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Abstract Quantum chemical calculations using density
functional theory have been carried out to investigate two
chemical pathways for the last step of the hydrolysis of
tetraethylorthosilicate (TEOS) in basic catalyzed environ-
ment. The two models that are introduced in this study
depend on the number of water molecules involved at the
base catalyzed hydrolysis. Solution equilibrium geometries
of the molecules involved in the transition states, reactants
and product complexes of the two chemical pathways were
fully optimized at B3LYP level of theory with the standard
6-31+G(d) basis set, modeling solvent effects using a polar-
izable continuum solvation model (PCM). Both models
predict relative low activation energies. However, the model
with two water molecules seems to be more adequate to
describe the basic hydrolysis. A natural bond orbital (NBO)
analysis seems to show that the proton transfer from water to
ethoxy group would occur through a large hyperconjugative
interaction, LPo—0*(0-H), which is related to the nonbond-
ing oxygen lone pair orbital from ethoxy group with the
vicinal 0*(O-H) anti bonding orbital O-H of a water molecule.
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Introduction

Tetraethylorthosilicate, TEOS (Scheme 1), also named tet-
raethoxysilane (Si(OR), where OR is an ethoxy group, i.e.,
OCH,CHj,) is widely utilized in the sol-gel chemistry of
alkoxides [1-5] as molecular precursor, where through hy-
drolysis and condensation reactions, a large variety of silica
based materials are produced such as xerogels, aerogels,
glass, glass ceramics and composite materials because a
useful advantage consists of the fact that once displaced
from the metal (or metalloid) environment by solvolysis,
alcohol groups do not take part in the subsequent conden-
sation processes and it is easily removed from the solution
[6]. Through sol-gel processing, it can be considered that
hydrolysis and condensation processes of TEOS lead to the
formation of an amorphous silica network due to the fact
that TEOS is extremely sensitive to hydrolysis by water [7].
On the other hand, it is known that during most of the
hydrothermal synthesis of crystalline aluminosilicate zeo-
lites, the silica sources come mainly from silica gel and
sodium silicate. However, an organic silica source as TEOS
in the presence of surfactant has been successfully used to
synthesize zeolites such as MFI [8], zeolite-beta [9] and
MCM-22 [10] and also a mesoporous molecular sieve ma-
terial, named MCM-41 [11]. It is worth noting that there
exists mesoporous silica based materials that can be synthe-
sized in basic conditions using molecular precursors as
silatranes [12] obtained from TEOS. The rate of hydrolysis
would determine whether a solid network is able to form
before or after an ordered mesophase forms. Thence, differ-
ences in precursor reactivity can play a significant role in
determining the range of conditions in which ordered mate-
rials can be synthesized [12, 13].

Some authors [14—16] proposed that the alkoxisilane
hydrolysis would involve a SN2 mechanism. Under base-
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Scheme 1 Tetraethylorthosilicate, TEOS

catalyzed hydrolysis [1], there exists two mechanistic mod-
els. In a first model H,O rapidly dissociates to produce
nucleophilic hydroxyl anions. Afterward, according to Iler
[14] and Keefer[15], the hydroxyl anion would attack the
silicon atom where OH displaces the OR™ group with
inversion of the silicon tetrahedron (see Scheme 2). In the
second model proposed by Pohl et al. [16], there would be a
stable five-coordinated intermediate which decays through a
second transition state (see Scheme 3). In this way, a com-
plete hydrolysis under basic/acid-catalyzed conditions
would occur over a four-step process reaching a Si(OH),
monomer. It is noteworthy to recall that the experimental
pK, of Si(OH), is 9.8 [14]. Afterward, condensation of Si
(OH)4 monomers leads to a silica framework.

One of the first experimental studies was achieved by
Aclion et al. [7]. They evaluated condensation rate constants
by analyzing the kinetic of acid- and alkaline catalyzed
hydrolysis of ethyl silicate (TEOS) by volumetric titration.
Later, much of the experimental investigations on hydroly-
sis kinetics applied to alkoxysilanes have been performed by
Si solution NMR and vibrational spectroscopies such as,
mainly FTIR and Raman [17-45]. From the NMR experi-
ments, early detailed kinetic analysis of the rate constants, k;
to ky, for the four step processes of TEOS hydrolysis in
acid-catalyzed environment have been published [19, 23].
However, quantitative and detailed measurements of basic-
catalyzed solution are not yet published. NMR spectroscopy
is a powerful instrument to quantify all of the species that
are present during hydrolysis because it distinguishes

Scheme 2 Inversion of the
silicon tetrahedron

OH + RO—
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among the different silicon species, enabling measurement
of the different hydrolysis and condensation rates for a
tetrahedrally coordinated organosilicate. However, there exist
some difficulties that are inherent for this technique;
indeed, the NMR signal is limited both by low natural
abundance and the temporal resolution due to the long
2%Si spin-lattice relaxation time (T1). According to
Artaki et al. [45], the hydrolysis process of alkoxysilane
in an alkaline catalyzed system shows serious phase
separation resulting in the great difficulty of following
the reaction with a loss of NMR signal. FTIR spectros-
copy has a high sensitivity with a fast scanning ability,
however, this spectroscopy provided ‘in situ” qualitative data
[27]. Recently, it is worth noting that Jiang et al. [38] obtained
“in situ” quantitative analysis of methyltriethoxysilane
(MTES) hydrolysis by calibrating the system with standards.

Hydrogen bond is one of the weak chemical interactions,
and it plays crucial roles in a lot of chemical and biochemical
processes. Functional groups as hydroxyls are able to develop
intermolecular hydrogen bonding which can influence molec-
ular stability, and also transition states [46] favoring different
reaction pathways. This feature is significant for the fourth
step process of TEOS hydrolysis in alkaline reactive medium
which contain multiple hydroxyl groups capable of extensive
intra- and intermolecular hydrogen-bonded networks. The
present work reports a theoretical investigation using density
functional theory (DFT) methodology in order to understand
the fourth step process of TEOS hydrolysis in base catalyzed
environment modeling solvent effects using a self-consistent
reaction field (SCRF) as the polarizable continuum solvation
model (PCM) [47]. In the PCM model, the solute molecules
are embedded in molecular-shaped cavities surrounded by a
continuous dielectric medium, whose polarization is repro-
duced by point charges distributed on the cavity surface.
PCM exploits cavities built with interlocking spheres centered
on atoms, according to the GEnerating POLyhedra (GEPOL)
procedure [48]. The objective of this work is to examine
theoretical reaction pathways taking into account the intermo-
lecular hydrogen-bonding interactions and thence to deduce
an appropriate model. From the results of this study, a new
investigation is in progress to complete the theoretical base
catalyzed hydrolysis of TEOS occurring over a four-step
process and thus to calculate their theoretical hydrolysis rates.
As the experimental kinetic data of alkoxysilane hydrolysis in
base catalyzed environment are scarce, the theoretical
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Scheme 3 Second transition state

knowledge of their hydrolysis rates would allow getting a
deeper insight on the role precursor reactivity to obtain or-
dered mesoporous materials.

Calculations

All the calculations on the potential energy surface (PES)
and geometry optimizations of the critical points (transition
structures, reactants and products) were carried out using a
DFT method at the B3LYP [49-51] level of theory with the
standard 6-31+G(d) basis set using the Gaussian03 program
package [52]. Density functional methods have been quite
useful for hydrogen-bonded complexes; in particular the
B3YLP functional has been proven to be highly effective
with large basis sets [53-56] and the inclusion of diffuse
basis functions is indispensable to describe negatively
charged systems [57]. Calculations have been performed
taking into account the solvent effects using a self-
consistent reaction field (SCRF) such as the polarizable
continuum solvation model (PCM) [47]. Due to conver-
gence problems during optimization, internal parameters of
the program such as TSARE and RMIN were changed.
Notwithstanding, once the optimizations of all of the critical
points have been obtained, these ones have been newly
calculated with identical parameters (RMIN, TSARE, ...)
in order to harmonize the results. Each solute atom is
assigned a Bondi’s radii [58]. All calculations in solution
have been performed using the dielectric constant of water
(78.39). Harmonic vibrational frequencies are computed at
this level in order to verify the character of the stationary
point located (one imaginary frequency for a TS and none
for a minimum) and also to obtain the zero-point energies
(ZPE) and contributions to the free energy. In the course of
the calculations for each chemical pathway, the transition
vector coincides with the true reaction vector at the actual
transition state (i.e., the single eigenvector with negative
eigenvalue at the saddle point). Furthermore, each transition
state has been connected with the corresponding minima on
the appropriate potential energy surface by calculating the

minimum energy path through the intrinsic reaction coordi-
nate (IRC) [59, 60]. The geometries from the IRC pathway
were optimized to obtain the corresponding reactant com-
plex (RC) and product complex (PC). Natural bond orbital
(NBO) [61] calculations have also been performed for some
conformations using the standard 6-31+G(d) basis set. In
this context, a study of hyperconjugative interactions has
been completed. Hyperconjugation may be given as a
stabilizing effect that arises from an overlap between
an occupied orbital with another neighboring electron
deficient orbital when these orbitals are properly orient-
ed. This noncovalent bonding-antibonding interaction
can be quantitatively described in terms of the NBO
approach that is expressed by means of the second-
order perturbation interaction energy (E®) [62—65]. This
energy represents the estimate of the off-diagonal NBO
Fock matrix elements.

Results and discussion

The first part of this study describes the theoretical
mechanism for a base-catalyzed hydrolysis of Si
(OH);0R (R=CH,CH3) which is catalyzed by hydroxide
ion (OH") in the presence of one water molecule and a
continuum environment. The second part will considerer
the reaction pathway in which the base catalyzed hydro-
lysis occurs in the presence of two explicit water
molecules.

Stationary structures for the first theoretical pathway for a
base-catalyzed hydrolysis with one water molecule are pre-
sented in Fig. 1. This corresponds to the attack of the
hydroxide ion on the electropositive silicon atom to reach
protonated silicic monomer, Si(OH), and ethanol
(CH3CH,OH) through three transition states, thus, display-
ing a theoretical pathway in three steps. The first step
corresponds to the nucleophilic attack by OH (TSI) and
the formation of a neutral pentacoordinated silicon complex
(PC1). This mechanism proceeds via a bimolecular nucleo-
philic substitution (Sn2-Si) process due to the fact that the
silicon atom can expand its valence. The transition state
(TS1) presents a low imaginary frequency (see Fig. 1).
The second step corresponds to the breaking of the Si-OR
bond (TS2) with the displacement of ethoxy group, being
stabilized by hydrogen bonds with the Si(OH), species
(PC2). The fully separated fragments Si(OH);, C,HsOH
and OH ™ are obtained in the third step after a proton transfer
from water to the leaving ethoxy group (TS3). Independent-
ly of SCRF parameter variations, a full geometry optimiza-
tion leads to Si(OH);O0 complex. In order to prevent the
proton transfer the O-H distances of the silicic monomer
were fixed. Notwithstanding, full optimizations in gas phase
of RC3 and PC3 complexes confirm the last step in Fig. 1,
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Fig. 1 Geometries for the first theoretical pathway of a base-catalyzed g § E
hydrolysis of Si(OH);0R (R.:CH2CH3.) Ain the presence of one water i g § =
molecule. All qf the geom.etngs of trar.lsmqn states show the eigenvec- 5% - S g
tor corresponding to the imaginary vibration mode that is associated S 37 O | o T
with the reaction coordinate é E ~ i
4 «
5= 2

where no formation of Si(OH);O~ complex is obtained.' f § = =
The barrier energies of the first theoretical model are given :% 3 o | o ;
in Table 1. Free energies have been corrected taking into %‘i =1 -
account the zero point energy. The activation free energy 38
measured from RC1 is 12.58 kcal mol™" while the value % % g
from separated reactants is 12.90 kcal mol ! 2 B ; § g

The second theoretical pathway considers the presence of % i 9 § )
two water molecules and the results are presented in Fig. 2 2 g 2T L
and Table 2. As in the first chemical pathway analyzed = &
above, this second pathway also occurs via three steps. & = E
The presence of an additional water molecule modifies the LZ 5 §
geometries and energetics of the reaction. After the forma- Ew o | g @
tion of the pentacoordinated complex and the displacement ; Ng 2| Fe
of the ethoxy group, the reaction continues up to an inter- % 8
mediate complexe (PC1=RC2), which through an intermo- 2 chn §
lecular proton transfer (TS3) process allows to obtain the ; § g —
final products of the base catalyzed hydrolysis of TEOS. In £ “: . g
this case it was not necessary to fix the OH distances in f % 1T =
order to prevent the formation of Si(OH);O  anion. Thence, % =
the two theoretical models conclude to identical final prod- E % g 2
ucts: Si(OH)4 ethanol and OH, although geometrical % g S 5
restrictions were needed in the model containing only one = pS SRR g
water molecule. This difference is probably related to the = i 2% < E
limitations of the continuum model to provide an adequate TQ:E %
stabilization of small charged species and points out to the é :;ﬁ § 5
two-solvent molecules as the most adequate to analyze the 5 3 2 7
process. The details of corrected energies with ZPE from the ; «2 —~ |z a &
conformations in Fig. 2 are presented in Table 2 where the 7 2 21 F < =
activation free energy measured from RC1 is 10.28 kcal mol = £ £
while from separated reactants is 13.99 kcal mol .. g E = §

A natural bond orbital (NBO) analysis has been per- E = § ”g
formed to provide insight into the role of electronic delo- 2 E’:, _ o §'§ g
calization in the two chemical pathways. Indeed, a study g § Z % = ?
showed that the hyperconjugative interactions might influ- 2 g 5]
ence the GIAO calculations in alkoxysilanes such as sila- é _%D = E
tranes [66]. In this way, we have undertaken NBO analysis = g S g
to the RC3 conformation in Fig. 1, and the PC2=RC3 ‘i £ _ o °
. AR Z
! The SCRF methodology reveals one negative frequency for the E E @ ;
energy minimum in the RC], PCI, RC3 and PC3 complexes.. All of i_&;} % ~ 2
them are low, corresponding to the movement of OH bond in H20 8o o | O =
molecule or the rotation of CH3 group. In this way, a second low g § & = ®
negatiye frequency appears in the TS3 calculgtion.. No negative fre- 88 § g ;;
quencies haye been obtained from the 'calculatilons in gas phase what & %D § :’_’ =
could confirm these ones as theoretical artifacts from the SCRF g 5 Slol|l w38 >
methodology. Fsgl 2| = 322 @
2 The conversion of solvation free energies at 298K to a standard state < ER= ﬁ $x|g| =
IM is performed by adding +1.89kcalmol ™' to the computed solvation == E' s R 2
free energy. SE2slalT¥exITIS
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Fig. 2 Geometries for the second theoretical pathway of a base-
catalyzed hydrolysis of Si(OH);OR (R=CH,CHj;) in the presence of
two water molecules. All of the geometries of transition states show the
eigenvector corresponding to the imaginary vibration mode that is
associated with the reaction coordinate

intermediate in Fig. 2. All of these structures correspond to
complexes just before the proton transfer. NBO calculations
applied to RC3 conformation in Fig. 1 reports that the more
intense magnitudes for the hyperconjugative interactions are
related to the nonbonding oxygen lone pair orbital from
OR"™ (ethoxy group) with the vicinal 0*(O-H) anti bonding
orbital O-H from Si(OH); where LPo—0*(O-H) is
66.90 kcal mol ' and also to the nonbonding oxygen lone
pair orbital from OR™ (ethoxy group) with the vicinal o*(O-
H) anti bonding orbital O-H from water molecule with
LPo—0*(O-H) is 50.62 kcal mol . The third interaction,
LPo—0*(0-H), with an energy of 28.82 kcal mol ' is
related to the nonbonding oxygen lone pair orbital from
water molecule with the vicinal o*(O-H) anti bonding or-
bital O-H from Si(OH),. The magnitudes of the hypercon-
jugative interactions emphasize the fact to fix the OH
distance to prevent the proton transfer from Si(OH), to
ethoxy group and thus to form Si(OH);O complex. The
calculations of the transition state (TS3) unambiguously
shows that the proton transfer comes from water molecules.
The PC2=RC3 intermediate in Fig. 2 is the second pre-
reaction complex that has been studied. Anew, the same
behavior is confirmed. The most intense interaction
(LPo—0*(0-H)) gives 103.25 kcal mol ' where the vicinal
0%*(0-H) anti bonding orbital O-H comes from the water
molecule close to the oxygen of OR . The second more
intense energy (52.36 kcal mol™') is associated with the
nonbonding oxygen lone pair orbital from OR™ with the
vicinal 0*(O-H) anti bonding orbital O-H from Si(OH),,
however, its magnitude remains much less intense than the
interaction with the anti bonding orbital O-H from water
molecule. The magnitude of the others interactions are be-
low 9.01 kcal mol ™', The results of NBO calculations would

Table 2 Total free energy in solution (in hartrees) and their differences
(in keal mol ™', parentheses) relative to those of reactant complex for a
base-catalyzed hydrolysis in the presence of two water molecules.
Energies have been calculated taking into account the zero point

seem to indicate that an intense LPo—0*(O-H) plays an
important role and it shows that the lone pairs which are
formally nonbonding in the pre-reaction complexes prior to
intermolecular hydrogen atom transfer, become partially
bonding in TS structures.

Comparison of the free energy barriers and of the geo-
metrical description of the reaction mechanisms obtained
with the two models points out that the second pathway
with two water molecules not only more plausible from the
energetic point of view but also a more adequate and con-
sistent theoretical model to study this reaction. In any case
both models agree in the fact that the rate limiting step
would be the nucleophilic attack of the hydroxide anion to
produce the pentacoordinated intermediate. The energetics
of this step would be dominated by the desolvation of the
nucleophile. A gas phase theoretical study on hydrolysis
in acid/base conditions of another silane such as meth-
ylmethoxydihydroxysilane has been examined using
B3LYP/6-31G(d)(SCRF)//RHF/6-31G(d) in order to de-
termine how many water molecules are involved during
both nucleophilic attacks to the silicon center and pro-
ton relay for the exchange of covalent and hydrogen
bond [46]. Under basic conditions, a hydroxide ion was
employed as nucleophile with one water molecule. In
this chemical pathway, after a back-side attack, forma-
tion of a pentacoordinate intermediate was found. The
final reaction product was composed by MeSi
(OH),0 (H,O) and MeOH in which an intermolecular
hydrogen bond was established between H,O and MeSi
(OH),O . The estimation of the activation energy for
this reaction pathway was 8.1 kcal mol '. Note that
though the silane is different, the order of magnitude
for this activation energy is close to that obtained with
our second model. Unfortunately, only the study under
acid and neutral conditions varying the size of water
clusters (dimer, trimer etc.) has been reported [46]. The
analysis of the results indicates that the activation ener-
gy decreases with the number of water molecules.
According to Okumoto et al. [46], two water molecules

energy (ZPE). To convert solvation free energies at 298 K to a standard
state 1 M then +1.89 kcal mol™' must add to the computed solvation
free energy

OH ...2H,O RCI1
+ Si
(OH);0R

TS1 PC1 RC2

TS2 PC2=RC3 TS3 PC3

—228.769148  —900.213373

~671.450141  (0)
~900.219289

(-3.71)

~900.196991
(10.28)

~900.200294
(8.21)

~900.190971
(14.06)

~900.182167
(19.58)

~900.22245
(-5.70)

—900.212708
(0.42)

—900.213324
(0.03)

Underlined values are the sum of the total free energy in solution (in hartrees) for all complexes.
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are needed to promote proton transfer. Liu et al. [67]
calculated the acid dissociation mechanisms of Si(OH),4
by using Car—Parrinello molecular dynamics simulations
in which the reaction involves more than four water
molecules. An experimental study [43] on the effect of
water content claims that in systems with high water
content ([H,O]/[TEOS]), hydrolysis proceeds up to com-
pletion, while in systems with a low water content
hydrolysis is incomplete. Our second model would then
be in agreement with this experimental study. Up to now,
only one global experimental activation energy for the com-
plete base-catalyzed hydrolysis of TEOS has been published,
providing a value of about 6 kcal mol ™' [43, 44] in qualitative
agreement with our theoretical estimations.

Conclusions

Tetraethylorthosilicate (TEOS) is one of the more important
molecular precursors in the sol-gel chemistry of alkoxides
and it takes part in the synthesis of some zeolites and
mesoporous molecular sieve materials. Detailed hydrolysis
of TEOS in acid catalyzed environment has been experi-
mentally studied, however, the equivalent study in basic
conditions is still lacking. In this way, a theoretical study
on the hydrolysis is proposed which is mainly centered in
the last step process because the presence of multiple hy-
drogen bonds can influence molecular stability and transi-
tion states. The present theoretical investigation has been
performed using DFT methodology to understand TEOS
hydrolysis in a base catalyzed environment modeling sol-
vent effects using a self-consistent reaction field (SCRF) as
the polarizable continuum solvation model (PCM). Calcu-
lation of the potential energy surface (PES) and optimiza-
tions of stationary states at the B3LYP level of theory with
the standard 6-31+G(d) basis set have allowed us to explore
two chemical pathway depending on the number of water
molecules explicitly considered during hydrolysis of TEOS.
The first model considers one water molecule whereas the
second one is performed with two explicit water molecules.
Both models predict low activation energies. The compari-
son of the theoretical models shows that the second model is
more plausible. A natural bond orbital (NBO) analysis has
been performed on the two chemical pathways where it
would seem that the proton transfer from water to ethoxy
group occurs through the more intense magnitude of the
hyperconjugative interaction, LPo—0*(O-H), that is related
to the nonbonding oxygen lone pair orbital from ethoxy
group with the vicinal 0*(O-H) anti bonding orbital O-H
from water molecule.
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