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Polymer dispersed liquid crystals: relation between formulation,
electro-optical properties and morphology

by C. GRAND, M. F. ACHARD and F. HARDOUIN*

Centre de Recherche Paul Pascal/C.N.R.S., UniversiteÂ Bordeaux I,
Avenue Albert Schweitzer, F-33600 Pessac, France

(Received 28 July 1996; accepted 18 October 1996 )

Polymer Dispersed Liquid Crystal (PDLC) ® lms investigated in this work are obtained by
phase separation induced by photopolymerization of a homogeneous p̀repolymer/liquid
crystal’ mixture. We show a close relation between the formulation/conditions of preparation
of the materials, their morphology and their electro-optical properties. The e� ect of the
mutual compatibility of the prepolymer and the liquid crystal on ® lm performances is
investigated using `model systems’ that consist of pure components. Finally, both SALS
experiments and a Fourier Transform procedure lead to a simple model in which LC domains
are separated by polymer walls.

1. Introduction di� erent curing parameters such as temperature or the
nature and the proportion of the crosslinking agent onOver the last decade a wide variety of polymer/liquid

crystal composites has been studied for their numerous the electro-optical performances of the PDLC. In addi-
tion, the morphology of the ® lms will be systematicallypotential applications [1], in particular windows and

devices operating on the principle of electrically con- investigated. Finally, we will try to establish a triangular
relation between the formulation/conditions oftrolled light scattering. Among these composites, PDLC

® lms consist of liquid crystal domains dispersed in a preparation of the materials, their morphology and
their electro-optical properties [3].polymer matrix [2]. They can be prepared by a phase

separation process induced either by cooling a homogen-
eous mixture of polymer and low molecular mass liquid 2. Experimental

2.1. Sample preparationcrystal (LC) (Thermally Induced Phase Separation,
TIPS) or by evaporating a solvent from a polymer/LC Many of the early publications on PDLC using nem-

atic liquid crystals refer to the use of cyanobiphenylsolution (Solvent Induced Phase Separation, SIPS), or
by polymerization of homogeneous initial mixture of mixtures. In this study, we ® rst employ 4-pentyl-4 ¾ -

cyanobiphenyl (5CB) and then a high birefringencemonomer and LC (Polymerization Induced Phase
Separation, PIPS). nematic mixture speci® cally designed for PDLC applica-

tions (TL205 purchased from Merck Ltd).The polymerization induced phase separation is a
widely used method of PDLC formation: as the reaction The polymer matrix is made from (a) monofunctional

acrylate monomers and oligomers such as isodecylof polymerization proceeds, the LC gradually becomes
less soluble in the forming polymer, causing the initial acrylate (IDA), 2-hydroxyethyl acrylate (2-HEA), 2-

ethylhexyl acrylate (2-EHA), pentadeca¯ uoro-octylhomogeneous solution to separate into two phases, an
LC-rich phase and an isotropic polymer-rich phase. The acrylate (PDFA), polybutadiene (1,4 ) acrylate (PBA)² ,

and (b) multifunctional acrylate monomers andconditions under which the materials are obtained will
give rise to di� erent properties of the resulting PDLC. oligomers such as polyethylene glycol 400 diacrylate

(PEG400), polybutandiol diacrylate (PBDD)³ , pentaer-In this work, we will investigate the parameters which
in¯ uence the phase separation process, induced by ythritol triacrylate (PETA) and dipentaerythritol penta-

acrylate (DPEPA). The initial mixture of the monomersphotopolymerization under UV light, to control the
characteristics of the ® nal material. To this aim, we will
® rst focus on the formulation of the initial solution of
prepolymer (polymerizable monomers and oligomers) ² CH2 5 CHCOO (CH2 ± CH 5 CH ± CH2 )240H
and liquid crystal. Then, we will describe the e� ect of M=2260 g mol Õ 1 .

³ CH2 5 CHCOO (CH2 ± CH2 ± CH2 ± CH2 ± O ± )27OC ± CH 5 CH2
M=2000 g mol Õ 1 .*Author for correspondence

0267± 8292/97 $12´00 Ñ 1997 Taylor & Francis Ltd.
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288 C. Grand et al.

and oligomer precursors of the ® nal polymer is referred normal small angle light scattering technique and a more
original image analysis.to as p̀repolymer’.

The photoinitiators employed are Darocur 1173 and For the small angle light scattering experiments, a
classical set-up with a Krypton laser (647 nm) is used.Darocur 4265 from Ciba-Geigy.

The liquid crystal, the prepolymer and the photoiniti- Scattering of laser light by the samples is recorded via
a video camera. Images are then digitalized using anator are mixed at room temperature and vigorously

stirred until a homogeneous, clear mixture is obtained. imaging system (Pericolor 2001) and ® nally transferred
to a computer. The amplitude pro® le A(q ), where q isThis mixture is then introduced by capillary action into

an electro-optic cell composed of two indium/tin oxide the scattering wave vector, is then extracted from the
di� raction patterns. The main aim of this morphologicalcoated glass plates with 8 mm or 14 mm spacers.

The photopolymerization is carried out by irradiating investigation is to ® nd a suitable ® t to the amplitude
pro® les A(q ) which should lead to a characteristic sizethe cells under UV light from a mercury lamp (Tecklite-

ELC 4000). The UV intensity is usually 15 mW cm Õ 2 for the sample.
The second method that we used for studying theseand the irradiation time 10 minutes. The curing temper-

ature T is controlled by using both an IR ® lter (water morphologies consists in a numerical treatment of micro-
scopic images of the ® lms obtained by direct microscopiccooled ) between the lamp and the sample, and a hot

stage containing the sample coupled to a thermostat observations (Leitz microscope). Images are recorded
on video by a camera and digitalized. At this stage,(Haake F3).
numerical images, typically 512 Ö 512 pixels size, are
processed by computing their 2-dimensional discrete2.2. Mesomorphic characterization and electro-optical

measurements Fourier Transform by means of a classical Fast Fourier
Transform (FFT) algorithm [4]. With this processing,The composition of the liquid crystalline phase in the

PDLC is usually di� erent from that of the initial LC we obtain the 2D spatial frequency spectrum of the
PDLC ® lms, which is qualitatively equivalent to themixture: some components of the prepolymer can remain

dissolved in the liquid crystalline phase and some con- di� raction patterns obtained by direct light scattering
experiments. For both techniques, a hot stage (Mettlerstituent(s) of the liquid crystal in the polymer. Thus the

q̀uality’ of the phase separation process is evaluated FP52) is used to control the temperature of the samples.
Indeed, two types of characterization have been per-through the determination of the isotropic± nematic

transition temperature of the LC-rich phase of the formed, depending on the state of the LC-rich phase of
the PDLC, nematic or isotropic. Nematic state experi-PDLC. This temperature obtained either by microscopic

observation (Leitz microscope and Mettler FP52 hot ments are carried out at room temperature, and isotropic
state experiments at a temperature higher than thestage) or by Di� erential Scanning Calorimetry (Perkin

Elmer DSC7) is compared with that of the pure liquid isotropic± nematic temperature of the pure liquid crystal.
First, SALS experiments performed on ǹematic state’crystal.

For electro-optic measurements, the collimated beam PDLC between crossed polarizers give di� raction pat-
terns which look like a f̀our leafed clover’ ( ® gure 1).of He/Ne laser (wavelength of 632 8́ nm) is passed

through the cell, normal to the ® lm surface and the Qualitatively, comparison with direct microscopic obser-
vations shows that the larger the leaves are, the smallertransmitted light is collected by a luminance meter

(Topcon BM8) with a 0 2́ ß collection angle. Using a the nematic domains. Similar results have been found in
previous experiments on crystalline [5] or mesomorphicfunction generator (Wavetech), an electric ® eld is applied

across the samples (50 Hz square wave). The voltage± [6] polymers. For a more quantitative viewpoint, a
SALS theory based on the Rayleigh± Gans approxi-transmission curves are thus measured. Four character-

istic parameters are usually determined: V10 (respectively mation has been developed [7] to determine the size of
the spherulites formed during the polymer growth fromV90 ) represents the voltage corresponding to 10% (90%)

of light transmitted and TOFF (TON ) the percentage of the f̀our leafed clover’ pattern. More recently, an attempt
has been made to expand it to the measurement of thelight transmitted in the OFF and the ON state. The

contrast is usually de® ned as the ratio TON/TOFF . size of the nematic droplets of the PDLC in respect of
their con® guration, radial and axial [8] or bipolar [9].
Nevertheless, none of the relations given by these authors2.3. Film morphology analysis

The morphology of a PDLC can considerably vary allowed us to determine the accurate droplet size. In all
cases, sizes given by such a procedure were overestimateddepending on both the formulation and the conditions

of preparation. In this sense, a quantitative evaluation compared with microscopic observations.
We therefore tried to investigate these ǹematic state’of the morphology is of great interest in characterizing

the material. With this aim, two techniques are used: a PDLC ® lms by means of the FT procedure. As in
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289PDL C ® lms: properties versus formulation

Figure 1. SALS di� raction pattern of a PDLC ® lm at room
temperature: the LC domains are in the nematic state
(SALS-crossed polarizers).

previous experiments, crossed polarizers were used and
samples were at room temperature. Figure 2 (a) shows
an example of the image obtained by microscopic obser-
vation. The corresponding di� raction patterns obtained
by FT are disc-shaped ( ® gure 2 (b)) and we do not
observe f̀our leafed clover’ patterns as previously. We
attribute this di� erence to the fact that the real space
image taken by the camera is only sensitive to interfaces,
and thus the image analysis does not take into account
the orientation ¯ uctuation of the nematic director inside
the droplet. However, it should be noted that, as in the
case of SALS experiments, smaller nematic domains lead
to larger di� raction pattern sizes. To ® nd out a character-
istic size from these image analysis data, we ® rst assume
that nematic domains are quite similar to discs.
Moreover, since no structure between droplets could be
observed, the structure factor S (q ) is supposed to be
equal to 1. The experimental amplitude pro® les A(q ) are
thus ® tted using the form factor F(q ) of an homogeneous
disc of radius a,

(a)

(b)

(c)

Figure 2. (a) Real space microscopic image of a PDLC ® lm
A(q )=F (q )=P

a

0 P
2p

0
exp (iqr cos q )rdrdq (1 ) in the ǹematic state’ (crossed polarizers; 0 6́ mm is repres-

ented by 1 mm). (b) Di� raction pattern obtained by FT
procedure corresponding to the real space microscopicIn the `Guinier’ range (qa%1), equation (1) becomes the image of ® gure 2 (a). (c) Evolution of ln A= f (q2 ) corres-

equivalent two-dimension Guinier’s law [10]. ponding to the FT di� raction pattern.

A(q )q � 0=A(0 ) expA Õ
a2

8
q2B (2 ) agreement with equation (2), ln A(q )= f (q2 ) experimental

plots exhibit a linear behaviour in the limit of small q.
Thus an average radius of droplet, a, can be directlyTherefore the average radius of the LC droplet, a, is

expected to be given by the ® ts to the experimental determined from the slope of the straight line. The FT
procedure seems therefore to provide a useful tool tocurves A(q ) with equation (2). Figure 2 (c) shows that, in
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290 C. Grand et al.

determine an average size of LC droplets, which is not
easily accessible using SALS experiments. However, with
this method, the resolution limit of the microscope
prevents our measuring sizes below 1 mm.

In the ìsotropic PDLC experiments’, samples are
heated at a temperature at which the LC-rich phase
inside the droplet is isotropic. In this state, we visualize
by microscopic observations a regular network which
may be due to the small di� erence between the isotropic
refractive index ni of the LC-rich phase and index np of
polymer-rich phase ( ® gure 3 a) . At room temperature,
this network is masked by the nematic birefringence.
Noticing that the periodicity of this network was depend-
ent on polymerization conditions, we tried to determine
this new characteristic size by means of both SALS and
FT experiments: the di� raction patterns are now similar.
They exhibit a ring whose size changes with network
periodicity d ( ® gure 3 (b)). As a consequence, amplitude
pro® les A(q ) show a B̀ragg’ peak ( ® gure 3 (c)) . A meas-
urement of the wave vector qmax corresponding to the
maximum in amplitude allows one to determine the
network periodicity by:

d (pixels)=
512

q
(FT procedure)

d (mm)=
2p

q
with q=

4pn

l
sinAh

2B (SALS)

h is the scattering angle and the index n of the ìsotropic
state’ ® lms is assumed to be equal to 1 5́. As we will see
in the next section, quite similar values are found with
both techniques and the small di� erence sometimes
observed may be due to the approximation made in
SALS experiments concerning the value of n.

To sum up, each type of experiment, ǹematic state’
and ìsotropic state’, provides us with a characteristic
size of the ® lms. We are able to measure an average LC
droplet diameter, 2a, by means of a numerical FT
treatment of the real space image in the ǹematic state’,
and a polymer network periodicity, d, by both FT
procedure and SALS experiments in the ìsotropic state’.
We are now able to appreciate the in¯ uence of several
parameters of formulation and preparation through the
electro-optic and morphological characterizations of the
resulting PDLC.

(a)

(b)

(c)

Figure 3. (a) Example of a real space microscopic image of a
3. Results and discussion PDLC ® lm in the ìsotropic state’ (no polarizers; 1 mm is

3.1. Formulation represented by 1 mm). (b) Di� raction pattern obtained by
Our aim in this part is ® rst to understand better the FT procedure or direct SALS experiment on ® lms depicted

in ® gure 3 (a). (c) Corresponding amplitude pro® le A (q ).thermodynamic behaviour of di� erent prepolymer/LC
systems, and then, to formulate a UV-curable mixture
that leads, after polymerization, to a PDLC with good prepolymer and LC. Indeed, the liquid crystal and the

prepolymer have to be su� ciently miscible to allow theelectro-optical response. To achieve this, we focus on
the mutual compatibility of the initial components, desired amount of LC to dissolve and give a homogen-
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291PDL C ® lms: properties versus formulation

eous LC/prepolymer mixture. In addition, the liquid
crystal has to be su� ciently insoluble in the formed
polymer; indeed it has been previously shown that
depending on the initial formulation some uncured
prepolymer remains dissolved in the LC-rich phase and
that the polymer matrix contains a signi® cant amount
of LC [11, 12, 13]. It has also been suggested that the
greater the solubility between prepolymer and LC, the
larger the proportion of LC dissolved in the polymer
matrix [11, 14]. In this sense the initial prepolymer/LC
composition is of great importance.

To estimate the degree of compatibility of a prepoly-
mer and a liquid crystal, the phase diagram of the
prepolymer/LC system is investigated: on cooling down
a homogeneous mixture containing a given weight frac- Figure 5. Linear dependence of phase separation temperature

Ts on PBA weight fraction.tion of LC, we determine the temperature TS at which
the initial isotropic mixture separates into a two-phase
state, an isotropic phase I and a nematic phase N. linear increase in Ts with oligomer weight fraction. Such

a shift of the phase diagram with the oligomer fractionWe ® rst study `model systems’ for which both the LC
and prepolymer are pure components. Phase diagrams has already been reported [15]. A comparable increase

of the incompatibility is also observed on adding 2-HEAof IDA/5CB, 2-HEA/5CB and PBA/5CB systems are
reported in ® gure 4. Their topologies are qualitatively or PDFA to IDA.

For a given liquid crystal, this optimization of thethe same, but signi® cant quantitative di� erences are
observed. While the two components IDA and 5CB are prepolymer formulation has to take into account the

following conditions: the initial prepolymer/LC mixturemiscible over a large range of temperature and concen-
tration, it is worth noting the lower compatibility is expected to be rich enough in LC (typically higher

than 50 wt % LC) and must be homogeneous, if possiblebetween the monomer 2-HEA and the liquid crystal
5CB and between the oligomer PBA and 5CB. In the at room temperature to facilitate the experimental pro-

cess. However, phase separation will be induced bycase of PBA, this larger incompatibility is undoubtedly
due to the di� erence in molar mass between this oligomer polymerization only if the compatibility between the

prepolymer and the LC (a fortiori between growingand the LC. However, this argument is not applicable
in the case of 2-HEA, and we assume that the reason polymer and LC) is weak enough. Indeed, no phase

separation has been observed on systems whose temper-for the incompatibility between 2-HEA and 5CB is now
enthalpic and that the incompatibility is enhanced by ature Ts is very low with respect to curing temperature

T . Thus, the starting point in the phase diagram beforehydrogen bonds within the monomer, due to its
hydroxyl group. polymerization (corresponding to a given LC concentra-

tion and a given temperature) has to be taken intoIn addition, for a given liquid crystal concentration,
it is possible to adjust the phase diagram of account to optimize the phase separation process. The

initial LC concentration will be chosen close to theLC/prepolymer by choosing an appropriate formulation
of the prepolymer: for example, as seen in ® gure 5, solubility limit of LC in the prepolymer at room temper-

ature. Moreover, we noticed for all PDLC ® lms studiedfurther addition of the oligomer PBA to IDA causes a
that the isotropic± nematic transition temperature
TIN(PDLC) of the LC-rich phase in the PDLC (i.e. after
polymerization) increases with decreasing (T -Ts ). This
indicates a better purity of the LC-rich phase of the ® lm
(i.e. less oligomer and prepolymer are dissolved in this
phase) for PDLC samples cured at a temperature T
close to Ts . This result suggests that the e� ciency of the
phase separation induced by the polymerization process
strongly depends on the temperature and concentration
of the initial prepolymer/LC mixture, and by these
results on `model systems’ the notion of an
L̀C/prepolymer optimum couple’ is clearly advanced.Figure 4. Phase diagrams before polymerization of the

IDA/5CB (a), 2-HEA/5CB (b), and PBA/5CB (c) systems. Results from `model systems’ have then been extrapol-
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292 C. Grand et al.

ated to the mesomorphic mixture TL205 optimized for (PETA) and dipentaerythritol penta-acrylate (DPEPA).
As shown in ® gure 7 the phase separation temperatureelectro-optical applications. We concentrated on the

formulation of a prepolymer mixture `best partner’ of TS increases regularly with the mol fraction of crosslink-
ing agent in the prepolymer. In the case of theTL205. Several acrylate monomers have been tested

with TL205 before polymerization. To avoid dealing PBDD/2-EHA and DPEPA/2-EHA systems, a biphasic
region is observed at room temperature with less thanwith the whole phase diagram of all systems, we only

studied mixtures containing 80 wt % of TL205. Phase 5 mol % of crosslinking agent. In order to investigate
a large range of crosslinker proportions, theseparation temperatures TS of those di� erent systems

are reported in table 1 and only two of the acrylates P̀EG400/2-EHA/TL205’ and P̀ETA/2-EHA/TL205’
systems, which are in an isotropic one-phase state attested satisfy the condition of homogeneity at room

temperature: 2-EHA and IDA. room temperature even for large concentrations of
crosslinking agent, were chosen. In the following, weFor the following experiments, 2-EHA was chosen as

the basic monomer and the phase diagram before poly- therefore study PDLC ® lms prepared from an optimized
LC/prepolymer mixture composed of 80 wt % of TL205merization of the 2-EHA/TL205 c̀ouple’ is reported

in ® gure 6. and 20 wt % of 2̀-EHA/PEG400’ or 2̀-EHA/PETA’ pre-
polymer and containing 3 wt % of initiator in theA ® nal condition has to be taken into consideration

in formulating the initial p̀repolymer/LC’ mixture: the prepolymer.
formulation of the prepolymer must contain a crosslink-
ing compound to improve the scattering properties of 3.2. Electro-optical properties and morphology

We were now able to characterize the ® lms preparedthe PDLC. Indeed, if a crosslinking compound is added,
gelation occurs earlier, so that the droplets are trapped with di� erent formulations (crosslinking agent, initi-

ator ¼ ) and di� erent curing temperatures and couldearlier and smaller droplets are formed. Four crosslink-
ing monomers (with functionality essentially two or try to identify a close link between the formulation, the

electro-optical response and the morphology of the ® lms.more) have been tested with the monomer 2-EHA:
polyethyleneglycol 400 diacrylate (PEG400), polybutan- Figure 8 shows the evolution with proportion of

crosslinking agent of the voltage± transmission curvesdiol diacrylate (PBDD), pentaerythritol triacrylate
for (2-EHA/PEG400)/TL205 20:80 PDLC ® lms. The
most striking feature is the increase in both turbidityTable 1. Phase separation temperatures Ts of di� erent
( lower o� -state transmission TOFF ) and driving voltage2̀0 wt % prepolymer/80 wt % TL205’ systems.
with crosslinking agent rate. For display applications,

Prepolymer Ts / ß C PDLCs are expected to have not only high contrast, but
also low driving voltage (V<10 V). Therefore, a t̀hresh-2-EHA 4
old rate’ of crosslinking agent can be de® ned as the rateIDA 17
leading to the highest contrast for the lowest drivingPBA 75

2-HEA 80 voltage. It can be seen in ® gures 9 and 10 that the
PDFA >80 t̀hreshold rate’ for (2-EHA/PEG400)/TL205 (20:80) sys-

tems is about 4± 5 mol % of PEG400 in the prepolymer.
We should notice that the same t̀hreshold rate’ was

Figure 7. Mol fraction of crosslinking agent in the 2-EHA
Figure 6. Phase diagram before polymerization of the prepolymer versus phase separation temperature Ts . The

mixtures contain 80 wt % of TL205.2-EHA/TL205 system.
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293PDL C ® lms: properties versus formulation

Table 2 shows the network periodicity, d, and LC
domain size, 2a, for PDLC ® lms prepared with increasing
crosslinking agent concentration (PETA or PEG400).
For all samples, the droplet diameter 2a was found to
be smaller than the polymer network periodicity d. This
therefore suggests a simple model where LC droplets
are separated by thick polymer walls whose size is given
by the value of (d Õ 2a). As expected, decrease of both
network periodicity and LC domain size with increasing
crosslinking agent rate is observed. Comparison of elec-
tro-optical results and morphology of the ® lms clearly
demonstrates a correlation between the size of the ® lm
structure and the electro-optical response. Morphology
provides a particularly good explanation for the OFF-Figure 8. Voltage± transmission curves for di� erent mol
scattering state and driving voltage evolution. In fact, itfractions of crosslinking agent in the prepolymer.

(TL205/(2-EHA/PEG400) 80:20, Darocur 4265, T =20 ß C, seems that the optimum scattering state is observed
15 mW cm Õ 2 ). when LC domain and polymer wall sizes become equal

and close to the light wavelength ((d Õ 2a) compared to
2a). Moreover, con® nement of LC domains causing an
increase in driving voltage is here evidenced.

Figure 11 shows the electro-optical curves of two ® lms
di� ering only by the nature of the initiator, Darocur
1173 or Darocur 4265. Stronger light scattering in the
OFF state and higher driving voltage were observed for
the PDLC ® lm made from Darocur 4265, which is
consistent with morphological analysis. Indeed, many
and smaller structures were formed with Darocur 4265
(in this example, d=3 9́ mm and 1 9́ mm with, respectively,
Darocur 1173 and Darocur 4265). We assumed that a
more e� cient initiation was carried out with the initiator
Darocur 4265 and that this led to a faster polymerization
process causing the medium to gel more quickly. As aFigure 9. TOFF and TON versus mol fraction of crosslinking
consequence, the LC-rich domains trapped during theagent in the prepolymer.
coalescing process were smaller. Finally, as in the case
of higher concentration of crosslinking agent, a quicker
polymerization/crosslinking process causes the medium
to become more rapidly viscous, resulting in a thinner
PDLC structure and therefore in both a low o� -state
transmission and a high driving voltage. Similar results
were found in the case of a larger UV intensity [16].

The in¯ uence of the chemical nature of the crosslink-
ing agent on electro-optical response is now illustrated
in ® gure 12. While PDLC ® lms prepared from PEG400
do not meet application requirements in terms of voltage,
a ® lm prepared from crosslinking agent PETA exhibits
a higher contrast ratio and lower driving voltage.
Contrary to previous results, it can be seen from the
morphology size measurements that such an increase in

Figure 10. V10 and V90 voltages versus mol fraction of voltage for PEG400 samples cannot here be assigned to
crosslinking agent in the prepolymer. smaller LC-rich domains (see table 2). On the contrary,

LC con® nement is more important on moving from
PEG400 to PETA samples which are nevertheless pre-obtained for samples based on crosslinker PETA.

Beyond this t̀hreshold rate’, driving voltage goes on pared with the same curing parameters. Moreover, this
shift towards lower voltage cannot be caused by a betterincreasing, but no improvement in contrast can be seen.
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294 C. Grand et al.

Table 2. Network periodicity (d ) and LC domain size (2a) for PDLC samples formed at 20 ß C with di� erent crosslinking agent
concentration. (= ): size<1 mm; V90 : voltage corresponding to 90% of transmitted light; TOFF : percentage of transmitted light
in the OFF state.

Cross linking Light
agent scattering Image analysis

Chemical Mol % in d/ d/ 2a/ (d-2a)
nature prepolymer mm Ô 0 1́ mm mm Ô 0 1́ mm mm Ô 0 1́ mm mm Ô 0 2́ mm V90/V TOFF /%

PEG 400 1 9́ irregular shape and large domains 5 30
3 3́ 4 3 7́ 2 2 7 5́ 5
4 2́ 2 2́ 2 2́ 1 4́ 0 8́ 10 <1
5 3́ 2 2́ 2 3́ 1 2́ 1 11 <1
6 4́ 1 6́ Ð 1 0́ 0 6́ 12 <1

PETA 3 2́ 2 8́ 3 5
4 9́ 1 7́ 5 5
7 2́ 1 6́ 5 5

in driving voltage may rather be due to weaker
anchoring between the liquid crystal TL205 and the
copolymer 2̀-EHA/PETA’ compared with copolymer
2̀-EHA/PEG400’ . This is consistent with recent studies
where it has been shown that a change in the surface
anchoring energy resulted in a change in the electro-
optical properties. In particular, it has been reported
that a better compatibility between the polymer binder
and LC at the interface was responsible for a decreasing
anchoring energy and switching voltage [17, 18, 19].

3.3. Curing temperature
The last parameter studied in this work was curing

temperature. Only data obtained for highly crosslinkedFigure 11. Dependence of nature of initiator on the voltage±
samples are reported here. Three ® lms were preparedtransmission curves. 3 wt % of Darocur 4265 or 1173 was
from the same initial mixture (2-EHA/6 mol %introduced into the prepolymer 2-EHA/8 mol % PEG400.
PEG400)/TL205 20:80 at di� erent curing temperatures
close to room temperature. Corresponding electro-
optical curves are illustrated in ® gure 13. Isotropic±
nematic transition temperatures TIN (PDLC) and network
periodicities d of these ® lms are reported in table 3. As

Figure 12. Dependence of nature of crosslinking agent on the
voltage± transmission curves (3 mol % of PETA or
PEG400 in the prepolymer).

purity of the LC-rich phase. Indeed, the gap (T -Ts ) is Figure 13. Voltage± transmission curves for di� erent curing
identical for the two initial mixtures and leads to the temperatures T . The prepolymer used was 6 4́ mol % of

PEG400 in monomer 2-EHA.same value of TINPDLC after polymerization. This decrease
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Table 3. Network periodicity (d ) and isotropic± nematic is given. The determination of the purity of the PDLC
transition temperature TIN(PDLC) of (2-EHA/6 mol % LC-rich phase enables one to estimate the q̀uality’ of
PEG400)/TL205 20:80 ® lms cured at di� erent temper-

the phase separation process, while the morphology ofatures, T . Phase separation temperature before polymeriz-
the ® lms allows one to visualize the organisation of theation, Ts , of this mixture is 11 ß C.
LC and polymer. We ® nd from `model system’ investi-

Curing gations that a mixture composed of 80 wt % of TL205
temperature (T )/ ß C TIN(PDLC)/ ß C d/mm and 20 wt % of 2-EHA leads to an e� cient phase separa-

tion process. Moreover, we show that crosslinker has to12 81 7́ 1 5́
be added in such a proportion that the gap between the20 81 6́ 1 6́

30 80 7́ 2 curing temperature, T , and the temperature of phase
separation before polymerization, TS of the initial
LC/prepolymer mixture is as small as possible. Indeed,
the polymerization/crosslinking process must be as quickalready shown, when the curing process is carried out

at a temperature T close to the temperature of phase as possible in order to create a smaller morphology. The
kinetics of this process are controlled by both theseparation before polymerization TS , TIN (PDLC) is larger,

which means a better purity of the LC-rich phase and crosslinking agent concentration, the nature of the initi-
ator and the UV intensity. However, this condition isthus a more e� cient phase separation process (see the

sample cured at 12 ß C). Moreover, raising the curing not su� cient for good electro-optical performances.
Indeed, driving voltage can be reduced by modifying thetemperature results in a slightly larger network period-

icity (d ) . However, one should notice that the size of the crosslinker’s chemical structure (or the monomer’s chem-
ical structure) in order to decrease the anchoring strengthnetwork remains small for each curing temperature

(<2 mm), which results in a weak change in the o� -state at the LC/polymer interface.
Finally, we have developed an original procedure totransmission (TOFF<1%). Notice also that a more signi-

® cant change in size with curing temperature was investigate PDLC morphology. Sizes of both LC drop-
lets (2a) and polymer network periodicity (d ) are meas-observed for a lower rate of crosslinking. Nevertheless,

for a highly crosslinked PDLC, the main e� ect of raising ured by either an FT procedure based on the analysis
of microscopic images of the ® lms or small angle lightthe curing temperature is not on the size of the droplets,

but rather on the e� ciency of the phase separation scattering experiments. This morphological investigation
leads to a simple model in which LC droplets areprocess. The high e� ciency of the phase separation

process at low curing temperatures results in both a separated by thick polymer walls whose size is given by
(d-2a). It provides a very useful tool to compare thereduced driving voltage and a higher ON-state clarity.

On the contrary, when the formation process occurs at characteristic sizes of each ® lm and allows the analysis
of the e� ect of the conditions of preparation on ® lmhigh temperature (30 ß C), the pollution of the LC-rich

phase strongly reduces the ON-state transmission. This performances. However, this model does not take into
account polymer/LC interfaces that might consist of LClatter result agrees with previous studies showing that a

signi® cant change in the refractive index of the polymer, in strong interaction with the polymer, as con® rmed by
comparing the isotropic± nematic transition enthalpy ofdue to the liquid crystal dissolved in it, reduces the

ON-state clarity [11, 14]. Although a link between lower pure LC, DHIN(LC) with that of a PDLC ® lm, DHIN(PDLC).
Indeed, smaller values of DHIN(PDLC) found for all thedriving voltage and higher e� ciency of the phase separa-

tion process is here experimentally advanced, this is not ® lms indicate that some LC is in strong interaction with
polymer and does not undergo the isotropic± nematiceasy to explain. Further investigations will be necessary

for a full understanding. The main result reported here transition. Evidence for the existence of these two LC
populations, a f̀ree’ one and another one stronglyis that a small gap between the curing temperature T

and the temperature of phase separation before poly- anchored to the polymer have already been shown
[20, 21]. We ® nd this for our systems from 30 wt % (inmerization TS leads to both high contrast and low

driving voltage, which underlines once again the impor- the case of high crosslinker concentration and high
temperature) up to 90 wt % of f̀ree’ LC. However, notance of the gap (T Õ TS ) on a ® lm’s performances.
obvious link between the proportion of free LC and
electro-optical response was found, since the sample4. Summary

To sum up, we have investigated PDLC ® lms prepared with the best electro-optical response contain only about
50 wt % of f̀ree’ LC. Further information on the localiz-by phase separation induced by photopolymerization.

Evidence for a close relation between the formulation of ation of this part of the liquid crystal at the interface
between the LC domains and the polymer walls orthe initial p̀repolymer/LC’ mixture, the curing temper-

ature and the electro-optical performances of the ® lms t̀rapped’ in the polymer, has now to be investigated.
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