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ABSTRACT: The synthesis of two series of liquid crystal-coil (LC-coil) diblock copolymers with narrow molecular
weight distributions was achieved by atom-transfer radical polymerization (ATRP), which was designed to have LC con-
formation of poly[6-(4-Methoxy-4′-oxy-azobenzene) hexyl methacrylate] and coil-conformation of poly(ethylene oxide)
(PEO) (Mn = 5000 or 2000) segment. The LC block in every series was prepared with a wide rang of molecular weights
from 3.5× 103 to 1.7× 104. The copolymers were characterized by proton nuclear magnetic resonance (1H NMR),
Fourier Transform Infrared (FT-IR) spectra, gel permeation chromatograph (GPC), differential scanning calorimetry
(DSC) and polarized optical microscope (POM). The block polymers exhibited a smectic and nematic mesophase. The
phase transition temperatures of the smectic and nematic phase increased and the crystallization temperature of PEO
decreased with increasing molecular weight of the LC block.

KEY WORDS Atom-Transfer Radical Polymerization (ATRP) / Diblock Copolymer / Liquid
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Block and graft copolymers composed of incompati-
ble polymer segments can in general self-assemble into
a variety of supramolecular structures in the solid state
or in a selective solvent. Especially block copolymers
with a narrow molecular weight distribution of their
components are expected and known to display very
regular long rang ordered structures, which present new
materials with superior properties. Compared with
conventional coil–coil diblock copolymers, the block
copolymers containing liquid crystal (LC) block may
form multiple morphological structures because of LC
block possessing multiple ordering processes.1 By def-
inition, LC block copolymers contain at least one LC
segment and may have structures including rod-coil,2–6

side group LC-coil7–11 and other block combinations.12

In recent years, the side group LC-coil (SGLC-coil)
block copolymers have drawn great attention. Sev-
eral research groups have reported the synthesis and
characterization of the side group LC-coil these block
copolymers. They employed many types of living poly-
merization methods to synthesize these block copoly-
mers including anionic,7 ring-opening metathesis,8 and
cationic 9 living polymerization, and they reported that
these block copolymers displayed liquid crystalline be-
havior similar to homopolymers and formed a mi-
crophase separation structure. Besides living polymer-
ization methods, polymer-analogous reactions 10 have
also been used, where one block with functional groups
could attach to the reactive mesogen. The procedure of

this method is easier than that of the living polymeriza-
tion but the conversion may be low.

In this paper, we synthesized the side group LC-
coil block copolymer by atom-transfer radical poly-
merization, which has azobenzene group as the meso-
genic moiety and the poly(ethylene oxide) as the coil
segment. The azobenzene is a typical mesogen with
special optical properties. The poly(ethylene oxide)
(PEO) possesses many excellent properties, such as hy-
drophilic, nonionic, crystalline, and which can complex
monovalent metallic cations to produce new conductive
materials.13 The diblock copolymers were designated
here “PEO5000 (or 2000)-b-PMMAZOn” (n = 10–50,
the theoretical degree of polymerization of LC block).
The structures and thermotropic phase behavior of the
diblock copolymers have been characterized.

EXPERIMENTAL

Materials
4-(Dimethylamino)-pyridine (DMAP) (Acros, 99%),

CuBr (Adrich, 99.999%), 1,6-dibromohexane (Acros,
98%), 2.2′-dipyridine (dipy) (Acros, 99%), and 2-
bromo-2-methylpropionylbromide (Acros, 98%) were
used without further purification. Chlorobenzene
(C6H6Cl) (Acros, 99%) was purified by washing with
concentrated sulfuric acid to remove residual thio-
phenes, followed by washing twice with water, once
with 5% sodium carbonate solution, and again with wa-
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ter before being dried with anhydrous calcium chloride
and distilled. Triethylamine (TEA) (Shanghai Chemi-
cal Reagents Co., A. R. grade) was refluxed with KOH
and distilled. Methylene dichloride (CH2Cl2) (Shang-
hai Chemical Reagents Co., A. R. grade) was shaken
with portions of concentrated sulfuric acid until the
acid layer remained colorless, then washed with water,
aqueous 5% NaHCO3 and with water again, and finally
distilled from CaH2. Poly(ethylene oxide) monomethyl
ether (PEO) (Mn = 5000 and 2000) (Alfa Aesar) was
fractionated. 6-(4-methoxy-azobenzene-4′ -oxy) hexyl
methacrylate (MMAZO) was prepared using the proce-
dure described by Craig and Imrie.14 All other reagents
were used as received.

Preparation of PEO-Br Macro-initiators
The synthesis of PEO-b-PMMAZO was shown in

Scheme 1.
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Scheme 1.

The macro-initiators were prepared according to
the method described by Jankova and coworkers:15

a certain amount of DMAP (0.92 g, 7.5 mmol) in
10 mL of dry methylene chloride was mixed with TEA
(0.7 mL, 5 mmol). The solution was transferred into a
250 mL three-neck round-bottom flask equipped with
condenser, dropping funnel, gas inlet/outlet, and a
magnetic stirrer. After cooling to 0◦C, 2-bromo-2-
methylpropionyl bromide (2.88 g, 12.5 mmol) in 10 mL
CH2Cl2 was added. PEO 5000 (25.0 g, 5.0 mmol) or
PEO 2000 (10 g, 5.0 mmol) in dry CH2Cl2 was added
dropwise to the formed yellow dispersion in one hour
under nitrogen, then the temperature was allowed to
rise to room temperature. The reaction was continued
under stirring for 24 h. The solution was removed in
rotary evaporator. The crude PEO macro-initiator was
dissolved in 50 mL benzene, filtered and precipitated in
cold ethyl ether. The crude PEO-Br macro-initiator was
recrystallized in absolute ethanol two times and dried in
vacuum.

Synthesis of PEO-block-PMMAZO
PEO-b-PMMAZO diblock copolymers were

synthesized by solution polymerization in chloroben-
zene. Thus, in a typical solution polymerization,

a polymerization tube was charged with PEO5000
macro-initiator (0.500 g 0.01 mmol), MMAZO
(0.340 g 0.10 mmol), CuBr (1.430 mg 0.01 mmol), bipy
(4.686 mg 0.03 mmol) and chlorobenzene (4.500 g),
and then after degassing with three freeze-thaw cycles,
the tube was sealed off under vacuum. The reaction
was carried out at 75◦C for 10 h, and was then cooled
to room temperature. The sample was further diluted
with tetrahydrofuran (THF), removed copper salts
through a plugged column of neutral aluminum oxide
and precipitated in a large volume of cold methanol.
The sample was purified by reprecipitating three times
from THF to methanol and dried in a vacuum oven
overnight at room temperature. The conversion of
polymerization was determined gravimetrically.

Chartaterization
Molecular weights Mn and polydispersity Mw/Mn

were measured on a gel permeation chromatograph
(Waters 150C) equipped with three Waters Styragel
columns (103, 104, and 105Å) using THF as an elu-
ent at 35◦C. The column system was calibrated by a
set of mono-dispersed standard polystyrenes. 1H NMR
spectra were obtained on a 200 Varian NMR instru-
ment using CDCl3 as solvent, tetramethyl silane as the
internal standard. The block copolymers composition
were determined by either the Mn or the ratio of the 1H
NMR signal intensity of the phenyl peak region (6.7–
7.9 ppm) to that of the PEO region (3.4–3.7 ppm). Ther-
mograms were obtained using a Perkin–Elmer DSC-7
instrument. Pure indium was used as a reference ma-
terial to calibrate both the temperature scale and the
melting enthalpy before the sample was tested. Sam-
ples with a typical mass of 5.0± 0.1 mg were encap-
sulated in sealed aluminum pans and were heated at
10◦C min−1 heating rate from −20◦C to 160◦C under
nitrogen for the first scan, immediately cooled at 10◦C
min−1 cooling rate to −20◦C and then heated at 10◦C
min−1 heating rate from −20◦C to 160◦C for the sec-
ond scan. Polarized optical microscope (POM) obser-
vation was performed on a Leica DMLP microscope
with a Leitz 350 hot stage. Infrared (FT-IR) spectra
were recorded on Bomem MB100 Fourier Transform
Infrared (FT-IR) Spectrometer.

RESULTS AND DISCUSSION

Preparation of Macro-initiator PEO-Br and Block
Copolymers

The PEO-Br macro-initiators were synthesized by re-
acting PEO with acid bromide (Scheme 1) and carried
out at 0◦C in the presence of TEA and DMAP. Figure 1
shows the FT-IR spectra of the macro-initiators and part
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Figure 1. FT-IR spectra: aPEO5000, bPEO5000-Br,
cPEO5000-b-PMMAZO30, dPMMAZO.

Chemical Shift δ (ppm)

Figure 2. 1H NMR spectra: aPEO5000, bPEO5000-Br,
cPEO5000-b-PMMAZO30, dPMMAZO.

Table I. Molecular weight characteristics of PEO and PEO-Br
macroinitiators

GPC results
Polymer Mtheory

n Mn Mw/Mn

PEO2000 2000 2870 1.03
PEO2000-Br 2149 2930 1.03
PEO5000 5000 7500 1.03
PEO5000-Br 5149 7650 1.03

of the block copolymers for PEO 5000 system. The
characteristic absorb peak of ester group at 1730 cm−1

is observed on the FT-IR spectra for the PEO-Br macro-
initiators. The substitution of the hydroxyl groups was
proved by 1H NMR spectroscopy. A new signal ap-
pears at 1.90 ppm on the 1H NMR spectrum (Figure 2).
By GPC analysis, it was found that the synthesis of the
PEO-Br macro-intitiators involved no molecular weight
reduction since narrow symmetrical signals were ob-
served at essentially the same position as the starting
PEO. The data are given in Table I. In order to make
the hydroxyl groups completely substituted, the ratio
of the amount of 2-bromo-2-methylpropionyl-bromide
to that of PEO was 2.5 times.

The telechelic PEO-Br macro-initiators were used to
initiate monomer MMAZO in the Chlorobenzene so-
lution for formation of PEO-b-PMMAZO by ATRP.

Figure 3. GPC traces: aPEO5000, bPEO5000-b-PMMAZO10,
cPEO5000-b-PMMAZO20, dPEO5000-b-PMMAZO30,
ePEO5000-b-PMMAZO40, fPEO5000-b-PMMAZO50.

GPC analysis of the purified products showed no sig-
nal of residual PEO-Br macro-initiator and monomer
MMAZO in the elution traces. Figure 2 depicts the
1H NMR spectra. Figure 3 shows the GPC traces
of the series of PEO5000-b-PMMAZO. We can ob-
serve the characteristic absorb peak of phenyl group
at 1601 cm−1 (Figure 1) and a characteristic reso-
nance originating from phenyl moieties at both 7.9
and 6.7 ppm in the 1H NMR spectrum of the diblock
copolymer (Figure 2). At the same time, by GPC
analysis (Figure 3), it was found that the molecu-
lar weight of the copolymer increased. Therefore,
we may have the conclusion that PEO-Br can initi-
ate monomer MMAZO and produce a diblock copoly-
mer by ATRP. According to the area of integrating the
phenyl and aliphatic peak regions in the 1H NMR spec-
tra of the two series of diblock copolymers, the con-
tents of PMMAZO were from 35.8% to 65.2% for the
series of PEO5000-b-PMMAZO and from 54.6% to
74.3% for the series of PEO2000-b-PMMAZO. By the
examination of GPC, it was obtained that the contents
of PMMAZO in the series of PEO5000-b-PMMAZO
changed from 45.8% to 66.4%, the contents of PM-
MAZO in the series of PEO2000-b-PMMAZO changed
from 61.1% to 83.8%. The diblock polymers PEO-
b-PMMAZO with narrow polydispersity can be syn-
thesized by ATRP and the values of polydispersity of
these block copolymers were around 1.10 (Table II).
From the review of living polymerization methods 6–12

employed to synthesize well-define SGLC-coil block
copolymers, we first synthesized side chain liquid
crystal-coil diblock copolymers with azobenzene side
groups by ATRP.

Thermotropic Phase Behavior
The phase behaviors of PEO-b-PMMAZO were
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Table II. Characterization and thermal transitions of polymers

PMMAZO content Phase transitions (◦C) and corresponding enthalpy changes (J g−1)a

Polymer Yield Mn Mw/Mn in PEO-b-PMMAZO (%)

% ×10−3

NMR GPC Second heating first cooling
PEO5000 — 7.65 1.03 — — K 59.0 (194.7) I I 40.3 (−193.5) K
PEO5000-b-PMMAZO10 67 13.9 1.12 35.8 45.8 K 54.6 (83.0) g 67.9 S 81.4 (0.5) I I 78.4 (−0.44) S 31.1 (−80.6) K
PEO5000-b-PMMAZO20 65 16.2 1.13 52.2 53.6 K 49.5 (53.2) g 73.3 S 87.1 (1.0) I 108.2 (−0.7) N 84.0 (−1.0)

N 110.9 (1.2) I S 28.1 (−52.4) K
PEO5000-b-PMMAZO30 72 18.1 1.15 56.4 58.5 K 46.5 (40.8) g 76.2 S 89.4 (1.2) I 114.4 (−0.83) N 86.0 (−1.3)

N 117.0 (0.7) I S 26.3 (−40.4) K
PEO5000-b-PMMAZO40 68 20.0 1.14 64.1 62.5 K 43.4 (27.4) g 73.2 S 91.8 (1.8) I 119.4 (−1.6) N 88.2 (−1.8)

N 120.5 (0.8) I S 8.9 (−22.6) K
PEO5000-b-PMMAZO50 72 22.3 1.15 65.2 66.4 K 41.1 (16.5) g 77.8 S 93.0 (2.1) I 122.3 (−2.0) N 88.9 (−2.1) S

N 124.5 (1.7) I
PMMAZO — 25.3 1.10 — — g 77.8 S 92.3 (3.7) N 133.3 (3.1) I I 131.6 (−3.1) N 89.4 (−3.8) S
PEO2000 — 2.87 1.03 — — K 54.5 (182.9) I I 32.4 (−179.1) K
PEO2000-b-PMMAZO10 64 7.4 1.12 54.6 61.1 K 39.0 (37.8) g 67.1 S 75.4 (0.8) I I 71.9 (−1.5) K
PEO2000-b-PMMAZO20 66 10.5 1.08 66.9 72.7 g 68.6 S 83.8 (1.8) N 100.7 (1.6) I I 99.5 (−1.1) N 80.4 (−2.1) S
PEO2000-b-PMMAZO30 71 12.9 1.10 70.4 77.7 g 66.5 S 86.9 (2.0) N 108.8 (1.1) I I 107.0 (−1.3) N 83.6 (−2.3) S
PEO2000-b-PMMAZO40 60 15.1 1.10 73.5 81.0 g 70.2 S 89.5 (2.6) N 114.6 (1.5) I I 112.4 (−1.5) N 84.5 (−2.6) S
PEO2000-b-PMMAZO50 67 17.7 1,11 74.3 83.8 g 76.2 S 91.6 (2.8) N 118.3 (1.8) I I 116.0 (−1.4) N 86.2 (−3.2) S

aS = smectic phase, N = nematic phase, g = glassy phase, K = crystalline phase, I = isotropic.

Figure 4. Second heating DSC spectra of PEO5000-b-
PMMAZO: aPEO5000, bPEO5000-b-PMMAZO10, cPEO5000-
b-PMMAZO20, dPEO5000-b-PMMAZO30, ePEO5000-b-
PMMAZO40, fPEO5000-b-PMMAZO50, gPMMAZO. The arrow
indicates the glass transition.

characterized by combination techniques consisting of
differential scanning calorimetry (DSC), thermal po-
larized microscopy (POM). The transition tempera-
tures and the corresponding enthalpy changes of all
the samples obtained from the second heating and
the first cooling scans are summarized in Table II.
Figure 4 presents the DSC second heating traces of
series of PEO5000-b-PMMAZO. PMMAZO is ther-
motropic liquid crystalline polymer, which exhibits a
smectic phase and a nematic phase transition.16 To
investigate the effect of liquid crystal block length,
the liquid crystal block with a wide rang of molec-
ular weights from 3.5× 103 to 1.7× 104 in every se-
ries was prepared. As can be observed from Fig-
ure 4, the block copolymers PEO5000-b-PMMAZO

Figure 5. Dependence of phase transition temperatures on
the theoretical degree of polymerization (DP) of PMMAZO liq-
uid crystal block for the diblock copolymers: aTS-N(PEO2000-
b-PMMAZO), bTS-N(PEO5000-b-PMMAZO), cTN-I(PEO2000-b-
PMMAZO), dTN-I(PEO5000-b-PMMAZO).

show three dominant peaks, which can be assigned
to the crystalline phase (K) transition, the smectic
phase (S)-nematic phase (N) transition and the nematic
phase (N)-isotropic (I) phase transition on second heat-
ing except for PEO5000-b-PMMAZO10. PEO5000-b-
PMMAZO10 exhibits the crystalline phase transition,
the smectic phase-isotropic phase transition, which
a nematic phase does not appear. The similarity
can be observed in the block copolymer PEO2000-
b-PMMAZO10. The block copolymers PEO5000-b-
PMMAZO10 and PEO2000-b-PMMAZO10 show the
direct transition of a smectic to an isotropic melt, which
is due to the lowest molecular weight liquid crystal
block with approximately 10 repeat units of MMAZO.
The glass transition temperatures can be also observed.
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Figure 5 shows the dependence of phase transition tem-
peratures of the block copolymers determined by the
second heating of DSC as a function of the theoreti-
cal degree of polymerization (DP) of the liquid crystal
block. From the data of Figure 5 and Table II, it can
be found that the S-N transition temperatures (TS-N)
change from 81.4◦C to 93.0◦C, the N-I transition tem-
peratures (TN-I) change from 110.9◦C to 124.5◦C for
the series of PEO5000-b-PMMAZO with increasing
molecular weight of PMMAZO block, and TS-N change
from 75.4◦C to 91.6◦C, TN-I change from 100.7◦C to
118.3◦C for the series of PEO2000-b-PMMAZO with
increasing molecular weight of PMMAZO block. That
is to say, TS-N and TN-I are affected by the molecular
weight of PMMAZO block, which improve with the
increasing molecular weight of PMMAZO block. It is
possible that the increase degree of polymerization of
PMMAZO is beneficial to stabilizing the liquid crys-
tal phase. The result is well established in side chain
liquid crystal homopolymer.7a,17 On the other hand, the
melting temperatures of the crystal, TK, decrease from
59.0◦C to 41.1◦C and the corresponding enthalpy val-
ues decrease from 194.7 J g−1 to 16.5 J g−1 with in-
creasing molecular weight of PMMAZO block for the
series of PEO5000-b-PMMAZO. It is possible that in-
creasing chain length of block PMMAZO inhibit the
crystallinity of PEO block. Hence, the crystallizability
of PEO-b-PMMAZO becomes poor (Figure 5).

To study the effect of the PEO length, the two se-
ries block copolymers were synthesized. By com-
pared the series of PEO5000-b-PMMAZO with that
of PEO2000-b-PMMAZO, it was found that TS-N of
the series of PEO5000-b-PMMAZO were smaller than
that of the series of PEO2000-b-PMMAZO and TN-I

of the series of PEO5000-b-PMMAZO were smaller
than that of the series of PEO2000-b-PMMAZO for
the same theoretical degree of polymerization of PM-
MAZO block. That is to say, the effect of PEO2000
block to the transition temperatures is more than that of
PEO5000. The result can be obtained obviously from
Figure 5. The trend is dissimilar for rod-coil diblock
copolymer.3b,3d Polarized optical microscopic observa-
tions of all samples are consistent with the results of
DSC. Transition from an isotropic liquid can be seen
by the rapid formation of schlieren texture, followed
by a focal conic fan texture indicating a smectic phase.
Spherulite can be seen with further cooling. Figure 6 is
representative optical polarized micrograph.

CONCLUSION

Two series of novel side chain liquid crystal-coil
(LC-coil) diblock copolymers with narrow molecular

a

b

Figure 6. Representative polarized micrograph of the texture
of PEO5000-b-PMMAZO30: a85◦C (400×); b30◦C (100×).

weight distributions were synthesized first successfully
by ATRP. They were characterized by gel permeation
chromatograph (GPC), proton nuclear magnetic reso-
nance (1H NMR), Fourier transform infrared (FT-IR)
spectra, differential scanning calorimetry (DSC) and
polarized optical microscope (POM). It was observed
that the block polymers exhibited a smectic and a ne-
matic phase except for PEO5000-b-PMMAZO10 and
PEO2000-b-PMMAZO10. The phase transition tem-
peratures of TS-N and TN-I improved with increasing
molecular weight of the LC block. The crystallizabil-
ity of the PEO block of diblock copolymers depressed
with increasing molecular weight of the LC block.
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