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Structural peculiarities and electrooptic performance of polymer dispersed
liquid crystals (PDLC) doped with a small amount of inorganic colloid
nanoparticles (NPs) are considered. As shown, during the phase separation,
the NPs are mainly involved by polymer and serve as nuclei of polymeriza-
tion. The absorbed NPs change the refractive index of polymer thus affecting
the refractive-index mismatch between the polymer and LC. This modifies
light-scattering characteristics of PDLC. By optimization, NPs-doped PDLC
composites with the improved viewing-angle characteristics and the elec-
trooptic contrast typical for conventional PDLC can be obtained.

PosriauyTo cTPpYKTYpPHiI 0COOJMBOCTI i €JIEKTPOOITUKY KaIlcelbOBaHUX Pij-
kux Kpucranis (KPK) 3 Mmaaum BMicTOM HEOpPraHiYHMX KOJILOITHUX HaHOYAC-
TuHOK. IToKasaHo, 1110 i yac a3oBoi cemapallii HAaHOYaCTUHKU B OCHOBHOMY
3aXOILTIOIOTHCA IIOJIiMepoM 1 € 3apogkamu noaiMmepusanii. IlornueyTi HanOUA-
CTUHKHU 3MiHIOIOTH MIOKA3HUK 3aJIOMJICEHHS MOJIiMepy ¥ y TaKuii criocib BILIU-
BAaIOTh HA Pi3HUIIO ITOKA3HUKIB 3aJIOMJIEHHSA MIOJIiMepy I PiIKOro KpHUCTAIy.
Ile smiHIOEe XapakTepucTuku cBiTaoposciauua KPK. 3aBmaku omrTumisariii,
nopiBuiooun i3 TpaguniiauvMu KPK, Mo:XHa oTpuMaTu HamoOBHEHi HaHoudac-
tTruaKaMy KPK 3 mokpaieHoo XapakTepUCTUKOIO OTJIAAY i TUIIOBUM €JIEKTPO-
ONITUYHUM KOHTPACTOM.

PaccMoTpeHnbl CTPYKTYpPHBIE 0COOEHHOCTH U 9JI€KTPOONTHKA KaIICYJINPOBAHHBIX
skunkux KpucramwioB (KiKK) ¢ mansiM comepsxaHmeM HeOPraHUYECKUX KOJLIO-
UIHBIX HaHouacTull. IlokasaHo, uTo Bo BpeMs ()a30BOI cemapaiuy HaHOYACTH-
IIbI B OCHOBHOM 3aXBaTbIBAIOTCA IIOJIMMEPOM M CJIYyXKaT 3apOoAbIIIIaMU ITIOJIMIMeE-
pusanuu. IloromeHHble HAHOUACTUAIBI M3MEHAIOT IOKA3aTe b MPeJOMJICHUS
ImoJMMepa 1 TaK BINAIOT HAa Pa3HOCTh IIOKAal3aTelell IpeJOMIeHNA IoJuMepa 1
JKUAKOTO KpUCTaJIa. ITO M3MEHAET XapaKTepucTuKu cBeropaccesnusa KIKK.
Baaromapa ontumwusanuu, mo cpaBHeHuio ¢ TpamunuoHHbiMu KIKK, moryr
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OBITH TTOJIyUeHbI HamoJaHeHHbIe HaHouacTuiiamu KiKK ¢ yayuriienHoit xapakTe-
PUCTHUKO# 0630pa ¥ TUIINYHBLIM 9JIEKTPOOIITUUYECKIM KOHTPACTOM.
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1. INTRODUCTION

The heterogeneous liquid crystal (LLC) systems form a separate class of
composite materials, which is attractive for both science and techno-
logical applications. Some of these materials demonstrate strong light
scattering that can be effectively controlled by applying external
fields. The well-known examples of such composites are polymer dis-
persed liquid crystals (PDLC) [1, 2] and filled LC [3—5]. The reasons for
light scattering in these systems differ. The PDLC composites scatter
light because of the refractive index mismatch between LC and P, two
adjacent droplets and within the droplets of LC [2]. A strong decrease
of the light scattering in the field on state is caused by the unidirec-
tional alignment of LC within the drops and matching the refractive
indices of LC and polymer. On the other hand, it is commonly accepted
that intense light scattering in filled LC is caused by the orientational
defects generated by the particles of filler in LC media. In the field on
transparent state, LC alignment leads to removal of these defects. Both
PDLC and filled LC have advantages and disadvantages well discussed
in the corresponding literature.

In a given work, we consider some hybrid of these systems—three-
component composite ‘LC—Nanoparticles (NPs)—Polymer (P)’. Our aim
is to show that this composite has important advantages and can be re-
garded as a robust material for LC applications. We shall also propose
the model of phase separation in the LC—P—NPs system that provides a
good explanation of the electrooptic data.

2. MATERIALS AND METHODS

As NP filler, we used several types of colloidal monodispersed NPs:

1) Antimony pentoxide (Sb,0;) NPs with sizes of 7-11 nm;

2) Silica (SiO,) NPs with the sizes of 10—20 nm.

The Sb,0, and SiO, NPs were obtained from Nissan Chemicals Indus-
tries Ltd. (USA) as colloidal dispersions in methanol with a particles’
content of 35 wt.% and 30 wt.%, respectively. All these objects were
chosen because of substantial difference in their refractive indices'.

! Initially, we also used colloidal TiO, NPs (from ANP Ltd. , Korea). These particles, how-
ever, react with components of pre-polymer composition giving rise to a yellowing effect.
Since this effect causes light adsorption, we abandoned the further use of these particles.
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As a liquid crystal, nematic mixture E7 from Merck was used. As a
photopolymerizing material, we employed UV curable adhesive No. 65
from Norland Inc. (USA). Both E7 and Norland’s photopolymer No. 65
have been widely used before for preparation of LC—Polymer compos-
ites[6, 7].

For the composite preparation, we mixed all the components. The in-
tensive mixing caused evaporation of alcohol. The complete removing of
alcohol was achieved by applying a vacuum to the suspension at 1072 Torr
over 0.5 h.

We operated with volume concentrations of NPs, @yp, and polymer,
¢p for the reasons discussed later in the subsequent section. The @yp and
¢p concentrations were calculated as

- mNP/pNP and (p — ”lp/pP
P ’
’n’NP/pNP+mP/pP+’n’LC/pLC mNP/pNP+mP/pP+mLC/pLC

where myp, mp, and m; are masses, while pyp, pp and p;p are densities of
corresponding phases. In the present experiments, concentration of
NPs was kept relatively low (¢yp = 1-2.5 vol.% ), while polymer concen-
tration was varied within a wide range (¢, = 5—50 vol.% ) to optimize
electrooptic performance of new composites.

The drop of mixture was placed between two glass slides having trans-
parent ITO electrodes in the inner side. Then the cell was pressed and glued
with epoxy glue. The 20 um spacers set the cell thickness. Finally, the cells
were irradiated with a mercury lamp (100 mW /cm?, 20 min), to provide
photopolymerization and corresponding structuring of polymer phase.

The electrooptic characteristics were measured by the homemade
measuring system previously described in Ref. [8]. In this set up, LC cell
is powered by a sine like voltage signal 0—200 V synthesized by computer
and, subsequently, amplified. The system allowed us to vary intensity
(voltage U) and frequency f of the applied voltage. Optical part of the set
up consists of laser (A =635 nm, polarized irradiation) and photodiode
detecting light transmitted through the specimen within the cone 2.

Using this set up we can determine the specimen transmittance
T=1, / I,, (I, and I,, are the intensities of the probe beam before and
after passing through the specimen) as a function of the applied voltage.

(pNP

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1. Morphology

It is well known that morphology of LC—P composites strongly depends
on the concentration of polymer phase. In case of phase separation of
LC—Prepolymer mixture with ¢p=1-10 vol.%, polymer forms rigid
network (polymer network liquid crystal (PNLC) morphology) [9]. At
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¢p = 30-50 vol.%, polymer forms porous matrix filled with LC (PDLC
morphology)[1, 2].

In the LC-NPs—P mixtures with a small content of polymer, phase
separation also leads to the formation of polymer network. This net-
work stabilizes LC—NPs suspension. These stabilized suspensions are
robust materials quite attractive for the LC related applications [10].

In the present paper, we are focused on the LC—NPs—P composites
with a high content of polymer (¢p=30-50 vol.%) capable to form
PDLC morphology. The amount of NPs in these composites is low
(pnp =1-2.5 vo0l.%) to minimize deformation of PDLC structure
formed by P and LC.

Our study of morphology of LC—NPs—P composites is aimed to an-
swer two questions. (1) To what extend a small amount of NPs influ-
ences morphology of LC—P composites? (2) How NPs are distributed in
LC—NPs—P composites?

To answer the second question, LC—NPs—P specimens were kept in
hexane to dissolve and remove LC. The specimens were carefully
weighed before and after extraction of LC phase to clear whether NPs
are also removed. As we obtained, the specimen lost the weight less
then the weight of LC contained in the composite. By observation in
polarizing microscope, we also investigated content of the extracted
phase. In these experiments, the signs of NPs have not been detected as
well. This allows us to conclude that during phase separation NPs are
mainly involved with the polymer phase. Moreover, they can serve as
the germs of polymerization. To answer the first question, the solid
remainder obtained after extraction of LC was studied by means of
SEM method. Observing SEM images, one can conclude that small
amount of NPs does not distort PDLC morphology of LC—P composites
(see Fig. 1).

ﬁl- s c." )V o '.3
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Fig. 1. SEM image of PDLC (¢, =40 vo0l.%).
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Thus, roughly speaking, by insertion of NPs, LC—P system is trans-
formed to the LC— P system, where P is a particle-modified polymer.
The properties of polymer P may substantially differ from the proper-
ties of pure polymer depending on particle’s material, size and aggre-
gation rate. What is most important for the present research, embed-
ded NPs may modify optical uniformity of polymer P . The calcula-
tions show that when the diameter of spherical particles or its aggre-
gates is above 300 nm the polymer loses optical uniformity, i.e. polymer
becomes opaque. By contrast, for d < 100 nm, even 15 vol.% NPs load-
ing does not affect polymer’s uniformity. The latter was checked by
preparation of P-NPs composites with a varying content of NPs. It
was obtained that both P-SiO, NPs and P—-Sb,0; NPs probes remain
transparent up to the 5 vol.% loading. So, even at @yp =5 vol.%, the
aggregation rate of NPsis low.

When the uniformity of polymer is preserved, the imbedded NPs
modify refractive index of polymer. In a good approximation, refractive
index of modified polymer P linearly depends on NPs concentration:

n; = (np®p + NypPyp)s (1)

where @p and @yp are the volume fractions of polymer and NPs [11].
This method is frequently used to enhance refractive index of polymer,
which typically does not exceed 1.7. Inserting NPs with a high n,,p en-
ables us to increase this value by factor two and more [12].

For PDLC specimens, modification of n, may result in the substan-
tial modification of scattering characteristics, mainly because of the
refractive index mismatch between LC and polymer. Thus, adding NPs
modifies 7;and, as a result, scattering properties of PDLC.

Since the refractive index of modified polymer is a linear function of @y,
independently on the kind of particles, we operate with the volume concen-
trations of components. Taking into account that NPs are mainly involved
with a polymer phase, serving as building blocks for polymer skeleton, we
compare only specimens with equal volume of P and equal volume of LC.
As webelieve, these specimens will be of very similar morphology.

3.2. Electrooptic Performance

Figure 2 shows T vs. U curves for the LC—P (1) and LC-P—-NPs (2, 3)
composites of PDLC morphology. For NPs-containing specimens, one
can observe some increase of the controlling voltage. It might be
caused by the modification of dielectric permittivity of polymer phase
that, in turn, may reduce the effective electric field applied to the LC
drops. By adding NPs, the initial transmittance trends toward the
slight increase, but this dependence is not very clear. At the same time,
it is clearly seen that adding NPs may considerably reduce the speci-
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Fig. 2. T-U curves for the non-doped and NPs doped PDLC composites. 1—
0p =40 vol.% ; 2—@p =39 vol.% , Oxp =1 vol.% (SiO, NPs); 3—¢p =39 vol.%,
Oxp = 1 v0l.% (Sb,O; NPs).
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Fig. 3. T, vs. @yp curves for NPs doped PDLC. @p + @yxp =40 vol.% . I—SiO, NPs;
2—Sb,0; NPs.

men transmittance in the saturation state, T,. This decrease is
stronger for Sb,0; NPs. Figure 3 shows that T, monotonically de-
creases with the NPs concentration.

The results for the T, can be easily explained in terms of the refrac-
tive index mismatch. When LC within the drops is aligned along the
electric field, the refractive index mismatch between LC and P is a de-
cisive factor of light scattering. For the convenience sake, let us con-
sider the refractive indices diagram of the components of our compos-
ites (Fig. 4). First, second, and third columns in this diagram refer to
LC, P (P), and NPs. It is seen that the ordinary refractive index of E7
(nd=1.52) is very close to the refractive index of pure polymer
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Fig. 4. The refractive indices diagram explaining the role of the refractive
index mismatch in the light scattering by LC—NPs—P composites.

np=1.524. This explains highly transparent state of LC—P composites
in the field on state at the normal viewing. Adding NPs to the polymer
phase enhances mismatch between the refractive indices of LC, n;2, and
the modified polymer, N;. As aresult, T, decreases. The more particles
are added, the larger is the distance between n;¢and n; in the diagram

that explains the concentration behaviour presented in Fig. 3.

T
Figure 5 presents data for the contrast ratio CR = ;%‘ in the LC-P
0
and LC—P—NPs series of composites. In these series, the concentration
of polymer is varied to determine the proportion of components maxi-
mizing CR. The LC—P—NPs series contain SiO, and Sb,O,; NPs, respec-
tively. The volume concentration of NPs in these series is the same.

CR

200:
160:
120:
80:

404

¢ps Vol.%

Fig. 5. CR vs. @p curves for LC-P and LC—NPs—Polymer composites. I —@yp = 0;
2—@yp =1 vol.% (Si0y); 3—@yp =1 vol.% (Sb,05).
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From these data several conclusions can be drawn.

1. The CR vs. @p curves for all series are non-monotonic and go
through the maximum, which is mainly determined by the minimiza-
tion of T,. Poor contrast at low @, is explained by the non-developed
PDLC structure more similar to PNLC (LC—P specimens) or PNLC
filled with small amount of NPs (LC—P—NPs specimens). In turn,
abrupt decrease of CR at ¢p > 50 vol.% may be caused by the reduction
of size and concentration of LC drops and lowering the refractive index
mismatch between LC and P (P), because of enhanced content of LLC in
polymer and vice versa.

2. The maximal value of CR is somewhat smaller for the NPs contain-
ing series. Within the latter series, the maximum for Sb,0; NPs series
lies lower than for the SiO, series. However, these differences are rather
weak, because of low concentration of NPs in the composites.

3. The CR vs. @p curves for the LC—P—NPs series are shifted to the
lower concentrations as compared to the curve for the LC—P—NPs series.
This may imply that NPs serve as building blocks for the polymer phase
thus increasing the total volume of the modified polymer, P . This is in
a good agreement with our previous conclusion about the preferential
involvement of NPs with polymer.

Finally, let us consider angular characteristics of new composites.
Figure 6 represents T, as a function of the incidence angle o of the test-
ing laser beam. The light is p polarized. The T, vs. o curves are pre-
sented for the LC—P composite and for the composites with varying
content of Sb,0; NPs. As it can be seen for LC—P composite, T, rather
steeply drops with o. This means that specimen becomes hazy and CR
falls. The off-axis haze in the field on state is an intrinsic problem of
PDLC. Similarly to the effects discussed above it is also connected with
the refractive index mismatch. As o increases, the refractive index of
LC changes from n;2 at o= 0° to n.&at oo — 90° (Fig. 4). This enhances
the mismatch between n;; and np, and, as a result, light scattering of
PDLC composites. The off-axis haze of PDLC can be reduced by choos-
ing the polymer with the refractive index satisfying the following con-
dition:

n,’ <n, << n.’. (2)

Typically, the difference np — n; % does not exceed 0.01 [13].

Figure 6 shows that doping with NPs reduces value of T, at aa=0.
The T (o0 = 0) vs. @yp plots were earlier shown in Fig. 3. It is very impor-
tant that, in parallel with decrease of T,, NPs-adding flattens angular
dependence of T, This means that, since NPs are absorbed by polymer,
condition (2) is met. It is advantageous to work with NPs having high
nyp to minimize particles concentration. This idea may be considered as
anovel method to reduce the ‘off-axis haze’. According to this method,
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Fig. 6. The on-state transmittance T, of the Sb,0; NPs doped PDLC as a function
of angle of the light incidence o. The light is p-polarized. I—@w=0; 2—
Onp=0.6v0l.% ; 3—@np=0.9v0l.% ; 4—@np = 1.2 v0l. % ; @p + Oyp =40 vol. % .

it is not necessary to select polymer with n; satisfying the non-equality
(2); by adding NPs, one can adapt the polymer most suitable for the
formation of PDLC structures with the given LC.

By optimizing the concentrations, one can select the LC—P—-NPs
composites, which are most attractive for the electrooptic LC applica-
tions. For instance, compared to LC—P specimens, Sb,0O; NPs contain-
ing composites (¢yp =1 vol.%) show similar switching contrast (Fig.
5), but improved viewing angle curve (Fig. 6). According to formula
(1), adding of 1 vol.% of Sb,O; NPs to LC—P composite increases re-
fractive index of polymer phase only in 0.002. This is, however,
enough for the drastic change the electrooptic characteristics.

4. CONCLUSIONS

In summary, NPs-doped PDLC represents a new class of heterogeneous
LC media, which is very attractive for applications. Retaining elec-
trooptic contrast typical for PDLC, these composites have improved
viewing angle characteristic. It is realized by modifying the polymer
refractive index with NPs mainly involved with polymer phase at the
phase separation of LC—P—NPs mixtures. We believe that the doping
of polymer phase with inorganic NPs may lead to other improvements
of PDLC, such as enhancement of thermal stability, reduction of LC
content in polymer. In addition, it may also result in interesting ef-
fects, such as colouring and photochromism, modification of dielectric
and photoconductive properties, etc. This altogether creates an inter-
esting field for future studies.
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