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Phase behavior and structure formation in liquid crystallization of a side-chain liquid crystalline (LC)
block copolymers composed of poly[11-(4’-cyanophenyl-4”-phenoxy)undecyl acrylate] (PA1;0CB) and
polystyrene (PSt) were investigated by using a time-resolved small-angle X-ray scattering technique
(SAXS), differential scanning calorimetry and polarizing optical microscopy. PA;;0CB homopolymer
formed smectic (Sm) liquid crystal. Liquid crystallization behavior of the block copolymers depended on
the molecular weight and the block composition. When molecular weight was relatively low, order-
disorder transition (ODT) was observed. In cooling of such block copolymers, liquid crystallization
seemed to wait for the formation of LC-rich microphase by ODT. For the block copolymers with relatively
high molecular weight, liquid crystallization slightly enlarged the domain spacing without changing the
microphase separation structure in the melt. The order of the LC phase was lowered with decreasing
dimensionality of the LC microdomains, that is, the LC blocks formed smectic liquid crystal in the matrix
or lamellar microphase while liquid crystallization in the cylindrical microdomains did not show smectic
but maybe nematic liquid crystal. Moreover, the LC blocks within the spherical microdomains did not
liquid crystallize. From the 2-D SAXS with applying shear flow, the Sm layers were orientated perpen-
dicularly to the interface of the microphase separation. The relation between the layer thickness of the LC
phase and the molecular weight suggested that the main chain was extended normally to the interface of
the microphase separation.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

separation, crystallization behavior within the microdomains has
also been discussed for crystalline block copolymers, where it has

Block copolymers with a crystalline or a liquid crystalline (LC)
component have attracted much interest because of their abilities
to form hierarchic structure composed of microphase separation,
and liquid crystal structure or crystal lamellar structure [1-23].
For crystalline-amorphous block copolymers, crystallization
behavior from microphase-separated melt and structural changes
of microphase separation by crystallization have been extensively
studied [1-6]. In those systems, the main interest has been
whether or not crystallization disrupts preexisting microphase
separation structure. It has been concluded that the structural
changes depend on the competition between crystallization and
chain diffusion as well as segregation degrees of microphase
separation [3-6]. Besides the structural changes of microphase
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been revealed that crystallization within small microdomains is
strongly obstructed. The obstruction was pronounced especially
when the amorphous component is glassy and the crystalline
component is in spherical or cylindrical microphases [6,7].

On the other hand, liquid crystalline block copolymer is also
attracting increasing interest [8-23]. Using an analogy from crys-
talline ones, the first interest is whether or not liquid crystallization
changes the preexisting microphase separation structure. Accord-
ing to previously reported studies, in the liquid crystalline state,
microphase separation structure remains unchanged [13-17]. This
is quite different from crystalline block copolymers, in which
microphase separation structure can be completely reorganized
into crystal lamellar structure [2,3]. Recently we have found the
possibility that, in liquid crystalline block copolymers with
a rubbery amorphous component, the preexisting microphase
separation structure is discontinuously changed by isotropic—
smectic phase transition [24]. Structural changes in liquid crystal-
lization of block copolymers have not been fully understood and
organized yet. The second interest is liquid crystallization behavior
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from microphase-separated melt, where it is expected that
confinement by microphase separation may influence liquid crys-
tallization behavior. LC transition temperature and transition
enthalpy may be lowered because a decrease in order parameter
reduces the elastic energy caused by the curvature of interface of
microphase separation structure [25]. In addition, orientation
direction of mesogenic groups to the interface of microphase
separation is also an important interest because of the possibilities
for microphase separation structure to control the orientation of
mesogens other than surface rubbing of a cell for a LC device.

In this study, structure formation in liquid crystallization of
block copolymers composed of side-chain liquid crystalline and
glassy amorphous blocks was investigated by means of differential
scanning calorimetry (DSC), polarizing optical microscopy (POM)
and a time-resolved small-angle X-ray scattering (SAXS) technique
employing synchrotron radiation as light source. We will show
structural changes in liquid crystallization with comparing to those
with rubbery amorphous blocks. The orientation of the mesogenic
groups will be also discussed.

2. Experimental section
2.1. Synthesis

Poly[11-(4'-cyanophenyl-4”-phenoxy)undecyl acrylate] (PA1;OCB)
homopolymer and block copolymers composed of PA;;0CB and
polystyrene (PSt) (Fig. 1) were prepared by atom transfer radical
polymerization (ATRP). Synthesis of the liquid crystalline (LC)
monomer and the polymerization were carried out according to
the method of Kasko et al. [10,12] As a Cu-solubilizing ligand in
ATRP, 4,4'-dinonyl-2,2’'-dipyridyl (bpy9) was used instead of 4,4'-
diheptyl-2,2’-dipyridyl (bpy7) used in the literature. For synthesis
of the LC homopolymer, ATRP was performed at 110 °C for 3 h by
using 11-(4'-cyanophenyl-4”-phenoxy)undecyl 2-bromopropionate
as an initiator. The obtained LC homopolymer was purified by
reprecipitating three times with a THF/methanol system to remove
unreacted monomer, CuBr and bpy9, followed by drying under
vacuum. The block copolymers were synthesized by ATRP of the LC
monomer using a PSt macroinitiator, which is also synthesized by
ATRP. The polymerization for the PSt macroinitiator was carried
out for 1.5 h at 110 °C, and the resulting product was purified by
reprecipitation with a THF/hexane system. The block copolymeri-
zation of the LC monomer was carried out at 110 °C for 3 h. The
obtained block copolymers were purified with a THF/methanol
system, followed by drying under vacuum.

Molecular weights of PSt macroinitiators and PA1;0CB homo-
polymers were measured by size exclusion chromatography (SEC)
using a TOSOH HLC-8020 instrument equipped with an RI detector.
Copolymer compositions of the block copolymers were determined
by 400 MHz 'H NMR in CDCl3 with a JEOL JNM-GX400 spectro-
meter. Molecular weights of the block copolymers were estimated
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Fig. 1. Chemical structure of PA;;OCB-PSt.

from the copolymer composition on the basis of the molecular
weight of PSt macroinitiators. Polydispersity of molecular weights
was determined by SEC with the RI detector.

Characteristics of a PA1;0CB homopolymer and the block copoly-
mers are shown in Table 1. The LC phase transition temperatures,
transition enthalpies, LC transition behavior and morphology of
microphase separation, which will be discussed in the following
sections, are also listed in the table.

2.2. Sample preparation and measurements

The polymers were dissolved in THF and then cast from 5 wt%
solution to form films, which were dried for three days at room
temperature and then under vacuum overnight. The cast films were
packed in DSC sample pans and sample cells for SAXS measure-
ments. The SAXS cells had a path length of 1 mm and were sealed
with polyimide films.

Structure of microphase separation and liquid crystal was
observed by one- and two-dimensional small-angle X-ray scat-
tering techniques (1-D- and 2-D-SAXS). Time-resolved 1-D and 2-D
SAXS experiments were performed using synchrotron radiation at
beamline BL-10C and BL-15A, respectively, of the Photon Factory at
the Institute of Materials Structure Science of the High Energy
Accelerator Research Organization in Tsukuba, Japan [26]. Details of
the spectrometers were described elsewhere [27,28]. The 1-D-SAXS
data were collected in 15 s frames separated by a waiting-time of
5 s using a position sensitive proportional counter (PSPC). For 1-D-
SAXS measurements, the sample was first annealed at 140 °C,
which is higher than the isotropic-smectic phase transition
temperature Tis, of the liquid crystalline component, for 30 min,
and then cooled down to 40 °C at a rate of 4 °C/min. In the 2D-SAXS
experiments, oscillating shear flow was applied to the 100 mm-
thick sample at 1 Hz at 80 °C for 20 min using a Linkam CSS-450
apparatus just before SAXS measurements, where the sample was
sandwiched between two stainless plates with X-ray windows
made of polyimide films. The scattering images in the 2-D experi-
ments were collected by a CCD camera (C4880, Hamamatsu
Photonics K.K.) with an image intensifier. The scattering vector was
defined as q = (4m/A)sin(#/2), where 6 and A are the scattering angle
and the wavelength of the X-ray, respectively. The scattering angle
was calibrated by a diffraction of a chicken tendon having period-
ical structure of 65.3 nm.

Morphology of liquid crystalline phase in cooling from the
isotropic state was observed by POM under crossed polarizers using
an OLYMPUS BH-2 equipped with a digital camera system and
a Mettler FP82HT hot stage running through a FP90 central
processor. DSC measurements were performed by using a Perkin-
Elmer Pyris1 DSC calorimeter calibrated with indium and tin.

Table 1
Characteristics of samples.

Sample M, [kg/mol] wc°

pPSt*  PLC”

Myw/My* Morphology LC phase transition
Behavior Tis, [°C] AH [J/g]

S14LCO1 143 14 0.09 121 LC sphere Non = =

S09LC04 9.1 43 022 120 LC cylinder  N-Iso 102 43
S14LC09 14.3 88 038 112 LAM Sm-Iso 121 5.9
SO9LC13 91 13.0 0.59 121 PSt cylinder Sm-Iso 93 4.1
SO3LCO3 2.6 34 057 118 LAM N-Iso 78 53
SO3LCO7 2.6 6.7 0.72 120 LAM N-Iso 52 4.8
SO3LC25 2.6 245 0.88 116 PSt sphere  Sm-Iso 126 2.8
LC12 - 12.0 100 111 - Sm-Iso 138 74

¢ Determined by SEC using standard poly(styrene).

b Determined from copolymer composition measured by 'H NMR on the basis of
molecular weight of PSt.

¢ Determined by 'H NMR.
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3. Results and discussion
3.1. Liquid crystallization behavior of the homopolymer

Figs. 2 and 3 show DSC heating thermograms and POM photo-
graphs at 40 °C, respectively, for the homopolymer LC12 and the
block copolymers. In LC12, the DSC thermogram shows a transition
temperature at 138 °C, below which a birefringent texture specific to
liquid crystal is observed in POM. SAXS profiles of the homopolymer
are depicted in Fig. 4 for three temperatures. Below the transition
temperature, two sharp scattering peaks are observed. The peak
positions with a ratio of 1:2 indicate that the homopolymer forms
smectic liquid crystal. From the position of the first-order peak
(" =144nm~' at 79°C), the spacing of the smectic layers is
estimated to be 4.36 nm at 79 °C. Tiso and the spacing obtained here
is almost the same as those reported by other researchers [10,29].
Because the length of the side-chain of the liquid crystalline poly-
mer is about a half of the spacing, supposing that the methylene
spacers between the main chains and the mesogens are stretched to
trans-zigzag conformation, the smectic layers consist of bilayers as
depicted in Fig. 5.

In the inset of Fig. 4, temperature dependence of the position of
the first-order peak is shown. The peak position shifts toward lower
q with decreasing temperature, which means that the layer spacing
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Fig. 2. DSC thermograms in heating at 4 °C/min.

becomes larger with lowering temperature. In general, with
increasing temperature, the mesogen axis becomes normal against
the smectic layer so that the spacing becomes smaller. Although
this opposite behavior itself is interesting, it is out of our focus in
the present work and remain unclear what kind of structure change
enlarges the spacing of the smectic layer.

3.2. Mircophase separation and order—disorder transition

In Fig. 6, the SAXS profiles at 25 °C and 140 °C are shown for all
of the block copolymers. At 25 °C, which is below Tis, of the LC
homopolymer, all the SAXS curves have peaks originating from
microphase separation structure at around gq=0.2-0.8 nm™!
depending on the molecular weight and the copolymer composi-
tion, although the intensity of the scattering peak for S14LCO1 is
very weak. From the ratio of the higher-order peaks to the first-
order one, with taking account of the block composition, S14LC01,
S09LC04, S14LC09, SO9LC13, SO3LCO3, SO3LCO7 and SO3LC25 have
LC-spherical, LC-cylindrical, lamellar, PSt-cylindrical, lamellar,
lamellar and PSt-spherical microphase structures, respectively,
which are summarized in Table 1.

At the elevated temperature 140 °C, the block copolymers with
a relatively high molecular weight shown in Fig. 6(a) do have
scattering peaks from the microphase separation structure at
almost the same positions as those at 25 °C, which means that
liquid crystallization occurs from ordered melts with preserving
the microphase separation structure. On the other hand, as shown
in Fig. 6(b), the samples with a relatively low molecular weight do
not show any SAXS peaks at 140 °C. This means that they have
order-disorder transition (ODT) temperature Topr between 25 °C
and 140 °C, and the relation between Tis, and Topr determines
whether liquid crystallization occurs from microphase-separated
melt or disordered melt.

Focusing on a higher q range reflecting liquid crystalline struc-
ture, some samples have a peak from the smectic structure at about
the same position as that for the homopolymer LC12, and the others
not. Whether or not a SAXS curve has a peak from smectic liquid
crystalline structure seems to depend on the block composition,
that is, microphase separation structure. In the following sections,
the liquid crystallization behavior will be discussed in two cate-
gories, that is, liquid crystallization from microphase-separated
melt and from disordered melt.

3.3. Liquid crystallization from microphase-separated melt

As described so far, S14LCO1, SO9LC04, S14LC09 and SO9LC13
seem not to change their microphase separation structure crossing
Tiso. DSC thermograms and POM photographs at 25 °C for these four
samples were depicted in Figs. 2 and 3, respectively. For SO9LC13,
S14LC09 and S09LCO4, LC transition and glass transition of PSt are
observed at 85-120 °C and 40-80 °C, respectively. Also in the POM
photographs, these three samples show birefringence texture
originating from LC phase. However, the SAXS profiles for SO9LC13
and S14LC09 are different those for SO9LCO4. The former two
samples show a scattering peak originating from smectic layers at
almost the same position as the homopolymer, while the latter
does not have any traces of the layered structure although it shows
a LC transition in DSC and POM. This means that, LC blocks within
matrix or lamellar microphase liquid crystallized in the same
manner as the homopolymer, while those within cylindrical
microdomains did not. The liquid crystalline structure is not
smectic but probably nematic. Moreover, S14LC0O1 with 9 wt% of the
LC component shows only glass transition in the DSC thermogram,
and no oriented structure is detected in POM. This means that
liquid crystallization was inhibited for S14LC01, in which LC blocks
were surrounded by glassy PSt matrix.
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Fig. 3. POM photographs at 40 °C after cooling from 140 °C at a rate of 4 °C/min. The scale bar indicates a distance of 100 pm.

From Fig. 6(a), the positions of the first-order peak at 25 °C for
S09LC04 and S14LCO1 are q=0.32 and 0.21 nm~, respectively,
although that for S14LCO1 may has some margin of error because
of its weak peak intensity. From the peak positions, the radii of
the cylinders in hexagonal packing and spheres in bcc lattice are
5.6 and 5.3 nm for SO9LC04 and S14LCO1, respectively, assuming
the volume fraction of the components to be the weight fraction.
The difference of liquid crystallization behavior between SO9LC04
and S14LCO1, which have comparable radius of the LC domain,
may come from the difference in the dimensionality of the LC
domains and the curvature of the interface of microphase
separation. We have also studied liquid crystallization of block
copolymers composed of the same LC component as studied here
and poly(butyl acrylate), in which the amorphous component is
rubbery at Tiso of the LC blocks, and concluded that liquid crystal-
lization is suppressed within small microdomains even when the
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Fig. 4. Temperature dependence of the SAXS profile of LC12. The inset shows the
temperature dependence of the position of the first-order peak.

surrounding matrix is rubbery [24]. Such kind of the obstruction
within small isolated microdomains has been extensively studied
for various crystalline-amorphous block copolymers [1-7]. It has
been reported that crystallization is strongly suppressed within
small isolated microdomains, especially for block copolymers with
a glassy amorphous component. The suppression has been attrib-
uted to limited growth dimensionality, difficulty of volume change,
homogeneous nucleation within isolated domains and so on [6,7].
In addition to such kinds of confinement effects, curvature of
interface may be an important factor in liquid crystallization within
nanoscale domains.

In Fig. 7, temperature dependence of the position of the first-
order peak from microphase separation structure in cooling at 4 °C/
min is depicted for SO9LCO4, SO9LC13 and S14LC09. The arrows
indicate Tisos determined by DSC. In SO9LC13 and SO9LCO04, qm
becomes smaller at Tjso. The reduction in g, means swelling of the
microphase separation structure by liquid crystallization. From the
relation, d=2m/qy, the spacings of the microphase separation
structure became larger from 24.4 to 26.1 nm and from 19.6 to
20.4 nm for SO9LC13 and SO09LCO4, respectively. The increments
correspond to only about 4 and 7% of the spacing in the melt. In

Fig. 5. Schematic representation of the bilayer smectic structure.
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Fig. 6. SAXS profiles in the liquid crystalline and the isotropic state for the block copolymers.

PA1;0CB-PBA having a rubbery amorphous component, on the
other hand, the domain spacings were enlarged by 15-50% in liquid
crystallization, and the highlight was a discontinuous change of the
spacings in smectic-isotropic phase transition, that is, a new peak
appeared and grew at a lower q while the original peak decreased
its intensity and disappeared [24]. Compared with that, the changes
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Fig. 7. Temperature dependence of the first-order peak in cooling. The down-pointing
arrows indicate TisoS.

in the spacings of PA1;OCB-PSt are very small and continuous. This
should come from the higher glass transition temperature
compared to PA;;OCB-PBA. Actually, S14LC09, which has the
highest molecular weight of PSt block, does not change its domain
spacing in liquid crystallization. The reason why the domain was
enlarged by liquid crystallization will be discussed in the later
section.

3.4. Liquid crystallization from disordered melt

As described before, for the samples with relatively low
molecular weight, SO3LC03, SO3LCO7 and SO3LC25, no SAXS peak is
detected in the melts at 140 °C, while clear peaks are observed at
25 °C (Fig. 6(b)). This means that these show ODT between the two
temperatures.

In Fig. 8, temperature dependence of the SAXS profiles in cooling
at arate of 4 °C/min is depicted. With decreasing temperature, all of
these have a scattering peak at g = 0.4-0.6 nm ™. The peak position
gm and the intensity I(qr,) are plotted against temperature in Fig. 9.
Tisos determined by DSC in heating ramp are also indicated by the
down-pointing arrows. In S03LC25, Tis, is higher than Topr,
meaning that liquid crystallization occurs from disordered melt
followed by the formation of microphase separation structure. As
S03LC25 contains about 90 wt% of the LC component, it could liquid
crystallize from the disordered melt.

For SO3LCO03 and SO3LCO7, on the other hand, Tis, is almost the
same as or lower than Topr. Although it is hard to find systematic
tendency of the relation between Tis, and Topr, Tiso is lowered
compared to that for the homopolymer. In addition, no SAXS peak
originating from Sm phase is also observed in these two samples.
This may be the dilution effect due to the relatively low LC weight
fractions of 72 and 57 wt% in SO3LCO7 and SO3LCO03, respectively.
Liquid crystallization might wait for ODT, by which LC-rich phase
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Fig. 8. Temperature dependence of SAXS profiles for SO3LC03, SO3LCO7 and SO3LC25 in cooling.

was formed. SO3LCO3, in which liquid crystallization occurs at
almost the same temperature as ODT, may be an example of direct
induction of LC transition by ODT. On the other hand, another type
of coupling of Tis, and Topr was also reported for other LC block
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Fig. 9. Temperature dependence of the position and the intensity of the first-order
peak. The arrows indicate Tisos determined by DSC in heating ramp.

copolymers with relatively low LC composition, where ODT was
induced by LC transition [22]. They attributed the induction of ODT
to the relief of steric frustration caused by the difference in size
between the LC and the amorphous blocks. For SO3LC07 and
SO3LCO3, the steric frustration is not so significant compared to
their system because they have more than 50 wt% of the LC
component. However, it may be necessary to take account of such
steric asymmetry between the blocks and other factors for the
complete understanding of the suppression of liquid crystallization
from disordered melt.

3.5. LC ordering in microdomains

In this section we focus on the LC structure with spotlighting the
orientation direction of the mesogenic groups in the microphase.
The direction of the mesogenic groups are evaluated as relation
between the interface of the microphase separation structure and
the direction of the smectic layers, to which the mesogenic groups
are normal in smectic A structure.

In Fig. 10, 2-D-SAXS image after applying shear flow is shown for
S09LC13, which has PS-cylindrical microphase separation structure
(Fig. 6). The scattering peak from microphase separation is
observed at g =0.32 nm™~". On the other hand, the scattering peaks
from the smectic layers at ¢ = 1.45 nm ™ is perpendicularly located
to those from the microphase separation. This indicates that the
smectic layers are normal to interface of the microphase separation
as schematically represented in Fig. 11. The other samples studied
here also showed the perpendicular orientation. Also for PA1;0CB-
PBA, we have reported the perpendicular orientation of the smectic
layers to the interface.

There are some other studies about the orientation of the
mesogenic groups within small microdomains. Anthamatten et al.
studied the orientation of smectic layers to microphase separation
for roll-cast and fiber-drawn samples and concluded that the
direction of the mesogens were governed by the degree of coupling
between mesogens and main chains, requirement of splay or bend
of smectic layers, conformational changes of main chains, and so
on. Specifically, they showed that, in lamellar phase, smectic layers
were parallel to the interface for liquid crystalline blocks with
a decyl spacer, while perpendicular for those with a hexyl spacer
[17]. In LC matrix with PSt cylinders, in addition, they proposed the
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g, /nm’”’

Fig. 10. 2-D-SAXS image for SO9LC13 at 80 °C. MS and LC mean microphase separation
structure and Sm liquid crystalline structure, respectively.

perpendicular orientation for LC blocks with a hexyl spacer [17,22].
On the other hand, our system in the present and previously
reported [24] studies, having an undecyl spacer, shows the
perpendicular orientation regardless of the microphase separation
structure. Without any coupling between mesogens and interface
of microphase separation, smectic layers tend to be parallel to the
interface. When mesogens are attached to main chains with long
methylene spacers, they should align in the same manner as free
mesogens do. Although the liquid crystalline blocks used in the
present study have relatively long methylene spacers, the smectic
layers align perpendicularly to the interface. This suggests that
some other factors such as length and conformation of main chains
should be taken into account. At this stage, factors determining the
alignment of mesogens remain unclear. More experimental data
are required for systematic clarification of the alignment within
microdomains.

In perpendicular orientation in liquid crystalline state, the LC
main chains must be extended normally to the interface of the
microphase separation as schematically shown in Fig. 11. This may
be the reason why the domain spacings of the microphase
separation became larger in liquid crystallization (Fig. 7). In fact, the
stretched main chain in LC state can be confirmed by the absolute
values of the domain size. Supposing that the lamellar thickness of
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Fig. 11. Schematic model of the phase structure in liquid crystalline state.
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Fig. 12. Dependence of the domain thickness of the LC phase dic on the molecular
weight of the LC block My, c. The solid line indicates the twice the end-to-end distance
of the fully extended LC main chain.

the LC and the amorphous phase is proportional to the copolymer
composition, the lamellar thickness of the LC phase, dic, can be
estimated for S14LC09, SO3LCO3 and SO3LCO7, all of which form
lamellar microphase separation. In Fig. 12, dic is plotted against My,
of LC blocks. They are almost on the solid line representing twice
the end-to-end distance of the fully extended LC main chain with
the corresponding molecular weight, which is calculated on the
basis of 0.254 nm of C-C-C length per monomer. This linear
relationship between dic and M, suggests that the LC blocks are
stretched and normal to the interface of the microphase separation.
These results coincide with the orientation of the smectic layers to
the interface of microphase separation.

4. Conclusion

Phase behavior and structure formation in liquid crystallization
of side-chain liquid crystalline-glassy amorphous block copoly-
mers were investigated by means of DSC, POM and SAXS.

For the block copolymers with relatively high molecular weight,
liquid crystallization did not change the microphase separation in
the melt. The order of the liquid crystalline phase was lowered with
decreasing dimensionality of LC phase, that is, the LC blocks formed
smectic liquid crystal in the matrix of lamellar microphase while
liquid crystallization in the cylindrical microdomains did not show
smectic but may be nematic liquid crystal. Moreover, the LC blocks
within the spherical domains did not liquid crystallize.

Those with relatively low molecular weight had Topr in the
temperature range of observation. In cooling of the samples with
relatively low LC composition, liquid crystallization seemed to wait
for the formation of LC-rich phase by microphase separation.

The relation between directions of the orientation of micro-
phase separation and Sm layers was measured by 2-D SAXS under
shear flow. The Sm layers were perpendicular to the interface of the
microphase separation. From the layer thickness of LC phase, it was
suggested that the main chain was extended normally to the
interface of the microphase separation. This result is different from
previously reported one [22], where LC blocks with more than six
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methylene units as a spacer between the mesogen and the back-
bone showed parallel orientation.
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