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Abstract
Nanostructured thermoset blends were prepared based on a bisphenol A-type epoxy resin and an amphiphilic reactive diblock copolymer,
namely polyisoprene-block-poly(4-vinyl pyridine) (PI-P4VP). Infrared spectra revealed that the P4VP block of the diblock copolymer reacted
with the epoxy monomer. However, the non-reactive hydrophobic PI block of the diblock copolymer formed a separate microphase on the
nanoscale. Ozone treatment was used to create nanoporosity in nanostructured epoxy/PI-P4VP blends via selective removal of the PI microphase
and lead to nanoporous epoxy thermosets; disordered nanopores with the average diameter of about 60 nm were uniformly distributed in the
blend with 50 wt% PI-P4VP. Multi-scale phase separation with a distinctly different morphology was observed at the air/sample interface
due to the interfacial effects, whereas only uniform microphase separated morphology at the nanoscale was found in the bulk of the blend.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Epoxy resins are widely used as insulating and structural ma-
terials in manufacturing microelectronic devices and components
such as computer chip packaging and circuit boards. Porous epoxy
thermosets can reduce the dielectric constant by substitution of
a portion of the matrix material with air. Reduced sizes in micro-
electronics have created a need for porosity at the nanometer scale
in materials. However, porous epoxy thermosets achieved so far
are generally with pore sizes larger than the submicron scale [1,2].

Nanostructured epoxy thermosets based on self-assembly of
amphiphilic block copolymers have recently been explored in
several laboratories [3e8]. Amphiphilic diblock copolymers con-
taining poly(ethylene oxide) (PEO) blocks that are epoxy-misci-
ble were employed to form well-defined ordered and disordered
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microstructures in thermoset epoxy resins by Bates and
co-workers [3] and Mijovic et al. [4]. Guo and co-workers suc-
cessfully prepared nanostructured thermoset epoxy resin blends
with PEO-containing amphiphilic diblock, triblock and star-
shaped block copolymers [5e8]. In addition, nanoscale structures
can be created in epoxy blends with poly(3-caprolactone) (PCL)-
based block copolymers [9] and in crosslinked phenolic blends
with amphiphilic block copolymers [10]. Nanostructured epoxy
blends have also been obtained with ABC triblock copolymers
[11,12] and reactive block copolymers, such as epoxidized poly-
isopreneepolybutadiene [13], epoxidized polystyreneepolybu-
tadiene [14], glycidyl methacrylate-based [12,13,15] and
methacrylic acid-based [12] block copolymers.

The formation of nanostructured thermoset epoxy/block
copolymer blends means that nanoporous epoxy thermosets
can be produced via subsequent removal of the degradable
block. An effort has been paid to the creation and characteriza-
tion of nanoporous epoxy thermosets via microphase separation
of block copolymers in thermoset epoxies in this laboratory. We
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report here nanostructured thermoset blends of a bisphenol
A-type epoxy resin (ER) and an amphiphilic reactive diblock
copolymer, namely polyisoprene-block-poly(4-vinyl pyridine)
(PI-P4VP). The P4VP block of the diblock copolymer can react
with the epoxy monomer, while the non-reactive hydrophobic PI
block of the diblock copolymer forms a separate microphase on
the nanoscale. Ozone treatment was employed to create nano-
porosity in nanostructured epoxy/PI-P4VP blends; nanoporous
epoxy thermosets were produced by selective removal of the
PI microphase in these blends.

2. Experimental

The amphiphilic PI-P4VP reactive diblock copolymer used
was a product of Polymer Source, Inc., namely poly[isoprene
(1,4 addition)-b-4-vinyl pyridine]. The diblock copolymer had
a number-average molecular weight Mn of 41,700 with a poly-
dispersity Mw/Mn¼ 1.06. The PI block had an Mn¼ 30,000;
therefore, the weight fraction of the PI block was 0.72, corre-
sponding to a PI volume fraction of approximately 0.75, on
the basis of estimated densities [16]. The uncured epoxy resin,
diglycidyl ether of bisphenol A (DGEBA), with Mn¼ 340 and
the curing agent, 4,40-methylenedianiline (MDA) were obtained
from Aldrich Chemical Co., Inc. The uncured DGEBA/MDA/
PI-P4VP blends were solvent-cast from well-dissolved 5% (w/v)
solutions in chloroform at room temperature. Drying over-
night at atmospheric pressure was followed by vacuum drying
for 1 day. The stoichiometry was calculated to give a 1:1 ratio
between the epoxy group and the sum of amine protons and pyr-
idine nitrogens, that is, from MDA and the P4VP block of
PI-P4VP, respectively. The blends were initially cured at 100 �C
for 20 h and then postcured at 150 �C for 2 h and 175 �C for 1 h.

The ER/PI-P4VP blends were characterized using small-an-
gle X-ray scattering (SAXS), atomic force microscopy (AFM),
transmission electron microscopy (TEM), and attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectroscopy.
AFM measurements were performed with a DME DS 45-40
scanning probe microscope (Denmark). Both the as-cured and
ozone-treated samples were subjected for AFM observation.
The specimens for TEM observation were cut at room temper-
ature with a Leica Ultracut UCT ultramicrotome equipped
with a diamond knife. The resulting ultrathin sections of
80 nm thickness of the ozone-treated specimens were picked
up on copper grids and imaged with a Philips CM300 TEM at
300 kV in the bright-field mode. The SAXS measurements
were performed with a Bruker NanoSTAR SAXS instrument
at room temperature (25 �C) as described previously [7,8].
FTIR measurements were made with a Bruker Vertex 70 FT-IR
spectrometer at room temperature at a resolution of 4 cm�1

using the cured blend samples with the air/sample interface.

3. Results and discussion
4000 3500 3000 1800 1600 1400 1200 1000 800
3.1. Nanostructures in epoxy/PI-P4VP blends

Wavenumber (cm

-1
)

Fig. 1. ATR-FTIR spectra in the range of 4000e750 cm�1 for 100/0, 90/10,

80/20 and 50/50 ER/PI-P4VP blends.
As P4VP homopolymer can cure epoxy resins [17], the
curing reaction is expected to take place between the P4VP
block and the epoxy precursor DGEBA. Obviously, this curing
reaction would affect the phase behavior and morphology of
the cured products; thus the chemical structure of the cured
ER/PI-P4VP blends was investigated firstly.

Fig. 1 shows the ATR-FTIR spectra of the cured ER/PI-P4VP
blends with different compositions. It can be seen that the charac-
teristic bands of infrared absorption of these samples change with
increasing PI-P4VP content. The noticeable absorption band
changes take place at 2963, 2928, 1642, 1450 and 1375 cm�1

wavenumbers (as denoted in Fig. 1). The intensities grow in these
positions as the concentration of PI-P4VP in the blend is in-
creased. It is known that the bands at 2963 and 2928 cm�1 can
be attributed to the CeH stretching of eCH3 group and the asym-
metric stretching of eCH2e group, respectively [18,19]. There-
fore, for the high contents of methyl and methylene in the PI
blocks, the intensities in these bands increase with increasing
PI amount, i.e., block copolymer in the blends. Meanwhile, the
band at 1450 cm�1, which is attributed to the bending vibration
of eCH3 group, together with that at 1375 cm�1, which is due
to methyl asymmetric deformation vibration of PI [18,19], also
increase with the content of PI-P4VP block copolymer.

It is anticipated that the pyridine ring in the P4VP blocks
may participate in the curing reaction with DGEBA as the
additional curing agent other than MDA. The reaction between
P4VP blocks and DGEBA improves the miscibility of the
P4VP blocks with the cured ER. To some extent, via the
curing, the reacted P4VP becomes a part of the epoxy thermo-
sets through the linking of chemical bonds.

From the infrared spectra of the cured blends in Fig. 1, the
reaction between the pyridine rings and DGEBA is verified.
The new band at 1642 cm�1 for the cured blends does not
belong to any characteristic absorption bands of the epoxy pre-
cursor DGEBA, curing agent MDA or PI-P4VP. Therefore it
should be related with the new chemical structure formed dur-
ing the curing process, i.e., the unconjugated carbon double
bonds which resulted from the reaction of pyridine ring and
DGEBA [17]. Meanwhile, it is also found that the intensity
of this new band increases with PI-P4VP content, which fur-
ther demonstrates the relationship between this band and the
reaction of P4VP blocks and DGEBA.



Fig. 2. SAXS patterns of ER/PI-P4VP blends at room temperature (25 �C).

The scattering vector q¼ (4p/l)sin(q/2), where l¼ 0.154 nm is the wave-

length and q the scattering angle.
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From the above analysis of the chemical structure of the
cured blends, it is clear that the P4VP chain segments were
involved in the cure reaction with DGEBA. Meanwhile, the
weak polarity of the PI block indicates its immiscibility with
both the epoxy resin and the P4VP block. Consequently,
microphase separation took place in this blends system.

The morphology of cured blends with different contents of
the copolymer was investigated by SAXS technique. The
SAXS profiles are shown in Fig. 2. For the plain PI-P4VP
copolymer (the top one in Fig. 2), a broad first-order scattering
maximum at q¼ 0.19 and a shoulder around q¼ 0.47 are
Fig. 3. AFM image of 50/50 ER/PI-P4VP blend at the air/sample int
detected. From the relative intensities and shapes of the first-
order and shoulder peaks, it can be concluded that the block
copolymer forms disordered spherical microdomains by
microphase separation. The average distance between the mi-
crodomains is 32.7 nm. For the ER/PI-P4VP blends, a scatter-
ing peak corresponding to a space of 58.9 nm is observed in
the figure for blends with 20 and 50 wt% PI-P4VP. Mean-
while, a space of 63.1 nm in the blend with 10 wt% PI-P4VP
is obtained from the position of the first-order peak. Further-
more, some weak and broad peaks also appear in the profiles
besides the first-order peaks. Though some positions of the
peaks match the characters of hexagonally-packed cylindrical
morphology, i.e., q=q� ¼ 1 :
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(where q* denotes the position of the first-order scattering
maximum), it is difficult to deduce that there are long-range
ordered structures in the blends due to the weakness and
broadness of these peaks in the profiles [20e25]. The occur-
rence of cure reaction affected the phase behavior and de-
stroyed any long-range ordered structures, but led to the
formation of new microphase separated structures. Some of
the short-range ordered morphology in the uncured blend sam-
ples was fixed by the formation of epoxy crosslinking network.

Consequently, from the whole shapes of the SAXS profiles
in Fig. 2, it can be concluded that there exists only short-range
ordered nanostructures in the cured ER/PI-P4VP blends. How-
ever, fairly uniform microdomain sizes in the cured blends
were verified by TEM observations after ozonolysis, which
will be discussed in the following part.

The morphology at the air/sample interface of cured ER/
PI-P4VP blend sample with 50 wt% PI-P4VP was also investi-
gated. As it is known, for the interfacial effects, many properties
of material will change at the interface, such as the glass transition
temperature, crystallization rate, etc. [26e32]. For the present
blend sample, from the AFM results in Fig. 3, especially from
the phase image on the right, it can be seen that multi-scale phase
separation took place at the air/sample interface of cured ER/
PI-P4VP, including spherical microdomains and irregular areas.
The size of microdomains is in the range from around several
tens of nanometers to approximately 1 mm. In the blend surface,
due to the additional driving force of lowering surface free energy,
erface before ozonolysis: (a) height image and (b) phase image.



Fig. 4. TEM micrographs of (a) 80/20 and (b) 50/50 ER/PI-P4VP blends. The specimens were treated with ozone for 24 h to remove the PI microphase.
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the phase separation process was significantly influenced. There-
fore, the morphology at the interface is remarkably different
from that in the bulk of the blend where only uniform micro-
phase separation and microdomains in the same size range
were observed as will be seen below. In view of the large differ-
ence in polarity between the PI block and the other components
(the P4VP block and the epoxy precursor DGEBA) of the
blends, microphase separation of the PI block could take place
at the early stage of processing, even before the chloroform
had finally been vaporized. This would also affect the formation
of a distinctly different morphology at the air/sample interface
that was eventually formed.
3.2. Creation of nanoporosity in epoxy/PI-P4VP blends
via ozonolysis
To discern the microphase of PI blocks and create nanopo-
rous structure in the ER/PI-P4VP blends, ozonolysis was used
to selectively degrade the PI block of PI-P4VP in the blends.
The blend films of about 1 mm thick were soaked in water
and ozone was bubbled in the aqueous solution for 24 h at
room temperature; the cleaved compounds were leached out
from the films.
Fig. 5. AFM image of 50/50 ER/PI-P4VP blend at the air/sample interfac
Fig. 4 shows TEM images of nanoporous epoxy thermosets
created by the selective removal of PI microphase in the cured
ER/PI-P4VP blends. The disordered, fairly uniform nanoporous
structures can be seen in the blends with 20 and 50 wt% PI-P4VP.
The sizes of the nanopores are mainly in the range of several
tens of nanometers, which matches the SAXS results well. Mean-
while, the microphase of PI blocks is also discerned by the TEM
results, corresponding to the nanopores after ozonolysis. For the
blends with 50 wt% PI-P4VP, the cured ER containing reacted
P4VP blocks forms the main continuous phase, while PI blocks
compose the spherical microdomains with the average size about
60 nm (the white areas in Fig. 4b) and all distributed disorderedly
in the ER continuous phase in diameter (the dark areas). It can also
be found that the composition of the blends has an important effect
on the morphology. The cured ER with 20 wt% PI-P4VP (Fig. 4a)
exhibits some characteristics of bicontinuous phase structure,
remarkably different from that of 50 wt% copolymer (Fig. 4b).

The TEM results reveal the uniform nanostructures of the
bulk blend samples. Meanwhile, the microphase morphology
at the air/sample interface of the same blend was studied by
AFM. The AFM images are shown in Fig. 5. By comparing
the AFM images before (Fig. 3) and after (Fig. 5) ozonolysis,
the morphology difference can be clearly seen. It is noticed
e after ozonolysis for 60 min: (a) height image and (b) phase image.
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from Fig. 5 that the appearance of the spherical microdomains
(the bright areas) is much clearer after ozonolysis. The dark
surrounding areas show the regions where the PI microphase
was removed by ozonolysis (Fig. 5). It seems that some other
spherical microdomains hiding behind the ‘‘dark’’ substance
were revealed by ozonolysis. It is known that the PI homopol-
ymer possesses a glass transition temperature of about �60 �C
[33], which is much lower than those of cured ER containing
P4VP blocks and the P4VP block itself. Therefore, the PI
microphase is a ‘‘soft’’ phase compared with other compo-
nents in the blends. Furthermore, the PI is the only component
that can be degraded by ozonolysis in the blends system. So
the appearance of dark surrounding areas indicates the degra-
dation and removal of the PI blocks.

Consequently, the phase separated structure at the interface
can be described as follows: phase separation took place at the
interface on multi-scales; the ER phase is found in both the
large scale of the micrometer size and the spherical microdo-
mains with the diameters in the several tens of nanometers;
P4VP blocks of the PI-P4VP mainly coexist with the cured
ER in the spherical microdomains while the PI blocks are sep-
arated, surrounding the spherical microdomains, owing to their
weak polarity and immiscibility with other components.

It is interesting to notice the difference between the phase
structures at the interface and in the bulk of the same blend.
Firstly, the phase separation took place on multi-scales at the in-
terface while only uniform microphase separation occurred in
the bulk of the blend. Secondly, the spherical microdomains at
the interface are composed of the cured ER containing P4VP
blocks; the PI blocks surround the spherical microdomains. In
the bulk sample the spherical microdomains consisting of PI
blocks and the cured ER constitutes the continuous phase.

The change in chemical structure after ozonolysis was
recorded by the ATR-FTIR method. As displayed in Fig. 6,
the bands with significant difference after the ozonolysis are
found at the positions of 2963, 2928 and 2857 and 1450 cm�1.
The intensities of all these bands decrease after ozonolysis.

The band at 2963 is related to the CeH stretching of eCH3

group; the bands at 2928 and 2857 cm�1 are assigned to the
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Fig. 6. ATR-FTIR spectra in the range of 4000e600 cm�1 for 50/50 ER/

PI-P4VP blend before and after ozonolysis.
asymmetric and symmetric stretching of eCH2e group,
respectively. Besides, the absorption at 1450 cm�1 is assigned
to the bending vibration of eCH3 group. The obvious decrease
in the intensities of these bands indicates a drop in the amounts
of eCH3 and eCH2e groups in the cured blends after ozonol-
ysis. This comes from the degradation of PI blocks via ozonol-
ysis, where the double bonds were broken and the eCH3 and
eCH2e groups of the PI blocks are peeled away. So the
contents of eCH3 and eCH2e groups in the blends are
impaired and the corresponding infrared absorptions decrease.

The ATR-FTIR results further verify that the dark areas
surrounding the bright spherical microdomains in the AFM
images (Fig. 5b) indicate the disappeared PI microphase.
The ozonolysis method is an efficient way to remove the PI
component from the nanostructured blends and create nano-
porosity in the cured ER blends.

4. Conclusion

In conclusion, we have successfully prepared nanostruc-
tured epoxy/PI-P4VP blends via microphase separation of
PI-P4VP block copolymer. Nanoporosity can be created in
the nanostructured epoxy/PI-P4VP blends via ozonolysis
method. Infrared spectra showed that the P4VP block also
acted as the additional curing agent in this system during the
curing process. Disordered nanopores with the average diam-
eter of about 60 nm were uniformly distributed in the cured
blend with 50 wt% PI-P4VP. Multi-scale phase separation
with a distinctly different morphology was observed at the
air/sample interface due to the interfacial effects, whereas
only uniform microphase separation on the nanoscale was
found in the bulk of the blend.
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