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Abstract

In this project, an innovative energy-saving equipment, so called smart window,

utilizing Choleateric Liquid Crystal(CLC), is established.

In this project, the CLC window is made of a mixture with specific ratios of 2
kinds of liquid crystal: S811, the chiral material and E7, nematic liquid crystal, which
enables it to reflect infrared. In this way, the thermal conduction entering the habitation,
as well as the expense on energy of air conditioning, is reduced. Thus the window is
heat-proof, energy-conserving, and its transparency remains strong because only
infrared is reflected. Moreover, when applying voltage to differ the arrangement of CLC,
the window will reflect the visible light simultaneously in reflective zone and thus

serves as the function as a blinder.

After trying different ratios of chiral material and measuring their photoelectron,
the study find that the mixture of 30 % of S811 and 70 % of E7, which reflects 50 % of
infrared around 1200 nm to 1500 nm, and the mixture of 20 % of S811 and 80 % of E7,
which reflects 50 % of infrared around 700 nm to 900 nm, come out to be the best two
functioned CLC. Both of the two CLC are able to reflect 75% of visible light

simultaneously when proper voltage is applied.
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Abstract

In this project, a switchable Cholesteric liquid crystal (CLC) based window is
fabricated to enable selective transmission of sunlight. It is aimed to improve the quality

of life and to comply with the global trend of energy conservation.

CLC is a mixture of nematic liquid crystal and chiral material, which possesses
the characteristics of selective reflection at a specific spectral range due to the
multilayered structure formed. By adjusting the concentration of chiral material in
CLC, the spectral range of reflection can be shifted to the infrared while maintaining
high transparency in the visible. The CLC exhibits the first transparent state
(selectively reflecting a spectral range), the scattering state (rejecting all spectral range),
and the second transparent state (transmitting all spectral range) sequentially upon

appropriate bias.

We found the following two CLC mixtures work best for our purposes with high
transparency in the visible. The mixture of 20% S811 and 80% E7 reflects infrared
from 700 nm to 900 nm while the mixture of 30% S811 and 70% E7 reflects infrared
from 1200 nm to 1500 nm. Under appropriate bias, the CLCs can (1) reflect up to 70%
of infrared with a maximum of 80% transparency, enabling the reduction of the air
conditioning need in summer, (2) reject 70% to 75% of infrared and visible light
simultaneously, serving as a blinder to improve the functional performance of the room,
(3) reflect only 40% of infrared and visible light, reducing the heating requirement in
winter, (4) control the transmission efficiency of sunlight so as to modulate the daylight

illumination in a room.

Incident light Incident light Incident light
visible light |
infrared light Visible light
infrared light visible light Infrared light
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Switchable Infrared-Reflecting Green Window

1. Introduction

1.1Motivation
The growing scarcity of global energy resources together with the strong
demand from the nations with fast developing economy has made energy
conservation a global issue. The attempts to balance the quality of life and
energy conservation have become the theme behind this new wave of green
movements. With this understanding, we are trying to develop a technology

that may lead to Smart Windows for today’s Smart Buildings.

Cholesteric Liquid Crystal (CLC) is known to form a structure that can
selectively reflect a certain spectral range by forming multilayered structure. It
was found that by adjusting the concentration of the CLC, the spectral range of
selective reflection can shift to the infrared zone, while maintaining high

transmission at visible range.

The CLC also forms bistable states upon bias. With the increase of
applied voltage, the CLC forms the first transparent state, scattering state, and
the second transparent state sequentially. The scattering state reflects both
infrared and visible light, thus can serve as a blinder. The second transparent
state allows both infrared and visible light to pass through, forming a proper

condition for winter use.
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1.2Project Goals

This project is aimed to fabricate a liquid crystal based device that:

A. Block the strong infrared spectrum of summer sunlight so as to reduce the

need for air conditioning.

B. Serve as a blinder in the visible range for functional improvement of the
room and control transmission efficiency of sunlight so as to effect the

daylight illumination in a room.

C. Permit infrared spectrum of winter sunlight to enter the room so as to

reduce the heating requirement.

2. Equipments & Methods
2.1Theoretical Model

A.Selective Reflection of CLC
The Cholesteric liquid crystal consists of multiple layers of nematic
liquid crystal with incremental rotation on each layer. The overlapping
layers of nematic liquid crystal possess an angular difference of orientation
along the long molecular axis between each layer of the CLC. When the
accumulated angle of rotation reaches 360°, the distance is defined as one

pitch.
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Figure 1. Schematic of pitch structure.



The periodical change of orientation of the long molecular axis leads to
the periodical change in the refractive index. The periodical change in the
refractive index also resembles the multilayer or photonic structure in optics,
and leads to the characteristics of selective reflection at a certain spectral

range. By simplifying Bragg’s Refraction law, the peak wavelength of
selective reflection can be expressed as:
A=n-p
A=wavelength of selective reflection (nm)
n=averaged index of refraction of the CLC
p=pitch (nm)

B. Adjustable multilayer

Similar to the multilayer structure, the refractivity of each CLC layer
varies periodically owing to the long axis direction. Additionally, the
optical periodical structure of CLC can be modified depending on the bias

voltage. A multilayer periodical system is explored in this project.

Multi-layer Periodic System

nt=1ns=1.5n1=-1.7;n2=1.6; n3=1.5;nd=1.4; 10=800;e= (4d+7+9+1079) *-1; u =4+ 7+ 10*-7;
kh=0.5%m« (A/20)/3;

)/ 3
e e e e Cos[kh] (i xSin[kh]) / Y1
=2 — r =2 — r =2 — - =2 — - = H
pal ,'“ «nl; Y2 H“ *12; Y3 /“ *n3; Y4 IH *nd; ML ((ixs:'n[ldmxn sl )

_ ( Cos[kh] (4 xSin[kh]) /52)_ _ ( Cos[kh] (4 xSin[kh]) /!3)_

T\ (2 xSinfkh]) x¥2 Cos[kh] "7\ (@ xSinfkh]) x Y3 Cos[kh] !

_ Cos[kh] (2 xSin[kh]) / Y4y .

= ( (i xSin[kh]) x ¥4 Cos ki ) M= ML.M2.M3.M4.M3.M2. ML. M2 .M3. Md. M. M2;
M=M.M.ML

’e o
YO0= 2 — +n0; ¥YS= 2/ — sns;
H H

r= (YO«M[[1, 1]] + YOx YS&M[[1, 2]] - M[[2, 1]] - YS+M[[2, 2]1]) /
(YO«M[[1, 1]] + YO+ YS«M[[1, 2]] + M[[2, 1]] + YS«M[[2, 2]]); R=Abs[r]~2;
PIot[R, {A, 300, 1400}, PlotRange -> {-0.1, 1.1}]
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Figure 2. Reflection Spectrum of the multilayer periodical system.

C. Bistable State of the CLC

The bistable state refers to the two stable states [Figure 3.(A) & Figure
3.(C)], at which the CLC exhibits a transparent state. The first stable state
is when all the liquid crystal molecules are arranged along the alignment
film. It is the natural state when QV is applied. The second stable state is
when the electrical field is arranged perpendicular to the cell and forces all
the molecules into a parallel alignment to the electrical field. The unstable
intermediate state between the two transparent states is when some
molecules are arranged along the alignment film while others are arranged
along the electrical field. The scattering state [Figure 3.(B)] reflects all range

of wavelengths owing to the irregular arrangement of molecules.

Selective Reflection Enti Range Scattered Entire Range Transmitted
- s K \L \r\
- \\r'— | I [ "e o I -'_ |
— == = — |1 | | '\I\ \ 7\]\1
S——— ]
(A) Transparent state 1 (B) Scattering state (C) Transparent state 2

Figure 3. Schematics of the bistable state and the scattering state of the CLC.
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2.2Experimental

A. Equipments

(a) Microbalance
(b) Ultrasonic oscillator
(c) Hot plate
(d) Spectrometer V-670 (370 nm to 2000 nm)
(e) Power supplier (0 V to 30 V)
(f) Light sensor
(g) Data collector GLX
(h) Rubbing Machine
(i) Coating Machine
(j) Glass Cutter
(k) Template
(I) Screw Press
(m)Oven
(n) Computer
B. Consumables
(a) Nematic liquid crystal E7
(b) Chiral material S811
(c) ITO glass
(d) TN type alignment film (AL-58, Daily Polymer Corp)

(e) Spacer (ten-micron)
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2.3Methods

A. Fabrication of CLC samples (Figure 4.)

[ .
_conductive layer
& alignment film

Figure 4. Schematic of a CLC sample.

(a) Fabrication of the Cells

()

Cutting and cleaning of
the ITO glass

(I

Coatingofthe

alignment film

(1)

Rubbingofthe
alignment film

(Iv)

Applyingthe spacers

(V)

Laminating the two
pieces of glass
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(b) Fabrication of the CLC

1. Weigh and mix the desired amount of nematic liquid crystal E7 and

chiral material S811 at ratios below:

S811 wt(%) E7 wt(%)
Sample 1 10 90
Sample 2 20 80
Sample 3 30 70
Sample 4 35 65
Sample 5 40 60

2. Put the tube into an ultrasonic mixer to ensure the two materials are

well mixed so as to form Cholesteric Liquid Crystal.

3. Heat the CLCs to 55 degree Celsius, so it presents a liquid state.

4. Insert the CLCs into the cells, using a vacuum drying oven.

B. Measurement of Transmission Spectra

CLC Sample

Incident

—_—

Reflected Transmitted

spectrometer

Figure 5. Schematic of the measurement.

(@) Transmission Spectra of Different Concentrations of the CLCs

1. Put the empty cell into the spectrometer and measure its

transmission spectrum as the reference point.

2. Measure the spectra of CLC-loaded cells.
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3. Observe the effect of different concentrations on the transmission
spectra, and find out in which concentration the CLC exhibits the

lowest infrared transmittance.

(b) Transmission Spectrum of the Scattering State

1. Put the empty cell into the spectrometer and measure its

transmission spectrum as the reference point.

2. Measure the spectra of CLC-loaded cells when voltage is applied.

3. Transfer the transmission spectra into reflection spectra.
(Transmittance + reflectance + absorbance = 1, the absorbance of

the CLC is very low that can be ignored.)

4. Observe the effect of bias voltages on reflection spectra, and find
out at which voltage the CLC exhibits the highest reflectance of

visible light.

C. Response Time

(@) The Response time is defined as the time a CLC sample needs to

change from 10% to 90% of the maximum dynamics range.

(b) Measure the intensity of transmitted visible light when the CLC goes
through transition in between the first transparent state, the scatting

state, and the second transparent state.
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3. Results & Discussion
3.1Reflection Spectra

A. Different Concentration of the CLCs

100

80 |
N
3 60 10%
IS — 0%
3 40 30%
g

20 b 359,

40%

o

400 800 1200 1600 2000
Wavelength(nm)

Figure 6. Reflection Spectra of Different Concentrations of CLCs.
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(a) E7-90wt% | (b) E7-80wt%, | (c) E7-70wt% | (d) E7-60wt% | (e) E7-90wt%
S811-10Wt% S$811-20wWt% S811-30Wt% S811-35wt% S811-40Wt%

Figure 7. Photos of Different Concentration of CLCs.

(a) The reflectance of S811 10wt% does not increase over a specific
spectral range. It remains at 20% from 400nm to 2000nm. It is
conjectured that the percentage of the chiral material was too low to

form the pitched structure, and thus is without selective reflection.
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(b) The reflectance of S811 20wt% is in a lower range starting at 700 nm
and ending at 900 nm, with the highest reflectance around 55%, while

remaining at around 80% transparency.

(c) The reflectance of S811 30wt% is in a higher range starting at 1,200 nm
and ending at 1,500 nm, with the highest reflectance around 50%, while

remaining at around 80% transparency.

(d) The reflectance of S811 35wt% and S811 40wt% increases as the
wavelength increases, without an obvious selective reflection at visible
light. It is conjectured that the percentage of chiral material was too
high and thus the arrangement of the molecules was close to another
liquid crystal, smectic liquid crystal, which does not possess selective

reflection because it is without pitch.

(e) S811 20wt% and S811 30wt% are both able to reject infrared while low
visible light reflectance remains, which means they possess high

transparency.

(f) Due to the results of reflection spectra analyses of different
concentrations of the CLCs, the project continued with S811 20wt%

and S811 30wt%.
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B. S811 20wt% under bias

90
80 F —_—0V
70 | 3V

60 F
50

6V

\-‘“.’ LLN B— —9V

Reflactance (%)

40 ¥ —_—12V
30T 15V
20 P

18V
10 }

21V
0

24V
400 800 1200 1600 2000

27V

Wavelength (nm)

Figure 8. Reflection spectra of the S811 20wt% under bias voltage.

The range of selective reflection of S811 20wt% shifts to shorter
wavelengths as the applied voltage increases from approximately 0V to 24V.
While at approximately 27V to 30V, the whole reflectance remains
approximately 40 %. It is conjectured that the electrical force enlarges the
angle between each layer therefore the pitch, as well as, the wavelength of

selective reflection decrease.

(@) When approximately 6V is applied the reflectance of the infrared light
reaches 70% of its highest value from 700nm to 900nm, while
remaining 40% at other wavelengths. It now exhibits the first

transparent state.

(b) When approximately 18V is applied the reflectance of the visible light
is approximately 80% of its highest value. It now exhibits the scattering

state.
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(c) When approximately 30V is applied the reflectance remains

approximately 40%. It now exhibits the second transparent state.

C. S811 30wt% under bias
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Figure 9. Reflection spectra of the S811 30 wt% under bias voltage.

(@) The selective reflection of S811 30wt% shifts to shorter wavelengths as
the applied voltage increases from approximately 0V to 12V. While at
approximately 15V to 30V, the whole reflectance remains at
approximately 40%. It is conjectured that the electrical force enlarges
the angle between each layer therefore the pitch, as well as, the

wavelength of selective reflection decreases.

(b) When approximately 3V to 6V is applied the reflectance of the infrared
light reaches 60% of its highest value from 1200nm to 1500nm, while
remaining 40% at other wavelengths. It now exhibits the first

transparent state.
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(c) When approximately 12V is applied the reflectance of the visible light

reaches around 70% of its highest value. It now exhibits scattering state.

(d) When approximately 30V is applied, the reflectance remains

approximately 40%. It now exhibits the second transparent state.

3.2Response Time
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Figure 10. State changing response time of S811 20wt% and S811 30wt%.

The response time of the CLC devices is summarized in the following

table. Note that S811 30wt% exhibits a much faster response time. All the

devices are, nonetheless, sufficiently fast for our purposes.

S811 20wt% S811 30wt%
Applying Woltage | Response Time | Applying Voltage | Response Time
V) S V) ©)
12 0.381 9 0.006
14 0.204 10 0.005
18 0.112 11 0.005
20 0.1 12 0.004
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3.3Power Consumption

The Ohm resistance of LC (liquid crystal) material is very large. The
device thus formed can be regarded as an electric capacitor when LC is placed
in between two pieces of ITO (Indium Tin Oxide) glass and a direct current is
applied. he electric current it consumes is extremely small.

4. Conclusion

4.1 After characterization, the custom mixtures of CLC are found

to:

A. reject the infrared light under a natural state, which is ideal for use in

summer.

B. reject both the infrared light and the visible light when proper voltage is

applied, thus serving as a blinder to improve the functional condition of a
room.

C. allow the infrared light and visible light to transmit when proper voltage is

applied, so as to reduce the heating requirement in winter.

4.2 S811 20wt%.
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Figure 11. Reflection spectra of S811 20wt% when specific voltage is applied.
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\oltage | Transmittance | Transmittance Practical applications of a
V) of infrared of visible CLC window
(%) light
(%)
0 45 80 Reject infrared while
Transparent . .
maintaining high transparency
statel 3 30 60 . ..
in the visible
Scattering )
18 30 25 Serve as a blinder.
state
Allows both infrared and
Transparent . . . .
30 60 60 visible light to transmit, which
state2 .. L
is ideal for use in winter.

ov 18V 30V

Figure 12. Photos of exhibiting states when proper voltage is applied.

4.3 S811 30wt%
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Figure 13. Reflection spectra of S811 30wt% when specific voltage is applied.
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\oltage | Transmittance of | Transmittance of | Practical applications
V) Infrared (%) visible light (%) of a CLC window
0 50 80 Reject infrared while
Transparent maintaining high
statel 3 40 60 transparency in the
visible
Scattering )
12 40 30 Serve as a blinder.
state
Allows both infrared
Transparent and visible light to
30 60 60 . N
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for use in winter.
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Figure 14. Photos of exhibiting states when proper voltage is applied.

5. References
[1]. E. Hecht. Optics. 4th edition (Addison Wesley , 2001).

[2]. Peter J. Collings, Michael Hird, Introduction to Liquid Crystals: Chemistry

and Physics (Liquid Crystals Book Series) (Paperback).

[3]. R. Padiyath (Woodbury, MN, US), Radcliffe, Marc D. (Newport, MN, US),
Thomas, Cristina U. (Stillwater, MN, US),Marttila, Charles A. (Shoreview,
MN, US),Jain, Manish (Minneapolis, MN, US),Weber, Michael F. (Shoreview,
MN, US),Bai, Feng (Woodbury, MN, US). 2007. Infrared light reflecting film.

U.S. Patent No. 20070109673.

39




[4]

[5]

[6].

Y. W. Chang “Measurements and computer simulation of reflection properties
of bistable reflective polymer-stabilized cholestereric texture films”

Department of Physics, National Cheng Kung University. (M. S. Dissertation)

Edward J. Bawolek, Chandler; Greogory W. Starr, Tempe; Zong-Fu Li,Gilbert.
2000, Liquid crystal color filter with integrated infrared blocking. U.S. Patent

No. 6424392 B1.

K.N. Chang “The Study of Electro-Optic Effect of Hybrid Twisted Nematic
Liquid Crystal” Department of Polymer Engineering, National Taiwan

University of Science and Technology. (M. S. Dissertation)

40



6. Supplements

6.1 Heat blocking effects
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Figure 15. Heat blocking effects of S811 20wt% and S811 30wt%.

8
7 -
—~ ® |
% z i —0V
g —
£ 3 12v
% i —18V
E 0 —_—24V
S ——30V
2
-3

Time(s)

Figure 16. Heat blocking effects of S811 20wt% under bias.
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Figure 17. Heat blocking effects of S811 30wt% under bias.

6.2 Reflection spectra ofS811 10wt%, S811 35wt% S811 40wt%

100
—_—V
80 | —_3V
S —V
o
£ | —12v
@ e
= = — 15V
o
R — 18V
20 —
——21V
0 | | 1 24V
400 800 1200 1600 2000 =27V
30V

Wavelength{nm)

Figure 15. Effects of bias on S811 10wt%.
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Figure 17. Effects of bias on S811 40wt%.
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6.3 Optical texture of the S811 20wt% under bias

(C)18v (D) 20V

(E) 30V

Figure 18. photos of S811 20wt% under polarizing microscope.
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