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Abstract

In side-chain liquid crystalline diblock copolymers, driving forces for ordering of the material may be provided by the chemical
incompatibility between the blocks and by the liquid crystalline nature of one of the blocks. We study the microstructure and its development
from initially isotropic solutions in side-group liquid crystalline copolymers based on styrene–isoprene diblocks. Hierarchical structure from
the 5 Å to the 500 Ålength scale is observed, the product of coherent block copolymer microphase separation and liquid crystalline
mesophase formation. The presence of cylindrical microdomains of either the poly(isoprene-LC) or poly(styrene) block markedly increased
the thermal stability of the LC. Confinement of the LC to cylindrical microdomains strongly inhibited defect formation within the mesophase
after suitable orientation and thermal treatment, readily manifested by the significantly improved optical clarity of these samples versus LC
matrix or LC lamellar samples. We consider the relative stabilities of parallel–transverse, perpendicular–parallel, parallel–parallel and
transverse–perpendicular arrangements of the microdomain and mesophase structures in interpreting the development of structure in these
materials under oscillatory shear.q 2000 Elsevier Science Ltd. All rights reserved.
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1. Background

Liquid crystalline block copolymers (LC BCPs) are a
relatively new class of polymers, of commercial interest
because of their broad range of applications, and of
academic interest since they permit the study of structure
formation under the influence of more than one driving
force. The physics of their ordering is analogous to that in
crystallizable block copolymers such as poly(ethylene-b-
styrene) or poly(ethylene-b-3-methyl-1-butene) [1]. The
formation of a liquid crystalline mesophase by one block
typically requires the presence of a mobile mesogenic group
in that block. Incorporation of liquid crystallinity into block
copolymers is possible via various synthetic routes, and
many different chain architectures such as segmented
main-chain, rod-coil and side-group liquid crystalline
block copolymers may be realized [2].

LC BCPs inherently possess a hierarchy of structure, with

order present on the 5, 50 and 500 A˚ length scales, corre-
sponding to the inter-mesogen, smectic layer and microdo-
main spacings, respectively. The manipulation of the
chemistry and processing of liquid crystals or block copo-
lymers to tailor their properties in some prescribed manner
is a desirable goal. The driving forces for mesophase forma-
tion and microphase separation may also be similarly
manipulated due to the tandem interaction of liquid crystal-
linity with microphase separation [3]. Interest in these mate-
rials is growing quickly, as their liquid crystallinity, coupled
to their ability to self-assemble, makes them attractive for
application to sensing and display devices based on their
electro-optic, mechano-optic, and thermo-optic properties.
Piezo-, pyro- and ferro-electric responses, for instance, can
be elicited from these materials [4–8].

The concept of a liquid crystalline block copolymer was
first fully realized by the synthesis by Percec and coworkers
[9] of poly(para-vinyl benzene ether-b-biphenyl acrylate)
and poly(para-vinyl benzene-b-4-methoxy-40-(ethoxy-(2-
ethoxy-(2-ethoxy))) biphenyl acrylate) based copolymers.
Shortly thereafter, Adams and Gronski [10] produced a
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styrene–butadiene diblock copolymer in which the buta-
diene block was side-functionalized with a cholesteryl
mesogen. The aim of their synthesis was to prepare liquid
crystalline phases of well defined shape and size so that the
influence of the size of the phase on the LC behavior as well
as the effect of the interface on the LC order in the boundary
region could be investigated [11].

A systematic study of the influence of liquid crystallinity
on microdomain structure and vice versa was conducted by
Fischer et al. who produced a series of copolymers based on
a cholesteryl functionalized ethyl methacrylate (PEMA)
blocked first with styrene (PS) [12,13] then later with
butyl methacrylate (PBMA)[14]. The homopolymer formed
using the cholesteryl functionalized methyl methacrylate
monomer displayed a smectic A structure. Using TEM
(transmission electron microscopy) and SAXS (small
angle X-ray scattering), in both types of copolymer systems
they observed lamellae, spheres and cylinders of both PS
and PBMA as well as spheres of the liquid crystalline block.
Notably, the occurrence of cylinders of the LC component
was not observed. In addition, a clear dependence of the

mesophase type on the microphase separated structure was
found. Specifically, the LC phase was nematic when
confined to the discontinuous spherical domains, and smec-
tic A otherwise. Clearly, the block copolymer morphology
on the 100–1000 A˚ length scale was influencing the LC
morphology on the smaller 10–40 A˚ length scale. The
anchoring condition of the mesogen with respect to the
IMDS (inter-material dividing surface) was not determined,
nor was the influence of spacer length explored. The noted
absence of the cylindrical LC phase, as one might expect, is
specific to the system and should not be universally
expected [2,15].

More recently, Hammond and coworkers [16,17] have
synthesized a styrene–methyl methacrylate diblock copoly-
mer in which the methyl methacrylate block is functiona-
lized with a chiral mesogen using spacers of 6 and 10 carbon
atoms. The mesogen in this case is based on a biphenyl
benzoate core. Here coincidence is found between the
order–disorder transition (ODT) and the LC isotropization
temperature for block copolymers with high LC content and
low molecular weight [7]. The situation is analogous to that
of crystallizable block copolymers in the weak segregation
limit in which microphase separation in driven by block
crystallization. Currently, the synthesis of LC functiona-
lized siloxane block copolymers is being pursued in an
attempt to realize a smectic Cp phase at room temperature.
This has been successfully accomplished for the siloxane
LC as well as for a series of block copolymers [18].

Work conducted collaboratively by the Ober (Cornell)
and Thomas (MIT) groups has focused on both LC rod-
amorphous coil block copolymers [19–23] and amorphous
side-group LC–amorphous coil block copolymers
[6,15,19,20,24], as well as fluorinated side group LC copo-
lymers [25]. The structure of the azobenzene mesogen based
stryene–isoprene side-group LC diblock is shown in Fig. 1.

Using TEM and SAXS, microdomain structures of cylin-
ders of poly(styrene), cylinders of poly(isoprene-LC) as
well as lamellae were observed. Notably, cylinders were
observed forFPI–LC � 0:91; (volume fraction constituted
by the isoprene backbone plus the attached LC mesogens)
a volume fraction at which spheres are typically the most
stable microdomain form in coil–coil diblock copolymers.
The mesophase was smectic A in all cases for this series,
and the mesogens were found, by X-ray diffraction from
oriented samples, to anchor parallel to the IMDS, which is
shown schematically in Fig. 2.

Dating from the original pioneering work of Keller et al.
[26] in which a capillary rheometer was used to extrude and
thus orient a cylinder forming styrene–butadiene–styrene
triblock copolymer, various other external fields have
been used to orient block copolymer microdomains. Oscil-
latory shear [27], electric fields [28] and roll-casting [29]
have all been applied to produce various well aligned
morphologies in di- and triblock copolymers. The presence
of mechanical anisotropy on two different length scales due
to two different but necessarily interacting sets of structures
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Fig. 1. Poly(stryrene-b-isoprene-LC) diblock copolymer.

Fig. 2. Illustration of a section of the inter-material dividing surface, IMDS,
for a cylindrical microdomain in a PS/PI-LC diblock copolymer. Each
block occupies some area of the surface and is stretched away from it.
The minority volume fraction PS block is on the concave side of the IMDS.



made for the interesting study of the morphology of the
styrene–isoprene side group liquid crystalline materials
under oscillatory shear. This manuscript is divided into
two parts. The first, entitled Structure Formation, is a
summary and critical discussion of the issues which may
affect the morphology of these materials. Simple expres-
sions are provided to describe the anchoring mediated free
energy associated with the accommodation of an LC meso-
phase within or around the periodic IMDS of the block
copolymer microdomains. In the second part, Experimental
Results and Discussion, results are provided which reflect
on the salient points of the first part. In particular, the effects
of confinement on the characteristics of the LC mesophase
and the effect of the mesophase on the orientation of the
block copolymer under oscillatory shear are presented, and
conclusions drawn.

2. Structure formation

The development of order in LC BCPs must occur subject
to constraints imposed by both the liquid crystalline meso-
phase and the block copolymer microdomain morphology.
Thus the structure formed may in some cases represent a
compromise between the structures preferred by the two
separate ordering tendencies. The equilibrium structure
presented by a liquid crystalline block copolymer may be
understood by giving consideration to the critical issues
listed below.

Relative positions of thermal transition temperatures.
Preferred anchoring condition of mesogens at IMDS.
Volume fraction of block constituted by mesogen.
Curvature of IMDS.
Size of microdomain relative to size of mesophase.
Strength and density of LC defects.
Symmetry of native mesophase and that of the emergent
microphase separated structure.
Coupling of microdomains and LC mesophase to external
fields.

The relative location of thermal transitions and the preferred
anchoring condition of the mesogens at the IMDS are parti-
cularly important, as these characteristics influence the path
dependence and the packing of the mesogens into their
confining volumes, respectively.

2.1. Influence of thermal character

The thermal transitions of interest in LC BCPs are the
block copolymer order to disorder transition atTODT, the LC
mesophase structural transitions such as atTSm(A)–N, TN–I and
TSm(A)–I and the glass transitions of the LC and coil blocks, at
TA

g andTB
g : Typically, for samples of reasonable molecular

weight, because of the large chemical incompatibility
between the blocks due to the presence of the mesogen,
TODT for LC BCPs is quite high and thus inaccessible with-

out thermal degradation of the material. In systems with
very low molecular weight,TODT may actually be accessible,
and one can witness microphase separation driven expressly
by the formation of LC mesophases on passage throughTI–

LC [7]. In this case, the morphology which forms ultimately
will depend on whether the microphase separation that
accompanies liquid crystallization can direct the LC meso-
phases to create periodically spaced microdomains. In crys-
tallizable block copolymers, for instance, it is usually the
case that crystallization induced phase separation results in
the production of a spherulitic–lamellar superstructure
which gives rise to a disordered microdomain structure
[30]. In the case of liquid crystalline diblock copolymers,
structure formation from the isotropic melt aboveTA

g andTB
g

as well asTI–LC may proceed by two routes, following
microphase separation on passage through the ODT. If
TI–LC . TB

g then liquid crystallinity develops in a rubbery
host block (A) which is tethered to another rubbery block
(B) which then vitrifies. If TI–LC , TB

g then mesophase
formation is less able to affect the final morphology as it
occurs within or around glassy microdomains.

The isothermal evaporation of solvent from initially
isotropic solutions may result in the formation of different
morphologies depending, of course, on the solvent used.
The solvent may affect the final morphology by either
encouraging or suppressing the formation of a lyotropic
mesophase before microphase separation, which would
occur on passage through anODC or order–disorder
concentration. Additionally, preferential swelling of one
phase by the solvent may skew the volume fraction of the
blocks, resulting in the formation of an initial microdomain
structure that would not be arrived at by cooling from an
isotropic melt where the volume fractions are uninfluenced
by a preferential solvent.

2.2. Influence of boundary anchoring conditions

Boundary conditions at the IMDS play a crucial role in
determining the structure of the mesophase in the LC BCP,
and may also preclude the formation of some microdomain
or LC structures entirely. Typically, if unrestrained, the
mesogens of the LC block will have a preferred orientation
to the IMDS. This anchoring condition may be homoge-
neous, homeotropic, or involve the mesogen lying at some
angle to the IMDS. The effect of the anchoring condition is
evaluated with attention paid to the size of the microdo-
mains relative to that of the preferred mesophase, the
preferred curvature of the IMDS, the volume fraction of
the mesogen in the LC block, and the strength of the anchor-
ing in the preferred orientation. The size and form of the
microdomains determine the curvature of the IMDS. A very
strong preferred anchoring condition could destabilize and
thus eliminate microdomain structures in which satisfaction
of the IMDS boundary condition for the mesophase would
result in the production of significant defect energy (a high
enough number and density of defects produced by the
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preferred anchoring). Strong evidence for this effect is given
by the reversible structural transition from spheres to cylin-
ders on passage throughTI–N reported by Gronski and
coworkers [31]. Alternatively, the mesophase may change,
such that some other, perhaps even less ordered, mesophase
is produced, but the boundary condition is satisfied and a
stable microdomain structure is realized, as suggested by the
data of Fischer et al. [12] which shows a change of meso-
phase from smectic A in lamellar microdomains to nematic
in spherical ones. If the volume fraction of the mesogens in
the LC block is small, then the preference of anchoring
condition of the mesogen takes on a smaller role in deter-
mining the final structure of the LC BCP because the physi-
cal effect of the IMDS may be screened from the mesogens
by the backbone coil portion of the LC host block. If the
anchoring condition is weak, then it may change to suit
efficient packing of the mesogens into a stable mesophase
within the microdomain.

The formation of smectic mesophases within spheres
would not be expected due to the high curvature of the
IMDS which excludes efficient mesogen packing in parallel
layers. If the spheres were very large relative to the thick-

ness of the smectic layers, however, the packing frus-
tration would be reduced, and smectic mesophases may
indeed be observed. The proximity of the IMDS
presented by microphase separated block copolymers
makes defects in a mesophase confined by the IMDS
highly unstable, depending on the anchoring condi-
tion—the degeneracy of planar anchoring at the IMDS
makes it possible for defects to exist in-plane within the
microdomain, but not out-of-plane. Direct competition
occurs between satisfying the anchoring condition and
the elimination of defects due to packing which is
prescribed by the IMDS anchoring, for a given meso-
phase structure. Examples of packing frustrations for a
smectic A mesophase confined to block copolymer
domains are illustrated in Fig. 3.

The enthalpic penalty for the formation of defects in the
matrix is less than that for their formation in the minority
phase since the gradients in order parameter are more severe
in the confined domains than in the larger matrix phase.
Where the anchoring condition and the inherent LC and
microdomain symmetries make for efficient packing in a
confining microdomain, one can expect very low levels of
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Fig. 3. Packing frustration of mesogens in the smectic A mesophase confined to block copolymer microdomains. Figures are cross-sections of an array of
quarter-spheres for mesogens in the minor ((a) and (b)) and major (c) domains. The mesogen spacing is 5 A˚ , layer period is< 30 Å, the radius of curvature of
the microdomains is 100 A˚ in each case, and the separation between the sphere centers is 500 A˚ . The lines shown inc are the layer lines for homeotropic
boundary conditions and the director field for homogeneous boundary conditions. The two are related by 908. Note that figurec is on a larger scale thana andb.
Point defects of strengths� 11 exist at the centers of the spheres ina andb and a line defect ofs� 21 resides at the center of the array of spheres inc.

Fig. 4. Influence of long and short spacers on mesogen anchoring at IMDS. (a) Homeotropic anchoring is possible given a relatively long spacer whereas (b) a
shorter spacer necessitates homogeneous anchoring.



defects within the confined mesophase. This is indeed
supported by the data discussed later.

From geometric considerations alone, for mesogens
which are decoupled from the polymer backbone by rela-
tively short spacers, homeotropic anchoring may be inac-
cessible. Conversely, mesogens with long spacers are better
able to adopt the homeotropic boundary condition. The
situation is illustrated schematically in Fig. 4. Recently,
some evidence along these lines has emerged [16,17].
Currently, the effect of spacer length on mesogen anchoring
is being investigated in hydrogen bonded analogs of these
side group LC BCPs by our group [32].

2.3. Predicting morphology

The energetic penalties associated with packing meso-
gens into the smectic A mesophase in a restricted geometry
can be assessed by considering the free energies associated
with deformation of this mesophase, and the anchoring of
the mesogens at the IMDS in their preferred or easy orienta-
tion. In liquid crystalline block copolymers, the confining
microdomains are on the order of 0.05mm in scale. Thus we
can describe the ordering of the mesophase using Landau–
de Gennes theory.

Confinement of smectic mesophases into volumes with
curved surfaces may result in the deformation of the meso-
phase, depending on the anchoring conditions, as mentioned
above. Such spatial variation in the local order parameter of
the mesophase causes elastic strains to develop within the
mesophase. For smectic layers of thicknessd parallel to the
director n, there is a spatial density modulationr�r � �
r0{1 1 Re�c�r � eiqz�} where c (r ) is the complex smectic
order parameter andq� 2p=d: The complex density order
parameter,c�r � � h�r � eif�r �

; where the positional order
parameterh (r ) describes the degree of layer ordering and
f (r ) is a phase factor defining the position of the layers.
Landau–de Gennes theory [33,34] gives the free energy
density written in Eq. (1a).

f �c;n� � 1
2 Aucu 2

1 1
4 Cucu 4

1 cparu�7·n 2 iq�cu 2

1cperpu�n × 7�cu 2
1 1

2 �K11�7·n� 2

1K22�n·7 × n� 2 1 K33�n × 7 × n� 2�

1 2 1
2 K247�n�7·n�1 n × 7 × n�1 K137�n�7·n��

h i
�1a�

f b
e � 1

2 K11�7 × n� 2 1 1
2 B

2u
2z

� �2

�1b�

The first two terms inf(c ,n) describe mean field contribu-
tions, i.e. they are expansions in terms of the order para-
meter for the free energy of the uniform mesophase that is a
function of temperature only. The remaining terms depend
on gradients in, and thus the spatial derivatives of the local
order parameter and account for the contribution to the free

energy due to deformation of the mesophase.A andC are
coefficients of the Landau–de Gennes expansion,cpar is the
smectic compressibility constant, related to the de Gennes
compressibilityB, cperp is the bend constant associated with
tilting the director away from the layer normal, andK11, K22,
K33, K24, K13, are the Frank nematic elasticity coefficients for
director splay, twist, bend, saddle-splay and mixed splay-
bend deformation.f b

e defined in Eq. (1b) is the free energy
density associated strictly with the deformation of abulk
smectic A mesophase. (2u/2z)2 gives the curvature of the
layers of spacingu with respect to the local layer normalz.
The surface energy contribution to the free energy results
from deviations from ideal anchoring conditions. Thus it is a
function of the difference between the actual surface order
parameter and the “easy” or ideal surface order parameter. It
may be explicitly expressed in the manner of Rapini and
Papoular [35] in terms of anchoring angles or the corre-
sponding vector products as shown in Eq. (2).

fS�QS
ij � � fS�Qe

ij �1 1
2
~W�QS

ij 2 Qe
ij �2

fS � fS�Qe
ij �1 1

2 �Wu cos2 f 1 Wf sin2 f� sin2 u

FS � 2 1
2 Wu

Z
S
�n·ẑ� 2 d2r 1 1

2 Wf

Z
S
�n·x̂� 2 d2r

�2�

whereQS
ij is the actual surface order parameter andQe

ij is the
“easy” surface order parameter which is obtained by mini-
mizing fS. Herez is the easy axis in the surface plane andx is
the direction perpendicular to the surface plane.Wu is the
polar anchoring energy associated with out-of-plane direc-
tor variations from the easy direction andWf is the
azimuthal anchoring energy associated with in-plane direc-
tor deviations from the easy direction, as defined in Eq. (3)
relative to the surface tension,gs: For degenerate planar
anchoring,Wu ! 0 andWf ! ∞:

Wu � 1
2

22gs

2u2

 !
f

�us;fs� Wf � 1
2

22gs

2f2

 !
u

�us;fs�

�3�
The director field that exists within a confined mesophase is
that which minimizes the excess free energy of the system,
which consists, in the absence of external fields, of the elas-
tic strain and anchoring energy terms. Using the expressions
for the anchoring energy density [35,36] and the elastic
strain energy provided in Eqs. (1) and (2), the free energy
functionalG[n(r )] is defined in Eq. (4).

Finding the equilibrium director field of the confined
mesophase involves solving a variational problem that
seeks the minimum of this free energy, subject to appropri-
ate boundary conditions.

G�n�r �� �
Z

V
f �c; n� dV 1

Z
S

fS�n� dS �4�

The coupling of the liquid crystal mesophase energetics to
those of the block copolymer is through the size and form of
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the block copolymer microdomains which determine their
volume and the IMDS surface area,V andS . The chemical
incompatibility between the backbones of the two blocks is
generally enhanced by the presence of the mesogen, result-
ing in highly stretched chains which increase the size of the
microdomains above that which one would expect from
non-LC functionalized diblocks of similar molecular weight
[37]. Even at temperatures aboveTI–LC, there is not a signif-
icant change in microdomain spacing which suggests that
the large microdomain sizes are due more to the chemical

effect of strong block segregation rather than purely a physi-
cal effect of liquid crystalline mesophase formation [20].
Any additional chain stretching that further decreases the
surface to volume ratio of the mesophase and the curvature
of the IMDS, thus aiding defect relaxation in the mesophase,
comes with a decrease in conformational entropy of
the block copolymer backbone but also a decrease in the
amount of excess free energy due to the presence of the
IMDS of the block copolymer. The global free energy of
the system must take these contributions into account along
with those for the liquid crystal mesophase. Neglecting
kinetic effects, the equilibrium morphology of the system
is simply that which minimizes this global free energy.
Whether the anchoring condition that is observed is the
thermodynamically preferred orientation that the mesogens
would have at a bulk surface or is guaranteed only by the
fact that the block backbones are stretched due to strong
segregation, or both, is not known.

3. Experimental results and discussion

A well defined series of diblock copolymers consisting of
a monodisperse styrene segment paired with an isoprene
which was functionalized with an azobenzene based meso-
gen and ann-pentane spacer has been studied by us for a
number of years. The compositions ranged fromFPI–LC �
0:13 to 1.0. The homopolymer LC formed a smectic A
mesophase with a layer spacing of 31 A˚ and an average
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Table 1
Summary of results obtained for various compositions of P(S-b-ILC)
(pDSC and SAXS indicate microphase separation but the sample lacked
long range order and could not be successfully imaged by TEM)

Mn [PS/PI–LC]
(kg/mol)

Mw/Mn FPI–LC TSm(A)–I

(8C)
Morphology

215/36 1.09 0.13 118 Disorderedp

107/29 1.07 0.20 189 Cylinders of LC
176/55 1.13 0.22 173 Cylinders of LC
176/78 1.15 0.29 165 Cylinders of LC
66/60 1.12 0.45 153 Lamellae
8/8 1.09 0.48 135 Lamellae
59/62 1.10 0.49 158 Lamellae
27/53 1.13 0.64 165 Cylinders of PS
13/43 1.10 0.75 187 Cylinders of PS
14/72 1.24 0.82 190 Cylinders of PS
18/180 1.30 0.91 169 Cylinders of PS
78 1.15 1.00 171 Homopolymer

Fig. 5. Homogeneous boundary condition for smectic A mesophases confined to cylinder microdomains.



inter-mesogen packing distance of around 4.4 A˚ . The homo-
polymer smectic A to isotropic transition temperature was
1718C.

The compositions of the azobenzene series and the
morphologies determined by TEM and SAXS for each
sample are given in Table 1. Samples were prepared by
slowly evaporating a 5 wt.% solution of the polymer in
toluene followed by thermal annealing at 1408C in
vacuum. Both small and wide angle X-ray scattering
were used to determine the orientation of the mesogens
with respect to the IMDS in globally well oriented
samples produced by roll-casting [29] and oscillatory
shear. For cylinders of the LC block, as well as cylin-
ders of styrene and lamellae, the mesogens were found
to orient parallel to the IMDS (i.e. homogeneous bound-
ary condition), forming smectic A mesophases. Fig. 5
illustrates the efficient packing of mesogens in smectic
A layers within a cylinder.

The presence of PS cylinders at a volume fraction
more typically associated with spheres for coil–coil
block copolymers, P(S-b-ILC) 18/180, FPI–LC � 0:91;
may be due to the high enthalpic penalties that would
be associated with packing smectic layers around
spheres. The high volume fraction of the mesogens in
the isoprene block of these polymers undoubtedly lends
significance to the role of the mesogen’s preferred
IMDS anchoring condition in determining structure.
The results of an in situ SAXS/WAXS (wide-angle X-
ray scattering) study of the oscillatory shear induced
orientation of PS cylinders in a PI-LC matrix reveal
this clearly, and are discussed below.

3.1. Oscillatory shear orientation

The LC homopolymer was subjected to oscillatory shear
and found to adopt a parallel orientation of the layers with
respect to the plane of shear. The conditions used weree �
100%; n � 0:5 Hz; 1658C. P(S-b-ILC) 27/53 was also
subjected to oscillatory shear using the same frequency
and amplitude, and the orientation of the PS cylinders was
found to vary depending on the presence or absence of
smectic layers in the matrix [38]. As shown in the ex situ
SAXS data of Fig. 6, taken from [38], atT . TSm�A�–I; the
cylinders orientedparallel to the shear flow, whereas atT ,
TSm�A�–I; they were found to adopt atransverseorientation,
in which their long axes are aligned along the neutral axis,
and the LC layers a perpendicular orientation with the layer
normal alongy. Data taken in situ showed that upon thermal
isotropization of the LC matrix during shearing, the cylin-
ders re-oriented from the transverse into the parallel orien-
tation, which is the commonly observed orientation in coil–
coil diblock copolymers. Upon cooling, in the absence of
shear, the smectic layers formed with their normals oriented
parallel to the shear direction,x. This is the same mesogen–
IMDS boundary arrangement as in the transverse orienta-
tion. The transverse–perpendicular (Fig. 7d) orientation
represents a compromise between the parallel cylinder and
parallel smectic layers structures, which are preferred by the
microphase separated structure and the LC mesophase indi-
vidually. This compromise is forced by the strength of the
homogeneous anchoring condition—a violation of it would
have made the simultaneous parallel orientations of the
microstructure and smectic layers possible (Fig. 7c). The
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Fig. 6. Ex situ scattering results. (a) P(S-b-ILC) 27/53 sheared at 1808C—X-ray beam directed alongz, parallel to the velocity gradient. Flow is alongx.
Scattering from the d1010 and d1120 reflections of the hexagonal lattice of the PS cylinders is enhanced along they-direction indicating the cylinder axes have
aligned with the flow direction (parallel alignment). The d001 smectic layer reflection appears only after cooling and implies a preferred homogeneous
anchoring of the mesogens with respect to the IMDS. (b) P(S-b-ILC) 27/53 sheared at 1508C. X-rays incident parallel to the flow direction,x. Scattering from
the d1010 reflection of the PS cylinders is now enhanced along thez direction indicating that the cylinder axes are aligning along the vorticity direction of the
flow (transverse alignment). Simultaneously, the d001 reflection of the smectic layers concentrates along they direction indicating that the LC layers take on a
perpendicular alignment. This arrangement also allows the preferred homogeneous anchoring of the mesogens with respect to the IMDS during flow alignment
in the LC regime (see structural model 8d).



same experiment performed with cylinders of the LC in a PS
matrix, P(S-b-ILC) 176/55, gave the same results, but the
time scale for the adoption of the transverse orientation was
significantly longer, this indicative of the lower volume
fraction of LC in the material as a whole. Fig. 7 illustrates
schematically four possible candidate morphologies under
shear, as well as the observed transverse–perpendicular
morphology which represents the compromise between
the antagonistic orientation tendencies present in the
material.

3.2. Influence of confinement: reduction of defects

Confinement of the mesophase within small diameter
cylindrical microdomains tends to eliminate defects due to
the high surface to volume ratio of the microdomains, other-
wise expressed in terms of the average proximity of a meso-
gen within the microdomain to the IMDS surrounding it.

The azimuthal spread of the X-rays scattered by the smectic
layers and by the microphase separated cylinders provides
two useful estimates of the levels of hierarchical order
within the material. The angular distribution of X-rays due
to scattering from the smectic layers results from the super-
position of spread due to any non-uniformsmectic layer
orientationwithin the microdomains as well as that due to
the non-uniformmicrodomain orientation. For P(S-b-ILC)
176/55, oscillatory shear at 1908C, e � 150%; n � 1 Hz for
60 min was used to produce highly oriented cylinders within
which smectic layers with high correlation of orientation
between layers is observed, as demonstrated by the data in
Fig. 8a. An order parameter, the second component of the
harmonic orientation distribution function, ofS� 0:93 for
the cylinders andS� 0:91 for the smectic layers within the
cylinders is calculated in the manner of Windle [39].

The low concentration of defects present in mesophases
confined to cylinders versus matrix mesophases or
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Fig. 7. Schematic structural models of smectic layers and cylindrical microdomains with two types of boundary conditions for the mesogens with respect to the
IMDS. Flow is alongx and vorticity alongz. (a)Parallel–transverse:model which places the cylinders in their preferred parallel orientation along the flow
direction and with homogeneous boundary conditions for the mesogens. The smectic layers are in the unfavorable transverse orientation. (b)Perpendicular–
parallel: model which places the smectic layers in their preferred parallel orientation with respect to the shear flow with homogeneous boundary conditions for
the mesogens. The cylinders are in the unfavorable perpendicular orientation. (c)Parallel–parallel: model which places both the cylinders and the smectic
layers in their preferred parallel orientations but the homogeneous boundary condition for the mesogens is lost. (d)Transverse–perpendicular:model which
provides a compromise structure in which the cylinders are transverse and the layers are perpendicular but which maintains homogeneous boundary conditions
of the mesogens. This is the actual structure of P(S-b-ILC) 27/53 after shearing at 1508C.



mesophases within a lamellar microdomain structure is
manifested by the optical clarity of samples in which the
microstructures have been oriented either above or below
the clearing temperature of the mesophase. For sample
compositions in which the equilibrium microstructures are
LC cylinders, as well as PS cylinders and PS/LC lamellae,
oscillatory shear aboveTI–LC produces films that are highly
transparent at the shearing temperature. However, on cool-
ing belowTI–LC, this transparency is lost for the LC matrix/
PS cylinder and LC/PS lamellar samples, but retained for
the LC cylinder sample. The loss of transparency is due to
the scattering of light by defects which form within the LC
matrix or lamellae. In addition, in the lamellar sample, the
boundary condition is degenerate—smectic layers may lie
in any plane parallel to the surface of the lamellae and still
satisfy the homogeneous anchoring condition at the IMDS.
As a consequence, there will be domain boundaries between
regions with different director orientation, within one block
copolymer microdomain. As expected, shearing belowTI–LC

produces transparent films for the matrix or cylinders of LC,
and lamellae, since most defects within the LC are removed
by the shearing process. Subsequent heating above the
clearing transition of the mesophase followed by cooling
below the clearing temperature again resulted in a loss of

optical clarity only for LC matrix and LC lamellar—for
these samples, defects spawned readily on cooling into the
LC phase, whereas repeated heating above the clearing
temperature of the LC mesophases for samples in which
the LC was confined to cylindrical microdomains produced
no losses in optical clarity upon cooling into the LC regime.
As shown in Fig. 8b, an isotropic scattering ring is found at
room temperature for the smectic layers in the lamellar
sample which is oriented above the clearing temperature
of the LC, whereas for samples oriented belowTI–LC (Fig.
8c) the scattered intensity due to the smectic layers is
concentrated into sharp arcs perpendicular to the lamellae,
consistent with planar anchoring of the mesogens at the
IMDS.

3.3. Influence of confinement: thermal characteristics

The confinement of liquid crystals is known to have
effects on their thermal behavior [40]. DSC was used to
characterize the thermal properties of the materials. Transi-
tion temperatures were taken using second heating scans
with heating rates of 108C/s. The results are presented
graphically in Fig. 9. The clearing entropy was found to be
a function of the composition of the copolymer, increasing
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Fig. 8. SAXS of oriented samples taken at room temperature. X-rays are incident perpendicular to the plane of shear. Shear axis is horizontal to the page. (a)
Highly ordered LC mesophases produced after cooling inside cylindrical microdomains oriented aboveTI–LC. SCYL � 0:93; SSm�A� � 0:91 (b) Predominantly
parallel lamellae oriented aboveTI–LC. The isotropic ring is due to the disordered smectic layers which form on cooling. (c) Predominantly parallel lamellae
oriented belowTI–LC with oriented smectic layers within.

Fig. 9. Summary ofTI–LC data for P(S-b-ILC) series.FPI–LC � 0:13 :X; PS cylinders:K; PILC cylinders:O; lamellae:A; homopolymer:p . surface to volume
ratios of the LC phaseS /V calculated on the basis of domain sizes and volume fractions.



with increasingFPI–LC. For samples in which the average
LC molar mass is in the vicinity of 65,000 g/mol., there was
an increase in the clearing enthalpy and entropy in moving
from cylinders of LC to lamellae and finally to the LC
matrix samples. However, this trend was not reflected in
the transition temperatures of the samples. Typically, the
influence of phase size or surface proximity on a first-
order transition may be gauged using the Gibbs–Thompson
relation written in Eq. (5), whereT0 is the transition
temperature for the bulk material,DH is the heat of fusion
per unit mass,s is the mean surface free energy,V is the
specific volume andl is a structural parameter characteriz-
ing the smallest dimension of the phase.

It seems reasonable that the increase in the clearing
temperature of the mesophases in cylinder forming block
copolymers is due to the different principal curvatures (K) of
the curved IMDS �Kradial� 1=Rcyl; Kaxial � 0�; and thus
lack of degeneracy in the mesogen anchoring condition,
which stabilizes the mesophase by lowering the surface
energy term,s , in Eq. (5). The influence of molecular
weight on clearing temperature can be dispensed with some-
what by considering the effect of surface to volume ratio on
the clearing temperature as graphed in Fig. 9. Clearly there
is delineation in TI–LC based on IMDS curvature, i.e.
between the lamellae and cylinder forming samples (both
PS and PI-LC cylinders), as mentioned above. Similar
results have been obtained by Yamada et al. [41] using a
poly(styrene-b-methacrylate) block copolymer, in which a
cyano-biphenyl mesogen is attached to the methacrylate
block via a six carbon spacer. Here, they also found homo-
geneous mesogen anchoring at the IMDS and a 15–208C
difference between the higher clearing temperature of their
LC cylinder sample vs. the lower temperatures of the lamel-
lar samples.

T�l;s� � T 0 1 2
Vs
lDH

� �
�5�

It is speculated that the decrease in clearing entropy relative
to the homopolymer LC is due to confinement of the meso-
gens to microdomains. The presence of a pseudo-isotropic
layer at the IMDS may account for some of this effect, but
this should not be expected given the high enthalpic penalty
associated with the existence of such a layer within a small
confined mesophase. It is more probable that such an isotro-
pic layer may exist in samples in which the matrix is formed
by the LC block, and the minority phase forms domains with
surfaces of high curvature in more than one direction, e.g.
spheres. In such a sample, the shape of the IMDS would not
permit satisfaction of the preferred mesogen anchoring
condition. Since the extent of the matrix is large, an isotro-
pic IMDS layer would be more readily accommodated
within the LC mesophase. Micro-area electron diffraction
from ultra-thin sections of a bulk oriented sample could be
used to probe this, though Gronski has already concluded,
on the basis of2H NMR, that such isotropic layers donot in
fact exist [11].

Finally, from consideration of the three samples that
formed LC cylinders, we see that there is an increase in
the clearing temperature with decreasing LC volume frac-
tion, and a corresponding increase in clearing temperature
as a function of surface to volume ratio. Though no strong
conclusion can be drawn from only three data points, the
trend supports our supposition that the inter-material divid-
ing surface plays a critical role in the thermal stabilization of
this series of materials. Typically, increasing LC molecular
weight in homopolymers will increase clearing tempera-
tures up to some limit, but we see here that even the increase
in LC molecular weight cannot offset the decrease in clear-
ing temperature due to the decrease in the surface to volume
ratio of the larger diameter cylindrical LC microdomains.

4. Summary and outlook

Many factors come into play in the determination of the
final structure of side group LC block copolymers. The
persistence of the PS cylinder phase to unusually low
volume fractions points to a strong influence of the LC
phase in determining the microdomain structure. Further,
the LC phase has a distinct effect on the orientation of the
block microdomains during oscillatory shear. Mesogens of
the LC phase were found to orient strictly parallel to the
IMDS of the microdomains, though it is not known whether
this is a thermodynamic effect, a function of backbone
stretching coupled with spacer length, or both. The presence
of curvature in the IMDS clearly lends thermal stability to
the LC mesophase whether it exists as the confined phase or
as the matrix phase. In addition, confined LC mesophases
were found to be of very high order due to the average
proximity of the IMDS to the confined mesogens.

The creation of functional electro-optic or piezo-electric
devices using side group LC block copolymers relies on
careful control of the microstructure to optimize a desired
response of the material. In particular, the application of
these block copolymers as display materials is being
pursued. The orientation of the microstructure in the thin
films used in display devices is important in determining the
overall properties of the device. Epitaxy between a matrix
mesophase and highly oriented PTFE monolayers has been
successfully used to orient these P(S-b-ILC) block copoly-
mers [32]. Such methods of orientation, along with electric
and magnetic field alignment will probably be preferred for
producing well oriented films for various electro-optic
applications. Hydrogen bonded LC diblock copolymers
are currently being studied for similar potential applications
[32]. Interestingly, it has recently been found possible to
generate microphase separated structures by careful
complexation of less than stoichiometric amounts of an
appropriate mesogen with a suitable polymer backbone
[32]. Similar morphological characterization of these new
materials as presented here for the covalently bonded P(S-b-
ILC) block copolymers is underway.
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