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Abstract: The colloidal stability of silica O-I hybrid sols that have a high degree of condensation
could result in the formation of a hard coating film on a substrate, which could depend on the
properties of solvents used in the sol-gel reaction. In this study, the effect of the solvent type on
the colloidal stability and degree of condensation of the silica sols was investigated by preparing
various silica O-I hybrid sols using different solvent mixtures composed of various aprotic and protic
solvents in the presence of amphiphilic urethane acrylate. Silica sols prepared using the appropriate
aprotic-protic solvent mixture showed a higher degree of condensation and long-term colloidal
stability, which was confirmed using 2’Si-NMR and DLS. Furthermore, the coating film formed from
these silica sols showed a remarkable hardness of 0.97 GPa, with a thickness of 4.76 um confirmed
using nanoindentation measurements.

Keywords: sol-gel; aprotic solvent; protic solvent; hybrid; colloidal; amphiphilic polymer

1. Introduction

Organic-inorganic (O-I) hybrid materials have emerged as a promising class of com-
posite materials wherein organic and inorganic components are homogeneously dispersed
at the nanometer or molecular level. The integration of organic and inorganic phases at
this scale can lead to synergistic effects and novel functionalities that are unreachable with
either of the components alone. To meet diverse application requirements, O-I hybrid ma-
terials with specific structures and morphologies, including nanorods [1-4], nanosheets [5],
nanoparticles [6], and nanotubes [7], have been developed. One of the most attractive
applications of these materials is their use as coatings for automotive components, space
industry equipment, and electronic devices [8-10], where silica-based (S5iO;-based) O-I
hybrid nanoparticles have recently been used as potential candidates [9,11,12].

The sol-gel process has been recognized as an effective wetting chemical technique
for designing homogeneous and high-quality, ultrafine nanostructured O-I hybrid thin
films for over two decades, owing to its ability to enable configurational and structural
control simultaneously [12-14]. In this process, colloidal sols are formed through the
hydrolysis-condensation reaction of an alkoxy inorganic precursor, which subsequently
transforms into solid network gels during the curing step. The mechanical properties of the
resulting coating film (solid gels), particularly its hardness, strongly depend on the degree
of condensation (DOC) achieved during the hydrolysis-condensation reaction. A higher
degree of condensation leads to a greater crosslinking density in the network, directly
affecting the film’s hardness [15]. Therefore, it is essential to carefully control parameters
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such as the pH, choice of inorganic precursor, temperature, and other relevant factors that
significantly affect the hydrolysis-condensation process.

Among them, the solvent is a crucial parameter in controlling the rate of the hydrolysis-
condensation reaction and the degree of condensation, depending on the type of solvent
(aprotic or protic) and its polarity [16-19]. The hydrolysis reaction follows the Sy2 reaction
mechanism (favored under acidic conditions) or the Sy1 reaction mechanism (favored
under basic conditions), both of which are strongly affected by the solvent used. For the
condensation reaction, depending on the pH of the solution, aprotic or protic solvents can
hinder or promote the condensation reaction by forming hydrogen bonds with either the
protonated or deprotonated silanols, which are involved in the condensation mechanism. So
far, in most of the studies analyzing the effect of the solvent on the hydrolysis-condensation
reaction, a single solvent was used during the process [16-18,20,21]. To the best of our
knowledge, a limited number of papers [16,19] have reported on the effect of a solvent mix-
ture on the degree of condensation during the preparation of SiO, O-I hybrid nanoparticles
and the hardness of the resulting coating films.

In this study, our primary focus was to investigate the effect of different solvent mix-
tures on the degree of condensation of the hydrolysis-condensation reaction during the
preparation of the SiO, O-I hybrid nanoparticles. To achieve this, the SiO, O-I hybrid sols
were prepared via the sol-gel process using an amphiphilic urethane acrylate nonionomer
polymer as a stabilization agent, which was reported in our previous study [17], facilitating
their dispersion in various organic solvent mixtures. Unlike typical stabilization agents that
need to be eliminated after preparation to prevent mechanical property deterioration in
O-I hybrid materials, the UAN 1000-1450 stabilizing agent enhanced colloidal stability and
prevented aggregation during the sol-gel process. Additionally, the UAN 1000-1450 pro-
moted the formation of a homogeneous film upon curing, resulting in increased mechanical
properties of the coating film. The solvent mixtures consisted of aprotic solvents, namely
methyl ethyl ketone (M) and cyclohexanone (C), along with protic solvents, specifically
ethanol (E) and propylene glycol methyl ether (P). We studied the effect of the solvent
mixtures on the hardness of the resulting coating film using the DOC results and boiling
point data. Additionally, the effect of the solvent mixtures on the long-term stability of
colloidal SiO, O-I hybrid nanoparticles was evaluated through dynamic light scattering
measurements (DLS).

2. Materials and Methods
2.1. Materials

For the synthesis of the amphiphilic urethane nonionomer precursor (UAN 1000-
1450), 2,4-toluene diisocyanate (TDI; Mw = 174.2 g/mol, Sigma-Aldrich Co., Louis, MO,
USA), glycerol propoxylate (GP, Mw = 1000 g/mol, KPX Chemical Co., Seoul, Republic
of Korea), 2-hydroxyethyl methacrylate (2-HEMA, Mw = 130.143 g/mol, Sigma-Aldrich
Co., USA), and poly(ethylene glycol) (PEG, Mw = 1450 g/mol, Sigma-Aldrich Co., USA)
were used as received. Acetone (Sigma-Aldrich Co., USA) was used as a solvent without
further purification. Furthermore, in the preparation of organic-inorganic hybrid solutions,
tetraethyl orthosilicate (TEOS; Mw = 208.33 g/mol, Sigma-Aldrich Co., USA) was utilized
as the inorganic precursor. Methyl ethyl ketone (MEK, Sigma Aldrich, USA), ethanol
(Sigma-Aldrich Co., USA), propylene glycol methyl ether (PGME, Daejung Chemical Co.,
Siheung, Republic of Korea), and cyclohexanone (CY, Daejung Chemical Co., Republic
of Korea) were used as solvents without further purification. To simplify the naming of
the solvent mixtures, the solvents, including MEK, CY, PGME, and ethanol, are denoted
by the symbols M, C, P, and E, respectively, throughout the manuscript. These solvents
were categorized into two distinct groups: group A and group B. Group A consisted of the
solvents used in the polymerization of the UAN 1000-1450, while group B consisted of the
solvents used in the hydrolysis of TEOS step. Finally, 0.1 M HCl(aq) was used to initiate
the hydrolysis reaction.
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2.2. Synthesis of UAN 1000-1450

UAN 1000-1450 was synthesized via a three-step reaction process, similar to our
previous study. The detailed synthetic process for UAN 1000-1450 was reported in our
previous publication [22]. The Arabic numbers in the name of the UAN 1000-1450 precursor
denote the molecular weights of the GP and PEG used, respectively. The molecular weight
of the synthesized UAN 1000-1450 measured using a gel permeation chromatography
(GPC) analysis was 38,765 g/mol, with a polydispersity of 2.1. The expected schematic
structure of UAN 1000-1450 is shown in Figure 1.

________________________

Ci
I H2

Hydrophilic chain

Figure 1. Schematic structure of UAN 1000-1450.

2.3. Preparation of SiO, Organic-Inorganic Hybrid Sols

Firstly, UAN 1000-1450 was mixed with one of the solvents from group A and polymer-
ized in the presence of AIBN at 60 °C for 12 h. Simultaneously, the TEOS was hydrolyzed
with 2.59 g of 0.1 M HCl(aq) in one of the solvents from group B at ambient temperature
for the entire 12 h. The molar ratio (also known as r value) of H,O to Si at this step was 0.5.
Then, the hydrolyzed TEOS and the polymerized UAN solution (named poly(UAN)) were
mixed and stirred at 80 °C for a further 12 h with 12.96 g of 0.1 M HCl(aq) corresponding
to an r value of 3, to complete the hydrolysis-condensation reaction. The resulting SiO,
O-I hybrid nanoparticles and their sols are denoted as UT10 (X-Y) nanoparticles and UT10
(X-Y) sols, respectively. The number ‘10" in the UT10 (X-Y) sols symbolizes the weight
ratio of the TEOS to the UAN precursor, while the letters ‘X’ and “Y’ denote the solvent
group employed during the preparation of the O-1 SiO, hybrid nanoparticles and sols. For
example, UT10 (M-E) was prepared using solvent M of group A in the polymerization
step of the UAN and solvent E of group B in the hydrolysis step of the TEOS. The detailed
components used in the experiment are summarized in Table 1.

2.4. Preparation of O-1 SiO, Hybrid Coating Films on Glass Substrate

The prepared UT10 sols (with volume 0.1 mL) were coated onto a glass substrate
(Marienfeld, 76 x 26 x 1 mm, Paul Marienfeld GmbH & Co.KG, Stuttgart, Germany) using
a Mayer bar 13 to form a homogeneous O-I hybrid wet coating. Then, the wet coating was
thermally treated at 100 °C for 30 min, followed by aging at room temperature for 3 h. The
resulting samples were used to analyze the morphology (i.e., particle size and shape) and
to evaluate the mechanical properties of the cured UT10 O-I hybrid coating films.



Coatings 2023, 13, 1997

40f15

Table 1. Detailed chemical components used in the preparation of O-I hybrid SiO; sols.

Weight of Solvent Weight of Weight of Weight Weight Weight of

UT10 Sols S((;)i‘(;(lelntgf Solvent of of Group Solvent of UAN of TEOS  of AIBN 0.1M
p Group A (g) B Group B(g)  1000-1450 (g) (g (8 HCl(aq) (g)
UT10 (M-E) M 30 E 30 6 60 0.07 15.5
UT10 (C-E) C 30 E 30 6 60 0.07 15.5
UT10 (E-E) E 30 E 30 6 60 0.07 15.5
UT10 (P-E) P 30 E 30 6 60 0.07 15.5
UT10 (M-P) M 30 P 30 6 60 0.07 15.5
UT10 (C-P) C 30 P 30 6 60 0.07 15.5
UT10 (E-P) E 30 P 30 6 60 0.07 15.5
UT10 (P-P) P 30 P 30 6 60 0.07 15.5

2.5. Characterization

A Nicolet iS5 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)
was employed in the range of 4000400 cm ! to identify the synthesized UAN 1000-1450
precursors. Gel permeation chromatography (GPC, EcoSEC HLC-8320 GPC, Tosoh, Tokyo,
Japan) was used to determine the molecular weight of UAN 1000-1450. DMF was used as
the developing solvent; the sample concentration was 3 mg/mL, and the injection amount
was 10 uL with a flow rate of 0.35 mL/min at 40 °C. A dynamic light scattering analyzer
(DLS, Zetasier Nano ZS, Malvern Instruments, Malvern, UK) was used to measure the
particle size of the UT10 O-I hybrid nanoparticles dispersed in the solution. 2?Si-NMR
measurements (Ascend 400 manufactured by Asahi Kasei Corporation, Tokyo, Japan)
were used to investigate the degree of polymerization (the degree of the hydrolysis and
condensation reaction) of SiO, O-I hybrid sols.

The thermal properties and the inorganic content of SiO, O-1 hybrid coating films were
determined using thermogravimetric analysis (TGA, SDT Q600 V20.5 Build 15 Universal
V4.4A, TA Instruments, New Castle, DE, USA). The test was performed under a nitrogen
atmosphere, at a heating rate of 10 °C min !, from ambient temperature up to 800 °C. The
surface morphology of the coating films was analyzed using a field emission scanning
electron microscope (FE-SEM, JEOL JSM-6701F/X-MAX, Peabody, MA, USA). A cryogenic
transmission electron microscopy (cryo-TEM) experiment was performed using an FEI
CryoTecnai F20 Polara device operated at 200 kV. The transmittance of the SiO, O-I hybrid
coating films in the visible region was measured using a UV-vis spectrometer (UV-2450,
Shimadzu, Kyoto, Japan) in the range of 400-800 nm. The surface hardness of the SiO, O-1
hybrid coating films was quantified via the indentation hardness using an iMicro nanoin-
denter (USA), employing a continuous stiffness measurement (CSM) mode under load
control with a set maximum load of 100 mN. A nanoscratch test was also performed using
the iMicro instrument. This test employed a conical tip with a vertical load incrementally
increased from 0.04 to 40 mN. Finally, the thickness of the SiO, O-I hybrid coated films was
measured by averaging five readings obtained with the Digimatic micrometer MDH-25M
(Mitutoyo, Kawasaki city, Japan).

3. Results and Discussion
3.1. Effect of the Solvent Type on the Colloidal Property of Silica Sols
3.1.1. Change in the Particle Size with the Type of Solvent Used in the Preparation of the
Poly(UAN) Solution

Due to the structure consisting of a polypropylene oxide (PPO) chain and a polyethy-
lene oxide (PEO) chain at the same backbone, the UAN 1000-1450 can disperse well in
various types of organic solvents. In this study, the UAN 1000-1450 was mixed and poly-
merized in the four types of solvent mentioned, resulting in the formation of transparent
solutions. To confirm the size of the poly(UAN) in the solvents, dynamic light scattering
(DLS) was carried out. The formation of these dispersed nanoparticles in the organic
solvent could be explained due to the difference in solubility between the PEO and PPO
segments which caused microphase separation. The particle size and its corresponding
polydispersity (PDI) of the PUAN solution prepared with four different solvents were
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determined using DLS measurement, which are summarized in Table 2. The poly(UAN)
nanoparticles exhibited a size range of 12.54 to 48.06 and a corresponding polydispersity
(PDI) range of 0.2 to 0.79. As shown in Figure 2, the size of the poly(UAN) nanoparticles
increased with the dielectric constant of the solvent, indicating that the size of poly(UAN)
nanoparticles increased with the increase in polarity of the solvent used in the preparation.
Particularly, among the four types of solvent, the poly(UAN) nanoparticles showed the
largest size (48.06 nm) in ethanol, which had the highest polarity (dielectric constant of
solvent of 24.5). In contrast, solvent P, having the lowest polarity (dielectric constant of
solvent of 7.8), resulted in the smallest nanoparticle size of poly(UAN) (12.54 nm). The
size of the poly(UAN) nanoparticles in solvent C and solvent M, which had dielectric
constants of 18.2 and 18.85, respectively, were 14.68 and 19.06 nm, respectively. This could
be explained due to the self-assembly mechanism of amphiphilic polymers in polar or
nonpolar solvents. In a protic solvent with strong polarity like ethanol, the hydrophilic
PEG chains of the amphiphilic polymer have a stronger affinity for the solvent molecules,
leading to an increase in the solvation of the PEG chains. Consequently, the PEG chains
were extended and occupied a larger volume, resulting in larger micellar or self-assembled
structures [2,17,18,21]. In the case of aprotic solvents, such as M and C, the interaction
of the hydrophobic segment of the amphiphilic polymer was favored. In higher polarity
aprotic solvents, the size of the aggregates of the hydrophobic segment of poly(UAN)
was increased through dispersion forces (or van der Waals forces), while the hydrophilic
segment of the poly(UAN) could interact with the polar functional groups in the solvent
molecules through the dipole-dipole or other polar interactions, resulting in a higher order
of size of poly(UAN) nanoparticles [23,24]. Conversely, aprotic solvents with a lower
polarity resulted in smaller-sized self-assembled structures.

Table 2. The particle size of poly(UAN) dispersed in four types of solvent.

Solvent Used in Average Nanoparticle Size of . .
Polymerization of UAN Poly(UAN) (d-nm) Polydispersity (PDI)

P 12.54 + 1.67 0.548

C 14.68 £ 0.4038 0.627

M 19.06 + 1.967 0.395

E 48.06 £ 3.946 0.476
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Figure 2. Effect of the dielectric constant of solvent on the particle size of poly(UAN).

The particle size of poly(UAN) in solvent C was slightly larger than that of poly(UAN)
in solvent P, even though cyclohexanone has a significantly higher dielectric constant
than PGME. This result could be explained by the amphiphilic backbone of poly(UAN)
chains. Because of their amphiphilicity, the PPO and PEO segments of the poly(UAN)
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chains could have an affinity simultaneously to various solvents having different polarities,
which could result in a slight difference in the size of poly(UAN) in two solvents greatly
differing in dielectric constants. Furthermore, the largest size of poly(UAN) in ethanol
could be interpreted as due to the strongest interaction between the hydrophobic backbone
and ethanol as well as between the hydrophilic segment and ethanol. So, it could be
thought that both the hydrophilic and hydrophobic moieties have the strongest interaction
with a protic polar solvent, ethanol, which resulted in the formation of the largest size of
poly(UAN) in ethanol.

3.1.2. Change in the Particle Size with the Type of Solvent Mixtures Used in the
Preparation of Silica Sols in the Presence of Poly(UAN) Solutions

Firstly, we tried to hydrolyze TEOS in the four solvents (C, M, P, and E). However,
white precipitates formed when adding 0.1 M HCl(aq) to the mixture containing TEOS
and the aprotic solvents (C and M). This occurrence could be attributed to the absence of
hydrogen bonding between the aprotic solvents and hydroxyl ions, rendering the hydroxyl
ions more nucleophilic. This increased the rate of the Sy2 reactions and led to the formation
of more hydroxyl ions during the hydrolysis step [25]. Simultaneously, these silanols
(Si-OH) might have condensed to form siloxane (Si-O-5i) bonds, resulting in the formation
of larger insoluble silica particles, which appeared as white precipitates. Consequently,
only the two protic solvents, E and P, were used in the hydrolysis step of TEOS.

In the preparation process of the silica sols, the poly(UAN) played a role as a sta-
bilization agent. The stabilization mechanism is described in Figure 3. The PEG chain
contains ethylene oxide moieties and a hydroxyl group at the end of the chain, which could
make a hydrogen bond with the silanol group of silica during the hydrolysis-condensation
reaction, preventing the aggregation of silica nanoparticles. Therefore, the difference in
size of poly(UAN) in the four types of solvent might affect the size of the silica sols during
the preparation process. As shown in Table 3, the size range of the silica sols varies from
11.72 nm to 33.8 nm, where the UT10 (E-E) sols show the largest particle size, while the
UT10 (P-P) sols show the smallest particle size. Another trend that was observed was that
the increase in the size of the particle was proportional to the increase in the polarity of the
solvent used in the polymerization of UAN 1000-1450. Additionally, the particle size of the
sols prepared using ethanol in the hydrolysis of TEOS step was larger than when using
PGME. This difference could be explained because of the effect of the solvent on the size of
the poly(UAN) and the hydrolysis of the monomer. As we mentioned before, the size of
the poly(UAN) depends on the polarity of solvent; the higher dielectric constant provides
the larger size of poly(UAN) particles. Furthermore, during the hydrolysis of the TEOS,
using a highly polar protic solvent like ethanol accelerated the reaction rate, resulting in an
increased production of silanol. Consequently, when H-TEOS was added to the poly(UAN)
solution, the PEG hydrophilic tail of poly(UAN) 1000-1450 formed hydrogen bonds with
the OH groups of the silanol and interacted with the polar molecules of the solvent, leading
to the formation of a larger “ring” surrounding the SiO, nanoparticles, leading to the
increase in the particle size.

On the other hand, after four months of storage at room temperature, the particle
size of the UT10 sols prepared using the protic-protic solvent mixture showed significant
changes in comparison to the UT10 nanoparticles prepared by the aprotic-protic solvent
combination. While the particle size of the UT10 nanoparticles prepared from the C-
P, P-P, and M-E solvent mixtures only slightly changed from 0.6 to 0.8 nm, the UT10
particles prepared from the protic solvents containing E-E showed a significant increase
in particle size, ranging from 31.1 to 95.5 nm. According to these results, it could be said
that the solvent mixture consisting of aprotic and protic solvents could provide long-term,
colloidally stable nanoparticles with appropriate size.
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Figure 3. Stability mechanism of Poly(UAN) with silica nanoparticles.

Table 3. Size of SiO, sols when prepared and 4 months after preparation.

Solvent Used in Solvent Used in Size of S'102 PDI of SiO, Size of S.IOZ PDI of 8302
. . Nanoparticles . Nanoparticles Nanoparticles
Polymerization of Hydrolysis of . Nanoparticles
UAN TEOS after Preparation after Preparation 4 Months after 4 Months after
(nm) P Preparation (nm) Preparation
p P 11.72 £ 0.04 0.357 12.09 £ 0.49 0.549
E 14.56 £ 0.46 0.503 20.10 £ 0.59 0.385
C P 15.85 + 0.03 0.403 15.29 + 0.06 0.5
E 19.28 £ 0.1 0.455 21.84 £ 0.08 0.447
M P 16.05 £ 0.07 0.283 17.75£0.3 0.52
E 22.13+0.17 0.294 22.93 £ 0.04 0.27
E P 16.99 + 0.06 0.493 48.1 £3.94 0.793
E 33.8+0.7 0.318 129.3 £11.5 0.527

3.2. Effect of the Solvent Type on the Reaction in the Preparation of Silica Sols
3.2.1. Effect of the Solvent Type on the Degree of Condensation (DOC) Reaction of TEOS

The TEOS was converted to SiO, O-1 hybrid nanoparticles via a hydrolysis-condensation
reaction. The presence of an acid catalyst, HCl, promoted the hydrolysis of TEOS, leading
to the generation of silanol groups (Si-OH) and ethanol as a byproduct. Subsequently,
the silanol groups formed siloxane (5i-O-Si) crosslinks during the condensation reaction,
resulting in the formation of the silica network. During the reaction, the solvent was used
not only to dissolve the monomers but also to increase the reaction rate by providing the
needed ions for the medium condition. For example, protic solvents favor acid-catalyzed
hydrolysis by rendering the H30" ions more electrophilic. In contrast, nonprotic solvents
accelerate the basic-catalyzed hydrolysis by rendering the OH™ ions more nucleophilic.
Compared to other studies using a single solvent during the hydrolysis-condensation reac-
tion, using solvent mixtures, especially combining polar aprotic solvent and polar protic
solvents, provided high efficiency, which was indicated via the degree of condensation
(DOC). A higher DOC could lead to the formation of a more densely crosslinked siloxane
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bond (Si-O-Si) and a denser network structure in the film, since it could increase the de-
gree of crosslinking of the alkoxysilane compound, resulting in the coating film becoming
stronger, more rigid, and more resistant to deformation. In this study, four types of UT10
sols with different solvent mixtures were prepared to measure the DOC using 2°Si-NMR
analysis, including UT10 (M-E), UT10 (C-P), UT10 (E-E), and UT10 (E-P).

29Gi-NMR analysis is known as an effective tool to confirm the formation of a siloxane
network, which is evidenced by the existence of the highly condensed Si species shown in
Figure 4. The degree of condensation was calculated using the following equation [26]:

1 2 2 3 4 4
The degree of condensation(DOC) = Q +2Q £3Q°+4Q x 100% 1)

4(Q1 +Q2+Q3+Q4)

where Q" denotes the silicon from tetrafunctional alkoxysilanes, denoted as Si(OR)4, such
as TEOS. The letter “n” indicates the number of siloxane bonds of silicon. The 2°Si chemical
shifts demonstrated at —91 ppm, —100 ppm, and —110 ppm correspond to the peaks
of the Si(OSi), for the Q*, Si(OSi);OH for the Q3, and Si(OSi),(OH); for the Q? groups,
respectively [27].
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Figure 4. 2°Si-NMR spectra of (a) UT10 (C-P) solution, (b) UT10 (E-P) solution, () UT10 (M-E)
solution, and (d) UT10 (E-E) solution.

Figure 4 shows the 2Si-NMR spectrum for each of the UT10 sols after the hydrolysis-
condensation reaction. The signal of species and the relative intensity of the four UT10 sols
are summarized in detail in Table 4. As can be seen, the observation of the Q2, Q?, and
Q* species in the four UT10 sols indicated a highly efficient conversion of silicon species.
Among the observed species, the Q® species were predominant, whereas the Q* species
were only present in a small amount. However, the appearance of the Q* species implied
the formation of a condensed siloxane network with a high degree of condensation. The
degree of condensation was calculated following Equation (1) and is shown in Table 3.
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Table 4. Relative peak intensity from the deconvolution of the ’Si-NMR spectra.

Chemical Shift of Peak (ppm) Relative Peak Intensity (%)

Samples ol o2 o’ ot o 02 o’ o DOC (%)
(UNEO) —9331  —10071  —109.35 0 207 58.74 20.56 75.11
[(fETé‘)) ~91.02  —10047  —110.78 0 2415 68.74 7.1 71.95
EJCT%)‘; 9147  —10047  —108.99 0 17.69 77.4 49 71.8
EETI{‘)) ~9153 10061  —110.05 0 26.46 59.24 14.3 72.94

The degree of condensation (DOC) in the four UT10 sols showed slight differences,
with UT10 (M-E) having the highest DOC at over 75% and UT10 (E-P) having the low-
est DOC of 70.74%. UT10 (E-E) and UT10 (C-P) had DOC values of 71.95% and 71.8%,
respectively. The highest DOC, the one of UT10 (M-E), might be explained by the effect
of the combination of the highly polar aprotic solvent (MEK) and the highly polar protic
solvent (ethanol) on the hydrolysis-condensation reaction, which could be explained as
follows: During the hydrolysis of TEOS under acidic-catalyzed conditions, the alkoxide
group (-OR) was protonated by the presence of H;O* hydronium ions (formed through
the interaction of H+ and water molecules). The water molecule attacked from the rear
and acquired a partial positive charge, while the alkoxide was protonated, making alcohol
a better leaving group. Therefore, hydrolysis took place rapidly, forming intermediate
species containing Si-OH groups known as silanols. This reaction followed the nucleophilic
substitution S\y2-Si mechanism, which in the present study generally occurred more quickly
in polar aprotic solvents than in polar protic solvents, as the polar aprotic solvents lacked
hydrogen atoms that could participate in hydrogen bonding with the nucleophile or the
leaving group. This absence of strong hydrogen bonding allowed the nucleophile to attack
the substrate more easily, leading to a faster SN2 reaction rate. However, as we mentioned
before, the polar protic solvent not only made hydronium ions more electrophilic (shown
in Figure 5) but also played important roles by providing hydrogen bonds with silanol
groups, which could help them disperse in solution, preventing rapid condensation and
precipitation. As a result, it might be said that the presence of combined aprotic and protic
solvents could make the hydrolysis reaction happen faster and form more hydroxyl groups
while keeping the particles dispersed in the solution.

In condensation reactions under acid-catalyzed conditions, a highly polar protic
solvent such as ethanol could enhance the degree of condensation through the formation of
a dense siloxane bond [28], because as the reaction progresses, the acid catalyst protonates
silanol (Si-OH) species. This protonation renders the silicon atom more electrophilic,
making it highly susceptible to nucleophilic attacks by neighboring hydroxyl groups. The
protic solvent, through its ability to engage in hydrogen bonding and facilitate protonation,
enhances the reactivity of the silanol groups. Thus, the protic solvent’s role in this context
is to enhance the electrophilic nature of silicon and catalyze the efficient condensation of
silanol groups. Considering these complex mechanisms, using a combination of highly
polar aprotic-protic solvents, such as M-E, during the hydrolysis-condensation of TEOS
under acidic-catalyst conditions showed a synergistic effect. This combination enhances
the hydrolysis rate, stabilizes the reactive species, and facilitates effective hydrolysis and
condensation reactions.
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Figure 5. Mechanisms of acid-catalyzed hydrolysis and condensation of TEOS, and the role of the
solvent during reaction.

3.2.2. Mechanical Strength of Coated Films Formed by Various Silica Sols Prepared Using
Different Solvent Mixtures

Figure 6 illustrates the formation mechanism of UT10 hybrid coating films via the
sol-gel process. In the sol state, the colloidal UT10 hybrid nanoparticles dispersed in solvent
mixtures were stabilized by the action of the hydrophilic PEG chain located on the outer
shell. After the coating solution was placed on the substrate, during the thermal curing
process, the UT10 hybrid nanoparticles were closely packed owing to the evaporation of
the solvent, and the postcondensation reaction occurred among the alkoxide groups to
enable the UT10 sols to become solid O-I hybrid nanoparticles. Therefore, this process was
named the sol-gel process. During this process, closely packed hybrid nanoparticles were
converted to solid nanoparticles connected by the organic component poly(UAN), forming
continuous films on the substrates. Therefore, it could be said that during thermal curing,
the poly(UAN) played dual roles: preventing macro-scale particle growth and facilitating
the formation of continuous films, resulting in the improved mechanical properties of the
coating film.

$i0, O-1 hybrid coating film

N
-

S . | ;
< ?Q

Side view

- Organic rich

~— Inorganic rich

Figure 6. The formation of UT10 O-1 hybrid coating films via the sol-gel process.

Figure 7a—-d shows the FE-SEM images of four types of UT10 hybrid coating films
formed on glass slides. All the UT10 coating films exhibited the formation of closely
packed spherical nanoparticles, resulting in the formation of a continuous silica matrix. The
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morphology of the coating particles was characterized using cryo-TEM to observe smaller
details, as shown in Figure 7e. The size of the silica particles after thermal curing was
10-12 nm, which was smaller than the silica particles dispersed in their sols, which may
have led to the high transparency of the coating film in the visible range of 400-800 nm with
the average transmittance over 90%, stemmed from UV-vis spectra (as shown in Figure 8).

Figure 7. FE-SEM images of the thermally cured UT10 hybrid coating films formed on glass substrates:
(a) UT10 (E-P), (b) UT10 (C-P), (c) UT10 (E-E), (d) UT10 (M-E), and (e) cryo-TEM image of UT10 (M-E)
hybrid coating.
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Figure 8. Optical transmittances of UT10 hybrid coating films on glass substrate.

As discussed earlier, the solution with a higher DOC value showed higher hardness
of the resulting coating film due to the denser siloxane bonds within the coating network.
On the other hand, it also implied a higher proportion of inorganic content in this solution.
This hypothesis was confirmed via TGA characterization, as shown in Figure 9. The TGA
results showed the inorganic content after the complete decomposition of the organic
component from the cured coating film (after 600 °C). All the cured UT10 coating films
retained 65%—73% of their initial weight at 800 °C, indicating a high amount of inorganic
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content in them. Specifically, the UT10 (M-E), having the highest DOC value, indicated
the more extensive condensation of silanol groups into inorganic siloxane bonds, leading
to highest inorganic content in the coating film. Conversely, the UT10 (C-P) showed the
lowest inorganic content due to its DOC value being the lowest.

= =UT10 (E-P) - residue 655%
k——UT10 (C-P) - residue 62.7%
100 - . = UT10 (M-E) - residue 66.1%
X b = UT10 (E-E) - residue 63.9%
90
—~~
o
o~
T
B
S 80
i
<
Ko
(O]
< 70}
60
1 " 1 " 1 " 1 " 1 " | L |

0 100 200 300 400 500 600 700 800

Temperature (°C)

Figure 9. TGA results of the cured UT10 solid films prepared using different combinations of solvents:
(a) UT10 (M-E), (b) UT10 (E-P), (c) UT10 (E-E), and (d) UT10 (C-P).

To evaluate the relationship between the hardness of the UT10 coating films and
their DOC, we performed nanoindentation experiments based on the Oliver-Pharr method.
Figure 10a shows the nanoindentation load-displacement curves of the coating films pre-
pared using UT10 sols with different solvent mixtures, and Figure 10b shows the relation-
ship between the DOC of the UT10 sols and their hardness value. The solutions with a
higher degree of condensation showed a smaller hysteresis of the load-displacement curve
(revealing the higher elastic resilience) and a higher nanoindentation hardness. The UT10
(M-E), with the highest DOC, showed a remarkable hardness of up to 0.97 GPa and the
smallest hysteresis of the load-displacement curve with a film thickness of 4.76 pm. The
UT10 (E-E) had a hardness of 0.74 GPa (thickness 7.16 um), and the UT10 C-P (thickness
6.07 um) had a hardness of 0.63 GPa, even though they had almost similar DOC values.
This result could be attributed to the boiling point of the solvent combination used in the so-
lution preparation process. Cyclohexanone and PGME had high boiling points of 155.6 °C
and 120 °C, respectively. Hence, under the curing condition of 100 °C for 30 min, the sol-
vents were not completely removed. This incomplete removal led to a less densely packed
structure, reducing the crosslinking density within the network, consequently resulting in
a lower mechanical strength of the coating film. This outcome indicated that the hardness
of the O-I hybrid coating film was strongly dependent on the degree of crosslinking (DOC)
and the inorganic content. Furthermore, it is believed that the solvents played a significant
role in the preparation of the silica sols and the mechanical strength of their coating films
via the solvent’s effect on the degree of condensation and the curing process.
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Figure 10. (a) The nanoindentation load-displacement curves of the coating films prepared using
UT10 sols with different solvent mixtures and (b) The relationship between the DOC and hardness of
the UT10 hybrid coating films using different combinations of solvents.

4. Conclusions

In summary, the effect of solvents on the degree of condensation in the preparation of
colloidal stability O-I hybrid nanoparticles via the hydrolysis-condensation reaction and the
performance of the coating films were investigated. The study findings indicated that using
a highly polar aprotic-protic solvent mixture can significantly increase the condensation
degree under acidic-catalyzed conditions. This is because the strong polar aprotic solvent
facilitated the SN2 mechanism-based hydrolysis reaction quickly, while the high polar
protic solvent formed hydrogen bonds with silanol groups, stabilizing their dispersion in
the solution and making the hydronium ions more electrophilic. As a result, this led to
an overall improvement in the efficiency of the hydrolysis reaction. Additionally, in the
condensation reaction, using a strong polar protic solvent could generate the electrophilic
nature of silicon, catalyzing the efficient condensation of silanol groups. By comprehending
these mechanisms of both aprotic and protic solvents in hydrolysis-condensation under
acidic-catalyzed conditions, we successfully prepared UT10 nanoparticles characterized
by a high degree of condensation and exceptional stability, maintaining their colloidal
state for at least four months, even at high nanoparticle concentrations exceeding 40%. All
UT10 sols showed the appearance of Q* species, and the UT10 (M-E) prepared from the
strong polar aprotic and protic solvents showed excellent hardness (more than 0.9 GPa
with a minimal coating thickness of 4.76 um). Furthermore, considering solvent boiling
points was crucial in influencing the evaporation rates and subsequently impacting the
coating hardness. Thus, by understanding the distinct contributions of each solvent, we
can optimize the sol-gel process for diverse applications, offering a versatile and practical
approach to industrial coating design.
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