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a b s t r a c t

Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) block copolymers with linear and tetra-
armed star-shaped topological structures were synthesized via sequential atomic transfer radical
polymerization (ATRP). With pentaerythritol tetrakis(2-bromoisobutyrate) as the initiator, the star-
shaped block copolymers with two sequential structures (i.e., s-PMMA-b-PS and s-PS-b-PMMA) were
prepared and the arm lengths and composition of the star-shaped block copolymers were controlled to
be comparable with those of the linear PS-b-PMMA (denoted as l-PS-b-PMMA). The block copolymers
were incorporated into epoxy resin to access the nanostructures in epoxy thermosets, by knowing that
PMMA is miscible with epoxy after and before curing reaction whereas the reaction-induced phase
separation occurred in the thermosetting blends of epoxy resin with PS. Considering the difference in
miscibility of epoxy with PMMA and/or PS, it is judged that the reaction-induced microphase separation
occurred in the systems. The design of these block copolymers allows one to investigate the effect of
topological structures of block copolymers on the morphological structures of the thermosets. By means
of atomic force microscopy (AFM) and small-angle X-ray scattering (SAXS), the morphology of the
thermosets was examined. It is found that the nanostructures were formed in the thermosets containing
l-PMMA-b-PS and s-PS-b-PMMA block copolymers. It is noted that the long-range order of the nano-
structures in the epoxy thermosets containing l-PMMA-b-PS is obviously higher than that in the system
containing s-PS-b-PMMA. However, the macroscopic phase separation occurred in the thermosetting
blends of epoxy resin with s-PMMA-b-PS block copolymer.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Study on the morphological structure of thermoset blends is
important for the modification of this class of materials [1].
Generally, modifiers of thermosets are some elastomers and
thermoplastics. In practice, the thermoset blends are prepared
starting from the homogeneous solution composed of precursors of
thermoset and the modifiers. With the occurrence of curing
reaction, reaction-induced phase separation occurs [1] and fine
phase-separated morphologies were obtained. It is recognized that
the morphology of multi-component thermosets is quite de-
pendent on the competitive kinetics between the phase separation
and polymerization.

In general, the reaction-induced phase separation occurs on the
macroscopic scale since some of these modifiers are homopolymers
or random copolymers. If block copolymers are used with the
presence of miscible blocks, the reaction-induced phase separation
: þ86 21 54741297.

All rights reserved.
could be confined to the nanometer scales and thus the nano-
structures were obtained. Recently, it is identified that the forma-
tion of ordered or disordered nanostructures in thermosets can
greatly optimize the interactions between matrix of thermosets
and modifiers and thus the mechanical properties of materials
were further improved [2–5]. It should be pointed out that in the
thermosets containing amphiphilic block copolymers, the forma-
tion of the nanostructures could follow two quite different mech-
anisms: (i) self-assembly and (ii) reaction-induced microphase
separation. Hillmyer et al. [2–15] proposed the self-assembly
mechanism to create the nanostructures in thermosets. In this
approach, the precursors of thermosets act as the selective solvents
of block copolymers and self-organized nanostructures are formed
in the mixtures. With adding curing agent to the system the
preformed self-assembly microphases can be fixed via the curing
reactions. In other words, the role of curing reaction is to lock in the
morphologies that are already present. The premise of this
approach is that self-organized nanostructures must be formed
prior to curing. Nonetheless, this case is not always achieved. In
many cases, all the subchains of block copolymers are miscible with
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the precursors of thermosets due to the non-negligible entropic
contribution (DSm) to free energy of mixing (DGm) since the
molecular weights of precursors for thermosets are quite low [1,16].
In addition, the presence of the self-organized structures formed at
lower temperatures does not guarantee the survival of the nano-
structures at elevated temperatures that are generally required for
the preparation of some high performance thermosets since the
mixtures of polymers with precursors of thermosets often display
the upper critical solution temperature (UCST) behaviors [1,16].
Under this circumstance, it is proposed that the microphase-
separated structures can alternatively be accessed via the approach
of reaction-induced microphase separation, in which the nano-
structures are formed by controlling the microphase separation of
a part of subchains of block copolymers whereas the other
subchains still remain miscible with the crosslinked thermosets
[17–26]. Mechanistically, the formation of nanostructures via self-
assembly is based on the equilibrium thermodynamics in the
mixture of precursors of thermosets and amphiphilic block
copolymers, which is governed by the nature of precursors of
thermosets and block copolymers. Nonetheless, the morphological
control via the mechanism of reaction-induced microphase sepa-
ration is quite dependent on the competitive kinetics between
polymerization and microphase separation. The approach of
reaction-induced microphase separation has not been deeply
investigated vis-a-vis the self-assembly approach.

During the past years, a variety of block copolymer architectures
have been employed to access ordered (or disordered) nano-
structures in thermosets. With the synthesis of versatile block
-copolymers [27–33], one can have tremendous space for maneu-
ver to control the formation of nanostructures. In ample literature,
the formation of ordered and disordered nanostructures was
reported by incorporating AB type amphiphilic diblock (and/or ABA
type triblock) copolymers into thermosets [2–26]. Nonetheless, the
structural effect of block copolymers on the formation of nano-
structures in thermosets was occasionally investigated. Rebizant
et al. [4,13,14] investigated the ordered nanostructures in epoxy
thermosets containing ABC triblock copolymers, e.g., polystyrene-
block-polybutadiene-block-poly(methyl methacrylate). In this
system, poly(methyl methacrylate) subchain in the block
copolymers remains miscible with epoxy thermosets. Serrano et al.
[19,20] reported the formation of the ordered nanostructures in
epoxy thermosets while the star-shaped block copolymers (i.e.,
epoxidized polystyrene-block-polybutadiene-block-polystyrene)
were employed. The epoxide polybutadiene block participated in
the formation of crosslinked networks of epoxy resin.

The purpose of this work is to investigate the influence of
topological and sequential structures of block copolymers on the
formation of nanostructures in epoxy thermosets containing
polystyrene-block-poly(methyl methacrylate) (PMMA) block
copolymers. It has been known that PMMA blocks are miscible with
epoxy after and before curing reaction [4,13,14] whereas the
reaction-induced microphase separation occurs in the thermoset-
ting blends of epoxy resin and polystyrene [21,26]. It is expected
that if any, the formation of the microscopic (and/or macroscopic)
phase separation structures will follow the mechanism of reaction-
induced demixing. Toward this end, we design to synthesize three
block copolymers with different topological structures (linear
versus star-shaped) and sequential structures of blocks. Linear poly-
(methyl methacrylate)-block-polystyrene (l-PMMA-b-PS) and tetra-
armed PMMA-b-PS diblock copolymers with PMMA (and/or PS)
subchains connected core molecules were synthesized via
sequential atomic transfer radical polymerization (ATRP). For the
sake of comparison, the lengths of PS (and/or PMMA) subchains in
block copolymers are identical. In this work, atomic force micros-
copy (AFM) and small-angle X-ray scattering (SAXS) are used to
examine the disordered or ordered nanostructures formed via the
reaction-induced microphase separation. The difference in nano-
structures for the epoxy thermosets has been addressed on the
basis of the restriction of topological structure of block copolymers
on the formation of nanophases.

2. Experimental

2.1. Materials

Diglycidyl ether of bisphenol A (DGEBA) with epoxide equiva-
lent weight of 185–210 was purchased from Shanghai Resin Co.,
China. The curing agent is 4,40-methylenebis-(2-chloroaniline)
(MOCA), supplied by Shanghai Reagent Co., China.

Both styrene (St) and methyl methacrylate (MMA) are of
analytically pure grade and were purchased from Shanghai Reagent
Co., China. Prior to use, the inhibitor was removed by washing with
aqueous NaOH (5 wt%) and deionized water for at least three times
and dried by anhydrous Mg2SO4; the monomers were further
distilled at reduced pressure. 2-Bromoisobutyryl bromide, ethyl-
2-bromoisobutyrate and N,N,N0,N0,N00-pentamethyldiethylenetri-
amine (PMDETA) were purchased from Aldrich Co., USA and used as
received. Copper(I) bromide (CuBr) was obtained from Shanghai
Reagent Co., China and it was purified according to the reported
procedure [34]. Pentaerythritol was supplied by Shanghai Reagent
Co., China and its purification was carried out via sublimation at
reduced pressure. Triethylamine (TEA) was of analytically pure
grade and was dried over CaH2 and then was refluxed with p-
toluenesulfonyl chloride followed by distillation. All the solvents
used in this work are obtained from commercial resources and
were purified according to standard procedures.

2.2. Synthesis of pentaerythritol tetrakis(2-bromoisobutyrate)

Pentaerythritol tetrakis(2-bromoisobutyrate) was synthesized by
following the procedure reported by Matyjaszewski et al. [35].
Typically, to a 250 ml round-bottom flask, 3.70 g (27.0 mmol)
pentaerythritol and 12.0 g (0.12 mol) triethylamine and 100 ml
tetrahydrofuran (THF) were charged. A solution composed of 26.0 g
(0.12 mol) 2-bromoisobutyryl bromide and 40 ml tetrahydrofuran
(THF) was dropwise added with a pressure equalizing addition
funnel in the atmosphere of highly pure nitrogen at 0 �C. At this
temperature, the reaction was carried out overnight and then the
system was heated up to room temperature. The white solids were
obtained via recrystallization from diethyl ether solution with the
yield of 41% (8.0 g). By means of DSC, the melting point (Mp) was
measured to be 133–134 �C. 1H NMR (CDCl3, ppm): 4.31 [s, 8H,
C–CH2–O], 1.93 [s, 24H, C(Br)–CH3].

2.3. Synthesis of linear and star-shaped macroinitiators

For the synthesis of linear poly(methyl methacrylate) (PMMA)
macroinitiators, to a 50 ml round-bottom flask, mono-functional
initiators, ethyl 2-bromoisobutyrate (0.2338 g, 1.4 mmol), CuBr
(0.1008 g, 0.7 mmol), PMDETA (146 ml, 0.7 mmol), anisole (7.0 ml) and
MMA (14.0 g, 0.14 mol) were charged. Connected to a standard
Schlenk line system, the reactive system was degassed via three
pump–freeze–thaw cycles and then immersed in a thermostated oil
bath at 90 �C. The polymerization was carried out for 1.5 h and the
system was cooled to room temperature. The solvent, THF, was added
to dissolve the product. After passed overa column of neutral alumina,
the solution was concentrated and then dropped into an excessive
amount of cold methanol to afford the precipitates. The polymer of
10.4 g was obtained with the monomer conversion of 72.6%.

To synthesize star-shaped polystyrene (PS) macroinitiators, to
a 50 ml round-bottom flask, pentaerythritol tetrakis(2-bromoiso-
butyrate) (0.2762 g, 0.38 mmol), CuBr (0.217 g, 1.5 mmol), PMDETA



Table 1
Molecular weights of macroinitiators and block copolymers

Samples Mn
a Mn/arma Mw/Mn

a Rb

Linear PMMA macroinitiator 7400 7400 1.25 –
Star-shaped PMMA macroinitiator 32,300 7900 1.20 –
Star-shaped PS macroinitiator 26,400 6400 1.12 –
l-PMMA-b-PS 12,700 – 1.34 0.53
s-PS-b-PMMA 61,600 15,400 1.42 0.47
s-PMMA-b-PS 57,600 14,400 1.35 0.50

a Calculated by gel permeation chromatography.
b R denotes the content of PS subchain of the block copolymers determined by 1H

NMR spectroscopy.
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(313 ml, 1.5 mmol), anisole (12 ml) and styrene (15.737 g, 0.15 mol)
were charged. Connected to the Schlenk line system, the reactive
system was degassed via three pump–freeze–thaw cycles and then
immersed in a thermostated oil bath at 110 �C. The polymerization
was carried out for 2.5 h and the system was cooled to room
temperature. The solvent, THF, was added to dissolve the product.
After passed over a column of neutral alumina, the solution was
concentrated and then dropped into an excessive amount of cold
methanol to afford the precipitates. After drying in a vacuum oven
at room temperature for 24 h, 9.8 g linear PS macroinitiator was
obtained with a monomer conversion of 60.5%. For the synthesis of
star-shaped poly (methyl methacrylate) (PMMA) macroinitiators,
to a round-bottom flask, pentaerythritol tetrakis(2-bromoisobuty-
rate) (0.2928 g, 0.4 mmol), CuBr (0.0864 g, 0.6 mmol), PMDETA
(125 ml, 0.6 mmol), anisole (20 ml) and MMA (24 g, 0.24 mol) were
charged. The similar procedures of synthesis and purification were
used as the synthetic procedure of star-shaped PS macroinitiators.
The polymerization was allowed to perform at 90 �C for 3.5 h and
12.7 g polymer was obtained with a monomer conversion of 51.6%.
The molecular weights of the polymer were measured by means of
gel permeation chromatography and the results are summarized in
Table 1.

2.4. Synthesis of block copolymers

To synthesize the block copolymers with different architectures
by atomic transfer radical polymerization (ATRP), the above
macroinitiators were used. For the synthesis of l-PMMA-b-PS, to
a flask connected with the standard Schlenk line system, the linear
PMMA macroinitiators (Mn (GPC)¼ 7500, 2.0 g, 0.27 mmol), CuBr
(0.0417 g, 0.27 mmol), PMDETA (63.9 ml, 0.27 mmol), anisole
(6.0 ml), and styrene (6.0 g, 0.0576 mol) were charged. The reactive
mixture was degassed via three pump–freeze–thaw cycles and then
immersed in a thermostated oil bath at 110 �C. After the polymer-
ization was carried out for 12 h, the system was cooled to room
temperature. The solvent, THF, was added to dissolve the product.
After passed over a column of neutral alumina, the solution was
concentrated and then dropped into an excessive amount of cold
methanol to afford the precipitates. The precipitates were obtained
and dried in a vacuum oven at room temperature for 24 h. The
l-PMMA-b-PS diblock copolymer was obtained with the styrene
conversion of 23.4% (3.4 g).

The syntheses of the tetra-armed star-shaped block copolymers
(i.e., s-PMMA-b-PS and s-PS-b-PMMA) were carried out through the
similar procedures. The ATRP of styrene and methyl methacrylate
was initiated with the star-shaped poly(methyl methacrylate)
(PMMA) and polystyrene (PS) macroinitiators, respectively. To keep
the length of block and composition of the block copolymers
identical with the linear diblock copolymers (l-PMMA-b-PS), the
desired conversions of the monomers were carefully controlled. All
the block copolymers were subjected to the measurements by gel
permeation chromatography (GPC). It is noted that the profiles of
GPC show that each polymer displays a unimodal distribution of
molecular weight distribution. The molecular weights of the
polymers were measured by means of gel permeation chroma-
tography and the results are summarized in Table 1.

2.5. Preparation of epoxy thermosets containing block copolymers

The block copolymers with various topological structures (i.e.,
l-PMMA-b-PS, s-PS-b-PMMA and s-PMMA-b-PS) were added to
DGEBA at ambient temperature with continuous stirring until the
homogenous and transparent mixtures were obtained. After that,
MOCA was added to systems with vigorous stirring until homoge-
neous blends were obtained. The ternary mixtures were poured
into Teflon moulds and cured at 150 �C for 2 h plus 180 �C for 2 h to
access a complete curing reaction. The thermosetting blends
containing block copolymers up to 40 wt% were prepared.

2.6. Measurement and characterization

2.6.1. Nuclear magnetic resonance (NMR) spectroscopy
The diblock copolymers were dissolved in deuterated chloro-

form, and the 1H NMR spectra were measured on a Varian Mercury
Plus 400 MHz NMR spectrometer with tetramethylsilane (TMS) as
the internal reference.

2.6.2. Gel permeation chromatography (GPC)
The molecular weights of polymers were determined on a

Waters 717 Plus autosampler gel permeation chromatography
apparatus equipped with Waters RH columns and a Dawn Eos
(Wyatt Technology) multi-angle laser light scattering detector and
the measurements were carried out at 25 �C with tetrahydrofuran
(THF) as the eluent at the rate of 1.0 ml/min.

2.6.3. Scanning electron microscopy (SEM)
In order to observe the morphology of the samples, the

thermosets were fractured under cryogenic condition using liquid
nitrogen. The fractured surfaces so obtained were immersed in THF
at room temperature for 30 min. In the thermosetting blends,
thermoplastic phases (if any) could be preferentially etched by the
solvent while epoxy matrix phase remains unaffected. The etched
specimens were dried to remove the solvents. The fracture surfaces
were coated with thin layers of gold of about 100 Å. The thermosets
containing linear PMMA and s-PMMA-b-PS were examined with
a Hitachi S210 scanning electron microscope (SEM) at an activation
voltage of 15 kV while the thermosets containing l-PMMA-b-PS
were observed by means of a JEOL JSM 7401F field emission scan-
ning electron microscope (FESEM) at an activation voltage of 5 kV.

2.6.4. Atomic force microscopy (AFM)
The specimens of thermosets for AFM observation were

trimmed using a microtome machine, and the thickness of the
specimens was about 70 nm. The morphological observation of the
samples was conducted on a Nanoscope IIIa scanning probe
microscope (Digital Instruments, Santa Barbara, CA) in a tapping
mode. A tip fabricated from silicon (125 mm in length with ca.
500 kHz resonant frequency) was used for scanning. Typical scan
speeds during recording were 0.3–1.0 line s�1 using scan heads
with a maximum range of 16 mm� 16 mm.

2.6.5. Small-angle X-ray scattering (SAXS)
The SAXS measurements were taken on a Bruker Nanostar

system. Two-dimensional diffraction patterns were recorded using
an image intensified CCD detector. The experiments were carried
out at room temperature (25 �C) using CuKa radiation (l¼ 1.54 Å,
wavelength) operating at 40 kV, 35 mA. The intensity profiles were
output as the plot of scattering intensity (I) versus scattering vector,
q¼ (4/l) sin(q/2) (q¼ scattering angle).
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Fig. 1. 1H NMR spectrum of pentaerythritol tetrakis(2-bromoisobutyrate).

W. Fan, S. Zheng / Polymer 49 (2008) 3157–31673160
3. Results and discussion

3.1. Synthesis of block copolymers

The synthetic routes of the block copolymers with various
topological structures, i.e., l-PMMA-b-PS, s-PS-b-PMMA and
s-PMMA-b-PS are summarized in Scheme 1. The sequential atomic
transfer radical polymerization (ATRP) was employed to obtain
the block copolymers. Firstly, the linear and/or star-shaped
macroinitiators (i.e., s-PS and s-PMMA) were synthesized
through ATRP, which were initiated with ethyl-2-bromo-
isobutyrate and pentaerythritol tetrakis(2-bromoisobutyrate),
respectively. Pentaerythritol tetrakis(2-bromoisobutyrate) was
prepared via the reaction between pentaerythritol and 2-bro-
moisobutyryl bromide in the presence of triethylamine. Shown
in Fig. 1 is the 1H NMR spectrum of pentaerythritol tetra-
kis(2-bromoisobutyrate). The resonance at 1.93 ppm is assigned
to the protons of methyl groups and that at 4.31 to the protons
of methylene groups of this compound. By controlling the
conversion of the monomers (i.e., MMA and St), the macro-
initiators with the desired molecular weights were obtained,
which was measured with GPC. The macroinitiators were
further used to initiate the polymerization of St and MMA to
afford the block copolymers with various topological structures.
Shown in Fig. 2 are the 1H NMR spectra of l-PMMA-b-PS, s-PS-
b-PMMA and s-PMMA-b-PS block copolymers together with the
assignment of these spectra. The ratio of the integration
intensity of protons in the aromatic rings (7.01–6.52 ppm) of PS
block to the protons of methoxy groups (at 3.60 ppm) of PMMA
block can be used to estimate the composition of block
copolymers. The contents of PS block of these copolymers
determined in terms of 1H NMR spectra together with
the molecular weights of the macroinitiators and the results are
summarized in Table 1. It is noted that for the three samples of
block copolymers, the ratios of subchains (i.e., PMMA and PS)
and the arm length of the star-shaped block copolymers are
comparable with those of the linear PMMA-b-PS diblock
copolymers.
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3.2. Miscibility of binary thermosetting blends
of epoxy with PMMA (and/or PS)

The knowledge of the miscibility and phase behavior in the
thermosetting blends of epoxy with PS (and/or PMMA) is important
for one to understand the formation of microstructures in the
thermosets containing the diblock copolymers. For the blends of
epoxy with PS, it has been known that before curing, the mixtures
of the precursor of epoxy thermoset (e.g., DGEBA) displayed an
upper critical solution temperature (UCST) behavior [21]. It is noted
that for the binary mixture of DGEBA with the model PS with the
molecular weight comparable with that of the PS subchain of the
block copolymers used in this work, the UCST is only 85 �C, which is
quite lower than 150 �C (i.e., the curing temperature). The experi-
mental fact implies that the curing of epoxy blends would start
from the homogenous mixtures. Upon adding the curing agent (viz.,
MOCA) to the system, the thermosetting blends of epoxy with PS
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were obtained after cured at 150 �C for 2 h plus 180 �C for 2 h to
access a complete curing reaction. It was observed that with the
curing reaction proceeding, the initially homogeneous and trans-
parent mixtures gradually became cloudy, indicating that the
reaction-induced phase separation occurred [1].

It is imperative to investigate the miscibility in the thermoset-
ting blends of epoxy and PMMA. Toward this work, the model
PMMA with the molecular weight identical with the length of
PMMA subchains in the linear or star-shaped PMMA-b-PS diblock
copolymers was prepared. Before curing, all the mixtures
composed of DGEBA, MOCA and PMMA are homogenous and
transparent at room and elevated temperatures. This observation,
PMMA is miscible with the precursors of epoxy thermosets. After
cured at 150 �C for 4 h, the ternary miscible mixtures were grad-
ually converted into the binary blends of thermosets. The
miscibility was further verified by scanning electron microscopy
(SEM). The SEM micrograph of the blend containing 20 wt% PMMA
is representatively shown in Fig. 3. Before morphological observa-
tion, the fractured ends of the specimen were etched for 30 min
with the solvent of PMMA. It is expected that PMMA phase would
be rinsed whereas epoxy matrix remains unaffected if the reaction-
induced phase separation occurred in the blends. Nonetheless, it is
seen that after etched the homogeneous morphology was still
obtained. This observation indicates that PMMA is miscible with
epoxy thermosets. The miscibility of epoxy and PMMA blends
cured with MOCA is in an agreement with the observation for
epoxy and PMMA blends cured with 4,40-methylene-[3-chloro
2,6-diethylanilene] (MCDEA) by Ritzenthaler et al. [9,10].

3.3. Morphology of thermosets containing block copolymers

The above block copolymers with various topological structures
were incorporated into epoxy thermosets. Before curing, all the
mixtures of the precursors of epoxy with the block copolymers are
homogenous and transparent, suggesting that no macroscopic
phase separation occurred. This observation is in accordance with
the complete miscibility of precursors of epoxy (i.e., DGEBA and
MOCA) with PMMA (and/or PS). All the blends of thermosets con-
taining the diblock copolymers were prepared by curing at 150 �C
for 2 h plus 180 �C for 2 h to access a complete curing reaction.

3.3.1. Thermosets containing l-PMMA-b-PS diblock copolymers
Except for the thermoset containing l-PMMA-b-PS diblock

copolymer of 40 wt%, all the cured blends were homogenous and
transparent, indicating that no macroscopic phase separation
occurred. The thermoset containing 40 wt% l-PMMA-b-PS is
translucent. The epoxy thermosets containing l-PMMA-b-PS were
subjected to the morphological observation by means of atomic
force microscopy (AFM). The AFM micrographs of the thermosets
containing 10, 20, 30, and 40 wt% of the l-PMMA-b-PS are
presented in Fig. 4. Shown in the left-hand side of each micrograph
is the topography image and in the right is the phase image. It is
seen that the thermosetting blends containing the linear block
copolymer less than 40 wt% exhibited nanostructured morphol-
ogies. In terms of the volume fraction of PS in the thermosets, it is
plausible to propose that the continuous matrix is attributed to the
crosslinked epoxy, which could be miscible with PMMA subchains
of the diblock copolymer, while the light region is responsible for
PS domains. For the thermoset containing 10 wt% l-PMMA-b-PS,
the PS spherical nanoparticles with the size of 50–60 nm in
diameter were homogeneously dispersed into the continuous
epoxy matrix. With increasing the content of the block copolymer,
some interconnected PS microdomains began to appear (Fig. 4C)
and the quantity of the PS microdomains was increased, whereas
the size of the spherical particle remains almost invariant
(Fig. 4A–C). It is of interest to note that corona-like microdomains
with the size of w100 nm were observed for the thermoset con-
taining 40 wt% l-PMMA-b-PS (Fig. 4D). It is seen that the spherical
PS nanoparticles were surrounded by a layer with the thickness of
20 nm. It is proposed that the external layer of PS nanodomains is
formed from the demixing of PMMA subchains induced by
polymerization. In the binary thermosetting blends of epoxy resin
with PMMA, the PMMA chains can be homogeneously dispersed
into the epoxy matrix and were well interpenetrated into the
crosslinked epoxy networks. In contrast, the PMMA chains have to
be enriched at the surface of the microphase-separated PS nano-
domains due to the presence of chemical bonds between PS and
PMMA subchains in the blends. Due to the steric hindrance, the
PMMA chains at the intimate surface of PS nanodomains could not
be well mixed with epoxy matrix. This phenomenon that the
miscible subchains were demixed from the thermosetting matrix
upon curing has been reported in the self-assembly of epoxy resin
and amphiphilic block copolymer nanocomposites [3–14].

The formation of the nanostructures in the thermosets con-
taining l-PMMA-b-PS diblock copolymer was further investigated
by means of small-angle X-ray scattering (SAXS). Shown in Fig. 5
are the SAXS profiles of the thermosets containing 10, 20, 30,



Fig. 4. AFM images of the thermosets containing (A) 10, (B) 20, (C) 30, and (D) 40 wt% of l-PMMA-b-PS diblock copolymer. Left: topography; right: phase contrast images.
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Fig. 5. SAXS profiles of the thermosets containing l-PMMA-b-PS diblock copolymer.
Each profile has been shifted vertically for clarity.
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40 wt% of l-PMMA-b-PS diblock copolymer. The well-defined
scattering peaks were observed in all the cases, indicating that the
thermosets containing l-PMMA-b-PS are microphase-separated. It
is noted that all the SAXS profiles exhibited the multiple scattering
maxima as denoted by the arrows on each curve, indicating that the
thermosets could possess long-range ordered microstructures. The
scattering peaks of the thermosets are situated at the q values of 1,
40.5 and 160.5 relative to the first-order scattering peak positions
(qm), which suggests that these are lattice scattering peaks of
spherical (or cylindrical) nanophases arranged in cubic lattices such
as body-centered cubic (bcc), face-centered cubic (fcc) and simple
cubic symmetries. In addition, hexagonally packed cylindrical
morphology is also possible. It should be pointed out that it is not
easy unambiguously to judge the type of packing lattices only in
terms of SAXS profiles for the thermosetting blends containing 10,
20, 30 wt% l-PMMA-b-PS copolymer because the scattering peaks
are quite broad, i.e., the ordering is apparently not good enough.

3.3.2. Thermosets containing star-shaped block copolymers
The star-shaped diblock copolymers (i.e., s-PMMA-b-PS and

s-PS-b-PMMA) with the different sequence of blocks were
synthesized with the identical composition of copolymers. The
length of arm for the block copolymer stars is close to the molecular
weight of l-PMMA-b-PS diblock copolymer. The star-shaped block
copolymers are incorporated into epoxy to investigate the effect of
topological structures of block copolymers on the morphology of
thermosets.

Before curing, all the mixtures composed of DGEBA, MOCA and
or s-PS-b-PMMA (and/or s-PMMA-b-PS) were homogenous and
transparent, indicating that no macroscopic phase separation
occurred at the scale exceeding the wavelength of visible light.
After cured with the condition identical with the preparation of the
blends containing l-PMMA-b-PS, the thermosetting blends
containing s-PS-b-PMMA and s-PMMA-b-PS were, respectively,
obtained. It is seen that the thermosets containing s-PS-b-PMMA
block copolymer are homogenous and transparent whereas those
containing s-PMMA-b-PS are white and cloudy. The clarity
indicates that no phase separation occurred at the scale exceeding
the wavelength of visible light in the epoxy thermosets containing
s-PS-b-PMMA block copolymer whereas macroscopic phase sepa-
ration induced by reaction took place in the blends of epoxy with
s-PMMA-b-PS. The morphology of the epoxy thermosets containing
s-PS-b-PMMA block copolymer was examined by means of AFM
and SAXS. Shown in Fig. 6 are the AFM micrographs of the ther-
mosets containing s-PS-b-PMMA up to 40 wt%. It is seen that all the
thermosets are microphase-separated. In the epoxy thermoset
containing 10 wt% s-PS-b-PMMA, the irregular PS nano-objects are
homogeneously dispersed into the continuous epoxy matrix. With
increasing the content of s-PS-b-PMMA block copolymers, some
interconnected PS microdomains began to appear (Fig. 6B and C).
The thermosets containing 40 wt% s-PS-b-PMMA diblock
copolymer displayed a combined morphology from worm-like to
lamellar nano-objects.

The morphologies of the thermosetting blends were further
investigated by small-angle X-ray scattering (SAXS). Fig. 7 presents
the SAXS profiles of the samples. It is seen that the well-defined
scattering peaks at the value of q¼ 0.15 nm�1 were observed in all
the cases, indicating that the thermosets are microphase-separated.
This result is in a good agreement with the observation with AFM.
According to the position of the primary scattering peaks, the
average distance (L¼ 2p/qm) between the neighboring domains
can be estimated to be 60.9, 49.8, 43.3 and 63.1 nm for the ther-
mosetting blends containing 10, 20, 30 and 40 wt% s-PS-b-PMMA,
respectively. Except for the thermoset containing 40 wt% s-PS-
b-PMMA block copolymer, the average distance between the
neighboring domains slightly decreased with increasing the
content of s-PS-b-PMMA. This result is in a good agreement with
that determined by AFM images Fig. 6A–C. It was seen that the
value of L increased up to 63.1 nm while the content of s-PS-b-
PMMA is 40 wt%. This observation is responsible for the transition
of nanostructure from worm-like nano-objects in the blend with
30 wt% s-PS-b-PMMA to lamellar nanostructure in the blend with
40 wt% s-PS-b-PMMA, which is confirmed by the AFM results
(Fig. 6D). It should be pointed out that only single scattering
maximum was clearly detected in the SAXS profiles of the ther-
mosets containing s-PS-b-PMMA, suggesting that the period (or
order) of the PS nanodomains arranged in the thermosets
containing s-PS-b-PMMA block copolymer is obviously lower than
that in the thermosets containing l-PMMA-b-PS diblock copolymer.

The morphology of the thermosets containing s-PMMA-b-PS
block copolymer was examined by means of AFM and scanning
electronic microscopy (SEM). The SEM micrographs of the blend are
shown in Fig. 8. The heterogeneous morphologies at the microm-
eter scale were observed in all cases. For the blend containing
10 wt% s-PMMA-b-PS, some irregular particles of the star-shaped
block copolymer at the size of 0.3–1.0 mm were dispersed into the
continuous epoxy matrix after the fracture ends were etched with
the solvent (e.g., THF). For the blend containing 20 wt% s-PMMA-
b-PS, the phase-inverted morphology was displayed after the
star-shaped block copolymer was etched with THF. The irregular
particles after etched are ascribed to the crosslinked epoxy whereas
the continuous body that was rinsed by the solvent is attributed to
the star-shaped block copolymer. It is seen that the spherical
particles at the scale of several micrometers are dispersed in the
continuous matrix of the block copolymer. The morphological
structure was further confirmed by means of atomic force
microscopy (AFM). Shown in Fig. 9 are the AFM images of ther-
mosetting blend containing 20 wt% s-PMMA-b-PS. The left and
right are the images of height and phase, respectively. The
macroscopic phase separation is also observed in the thermosetting
blends, which is in a good agreement with the observation by
means of SEM.



Fig. 6. AFM images of the thermosets containing (A) 10, (B) 20, (C) 30, and (D) 40 wt% of s-PS-b-PMMA block copolymer. Left: topography; right: phase contrast images.
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It should be pointed out that the present phase-separated
structure is quite different from the fine morphology of the ther-
mosetting blends with homopolymers (or random copolymers) via
reaction-induced polymerization [1]. It is proposed that in the
present case the presence of the miscible subchains of the star-
shaped block copolymers (i.e., PMMA block), which were directly
connected with the core, could restrict the formation of the fine
microphase-separated morphology.

3.4. Interpretation of morphological structures

The formation of nanostructures in thermosets containing
amphiphilic block copolymers has been reported, which could
Fig. 8. SEM micrograph of the epoxy thermosetting blend containing s-PMMA-b-PS. The fr
s-PMMA-b-PS and (B) 20 wt% s-PMMA-b-PS.
follow self-assembly [3–14] or reaction-induced microphase
separation mechanisms [17–26]. In the present case, the block
copolymers (viz., l-PMMA-b-PS, s-PMMA-b-PS and s-PS-b-PMMA)
were exploited to access the nanostructures of the epoxy thermo-
sets. It has been known that PMMA is miscible with epoxy after and
before curing reaction [9,10] whereas the binary mixtures composed
of PS and DGEBA displayed an upper critical solution temperature
(UCST) behavior [21–26]. Nonetheless, differential scanning calo-
rimetry (DSC) shows that the ternary mixtures composed of DGEBA,
MOCA and PMMA-b-PS block copolymers are miscible, which is in
marked contrast to the case of the binary mixtures of DGEBA and PS.
The miscibility behavior of the ternary mixtures could result from
the changes in solubility parameter due to the addition of MOCA.
Therefore, it is judged that in the present case the formation of
heterogeneous morphology would follow the reaction-induced
microphase separation other than self-assembly mechanism.

In this work, the sequential atom transfer radical polymerization
(ATRP) was employed to prepare these block copolymer with the
identical composition and the impact of the topologies of block co-
polymers on the morphological structures of the resulting thermoset
blends was examined. It is of interest to note that the nanophases inthe
epoxy thermosets containing l-PMMA-b-PS were arranged into the
ordered lattices such as body-centered cubic (bcc), face-centered cubic
(fcc) or simple cubic lattices while the nanodomains in the thermosets
containing s-PS-b-PMMA were packed into lamellar nanostructures.
The fact that the lessordered nanostructures were formed in the epoxy
thermosets containing s-PS-b-PMMA could result from the confine-
ment of the star-shaped topology of the diblock copolymer on the
reaction-induced microphase separation (see Scheme 2).

Before the curing reaction, the l-PMMA-b-PS diblock copolymer
was fully miscible with the precursors of epoxy thermoset. With
the occurrence of the curing reaction, the PS subchains were
gradually separated out where the PMMA subchains remained
miscible with the epoxy matrix. Due to the presence of the miscible
PMMA subchains, the macroscopic phase separation of PS chains
was suppressed and only the nanoscopic domains can be formed.
The PS nanodomains with the narrow size distribution were packed
into ordered (i.e., body-centered cubic (bcc), face-centered cubic
(fcc) or simple cubic) lattices. The topological structure of the s-PS-
b-PMMA block copolymer can be taken as the case that the ends of
PS subchains of every four l-PMMA-b-PS macromolecular chains
are ‘‘wrapped’’ into a ‘‘nodule’’. In other words, the PS blocks were
acture end of the blend has been etched with tetrahydrofuran for 30 min. (A) 10 wt%



Fig. 9. AFM images of the thermosets containing 20 wt% of s-PMMA-b-PS block copolymer. Left: topography; right: phase contrast images.
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combined into a tetra-armed PS star, the molecular weight of which
is four times that of PS subchain in l-PMMA-b-PS diblock
copolymer. Although the s-PS-b-PMMA block copolymer is also
miscible with the precursors of epoxy resin, its mixing entropy with
epoxy resin before curing reaction is significantly decreased
Microphase Separation

Microphase Separation

Macroscopic Phase

Separation

PS PMMA DGEBA+MOCA Epoxy

Curing

Curing

Curing

Scheme 2. Formation of phase-separated morphology in epoxy thermosets containing
PMMA-b-PS block copolymers.
compared to the l-PMMA-b-PS diblock copolymer. In addition, the
higher molecular weight for PS blocks results so that the upper
critical solution temperature (UCST) [21] of the blends of DGEBA
with PS block will shift to higher temperature. It is plausible to
propose that the decreased entropy of mixing and higher UCST
together with the star-shaped topology of PS block give rise to the
formation of lamellar nanostructures rather than spherical PS
nanodomains. This effect could be taken as the restriction of
star-shaped topology of the block copolymer on the formation of
the ordered nanostructures.

In addition to the effect of topological structures of block
copolymers on the morphologies of the resulting thermosets, the
subchain sequence of star-shaped block copolymers has a profound
influence on the formation of nanostructures in the thermosetting
blends. It is of interest to note that with the identical composition
and molecular weights of block copolymers, the macroscopic phase
separation was observed in the thermosetting blends of epoxy
thermosets containing s-PMMA-b-PS star-shaped block copolymer.
This observation can be taken as the effect of sequential structures
of star-shaped block copolymer on the morphology of thermosets
containing block copolymers, which is responsible for the specific
architecture of s-PMMA-b-PS. In the star-shaped block copolymer,
the every four PMMA blocks was covalently connected to one point
of branch [i.e., pentaerythritol tetrakis(2-bromoisobutyrate)], i.e.,
the four PMMA arms were combined into a tetra-armed star-
shaped ‘‘giant’’ block, which was surrounded by the immiscible
blocks (viz. PS). The molecular weight of the tetra-armed star-
shaped ‘‘giant’’ PMMA block is four times that of PMMA block in
l-PMMA-b-PS diblock copolymer. Compared to its linear counter-
part, the mixing entropy of the mixtures of the s-PMM-b-PS block
copolymer with epoxy before curing reaction is significantly
decreased due to the increased molecular weight of the block
copolymer. On the other hand, the thermodynamic interactions
between epoxy matrix and PMMA could be significantly increased
(i.e., the intermolecular interactions are reduced) due to the
formation of the tetra-armed star-shaped topological structure of
the PMMA subchains [36–43]. In addition, the formation of star-
shaped topological structure of the miscible PMMA blocks would
ineffectively reduce the surface energy of PS nanodomains, which is
in marked contrast to the case of the thermosetting blends
containing l-PMMA-b-PS diblock copolymer. The above factors re-
sult in the macroscopic phase separation induced by reaction as in
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the thermosetting blending systems containing homopolymers or
random copolymers [44–51].

It should be pointed out that the difference in the morphologies
of the epoxy thermosets containing different block copolymers
with the identical composition could be also associated with some
kinetic factors in addition to the above interpretation according to
thermodynamics. Each arm of the star-shaped block copolymers
(viz. s-PS-b-PMMA and s-PMMA-b-PS) has the identical length and
composition with l-PS-b-PMMA (or s-PMMA-b-PS). Therefore, the
molecular weights of the block copolymers are four times that of
l-PMMA-b-PS. The difference in molecular weights could exert
some significant influence on viscosity, rheokinetics of microphase
separation and viscoelasticity of microphase, etc. in the in situ
polymerization blending systems and thus the morphological
structures of blends were affected. This observation is in marked
contrast to the formation of nanostructures in the epoxy thermo-
sets containing the l-PS-b-PMMA with the comparable length of the
blocks (e.g., PMMA and PS).

4. Conclusion

Polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA)
block copolymers with linear and tetra-armed star-shaped topo-
logical structures were synthesized via sequential atomic transfer
radical polymerization (ATRP). By controlling the direct connection
of the subchains to core, the star-shaped block copolymers with
two sequential structures (i.e., s-PMMA-b-PS and s-PS-b-PMMA)
were prepared. The arm lengths of the star-shaped block
copolymers were controlled to be comparable with the molecular
weight of the linear PS-b-PMMA diblock copolymers and the
compositions of the star-shaped block copolymers are identical
with their linear homologue (i.e., l-PMMA-b-PS). The design of the
block copolymers allows one to investigate the effect of topological
structures of block copolymers on the morphological structures. It
is found that the nanostructures were formed in the thermosets
containing l-PMMA-b-PS and s-PS-b-PMMA block copolymers.
Considering the difference in miscibility of epoxy with PMMA and/
or PS, it is judged that the reaction-induced microphase separation
occurred in the systems. Nonetheless, there is morphological
difference between the two blending systems. It is noted that the
long-range order of the nanostructures in the epoxy thermosets
containing l-PMMA-b-PS is obviously higher than that in the
system containing s-PS-b-PMMA. The formation of the morpho-
logical difference has been interpreted on the basis of the effects of
topological structure of the miscible subchains (i.e., PMMA) on the
surface free energy of PS nanodomains. However, the phase
separation at the scale of micrometer occurred in the thermosetting
blends of epoxy resin with the s-PMMA-b-PS block copolymer. This
observation could be responsible for the insufficient suppression of
the PMMA chains of macroscopic phase separation of the tetra-
armed PS at shell in the block copolymer.
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[17] Larrañaga M, Gabilondo N, Kortaberria G, Serrano E, Remiro PM, Riccardi CC,

et al. Polymer 2005;46:7082.
[18] Meng F, Zheng S, Zhang W, Li H, Liang Q. Macromolecules 2006;39:711.
[19] Serrano E, Tercjak A, Kortaberria G, Pomposo JA, Mecerreyes D,

Zafeiropoulos NE, et al. Macromolecules 2006;39:2254.
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