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Abstract

Hydrogen bonding of silanols as proton donors to water as a proton acceptor and intramolecular hydrogen bonding in oligosiloxanedi-
ols were studied by ab initio molecular orbital methods. The calculated proton affinities and basicities of free and hydrogen-bonded
silanols reveal that hydrogen bond, in which silanol group is a H-donor, strongly enhance the basicity of silanol oxygen. Thus, the silanol
group in such complex is by 54-113 kJ/mol more basic than the free silanol group. Hydrogen-bonded complexes of this type are
predicted to show enhanced reactivity in condensation reactions of silanols. © 1997 Elsevier Science S.A.
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1. Introduction

Silanol functions play an important role in silicon
chemistry. They are involved in condensation reactions
resulting in siloxane bond formation [1], the most im-
portant processes leading to siloxane polymers (sili-
cones) [2-5] and polysilicates [6]. Silanol groups are
also important structural fragments of zeolites and sil-
ica, as they strongly modify the surface properties of
these materials [7.8].

The reactivity and molecular properties of silanols
have therefore been extensively studied, both experi-
mentally and theoretically [9-17]. Silanols show am-
bident acidic and basic character; according to the IR
measurements, silanols in solution are stronger acids
than the corresponding carbinols, whereas basicities of
both classes of compounds are comparable [10]. In the
gas phase, trimethysilanol was reported to be less basic
by 42 kJ/mol than the isostructural alcohol, t-butanol
[18,19]. This result contrasts with calculations, that
predict the proton affinities of H,SiOH and H,COH to
be identical (761 kJ /mol, 181.9 kcal /mol) [20].

Due to their ambident behaviour, silanols form rela-
tively strong hydrogen bonds acting as donors as well as
acceptors of a proton [10-13]. Hydrogen bonds affect to
a large extent the acidity and basicity of silanols. For
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example, the acidity of silanol groups involved in H-
bonds as proton acceptors in hydrated silica gel is
greatly enhanced [21]. On the other hand, the
hydrogen-bonded complexes of silanols with bases show
increased reactivity in reactions of nucleophilic substitu-
tion. Thus, silanol-amine adducts are the true reactive
species in base-catalysed heterofunctional condensation
of silanols with silyl chlorides and silyl acetates [22,23].
There is kinetic evidence that hydrogen aggregates of
silanols play also an important role in acid-catalysed
polycondensation of silanediols (Eq. (1)), strongly af-
fecting kinetics of the process [24-29].

HA
2H(OSiR,),0H — H(OSiR,),,OH > - - -

— polymer (1)

The mechanism of the condensation (Eq. (1)) in-
volves the cooperation of acid and base in activation of
both silanol groups: the one, which plays a role of an
electrophile and the other, which acts as a nucleophile.
The interaction with a base results in the increased
nucleophilicity of oxygen in the latter group (Scheme 1)
[26]. If the condensation reaction is carried out in
non-basic medium, the role of a base B is played by
other silanol groups and by water produced during
condensation [26]. However, because of the number and
complexity of molecular species formed in such sys-
tems, experimental results are difficult to interpret. The
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Scheme 1.

methods of theoretical chemistry are therefore very
helpful in predicting properties of these species. In most
of theoretical investigations, the parent silanol H,SiOH
was used as a model [15,30-34]. The data concerning
structure and reactivity of more complex silanol
molecules are sparse [15.35,36]. However, in real Sys-
tems, silanol groups usually appear as fragments of
large molecules, like linear polysiloxanes or a silica
network, in which their reactivity is affected by geminal
siloxane or silanol linkages. In addition, silanol groups
are often involved in hydrogen-bonded complexes with
each other or with other polar species, like water. [t is
important to know how these interactions influence the
reactivity of silanol groups. In substitution reactions,
such as condensation, the crucial factor, determining the
reaction mechanism, is the basicity and nucleophilicity
of silanols. This paper presents the ab initio study of
thermodynamics of the hydrogen bond formation by
several mono- and bi-functional silanols and siloxanols
to water. Thermodynamics of intramolecular hydrogen
bonding in model siloxanediols is also reported. Com-
parison of the calculated proton affinities and basicities
of free and complexed silanols shows the influence of
the hydrogen bond on the basic properties of silanol

group.

2. Theoretical methods

Ab initio calculations have been carried out using
standard techniques [37] as implemented in the Gauss-
ian 94 series of programs [38]. Geometry optimizations,
harmonic frequencies and zero-point vibrational ener-
gies were calculated with the polarized 6-31G* basis
set. All structures were identified as true local minima
on the energy potential surface by the frequency calcu-
lations. The intramolecular vibrational components of
the thermal energy were scaled by the usual factor of
0.893 [37]. Single point calculations, which include part
of the electron correlation, were performed using the
Mgller—Plesset perturbation theory up to fourth order
(the frozen-core approximation was used) [39-42]. This
level of theory, denoted as MP4SDTQ/6-
31G*//HF/6-31G*, was used for energy compar-

isons. The energies of the formation of bimolecular
complexes were corrected for basis set superposition
error (BSSE) using the full counterpoise method [43].
The orbital and bond analyses were performed with
both the Mulliken [44,45] and the Natural Bond Orbital
(NBO) methods [46,47].

3. Results and discussion
3.1. Geometries

3.1.1. Silanols 1, 2, 3, 4, 5

The following silanols were chosen as models for
calculations: the parent silanol H,SiOH (1), silanediol
H, Si(OH), (2), disiloxanol H,SiOSiH,OH (3), disilox-
anediol HOSiH,0SiH,OH (4) and trisiloxanediol
H(OSiH,),0H (5). The HF/6-31G " optimized geome-
tries of 1-5 are presented in Fig. 1. For siloxanediols 4
and 5 two geometry minima were calculated: the gauche
‘open-chain’ conformation (4a and 5a) and the ‘cyclic’
conformation involving the intramolecular H-bond be-
tween silanol end-groups (4b and 5b).

The geometry of 1 has already been calculated at
various levels of theory and the present results are in
accord with previous studies [15,20,30-34]. The Si-O
bond distance in 1 (C, symmetry) calculated at HF /6-
31G™ is 1.647 A and the SiOH angle is 119°. The
electron correlation methods give somewhat longer
bonds and slightly smaller angles. Thus, at the MP2 /6-
31G " level, the Si—O bond length is 1.670 A and the
SiOH angle is 116.5° [34]. The most stable conforma-
tion of silanediol 2 is gauche—gauche structure of C,
symmetry, which is ascribed to the anomeric effect
[48,49]. Disiloxanol 3 and the diols 4a and 5a also
appear in conformations in which the XOSiOX moieties
are in gauche—gauche positions (the XOSiO dihedral
angles being close to 60°), indicating that the anomeric
effect operates in siloxanes as well. ‘Cyclic’ conforma-
tions of diols 4b and 5b are lower in energy than the
‘open-chain’ structures 4a and Sa by 2.1 and 23.0
kJ /mol, respectively, which reflects additional stabi-
lization provided by the intramolecular hydrogen bond.
The energy gain on going from 4a to 4b is small
because the small ring does not allow efficient orbital
overlapping and the resulting H-bond is relatively weak.

There is no experimental data concerning the geome-
try of silanols in the gas phase. On the other hand, many
crystal structures of silanols have been published [9].
The comparison of these structures with the gas-phase
geometries is therefore the only way to verify theoreti-
cal results, although it must be done with caution, since
the hydrogen bonds and other intermolecular forces
operating in a crystalline network induce some distor-
tions in bonding parameters.
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Fig. 1. HF /6-31G " optimized geometries of the model silanols and siloxanols.

Typical Si~O bond lengths in silanols, according to
the many X-ray studies, are in the range of 1.63-1.65 A
[9]. The HF /6-31G * calculated bond distances for 1-5
fall in this range very well (Fig. 1). In particular,
geometrical parameters for the ‘open-chain’ conforma-
tion of disiloxanediol 4a are in excellent agreement with
those found in an X-ray study for tetramethyldisiloxane-
1,3-diol (Table 1) [50]. The calculated SiOSi angle in 4a
is somewhat wider than that measured for tetramethyld-
isiloxanediol, however, it is well known that SiOSi
angles in siloxanes obtained by Hartree—Fock methods
are too wide [S1]. In the crystal of tetramethyldisilox-
anediol intramolecular hydrogen bonds do not occur,
because they are not favoured thermodynamically, com-
pared to the intermolecular bonds. However, in gas

phase and in solution their formation is more likely.
Intramolecular H-bonds were identified in the crystal
structures of sterically hindered silanols. For example,

Table 1

Comparison of some structural parameters calculated (HF /6-31G ™)
for disiloxanediol 4a with those measured for H(OSiMe,),OH (bond
distances in A, angles in degrees)

Parameter 4a H(OSiMe,),0H*
r(5i-0Si) 1.630 1.624, 1.631
r(Si-OH) 1.638 1.640, 1.643
r(O-H) 0.947

< 81081 152.7 141.4

< OSiO(H) 111.3 109.6, 110.0

“See Ref. [30].
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Scheme 2.

the intramolecular hydrogen bonds, which occur in a
crystalline network of (Me,Si),C(SiMe,OH), [52] im-
pose the six-membered ring geometry upon this
molecule, analogous to that of 4b (Scheme 2). Except
for the O-H bond distances, which are much shorter
than those calculated for 4b, the other molecular param-
eters of both species are in reasonable agreement. In
contrast to 4b, the Si'-0O'! bond in
(Me, Si),C(SiMe,OH), is longer than the Si*~O? bond
(Scheme 2). This elongation is caused by the inter-
molecular hydrogen bond, in which O' appears as a
proton acceptor. The intermolecular hydrogen bond is
presumably stronger than the intramolecular O?

- H(O") bond, thus, its effect on the adjacent Si'-O!
bond elongation is more distinct.

The optimization of the geometry of Sa was more
difficult. Potential energy surface is very flat due to the
high flexibility of siloxane chain. The optimization pro-
cedure was repeated several times using different start-
ing geometries to find the conformation of the lowest
energy. The anomeric effect and steric effects of hydro-

9a (C1)

Fig. 2. HF /6-31G* optimized geometries of the protonated silanols and siloxanols.

gen substituents are responsible for the optimized
‘open-chain’ geometry of 5a, which resembles very
closely the ‘cyclic’ form 5b (Fig. 1). The distance
between both end groups (Si'O'H' and Si*’O*H?) in 5a
is relatively small (+(O'-Si?) = 3.87 A). This is one of
the reasons for a high cyclization ability of trisiloxane-
diols, and of oligosiloxanediols in general, in condensa-
tion reactions [2—5,26].

3.1.2. Protonated silanols 6, 7, 8, 9

The optimized geometries of the protonated silanols
(1, 2, 3 and 4) are shown in Fig. 2. The most important
geometrical change upon protonation of silanols is the
elongation of the Si—O bond (by ca. 0.2 A). The Si-O
bond distance in H,SiOH; (6) calculated at HF /6-
31G” is 1.859 A (1 867 A at MP2 /6-31G* [34]), by
ca. 022 A longer than in the neutral silanol 1. The only
experimental data for protonated silanols is X-ray struc-
ture of 1-Bu,SiOH;, in which the Si—O bond length is
1.779 A [53] In contrast to protonated siloxanes
[20,51,54], the oxonium centre in protonated silanols is
not planar, with the nonplanarity extent of 6°~20°. The
Si—H bonds shorten upon protonation by ca. 0.02 A and
the HSiH angles widen by 8°-10°, to ca. 116° (Figs. 1
and 2).

These changes can be explained, according to the
Natural Bond Orbital analysis, by the hyperconjugation
effects [46,47]. The strongest delocalization interactions
in silanol 1, in terms of the second order perturbation
theory [46,47], are those involving electron donation
from the oxygen lone pairs to the o *(Si—X) antibond-
ing orbitals. Thus, the second order energies of the
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n_(0) = o *(Si-H) interactions between the lone pair
occupying the p orbital perpendicular to the symmetry
plane of the molecule, with the Si—H antibonds involv-
ing two out-of-plane hydrogens are 35.1 kJ /mol each.
The energy of n,(0) — o *(Si—H) interaction between
the other oxygen lone pair (sp>-hybridized) with the
Si—-H antibond lying in the symmetry plane is 25.9
kJ/mol. These interactions are partially compensated
by slightly weaker o (Si-H) — o *(Si~0) delocaliza-
tions. All delocalization interactions result in additional
stabilization of the molecule. Their contribution to the
total energy may be calculated by zeroing all orbital
interactions and recalculating the energy of the altered
Fock matrix [46,47]. Thus, for example, the overall
delocalization energy, E,,,, in 1 is 298.3 kJ /mol.
Direction of electron transfer reverses upon protona-
tion of silanols. Delocalization pattern becomes strongly
asymmetric, with domination of the interactions donat-
ing electrons to the oxonium centre. Thus, the strongest
delocalizations in protonated silanol 6 are the o (Si—H)
— ¢ *(8i-0) interactions (the corresponding second-
order energies are ca. 43.1 kJ /mol for each interaction).
The other delocalizations are much weaker. The posi-
tive charge induces polarization of a siloxanol chain,
reflected in changes of charge distribution over the
molecule. The atomic charges according to Mulliken
analysis (bare numbers) and to Natural Population Anal-
ysis (numbers in parentheses) for 1 and 6 are presented
in Scheme 3. Both methods show that the charge is
largely transferred from silicon ligands (hydrogens in
this case) to the oxonium centre. The total delocaliza-
tion energy decreases; it was calculated for 6 to be

X, X° o
Si—0 - Si=0
/ \H / \H

silanol

226.4 kJ/mol, by 71 kJ/mol less than in the corre-
sponding neutral silanol 1.

The strongest delocalizations in siloxanols are gemi-
nal n(0O) — o *(Si-O’) interactions. For example, ac-
cording to the NBO method, the second order energies
of the n, (0)— o *(Si-0') and n_(O') — o *(Si-0)
interactions in disiloxanol 3 are 64 and 55.2 kJ/mol,
respectively (where O = silanol oxygen, O’ = siloxane
oxygen). The n_(0)— o *(Si~H) and o(Si-H) -
o *(8i-0) interactions are much weaker, ranging from
16.7 to 35.6 kJ /mol. In the protonated disiloxanol 8 the
electron donation to the oxonium centre strongly domi-
nates. Thus, the energies of the n_(O') = o *(Si-O)
and o (Si—H) — o *(Si-0) interactions increase upon
protonation to 106.3 and 42.3 kJ /mol, respectively. The
total delocalization energy decreases by 49 kI/mol
(from 807.9 to 758.6 kJ/mol) upon protonation of 3.
The corresponding change in delocalization energy upon
protonation of silanediol 2 is only 31 kJ /mol. Thus, the
loss of the delocalization energy upon protonation of
siloxanol and silanediol is smaller than upon protona-
tion of 1, because of the strong electron donating prop-
erties of oxygen compared to hydrogen.

Due to extensive delocalization onto the Si—O anti-
bond in the oxonium centre, the Si—O(H,) bond be-
comes longer and weaker than in neutral silanols. The
adjacent silyl group gains partial character of a silyle-
nium cation, which is reflected by shortening of the
Si-H bonds and by widening of the HSiH angles. This
effect, analogous to that observed upon protonation and
silylation of siloxanes [54], may be illustrated by the
resonance structures in Scheme 4.

- /H N @ /H
——&—O\GJ -~ /Sl O,
& H < H

protonated silanol

Scheme 4.



488 M. Cypryk / Journal of Organometallic Chemistry 545-546 (1997) 483-493

3.1.3. Hydrogen-bonded complexes of silanols 10, 11,
12, 13

The HF /6-31G " optimized geometries of the com-
plexes involving silanols 1, 2, 3 and 4 with water as a
H-acceptor are shown in Fig. 3. Hydrogen-bonded com-
plexes of silanols with water acting as a H-donor are not
the subject of this study. According to previous calcula-
tions, they are weaker and the basicity of the silanol
group in these complexes is expected to be highly
reduced [55,56].

The optimized geometries of the complexes involv-
ing silanols having two oxygen atoms in the molecule
(2, 3 and 4) have cyclic structure with two hydrogen
bonds, in which water is also a proton donor to the
other oxygen atom in silanol molecule (Fig. 3). Present
calculations confirm the results obtained previously for
the complexes 11 and 12 by the MINI-1 method, al-
though the bond lengths obtained using the 6-31G~
basis set are slightly different [15].

Typical hydrogen bond lengths H-O found in crys-
talllne silanols are in the range of 1.9-2.2 A and the

- O distances are between 2.6 and 2.9 A [9]. The
bond distances calculated in this study fit very well in
this range. The calculated OH - - - O angles in 10 and
13 are 160°-163° (compared to ca. 160—170° in crystals
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; 0.949
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[9D. The OH - - - O angle in 5b is by only few degrees
smaller (154.4°). The corresponding angles in 4b, 11
and 12 are smaller because of constraints imposed by
the geometry of small rings. The changes in silanol
geometries upon formation of adducts follow the gen~
eral rules defined earlier [57]. Thus, the (Si)O-H -
bond becomes longer than in free silanols by ca. 0.006—
0.01 A and the Si—OH - bond shortens by 0.008-—
0.013 A. More distant bonds in siloxane chain show an
alternate elongation—shortening pattern (structures 12
and 13 in Fig. 3), in accord with Gutmann rules [57].
The SiOH angle decreases by ca. 3° upon H-bond
formation.

These changes reflect alteration of the electron den-
sity in silanols as a result of hydrogen bond formation.
In particular, stronger delocalization of electrons from
the silanol oxygen in the H-bonded group to the Si—X
antibonding orbitals (X = H or siloxane oxygen) causes
shortening and strengthening of the Si—O(H) bond. This
is supported by population analysis, which shows that
the net atomic charge on silanol oxygen increases (i.e.,
becomes more negative). Thus, the corresponding Mul-
liken charge increases on hydration of 1 by 0.042 e
(NPA: 0.022 e). The second order energies of the
n,(0) —» o *(Si-H) interactions increase from 35.1
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Fig. 3. HF /6-31G ™ optimized geometries of the hydrogen-bonded complexes of silanols with water.
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Scheme 5.

kI/mol in 1 to 38.9 kJ /mol in 10. Polarization of the
oligosiloxane chain induced by the hydrogen bond can
be seen comparing the delocalization schemes for 5a
and 5b (Scheme 5). The numbers at arrows in Scheme 5
represent the second order perturbation energies
(kI /mol) of the geminal n_(O) — o *(Si-0’) delocal-
izations. The second order energy of the n_(0)—
o "(H-0O') interaction (28.0 kJ /mol) corresponding to
the H-bond in 5b is also shown for comparison. Elec-
tron transfer from the silanol group involved as a H-
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donor in the hydrogen bond in 5b is more extensive
than the transfer in the opposite direction.

3.1.4. Protonated complexes of silanols 14, 15, 16, 17
The HF /6-31G " geometries of the protonated com-
plexes of silanols are shown in Fig. 4. Hydrogen bond
in the protonated silanol complexes is, as expected,
stronger than that in uncharged complexes. The O - - - O
distance shortens by ca. 0.35 A) while the SiO-H - - -
bond elongates by 0.04-0.05 A. The OH - -- O angle
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Fig. 4. HF /6-31G " optimized geometries of the protonated silanol-water complexes.
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Table 2

The negative of the absolute energies (hartrees) and dipole moments (debyes) of the model silanols and their complexes
Species — E(HF) — E(MP2) — E(MP3) — E(MP4) Dipole moment
H,SiOH (1) 366.13040 366.38945 366.40480 366.41586 1.527
H,Si(0H), (2) 441.04791 441.48648 441.49891 441.51564 1.041
H,SiOSiH,0H (3) 731.17544 731.68649 731.70874 731.73187 1.224
H(OSiH,),0H (4a) 806.09164 806.78206 806.80145 806.83025 2.546
H(OSiH,),0H (4b) 806.09220 806.78283 806.80252 806.83106 3.227
H(OSiH, },0H (5a) 1171.13667 1172.07971 1172.10564 1172.14699 0.507
H(OSiH,),0H (5b) 1171.14266 1172.08838 1172.11433 1172.15568 2.833
H,SiOH} (6) 366.43164 366.68721 366.70592 366.71579

HOSiH,0H7 (7) 44135014 441.78590 441.80149 441.81712
H,SiOSiH,0H; (8) 731.48257 731.99066 732.01593 732.03822
H(OSiH,),0H; (9a) 806.40226 807.09054 807.11315 807.14102
H(OSiH,),0H; (9b) 806.41425 807.10402 807.12638 807.15394

H,SiOH - OH, (10) 442.15224 442.59976 442.62029 442.63627 4.271
H,Si(OH), - OH, (11 517.07242 517.70136 517.71880 517.74067 2.244
H,SiOSiH,0H - OH, (12) 807.19714 807.89846 807.92577 807.95411 2.954
H(OSiH,),0H - OH, (13) 882.12129 883.00409 §83.02809 883.06235 3.371
H,SiOH; - OH, (14) 44248370 44293067 442.95354 44296852

HOSiH,0H7 - OH, (15) 517.40152 518.02829 518.04779 518.06880
H,SiOSiH,0H? - OH, (16) 807.53235 808.23117 808.26086 808.28803
H(OSiH,),0H3 - OH, (17) 882.45790 883.33967 883.36581 883.39863

opens up on protonation to 177-179°. The cyclic struc-
ture of the complexes of silanediol (11) and siloxanol
(12) breaks upon protonation resulting in the ‘open’
structures 15 and 16, respectively. This indicates that
the basicity of the oxygen geminal to the oxonium
centre is considerably reduced, since its lone pairs are
strongly delocalized towards the protonated silanol
group. The Mulliken net atomic charge on the oxygen
geminal to the oxonium centre becomes less negative on
protonation of 11 and 12 by 0.077 and 0.074, respec-
tively. Consequently, the geminal oxygen in protonated
adducts 15 and 16 cannot efficiently interact with pro-
ton originating from water.

The cyclic geometry of the complex 13 is preserved
upon protonation, since its geometry permits effective
orbital interaction responsible for the formation of the

additional H-bond. The structure of the resulting ionic
complex 17 suggests that the proton transfer from one
chain end to the other through hydrogen-bridge should
proceed with very low, if any, energy barrier. Analo-
gous mechanism facilitating proton transfer was postu-
lated to play an important role in acidolysis of the
siloxane bond [4].

3.2. Energies of hydrogen-bonded complex formation

The bonding energies of silanol-water complexes
were calculated as the negative of the enthalpy of
reaction represented by Eq. (2). The electronic energies
for all calculated species and the dipole moments for
neutral species are listed in Table 2. Dipole moments of
1, 2 and 10 are in reasonable accord with previous

Table 3

Standard thermodynamics quantities (kJ /mol) calculated for the hydrogen bond formation by model silanols (reactions 2 and 4)
Complex AH® AS° J/mol K AG™ Ko
H,SiOH - OH, —30.1(—-19.7) —87.1 7.7 45-107?
H,Si(OH), - OH, —41.0(—22.6) -1179 12.6 63-1073
H,SiOSiH,0H - OH, —322(-18.8) —-104.7 124 6.7-1073
H(OSiH,),0H (4b)* -21 —15.1 2.4 0.38
H(OSiH,),0H - OH, (13)° —60.2(—39.3) -147.2 4.6 0.16
H(OSiH,),0H (5b) —21.8 —-39.2 -99 55

“Based on the MP4 /6-31G * / /HF /6-31G ~ energies; the intramolecular frequencies scaled by 0.893.
The values in parentheses are the BSSE-corrected values of the enthalpies.

“The BSSE-corrected AG® values.
4Reaction: 4a — 4b.

*Reaction: 4a + H,0 — 13.
fReaction 5a — 5b.
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reports [35,56]. The higher values of dipole moments
were found for hydrogen adducts.

=SiOH+H,0 - =SiOH - - - OH, (2)

where = SiOH =1, 2, 3 and 4a.The enthalpies of the
intramolecular hydrogen bond formation in siloxanedi-
ols 4b and 5b were calculated in an analogous way (Eq.

3):

_H

0
H(OSiH,),0H — II{ (3)
o

where n =2 or 3.

For both types of complexes, Gibbs free energies and
the corresponding equilibrium constants were estimated,
assuming the ideal gas approximation [37]. The calcu-
lated thermodynamic quantities are presented in Table
3.

Hydration of the silanol 1 was studied at the 6-
31G(*), DZP and TZP levels of theory [55,56). The
complex, in which silanol is involved as a proton donor
(H,SiOH-OH,), was calculated at the 6-31G(") level
to be 18 kJ /mol stronger than that with silanol being a
H-acceptor (without BSSE correction) [55]. More recent
work reports the bonding energies of 25.1 kJ /mol for
H,SiOH-OH, (10) and 16.7 kJ/mol for H,SiO(H)-
HOH at the DZ(p,d) level (including correction for
BSSE) [56]. Energy of complexation tends to decrease
with the increasing basis set completeness, while elec-
tron correlation methods lead to the increase of the
bonding energy [56]. The BSSE corrected MP4/6-
31G*//HF/6-31G " enthalpy of complexation is 19.7
kJ /mol for 10 (Table 3).

Interaction of silanediol 2 with water was studied at
the DZP level [35]. The doubly bonded cyclic complex
11, in which silanediol appeared in gauche—gauche
conformation, was found to be the most stable among
various structures examined [35]. Calculations at HF /6-
31G* gave slightly different bonding parameters but
confirmed the gauche—gauche geometry of the most
stable adduct. The bonding energy calculated at the
DZP level is 24.7 kJ/mol [35]. At MP4/6-
31G*/ /HF/6-31G " the corresponding energy is 22.6
kJ /mol.

Silanol-water adducts (10-13) and the intramolecu-
larly bonded trisiloxanediol (Sb) show similar en-
thalpies of formation. The complex 11 involving two
hydrogen bonds is by 2.9 kJ/mol stronger than 10,
which has only one H-bond. Although geometry of 12
suggests the existence of a second H-bond to siloxane
oxygen, the adduct 12 is no stronger than 10. These data
indicate that the contribution of the additional H-bonds
in 11 and 12 to the total binding energy is very small

(or even negligible) and therefore these bonds must be
very weak. The main reason for that is the unfavourable
geometry of small rings. Moreover, since siloxanes in
solution are less basic than silanols [10], the hydrogen
bond to the siloxane oxygen is expected to be much
weaker than that to silanol oxygen [15]. In contrast,
according to calculations, the basicities of silanols and
siloxanes in the gas phase are similar (see Section 3.3)
[54].

The complex 13 is exceptionally strong, since its
geometry allows efficient overlap of the interacting
orbitals, although probably not optimal, what can be
deduced from the fact that no distinct cooperativity
effect has been detected. The enthalpy of formation of
13 is exactly twice that of H;SiOH - OH,. The high
equilibrium constant of formation of Sb suggests that
this species may exist in solution in high concentration.
The intramolecular H-bond in disiloxanediol 4b is much
weaker, although the calculated equilibrium constant of
0.38 suggests that this complex may exist in solution at
considerable concentration.

3.3. Basicity of silanols and their hydrogen-bonded
complexes.

The absolute proton affinities (PA) and the basicities
of silanols and their hydrogen-bonded complexes were
calculated as the negative of the enthalpy and of the free
energy, respectively, for reactions represented by Egs.
(4)—-(6). The absolute and relative (with respect to 1)
proton affinities and basicities of the studied species are
listed in Table 4.

i
+
ESiOH--~OH2+H+—>—=—SiOH'-'OH2 (4)
H H
4 7
$i-0, R $1-0,
0 + HY —» O
$i-0 \Si—O}; (5)
H
= SiOH + H* - = SiOH} (6)

The only quantitative experimental data concerning
the gas phase proton affinities of silanols is the PA for
Me,SiOH, which was deduced from the energy of
reaction 7 to be 768.6 kJ /mol (183.7 kcal /mol) [19].

Me,Si*+ H,0 — Me,SiOH (7)

The proton affinity of the parent silanol 1 was calcu-
lated at various levels of theory. The most accurate
values are those obtained using G1 and G2 theories and
MP2(full) /6-31G " optimized geometry (Gl: PA, =
7414 kJ/mol (177.2 kcal/mol); G2: PA,=742.7
kJ /mol (177.5 kcal/mol) [34], PA ,o = 746.4 kJ /mol
(178.4 kcal /mol) [58]). At the MP4/6-31G "/ /HF /6-
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Table 4

Calculated absolute and relative (H;SiOH) proton affinities and
basicities (kJ /mol) of model silanols and their complexes in standard
state (1 atm, 298 K)

Species PA Relative AG°®  Relative
PA basicity
H,SiOH (1) 7615 0 7289 0
H,SiOH - OH, (10) 848.1 866  8ISS5 866
(CH,),SiOH* 768.6 7.1
H,Si(OH), (2) 766.9 54 743.5 14.6
H,Si(OH),-OH, (1D 839.3 77.8 814.2 85.3
H,SiOSiH,0H (3) 778.6 17.1 751.9 23.0
H,Si0SiH,0H-OH, (12) 8745 113.0 8439 1150
H(OSiH,),0H (4a) 7912 297 7452 163
H(OSiH,),0H (4b) 8226  61.1 787.0  58.1
H(OSiH,),0H-OH, (13) 861.5 100.0 8364 1075
H,SiOSiH} 7753 138 7401 112

?See Ref. [19].
"See Ref. [54].

31G* level, the PA,g, for 1 is 761.5 kJ/mol (182.0
kcal /mol) (Table 4).

The basicity order for uncomplexed silanols is 4a >
3> 2> 1, although the differences are not large and
can be ascribed to the greater polarizability of larger
molecules. The relatively strong hyperconjugation effect
associated with the presence of the geminal oxygen
substituent (OH in 2, OSi in 3 and 4) may additionally
stabilize protonated siloxanols relative to the parent
silanol 1. The calculated basicities of model silanols and
siloxanes are similar [54]. For example, at the MP4 /6-
31G*//HF /6-31G " level disiloxane is by 9.2 kJ /mol
more basic than 1 (Table 4).

The silanol groups involved in the hydrogen bond as
proton donors are much stronger bases than the related
free species (Table 4). Thus, the complexes 12 and 13
are by 90 kJ/mol more basic than the corresponding
disiloxanols 3 and 4a. The basicity of the cyclic com-
plex 4b is by 42 kJ /mol higher than that of the open
chain conformer, 4a. The enhanced basicity of hydro-
gen-bonded complexes of silanols is associated with the
increase of electron density on oxygen in the silanol
group involved in the H-bond as a proton donor. Such
complexes are expected to be more reactive than the
free silanols in reactions of the nucleophilic substitu-
tion.

Thermodynamic quantities of the above reactions in
solution differ from the values calculated for these
reactions in the vapour phase, because of the solvation
effects [59]. However, in ‘inert’ solvents, where no
strong, specific interactions between solvent and a so-
lute are involved, the solvation effect is usually small
[59]. When the species to be compared have similar
structure, like, for example, the series of siloxanols or
siloxanediols, one may expect that thermodynamic pa-
rameters of their solvation are similar and the order of
the calculated basicities is preserved on going from
vapour to solution.

4. Conclusions

The hydrogen-bonded complexes discussed here are
the simplest representatives of a variety of possible
structures. Calculated thermodynamic parameters of hy-
drogen bond formation indicate that these complexes
may exist in solution in significant concentration.

The silanol groups involved in the hydrogen bond as
H-donors (to water or another SiOH group) show much
higher basicity than the corresponding free species.
Hydrogen bond in the protonated complexes of silanols
is shorter and stronger than in the neutral complexes.
The main reason for the enhanced basicity of such
complexes is the increase of electron density at the
silanol oxygen.

The enhanced basicity of the hydrogen-bonded silanol
groups is responsible for a great tendency to formation
of polymeric aggregates in solution, particularly at high
SiOH concentrations.

Assuming that the nucleophilicity is roughly propor-
tional to the basicity of a given species, the hydrogen-
bonded silanol groups are expected to be more reactive
towards silicon in nucleophilic substitution reactions, in
particular, in condensation.

Oligosiloxanediols form intramolecular end-to-end
complexes, which are responsible for their higher reac-
tivity in condensation reactions in ‘inert’ solvents, com-
pared to monofunctional siloxanols [26].
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