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Abstract: The growing use of glass in architecture has driven research into reducing its energy
consumption. Thermochromic (TC) glass technology shows promise for enhancing building energy
efficiency by regulating solar heat dynamically. Although TC glass helps reduce heat radiation,
additional solutions like Low-E or vacuum glass are needed to control heat convection and conduction.
Low-E glass, while effective in lowering heat transfer, may increase surface temperature. Thermo-
sensitive hydrogels, known for their light-scattering properties at high temperatures, have been
explored to complement TC glass. However, their stability at elevated temperatures remains a
challenge, especially for applications requiring durability under varying weather conditions. This
study proposes enhancing the adhesion between hydrogel and glass by introducing silica–oxygen
bonds. As a result, TC glass demonstrates stable performance over 100 cycles within temperature
ranges from 85 ◦C to 30 ◦C in summer and 40 ◦C to −20 ◦C in winter. Furthermore, by incorporating
ethylene glycol, the freezing point of TC glass is reduced to −26 ◦C, rendering it suitable for use
in colder regions. The implementation of TC glass effectively addresses the dual requirements of
summer shading and winter heating in areas with both cold winters and hot summers, significantly
reducing building energy consumption. This study contributes substantially to developing advanced
intelligent building materials, paving the way for more sustainable architectural designs.

Keywords: thermochromic glass; hydrogel; silica–oxygen bonds; LCST

1. Introduction

Building energy efficiency has become a critical focus in the construction industry due
to rising energy costs and increasing environmental concerns [1,2]. Among the various
technologies aimed at improving building energy performance, thermochromic smart
glass has garnered significant attention for its ability to dynamically modulate solar heat
gain and enhance occupant comfort [3]. Vanadium dioxide [4,5], temperature-sensitive
hydrogels [6–8], and liquid crystals [9,10] have been widely studied for their applications
in thermochromic glass. By adjusting its transparency in response to external temperature
changes, thermochromic smart glass effectively reduces the need for mechanical heating,
ventilation, and air conditioning systems, leading to substantial energy savings and reduced
greenhouse gas emissions [11–13]. Many researchers have focused on thermosensitive
hydrogels due to their strong ability to regulate solar thermal radiation, making them a key
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component in the study of building dynamics [14–16]. Despite its promising potential, a
critical technical challenge has impeded the widespread adoption of thermochromic smart
glass in building applications: inadequate adhesion between the thermochromic hydrogel
and the glass substrate. The surface temperature of TC glass is influenced by several factors,
including solar radiation intensity, ambient temperature, the characteristics of the glass
itself (such as reflectivity, transmittance, and absorptivity), and the geographical location of
the glass [17,18]. Under clear weather conditions, if the sun directly shines on the surface
of the TC glass, its surface temperature can be from 20 to 40 ◦C higher than the ambient
temperature [19–24]. At elevated temperatures, the weak adhesion between the hydrogel
and glass often results in delamination or the formation of air bubbles within the hydrogel
layer, which compromises both its optical properties and durability. Therefore, improving
the adhesion between the thermochromic hydrogel and the glass substrate is crucial for
enhancing the reliability and performance of thermochromic smart glass technology in
building applications.

Researchers have explored treating the glass surface with silicon–oxygen compounds
that react with acrylamide to enhance the adhesion between the hydrogel and the glass.
Tian’s team utilized silane coupling agents to modify the glass surface, adding extended
chain siloxy functional groups that can be cross-linked with the hydrogel through topo-
logical entanglement [25]. This method forms long chains of covalent bonds on the glass,
effectively increasing the adhesion between the hydrogel and the glass. As a result, a stable
thermo-dimming glass is produced, maintaining stability after 100 color-changing cycles
and transmittance. Professor Lu and his team proposed a general strategy for the solid
adhesion of hydrogels, addressing the adhesion problem between hydrogels and various
materials [26]. This strategy combines chemical adhesion and topological entanglement,
allowing any hydrogel to be effectively bonded to the substrate. The key to this univer-
sal bonding strategy lies in polymer chains with multifunctional groups and triggerable
cross-linking properties. These polymer chains can diffuse into the hydrogel network and
cross-link upon triggering to form new topological entanglements. This newly formed
network can bond hydrogels with other materials at the molecular scale, similar to stitches,
without the need for a specific chemical design of the hydrogels. Liu and his team incor-
porated silane into hydrogels and elastomers [27]. In the presence of water, the alkoxy
group in silane hydrolyzes to silanol, and two silanols can condense to form a siloxane
bond. Silane copolymerizes into the hydrogel and elastomer networks for rapid hydrolysis,
while the condensation between silanols occurs relatively slowly, providing sufficient time
for processing before bonding. After processing, the silanol between the gel and elastomer
networks condenses, covalently connecting the two materials to provide a strong bond.
Many researchers focus on enhancing the substrate interface and hydrogel adhesion. Typi-
cally, the adhesion between hydrogel and glass is improved through substrate treatment
followed by extension [28]. However, treating large pieces of glass for TC applications can
be both time-consuming and resource-intensive, posing significant challenges for large-
scale implementation. The extensive time required for proper treatment, along with the
high consumption of resources, diminishes the feasibility of deploying TC glass on a broad
scale. These challenges hinder the widespread adoption of TC glass in larger architectural
projects and commercial applications, where efficiency and cost-effectiveness are crucial.
Overcoming these barriers is essential for making TC glass a practical and sustainable
solution for improving energy efficiency and occupant comfort in buildings. Addressing
these issues will enable the more extensive use of TC glass, ultimately contributing to more
sustainable building practices.

In this study, we enhanced the bonding strength between the glass substrate and
hydrogel by incorporating silicon–oxygen bonds into the hydrogel matrix. By introducing
a silane coupling agent that reacts with both polyacrylamide in the hydrogel and the glass
surface, we significantly improved adhesion. This method effectively addresses adhesion
challenges and enhances the overall performance of the hydrogel. By overcoming these
critical adhesion limitations, we aim to promote the broader adoption of thermochromic
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smart glass as a cost-effective and environmentally friendly solution for improving building
energy efficiency and occupant comfort.

2. Materials and Methods
2.1. Materials

Acrylamide (AM): Acrylamide is a key monomer used in the polymerization process
to form the polyacrylamide network.

Ethylene Glycol: This compound acts as a crosslinker and a plasticizer.
N, N′-Methylenebisacrylamide (BIS): BIS is a crosslinking agent that forms covalent

bonds between acrylamide molecules.
Ammonium Persulfate (APS): APS is an initiator that decomposes under heat to

produce free radicals.
N, N, N′, N′-Tetramethyl Ethylenediamine (TEMED): TEMED is a catalyst that acceler-

ates the polymerization process initiated by APS, ensuring a more controlled and efficient
formation of the hydrogel network.

γ-Isobutylene Propyl Trimethoxy Silane (γ-PTS): γ-PTS is a silane coupling agent used
to improve the adhesion between the hydrogel matrix and other substrates, enhancing the
stability and performance of the material, as shown in Figure 1.

J. Compos. Sci. 2024, 8, x FOR PEER REVIEW 3 of 14 
 

 

challenges and enhances the overall performance of the hydrogel. By overcoming these 
critical adhesion limitations, we aim to promote the broader adoption of thermochromic 
smart glass as a cost-effective and environmentally friendly solution for improving build-
ing energy efficiency and occupant comfort. 

2. Materials and Methods 
2.1. Materials 

Acrylamide (AM): Acrylamide is a key monomer used in the polymerization process 
to form the polyacrylamide network. 

Ethylene Glycol: This compound acts as a crosslinker and a plasticizer. 
N, N′-Methylenebisacrylamide (BIS): BIS is a crosslinking agent that forms covalent 

bonds between acrylamide molecules. 
Ammonium Persulfate (APS): APS is an initiator that decomposes under heat to pro-

duce free radicals. 
N, N, N′, N′-Tetramethyl Ethylenediamine (TEMED): TEMED is a catalyst that accel-

erates the polymerization process initiated by APS, ensuring a more controlled and effi-
cient formation of the hydrogel network. 

γ-Isobutylene Propyl Trimethoxy Silane (γ-PTS): γ-PTS is a silane coupling agent 
used to improve the adhesion between the hydrogel matrix and other substrates, enhanc-
ing the stability and performance of the material, as shown in Figure 1. 

 
Figure 1. Chemical structure diagram of γ-PTS. 

Triblock polyether (Molecular weight: 2000. As described in a previous paper 
[29,30]). 

All the materials were purchased from Sigma-Aldrich (Shanghai, China) without fur-
ther purification. 

Ultrapure water (18.25 MΩ) was used throughout the experiments. 

2.2. Thermochromic Hydrogel Synthesis 
The synthesis of the thermochromic hydrogel involved the following steps: Triblock 

polyether, AM, BIS, APS, γ-PTS, and Ethylene glycol were dissolved in ultrapure water. 
The proportions of these materials were carefully determined based on the desired tem-
perature-responsive properties. 

Specifically, triblock polyether constituted 0.5–1% of the total mass of the aqueous 
solution, while AM accounted for 12% of the mass. BIS was included at 0.2% of the mass 
of AM, APS at 2% of the mass of the aqueous solution, and ethylene glycol ranged from 0 
to 30% by mass relative to the ultrapure water. TEMED was added at 2.5% by mass relative 
to AM. 

After completely dissolving all components, the solution temperature was lowered 
to below 10 °C. TEMED was then added to the solution under continuous agitation. Sub-
sequently, the mixture was maintained under a pressure of −0.085 MPa for 20 min. This 
process resulted in the formation of a prepared hydrogel mixture. The hydrogel mixture 
was then transferred into a suitable container and cured at 60 °C for 1 h, solidifying it into 
the desired shape. The resulting thermochromic hydrogel exhibited the intended struc-
tural and functional properties for subsequent applications. 

Due to its high water content, hydrogel tends to freeze at lower temperatures, ad-
versely affecting the transparency of the glass. When frozen, the hydrogel expands, 

Figure 1. Chemical structure diagram of γ-PTS.

Triblock polyether (Molecular weight: 2000. As described in a previous paper [29,30]).
All the materials were purchased from Sigma-Aldrich (Shanghai, China) without

further purification.
Ultrapure water (18.25 MΩ) was used throughout the experiments.

2.2. Thermochromic Hydrogel Synthesis

The synthesis of the thermochromic hydrogel involved the following steps: Triblock
polyether, AM, BIS, APS, γ-PTS, and Ethylene glycol were dissolved in ultrapure water. The
proportions of these materials were carefully determined based on the desired temperature-
responsive properties.

Specifically, triblock polyether constituted 0.5–1% of the total mass of the aqueous
solution, while AM accounted for 12% of the mass. BIS was included at 0.2% of the mass of
AM, APS at 2% of the mass of the aqueous solution, and ethylene glycol ranged from 0 to 30%
by mass relative to the ultrapure water. TEMED was added at 2.5% by mass relative to AM.

After completely dissolving all components, the solution temperature was lowered
to below 10 ◦C. TEMED was then added to the solution under continuous agitation.
Subsequently, the mixture was maintained under a pressure of −0.085 MPa for 20 min. This
process resulted in the formation of a prepared hydrogel mixture. The hydrogel mixture
was then transferred into a suitable container and cured at 60 ◦C for 1 h, solidifying it into
the desired shape. The resulting thermochromic hydrogel exhibited the intended structural
and functional properties for subsequent applications.

Due to its high water content, hydrogel tends to freeze at lower temperatures, ad-
versely affecting the transparency of the glass. When frozen, the hydrogel expands, trapping
air and forming bubbles, compromising TC glass’s aesthetic and photothermal properties.
Ethylene glycol, known for its efficacy in significantly lowering the freezing point of water,
was employed in this study to adjust the hydrogel’s freezing point.
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2.3. Characterization
2.3.1. Photothermal Performance Test

The device was a lambda1050+ (Perkinelmer, Inc., Waltham, MA, USA) with a 150 mm
integrating sphere. Sample preparation: The liquid was introduced into a double-layered
glass with a 2 mm glass cavity (measuring 100 mm × 100 mm × 6 mm) and then subjected
to a curing process at 60 ◦C for 1 h.

2.3.2. Hydrogel Mechanical Properties Test

We used an electric tensile testing machine. Dongguan Zhichou Precision Instrument
Co., Ltd. (Dongguan, China) is the equipment manufacturer. Sample preparation: The
mixed liquid was put in a cylindrical mold with a diameter and height of 60 mm. Then, the
model was placed in a 60 ◦C oven for 1 h curing. After curing and cooling, the hydrogel
could be obtained quickly and used to test its mechanical properties. The sample and test
status are shown in Figures 2 and 3.
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2.3.3. Hydrogel Material Analysis and Sample Preparation

The hydrogel was initially cured in a 100 × 100 mm PET sample box with a hydrogel
thickness of 2 mm at 60 ◦C for 1 h. After curing, the sample was placed in a vacuum
freeze-drying machine (Zhengzhou Huachen Instrument Co., Ltd., Zhengzhou, China) to
remove the water content. The freeze-drying process began by maintaining the sample
at −30 ◦C for 2 h, followed by −10 ◦C for 4 h, with the vacuum pressure kept at ≤5 Pa.
The temperature was then raised to 10 ◦C and held for 4 h, still under a vacuum pressure
of ≤5 Pa. Finally, the temperature was increased to 40 ◦C and maintained for 10 h under
the same vacuum conditions. After the freeze-drying process, the hydrogel samples were
analyzed using Fourier Transform Infrared (FTIR) spectroscopy to study the chemical
reactions within the freeze-dried hydrogel materials.

2.3.4. The Weather Resistance Test Consists of High- and Low-Temperature Cycles

The equipment manufacturer is Guangdong Hongzhan Technology Co., Ltd. (Maoming,
China). The size of the sample was 300 × 300 mm. The TC glass’s lower critical solution
temperature (LSCT) was 25 ◦C.

3. Results and Discussion
3.1. Fourier Infrared Test

Fourier Transform Infrared (FTIR) spectroscopy was used to analyze the polysiloxane-
modified siloxane-modified hydrogel, as shown in Figure 4.
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As shown in Table 1, significant absorption peaks were seen at 1602 cm−1 and
1651 cm−1, corresponding to N-H bending and C=O stretching vibrations, respectively.
These peaks confirm the presence of amide bonds, which are characteristic of the polyacry-
lamide hydrogel structure. Additionally, absorption peaks at 1415 cm−1 and 1448 cm−1,
attributed to C-N stretching vibrations of the primary amide bond, further corroborate
the successful formation of the polyacrylamide hydrogel [31,32]. Furthermore, the FTIR
analysis detected Si-O-C absorption peaks at 1109 cm−1 and 1195 cm−1, indicating the
incorporation of silicon–oxygen functional groups into the hydrogel matrix [33,34]. The
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presence of these peaks signifies the successful integration of polysiloxane groups into the
polyacrylamide network, enhancing the chemical bonding between the hydrogel and the
glass substrate. The observed spectral features highlight the successful modification of
the polyacrylamide hydrogel with polysiloxane groups, which is expected to improve the
adhesion properties of the hydrogel. The incorporation of silicon–oxygen bonds facilitates
robust interactions between the hydrogel and the glass surface, potentially addressing
previous challenges related to adhesion and stability.

Table 1. FTIR spectrum analysis and interpretation.

Wavelength/cm−1 Bond Interpretation

2929 C-H C-H bonds in the polyacrylamide.
1415~1448 C-N C-N stretching vibration absorption peak.

1602 N-H The N-H bending vibration absorption peak in polyacrylamide.
1651 C=O The carbonyl stretching vibration peak of the amide group (–CONH2) in polyacrylamide.

1109~1195 Si-O-C Si-O-C bonds between the silane coupling agent and the polyacrylamide hydrogel.

3.2. Material Adhesion Test

In Figure 5a, the hydrogel without γ-PTS adheres to only one side of the glass, leaving
no residual hydrogel on the opposite side when the cured glass is severed. In contrast,
after the inclusion of γ-PTS, the hydrogel tears from the center when the laminated glass is
separated, with both pieces of glass remaining adhered to the hydrogel. This improvement
is attributed to the formation of silica–oxygen bonds in γ-PTS. The long-chain double bond
in γ-PTS participates in the hydrogel polymerization reaction, forming a new silica–oxygen
chemical bond between the γ-PTS and the silica in the glass, resulting in a stronger bond
between the hydrogel and the glass, as shown in Figure 5c. The reaction between γ-PTS
and water is as follows:

γ-PTS (Si (OCH3))3 + H2O→γ-PTS-Si-OH + 3CH3OH
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Subsequently, the silanol groups on the glass and γ-PTS form siloxane bonds:

Si-OH(Glass) + Si-OH(γ-PTS)→Si-O-Si + H2O

This finding has significant implications for applications requiring strong bonding
between materials. Understanding how specific chemical interactions enhance adhesion
properties allows for the development of improved strategies to design advanced materials
with superior performance characteristics. Further studies are needed to explore this phe-
nomenon in greater detail and determine the optimal conditions for achieving maximum
adhesion strength between hydrogels and glass substrates.

Architectural glass is subjected to temperature fluctuations, wind pressure, and con-
stant vibrations in practical applications. Enhancing the adhesion between the hydrogel
and glass is critical for ensuring that the hydrogel vibrates synchronously with the glass,
thereby preventing separation due to vibrational forces. Moreover, incorporating silicon–
oxygen bonds into the hydrogel network can modify its structure, resulting in a more
compact and resilient network. As a result, when the glass experiences continuous vibra-
tions induced by wind pressure, the hydrogel maintains excellent stability within the glass
cavity. This improved stability is essential for preserving the integrity and performance
of the glass–hydrogel composite under dynamic environmental conditions, extending its
practical applicability in architectural settings.

3.3. Deformation Resistance of Materials

Architectural glass panels are particularly vulnerable to vibrations caused by fluctuat-
ing wind pressures, which can compromise both structural integrity and performance. To
address this issue, a hydrogel with inherent compressibility was utilized. Extensive testing
was conducted to assess the hydrogel’s ability to recover its shape and maintain stability
under compression, confirming its effectiveness in preserving structural integrity under
stress. To further enhance the hydrogel’s performance, a silica framework was incorporated
into its matrix. The addition of silica not only improved the hydrogel’s mechanical strength
and durability but also increased its capacity for energy dissipation, thereby minimizing
the transmission of vibrations to the glass panels. This synergistic interaction between
the hydrogel and silica framework provides an effective solution for mitigating vibration-
related challenges in architectural glass applications, ensuring long-term durability and
reliability under dynamic environmental conditions.

As demonstrated in Table 2, hydrogels modified with γ-PTS exhibit significantly
higher pressure generation under equivalent compression levels compared to their non-
modified counterparts. This enhancement suggests that the γ-PTS modification improves
the load-bearing capacity and compressive resistance of the hydrogels, indicating superior
mechanical properties. The increased pressure response highlights the ability of γ-PTS-
modified hydrogels to better withstand applied loads, which is critical for thermochromic
glass applications in building construction, where maintaining structural integrity under
varying pressure conditions is essential. When these hydrogels are integrated into glass
structures, they play a vital role in mitigating displacement caused by wind pressure. The
enhanced compressive strength of the γ-PTS-modified hydrogels helps to maintain the
alignment and position of the glass, reducing the risk of structural failure or misalignment.
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Table 2. Pressure resistance of hydrogels when compressed at different distances.

Sample Gel
Diameter/mm Gel Height/mm Compress

3 mm/N
Compress
6 mm/N

Compress
8 mm/N

Compress
10 mm/N

With γ-PTS 44.7 mm 15.4 mm
0.0612 0.2007 0.7667 1.577
0.0603 0.1993 0.7609 1.560
0.0611 0.2013 0.7653 1.580

Without γ-PTS 44.7 mm 15.5 mm
0.0465 0.1322 0.3600 0.9750
0.0430 0.1331 0.3621 0.0980
0.0453 0.1325 0.3611 0.0985

Additionally, as shown in Table 3, γ-PTS-containing hydrogels exhibit rapid recovery
to their original shape after a 10 mm compression, demonstrating a high degree of elastic
recovery. This property is essential for materials subjected to dynamic environments where
frequent or variable compression may occur. The hydrogel’s ability to quickly revert
to its original form ensures that it maintains both functional integrity and performance,
even after repeated or prolonged deformation. This rapid recovery extends the material’s
lifespan and ensures the thermochromic glass’s sustained effectiveness, preserving its
optical and structural properties over time. The elastic recovery characteristic is particularly
advantageous for construction applications where long-term durability and reliability are
paramount. Overall, incorporating γ-PTS into the hydrogel matrix significantly enhances
its mechanical properties and deformation-recovery capabilities, making it a robust solution
for improving the performance of thermochromic glass in architectural applications.

Table 3. The time required for hydrogel recovery when compressed to 10 mm.

Sample Gel
Diameter/mm

Gel
Height/mm Recovery Time/1 min Recovery Time/5 min Recovery Time/1 h

With γ-PTS 44.7 15.4
13.96 mm 14.39 mm 15.3 mm
14.62 mm 14.07 mm 15.32 mm
13.06 mm 14.16 mm 15.23 mm

Without γ-PTS 44.7 15.5
7.77 mm 12.35 mm 15.36 mm
6.8 mm 11.65 mm 14.99 mm
8.9 mm 12.23 mm 15.39 mm

3.4. Freezing Resistance of the Material

The freezing point of hydrogels can be significantly lowered by the addition of ethy-
lene glycol due to the presence of its hydroxyl groups, which disrupt hydrogen bonding
between water molecules and inhibit ice crystal formation. Ethylene glycol is known for its
effectiveness in preventing ice crystal growth and aggregation, thus reducing the freezing
point of hydrogels more efficiently compared to other cryoprotectants [35]. For instance,
glycerol, which is also commonly used to lower the freezing point of hydrogels due to its
low toxicity, is less effective than ethylene glycol at equivalent concentrations [36]. In re-
gions with extremely cold winters and hot summers, temperatures can drop below −25 ◦C
and, in some areas, even below −30 ◦C. Consequently, addressing the issue of hydrogel
freezing at such low temperatures is crucial for ensuring the reliability and performance
of hydrogels in these environments. As indicated in Table 4, the addition of 30% ethylene
glycol can reduce the hydrogel’s freezing point to −26 ◦C. This reduction effectively accom-
modates most applications in regions experiencing cold winters and hot summers. While
ethylene glycol significantly lowers the freezing point of hydrogels, it also impacts the
LCST of thermosensitive hydrogels. Ethylene glycol’s interference with hydrogen bonding
results in a decreased LCST, which can alter the temperature-responsive behavior of the
hydrogel. For practical applications requiring thermochromic glass with a higher LCST, it is
essential to adjust the hydrogel’s formulation to balance the freezing point reduction with
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the desired LCST. Therefore, while ethylene glycol is effective in addressing freezing point
issues, careful consideration and adjustment of the hydrogel’s LCST are necessary to ensure
optimal performance in thermochromic applications. Balancing these factors is crucial
for developing hydrogels that meet the specific requirements of various environmental
conditions while maintaining functional efficacy.

Table 4. Effects of different contents of ethylene glycol on the freezing point of hydrogel.

Sample No Ethylene Glycol/% Freezing Point/◦C

1 0 −10
2 5 −14
3 10 −16
4 20 −20
5 30 −26

3.5. TC Glass Parameters

As shown in Table 5, the efficacy of the shading mechanism in TC glass, characterized
by its LCST, is optimized within a temperature range of 15 ◦C. When the LCST is set
to a lower threshold, the TC glass allows the transmission of both ultraviolet (UV) and
visible spectra of sunlight, resulting in a higher SHGC. Specifically, with a visible light
transmittance of 0.882, the TC glass exhibits superior visibility and daylighting properties
in its transparent phase compared to similar thermosensitive hydrogel-based intelligent
glass systems [37]. This high transmittance enables more solar heat to enter the room,
reducing the need for supplementary heating energy during winter. Conversely, when
the LCST is set higher, the TC glass restricts the passage of visible and ultraviolet light.
Under these conditions, the SHGC of the TC glass is significantly reduced, with a ∆SHGC
of 0.436. This effectively blocks most of the solar radiation, thereby decreasing the energy
consumption required for air conditioning and cooling during hotter periods. Additionally,
Table 4 highlights that, as the temperature of the TC glass increases from 20 ◦C to 50 ◦C,
the ultraviolet transmittance decreases from 0.8421 to 0.128. This substantial reduction
in UV transmittance underscores the TC glass’s ability to provide effective shading and
control over UV radiation. By limiting UV light entering the room, the TC glass helps
mitigate issues such as the fading and aging of indoor materials, thereby preserving the
integrity of furnishings and reducing maintenance costs. The ability of TC glass to adjust its
optical properties based on temperature makes it a highly effective solution for managing
solar heat gain and UV exposure. The adaptability of TC glass enhances energy efficiency
by optimizing heating and cooling demands and protecting interior environments from
UV damage. This dual functionality makes TC glass a valuable component in sustainable
building design, balancing comfort and energy efficiency across varying climatic conditions.

Table 5. Photothermal parameters of TC glass with LCST of 25 ◦C at different temperatures.

LCST Test
Temperature

Visible
Transmittance

(Tvis)

Visible Light
Reflectance

(Rvis)

Ultraviolet
Transmittance

(Tuv)

Solar Heat Gain
Coefficient

(SHGC)

Solar
Absorptivity

25 ◦C

20 ◦C 0.882 0.0848 0.8421 0.766 0.2377
30 ◦C 0.1771 0.3281 0.1437 0.339 0.6163
40 ◦C 0.1685 0.3452 0.1359 0.33 0.6103
50 ◦C 0.1712 0.3470 0.1380 0.331 0.6069

As illustrated in Figure 6a, when the surface temperature of the TC glass is below
its LCST, most infrared and ultraviolet rays within the solar spectrum, ranging from
400 nm to 1400 nm, pass through the glass into the interior space. However, once the
temperature exceeds the LCST, the glass effectively blocks a significant portion of infrared
rays, extending from 200 nm to 2500 nm, preventing their entry into the room. Furthermore,
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when the surface temperature surpasses 40 ◦C, the transmittance of the solar spectrum tends
to stabilize. Figure 5b demonstrates the reflectance of TC glass at various temperatures.
Below the LCST, the reflectance is comparable to that of standard glass, with relatively low
values. In contrast, above the LCST, reflectance increases significantly for sunlight in the
range of from 400 nm to 1500 nm. Similar to transmittance, the reflectance stabilizes once
the temperature exceeds 40 ◦C.
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When the temperature surpasses the LCST, the polymer chains within the hydrogel
undergo a transition from a hydrophilic to a hydrophobic state, leading to microphase sepa-
ration. This results in a heterogeneous refractive index distribution, which causes extensive
scattering of visible light. Consequently, sunlight is diffused, reducing glare and direct
solar penetration while maintaining a soft, natural lighting environment. Additionally, the
structural changes in the hydrogel improve its ability to reflect and block infrared radiation,
thereby reducing solar heat gain and enhancing energy efficiency in warmer climates.
Collectively, Figure 6a,b indicates that TC glass achieves optimal performance around
25 ◦C, with an effective temperature range of approximately 15 ◦C. Notably, specific studies
have observed that thermochromic materials transition from transparency to full coloration
at around 5 ◦C [38]. However, for practical applications, further empirical evaluation is
needed to assess the full implications of the color transition range, particularly regarding
its impact on building energy conservation and overall utilization efficiency.

3.6. Stability of TC Glass

During the summer cycle, the temperature is 30 ◦C for 6 h, followed by 85 ◦C for 12 h.
The cycle occurs 50 times [38,39]. During the winter cycle, the temperature is 40 ◦C for 6 h,
followed by −20 ◦C for 12 h. The cycle occurs 50 times.

After undergoing a cycle of high and low temperatures, the 300 mm × 300 mm sample
remained intact, as depicted in Figure 7. This indicates that the TC glass demonstrates
substantial stability under extreme temperature conditions. In summer, particularly in
regions with high solar irradiation, the surface temperature of TC glass can be significantly
affected by solar thermal radiation. Tests indicate that the surface temperature of TC glass
can exceed the ambient temperature by as much as 30 ◦C. During peak summer hours, from
11 am to 5 pm, the glass on the top surface is exposed to elevated temperatures. Therefore,
verifying the high-temperature stability of TC glass during the summer months is crucial
for its application in architectural contexts. Actual engineering tests have confirmed that
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the product maintains high structural integrity at elevated temperatures, specifically up to
85 ◦C, which is essential for its application in high-temperature and high-radiation areas.
This is evidenced by the high strength observed in the high-temperature environment,
ensuring the product’s suitability for architectural use under these conditions. Figure 7a
illustrates that in the absence of γ-PTS, numerous irregular bubbles form on the glass
surface after the high- and low-temperature cycles. These bubbles significantly compromise
the aesthetic and functional quality of the product when used in construction. Prolonged
exposure to solar radiation can lead to photo-oxidative aging, causing the TC glass to
develop a yellow tint over time. Incorporating γ-PTS into the hydrogel formulation has
been shown to mitigate these issues, enhancing the thermal and photostability of the TC
glass. This additive plays a critical role in preventing bubble formation and discoloration,
thereby maintaining the clarity and performance of the glass under extended exposure to
harsh environmental conditions.
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4. Conclusions

In this paper, we have increased the adhesion between a hydrogel and glass by
introducing γ-PTS into the hydrogel. This study proposed strengthening the adhesion
between hydrogel and glass by introducing a silicon–oxygen bond and forming a stable
silicon oxidation bond. The experimental results show that the modified TC glass still
shows stable operating performance over 100 cycles. In addition, by adding ethylene
glycol, the freezing point of TC glass is reduced to −26 ◦C, making its application in cold
areas possible. The results show that TC glass technology can effectively achieve summer
shading and winter heating in cold and hot summer areas, significantly reducing the energy
consumption of buildings. Especially in cold winter and hot summer areas, the SHGC
difference between winter and summer can reach more than 0.4, which can replace the
active outdoor shading in the existing technology. This research not only provides a new
idea for the development of intelligent building materials but also lays a solid foundation
for the design and application of green buildings in the future.
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