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ABSTRACT: A series of azobenzene monomers and re-
lated model compounds with various side-chain lengths
were synthesized. The electrooptical properties of a poly-
mer-dispersed liquid crystal (PDLC) were verified by side-
chain methoxy azobenzene in various chain lengths (n = 3,
6, 11). The properties under various voltages were measured
and the effect of extra voltage on the transmittance of PDLC
was researched as well. The experiment demonstrated the
validity of employing these side chain methoxy azobenzene
materials in electrooptical devices. The azobenzene model
compound showed better electric—optical and thermal-op-
tical properties, having a higher contrast ratio (CR = 689)
and a lower saturation voltage (4.7 V/um). All the azoben-
zene molecules can be photoisomerized through UV light
irradiation, following the mechanism of isomerization. The
reversible photo and heat isomerization property was stud-

ied. The cis-azobenzene that was transformed from the trans-
azobenzene irradiated by UV light can decrease the clearing
point of the liquid crystal phase. We used this unique char-
acteristic to record image patterns and it worked success-
fully. We synthesized the azobenzene monomers can stabi-
lize the PDLC and their relative model compounds with
various alkyl chain lengths even got better electric—optical
effects. We found that azobenzene monomer shows different
behaviors in the electric-optical property from its relative
model compound. The difference between the systems were
explained using a proposed model. © 2005 Wiley Periodicals,
Inc. J Appl Polym Sci 97: 721-732, 2005
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INTRODUCTION

In the advanced materials field, liquid—crystal poly-
mer composites have been widely studied in the last
two decades because of potential applications such as
switchable windows, displays, color projectors, and
other electric—optical systems."” This new type of
material has been successfully proposed and has re-
ceived a great deal of attention owing to its electric—
optical properties, which are useful in the design in-
tegrated optical structures and electric—optical de-
vices. This composite material is known as polymer-
dispersed liquid crystal (PDLC) films and consists of
micron-sized nematic liquid-crystal (LC) droplets dis-
persed in a polymeric matrix. In fact, due to the re-
fractive indices mismatch of LC droplets and of the
polymeric matrix, PDLC samples appear opaque at
room temperature and in the absence of any external
electric field. To exploit the electric—optical properties
of such materials, it is constructive to realize a multi-
layer consisting of a PDLC film sandwiched between
substrates having a transparent conducting electrode,
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such as indium tin oxide (ITO), to apply an electric
field. Upon application of voltage across the electrodes
of the sample, the applied electric field aligns the
molecular director of LC inside the droplets, so that
there is an index matching between the LC and the
polymer matrix. As a consequence, this results in a
decreasing of the light scattered by the droplets. When
the electric field is removed, the film of PDLC returns
to the scattering state.

Several methods to disperse the LC droplets in the
polymer matrix have been reported:®

1. Polymerization induced phase separation (PIPS):
The liquid crystal is dissolved in the prepolymer
followed by either thermally or photochemically
polymerization.

2. Thermally induced phase separation (TIPS): The
liquid crystal is dissolved in the polymer melt
followed by cooling.

3. Solvent induced phase separation (SIPS): The lig-
uid crystal is dissolved with the polymer in a
common solvent followed by evaporation of the
solvent.

The dye in the PDLC can be a dichroic dye that has
been used extensively in guest-host display systems.
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Although isotropic dyes are usable, dichroic dyes are
preferred because dichroic dyes dissolved in the LC
droplets produce a higher color contrast than is pos-
sible utilizing isotropic dyes. The absorption of the
dichroic dye aligned by nematic LC droplets is mod-
ulated by an electric field. In the orF-state, the align-
ment of the dichroic dye varies randomly from droplet
to droplet with the effect that the extinction coefficient
averaged over all droplets is equal to the isotropic
extinction coefficient of the dye. In the on-state the
dichroic dye in the droplets is aligned normally to the
film surface, and the dye extinction coefficient is equal
to the perpendicular extinction coefficient. Therefore,
the dye dissolved in the droplet exhibits dichroic
properties, which improve the contrast of the PDLC
display.”® Dichroic dye employed in a PDLC film
produces a higher contrast than an isotropic dye; Lee
et al.® used an azo dye in a PDLC system by using a
circularly polarized light to align the azo dye along the
applied field direction so as to enhance the contrast of
PDLC.

Several types of liquid crystal-polymer composites
present memory effects such as found with different
UV-curable materials,” surface molecular reorienta-
tion,'® or with smectic liquid crystals."* We found the
sample with azobenzene component had a memory
effect.

Compounds containing photochromic moieties that
isomerize under UV irradiation may produce photo-
induced conformational changes of the whole macro-
molecule, in terms of secondary and tertiary struc-
tures.''* The azobenzene moiety has been used as a
photochromic mesogene in the field of photoelectron-
ics, memory devices, holography, etc.

In this article we present experimental results on the
electric-optical properties of PDLC samples prepared
in our laboratory, consisting of nematic liquid—crystal
domains in a polymer matrix. We use the isomeriza-
tion property of azobenzene molecules in the PDLC
films to record images and the image can be erased by
heat; the electric—optical properties of the sample cells
were also studied.

EXPERIMENTAL
Measurement

Compounds in this study were analyzed by the fol-
lowing instruments. FT-IR spectra were recorded on a
Jasco VALOR III Fourier Transforms Infrared spectro-
photometer (Tokyo, Japan). Nuclear magnetic reso-
nance (NMR) spectra were obtained on a Bruker
AMX-400 high-resolution NMR spectrometer (Darm-
stadt, Germany). Elemental analyses were conducted
with a Heraeus CHN (Darmstadt, Germany) rapid
elemental analyzer. Compound decomposition tem-
perature (T4) was evaluated by thermogravimetric an-
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Figure 1 Experimental setup for measurement of electric—
optical properties: (a) Amp: amplifier, A: attenuator, FG:
function generator, H: sample holder, PD: photodiode; (b)
experimental setup for the measurement of the photochem-
ical phase transition behavior.

alyzer (TGA-7, Perkin—-Elmer Cetus Instrument, USA).
Thermal properties analyses of the methoxy azoben-
zene derivatives were analyzed by Perkin-Elmer dif-
ferential scanning calorimetry, DSC-7, at a second
heating and cooling rate of 10 K/min in nitrogen
atmosphere. The liquid crystal phase was invastigated
by an Olympus BH-2 (Osaka, Japan) polarized optical
microscope (POM) equipped with Mettler hot stage
(Model FP-82; Greifensee, Switzerland) and the tem-
perature was controlled in the range of the liquid
crystal phase of each compound. SEM photographs
were taken by using a multifunction Scanning Elec-
tron Microscope, Jeol JXA-840 (Tokyo, Japan).

The electric voltage versus transmittance was then
analyzed using the equipment shown in Figure 1(a).
The light source was a He-Ne laser passed through an
attenuator (A) and the sample film hold on a holder
(H). A photodiode (PD) detector placed immediately
behind the sample detected the transmitted light and
was connected to a voltage meter, which translated
the signal and recorded it on the computer. The com-
puter sent a continuous voltage signal (0-7 V) through
a function generator (1 kHz), then connected to an
amplifier (20-fold) and then applied a voltage to the
PDLC sample.
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Thermal-optical analysis was performed using
the experimental apparatus in Figure 1(b). The sam-
ple was placed in a programmable hot-stage that
allowed temperature control to * 0.4°C. A heating
rate of 2.0°C/min was used throughout. The probe
light source with a halogen lamp was chosen with a
632 nm wavelength and a 2.0 nm bandwidth as the
probe light. The probe light was passed through the
sample that was clipped inside the hot-stage and
then the light passed through an optical fiber accep-
tor head connected with an optical fiber. The inten-
sity of the probe light was translated into an electric
signal and then recorded by the computer. The UV
source was 365 nm, Model UVL-56, UVP (Tokyo,
Japan), 0.2 mW /cm? irradiated at the sample at an
angle of 45°.

The light intensity passing through with an empty
cell was defined as 100% transmittance. Properties
defined as follows: V7, Vg, are the voltages necessary
to obtain a transmission of 10 and 90%; T,, is the
temperature when the transmittance is 10% and Ty is
the temperature when the transmittance is up to its
maximum transmittance; temperature hysteresis
(ATs5p) measured the temperature difference between
the thermal-optical curves obtained before and after
UV irradiation of 50% transmission. The contrast ratio
(CR) of the film was defined as CR = T,/ Tmins
where T,,,, and T,,;, are the maximum and minimum
transmittance, respectively.

The morphology of cured PDLC film was examined
using a scanning electron microscope (SEM) with a
JEOL JSM-35 instrument (Osaka, Japan). The peeled-
off sample was submerged into n-hexane and then
washed under supersonic for 1 h. The liquid crystal
molecules, unreacted monomer, and inert component
were then extracted, dried in vacuum at 30°C, and
coated with gold film.

Materials

The liquid crystal we used was E7, purchased from
Merk (Darmstadt, Germany). Its components were an
eutectic mixture of four liquid crystals, where the
nematic property ranged from —20 ~ 61°C. Ethylene
glycol dimethacrylate (EGDMA) as crosslinking
monomer was purchased from Acros (Geel Belgium).
Azobisisobutyronitrile (AIBN) purified from acetone
used as thermal initiator was purchased from Acros.

All the chemicals were purchased from commercial
suppliers and used without further purification except
for the acylation process. The dioxane was dried with
sodium. After distillation it was then stored in a
brown bottle with 4 A molecular sieves before being
used.
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Synthesis and characterization of azobenzene
molecules

4-Hydroxy-4'-methoxy-azobenzene

p-Anisidine (10 g, 81.20 mmol) was dissolved in 1.5M
aqueous HCI (100 mL) and kept in an ice bath at 0°C.
Sodium nitrite (6 g, 86.96 mmol) in water (20 mL) was
added dropwise to the former solution and stirred for
1 h. Sodium hydroxide (8.4 g, 0.21 mol) and phenol
(8.4 g, 89.26 mmol) were dissolved in water (80 mL)
and stirred at —2°C. The former solution was added
dropwise to the latter solution at —2°C and then
stirred for 1 h. The resulting mixture was poured into
water and the solution was acidized with 2M aqueous
HCI to pH 2. The crude was washed with water twice
until neutral and recrystallized from ethanol. Yield:
14.74 g (80%), yellow crystalline powder.

FTIR (KBr, cm™'): 3419 (OH). '"H-NMR, CDCl,, 8
(ppm): 6.92-7.88 (m, 8H, aromatic), 3.9 (s, 3H,
ArOCHy).

1-Hydroxy-3-(4-methoxy-azobenzene-4' oxy)propane
(M3H)

Compound 4-Hydroxy-4'-methoxy-azobenzene (4.0 g,
17.52 mmol) was dissolved in ethanol (200 mL). KOH
(1.12 g, 19.96 mmol) and a trace of KI dissolved in 30
mL water was added dropwise to the former solution;
1-chloro-propanol (1.82 g, 19.25 mmol) dissolved in
ethanol (20 mL) was then added. The solution was
refluxed at 90°C for 24 h. The resulting mixture was
poured into water and extracted with diethylether.
The water phase was collected and acidized to pH 2
and then washed with neutral water until neutral. The
crude was filtered and recrystallized from ethanol.
Yield: 4.06 g (81%), yellow crystalline.

FTIR (KBr, cm™"): 3280 (OH), 2948, 2872 (CH,). 'H-
NMR, CDCl;, & (ppm): 6.99-7.89 (m, 8H, aromatic),
4.19-4.22 (t, 2H, OCH,), 3.9 (s, 3H, ArOCH3), 3.8-3.89
(t, 2H, OCH,), 2.07-2.10 (m, 2H, CH,CH,CH,).

1-Hydroxy-6-(4-methoxy-azobenzene-4'oxy)hexane
(M6H)

Compound M6H was similarly synthesized as M3H.
Yield: 66%, yellow crystalline.

FTIR (KBr, cm ™ '): 3300 (OH), 2938, 2864 (CH,). 'H-
NMR, acetone-ds, 6 (ppm): 7.06-7.87 (m, 8H, aro-
matic), 4.08-4.11 (t, 2H, OCH,), 3.89 (s, 3H, ArOCHy,),
3.52-355 (t, 2H, OCH,), 144-183 (m, 8H,
CH,(CH,),CH).

1-Hydroxy-11-(4-methoxy-azobenzene-
4'oxy)undecane (M11H)

Compound M11H was similarly synthesized as M3H.
Yield: 71%, yellow cystalline.
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FTIR (KBr, cm'): 3301 (OH), 2917, 2849 (CH,). 'H-
NMR, acetone-ds, 6 (ppm): 7.06-7.87 (m, 8H, aro-
matic), 4.07-4.11 (t, 2H, OCH,), 3.88 (s, 3H, ArOCH,),
347-351 (t, 2H, OCH,), 1.24-1.82 (m, 18H,
CH,(CH,)oCH,).

3-(4-Methoxy-4'-oxy-azobenzene)propyl acrylate
(M3E)

Compound M3H (5.23 g, 18.3 mmol), N,N-dimethyla-
niline (2.98 g, 24.6 mmol), and a catalytic amount of
2,6-di-tert-butyl-p-cresol were dissolved in distilled
1,4-dioxane (30 mL). The solution was cooled with an
ice bath and then acryloyl chloride (2 mL, 24.6 mmol),
dissolved in distilled dioxane (30 mL), was added
dropwise under vigorous stirring for 2 h. The mixture
was stirred for 24 h at 55°C. After completing the
reaction, the solution was poured into ice water and
recrystallized twice from ethanol. Yield: 2.18 g (53%),
yellow crystalline powder.

FTIR (KBr, cm™'): 2931, 2879, 2838 (CH,), 1728
(C=0), 1635 (C=C). '"H-NMR, CDCl,, § (ppm): 6.98—
7.89 (m, 8H, aromatic), 6.39-6.45, 5.82-5.86(d, 2H,
CH,=CH), 6.09-6.18 (m, 1H, CH,=CH), 4.36-4.40 (t,
2H, OCH,), 4.12-4.16 (t, 2H, OCH,), 3.88 (s, 3H,
ArOCHy), 2.16-2.24 (m, 2H, CH,CH,CH,).

CisH1sN,0, (270) Caled. C: 67.05, H: 5.92, N: 8.23;
Found C: 66.74, H: 5.99, N: 8.20.

6-(4-Methoxy-4'-oxy-azobenzene)hexyl acrylate
(M6E)

Compound M6H was similarly synthesized as M3E.
Yield: 86%, yellow crystalline.

FTIR (KBr, cm ™ 1): 2940, 2863 (CH,), 1716 (-C=0),
1631 (C=C). '"H-NMR, CDCl;, § (ppm): 6.97-7.88 (m,
8H, aromatic), 6.38-6.43, 5.80-5.83 (d, 2H, CH,=CH)),
6.09-6.16 (m, 1H, CH,=CH), 4.16-4.20 (t, 2H, OCH,),
4.02-4.05 (t, 2H, OCH,), 3.88 (s, 3H, ArOCH,;), 1.47-
1.85 (m, 8H, CH,(CH,),CH,).

CyH,6N0, (382) Caled. C: 69.09, H: 6.85, N: 7.32;
Found C: 68.25, H: 6.91, N: 7.30.

11-(4-Methoxy-4'-oxy-azobenzene)undecyl acrylate
(M11E)

Compound M6H was similarly synthesized as M3E.
Yield: 88%, yellow crystalline.

FTIR (KBr, cm™'): 2920, 2850 (CH,), 1722 (C=0),
1637 (C=C). '"H-NMR, acetone-d,, & (ppm): 7.05-7.87
(m, 8H, aromatic), 6.29-6.35, 5.83-5.87 (d, 2H,
CH,=CH), 6.08-6.17 (m, 1H, CH,=CH), 4.07-4.13 (m,
4H, OCH,), 3.88 (s, 3H, ArOCHj), 1.32-1.85 (m, 18H,
CH,(CH,)oCH).

CyyH3eN,0, (452) Caled. C: 71.65, H: 8.01, N: 6.19;
Found C: 70.41, H: 7.97, N: 6.12.
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4-Propyloxy-4'-methoxy-azobenzene (M3C)

Compound 4-hydroxy-4'-methoxy-azobenzene (3.3 g,
14.58 mmol) was dissolved in N,N-dimethyl form-
amide (40 mL). Potassium carbonate (6.35 g, 45.94
mmol) dissolved in 15 mL water was added to the
solution; 1-bromo-propane (1.96 g, 15.94 mmol) dis-
solved in N,N-dimethyl formamide (30 mL) was then
added dropwise to the solution. The solution was
reacted at 120°C for 24 h. The resulting mixture was
poured into ice water and washed with water twice
until neutral. The crude was filtered and recrystallized
from ethanol. Yield: 4.06 g (81%), yellow crystalline.

FTIR (KBr, cm ™ 1): 2965, 2933, 2877 (CH,). '"H-NMR,
acetone-dg, 6 (ppm): 1.02-1.06 (m, 3H, CH;-), 1.79-
1.84 (q, 2H, -CH,-), 3.89 (d, 3H, ArOCH,), 4.03-4.07
(m, 2H, OCH,), 7.07-7.11 (m, 4H, Ar-O), 7.84-7.88 (m,
4H, Ar-N). C;gHsN,0O, (270).

Caled. C: 71.09, H: 6.71, N: 10.36; Found C: 71.08, H:
6.69, N: 10.36.

4-Hexyloxy-4'-methoxy-azobenzene (M6C)

Compound M6C was similarly synthesized as M3C.
Yield: 84%, yellow crystalline.

FTIR (KBr, cm ™ %): 2937, 2861 (CH,). '"H-NMR, ace-
tone-dg, & (ppm): 0.88-0.92 (m, 3H, CH;-), 1.34-1.82
(m, 8H, -CH,-), 3.89 (s, 3H, ArOCH,;), 4.08-4.11 (t,
2H, OCH,), 7.06-7.10 (m, 4H, Ar-O), 7.84-7.89 (m, 4H,
Ar-N). C;x,H,,N,O, (312).

Calcd. C: 73.05, H: 7.74, N: 8.97; Found C: 72.90, H:
7.73, N: 8.97.

4-Dodecyloxy-4'-methoxy-azobenzene (M12C)

Compound M12C was similarly synthesized as M3C.
Yield: 78%, yellow crystalline.

FTIR (KBr, cm™'): 2956, 2918, 2850 (CH,). 'H-NMR,
acetone-d,, 6 (ppm): 0.87-0.85 (d, 3H, CH;-), 1.23-1.83
(m, 20H, -CH,-), 3.89 (s, 3H, ArOCH,), 4.08-4.11 (t,
2H, OCH,), 7.07-7.09, 6.84-6.85 (d, 4H, Ar-O), 7.85-
7.88 (m, 4H, Ar-N).

C,5H3N,0, (397) Caled. C: 75.72, H: 9.15, N: 7.06;
Found C: 75.75, H: 9.12, N: 7.08.

PDLC cell fabrication

Unless otherwise indicated, the composition of the
syrup used to make the PDLC films was 80 wt %
liquid crystal and 20 wt % prepolymer. The prepoly-
mer EGDMA /azobenzene was 4.5/1 in molar ratio
and the initiator was 1.5 mol % with the equivalent
molar content of double bond. The presyrup was well
mixed with supersonic for 2 h. The liquid crystal and
the acrylate mixture were combined to form a single
phase. The isotropic fluid was then poured into a
sandwiched ITO glass cell with a 15-um spacer. The
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presyrup was polymerized at 90°C for 1 h to form
PDLC films and used as the sample for the later elec-
tric— and thermal-optical study.

RESULTS AND DISCUSSION

Azobenzene monomers and their relatively low mo-
lecular weight model compounds with various alkyl
chain length (n = 3, 6, 11, or 12) were synthesized by
a similar method to that reported by Angeloni et al."
or Silong et al., '® as shown in Scheme 1 and Scheme 2.
The molecular structures were confirmed by FTIR,
elemental analysis, and '"H-NMR analyzers.

The results of second heating and cooling differen-
tial scanning calorimetry and the compound’s decom-
position temperature (T4) were summarized in Table I.
The molecules of M3E, M11E, M3C, M6C, M12C, and
M6H showed liquid crystalline properties. The en-
thalpy (AH) required for phase transition from smectic
(S) to nematic (N) or nematic (N) to isotropic (I) phase
was also estimated. Different AH values on heating
and cooling cycles were observed. The result showed
that molecular arrangement and the strength of the
intermolecular forces between liquid crystal molecules
are different during the cycles. The decomposition
temperature (T4) of the longer alkyl chain azobenzene
was higher than the shorter one in the series of ME,
MnH, and MnC. The liquid crystalline phases were
confirmed by a polarizing optical microscope ana-
lyzer. Figures 2 (a)-(d) show the optical textures of
M3C, M6H, M3E, and M11E, respectively.

H;;CO@NHZ @OH

(1)NaN02¢ (2) NaOH
HCI

H3COON:NOOH

EtOH
KOH, KI i CHLCHﬁHOH, n=3,6,11

HscoON= Oo—fem)non

MnH,n=3,6,11
DioxanEL ClIOOC-CH=CH,

HﬁO—@NZ *Q—O\LCHQE—(“?—CH:CHZ
0

MnE,n=3,6,11

Scheme 1.
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H3CO‘ONH2 + QOH

NaNO2

NaOH
HCI
H300@vN=N~@0H
DMF | C,H.Cl
K,CO3 n =3,6,12

HscOON= OO—CHHM

MnC,n=3,6,12

Scheme 2.

Figure 3 shows transmittance versus applied volt-
age with various contents of E7 ranging from 40 to 80
wt %. As we can see, when we increased the content of
liquid crystal, the CR was increased. The CR was 29
and T,,;, was 3% when the content of prepolymer was
20 wt %. We chose the content of liquid crystal and
prepolymer to be 80 and 20 wt % for the later syrup.

Figures 4(a)—(c) show the dependence of transmit-
tance on applied voltage with azobenzene compounds
MnE, MnH, and MnC, respectively. Figure 4(a) shows
the electric-optical curves of PDLC films containing
azobenzene monomer with various alkyl chain
lengths (n = 3, 6, and 11); as we can see, the initial
transmittance decreased when the alkyl chain length
was increased, but the sample still had 15% transmit-
tance of M11E. Figures 4(b) and (c) show the electric-
optical curves of PDLC films contained low molecular
weight model compounds MnH (n = 3, 6, and 11) and
MnC (n = 3, 6, and 12). All of these samples contained
low molecular weight azobenzene derivatives that can
scatter light well and have a better contrast ratio than
azobenzene monomers and the sample didn’t contain
azobenzene compound. The PDLC that contained
M6C had a lower saturation voltage and threshold
voltage (V;,) than M3C and M12C. We speculated that
was because the M6C had a similar molecular alkyl
chain length to the liquid crystal we used.

Table II summarized the results of electric—optical
properties (V1o, Voo, AV, Topr, and CR) from Figure
4. The results show that the sample that contained the
azobenzene model compound had a much larger CR
than the sample that contained the azobenzene mono-
mer. The shorter alkyl chain length of MnH and MnC
had a higher CR and larger alkyl chain length, which
decrease threshold voltage and saturation voltage. The
longer alkyl chain length in MnC and MnH contained
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TABLE I
Thermal Properties of Sample Compounds

Phase transition for heating

cycle Phase transition for cooling cycle

Mesophase® Enthalpyb Mesophase® Enthalpyb T4
Sample (O (/8) ) (/8) O
M3E K62NS81I 1.05 K38N 481 —0.98 298
M6E K75N 851 — K701 — 304
M11E K66 N701 9.25 K54 S60N 661 -13.32, —2.79 310
M3H K 1361 — K 1081 — 359
Me6H K1191 — K97 N 106 I —3.50 360
M11H K1211 — K 1061 — 398
M3C K 1081 — K75N 901 —2.81 276
M6C K8 NOI5I 1.05 K52N901I —3.17 330
M12C K 1001 — K84 N 861 -1.87 384

2K, crystal; S, smectic; N, nematic; I, isotropic.
® Enthalpy of phase change during heating and cooling.
€ Decomposition temperatures of compounds.

PDLC samples with a lower contrast ratio. The con-
trast ratio can be up to 689 (T, = 0.13, Ty = 0.90)
for PDLC films containing azobenzene molecule M3C.
This is because the sample is highly light scattering of
incident light and this leads to a lower transmittance
than others as we can see in Figure 4. The contrast
ratio is higher than other PDLC systems. Yamaguchi
et al.'” used a urethane mixture in which the CR is
about 20, Wu et al.'® rubbed the substrate to create
aligned dye-doped PDLC films, enhancing the CR up
to 28, Petti et al.” used epoxy-based PDLC films where
CR can be up to 410. The longer alkyl chain length
decreased the saturation voltage and the threshold
voltage.

(d)

Figure 2 POM textures of azobenzene compounds of (a)
M3C, (b) M6H, (c) M3E, and (d) M11E.

Figure 5 shows the absorption in the visible wave
length range with various applied voltages of liquid
crystal cells that contained azobenzene molecules. As
we can see, the transmittance decreased with an in-
crease in the applied voltage. The azobenzene mole-
cules show as a dichroic dye in the liquid, and this is
why the PDLC sample that contained azobenzene
model compounds shows better contrast ratios than
that which contained none.

The SEM photographs show these samples have the
polymer ball type morphology.®'® The above results
show that the azobenzene monomer and its relative
model compound have different behavior in the elec-
tric—optical characteristic and we proposed a model to
explain these phenomena. Figures 6(a)—(d) are the real
image analyzed by SEM; the model represents the
short alkyl azobenzene monomer, the long alkyl chain
azobenzene monomer, and their relative model com-
pounds in the PDLC films, respectively. As we can see
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Figure 3 Dependence of transmittance on applied voltage
with various contents of E7: (a) 40% (b) 60%, (c) 80%.
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Figure 4 Dependence of transmittance on applied voltage with various azoenzene derivatives, (a) MnE, (b) MnH, and (c) MnC.

in Figure 6(a), the liquid crystal and/or azobenzene
molecules were trapped in the channel of the polymer
matrix. The liquid crystal domain stated in the model
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Figure 5 Absorption and wavelength correlation by ap-
plied voltage on the azobenzene dye doped liquid crystal
samples.

* Applied voltage for 10 or 90% transmittance of cells.
® Transmittance after turning off applied voltage.
€ Contrast ratio, CR = T,,,.../ Tmin-



728

LIU AND WU

Figure 6 (a) Microstructure of polymer matrix, (b) liquid crystal orientation affected by rigid alkyl side chain, (c) liquid
crystal orientation affected by long alkyl side chain, (d) freely orientated liquid crystal molecules in the presence of model

azobenzene compounds.

is the average alignment in Figure 6(a). Figure 6(b)
shows the short alkyl chain azobenzene monomer
(M3E) connected to the polymer matrix; the monomer
was rigidly connected to polymer matrix so as to
disturb the alignment of the liquid crystal molecules
and the alignment of each liquid crystal domain was
less aligned to scatter light efficiently. However, the
longer alkyl chain azobenzene monomer was more
flexible and the azobenzene part penetrated in the
liquid crystal molecules as shown in Figure 6(c), liquid
crystal molecules aligned more regularly in each lig-
uid crystal domain, and the incident light was re-
fracted when it passed through these birefractive in-
dex domains so the sample scattered the incident light
much more than the short one. The initial transmit-
tance of samples containing M3E, M6E, and M11E are
83, 44, and 15% respectively, as we can see in Figure
4(a). As Figure 4(d) shows, the azobenzene model
compound was more randomly dispersed in the liquid
crystal domain than azobenzene monomers and it as-
sisted the liquid crystal molecules to become well
aligned in the liquid crystal domain and the birefrac-
tive index difference was larger than the monomers so
the incident light was highly scattered by these differ-
ent directions of the liquid crystal domains. The initial
transmittance of samples containing MnH or MnC
ranged from 0.1 to 0.5%. The model interprets why
PDLC samples contain monomers or their relative
model compounds that show different initial transmit-
tance.

All trans-azobenzene monomers as well as their re-
lated low molecular weight model compounds

showed, in ethanol solution, a strong UV-vis absorp-
tion band centered about 362 nm and a shoulder at
around 456 nm attributed to the m — #* and n — =*
electronic transitions of the trans-azobenzene chro-
mophore, respectively. All samples underwent trans-
to-cis photoisomerization of the azobenzene moiety
upon irradiation at 365 nm in the m — 7* absorption
region. Figure 7(a) shows the spectrum of the UV-vis
absorption of M6H in ethanol solution with various
UV light irradiation times and Figure 7(b) shows the
UV-vis absorption spectrum in the dark after UV light
irradiation for 3 min. The legends show the time. The
intensity of the UV-vis absorption bands decreased
with irradiation time in the 362 nm region but in-
creased below 325 nm and above 430 nm. The occur-
rence of two distinct isobestic points at 325 and 430 nm
as well as the similarity of the UV-vis spectra of the
irradiated samples at the photostationary state with
that of cis-azobenzene indicate that only two absorb-
ing species (trans and cis isomers) were present and no
side reactions such as photocrosslinking or photode-
gration occurred. The trans to cis isomerization re-
quired 60 s and recovered to trans isomer within 90
min at room temperature. The molar extinction coef-
ficient e,,,, calculated from the absorbance of A, is
2.68 X 10~* /cm/M. The maximum absorption wave-
length length of # — 7* and n — 7* absorption band,
molar extinction coefficient, and the two isobestic
points were almost the same for all the other azoben-
zene molecules we studied (MnE, MnH, and MnC).
This means that these characteristic properties were
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Figure 7 Variation of the UV-vis spectra of M6H (a) with various irradiation times and (b) recovery in dark with various

times.

less influenced by the terminal end group (double
bound, hydroxy, or methyl) and alkyl chain length.

Figure 8 plots Ar = In[(A, — A..))/(A; — Ap)] versus
UV (A = 365 nm) irradiation time for M6H in ethanol,
where Ay, A, and A., are the absorbance of the sample
at time 0, t, and %, respectively, show a linear depen-
dence on irradiation time as expected for first order
kinetics. The results are consistent with those de-
scribed in the literature."

Figure 9 describes the model of the phase transition
temperature effect through azobenzene isomeriztion
reaction. After UV irradiation, the trans-azobenzene
isomerized to form cis-azobenzene so as to disturb the
alignment of liquid crystal molecules decreasing the
clearing point (Tyy) of the liquid crystal. The transmit-

0 10 20 30 40 50 60

T Is

Figure 8 Plot of Ar = In[(A, — 4.)/(A, — A.)] versus
irradiation time for azocompound M6H in ethanol, UV
= 365 nm, 0.2 mW/cm?2.

tance of the sample was highly transmitted. The sam-
ple can recover to its original highly scattering state by
a thermal process. The property of phase transition by
UV light can be used to record the image.

Figure 10(a)—(d) shows the dependence of trans-
mittance on various temperatures for PDLC samples
containing azobenzene compound M3E, M6E, M3C,
and M6C, respectively, before and after UV irradia-
tion. As we can see, the azobenzene monomer was
attached to the polymer matrix directly, so it only had
an effect near the interface between the polymer ma-
trix and the liquid crystal domain. The effect was
restricted so the transmittance is a little higher than
initial transmittance after UV light irradiation. The
azobenzene model compound dispersed in liquid
crystal domain obviously decreased the clearing point.
There was a large temperature hysteresis in these sam-
ples.

TReETEEREN .
TReEesEREn

hssssas
seemEn

Tafcis) T Txi(trans)
Figure 9 Variation of phase transition temperature of lig-
uid crystal on photoisomerization of azobenzene com-
pounds.
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Figure 10 Dependence of transmittance on various temperatures before (M) and after (®) UV irradiation with various
azobenzene derivatives of (a) M3E, (b) M6E, (c) M3C, and (d) M6C.

Table III summarizes the value of T;,, Ty, and CR,
before and after UV irradiation and temperature hys-
teresis (AT5y). The clearing point of the MnE series was
approximately 57°C and for the MnC series was ap-

proximately 61°C. This means MnE disturbed the lig-
uid crystal alignment so as to decrease the tempera-
ture of the clearing point. The result was coincident
with the electric-optical property and the model we

TABLE III
Variation of Thermoproperties of Cell with Various Azobenzene Derivatives Before and After UV Irradiation
Before UV After UV

Sample Ty Tt CR T, Tt CR ATy
M3C 58.5 59.5 79 45 58 56 12
M6C 59 60.9 68 47 55 46 6.5
M12C 56.5 61 48 56 59.5 45 1
M3H 52 59 35 455 53.5 23 5.5
M6H 55.5 58.5 62 51.3 54 63 4
MI11H 55 57.3 27 54.5 57 43 0.5
M3E — 57 1.2 — 55 1.2 —
M6E — 57 2.6 — 53.6 2.3 2
MI11E — 58 6 — 57 5 2

@ Temperature for 10% transmittance of cells.

" Phase change temperature from nematic to isotropic.

€ Temperature hysteresis for 50% transmittance before and after UV irradiation.
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Figure 11 Stability and reliability of PDLC cells.

proposed. The clearing point of MnH decreased as the
alkyl chain length increased; this means MnH as an
impurity was doped in the liquid crystal phase and we
found MnH series took a much longer time to dissolve
in the liquid crystal solution than others. All of the
samples have a little higher transmittance after we
began UV light irradiation. This was because the cis-
azobenzene formed and disturbed the alignment of
the liquid crystal, which decreased the scattering of
each liquid crystal domain to bring about the trans-
mittance increase. The shorter alkyl chain length of
azobenzene model compound doped in the PDLC
films had a larger temperature hysteresis than the
longer one. The sample containing M3C had the larg-
est temperature hysteresis, at about 12°C. The model
compound of the azobenzene monomer showed a
higher contrast ratio and higher temperature hystere-
sis.

Figure 11 shows the reversible isomerization prop-
erty of sample M6C operating at 57°C. The sample
was irradiated with UV light for 3 min and then the
light was turned off for 10 min repeatedly. The trans-
mittance rises up to saturation state within 100 s. This
was coincident with the value observed in solution.
This may be because the liquid crystal contained 80 wt
% and the azo compound contained 4.6-6.4 wt % and
still had higher free isomerization space in the sample.
After the UV light irradiation, the sample still main-
tained higher transparency for at least 4 min. Within
this time, although some cis-form isomerized to its
trans-form, the liquid crystal molecules remained at
the isotropic state. After 4 min the transparency de-
creased dramatically and then maintained a 9% trans-
parency; this result was coincident with the result in
Figure 9(d). The cis-form azobenzene compound al-
most isomerized to its related trans-form within 10
min at 57°C. We speculated this is faster than we
observed at room temperature as Figure 7(b) shows.
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The higher the temperature, the faster the cis — trans
isomerization, and when we elevated the temperature
to 80°C, the recorded image could be erased to its
original highly scattering state within 3 min. The
higher the temperature, the faster the cis-form azoben-
zene molecule isomerized to its stable trans-from azo-
benzene. The reversibility of azobenzene-doped PDLC
samples can be used as optical switchable windows or
image recorded materials.?’*!

Using the property described above, we irradiated
UV light through a mask on PDLC samples doped
with M6H. The dark area prevented the UV light from
passing through the sample so the area still main-
tained nematic liquid crystal properties in each liquid
crystal domain and led the incident light to be highly
scattered. The transparent area of the mask let the UV
light pass through and decreased the clearing temper-
ature so the area could allow incident light to pass
through. We put a black paper under the PDLC sam-
ple so the dark part was the area irradiated with UV
light and the other area was scattered light, which
could not be seen through the sample and showed the
color of azobezene compound. Figure 12 shows the
reversible recorded image of PDLC films doped with
M6H.

All the PDLC compositions investigated were exam-
ined by SEM. Figure 13 shows SEM photographs of
PDLC films after removal of the liquid crystal by
extraction with n-hexane. Many chinks containing lig-
uid crystal were observed. Such structures have larger
memory effects than structures with liquid crystal
formed droplets interconnected in the polymer ma-
trix.” The morphology of all these PDLC samples con-
taining azobenzene were almost the same; we specu-
late that the different electric—optical properties be-

(c) (d)

Figure 12 Image recording of PDLC cells by UV irradiation
through masks.
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(a) (b)

Figure 13 SEM photographs of PDLC film with various
azobenzene derivatives of (a) M3E, (b) M6E, (c) M11H, and
(d) M12C.

tween monomers and small molecules were caused by
the situation of azobenzene molecules connected to
the polymer matrix or dispersed in the liquid crystal
domain; meanwhile, the flexibility derived from the
alkyl chain length connected to the azobenzene mole-
cules also had an important effect on the electric—
optical properties.

CONCLUSION

We synthesized methoxy end-caped azobenzene
monomers and their related model compounds with
methyl or hydroxy end groups and changed the var-
ious alkyl chain lengths used in the field of the PDLC
films. We found different electric—optical properties
between monomers and their related model com-
pounds. We proposed a model to explain these exper-
imental phenomena. The sample was highly scattered
and had a higher CR. The photoisomerization process

LIU AND WU

was confirmed by UV-vis spectroscopy and it fol-
lowed the mechanism of the isomerization mecha-
nism. The sample showed a large clearing tempera-
ture, which declined when irradiated with UV light,
and we used this unique property to record image.
The repeatable property was confirmed and the image
was successfully recorded by the experiment. The
morphology was analyzed by SEM and showed that
LC lied in the chinks domain.

The authors thank the National Science Council (NSC) of the
Republic of China (Taiwan) for financially supporting this
research under Contract No. NSC 92-2216-E006-005.
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