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ABSTRACT: A series of azobenzene-containing isotropic/nematic/isotropic liquid crystal (LC) triblock copolymers
(PBMA-b-PMAazo444-b-PBMA) with different block ratios was synthesized by atom transfer radical polymer-
ization (ATRP). The central block PMAazo444 is an azobenzene-containing side-on nematic liquid crystalline
polymer and PBMA a coil polymer. These azo-triblock copolymers were prepared and studied with the aim of
producing, in the future, photoresponsive elastomers with lamellar structure. Kinetic studies on the polymerization
of the azobenzene-containing LC monomer demonstrate that its polymerization is a controlled process. A LC
homopolymer with narrow molecular weight distribution (Mw/Mn ) 1.13) was used as a difunctional macroinitiator
to prepare the triblock copolymers by ATRP. The triblock copolymers were characterized by NMR, SEC, DSC,
and POM. A triblock copolymer with 47 wt % of LC part self-assembles into a lamellar phase as evidenced both
by SAXS and by TEM. The surface alignment of this lamellar phase on a silicon substrate was studied by AFM
and compared with its nonphotosensitive triblock homologue (PBA-b-PA444-b-PBA). For this nonphotosensitive
triblock copolymer the lamellas aligned parallel to the substrate, while for the azobenzene-containing triblock
copolymer they organized perpendicular to the substrate.

Introduction

Block copolymers composed of both liquid crystalline (LC)
and isotropic blocks are attractive candidates for the develop-
ment of new functional materials, such as smart or responsive
materials and electrooptical systems, because the block copoly-
mers tend to self-assemble into ordered micro- or nanometer
sized domains,1 while special functionalities can be introduced
via the liquid crystalline parts into the micro- or nanostructures.2

In our previous work,3 we have reported an “artificial muscle”
elastomer made from a lamellar assembly of an isotropic/
nematic/isotropic triblock copolymer, according to the model
proposed by de Gennes.4 The motor for the contraction/
elongation is the reversible macromolecular backbone shape
change, from stretched to spherical, that occurs at the thermal
nematic to isotropic phase transition in side-on LC polymer
blocks. Any polymer chain shape change induced by the
disorganization or reorganization of LC mesogens, triggered by
any stimulus, could be used as the motor for contraction in LC
elastomers.5 It is thus possible to produce elastomers responsive
to other stimuli such as light, mimicking the phenomenon that
occurs at the thermal nematic-to-isotropic transition. Such
photoresponsive materials, with a fast photochemically induced
contraction triggered by UV light, have been prepared success-
fully by several groups.6–9 Our system was based on a network
of azobenzene-containing LC homopolymers. Azobenzene chro-
mophores can undergo reversible trans–cis isomerization under
UV or visible light irradiation. The rodlike trans-azobenzene
moieties are liquid crystalline, while the bent cis-azobenzene

moieties are not mesomorphic and will act as impurities. As
a consequence, the trans–cis isomerization of azobenzene will
lower the nematic-isotropic phase transition temperature and
induce a nematic–isotropic transition at the given temperature.
Beside this promising photomechanical effect, azo-containing
materials have also been developed for various applications
such as holographic optical storage10–14 or surface relief
gratings.15–17

One of the long-term motivations of the research work
pursued in our laboratories is to prepare photoresponsive
elastomers with lamellar structures, since this striated structure
should be more robust mechanically.4 Therefore, the preparation
of potentially photoresponsive block copolymers which display
a lamellar organization is a key step toward this goal and is
addressed in this paper. The second motivation of the present
work was to explore the possibility to align a thin film of the
side-on LC triblock copolymer using an interface. The mi-
crophase segregation (nanostructure formation) of block co-
polymers in thin film might bring the possibility to make
patterned surfaces with even smaller feature sizes than those
obtained by photolithography.18,19 The well-aligned nanostruc-
tures of the LC triblock copolymers in thin film could also be
used to produce micro- or nanoactuators on surface, e.g., active
surface.20 We report here on the synthesis, via atom transfer
radical polymerization (ATRP), and liquid crystalline properties
of a series of new isotropic/nematic/isotropic triblock copoly-
mers, in which an azobenzene-containing side-on liquid crystal-
line polymer was used as central block (see Figure 1). The
mesomorphic properties and self-assembled structures of the
azo-triblock copolymers in bulk were studied by polarizing
optical microscopy (POM), DSC, X-ray scattering, and TEM.
With AFM, we also studied the orientation of two isotropic/
nematic/isotropic LC triblock copolymers by an interface.
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Experimental Section

1. Materials. The catalyst CuIBr (98%, Aldrich) was purified
as described previously.22 Ligand 4,4′-di(n-nonyl)-2,2′-bipyridine
(bpy9) (Aldrich) was purified by crystallization from absolute
ethanol. Monomer n-butyl methacrylate (n-BMA) (99%, Aldrich)
was filtered through a short column of neutral Al2O3 before use.
Other chemical reagents were used without further purification. The
solvents used were stored over 5 Å molecular sieves.

The difunctional initiator (DI), butan-1,4-bis(2-bromoisobutyrate)
(Figure 2), was prepared as follows. Butan-1,4-diol (2.25 g, 25
mmol), triethylamine (6.08 g, 60 mmol), and THF (100 mL) were
added in a 250 mL flask with a stirring bar. After the flask was

cooled in an ice–water bath, R-bromoisobutyryl bromide (13.80 g,
60 mmol) in 50 mL of THF was added dropwise. The reaction
was continued at room temperature overnight. The reaction mix-
ture was filtered and THF removed by rotary evaporation. The
residue was dissolved in 150 mL of ethyl acetate and shaken with
200 mL of distilled water. The organic phase was dried over
anhydrous magnesium sulfate, filtered, and evaporated to get
crude solid. After two crystallizations from ethanol, 3.01 g of a
white solid was obtained (yield 77%). 1H NMR: δ 1.80–1.84
(m, 4H, -CH2CH2CH2CH2-), 1.93 (s, 12H, -CH3), 4.21–4.25
(t, 4H, -O-CH2-).

The monomer MAazo444 (Figure 2) was synthesized following
the procedure described previously.23

The non-azo-triblock copolymer PBA-b-PA444-b-PBA (Mn )
33 200, Mw/Mn ) 1.37, weight ratio of nematic block to isotropic
block is 51/49) used in this study (Figure 1) was synthesized as
described previously.21 The nematic block PA444 has Mn ) 17 000
(degree of polymerization ) 27) and Mw/Mn ) 1.03.

2. Synthesis of the Difunctional Central Block PMAazo444.
A typical ATRP procedure was performed. CuIBr (22.95 mg, 0.160
mmol), CuIIBr2 (3.57 mg, 0.016 mmol), bpy9 (143.62 mg, 0.352
mmol), initiator DI (31.04 mg, 0.080 mmol), and monomer
MAazo444 (2.408 g, 4 mmol) ([CuIBr]:[CuIIBr2]:[bpy9]:[DI]:[M]
) 2:0.2:4.4:1:50) were added into a Schlenk-type flask. The flask
was degassed by four vacuum-argon cycles. Toluene (4 mL),
which was previous degassed by bubbling argon for at least 30
min, was then introduced into the flask using a syringe which was
also purged by argon. The reaction was held at 40 °C. Aliquots
were withdrawn periodically from the flask by syringes prepurged
with argon for the determination of the reaction conversion.
Conversion was measured gravimetrically. After the end of the re-
action, 1 mL of toluene was added to the reaction solution. The
mixture was then poured into a large volume of diethyl ether. The
precipitated polymer was purified twice by dissolution in a small
amount of toluene and precipitation into a large volume of diethyl
ether (in volume, toluene:ether ) 1:20). The red sticky product
PMAazo444 was dried under vacuum at 50 °C for 2 days. 1H
NMR: δH (CDCl3) 0.78–0.92 (m, -CH3), 1.24–1.69 (m,
-CHx-CH2-CHx-), 3.83 (m, -O-CH2-), 6.60–6.82, 7.58,
7.73, 7.90–7.99 (m, ArH).

3. Polymerization of n-BMA with Difunctional PMAazo444
as Macroinitiator. Typically, CuICl (3.56 mg, 0.036 mmol), CuIIBr2

(0.80 mg, 0.0036 mmol), bpy9 (32.31 mg, 0.079 mmol), and
macroinitiator PMAazo444 (343.53 mg, 0.018 mmol; Mn ) 19K,
Mw/Mn ) 1.09) were added into a Schlenk-type flask. The flask
was degassed by four vacuum-argon cycles. Then n-butyl meth-
acrylate (570 µL, 3.6 mmol) and toluene (1.0 mL), which were
predegassed by bubbling argon for at least 30 min ([CuICl]:
[CuIIBr2]:[bpy9]:[PMAazo4444]:[BMA] ) 2:0.2:4.4:1:200), were
introduced into the flask using a prepurged syringe. The reaction
was held at 80 °C. Samples were taken out from the flask
periodically by syringe prepurged with argon. After the reaction
was stopped, 1 mL of toluene was added into the flask to dilute
the solution. The resulting polymer solution was poured into a large
volume of methanol. The precipitated polymer was purified twice
by dissolution in a small amount of toluene and precipitation into
a large volume of methanol (volume ratio of methanol/toluene was
20/1). The orange-red powder of PBMA-b-PMAazo444-b-PBMA
was dried under vacuum at 50 °C for 2 days. The 1H NMR spectrum
is shown in Figure 3.

4. Characterization. The molecular weights and the molecular
weight distributions of the homopolymer PMAazo444 were mea-
sured by size exclusion chromatography (SEC) using two Waters
Styragel HR 5E columns, a Waters 410 differential refractometer,
and a Waters 486 UV detector, on line with a Wyatt miniDAWN
light scattering instrument. The light wavelength of the differential
refractometer is 930 nm, and that of the light scattering detector is
690 nm. THF was used as the eluent at 1 mL/min. The differential
refractive index increment dn/dc ) 0.193 was measured separately

Figure 1. Chemical structures of the azo-triblock copolymer PBMA-
b-PMAazo444-b-PBMA and the non-azo-triblock copolymer PBA-b-
PA444-b-PBA.

Figure 2. Chemical structures of ATRP initiator and azobenzene-
containing LC monomer.

2460 Deng et al. Macromolecules, Vol. 41, No. 7, 2008



on the same refractometer (at T ) 40 °C) for the homopolymer
PMAazo444.

For the triblock copolymer, the molecular weight cannot be
determined by SEC on line with the Wyatt miniDAWN light
scattering instrument because the dn/dc changes with the block
composition of the copolymers. So, the molecular weight distribu-
tion was estimated by the relative calibration method with
polystyrene as standards. The molecular weight of PBMA block
was calculated from 1H NMR signals measured using a Bruker
HW300 MHz spectrometer. Since the molecular weight of the
central block is known by SEC, the ratio of the degree of
polymerization (DP) of block PMAazo444 block to the DP of
triblock copolymer can be deduced from the ratio between the
integration of the aromatic signals (δ ) 6.90–8.06) in the LC central
(Aar) block and the integration of the signals of all terminal methyl
groups (δ ) 0.78–0.92) in the triblock copolymer (Ame), as
expressed in eqs 1 and 2.

(11x)/(9x+ 6y))Aar/Ame (1)

x+ y) 1 (2)

where x is the molar ratio of the azo monomer MAazo444 and y is
the molar ratio of the monomer BMA.

The mesomorphic properties were studied by thermal optical
polarizing microscopy using a Leitz Ortholux microscope equipped
with a Mettler FP82 hot stage and differential scanning calorimetry
using a Perkin-Elmer DSC7. The DSC7 instrument was calibrated
with Perkin-Elmer indium calibration kit (mp: 429.78 K (156.60
°C); ∆H: 6.80 cal g-1) for temperature and enthalpy changes. The
heating and cooling rates were 10 °C min-1.

5. Morphology Study by TEM. Samples for TEM experiments
were prepared from a thick polymer film obtained by solution
casting (film thickness: ∼0.5–1 mm; polymer solution: 10 wt % in
chloroform). The dried film was annealed at nematic temperature
to allow microphase segregation, then embedded in epoxy resin,
and ultramicrotomed at room temperature. The sections were stained
with RuO4 vapor and observed on a JEOL-JEM-1200EX electron
microscope with an accelerating voltage of 100 kV.

6. Structural Study by X-ray Scattering. The X-ray scattering
experiments were performed on fiber samples of polymers using
Cu KR radiation (λ ) 1.54 Å) from a 1.5 kW rotating anode

generator. Small-angle X-ray scattering (SAXS) and wide-angle
X-ray scattering (WAXS) were performed separately. The fiber
samples were drawn out from the molten polymers in nematic
temperature. The diffraction patterns were recorded on photosensi-
tive imaging plates.

7. Substrate Surface Alignment Study by AFM. The samples
in CHCl3 solution (10 g/L) were spin-casted on silicon wafers
pretreated by a mixture (3/1 by volume) of concentrated sulfuric
acid and hydrogen peroxide (30% in water) for 8 h. The films were
then annealed at a temperature slightly below the nematic–isotropic
transition temperature for 3 days. AFM experiments were performed
on a Nanoscope 3100 (Veeco) in tapping mode with commercial
silicon tips (radius is around 100 nm).

Results and Discussion

1. Polymerization Results. Atom transfer radical polymer-
ization (ATRP) was chosen to prepare the azobenzene-contain-
ing LC triblock copolymers ABA. The LC central block, B,
was first synthesized using a difunctional initiator. The block
B was then used as difunctional macroinitiator in the poly-
merization of the two side blocks, A. In our previous work, we
synthesized and studied non-azo-triblock copolymers PBA-b-
PA444-b-PBA (Figure 1), in which the polymer backbones of
the two blocks, PA444 and PBA, were polyacrylates. Polyacry-
lates were used rather than polymethacrylates because of the
lower Tg. The thermoresponsive elastomers thus obtained were
not brittle at ambient temperature. Thus, we first tried to
synthesis azobenzene-containing nematic polyacrylate PAazo444
(polyacrylate equivalent of PMAazo444). For unclear reasons,
ATRP as well as conventional radical polymerization of this
azobenzene-containing nematic acrylate was not successful.24

Recently, Forcén et al. reported an unsuccessful attempt to
produce an azobenzene-containing methacrylate macroinitiator,
using the CuCl/HMTETA/anisole system.25 We successfully
synthesized nematic polymethacrylates PMAazo444 by ATRP
using improved procedures based on those described previ-
ously.21,22 In order to control the molecular weight and the
terminal functional groups, we made a preliminary kinetic study
on the ATRP of MAazo444 using a difunctional initiator (see
Figure 2). The results are presented in Table 1, Figure 4, and

Figure 3. 1H NMR spectra of the azo-triblock copolymer.
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Figure 5. Figure 4 shows a linear increase of ln[M]0/[M] with
time, and Figure 5 shows a linear increase of molecular weight
with conversion. However, these two linear lines do not start
from the origin. This might be tentatively explained by the
following reason. In the purification procedure, diethyl ether
was used as solvent for precipitation in order to remove all LC
monomers that were not polymerized. However, diethyl ether
could also dissolve low molecular weight polymers. Therefore,
the conversion measured gravimetrically could be smaller than
the real one at a given reaction time, while the molecular weight
Mn could be greater than the average molecular weight of all
polymers formed at this reaction time. Irreversible termination
reactions at the very beginning of the polymerization might be
another reason for the high experimental Mn values relative to
the theoretical ones. Figure 5 shows low polydispersity values
of around 1.1 for the obtained homopolymers. In conclusion,
from this simple kinetic study we now know how to control

empirically the polymerization of MAazo444 and obtain mono-
disperse PMAazo with a certain molecular weight.

We then used the above process to synthesize PMAazo444
functionalized at each end, keeping the conversion to around
50%. (The low conversion was chosen in order to minimize
the chain termination between radicals and to ensure the end
functionalities of PMAazo444.) The triblock copolymer PBMA-
b-PMAazo444-b-PBMA was prepared by ATRP using this
PMAazo444 as difunctional macroinitiator and n-butyl meth-
acrylate as monomer. CuICl was used as the catalyst.26 In this
mixed halogen system R-Br/CuICl, halogen exchange occurred
rapidly and gave faster initiation, slower propagation, and better
control of molecular weight. The SEC chromatograms of the
macroinitiator and five triblock copolymers synthesized are
given in Figure 6. All SEC curves of the triblock copolymers
are well separated from the peak of the macroinitiator toward
shorter elution time (higher molecular weight), which means
that all the macroinitiators were converted to triblock copoly-
mers. The molecular weight distributions of the triblock
copolymers were monomodal, except for Triblock5 (23% LC).
The bimodality of Triblock5 (23% LC) might result from the
coupling termination of two propagating chains, since longer
reaction time was necessary for its synthesis. (By PS standard
calibrated SEC, first peak corresponds to M ) 40K, while the
second shoulder peak corresponds to M ) 80K). The reaction
details and the characteristics (block ratios, molecular weights,
and molecular weight distributions) of the triblock copolymers
are listed in Table 2. A typical NMR spectrum is shown in
Figure 3 for Triblock2.

2. Mesomorphic Properties and Self-Assembled Struc-
tures. The homopolymers PMAazo444 exhibit a nematic phase.
The nematic–isotropic phase transition temperatures TNI vary
only slightly for samples with Mn in the range from 20 000 to
30 000. Phase transitions are Cr 73.5 N 93.8 I (10 °C/min) and
I 92.1 N 58.5 g (-10 °C/min) for sample with Mn ) 20 800
and Cr 80.4 N 95.3 I (10 °C/min) and I 93.2 N 64.7 g (-10
°C/min) for sample with Mn ) 28 100. Schlieren-type textures
were observed for nematic phase after annealing at a few degrees
below TNI for 24 h (see Figure 7a for POM picture).

DSC curves of the triblock copolymers are shown in Figure
8. In order to better observe the phase transitions upon heating,
around 30 mg samples were used in the DSC experiments. The
samples were first heated well above TNI, followed by slow

Table 1. Homopolymers PMAazo444 Synthesized by ATRP

PMAazo444
sample time (min) conversion (%) Mn

a Mw
a Mw/Mn

a

P1 30 8 20 800 22 300 1.07
P2 60 33 23 900 25 100 1.05
P3 90 53 26 900 29 300 1.09
P4 120 66 28 100 31 800 1.13
P5 150 78 30 400 35 000 1.15

a Absolute molecular weight measured by the light scattering on line
with SEC.

Figure 4. Kinetic plots for the ATRP of MAazo444 at 40 °C in toluene
solution. The concentrations are [MAazo444]0 ) 1.0 M, [DI]0 ) 0.02
M, and [CuIBr]/[CuIIBr2]/[Bpy9]/[DI] ) 2:0.2:4.4:1.

Figure 5. Molecular weight and polydispersity vs total conversion of
LC monomer in the ATRP of MAazo444 at 40 °C in toluene solution.
The concentrations are the same as for Figure 4.

Figure 6. SEC chromatograms of the macroinitiator PMAazo444 and
triblock copolymers PBMA-b-PMAazo444-b-PBMA (see Table 2 for
data). The values noted above the curves indicate the weight ratio of
the liquid crystalline block in the triblock copolymers.
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cooling to -20 at -2 °C/min, and then fast heating to 120 at
40 °C/min. For Triblock1 with lowest contents of PBMA, the
Tg of PBMA block was not detected. Cooling curves are not
showed here, and the phase transition data are summarized in
Table 3. A comparison between the DSC curves of the nematic
central block PMAazo444 (macroinitiator) and a triblock
copolymer PBMA-b-PMAazo444-b-PBMA is given in Figure
9. For all triblock copolymers, the transition temperatures from
isotropic to nematic in the LC central block are lower than the
TNI of the equivalent LC homopolymer precursors. This situation
is very similar to the one observed in non-azo-triblock polymers
PBA-b-PA444-b-PBA.21 The transition peaks for the azo-
triblock copolymers PBMA-b-PMAazo444-b-PBMA are also
much broader than for the LC homopolymer, especially upon
heating. Those observations might be related to a relatively

poorly defined interface between the nematic blocks and the
isotropic blocks, the isotropic blocks playing the role of
“impurities” toward the nematic mesophase. The azo-triblock
copolymers PBMA-b-PMAazo444-b-PBMA are very viscous.
Their textures are poorly defined even after annealing (see Figure
7b). The textures are not characteristic of any mesophase or
self-assembled microsegregated phase.27–29 So, the type of
microsegregated phase needs to be determined by other struc-
tural studies such as X-ray diffraction and TEM.

Therefore, we performed SAXS and TEM studies on the
sample PBMA-b-PMAazo444-b-PBMA Triblock3, which is
likely to present a lamellar phase according to its block ratio
(47% of LC). SAXS experiments were made on fiber samples
at room temperature. The fiber samples were drawn from
molten polymer in liquid crystalline state. Figure 10a shows
the SAXS patterns of Triblock3 containing 47 wt % of LC
block. The arrow in the figure indicates the fiber drawing
direction. The semilogarithmic profile of SAXS signals is shown
in Figure 10c, and three harmonies can be identified at position

Table 2. Triblock Copolymers PBMA-b-PMAazo444-PBMA Synthesized by ATRP Using Difunctional Homopolymer PMAazo444 as
Macroinitiator

sample [BMA]0/[PMAazo444]0
a reaction time (h) conversion (%)b Mn

c Mw/Mn
c Mn

d LC (wt %)d

PMAazo444 8 900 1.13 19 300e 100
Triblock1 100/1 1 53 12 300 1.17 26 800 72
Triblock2 200/1 2 60 18 100 1.19 35 700 54
Triblock3 200/1 8 77 22 700 1.20 41 100 47
Triblock4 350/1 4 86 29 700 1.29 62 300 31
Triblock5 500/1 21 91 49 100 1.33 83 900 23
a Feed ratio of monomer/macroinitiator. b Calculated by dividing the degree of polymerization of BMA in the result triblock copolymers to the feed ratio

([BMA]0/[PMAazo444]0). c Relative molecular weight(s) to PS standard calibration. d Calculated by the 1H NMR. e Absolute molecular weight measured
by the light scattering on line with SEC.

Figure 7. POM pictures showing the LC textures of the polymers:
(a) homopolymer PMAazo444 P1 annealed at 92.6 °C for 24 h and
(b) PBMA-b-PMAazo444-b-PBMA Triblock2 annealed at 65.0 °C
for 24 h.

Figure 8. DSC thermograms of the five triblock copolymers PBMA-
b-PMAazo444-b-PMBA upon heating at 40 °C/min (second heating
scan after slow cooling from isotropic phase with cooling rate: –2 °C/
min). The short lines on the curves indicate Tg, and the dotted lines
indicate TNI.

Table 3. Transition Temperatures of Triblock Copolymers
PBMA-b-PMAazo444-PBMA Determined by DSC

sample
LC

(wt %)
Tg

(PBMA)
Tg

(PMAzo444) TNI
a TIN

b

PMAazo444
(homopolymer)

100 62.8 96.1 92.7

Triblock1 72 -c 51.2 65.5 63.4
Triblock2 54 28.1 53.5 64.1 61.3
Triblock3 47 27.3 56.4 68.1 60.8
Triblock4 31 27.3 58.6 68.1 61.0
Triblock5 23 29.0 59.0 68.1 60.1

a Obtained from the second heating scan of the DSC thermograms of
the polymers, which all own similar polymerization degree of liquid crystal
part. After slow cooling from isotropic phase in -2 °C/ min, fast heating
in 40 °C/ min. b Obtained from the second cooling scan, after fast heating
in 40 °C/ min, and then cooling at 10 °C/ min. c Not detected.
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of q1/q2/q3 ) 1/2/3. This indicates clearly that Triblock3
(47%LC) self-assembles into a lamellar phase with lamellar
spacing of 16 nm. This result was further supported on bulk

samples by TEM. Clear lamellar structures were observed as
shown in Figure 11.

Upon fiber drawing, the triblock copolymers align, with the
layer normal perpendicular to the long axis of the fiber.
However, the layer normal can be oriented along any direction
in the plan perpendicular to the fiber long axis. Figure 12 shows
the wide-angle X-ray scattering (WAXS) pattern of the same
fiber sample Triblock3. The thick arrow indicates the fiber
drawing direction. There is a diffuse diffraction ring in the
WAXS pattern. It corresponds to an average value of 2π/q )
0.48 nm, which is the average distance between nematic
mesogens. From the pattern, the mesogens are aligned in a
direction perpendicular to the fiber axis. Combining the results

Figure 9. Comparaison of DSC thermograms of the macroinitiator
PMAazo444 and Triblock2. First heating and cooling scan; scan rate:
10 °C/ min.

Figure 10. (a) SAXS pattern for fiber sample of Triblock3 at room
temperature. The fiber sample was drawn from molten polymer, and
the arrow indicates the fiber drawing direction. (b) Schematic repre-
sentation of the triblock alignment in the fiber sample. (c) Semiloga-
rithmic plot of the scattered intensity along equator vs the scattering
vector q for the fiber sample of Triblock3, according to pattern (a).
The arrows indicate the three orders of diffraction q1/q2/q3 ) 1/2/3. A
lamellar microphase segregated morphology is then determined with
lamellar spacing of 16 nm.

Figure 11. TEM image of Triblock3. The scale bar corresponds to 50
nm.

Figure 12. WAXS pattern for the fiber sample of Triblock3 at room
temperature. The thick arrow indicates the fiber drawing direction. The
diffuse diffraction ring corresponds to an average value of 2π/q ) 0.48
nm, which is the average distance between nematic mesogens. The
diffuse ring is slightly intensified in the meridian direction. It means
the mesogens rods are slightly aligned in the direction perpendicular
to the fiber drawing direction.

2464 Deng et al. Macromolecules, Vol. 41, No. 7, 2008



from SAXS and WAXS, the alignments of lamellae and
mesogens in the fiber samples are presented in Figure 10.

3. Substrate Surface Alignment of Triblock Copolymers
with Lamellar Structure. By atomic force microscopy (AFM)
we studied the alignment of a thin film of the side-on LC triblock
copolymers on a substrate. Two isotropic/nematic/isotropic LC
triblock copolymers, both of which self-assemble into lamellar
nanostructures, were compared: the azo triblock copolymer
(PBMA-b-PMAazo444-b-PBMA, Triblock3, 47 wt % LC,
lamellar spacing d ) 16 nm) and a non-azo-triblock copolymer
(PBA-b-PA444-b-PBA, 51 wt % LC, lamellar spacing d ) 17
nm). Silicon wafers were used as substrates. The film thicknesses
ranged from 150 to 300 nm, as measured by AFM on scratched
films, in agreement with the Newton tints of the samples.

Typical AFM images of the non-azo-triblock copolymer
(PBA-b-PA444-b-PBA) are shown in Figure 13. The topography
figure (height image) (Figure 13a) displays a flat surface with
holes of depth around 17 nm (see the height profile in Figure
13c), a value close to the lamellar spacing of the lamellar phase,
as measured by SAXS.21,30 This result shows that the triblock
copolymer is well-oriented with layers parallel to the silicon
substrate, in agreement with the phase figure (Figure 13b) which
displays no phase difference between the top surface and the
interior of the holes, suggesting that the materials are similar
in these two places. Different results were observed for the azo-
triblock copolymer (Triblock3 47% LC). A typical height image
is given in Figure 14a, which displays a rather smooth surface.
The corresponding phase image is shown in Figure 14b and
displays inhomogeneities which can be attributed to microphase
separation at the surface. A typical distance between the
heterogeneities is of the order of 20 nm (Figure 14c), which is
close to the lamellar spacing (16 nm) of this triblock copolymer.
For this triblock, the layers of the lamellar phase are oriented
roughly perpendicular to the substrate. The different alignments
of the two triblock copolymers on silicon substrate are repre-
sented schematically in Figure 13d and Figure 14d. These two
very different organizations might come from the different
polarities of azobenzene-containing mesogens and non-azo-

mesogens, but other factors such as the different chemical
structures of the polymer backbones (polyacrylate vs poly-
methacrylate) cannot be excluded.

Conclusion

We synthesized by ATRP a series of azobenzene-containing
isotropic/nematic/isotropic LC triblock copolymers with different
block ratios. With the aim of preparing in the future photore-
sponsive elastomers with lamellar structures, an azo side-on LC
polymer was used, for the first time, as the central block. A
triblock copolymer with 47 wt % of LC part self-assembles
actually into lamellar phase as evidenced both by SAXS on fiber
sample drawn from molten polymer and by TEM on bulk
sample. In the fiber sample, the layer normal is in a plane
perpendicular to the long axis of the fiber; in other words, the
layer plans are parallel to the long axis. Surface alignment studies
by AFM on thin films of this triblock copolymer revealed that the
layer planes aligned perpendicular to the silicon substrate.

Cross-linkable azo-triblock copolymers with similar blocks
compositions are now synthesized. Work is in progress in order
to prepare aligned and cross-linked triblock azo-elastomers,
which might be new photoresponsive “lamellar artificial muscles”
elastomers.
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