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ABSTRACT: The effects of poly(vinyl carbazole) (PVK)
doped to a poly(urethane acrylate) matrix in holographic-
polymer-dispersed liquid crystals were studied. With the
addition and increasing amounts of PVK, the driving volt-
age and rising time of the films decreased because of the
increased effective local electric field across the liquid
crystal (LC) droplet. Off-state diffraction efficiency was
increased with the addition and increasing amounts of

PVK presumably because of the increased elasticity of the
polymer matrix, which augmented the phase separation of
the polymer and LC by effectively squeezing the LC mole-
cules out of the polymer matrix. � 2008 Wiley Periodicals,
Inc. J Appl Polym Sci 109: 3108–3113, 2008
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INTRODUCTION

Holographic-polymer-dispersed liquid crystals
(HPDLCs) have potential device applications in dis-
plays and optical shutters because of their interest-
ing electro-optical properties.1–3 Therefore, HPDLC
films should have a low driving voltage and a fast
response time as well.4 The operating voltage of an
HPDLC film is controlled by various factors, namely,
droplet size and shape, film conductivity and dielec-
tric constant, surface anchoring, and so on.5–7

The distribution of the external electric field to the
liquid crystal (LC) and the polymer phase occurs
because of the interfacial polarization that exists
between the two layers of dielectric materials.8

According to the series model, the field distribu-
tion is given by

ELC

EP
¼ e�P

e�LC
¼ ðx2e02P þ r2

PÞ1=2
ðx2e02LC þ r2

LCÞ1=2
(1)

where ELC and EP are the fields across the LC drop-
let and polymer, respectively; e�LC and e�P are complex
dielectric constants of LC and polymer, respectively.
e0LC, e0P, rLC, and rP are the in-phase components of
the dielectric constant and conductivities of the LC

and polymer phase, respectively; and x is the angu-
lar frequency. According to the equation, a high rP

is essential at a low enough x to augment the effec-
tive field across the LC droplet.

When rP is too small, a charge builds up at the
polymer–LC interfaces and tends to reduce the
applied field. On the other hand, when rP is too
high, a charge will collect at the cell plates and can-
cel the applied field.6 Consequently, an appropriate
value of rP is desired to augment the effective local
field across the LC droplet through the reduction of
the depolarization at the polymer–LC interfaces.
Hoyle et al.9 showed a switching voltage of 6.2 V/lm
in a trithiol pentaerythritol trially ether HPDLC film.
Sun et al.10 studied the effect of surfactants on the
electro-optical properties of HPDLC and obtained
20 V/lm at 8 wt % surfactant. Crawford et al.3 used
a partially fluorinated polymer matrix to improve
the diffraction efficiency and switching voltage in
HPDLC. With the addition of 30 wt % 1,1,1,3,3,3-
hexafluoroisopropyl acrylate, the switching voltage
decreased well to 0.6 V/lm compared to conven-
tional HPDLC. However, 1,1,1,3,3,3-hexafluoroiso-
propyl acrylate was shown to have a very low dif-
fraction efficiency of below 10%. In our study, we
obtained HPDLC films having a diffraction efficiency
of 80% and a switching voltage of about 2 V/lm at
20 wt % poly(vinyl carbazole) (PVK).

In this study, we added various amounts of a pho-
toconductive dopant, namely, PVK, to a poly(ur-
ethane acrylate) (PUA) matrix, together with fuller-
ene (C60) to sensitize it in visible light.11,12 The
effects of PVK addition and the applicability of the
previous equation, which was originally derived for a
single droplet for holographic grating, were studied.
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EXPERIMENTAL

Materials and oligomer synthesis

The PUA oligomers were synthesized from poly(pro-
pylene glycol) (PPG; number-average molecular
weight 5 300) and a molar excess of hexamethylene
diisocyanate to form isocyanate-terminated prepoly-
mers; this was followed by capping with hydrox-
yethyl methacrylate (HEMA). Detailed synthetic
procedures were described in our earlier articles.13,14

The composite films were prepared from a homo-
geneous prepolymer mixture consisting of a PUA
oligomer, the nematic LC (E7), and the reactive
diluent, namely, N-vinylpyrrolidone (NVP). The
oligomer was highly viscous and immiscible with
LC, which necessitated the use of a reactive diluent,
such as NVP, in our experiments. The prepolymer
composition was fixed at 3/1 (oligomer/NVP) by
weight. Various amounts of PVK were used as pho-
toconductive polymers to enhance the conductivity
of the polymer matrix, whereas fullerene (C60) was
used as a photosensitizer in visible light.

E7 (no 5 1.5216, ne 5 1.7462, TNI 5 618C) was
used as the LC at two loadings, namely, 40 and 45%.
no, ne, and TNI are ordinary refractive index, extraor-
dinary refractive index and nematic – isotropic transi-
tion temperature of LC, respectively. Rose Bengal
(RB) and N-phenylglycine (NPG) were used as a pho-
toinitiator and coinitiator, respectively, for holo-
graphic recording with an Ar-ion laser. The basic for-
mulations and experimental ranges for the fabrication
of the holographic grating are shown in Table I.

Film preparation

All of the PUA films used for dynamic mechanical
thermal analysis (DMTA) and UV–visible measure-
ments were cured by UV light (1.5 mW/cm2, 365
nm) for 3 min with 0.1 wt % 1-hydroxy cyclohexyl
phenyl ketone (HCPK) as an initiator.15 It is believed
that the network structure of the PUA film does not

depend on the light source because it is basically
determined by the formulation. On the other hand,
UV curing provided a wide film suitable for DMTA
measurements, whereas laser curing gave a very nar-
row area in our experimental setup.

Grating fabrication

The holographic grating was fabricated through the
preferential formation of photoproducts in the region
of constructive interference arising from the overlap
of two laser beams, the object and reference beams.16

The cell was constructed by the sandwiching of
the oligomer mixture between two indium tin oxide
coated glass plates with a gap of 10 lm, adjusted by
a bead spacer.17 The Bragg period was calculated
according to Bragg’s law [k 5 2d(y/2)], where an
incident beam of 514 nm was irradiated at 150 mW/
cm2 for 3 min. k, d, and u are incident wavelength,
grafting period and incident cross angle of beams,
respectively. The intersection angle of the two beams
outside the cell was fixed at 238.

Measurements

Visible transmittance and dynamic
mechanical properties

The visible spectra of the LC free-PUA films were
taken by a visible spectrometer (Optizen 1411 V,
Korea), whereas the dynamic mechanical properties
of the polymer were measured with a DMTA ana-
lyzer (Rheometry Scientific MKIII) with a tensile
mode at a heating rate of 48C/min and at 10 Hz.

Diffraction efficiency and electro-optical
property measurements

Reading was accomplished with the 514-nm beam
from an Ar-ion laser positioned at the Bragg angle,
the same angle as recording beam. The diffraction
beam was detected by a photodiode detector. The

TABLE I
Formulation and Diffraction Efficiencies of the Films Prepared Under Various Conditions

Oligomera/
NVP

PVK content
(wt %)

LC content
(wt %)

RB
(wt %)

NPG
(wt %)

Cell
gap (lm)

Diffraction
efficiency (%)

Run
number

3/1 0 40 0.3 1.8 10 60 1
5 62 2
10 67 3
15 76 4
20 80 5
0 45 40 6
5 46 7
10 60 8
15 75 9
20 67 10

a HEMA-capped urethane acrylate oligomer with PPG300 is abbreviated as PUA oligomer. The prepolymer mixtures
were irradiated with an Ar-ion laser(514 nm) at 150 mW/cm2.
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diffraction efficiency was determined by division of
the diffracted beam intensity of the sample cell by
the transmitted beam intensity of a blank cell.

Photoconductivity was calculated by measurement
of the photocurrent between the indium tin oxide
glasses under an electric field and light.18 For elec-
tro-optic measurement, an electric field was applied
across the film from 0 to 40 V at 10 Hz. Response
time was monitored with a digital storage oscillo-
scope (Hitachi VC-6023, Japan).

RESULTS AND DISCUSSION

Visible transmittance and polymer phase elasticity

The off-state transmittances of the LC-free film
according to PVK content are shown in Figure 1 for
the whole visible wavelength. A significant loss in
the blue wavelength was related to Rayleigh scatter-
ing.19 The transmittance was not significantly
affected by the addition of PVK.20 Transmittance
marginally increased up to the green wavelength
with the addition of PVK.

Typical dynamic mechanical behavior of the PUA
films is shown in Figure 2 for a specific composition
of oligomer/NVP of 3/1 with various PVK contents.
Regardless of the PVK content, the elastic modulus
showed a single point of inflection corresponding to
the glass-transition temperature (Tg). This indicated
that the PUA and PVK polymers were miscible at
the segment level. When two types of polymer are
immiscible, generally, two discrete Tg values are
obtained. The elastic modulus in the rubbery state
and the Tg of the films increased with increasing
amount of PVK.21 This implied that PVK, having a
much higher Tg (2008C), effectively reinforced PUA
(Tg 5 628C) and the blends followed simple additive
rule, such as Fox’s equation.22,23 In addition, an
increase in elasticity agreed with the increased dis-

tance between crosslinks because of the addition of
PVK, which was miscible with PUA. The elastic
force of a rubbery material is proportional to the dis-
tance between crosslinks. Polymer elasticity is often
regarded as a hooping stress that squeezes LC mole-
cules out of the polymer matrix, and hence, it can be
regarded as a physical driving force for the migra-
tion of LC molecules24 in addition to the concentra-
tion gradient for molecular diffusion. The extracted
LC molecules form LC layers, which are separated
by polymer layers,25 and the incident lights are dif-
fracted at the polymer–LC interfaces because of the
difference in refractive indices.26 Therefore, a high
diffraction efficiency is expected with a high extent
of phase separation. So, the diffraction efficiency was
expected to increase with increasing PVK content.

Diffraction efficiency

Diffraction efficiencies of the HPDLC films are given
in Table I, which shows a maximum (80%) with 20%
PVK at 40% LC (run 5). The diffraction efficiency
monotonically increased with increasing PVK con-
tent at 40% LC. The tendency agreed with the
increasing elasticity of the polymer matrix (Fig. 2).
This supported the theory that the polymer elasticity
squeezed LC molecules out of the polymer matrix
to form LC layers, which were separated by the

Figure 1 Visible spectra of the LC-free films (oligomer/
NVP 5 3/1).

Figure 2 Storage modulus of the LC-free films with vari-
ous PVK contents (irradiated at 1.5 mW/cm2 and 365 nm
with 0.1 wt % HCPK for 3 min).
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polymer layers in an alternating fashion.27 With in-
creased polymer elasticity, a great phase separation,
a great mismatch in the refractive indices at the
interfaces, and enhanced diffractions were expected.

The diffraction efficiencies of films with 40% LC
(runs 6–10) were higher than those of films with 45%
LC (runs 1–5) and showed a maximum at 15% PVK.
It seemed that the LC molecules at higher LC and
PVK concentration were more vulnerable to coales-
cence, which led to large droplets with small droplet
densities. Large domains caused scatterings and
decreased the diffraction efficiency.

Electro-optical characterizations

The local electric field across the LC droplet (ELC) is
different from the applied voltage (E), and it is
approximated the following equation:28

ELC ¼ E
3e�P

ð2e�P þ e�LCÞ
(2)

where the magnitude of the complex dielectric con-
stant (e*) is given by

e� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e02 þ e002

p
(3)

where e� is the storage dielectric constant.
The dielectric loss (e00) and the electric conductivity

(r) are related by the following equation:

e00 ¼ r=x (4)

Then, when eqs. (3) and (4) are substituted into eq.
(2), this gives

ELC ¼ E
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e02P þ r2

P

x2

q

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e02P þ r2

P

x2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e02LC þ r2

LC

x2

q8>:
9>;

(5)

r of the polymer matrix depended on the formula-
tion, but on average, the measured value was about
3.3 3 1029 S/m and that of LC was 1028 S/m
according to the literature.29 Also, the dielectric con-
stant of the polymer matrix was about 3eo (Dielectric
constant in vacuum) (eo) 5 8.85 3 10212), that of LC
was 9.8eo, and the frequency (f; x 5 2pf) was 10
Hz.6,30 Therefore, e0 < r/x, and conductivity effects
dominated the dielectric terms in HPDLC; the field
across the LC droplets could be approximated by8,31

ELC ¼ E
3rP

ð2rP þ rLCÞ (6)

Figure 3 shows the photoconductivity of LC-free
PUA films as a function of PVK content. The conduc-
tivity of PVK without light was about 10210 S/m,32

whereas that of virgin PUA was 3.3 3 1029 S/m. The
photoconductivity of the LC-free films increased about
10 times as the PVK content increased from 0 to 20wt%,
which implied that the local electric field across the LC
droplet significantly increased.

Figure 4 shows the applied voltage dependence of
the diffraction efficiency of the HPDLC films. When
a voltage was applied across the film, the diffraction
efficiency decreased because of the orientation of LC
molecules along the electric field direction.9

The driving voltage decreased with increasing
PVK content. This was an indication that the local
electric field imposed on the LC droplets increased
because of the increased conductivity of the polymer
phase,33 as noted in eq. (6).

Figure 3 Photoconductivity of the LC-free films with var-
ious PVK contents (irradiated at 1.5 mW/cm2 and 365 nm
with 0.1 wt % HCPK for 3 min).

Figure 4 Diffraction efficiency versus applied voltage (LC
5 40%, 150 mW/cm2).
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Figures 5 and 6 show typical rise time (sR) and
decay time (sD) values of the HPDLC films as a
function of PVK content and applied voltage, respec-
tively. The film with no PVK was not driven with
the highest voltage applied. sR, which is related to
the applied field, rapidly decreased with increasing
PVK content and applied voltage,34 whereas sD
increased with increasing PVK content probably
because of the great distortion of LC molecules by
the increased local field across the LC droplet. The
response time (sR 1 sD) was less than 5 ms. The
increase with PVK content led to an increase in
effective local field. However, sD was much larger
than sR, especially at high PVK contents and applied
voltages, which implied that the relaxation occurred
in two steps, as suggested by Jain and Rout35 for
conventional polymer dispersed liquid crystal
(PDLC) morphology. That is, under low applied
voltage, the LC distortion inside the droplet took
place without the rotation of bipolar axes. Upon field
removal, LC quickly went back to the initial state.
However, because the bipolar axes were rotated at
the high field, the LC molecule slowly relaxed to the
initial state upon field removal.

CONCLUSIONS

An additive amount of PVK was doped to a conven-
tional HPDLC, which was based on PUA, and the
effects were studied in terms of the diffraction effi-
ciency and electro-optical properties of the films.

The photoconductivity of the LC-free films
increased about 10 times as PVK content increased
from 0 to 20 wt %.

With the addition and increasing amounts of PVK,
the off-state diffraction efficiency increased due to
the increased mismatch of refractive indices and the
phase separation between the polymer and LC,

which was driven by the high polymer elasticity.
The elasticity of PUA increased with the addition of
PVK because of the increased distance between cross-
links coupledwith the reinforcing effect of PVK.

Conductive PVK doped to the polymer matrix
augmented the effective local electric field across the
LC droplet and reduced the driving voltage and sR,
which implied that the theoretical field distribution
for a single droplet was qualitatively applicable for
HPDLC. On the other hand, the increase in sD with
PVK addition was interpreted in terms of the great
distortion of LC molecules by the increased local
field across the LC droplet.

References

1. Bunning, T. J.; Natarajan, L. V.; Tondiglia, V. P.; Sutherland, R.
L. Annu Rev Mater Sci 2000, 30, 83.

2. Nalwa, H. S. Handbook of Advanced Electronic and Photonic
Materials and Devices; Academic: New York, 2001.

3. DeSarkar, M.; Qi, J.; Crawford, G. P. Polymer 2002, 43, 7335.
4. Wu, S. T.; Yang, D. K. Reflective Liquid Crystal Displays;

Lowe, A. C., Ed.; Wiley: New York, 2004; Chapter 7.
5. Tercjak, A.; Serrano, E.; Mondragon, I. Polym Adv Technol

2006, 17, 835.
6. Drazic, P. S. Liquid Crystal Dispersions; World Scientific: Lon-

don, 1995.
7. Klosterman, J.; Natarajan, L. V.; Tondiglia, V. P.; Sutherland,

R. L.; White, T. J.; Guymon, C. A.; Bunning, T. J. Polymer
2004, 45, 7213.

Figure 6 Response time versus applied voltage for the
HPDLC films (LC 5 40%, PVK 5 20%).

Figure 5 Response time versus PVK content for the
HPDLC films (LC 5 40%, 20 V).

3112 KIM, WOO, AND KIM

Journal of Applied Polymer Science DOI 10.1002/app



8. Miyamoto, A.; Kikuchi, H.; Kobayashi, S.; Morimura, Y.;
Kajiyama, T. Macromolecules 1991, 24, 3915.

9. Senyurt, A. F.; Warren, G.; Whitehead, J. B., Jr.; Hoyle, C. E.
Polymer 2006, 47, 2741.

10. Liu, Y. J.; Sun, X. W.; Dai, H. T.; Liu, J. H.; Xu, K. S. Opt Mater
2005, 27, 1451.

11. Nalwa, H. S. Advanced Functional Molecules and Polymers;
Gordon and Breach: Los Angeles, CA, 2001.

12. Ogiwara, T.; Ikoma, T.; Akiyama, K.; Kubota, S. T. Chem Phys
Lett 2005, 411, 378.

13. Park, M. S.; Kim, B. K. Nanotechnology 2006, 17, 2012.
14. Kim, E. H.; Woo, J. Y.; Kim, B. K. Macromol Rapid Commun

2006, 27, 553.
15. Kim, E. H.; Kim, B. K. J Polym Sci Part B: Polym Phys 2004,

42, 613.
16. Xie, N.; Chen, Y.; Yao, B.; Lie, M. Mater Sci Eng 2007, 138, 210.
17. Cho, Y. H.; Shin, C. W.; Kim, N.; Kim, B. K.; Kawakami, Y.

Chem Mater 2005, 17, 6263.
18. Mosquera, L.; DeOliveira, I.; Frejlich, J.; Carvalho, J. F. J Appl

Phys 2001, 90, 2635.
19. Li, W.; Zhang, H.; Wang, L.; Ouyang, C.; Ding, X.; Cao, H.;

Yang, H. J Appl Polym Sci 2007, 105, 2185.
20. Ray, S. S.; Okamoto, M. Prog Polym Sci 2003, 28, 1539.
21. Alan, N. G. Engineering with Rubber; Hanser: New York,

1992.

22. Sperling, L. H. Introduction to Physical Polymer Science;
Wiley: New York, 2001.

23. Mark, J. E. Polymer Data Handbook; Oxford University Press:
New York, 1999.

24. Bird, R. B.; Armstrong, R. C.; Hissager, O. Dynamics of Poly-
meric Liquids; Wiley: New York, 1977.

25. Galstyan, A. V.; Hakobyan, R. S.; Harbour, S.; Galstian, T. Opt
Commun 2004, 241, 23.

26. Liu, Y. J.; Zhang, Y. J.; Jia, Y.; Xu, K. S. Opt Commun 2003, 18,
27.

27. Mucha, M. Prog Polym Sci 2003, 28, 837.
28. Doane, W. J. Liquid Crystals—Application and Uses; World

Scientific: Teaneck, NJ, 1990.
29. Okutan, M.; San, S. E.; Basaran, E.; Yakuphanoglu, F. Phys

Lett A 2005, 339, 461.
30. Raju, G. G.; Tse, F. S. Dielectrics in Electric Fields; Willis, H.

L., Ed.; Marcel Dekker: New York, 2003.
31. Malik, P.; Raina, K. K. Opt Mater 2004, 27, 613.
32. Ballav, N.; Biswas, M. Synth Met 2003, 132, 213.
33. Cupelli, D.; Nicoletta, F. P.; DeFilpo, G.; Chilichimo, G.;

Fazio, A.; Gabriele, B.; Salerno, G. Appl Phys Lett 2004, 85,
3292.
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