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Abstract. In this paper, the authors demonstrate a small
prototype of a smart window based on the thermo-optical
properties of cholesterol liquid crystals. Due to its
polymer-free design, the manufactured smart window is
transparent and can reflect certain portions of visible or
infrared light without requiring an external power source,
and thus is easier to install and operate. The proposed
smart window technology based on a cholesteric liquid
crystal mirror will reduce energy consumption costs by
reflecting excess sunlight and heat transfer, increasing
comfort for residents of buildings and structures.
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1. Introduction

High energy consumption has attracted global
attention and sparked interest in new energy sources,
energy conservation, and methods to reduce energy costs.
The buildings segment accounts for 40 % of global energy
demand, and ventilation, heating and air conditioninzg
account for half of the energy consumption in buildings'~.
Increasing or decreasing the intensity of light coming in
through windows can have a significant impact on a
country’s overall energy consumption. Due to temperature

! Vladimir Chavchanidze Institute of Cybernetics of the Georgian
Technical University, 5, Z. Andjzaparidze str., Tbilisi, 0186, Georgia

2 Georgian Technical University, M. Kostava str., 77, Tbilisi 0171,
Thilisi, Georgia

3 Ivane Javakhishvili” Thilisi State University, Department of
Macromolecular Chemistry, 1, I. Chavchavadze Ave., Tbilisi, 0179, Georgia
* Institute of Macromolecular Chemistry and Polymeric Materials, Ivane
Javakhishvili Tbilisi State University, 2, University St Tbilisi, 0186,
Georgia

’ CNR-IPCF, UOS Cosenza, Physics Department, University of
Calabria, Rende (Cs), 87036, Italy

¥ g petriashvili@yahoo.co.uk

© Petriashvili G., Sulaberidze T., Tavkhelidze D., Janikashvili M.,
Ponjavidze N., Chanishvili A., Chubinidze K., Tatrishvili T., Makharadze T.,
Kalandia E., Tserodze K., Barberi R., De Santo M. P., 2024

fluctuations throughout the day or season, the amount of
solar radiation reaching the building can be controlled by
using windows that control the intensity of incoming
visible and infrared light. In this way, it is possible to let
solar energy into the building if more heat is needed, and
it is possible to reduce the passage of solar energy into the
building if cooling is needed®. Controlling the intensity
of incoming light and solar energy can be achieved using
materials with variable optical properties. These materials
are called chromogenic and are capable of reversible or
irreversible color change when exposed to external or
internal stimuli such as heat, electric field, pressure, or
light* 7. Three basic types of chromism are used in
energy-associated applications, such as photo-chromism,
thermochromism, and electrochromism. Photochromism
characterizes the irradiation-stimulated reversible
conversion of a material’s color between two conditions®.
During the reversible phototransformation, several
physical parameters of photochromic compounds can
be modified by light, such as electron conductivity, fluo-
rescence emission, absorption and transmission spectra, con-
jugation, electrochemical and magnetic behavior, coordina-
tion properties, dipole interactions, dielectric constant,
refractive index, and geometrical structure” '’. Generally,
thermochromism describes the variation in a material’s color
due to a temperature change, which is determined as a
reversible or irreversible process''. Electrochromism implies
a reversible change in transmittance and reflectance asso-
ciated with an oxidation-reduction reaction, which electro-
chemically is induced. Electrochromic devices have prog-
ressively been investigated for energy-saving smart windows
and displays for airplanes, automobiles, and buildings'* ".
The smart windows belong to the systems that can sense and
react to external stimuli such as electricity, heat, or light,
which controls the light passing through the glass. Even
though smart windows composed of these materials have the
advantages of flexible switching speed and high color
contrast, the high cost of material synthesis, low response
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time, and insufficient stability limit their practical
applications. For instance, windows manufactured of photo-
chromic materials are vulnerable to losing effectiveness
over time due to photochemical decomposition and
darkening on a cold sunny day when more solar heat is
needed'® . In recent years, growing ecological and
environmental awareness has spurred efforts to develop
new composites derived from organic materials such as
polymers, thermoplastics, and liquid crystals'®?. Liquid
crystals are the intermediate (mesomorphic) state between
the solid and liquid phase conditions. They are composed of
such chemical compounds as bicyclohexane, difluoro
alkoxy-cyclohexane-biphenyl, pentylphenyl, pentyben-
zoate, biphenylcarbonitrile, azoxydianisole, azoxyanisole,
methylbenzene, etc. Among the advanced materials granted
with the selective reflection of light are the cholesteric
liquid crystals (CLCs) consisting of chiral organic
molecules. The CLC phase is a mesomorphic structure with
a self-aligned periodical helical order that acts as a one-
dimensional periodic system. In planes perpendicular to the
helical axis, the molecules have a favored average
orientation characterized by the so-called director. Due to
their optical properties, CLCs are considered one-
dimensional photonic crystals. Broadband cholesteric liquid
crystals (CLCs) have many applications for reflective
polarizers and displays. The period of the CLC structure is
proportional to half the pitch Py of the helix. For light
movement along the helical axes, Py = A¢/n, where /1 is the
middle point of the maximum selective reflection band
(SRB), and n is the average value of the refractive indices
defined as n = (n, + n,)/2. Its full width determines the SRB
of a CLC at half maximum AL = PyAn, where An = n,— n,
is the birefringence of the nematic liquid crystal layer
perpendicular to the helix axis. Stimuli that can modify the
SRB in CLC include temperature, light, electric field,
dopant concentration, mechanical deformation, two-photon
polymerization, chemical substances, bio-molecules, pH
changes, and humidity”" **. When non-polarized light hits
the CLC structure parallel to the helical axis, it reflects half
of it and transmits the other half, acting like a reflective
mirror”. Smart windows made of thermochromic or
photochromic liquid crystals are attracting attention for
their ability to modulate the transmittance according to the
environment. For instance, it outlines an electrically
switchable CLC-based window that can alternate between a
clear and diffuse state. The transparent state displays a well-
ordered planar cholesteric texture and remains stable
without an electric field*’. The diffuse condition is activated
by applying an electric field above the undulation instability
threshold. Tseng et al.*' demonstrated a smart window with
photochromic dye and salt-doped CLC.

In this work, we propose a new fabrication method
for CLC mirror-based smart window (CLCSW) that can
reflect visible or infrared light without applying an
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external power source. Moreover, the CLCSW can
respond to the environmental temperature to inde-
pendently rearrange a light reflection, which can be easily
adjusted to daylight time and climate regions. Here, we
mention the recent progress made in developing advanced

LC-based smart windows described by several authors™ >,

where different advanced LC-based smart window
technologies and new classes of light modulation prin-
ciples are demonstrated based on liquid crystal materials
and their feasibility of using them for light protection,
including electrochromism, thermochromism, photochro-
mism, humidity-triggered chromism, mechanical self-
powered technique, guest-host liquid crystal cells by
introducing a novel design featuring a uniform lying helix
structure and dynamic infrared regulating mechanisms.
However, the smart windows we present are different
from those currently in use or being researched because
our windows do not contain polymers or dyes, which
leads to such advantages as high transparency, efficiency,
photostability, and operational durability.

2. Experimental

2.1. Materials and Equipment

The CLC mixture was prepared by mixing two
initial materials. A left-handed chiral agent, 4-[1-
methylheptyloxy] carbonyl phenyl-4-(hexyloxy) benzoate
(ZLI-811), was doped in the nematic matrix BL-036,
which is a blend of alkylcyanobiphenyls compounds. The
resulting mixture was composed of BL-036 (74.5 wt. %)
and ZLI-811 (25.5 wt. %). All materials were purchased
from Merck. The refractive indices of BL-036 are
n.=1.794 and n, = 1.5270, with an optical birefringence
An = 0.2670 at T = 20°C and A = 589 nm. The mixture
was uniformly stirred for 15 min in the isotropic phase at
100 °C to obtain the evenly mixed composite. For the
preparation of the CLC mixture, a digital analytical
balance with 0.1 mg accuracy was used. An imaging-
based technique, consisting of an optical microscope
coupled with a fiber-optic spectrometer (Avaspec-2048,
Avantes) with 1 nm accuracy and a high-resolution CCD
camera, was used to visually and graphically present the
light transmitted through and reflected from the CLC. The
visible-near-infrared solar power meter (TES 132) was
used to measure light intensity in the range of 350-
1000 nm of the optical spectrum, displaying solar
irradiance in mW/cm’. The temperature dependences of
the SRBs of the CLC mixtures were controlled by a hot
stage with a 0.1 °C accuracy.
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2.2. Assembling of the Optical Cell

A small optical cell was assembled to record the
temperature-dependent tuning of SRBs of the CLC. Two
glass plates with a 2x2 cm area each were treated in
deionized water and coated with a thin layer of polyvinyl
alcohol (PVA, from Sigma-Aldrich) using a spin-coating
technique. The glass plates were dried in the oven at 80 °C
for 60 min to remove water and then rubbed in opposite
directions for planar alignment of the CLC material. The
distance between the plates was set at 8 pwm using Teflon
films. The CLC mixture was infiltrated by capillarity into
an optical cell in the isotropic phase, which was then
inserted into a hot plate and placed under an optical
microscope connected to a spectrometer.

2.3. Fabrication of the CLCSW

Two 8x8 cm glass plates were used to fabricate
a small CLCSW. The plates were preliminarily
double-cleaned with deionized water. PVA solution
was cast by dropping it on the glass substrates,
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trates, dried in the oven for 60 min at 80 °C, and then
rubbed in opposite directions. Precise control of the
gap thickness is crucial to achieving the best CLCSW
performance. For this purpose, plastic spacers of 8 um
made of highly crosslinked monodisperse polymer
microspheres were used. Spacers were deposed on
glass plates using wet spray-coating technology. In
particular, the plastic spacers were ultrasonicated in
an ethanol / water solution (40:60, w/w) and then
sprayed on the glass substrates. Plates were placed in
the drying chamber at 60 °C for 24 h. Before the CLC
mixture infiltration inside the optical cell, plates were
assembled and sealed using a UV-curing procedure,
Fig. 1.

The assembled cell was filled with CLC by
capillarity, taking care to avoid bubbles/gaps near the
boundaries, and examined under a polarizing microscope
to confirm the correct alignment of the director. Fig. 2, a
shows a CLCSW with a uniformly aligned CLC mixture,
and Fig. 2, b shows a schematic cross-section of a
CLCSW, where the plastic spacers are used to keep the
constant distance between the glass plates.

UV Lamp d d

%)

/ y

Microbeads deposition CLCSW assembling

UV Curing and sealing Infiltration of CLC inside

CLCSW

Fig. 1. Schematic image the of CLC-based smart window fabrication: spray coating over the transparent glass substrate
with microbeads (a), assembling the optical cell with a fixed 8 um gap (b), UV curing and sealing of the optical cell (c),
infiltration of optical cell with the CLC (d)

CLCSW

Plastic spacers

CLC

Fig. 2. An assembled CLCSW (a) and the spacers used
to fix the gap between the glass plates so that the CLC substance
can be injected evenly inside CLCSW (b)
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3. Results and Discussion

To investigate the temperature-dependent shifting
of SRBs of the CLC, we built a setup shown in Fig. 3. The
left part of Fig. 3 shows the experimental devices and the
right side of Fig. 3 shows the microscopic images of the
CLC mixture at different temperatures captured by a CCD
camera. As seen from the picture, at 20 °C the CLC mixture
reflects the red part of the optical spectrum, at 30 °C — the
yellow-orange part, and at 35 °C — the green part.

Using a spectrometer, we recorded the
temperature-dependent tuning of SRBs of the CLC when
heated (Fig. 4). In the experiments, the thermal tuning of
SRBs was recorded starting at +10 °C, where the central
wavelength of the SRBs of CLCs is located at A = 750 nm
of the optical spectrum and reaches A = 545 nm at 35 °C.
However, the temperature interval of the CLC phase
existence is much broader, between —12 °C and +80 °C.

cco

Optical
microscope

Spectrometer

r

%— Optical cell

Hot stage
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As the temperature increases, the blue-shifting of SRBs
takes place. It should be noted that the sequence of spectral
changes in the SRB is the same when heated and cooled.

Fig. 4, b shows the dependence of temperature
tuning of the SRBs of the CLC at low temperatures, which
is negative, a OP/0T < 0, and this dependence becomes
zero at high temperatures, a 0P/0T = 0. In particular, the
SRBs no longer shift when the ambient temperature is
35 °C or higher. At these temperatures, the SRBs reflect
the 520-580 nm spectral range of solar radiation, which
coincides with the maximum intensity emitted by the sun.

The second part of the experiments was carried out
using the CLCSW. Fig. 5, a, b demonstrates the operation
principle of the CLCSW. The CLCSW is transparent at
low temperatures and transmits solar radiation inside the
building. As the temperature increases, the SRBs shift
towards the visible part of the optical spectrum and reflect
the most intense portion of the solar radiation when the
selective reflection no longer moves spectrally.

Fig. 3. The experimental setup and the microscope photos of the CLC mixture at different temperatures.
As the temperature rises, the color of the CLC structure changes from red to greenish-blue
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Fig. 4. Temperature-dependent tuning of the central wavelength of the SRBs recorded
with a spectrometer (a), and the graphical presentation of this dependence (b)
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Fig. 5. The operation principle of the proposed CLCSW. The CLCSW is transparent at low temperatures,
and solar radiation is transmitted in the building (a); one portion of the solar radiation is reflected from the CLCSW
and the other one is transmitted through it at high temperatures (b)

Fig. 6. Temperature-dependent color change of the CLCSW at variable
ambient temperatures: (a) # < 12 °C, (b) t = 20-25 and (c)  >30-35

We tested the thermo-optical properties of the
CLCSW at variable ambient temperatures. At 12 °C, the
CLCSW is transparent. At 20-25 °C, it becomes bluish-
purple (reflects the red part of solar radiation), and at 30—
35 °C and higher, it becomes reddish (reflects the yellow-
green ranges of solar radiation, Fig. 6). It should be noted
that the high and low temperatures indicated are relative,
and can be adjusted on request, which is achieved by
selecting the percentages of the CLC mixture components.

Fig. 7 shows the photo of the CLCSW reflecting
the part of an outdoor scene (the University of Calabria,
“UNICAL”, Italy). The reflected images from the
CLCSW are uniform and undistorted, indicating an even
distribution of CLC structure over the entire area. The
outdoor temperature is about 32 °C.

To estimate the effectiveness of the CLCSW it is
necessary to measure the solar radiation intensity that the

smart window blocks. For this purpose, we carried out
experiments in which the CLCSW was oriented in such a
way that the angle of incidence Q, between the solar
radiation and the surface of the CLCSW, was 90 degrees.
The light transmitted through the CLCSW was measured
using a spectrometer and a solar power meter. Since the
intensity of the ambient solar radiation varies by latitude
and altitude, depending on seasons and time of day, and
with cloud cover, the doses of solar radiation intensity
were measured on an unclouded day in the summer
months at solar noon, in Tbilisi (Georgia), with the
coordinates: latitude — 41.7151° N, longitude — 44.8271° E.
Fig. 8 shows the spectral distribution of solar radiation
intensity. In particular, Fig. 8, a shows the solar spectrum
transmitted inside the building without attenuation, and
Fig. 8, b displays the attenuated solar spectrum intensity
caused by the reflection from the CLCSW.
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Fig. 7. CLCSW photos showing exterior views at an ambient temperature of 32 °C
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Fig. 8. The spectrum of solar radiation transmitted inside the
building, (a) without attenuation, (b) reflected from the CLCSW

To calculate the solar radiation intensity reflected
from the CLCSW, we use the method of integration of
input data from the origin software, and to enhance the
precision of the obtained results, we averaged the
measurements based on day-to-day experiments, using

Eq. (1):

Aj Aj
10(/1,1)—11(/1,1):tj 10(d/1)—:j 1(dA)=
4 4

A’lOSOnm

L@d)- | L@w)] (1)

50nm

AlOSOnm
=35°C[
50nm
where A; and A, are the starting and ending spectral points
of the UV/VIS/NIR spectrum. Then we calculated the
total intensity of solar radiation reflected from the
CLCSW, which was equal to 23.5 %.

1LAO—-1,(A,0/1,(A,1)x100=235%  (2)

Next, we measured the solar radiation transmitted
through the CLCSW using a solar power meter. The
intensity of the reflected solar radiation was quantitatively
in good agreement with the results obtained by the
spectral measurements. An important issue related to
smart windows is their durability. The thermo-optical
parameters of the CLCSW were tested for three years. For
this purpose, the CLCSW was built into the frame and
mounted on a stand. Monitoring of the thermo-optical
behavior of the SRBs was carried out once a month. It
was found that the temperature dependence of the SRB
shift has undergone little change over the three years. In
particular, at the given temperatures, there was an
insignificant shifting of the SRBs toward the short-wave
ranges of the optical spectrum (Fig. 9).
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Fig. 9. Temperature-dependent shift of SRBs of CLC
immediately after the assembly of CLCSW (a) and the
temperature-dependent tuning of SRBs of CLCSW after the
three years of operation (b)
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It is worth noting that the proposed design of the
CLCSW integrates the following advantages: (a) first and
foremost, it reflects light, and the reflection is environ-
mentally controllable, i. e., the low-temperature window is
transparent and reflects the different wavelengths of the
solar spectrum following the ambient temperature
variation; (b) intelligently controls the natural light; (c)
CLCSW has high stability with UV-VIS-NIR light
radiation and with temperature variation; (d) it provides a
real-time response to a thermal stimulus; (e) the spectral
location of the SRBs can be modified according to
daytime, season, and geographic area; (f) CLCSW has
simple fabrication technology and cost-effective
exploitation behavior without using electricity and hard-
wired control systems; (g) it has a broadband operating
temperature interval of (—12 +80) °C; (h) it is safe, non-
toxic, and humidity-resistant.

4. Conclusions

In summary, we developed a novel next-generation
smart window prototype, the operation principle of which
is based on such distinguishing properties of the CLCs as
the temperature-controlled tuning of the SRBs. The
concentration ratio of the CLC mixture compounds is
chosen so that at low ambient temperatures the SRBs
reflect the spectral part of solar radiation with low
intensities, and at high ambient temperatures, they reflect
solar spectral range with high intensities, enhancing the
operational efficiency of the CLCSW. Moreover, we
show that the proposed CLCSW reflects 23.5 % of total
solar radiation intensity, which can significantly impact
the interior temperature in living and working spaces and
will help combat climate change. The easy-to-fabricate,
polymerization-free technology of the CLCSW shows a
real potential for the fabrication of smart windows,
granted with such advanced behaviors as self-controlled
real-time dynamicity upon the external thermal stimulus
and operational longevity.
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PO3YMHE BIKHO HA OCHOBI
XOJIECTEPUYHOTI'O PIIKOKPUCTAJITYHOI'O
J3EPKAJIA, KEPOBAHE TEMIIEPATYPOIO
HABKOJIMIIIHBOI'O CEPE/IOBHILIA

Anomauyia. Y cmammi onucano Hesenuxuii NpOmMomun
PO3YMHO20 6IKHA HA OCHOBI MEPMOONMUYHUX — 6]1ACIUBOCIEN
XonecmepuuHux pioKux Kpucmanie. 3a80sku  Oe3nonimepHil
KOHCMPYKYIi 8U20MOoBJIeHe PO3YMHE GIKHO € Npo30pum I Modice
6i0Ousamu negni nopyii 6uouMoeo abo inghpauepeonozo cgimua, He
nOmMpedyloul 306HIUHBO2O OXHCepeNa MHCUBNEHHS, a, Omoice, U020
npocmiue  6CMaHosumu U eKCHIyamyeamu. 3anponoHo8aHa
MeXHONo2IA  PO3YMHO20 — 6IKHA HA  OCHOBI  XONECMEPUYHOLO
DIOKOKPUCANIYHO20 03€PKANA OACHb 3MO2Y 3MEHWMUMU SUMpPamu
HA  eHep2OCNONCUBAHHA  3ABO0AKU  8I0OUMMIO  HAOTUUKOBO2O
COHSIYHO2O C8IMNA ma menionepeoati, nioguuyiouu Komgpopm ons
Meuikanyie 6yoiges i cnopyo.

Knrouoei cnosa: posymui 6ikHa, xonecmepuuni pioKi
KpUcmanu, pe2ynio8ants memnepamypoio, 8iooumms ceimida.



