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ABSTRACT: A photoactuating nanocomposite was prepared by the in situ
grafting of carbon nanotubes with PBA-b-PMMA diblock copolymer during the
synthesis of the linear triblock copolymer poly(methyl methacrylate)-b-poly(n-
butyl acrylate)-b-poly(methyl methacrylate) (PMMA-b-PBA-b-PMMA). Control
over the molecular characteristics of the block copolymers was achieved by
applying atom transfer radical polymerization. This synthetic approach allowed for
the excellent dispersion and distribution of carbon nanotubes within the polymer
matrix. The final nanocomposite containing 1 wt % grafted carbon nanotubes
exhibited improved elasticity compared to that of the pure triblock copolymer, as
demonstrated by dynamic mechanical analysis and rotational rheology measure-
ments. The photoactuating behavior of the nanocomposite was demonstrated by
thermomechanical analysis.

Acrylic block copolymers exhibit interesting properties that
can be tuned by manipulating the structure and length of

the blocks. The combination of polyacrylate soft block with
polymethacrylate hard blocks in ABA triblock copolymers can
provide materials with the properties of thermoplastic
elastomers (TPEs). Compared to widely commercially used
isoprene- or butadiene-containing TPEs, acrylic TPEs pose
several advantages. Due to the absence of unsaturated bonds in
the main chain, the acrylic-based block copolymers are more
resistant to UV light.1 In addition, versatile (meth)acrylic
monomers allow for the service temperature to be tuned over a
wide range of Tg, from approximately −50 to 200 °C.2,3

Currently, reversible-deactivation radical polymerization
(RDRP)4a (also called controlled/living4b and quasiliving4c)
techniques are widely used for the preparation of block
copolymers.5−7 Among the different RDRP techniques that are
available, atom transfer radical polymerization (ATRP) is
considered the most versatile because it enables good control
over the polymerization of acrylic, methacrylic, and styrene
monomers.8−10 ATRP has been successfully employed for the
synthesis of a wide range of block copolymers with TPE
properties.11,12 In addition to linear block copolymers, block
copolymers with star-like,11−13 brush,14 or branched15

architectures have been synthesized. The properties of these
copolymers differ from those of their linear analogues. For
example, star-like copolymers exhibit better tensile strength and
elongation at break than three-arm and linear copolymers with
similar compositions.11,12

The incorporation of carbon nanotubes (CNTs) into a TPE
matrix can lead to the improvement of certain material
characteristics, such as electrical conductivity, mechanical
properties, or photoactuation performance.16−19 The dispersion
and distribution of CNT in a polymer matrix remain key factors
in the preparation of nanocomposites. It is well-known that
CNTs tend to agglomerate into clusters that due to bad stress
transfer from the matrix to the filler cause a deterioration of the
final material’s mechanical properties. In the case of photo-
actuating TPE nanocomposites in particular, the homogeneity
of carbon dispersion is of great importance because
inhomogeneous materials of this type suffer from an ineffective
actuation response. In this respect, the in situ polymerization of
the matrix in the presence of particles can lead to an
improvement in the homogeneity of nanocomposites.20

Herein, the synthesis of new types of TPE nanocomposites
consisting of linear triblock poly(methyl methacrylate)-b-
poly(butyl acrylate)-b-poly(methyl methacrylate) copolymer
(PMMA-b-PBA-b-PMMA) and brush diblock poly(butyl
acrylate)-b-poly(methyl methacrylate) grafted onto the CNT
surface (CNT-g-PBA-b-PMMA) is presented for the first time.
The in situ approach of preparing the nanocomposites allowed
for the excellent dispersion and distribution of CNTs within the
matrix and an improvement in the viscoelastic properties of the
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final material compared to those of the pure matrix. The
photoactuation ability of the final nanocomposite was
demonstrated as well.
Nanocomposite synthesis was performed in two steps as

shown in Scheme 1. First, n-butyl acrylate was polymerized in

the presence of both a sacrificial difunctional ATRP initiator
dimethyl 2,6-dibromoheptanedionate and CNT covalently
premodified by an ATRP initiator in anisole. The free PBA
chains and PBA chains covalently grafted onto the CNT surface
were then extended with poly(methyl methacrylate) blocks.
The polymerization of PBA was performed using activator

regenerated by electron transfer (ARGET) ATRP using CuBr2/
PMDETA as the catalytic system and SnOct2 as a reducing
agent. The polymerization was stopped at approximately 85%
monomer conversion. The molar mass and dispersity of the
PBA chains grown from the sacrificial initiator were
approximately 65 000 g/mol and 1.3, respectively, as
determined by gel permeation chromatography (GPC). On
the basis of previous studies of “grafting from” polymerization
techniques, the average molar mass of polymer chains attached
to the CNT and that of chains grown from free low molecular
weight initiator should be identical.21 Accordingly, because we
used a difunctional free initiator, the molar mass of the PBA
chains grafted from the CNT could be expected to be 32 500 g/
mol. In the following step, both the free and grafted PBA
macroinitiators were chain extended by the ATRP of methyl
methacrylate (MMA) using a CuCl/PMDETA catalytic system.
The halide exchange technique was employed to facilitate the
MMA polymerization in a controlled manner because the
combination of a bromide macroinitiator with a CuCl catalyst
ensures faster initiation compared to the propagation of
MMA.22,23 The MMA polymerization was stopped at 57%
monomer conversion. The PBA:PMMA ratio in the final
triblock copolymer, estimated by 1H NMR, was 100:33. The
molar mass of the resulting copolymer PMMA-b-PBA-b-
PMMA, calculated from the PBA:PMMA ratio, was 81 000 g/
mol, taking into account a PBA molar mass of 65 600 g/mol.
Accordingly, the molar mass of the PMMA blocks in both the
free triblock copolymer and grafted diblock copolymer was
8000 g/mol. The dispersity of the triblock copolymer
determined by GPC was 1.38, confirming that the polymer-
ization was well controlled.
The CNT content in the final nanocomposite was

determined by thermogravimetric analysis (TGA) and was
observed to be approximately 1 wt %. Transmission electron
microscopy confirmed the very good dispersion of CNT in the
in situ prepared nanocomposite. As shown in Figure S1
(Supporting Information), CNTs were separated into individ-
ual nanotubes and homogeneously spread over the entire
polymer matrix.
To analyze the grafted CNT, after both steps of the

nanocomposite synthesis procedure, the grafted CNTs were

separated from the polymer matrix via a combination of
centrifugation and filtration from the nanocomposite solution.
On the basis of TGA, the CNT-g-PBA contained an organic
layer constituting approximately 40 wt % of its composition.
Grafting density of the PBA chains on the CNT surface,
calculated from TGA, molar mass of PBA chains, and specific
surface area of CNT, was in the range of 0.02−0.3 PBA chains/
nm2. Taking into account the PBA:PMMA ratio in the block
copolymer, the content of the grafted organic layer in CNT-g-
PBA-b-PMMA was approximately 53 wt %.
The homopolymers and diblock copolymers on the CNT

surfaces were visualized by scanning force microscopy (SFM).24

The topography revealed nanotubes measuring 50−100 nm in
height (Figure 1a, c). The corresponding phase contrast images

showed a phase-separated morphology for the block copolymer
grafted on the CNT surface (Figure 1b). Such phase-separated
morphology was not observed on the samples prepared from
CNT-g-PBA.
To investigate the impact of the grafted CNT on the

morphology and properties of the matrix, the pure PMMA-b-
PBA-b-PMMA copolymer matrix was separated from part of
the final nanocomposite to obtain a reference polymer matrix
with the same molecular characteristics as those of the matrix in
the nanocomposite. The morphology was investigated using
small-angle X-ray scattering (see Figure S2, Supporting
Information). In the case of the pure matrix, PMMA blocks
formed hexagonally packed cylinders. In contrast, the presence
of CNTs, which were more than twice as thick as individual
phases of the matrix, disrupted the regularity of the hexagonally
packed cylinders. As shown in Figure S2 (Supporting
Information), in the nanocomposite, the SAXS peaks were
broader, and the supramolecular structure was less regular; as a
result, the hexagonal symmetry could not be confirmed
unambiguously based on SAXS.
The viscoelastic properties of both the nanocomposite and

pure polymer matrix were studied by dynamic mechanical
analysis (DMA) in shear mode. As shown in Figure 2, the
presence of the CNT-g-PBA-b-PMMA enhanced both the
storage and loss moduli of the PMMA-b-PBA-b-PMMA
copolymer over the entire temperature range investigated.
In addition, as indicated by the inset in Figure 2, a shift in the

glass transition temperature (Tg) of PBA to higher temper-

Scheme 1. Synthesis of the CNT-g-PBA-b-PMMA/PMMA-b-
PBA-b-PMMA Nanocomposite

Figure 1. SFM images of CNT-g-PBA-b-PMMA in height (a) and
phase (b) contrast; the height across the profile of the grafted
nanotube (c).
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atures was observed. On the basis of the structure of the CNT-
g-PBA-b-PMMA, one can expect the involvement of the blocks
of the grafted copolymer in the phase-separation process of the
PMMA-b-PBA-b-PMMA matrix, leading to the preferential
localization of the CNT in the soft PBA phase. Accordingly, the
effect of the CNT on the Tg of PBA toward the stiffening of the
PBA phase, which was also observed, was expected.
To quantify the interactions of the grafted CNT with the

polymer matrix, the activation energy (Ea) associated with the
glass transition of the PBA phase was calculated according to a
modified Arrhenius equation.25 The values of Tg for PBA as
well as the corresponding Ea are summarized in Table 1. The

presence of CNT-g-PBA-b-PMMA in the polymer matrix
resulted in the enhancement of Ea for the glass transition of
PBA by 39 kJ/mol, which corresponds to a 21% increase. In
other words, in the presence of 1 wt % of the grafted CNT the
polymer chains needed more energy to induce the transition,
which is indicative of the good interactions between CNT-g-
PBA-b-PMMA and the PBA chains of the PMMA-b-PBA-b-
PMMA matrix.
The viscoelastic properties of the matrix and nanocomposite

at elevated temperatures were investigated using rotational
rheology in oscillatory shear mode. Figure 3 shows the
frequency dependence of the storage and loss moduli at 200,
240, and 260 °C for both the nanocomposite and pure polymer
matrix. At 200 °C, the G′ and G″ values of the matrix and
nanocomposite exhibited a linear frequency dependence; the
storage modulus dominated over the loss modulus over the
entire frequency range tested, indicating the solid-like behavior
of both materials. The values of G′ and G″ were higher in the
nanocomposite material due to the restriction of polymer chain

motion and the interactions between the polymer chains and
grafted CNT.
A more pronounced effect of CNT-g-PBA-b-PMMA on the

rheological behavior of the matrix was observed at 240 °C, at
which a cross-point of the G′ and G″ values of the matrix was
observed at 0.3 Hz. Thus, at frequencies below 0.3 Hz, the
liquid-like behavior of the matrix dominates over the solid-like
behavior. In contrast, in the nanocomposite, the solid-like
behavior was retained over the entire frequency range tested.
The nanocomposite’s G′ and G″ cross-point was observed to
occur at 260 °C at 0.2 Hz. On the other hand, at 260 °C the
pure polymer matrix exhibited liquid-like behavior over nearly
the entire frequency range tested.
Finally, the photoactuation ability of both the matrix and

nanocomposite was investigated. Actuation describes a
material’s ability to undergo reversible shape changes in
response to an external stimulus.26 In the case of the
photoactuation of CNT-based polymer nanocomposites, the
preoriented CNTs absorb incident light and transform the light
energy to heat. The heat is transferred to prestained and
oriented polymer chains in the vicinity of the CNT, and hence,
the actuation performance of the polymeric material is
significantly enhanced.16,27 In our preceding studies the various
TPEs were used such as ethylene-vinylacetate (EVA)
elastomer17 or poly(styrene-b-isoprene-b-styrene) (SIS) block
copolymer.16 It was observed that composites containing CNT
and EVA elastomer exhibit loss of elasticity during photo-
actuation due to local overheating. On the other hand, in SIS
block copolymer TPE the present CNT interacted with the
polystyrene phase, resulting in disturbing the physical cross-
linking and giving nonstable photoactuation behavior. There
were also studies utilizing TPU elastomer and modified
graphene;28 however, these materials needed high values of
prestrain to obtain the contraction after irradiation. A similar
phenomenon was also observed in cross-linked PDMS-based
graphene composites29 as is discussed below. A further
drawback of chemically cross-linked elastomers is the
impossibility of their reprocessability. Therefore, in this study,
the photoactuation ability of the synthesized TPE based on
PMMA-b-PBA-b-PMMA triblock copolymer and its composite
with CNTs was investigated for the first time. Also this is a
pioneer study in utilization of the thermomechanical analysis
(TMA) for photoactuation investigation at room temperature.
Nanocomposite strips were fixed in TMA clamps and loaded

with a force of 0.05 N to prestretch the PBA chains along one
direction, and the samples were irradiated by a red laser diode
for either 10 or 30 s. As expected, contraction of the samples
during irradiation was observed. Figure 4 shows the changes in
sample length, ΔL, that occurred during irradiation.
As expected, the range of contraction increased with

increasing light power. Unlike the nanocomposite, either the

Figure 2. Temperature dependence of storage (G′) and loss moduli
(G″) of pure PMMA-b-PBA-b-PMMA (matrix) and PMMA-b-PBA-b-
PMMA containing 1 wt % CNT-g-PBA-b-PMMA (composite)
measured at 1 Hz. Inset shows Tan δ as a function of temperature
for both the matrix and nanocomposite.

Table 1. Glass Transition Temperatures Determined at
Various Frequencies and Calculated Activation Energies of
Glass Transition of PBA Phases in the Pure PMMA-b-PBA-
b-PMMA Matrix and PMMA-b-PBA-b-PMMA Containing 1
wt % CNT-g-PBA-b-PMMA

Tg of PBA phase (°C)

0.5 Hz 1 Hz 2.5 Hz 5 Hz Ea (kJ/mol)

matrix −35.5 −33.7 −31.3 −29.5 184
composite −30.8 −28.7 −27.1 −25.5 223

Figure 3. Frequency dependence of storage (G′) and loss modulus
(G″) of 1 wt % CNT-g-PBA-b-PMMA/PMMA-b-PBA-b-PMMA
(composite) and PMMA-b-PBA-b-PMMA (matrix) at 200, 240, and
260 °C.
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pure matrix was unable to exhibit any actuation at the lowest
investigated power (1.5 mW) or a contraction that was lower
by more than 1 order of magnitude was observed when higher
light powers were applied (see Figure S3, Supporting
Information). In the case of the nanocomposite, the highest
actuation contractions at red laser diode powers of 6.6 and 18.5
mW reached 278 ± 16 and 398 ± 16 μm, respectively. These
values correspond to length changes of 3.2% and 4.5%,
respectively, calculated as (L0 − L)/L0, where L0 and L are
the lengths of the nonirradiated and irradiated sample,
respectively. For comparison, a recent study on the photo-
actuation of a 2 wt % graphene/polydimethylsiloxane
composite tested under similar conditions with a light power
of 6.8 mW showed a maximum contraction of 2.3%. In that
case, however, much higher prestrain (40% compared with the
7.4% used in this study) was needed, whereas no contraction
was observed at prestrain levels of up to 10%.30 Thus, the
preliminary results suggest that the synthesized nanocomposite
material exhibits great potential for sensing applications. More
in-depth photoactuation studies of acrylic TPE nanocomposites
are currently underway.
In summary, the synthesis of acrylic TPEs by the growth of

the PBA-b-PMMA diblock copolymer from CNT surfaces in
the same steps during the synthesis of a PMMA-b-PBA-b-
PMMA triblock copolymer matrix was described for the first
time. The final nanocomposites, containing only 1 wt % of well-
dispersed, compatibilized CNT, showed a significant improve-
ment in viscoelastic performance over a wide temperature range
compared to that of the pure copolymer matrix. Finally, it was
proved that the CNT-g-PBA-b-PMMA/PMMA-b-PBA-b-
PMMA nanocomposite is a promising photoactuating material
with a fast and reversible response to red light.
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