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ABSTRACT: Hydroxymethylsilanetriol undergoes condensation reactions to form ) PR 4
new structures with an organic part in the formed bridges. As a first step to explore 2 HOCH:Si(OH)s YY)
the formation of these bridges, we studied the corresponding mechanisms using ?6& ; @
simple models and theoretical methods. Three mechanisms were studied for the 3 ‘,: @ ,J\‘ y - ?
formation of dimers of hydroxymethylsilanetriol with bridges: Si—O—C—S8i, Si—O— AG 3 oe e

Si, and Si—C—O—C—Si. Energies are calculated using M06/6—311+G(d,p) single- " Q‘ ?

point calculations on B3LYP-optimized geometries in solution and including B3LYP ,‘ e

thermodynamic corrections. The first mechanism for the formation of the Si—O—C— -2 J. 2

Si bridge consists of one step. The second mechanism for the formation of the Si— 3 Y “J ¥
O-Si bridge consists of two steps. The barrier for the last mechanism for the PY
formation of the Si—C—O—C-Si bridge is too high and cannot occur at room H20 P“ 2 6‘;’
temperature. The energy barriers are 31.8, 27.6, and 65.9 kcal mol™" for the first, 770 ?

second, and third mechanisms, respectively. When adding one explicit water
molecule, these energies are 25.9, 22.9, and 80.3 kcal mol ™!, respectively. The first and second mechanisms can occur at room
temperature, which is in agreement with the experimental results.

B INTRODUCTION ques leading to organosilicate compounds. The sol—gel
process is a widely used method to synthesize a wide selection
of materials. Its main application is on silicate materials, which
can be synthesized with great homogeneity and purity under
relatively mild conditions.”” The organosilicate structures

Silicates are the predominant substance of the earth’s crust.'
Over the last decade, silica nanoparticles have been used in
varied applications, including ceramics, pharmaceuticals,
catalysis, chromatography, imaging, and electronic packaging
and in the synthesis of multifunctional nanocomposites.”~"
For years, research has been dedicated to the preparation of
hybrid organic—inorganic structures. The wide diversity of
organic molecules in combination with silicon-based polymers
or alkoxysilanes allowed preparation of many hybrid materials
used in different fields.” The use of precursors already carrying
an organic part and a mineral part allows obtaining

derived from hydroxymethylsilanetriol can be converted to
silicon dioxide at relatively low temperatures."

During drying, hydroxmethylsilanetriol-derived gels have less
stress cracking than conventional tetraethoxysilane. It was
proposed that the Si—O—C bond equilibration during this
process contributes to stress relief.

Even though a large number of theoretica and
experimental studies”'’™'” on the mechanisms of silicate
condensation have been reported, to our knowledge, there is
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advantageous properties and can lead to new mechanisms of
condensation.

Silanetriols having the general formula RSi(OH); (R =
organic substituent) are a particular class of complexes that
combines the properties of silicic acid with those of
organosilicon structures. Silanetriols can form siloxane bonds
through condensation reactions.

Arkles et al.' used the precursors hydroxymethyltriethox-
ysilane and hydroxymethyltrimethoxysilane to form hydrox-
ymethylsilanetriol, HOCH,Si(OH);. They used spectroscopy Received:  September 11, 2021
techniques to identify its structures in the presence of water. Accepted:  December 24, 2021
Hydroxymethylsilanetriol is similar to silicic acid, which has Published: January 7, 2022
four hydroxyl groups and differs only by a methylene group.’

With similar properties to the latter, it can go through
condensation reactions related to sol—gel processing techni-

no theoretical study of the mechanisms of condensation of
hydroxymethylsilanetriol with different properties due to the
presence of an organic part that leads to different products
with Si—0-S8i, Si—O—C-S8j, and Si—C—O—-C-Si bonds.

To achieve this goal, density functional calculations using a
solvation model were performed to determine the different

© 2022 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.1c05027
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Figure 1. Optimized geometrical structures for the first mechanism of dimerization: formation of dimer D1 (Si—O—C—Si) at the B3LYP/6-
31+G(d) level using the SMD solvation model. Bond lengths are in angstrom (A); RC: reactant complex, TS: transition state, and PC: product

complex.

reactant compounds, transition states, intermediates, and
products for the condensation mechanisms of hydroxymethyl-
silanetriol.

We compared our findings with the available experimental
2Si NMR observations presented by Arkles et al.'

B RESULTS AND DISCUSSION

Arkles et al.' followed the condensation reaction of
hydroxymethylsilanetriol experimentally using various spectro-
scopic techniques.”’Si NMR was used in the analysis of the
hydrolysis reaction. They proposed that the obtained products
were the simple monomer hydroxymethylsilanetriol and
siloxane-bridged, silmethyleneoxide-bridged, and mixed
bridged oligomeric condensates. The NMR of the hydrolysis
reaction was different from tetraethoxysilane hydrolysis,
showing that there is no loss of the hydroxymethylene
group. This **Si NMR study of hydrolysis was performed by
mixing a sample of 50% of hydroxymethyltriethoxysilane with
an equal volume of water, leading to hydroxymethylsilanetriol
and the different condensation products.’ Thus, the solvent
used in this work was water.

As a first step to explore the formation of these products, we
studied the corresponding formation mechanisms using simple
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models and theoretical methods. The mechanisms that lead to
products with Si—O-Si, Si—O—C-Si, and Si—C—O—-C-Si
bonds were studied theoretically. All of the optimized
geometrical structures of the critical points (transition
structures, reactants, and products) were performed using a
DFT method at the B3LYP level of theory with the standard 6-
31+G(d) basis set and the continuum solvation model SMD.
Reaction energies and barriers in the solvent phase were
computed at different levels of theory B3LYP/6-31+G(d) and
M06/6-311+G(d,p)//B3LYP/6-31+G(d).

Study of the First Mechanism of Dimerization (D1):
Formation of Dimer D1 (Si—O—C-Si). We first began by
studying the formation of dimer D1. The formation of this
dimer passes through a reaction of oxolation. The optimized
model structures of the condensation of HOCH,Si(OH); are
presented in Figure 1.

The reaction begins with the nucleophilic attack of
hydroxide (C—O(2)—H) of the first monomer on the Si(1)
atom of the second monomer [O(2) on Si(1)] to form a
transition state (TS) that has a four-membered ring [Si(1)—
O(1)—H-0(2)]. The four atoms Si(1), O(1), H, and O(2)
are in the same plane. The nucleophile (O(2)-H) is
coordinated with the atom Si(1) with a distance of 3.88 A

https://doi.org/10.1021/acsomega.1c05027
ACS Omega 2022, 7, 2661—-2670
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(Figure 1: RC). This transition state (Figure 1: TS) is formed
by a bridge (Si—O—CTSi) (0(2) is bound to Si(1) with a
distance equal to 1.81 A).

The hydrogen migrates to O(1) to form a water molecule.
We note that the formation of a hydrogen bond between
[O(2), H, and O(1)] occurs during the transfer of the proton.
The [O(2)—H] bond distance is elongated to 1.15 A (from
0.97 A in the reactant complex (RC)), and the [Si(1)—0(1)]
bond is also stretched to 1.95 A (from 1.65 A in the reactant
complex (RC)). The distance [O(1)—H] is shortened to 1.32
A (from 3.16 A), and the[Si(1)—0(2)] bond is reduced to
1.81 A (from 3.88 A). This transition state leads to a complex
involving dimer D1 with the departure of a H,O molecule
(Figure 1: PC1).

The reaction energy between the reactant complex (RC)
and the product complex (PC1) is AE = 2.1 kcal mol™! (AG =
2.6 kcal mol™") at B3LYP/6-31+G(d) and AE = 0.6 kcal mol™
(AG = 1.0 kcal mol™) at M06/6-311+G(d,p)//B3LYP/6—
31+G(d) (Table 1 and Figure 4). It is noted that the reactive

Table 1. Relative Electronic Energy AE and Relative Gibbs
free Energies AG Using the SMD Solvation Model at
Different Levels of Theory for the Mechanisms of
Dimerization (kcal mol™)

MO06/6—
311+G(d,p)// B3LYP/6—

B3LYP/6-31+G(d) 314G(d)

AE AG AE AG
Mechanism (D1) (Si—O—C—Si)
RC 0.0 0.0 0.0 0.0
TS 33.2 34.3 30.7 31.8
PC1 2.1 2.6 0.6 1.0
Mechanism (D2) (Si—O-Si)
RC 0.0 0.0 0.0 0.0
TS1 27.0 29.5 25.1 27.6
M 9.2 17.2 7.1 15.1
TS2 10.3 18.4 7.7 15.8
PC2 —8.4 -39 —-8.2 -3.7
Mechanism (D3) (Si—C—0O—C-Si)

RC 0.0 0.0 0.0 0.0
TS 68.0 65.1 68.7 65.9
PC3 -0.7 =23 =22 -3.8

complex (RC) is more stable than the product complex (PC1).
The reaction remains possible because the energy gap between
the reactants and the product remains low.

By studying the energy profiles of the dimerization reaction
of two monomers leading to the formation of dimer D1, the
energy barrier between the transition state (TS) and the
reactive complex (RC) is found to be 33.2 kcal mol™' (AG*
=34.3 kcal mol™!) at B3LYP and for MO6/B3LYP, AE* is of
the order of 30.7 kcal mol™'(AG* = 31.8 kcal mol™").

Study of the Second Mechanism of Dimerization
(D2): Formation of Dimer D2 (Si—O—Si). The formation of
dimer D2 also passes through a reaction of oxolation. The
formation of the dimer D2 passes through two transition states
and a single intermediate. The structures optimized by our
calculations are presented in Figure 2.

In this case, the reaction proceeds by the nucleophilic attack
of the hydroxide (O(2)—H) bonded to the Si atom of the first
monomer on the Si(1) atom of the second monomer [O(2) on
Si(1)], passing through a first transition state (TS1) that has a
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four-membered ring [Si(1)—O(1)—H—0(2)]. The nucleo-
phile (O(2)H) is coordinated to Si(1) with a distance of 3.95
A

In this transition state (Figure 2:TS1), the distance [Si(1)—
0(2)] is reduced to 2.12 A from 3.95 A present in the reactant
complex (RC). This transition state leads to an intermediate
(IM) formed by a bridge (Si—O—Si), where the Si(1) is
pentacoordinate. O(2) is bonded to Si(1) with a distance equal
to 1.76 A. The hydrogen atom “H” migrates to O(1) to form a
molecule of water.

In the second transition state (Figure 2:TS2), the distance
[0(2)—-H] is elongated to 2.55 A (from 249 A in the
intermediate (IM)) and the distance [O(1)—H] is reduced to
1.00 A (from 1.02 A in the (IM)). The [Si(1)—0O(2)] bond is
shortened to 1.72 A (from 1.76 A in the (IM)). The length of
the bond [Si(1)—O(1)] is 0.12 A longer than that of the
intermediate (IM), which eventually leads to the total
separation of the water molecule and makes it possible to
obtain the final product (Figure 2: PC2).

It is observed that the product complex (PC2) is more stable
than the reactive complex (RC), and the difference between
them is of the order of AE = —8.4 kcal mol™' (AG = —3.9 kcal
mol™") at B3LYP/6-31+G(d) and about AE = —8.2 kcal mol™*
(AG = —3.7 kcal mol™) at M06/6-311+G(d,p)//B3LYP/6—
31+G(d) (Table 1 and Figure 4).

By analyzing the energy profiles of the condensation reaction
of the two monomers leading to the formation of dimer D2,
the energy barrier between the first transition state (TS1) and
the reactive complex (RC) is found to be equal to 27 kcal
mol!(AG* = 29.5 kcal mol™") in B3LYP and for B3LYP/MO06,
it is of the order of 25.1 kcal mol™ (AG* = 27.6 kcal mol™?).

Study of the Third Mechanism of Dimerization (D3):
Formation of Dimer D3 (Si—C—O—C-Si). We proposed a
third mechanism for the dimerization of hydroxymethylsilane-
triol, leading to the formation of dimer D3 with a C—O—-C
bridge using the same calculation methods presented
previously. This dimer has not been identified experimentally.
Figure 3 shows the details of this reaction path.

The reaction proceeds by the nucleophilic attack of the
hydroxide (O(2)—H) bonded to the carbon “C” of the first
monomer on the C(1) atom of the second monomer [O(2) on
C(1)]. The complex reactant turns into the product via a
transition state with hydrogen transfer. After “H” transfer, the
water fragment leaves the molecule to form the dimer D3.

The reaction energy between the reactant complex (RC)
and the product complex (PC3) is AE = —0.7 kcal mol™"! (AG
—2.3 kcal mol™") at B3LYP/6-31+G(d) and AE = —2.2 kcal
mol™ (AG = —3.8 kcal mol™) at M06/6-311+G(d,p)//
B3LYP/6—31+G(d) (Table 1 and Figure 4). It is observed
that the product complex (PC3) is more stable than the
reactive complex (RC).

In our study, the activation energy of this reaction is very
high, of the order of 65 kcal mol™' (Table land Figure 4),
which may explain why in the experimental results' this
compound was not observed.

We showed theoretically that it is very difficult (expensive
from an energy point of view) to form the dimer D3 during the
condensation reaction of hydroxymethylsilanetriol.

Comparison between the Different Pathways of
Condensation and the Effect of Adding an Explicit
Water Molecule. Free energy profiles of the different
pathways of the dimerization of hydroxymethylsilanetriol at
two different levels of theory are summarized in Figure 4. The

https://doi.org/10.1021/acsomega.1c05027
ACS Omega 2022, 7, 2661—-2670
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Figure 2. Optimized geometrical structures for the second mechanism of dimerization: formation of dimer D2 (Si—O-Si) at the B3LYP/6-
31+G(d) level using the SMD solvation model. Bond lengths are in angstrom (A); RC: reactant complex, TS: transition state, and PC: product

complex.

activation energy of the third mechanism that we proposed for
the dimerization of hydroxymethylsilanetriol is very high, of
the order of 65 kcal mol™". It cannot be observed at room
temperature, which is in agreement with the experimental
results.

It is noted that the energy barriers calculated with B3LYP/6-
31+G(d) and MO06/6-311+G(d,p)//B3LYP/6-31+G(d) are
different. For the two possible mechanisms of condensation
leading to the formation of both dimers D1 and D2, the
activation barriers calculated by M06/B3LYP are lower than
those computed by B3LYP.

The results with the B3LYP level show that the formation of
dimer D2 is more favorable since it gives us the lowest energy
barrier. The barrier energy of the second dimerization
mechanism to obtain compound D2 is lower by 6.2 kcal
mol™" (Table 1) than that of the first mechanism leading to the
formation of dimer DI1. Similarly, for free energies, the
difference between the two activation barriers is equal to 4.8
kcal mol™ (Table 1 and Figure 4a) in favor of the formation of

dimer D2. The second level of calculation with M06/B3LYP
(Table 1 and Figure 4b) confirms that the second dimerization
mechanism is more favorable. It is found that the dimerization
reaction leading to the formation of dimer D1 is more
expensive from an energy point of view.

The Becke three-parameter Lee—Yang—Parr functional
(B3LYP)**~* is a hybrid gradient approximation. M06> is a
meta-hybrid generalized gradient approximation functional
parameterized for systems with noncovalent interactions. M06
gives better performance than B3LYP for main-group
thermochemistry, barrier heights, and noncovalent interac-
tions.”* The computational model with the basis sets we used
was validated by Lu et al.”> for the theoretical study of the
reaction mechanisms and the determination of barrier heights
of complexes with organic compounds.

We calculated with the same level of theory using M06-D3
with empirical dispersion D3, the D3 version of Grimme’s
dispersion.”® The determinant step free energy barriers with
M06-D3 are 31.6, 27.5, and 65.8 kcal mol™" for D1, D2, and

https://doi.org/10.1021/acsomega.1c05027
ACS Omega 2022, 7, 2661—-2670
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TS
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Figure 3. Optimized geometrical structures for the third mechanism of dimerization: formation of dimer D3 (Si—C—O—C—Si) at the B3LYP/6-
31+G(d) level using the SMD solvation model. Bond lengths are in angstrom (A); RC: reactant complex, TS: transition state, and PC: product

complex.

D3, respectively. They are 31.8, 27.6, and 65.9 kcal mol™,
respectively, with M06 functional. The free reaction energies
with M06-D3 are 0.9, —3.8, and —4.0 kcal mol ™', respectively.
They are 1.0, —3.7, and —3.8 kcal mol™’, respectively, with
MO06 functional. These relative calculated energies with
empirical dispersion D3 give the same relative order of
activation barriers for the rate-limiting step and relative order
of reaction energies of each studied mechanism with MO06.

Finally, by comparing the two possible reaction paths
studied, it is concluded that the formation of a Si—O—Si bridge
(dimer D2) is more energetically favorable than the formation
of a Si—O—C—Si bridge (dimer D1).

The only available experimental results for the studied
structures were NMR results," which showed that the observed
structures are the reactant, PC1, and PC2. Our calculated
results show that the most stable structures are those observed
experimentally. The product PC1 is 1.06 kcal mol™" higher in
energy than the reactants, and the product PC2 is —3.72 kcal
mol ™" lower in energy than the reactants. The relative energies
suggest that different proportions of these species are present
at room temperature, and the presence of reactants can be the
result of the reverse reaction from product PC1. For the most
preponderant compound PC2, we calculated the chemical
shifts of *°Si with the same level of theory and obtained the
values —48.7 and —50.2 ppm, and they are in the range of
chemical shifts observed experimentally."

Mcintosh”” showed that the energy condensation barrier of
the two monomers Si(OH), is 157.3 kJ mol™" (37.60 kcal
mol™") at the temperature T = 300 K with the same calculation
method we used (DFT/B3LYP/6-31+G(d)) but using a
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different solvation model that is the CPCM (conductor-like
polarizable continuum). Previous theoretical studies showed
that the barrier to this process is found in the range of 129—
189 kJ mol™.7""*77*% A simple comparison of these energies
with the two energetic barriers we obtained for D1 and D2
suggests that these reactions have comparable energy barriers.

When using different explicit models, the same study shows
that the energy differences are smaller than the large
differences we have between D3 and other mechanisms.
Thus, we suggest that it will not change qualitatively our
conclusions. The addition of a water molecule leads to three
new mechanisms, D1’, D2’, and D3'. The energies at M06/6-
311+G(d,p)//B3LYP/6—31+G(d) are presented in Table 2.

The addition of one water molecule contributes to the
lowering of the energy barriers for D1 and D2 but does not
change qualitatively the order between the different mecha-
nisms. The energy barriers are now 25.9 and 22.9 kcal mol™
for the first and second mechanisms, respectively. The third
mechanism has now a higher energy barrier of 80.3 kcal mol™".

Our results found that the introduction of the hydroxy-
methylene group can contribute to condensation through two
mechanisms (D1) and (D2), with energy barriers and energy
reactions that can occur at room temperature. These results
can be used to predict physical and mechanical properties of
formed gels. Our theoretical calculations correlate with the
experimental propositions of Arkles et al.'

Mulliken charges for the three pathways are presented in
Tables 3, 4, and S. For the most favorable pathway, we show a
notable charge separation in TS1p, by charges of 1.28 and
—0.88 on Sil and O2 atoms, respectively (Table 4). These

https://doi.org/10.1021/acsomega.1c05027
ACS Omega 2022, 7, 2661—-2670
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Figure 4. Free energy profiles of the dimerization of hydroxymethylsilanetriol: (a) free energy profiles at the B3LYP level using the SMD model
and (b) free energy profiles at the (M06/6-311+G(d,p)//B3LYP/6-31+G(d)) level, including B3LYP thermodynamic corrections and using the

SMD solvation model.

The reactions D1 and D2 begin with the nucleophilic attack

charges in TSy, were 1.29 and —0.46 on Sil and O2 atoms,

respectively (Table 3). The charges on the reactant RCp, were
1.33 on Sil and —0.66 on O2. The charges in reactant RCp,

were 1.17 on Sil and —0.42 on O2. This shows evidence for

more charge separation in TSlp, and contributes to the

differences in the energies.

on the Si atom. Negatively charged nucleophiles are more
reactive than less charged nucleophiles. If we have a strong

nucleophile with a relatively more negative charge than the Si

atom, the reaction will happen faster.
https://doi.org/10.1021/acsomega.1c05027
ACS Omega 2022, 7, 2661-2670
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Table 2. Relative Gibbs Free Energies AG Using the SMD
Solvation Model at M06/6-311+G(d,p)//B3LYP/6-
31+G(d) for the Mechanisms of Dimerization with One
Water Molecule (D1’, D2’, and D3’) (kcal mol™*)“

D1’ D2’ D3’
R 0.0 0.0 0.0
TS1 21.8 21.4 80.3
I 20.7 19.7
TS2 25.9 22.9
P 0.5 -11 -14

“The transition states for the determinant steps for D1’, D2/, and D3’
are presented in Figure S.

Table 3. Mulliken Atomic Charges/Atomic Charges Using

the Natural Population Analysis of the Reactants, Transition

States, and Products for (D1)
M06/6-311+G(d,p)//B3LYP/6—31+G(d)

solvent = water

atomic charges

structures” Sil o1 02 H
RC 1.17/2.20 —-0.61/-1.15 —0.42/-0.80 0.34/0.52
TS 1.29/2.13 —0.64/—1.09 —0.46/—-0.87 0.39/0.55
PC 1.19/2.22 -0.71/-1.03 —0.47/-0.96 0.38/0.51

“Refer to Figure 1 for atom labeling: RC (reactant complex), TS
(transition state), and PC (product complex).

Table 4. Mulliken Atomic Charges/Atomic Charges Using

the Natural Population Analysis of the Reactants, Transition

States, Intermediates, and Products for (D2)
M06/6-311+G(d,p)//B3LYP/6—31+G(d)

solvent = water

atomic charges

structures” Sil 0Ol 02 H
RC 1.33/2.19 —0.66/—1.13 —0.66/—1.13 0.36/0.53
TS1 1.28/2.17 —0.62/-1.01 —0.88/—1.28 0.44/0.56
IM 1.23/2.16 —0.67/—0.95 —0.74/-1.30 0.52/0.56
TS2 1.05/2.19 —0.62/—0.96 -0.70/-1.29 0.45/0.55
PC 1.25/2.22 —0.68/—1.01 —0.84/—-1.28 0.37/0.52

“Refer to Figure 2 for atom labeling: RC (reactant complex), TS
(transition state), IM (intermediates), and PC (product complex).

We have also calculated the charges with the “natural
population analysis” (NPA) (Tables 3, 4, and S). This method
has been developed to calculate atomic charges and orbital
populations of molecular wave functions in general atomic
orbital basis sets. The natural analysis is an alternative to the

conventional Mulliken population analysis and seems to
exhibit improved numerical stability and better describe the
electron distribution in compounds of high ionic character,
such as those containing metal atoms.’® The NPA charge on
02 in TSlp, is —1.28 and in TSp; is —0.87 (Table 4). The
NPA charge on Sil in TS1p, is 2.17 and in TSy, is 2.13. This
supports the fact that the nucleophilic attack is facilitated in
TS1p,.

We notice for TSp; that the charges on C1 (—0.58) and O2
(—0.72) (Table S) are both negative, whereas the charge
separation between Sil and O2 in D1 and D2 is important
(Tables 3 and 4). In TSp;, the NPA charges on C1 and O2 are
respectively —0.41 and —0.87. When adding a water molecule
for D3, the mechanism is done in one step, whereas for D1 and
D2, we have two steps in the mechanism in the presence of the
additional water molecule. This can affect the energy of the
mechanism in a different way.

The SMD continuum solvation model is based on the
quantum mechanical charge density of a solute molecule
interacting with a continuum description of the solvent. The
solvent is not represented explicitly but rather as a dielectric
medium with surface tension at the solute—solvent boundary.
This limitation can change the effect of the solvent on the
solute.

When adding a water molecule (Figure $), the charge
separation in TS2p, becomes more important with a charge of
1.21 on Sil and a charge of —1.07 on O2, which can contribute
more in the modification of energy values.

This suggests that charge separation can be more important
when a second water molecule is added and this can reduce the
energy. Many different positions can be taken by the second
water molecule, and the different configurations can be studied
in future work.

As suggested experimentally,”® hydroxmethylsilanetriol-
derived gels were subject to less stress cracking during drying
than conventional tetraethoxysilane-derived gels, suggesting
that the Si—O—C bond equilibration during drying provides a
mechanism for stress relief. Our pathways give insight into the
formation and energetics of the different bridges and
particularly into the formation of the Si—O—C bridge that
contributes to the interesting properties of the obtained
products.

We suggest that our theoretical study, which gives to our
knowledge for the first time the detailed mechanisms and the
corresponding energies for the formation of Si—C—O-Si and
Si—C—O—C-Si bridges, can give the parameters for molecular
mechanics to simulate larger systems and thus to understand
the properties of the extended products.

Table 5. Mulliken Atomic Charges/Atomic Charges Using the Natural Population Analysis of the Reactants, Transition States,

and Products for (D3)

M06/6-311+G(d,p)//B3LYP/6—31+G(d)

solvent = water

atomic charges

structures” Cl o1 02 H
RC —0.69/-0.51 —0.45/-0.81 —0.53/-0.82 0.41/0.52
TS —0.58/—0.41 —0.54/-0.92 —0.72/-0.87 0.40/0.53
PC —0.69/-0.51 —0.68/—1.02 —0.31/-0.66 0.36/0.50

“Refer to Figure 3 for atom labeling: RC (reactant complex), TS (transition state), and PC (product complex).
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Figure S. Transition states for the determinant steps for the mechanisms of dimerization with one water molecule (D1’, D2/, and D3’). Bond

lengths are in angstrom (A).

B CONCLUSIONS

Hydroxymethylsilanetriol can give new structures through
condensation due to the presence of the organic groups in the
formed bridges. We studied theoretically the different
mechanisms that can lead to a dimer of hydroxymethylsilane-
triol using simple models. Three mechanisms were considered
in the creation of dimers with bridges: Si—O—C—Si, Si—O—Sj,
and Si—C—O—C-Si. A theoretical study has been performed
using the DFT method with an implicit solvation model
(SMD). In this approach, we optimized the geometry of
stationary states at the B3LYP level of theory with the standard
6-31+G(d) basis set and single-point calculations at M06/6-
311+G(d,p)//B3LYP/6-31+G(d) with B3LYP thermal cor-
rections.

The first mechanism (D1) consists of one step with the
nucleophilic attack of hydroxide bonded to carbon of the first
monomer on the Si atom of the second monomer. The second
mechanism consists of two steps, the first where the reaction
proceeds by the nucleophilic attack of the hydroxide bonded to
the Si atom of the first monomer on the Si atom of the second
monomer to form an intermediate with one water molecule
attached, which is separated from the complex in the second
step. The third mechanism’s energy barrier is too high and
cannot occur at room temperature. When we compare the two
possible reaction paths, it is shown that the energy barrier for
the formation of a Si—O—Si bridge (dimer D2) is more
energetically favorable than that for the formation of a Si—O—
C—Si bridge (dimer D1). The energy barriers of the two
possible mechanisms (D1 and D2) are ranging from 27 to 32
kcal mol™'. When adding one explicit water molecule, the
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energies are 25.9, 22.9, and 80.3 kcal mol™! for the first,
second, and third mechanisms, respectively, which proves that
both reactions D1 and D2 can take place at room temperature.
This is in agreement with experimental results.

B COMPUTATIONAL METHODS

Quantum mechanical calculations were achieved using the
Gaussian 09 software package.”’

We used in all of the calculations density functional theory
(DFT), with the B3LYP***"** hybrid exchange—correlation
functional. The B3LYP method has been reported to offer
excellent descriptions of various reaction profiles and
particularly of structures, heats of reaction, and vibrational
properties of various systems.7’“’27

The basis set used was all-electron type 6-31+G(d). We
checked all stationary geometries by frequency calculations,
yielding only positive eigenvalues for minima and only one
negative eigenvalue for transition states. Transition states were
confirmed to match to the desired transformation by
determination of the intrinsic reaction coordinate (IRC).*>**
The geometries from the IRC pathway were optimized to find
the corresponding reactant complex (RC) and product
complex (PC).

Solvation was included using solvation model density
(SMD).”> Geometry optimization was calculated with the
B3LYP/6-31+G(d) basis set and SMD solvation model
(solvent = water). Frequency analysis was used to obtain the
thermodynamic energy corrections at this level.

To obtain higher accuracy, single-point energies of the
optimized geometries were calculated at the M06/6-311+G-

https://doi.org/10.1021/acsomega.1c05027
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(d,p) level of theory with the SMD model. The basis set
includes a polarization function for hydrogen, which is
involved in the reaction. The M06>**® functional has been
proven to be highly effective with large basis sets.”’~*' It
considers dispersion forces.”” The M06 functional showed an
error of 0.63 kcal mol™" for noncovalent interaction energies.”*

Throughout this study, the energies were determined using
the formula™

G

solv

=G,y + E

corr

(1)

where G, is defined as the solvate Gibbs free energy, G, is
defined as the thermal correction of Gibbs free energy from the
B3LYP-optimized geometry, and E, is defined as the single-
point M06 SCF energy.

solv
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