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Phase behavior in liquid crystallization was studied for a series of liquid crystalline (LC) diblock copoly-
mers consisting of rubbery amorphous and side-chain liquid crystalline components, poly(n-butyl
acrylate) (PBA) and poly[11-(40-cyanophenyl-400-phenoxy)undecyl acrylate] (PLC), respectively, using
a time-resolved small-angle X-ray scattering (SAXS) techniques, DSC and polarized optical microscopy
(POM). The block copolymers used had three kinds of copolymer compositions, 44, 20 and 15 wt% of PLC
compositions (BLC44, BLC20 and BLC15, respectively). BLC44 showed a smectic liquid crystalline struc-
ture. In the process of liquid crystallization for BLC44, the SAXS peak due to the microphase separation
structure existing before liquid crystallization was changed continuously to be at a smaller angular side,
and at almost the same time, a new peak appeared at a further smaller angular side and developed. The
former peak disappeared with the development of liquid crystallization. The behavior of these SAXS
peaks suggests that the microphase separation structure was changed discretely at the transition from
isotropic to smectic and that two phases coexist in the early stage of the liquid crystallization. The
coexistence of two peaks in the early stage of the liquid crystallization corresponded to the POM
observation. In the isotropization process, coexistence of two phases was not observed. For BLC20
exhibiting a cylindrical structure in both isotropic and liquid crystalline states, the liquid crystalline
structure was not smectic but probably nematic, and the spacing was changed continuously in liquid
crystallization. No liquid crystallization was observed in SAXS, POM and DSC for BLC15. The orientation of
smectic layers within lamellar domains was investigated using 2D-SAXS images. The smectic layer was
aligned perpendicularly to the lamellar interface.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Block copolymers containing a side-group liquid crystalline (LC)
block have a potential to exhibit hierarchical phase structure or
ordering. The hierarchical structure in liquid crystalline block
copolymers consists of several ten nanometers of microphase
separation structure and a few nanometers of liquid crystalline
structure. Such superimposed structure has been studied exten-
sively [1–17]. The orientation of mesogenic groups or smectic (Sm)
layers within microphase domains has mainly been focused on so
far [7–17]. Namely, a main subject has been concerning whether
the mesogens or Sm layers are aligned perpendicular or parallel to
velopment in Asia, Nagaoka
oka, Niigata 940-2188, Japan.

iomi).
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the interface between the domains of two blocks in various
microphase separation structures.

On the other hand, there are a very few reports on changes of
microphase separation structure or its size in liquid crystallization
from microphase-separated states [10]. For crystalline–amorphous
block copolymers, many investigations on the structural change in
crystallization have been reported [18]. The microphase separation
structure is not changed for block copolymers having a glassy
amorphous block [19–21], while it can be changed for block
copolymers containing a rubbery component because rubbery
polymer chains can move flexibly during crystallization [22–24]. It
has been reported that such structure change depends on compe-
tition between crystallization and chain diffusion rates as well as
segregation degrees of microphase separation. For liquid crystalline
block copolymers, on the other hand, Li et al. found a continuous
decrease in lamellar spacing of the microphase separation structure
at the transition from nematic to isotropic state [10]. There may be
a very few investigations on such structure change in liquid
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Table 1
Characteristics of block copolymers and PLC homopolymer

Code Mn LC/wt% Mw/Mn
c

PBAa PLCb

PLC – 3000c – 1.11
BLC44 37 900 30 000 44 1.21
BLC20 34 000 8200 20 1.04
BLC15 37 900 6900 15 1.12
BLC51 15 000 15 400 51 1.20

a Determined in THF at 40 �C using SEC with a light scattering detector.
b Determined from copolymer composition measured by 1H NMR on the basis of

molecular weight of PBA.
c Determined by SEC using standard poly(styrene).
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Fig. 2. SAXS profiles at each temperature in heating of 10 �C/min (a) and temperature
dependences of the first-order peak position qm and the spacing l in Sm structure (b)
for PLC homopolymer.
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crystallization. Also, it is not clear whether the change is contin-
uous or discontinuous.

In this paper, we will present changes of microphase separation
structure in liquid crystallization from microphase-separated
isotropic states for block copolymers consisting of rubbery amor-
phous and side-group liquid crystalline blocks. The orientation of
mesogenic groups or Sm layers within the microdomain will also be
discussed.

2. Experimental

2.1. Materials

Poly[11-(40-cyanophenyl-400-phenoxy)undecyl acrylate] homo-
polymers (PLC) and block copolymers (BLC) composed of PLC and
poly(n-butyl acrylate) (PBA) were prepared by atom transfer
radical polymerization (ATRP). Synthesis of LC monomers and
their polymerization for PLC homopolymer were performed
according to the method of Kasko et al. [3,5] In homopolymeri-
zation of LC, 11-(40-cyanophenyl-400-phenoxy)undecyl 2-bromo-
propionate was employed as an initiator. As a Cu-solubilizing
ligand, 4,40-dinonyl-2,20-dipyridyl (bpy9) was used instead of 4,40-
diheptyl-2,20-dipyridyl (bpy7) used by them. Li et al. also used
bpy9 [10]. The polymerization was performed for 3 h at 110 �C. The
resulting polymers were purified by reprecipitating three times
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Fig. 1. DSC thermogram in heating (a) and POM pictures at cooling rate of 4 �C/min (b) for PLC homopolymer.
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with a THF/methanol system to remove unreacted monomer, CuBr
and bpy9, followed by drying under vacuum. Block copolymers
were prepared by ATRP of LC monomers using a PBA macro-
initiator synthesized by ATRP. Bpy9 was used as the ligand in both
polymerizations for PBA macroinitiator and BLC. The polymeriza-
tion for PBA initiator was carried out for 3 h at 110 �C, and the
resulting product was purified by reprecipitation method with
a THF/�50 �C methanol system. BLC block copolymers were
purified with a THF/methanol system, followed by drying under
vacuum.
2.2. Characterization

Absolute molecular weights of PBA macroinitiator were
measured by Size Exclusion Chromatography (SEC) using a TOSOH
HLC-8220 instrument equipped with a Viscotek model 270 dual
detector with a low-angle light scattering detector. The molecular
weight of PLC homopolymer was determined by SEC (TOSOH HLC-
8020 instrument equipped with an RI detector). A solvent used in
SEC measurements was THF. Copolymer compositions of BLC were
determined by 400 MHz 1H NMR in CDCl3 with a JEOL JNM-GX400
spectrometer. Molecular weights of BLC block copolymers were
estimated from the copolymer composition on the basis of the
12010080
ure /°C

LC44. In (b), A and B indicate fan-like structure and yellow/blue area, respectively.
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molecular weight of PBA macroinitiator. Polydispersity of molec-
ular weights was determined by SEC with the RI detector.

Characteristics of PLC homopolymer and BLC block copolymers
are shown in Table 1.
(A)

(B)

0.20
2.3. Sample preparation and measurements

The polymer was dissolved in THF to be a 5 wt% solution, and
then dried at room temperature overnight, followed by removing
the solvent completely in a vacuum oven at 60 �C overnight.

Structures of microphase separation and liquid crystals were
observed using time-resolved Small-Angle X-ray Scattering (SAXS)
employing synchrotron radiation. SAXS measurements were per-
formed using beam lines BL-10C and BL-15A for 1D and 2D
experiments, respectively, at the Photon Factory in the Institute of
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Fig. 6. Development of Lorentz-corrected SAXS profile for BLC44. The peaks A–C are
due to the microphase separation structure, and the peak LC due to Sm layers.
Materials Structure Science, High Energy Accelerator Research
Organization in Tsukuba, Japan. Details of optics and instrumen-
tation for 1D measurements were described elsewhere [25]. The
scattering images in 2D experiments were collected by a CCD
camera (C4880, Hamamatsu Photonics K.K.) with an image inten-
sifier. The scattering vector was defined as q¼ (4p/l)sin(q/2),
where q is the scattering angle. The scattering angle was calibrated
by using a chicken tendon having periodical structure of 65.3 nm.
1D time-resolved SAXS measurements were performed in heating
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Fig. 7. Changes of the peak position qm (open symbols) and its intensity Iq2 (filled
symbols) in cooling process at 4 �C/min for BLC44. A–C correspond to the respective
peaks shown in Fig. 6.



Fig. 8. POM pictures in quenching to 77.0 �C from the isotropic state (a) and in the heating process after that (b).
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or cooling in the range of 30–160 �C. In isothermal measurements,
the sample was annealed at 160 �C for 30 min and then moved
rapidly into a measurement holder thermostated at a desired
temperature. In 2D experiments, oscillating shear flow was applied
to the 100-mm-thick sample at 1 Hz and 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.
A Perkin Elmer Pyris 1 apparatus was used for DSC measure-
ments. The sample annealed at 150 �C for 10 min in a sample pan
was cooled at 4 �C/min and then heated at 4 �C/min.

For observation by Polarized Optical Microscopy (POM), an
Olympus BH-2 microscope equipped with a Nicon Coolpix 950
digital camera was used. The temperature was controlled with
a Mettler FP82HT hot stage running through an FP90 central
processor.
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3. Results and discussion

3.1. Liquid crystalline structure of PLC homopolymer

Two transition temperatures for PLC homopolymer are observed
in the DSC thermogram of Fig. 1a as follows: 8.3 and 87.9 �C. These
transitions can be assigned to be smectic C–smectic A and smectic
A–isotropic, respectively, according to Kasko et al. [5]. They
obtained the molecular weight dependence of these transition
temperatures for the same liquid crystalline polymers. The above
temperatures obtained here are almost the same as those by them
for the polymers with the corresponding molecular weight. The
enthalpy DHt of the smectic A–isotropic transition is 6.6 J/g (2.8 kJ/
monomer mol), which is almost the same as that reported by
Kostromin and Shibaev [26]. Fig. 1b shows POM pictures, which
exhibit the liquid crystallization below the isotropization temper-
ature Tiso observed by DSC.

Fig. 2a shows SAXS profiles for PLC homopolymer at each
temperature in the heating process. Two peaks can be observed
below Tiso. The ratio of these peak positions is 1:2, which means
layer structure, that is, smectic structure Sm. The layer spacing l is
estimated from the first-order peak position around q¼ 1.4 nm�1 to
be about 4.5 nm. Kostromin and Shibaev also reported l to be
4.4 nm for the same liquid crystalline polymer [26]. This value of
the layer spacing is about twice the length of the side group with
the mesogen and trans zigzag conformation of (CH2)11, which
suggests that the smectic structure is a bilayer structure consisting
of two mesogenic layers as shown in Fig. 3. Such a bilayer structure
has been reported for liquid crystalline polymers having cyanobi-
phenyl mesogens [9,26]. As shown in Fig. 2b, the peak positions due
to Sm layer shift to a smaller q with decreasing temperature,
namely the spacing l of the Sm layer varies from 4.1 to 4.5 nm in the
range of 107–10 �C. Usually the mesogen axis may become tilted
more against the Sm layer with decreasing temperature so that
l becomes smaller. The result obtained here shows the opposite
trend. In the present stage, it is not clear what change occurs in
liquid crystalline structure.

3.2. Phase behavior in liquid crystallization of block copolymers

Fig. 4a shows DSC thermograms in the heating process for BLC44
block copolymer. Tiso is not so different from that of PLC homopoly-
mer in spite of the higher molecular weight of LC block than that for
the PLC homopolymer, while DHt(¼ 5.8 J/g) is somewhat smaller
than that for the homopolymer. The liquid crystallization is observed
below Tiso in POM pictures shown in Fig. 4b.

The SAXS profiles of BLC44 in cooling from 150 to 30 �C are
shown in Fig. 5a. In the isotropic state (127.7 �C), a peak due to
microphase separation structure is observed at q¼ 0.17 nm�1.
Although any higher-order peaks are not clearly observed, micro-
phase structure is considered to be lamellar by taking account of
the copolymer composition. A peak due to Sm layers appears
around q¼ 1.4 nm�1 below about 100 �C together with its second-
order peak at q¼ 2.8 nm�1 (in which the second-order peak is not
shown in Fig. 5a because it is beyond the q range indicated here).
The position of the peak due to the Sm layer shifts to a smaller q
with decreasing temperature in the same way as that for the PLC
homopolymer. This temperature dependence of the peak position
can be reconfirmed in the SAXS profiles shown in Fig. 5b, which
shows comparison of the SAXS profiles between the cooling
process and on quenching rapidly the samples from the isotropic
state to the indicated temperatures. The peak positions in these two
situations are the same as each other at the respective tempera-
tures. Therefore, the shift of q due to the Sm layer does not occur in
the process of liquid crystallization but depends on the
temperature.
In order to observe in detail a change of the microphase
separation structure in the liquid crystallization process, the
development of Lorentz-corrected SAXS profiles for BLC44 is shown
in Fig. 6. As a peak due to Sm layers appears at q¼ 1.4 nm�1, the
intensity of a preexisting peak around q¼ 0.17 nm�1 (indicated by
‘A’ in Fig. 6) above Tiso decreases and the peak is succeeded by peak
‘B’. Furthermore, at almost the same time a new peak (‘C’) appears
and develops at a smaller angular side. Peak B disappears with
development of peak C. Peak C may come from the microphase
separation structure containing Sm LC layers because the peak due
to the Sm layer exists in the whole temperature range below Tiso,
although the liquid crystalline structure related to peak B is
obscure. The position qm and intensity Iq2 of these peaks due to the
microphase separation structures are plotted against the temper-
ature in Fig. 7. The peak position qm is changed from qm¼ 0.17 nm�1

in the isotropic state to about 0.15 and 0.11 nm�1 with liquid
crystallization around 100 �C, and finally only the peak at
qm¼ 0.11 nm�1 remains. These values of qm correspond to the
spacing d¼ 38, 42 and 56 nm, respectively.

As shown in Figs. 6 and 7, the change from qm¼ 0.17 to 0.15 nm�1

appears to be continuous, while the change from qm¼ 0.17 to
0.11 nm�1 is discrete. The discrete change means that the micro-
phase separation structure is reorganized by liquid crystallization.
Furthermore, the coexistence of two qms at 100–70 �C suggests that
two kinds of microphase separation structures exist in the process
of liquid crystallization. In the POM pictures of Fig. 4b, two regions
of fan-like structure and yellow/blue areas are observed at 76.8 and
75.7 �C, while at 55.0 �C only fan-like structure is found. The
coexistence of two regions in the POM picture may correspond to
two kinds of microphase separation structures. Although qm and its
intensity are plotted against the temperature in Fig. 7, it is noted
here that such variation of the microphase separation structure is
not necessarily temperature dependent but time dependent as
shown in Fig. 8, namely it occurs in the process of liquid crystalli-
zation. Fig. 8a shows time dependence of POM picture for BLC44
quenched rapidly to 77.0 �C from the isotropic state. Two phases are
observed in the initial stage, and then fan-like structure develops to
cover the whole area. In the heating process from 77.0 �C (Fig. 8b),
on the other hand, the fan-like structure disappears not through
the way of the two phases. The same behavior is observed in
Fig. 9, which shows the time-resolved SAXS profiles in heating
and subsequent holding at 137.4 �C. The peak intensity at
qm¼ 0.11 nm�1 decreases around 133 �C and, in place of that, a new
peak appears at qm¼ 0.17 nm�1 which is the same position as the
above one in the isotropic state. From these observations it is
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concluded that in the liquid crystallization process, two microphase
separation structures (i.e., two liquid crystalline phases) appear first
and then are reduced to one phase, while that the isotropization
does not proceed through the way of two phases, but directly from
one liquid crystalline phase. Furthermore, the change of the
microphase separation structure in the liquid crystallization is
discrete to Sm phase, and continuous to the other phase that
disappears with the development of liquid crystallization.

Li et al. reported that the lamellar spacing was changed at the
nematic–isotropic transition to be larger in the liquid crystalline
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state than in the isotropic state in the same way as our result, but
the change of the spacing was continuous [10]. The discrete change
has not been found so far, to our knowledge. For a main-chain
polyester homopolymer, on the other hand, Tokita et al. [27] found
an anisotropic domain development prior to the onset of the
smectic layer ordering during the isothermal liquid crystallization
from the isotropic phase at large supercooling. This suggests that
the smectic layer structure is evolved through a transient nematic
phase. Although our liquid crystalline polymer is a side-chain type
and a component of the block copolymer, the behavior observed
here that one more phase appears in the early stage of the liquid
crystallization may be related to that found by Tokita et al., if that
phase is nematic.

Fig. 10a shows SAXS profiles at selective temperatures in cooling
from the isotropic state for BLC20. Although no peak is observed
around q¼ 1.4 nm�1 and no clear transition was detected in the
DSC thermogram, liquid crystallization is considered to occur
because some molecular orientations can be observed in POM
pictures below about 110 �C as shown in Fig. 10b. These observa-
tions suggest that the liquid crystalline structure is not smectic but
probably nematic. On the other hand, some peaks due to the
microphase separation structure can be observed in a q range
smaller than 1.0 nm�1. From the ratio of the higher-order peak
positions to the first-order one, microphase separation structure is
concluded to be cylindrical in both isotropic and liquid crystalline
30.0 °C

2.52.01.5
1

29.1 °C

160.9 °C

pendence of SAXS profiles (b) for BLC15.
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states, which suggests that liquid crystallization occurred within
cylindrical domains.

In the liquid crystallization process, as shown in Fig. 11, BLC20
also has a change in both qm and its peak intensity at about 110 �C:
from qm¼ 0.31 nm�1 (spacing: d¼ 20.2 nm) in the isotropic state to
0.266 nm�1 (d¼ 23.6 nm) in the liquid crystalline state. From these
values of d, the radii r of the cylinders in both states are estimated to
be 5.5 and 6.4 nm, respectively, in the hexagonal packing when the
volume fraction of the component is assumed to be the weight
fraction. In this system, the change of qm in the liquid crystallization
may be continuous because the peak intensity does not decrease so
much but just to the intensity in the liquid crystalline state. Two
kinds of microphase separation structures were not seen in the
liquid crystallization process. The change of qm at the nematic–
isotropic transition found by Li et al. was also continuous [10] as
described above. The decrease in the peak intensity above 110 �C
may come from the order–disorder transition whose temperature
TODT may exist over 140 �C.

Fig. 12a shows POM pictures at selected temperatures for BLC15.
Any structure due to molecular orientation is not observed even at
a low temperature. In the SAXS profiles shown in Fig. 12b, no peak
appears around q¼ 1.4 nm�1. The DSC thermogram showed no
transition peak. These mean that no liquid crystallization occurs.
The position, qm¼ 0.212 nm�1, of the SAXS peak due to the
microphase separation structure is not changed with temperature
because of no liquid crystallization. Assuming that the domain of
PLC block is spherical and that the volume fraction of the block
equals to the weight fraction, the radius r is 7.74 nm in the bcc
packing. Liquid crystallization may be impossible within the sphere
with this size. Disappearance of the peak with increasing
temperature in a higher temperature region may be due to the
order–disorder transition (TODT¼ca. 120 �C).
3.3. Phase structure in liquid crystalline state

Fig. 13 shows a 2D-SAXS profile for BLC51 measured immedi-
ately after applying shear to the sample. The orientation of the
peaks due to the Sm layer is perpendicular to that of the intensity
distribution in a smaller q range, which means that the Sm layer
Fig. 13. 2D-SAXS image for BLC51 at 85 �C. MS and LC are due to microphase sepa-
ration structure and Sm liquid crystalline structure, respectively.
aligns perpendicularly to the interface between PBA and PLC
lamellar domains. Anthamatten et al. investigated the orientation
of Sm layers to microphase separation morphology for block
copolymers consisting of amorphous polystyrene and methacry-
late-based LC blocks [12]. According to their results, the orientation
of the Sm layer within the lamellar domain is parallel to the
interface for the block copolymers having a decyl spacer in the side
group, while perpendicular for a hexyl spacer. Although their film
samples were prepared by roll-casting, the orientation obtained by
them is different from our result if decyl and undecyl spacers, used
in their and our works, respectively, have the same effect on the
orientation.

In Fig. 14a is shown a schematic model of the perpendicular
orientation of Sm layers for BLC44. The spacing d of the lamellar
microphase structure is 38 and 56 nm at 120 �C (in the isotropic
state) and 40 �C (in the liquid crystalline state), respectively, as
described in the previous section. Taking account of the copolymer
composition (approximated to be weight fraction z volume frac-
tion), the thicknesses, dPLC and dPBA, of PLC and PBA lamellar
domains are 16.7 and 21.3 nm, respectively, in the isotropic state.
Assuming that dPBA is not changed even in liquid crystallization,
dPLC is 34.7 nm in the liquid crystalline state. If the orientation of Sm
layers is perpendicular, dPLC may be somewhat smaller than
34.7 nm, because the PBA chain is expanded toward the lamellar
interface, namely the PBA domain thickness becomes larger, to
match the interface areas per junction of PBA and PLC blocks.
Alternatively, when the lamellar thickness is taken to be propor-
tional to the copolymer composition in the liquid crystalline state
as well as in the isotropic state, dPLC is 24.6 nm in the liquid crys-
talline state. Thus, the PLC lamellar thickness dPLC may be in the
range of 24.6–34.7 nm. On the other hand, the end-to-end distance
of the fully extended PLC main chain with a trans zigzag confor-
mation is estimated to be 18.2 nm on the basis of 71.6 of degrees of
polymerization and 0.254 nm of CeCeC length per monomer. The
difference between the above lamellar thickness dPLC and twice the
end-to-end distance of the fully extended PLC main chain is not so
large. Namely the PLC main chain must be considerably extended
toward the lamellar interface in the perpendicular alignment of Sm
layers.

For BLC20, although there is no experimental evidence, the
orientation of the mesogenic groups in the nematic alignment may
be parallel to the cylinder axis as shown in Fig. 14b, as pointed out
by Mao et al. [7].

4. Conclusion

Phase behavior in liquid crystallization was investigated for
diblock copolymers having rubbery amorphous and side-group
liquid crystalline components.
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In the liquid crystallization from the lamellar microphase
separation structure, the liquid crystalline structure was smectic in
the same way as PLC homopolymer. In the process of the liquid
crystallization, the intensity of the SAXS peak due to the preexisting
microphase separation structure decreased and the peak position
was changed continuously to a smaller angular side. At almost the
same time, a new peak appeared at a further smaller q and devel-
oped. The former peak disappeared with proceeding of the liquid
crystallization. The behavior of these SAXS peaks suggests that the
microphase separation structure was changed discretely at the
transition from isotropic to smectic and that two phases coexist in
the early stage of the liquid crystallization. In the isotropization,
coexistence of two phases observed in the liquid crystallization was
not observed.

The liquid crystallization within cylindrical microphase domains
does not give smectic but probably nematic structure. A change in
the spacing of the microphase separation structure was observed
in the liquid crystallization process, but it was a continuous change
in the same way as reported by Li et al. [10] for the nematic–
isotropic transition.

The block copolymer with a 15 wt% LC composition gave no
liquid crystallization. Assuming the spherical structure in this block
copolymer, the radius of the sphere domain is 7.7 nm. This sphere
size is considered not to be enough for liquid crystallization, taking
account of the size of the side group and the spacing of Sm layers.

The orientation of Sm layers within the lamellar domain was
concluded from the 2D-SAXS measurements to be perpendicular to
the lamellar interface, which is different from that obtained by
Anthamatten et al. [12] if the decyl and undecyl spacers have the
same effect on the orientation. In the perpendicular alignment, the
PLC main chain should be extended toward the interface, compared
with the lamellar thickness.
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