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Liquid crystal (LC) block copolymers composed of LC and
isotropic blocks are interesting because of the following two
aspects. First, the LC orientation induced by an external field
can induce macroscopic orientation of the microdomains. The
microdomains are following the mesogens orientation to mini-
mize the director distortion. Large area amorphous cylinder
alignments in LC block copolymers have been accomplished
by application of a magnetic field.' > The anchoring of the
LC relative to the substrate induced orientations of lamellae or
amorphous cylinders in the ultrathin films.* Under shear flow,
a smectic LC aligns the layer normal parallel to the velocity
gradient direction, so the microcylinders immersing in the smectic
LC matrix have to compromise on their orientation so as to lie in
the velocity gradient direction though they cannot avoid being
tilted by the deformation.’ Second, the LC can affect the
microdomain morphology. On the transition from isotropic to
nematic phases in the LC polymer segments, the amorphous
segments changed their shape from sphere into cylinder so as to
avoid LC director distortion.® Smectic LC block copolymers
formed lamellar morphology at unusually low LC compositions.
In some smectic LC block copolymers, the lamellar spacing
increased with decreasing temperature in the LC temperature
region corresponding to the change of LC segment configuration
from random coil to more extended in the lamellar normal
direction.® '* In these copolymers, the LC segments are side-
chain type in which the mesogenic moieties are connected to the
polymer backbone by flexible spacers. LC block copolymers
having main-chain type LC segments in which the mesogenic
moieties are connected by alkylene spacers to be embedded in
the chain backbone were also prepared; however, they were
confronted with significant problems that the polymerization
yielded the homopolymers and unintended block arrangements
as well as the block copolymers."' ~"* The morphology has not
been reported although their thermal transitions were well attrib-
uted to that of each segment and suggested that the LC and
amorphous segments segregated strongly from each other.

In this study, we report on an ABA triblock copolymer
consisting of poly(methyl methacrylate) (PMMA) as amorphous
end blocks (A) and main-chain LC polymer of BB-5(3-Me) as
the LC central block (B). These two types of segment were
segregated each other to form lamellae which showed a clear
small-angle X-ray scattering (SAXS) profile. Combining of the
wide-angle X-ray diffraction pattern and an analysis of the SAXS
profile demonstrates that the BB-5(3-Me) segment with 52 nm
in contour length formed smectic layers lying parallel to the
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lamella having a thickness of 11.6 nm. It clearly shows that the LC
polymer chains in the smectic phase are folded at every seven
repeat units.
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The block copolymer was prepared by atom transfer radical
polymerization (ATRP) of methyl methacrylate with the Br-
terminated BB-5(3-Me) as the macroinitiator (the details are
described in Supporting Information). The degrees of polymer-
ization (DP) of the BB-5(3-Me) segment (x) and the sum of the
two PMMA segments (2y) were estimated to be 32 and 73,
respectively, by 'H NMR spectra. The number-average molec-
ular weights M,, of the BB-5(3-Me) and PMMA segments are
thus calculated to be 10 500 and 7300, respectively. The poly-
dispersities (M,,/M,,) of the BB-5(3-Me) segment and the block
copolymer were estimated to be 1.7 and 1.5, respectively, by gel
permeation chromatography. The volume fractions of PMMA
and BB-5(3-Me) segments were estimated to be 44 and 56 vol %,
respectively, by the densities measured to be 1.19 and 1.33 g cm >
at 20 °C by means of a pycnometer.

The LC segments in the block copolymer were well segregated
with the PMMA segments and showed phase transitions similar
to that observed for the precursor hydroxy-terminated BB-5
(3-Me). Like the BB-5(3-Me) polyester forming a smectic C,
(SmC,) LC,"* the hydroxy-terminated BB-5(3-Me) showed a
jump in the heat capacity (Cp) and an endotherm peak at 25 and
145 °C, respectively, in the heating DSC thermogram
(Figure 1a). Therefore, these are attributed to the glass transition
and isotropization of the SmC, LC. The thermogram of the
triblock copolymer (Figure 1c) is similar to that of the precursor
polymer in including a jump and a peak at 35 and 141 °C, respec-
tively, while another jump in Cp the heat capacity appears at
106 °C, which is attributable to the glass transition for PMMA
block, indicating that the two types of segment were segregated
from each other to display each individual thermal property.
The BB-5(3-Me) segment thus transformed from glassy SmC,,
SmC,, and isotropic liquid phases in order of increasing tem-
perature. The isotropization enthalpy (AH;) of the BB-5(3-Me)
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block was 2.6 k] mol ™!, which is three-fourths of AH; = 3.4 k] mol
of the hydroxyl-terminated BB-5(3-Me).

The type of the mesophase was well identified by the X-ray
diffraction pattern. Figure 2a shows the 2D WAXD fiber pattern
of the triblock copolymer (Rigaku UltraX18 generator and
RAXIS DS3C). Here, the fiber was spun from the isotropic melt
at 160 °C and subsequently annealed for 12 h at 130 °C, which is
higher than the T, of the PMMA block and lower than the T; of
the MCLCP block. The WAXD pattern showed an inner layer
reflection with a spacing of 1.63 nm on the meridian and a broad
outer reflection with a spacing around 0.45 nm split above and
below the equator. These features are characteristic of the SmC,
phase of BB-5(3-Me) polyester, indicating that the BB-5(3-Me)
segments in the block copolymer formed the SmC, phase identical
to that of the BB-5(3-Me) homopolymer.'* The layer reflections
appearing in the fiber axis direction demonstrate that the smectic
layers lie perpendicular to the fiber axis.

The corresponding SAXS pattern shown in Figure 2b con-
firms that a well-ordered lamellar type microdomain structure is
formed by the block copolymer. The pattern includes multiple
sharp peaks on the meridian parallel to the fiber axis. The inten-
sities of these peaks were averaged over azimuthal sectors of 10°
on each side of the fiber axis and are plotted against the scattering
vector q (=47 sin 0/4) in Figure 3. As seen in Figure 3, the ratios
of the g values at the scattering peaks are 1, 2, 3, 4, and S, indi-
cating the formation of a lamellar structure with the normal parallel
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Figure 1. DSC thermograms observed for the hydroxy-terminated BB-
5(3-Me) on (a) the second heating and (b) second cooling scans and
those for the triblock copolymer on (c) second heating and (d) second

. . =1
COOlll’lg scans. Scannlng rate was 10 OC min .

to the fiber axis. The lamellar period is 21.9 nm. On heating to
temperature above the T; of the MCLCP block, the SAXS profile
became poor, leaving only the first- and second-order reflections
with a spacing of 18.0 nm on the meridian. It indicates that the
lamellar morphology was sustained even between the liquid
phases of BB-5(3-Me) and PMMA although the lamellar order
decreased.

The heights of successive scattering peaks are dependent char-
acteristically on the reflection order: the first-, third-, and fifth-
order reflections are relatively stronger than the second- and fourth-
order ones. Such a feature of this scattering profile is associated
simply with the relative ratio of the thicknesses of the two types of
lamellae; hence, the thickness of each type of lamellae can be
estimated by comparing the observed intensity I,,s(q) with the
scattering profile I,.(q) calculated on the basis of a pseudo-two-
phase model with varying the lamellar thickness ratio. The scat-
tering intensity of the lamellae can be calculated by the equation
Lac(q) = (Y — (N + (HZ(q), where f and Z(q) are the
structural factor for the pseudo-two-phase model'>~"” and the
Fourier transform of the lattice-position distribution function
with the second-type imperfection,'®'? respectively (see Sup-
porting Information). The most satisfactory profile can be pro-
duced by the model with a lamellar thickness ratio of 47:53 and
the interface thickness of 0.75 nm. The electron density distribu-
tion along the lamellar normal is shown in Figure 4b. This
lamellar thickness ratio is comparable with the volume ratio of
PMMA and BB-5(3-Me) of 44:56, and the thickness of the LC
lamella is hence determined to be 11.6 nm.

The LC lamellar thickness of 11.6 nm is much smaller than the
contour chain length of the BB-5(3-Me) chain of 52 nm,
suggesting that the MCLCP chains are folded to be accommo-
dated in the LC lamella. The contour length equals to the
product of DP = 32 and the smectic layer spacing (1.63 nm)
because the MCLCP chain penetrates the smectic layers with
most extended configuration. The parallel orientation of the smectic
layers relative to the lamella let us depict the most stretched
MCLCP segments extending from the interface but folding 3.4
times in order to be accommodated in the LC lamella as in
Figure 4a. Such a folding of MCLCP has been discussed
theoretically’®*" and estimated experimentally.”>** The MCLCP
segments of the block copolymer are thus folded at every seven
repeat units like hairpin, and the folding sites locate at the
boundary of the lamellae. Possibly, some extra repeat units of
BB-5(3-Me) might be removed from the LC lamella into the
amorphous PMMA region. It can be associated with the fact that

(a)

(b)

Figure 2. (a) WAXD and (b) SAXS patterns for the fiber sample of the triblock copolymer spun from the isotropic melt at 160 °C and annealed at 130

°C of the LC phase for 12 h. The fiber axis lies in the vertical direction.
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Figure 3. Normalized peak intensities of the SAXS pattern (closed
circle) against the scattering vector g (= 477 sin 6/1). The dotted curve
shows the calculated intensity based on the pseudo-two-phase model
(see text).
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Figure 4. (a) A pseudo-two-phase model for the lamellar microphase-
separated structure in which BB-5(3-Me) constructs uniform lamellae,
assuming a hairpin folding at the interface. (b) The electron density
profile satisfying the SAXS intensity profile.

AH; of the MCLCP segments in the block copolymer is three-
fourths of that observed for the precursor MCLCP. The fraction of
the removed repeat units thus can be estimated to be less than 25%.

In summary, we successfully prepared an ABA triblock copoly-
mer consisting of main-chain liquid crystalline BB-5(3-Me) polye-
ster as the B block and PMMA as the A blocks by ATRP of MMA
with a Br-terminated BB-5(3-Me) macroinitiator. The volume ratio
of PMMA and BB-5(3-Me) segment was 44:56. The block copol-
ymer showed a well-defined small-angle X-ray scattering pattern,
which is attributed with the lamellar microdomain structure con-
sisting of the SmCA BB-5(3-Me) and amorphous PMMA blocks.
The thicknesses of the BB-5(3-Me) lamella was estimated as 11.6 nm,
which is much smaller than the contour chain length (52 nm),
meaning that the MCLCP segment folded 3.4 times on average.
The MCLCP segments of the block copolymer are thus folded at
every seven repeat units like hairpin so as to be accom-
modated in LC lamellae with a uniform thickness.
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