8774 Macromolecules 2009, 42, 8774-8780
DOI: 10.1021/ma9017668

Macromolecules

ARTICLE

Design, Synthesis, and Multiple Hierarchical Ordering of a Novel Side-
Chain Liquid Crystalline-Rod Diblock Copolymer

He-Lou Xie, ™ Yi-Xin Liu,* Guan-Qun Zhong,T Hai-Liang Zhang,*’T Er-Qiang Chen,*** and
Qi-Feng Zhou*
"Key Laboratory of Polymeric Materials and Application Technology of Hunan Province, Key Laboratory of

Advanced Functional Polymer Materials of Colleges, and Universities of Hunan Province, College of
Chemistry, Xiangtan University, Xiangtan 411105, Hunan Province, China, and * Beijing National Laboratory

for Molecular Sciences, Department of Polymer Science and Engineering, and Key Laboratory of Polymer

Chemistry and Physics of Ministry of Education, College of Chemistry and Molecular Engineering, Peking
University, Beijing 100871, China

Received August 7, 2009, Revised Manuscript Received October 15, 2009

ABSTRACT: A novel double liquid crystalline (LC) block copolymer (BCP) composed of poly[w-(4'-
methoxybiphenyl-4-yloxy)hexyl methacrylate] (PMBHMA) and poly{2,5-bis[(4-meth-oxyphenyl)oxy-
carbonyl]styrene} (PMPCS) was designed and successfully synthesized by reversible addition—fragmentation
chain transfer (RAFT) polymerization. Whereas PMBHMA is a conventional side-chain LC (SCLC)
polymer, PMPCS is a typical mesogen-jacketed LC polymer, which can serve as rod after it forms columnar
LC (®) phase. Therefore, the PMBHMA-h-PMPCS is an SCLC—rod BCP. The phase structures and
transitions of the PMBHMA-b-PMPCS synthesized with a PMPCS volume fraction of ~49% were
investigated using various techniques including thermal analysis and X-ray scattering and diffraction
methods. A microphase-separated lamellar morphology was identified for this SCLC—rod sample. The ®
phase of the PMPCS block with the rod direction perpendicular to the interface remained unchanged and
impacted the LC transitions of PMBHMA blocks greatly. We found that the smectic A phase of the
PMBHMA disappeared, and meanwhile, its nematic phase got stabilized over a wide temperature range. At
low temperatures, small smectic E domains with homogeneous orientation formed in the PMBHMA block
domains. Our work demonstrates that the confinement imposed by the rod block and dimension commen-

surability of the ordered structures are indeed crucial for SCLC—rod BCPs.

Introduction

The design and synthesis of block copolymers (BCPs) contain-
ing liquid crystalline (LC) polymer with electro-optical proper-
ties, such as rod—coil and side-chain LC (SCLC)—coil, has been
paid great attention in the past two decades.' > These BCPs
naturally present hierarchical orderings on two different length
scales, that is, the microphase separation with domain size ranged
from a few to tens of nanometers and the LC packing confined in
the phase domains. On the basis of thoroughly experimental and
theoretical studies of amorphous coil—coil BCPs, it is well
understood that the interplay of the minimization of the inter-
facial energy and the maximization of the coil entropy determines
the microphase-separated structures.®” Once the LC segments
are introduced, additional interactions associated with LC pack-
ing may affect the phase behavior of the BCPs. For example, it
has been reported that some SCLC—coil diblocks may possess
the order—disorder transition temperature (Topt) identical to
the LC-isotropic temperature (T ) of the SCLC block.® '
Compared with their amorphous coil—coil counterparts, the
composition region and stability of the lamellar phase may be
enhanced in some LC BCPs, particularly in the rod—coil ones.” '
The confinement effect can also greatly impact the LC behavior;
for example, when confined in spherical microdomains, the
SCLC blocks may just form the less-ordered nematic (N)
phase rather than the smectic A (SmA), which is stable in the
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continuous phase.” It is expected that combination of micro-
phase separation and liquid crystallinity can lead to new materials
with superior properties amenable to practical application.' For
example, it is realized that the LC segments usually exhibit a
preferential orientation (either homogeneous or homeotropic)
with respect to the interface."!">*~® Therefore, proper orienta-
tion of the microdomains can result in desired alignment of the
LC segments, which facilitates the LC BCPs as great candidates
for advanced technologies.

From a chemical point of view, many other types of LC BCPs
beyond rod—coil and SCLC—coil, such as SCLC—SCLC,
SCLC—rod, and rod—rod, can be achieved.! Particularly owing
to the great advance of “living” radical polymerization, LC BCPs
with controlled molecular weight (MW) and composition can be
successfully synthesized using vinyl monomers. For example, upon
using the reversible addition—fragmentation chain transfer
(RAFT) polymerization method, Y. Zhao et al. have recently
synthesized a SCLC—SCLC BCP with the two blocks bearing two
different mesogenic groups of azobenzene and biphenyl, respec-
tively.?” It is interesting to note that for this double SCLC BCP, the
photoinduced orientation of azobenzene mesogens can propagate
into the biphenyl-containing domains through the interface, and
thus the two mesogens finally share the same orientation. In this
work, we intend to propose a facile synthetic strategy of BCP
containing a SCLC block and a rod block, namely, SCLC—rod
BCP, on the basis of “living” radical polymerization.

Althou%h several SCLC—rod BCPs have been reported in the
literature,”* 2 the synthesis with precise control of the chemical
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structure and composition still remains a challenge; therefore, the
understanding of the phase behavior of such double LC BCPs on
different length scales is rather limited so far. The sample reported
herein is composed of two blocks of poly[w-(4'-methoxybiphe-
nyl-4-yloxy)hexyl methacrylate] (PMBHMA) and poly{2,5-bis-
[(4-methoxyphenyl)oxycarbonyl]styrene} (PMPCS). As a con-
ventional SCLCP, the LC properties of PMBHMA are lar%ely
determined by the side chains with biphenyl moieties.*** It
is worth mentioning that the block of PMPCS, which acts as
the rod in the BCP, is a typical mesogen-jacketed LC polymer
(MJLCP).**7%7 At the molecular structure level of MJLCP, the
bulky mesogenic groups are laterally attached to the flexible
backbone via a single carbon—carbon bond. Consequently, the
strong steric hindrance imposed by the side chains forces the main
chain to be well extended, leading to the rod-like chain, which can
pack into columnar LC (®) phases.*®** Recently, we have
demonstrated that several BCPs containing PMPCS are
rod—coil, which form hierarchical ordering structure with micro-
phase separation and @ phase of the PMPCS within the micro-
domains.**~*

For the PMBHMA-h-PMPCS sample studied, microphase-
separated lamellar structure and homeotropic orientation of
PMPCS rods packing in the @ phase were evidenced by our
X-ray experiments, which remained unchanged despite the LC
transitions of the PMBHMA block. Because the cross-sectional
area per block was determined by the PMPCS rod, the
PMBHMA blocks experienced a significant lateral constrain in
addition to the confinement imposed along the lamellar normal.
The SmA phase, which exists in homo-PMBHMA?**3** and a
coil—=SCLC BCP composed of polystyrene (PS) and PMBHMA
(PS-b-PMBHMA),* was not observed in the diblock. This
phenomenon could be ascribed to the mismatch between the
rod diameter and the smectic layer spacing. The N phase of the
PMBHMA became stable over a wide temperature range. When
the interaction between biphenyl groups enhanced with lowering
temperature, small smectic E (SmE) domains of the PMBHMA
block with homogeneous orientation could form. Our work
demonstrates that the confinement imposed by the rod block
and dimension commensurability of the ordered structure is
indeed crucial for the SCLC—rod BCP.

Experimental Section

Synthesis. Materials. 1,6-Dibromohexane (98%, Alfa
Aesar), 4,4-biphenol (98%, Alfa Aesar), N,N-dimethylforma-
mide (DMF) (Shanghai Chemical Reagents Co., A.R. grade),
dimethyl sulfate (98%, Alfa Aesar), carbon disulfide (Aldrich,
99% anhydrous), phenylmagnesium bromide (1 N in THF,
Aldrich), and 2,2'-azobis (2-methylpropionitrile) (AIBN, 99%,
Aldrich) were used as received. Chlorobenzene (Acros, 99%)
was purified by washing with concentrated sulfuric acid to
remove residual thiophenes, followed by washing twice with
water, once with 5% sodium carbonate solution, and again with
water before being dried with anhydrous calcium chloride and
then distilled. Acetone (AR, Beijing Chemical) was refluxed
over potassium permanganate and distilled before use.

Synthesis of Chain Transfer Agent (CTA) 2-(2-Cyanopro-
pyhdithiobenzoate (CPDB). CPDB was synthesized using the
procedure described by Winnik et al.** "H NMR (400 MHz, 6,
CDCl3): 7.85—7.93 (d, 2H, C4Hy), 7.50—7.60 (m, 1H, C¢Hy),
7.30—7.40 (m, 2H, C¢Hy), 1.90—1.93 (s, 6H, —CH3;).

Synthesis of Monomers MBHM A and MPCS. MBHMA was
prepared using the procedure described by Okamoto et al.** 'H
NMR (400 MHz, 6, CDCl3): 7.51 (m, aromatic, 4H), 66.9, (m,
aromatic, 4H), 4.2, 4.0 (t, OCH,, H), 3.8 (s, OCH3, 3H), 2.0 (s,
CCH3, 3H), 1.8—1.7 (g, OCH,CH,, 4H), 1.4—1.6 (m,
PhOCH,CH,CH»CH,, 4H). MPCS was prepared using the
procedure described by Zhang et al.*> '"H NMR, (400 MHz, ¢,
CDCl): 8.18—8.44 (m, 3H of phenyl), 7.51-7.54 (q, 1H
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Scheme 1. Synthetic Route and Schematic Representation of
SCLC—rod Diblock Copolymer of PMBHMA-5-PMPCS
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of —CH=), 6.95—7.18 (m, 8H of phenyl), 5.47—5.86 (2 d, 2H
of dCH,), 3.83 and 3.84 (2 s, 6H of —OCHS3).

Synthesis of Diblock Copolymer. The synthetic route of the
PMBHMA-bH-PMPCS is described in Scheme 1. To prepare the
first block, MBHMA (1.16 g, 3 mmol), AIBN (3.3 mg, 0.02
mmol), and CPDB (13 mg, 0.06 mmol) were added to a reaction
tube, followed by the addition of 3 mL of THF. After being
degassed with three freeze—thaw cycles, the tube was sealed
under vacuum. The polymerization was carried out at 60 °C for
4 h. Afterward, the reaction solution was diluted with dichlor-
omethane and was then dripped into methanol. The polymer
precipitate was further purified by repeated dissolution in
dichloromethane and precipitation in methanol three times.
The obtained PMBHMA was dried in a vacuum oven at room
temperature for 24 h before use. The gel permeation chroma-
tography (GPC) measurement indicated that the PMBHMA
possessed a low polydispersity index (PDI) of 1.19 and an
apparent number-average MW (M) of 2.68 x 10* g/mol.

The target diblock copolymer was synthesized through the
RAFT chain extension reaction using the PMBHMA with a
chain end of dithiobenzoate as the macromolecular CTA
(PMBHMA-CTA). In typical, MPCS (60.6 mg, 0.15 mmol),
AIBN (0.4 mg, 0.0025 mmol), and PMBHMA-CTA (3.75 mg,
0.0075 mmol) were added to 3 mL of THF. The polymerization
condition and the purification procedure were the same as that
used for the synthesis of PMBHMA block. The apparent M,
and PDI of the resultant diblock were measured to be 5.08 x 10*
g/mol and 1.26, respectively.

Instruments and Measurements. GPC measurements were
carried out at 35 °C on a Waters 1515 instrument equipped with
three Waters u-Styragel columns (10%, 10%, and 10° A) in series,
using THF as the eluent at a flow rate of 1.0 mL/min. The GPC
data were calibrated with PS standards. "H NMR spectra were
recorded on a Bruker ARX 400 MHz spectrometer with tetra-
methylsilane (TMS) as the internal standard and CDCl; as the
solvent. The density measurements of the home-PMBHMA
(PMBHMA-CTA) sample were conducted using a floatation
technique. A mixture of tetrachloride and petroleum ether at
room temperature was used. After the buoyancies of the sample
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Figure 1. 'H NMR spectra of (a) PMBHMA-CTA and (b)
PMBHMA-b-PMPCS. The assignments of the resonance peaks are
indexed.

and the surrounding solvent mixture were matched, the sample
was floated freely for an extended period of time. A pycnometer
was then filled with the solution mixture to be weighed.

Differential scanning calorimetry (DSC, PerkinElmer Pyris I)
was employed to study the phase transitions of the samples. The
temperature and heat flow were calibrated with benzoic acid and
indium. The samples were encapsulated in hermetically sealed
aluminum pans with a typical sample weight of ~2 mg. The
cooling and subsequent heating DSC experiments were carried
out at a rate of 10 °C/min.

To identify the microphase-separated structure, we per-
formed 1D small-angel X-ray scattering (SAXS) experiment
with a high-flux SAXS instrument (SAXSess, Anton Paar)
equipped with Kratky block-collimation system and a Philips
PW3830 sealed-tube X-ray generator (Cu Kav). The scattering
pattern was recorded on an imaging plate (IP) with a pixel size of
42.3 x 42.3 um2, of which the peak positions were calibrated
with silver behenate. After background subtraction, desmearing
was performed according to the Lake’s method. A tempera-
ture control unit (Anton Paar TCS300) in conjunction with
the SAXSess was utilized to study the structure at various
temperatures.

The LC phase behaviors of both the PMHBMA and PMPCS
blocks were examined by wide-angle X-ray diffraction (WAXD)
thermal experiments. 1D powder patterns were obtained by
using a Philips X’Pert Pro diffractometer with an X’celerator
detector in a reflection mode. To identify the LC phase orienta-
tion, we prepared the oriented samples by mechanical shearing
at 200 °C, and the 2D WAXD experiments were performed with
a Bruker D8Discover in a transmission mode using a GADDS
detector. The point-focused X-ray beam was aligned perpendi-
cular to both the shear direction and the shear gradient. For
both diffractometers, the X-ray sources (Cu Ko) were provided
by 3 kW ceramic tubes, and the diffraction peak positions were
calibrated with silicon powder (260 > 15°) and silver behenate
(260 < 10°). The background scattering was recorded and
subtracted from the sample patterns. The sample temperature
was controlled within 1 °C.

Results and Discussion

In principle, one can expect that the diblock of PMHBMA-b-
PMPCS can be synthesized via various controlled (“living”)
radical polymerization methods. It has been reported that
atom-transfer radical polymerization (ATRP) method readily
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Figure 2. SAXS profiles of PMBHMA-b-PMPCS recorded after the
sample annealed at 185 °C for 2 h: (A) at 185 °C and (B) at room
temperature.

results in the homopolymers of PMHBMA and PMPCS with
controlled MW and MW distribution.**** However, our at-
tempts at using ATRP to synthesize the diblock with the first
block of either PMHBMA or PMPCS failed; and the reason is
unknown at this moment. We found that the RAFT method was
a versatile and facile way to prepare the diblock. In particular, the
CTA based on dithiobenzoate moiety works effectively for the
monomers of both MHBMA and MPCS. Whereas this CTA has
been employed to synthesize the SCLC blocks with chemical
structure similar to PMHBMA,” this is the first time it has been
applied to obtain the MJILCP of PMPCS. Our successful polym-
erization demonstrates that the large mesogenic substitute on one
of the vinyl carbons also does not eliminate the polymerizability
of the monomers when the radical polymerization follows the
mechanism of RAFT.

The GPC trace of the resultant PMHBMA-b-PMPCS is
unimodal with a fairly narrow MW distribution (PDI of 1.26).
Figure 1 describes the "H NMR spectra of the PMHBMA-CTA
and the diblock, wherein the assignments of resonance peaks are
included. Clearly, after the RAFT chain extension reaction, the
signals attributed to PMPCS block superimpose on the spectrum
of PMHBMA. On the basis of the spectrum of the diblock, the
weight fraction of the PMPCS block (fypcs) can be estimated
according to

f MPCS

_ Mypcs X (Tl k —4le i f1g4n)
Myipes X (Tl x —4e i gn) + Musuma X (8Le 174 g4n =61 1 1)

where Myipcs of 404 and Mygrma of 386 are the MWs of the
repeating units and /;;x and I, 4, are the integral intensities of
the signals at 6.4 to 7.1 and 3.4 to 4.2 ppm shown in Figure 1. Asa
result, the fypcs was calculated to be 51.6%. The density of the
PMBHMA CTA at room temperature was measured to be 1.13 g/
cm’ by a floatation technlque Taking this data to be approximate
and the density of 1.28 g/em® reported for the PMPCS in ® phase,*®
we calculated that the volume fraction of PMPCS was ~49%.

It has been reported that the rod—coil BCPs based on PMPCS
can form microphase-separated lamellar structure over a wide
range of composition.***#” Therefore, a lamellar morphology
can be expected for this symmetrical diblock of PMBHMA-b-
PMPCS. Figure 2 shows the SAXS profiles of the sample studied.
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Figure 3. DSC thermograms of the PMBHMA-)-PMPCS and
PMBHMA-CTA during the first cooling and the second heating at a
rate of 10 °C/min. The traces of diblock are plotted after the weight
normalization of the PMBHMA block.

Before the SAXS experiment, the solution cast sample was
subjected to 2 h of annealing at 185 °C, allowing the substantial
development of the @ phase of PMPCS which would then retain
permanently regardless of varying temperature. The lamellar
morphology is evidenced by the scattering peaks with a ¢ ratio
of 1:2:4 (¢ = 4usin 6/, where 4 is the X-ray wavelength and 26 is
the scattering angle). The long period corresponding to the first-
order scattering is 17.5 nm at 185 °C, where the temperature is
sufficiently higher than the Ty c; of 130 °C of the PMBHMA
block. Subsequent cooling to room temperature results in only a
trivial shift of the scattering peaks toward higher ¢ position, which
may be due to the thermal constriction and the density increase in
the PMBHMA domain. This result indicates that LC transitions
of the PMBHMA block hardly affect the microphase-separated
structure, and moreover, the LC phases can form only within the
PMBHMA layer confined by adjacent layers of PMPCS.

Since the @ phase of the PMPCS block remained unchanged,
we focused on the LC transitions of PMBHMA block under
the confinement condition. Figure 3 depicts the DSC thermo-
grams of the diblock recorded during cooling and subsequent
heating at a rate of 10 °C/min, wherein the DSC traces of
PMBHMA-CTA are also included for comparison. The same
as those reported in literature for some other homo-PMBHMAs,**
three enantiotropic transitions can be observed. Upon cooling,
the three peak temperatures of exotherms are 119, 115, and 98 °C,
respectively. We further performed 1D WAXD thermal experi-
ment of PMBHMA-CTA to verify the LC phase transitions, of
which the results are plotted in Figure 4. A typical amorphous
pattern is observed at 130 °C. When cooled to 117 °C, the
scattering halo in the high-angle region narrows, implying the
formation of the N phase. Because the second transition is
partially overlapped with the high one of iso-to-N, in addition
to further narrowing of the high-angle halo, a tiny peak appears
at 260 of 6.78° (d spacing of 1.30 nm) at 115 °C. This peak increases
in intensity with decreasing temperature, which shall be ascribed
to the development of the SmA phase. Below 100 °C, the 1D
WAXD patterns evidence the SmE structure of PMBHMA.
Three peaks with a ¢ ratio of 1:2:3 are at 3.53, 7.03, and 10.36°,
respectively, giving the smectic layer period (Lg,,) of 2.50 nm.
Meanwhile, three strong peaks in the high-angle region can be
assigned to be (110), (200), and (210) diffractions of an orthor-
hombic structure with ¢ = 0.82 nm and » = 0.54 nm.*
Compared with the calculated fully extended length of 2.2 nm
for the side chain, the measured Lg,, is only 0.3 nm larger. In this
case, to ensure the parallel close packing of the biphenyl groups,
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Figure 4. Set of 1D WAXD powder patterns of the PMBHMA-CTA at
various temperatures upon cooling.

the side chains from the two adjacent main-chain sublayers in the
smectic structure are largely (but not fully) interdigitated. Note
that the first-order layer diffraction is much weaker than the
second-order one for the SmE and cannot even be recognized for
the SmA. According to Al-Hussein et al.*® and also Zhu et al.,*’
this diffraction feature indicates that within the smectic structure
the electron density at the center portion of the sublayer formed
by interdigitated packing of side chains is very close to that of the
main-chain sublayer. Combining the DSC and WAXD results,
we confirm that the LC transition of PMBHMA-CTA also
follows a sequence of SmE <> SmA < N < iso.**

However, as shown in Figure 3, it is intriguing that the
PMBHMA block under the confinement condition renders only
two transitions. Moreover, the onsets of transition shift to higher
temperatures relative to that of PMBHMA-CTA. This observa-
tion implies two opposite effects: one is that the confinement can
enhance the stability of the LC phases; the other is that the
confinement disfavors the formation of some sort of LC phase.
The two LC phases of PMBHMA block were identified using
WAXD. Figure 5a collects a set of the ID WAXD patterns
measured upon cooling from 210 to 30 °C. The diffraction peaked
at 26 of 5.84° is characteristic of the PMPCS @ phase, which can
be observed over the entire temperature range examined. Similar
to that found in the homo-PMPCS,* this diffraction gradually
decreases in intensity upon cooling, which may be due to the fact
that the periodic electron density contrast generating the ® phase
diffraction reduces with decreasing temperature. Besides the peak
at 26 of 5.84°, the evolution of the diffraction pattern is associated
with the LC transitions of the PMBHMA block. Upon cooling to
~130 °C, no additional diffraction peak appears, yet a sudden
narrowing and shifting of the halo in the high-angle region is
observed. The full width of half-height (fwhh) and the d spacing
corresponding to the center position of the halo are plotted in
Figure 5b as functions of temperature. The discontinuous
changes of the fwhh and d spacing clearly reflect the first-order
transition of the PMBHMA block from isotropic to N phase, and
the transition temperature is fully consistent with that measured
by DSC. With further cooling to <110 °C, two small diffractions
with a ¢ ratio of 1:2 appear at 20 of 3.51 and 7.03°, respectively.
Simultaneously, the (110), (200), and (210) diffractions of the
SmE orthorhombic structure emerge from the high-angle halo.*
Note that no diffraction at ~7.0° corresponding to the SmA of
homo-PMBHMA can be detected between 110 and 130 °C.
Therefore, we conclude that the within the lamellar microdo-
main, the SmA phase of PMBHMA is completely suppressed.
Consequently, only two LC transitions, that is, SmE <> N < iso,



8778  Macromolecules, Vol. 42, No. 22, 2009

N PMBHMA-b-PMPCS

T(°C)
210
200
170
140
130
120
110
100

Intensity (a.u.)

90
60

30
15 20 25 30 35 40
2Theta (° )

0 5 10
(a)

d-spacing (nm)

Xie et al.

0.470 4.0
v—7 7"
0.465 e o* L35
0.460
o 3.0
s -
0.455- —
'/v/v L25L
0.450] SmE (110) 2
L2.0
0.445
—v—d-spacing
—o—FWHH 15
0.440

20 40 60 80 100 120 140 160 180 200 220

Temperature (°C)

(b)

Figure 5. (a) Set of 1D WAXD patterns of PMBHMA-h-PMPCS recorded at various temperature during cooling. (b) ¢ spacing and full width of
half-height (fwhh) of the high angle halo as functions of temperature. Below 110 °C, the data shown in part b correspond to the (110) diffraction of the

SmE phase.

can be observed in the diblock, wherein the temperature range of
the N phase is much wider than that of PMBHMA-CTA. This
phase behavior also makes our SCLC—rod different from PS-5-
PMBHMA studied by Watanabe et al., of which the SmA phase
alwag/s exists within the microphase-separated lamellar struc-
ture.™

It is worth noting that the microphase-separated lamellar
morphology of the PMBHMA-bh-PMPCS permanently remains.
Consequently, vanishing of the PMBHMA SmA is not caused by
a change of the interface curvature.'” We presume that interplay
of the packing of PMPCS and PMBHMA blocks in the lamellar
phase must be crucial. We carried out 2D WAXD experiments to
elucidate the geometric correlation of the two blocks. The
macroscopic orientation of the diblock was achieved by mechan-
ical shearing at 200 °C. For the other PMPCS-containing BCPs
with lamellar morphology, such as PS-b-PMPCS* and poly(e-
caprolactone)->-PMPCS (PCL-b-PMPCS),*' it is found that
mechanical shear is able to result in parallel lamellae with the
lamellar normal along the shear gradient. (See the schematic
drawing of Figure 6a, wherein x and z directions are the shear
direction and shear gradient, respectively.) Moreover, within the
PMPCS domain, the rodlike chains packed in the ® phase are
aligned perpendicular to the lamellar interface.***' Figure 6b—d
shows the 2D WAXD npatterns of the sheared PMBHMA-b-
PMPCS sample detected at 180, 120, and 30 °C, respectively, with
the X-ray incident beam perpendicular to both the x and z
directions. When the PMBHMA block loses LC ordering, only
a pair of sharp diffractions corresponding to a d spacing of 1.57
nm is observed on the x direction in the low-angle region
(Figure 6b), which is attributed to the interference between the
rodlike chains with the diffraction direction perpendicular to the
column axis of ®@ phase. This 2D WAXD result is identical to that
reported for the parallel lamellae of PCL-b-PMPCS,*! suggesting
that the lamellar normal and the PMPCS rods of the PMBHMA-
b-PMPCS share the same orientation.

After the PMBHMA block enters its N phase, the low-angle
diffraction feature shown in the 2D WAXD pattern (Figure 6¢) is
largely similar to that of Figure 6b. In the high-angle region, the
halo becomes stronger and more concentrated on the z direction,
which shall be ascribed to the fact that the direction of mesogenic
groups of PMBHMA turn to be more parallel to the lamellar
interface. Such homogeneous orientation will be further enhanced

X

(shear direction)

(shear gradient)

<

(b)

. «—(002)
=

=(001) :'

-

Figure 6. (a) Schematic drawing with x and z direction, the shear
direction, and shear gradient of the parallel lamellac obtained after
mechanical shearing. (b,c,d) 2D WAXD patterns of PMBHMA-b-
PMPCS recorded at 180, 120, and 30 °C, respectively. The X-ray
incident beam is directed along the y direction.

after the formation of SmE. In Figure 6d of 30 °C, in addition to
the diffractions of the PMPCS @ phase, the first- and second-
order diffractions of the SmE layers (indexed as (001) and (002) in
Figure 6d) appear on the x direction. Meanwhile, the (110) and
(200) diffractions from the biphenyl moieties packed in the
orthorhombic lattice locating on the z direction are observed.
This result provides evidence that the SmE layer normal (i.e.,
direction of the mesogens) and the chain axis of PMPCS rods are
orthogonal. On the basis of our WAXD results, Figure 7 depicts
the schematic representative of the hierarchical orderings of the
PMBHMA-b-PMPCS studied.

The 2D WAXD results shown in Figure 6 also indicate that the
LC transitions of PMBHMA do not alter the homeotropic
orientation of rodlike PMPCS blocks in the microphase-sepa-
rated lamellar structure. Therefore, the average area per junction
(07) is largely determined by the PMPCS rod diameter. The
diffraction of 1.57 nm can be assigned as (100) of the @ phase
when the rods pack with a hexagonal symmetry.*' The calculated
diameter of the molecular column or rod is 1.81 nm, and thus the
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Figure 7. Schematic representation of the hierarchically ordered na-
nostructures of the PMBHMA-b-PMPCS with both blocks packed in
their LC phases. Within the microphase-separated lamellar structure,
the PMPCS block forms @ phase; PMBHMA block can form SmE and
N phases but not the SmA phase. The biphenyl mesogen and PMPCS
rod are oriented parallel and perpendicular to the interface, respectively.
The dimensions of the SmE layer period and rod diameter are shown.

average area per junction (j) is ~2.85 nm? when a 2D hexagonal
lattice at the interface is assumed. In this case, the PMHBMA
block packing will be subjected to not only the confinement along
the z direction but also a lateral constrain due to the limited o,
which is nearly constant despite the varying temperature. Con-
sidering the orthogonal arrangement of the rod axis and SmE
layer normal, as shown in Figure 7, the dimension mismatch
between the rod diameter (D,oq) of 1.81 nm (or the (100) dspacing
of 1.57 nm for the ® phase, which equals to v/3D,0q/2) and the
smectic layer period Lg,, of 2.51 nm is important. Most likely, this
incommensurability disfavors the formation of the SmA phase of
the PMHBMA block. On the other hand, the N phase is allowed,
of which the stability is even enhanced as a result of the
confinement effect.

The existence of SmE shall be associated with the strong
interaction between the biphenyl mesogens at low temperature.
It has been reported by Al-Hussein et al. that a PS->-PMBHMA
with a rather short SCLC block (degree of polymerization (DP)
of 6) and a PS weight fraction of 80% can render its microphase-
separated lamellar morphology only when the short PMBHMA
blocks pack in SmE phase, and after SmE melting, the PS-b-
PMBHMA enters the disorder phase.*® This implies that the
interaction of the biphenyl groups can even be so strong that a
ordered phase morphology gets stabilized. For the PMBHMA-5-
PMPCS, we consider that the biphenyl interaction substantially
increases with lowering temperature, eventually leading to the
SmE phase. However, the SmE domains under the confinement
condition are much smaller compared with that of the homo-
PMBHMA. For the PMBHMA-b-PMPCS at room temperature,
two apparent correlation lengths, one is along the SmE layer
normal and another is along the direction perpendicular to the
orthorhombic (110) plane, can be estimated to be ~16 and ~8 nm
by using the Scherrer equation. For PMBHMA-CAT, these two
correlation lengths are ~44 and ~14 nm, respectively. According
to the DSC heating traces shown in Figure 3, we find that the heat
of SmE-to-N transition is 10.13 J/g after the weight normal-
ization, which is only 67% of the heat of SmE-to-SmA transition
measured for the PMBHMA-CTA. Therefore, the confinement
imposed by the PMPCS rods still largely hampers the develop-
ment of the SmE structure, leading to a low liquid crystallinity of
SmE. We presume that the segments of the PMBHMA block
near the interface remain in N phase or are even amorphous.

Itis worth noting that for the particular PMBHMA-b-PMPCS
we studied, the ratio of Lgy/(v/3Droq/2) is 1.6, implying that the
thickness of five smectic layers is equal to that of eight layers of
closely packed PMPCS rods. Therefore, it seems that a sort of
dimension commensurability can still be realized in our sample.
We do not know if it is necessary for the formation of the SmE
phase confined between the adjacent layers of PMPCS with the
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biphenyl groups aligning orthogonal to the rods or if it is just a
coincidence. Generally speaking, although the ® phase of the
PMPCS rods dominates the phase behavior in our PMBHMA-b-
PMPCS, the opposite situation, wherein smectic packing destroys
the ordered packing of rods, is also possible. Fully understanding
the effect of incommensurability needs more systematical re-
search. The Lg,, can be varied by changing the flexible spacer
length between the biphenyl mesogen and the polymer backbone,
and the D,.q can be turned by using the side-on side groups with
different chemical structures.> 38°%3! Therefore, we shall be able
to adjust the ratio of Lgy/Droq (0F Lgm/(v/3Droa/2)) and then
examine how large the dimension mismatch will impact the
formation of LC phases with rather different geometries. It is
also of interest to ask what will be the interplay of the rod and
SCLC segments when the BCP exhibits microphase-separated
morphologies beyond lamellae. It has been reported that the
hierarchical structures of the rod—coil BCPs containing the rod of
mesogen-jacketed LC block are greatly affected by varying
composition.’’** We expect that with a fixed ratio of Lgm/D;oq
of SCLC—rod BCP, varying the composition may also cause the
change of phase morphology, which should be tightly related to
the competition of different LC phase formations.

Summary

In summary, we have demonstrated that the controlled radical
polymerization of RAFT is a versatile and facile method for the
synthesis of LC BCP based on functional vinyl monomers. The
new BCP of PMBHMA-b-PMPCS reported here belongs to the
catalog of SCLC—rod. Whereas the PMBHMA block is a
conventional SCLC polymer with the LC properties depending
on the side-chain mesogenic groups, the PMPCS block is a typical
MILCP that can serve as a rod when it forms @ phase. On the
basis of our SAXS and WAXD experimental results, we have
identified that the symmetrical PMBHMA-H-PMPCS sample
studied possesses a microphase-separated lamellar morphology,
and the @ phase of PMPCS blocks retains permanently therein
with the rod axis perpendicular to the interface. Therefore, the LC
transitions of the PMBHMA blocks have to experience two types
of confinement: one is imposed by the PMPCS layers, and the
other arises from the limited average area per junction largely
fixed by the PMPCS rod. As a result, the SmA phase that exists in
homo-PMBHMA and PS-6-PMBHMA vanishes, which shall be
attributed to the mismatch between the rod diameter and the
smectic layer spacing. Meanwhile, the temperature window of the
N phase is greatly extended. The SmE phase of PMBHMA forms
at low temperatures when the biphenyl groups pack in an
orthorhombic lattice. However, the SmE domains are rather
small, reflecting the fact that the confinements reduce the liquid
crystallinity. Currently, the synthesis of PMBHMA-b-PMPCS
with different MWs and compositions is underway in our
laboratory, and a more comprehensive characterization of the
phase behavior of the SCLC—rod will be carried out later on.
Furthermore, as we discussed above, to elucidate more clearly the
effect of dimension mismatch, we shall also design and synthesize
the SCLC—rod BCPs with different smectic layer periods and rod
diameters.
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