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ABSTRACT: Ultraviolet (UV) radiation is closely related to people’s lives, but e T —
excess UV exposure has led to a series of problems. UV protection technology B

plays a vital role in our life. The most commonly adopted UV protection
technology is to use UV-absorbing materials to make protective coatings, including
sunscreen cream for human skin and sunscreen coating for materials. Conventional
organic UV-protective coatings have low stability and are sensitive to heat, while
inorganic UV-protective coating with highly efficient UV-protective performance
usually need high processing temperatures and exhibit low transparency. Here, we
report a Ti-PEG-Si cross-linked inorganic—organic hybrid material, which exhibits e

good UV-absorbing performance. By using these UV-absorbing materials, an =3 &

efficient transparent UV-absorbing coating could be easily prepared at room ot e
temperature (298 K). The UV-absorbing coating is mainly composed of titanium
and silicon connected by PEG200. PEG200 as a cross-linker can improve the UV-
absorption performance of the coating and increase its visible light transmittance.
At the same time, the existence of PEG200 can effectively increase the stability and elasticity of the coating and maintain its
mechanical properties after UV irradiation. Furthermore, the coating could maintain highly UV-protective performance and could be
transparent even after thermal treatment at high temperature (973 K). From this point of view, the hybrid materials have
considerable application potential in next-generation UV protective coatings, especially with their utilization in heat-sensitive
substrates or under high-temperature conditions.
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B INTRODUCTION based on titanium dioxide and zinc oxide nanoparticles.'®*°
These materials have good thermal stability, but their
transparency in the visible region is low due to their high
reflectivity of light, making them difficult to apply in optical
devices.”"”* In addition, the formation of inorganic UV-
absorber coatings with highly efficient UV-protective perform-
ance usually requires high temperatures, which is also difficult
to apply with heat-sensitive materials.”>~>> Titanium sources
such as titanium tetrachloride and titanates, which are usually
used as precursors to prepare inorganic UV-protective

coatings, are very easily hydrolyzed, and it is difficult to
26,27

Ultraviolet (UV) light plays an indispensable role in different
areas of life and provides energy for all living creatures."”
Conversely, UV light can also cause huge damage to humans
and materials.” UV radiation is responsible for the
discoloration, decomposition, and degradation of plastics,
dyes, paintings, etc.””® The ultraviolet radiation b band
(UVB, 280—310 nm) in UV light typically causes sunburn and
direct DNA damage via pyrimidine dimer formation, and the
ultraviolet radiation a band (UVA, 320—400 nm) causes

suntan; thus, UV radiation plays a direct role in photocarcino- . .
genesi s,, 7=9 Py P control the uniformity of the product.

Therefore, great efforts have been devoted to developin
At present, commonly used UV absorbers are mainly divided ' & 1 M
. 1011 . . novel UV absorbers and avoiding the above shortcomings.
into two categories. "~ Organic UV-absorbing molecules
) . In the early 2000s, some researchers began to focus on
usually include a phenol functional group that converts the
energy of UV radiation into thermal energy, such as
octocrylene and oxybenzone.'””'* However, these aromatic Received:  November 23, 2020
compounds have low stability and are sensitive to heat, which Accepted:  January 12, 2021
greatly reduce their lifetime when used under high-temperature Published: January 21, 2021
conditions.">'® Moreover, organic UV absorbers require
additional dispersant and stabilizer systems.'”'” Another
alternative is inorganic UV absorbers, which are mainly
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Figure 1. (a) Structure of the precursors and (b) Ti-PEG-Si UV absorbers. Gray: C, red: O, yellow: Si, and blue: Ti. (c) Photos of the raw liquid
materials and solid UV absorber product. (d) TGA analysis and (e) *C MAS NMR of the Ti-PEG-Si UV absorber.

entrapping UV absorbers in a sol—gel-derived ormosil
matrix.”>’~* The resulting coatings present high stability
and strong absorption in the UV region of the spectrum.
However, these coatings suffer from leaching problems."
Therefore, highly effective titanium-containing materials have
attracted our attention. Although traditional organic titanium
materials are easy to coat, they have poor stability and are
easily hydrolyzed and whitened.”**' Conversely, inorganic
titanium materials have high stability, but they usually need a
high treatment temperature and have low transparency in the
visible region; furthermore, they do not easily form into a film
for coating on the surface of a material.>>*** In order to
overcome the shortcomings of conventional titanium-contain-
ing materials, many investigators have made great efforts.**~**
Bi et al. designed a modified titanium dioxide@graphene
oxide/poly(vinyl alcohol) nanocomposite to obtain UV
resistance.”* Guo et al. reported a facile bottom-up fabrication
process to prepare a transparent TiO,/Ce xerogel coating for
natural engineering materials.” In this work, we try to find a
titanium-containing UV absorber with high stability that easily
forms a coating while maintaining high transparency in the
visible region.

B RESULTS AND DISCUSSION

In this work, we synthesize a Ti-Si cross-linked inorganic—
organic hybrid material, which easily forms an efficient UV-
absorbing coating at room temperature (298 K) and also has
highly UV-protective properties even after thermal treatment
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at 973 K. The thickness of the coatings is controllable, and the
coating remains transparent for more than 1 year. The Ti-Si
cross-linked coatings show very strong UV absorption,
especially in the wavelength range where UV damage is
greatest (290—350 nm). At the same time, the Ti-Si cross-
linked coating has high transparency and less absorption in the
visible region. The Ti-Si cross-linked inorganic—organic hybrid
materials solve the problems that traditional titanium-
containing materials suffer from, such as being easily
hydrolyzed and losing transparency in the visible region. The
Ti-PEG-Si cross-linked hybrid UV absorber is synthesized by
using tetraethyl titanate (TEOT), tetraethyl orthosilicate
(TEOS), and polyethylene glycol (PEG200) as the reactants
through transesterification reactions, as shown in Figure la and
Figure S1. The product obtained was named Ti-PEG-Si
During the transesterification reactions, TEOT serves as both
the reactant and the catalyst. The ratio of silicon to titanium in
the UV absorber is adjustable.

After the transesterification reactions, the alkoxy groups of
TEOT or TEOS were transesterified with PEG200 to form a
network-like polymerized compound (Figure 1b). The photos
show that the liquid raw materials were successfully trans-
formed into transparent solid products (Figure 1c). The
resulting UV absorber generally has a polymerization degree of
10 (see more information in the Experimental Section and
Supporting Information). The thermogravimetric analysis
(TGA) and *C MAS NMR analysis of the UV absorber are
shown in Figure 1d,e. TGA analysis showed that PEG200,
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Figure 2. (a) Preparation of the UV-absorbing coatings by spin-coating. (b) UV—visible transmittance spectra of the Ti-PEG-Si coatings and TiO,-
SiO, coatings with the same thickness of (I) 2.0 ym and (II) 7.0 um. (c) Photo of the Ti-PEG-Si coatings (left) and TiO,-SiO, coatings (right)
with the same thickness of (I) 2.0 gm and (II) 7.0 gm. (d) UV—visible transmittance spectra of the Ti-PEG-Si coatings and TiO,-SiO, coatings
with the same thickness of 2.0 ym in the region between 280 and 400 nm.

which is one of the raw materials, decomposed at 473 K, and
there were two distinct weight loss peaks in the Ti-PEG-Si UV
absorber. This was mainly because a small part of PEG200 did
not participate in the polymerization; thus, the polymer slightly
decomposed at 473 K. At 653 K, the UV absorber significantly
decomposed.

It is worth mentioning that there is a slight weight loss at
323 K, which is mainly due to the fact that a small amount of
ethanol generated in the polymerization process is not
completely removed after synthesis. The *C MAS NMR
analysis showed that the peaks from the methylene and methyl
groups on the silicon ester and the titanium ester were
significantly weakened and lowered at 582 and 182 ppm,
respectively, which proved that the ethyl groups of the original
tetraethyl orthosilicate and tetraethyl titanate were removed
during the transesterification reactions. The Ti-PEG-Si UV
absorber had good ethanol solubility. In addition, it is worth
noting that the Ti-PEG-Si UV absorber has a very high
resistance to hydrolysis, and its aqueous solution and coatings
can remain clear and stable after more than 1 year at room
temperature (298 K), as shown in Figure S2. However, the raw
materials of TEOT and TEOS are very easily hydrolyzed even
in a moist environment. Organic titanium materials are easily
hydrolyzed, and inorganic titanium materials lose transparency
in the visible region. From this point of view, a hydrolysis-
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resistant and transparent Ti-PEG-Si polymer should be an
ideal UV absorber for different substrates.

In this work, a Ti-PEG-Si inorganic—organic hybrid UV-
absorbing coating was prepared by spin-coating (Figure 2a).
The synthesized UV absorbers were dissolved in ethanol and
added to the substrates with the sample holder spinning at
different revolutions per minute. The quartz glass substrates
were highly transparent in the UV and visible regions. After the
spin-coating treatment, the obtained coatings were dried at
room temperature (298 K) for 1 day or at 333 K for 2 h. In
addition, these two drying methods have no obvious effect on
the properties of the coating, as shown in Figure S11. To verify
that the UV-protective coatings still have UV absorption
properties under high-temperature conditions, the coatings
were calcined at 973 K. The experimental details are provided
in the Experimental Section.

To take advantage of the best UV-adsorption performance
of the coating, the titanium content of the Ti-Si cross-linked
hybrid UV absorber was investigated. As shown in Figure S5,
UV absorbers with a Ti content of 20% (n(Si/Ti) = 4, 2.12 wt
%) had a very strong absorption in the whole UV region and
showed high transparency in the visible region. Therefore, UV
absorbers with a Ti content of 20% (n(Si/Ti) = 4, 2.12 wt %)
were selected to investigate the features of the Ti-Si cross-
linked hybrid UV absorber. We prepared TiO,-SiO, coatings
with the same 7.0 and 2.0 ym thicknesses as the Ti-Si cross-
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Figure 3. (a) UV—visible transmittance spectra of the Ti-PEG-Si coatings with different thicknesses: (1) 0.1 ym, (2) 2.0 um, (3) 7.0 um, (4) 15.0
um, and (5) 88.0 um. (b) Photo of the Ti-PEG-Si coatings: (1) 0.1 um, (2) 2.0 um, (3) 7.0 ym, (4) 15.0 um, and (S) 88.0 um. (c) The Ti-PEG-Si
coatings treated under 973 K. (d) Optical microscopy images of the edge of the high temperature-treated coatings. (e) UV—visible transmittance

spectra of the Ti-PEG-Si coatings after high-temperature treatment.

linked hybrid UV protective coating by using a sol—gel method
at room temperature (298 K). Additionally, the titanium
weight content of the hybrid coating is the same with the
conventional TiO,-SiO, coating. The difference in UV
absorption between the oxidized coating and our synthetic
inorganic—organic hybrid UV-absorber coating is shown in
Figure 2b,c. For the TiO,-SiO, coating with a thickness of 2.0
um, the oxide coatings and inorganic—organic hybrid UV-
absorber coatings gave slightly different transmittances in the
visible range (400—700 nm, Figure 2b(I)). The transmission
rate of the TiO,-SiO, coatings in the visible range is lower than
that of the inorganic—organic hybrid UV-absorber coatings
because their high degree of crystallinity refracts the light. The
difference in the transmittance spectra of the UV region
between the two coatings is large. The transmission spectrum
shows that the inorganic—organic hybrid UV-absorber coating
has a much lower transmittance in the UV region than that of
the TiO,-SiO, coatings. In the range of 320—350 nm, the
transmittance of the inorganic—organic hybrid UV-absorber
coating is significantly reduced, and the transmittance rate at
320 nm reached 0, while the TiO,-SiO, coatings have a
transmittance rate of 78.9% at 320 nm, as shown in Figure 2d.
The above results suggest that the inorganic—organic hybrid
UV-absorber coatings have a very strong absorption in the UV
region and can effectively prevent substrates from being
damaged by UV rays, especially substrates made from heat-
sensitive materials. It can be clearly seen that the 7.0 ym TiO,-
SiO, coatings exhibit a distinct white color and their light
transmission in the visible region is significantly reduced in

5595

Figure 2b(II),c(II). This oxide coating is not suitable for
situations requiring high transparency, such as artwork and
precision optics instruments. At the same thickness of 7.0 ym,
the inorganic—organic hybrid UV-absorber coatings maintain
high transmission in the visible region, a wavelength range of
400—780 nm, and the transmission in the UV region is very
low, especially in the region where the most damage was
caused by UV rays (290—350 nm). Additionally, there was no
transmittance of UV rays below a wavelength of 328 nm
(Figure 2b(II)). This is mainly attributed to the incorporation
of titanium in the network of the Ti-Si cross-linked hybrid UV
absorber.

Through the above analysis, it was found that the inorganic—
organic hybrid UV-absorber coatings strongly absorbed UV
light, so we further investigated the effect of coating thickness
on the UV absorption performance (Figure 3a,b). As the
thickness of the UV-absorbing coating increased, its UV-
absorbing ability gradually increased. When the thickness of
the coating was between 0.1 and 15.0 ym, the UV absorption
coating had a higher transmittance in the visible range of the
spectrum (400—700 nm). When the thickness was increased to
88.0 um, the transmittance in the visible range decreased, but
the UV absorption performance had a large improvement. In
the preparation of the UV-absorbing coatings above, they were
all treated at 333 K or room temperature (298 K) to form a
UV-absorbing coating. This proves that this method is very
suitable for the UV protection of substrates that are sensitive to
heat, such as plastic or some dyes. However, there are also
some cases where the substrates need to be treated at high

https://dx.doi.org/10.1021/acsami.0c20862
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temperature. Therefore, a test was conducted on whether the
coatings could still effectively absorb UV rays if the
temperature reached the decomposition temperature of the
inorganic—organic hybrid UV absorber. To determine this, the
abovementioned UV absorbing coatings were treated at higher
temperatures, such as 973 K (Figure 3c). After calcination, we
find that the resulting UV-absorbing coating remains trans-
parent and has a thickness of approximately 53 nm with a
relatively regular boundary (Figure 3d). It still maintains a
certain absorption in the UV region (Figure 3e), especially in
the range where the damage caused by UV rays is most severe
(290—350 nm). However, compared with that of the UV
absorbing coatings formed at room temperature (298 K) or
333 K, the efficiency of the absorption is significantly reduced,
and it is relatively close to that of the TiO,-SiO, oxide coating
synthesized by a conventional sol—gel method. It can be seen
from the thermogravimetric curve (Figure 1d) that, when the
treatment temperature is 653 K, there is an obvious weight loss
peak, which is mainly due to the decomposition of PEG200 in
the hybrid material. Therefore, at 973 K, the organic
compounds in the hybrid materials completely decomposed.
At this time, inorganic TiO, and SiO, remained in the UV
absorption coating. This process is very similar to the
preparation of inorganic TiO,-M,0O, (M = Si, Ce, Pb, etc.)
coatings by traditional methods.*”” In the traditional method,
the organic titanium source is usually dissolved in the aqueous
solution of alcohols, and the sol is prepared in relatively low-
temperature aging. Then, the sol is coated on the substrate and
calcined at a higher temperature, such as 773 K, to obtain the
inorganic titanium-containing UV absorption coating.50
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Similarly, this inorganic—organic hybrid UV absorber could
form an inorganic TiO,-SiO, coating at high temperature, so it
can still maintain a certain UV absorption capacity. Thus, the
inorganic—organic hybrid UV absorber can not only form a
UV absorbing coating at room temperature (298 K) but also
provide UV protection at a higher temperature. This also
greatly expands the application of this inorganic—organic
hybrid UV absorber, which can be used for eflicient UV
protection in heat-sensitive substrates or under high-temper-
ature conditions.

The optical absorption properties of the hybrid UV
absorbers were also investigated by means of time-dependent
density functional theory (TDDFT) calculations.®' ™"
Oligomers with different silicon content were selected for
analysis by this theoretical method. The ethoxyl group on the
titanium ester was gradually replaced by Si-PEG fragments, as
shown in Figure 4a—d. The time-dependent DFT excitation
spectra (Figure 4-III) showed that all the hybrid UV absorbers
had a strong absorption in the range of the UV region.
Comparing the simulated absorption spectra with the increase
of the substitution degree of the ethoxyl group on titanium by
the Si-PEG fragment, there was a red shift from Si-Ti (Figure
4a) to 4Si-Ti (Figure 4d). This phenomenon was mainly
attributed to the increasingly electron-donating group,
PEG200, moderately decreasing the band gap from 3.8 to
3.0 eV (Figure 4e,f).>° Additionally, we extended the
computational exploration to TEOS and TEOT and replaced
all the ethoxyls on TEOS and TEOT by PEG200 (Si-PEG and
Ti-PEG). Our calculations predicted that Si-PEG and Ti-PEG
would exhibit a larger red shift than traditional TEOS and
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Figure 5. Mechanical performance of the UV protective coatings. (a) (I) Nano-indentation experiment of the coatings with different loading forces.
(1) 1000 uN, (2) 2000 uN, and (3) S000 uN. (II) Nano-indentation experiment of the coatings before and after UV exposure. (III) Scratch test
results of the coatings before and after UV exposure. (b, ¢) Two-dimensional (2D) and three-dimensional (3D) scanning graphs of surface
topography: (I) original UV-protective coating, (II) the coating after a loading force of S000 N by the probe, and (III) the coating after the

scratch test with a longitudinal loading force of 8000 uN.

TEOT, mainly due to the increase in electronic density of
PEG200. The band gaps of TEOS and TEOT were 6.8 and 3.5
eV, while those of Si-PEG and Ti-PEG were 4.9 and 2.7 eV,
respectively (Figure 4e,f). The simulated and experimental
transmittance rates of the UV absorbers are shown in Figure
S8. The simulated transmission spectra of the hybrid UV
absorbers were relatively in good agreement with the
experimental spectra. The reason for this difference was that
the UV absorbers synthesized in the experiment was the
mixture of a various degrees of polymerization. Based on the
above theoretical method, the origin of the UV absorption may
be attributed to the Ti-PEG-Si like structure of the UV
absorber.

The mechanical properties of the UV-protective coating
were characterized and evaluated by nano-indentation. In the
experiment, a coating thickness of 2.0 ym on quartz slide was
selected for testing. During the nano-indentation test, the
probe applied different loading forces. When the loading force
was 5000, 2000, and 1000 uN, respectively, the indentation
test diagram was obtained and displayed in Figure Sa-I. The
depth of the probe pressing into the coating increases with the
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increase of the loading force. When a different loading force is
applied, the deformation degree of the coating is equivalent,
that is, the loading force curves are highly coincident. When
the maximum loading force reaches 5000 uN, the depth of the
coating is 1.5 ym. At the same time, it can be seen from the
loading force curves that the coating is not cracked during the
nano-indentation test. With the removal of the loading force,
the elastic deformation of the coating can be seen in the curve.
When the loading force of the probe is removed, the coating
can be recovered again. The surface topography measured by
the probe is shown in Figure Sb-Ic-I. The surface of the
prepared UV protective coating is relatively smooth and flat.
The change of the surface depth is only within 2.5 nm. Figure
Sb-II,c-II are the scanning graphs of the coating after a force of
5000 uN is applied by the probe. When the force is unloaded,
only an indentation with a depth of approximately 6 nm is left
on the surface. It also proves that the elasticity of the coating is
good. The nano-indentation hardness of the coating is
approximately 0.13 GPa, and the reduced elastic modulus is
1.03 GPa. In order to verify whether the mechanical properties
of the coating have changed after UV irradiation, we have
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Figure 6. Application of the UV-protective coating. (a) Quartz with UV-protective coatings (2.0 ym) and an uncoated one placed on the surface of
the plate. The plate with a fluorescent agent can generate fluorescence under UV light. (b) The quartz slides with a UV-protective coating and
without a coating were tested under UV light (top). Slide placed on the plate without UV light (down). (c) PDMS chips with UV absorbers
injected inside and contacted with a quartz slide. (d) PDMS chips placed on the surface of the plate, which can generate fluorescence under UV

light and show the channels of the chips.

tested the nano-indentation of the coating before and after UV
irradiation of 15 h. As shown in Figure Sa-II, it can be seen
from the loading force curve that the mechanical properties of
the coating do not change significantly before and after UV
irradiation. After UV irradiation, the hardness of the coating
increases to 0.14 GPa, the reduced elastic modulus is 1.20 GPa,
and the elasticity is slightly weakened. At the same time, the
scratch test results of the coating before and after UV
irradiation are shown in Figure Sa-IIL. The longitudinal force
from 0 to 8000 uN is gradually increasing when the probe
applies to the coating with a scratch distance of 10 gm. With
the increase of the scratch depth, the lateral force increases
correspondingly. When the longitudinal loading force of the
nano scratch probe is 8000 xN, the maximum value of the
lateral force is approximately 1700 uN. It can also be seen from
the scratch curve that, even when the longitudinal loading
force reaches 8000 uN, the coating can still maintain good
mechanical properties without cracking. It can be observed
from Figure Sb-IIIL,c-III that, at the end of the scratch test, only
a shallow scratch with a depth of approximately 30 nm
appeared on the coating surface. The length of the scratch
exceeds 10 ym past the probe, as shown in Figure Sb-III. This
is because the probe cannot immediately unload the 8000 N
loading force at the end of the scratch test. Through the above
nano-indentation and scratch experiments, the UV-protective
coatings show good mechanical properties and stability. It can
also be verified that the coating can maintain the stability of its
mechanical properties after UV irradiation.

To demonstrate the performance of the UV-absorbing
coating, we conducted experiments on UV protection. A quartz
glass with the inorganic—organic hybrid UV-absorber coating
(2.0 ym) and an uncoated quartz glass are placed on the
surface of a plate that can generate fluorescence under UV
excitation. The quartz glass substrates are highly transparent in
the UV and visible regions. The quartz slides with and without
a coating both show higher transparency in the absence of UV
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light, but a significant difference is observed under UV light.
The coated substrates absorb the UV light completely, so the
back plate cannot fluoresce under the excitation of UV rays,
showing a grayish black color; conversely, the uncoated quartz
substrate can completely transmit ultraviolet rays, and the
excited plate generates fluorescence (Figure 6ab). Further-
more, a series of polydimethylsiloxane (PDMS) chips were
synthesized, and the inorganic—organic hybrid UV absorbers
were injected into its channel. These PDMS chips exhibit high
transparency. When placed on the abovementioned plate
under UV light irradiation, the inorganic—organic hybrid UV
absorber in the channel absorbs the UV light, showing the
channel patterns of the PDMS chips (Figure 6c,d).

B CONCLUSIONS

In this work, we have successfully designed and synthesized a
type of Ti-Si cross-linked inorganic—organic hybrid UV
absorber coating. The hybrid UV-protective coatings overcome
the disadvantages of conventional inorganic or organic UV
coating with difficult synthesis methods with low transparency
and poor stability. The hybrid UV absorber forms a highly
efficient UV-absorbing coating at room temperature (298 K)
and exhibits high transparency in the visible region and strong
absorption in the UV region. These Ti-Si cross-linked
inorganic—organic hybrid coatings are suitable for UV
protection of heat-sensitive materials. At the same time,
these UV-absorbing coatings maintain high efficiency of UV
absorption even after thermal treatment at 973 K. The Ti-Si
cross-linked inorganic—organic hybrid UV absorbers have the
potential to expand the application of titanium-containing
materials in the field of UV protection. In this way, many other
UV-absorber molecules may also covalently attach to a hybrid
network.
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B EXPERIMENTAL SECTION

Synthesis of a Ti-Si Cross-Linked Inorganic—Organic Hybrid
UV Absorber. All the chemicals were purchased and used without
further purification. UV absorbers were synthesized basically
according to the following molar composition: 0.8 S$i0,:0.2 TiO,:2
PEG200. The UV absorbers with titanium content between 1 and
20% were also synthesized by the same method. A certain amount of
poly(ethylene glycol) (PEG200, M, = 200, Macklin) was added to a
round bottom flask. Then, tetraethyl orthosilicate (TEOS, 99.0 wt %,
Aladdin) was added to the round-bottom flask and stirred at 383 K in
an oil bath followed by addition of tetraethyl titanate (TEOT, 35 wt
% TiO,, Aladdin). In the process of product polymerization, the by-
produced ethanol was collected by a condensation tube and the
temperature of the oil bath was controlled according to the rate of
ethanol distillation, gradually increased to 443 K, and maintained at
443 K for 1 h. In order to promote polymerization of the product as
well as accelerate the reaction, the system was vacuumed at 443 K and
vacuum-treated for 1 h. After the reaction is completed, the
polymerized solid product can be collected. In the process of
synthesizing the UV absorber, a transesterification reaction mainly
occurs and the by-product is ethanol. Through the amount of ethanol
collected in the reaction process, the number of ethoxy groups in
TEOS and TEOT participating in the reaction can be calculated and
the degree of polymerization can be estimated.

Preparation of the Ti-Si Cross-Linked Hybrid UV-Absorbing
Coatings. The Ti-Si cross-linked UV absorbers were mixed with
ethanol (99.7 wt %, Aladdin). After 3 h, the UV absorbers were fully
dissolved in the ethanol solution. A quartz glass was used as a coating
substrate. Then, the coatings were prepared with the UV absorber
solution by a spin-coating technique. The thickness of the coating was
controlled by different spinning speeds. The rotational speed of an
88.0 ym coating was 800 rpm, 1800 rpm for 15.0 um, 2800 rpm for
7.0 pm, 3800 rpm for 2.0 ym, and 5800 rpm for 0.1 ym.

Preparation of the TiO,-SiO, Coatings. The TiO,-SiO,
coatin%s were synthesized according to the method of previous
work.'® An ethanolic solution of 3-glycidoxypropytrimethoxysilane
(GLYMO, 98 wt %, Aladdin and the concentration is 0.37 M) and an
amount of 12% TiCl; aqueous HCI solution (Aladdin) were mixed
with a molar ratio of SiO,:TiO, = 37. Then, an amount of propylene
oxide (99.5 wt %, Aladdin; the molar ratio of propylene oxide to
titanium was S) was added to the solution. After hydrolyzing at room
temperature (298 K) for 4 days. The coatings were prepared with the
above solution by a spin-coating technique on the quartz slide. The
obtained coatings were dried at 298 K for 1 day followed by 24 h at
373 K.

Preparation of the PDMS Chips. The PDMS chips were
fabricated in polydimethylsiloxane by using a rapid prototyping
technique. An SU-8-203S photoresistor (MICROCHEM) was spin-
coated onto silicon wafers and patterned by photolithography. Then,
a Sylgard 184 PDMS base (Dow Coming Corporation) and a curing
agent were mixed thoroughly (10:1 by mass). The samples were then
degassed under vacuum and poured onto the master form. The
assembly was cured in an oven (363 K, 1 h); after cooling, the devices
were gently peeled from the master form and trimmed to size. Holes
were punched out of the PDMS to form reservoirs for the
introduction of liquid. Then, a piece of PDMS was brought into
conformal contact with a quartz glass slide by irreversible bonding
after oxygen plasma treatment at 363 K for 1 h.

Characterization. Solid state Si NMR and '*C NMR experi-
ments and liquid "*C NMR experiments were conducted on a Bruker
Avance III spectrometer equipped with a 14.1 T and 9.4 T magnet,
respectively. *°Si and '*C MAS NMR spectra were recorded using a
high-power proton decoupling sequence with a spinning rate of 12
kHz. A total of 128 and 256 scans were accumulated with a recycle
delay of 10 s for the Si and '3C MAS NMR spectra. Liquid *C
NMR experiments were conducted by a one-pulse sequence with a
recycle delay of 2 s and 512 scans. The transmittance spectra of the
UV-protecting coatings were recorded over a range of 200 to 800 nm
on a VARIAN CARY 5000. A thermogravimetric analysis (TGA) was
conducted on a TA Q-600 analyzer with a heating rate of 10 K/min

from ambient temperature to 973 K in a N, flow of 100 mL/min. The
thickness of the coatings was measured with a Bruker’s Dektak XT
Stylus Profiler System. UV light is provided by a Lumen Dynamics
lamp (model: 012-64000R). Optical microscopy images were
captured by a Leica S8APO stereomicroscope. Nanomechanical
tests were measured by a Hysitron TI-950 Tribolndenter.
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