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Abstract

Poly(e-caprolactone)-block-polydimethylsiloxane-block-poly(e-caprolactone) triblock copolymer (PCL-b-PDMS-b-PCL) was synthesized
via the ring-opening polymerization of e-caprolactone with dihydroxypropyl-terminated PDMS (HTPDMS) as the initiator. The triblock block
copolymer was characterized by means of Fourier transform infrared spectroscopy (FTIR), nuclear magnetic resonance spectroscopy (NMR) and
gel permeation chromatography (GPC). The triblock copolymer was incorporated to prepare nanostructured thermosetting blends. The morphol-
ogy of the epoxy thermosets containing PCL-b-PDMS-b-PCL were investigated by means of atomic force microscopy (AFM), transmission
electronic microscopy (TEM) and small-angle X-ray scattering (SAXS). The thermomechanical properties of the nanostructured blends were
investigated by means of differential scanning calorimetry (DSC) and dynamic mechanical analysis (DMA). The formation of the nanostructures
in the thermosetting composites was judged to follow the self-assembly mechanism in terms of the difference in miscibility of PDMS and PCL

subchains with epoxy resin after and before curing reaction.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Epoxy resins are a class of important thermosets and have
widely been used as high performance materials such as adhe-
sives, matrices of composites and electronic encapsulating ma-
terials [1,2]. Owing to high crosslinking density, epoxy resins
are inherently of low impact resistance, which restricts their
application. During the past decades considerable efforts
have been made to improve toughness of epoxy thermosets
[3—36]. One of the successful routines of toughness improve-
ment is to incorporate polymeric modifiers into thermosetting
matrix to form fine morphological structures. The effective
polymer modifiers could be elastomers [3—15] or thermoplas-
tics [16—31]. Liquid elastomers such as carboxyl-terminated
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butadiene—acrylonitrile rubber (CTBN), amine-terminated
butadiene—acrylonitrile rubber (ATBN) [3—7] have been ex-
ploited to improve toughness of epoxy resins. However, the
presence of unsaturated structure in CTBN and ATBN is prone
to thermal instability and low oxidation resistance. In compar-
ison, organosilicon polymers (e.g., polydimethylsiloxane) are
more advantageous modifiers [5,8—11,14], which possess
some excellent properties, such as thermal stability, moisture
resistance and good electrical properties. However, polysilox-
anes have poor compatibility with the precursors of epoxy
resin due to the big difference in solubility parameter [25],
which is essential for the formation of fine phase-
separated structures in thermosets [26].

In the conventional modification of thermosets with elasto-
mers or thermoplastics, the control of morphology of materials
is generally based on reaction-induced phase separation. Since
the modifiers are some linear homopolymers or random
copolymers, the modified thermosets would exhibit the
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phase-separated morphology on the macroscopic scale [37].
Recently, it is recognized that the formation of ordered (or dis-
ordered) nanostructures in thermosets could further optimize
the interactions between thermoset matrix and modifiers and
thus endow materials with improved properties [27—45]. Bates
et al. [27,28] have proposed a strategy of creating nanostruc-
tures using amphiphilic block copolymers. In this protocol,
the precursors of thermosets act as the selective solvents of
block copolymers and some self-assembly microphases such
as lamellar, bicontinuous, cylindrical, and spherical structures
are formed in the mixtures depending on the blend composi-
tion before curing reaction. These nanostructures were further
fixed with introduction of hardeners and subsequent curing.
With an appropriate design of block copolymer architecture,
the block copolymers self-assemble to form ordered or disor-
dered nanostructures [29—49]. More recently, it is shown that
the ordered (or disordered) nanostructures in the composite
system of thermosets and amphiphilic block copolymers can
be alternatively formed via so-called reaction-induced micro-
phase separation mechanism [49—55].

Miilhaupt et al. [56,57] reported the modification of epoxy
resin with a branched poly(e-caprolactone)-block-polydime-
thylsiloxane-block-poly(e-caprolactone) triblock copolymer.
It is noted that the inclusion of a small amount of triblock co-
polymer (e.g., 5 wt% or more) lead to a significant increase in
toughness of materials whereas the strength of materials (e.g.,
strength at break and Young’s modulus) was not obviously re-
duced [56,57]. It was found that in the modified epoxy resin
spherical PDMS particles with the size of about 20 nm in
diameter are uniformly dispersed in the continuous epoxy ma-
trix. However, the formation mechanism of the nanostruc-
tures was not clearly elucidated. More recently, Guo et al.
[58] investigated the thermosetting blends of epoxy resin
with poly(ethylene oxide)-block-polydimethylsiloxane diblock
copolymer. It is proposed that the diblock copolymer behaved
as a template to the formation of the nanostructured thermo-
sets via self-assembly mechanism.

In the present work, we synthesized a linear triblock copol-
ymer, poly(e-caprolactone)-block-polydimethylsiloxane-block-
poly(e-caprolactone) (PCL-b-PDMS-b-PCL) via ring-opening
polymerization (ROP) and this amphiphilic block copolymer
was incorporated into epoxy thermosets to access the nano-
structured thermosets. The morphology of the thermosets was
investigated by means of atomic force microscopy (AFM),
transmission electron microscopy (TEM) and small-angle
X-ray scattering (SAXS). The formation mechanism of the
nanostructures was addressed on the basis of the miscibility be-
havior of the blocks of the triblock copolymer with epoxy resin
after and before curing reactions.

2. Experimental section
2.1. Materials
Diglycidyl ether of bisphenol A (DGEBA) with epoxide

equivalent weight of 185—210 was purchased from Shanghai
Resin Co., China. 4,4'-Methylenebis (2-chloroaniline) (MOCA)

was used as the curing agent, obtained from Shanghai Reagent
Co., China. The monomer of e-caprolactone (CL) (Fluka,
99%) was dried over calcium hydride (CaH,) and distilled under
decreased pressure prior to use. Stannous octanoate [Sn(Oct),]
was purchased from Aldrich Co., and used as the catalyst. The
3-hydroxylpropyl-terminated polydimethylsiloxane (HTPDMS,
M,, = 2600) was kindly supplied by Th GoldSchmidt A.G., Ger-
many. Before use, it was dried by azeotropic distillation with an-
hydrous toluene.

2.2. Synthesis of PCL-b-PDMS-b-PCL
triblock copolymer

Poly(e-caprolactone)-block-polydimethylsiloxane-block-poly-
(e-caprolactone) triblock copolymer (PCL-b-PDMS-b-PCL)
was synthesized via the ring-opening polymerization (ROP)
of &-CL in the presence of 3-hydroxypropyl-terminated
PDMS (HTPDMS) with stannous octanoate as the catalyst.
Typically, 3.7500 g (2.9 mmol with respect to hydroxyl groups
of HTPDMS) polydimethylsiloxane, 9.8524 g (86.4 mmol)
€-CL and 1.3 mg Sn(Oct), (in the solution of anhydrous toluene)
were added to a 100 ml pre-dried round-bottom flask equipped
with a magnetic stirrer. The flask was connected to a standard
Schlenk line system and the pump-freeze-thaw cycle was re-
peated for three times to eliminate moisture. The flask was im-
mersed into a thermostated oil bath at 120 °C to initiate the
ring-opening polymerization. After the polymerization was
carried out for 48 h, the system was cooled to room tempera-
ture and tetrahydrofuran was added. The solution was dropped
into a great amount of petroleum ether to afford the precipi-
tates. The polymer was dried in a vacuum oven at 40 °C until
a constant weight (13.0200 g) was obtained with the yield of
94%. The FTIR (KBr window, cmfl): 2943 (C—H, methylene
of PCL), 1725 (CC=0, ester of PCL); 800 (Si—C, methyl of
PDMS), 1097 (Si—O, main chain of PDMS). The 'H NMR
(CDCl3, ppm): 4.04—4.07 [OCO(CH,)4CH,, 4H], 2.28—2.32
[OCOCH,(CH,)4, 4H], 1.60—1.68 [OCOCH,CH,CH,CH,-
CH,, 8H], 1.35—1.41 [OCOCH,CH,CH,CH,CH,, 4H]; 0.48—
0.55 [SiCH,CH,CH,, 0.07H], 0.03—0.09 [Si(CH3),, 3.6H].
In views of the ratio of the integration intensity of PDMS pro-
tons to that of PCL, the molecular weight of copolymer was
calculated to be M,, = 9100. The curve of gel permeation chro-
matography (GPC, relative polystyrene standard) displayed an
unimodal peak and the molecular weight of M, = 10,800 and
M,/M,=1.12 were determined relative to polystyrene
standard.

2.3. Preparation of nanostructured epoxy resin

The desired amount of PCL-h-PDMS-b-PCL triblock co-
polymer was added to DGEBA with continuous stirring at
100 °C until the mixtures became homogenous and transpar-
ent. 4,4'-Methylene bis(2-chloroaniline) (MOCA) was added
with continuous stirring until the full dissolution of the curing
agent. The mixtures were poured into Teflon molds and cured
at 150 °C for 2 h plus 180 °C for 2 h.



6136 Z. Xu, S. Zheng | Polymer 48 (2007) 6134—6144

3. Measurement and characterization
3.1. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were measured by a Perkin-Elmer Paragon
1000 Fourier transform spectrometer. The block copolymer
was dissolved in THF and then the solution was cast onto KBr
windows. The solvent was evaporated in vacuo at 60 °C to ob-
tain the specimen of films. For the samples of thermosets, the
powder was mixed with KBr pellets to press into small flakes.
All the specimens were sufficiently thin to be within a range
where the Beer—Lambert law is obeyed. In all cases 64 scans
at a resolution of 2 cm™"' were used to record the spectra.

3.2. Nuclear magnetic resonance spectroscopy (NMR)

The triblock copolymer was dissolved in deuterated chloro-
form and the NMR measurements were carried out in a Varian
Mercury Plus 400 MHz NMR spectrometer with tetramethyl-
silane (TMS) as an internal reference.

3.3. Atomic force microscopy (AFM)

The samples of thermosets were trimmed using a microtome
machine and the specimen sections (ca., 70 nm in thickness)
were used for AFM observations. The AFM experiments
were performed with a Nanoscope Illa scanning probe micro-
scope (Digital Instruments, Santa Barbara, CA). Tapping mode
was employed in air using a tip fabricated from silicon
(125 pm in length with ca., 500 kHz resonant frequency). Typ-
ical scan speeds during recording were 0.3—1 line x s~ using
scan heads with a maximum range of 16 x 16 pm.

3.4. Transmission electron microscopy (TEM)

Transmission electron microscopy was performed on
a JEOL JEM-2010 high resolution transmission electron mi-
croscope at an acceleration voltage of 120 kV. The samples
were trimmed using an ultramicrotome machine equipped
with a diamond knife and then the ultrathin sections (ca.,
70 nm) were placed on 200 mesh copper grids for observation.

3.5. 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 Cu
Ko radiation (1= 1.54 A, wavelength) operating at 40 kV,
35 mA. The intensity profiles were output as the plot of scat-
tering intensity (/) versus scattering vector, ¢ = (4/4) sin(6/2)
(6 = scattering angle).

3.6. Dynamic mechanical thermal analysis (DMTA)

The dynamic mechanical tests were carried out on a dynamic
mechanical thermal analyzer (DMTA) (Netzsch DMA242,

Germany) in a single cantilever mode. The frequency used is
1.0 Hz and the heating rate is 3.0 °C/min. The specimen dimen-
sion was 25 x 5.0 x 2.0 mm>. The experiments were carried
out from —150 °C until the samples became too soft to be
tested.

4. Results and discussion

4.1. Synthesis of PCL-b-PDMS-b-PCL
triblock copolymer

Using ring-opening polymerization of e-caprolactone with
various hydroxyl-terminated PDMS as initiators, the prepara-
tions of PCL-b-PDMS-b-PDMS have previously been reported
[56,57]. In the present work, the ring-opening polymerization
of e-caprolactone was carried out with dihydroxylpropyl-
terminated PDMS as the initiator and stannous octanoate
[Sn(Oct),] as the catalyst as shown in Scheme 1. This poly-
merization was carried out at 120 °C for 48 h to obtain a com-
plete conversion of the monomer. Shown in Fig. 1 are the
FTIR spectra of the PCL-b-PDMS-b-PCL triblock copolymer
and HTPDMS. In the FTIR spectrum of HTPDMS, the absorp-
tion band at 1079 cm ™' is assignable to the stretching vibra-
tion of Si—O bonds of this polymer. It is seen that this band
also appeared in the FTIR spectrum of the as-synthesized
product, which indicates the presence of polydimethylsiloxane
subchain in the polymer. In addition, the stretching vibration
of carbonyl groups is seen at 1725 cm ™', which is ascribed
to the ester structural unit in PCL subchain. Fig. 2 presents
the "H NMR spectrum of the triblock copolymer. As indicated
in the "H NMR spectrum, the simultaneous appearance of the
resonance characteristic of PCL and PDMS protons indicates
that the resulting product combines the structural features of
PCL and PDMS, i.e., the PCL-b-PDMS-b-PCL triblock copoly-
mer was successfully obtained. From the ratio of the integra-
tion intensities of PCL to those of PDMS protons in the 'H
NMR spectrum, the molecular weight of the triblock copoly-
mer was calculated to be M, =9100. Therefore, the lengths
of the subchains of the triblock copolymer are M, = 6500
for PCL subchain and M,, = 2600 for PDMS subchain, respec-
tively. This estimation of molecular weight is consistent with
the result of gel permeation chromatography (GPC). The
GPC curve of the polymer is shown in Fig. 3. The GPC trace
of the product displayed an unimodal peak, indicating that the
triblock copolymer was successfully prepared. The molecular
weight of M, =10,800 together with M /M, =1.12 were
determined relative to polystyrene standard.

4.2. Morphology of thermosets containing
PCL-b-PDMS-b-PCL

Before curing, all the mixtures of the epoxy precursors
(DGEBA and MOCA) and PCL-b-PDMS-b-PCL triblock
copolymer were homogenous and transparent at room and
elevated temperatures. This observation is in marked contrast
to the mixture of the epoxy precursors with HTPDMS. The
clarity suggests that the presence of miscible PCL blocks
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Fig. 1. FTIR spectrum of PCL-b-PDMS-b-PCL triblock copolymer.

connected to PDMS chain improves the dispersion of PDMS
chains in the mixtures. With curing at 150 °C for 2 h plus
180 °C for 2 h, the thermosetting blends of epoxy resin with
PCL-b-PDMS-b-PCL were obtained with the content of PCL-
b-PDMS-b-PCL up to 40 wt%. It is seen that all the thermosets
containing PCL-b-PDMS-b-PCL triblock copolymer are trans-
parent and homogenous, suggesting that no macroscopic phase
separation occurred at least on the scale exceeding the wave-
length of visible light. The morphology of the epoxy thermosets
was examined by means of transmission electronic microscopy
(TEM) and atomic force microscopy (AFM).

Shown in Fig. 4 are the TEM micrographs of the thermosets
containing PCL-b-PDMS-b-PCL triblock copolymer. The dark
regions are attributed to the domains of PDMS whereas the
light to epoxy matrix. It is seen that spherical PDMS particles

with the size of ~20 nm were homogeneously dispersed into
the continuous epoxy matrix (Fig. 4a). With increasing the
content of the triblock copolymer, the spherical nanoparticles
began to coagulate in the continuous epoxy matrix, and some
wormlike nanodomains of PDMS appeared; the epoxy thermo-
sets possessed a combined morphology, in which both spheri-
cal PDMS domains and some interconnected PDMS domains
were present (Fig. 4b and c¢). The TEM results indicate that the
epoxy thermosets possess the microphase-separated morphol-
ogy. The nanostructures of the epoxy thermosets were further
investigated by means of atomic force microscopy (AFM).
The AFM images of the thermosets containing 10, 20, 30
and 40 wt% of the triblock copolymer PCL-b-PDMS-b-PCL
are presented in Fig. 5. Shown in the left-hand side of each mi-
crograph is the topography image and the right is the phase
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Fig. 2. The "H NMR spectrum of PCL-h-PDMS-b-PCL triblock copolymer.

image. The topography images show that the surfaces of the
as-prepared specimens are free of visible defects and quite
smooth and thus the effect of roughness resulting from the
specimen trimming on morphology can be negligible. It is
noted that all the blends exhibited nanostructured morphology.
In terms of the volume fraction of PDMS and the difference in
viscoelastic properties between epoxy and PDMS phases, the
light continuous regions are ascribed to the epoxy matrix,

M, = 10,800
MM, =1.12

1 | | | | | | ]
18 20 22 24 26 28 30 32

Elution time (min)

Fig. 3. The gel permeation chromatography (GPC) curves of PCL-b-PDMS-b-
PCL triblock copolymer.

which could be interpenetrated by the PCL blocks of the
copolymer whilst the dark regions are attributed to PDMS
domains. It is observed that the spherical PDMS nanoparticles
with the size of 10—20 nm were homogenously dispersed into
the continuous epoxy matrix and the sizes of the dispersed
PDMS particles increased with increase in the content of
PCL-b-PDMS-b-PCL in the thermosets (see Fig. Sa—d).

The morphologies of the thermosetting blends were further
investigated by small-angle X-ray scattering (SAXS) and the
SAXS profiles are shown in Fig. 6. It is seen that the well-
defined scattering peaks were observed in all the cases, indicat-
ing that the thermosets containing PCL-b-PDMS-b-PCL are
nanostructured. According to the position of the primary scatter-
ing peaks the average distance (L = 27t/q,,) between neighbor-
ing domains can be estimated to be 25.7,22.6,20.8, and 19.0 nm
for the thermosets containing the triblock copolymer of 10, 20,
30 and 40 wt%, respectively. It is seen that the average distance
between neighboring domains decreased with increasing the
content of the triblock copolymer. These results are in good
agreement with those obtained by means of TEM and AFM.

4.3. Thermomechanical properties of nanostructured
thermosets

The above nanostructured epoxy thermosets containing
PCL-b-PDMS-b-PCL triblock copolymer were subjected to
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Fig. 4. The TEM micrographs of the nanostructured thermosets containing (a) 10, (b) 20, and (c) 30 wt% of PCL-b-PDMS-b-PCL block copolymer.

thermal analysis. Shown in Fig. 7 are the DSC curves of the
thermosetting blends. The triblock copolymer PCL-b-PDMS-
b-PCL displayed a sharp endothermic peak at 54 °C, which
is assignable to the melting transition of the PCL blocks. It
is noted that all the nanostructured thermosets containing the
triblock copolymer did not exhibit the melting transition of
PCL, suggesting that the PCL subchains in the thermosets
are not crystallizable. It is proposed that the PCL subchains
were miscible with aromatic amine-cured epoxy matrix and
were interpenetrated with the crosslinked epoxy networks.
The behavior of miscibility can also be evidenced by the de-
pression of the glass temperatures (T,s) of epoxy matrix. It
is seen that the T,s of the nanostructured thermosets are
decreased with increasing the concentration of the triblock
copolymer. The decreased T, is responsible for the
plasticization effect of the PCL blocks on the epoxy matrix.
This result is in good agreement with the result that the
MOCA-cured epoxy resin is miscible with PCL [59,60]. It
should be pointed out that the glass transition observed in
the present temperature range is only ascribed to the epoxy

matrix which is interpenetrated with the PCL subchains of
the block copolymers since the T, of PDMS domains
(~—120°C) is beyond the temperature range of the DSC
measurement.

The nanostructured thermosets containing PCL-b-PDMS-b-
PCL were further subjected to dynamic mechanical analysis
(DMA). Shown in Fig. 8 are the dynamic mechanical spectra
of the nanostructured epoxy thermosets. The MOCA-cured ep-
oxy exhibited a well-defined major relaxation peak centered at
ca., 148 °C, which is responsible for the glass—rubber transi-
tion of the crosslinked polymer. Apart from the o transition,
the MOCA-cured epoxy exhibited a secondary transition at
the lower temperature (~ —50 °C). This transition is attributed
predominantly to the motion of hydroxyl ether structural units
[-CH,—CH(OH)—CH,—O0O-—] and diphenyl groups in amine-
crosslinked epoxy [61—63]. It is seen that upon adding PCL-
b-PDMS-b-PCL into the thermosets, the o transition shifted
to the lower temperatures and the T, of epoxy matrix de-
creased with increasing the content of PCL-b-PDMS-b-PCL
diblock copolymer. The decreased T,s are ascribed to the
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plasticization of PCL subchains of the block copolymer on the
epoxy matrix. It is noted that the o transition of PDMS nano-
domains is not pronounced until the content of PCL-b-PDMS-
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Fig. 6. The SAXS profiles of the epoxy thermosets containing PCL-b-PDMS-
b-PCL triblock copolymer.

b-PCL triblock copolymers is more than 30 wt%. It is seen
that the T, of the PDMS nanophases for the thermoset contain-
ing 30 wt% PCL-b-PDMS-b-PCL is about —117 °C (see
Fig. 9). The DMA results indicate that the epoxy thermosets
containing PCL-b-PDMS-b-PCL are microphase-separated.

4.4. Formation mechanism of nanostructures

The formation of nanostructures in thermosets containing
amphiphilic block copolymers could follow the following
two mechanisms: (i) self-assembly [27—49], (ii) reaction-
induced microphase separation [51—55]. In the mechanism
of self-assembly, the precursors of thermosets act as selective
solvents of block copolymers and self-organized nanostruc-
tures (i.e., micelle) are formed prior to curing. These disor-
dered and/or ordered nanostructures can further be fixed
with the subsequent curing reaction. In this method, the role
of curing reaction is to lock the preformed morphology
[27,28]. The prerequisite for the self-assembly approach is
that block copolymers are self-organized into micelle struc-
tures in their mixtures with precursors of thermosets prior to
curing. From the viewpoint of miscibility, it is required that
one or more of subchains of block copolymers are immiscible
whereas other subchains are miscible with thermosets after
and before curing. For the formation of nanostructures via
reaction-induced microphase separation mechanism, it is re-
quired that all the subchains of the block copolymer are mis-
cible with precursors of thermosets whereas only a part of
subchains was separated out from the matrix of thermosets af-
ter curing. Therefore, it is crucial to know the miscibility of all
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the subchains with thermosets after and before curing reaction
for the judgment of the formation mechanism of the nano-
structures in thermosets containing amphiphilic block
copolymers.

In the present work, it has been known that the PCL sub-
chain of the PCL-b-PDMS-b-PCL triblock copolymer is mis-
cible with the precursors of epoxy resin (viz. DGEBA and
MOCA) and also miscible with epoxy thermosets after curing
[59,60]. Fourier transform infrared spectroscopy (FTIR)
showed that there were the intermolecular specific interactions
(i.e., hydrogen-bonding) between PCL chains and epoxy ma-
trix. As for the binary blends of epoxy resin with PDMS, it
is recognized that the systems are immiscible after and before
curing reaction [29]. The immiscibility could be responsible
for the big difference in solubility parameter between epoxy
resin and the inorganic polymer. The difference in miscibility
between the two kinds of subchains (viz. PCL and PDMS) of
the triblock copolymers with the precursors of epoxy resin re-
sult in the formation of some self-organized microstructures in
the mixtures of PCL-b-PDMS-b-PCL and the precursors of ep-
oxy resin (DGEBA and MOCA). Therefore, the formation of
nanostructures in the present thermosetting system could fol-
low the self-assembly mechanism other than the reaction-
induced microphase separation mechanism. It is proposed
that the self-organized nanostructures in the mixtures of
PCL-b-PDMS-b-PCL and the precursors of epoxy resin (viz.
DGEBA and MOCA) are formed before curing reaction due
to the immiscibility of PDMS blocks and the miscibility of
PCL blocks with the precursors. The nanostructures are

reserved until the completion of the curing reaction. This judg-
ment can be demonstrated by investigating the microphase
structures by means of small-angle X-ray scattering (SAXS).
Fig. 10 representatively presents the SAXS profiles of the mix-
ture of epoxy resin with PCL-5-PDMS-b-PCL (10 wt%). At
room temperature, the SAXS curve displays a scattering
shoulder at ¢ =0.04 nm™", corresponding to a long period of
15.7 nm (see curve a). The flat scattering shoulder other than
a scattering maximum implies that the size distribution of
the self-organized nanoobjects in the mixtures could be quite
broad. Nonetheless, the SAXS results indeed indicate that
the system possesses microphase-separated structure before
curing reaction. It was worth noticing that when the mixture
was heated to 150 °C (i.e., curing temperature), the intensity
of the scattering shoulder was significantly decreased, indicat-
ing that the self-organized structures could be to some extent
destroyed at elevated temperature. This observation suggests
that there is partial miscibility between the PDMS subchain
of the triblock copolymer with the precursors of epoxy resin
at elevated temperature. With the occurrence of the curing re-
action at 150 °C for 4 h, it is seen that a well-defined scattering
peak appeared (see curve c). The well-defined scattering peak
suggests that the occurrence of curing reaction promotes the
narrow size distribution of PDMS nanoobjects. According to
Bragg equation, the long period was estimated to be ca.,
25.7 nm, which is quite higher than that of the value obtained
before curing reaction (i.e., ca., 15.7 nm). This observation
could be responsible for the effect of curing reaction on the
morphology. Prior to cure, the domain of PDMS could be
swollen by the precursors of epoxy and thus the smaller dis-
tances between adjacent PDMS domains. Upon curing at ele-
vated temperature, the precursors of epoxy resin that swell the
PDMS domains were extracted due to the formation of cross-
linked polymer. Therefore, the average distances between the
neighboring spherical domains were increased.

It should be pointed out that the PCL subchains of the tri-
block copolymer remained miscible with the MOCA-cured ep-
oxy resin. The miscibility could be ascribed to the formation
of the intermolecular specific interactions between PCL and
the epoxy matrix. The intermolecular hydrogen-bonding inter-
actions can readily be evidenced by Fourier transform infrared
spectroscopy (FTIR). Shown in Fig. 11 are the FTIR spectra of
PCL-b-PDMS-b-PCL triblock copolymer and the nanostruc-
tured epoxy thermosets in the range of 1800—1660 cm .
The absorption band in this range is ascribed to the stretching
vibration of carbonyl groups. For the PCL-b-PDMS-b-PCL at
the room temperature, it is seen that the FTIR spectrum is
composed of two components. The one component at
1735 cm™ " is assignable to the amorphous chains of PCL
while another at 1725 cm™' is ascribed to the carbonyls in
the crystalline region of PCL. In the nanostructured thermo-
sets, it is noted that the band assignable to crystalline region
of PCL disappeared; instead the new shoulder bands at the
lower frequency (1706 cm™') appeared. The shoulder band
is ascribed to the stretching vibration of the carbonyl groups
which are hydrogen-bonded with the secondary hydroxyl
groups of MOCA-cured epoxy resins. In addition, it is noted
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Fig. 8. The dynamic mechanical spectra of epoxy and the nanostructured thermosets.

that the band at 1731 cm ™' shifted to the higher frequency
1734 cm ™" with increasing the concentration of the triblock
copolymer. The FTIR results indicated that the intermolecular
hydrogen-bonding interactions were formed between the car-
bonyl of PCL subchains and the hydroxyl groups of cross-
linked epoxy.

5. Conclusions

PCL-b-PDMS-b-PCL triblock copolymer was synthesized
via the ring-opening polymerization of g-caprolactone in the
presence of dihydroxypropyl-terminated PDMS (HTPDMS).
The triblock block copolymer was characterized by means

of Fourier transform infrared spectroscopy (FTIR), nuclear
magnetic resonance spectroscopy (NMR) and gel permeation
chromatography (GPC). The amphiphilic triblock copolymer
was incorporated into epoxy resin and the nanostructured
thermosets were successfully obtained. The morphology of
the epoxy thermosets containing PCL-b-PDMS-b-PCL tri-
block copolymers were investigated by means of atomic force
microscopy (AFM), transmission electronic microscopy
(TEM) and small-angle X-ray scattering (SAXS). The ther-
momechanical properties of the nanostructured thermosets
were investigated by means of differential scanning calorim-
etry (DSC), dynamic mechanical analysis (DMA). The for-
mation was judged to follow the self-assembly mechanism
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Fig. 10. The SAXS profiles of the blends of epoxy precursors with MOCA and
10 wt% PCL-b-PDMS-b-PCL: (a) at room temperature (25 °C); (b) at 150 °C
at the beginning of curing reaction and (c) cured thermoset.

in terms of the difference in miscibility of the PDMS and
PCL subchains with epoxy resin after and before curing
reaction.

1706
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Fig. 11. The FTIR spectra of the nanostructured thermosets in the range of
1800—1660 cm™".
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