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This investigation reports the preparation of a series of well-defined Poly(methyl methacrylate)-b-poly-
(hexyl acrylate)-b-poly (methyl methacrylate) (PMMA-b-PHA-b-PMMA) triblock copolymers by Atom
Transfer Radical Polymerization (ATRP). Their morphology, dynamic mechanical and tensile properties
are thoroughly investigated. Phase separation is observed for all the above-mentioned triblock copoly-
mers, which contain PMMA outer blocks in the molecular weight (Mn) range of 10,000–80,000 and PHA
inner blocks with Mn in the range 20,000–40,000. The dynamic mechanical measurements essentially
reveal two glass transitions and an intermediate flat rubbery plateau in between. Tensile studies indicate
that as the PMMA content increases, there is an increase in tensile strength and decrease in elongation at
break, which is the case for most of the thermoplastic elastomers (TPE). Eventually, the as prepared block
copolymers (with PMMA content 50–80%) offer to be an effective stabilizer for preparing gold nano-
particle aggregates, the shape and size of which can be modulated by tuning the block copolymer
composition. The formation of nanoparticle aggregates and their possible non-covalent interaction with
the base polymer has been substantiated by UV–vis analysis, transmission electron microscopy, energy-
dispersive X-ray spectroscopy, dynamic light scattering and Fourier transform infrared spectroscopy.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Block copolymers constituting polymer blocks of different
properties, such as solubility and glass transition temperature (Tg)
have received much consideration from the viewpoint of materials
applications including compatibilizers in polymer blends, adhe-
sives and thermoplastic elastomers (TPEs) [1,2]. The increasing
importance of block copolymers arises mainly from their unique
properties in solution and in the solid state, which is a consequence
of their molecular structure [3]. The acrylate–methacrylate block
copolymers are not only challenging to be prepared synthetically
but are also interesting owing to their well-tuned morphological,
phase and mechanical properties [4,5]. This is because of the
drawback of the conventional diene based TPEs as displayed by
their poor oxidation resistance of the unsaturated central block and
relatively low service temperature (60–70 �C) in relation to the
glass transition temperature (Tg) of polystyrene [4b]. In acrylate
based systems, depending on the alkyl substituent of the ester
: þ91 3222 282700.
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group, one can manipulate the Tg to tune it over a wide temperature
range (�65 to 200 �C). The much better resistance of polyacrylates
to UV and oxidation compared to polydienes is an additional
advantage, opening new applications e.g., in the automotive
market. With the recent advances in the field of controlled radical
polymerizations, atom transfer radical polymerization (ATRP) has
emerged as an attractive tool to prepare these all acrylate based
block copolymers rather easily and their properties can be tuned
without extra precautions [6]. It has been well documented that
except in the case of small alkyl groups and low molecular weights,
poly (alkyl methacrylates) and poly (alkyl acrylates) are immiscible
[5d]. Preparation of well-defined (meth)acrylic block starting from
the polyacrylate dormant species is quite challenging because of
the slower activation of dormant polyacrylate chain end to a radical
species compared to the activation of a dormant methacrylate
chain end [7]. The result is the slow initiation of the macroinitiator,
which leads to poor control of molecular weight (i.e., broad poly-
dispersity and/or bimodality). Matyjaszewski et al. [5c], however,
reported the one-pot synthesis of mixed acrylate block copolymers
(polybutylacrylate–polymethylmethacrylate) using halogen exchange
technique so that the rate of cross propagation should be compa-
rable to the rate of the subsequent propagation reaction. The
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literature survey reveals that the in depth investigation of acrylate–
methacrylate block copolymers (by ATRP) have not been reported
yet for the acrylates having alkyl chain length >C4.

With reference to our earlier interest in the ATRP of different
acrylates having different alkyl chain length as well as different
functional groups [8], herein, we report the preparation of a series
of triblock copolymers of various molecular weights and compo-
sitions by ATRP using poly (hexyl acrylate) (PHA) (C¼ 6)
(Tg¼�57 �C) as the soft middle block and poly (methyl methac-
rylate) (PMMA) (Tg¼ 100 �C) as the hard outer blocks (i.e., PMMA-
b-PHA-b-PMMA, further abbreviated as MHM). The synthetic
strategy was based on starting from difunctional PHA macro-
initiator, acrylate–methacrylate triblocks were prepared by halogen
exchange technique. An in depth structure–property correlation
have been investigated by size exclusion chromatography (SEC),
differential scanning calorimetry (DSC), dynamic mechanical
thermal analysis (DMTA), tensile properties and atomic force
microscopy (AFM).

Block copolymers have been used to stabilize a variety of
nanoparticle materials by forming steric or ionic barriers around
the particles [9–16]. Gold nanoparticles (AuNPs) exhibit numerous
applications ranging from optoelectronics to catalysis that differ
significantly from those of their corresponding bulk materials [17–
20]. Again, assembly of individual nanoparticles into ensembles has
recently become a widely pursued objective [21,22]. Henceforth, it
is interesting to produce and study the interparticle interactions
while the particles are held together by weak forces in an aggregate
[23]. The ability for very sensitive and spatially confined molecular
structural probing makes gold nanoparticle aggregates as very
promising tools for studies of small structures in biological mate-
rials, such as cellular compartments [22].

As revealed by literature survey, the polymers used as stabilizer
in synthesizing AuNPs were mostly amphiphilic; the synthesis
method was primarily based on templating of AuNPs inside the
spherical micelle core. Examples include poly(ethyleneoxide)-b-
poly(propyleneoxide)-b-poly(ethyleneoxide) [24], polyethylene
glycol-b-polycaprolactone [25], poly (ethyleneoxide)-b-polycapro-
lactone) [26], poly(styrene)-b-poly(2-vinylpyridine) [27], poly
(methylmethacrylate)-b-poly[2-(N,N-dimethylamino) ethyl meth-
acrylate] [28] etc.

However, till date, there has been no report on the use of non-
amphiphilic block copolymers to synthesize and confine metal
nanoparticles in aggregates. In this present study, we explored the
role of ‘‘all-acrylate’’ hydrophobic block copolymers as a mediator
for synthesis of gold nanoparticle aggregates for the first time.
Nanoscale aggregation of gold in an organic solvent is an important
addition to the hitherto predominantly water based processes for
assembling nanoparticles inside the polymer surfactant.

2. Experimental section

2.1. Materials

The monomers, hexyl acrylate (HA) (Aldrich, 98 %), methyl
methacrylate (MMA) (Aldrich, 97%) were passed through an
alumina column, distilled under reduced pressure over calcium
hydride and then were stored at �4 �C under nitrogen. Acetone,
tetrahydrofuran and p-xylene were distilled over molecular sieves
under vacuum. CuBr and CuCl were stirred with glacial acetic acid
for 12 h, washed with ethanol and diethyl ether, and then was dried
under vacuum at 75 �C for 3 days. N, N, N0, N00, N00-pentameth-
yldiethylenetriamine (PMDETA) (Aldrich, 99%), 1, 1, 4, 7, 10, 10-
hexamethyltriethylenetetramine (HMTETA) (Aldrich, 97%) and all
other chemicals were used as received. The difunctional initiator
1,2-bis(bromopropinyloxy)ethane (BBPE) was prepared according
to the literature method [29]. Details of the preparative method of
the difunctional initiator, a,u-Dibromo-PHA (Br-PHA-Br) has been
described elsewhere [8c].

All the other reagents like tetrachloroauric acid (HAuCl4) (Fluka,
purum), sodium boro hydride (NaBH4) (Merck), dimethyl form-
amide (Fluka, pure grade) etc. were used as received.

2.1.1. Preparation of ABA triblock copolymer
A typical example is given here for preparing a triblock copoly-

mer of composition 20-20-20. The difunctional PHA macroinitiator
(0.995 g, 4.97�10�5 mol) (Mn¼ 20,000, Mw/Mn¼ 1.23) and CuCl
(0.0049 g, 4.97�10�5 mol) were added into a test tube provided
with a rubber septum and then MMA (2 g, 1.99�10�2 mol) was
injected into the vessel followed by the addition of HMTETA
(0.0114 g, 4.97�10�5 mol), under nitrogen atmosphere. The
mixture was stirred at room temperature for 5 min and the vessel
was then placed in an oil bath at 90 �C with constant stirring. A
conversion of 95% was reached at 2 h. The polymer was purified by
passing through alumina column, then precipitated into a mixture
of methanol/water and finally isolated by vacuum filtration. After
drying under vacuum for 12 h, 1H NMR analysis was performed in
CDCl3.

For mechanical and rheological measurements, films were cast
from a solution of the MHM copolymer (12.5% w/v, 6 mL) in THF
onto a clean polyethylene petri dish (100 mm diameter). The
solvent was let to evaporate for 24 h at room temperature. The films
were dried at 160 �C for 3 days in a vacuum oven in order to remove
the last traces of solvent and then quenched to room temperature.

2.1.2. Preparation of Au nanoparticles stabilized by MHM
triblock copolymer

Au nanoparticles were prepared by reducing HAuCl4 with
NaBH4 using MHM triblock copolymer as stabilizing matrix. The
block copolymers were dissolved in DMF at a concentration of 1 g/L.
A known amount of a HAuCl4 solution in DMF (c¼ 10 g/L) was then
added to the copolymer solution, and the mixture was stirred for
1 h at 30 �C. Since HAuCl4 molecules are expected to be essentially
located at the neighboring site of PMMA segment of the MHM
triblock copolymer, the critical parameter to control is the HAuCl4/
PMMA molar ratio. In preliminary experiments, we have varied this
ratio from 1:1 to 1:2, 1:4, and 1:10. A known amount of a NaBH4

solution in DMF was then added to the copolymer loaded with
HAuCl4 in each composition. The HAuCl4/NaBH4 molar ratio was
also varied. The best results were obtained with a HAuCl4/PMMA
molar ratio of 1:4 and HAuCl4/NaBH4 molar ratio of 1:2. The color of
the gold precursor-loaded polymers then immediately turned from
yellow into bluish purple or deep blue, indicating the occurrence of
nanoaggregation.

2.1.3. Preparation of the MHM–Au nanocomposite
Previously prepared MHM–Au colloids (5 mL) in DMF was

directly added to a solution of PMMA-b-PHA-b-PMMA (0.25 g;
Mn¼ 60,000), dissolved in the same solvent (5 mL), and stirred
gently for 10 h. The MHM–Au/MHM solution was concentrated by
the slow evaporation of DMF at 80 �C for 48 h. The resulting
concentrated solution was casted onto a glass slide and dried at
room temperature for 2 days and then vacuum-dried to obtain
a transparent film.

2.2. Characterization

2.2.1. Gel permeation chromatography (GPC)
Molecular weights and molecular weight distributions of the

polymers were determined by size exclusion chromatography (SEC)
at ambient temperature using a Viscotek Gel Permeation
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Chromatography equipped with a VE 1122 solvent delivery system,
a VE 3580 RI detector, and two VIscoGEL mixed bed columns
(17392-GMHHRM), which were preceded by a guard column. Data
analysis was collected using OmniSEC 4.2 software. THF was used
as the eluent at a flow rate of 1.0 ml/min and calibration was carried
out using low polydispersity poly (methyl methacrylate) standards.
Before injection into the GPC system, the polymer solutions were
treated with cation exchange resin Dowex 50 W (Fluka) to free
from Cu salts.

2.2.2. Nuclear magnetic resonance spectrometry (NMR)
1H NMR spectra were recorded on a Bruker AM 300 MHz

spectrometer at room temperature using CDCl3 as solvent and TMS
as internal reference.

2.2.3. Differential scanning calorimetry (DSC)
Differential scanning calorimetry measurements were per-

formed in a TA DSC instrument (model Q100V 8.1), working under
nitrogen atmosphere. The temperature scale as well as the latent
heat was calibrated with indium. Samples (w10 mg) were first
made homogeneous by heating and cooling once to erase out the
preparation history and finally scanned from �100 to þ180 �C at
a heating rate of 10 �C/min. The glass transition temperature (Tg)
was taken from the second scan to ensure reproducible
thermograms.

2.2.4. Dynamic mechanical thermal analysis (DMTA)
Dynamic mechanical properties were measured using

a dynamic mechanical analyzer (DMA Q800, TA Instruments). The
temperature sweep experiments were carried out at the frequency
of 1 Hz (at strain 1% and at a heating rate 2 �C/min) holding the film
with a film tension clamp. Loss tangent (tan d) was measured as
a function of temperature for all the samples under identical
conditions.

2.2.5. Tensile tests
Tensile properties were measured using a universal testing

machine (Z010, Zwick Roell, Ulm, Germany) at a crosshead speed of
100 mm/min at 25 �C. Tensile specimens were punched from cast
sheets with ASTM Die-C. The average of three tests is reported here.
TestXpert II software (Zwick Roell Ulm, Germany) was used for data
acquisition and analysis.

2.2.6. Fourier transform infrared spectroscopy (FTIR)
FTIR spectra were recorded using a Perkin Elmer FTIR-spectro-

photometer (model spectrum RX-I), within a range of 400–
4400 cm�1 using a resolution of 4 cm�1. An average of 16 scans has
been recorded for each sample.

2.2.7. Atomic force microscopy (AFM)
2.2.7.1. Sample preparation. Thin MHM films (w600 nm thick) of
the samples were cast on freshly cleaved mica foil from a dilute
solution of the polymer in THF (12 mg/mL) by slow evaporation of
THF. This was done inside a dessicator saturated with THF vapor
and provided with an outlet fitted with a stopcock. The films were
then dried at 160 �C in a vacuum oven for 72 h after which the
vacuum was released by letting in air through a sintered glass filter
and the films were immediately taken out of the oven. Before doing
AFM, one representative sample (with 66% PMMA content) was
annealed at 140 �C for 24 h in vacuum.

2.2.7.2. Measurements. The AFM measurements were performed in
the ‘‘soft tapping mode’’ (TMAFM) using a Nanoscope IIIa micro-
scope (Veeco, Inc) operated at room temperature in air. Images
were recorded from different area of each sample, and the time for
scanning was ca. 5 min. The images were digitally sampled at the
maximum number of pixels (512) in each direction, and the
Nanoscope image processing software was used for image analysis.
Unless otherwise stated, image treatment was limited to a ‘‘flat-
tening’’ operation, whereby a first-order surface representing
height variations related to a possible tilt of the sample, is sub-
tracted from the original image.

2.2.8. UV–Vis spectroscopy
The visible absorption spectra of the Au nanoparticles as

prepared in solution and the polymer–Au nanocomposite films
were recorded with the aid of a Hewlett–Packard diode-array UV–
vis spectrophotometer (HP 8453) at room temperature.

2.2.9. Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) images were obtained

on a JEOL 2000 electron microscope equipped with a Gatan video
camera and a Gatan Multiscan CCD camera (1024�1024 pixels).
TEM samples were prepared by dropping nanoparticle solutions
(5 mL) onto carbon coated copper grids (300 mesh, Electron
Microscopy Science) followed by air drying. All TEM images were
obtained at an operating voltage of 200 kV.

2.2.10. Thermogravimetric analysis (TGA)
Thermogravimetric analysis of neat polymer and the hybrid

composites were recorded with a DuPont TGA instrument (Model
no. 2000). The measurements were performed from ambient
temperature to 600 �C at a programmed heating rate of 20 �C/min
under nitrogen atmosphere. A sample weight of ca.10 mg was taken
for all the measurements.

2.2.11. Dynamic light scattering (DLS)
Dynamic light scattering measurement of the suspension of

polymer-stabilized AuNPs was performed by using a Zetasizer Nano
ZS (Malvern Instruments) containing a He–Ne laser operating at an
incident wavelength of 652 nm.

3. Results and discussion

3.1. Preparation of ABA block copolymers

ATRP can be applied to block copolymer synthesis in two ways.
The first is the simple addition of a second monomer to the reaction
medium after nearly complete consumption of the first monomer.
The second method involves the isolation and purification of the
first polymer, then using it as a macroinitiator. Although the first
method is easy to operate, there is a chance of formation of
statistical, instead of pure block copolymers. Herein, we prepared
‘‘all-acrylate’’ triblock copolymers according to the second
approach. In the first step, a,u-dibromo-PHA was synthesized
which then was used as the macroinitiator in the second stage for
the synthesis of MHM triblock copolymers following the halide
exchange technique. The difunctional macroinitiator of Mn 20,000
with PDI of 1.23, thus obtained, was used to prepare a series of the
MHM triblock copolymers with varying end blocks (sample a–d,
Table 1). Effect of the variation of middle block length has also been
investigated (sample e, Table 1). Table 1 summarizes the main
molecular characteristics of the triblocks those have been prepared
accordingly.

Fig. S1 (in Supplementary section) shows a 1H NMR spectrum of
a representative MHM triblock copolymer (sample a, Table 1). The
compositional analysis of the blocks is made on the basis of the
calculation of the relative intensity of resonances for the –OCH3

protons of PMMA (at 3.6 ppm) and –OCH2–protons of the PHA (at
4.0 ppm). The number average molecular weight (Mn) of the parent
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Table 1
Molecular characterization details of the triblock copolymers.

Sample Br-PHA-Br PMMA-b-PHA-b-PMMA

Mn
SEC Mw/Mn Mn

SEC Mw/Mn % PMMA (wt.%) Mn
NMR (�10�3)

a 20 K 1.23 30 K 1.21 33 5-20-5
b 20 K 1.23 40 K 1.20 50 10-20-10
c 20 K 1.23 60 K 1.18 66 20-20-20
d 20 K 1.23 100 K 1.18 80 40-20-40
e 40 K 1.25 80 K 1.20 50 20-40-20
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MHM triblocks is calculated from the copolymer composition and
molecular weight of the first difunctional PHA. The composition so
determined agrees well with that calculated from the amount of
PHA used and MMA consumed during the synthesis of the
copolymers.
Fig. 2. tan d as a function of temperature for MHM samples.
3.2. Dynamic mechanical properties

To investigate the phase behavior of block copolymers, DMTA
measurements have been performed. Figs. 1 and 2 illustrate the
thermal dependence of the dynamic storage modulus (E0) and loss
factor (tan d) respectively in the temperature range from �100 to
200 �C for a series of MHM triblock copolymers of varying
compositions. Summary of the dynamic mechanical properties of
the triblocks has been displayed in Table 2. Two glass transitions
and an intermediate rubbery plateau are observed for all copoly-
mers, which are in agreement with extended phase separation,
where PMMA blocks form the glassy domains, connecting the
flexible PHA blocks [4a,4b,30–32]. The transition at low tempera-
ture (TgI) is assigned to the glass transition temperature of the soft
PHA block, whereas the high temperature transition (TgII) corre-
sponds to the PMMA rich phase [33].

Intermediate between two transitions, the very flat plateau
indicates that the physical network of PHA chains is essentially free
from undesirable diblocks (PMMA–PHA) or homopolymers. The
height of the plateau depends strongly on the PMMA content:
E0 w 7 Pa when PMMA is 33% (sample a) and E0w 8.7 Pa, when
PMMA is 80% (sample d) by weight. For the sample with very short
PMMA chain (sample a) the plateau is reasonably short. At w80 �C,
E0 drops rapidly, which corresponds to the terminal zone as is
commonly observed in traditional hard–soft–hard diene based
triblock copolymers and attributed to the failure of the shorter
chains to get involved in the formation of three dimensional
networks of rubbery chains [30]. The increase of Mn of PMMA from
10 K to 20 K changes the situation as designated by curve b. Here,
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Fig. 1. Storage modulus (E0) as a function of temperature for MHM.
onset of the terminal zone is registered at w89 �C, thus 9 �C higher
than for sample a. A substantial improvement of the upper service
temperature is observed in the case of 20-40-20 (sample e), where
the particular onset temperature arises at w102 �C, attributed to
the longer middle block length. Except in the case of high PMMA
content (sample c and d), the E0 measurement could not be
extended above 150 �C because the stiffness of the polymers fall
below the minimum instrumental requirement.

In multicomponent organic polymers, measurement of glass
transition temperature is a common way to detect phase separa-
tions. Fig. S2 (in Supplementary section) illustrates the temperatures
of relaxation (the temperature at the maximum of tan d, values
recorded from Fig. 2) as well as the transition temperature detected
by DSC measurements. It is interesting to note that the Tgs of PHA and
PMMA blocks depend on the molecular weight of the outer blocks,
the inner block length being unchanged (Mn¼ 20 K). As the PMMA
molecular weight is increased from 10,000 to 80,000 and the PMMA
content from 33 to 80%, TgI decreases from �39 to �53 �C and TgII
increases from 131 to 140 �C. This observation is consistent with
some partial miscibility of PMMA and PHA, which decreases when
the length of PMMA is increased, the molecular weight of PHA being
kept unchanged. This kind of partial miscibility between acrylate–
methacrylate blocks has also been reported in the earlier literature
[34]. As there is a probability of DMTA measurements to be depen-
dent on frequency [35,36], hence the Tg values determined by DSC
are also included in the Figure. In the present case, the Tg of PMMA
determined by DSC appears about 40 �C and that of PHA about 25 �C
lower than that determined by DMTA. This is in line with the earlier
observations made with different polymers [37].

3.3. Tensile properties

Fig. 3 compares the stress–strain curves for a series of MHM
triblock copolymers consisting of the same PHA block (20,000)
Table 2
Summary of dynamic mechanical properties of block copolymers at different
temperatures.

Sample designation log G0 (Pa) tan dmax

Tg I Tg II RT Tg I Tg II

(a) 5-20-5 7.8 6.21 6.95 1.32 0.81
(b)10-20-10 8.42 6.75 8.01 0.24 1.14
(c) 20-20-20 8.68 6.89 8.32 0.09 1.19
(d) 40-20-40 8.76 6.99 8.51 0.05 1.38
(e) 20-40-20 8.31 6.82 7.83 0.42 1.16
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Fig. 3. Tensile stress–strain curves for MHM triblocks.
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associated with PMMA blocks of increasing values of Mn (10,000–
80,000) (sample a–d). The variation of chain length of the middle
block has also been explored (sample e). Respective values of the
tensile strength (T.S.), percent elongation at break (E.B.) and
Young’s modulus (tensile modulus at 2% strain) are plotted in
Fig. 4. The results delineate that as the PMMA content increases;
there is a gradual increase in the T.S. (except in case of sample d,
PMMA content 80%) and a decrease in E.B., as it is the case for
most TPEs. As expected, a constant increase in Young’s modulus
is observed with increasing hard phase. The dependence of T.S.
on PMMA chain length up to PMMA molecular weight 40,000
suggests partial miscibility of the two polyacrylate blocks.
However, when PMMA molecular weight exceeds 40,000, the T.S.
of MHM gets decreased (sample d, Fig. 3) because of the very
high content of hard phase. The comparison between the samples
c and e indicates that although the end block length is same in
both the cases, the middle block length (of PHA) is higher in
sample e, which accounts for higher E.B. (30%) and lower T.S.
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Fig. 4. Plots of tensile strength, elongation at break and Young’s mod
(6 MPa), attributed to a change in phase morphology, discussed
afterwards. These findings suggest a convenient way for tuning
the material properties by simply adjusting the copolymer
composition.

Although partial miscibility of low molecular weight PMMA and
PHA blocks might partly explain the poor mechanical properties of
MHM triblocks compared to that of the traditional dienes4b, having
similar hard–soft–hard compositions, the most reasonable expla-
nation can be found in the average molecular weight between
chain entanglements, Me, of the polyacrylate central block. In this
case, Me of PHA has been determined to be 61,000 from DMTA (e.g.,
for sample c), which is indeed, much higher than for polydienes. Me

for the polyalkylacrylates have actually been calculated from
Eqn. (1) [38]

Me ¼ rRT=G0
N (1)

where G0
N¼G0 (tan d/min) is the shear modulus in the plateau

region, r the polymer density, R the gas constant and T the
temperature. The Me value is reasonably higher than the molecular
weight of central PHA block (Mn¼ 20,000) in MHM copolymers,
hence entanglement density is low. In this way, since the number of
chain entanglements is limited in the MHM systems, the defor-
mation stress is not dissipated by the soft PHA block but directly
transferred to the hard PMMA nanodomains.
3.4. Morphology

Atomic force microscopy (AFM) appears as a unique tool for
investigating the microscopic morphology of these ‘‘all-acrylate’’
triblock copolymers. This is because, on one hand, the electron
density difference between the different monomer units is too
small to measure and, on the other hand, no selective staining agent
is available, which precludes morphological characterization by
means of classical techniques of transmission electron microscopy
and small-angle X-ray scattering [31].

The phase detection (PD) images of samples corresponding to
the compositions 5-20-5, 20-20-20, 40-20-40 and 20-40-20 (Table 1)
are displayed in Fig. 5a–d, respectively. Fig. 5d (of composition 20-
40-20) corresponds to the sample with longer middle block length
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(Mn of PHA¼ 40 K in contrast to sample a–c, where Mn of
PHA¼ 20 K). All these films were cast from THF. According to the
previous studies of AFM images for MAM copolymers (A¼ alkyl
acrylate) by Tong et al., the brighter areas are typical of component
of higher modulus, i.e., PMMA, whereas the darker areas are the
signature of the softer component [31,34]. The same assignment
holds here. The elongated bright objects, identified as PMMA
cylinders are either standing perpendicular or lying flat parallel to
the surface, inside the continuous rubbery matrix (PHA). It should
be emphasized that irrespective of compositions, all the triblock
copolymers develop a well-defined nanophase separated
morphology.
Fig. 5. Tapping mode AFM images of the MHM block copolymers. Parts a–d are phase detect
Part e is the height image corresponding to part a. Part f represents the annealed sample w
A representative height image on the same area of the film for
the sample of composition 5-20-5 is also shown (Fig. 5e). The
height image is featureless. The root-mean square (rms) roughness
for a 330� 330 nm2 area is 1.10 nm. The film surface is therefore
smooth enough not to influence the PD image contrast owing to the
difference in the surface topography. The surface roughness is of
the same order for all the films represented here.

Fig. 5a and b displays a majority of short-range ordered cylin-
ders and a few dots embedded in a dark continuous matrix. With
increase in PMMA content (80%), sample 5c exhibits a highly
textured mixed morphology. Effect of the soft block length is evi-
denced in Fig. 5d; the hard block domains appear to form a lamellar
ion images for THF cast films containing 33, 66, 80 and 50% PMMA content respectively.
ith 66% PMMA content.
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ordering. The PMMA blocks are aligned in a paralleled fashion
connected to each other in a percolation network in a continuous
rubbery matrix. This well ordered morphology explains the
extended rubbery plateau as observed in dynamic mechanical
analysis (Fig. 1, sample e). Comparing samples 5c and 5d, it is
evident that when the soft middle block length is higher (as in case
of 5d), the sample give predominantly ‘cylinders on surface’
morphology, whereas when PMMA block length gets longer (as in
case of 5c), ‘cylinder tips on surface’ morphology becomes
predominant. This feature can be explained in terms of the differ-
ence in surface energy between hard and soft components. Hard
block PMMA has higher surface energy (43 mJ/cm2) compared to
soft polyacrylates [39]. Henceforth, the material with higher PMMA
content tends to orient in such a way that the amount of PMMA is
minimized at the surface. This is possible when the PMMA cylin-
ders stand vertically and appear as dots so that as to minimize their
contact with air.

In order to have a stronger insight onto the surface morphology,
before doing AFM, one representative sample was annealed at
140 �C for 24 h in vacuum (Fig. 5f).

At this temperature, which is higher than the glass transition
temperature of both the blocks, a morphological transformation
occurs, the immiscibility of the different blocks increases. This
results in an enhanced degree of phase separation, which desig-
nates a cylinder diameter of 19.8 nm for the PMMA domain.

Similar change in surface morphology of blocks after annealing
has also been reported by earlier authors [40].

3.5. Stabilization of gold nanoparticles (AuNP) by MHM triblocks

The advantages of using polymers as AuNP stabilizers are not
only the enhancement of long-term stability, adjustment of the
solubility and amphiphilicity of AuNPs, but also the functionaliza-
tion of AuNPs with polymers to tailor their properties, as well as to
promote compatibility and processibility [41].

Fig. 6 shows the UV–vis absorption characteristics of the as
prepared gold–MHM nanocomposite thin films. The sample with
33% PMMA content (spectrum a) is proven to be a poor mediator
for stabilizing gold NP’s as indicated by the absence of any
absorption peak in the visible region. With increasing PMMA
content, an absorption band with lmax¼ 538 nm develops,
known to originate from the Surface Plasmon Resonance
absorption, the position and shape of which is a function of the
aspect ration of the nanocrystals formed. In case of composite
with PMMA content 50% and 66.6% (spectra b,c), one can see
a symmetrical SPR absorption bands which refers to stabilization
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Fig. 6. UV–vis absorption spectra of Au nanoparticles prepared in DMF using MHM
block copolymers as stabilizer; (a) 5-20-5, (b) 10-20-10, (c) 20-20-20, (d) 40-20-40.
of spherical gold nanoparticles. As the PMMA content is
increased further to 80%, a shoulder at 650 nm appears along
with the 538 nm peak, indicating the possible presence of some
oblate shaped gold nanoparticles (see in TEM section). This
phenomenon is well known for high aspect ratio nanocrystals. As
the aspect ratio increases from 1, the resonance frequency splits
into two distinct energy levels. The high energy band corre-
sponds to the oscillation of electrons perpendicular to the major
axis and is referred to as transverse plasmon absorption. The
other absorption band which is red shifted to low energy arises
due to oscillation of electrons along the major axis [42]. Shipaway
et al. [41c] reported that gold nanoparticle aggregation might
also result in longitudinal plasmon resonance due to interparticle
plasmon coupling.

TEM images provide direct visualization of the structures of the
as prepared AuNPs. Fig. 7 show the TEM images and size distribu-
tions of samples. As displayed in Fig. 9a, when the stabilizer poly-
mer block contains PMMA content 66%, there develops closely
packed nanoparticle aggregates of an ensemble of particles. The
stabilized nanoparticles are mostly spherical and uniform in size, as
proposed by the symmetrical nature of their corresponding UV–vis
spectra. It also appears from an enlarged view of a portion of the
assembly (inset of Fig. 7a) that most of the adjacent nanoparticles
are in close contact and interparticle distances are less than the
average particle diameter.

When the stabilizer was switched to the triblock, which has
PMMA content of 80%, a three dimensional network of nanoparticle
aggregates is generated (Fig. 7b). This particular assembly contains
NPs of varying size distribution with a deviation in spherical shape;
some particles get elongated to certain directions (inset of Fig. 7b),
supporting also their respective surface plasmon. Fig. 7c shows the
histogram of the gold NPs in Fig. 7a. A narrow size distribution of
the nanoparticles is clear and the statistical analysis shows that the
maximum number of particles have the average size around
11.6�1.2 nm.

Earlier study [43] shows that PMMA has a very good interaction
with metal nanoparticles. Hence, it may be rationalized that when
the polymer contains a reasonably higher content of PMMA (80%),
growth of NPs is inhibited at the polymeric anchor points so that
the particle growth becomes nonuniform. It has been reported by
Tannenbaum et al. [43] that iron oxide nanoparticles synthesized in
the weakly interacting PS are spherical, while those formed in
strongly interacting PMMA are pyramidal. Following the similar
argument it can be stated that it is the higher PMMA content of the
MHM stabilizer (in this case 80%) that lead to the NPs deviated from
spherocity (as displayed in Fig. 7b).

The sample of the gold nanoaggregates was further confirmed
by Energy-dispersive X-ray spectroscopy (EDS) analysis as shown in
Fig. S3 (Supplementary section). No other element is detected by
EDS, indicating that these aggregated structures are purely gold.
The inset Figure shows the selected-area electron diffraction
(SAED) pattern of polymer-stabilized AuNPs, which clearly
demonstrates that gold aggregates are polycrystalline in nature.

To establish whether the aggregates are actually forming in the
solution and not during the drying process of the sample on the
TEM grid, dynamic light scattering (DLS) measurement was per-
formed with the polymer–AuNP suspension in DMF. DLS data
(Fig. S4 in Supplementary section) explains that the hydrodynamic
diameter (79 nm) of the aggregated AuNPs is much greater than
that of the isolated nanoparticles (11.6 nm). This indicates that the
aggregation occurs in the reaction medium and not during solvent
drying on the TEM grid.

To analyze the possible physicochemical interaction between
AuNP and polymer matrix, FTIR was carried out. Fig. 8 displays
a selected part of the absorbance infrared spectra of neat polymer
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Fig. 7. TEM micrographs of polymer-stabilized AuNPs stabilized by different polymers (a) PMMA content: 66%, (b) PMMA content: 80%. (c) Size histogram of the gold NPs
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Fig. 8. FTIR image of (a) Neat polymer and (b) Polymer–Au nanocomposite.
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a (MHM, 20-20-20) and polymer capped Au nanoparticles b, both
are taken in DMF. The neat MHM spectrum shows a strong absor-
bance at 1733 cm�1 that is characteristic of the >C]O stretching,
and absorbance at 1400–1500 cm�1 and 2800–3000 cm�1 regions
that are characteristics of the C–H bending and stretching,
respectively [44]. The peak at 1652 cm�1 might be attributed to the
presence of free DMF. The frequency of carbonyl group (>C]O)
stretching in polymer capped Au nanoparticles is shifted to 1722
from 1733 cm�1 of that in neat polymer, along with a considerable
decrease and broadening in peak height. It has been calculated that
in b, there is a reduction in peak area (under >C]O str.) by 35%
(normalization against the peak at 2927 cm�1, C–H stretching).
These results indicate that the MHM molecules adsorb on the
surface of the gold nanoparticles, probably due to the coordination
between gold and oxygen atom of the carbonyl groups in MHM.
Similar type of interaction of PMMA with other metal nanoparticle
through the >C]O functional group has already been established
[46].

An important and major aspect of these block copolymer
stabilized nanoparticles is the preparation of polymer–metal
nanocomposites (PNCs). MHM stabilized Au nanoparticles could be
successfully used for the preparation of Au–polymer nano-
composite films with hydrophobic polymers. For the present study,
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Fig. 9. Dynamic Mechanical analysis of (a) neat polymer and (b) its Au-filled
nanocomposite.
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the block copolymer stabilized gold nanoparticles were success-
fully blended with MHM block copolymer matrix of composition
20-20-20 (sample c, Table 1). The as prepared film was transparent
and had the same color as that of respective Au nanoparticles
prepared in solution (see the photograph in supporting informa-
tion, Fig. S5).

The incorporation of fillers into a polymer matrix can bring
about changes in the mechanical and thermal characteristics of
the resulting composite. One benchmark that is used to compare
the dynamical mechanical behavior of PNCs is the storage
modulus. The mechanical reinforcement of nanofiller in the
polymer matrix can be visualized well from the storage modulus
in Fig. 9, where the storage modulus of neat and filled polymer is
plotted as a function of temperature. It has been calculated that
there is about 1.9% increase of E’ for PNC at 0 �C, 2.5% at 25 �C
and 6.7% at 100 �C. The degree of enhancement in E’ is more
distinct near the glass transition of hard phase, whereas near
the soft range it is quite trivial. It implies that the nanoparticles
have reinforced the hard block more effectively in accordance
with the prior literature report on interaction of gold nano-
particles with PMMA [44,45]. This is quite obvious as the >C]O
group of PMMA is easily accessible for interaction with metal
compared to that of PHA due to lesser steric hindrance in the
former case.

In order to further elucidate the role of PMMA in stabilizing
AuNPs, we prepared a model triblock copolymer taking polystyrene
(PSt) as the hard and PHA as the soft segment, i.e., PSt-b-PHA-b-PSt
(of composition 20-20-20). This material failed to perform as
a stabilizer for preparing gold particles in nanodimension. Hence-
forth, the role of PMMA is established.

The tensile strength of the nanocomposite also increased from
34.5 MPa in neat polymer to 35.2 MPa, as expected with a marginal
sacrifice in E.B. (from 16% in neat polymer to 14% in PNC). The inset
of Fig. 9, (i.e., the tan d vs. temperature plot) indicates that there is
a decrease in the glass transition temperature by 4 �C for the hard
segment. Most researchers in this field have reported almost no
variation in the Tg as a function of filler content; however,
a decrease in the Tg has also been reported in the case of alumina/
PMMA nanocomposite [46].

Fig. S6 (in Supplementary section) displays the typical TGA
thermograms of weight loss as a function of temperature of neat
MHM copolymer (PMMA content 66%) and its Au-filled nano-
composite measured under nitrogen atmosphere. The onset of
degradation, as calculated from the intersection of the tangent of
the initial part and the inflection part increases from 304 �C in neat
polymer to 316 �C in PNC indicating an enhancement in thermal
stability in presence of AuNPs.
3.6. Conclusion

A series of PMMA-b-PHA-b-PMMA (MHM) triblock copolymers
of various molecular weights and compositions have been prepared
by ATRP using soft PHA (Tg¼�57 �C) as the middle block and hard
PMMA (Tg¼ 100 �C) as the outer blocks. Solution cast films of MHM
triblocks are characterized by SEC, DSC, DMTA, AFM analysis and
tensile properties. DMTA analysis reveals two glass transitions and
an intermediate rubbery plateau for all block copolymers, which is in
agreement with extended phase separation. The mechanical and
tensile properties of MHM triblocks are somewhat affected due to
the partial miscibility of blocks as well as high value of Me for PHA. It
is evident from the morphological study that when the soft middle
block length is higher, the samples give primarily ‘cylinders on
surface’ morphology, whereas when PMMA block length gets longer,
‘cylinder tips on surface’ morphology becomes predominant. Tensile
properties of the as prepared MHM block copolymers indicate that
as the PMMA content increases, the tensile strength increases and
elongation at break decreases indicating their applicability as
potential TPEs. Eventually, the MHM triblocks also can act as
promising precursors for synthesizing organically dispersible gold
nanoaggregates of core diameter about 10–15 nm which are char-
acterized by UV–vis, TEM, FTIR DMTA and DLS analysis.
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