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Abstract

Over the past several decades, the polymer dispersed liquid crystal (PDLC) has received particular attention as a material
for developing smart window due to their electro-optical switchable properties. In this study, PDLC cells were fabricated using
acrylate monomers, namely 2-hydroxyethyl acrylate (2-HEA) and ethylene glycol phenyl ether acrylate (EGPA), and the effect
of the monomer composition on their electro-optical properties was investigated. The monomer mixture with a low viscosity
(~10 cps) was easily filled between indium tin oxide (ITO) glasses by capillary action at room temperature. PDLC cells pre-
pared using the mixture ratio of 1 : 9 (2-HEA : EGPA) did not show a complete opaque state at a 0 V condition but exhibited
unstable electro-optical properties under an electric field. As the LC composition increased in the reaction mixture for PDLC
cell preparation, the Vy, (threshold voltage) and Vg, (saturation voltage) values as well as contrast ratio (CR) increased. Vy,
and Vg values also increased with the cell gap thickness. PDLC cells with a 20 um cell gap thickness exhibited higher CR
than those with 10 and 40 pm cell gap thicknesses. Particularly, PDLC cells prepared using the mixture ratio of 7 : 3 (2-HEA
: EGPA) showed excellent electro-optical properties such as a low driving voltage and high contrast ratio.
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o] Ak Q= FEREA, NG YAke} A} 7ke] FHE Afole]
o8] Fogo] 2EHH4,5]. S5 AYS QIskA] &2 AdHlelA =
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2 A} mA L EE)A], G BAJo] AdE BdEA, o
AAY 35 4 331, B4 (birefringence)Z #-> 11742 Fshy &
A& HLATH10]. oleet A 5/ 0= Q13 display wokellA thekst
Al Aol Ha itk AgA o de] AFEH AL 31 nematic Q!
E7-S cyanobiphenyl (CB)S] E7<2] 5CB (51%), 7CB (25%), 8OCB
(16%)$} cyanotriphenyl (CT)] /20 5CT (8%)2] E-Eo|t11].
T B7e Ao 22 EdE8Y 4o faEo i (positive
dielectric anisotropy)= 2¥il, o]e]dt 544 % <l&] E7 PDLC ok
of da] AREE I QTh12-14].

PDLC devices= #|ZdH= o= solvent-induced phase separa-
tion (SIPS), polymerization-induced phase separation (PIPS) “1&|1L
thermally-induced phase separation (TIPS) A 7147} QITH15]. 1%l
2] PIPS ®H]-2 polymerable monomers, photoinitiator 1] 37 &7
U3t S3-EZHE free radical polymerization®] HH U ]3] pol-
ymerization©] == WS v etti{12,16]. B3k, PIPS ®H-2 curing
parameters SHZXOZ HEE 4= Q) 1[17,18], UV A} dtofl 78
HAHo R AMHE A F8421 indium tin oxide (ITO)7}
coating®! glass plate AFe]ellA] F7HAQ1 F7o] glo] EvlE PDLCE
A F o] AFe] AGst wWETR= Aol QITH19]. wEkA
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5], PDLCS] 713884 E40 A}t w|EE s} o §iztele]
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3l cell gap2] FAZ 2&]d PDLC cell PIPS W o7 A %35}
a1, “1of] wE £ U(threshold voltage, Vi), 334 (saturation
voltage, Vi), "89] (contrast ratio, CR) ¥ FZ}-&(transmittance)
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2.1. Al

Ethylene glycol phenyl ether acrylate (EGPA), 2-hydroxy-4’-(2-hy-
droxyethoxy)-2-methylpropiophenonei= Sigma-Aldrich ChemicalollA] <+
{13113, 2-hydroxyethyl acrylate (2-HEA), acetone (99.5%)<> Samchun
pure chemicalollA] T3 TE Nematic LCQ! E7 (ordinary refractive
index (n,) = 1.521, extraordinary refractive index (n.) = 1.746)~> Merck,
LtdZFE 7{18F31 17, ITO glass:= Dachan Scientific Co., Ltdol|4]
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Figure 1. Schematic diagram of (a) PDLC cell structure, (b) operation
principle of PDLC cells.
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2.2. PDLC cell HIZ}

ol H A TEAIQ] 2-HEA S} EGPA S&E-S UhF3t volume ratio=
Azt F, nematic A7 BT, ddst EFE0] HEF 4ol o
o= F7NAARID 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone
(FFEY] 1 wi%) S Wol Fget et 2 w7k & 241 F dle]
LE2HA GEE Byt J83 FE4A5 1107 S34 ITO glass
2% 2.5 x 2.5 cm® A7) 2 B F acetone O.F 7|13 HA A& 8
t} 10, 20 123 40 um 72 spacerE AHEs1] 279] ITO glass )
HAS 27438 T Figure 1(a)°ll YR kel o] ME914] Fe =2
Z2A)7# PDLC devices?] templateE A Z8FITE 71 ths oA Al
gt GEgA 9 LC 2 37HAIA] HLEFES capillary action®]] 2|34
ITO glass cell Afe]ol] WolErh AES UV lamp (A = 365 nm) ©}]
FaL, AAsE 91814 10 min F9F UVE ZARICE AR UV 7
TE 500 mW/em®) 1, 43} Lt Aol W=

2.3. Characterization

ol = A ©&kA| 2-HEA 2} EGPA 2] volume ratio®l] W Z} A4Z-9]
ZHES Abbe ZEA|(AR4, KRUSS)E #-413131T}E PDLC devices
Algrel] ARg-e w2 Lee] Whe 52 s}shEE FT-IR spectra
(FT/IR-460 Plus spectrometer, JASCO)E ARE-3lo] 43130t} #| %
¥ PDLC cell®] 9% droplet 719} 7#U43<S #3388 n]Z(CKX41,
Olympus)& &3l <1313t

2.4. PDLC cell?| transmittance S8

A= PDLC cell®] transmittancei= 670 nm NIR lasers ZAFSH &
o digital optical power & energy meter (Thorlabs, Inc.)& ©]&8}o]
laser?] intensity M Sate 579380 &<13813ITE 670 nm NIR lasere
100 mW/em?9)] intensity & ARSI 3L, 0~160 V] HHE] elof A
10 VA JHSIA A7 laser?) intensity 7S ZASHATE o|wl, A}
vjE A9l M Fo] §le 239 ITO glassTHe: A2 AR AES
control 2 ARE-3IATE PDLC cell®] transmittance”} ZH2; 0% (To)d ol
9} 100% (Tw)Q Wel HlQl CRE 374319131, T3 PDLC cell)
transmittance”} 10% 2] 4] Vit 90% YL 9] Vi 30 24
3tk ITO glass AFo12] 2+49] 10, 20 2 40 um?l AEE-2 F1]3)
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Table 1. Refractive Indices of Monomer Mixture according to 2-HEA
: EGPA Volume Ratio

2-HEA (uL)  EGPA (uL) Reifﬁiiﬁve (2-\1/{(;?? ;:aGﬁ;A)
0 400 1.518 0.0 : 10.0
20 380 1.514 05:95
40 360 1.508 1.0 : 9.0
80 320 1.503 2.0 : 8.0
120 280 1.495 30 : 7.0
160 240 1.488 40 : 6.0
200 200 1.480 50:50
240 160 1.474 6.0 : 4.0
280 120 1.468 7.0 : 3.0
320 80 1.464 8.0 : 2.0
360 40 1.457 9.0 : 1.0
400 0 1.450 100 : 0.0
o, cell gap®] W} W efAl| EFE 2/ upe A7)3Hs 54
58 FAE L BE A3 22 AES 33 uksle] SFE %

3.1. PDLC film2| M=
B AqtoA = ot E A kAl 2-HEA S} EGPA 2] volume ratio
HSIAAZFY nematic 471 E77He] E3ES AZS &, wiEA)
i} 2] W<l PIPS WH O Z PDLC cellS A|Z31 SAEAS
13T Table 10 WERA wlgl 3Fo] 2-HEAS] =52 1.450,
EGPAS] FHEL 1.518% 570] HaL, 041”9 e} 32 1 2-HEA 9}
EGPA2] E3E-2 1.450~1.518 Alo]o] 52 vlepiin) w3k ek
A &3 % phenyl groupE 7H¢l EGPA?] volume ratio”} 57}t
kgt £ FEEC] WA FUshE AeE UERISITE E7
7} Z3H8to] PDLC cellS AZPLS u), 2 02 A7|Faa =
2 WslE A9 R 7] 98 2-HEA S EGPA TAle] 247 1 ¢
3:7,5:5 7:3, %912 5572 @A E}ES 0|8 PO%
PDLC cell& #3130t}

Figure 1(a)°ll YERA vle}l o] dega)] E3+E 2 B7, J7IAA| &
29 2749 ITO glass Alolell F3FT, UV lampE AFE-3to] A2
ol 10 minZtF ZARO B 1 HARE AHRE S F 23T A = 365
nm, 500 mW/em?). T B2 FERESo] doubia S
7Yl wet o) Lt FhaE o] Q) AREE|7E dojuAl =
o} webA ko] Q| M Eo] droplete /35l ¥, ©] drop-
letE> FAAMSIA A} vlEZ A Uil atso] Tk 2S
AFIAIZ]13L PDLC cells &8 AHlE WA o =, 1327 of
EgA 9 ‘”1*10}711 A8 Sl N droplet-> A717g0] 714
A FSkE Aol A ER e AuE XA
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91 2-HEA S} EGPAE 27} 6 cpsS} 5~10 cps® 3k zheth 17 Q)
3l NOA65E AFE319] PDLC cell Al Al ITO glass®] HA0] F2
739~ capillary force®l| 2J3l] £35S F=Ysh= ©l g0l Qi) 314
gk W HE S ZH= 0 HEA9} EGPAS) WA E3H2-8 ARS8l PDLC
cellS AZ3E 79 A2oA G AFT = Adu= Aol QL)
Z}zke] G ¢k B7 9 PIPS WHS- 59 E3ME9] FT-IR spectra
= Figure 20 YERNQITE 2-HEA, EGPA, E79] 3522l 54 peaks
= ~2,957 em? (C-H), ~1,620 cm (C=C)°I Yeltar, 2-HEAS] 7
4 ~3,322 e’ F-2] 73 OH group?] E4 peakS <18t &= 3130
CHFigure 2(a)). %3 cyanobiphenyl¥} cyanotriphenyl”] S 33}k
nematic NP EFEQl E7S C=N groupd] 54 peak’} ~2,224 cm’
ol A = S CKFigure 2(c)). Figure 2(d)+ UV A W &85
4 FT-IR spectra® WERA ZQ1H|, 2}712] @A) 2-HEA S} EGPA,
E79] 57 peakso] A UEh= A& & 5 ISItE whHe Figure
2(e)°ll YERA vlel o] UV AL Fofle ~1,620 em™ ¥22] C=C
573 peak”} AH A& 1 4= Ql3irk o= PIPS el <]
Z3h-2o] dojFoam JFAHOF PDLC cello] AZFEHYT= A
EErs
WA Q] 2/dulel wE Ar)FetE] 54 WEE Frkebr] Qs of
AYA T=FAd 2-HEASL EGPAY volume ratios W 3HA|A 71
PDLC cell& A|Z33ith ojw] weAl] E3E3 A% E79 vl&2 1
: 1 (volume ratio)® SR, FWA A= AA] DA e} A Egh
29 1 wt%® 78k 0, 279 ITO glass®] cell gap thickness
20 um= 27g3te] AE-S F&SGIek T8 ITO glass® cell gap
thickness®l] W2 SAW3IE dolw 7] $Jall F 714 WA 2-HEA :
EGPAQ] H|ES 7 : 302 A3}l ITO glass®] cell gap thicknessS
10, 20, @ 40 pm® W3IA71HA PDLC cellS A|Z31ch
Figure 3°l&= PDLC cell®l] 0 VellX] 160 VZ7FA] 40 VA voltages
BSATIEAN A718E 7EE 799 state WSS ST ARIE
YeERJATE 2789 ITO glass®] cell gap thicknessE 20 um= 173k
Al, 2-HEA : EGPA @A £3hg2] 2nE HghAZlS B85, 1
9 AZ2 0 VY Wl opaque state”} T5EA| 3k, AS ASAIA
T 2 WslE JeRNR] ekStth(Figure 3(A)(a)). ©]+ phenyl groupE
3 EGPA WRFA|7} U0 R o]Rof | @ 9 v E3E)
75 UV irradiation®l] 23l &&2Q1 o)z Finkg-o] dojupx] o
obx], A droplet=o] “diEE]el 23l LHdstAl FAYEA Jake] 4
& ARRMAZIA] Fskar F3pa)7)7] ez o AYZkey SHAIRE Figure
3(A)b)~(e)°ll LFERA Hle} o] o]9]e] 3 :7,5:5 7:3,9: 19
2-HEA : EGPA @A 2/du]E 7} PDLC cell®] 7-F- UV irradi-
ation®l] 2|t TS S0 EAFe} A o] gl o)t BEry st
AEE UERLAL, VPSS s Al el whit JA Fr e e
Wate= s 3 M%D‘r £3], 2-HEA : EGPA A 24
"7} 3 27,5 : 590 A3} v wake] 2-HEA ©HEA|7} EGPA @A B
oF AR S S 7 3, 9: 191 MEo] 40 Ve 17F HgtellA
L s AR wglEe 2 gR1E 4 3Tk oli= 2-HEAS] <
o] EGPAS] %Kt} ] WolxS uj Atz o2 vho Zelo| A% state
o] wishrt dojdth= 1S 9Jv|gith Figure 3(B)& 2-HEA : EGPA
SR 2NE 7 1 302 A3 F-AISFHA] ITO glass®] cell gap
thicknessZ 10, 20 2 40 umZ W3}A# 223 PDLC cellol] A4S
Q7S W] AFE YR Zlo]t) ITO glass®)] cell gap thickness
7F10 pm FAYL 7%, 20, 40 pm& w2} 40 VoA o F5 8t AE)
= UERASIAIRE Agte] Q7FEA] ke Aol $ds] Bt
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Figure 2. FT-IR spectra of (a) 2-HEA, (b) EGPA, (c¢) E7, (d) monomer/E7/photoinitiator mixture, and (¢) PDLC film by PIPS method.
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Figure 3. (A) Images of PDLC cell under applied electric field according to various composition of 2-HEA : EGPA monomer mixture, (a) 1 :
9, (b)3:7,(c)5:5, () 7:3, and (e) 9 : 1 with 20 pm cell gap; (B) Images of PDLC cell prepared using 2-HEA : EGPA monomer mixture
(7 : 3 ratio) with (a) 10 pm, (b) 20 pm, and (c) 40 pm cell gap thickness.

AEE YERA] 2k9kTh 40 umQ] cell gap thicknessE 2t PDLC Agto] 71531 switchable window®2] 280l 71 Aglslth= A
cell®] 7-%-0 v o] B ?:ﬂ‘ A S2=Ela A n) 160 VO = o olagit)

QIZFASY ZAAME ekds]) Fst "Lﬂi Wele) A ok5s &

I hFigure 3 (B)(c)). WA 10, 40 um FARE= 20 um FAE 3.2. QI7PH 2 PDLC cell2| transmittance S5}

Zk= PDLC cell®] 97} E54 3 Aol ¢hds] T3k ez A A7FASHE D3k A PDLC cell®] el WstE AFEGHA|

23kt Ml 30 & M 2 &, 2019



ot YA WA 2-HEASF EGPAS] Z/doll whe e84t 418 A% (PDLC)S] A7]38H

of,

=
E4

7}

Table 2. Electro-optical Properties of PDLC Cell with 7 : 3 Monomer Volume Ratio Depending on Cell Gap Thickness
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Cell gap thickness Threshold voltage Driving voltage

Contrast ratio®

Off state transmittance

Transmittance max

b d
(”'m) (\/th)a (Vsal) (%) (%)e
10 2.7 29.9 99.2 0.84875 84.20
20 3.5 93.4 134.2 0.73032 98.04
40 12.4 124.9 67.9 0.91093 61.84
* Vi = Voltage at 10% of transmittance, b Vst = Voltage at 90% of transmittance, © Contrast ratio (CR) = Transmittance (max) / Transmittance (off), 4 Transmittance (off)
= transmittance value at V = 0, ¢ Transmittance (max) = transmittance value at V = 160
100 === 100 100
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Figure 4. Voltage-transmittance curves of PDLC cell with (a) 20 pm cell gap thickness and various monomer compositons; (b) 1 : 9 monomer ratio,
(¢) 3 : 7 monomer ratio, (d) 5 : 5 monomer ratio, (¢) 7 : 3, monomer ratio, and (f) 9 : 1 monomer ratio.

o A71gH 548 Huh AAA o QRsksly] f1E 670 nm
NIR laser (100 mW/em®)E ARG Q7P 10 v H2p4 e
E F7MA7IHA PDLC cell& &3 F3%+= 670 nm laser®] intensity
W3}k 0 ZHE transmittances AL T

Figure 4(a)= ITO glass®] cell gap thicknessE 20 um% 1793}
2-HEA : EGPA WA 2485 WSAI7|HA] AlZ2¥ PDLC cell®]
QI7F$tell whE transmittance 24101t} 2-HEA : EGPA @Al 24
HI7F 7 0 390 Aol 71 w8 FaE WsES YERaL 1: 99
7t 71 e Fs kS-S Bolok melh 2 vk 2/gu] e
] ITO glass®] cell gap thicknessE 10, 20, B! 40 um= WSAHS
o A7pStel whE 71384 5/ 3 Figure 4(b)~(H)°ll LERY
ATk 2-HEA : EGPA W] 2740|712 991 AEe] 4
gap thickness®llA] 71 =<3 Tk BgE-S B 3Ith(Figure 4(b)).
O]+ phenyl side groupE ZH= EGPA ©HEA|9] ko] wlolz] o 224
UV irradiation®]] ]3] E7H231 2he|Zt F3ik-g-o] dojubA] gkl 4
Hajoll &gk N droplet®] ¥/do] LBIHA| o]FoIR|A] k7] Wi
o2 Azbd) o) oA A3 Figure 3(A)(a) 2 YASE Az
A, FUg A3 or vehdokn @e = itk

TSk ITO glass® cell gap thickness A A H™ cell gap

¢ BE cell

L

L

1}o 0]

A

gl uke 7HA} Bl % saturation E= F
o &= A I (Figure 4(c)~(f), ¥HHl 40 ymd 7 10, 20 pm
Rt 22 Q7S stellA TR mighgo] AthAoR o] we
9 saturation®] O 32 QA7FAelA dojuhi= 3S gl 4= 919l
THFigure 4(c)~(f), blue lines).

Figure 4(e)oll LFERA Hl9l 7o) 2-HEA : EGPA WAl zAdu)7}
7 : 30]1L, ITO glass®] cell gap thickness”} 20 umE Z&+i= PDLC cell
o] Hojl Aol (160 V), 107} 40 pm2] cell gap thickness= 2t
PDLC cell (84.20, 61.84%)5.t} ¥ =2 F718(98.04%)< HERSL
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Figure 5. (a) Threshold voltage (Va) and saturation voltage (V)
depending on cell gap thickness, (b) contrast ratio (CR) according to
cell gap thickness.

Figure 6. (a) Optical microscope images of PDLC cells prepared using
reaction mixture composed of NOA65 and E7, (b) Optical microscope
images of PDLC cells prepared using reaction mixture containing 2-HEA,
EGPA and E7.
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