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Stepwise Hydrolysis of HSICl3

<first step> MP2/6-31G*
(HF/6-31G*)

2045 1080 o 3.049

2,035 1093 - (108.3) '
_ oo, (2.048) / (3202) a\
g ._ T UNO 104.4
7 . - %)

HSICl; intermediate complex (1)

( C3 v) (Cy)

Stepwise Hydrolysis of HSiCl3

<second step> MP2/6-31G*
(HF/6-31G¥)

2.055 ()
O TP
(105.7)
HSiCl,OH intermediate complex (1)
(Cy) ()
Stepwise Hydrolysis of HSICl3 MP2/6-31G*
<third step> (HF/6-31G")
1.463
(1.451)

0.970 105.1
(0.947)  (106.7) (g.gzg)
0.971
(0.947) HSICI(OH), intermediate complex (1)
v (&)
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transition structure intermediate complex (2)
(Cy) (Cy)
2.710
(3.130) .
"""""" 1.294
(1.273)
(121.8) )
1137/ 1938

(119.0) / (2:093)

0.972

transition structure intermediate complex (2)
(Cp (Cyp
2.824
(5'2_99 1.298
0.972 : (1.275)

109.0 / 1.904

1.655 !
(1.628) (129.1) ; (2.005)
1.471
(1.460) 0.973
(0.949)
2.500 0.970
(g'.gg) @500 (0.947)
transition structure intermediate complex (2)
@ ()

Figure 2. Stationary points for the three steps in the complete hydrolysis i€l Angles are given in degrees, bond distances in angstroms.

decreases. So, improving the basis set and the level of theoryroughly 22 kcal/mol at the highest levels of theory. This

have opposite effects on the-8D—Si angle.

prediction is quite independent of basis set and level of theory,

The energetics for the two condensation reactions are sum-once electron correlation has been introduced (see Supporting

marized in Table 2. For Si#DH, the overall reaction is
predicted to be slightly (57 kcal/mol) exothermic. Variations

Information). As is usually the case, the barrier is rather over-
estimated by HartreeFock theory. This effect of correlation

in the magnitude of the exothermicity, as a function of basis was also noted by Xiao and Lasala.

set and level of theory, are quite small. The CCSD(T) result is

On the basis of the results for silanol discussed above, the

in very good agreement with that obtained by combining the energetics for the condensation of HSi(QKHore relevant for
experimental heat of formation for water with the theoretical the formation of POSS species), also given in Table 2, have
estimates for silanol and disiloxane made by Allendorf and co- been studied at fewer levels of theory. The exothermicity for

workers? Hartree-Fock theory underestimates the stability of

this reaction is estimated to be-101 kcal/mol, slightly larger

the intermediate complex by about 2 kcal/mol. Otherwise, this than that for silanol. The stability of the intermediate hy-
species is consistently predicted to be lower in energy than thedrogen-bonded complex is considerably greater than that in the
reactants by about 8 kcal/mol and lower in energy than the final silanol reaction, since there are now two hydrogen bonds in

products by +2 kcal/mol. This dimer H-bond energy is a bit

the complex. As a result, the complex is predicted to be about

higher than the MP2 value predicted by Bleiber and co-workers about 5 kcal/mol lower in energy than the final products. The

with a larger basis set, prior to their counterpoise corredion.

effect of the additonal OH groups on the barrier height is

The barrier height for the condensation reaction is quite large, considerable at all levels of theory. The MP2, MP4, and CCSD-



11436 J. Am. Chem. Soc., Vol. 120, No. 44, 1998 Kudo and Gordon

Stepwise Hydrolysis of HSiCl3 with H,O H3SiOH x 2 -> H3SiOSiH; + H,0

transition struct
( ructures) MP2/6-31G*

(HF/6-31G*)

105.9

MP2/6-311G*
(MP2/6-31G*)
0.975

0.979 0.950
1.065  (0.956) 0.976 1.118 (:gg; ( ) 1.484
(1.079) ~7yy (0.954) (100, , 1.003 :
75 7 5 (1.004) .- (0.959) (1.488)
O 0'es RO Pt G i
7)) e (04.0)
(o Jiz2 18 - .
) ! 1.8 : x
97.9
100 (101.4y | @389
" 2335 intermediate
@41 complex
HSICl; -> HSI(OH)CI, HSi(OH)CI, -> HSi(OH),ClI
0.975 1.116
1.311 (0.950) (1.126) 1.315
0975 1134 (1610 —~2 _~\{1:319)
(0.954) _ (1.000) 1.010 . 3 1.643
. 92.8 (0.960) 75.3
92.3) () (76.0)
127.5 ! transition gg-g
: (126.9) : ggg structure ( ) 138.4
78.7 93.3 .( ) " 2032 (132.2)
{75.8) (97.@ (1.992)
1.486 2784\
(1.470) & (2.804) -
© 2343
(2.411)
HSi(OH),Cl -> HSi(OH)3
Figure 3. Transition structures for the three steps in the hydrolysis of
ClI3SiH in the presence of a water molecule. Angles are given in degrees,
bond distances in angstroms.
(T) barriers are all reduced by about 10 kcal/mol. This is HySIOSiH;  (Cay)

undoubtedly a consequence of the increased stability of the

complex and the transition state due to the additional hydrogen Figure 4. Stationary points for the condensation of3fOH. Angles
bond (Figure 5). are given in degrees, bond distances in angstroms.

The geometries for the intermediate complex and the transi-
tion state for the condensation of SBH and HSi(OHj in the
presence of an additional water molecule are shown in Figures
6 and 7, respectively. For both molecules the additional water
plays the role of intermediary in the transfer of a hydrogen atom
from an —OH group in one silanol to ar-OH group on the
partner. This enhances the stability of the transition state by
forming a six-membered-ring [SIO- - -H- - -O—H- - -O-] tran-
sition state, rather than the four-membered ring transition state
in the direct (gas phase) reaction (cf. Figures 4 and 5). In the
HSi(OH); system, there is an additional stabilization due to the

theory (see Supporting Information for more details). At the
CCSD(T)/6-31G(d,p)//IMP2/6-31G(d) geometries, the net barrier
height for the silanol condensation is 2.7 kcal/mol, reduced from
21.9 kcal/mol without the additional water molecule. The
condensation barrier for HSi(Oklhas already been shown to
be much smaller than that for silanol in the absence of the extra
water. When the water molecule is added, the reduction in
barrier height is about the same for both molecules. Conse-
quently, the barrier for condensation of trihydroxysilanol is
reduced essentially to zero (Table 2) at all correlated levels of

formation of a hydrogen bond external to the TS ring. The theory. So, it is predicted that this process proceeds without

largest differences between the RHF and MP2 structures occur €Ty parner_m the presence of water.. Of course, as noted in
. . the previous discussion of the hydrolysis reaction, this conclu-
for the hydrogen bond distances. These are systematically much

R : sion is drawn for a static analysis of the potential energy surface
shorter when electron correlation is included in the geometry -
optimization in the presence of just one water molecule. A more general

) . ) _conclusion will require the addition of more water moleules
The energetics corresponding to the structural information

] ] ! ; X and an analysis of the reaction dynamics.
given in Figures 6 and 7 are summarized in Table 2. As
suggested by the geometries, the additional water molecule ha
a large effect on both the stability of the intermediate complex
and the associated barrier height, increasing the former by more The most important result of this work is that the presence
than 10 kcal/mol and reducing the barrier by-2® kcal/mol. of just one water molecule can have a dramatic effect on the
After electron correlation has been included in the calculation, mechanism of POSS formation, reducing the barrier heights for
there is little variation in the stability of the complex. This is both the hydrolysis and condensation steps from very large
predicted to be 1819 kcal/mol for SIHOH and about 33 kcal/  values (16-30 kcal/mol) to small or nonexistent, as has been
mol for HSi(OH)%. There is somewhat more variation in the noted before for several other reactiéfsThis is a first step
predicted barrier height as a function of basis set and level of in assessing the effects of solvation on the mechanism, a step

V. Summary and Conclusions
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HSi(OH); x 2 -> H(OH)2SiOSi(OH)oH + H,0 H3SiOH x 2 + HyO -> H3SiOSiH; + 2H,0
MP2/6-31G*
HF/6-311G* .
0.938 (HF/6-31G*) . (HF/6-31G)
(0.947) MP2/6-31G*
0.970
1215

111.3
1.460 (113.5)
(1.462) ‘114.0
1.474

1.622 1131
(1.631) (1133
1.654 0.938  1.633

x’ 0.937
(v) 0:945)
0.969

1.89T—%

0.946
0.953) (

(0.947) (1.641) 1.990) . .
0.971 1.665 0.980 1.883 intermediate complex
HSi(OH); 1142 intermediate 0.974
(cy) (1:140) f complex (0.952)
176

1.088
1.186 (1.038)
1.782 (318) A
(1.808) ;869 1.396  107.1
transition 1.857 @ o) &
structure 1240 \ 1.488
(1.276) ; : (1.481)

1.455
(1.457)
.468
transition structure
H(OH),SiOSi(OH),H . i . . . i
Figure 6. Stationary points for the condensation ofSiOH in the
(C2) presence of a water molecule. Angles are given in degrees, bond
distances in angstroms.
Figure 5. Stationary points for the condensation of (@BiH. Angles HSi(OH); x 2 + Hy0 -> H(OH);SiOSi(OH),H + 2H,0

are given in degrees, bond distances in angstroms.

. . . MP2/6-31G*
Table 2. Relative Energies (kcal/mol) for the Condensation of (HF/6-31GY)

H3SiOH and HSi(OH)
monomer intermediate transition

level x 2 comple® staté product
RHF/6-31G* 00 —59(-13.9) 35.8(23.5) -5.6
MP2/6-31G* 00 —8.2(-19.8) 20.5(0.4) —4.7
MP4/6-31G*2 00  —81(-19.4) 21.7(2.9) —48
MP4/6-31-G* 00  —8.7(-18.6) 21.8(55) —6.9
CCSD(T)/6-31G* 0.0  —8.0(-19.1) 22.4(3.9) —4.9 . )
intermediate complex
2. HSi(OH) x 2 — H(OH),SIiOSi(OH}H
RHF/6-31G* 00 —10.4(-23.1) 30.4(16.7) —7.2 0.975
MP2/6-31G* 0.0 —16.9(-34.6) 10.9(9.3) —9.9 (0.953)
MP4/6-31G*2 00 —16.8(-34.1) 12.0¢7.7) —10.2

CCSD(T)/6-31G* 0.0 —16.5(-33.6) 12.8(6.6) —10.1

a Single-point energies at the MP2/6-31G* geometridgalues
in parentheses correspond to the presence of an additional water
molecule.

116.6 1(1.523)
835 (117.2)}

which needs to be followed by the addition of more water N s (1289)
molecules and a study of the reaction dynamics. ) |
Even without the presence of an additional water molecule,
hydrogen bonding plays an important role in the mechanism.
This is manifested in the reduced barrier heights in the last two
steps of the hydrolysis reaction and in the condensation of HSi- transition structure
(OH)s vs SiHOH. . _ Figure 7. Stationary points for the condensation of (@BiH in the
It also appears from this study that second-order perturbation presence of a water molecule. Angles are given in degrees, bond
theory is a reasonable level of theory for future investigations distances in angstroms.
of the POSS mechanism. This is encouraging, since MP2 is
an efficient method that lends itself well to use on parallel  Several of the issues raised in the Introduction still need to
computers. be addressed, notably, the effect of the X and R groups (Cl and

1993 0979
(2.164)  (0.952)
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H in this work) and the effects of catalysts. These will be Grant. The calculations reported here were performed in part
considered in future work. on the IBM SP2 at the Maui Supercomputer Center. T.K. thanks
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