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ABSTRACT: Molecular dynamics and morphology in the blends of a network-forming reactive polymer
and an amphiphilic block copolymer were examined as a function of the advancement of chemical reactions.
In the blends containing a triblock copolymer, both microscopic (domains of the order of micrometers)
and nanoscopic (domains of the order of nanometers) phase separations were observed during network
formation. Interestingly, only nanoscopic phase separation was found in the blends containing a diblock
copolymer. The shape and the origin of these nanoscopic features were investigated by atomic force
microscopy and were found to be a function of blend composition. A concept was advanced of the three-
phase nanostructured morphology that begins to form with self-assembly of one block and continues to
develop during network formation in the postassembly stage. The changes in relaxation dynamics that
accompany network formation were monitored by broad-band dielectric relaxation spectroscopy (DRS)
and were shown to represent a signature of the morphological state of the blend. The ability of DRS to
identify and deconvolute various relaxation processes during network formation and phase separation is
noteworthy and should be exploited as means of monitoring and controlling the development of
nanostructured morphology in these complex systems.
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Introduction

There is a considerable current interest among sci-
entists and engineers in the design (or engineering) of
materials structures for desired properties and func-
tional purposes. A number of such made to measure
materials have been contemplated, and some have
emerged of late; an excellent account of the art of
making these materials is given in the recent book by
Ball, an associate editor for the journal Nature.! The
key point here is that the desired properties and
functions are arrived at not by manipulating the struc-
ture at atomic or molecular level, where the existing
base of knowledge predominately lies, but by designing
larger, nanoscopic building blocks, made of complex
fluids (e.g., block copolymers, ion-containing polymers,
polymer networks) and often of controlled shape (e.g.,
micellae, dendrimers, stars, combs, disks, columns,
helices). The quest for such made to measure materials,
which are bound to add a new dimension to the
available range of properties and functions in polymers
and other materials, is sure to play an increasingly
prominent role in research and development worldwide
as we enter the new millenium. The challenge, as we
see it, is to revisit the conventional processing—struc-
ture—property correlations and develop new principles
for creating structures of controlled length scales that
would result in novel materials with distinct (and
unusual) properties.

Various routes leading to these new nanostructured
materials have been suggested (e.g., refs 2—8): the work
described herein is aimed toward understanding the
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principles that underlie the development of controlled
nanostructure in one such generic group of materials—
those composed of an amphiphilic block copolymer and
a network-forming polymer matrix. We have selected a
representative system from that group of materials and
have conducted a study in order to verify the feasibility
of the proposed concept. The selected copolymers were
diblocks and triblocks of poly(ethylene oxide), PEO, and
poly(propylene oxide), PPO. PEO—PPO—PEO triblocks,
in particular, were the focus of a number of recent
studies because of their uses as emulsifiers, stabilizers,
separation media, and drug delivery systems. The
majority of those studies were performed on triblocks
in solution, and a number of experimental techniques,
such as static and dynamic light scattering, small-angle
neutron scattering, and small-angle X-ray scattering,
were employed to elucidate the effect of molecular
weight and composition on the phase morphology.®—12
Information on the dynamics of PEO—PPO—PEO tri-
blocks in the bulk is scarce. The only published report
(known to us) on the preparation of ordered nanostruc-
tures from a two-component mixture of a network-
forming thermoset and a diblock copolymer is an
excellent recent communication by Hillmyer et al.l3
These authors prepared two amphiphilic block copoly-
mers, poly(ethylene oxide)-block-poly(ethylethylene)
(PEO—PEE) and poly(ethylene oxide)-block-poly(ethylene-
alt-propylene) (PEO—PEP), and studied their mixtures
with a network-forming formulation composed of a
diglycidyl ether of bisphenol A (DGEBA) epoxy resin and
an aromatic amine. The cured material was character-
ized by an ordered core—shell nanoscopic morphology,
and a TEM micrograph and SANS data were presented
as evidence. The findings reported by Hillmyer and his
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colleagues have provided us with an incentive to take a
broader look at the chemical and physical changes that
underlie the formation of these intriguing materials. In
this study we describe our initial experimental attempts
to track the development of nanoscopic morphology
during network formation and its relation to dipole
dynamics in these complex systems. A final comment:
we are fully aware of, but have not cited here, a large
body of literature on the subject of toughening of
thermosets by rubber and high-T4 thermoplastics. The
scope, the length scales, and the methodology described
in this article are amply different to justify a separate
consideration.

Objectives. The principal objective of this research
is to monitor and describe the changes in morphology
and dynamics in thermoset network/block copolymer
blends during network formation.

Experimental Section

Materials. Two different systems were investigated in this
study. Both systems were composed of the same network-
forming formulation and a different copolymer, a diblock in
one case and a triblock in the other. The diblock copolymer
was poly(ethylene glycol-co-propylene glycol) (PEO—PPO),
with average M,, = 12 000 g/mol and 70 wt % ethylene glycol.
The triblock copolymer was poly(ethylene glycol)-block-poly-
(propylene glycol)-block-poly(ethylene glycol) (PEO—PPO—
PEO), with average M, = 4400 g/mol and 30 wt % ethylene
glycol. Homopolymers were also investigated as a reference:
PEO with average M, = 8000 g/mol and PPO with average
M, = 3000 g/mol. The network-forming component was an
epoxy—amine formulation. The epoxy resin was a diglycidyl
ether of bisphenol A (DGEBA) with average M, = 374 g/mol.
Block copolymers, homopolymers, and the epoxy resin were
obtained from Aldrich Chemical Co. Inc. The curing agent was
methylenedianiline (MDA), Ciba-Geigy’'s HY-205, with an
amine hydrogen equivalent weight of 49.5 g. The stoichiometric
ratio of epoxy group to amine hydrogen was used in all
formulations.

Throughout the paper, the first and the second number in
each blend composition denote weight percent of the epoxy
resin (DGEBA) and the copolymer (PEO—PPO or PEO—PPO—
PEO), respectively. The ratio of network-forming formulation
to copolymer in the blend was varied, though most results were
obtained for 50/50 blends. All blends were mixed until homo-
geneous before testing.

Techniques. The principal experimental tool that we have
used is broad-band dielectric relaxation spectroscopy (DRS).
Of the experimental techniques available for the study of
relaxation processes in polymeric and molecular glass formers,
DRS is rapidly becoming a dominant tool.}*'5 Its great
potential derives from an unparalleled frequency range avail-
able (12—14 decades) that enables one to probe molecular
dynamics of condensed matter in various phases and at
different temperatures: from amorphous liquids to an amor-
phous or crystalline glass; from high temperature, where the
dipole relaxation times are of the order of tens of picoseconds,
through the vitrification process where relaxation times in the
glassy state reach tens to hundredths of seconds. A more
detailed description of our experimental facility for dielectric
measurements is given elsewhere,’®” and several excellent
reviews of experimental methodology for dielectric measure-
ments were recently published.'®~2° However, briefly, we have
used a Solarton 1260 impedance gain phase analyzer (10 uHz—
32 MHz) with broad-band dielectric converter (Novocontrol
GmBh), a Hewlett-Packard (HP) 4284 A precision LCR meter
(20 Hz—1 MHz), a Hewlett-Packard 4291 A RF impedance
analyzer (1 MHz—-1.8 GHz), and a Hewlett-Packard 8752A
network analyzer (300 kHz—1.3 GHz). All instruments are
interfaced to computers via IEEE 488.2 and are equipped with
heating/cooling capabilities, including Novocontrol's Novocool
system. A variety of sample cells were employed, including
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Figure 1. DSC thermograms of PPO, PEO—PPO, and PEO—
PPO—-PEO.

parallel plates, high-precision extension airlines, cells for the
simultaneous dielectric/remote fiber-optic FTIR tests, etc.
Supporting evidence was obtained from Fourier transform
infrared (FTIR) spectroscopy, using Nicolet Instrument’s Ma-
gna 750 spectrometer as described elsewhere,?* differential
scanning calorimetry (DSC), using TA instrument DSC model
2920 at a heating rate of 10 °C/min, optical microscopy (OM)
using a Nikon HFX-II optical microscope, and atomic force
microscopy (AFM), using Digital Instrument’s model Nano-
Scope Illa.

Results and Discussion

Thermal Characteristics and Dynamics of Indi-
vidual Components and Blends Prior to Chemical
Reaction. We begin with a recap of the principal
thermal and dynamics features of the individual com-
ponents of our systems and their mixtures (blends) prior
to the onset of chemical reactions that led to network
formation. The characteristic thermal transitions are
described first. PEO is a crystalline homopolymer with
a melting point (Try) = 62 °C and a maximum attainable
degree of crystallinity in excess of 80%. PPO is an
amorphous homopolymer with a Tq = —69 °C. The
addition of PPO to PEO (in a copolymer) hinders
crystallization and reduces the melting point. The
PEO—PPO diblock used in this study had a Ty = —68
°C, a broad T, centered around —4 °C, and an estimated
(from the heat of fusion) degree of crystallinity of 26%.
The PEO—PPO—PEO triblock had a Tg= —69 °C, a very
broad and weak melting endotherm between —20 and
20 °C, and an estimated degree of crystallinity of 13%.
The corresponding DSC thermograms are shown in
Figure 1. DGEBA can be easily supercooled to an
amorphous glass with a Tg = —15 °C. The addition of
DGEBA to a block copolymer suppresses crystallization
and raises its Tg; for example, 80/20 and 50/50 DGEBA/
PEO—PPO blends have Ty's of —30 and —45 °C, respec-
tively, while 80/20 and 50/50 DGEBA/PEO—PPO—PEO
blends have Ty's of —20 and —49 °C, respectively. It is
important to note that all blends were initially miscible
as judged by a single DSC Ty

DRS results are described next. The measured dielec-
tric response was quantified in terms of the relaxation
time, map, strength, and spectrum, all of which are
effective tools for the study of polymer dynamics.
However, we shall highlight only the principal findings
throughout the text. Figure 2 shows dielectric loss of
PPO in the frequency domain (over 10 decades) with
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Figure 2. Dielectric loss of PPO in the frequency domain with
temperature as a parameter.

temperature as a parameter. Three relaxation processes
are observed in the order of increasing frequency: the
o* process, due to normal mode relaxations; the a
process, caused by segmental motions; and the 3 pro-
cess, associated with the localized motions. The intensity
of the a process in the crystalline PEO is much lower.

The dynamics of PEO—PPO diblock copolymer were
studied next. Samples were rendered amorphous by
guenching to low temperature and then swept. Three
relaxation processes were observed in the order of
increasing frequency: the a process, due to segmental
motions, and two localized § processes, the slower one
associated with PEO and the faster one with PPO.
Figure 3 shows dielectric loss of PEO—PPO in the
frequency domain at a series of gradually increasing
temperatures. The observed decrease in the intensity
of a relaxation between approximately —68 and —61 °C
is caused by the onset of crystallization with increasing
temperature. The two 8 processe are readily seen at low
temperature (see arrows in Figure 3b). For example, at
—76 °C, the faster process is centered around 30 kHz
and the slower process around 30 Hz. Careful inspection
of this figure reveals how a decrease in temperature
from —72 to —107 °C causes these two  processes to
evolve from the high-frequency (fast) end of the a
process into two separate processes. Localized motions
observed in Figure 3b are referred to as fpeo (lower
frequency) and fBppo (higher frequency) relaxation. The
identification of the origin of these two 5 processes in
the copolymer was based on the comparison with DRS
results for PEO and PPO homopolymers. Both  pro-
cesses are Arrhenius, with E, of 53.7 and 34.8 kJ/mol,
respectively. DRS results for the PEO—PPO—PEO tri-
block also reveal three relaxation processes: the o
process and two 5 processes.

Three relaxation processes were also observed in the
dielectric spectrum of DGEBA shown in Figure 4. Two
of these relaxations have been reported earlier:22-25 g
fast 3 process (Goldstein—Johari) due to the localized
motions within the epoxide group and a slower o process
attributed to segmental motions of the terminal epoxy
groups on glycidyl moieties. Excellent fits of the «
process to the Vogel—Fulcher—Tammann (VFT) func-
tion were obtained in accordance with the recently
described procedure.?® The third relaxation, termed S*,
is located between o and 3 relaxations and, to the best
of our knowledge, has never been reported in the
frequency domain prior to this study. Its origin is
probably in the local motions of the —O—CH,;—CHOH—
CH2— moiety. Both g and * relaxations are Arrhenius,
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Figure 3. Dielectric loss of PEO—PPO diblock copolymer in
the frequency domain with temperature as a parameter: (a)
between —37 and —65 °C; (b) between —72 and —107 °C.

with activation energy (E;) of 39.2 and 25.3 kJ/mol,
respectively. Two relaxations, a and S, were also ob-
served in MDA. The 8 process is Arrhenius with E,; =
42 kJ/mol. A composite relaxation map for all individual
components is plotted in Figure 5.

The dynamics of blends of DGEBA and block copoly-
mers should differ from those of the individual compo-
nents, and that question was addressed next. We find
that DGEBA/PEO—PPO blends of various composition
have three relaxation processes: one o relaxation and
two S relaxations. This is exemplified in Figure 6 that
contains dielectric loss in the frequency domain for 80/
20 blend with temperature as a parameter. The a
process is associated with combined cooperative seg-
mental motions of DGEBA and PEO—PPO in the blend.
Fits to VFT, Havriliak—Negamy (HN),?” and Kohl-
rausch—Williams—Watts (KWW)28 functions were gen-
erated. Blending causes the broadening of the relaxation
spectrum; the KWW fj parameter (stretching exponent)
of 0.33 is lower than that of either individual component
(0.48 for DGEBA, 0.36 for PEO—PPO). This phenom-
enon could be attributed to an increase in intermolecu-
lar cooperativity and the increased influence of high-
frequency secondary relaxation processes, although
broadening of the relaxation spectrum may also origi-
nate from the concentration fluctuation that produces
dynamic heterogeneities in multicomponent systems.

The two local processes are termed, in the order of
increasing frequency, fSreo (loss peak centered around
20 Hz at —80 °C in Figure 6b) and fppo (loss peak
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centered around 400 kHz at —80 °C in Figure 6b). The
general features of relaxation processes in DGEBA/
triblock and DGEBA/diblock blends are similar, and we
shall omit further details.

Chemical and Physical Changes in Blends dur-
ing Network Formation. The progress of chemical
reactions during cure in DGEBA—MDA/copolymer blends
was first followed by remote fiber-optic near-infrared
(NIR) spectroscopy. NIR spectra were generated at
various time intervals during cure, and the extent of
reaction was calculated from the areas of epoxy and
reference peaks using a well-documented procedure.?!
Information about the rheological changes during cure
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Figure 6. Dielectric loss of 80/20 DGEBA/PEO—PPO blend
in the frequency domain with temperature as a parameter:
(a) between —28 and +28 °C; (b) between —60 and —80 °C.

was obtained from the measurements of steady shear
viscosity. At the conditions of this study, the principal
goal of the rheological measurements was to determine
the gel point. Extent of reaction and viscosity are shown
as a function of reaction time for DGEBA—MDA/triblock
and DGEBA-MDA/diblock blend in parts a and b of
Figure 7, respectively. Thermal (DSC), morphological
(OM, AFM), and dynamics (DRS) results were generated
at many intervals during cure (network formation) by
guenching the reaction and examining the sample over
the temperature range where no further reactions took
place. An example of the DSC data is shown in Figure
8, which contains thermograms of 50/50 DGEBA—MDA/
PEO—PPO—-PEO blend taken at various times (in
minutes) during cure at 120 °C. The initial mixture (O
min) has a single Ty at ca. —41 °C. During the first 45
min of cure the T4 broadens and shifts slightly to a
higher temperature. Phase separation starts between
45 and 60 min and is accompanied by the emergence of
two transitions: the lower one related mostly to the
block copolymer and the higher one associated primarily
with the DGEBA—MDA network. Note that the onset
of phase separation (between 45 and 60 min) occurs at
approximately 31% conversion, considerably before the
gel point (located at 80 min from viscosity measure-
ments). With further cure, the lower Ty reaches that of
the copolymer, while the higher T4 increases gradually
as the network continues to grow. It is interesting to
note that the phase separation persists on a smaller
scale after gelation (compare traces at 90, 120, and 180
min). The crystallization of the copolymer (PEO block)
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Figure 8. DSC thermograms of 50/50 DGEBA—MDA/PEO—
PPO—PEO blend at various times during reaction at 120 °C.

is first detected after 90 min; the crystallization exo-
therm is followed by a broad melting. The continuing
separation of the copolymer from the growing network
during cure results in an increased mobility of the PEO
blocks, and that, in turn, causes the observed shift of
the onset of crystallization to lower temperature. A
somewhat different result was obtained for blends
containing diblock copolymer. The principal findings can
be surmised from Figure 9, which contains data for the
50/50 DGEBA—MDA/PEO—PPO blend. The T4 broad-
ens, shifts ever so slightly to higher temperature, and
flattens out considerably. Phase separation that was
manifested by the emergence of two distinct Ty's in the
triblock-containing blends (Figure 8) is largely absent
here. Enlarged DSC thermograms of samples cured
between 30 and 120 min show a very broad endothermic
transition between 50 and 100 °C, but one would be
hard pressed to define a single Ty there. The upper
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temperature limit in the DSC thermograms of the
partially cured samples was imposed to avoid the
continuation of chemical reactions. After 180 min of cure
we observe two small exotherms, at low temperature
due to crystallization of PEO and at high temperature
due to additional chemical reactions, but we could not
detect a distinct Ty of the cured network even after
postcure. We therefore conclude that the resulting
morphology on the microscopic (domains of the order of
micrometers) level is best described as a continuous
phase of epoxy network and block copolymer with a
broad glass transition. Of course, this does not imply a
priori the absence of any nanoscopic phase separation
within the DGEBA—MDA-rich phase. Corroborating
evidence for this concept was obtained from DRS and
AFM and is presented below.

DRS of DGEBA—MDA/PEO—PPO—-PEO Blends
during Network Formation. Whether and how the
changes observed by DSC affect dynamics are examined
next. Dielectric loss in the frequency domain at different
temperature for 50/50 DGEBA—MDA/PEO—PPO—PEO
blend prior to the onset of reactions is shown in Figure
10. The a process, associated with combined segmental
molecular motions in the miscible phase of DGEBA,
MDA, and PEO—PPO—-PEQ, is prominent. This relax-
ation is slower than that in the blend without MDA
primarily due to the addition of a higher T4 component
(MDA). We now examine the DRS spectra at various
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intervals during cure. Figure 11 shows dielectric loss
in the frequency domain with reaction time at 120 °C
as a parameter. Note that the measurements were
conducted at —10 °C (Figure 11a) and at —35 °C (Figure
11b). At —10 °C, the a process is initially (0% conver-
sion) centered around 1 kHz. The overall decrease in
the segmental mobility during network formation is
reflected in the shift of the o process to lower frequency,
clearly seen after 20 min of cure. A simultaneous
decrease in the intensity of the a process also reflects
the broadening of the spectrum and the depletion of
more polar dipoles. Further cure causes additional
broadening and flattening of the loss spectrum. Conse-
quently, meaningful fits to HN and KWW functions
were possible only during the early stages of network
formation. For example, the KWW parameter  de-
creases from 0.32 to about 0.25 during the first 15% of
cure. Although this trend is in agreement with the
previously reported results for neat epoxy networks,23.26
the KWW g parameters at comparable degrees of cross-
linking are higher in neat epoxies than in the blends
with triblock copolymer, suggesting a broader distribu-
tion of domains in the latter group. The effect of phase
separation is evident in the loss spectrum taken at 60
min; the a process associated with the curing network
shifts below 0.1 Hz, and two more processes emerge in
the frequency window of Figure 11. These two processes,
more clearly seen in Figure 11b, are associated (in the
increasing order of frequency) with normal mode relax-
ation in PPO and segmental relaxation in the triblock.
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Figure 12. Dielectric loss of 50/50 DGEBA—MDA/PEO—PPO
blend with reaction time at 150 °C as a parameter, measured
at (a) —10 °C and (b) —56 °C. (All measurements were
performed on the amorphous samples.)

Both peaks shift to higher frequency with further cure
as a result of continuing phase separation. The assign-
ment of the peak at lower frequency to normal mode
relaxations in PPO was further supported by contrast-
ing Figure 11 with the dielectric spectra of neat PPO,
PPO blocks in the triblock, and postcured DGEBA—
MDA/PPO blend: the location of the maximum loss for
normal mode in all these samples is identical. Also, the
frequency location of the maximum loss due to segmen-
tal relaxation in the PEO—PPO—PEO phase of the fully
cured blend is identical to that in the neat triblock (see
trace in Figure 11). Finally, a new low-frequency process
emerges during network formation, with the high-
frequency tail of its loss spectrum becoming clearly
visible (see Figure 11a) after approximately 40 min of
cure. The large magnitude of this new process suggests
that its origin could not be related to the dipole moment
of any single blend component. Considering that the
emergence of this process coincides with the onset of
phase separation, it is likely that its origin lies in the
interfacial (Maxwell—Sillars) polarization.

DRS of DGEBA—-MDA/PEO—-PPO Blends during
Network Formation. Dielectric loss in the frequency
domain of 50/50 DGEBA—MDA/PEO—PPO blend with
reaction time at 150 °C as a parameter is depicted in
Figure 12. Two sets of measurements are shown: at —10
°C (Figure 12a) and at —56 °C (Figure 12b). The
dielectric spectra also reflect the morphological change
during network formation. The o process, which is
initially (0% conversion) centered at 100 kHz at —10
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Figure 13. Optical micrographs of 50/50 DGEBA—MDA/PEO—PPO—PEO blend at various times during cure at 120 °C: (a) 27
min, (b) 52 min, (c) 125 min, and (d) 80/20 DGEBA—MDA/PEO—PPO—PEOQ blend after 35 min.

°C (Figure 12a), shifts to lower frequency and becomes
broader during the first 90 min of cure. Fits to the VFT
function were generated up to approximately 50% cure.
In that interval, the average relaxation time increases
by 2 decades and the dielectric strength decreases by
about 20%. The KWW f parameter remained practically
constant (8 = 0.32) until about 50% conversion (in stark
contrast with the triblock-containing blends), at which
point we obtained the best fit value of g = 0.28. A
constant KWW [ indicates that the distribution of
domains does not appreciably change in this conversion
range. In a recent study of the dynamics of DGEBA—
DETA formulation during cure, it was found that a
KWW g parameter of 0.28 gave the best fit in the
conversion range from 30 to 56%.26 Low-temperature
spectra (Figure 12b) show the emergence (after 90 min)
of a new peak at about 100 Hz at —56 °C. We believe
this peak is associated with the segmental motions
within the diblock-rich phase (corresponding to the low-
Ty phase observed by DSC) for the following reasons.
First, this process is initially absent, and it develops as
the cross-linking progresses. The shoulder located at a
similar frequency at 0 min is due to the * process in
DGEBA, and it disappears during cure. The new process
appears and starts to grow after 90 min at a location
that is almost identical to that of the a process in the
neat diblock at the same temperature. A question may
arise as to the low intensity of this peak and its

apparent resemblance to a j process, but that can be
explained. For example, we compared the low-Ty AC,
for the neat diblock and the postcured blend (normalized
by the diblock content) and found that AC, was only /3
that of the neat diblock. A plausible explanation is that
only a part of the diblock resides in the low-T4 phase,
which would account for the low intensity of the new
peak. Furthermore, at —56 °C, some PEO segments
have crystallized, and the low peak intensity reflects
both a decrease in the amount of the amorphous phase
and an increase in the constraints introduced by the
crystalline phase. Supporting evidence was obtained for
DRS and DSC measurements of quenched and slowly
cooled postcured blends, which were designed to amplify
the effect of crystallization. Indeed, the intensity of this
new peak was found to decrease due to crystallization.
And finally, the temperature dependence of this new
relaxation was typical of an o, not a 3, process. On the
basis of these observations, we conclude that this new
emerging peak is due to the a process associated with
segmental relaxations in the low-Ty phase.
Morphology of DGEBA—-MDA/PEO—-PPO—-PEO
Blends during Network Formation. Morphological
developments during cure were studied by optical
microscopy (OM) and atomic force microscopy (AFM)
and are described next. To avoid any possible confusion,
we stress that the terms microscopic and nanoscopic are
used here to describe the presence of domains of the
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order of micrometers and nanometers, respectively. The
triblock-containing blend is initially homogeneous and
transparent under OM. Gradually, however, microscopic
phase separation sets in and the blend turns opaque.
The gradual change in the morphology during network
formation in 50/50 DGEBA—-MDA/PEO—PPO—-PEO
blend is described in the optical micrographs of Figure
13. After approximately 27 min at 120 °C we observe
the sudden emergence of a number of small, roughly
spherical entities throughout the mixture (Figure 13a).
They typically grow in size, and some collide and
collapse to form larger entities (Figure 13b). Postcured
samples are characterized by the presence of “islands”
(Figure 13c). Interestingly, the morphological pattern
observed during network formation is a function of blend
composition. For example, 80/20 DGEBA—MDA/PEO—
PPO—PEO blend, rich in the network-forming compo-
nent, is characterized by the sudden appearance of
almost perfectly spherical entities that change little in
shape and number with further cure (Figure 13). Viewed
under the optical microscope, the formation of this
morphology (Figure 13d) appears to occur by nucleation
and growth, and the spherical occlusions seem to
contain the block copolymer. Further attempts to study
the mechanism of phase separation by OM were not
made in this study but are currently underway in our
laboratories. The results of AFM investigation were
most revealing in that they confirmed the existence of
phase separation on a smaller scale as well. Figure 14a
shows a higher magnification image of the morphology
of a fully cured 50/50 DGEBA—MDA/PEO—-PPO—-PEO
blend, which was taken in the area between inclusions
shown in Figure 13d. Morphological features of greatly
varying size (some of the order of hundreds of nanom-
eters) and shape are observed. We shall defer the
interpretation of the origin of these nanoscopic regions
until the end of next section.

Morphology of DGEBA—-MDA/PEO—-PPO Blends
during Network Formation. In comparison to the
above-described findings, there was one major difference
in the morphology of diblock-containing blends during
cure. Viewed under OM, these blends remain transpar-
ent throughout cure, suggesting the absence of micro-
scopic phase separation. But the AFM micrographs of
fully cured DGEBA—MDA/PEO—PPO blends show nano-
scopic phase separation for various compositions (80/
20, Figure 14b; 50/50, Figure 14c). The size, shape, and
uniformity of the nanoscopic features (see Figure 14b,c)
are distinctly different from those observed in the
triblock-containing blends (see Figure 14a). The average
size in the diblock-containing blends is of the order of
10—30 nm. The shape is very regular and uniform,
particularly in the 80/20 blend (Figure 14b) where the
characteristic features appear predominantly circular
(spherical in 3-D). The emerging three-phase pattern,
characterized by features of the order of 10—30 nm,
resemble the TEM micrograph obtained by Hillmyer.13
Therefore, it seems reasonable to conclude that the
resulting morphology can be described with some con-
fidence, while recognizing that much remains to be
learned about the origin and formation of each nano-
phase. A conceptual view of how an ordered nanoscopic
morphology forms in our systems is offered in the
schematic of the gradual development of an organized
nanostructure during network formation, shown in
Figure 15A—E (clockwise). Let us assume that the blend
contains a block copolymer and that each block is
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Figure 14. AFM image of fully cured (a) 80/20 DGEBA—
MDA/PEO—PPO—PEO blend, (b) 80/20 DGEBA—MDA/PEO—
PPO blend, and (c) 50/50 DGEBA—MDA/PEO—PPO blend.

represented by a different color, red and green. Specif-
ically, assume that PEO—PPO block copolymer is used
and that red and green are the colors of PEO and PPO
segments, respectively. Reactive groups in the network-
forming formulation (say, DGEBA—MDA) are repre-
sented by circles (epoxy) and squares (amine hydrogens).
Figure 15A represents the instantaneous state upon
mixing. Subsequently, the PPO (green) blocks self-
assemble into nanoscopic entities dispersed in the misci-
ble phase composed of PEO (red) and the epoxy—amine
formulation (a negative Flory—Huggins parameter y has
been reported). This is represented by Figure 15B.
Whether the inner core is composed entirely of PPO and
to what extent the PPO blocks self-assemble as envi-
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Figure 15. Schematic of the development of nanoscopic morphology in our systems.

sioned in Figure 15B is not completely clear. Nonethe-
less, network formation gathers speed in the postas-
sembly stage and continues as shown in Figure 15B,C.
During some “critical” stage of cure, however, PEO (red)
separates out (gradually), and that gives rise to the mor-
phology shown in Figure 15D. The surrounding nano-
phase (middle layer) is likely to contain PEO mixed with
some partially cured DGEBA—MDA network. The outer
area (third nanoscopic phase) is composed primarily of
the DGEBA—MDA network. Ideally, a larger section of
that sample should have a well-defined nanoscopic
morphology, schematically shown in Figure 15E.

For the end, we reserve a comment regarding the
challenging task of describing the formation of nano-
structured morphology in thermoset network/block co-
polymer blends by computational modeling. The work
performed in this study was predominantly experimen-
tal with some phenomenological analysis of the DRS
data, and it is clear that understanding and analysis of
nanostructure evolution in these complex systems, its
dependence on material parameters, and its response
to electrical, mechanical, and thermal stresses require
guantitative modeling based on sound physical prin-
ciples. Computational modeling of materials and pro-
cesses poses a grand challenge in systems that exhibit

nonlinear, nonequilibrium, collective dynamics coupling
macromolecular degrees of freedom to transport of
momentum, to externally applied fields, and to chemical
reactions. A hierarchical multiscale organization of local
order parameters emerges in both space and time, as
evidenced by the emergence of both micro- and nano-
phase separated, strongly segregated domains. This
precludes reliance on simplified models invoking equi-
librium or steady-state conditions, Landau—Ginzburg
expansions in small-order parameters and their first
derivatives, and Newtonian constitutive relations. A
computational model faithfully representing the entire
gamut of the physics underlying the complex dynamics
in our experimental systems does not exist at present,
and its development is highly desirable.

Summary and Conclusions

An investigation of the morphological changes in
thermoset network/copolymer blends during the ad-
vancement of chemical reactions has shown that the
formation of nanostructural organization in these com-
plex systems is feasible. In the blends containing
triblock copolymers we observed phase separation dur-
ing network formation on both the microscopic and
nanoscopic scale. In the diblock-containing blends,
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however, only nanoscopic phase separation was de-
tected. The shape and the size of these nanoscopic
features were a function of blend morphology. In fully
cured 80/20 DGEBA—MDA/PEO—PPO blend, for ex-
ample, a three-phase morphology was found, reminis-
cent of the TEM image observed by Hillmyer.13 The
likely scenario for the development of nanoscopic mor-
phology starts with the self-assembly of one block of the
amphiphilic copolymer and proceeds with a gradual
separation of the other block from the growing network.
An important consideration is how nanoscopic and
macroscopic phase separation are affected by the pres-
ence and/or absence of entanglements in the triblock
copolymer.

The demonstrated ability of DRS to track the changes
in dipole dynamics during the various morphological
developments in these complex systems is noteworthy.
In general, we were able to observe the slowing down
and broadening of the o process due to segmental
molecular motions in the growing network, the emer-
gence of normal mode relaxation in PPO blocks and
segmental relaxations in PEO—PPO and PEO—PPO—
PEO copolymers, and the appearance of interfacial
polarization. Identification and deconvolution of various
relaxation processes during network formation and
phase separation by DRS appear possible and should
be further explored as means for quantitative monitor-
ing of the development of nanostructured morphology
in complex systems.

In sum, our experimental findings are interesting but
preliminary; a continuing systematic study of process-
ing—morphology—property relationships in these com-
plex systems, experimental and theoretical, is necessary
to develop new principles for creating structures of
controlled length scales that would result in novel
materials with distinct (and unusual) properties. A
systematic investigation is recommended of a series of
network-forming/amphiphilic block copolymer blends
selected on the basis of fundamental considerations that
include, but are not limited to, molecular parameters
(e.g., molecular weight, type and distribution of blocks,
type and functionality of network-forming components),
processing parameters (e.g., cure temperature), inten-
sity and molecular origin of relaxations, types of dipoles
present, and molecular architecture (T4, Tm). Such
investigation should be conducted in concert with
computational modeling.
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