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Abstract

Composite films made of the nematic mixture E7 or the nematic single component K15 embedded in styrene–diene triblock copolymers
have been prepared by the solvent cast method from homogeneous solutions; their phase separation behaviour has been investigated by
calorimetric and morphological analyses as a function of mixture and matrix compositions, diene nature, casting solvent and evaporation
time. Three copolymeric samples of comparable molecular weight have been used; two of them, based on polybutadiene, differ in their
styrene content (30 and 55% by weight), in the third the major fraction of soft segments (75%) is made of polyisoprene. Films based on
homopolymeric polystyrene and polybutadiene have been also prepared and tested as reference materials. The results reveal a substantially
different solubility of the liquid crystal (LC) in the two phases of the copolymer micro-heterogeneous structures. The droplet size, shape and
distribution that characterise the film morphology change considerably upon increasing the LC concentration in the blends, varying the
casting solvent or lowering the evaporation rate; moreover a significant role is played by the nature of the elastomeric fraction. The
dependence of morphological features on the various parameters is tentatively discussed in terms of both the affinity between the casting
solvent and the matrix blocks and the critical surface tensions of LC and copolymer components.q 2000 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Polymer dispersed liquid crystal (PDLC) composites,
consisting of liquid crystal (LC) microdroplets embedded
in a transparent polymer matrix, have recently attracted a
great deal of interest because of their potential in a variety of
applications, including large area displays and electrically
controllable light shutters [1–3]. In the normal off-state the
incident light is strongly scattered by the PDLC film, with
the extraordinary refractive indexne of the liquid crystal
different from the refractive indexnp of the isotropic matrix;
by applying an electric field sufficiently high through trans-
parent electrodes the film becomes transparent if the ordin-
ary refractive index of the liquid crystalno and that of the
polymernp are matched.

A different operational mode for achieving high degree of
droplet ordering and controlled transparency is unidirec-
tional stretching of the films [4–6]. This technology seems
to be the most effective in producing electrically controlled

non-absorptive polarisers, attractive for use with powerful
radiation when the conventional polaroids are unstable
[4,6]; their operating principle is based on the effect of
anisotropic light scattering by films with unidirectionally
oriented droplets in the bipolar configuration [7]. The
basic factors determining the formation of optical aniso-
tropy in a stretched film were studied experimentally on
films of polyvinyl alcohol, prepared by the polymer encap-
sulation method [8], and the results analysed in terms of a
proposed theoretical model [4] to quantify the main
mechanisms governing the anisotropic transmittance of
the films.

Synthetic thermoplastic rubbers, suitable for processing
by the same techniques used for traditional thermoplastic
materials and completely soluble in a wide range of
solvents, can be foreseen to be convenient polymeric
components for in situ separation of LC microdroplets
from a homogeneous LC/elastomer mixture by thermally
(TIPS) or solvent (SIPS) induced phase separation methods
[7]. Thermoplastic elastomers comprise two mainly
incompatible phases forced to coexist with each other,
thus producing microheterogeneous structures of colloidal
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dimensions; chemically they are block copolymers
composed of a major fraction of soft segments and a
minor fraction of hard segments (two or more per macro-
molecule) which provide the strong interchain association
necessary for the development of a two-phase physical
network [9]. Whereas many block copolymers have not
been well characterised, exhaustive structural studies exist
for styrene–diene–styrene block copolymers [9,10]; for this
reason our preliminary work on this subject was focused on
the use of these triblock thermoplastic elastomers as embed-
ding matrices for polymer/LC composites. Since the inter-
actions between polymers and LC molecules are expected to
depend on copolymer composition, diene nature, molecular
weight and length of blocks, different copolymer samples
have been tested to prepare films of various LC contents by
solvent casting from toluene (T) or cyclohexane (CE), using
different evaporation rates which strongly affect the
morphology of the biphasic matrix [10]. Composite films
based on homopolymeric polystyrene (PS) and polybuta-
diene (PB) have been also prepared and tested as reference
materials. The effect of the above-mentioned parameters on
the phase separation and on the morphology of the compo-
sites has been investigated.

2. Experimental

2.1. Materials

Basic molecular characteristics of the block copolymers,
kindly provided by EniChem, are given in Table 1. The
unique morphology observed in these systems results from
the microphase separation of the dissimilar polymer
segments into distinct domains. In a wide range of composi-
tion one of the block components forms discrete domains in
a continuous matrix of the other one; when the two phases
are present in nearly equivalent volume fractions they can
exist in co-continuous phases with lamellar structures [10].
On this basis, the samples with styrene contents of 30 and
25% by weight are expected to consist of cylinders of PS
dispersed in a continuous matrix of PB or polyisoprene (PI),
while the copolymer with higher styrene content (55%)
should form alternating PS and PB lamellae. All the samples
have linear molecular structure and comparable weight-
average molecular weight�Mw: Reference homopolymers
PB and PS have�Mw � 508 000; �Mn � 132 000 and�Mw �
230 000; �Mn � 140 000; respectively.

The liquid crystal mainly used in this work was the eutec-
tic four-component mixture E7 (Merck, Table 2) with glass
transition of2598C (specific heat increase at the transition
DCp � 0:42 J=g K) and isotropisation temperature of 608C
(associated enthalpyDHi � 3:9 J=g�; in a few cases the
single component K15 (4-pentyl-40-cyanobiphenyl) was
used. When quickly cooled to21108C K15 exhibits, in
the successive heating the glass transition at2648C �DCp �
0:32 J=g K�; a cold crystallisation at about2278C �DHcc �
38 J=g�; and melting and isotropisation transitions at 24 and
358C, respectively (with associated enthalpiesDHm andDHi

of 71 and 2.8 J/g, respectively).

2.2. Film preparation

The composite films, 100–200mm thick, were prepared
at room temperature by the SIPS method from 5% w/w
polymer/solvent solutions added with the selected amount
of LC. T and CE have been used as solvents, on the basis of
their different interactions with PB (or PI) and PS blocks.
Cast films were prepared in Teflon dishes, varying the
evaporation time of the solvent from 3 to 480 h; traces of
residual solvent were removed under vacuum at room
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Table 1
Molecular characteristics of block copolymers

Sample Styrene/diene (w/w) �Mw
�Mw

Styrene block Diene block

EUROPRENE SOL T 6302 30/70 115 000 17 250 80 500
EUROPRENE SOL T 176 55/45 115 000 31 625 51 750
SIS 575 (experimental product) 25/75 110 320 13 790 82 740

Table 2
Composition of the nematic mixture E7

Chemical structure Weight (%)

51

25

16

8



temperature. In a few experiments on SBS 6302, in order to
get a faster solvent evaporation rate, 50/50 w/w polymer/
toluene solutions with the desired amount of E7 were spread
on a Teflon plate, using an applicator to control the thick-
ness; the solvent was removed at room temperature in a
forced convection oven in about 0.4 h and the resulting
PDLC films dried under vacuum before being peeled-off
from the substrate.

The comparison between the Hildebrand solubility para-
meterd of the solvents and of the copolymer components
[11,12] shown in Table 3 indicates that T and CE are selec-
tive towards PS and polydienes, respectively [13]. For the
LCs d has been calculated with the group contribution
method, taking into account the Hoy and Van Krevelen
data [11] for all the chemical groups of the constituent
molecules and the composition of E7; their high values,
due to the presence of the polar –CN groups, suggest a
greater affinity of E7 or K15 for PS.

2.3. Techniques

The phase behaviour of the films was determined by DSC
(a Mettler TA 3000 System equipped with a software pack-
age Graphware TA72), taking into account the glass transi-
tion temperatures of block components and LC, together

with their associated heat capacity changes, and LC
nematic–isotropic transition temperature and enthalpy
(scanning rate 20 K/min between2130 and 1208C, sample
weight 10–12 mg). Data were normalised on the real
amount of LC, PS or polydiene present in each sample.
Morphological analysis was carried out with a scanning
electron microscope (SEM; Leica Stereoscan 440) at
20 kV accelerating voltage on samples fractured in liquid
nitrogen before LC extraction in ethanol and sputtering with
gold. The average size and shape of the cavities that hosted
the LC domains were determined by SEM. A transmission
electron microscope (TEM; Zeiss Leo 900) operating at
80 kV was also used to analyse the morphology of ultrathin
sections; the films were embedded in Araldite resin and
ultramicrotomed (Leica EM FCS). The ultrathin sections
were stained with aqueous solution vapours of osmium
tetraoxide for 30 min, which causes the polydiene and
polystyrene phases to appear as dark and white regions,
respectively.

3. Results and discussions

3.1. Homopolymeric PS and PB matrices

DSC data on films of PS and PB, containing various
amounts of E7 and obtained from toluene solutions with
evaporation time of 8 h, are given in Table 4.Tg values of
the components indicate a plasticizing effect of E7 on the PS
matrix, together with a poor solubility of the LC in PB, and a
substantial exclusion of both PS and PB from the segregate
LC domains.

SEM analysis on PS/E7 films with 10 and 20 wt% E7
reveals fracture surfaces similar to that of the undiluted
matrix, whereas the 30 and 40% mixtures generate films
with isolated holes left by ethanol-etched E7 droplets
(Fig. 1).
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Table 3
Solubility parameters of solvents and composite components [11,12]

Compound Solubility parameterd (MPa1/2)

Toluene 18.2
Cyclohexane 16.8
Polystyrene 18.6
Polybutadiene (1,4) 17.4
Polyisoprene (1,4) 16.3
E7 23.1
K15 23.3

Table 4
Calorimetric analysis on films of PS or PB and of their mixtures with E7 (solvent: toluene,tev: 8 h).DCp andDHi are normalised to the real content of PS or PB
and E7 in the mixture

Sample Liquid crystal E7 Matrix

Tg (8C) DCp (J/g K) Ti (8C) DHi (J/g) Tg (8C) DCp (J/g K)

PS/E7 100/0 – – – – 93 0.20
PS/E7 90/10 – – – – 61 0.25
PS/E7 80/20 – – – – 35 0.20
PS/E7 70/30 262 0.05 nda nd 24 0.23
PS/E7 60/40 260 0.18 59 1.7 25 0.25

PB/E7 100/0 – – – – 297 0.66
PB/E7 95/5 nd nd nd nd 297 0.38
PB/E7 90/10 257 0.30 nd nd 298 0.42
PB/E7 85/15 258 0.27 nd nd 298 0.43
PB/E7 80/20 256 0.35 nd nd 297 0.43

E7 257 0.42 60 3.9 – –

a Not easily detectable.



The observed dependence ofTg on the composition for
the PS-rich phase can be approximated by the Gordon–
Taylor equation [14], which relates theTg of a miscible
blend to the mass fractionsw1, w2 and the glass transition
temperaturesTg1

; Tg2
of the respective components, as

follows:

Tg � �w1Tg1
1 kw2Tg2

�=�w1 1 kw2� �1�
wherek is a constant depending on the system under consid-
eration. Since a single phase appears up to 20% E7,Tg data
of these blends have been used to draw theTg/composition
curve of Fig. 2, using the value ofk derived from the best fit
of the linearised form of the above equation [15].Tg values
of Table 4 for the PS-rich phase are superimposed on this
curve (black points); they underline a solubility limit of E7
in PS close to 25 wt%, which substantially agrees with the
morphological observations and with the solubility value in
PS of a nematic mixture of similar chemical nature [16].

Two parameters useful in determining the amount of
segregated LC within a film are the increase ofDCp at the

LC glass transition and the enthalpy changeDHi at the LC
clearing temperature, since both these transitions are solely
due to the LC contained within the microdroplets. Zero
values ofDCp andDHi of E7 for the 90/10 and 80/20 PS/
E7 mixtures confirm that in these samples the amount of LC
is lower than the solubility limit; on the contrary DSC traces
of all the examined PB/E7 samples suggest the presence of a
separated LC. The basic expression for the calculation of the
LC solubility (A) in a matrix has been derived by Smith
[17–19] as

DHp
i =DHo

i � DCp
p=DCo

p � ��x 2 A�=�1002 A�� �2�

whereDHp
i andDCp

p are the experimental not-normalised
DSC values of a sample containingx weight percent LC;
DHo

i andDCo
p refer to the pure LC. On this basisA andx 2 A

indicate the weight percent of LC dissolved in the matrix
and contained within the separated microdroplets, respec-
tively; values ofA can be derived from theX-axis intercept
of the plots ofDHp

i or DCp
p vs. LC content [17]. TheDCp

p
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Fig. 1. SEM micrograph of the fracture surface of the film PS/E7 70/30 w/w
(toluene,tev � 8 h�:

Fig. 2. Gordon–Taylor curve for homogeneous mixtures PS/E7 (black
points refer to experimental values of Table 4, blank points to experimental
values on PS/K15 mixtures).

Fig. 3. Incremental increase in specific heat of free liquid crystal at the glass
transition (DCp

p E7) vs. E7 concentration for PS/E7 (black points) and PB/
E7 (blank points).

Fig. 4. SEM micrograph of the fracture surface of the film PS/E7 60/40 w/w
(toluene,tev � 72 h�:
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Table 5
Calorimetric analysis on films of SBS 6302 and its mixtures with E7.DCp andDHi are normalised to the real content of the PS–PB fractions and E7 in the
mixture

% E7 Solvent tev (h) Liquid crystal E7 PB PS

Tg (8C) DCp (J/g K) Ti (8C) DHi (J/g) Tg (8C) DCp (J/g K) Tg (8C) DCp (J/g K)

– T 8 – – – – 286 0.40 59 0.20
– T 72 – – – – 285 0.28 67 0.33
– T 624 – – – – 284 0.46 62 0.20
– T 792 – – – – 284 0.42 63 0.33
– CE 8 – – – – 286 0.31 54 0.23
– CE 72 – – – – 286 0.44 64 0.23
– CE 312 – – – – 286 0.32 60 0.30
– CE 720 – – – – 280 0.34 62 0.30

20 T 8 nda nd – – 286 0.35 27 0.42
20 T 72 nd nd – – 286 0.45 28 0.38
20 CE 8 256 0.10 – – 283 0.39 28 0.40

30 T 8 259 0.07 – – 284 0.47 27 0.51

40 T 3 257 0.16 – – 284 0.45 27 0.86
40 T 8 258 0.20 – – 285 0.50 26 0.70
40 T 20 257 0.22 – – 285 0.52 27 0.78
40 T 72 258 0.18 – – 286 0.47 27 0.70
40 T 168 257 0.15 – – 284 0.60 25 0.78
40 T 312 257 0.13 – – 285 0.55 27 0.55
40 T 360 258 0.13 – – 285 0.48 26 0.72
40 T 480 258 0.08 – – 285 0.55 26 0.89
40 CE 8 258 0.15 – – 286 0.60 24 0.79

50 T 8 257 0.28 59 2.4 285 0.43 26 nd

100 – – 257 0.42 60 3.9 – – – –

a Not easily detectable.

Table 6
Calorimetric analysis on films of SBS 176 and its mixtures with E7.DCp andDHi are normalised to the real content of the PS–PB fractions and E7 in the
mixture

%E7 Solvent tev (h) Liquid crystal E7 PB PS

Tg (8C) DCp (J/g K) Ti (8C) DHi (J/g) Tg (8C) DCp (J/g K) Tg (8C) DCp (J/g K)

– T 72 – – – – 286 0.32 64 0.11
– CE 72 – – – – 285 0.24 62 0.16

20 T 8 260 0.15 – – 285 0.45 35 0.35
20 T 72 260 0.16 – – 285 0.51 36 0.36
20 CE 8 260 0.15 – – 284 0.53 35 0.39
20 CE 72 262 0.13 – – 285 0.50 35 0.36

40 T 3 255 0.15 – – 282 0.40 32 0.50
40 T 8 258 0.18 – – 284 0.49 30 0.50
40 T 24 257 0.18 – – 284 0.44 31 0.45
40 T 72 258 0.16 – – 285 0.48 31 0.48
40 T 480 257 0.12 – – 284 0.39 29 0.40
40 CE 3 257 0.20 – – 285 0.44 31 0.52
40 CE 8 257 0.18 – – 284 0.48 28 0.42
40 CE 72 256 0.20 – – 281 0.60 27 0.30

50 T 8 258 0.26 53 2.0 285 0.40 26 0.22

100 – – 257 0.42 60 3.9 – – – –



plot for our samples is given in Fig. 3; values ofA of about
27 and 4% in PS and PB, respectively, are deduced.

A film of composition PS/E7 60/40 w/w obtained by a
longer solvent evaporation time (72 h) shows values ofDCp

andDHi of E7 comparable with those of Table 4, in agree-
ment with its morphology (Fig. 4), which indicates the
presence of LC microdomains. However, a higher hetero-
geneity of domain size and a reduction of domain number,
probably due to coalescence phenomena, are evident here.

3.2. EUROPRENE SOL T 6302 and 176

3.2.1. DSC analysis
The results of DSC analysis on films based on EURO-

PRENE SOL T 6302 and 176, as a function of composition,
solvent and evaporation time, are collected in Tables 5 and
6, respectively. Calorimetric parameters of pure copolymers
are substantially independent of the preparation procedure.
The glass transition of the PB blocks appears at about
2868C (DCp is close to 0.3–0.4 J/g K) and that of the PS
blocks is around 638C (DCp in the order of 0.2–0.3 J/g K);

however, films prepared by the shortest evaporation time
(8 h) show the lowestTg values.

Tg of the styrene blocks of SBS 6302 samples containing
20–50% E7 is reduced to about 268C (Table 5), indepen-
dently of evaporation time and solvent, because of the plas-
ticizing effect due to the high solubility of E7 in this
component; the associated heat capacity changeDCp

increases with liquid crystal content approaching 0.8 J/g K
at high E7 concentrations.

Samples of SBS 176 (Table 6) containing 20% E7 show
Tg of PS at 358C, with associatedDCp of about 0.36 J/g K;
when 40% E7 is present this temperature further decreases
to about 308C andDCp approaches 0.5 J/g K. Only for the
mixture containing 50% LCTg of the styrene blocks
approaches the value corresponding to the solubility limit
of E7 in homopolymeric PS (268C). The different depen-
dence ofTg of the PS blocks of the two copolymers on the
LC content could be ascribed to their different molecular
weight (Table 1); in other words,Tg of PS of SBS 176/E7
mixtures is probably higher owing to the increased length of
PS segments and to their lower miscibility with E7. The
glass transition of the diene blocks, as expected, is substan-
tially unaltered by the mixture composition; data show only
a certain increase ofDCp. Also, in this case the nature of
solvent and its evaporation rate do not significantly affect
glass transitions of the two constituent blocks.

The presence of separated E7 domains in both copoly-
mers is revealed by the LC isotropisation only on the 50%
mixture and by the LC glass transition on all samples incor-
porating 20–50% LC. The E7 glass transition is almost
constant at2588C; DCp of E7 grows with its content in
the mixture, it is substantially unaffected by the solvent
used but decreases on lowering the evaporation rate.

The calculation of the solubility limitA of E7 in SBS
6302 and 176, made on the basis of the solubility limits of
the LC in pure PS (25%) and PB (4%), gives 11.4 and
16.8%, respectively. The plots of experimental not-normal-
isedDCp

p vs. E7 percentage in the mixtures are given in Fig.
5a and b; the dashed lines drawn between the limits of
DCp

p � 0 J=g K for E7� 11:4 or 16.8% and DCp
p �

0:42 J=g K for E7� 100%; do not fit the experimental
values derived by DSC analysis, indicating that the amount
of segregated LC in the films is lower than expected. This
aspect cannot be discussed on the basis of bothDCp andDHi

variations with the composition because of the unattainable
determination ofDHi for most of the samples owing to its
small entity and partial overlapping on the glass transition of
the styrene blocks. From the only available data (50%
mixtures) the fractiona of LC contained within the micro-
droplets [17,18]

a � DHi =DHo
i � DCp=DCo

p �3�
appears to be 0.62 (fromDHi) and 0.67 (fromDCp) for
samples based on SBS 6302; 0.51 (fromDHi) and 0.62
(from DCp) for SBS 176 blends. The partial overlapping
of the glass transition of the styrene fraction with the E7
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Fig. 5.DCp
p E7 as a function of the LC content in the mixture: (a) SBS 6302;

and (b) SBS 176 (toluene,tev � 8 h�: The dashed lines correspond to the
trends that can be foreseen on the basis of the calculated solubility limits.



isotropisation peak is probably the reason for the observed
increases ofDCp of PS with the LC content.

Mixtures of SBS 6302/E7 (20, 30, 40 and 50% E7),
prepared by very fast evaporation of toluene�tev , 0:4 h�;
display matrix calorimetric parameters very similar to those
shown in Table 5; as regards to the separated E7 itsTg

appears at2578C and DCp grows with the E7 content

from 0.12 to 0.15, 0.18 and 0.25 J/g K. The low molecular
weight of E7 controls the fast kinetics of phase separation; it
means that the evaporation time of 0.4 h is long enough to
induce segregation of the E7 amount exceeding its solubility
limit in the polymeric matrix.

3.2.2. Morphological analysis
SEM investigation evidences some aspects contrasting

with thermal characterisation results. Firstly films bearing
20% E7 exhibit fracture surfaces like those of the undiluted
matrix, suggesting lack of phase separation for this compo-
sition. As previously mentioned, samples for SEM analysis
undergo LC extraction in ethanol before sputtering with
gold; the lack of separated domains on the fracture surfaces
of 20% E7 samples could be the consequence of cavity
collapse after ethanol washing, induced by the small domain
size and the matrix physical characteristics.

The 40% mixtures based on SBS 6302 generate films with
isolated droplets (Fig. 6) and a dense superficial region
about 60mm wide (right side of the picture). The size and
number distribution of the domains vary along the film
thickness; droplets appear to become smaller and increase
in number upon moving towards the polymer–Teflon dish
interface (left side of the picture), as a consequence of E7
affinity for toluene. At intermediate evaporation rates larger
droplets of more heterogeneous dimensions, confined into
the central zone of the samples, are observed (Fig. 7a). At
the same time the film thickness decreases and holes appear
on the free surface (Fig. 7b), unlike samples prepared from
evaporation times up to 72 h. With very slow evaporation
rates�tev � 480 h� the film thickness shrinks considerably,
internal cavities disappear and holes are entirely confined to
the free surface (Fig. 8). On the other hand, a sample
prepared from toluene withtev � 8 h; if examined after a
few weeks, shows a reduced number of droplets in the
central region and dense superficial zones.

Fast evaporation rate from toluene solutions of SBS 6302
with 50% LC produces PDLC films with numerous small-
sized LC domains (Fig. 9). On lowering the E7 content from
40–50 to 30 and 20% the number of domains strongly
decreases; however, few of them of very small dimension
(mean diameter 0.5mm) can be identified also in the film
incorporating 20% E7.

SEM analysis of fracture surfaces of SBS 176/E7 films
underlines a few aspects somehow different from both DSC
results on these copolymer composites and morphology of
SBS 6302-based blends. Separated E7 domains cannot be
identified in samples with 20% E7; on increasing the LC
content very irregularly shaped holes appear and their distri-
bution along the sample thickness is strongly dependent on
the solvent evaporation rate, as for copolymer 6302. High
and intermediate evaporation rates generate elongated
cavities and a narrow dense superficial region (Fig. 10);
very low rates originate dense bulk structures and holes
confined to the free surface, as shown in Fig. 8. Ageing of
samples prepared at intermediate rates, as already noted for
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Fig. 6. SEM micrograph of the fracture surface of the film SBS 6302/E7 60/
40 w/w (toluene,tev � 8 h�:

Fig. 7. SEM micrographs of the: (a) fracture; and (b) free surfaces of the
film SBS 6302/E7 60/40 w/w (toluene,tev � 312 h�:



SBS 6302, strongly reduces the droplet number along the
film thickness and confines them on the free surface (Fig.
11). The nature of the solvent, ineffective on thermal proper-
ties and on morphology of SBS 6302, plays a certain role on
the geometry of the domains dispersed in the SBS 176
matrix: indeed, by replacing toluene with cyclohexane,
cavities develop into more regular and spherical shapes
(Fig. 12).

In order to justify the dependence on evaporation rate of
domain distribution along the film thickness, solvent selec-
tivity and critical surface tension of the system components
can be taken into account. During film casting the surface
layer is formed first and, if ordered structures are created,
these propagate from the top inwards [13,20,21]; selective
solvents cause surface enrichment of the most soluble
species [13,22]. The investigation by TEM of the free
surface morphology of styrene–diene diblock copolymers
indicates that, to obtain rapidly an equilibrium free surface,
the difference between critical surface tensions of the two
blocks must be greater, the higher the affinity between the

casting solvent and the block with the higher critical surface
tension (PS) [13]. Values ofg c reported for PB and PS
homopolymers (28.5 and 33.5 mN/m, respectively) [13]
suggest that the component with the lower critical surface
tension (PB), on lowering evaporation rate, tends to cover
the external surface giving rise to a top layer of the elasto-
mer block. The E7 value ofg c is not known; however, it
could be approximated to the K15 value (28 mN/m) [23,24],
very close to that of PB blocks. The complex chain connec-
tivity in triblock copolymers imposes severe limitations to
the degree of freedom of molecules. In the bulk, self-assem-
bling of blocks generates microdomains of definite geome-
try and spatial organisation [9,10,25]; during the formation
of the solid surface the preferential affinity of the PS blocks
to toluene causes the earlier precipitation of the PB blocks,
while the PS ones are pushed towards the free surface [13].
The attainment of equilibrium morphology through reorga-
nisation of non-equilibrium states will be slowed down,
being the tendency of the PB block to occupy the poly-
mer–air interface hindered by the higher affinity of the PS
blocks for the solvent. On this basis it seems reasonable to
interpret SEM results as a function of toluene evaporation
rate in terms of E7 migration from separated domains
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Fig. 8. SEM micrograph of the fracture surface of the film SBS 6302/E7 60/
40 w/w (toluene,tev � 480 h�:

Fig. 9. SEM micrograph of the fracture surface of the film SBS 6302/E7 50/
50 w/w (toluene,tev � 0:4 h�:

Fig. 10. SEM micrograph of the fracture surface of the film SBS 176/E7 60/
40 w/w (toluene,tev � 72 h�:

Fig. 11. SEM micrograph of the fracture surface of the film SBS 176/E7 60/
40 w/w aged for 2 months (toluene,tev � 8 h�:



towards the free surface, favoured by the LC low molecular
weight and lower surface tension and by the slowed attain-
ment of the matrix equilibrium morphology.

Another phenomenon involved in the arrangements of the
block chains [13] is the different diffusion rate of the solvent
(and probably of the liquid crystal) molecules through the
segregated phases, which induces a faster diffusivity of low
molecular weight molecules through PB (that embeds the
majority of separated LC domains) than through PS micro-
domains, because of the much higher free volume of PB.
The thickness decrease observed on films obtained by low
evaporation rates can be attributed to the loss of E7 after its
migration to the free surface. The presence of a higher
number of LC domains in CE-cast films can be explained
by considering that, in this case, the block with the lower
critical surface tension (PB) is more soluble; therefore, both
g c and solubility favour the formation of the equilibrium
top-layer. In other words in this case the LC amount moving
towards the free surface would be lower than that found on
the surface of toluene-casted films.

The dependence of domain shape on both the copolymer
segment ratio and the solvent nature can be discussed taking
into account the peculiar characteristics of the SBS
matrices. In SBS 6302 the LC separates as approximately
spherical droplets surrounded by the polymer, to minimise
the interfacial free energy; in the case of composites made
of SBS 176, LC domains are irregularly shaped and SEM
analysis suggests an aggregation structure made of contin-
uous LC ramifications in a three-dimensional polymer
network. Higher interactions between E7 and SBS 176,
with respect to E7 and SBS 6302, arise from the greater
PS content and the lower molecular weight of the PB blocks
of this copolymer that overcome the contrasting effect of the
higher molecular weight of the PS blocks. The use of a
solvent preferential for PB (CE) maintains the co-continu-
ous LC/polymer aggregation structure, even if it affects
slightly the shape of the domains.

TEM morphological analysis on films of SBS 6302 and
176 has been carried out to inquire on the role played by the
molecularly dispersed LC on the matrix morphology and to
investigate better the shape and distribution of separated LC
domains. As expected on the basis of their composition
[9,10], pure SBS 6302 evidences a cylindrical morphology,
whereas pure SBS 176 exhibits alternated lamellae. The
higher solubility of E7 in the PS fractions slightly affects
the volume ratio of the two polymeric phases; as a conse-
quence the composition of SBS 6302 becomes 35% PS–
65% PB and that of SBS 176 61% PS–39% PB. In spite
of this effect films bearing 20 and 40% E7 maintain the
original cylindrical or lamellar morphology (Figs. 13a and
b, 14a). Two populations of white particles are present in all
freshly prepared samples. The smaller particles (mean
diameter in the order of 0.1–0.15mm) refer to homopoly-
meric PS present as impurity in the two commercial samples,
the larger are due to LC domains, since the E7 components
do not react with the staining osmium tetraoxide. The size of
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Fig. 12. SEM micrograph of the fracture surface of the film SBS 176/E7 60/
40 w/w (cyclohexane,tev � 8 h�:

Fig. 13. TEM micrographs of ultrathin sections of films SBS/E7 80/20 w/w:
(a) 6302; and (b) 176 (toluene,tev � 8 h�:



the latter particles strongly depends on the E7 content in
the mixture, with mean diameters of about 0.4 and 1.3mm
in 20 and 40% E7 samples, respectively, in accordance
with SEM analysis. The increased LC amount in the mixture

also affects the number of domains per unit area. In SBS
6302-based films the droplets are non-spherical; their
shape may be approximated by ellipses with major
axes randomly distributed in the plane and more or less
irregular boundaries. Such a distortion could be a result of
strain arising from the matrix solidification process during
solvent evaporation and/or of anisotropic polymer/LC
interactions.

These morphological observations refer to samples
prepared by toluene casting with fast evaporation rates
(from a few minutes to 8 h) and analysed in about 2 days.
A sample bearing 40% E7 (toluene, 8 h), prepared for TEM
investigation after 2 months at room temperature, exhibits a
considerably different result, since LC domains are no more
detectable (Fig. 14b). This is in a good agreement with SEM
observations, which suggest the migration of segregated LC
towards the polymer–air interface during ageing, due to its
low molecular weight and critical surface tension and its
favoured diffusivity through the PB phase.
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Fig. 14. TEM micrographs of ultrathin sections of films SBS 6302/E7 60/40
w/w: (a) as-prepared sample; and (b) sample aged for 2 months (toluene,
tev � 8 h�:

Table 7
Calorimetric analysis on films of SIS 575 and its mixtures with E7 (solvent:
toluene,tev: 8 h).DCp andDHi are normalised to the real content of PS-PI
fractions and E7 in the mixture

% E7 Tg PI/E7 (8C) DCp PI/E7 (J/g K) Ti E7 (8C) DHi E7 (J/g)

0 259 0.18 – –
20 258 0.35 – –
40 258 0.36 nda nd
60 259 0.37 61 3.1

100 257 0.42 60 3.9

a Not easily detectable.

Fig. 15. SEM micrographs of the fracture surface of the film SIS 575/E7 60/
40 w/w (toluene,tev � 8 h�:

Fig. 16. SEM micrograph of the fracture surface of the film SIS 575/E7 80/
20 w/w (toluene,tev � 8 h�:



3.3. SIS 575

The DSC results on films obtained from toluene with
evaporation time of 8 h are given in Table 7. The glass
transitions of the PI segments and of the LC occur at the
same temperature;Tg of PS is undetectable and E7 isotro-
pisation clearly appears only in the 60% mixture. Hence,
calorimetric analysis is inadequate to determine the fraction
of LC within the separated domains; from the only available
value ofDHi a [17,18] can be evaluated to the order of 0.8,
suggesting a low solubility of E7 in the SIS matrix. This
agrees with the results of SEM investigation that evidence a
homogeneous distribution of droplets of regular size (2–
3 mm) and shape (Fig. 15) for samples bearing 40 and
60% E7. Moreover, the occurrence of a better phase separa-
tion in this system is confirmed by the presence of LC
domains in a film of composition SIS 575/E7 80/20 (Fig.
16). The different phase separation of these composites, as
appears from the comparison with Fig. 6, originates from
the lower affinity between the casting solvent and the elas-
tomeric block (see Table 3): due to the smaller styrene
content and to the use of a poor solvent the polyisoprene
segments come out of the solution faster. This phenomenon,
together with the reduced interactions between PI and E7
(see Table 3), could justify the occurrence of a higher degree
of phase separation with a more regular periodicity of the
resulting structure and a thinner dense surface layer
(10mm), compared with that (60mm) observed for the
SBS 6302/E7/60/40 film, as shown in Fig. 6.

3.4. Mixtures with K15

Films incorporating the single LC component K15 have
been obtained from toluene with an evaporation time of 8 h;
homopolymer PS and copolymers SBS 6302 and SIS 575
have been used as embedding matrices. Thermal analysis on
PS-based samples bearing up to 40% K15 reveals a decrease
of the matrix glass transition up to 25–30% K15, as shown
in Fig. 2 and confirmed by SEM observations, which do not
show any separated LC domains.

A film of SBS 6302/K15 80/20 shows PB and PS glass
transitions at286 and 308C, respectively. Increasing the
K15 content up to 40% the presence of the separated
domains of LC is revealed by its glass transition at2618C
�DCp , 0:05 J=g K�; followed by an exotherm due to the
cold crystallisation, and by the melting peak�Tm �
25:28C; DHm , 10 J=g�; K15 isotropisation and PS glass
transition cannot be detected. From the area of the melting
peak it is possible to derive the repartition of K15 in the
blend between the matrix and the embedded domains, which
results in 34 and 6%, respectively. The small amount of
separated K15 shown by DSC is confirmed by SEM analy-
sis, which, unlike blends containing E7, shows a more
heterogeneous distribution of irregularly sized and shaped
microdroplets.

DSC tests on films based on SIS 575 and 40% K15 show

only one glass transition temperature at2578C due to both
PI fraction and K15; the occurrence of phase separation is
revealed by the K15 melting peak at 258C �DHm , 23 J=g�:
In this case the area of the melting peak indicates that 27%
of K15 acts as a matrix plasticiser and 13% forms separated
domains; SEM analysis displays a quite dense homogeneous
distribution of droplets of regular shape and size (2–5mm).

The above results are not surprising since they underline,
together with the better phase separation already observed in
SIS 575/E7 systems, a slightly higher solubility of K15 in
the polymeric matrices. Indeed, gas chromatography of an
LC contained within the droplets of a composite has proved
that the different constituents of an LC mixture do not have
the same solubility [26,27]; lower molecular weight compo-
nents, bearing shorter alkyl tails, are more soluble in the
polymer; thus, the composition and the electro-optical prop-
erties of a LC mixture are often altered.

4. Concluding remarks

As generally observed for composite films prepared from
thermoplastic matrices by solvent or thermally induced
phase separation methods [28,29], the added LC mainly
acts as a plasticiser, lowering the matrix glass transition
temperature. Such an effect, reducing the amount of segre-
gated LC, gives rise to systems of poor technological inter-
est when the fraction of molecularly dispersed LC exceeds a
reasonable value. This is the case of composites based on
styrene–diene triblock copolymers, since the high solubility
of E7 in the fraction of hard segments reduces their upper-
service temperature. LC migration towards the polymer–air
interphase can be supposed to be quite a general problem for
PDLC layers not confined between the supporting
substrates; however, in styrene–diene matrices, the
phenomenon is enhanced by the strong downfall of the
glass transition temperature of the hard phase. PS microdo-
mains soften at room temperature and cannot act anymore as
physical crosslinks for the rubbery blocks; then the compo-
sites behave like not-vulcanised rubbers, making it impos-
sible to study their transparency under unidirectional
stretching.

In spite of this fundamental aspect we carried out the
analysis on the phase separation behaviour of these systems
since some of the effects previously discussed appear to be
interesting for a better understanding of the phase separation
mechanism in complex matrices and of the role played on
the structure of the composite by specific polymer–LC
interfacial interactions.

Because of the unique characteristics of thermoplastic
elastomers as matrices for studying optical anisotropy in
stretched PDLC films and the excellent phase separation
shown by polydienes, promising materials for achieving
suitable elastomer–LC composites can be multiblock poly-
mers with crystalline hard segments and amorphous soft

B. Valenti et al. / Polymer 42 (2001) 2427–2438 2437



segments, both made of polyolefins. Research on this
subject is in progress.
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