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ABSTRACT: Polysulfone-block-polydimethylsiloxane (PSF-
b-PDMS) multiblock copolymer was synthesized via the
Mannich polycondensation between phenolic hydroxyl-ter-
minated polysulfone and aminopropyl-terminated polydi-
methylsiloxane in the presence of formaldehyde. The
multiblock copolymer was characterized by means of nu-
clear magnetic resonance spectroscopy (NMR) and gel per-
meation chromatography (GPC) and used as a modifier to
improve the thermomechanical properties of epoxy ther-
mosets. Transmission electron microscopy (TEM) showed
that the epoxy thermosets containing PSF-b-PDMS multi-
block copolymer possesses the microphase-separated mor-
phological structures. Depending on the content of the

PSF-b-PDMS multiblock copolymer, the spherical particles
with the size of 50–200 nm in diameter were dispersed into
the continuous epoxy matrices. The measurement of static
contact angles showed that with the inclusion of PSF-b-
PDMS multiblock copolymer, the epoxy thermosets dis-
played the improved surface hydrophobicity. It is noted that
the epoxy resin was significantly toughened in terms of the
measurement of critical stress field intensity factor (K1C).
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INTRODUCTION

Epoxy resins have widely been used as the high per-
formance materials such as adhesives, matrices of
composites, and electronic encapsulating materials.
However, this class of thermosets is inherently of
low impact resistance due to their high crosslinking
density. During the past decades considerable efforts
have been made to improve toughness of epoxy
thermosets.1–19 One of the successful routines to
toughen epoxy thermosets is to incorporate poly-
meric modifiers into thermosetting matrix to form
fine morphological structures. The effective polymer
modifiers can be either elastomers1–8 or thermoplas-
tics.9–19 Liquid rubbers such as carboxyl-terminated
butadiene-acrylonitrile rubber (CTBN), amine-termi-

nated butadiene-acrylonitrile rubber (ATBN) have
been exploited to improve toughness of epoxy
thermosets.1–5 However, these liquid elastomers
containing unsaturated bonds are prone to thermal
instability and are of low oxidation resistance.
Organosilicon elastomers (e.g., polydimethylsilox-
ane) possess the properties superior to the unsatu-
rated elastomers, such as thermal stability, moisture
resistance, and good electrical properties and thus
are more advantageous modifiers. However, epoxies
generally have poor compatibility with organosilicon
elastomers due to their big difference in solubility
parameter. As a consequence, the macroscopic phase
separation often occurs in the blends of epoxies with
polysiloxanes unless polysiloxanes were structurally
modified to improve their affinity with epoxies. Dur-
ing the past decades, there has been ample literature
to report the modification of epoxy thermosets by
the use of organosilicon elastomers via a variety
of approaches.2,6–9 It has been demonstrated that the
modification by the use of elastomers is mainly
applied for the epoxy thermosets with lower cross-
linking density.1–8 Nonetheless, the toughness im-
provement of the epoxy thermosets with higher
crosslinking density such as tetraglycidyldiaminodi-
phenylmethane (TGDDM) and novolac-type epoxy
resin requires the incorporation of thermoplastics.9–19

The formation of fine phase-separated morphology is
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crucial for the toughness improvement.20 Some high
performance polymers such as poly(ether imide)
(PEI), poly(ether sulfone), and poly(ether ketone)
have been employed to toughen epoxy thermosets.9–
19 Polysulfone (PSF) is a typical high performance
polymer and it possesses the high glass transition
temperature (Tg), good thermal stability and excel-
lent mechanical strength. Owing to the excellent
thermomechanical properties, PSF has been
employed to modify epoxy thermosets.13,14,21,22 It
has been reported that no phase separation occurred
when the thermosetting blends of epoxy resin with
PSF were cured with 4,4-diaminodiphenylmethane.23

Recently, the modification of epoxy thermosets via
the formation of nanostructures in the materials has
increasingly attracted considerable interests.24,25 Bates
and coworkers26–29 have investigated the effect of
various nanostructures such as micelle, vesicles, or
wormlike vesicles and found that the toughening of
nanostructured thermosets are quite dependent on
type and shape of dispersed nanophase and the inter-
actions of the nanophases with thermosetting matrix,
which could significantly affect either the debond-
ing of the nanodomains (i.e., micelle or vesicles)
from thermosetting matrix or crack deflection and
frictional interlocking for the thermosets possessing
the terraced morphology.28 Pascault and coworkers29

have reported maximum stress field intensity factors
(i.e., K1C) improvement of around two times by par-
ticles forming the ‘‘sphere-on-sphere’’ nanostructures
in epoxy thermosets. Therefore, the control over the
formation of nanostructures in thermosets using block
copolymers has recently provoked considerable inter-
ests.29–50 It has been identified that the formation
of the nanostructures could follow either self-assem-
bly30,31 or reaction-induced microphase separation
mechanism.32,33 Bates and coworkers30,31 have first
reported the strategy of creating nanostructures via
self-assembly approach. In the protocol, the precur-
sors of thermosets act as the selective solvents of
block copolymers and some self-assembly nanostruc-
tures such as lamellar, bicontinuous, cylindrical, and
spherical structures are formed in the mixtures
depending on the blend composition before curing
reaction. These nanostructures can be further fixed
via subsequent curing with introduction of hardeners.
With an appropriate design of block copolymer archi-
tecture, the block copolymers self-organize to form
ordered or disordered nanostructures. More recently,
it was reported that ordered or disordered nano-
structures in thermosets can be alternatively accessed
via reaction-induced microphase separation (RIMS)
mechanism.32,33 In this mechanism, a part of sub-
chains of block copolymers were demixed with the
occurrence of polymerization whereas the other sub-
chains still remain miscible with the matrix of the
thermosets.

In this work, we explored to synthesize a novel
multiblock copolymer consisting of PSF and PDMS
blocks and then the multiblock copolymer was
incorporated into epoxy to toughen the thermosets
via the formation of nanostructures in the materials.
The utilization of the multiblock copolymer and its
modification of epoxy thermosets are based on the
following considerations: (i) PSF was miscible with
epoxy resin when the blends was cured with 4,40-
diaminodiphenylmethane (DDM)23 and (ii) polydi-
methylsiloxane (PDMS) is immiscible with epoxy
thermosets. It is expected that the microphase-
separated morphology will be formed while the
multiblock copolymer was incorporated into epoxy
thermosets. Toward this end, we first report the
synthesis and characterization of PSF-b-PDMS multi-
block copolymer. Thereafter, the multiblock copoly-
mer was incorporated into epoxy to obtain the modi-
fied thermosets. The morphology of the thermosets
was investigated by means of transmission electron
microscopy (TEM) and atomic force microscopy
(AFM) and the fracture toughness of the materials is
evaluated in terms of the measurement of critical
stress intensity factors (K1C).

EXPERIMENTAL

Materials

Diglycidyl ether of bisphenol A with the epoxide
equivalent weight of 185–210 was obtained from
Shanghai Resin, China. 4,40-Dichlorodiphenylsulfone
(DCDPS) was obtained from Yinsheng Chemical,
Suzhou, China and it was recrystallized from tolu-
ene solution before use. 4,40-Dihydroxyl-
phenylisopropane is of analytically pure grade, pur-
chased from Shanghai Reagent, Shanghai, China.
Paraformaldehyde was purchased from Aldrich,
USA. Aminopropyl-terminated polydimethylsiloxane
was kindly supplied by Degussa, Germany and it
has a quoted number-average molecular weight
of Mn ¼ 2300. Prior to use, it was dried via azeo-
tropic distillation with anhydrous toluene. Unless
specially indicated, all the chemicals such as 4,40-di-
aminodiphenylmethane (DDM), potassium carbonate
(K2CO3), and calcium hydride (CaH2) were pur-
chased from Shanghai Reagent, China. The solvents
such as N-methyl-2-pyrrolidone (NMP) and toluene
were obtained from commercial sources. Before use,
NMP was dried over CaH2 and then distilled under
reduced pressure. Toluene was dried over sodium
and then distilled; tetrahydrofuran, ethanol, and
chloroform were used as received.

Synthesis of phenolic hydroxyl-terminated
polysulfone

Phenolic hydroxyl-terminated polysulfone [HO-PSF-
OH] was prepared via the polycondensation
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between excess 4,40-dihydroxylphenylisopropane
(BPA) and 4,40-dichlorodiphenylsulfone (DCDPS) by
following the literature method.51,52 Typically, potas-
sium carbonate (K2CO3) (15.73 g, 0.1138 mol) was
added to a solution composed of BPA (22.24 g,
0.0976 mmol), DCDPS (25.05 g, 0.0871 mol), NMP
(180 mL) and toluene (90 mL) and the solution was
charged to a 500-mL flask equipped with N2 inlet,
condenser, and a magnetic stirrer. Under nitrogen
atmosphere, the mixture was refluxed with vigorous
stirring. With the polycondensation proceeding, the
water produced was removed via azeotropic distilla-
tion using anhydrous toluene. To promote the dehy-
dration of the system, the toluene was periodically
distilled out using a Dean-Stark trap with an interval
of 4 h. After five cycles, the reactive mixture was
heated up to 175�C and the polymerization was
carried out for additional 10 h. After cooling to
room temperature, the inorganic salts were elimi-
nated by filtration and the solution was dropped
into a great amount of ethanol to obtain the precipi-
tates. The precipitate (viz. the polymer) was dis-
solved with tetrahydrofuran and acidified with hydro-
chloric acid. The solution was concentrated using
rotary evaporation and then was dropped into a great
of ethanol to obtain the precipitates. The precipitates
were dried at 50�C in a vacuum oven and 40.54 g
polymer was obtained with the yield of 90.3%. 1H
NMR (CDCl3, ppm): 7.84 (4.9H, ortho protons of ar-
omatic ring to sulfone group), 7.24 (4.9H, ortho pro-
tons of aromatic ring to isopropyl group), 7.09 (1H,
meta protons of aromatic ring to isopropyl group at
the end of chain), 7.00 (4.8H, ortho protons of aro-
matic ring to diphenylether linkage), 6.94 (4.9H,
ortho protons of aromatic ring to the linkage of
diphenylether), 6.75 (1H, ortho protons to aromatic
to isopropyl group at the end of chain), 1.69 [7H,
C(CH3)2 in chain], 1.65 [3H, C(CH3)2 at the end of
chain]. The molecular weight of the polymer was
estimated to be Mn ¼ 2448 by means of 1H NMR
spectroscopy.

Synthesis of PSF-b-PDMS multiblock copolymer

Polysulfone-block-polydimethylsiloxane multiblock co-
polymer (PSF-b-PDMS) was synthesized through
the polycondensation between phenolic hydroxyl-
terminated polysulfone (HO-PSF-OH) and amino-
terminated polydimethylsiloxane (NH2-PDMS-NH2),
which was mediated with paraformaldehyde.
Typically, to a three-necked flask equipped with a
mechanical stirrer and a condenser, HO-PSF-OH
(12.18 g, 5 mmol), NH2-PDMS-NH2 (11.47 g, 5 mmol)
and a suspension of paraformaldehyde (0.78 g) in
15 mL toluene are charged and 100 mL anhydrous
toluene was added. The reactive system was heated
up to 100�C, at which the polymerization was

carried out for 10 h. With the polymerization preced-
ing, the viscosity of the system significantly
increased. Cooled to room temperature, the reacted
mixture was dropped into a great amount of ethyl
ether to obtain the precipitates (i.e., the polymer).
The polymer was resolved with tetrahydrofuran and
the solution was redropped into ethyl ether to obtain
the precipitates. The procedure was repeated for
three times to purify the polymer. The resulting
polymer was dried in vacuo at 30�C for 24 h before
use. The 1H NMR (CDCl3, ppm): 0.07 [4.50H,
CSi(CH3)2], 1.7 [1.33H, C(CH3)2], 7.23 (1H, ortho pro-
tons of aromatic ring to isopropyl group), 6.97
(2.19H, ortho protons of aromatic ring to diphenyl-
ether linkage), 7.85 (1.04H, ortho protons of aromatic
ring to sulfone group). GPC: Mn ¼ 24,700 with the
polydispersity of 2.24.

Preparation of thermosets

The desired amount of PSF-b-PDMS multiblock co-
polymer was added to DGEBA with continuous
stirring at 100�C until the mixtures became homo-
genous and transparent. Stoichiometric amount of
4,40-diaminodiphenylmethane (DDM) with respect of
DGEBA was added with continuous stirring until
the full dissolution of the curing agent was attained.
The mixtures were poured into Teflon molds and
cured at 150�C for 2 h plus 180�C for 2 h.

Measurements and characterization

Nuclear magnetic resonance spectroscopy (NMR)

The NMR measurements were carried out on a
Varian Mercury Plus 400 MHz nuclear magnetic
resonance spectrometer at 25�C. The polymer was
dissolved with deuterated chloroform and the 1H
NMR spectra were obtained with tetramethylsilane
(TMS) as the internal reference.

Atomic force microscopy (AFM)

The samples 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 scan-
ning probe microscope (Digital Instruments, Santa
Barbara, CA) in tapping mode. A tip fabricated from
silicon (125 lm in length with ca. 500-kHz resonant
frequency) was used for scan, and the scan rate was
2.0 Hz.

Transmission electron microscopy (TEM)

Transmission electron microscopy analyses were
performed on a JEOL JEM-2010 high resolution
transmission electron microscopy at an acceleration
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voltage of 200 kV. The samples were trimmed using
an ultramicrotome machine equipped with a dia-
mond knife and then the ultrathin sections (ca.
70 nm) were placed on 200-mesh copper grids for
observation.

Differential scanning calorimetry (DSC)

Thermal analysis was performed on a Perkin–Elmer
Pyris-1 differential scanning calorimeter in a dry
nitrogen atmosphere. The instrument was calibrated
with a standard Indium. The samples (about
10.0 mg in weight) were first heated up to 200�C
and held at this temperature for 3 min to eliminate
thermal history, followed by quenching to �70�C.
To measure glass transition temperatures (Tg), a
heating rate of 20�C min�1 was used in all cases.
Glass transition temperature (Tg) was taken as the
midpoint of the heat capacity change.

Gel permeation chromatography (GPC)

The molecular weights and molecular weight distribu-
tion of polymers were determined on a Waters 717
Plus autosampler gel permeation chromatography ap-
paratus equipped with Waters RH columns and a
Dawn Eos (Wyatt Technology) multiangle laser light
scattering detector and the measurements were car-
ried out at 25�C with N,N-dimethylformamide (DMF)
as the eluent at the rate of 1.0 mL min�1.

Fracture toughness measurements

Fracture toughness was measured by the notched
three-point bending test with a crosshead speed of 1.3
mm�1 according to ASTM E399. The schematic dia-
gram of the three-point bending specimens is shown
in Figure 1. The critical stress intensity factors (K1C)
were calculated using the following equation:

K1C ¼ PCS=BW
3=2f ða=WÞ (1)

where PC is the load at crack initiation, B is the thick-
ness of the specimens, S is the span width, W is the
width of the specimens and a is the crack length. Cen-
tral Vee-notches were machined. Before measurement,
all the specimens were annealed at 80�C for 24 h and
at least five successful measurements were used to
obtain the average values of experiments.

RESULTS AND DISCUSSION

Synthesis of PSF-b-PDMS multiblock copolymer

The Mannich polycondensation among phenolic
hydroxyl-terminated polysulfone, aminopropyl-ter-
minated polydimethylsiloxane, and paraformalde-
hyde was employed to prepare polysulfone-block-
polydimethylsiloxane multiblock copolymer (PSF-b-
PDMS). The route of synthesis was shown in
Schemes 1 and 2. In the first step, phenolic
hydroxyl-terminated polysulfone (HO-PSF-OH) with
the defined molecular weight was synthesized via
the polycondensation between excess 4,40-dihydrox-
ylphenylisopropane (BPA) and 4,40-dichlorodiphe-
nylsulfone (DCDPS). The reaction was carried out in
the presences of potassium carbonate (K2CO3) with
methyl-2-pyrrolidone (NMP) as the solvent. By
adjusting the molar ratio of BPA to DCDPS, the phe-
nolic hydroxyl-terminated PSF with desired molecu-
lar weights can be prepared. With the 1H NMR spec-
trum, the molecular weight of HO-PSF-OH can be
estimated according to the ratio of proton integration
intensity of the aromatic rings of BPA moieties at
the ends of chain to that of BPA moiety in the chain
(see Fig. 2). The molecular weight of HO-PSF-OH
can be calculated in terms of the following equation:

Figure 1 Schematic diagram of three-point bending specimen for the measurement of critical stress intensity factor (KIC).
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MnðPSFÞ ¼ MnðBPAÞ
þ Ac=Aa½MnðBPAÞ þMnðDCDPSÞ� (2)

where Ac is the integration intensity of protons of
aromatic rings to sulfone linkage in the chain (the
resonance being denoted as ‘‘c’’) whereas Aa the inte-
gration intensity of meta proton of aromatic ring to
isopropyl group at the end of chain (the resonance
being denoted as ‘‘a’’); Both Mn(BPA) and
Mn(DCDPS) are the molecular weights of 4,40-dihy-
droxylphenylisopropane and 4,40-dichlorodiphenyl
sulfone, respectively. The molecular weight of HO-
PSF-OH was calculated to be Mn ¼ 2448, which is
close to that of aminopropyl-terminated polydi-
methylsiloxane (viz. Mn ¼ 2300). In the second step,
the HO-PSF-OH was used to perform the Mannich
polycondensation with the equimolar aminopropyl-
terminated polydimethylsiloxane (NH2-PDMS-NH2)
on the presence of formaldehyde to obtain the PSF-
b-PDMS multiblock copolymer. It was observed that
while the polycondensation proceeds the viscosity of
the reactive system was significantly increased. The
increased viscosity indicates that the Mannich poly-
condensation has been virtually carried out. Shown
in Figure 3 is the 1H NMR spectrum of the resulting
polymer. The signals of resonance at 0.1 and
0.4 ppm were assignable to the protons of methyl

and methylene groups of PDMS block. The peaks in
the ranges of 6.5–8.0 ppm was attributed to the reso-
nance of the proton of the aromatic rings in PSF
blocks. It is seen that the resonance assignable to the
methylene protons of oxazine rings can be detected
at 3.77 and 4.86 ppm. The 1H NMR spectroscopy
indicates that the polymer combined the structural
features from PSF and PDMS blocks. The molecular
weight of the polymer was measured by means
of gel permeation chromatography (GPC) and the
GPC curve was shown in Figure 4. The GPC curve
displayed a unimodal peak, suggesting that no
detectible PSF and PDMS macromers in the result-
ing polymers, i.e., the Mannich polycondensation
between the two macromers was performed to com-
pletion. The polymer possesses the high molecular
weights of Mn ¼ 24,700 with the polydispersity of
Mw/Mn ¼ 2.24. The results of 1H NMR spectroscopy
and GPC indicate that the PSF-b-PDMS multiblock
copolymer was successfully obtained. The PSF-b-
PDMS multiblock copolymer was subjected to atomic
force microscopy (AFM) to investigate the morphol-
ogy of the copolymer and the AFM image was shown
in Figure 5. The left hand side of the micrograph is
topography image and the right the phase image. It is
seen that the PSF-b-PDMS multiblock copolymer was
microphase-separated. In terms of the difference in

Scheme 1 Synthesis of phenolic hydroxyl-terminated polysulfone.

Scheme 2 Polysulfone-block-polydimethylsiloxane multiblock copolymer (PSF-b-PDMS).
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viscoelastic properties of the blocks (viz. PSF and
PDMS), the dark regions are attributed to the PDMS
microdomains whereas the light regions to PSF

microdoamons. The microphase-separated morphol-
ogy of the multiblock copolymer is ascribed to the
immiscibility of PSF block with PDMS blocks.

Figure 3 1H NMR spectrum of polysulfone-block-polydimethylsiloxane multiblock copolymer (PSF-b-PDMS).

Figure 2 1H NMR spectrum of phenolic hydroxyl-terminated polysulfone prepolymer (HO-PSF-OH).
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Epoxy thermosets containing PSF-b-PDMS

Morphology

The PSF-b-PDMS multiblock copolymer was incorpo-
rated into epoxy to prepare the nanostructured ther-
mosets. Before curing, all the mixtures composed of
diglycidyl ether of bisphenol A (DGEBA), 4,40-di-
aminodiphenylmethane (DDM), and PSF-b-PDMS
multiblock copolymer were homogenous and trans-
parent, suggesting that no macroscopic phase sepa-
ration occurred. After cured at elevated tempera-
tures the epoxy thermosets containing PSF-b-PDMS
multiblock copolymer were obtained with the
content of PSF-b-PDMS up to 20 wt %. The morpho-
logy of the thermosets was examined by means of
transmission electron microscopy (TEM). Shown in

Figure 6 are the TEM micrographs of the thermosets
containing various amount of PSF-b-PDMS multi-
block copolymer. It is seen that in all the case, the
thermosets containing PSF-b-PDMS multiblock co-
polymer were microphase-separated and the spheri-
cal particles with the size of 50–200 nm in diameter
were dispersed into the continuous matrix. The
quantity and size of these spherical microdomains
increased with increasing the content of the multi-
block copolymer [see Fig. 6(B) through 6(D)]. The
enlarged micrograph of a spherical microdomain
shows that the spherical particle turned out to be
composed of some spherical nanoparticles with the
size of 10–20 nm, which were dispersed into a con-
tinuous matrix (see Fig. 7). The nanoparticles in the
big spherical particles are assignable to PDMS
whereas the continuous matrix could be ascribed to
the PSF blocks that were miscible with epoxy. This
is the familiar salami morphology which has ever
been found in high impact polystyrene containing
polyisoprene (HIPS) via in situ polymerization.53

It has been proposed that in HIPS the composite
morphology resulted from several factors such as
content of block copolymer, mechanical agitation
rate and initiation rate of polymerization.53 It is of
interest to note that in the present case the similar
morphology was formed in the thermosetting blends
of epoxy with PSF-b-PDMS multiblock copolymer
under the condition of quiescent curing.
It has been known that the formation of micro-

structures in thermosets containing amphiphilic
block copolymers could follow either self-assem-
bly30,31 or reaction-induced microphase separation
mechanisms.32,33 For the mechanism of self-

Figure 5 AFM image of PSF-b-PDMS multiblock copolymer: Left: topography image; right: phase contrast image. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4 GPC curve of PSF-b-PDMS multiblock
copolymer.
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assembly, the precursors of thermosets act as selec-
tive solvents of block copolymers and self-organized
nanophases (i.e., micelle) are formed prior to curing.
These disordered and/or ordered nanophases can
further be fixed with the subsequent curing reac-
tion.30,31 For the formation of nanostructures via
reaction-induced microphase separation mechanism,
it is required that all the subchains of the block co-
polymer are miscible with precursors of thermosets
before curing whereas only a part of subchains were
separated out from the matrix of thermosets after
curing. Therefore, it is crucial to know the miscibility
of all the subchains with thermosets after and before
curing reaction for the judgment of the formation
mechanism of the nanostructures in thermosets con-
taining amphiphilic block copolymers. In the present
case, it has been known that the PSF block of the
multiblock copolymer was miscible with the precur-
sors of epoxy resin (viz. DGEBA and DDM) and also
miscible with epoxy thermosets after curing.23 As for
the binary blends of epoxy resin and PDMS, it is
recognized that the system are immiscible after and
before curing reaction.54 The immiscibility was re-

sponsible for the big difference in solubility
parameters between epoxy and PDMS. The differ-
ence in miscibility between the two blocks (viz. PSF

Figure 6 TEM Micrographs of the epoxy thermosets containing (A) 5, (B) 10, (C) 15, and (D) 20 wt % PSF-b-PDMS multi-
block copolymer.

Figure 7 Enlarged TEM micrograph of spherical micro-
domains in the epoxy thermosets containing 20 wt % PSF-
b-PDMS multiblock copolymer.
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and PDMS) and epoxy precursors (viz. DGEBA and
DDM) results in the formation of some self-organ-
ized microstructures in the mixtures of PSF-b-PDMS
with epoxy before curing reaction. The self-organ-
ized nanophases would be fixed with the occur-
rences. However, it is noted that besides the
thermosets containing 5 and 10 wt % PSF-b-PDMS
multiblock copolymer in which the spherical
particles were formed with the size of � 50 nm
[Fig. 6(A,B)], some spherical particles with the big
size of 200 nm were detected [Fig. 6(C,D)]. This
observation could be ascribed to the demixing of the
miscible block (viz. PSF) induced by the reaction. It
is proposed that with the occurrence of curing reac-
tion, the PSF blocks that are initially miscible with
epoxy could be expelled from the epoxy matrix
resin. This expulsion leads to a ‘‘drying’’ or deswel-
ling of the PSF block, leading to a subsequent reduc-
tion in interfacial curvature of PDMS nano-
domains.30,31 This phenomenon has been interpreted
as a transition from equilibrium morphology to a
chemically pinned metastable state as the crosslink-
ing reaction progresses through the gel point.30–31 It
should be pointed out that this case is quite different
from the occurrence of reaction-induced macroscopic
phase separation since at the surface of the spherical
particles the PSF subchains remained miscible with
epoxy matrix, which was evidenced by the observa-
tion that the glass transition temperatures (Tg’s) of
the epoxy matrices were decreased with increasing
the content of the PSF-b-PDMS multiblock copoly-
mer (see infra).

Glass transition temperatures

The epoxy thermosets containing the PSF-b-PDMS
multiblock copolymer were subjected to thermal
analysis and the DSC curves of the thermosets were
shown in Figure 8. The control epoxy thermoset
displayed a single glass transition temperature (Tg)
at about 177�C. For PSF-b-PDMS multiblock copoly-
mer, the glass transition at about 110�C is assignable
to PSF microdomains since the Tg of PDMS was
unable to detect in the temperature range of �70–
250�C. It is noted that the Tg value of the PSF micro-
domains is much lower than that of PSF with higher
molecular weights (viz. 190�C) owing to the lower
molecular weight (i.e., 2500). For the thermosets con-
taining PSF-b-PDMS multiblock copolymer each DSC
curve exhibited a single glass transition in the exper-
imental range of temperature (�60–230�C). The glass
transition is assignable to the matrix of the epoxy
thermosets. While the content of PSF-b-PDMS multi-
block copolymer is 5 wt % the Tg of the thermoset is
181�C, which is slightly higher than that of the con-
trol epoxy. When the content of PSF-b-PDMS multi-
block copolymer is more than 5 wt %, the Tg’s
of the thermosets slightly decreased with increasing
the content of PSF-b-PDMS multiblock copolymer.
The decreased Tg’s are responsible for the miscibility
of epoxy with PSF block. The plasticization of PSF
block with the lower Tg on the epoxy matrix resulted
in the decreased Tg’s. In addition, it is possible that
the benzoxazines linkage between PSF and PDMS

Figure 8 DSC curves of control epoxy and the thermosets
containing PSF-b-PDMS multiblock copolymer.

Figure 9 Plot of surface water contact angle as a function
of the content of PSF-b-PDMS multiblock copolymer for
the thermosets. The images were taken from the measure-
ment of surface contact angle with water as probe liquid.
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blocks could participate in the crosslinking reaction
of epoxy resin. This reaction could give rise to the
decrease in crosslinking density of the thermosetting
matrix and thus the Tg’s were decreased. It should
be pointed out that the glass transitions observed in
the present temperature range were only ascribed to
the epoxy matrix which was miscible with the PSF
subchains of the block copolymers and the Tg’s
of PDMS microdomains (� �123�C) is beyond the
temperature range of the DSC measurement. The
present thermosetting system could follow the self-
assembly mechanism.

Surface properties

PDMS is an organosilicon polymer and possess low
surface energy.55 It is expected that the surface
hydrophobilicity (or dewettability) of epoxy thermo-
sets containing PSF-b-PDMS multiblock copolymer
would be enhanced compared to the unmodified
epoxy thermosets. The specimens of films for the
samples were prepared via spin-coating technique.
The free surfaces of the multiblock copolymer-con-
taining thermosets were obtained and analyzed in
terms of the measurement of static contact angle.
Contact angles were measured with water and ethyl-
ene glycol as probe liquids and the plot of contact
angles as a function of the content of PSF-b-PDMS
multiblock copolymer was shown in Figure 9 and
the results are summarized in Table I. The contact
angle of pure epoxy thermoset was estimated with
water to be about 88.5�. With the inclusion of 5 wt
% PSF-b-PDMS multiblock copolymer the water con-
tact angle of the thermoset was enhanced to about
100�. This increased contact angle indicates the
hydrophobicity of materials was significantly
increased; i.e., the surface energy of materials was
reduced. It is noted that the contact angels of the
thermosets remained at about 100�, i.e., the value of
pure PDMS,56,57 irrespective of the content of PSF-b-
PDMS multiblock copolymer. This observation sug-
gests that the surfaces of the thermosets could be
enriched and saturated by PDMS chains. The surface

free energies of the thermosets containing PSF-b-
PDMS multiblock copolymers can be calculated
according to the geometric mean model58–60:

cos h ¼ 2

cL
½ cdLcdS
� �1

2þ cPLc
P
S

� �1
2� � 1 (3)

cS ¼ cdS þ cPS (4)

where y is contact angle and cL is the liquid surface
tension; cPL and cdL are the polar and dispersive com-
ponents of cL, respectively. The calculated results of
surface energy are also incorporated into Table I.
The nonpolar component (i.e., cdS) seems to be more
sensitive than the polar component (i.e., cPS) to the
concentration of the PDMS, suggesting that the
inclusion of PDMS significantly increased the distri-
bution of the nonpolar groups on the surface energy
of materials; i.e., the distribution of PDMS blocks
on the surface was increased. The PDMS on the
surface acted as a screening agent to reduce the
surface energy of the multiblock copolymers. It is
noticed that the values of the total surface free
energy for the thermosets containing PSF-b-PDMS
multiblock copolymers were significantly lower than
that of the control epoxy thermoset. It should be
pointed out that the surface hydrophobicity of the
PDMS-containing PBa thermosets could be addition-
ally changed in surface roughness (and/or surface
topology) resulting from the formation of the micro-
phase-separated structures.55,61,62

Fracture toughness

The fracture toughness of the epoxy thermosets con-
taining PSF-b-PDMS multiblock copolymer were
evaluated in terms of three-point bending tests to
measure the critical stress intensity factor (K1C). The
plots of K1C as a function of the content of the multi-
block copolymer for the thermosets are presented in
Figure 10. It is seen that the K1C values of all the
thermosetting blends are significantly higher than
that of the control epoxy, indicating that the epoxy
thermoset was significantly toughened with the

TABLE I
Static Contact Angles and Surface Free Energy of Epoxy Thermosets Containing

PSF-b-PDMS Multiblock Copolymer

PSF-b-PDMS
(wt %)

Static contact angle
Surface free energy

(mN � m�1)

yH2O yethylene glycol cdS cpS cS

0 88.5 6 0.5 63.8 6 0.7 21.9 4.72 26.7
5 100.9 6 0.8 81.3 6 0.4 2.64 14.6 17.3

10 100.0 6 0.5 81.7 6 0.3 3.44 13.0 16.5
15 100.9 6 1.0 82.8 6 1.0 3.21 12.8 16.0
20 100.1 6 1.0 82.7 6 0.5 3.83 11.9 15.7
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inclusions of the modifiers. The maximum K1C value
is found about 2.8 MN/m3/2 while the content of
PSF-b-PDMS was 5 wt %, which is almost three
times as that of the control epoxy. The values of K1C

decreased with increasing the content of PSF-b-
PDMS multiblock copolymer. Toughness improve-
ment of epoxy thermosets with liquid rubbers has
been extensively investigated during the past deca-
des.63,64 It is recognized that a combination of cavita-
tion around the rubber particles with shear yielding
in the matrix plays a major role in providing mecha-
nism for energy dissipation.27,28,42 In addition,
microvoiding and tearing of the rubber particles
may also occur. Compared to the thermosets modi-
fied with the liquid rubber, the toughness improve-
ment of the thermosets containing block copolymers
could display the following features: (i) the elasto-
meric component (viz. PDMS rubber) was homoge-
nously dispersed in the thermosetting matrix at the
nanometer scale, which will greatly optimize the
interactions between the thermosetting matrix and
the modifier; (ii) the interface interactions between
thermosetting matrix and the PDMS nanodomains
was significantly increased due to the miscibility of
PSF blocks with the epoxy thermosets. It has been
proposed that toughening of thermosets via the
formation of nanostructures are quite dependent on
type and shape of dispersed microdomains and the
mechanisms could involving either the debonding of
micelles (or vesicles) from epoxy matrix or crack
deflection and frictional interlocking for the thermo-

sets possessing the terraced morphology.29 In the
present case, the salami-like morphology were
obtained when the concentration of PSF-b-PDMS is
10 wt % or higher and thus the energy-dissipation
mechanisms could be related on the specific mor-
phologies of epoxy thermosets modified with the
triblock copolymer.

CONCLUSIONS

Polysulfone-block-polydimethylsiloxane multiblock co-
polymer (PSF-b-PDMS) was synthesized via the
Mannich polycondensation between hydroxyl-
terminated polysulfone [HO-PSF-OH] and amino-
propyl-terminated polydimethylsiloxane, which was
mediated by paraformaldehyde. For the multiblock
copolymer, the linkages of structures between PSF
and PDMS blocks are benzoxazine rings. The multi-
block copolymer was characterized by means of
nuclear magnetic resonance spectroscopy (NMR)
and gel permeation chromatography (GPC). The
block copolymer was used as a modifier to improve
the thermomechanical properties of epoxy thermo-
sets. Transmission electron microscopy (TEM) showed
that the epoxy thermosets containing PSF-b-PDMS
multiblock copolymer possesses the microphase-
separated morphological structures, in which the
spherical particles with the size of 50–200 nm in
diameter were dispersed into continuous epoxy
matrices, depending on the content of PSF-b-PDMS
multiblock copolymer. The spherical particles pos-
sessed microphase-separated microstructures. The
measurement of static contact angles showed that
with the inclusion of PSF-b-PDMS multiblock co-
polymer, the epoxy thermosets displayed the im-
proved surface hydrophobicity. The fracture tough-
ness of the nanostructured blends was evaluated in
terms of the measurement of stress field intensity
factor (K1C) and it is noted that the epoxy resin was
significantly toughened.
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