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On the interaction of the morphological structure and the L.C
behaviour of LC side group block copolymers

by H. FISCHER*, S. POSERYt and M. ARNOLD¥
H. H. Wills Physics Laboratory, University of Bristol, Tyndall Avenue, Royal Fort, Bristol, BS8 1TL, England

{(Received 26 June 1994, accepted 27 July 1994)

The interaction between morphological structure and phase behaviour of a LC side group
block copolymer has becn investigated using DSC, TEM and small angle X-ray diffrac-
tion. All samples of Polystyrene-block-2-(3-cholesteryloxycarbonyloxy)ethyl methacrylate
(PS-b-PChEMA) show a phase separation between the two blocks. It was found that in the case
of those samples where the liquid crystalline sub-phase is not continuous (spheres), only a
nematic phase is seen, whereas in all samples in which there is a continuous liquid crystalline
sub-phase, the smectic A phase of the homopolymer is formed. On the other hand, the block
copolymer scems to stabilize the LC phase; no dependency of the clearing temperatures on the
molecular weight of the 1.C blocks has been observed.

1. Introduction

Block copolymers composed of incompatible block
segments form in general a micro-domain morphology in
the solid state. In this class of polymers it is possible to
combine the properties of two completely different
polymers with no macroscopic phase separation occur-
ring. Owing to the chemical link between the non-
compatible polymers, the phase separation is limited to a
microscopic scale, and is dependent on the thermo-
dynamic interaction parameter y, on the temperature, on
the molecular weights of the constituent block chains
and on the volume fraction of the different blocks [1-7].
Several different morphologies have been predicted and
observed. These morphologies are spheres in a cubic
lattice or rods in a hexagonal lattice embedded in the
matrix of the other component of the block copolymer or
lamellae of both. Recently, ordered bicontinuous mor-
phologies (OBDD) were also found [8-13]. It is even
possible to observe other structures like catanoid lamel-
lae and hollow cylinders [14].

A different way, to obtain structured non-crystalline
materials, is by the synthesis of liquid crystalline
polymers. Therefore, in the past 20 years a major interest
has been in the synthesis of main chain or side group
polymers and the understanding of the principles of their
structuring with respect to the molecular shapes of the
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mesogenic units. If one of the blocks in a block co-
polymer is now a liquid crystalline (LC) side group
polymer, the structures of the resulting polymers will be
influenced by two different structuring effects. On the
one hand, the immiscibility of the blocks should cause a
phase separation, but on the other hand, the nematic
director of the mesogenic units in the LC sub-phase
should force a spontaneous orientation of the mesogenic
groups. Adams et al., first reported a synthesis of block
copolymers with a LC side group polymer block, using a
polymer analogous reaction [15]; meanwhile other syn-
thetic methods such as group transfer polymerization
[16], photopolymerization of LC methacrylates [17] and
ring opening metathesis polymerization [18] have been
reported. Also living cationic [19] and anionic polymeri-
zation [20] have been used successfully to synthesize this
type of polymer.

Recently, we reported experiments concerning block
copolymers with one or two amorphous block(s) involv-
ing polystyrene (PS) and a liquid crystalline block,
poly-2-(3-cholesteryloxycarbonyloxy)ethyl methacrylate
(PChEMA); PS-b-PChEMA as a diblock copolymer [21]
is shown in figure 1 and PChEMA-b-PS-5-PChEMA) is
a triblock copolymer [22]. There, phase separation has
been proved using DSC, and the morphology displayed
was investigated using small angle diffraction methods
and transmission electron microscopy (TEM) [21-23].
The liquid crystalline behaviour has been evaluated
with the help of X-ray diffraction, polarized optical
microscopy (POM) and DSC. Initial investigations
on the AB type copolymers Polystyrene-b-2-(3-
cholesteryloxycarbonyloxy)ethyl methacrylates (PS-b-
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PS-block

Figure 1. Structure of the block copolymers.

PChEMA-block

PChEMA) and Polybutadien-b-2-(3-cholesteryloxy-
carbonyloxy)ethyl methacrylates (PB-5-PChEMA) sug-
gested an influence of the amorphous block on the phase
structure of the LC-block, favouring lamellar structure
[24]. Tt is the aim of this paper to study the influence of
the morphology of the block copolymer on the phase
structure of the LC-block. Questions of interest are also:
is LC behaviour and phase separation observable in
these block copolymers? Is there an interaction between
the structure of the LC sub-phase and the morphology of
the block copolymer? Are therc new morphological
structures due to the interaction between the block
structure and the liquid crystalline structure present? We
are interested further in the interaction between the
block morphology displayed and the phase structure of
the LC sub-phase. Also the orientation of the mesogenic

Dpg <0.3 03 -04
PS-rods

morphology PS-spheres

0-3 0-3-0-4

units with respect to the orientation of the morphological
structure will be studied.

2. Experimental

The synthesis of the diblock and triblock copolymers
polystyrene-block-2-(3-cholesteryloxycarbonyloxy)ethyl
methacrylates (PS-5-PChEMA and PChEMA-H-PS-b-
PChEMA) has been described elsewhere [21,22]. The
polymers were freed from residual monomeric LC using
HPLC equipment from Knauer. Thermal behaviour was
observed using a Perkin-Elmer DSC 7 with heating and
cooling rates of 10K min !, X-ray studies were carried
out using an Eliott GX 21 with copper target, combined
with a Rigaku Denki small angle film camera and a
Siemens Area Detector X-100 in conjunction with a PC
for collecting, storing and analysing the images. For the
TEM studies a Phillips EM 301 was used. The prep-
aration techniques for the samples for the TEM, DSC
and X-ray studies have been described previously [22].

3. Results and Discussion

The morphology displayed by block copolymers has
been well studied in the system PS-4-PB and is mainly
dependent upon the volume fraction of the two blocks.
The scheme for the morphologies is, as described by
Bates and Frederickson, a sequence of spherical, rodlike
hexagonal, double diamond and lamellar phases [13].
The diblock and triblock copolymers described in our
study display a significantly different scheme of morpho-
logies (see figure 2 (@) and (b), and the table). The known

04-07 >0.7
lamellae PChEMA-spheres

04-0-7

Figure 2. {a) Schematical representations, () TEM photographs of the observed morphologies.



10: 23 26 January 2011

Downl oaded At:

LC side group block copolymers 505

Molecular weight, PS volume fraction, molecular weight distribution and thermal data for the block copolymers synthesized.

Sample M,PS M Copol. &y D Phase behaviour/°C Morph. (TEM)
PS 1-00 gl021
Homopolymerers PChEMA
PChEMAI 14700 0-00 1-00 g 935,1251
PChEMA? 19500 0-00 1-07 g 98 S, 1451
PChEMA3 61000 0-00 1-05 g 109 S, 1941
PChEMA4 86000 0-00 1-12 gl13 S, 2041
PChEMAS 250000 0-00 190 g126 S, 2131
Diblock copolymerers PS-PChEMA
53 57500 73200 0-78 1-07 g 105 gl26 N 1881 PChEMA-spheres
55 48300 71000 0-67 1-07 g101 gl126 S,1871 lamellae
57 62200 109000 0-56 1-11 g 103 SA 1971 lamellae
59 51000 133000 0-37 1-11 g103 gl26 §,2021 PS-rods
78 20400 64000 0-30 1-03 g 91 g120 S, 1891 PS-spheres
82 18400 111000 0-16 t-1t gl00 glI27 S,2001 PS-spheres
75 10100 63000 0-15 1-18 g 91 g123 S, 1981 PS-spheres
61 25000 202000 0-11 1-10 gl02 gl125 S,1991 PS-spheres
Triblock copolymers PChEMA-PS-PChEMA
DB 2 29100 54300 0-53 1-15 g100 gl19 S, 1901 lamellae
DB 4 22200 77300 0-29 1-15 gl0ol  gl17 S, 1841 PS-rods
DB 7 25600 75000 0-33 120 g102 gl18 S, 1991 PS-rods
DB 5 22600 64000 0-35 [-15 g 98 glI8 S,1861 PS-rods
DB 6 24000 43000 0-55 1-20 gl101 glI18 S, 1831 lamellae
DB 8 21000 29000 0-70 1-05 g 98 gll18 N 193 | PChEMA-spheres
DB 9 26000 29000 0-88 1-04 g 98 N 1941 PChEMA-spheres
DBI10 20000 87000 0-22 1-47 g103 gl118 S, 2011 PS-spheres
DBI11 34000 57000 0-59 1-25 g 99 gl20 S,1941 lamellae
DBI12 52000 78000 0-66 1-12 g 95 gl19 S, 1801 lamellae
DBl14 26000 45000 0-57 113 g 93 glI8 S,1971 lamellae
DBI5 37700 53500 0-70 1-09 gl03 glle S,2001 lamellae
DB16 54400 68000 0-77 1-09 g 93 g N 1941 PChEMA-spheres
DB17 21000 23000 0-90 1-10 g B ¢ N 1841 PChEMA-spheres
DBI18 37000 42000 0-88 1-26 g 92 g N1951 PChEMA -spheres
DB19 51200 53000 0-96 1-08 g 98 g I PChEMA -spheres
DB20 22700 26700 0-84 1-06 g 9% g N 1861 PChEMA -spheres
DB21 34700 37000 0-93 1-07 g 98 g N 1941 PChEMA-spheres

morphologies are observed in copolymers with small
volume fractions of polystyrene ¢ps. However, if the
volume fractions of polystyrene increase to (-6 < gy
< (-8, no cylindrical phase has been observed. We have
found rather a direct transition from a lamellar to a
spherical morphology (see figure 3). It appears that the
dividing lines of the areas with spherical morphologies
are very well defined due to the fact that on both lines
there are two data points for samples showing both
morphologies. Considering a symmetric phase diagram,
the area of the hexagonal phase of PChEMA is obviously
occupied by the lamellar phase (see figure 3). This is
understandable if one takes the structure of the sub-
phase into account. The open circles represent a nematic
structure of the sub-phase, whereas the filled symbols
represent the smectic A phase of the sub-phase. There is
obviously an interaction between the phase formation of

the LC sub-phase and the morphology. It seems that the
LC-spheres embedded in the PS matrix are too small to
realise a smectic layered structure. The dimensions of the
sub-phases, being only 200 A in a spherical sub-phase,
mean that only a few layers of the liquid crystalline
structure (45 A thick) should be present. This is clearly
not enough for a smectic phase to form. Curvature of the
spheres may also play an important part in this effect.
Therefore, a new structure—chiral nematic—of the LC
sub-phase is introduced due to the morphology.

With a volume fraction of ¢pgx0-6-0-7 a cylindrical
structure of the LC sub-phase may be expected. It may
well be that the energetic differences between lamellar
and hexagonal phascs is smaller than the difference in
energy terms between a nematic and a smectic structure.
On the other hand, the formation of the thermodynami-
cally stable smectic A phase in the sub-phase is ener-
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Figure 3. Phase diagram of the observed block copolymers.

getically more favourable than the formation of an
equilibrium morphology. In those samples, where the
liquid crystalline sub-phase is not continuous (spheres),
only a nematic phase is seen, whereas in all samples, in
which there is a continuous liquid crystalline sub-phase,
the smectic A phase of the homopolymer is formed. A
smectic phase can only be realised in continuous sub-
phases like the lamellar or matric phases, not in rods or
spheres of the LC sub-phase with a very small diameter
compared to the layer spacing. Therefore lamellar mor-
phology will be displayed. The influence of the sub-phase
on the morphology is stronger. A similar picture was
observed with respect to the morphology consisting of
PS-rods embedded in a PChEMA-matrix. Here a tetra-
gonal arrangement of the rods has been found instead of
the hexagonal structure known from the system PS-5-PB
[23]. This structural change may also be produced due to
the interaction between morphological structure and
phase behaviour of a LC side group block copolymer.
Small angle X-ray studies of oriented samples should
provide some information about the orientation of the
smectic layers in the sub-phase with respect to the
morphology. The results are shown in figure 4. The inner
reflections are caused by the phase separation of the two
blocks and indicate the orientation of the morphological
structure. The outer reflections show the orientation of
the smectic layers, where the orientation of the meso-
genic units is perpendicular to the layer orientation [21].
Two principal pictures have been observed. In the case of
PS-spheres and PS-rods embedded in the LC side group
polymer matrix, the orientation of the morphology is
parallel to the orientation of the smectic layers of the
matrix; in other words, the LC side group polymer is
orienting like a homopolymer; the element which
responses to the shear is the liquid crystalline matrix. The

()

¢

(h)

Figure 4. Small angle X-ray diffraction pattern of (a) sample
DB 7 (PS-rods), () sample DB11 (lamellar morphology).

mesogenic groups are perpendicular to the morpho-
logical elements and a deformation of the PS-spheres
into ellipsoids occurs. A completely different behaviour
was observed for samples with lamellar morphology.
Here the orientation of the smectic layers is perpendicu-
lar, as already described previously [25]. We believe that
here the element of the structure which responds to the
shear field is the morphological element, contrary to that
for the samples described before (see figure 5).

Studies have been carried out to obtain information
about the width of the interface. It was found previously,
that the thickness of the interface between the phase
separated blocks of polystyrene-b-isoprene block co-
polymers (about 2nm) is independent of the molecular
weight of the block components [26] and of the volume
fraction of both block components [27]. Anastasiadis et
al. [28], described the system polystyrene-b-methyl meth-
acrylate, and they also found that the interfacial thick-
ness (5nm) was not dependent on the molecular weight
of the block copolymers. Similar results have been found
in our system (see figure 6). It was possible to stain the
interface selectively using very short staining times
(5min) [29]. The thickness of the interface (2-54 1 nm)
was found to be independent of the morphology and of
the molecular weight of both blocks. This small value for
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Figure 5. Schematic representation of the orientation of the
morphology and the smectic layers in the sub-phase for (@)
PS spheres or PS rods embedded in a PChEMA matrix
and (b) lamellar morphology.

Figure 6. TEM picture of sample 72; lamellar morphology.

the interface agrees with the observations obtained from
the oriented samples. A much larger interface should be
expected for a parallel orientation of the smectic layers to
the lamellae in the samples with lamellar morphology.
This is because of back folding of the polystyrene blocks
from the chains coming from middle of the 200 A thick
lamellae, which clearly occurs. Also, it would be hard
to realise a smectic structure with only 4-5 layers in the
case of a parallel orientation of smectic layers and
lamellae. Different again is the case for PS-spheres and
PS-rods; the distance between them is only about 100 A,
therefore a back folding may occur with no significant
increase of the interfacial thickness.

It is now obvious that the polymers described in this
study provide a good opportunity to study size effects on
the stability of microphases. Also the influence of sta-
bility is of interest. Adams et al., reported for their block
copolymers a quite substantial decrease of the transition
enthalpy at the clearing temperature of the LC sub-phase
compared with the homopolymers [15]. This was attri-
buted to a rather thick interface. With the small interface
observed in our system, a different behaviour should be
expected. Indeed, only a minor decrease of the transition
enthalpy at the clearing point has been registered for the
block copolymers with a smectic sub-phase (see figure 7).
The clearing enthalpy seems to be independent of the
molecular weight of the blocks and of the morphology.
The plot in figure 7 enables us now to distinguish
between the different structures of the sub-phase; a
significantly smaller transition enthalpy has been
recorded for the samples with a ¢ps>0-7 due to the lower
order in the nematic sub-phase [22].

A plot of the clearing temperatures against the mole-
cular weight of the LC block provides a surprising
picture (see figure 8). Contrary to the known behaviour
of the homopolymers [30], which show a strong depen-
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Figure 7. Transition enthalpies of the block copolymers at the
clearing point.
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Figure 8. Dependency of the clearing temperatures of the
homopolymers and block copolymers on the molecular
weight of the LC side group polymer block.

dency of the clearing temperatures on the molecular
weight, virtually no change in the clearing temperatures
for the block copolymers was observable. This result is
different from the findings of Bohnert er al. [20], who
reported a similar relationship for block copolymers as
for homopolymers. However, a difference might be that
Bohnert er al., used in their study block copolymers
which displayed only a nematic phase, and hence there
would not be such a strong interaction between morpho-
logy and LC sub-phase as in our system. The stabiliza-
tion effect on the clearing temperature, and hence on the
phase stability in our system may arise due to the
interaction between the interfaces formed by the phase
separation of the blocks and the LC sub-phase. It seems
that the morphological structure enhances the stability of
the LC sub-phase as long as this phase is able to form a
continuum.

4. Conclusions

The interaction between morphological structure and
phase behaviour of a LC side group block copolymer has
been investigated. It was found that in the case of those
samples where the liquid crystalline sub-phase is not
continuous (spheres), only a nematic phase is seen,
whereas in all samples in which there is a continuous
liquid crystalline sub-phase, the smectic A phase of the
homopolymer is formed. LC-spheres embedded in the PS
matrix are too small to realise a smectic layered struc-
ture. A new structure—nematic—of the LC sub-phase is
introduced due to the morphology. For volume fractions
of PS, ¢pg=0:6-0-7, a cylindrical structure of the LC
sub-phase was expected. The formation of the thermo-
dynamically stable smectic A phase in the sub-phase
seems to be energetically more favourable than the
formation of an equilibrium morphology. A smectic
phase can only be realised in continuous subphases like

the lamellar or matrix phases, and not in rods or spheres
of the L.C sub-phase with a very small diameter com-
pared to the layer spacing. Therefore a lamellar morpho-
logy was found for the samples with ¢pgx0:6-0-7. No
change of the clearing temperature with molecular
weight of the LC blocks for the block copolymers was
observable, contrary to the known behaviour of homo-
polymers. It seems, that the morphological structure
enhances the stability of the LC sub-phase as long as this
phase is able to form a continuum.

Note added in proof—We became aware of a commu-
nication describing a diblock copolymer and a triblock
copolymer with one liquid crystalline block (cf. Apams,
J., SANGER, J., TereuNE, C., and Gronskl, W., 1994,
Macromolec. rap. Commun., 15, 879) in which the di-
block copolymer displays a lamellar morphology. For this
polymer the same characteristics were found as in our
systems (transition temperatures independent from the
molecular weight of the LC block, orientation behaviour
of LC sub-phase and morphological element). However,
the triblock copolymer with PS spheres embedded in a
LC-matrix does not display as expected the equilibrium
structure of the LC sub-phase (smectic) but a nematic
phase, possibly due to impurities of the triblock
copolymer.
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