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Customization of cloud temperature in
amphiphilic n-systems by photoisomerization and
supramolecular co-assembly for smart

window applications

xabc

Dipak Patra®® and Ayyappanpillai Ajayaghosh

Controlling the phase transition temperature of amphiphilic polymers and small molecular systems
exhibiting the lower critical solution temperature (LCST) phenomenon is crucial to regulate the
transmittance of light, required for the construction of thermoresponsive smart windows. To address
this problem, we have taken advantage of photoisomerization and supramolecular co-assembly of two
photoresponsive amphiphilic molecules, an anthracene-derived cyanostilbene (ANT) and a pyrene-
derived cyanostilbene (PYR), exhibiting different LCST phase transitions at 27 and 37 °C, respectively.
Initially, aqueous solutions (1 mM) of these molecules, when heated above their LCST under ambient
light, exhibited a 90% reduction in solar light transmittance owing to the increase in particle size from
10-20 nm to 0.6-1.3 uM. Subsequently, the phase transition cloud temperatures (Touq) could be custo-
mized by photoisomerization and co-assembly of the two molecules at different molar ratios. This
approach allowed control of the particle size between 675 and 1300 nm during the LCST phase change,
enabling the fine-tuning of T¢ouq between 27 and 37 °C. Smart windows fabricated with ANT and PYR
and their 1:1 combination exhibited solar and luminous transmittance reduction from 81% and 84% to
1.7% and 1.6%, respectively, at 27 °C. Thermal IR transmittance was drastically reduced from 78% to 1.8%.
This approach has been used to design several custom-made smart window prototypes with controlled
transparency modulation suitable for tropical climates.

However, polymers have several disadvantages, such as incon-
sistency in molecular weight with batchwise synthesis and the

Lower critical solution temperature (LCST) is an entropy-driven
phase change from fibrillar to globular structures exhibited by
certain amphiphilic polymers such as polyacrylamide in an
aqueous medium.'™ These materials undergo phase transitions
from transparent to opaque states and vice versa in response to
external temperature, thus regulating the transmittance of heat-
generating IR radiation by facilitating the scattering of solar
radiation.”® Hence, they are used for the construction of
thermoresponsive smart windows.”" When compared to the
photo- and electrochromic smart windows, thermoresponsive
polymer-based windows exhibit remarkable advantages, includ-
ing passive control of sunlight with zero energy input, and are
thus relatively cheap and easy to construct and operate.>*®
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associated variations in particle size formation, which adversely
impact the scattering efficiency required for the filtering of the
heat generating IR radiations." >

Nanoarchitectonics represents an emerging paradigm based
on chemical and physical material transformation via dynamic
molecular assembly.>® The advancement of molecular nano-
architectonics in materials science results in the creation of
stimuli-responsive dynamic materials, opening pathways for a
broad spectrum of applications. This concept can be extended
for the customization of the operating temperature of smart
windows for different climate conditions. One of the major
challenges in smart window design is the synthesis of copoly-
mers with the required molecular weight for controlled particle
size formation. A possible solution to some of these problems is
the use of thermoresponsive amphiphilic small molecules as
the phase change material.**>° In this context, amphiphilic
n-systems are emerging as an alternative to polymers for the
construction of thermoresponsive smart windows.**"

When compared to polyacrylamides, the use of LCST-
active small molecular n-systems that are capable of forming
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supramolecular assemblies has the advantage of defined mole-
cular weight, tuneable optical properties and morphological
features by synthetic modifications.>*® Nevertheless, such
approaches have not been widely exploited for designing smart
windows with customizable cloud temperature. Another chal-
lenge with smart window design is the autonomous control of
transparency in response to outdoor light and temperature.*”~*°
In order to achieve these objectives, we applied the basic
principles of light-induced photoisomerization combined with
supramolecular co-assembly of amphiphilic n-systems, leading
to significant control over the phase change particle size,
thereby regulating light scattering and the associated transpar-
ency modulation.*’*® Although supramolecular chemistry of
small molecular n-systems has been at the center stage of
advanced materials research for several decades, they are least
exploited for the construction of autonomous thermoresponsive
smart windows with customizable cloud temperatures.*’>°
Herein, we present two small molecular amphiphilic -systems,
ANT and PYR, exhibiting the LCST phenomenon with distinct
optical properties and self-assembly behavior as shown in

e
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Scheme 1. These monomers and their combinations undergo
controlled self-assembly/co-assembly in water below their LCST,
resulting in transparent solutions consisting of nonspherical
nanoaggregates (10-20 nm) as confirmed by the non-sigmoidal
DLS correlogram. However, when heated above the LCST, supra-
molecular agglomeration of the initially formed nanoaggregates to
spherical particles of larger size (0.6-1.3 uM) occurs as established
by the sigmoidal correlogram of the DLS spectra, and, as a
consequence, the solution became opaque. Exposure of the aqu-
eous solutions of the molecules under UV light lowered the T¢jouq
from 27 to 25 °C in the case of ANT and from 37 to 34 °C in the
case of PYR. The beauty of the present system is the possible fine-
tuning of the particle size during the LCST phase change as per the
requirement by co-assembling with different ratios of ANT and
PYR, allowing the systematic modulation of T¢,q between 27 and
37 °C, a temperature range that is most appropriate for tropical
climates. A 10 x 10 cm® prototype window can achieve excellent
solar light transmittance modulation (79% ATojar, 82% ATjum, and
76% ATir) with excellent stability for multiple heating and cooling
cycles compared with reported systems in the literature.”’>?
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Scheme 1 Schematic illustration of a co-assembly approach for particle size control using two structurally different LCST active amphiphilic n-systems,
ANT and PYR, enabling autonomous transparency modulation. The non-spherical nanoaggregates allow passage of light to appear transparent, whereas
the spherical microparticles scatter light to appear opaque.
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Results and discussion

We have synthesized two amphiphilic supramolecular n-systems,
ANT and PYR, attached with triethylene glycol monomethyl ether
chains on the aromatic core to impart hydrophilicity, aiming at
LCST-induced thermoresponsive behavior in water. These mole-
cules were synthesized through the Knoevenagel condensation
reaction as per reported procedures (Scheme S1)**
terized by spectral analyses (Fig. S31-S38). Since cyanostilbenes
are known to undergo multiple photoreactions such as Z/E-
isomerization, [2+2]-cycloaddition, and Mallory photocyclization,
the molecules ANT and PYR are carefully chosen in such a way
that they undergo exclusively Z/E-photoisomerization owing
to the steric bulkiness of the anthracene and pyrene moieties
(Fig. 1a).>**® The formation of cyclized products was ruled out
by the observed reversible change in the time-dependent UV-Vis
absorption spectra at elevated temperature (Fig. 1b and c). The
UV-Vis absorption spectra of ANT and PYR were recorded in
water (c = 5 x 107> M), which exhibited absorption maxima at
254 and 399 nm for ANT and at 299 and 395 nm for PYR,

and charac-

(a)
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respectively. UV-Vis, NMR, and FT-IR spectral analyses revealed
the formation of molecular assemblies in an aqueous medium
through intermolecular hydrogen bonding and n-n stacking
(Fig. S1-S4). Upon photoirradiation at 370 nm, both molecules
exhibited a gradual decrease in their absorption maxima
through an isosbestic point at 304 nm for ANT and 299 nm
for PYR. A photostationary state was achieved within 10 min of
irradiation in the case of ANT, whereas PYR took 80 min to
reach the photostationary state, indicating relatively fast iso-
merization of the former when compared to the latter. At the
photostationary state, the Z-isomer of ANT was converted to
82% of the E-isomer as calculated from the UV-Vis absorption
spectral change.

Interestingly, in both cases, the thermal back isomerization
is found to be sluggish even after keeping the solution in the
dark for several days, and the solution needed to be heated
above 80 °C to observe the reverse isomerization (Fig. S5-S8 and
Tables S1, S2). The isomer ratios for ANT were 14:86 (Z:E) at
the photostationary state (PSS) when irradiated at 370 nm
(370pss) and 90:10 (Z: E) when heated above 80 °C. For PYR,
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(a) Structures of ANT(Z) and PYR(Z) and their photoisomerization upon irradiation with 370 nm light. (b) and (c) The corresponding changes in the

UV-Vis absorption spectra of ANT(Z) and PYR(Z) in water (c = 5 x 107> M), respectively. Insets show the respective reversible Z/E-isomerization under

photoirradiation and thermal conditions at the photostationary state.
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the isomer ratios were 30:70 (Z:E) at the PSS (370 nm) and
84:16 (Z:E) when heated (above 80 °C). The reversible isomer-
ization plots shown in the insets of Fig. 1b and c indicate that,
after the first round of irradiation, a complete thermal recovery
of the Z-isomers could not be achieved even after prolonged
heating, as seen from the UV-Vis spectral change (Fig. S5 and
S6). Both ANT and PYR exhibited reversible Z — E photoisome-
rization over multiple cycles, without any sign of photodegra-
dation, demonstrating high fatigue resistance. ANT and PYR
underwent Z/E-photoisomerization when illuminated by solar
light, albeit less efficiently than under 370 nm light (Fig. S9).

Variable-temperature UV-Vis absorption and 'H NMR
spectroscopy revealed the temperature-induced LCST phase tran-
sition in water (Fig. S10-S16). The photographs of the reversible
phase change of ANT solution are shown in Fig. 2a. The trans-
parent solution of ANT in water (1 mM) turned opaque when
heated to 27 °C or when irradiated at 370 nm, which turned
cloudy again upon heating above the LCST. The temperature-
induced phase change and the optical color variation are rever-
sible for heating and cooling processes.

When irradiated to reach photostationary states, the respec-
tive solutions turned opaque while maintaining the initial
solution temperature, indicating a photoinduced lowering of
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(a) Photographs corresponding to the LCST phase transition of ANT under photochemical and thermal conditions (the letter ‘A’ is visible wherever
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Teioud- The effect of photoirradiation on the LCST phenomenon
and the corresponding change in the optical transparency with
irradiation time are shown in Fig. 2b and c. The insets in Fig. 2b
and c illustrate the corresponding change in T.ouq With an
increase in the mole fraction of the E-isomer. In the case of
ANT, the phase change occurred around 27 °C, whereas PYR
exhibited a phase change at 37 °C, indicating a difference of
10 °C between the two (Fig. S14 and S15). However, in the case
of a 1:1 mixture of ANT and PYR, T.jouq appeared around 32 °C
(Fig. 3c and Fig. S16). The opaque phase is maintained even
after keeping the sample for several days in the dark, indicating
that the back isomerization to the Z-isomer does not occur and
the solution attained equilibrium between the two isomers at
the photostationary state. However, when the sample is cooled
below its Teoud, it becomes transparent, and further heating
above Tgouq forces the solution to become cloudy again. To
acquire information regarding the LCST phase change occurring
in the molecules, dynamic light scattering (DLS) studies were
performed below and above transition temperatures (Fig. 3). The
corresponding particle size distributions are shown in the insets
of Fig. 3. In all cases, DLS data revealed the presence of smaller
non-spherical aggregates below the LCST and larger spherical
particles above the LCST. DLS data of ANT in water (¢ = 1 mM)
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the solution is transparent). (b) and (c) Changes in the light transmittance of ANT and PYR at different temperatures with continuous irradiation at 370 nm.
Insets show the corresponding changes in T¢oug With an increase in the mole fraction of the E-isomer.
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Fig. 3 DLS correlation decay profile with time for the co-assembled states:

(@)1:0,(b) 0.8:0.2,(c) 0.6:0.4,(d) 0.4:0.6, (e) 0.2: 0.8, and (f) 0: 1, obtained

from ratiometric mixing of ANT and PYR, respectively, below and above cloud point temperatures in water. Insets show DLS plots of the number of
particles (%) versus size (Dy,, nm) below and above T¢ouq. The gradual decrease in particle size at their LCST is also shown in the respective figures (inset).

before irradiation initially exhibited a particle size of 10-20 nm
at 24 °C and 1265-1300 nm at 27 °C (Fig. 3a), whereas PYR
exhibited a particle size of 10-20 nm at 30 °C (below T¢jouq) and
675-700 nm at 37 °C (above T¢oua) (Fig. 3f). In all cases, above
the LCST, the plots of the correlation coefficients vs. time
exhibited a sigmoidal curve, which were fitted with a mono-
exponential decay function, suggesting the formation of larger
spherical particles, resulting in strong light-scattering abilities.
These observations are in agreement with the light scattering
principle, where the correlogram corresponding to the DLS
spectrum is a signature of the non-spherical to spherical particle
transition during the LCST phase change. LCST parameters,
such as concentration-dependent transmittance, Tjoug, particle
size variations, and thermal hysteresis of ANT, PYR and ANT/PYR
(1:1), are shown in Fig. S14-S16, respectively. In both cases, after
photoirradiation, DLS data exhibited a slight increase in particle
size above their respective T¢jouq Values, which is in agreement
with the observed decrease in their respective T.ouq values
(Fig. S17).

Customization of the operating temperature and transpar-
ency to meet a specific climate condition is a significant
challenge in the design of smart windows. Although supramo-
lecular co-assembly of LCST active molecules has been shown
to influence their Touq, this approach has not been tested for
the construction of smart windows.”” We have successfully
implemented this strategy to modulate the T¢ouq 0f ANT and
PYR in response to the ambient weather conditions for design-
ing thermoresponsive smart windows. For this purpose, co-
assemblies of ANT and PYR were prepared in different molar

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026

ratios in water at around 20 °C. It is found that the T,,.q values
of the co-assembly systematically vary between the T¢jouq values
of ANT and PYR upon changing their molar ratios (Fig. 4a).
Teoud is found to decrease with an increase in ANT content in
the co-assembly, as seen from the plot of the transition tem-
perature against the molar ratios (Fig. 4b). Interestingly, the
DLS analysis of the co-assembly at different ANT/PYR composi-
tions revealed the formation of spherical particles above their
Teoua Values with a significant increase in the hydrodynamic
radius as the mole fraction of ANT is increased (Fig. 3 and 4c). A
dynamic change in the particle size between 675 and 1300 nm
at different compositions could be observed, where the parti-
cles collapsed at a lower temperature and reformed at a higher
temperature (Fig. 4d). The thermal hysteresis of co-assembled
ANT/PYR at different mixing ratios was found to be almost
identical (Fig. S18). The LCST phenomenon and the phase
change arise from the interplay between the hydrophilic-hydro-
phobic balance and the intrinsic dipole moments of Z/E-
isomers.”®*® According to DFT analysis, the Z-isomer displays
a markedly increased dipole moment relative to the E-isomer in
both ANT and PYR derivatives (Fig. S19-S22 and Table S3).
Consequently, the Tcjouq Of the Z-isomer is higher than that of
the E-isomer. After evaluating the LCST phenomenon in ANT,
PYR and their combination (1:1 molar ratio), we fabricated
10 x 10 cm® smart window prototypes using 1 mM aqueous
solutions (Fig. 5). The window fabricated with ANT exhibited
transparent-to-opaque switching at 28 °C with a light greenish
yellow color tone and remained opaque with a further increase
in temperature (Fig. 5a and Movie S1). However, the window

Mater. Chem. Front.
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Fig. 4 Plots of LCST parameters at various compositions of ANT and PYR. (a) %Transmittance vs. temperature, (b) Tcioua Vs. ANT/PYR ratio, (c)
hydrodynamic diameter vs. ANT/PYR ratio and (d) the variation of hydrodynamic diameter at different ANT/PYR ratios, below and above the LCST.

fabricated with PYR remained transparent up to 32 °C and
turned opaque at 38 °C, showing a 10 °C difference in cloud
point temperature (Fig. 5¢c and Movie S2). In this case, the color
tone of the window appeared golden yellow. On the other hand,
the window fabricated with a 1:1 molar ratio of ANT and PYR
turned opaque at 32 °C with a color tone of light yellow (Fig. 5b
and Movie S3). The CIE chromaticity diagram, along with the
window’s color coordinates below and above the LCST, is
shown in Fig. S23. The stability of the windows was tested
initially for a 24 h time period between their cloud tempera-
tures by plotting the transmittance spectra vs. time (Fig. S24)
and then the process was repeated for multiple cycles of
operation. The corresponding plots are shown on the side of
the respective window in Fig. 5. These plots reveal the high
thermal stability of the windows over a wide range of tropical
temperatures. The variable-temperature transmittance spectra
of ANT displayed notably rapid switching times, with a fast
response of 10 + 1 s for the transition from a transparent to an
opaque state during heating, and the cooling cycles recorded
within 21 + 2 s (Fig. S25a). In comparison, PYR exhibited
slightly slower switching characteristics, with heating and cool-
ing cycles recorded within 13 + 2 s and 30 + 4 s, respectively
(Fig. S25b). The optical transmittance spectra of the ANT win-
dow, below and above the cloud temperature, in comparison to

Mater. Chem. Front.

the solar transmittance spectrum are shown in Fig. 6a. The
optical transparency of the window showed 84% transmittance
in the visible region (400-780 nm) at 20 °C and 1.7% transmit-
tance at 27 °C. Upon increasing the temperature to 27 °C, the
window turned opaque with a greenish-yellow color tone, and
the transmittance of solar light approached zero in the UV-Vis-
NIR (400-2500 nm) region (Fig. 6a). Notably, the ANT windows
exhibited higher solar transmittance (Tso1ar) and luminous trans-
mittance (Tj,m) at low temperatures in comparison with PYR
windows, whereas the thermal IR transmittance (Tr) remained
almost the same in both cases (Fig. 6b and Fig. S26). The stability
and consistency of the window in transmitting solar light were
further established by plotting Ts.jar and transmittance modula-
tion (%AT) for 1000 switching cycles below and above Tejouq
(Fig. 6¢c and d). More importantly, even after 10000 cycles of
operation, the transmittance remained almost constant at tem-
peratures below and above the cloud point temperature (Fig. 6e
and Fig. S27). Variable-temperature DLS data revealed that the
hydrodynamic diameters of ANT, PYR, and ANT:PYR (1:1)
particles remained unchanged even after multiple heating and
cooling cycles, indicating their excellent long-term stability in
water (Fig. S28). The combined transmittance performance in
both transparent and opaque states under indoor temperature
regulation makes ANT, PYR, and their co-assembled state

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026
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Fig. 6 Solar radiation control performance of a 10 x 10 cm? smart window prototype fabricated with ANT. (a) Light transmittance spectra above and
below the LCST in comparison with the solar radiation spectrum. (b) Solar light scattering pattern of ANT in comparison with PYR and ANT/PYR (1:1).
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promising candidates for smart window applications, offering
advantages over conventional thermochromic inorganic, organic,
and polymer materials (Fig. 6f). Finally, from the application
viewpoint, we fabricated a library of smart window prototypes by
a mix-and-match approach, which is usually applied for screen-
ing a large number of molecules and materials for specific
applications. Four different types of smart window panels using
ANT, ANT/PYR (1:1), PYR, and their combination, namely A, B,
C, and D, respectively, were fabricated and their performance was
evaluated over a temperature range of 24-38 °C (Fig. S29). All
modules in window A are fabricated with ANT, modules in B with
ANT/PYR (1:1) and modules in C with PYR, whereas all modules
in window D are made up of a combination of ANT, ANT/PYR
(1:1), and PYR. It can be seen that all modules in window A are
transparent at 24 °C and turn opaque at 28 °C and above. When
the window panels were fabricated with modules having a 1:1
mixture of ANT/PYR as in B, they exhibited a thermal response at
32 °C and above. All modules in window ‘C’ are transparent up to
35 °C and turn opaque at 38 °C. It is possible to prepare a number
of window modules that respond systematically to temperatures
between 24 and 38 °C using different supramolecular combina-
tions of ANT/PYR, thus providing opportunities for constructing a
combinatorial library of smart windows that can autonomously
change the transparency and color tone. In addition, window
panels having different modules of ANT, PYR and ANT/PYR
combinations can be constructed as shown in panel ‘D’. The
thermal response of panel ‘D’ at different temperatures is shown.
At 24 °C, all modules are transparent, allowing maximum trans-
parency. When the temperature is increased to 28 °C, the ANT
module becomes opaque, thereby reducing light transmittance
by one-third. Upon further increasing the temperature to 32 °C,
the PYR module will remain transparent, and the other two
become opaque, thus reducing the light transmittance to two-
thirds. At 38 °C, all modules become opaque with maximum light
blocking. Thus, windows constructed using panel D can auton-
omously control the transparency and color tone with the
dynamic variations in atmospheric temperature, which in turn
can regulate light and temperature in an indoor space. Further-
more, window panels A, B, C, and D provide multiple options to
construct a variety of combinatorial modules by changing the
percentage of ANT and PYR in a supramolecular co-assembly
mixture. In this way, ‘16’ combinatorial window modules in four
types of arrangements with A, B, C, and D can be constructed
using a mix-and-match approach.

Further mix-and-match can create ‘64’ other combinations as
shown in Fig. S30. In principle, with the imagination and crea-
tivity of a user, any number of window combinations becomes
possible for the construction of large area glass window facades.
These window facades are aesthetically appealing and can auton-
omously modulate their cloud temperature and the light intensity
in a closed space in response to changes in external temperature.
Integration of such windows into building architecture results in
significant energy saving by reducing the energy required for air
conditioning, in addition to their aesthetic appeal. The technology
development studies for potential commercial applications of the
described smart windows are in progress.
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Conclusions

The amphiphilic n-systems ANT and PYR reported here exhibit the
LCST phenomenon with phase transition cloud temperatures of 27
and 37 °C, respectively. The cloud point temperature of these
molecules can be controlled by photoisomerization and supramo-
lecular co-assembly. Since there is a 10 °C difference in the T¢jouq Of
ANT and PYR, supramolecular co-assembly of these molecules at
different molar ratios allows regulation of the solar radiation
transmittance over a range of 27-37 °C. The supramolecular phase
change and the associated particle size variation above T¢j,,q are
crucial in controlling light scattering, thereby autonomously con-
trolling the light transmittance. Prototype (10 x 10 cm?®) windows
fabricated with ANT, PYR, and ANT/PYR (1:1 ratio) exhibited
significant changes in solar (81-1.7%), luminous (84-1.6%), and
thermal IR transmittance (78-1.8%) during the transparent-to-
opaque phase transition at their respective cloud temperatures.
Tuning of the cloud temperature by the supramolecular co-
assembly approach described here allows the construction of a
large number of custom-made smart windows suitable for tropical
climates. In conclusion, the described LCST-active supramolecular
n-systems can be effectively used as excellent thermoresponsive
functional materials for the construction of smart windows that are
self-adaptive to the atmospheric temperature and solar radiation.
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