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A conventional SAXS study of ordered phases produced in cured block copolymer
(BCP)/epoxy blends with different concentrations, led to the unexpected observation of
an HPC (hexagonally-packed cylinders) phase for a blend containing a 55:45 volume ratio
of both domains. The BCP was polystyrene (PS, M, = 28 kDa)-b-poly(ethylene oxide) (PEO,
M, = 11 kDa), where PS is the “epoxy-phobic” block and PEO is the “epoxy-philic” block.
The epoxy formulation was based on diglycidylether of bisphenol A (DGEBA) and 4,4'-m
ethylenebis(2,6-diethylaniline) (MDEA). A fully cured blend containing 60 wt% BCP, equiv-
alent to 45% volume fraction of PS in the blend, exhibited an unexpected HPC morphology
as supported by TEM images and SAXS spectra. The same techniques showed that a lamel-
lar (L) phase was generated at low conversions in the same blend. The L to HPC transition
was explained by the diffusion of epoxy-amine species out of the PS-rich phase with the
increase in conversion. Order-order transitions in BCP/epoxy blends previously reported
were explained by the partial phase separation of the miscible block from the epoxy sol-
vent. These transitions go always in the sense of decreasing the interface curvature (e.g.,
from HPC to L). The transition reported in this study goes in the opposite sense (from L
to HPC) and was generated by the change in environment of the immiscible block during
polymerization.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Block copolymer (BCP)/epoxy blends have been the subject of a large number of recent studies where the focus was
placed on the role of the BCP as a processing aid [1,2], as a template for the self-assembly of different type of nanoparticles
[3-5], or as a toughening agent [6-19]. The nanostructuration of the BCP in the epoxy matrix requires an immiscible block,
either initially [20,21] or during polymerization [22,23], and another block that keeps its miscibility up to high or full con-
versions. The latter is a necessary condition to avoid macrophase separation.

The morphology initially generated does not remain frozen but can evolve with conversion. Order-order transitions can
take place by the fact that the reactive solvent becomes less compatible with the miscible block as conversion increases.
Chains of the miscible block can evolve from “wet” brushes swollen by the reactive solvent to partially collapsed “dry”
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brushes. This can produce order-order transitions that decrease the interfacial curvature. Lipic et al. [21] analyzed the
self-assembly of poly(ethylene oxide)-b-poly(ethylene-alt-propylene) (PEO-b-PEP), in an epoxy formulation, where PEO
was the “epoxy-philic” block and PEP the “epoxy-phobic” one. For one particular formulation, they reported the transforma-
tion of a gyroid (G) to a lamellar (L) phase, just prior to gelation; for another formulation they observed a transition from a
cubic packed spherical morphology to a hexagonal phase. These transformations were explained by the decrease of the mis-
cibility of PEO with the epoxy polymer by increasing conversion (the “wet” to “dry” brush concept). In turn, Romeo et al. [24]
analyzed the self-assembly of a polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA), in an epoxy formulation, where
PMMA was the “epoxy-philic” block and PS the “epoxy-phobic” one. Spherical micelles generated at low conversions were
transformed to a cubic packed spherical morphology (S), then to columns of spherical micelles, ending in a hexagonally
packed cylinders (HPC) phase. Again, these transitions were explained by the decrease in the solubility of the PMMA block
with conversion. It was also shown that by a particular selection of the cure cycle these transformations could be reverted. By
increasing temperature at an intermediate conversion, the solubility of PMMA in the epoxy was increased (PMMA exhibits
an upper-critical-solution-temperature in epoxy formulations). This produced a reversion of the HPC phase to columns of
spherical micelles (“dry” brushes became “wet” again by the temperature increase). This morphology was frozen at com-
plete conversion.

However, no attention has been paid to the consequences of the partition of the reactive solvent between both phases.
When phase separation (nanostructuration) takes place, thermodynamics predicts that a fraction of the reactive solvent
enriched in monomers and short oligomers must segregate together with the immiscible block [25-29]. As polymerization
continues in the phase rich in the immiscible block, the largest oligomers are no longer miscible and diffuse out of this phase.
This has two different consequences. The obvious one is the continuous variation of the volume ratio between both phases
that might convey the system to cross the stability limit between different ordered phases. This is analogous to the
order-order transitions observed in solutions of a BCP when adding increasing amounts of a highly selective solvent for
one of the blocks [30]. The second less obvious consequence derives from the fact that the reactive solvent species segregated
with the immiscible block behave as a poor solvent that turns into a no-solvent as polymerization continues in this phase.
Conformation of coils of the immiscible block must gradually change from an initial collapsed state to a more extended theta
state as the reactive solvent species diffuse out of this phase. This might produce an unexpected order-order transition, gen-
erating an ordered phase outside the stability limits corresponding to its volume fraction in the blend. In this study, we
report experimental evidence of such a transition for a particular BCP/epoxy blend.

2. Experimental section
2.1. Materials

The epoxy monomer was based on diglycidylether of bisphenol A (DGEBA), with an epoxy equivalent of 179 g/mol, deter-
mined by chemical titration. The hardener was 4,4’ -methylenebis(2,6-diethylaniline) (MDEA, Aldrich), used in an almost sto-
ichiometric proportion (stoichiometric epoxy/amine ratio equal to 0.974 in equivalents of both monomers). The BCP was a
commercial polystyrene (PS)-b-poly(ethylene oxide) (PEO) (Polymer Source), with M;, (PS) = 28 kDa and M, (PEO) = 11 kDa,
and a polydispersity index, PI=1.11.

2.2. Synthesis and cure of blends

First, DGEBA was blended with the BCP, in proportions giving 40-60 wt% BCP in the final cured material. The dissolution
was performed in a silicon mold adding a small amount of toluene to facilitate the process. Toluene was then removed at
60 °C during several hours until a constant weight was obtained. Then, temperature was increased to 80 °C and MDEA added
with continuous stirring. The polymerization was carried out at 135 °C during 4 h. The nanostructures generated were ana-
lyzed at this stage (partial conversion) and after a thermal treatment at 190 °C for another 4 h under nitrogen (full
conversion).

2.3. Characterization techniques

Near-infrared spectroscopy was used to follow the conversion of epoxy groups during polymerization at 135 °C, deter-
mined by measuring the height of the absorption band of epoxy groups at about 4525 cm~! with respect to the height of
a reference band at about 4615 cm~'. A Nicolet 6700 FTIR device, equipped with a heated transmission cell (HT-32,
Spectra Tech) with glass windows (32 mm diameter, 1.4 mm rubber spacer), and a programmable temperature controller
(Omega, Spectra Tech, DTZG1 8C), was employed.

Transmission Electron Microscopy (TEM) images were recorded at room temperature using a JEOL 100CX device. Thin
sections were obtained employing an LKB ultramicrotome. PS blocks appeared black in the images and therefore no staining
procedure was necessary.
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Small-Angle X-ray Scattering (SAXS) spectra were obtained at the beamline SAXS 1 of the National Laboratory of
Synchrotron Light (LNLS, Campinas, Brazil). The scattering intensity (in arbitrary units) was recorded as a function of the
scattering vector q = (4m/A)sind, where J is the radiation wavelength (1.55 A) and 20 the scattering angle.

3. Results and discussion

Fig. 1 shows the evolution of the conversion of epoxy groups at 135 °C for blends containing 0, 40 and 60 wt% BCP.

The conversions attained after 4 h of cure were close to 0.90 for the neat sample, 0.78 for the blend with 40 wt% BCP and
0.12 for the blend with 60 wt% BCP. The presence of the BCP produced a significant decrease of the polymerization rate, par-
ticularly for the sample containing the largest BCP amount. In blends with BCP, the PS “epoxy-phobic” block is phase sep-
arated at low conversions while the PEO “epoxy-philic” block remains miscible up to very high conversions [31]. The
significant decrease of the reaction rate by the BCP addition can be explained by the dilution effect produced by the large
proportion of miscible PEO blocks as well as by a partial segregation of monomers and short oligomers to the PS-rich phase.

FTIR spectra of the neat sample and of blends containing 40-60 wt% BCP, partially cured during 4 h at 135 °C and
post-cured another 4 h at 190 °C, showed complete disappearance of the characteristic epoxy peak. Under these conditions,
all samples attained full conversion.

The volume fraction of PS (fps) in the blends, may be estimated using mass fractions and densities of every component
(PS = 1.05 g/cm?, amorphous PEO = 1.124 g/cm® and epoxy-amine = 1.12 g/cm?). This leads to fps=0.30 (for 40 wt% BCP),
0.37 (for 50 wt% BCP), 0.45 (for 60 wt% BCP) and 0.73 for the neat BCP. For the fully cured BCP/epoxy blends, we assume that
PEO is present in a blend with the epoxy-amine network and the other phase is neat PS. Therefore, volume fractions of PS
blocks are those estimated above.

A phase diagram of PS-b-PEO block copolymers has been presented and discussed in the literature [32]. For fps = 0.73, an
HPC (hexagonally-packed cylinders) structure composed of PEO cylinders (minority phase) in a PS matrix (majority phase), is
expected. At temperatures below about 50 °C, PEO domains become crystalline. Employing differential scanning calorimetry
(DSC) we verified that the neat BCP showed the melting peak of PEO at 51.5 °C and the glass transition temperature of PS at
about 90 °C (results not shown).

Adding the reactive (epoxy-amine) solvent in amounts comprised between 40 and 60 wt%, had two main effects. In the
first place, PEO crystallization was not observed in any of the samples, as expected [32] and as verified by DSC scans (results
not shown). The second effect was that the PEO/solvent phase became the majority phase, at least in the fully cured mate-
rials. Therefore, an inverted HPC structure (PS cores in a PEO/epoxy matrix) was expected for the blend with 40 wt% BCP,
because fps = 0.30 is slightly less than the stability limit of this phase that, for an AB diblock copolymer, is located at about
fps=0.32 [33,34]. For BCP contents equal to 50 wt% (fps=0.37) and 60 wt% (fps = 0.45), a lamellar (L) morphology was
expected in the fully cured blends.

Fig. 2 shows SAXS spectra of blends containing 40, 50 and 60 wt% BCP, after complete conversion at 190 °C. The progres-
sion of SAXS peaks, q/qo = 1:1/3:1/4:1/7:1/9:4/12:,/13:,/16, corresponds to the presence of an HPC phase for the three blends,
an unexpected result for the two blends with the highest BCP concentrations. For some compositions, specific peaks are not
present in the progression due to the overlapping with minima of the form factor. This is the case of the peak at /4 for the
blend with 40% BCP. The suppression of this peak is expected for feores = fps = 0.274 [35-37], a value that is close to the esti-
mated volume fraction (fps = 0.30).

The intercylinder distance can be calculated as dcy, = 47/(1/3qo) while the distance among rows of cylinders is given by
duex = 27/qo [36,38]. The following values were obtained for blends containing, respectively, 40, 50 and 60 wt% BCP:

conversion

Fig. 1. Conversion of epoxy groups at 135 °C for blends containing 0, 40 and 60 wt% BCP.
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Fig. 2. SAXS spectra of blends containing 40%, 50% and 60% BCP, after complete conversion at 190 °C. Curves were vertically shifted.

dcyr =47.1 nm, 45.1 nm and 44.5 nm; dyex = 40.8 nm, 39.0 nm and 38.5 nm. Characteristic distances decrease slightly when
decreasing the volume fraction of the epoxy-amine network in the blends.

The diameter of the cylinders may be estimated from the volume fraction of PS in the blends, assuming that, at full con-
version, it does not contain any residual epoxy-amine species. It is given by D = (327 fps/v/3)"?/qo [38]. Resulting values for
blends containing, respectively, 40, 50 and 60 wt% BCP, are: D =27.1 nm, 28.8 nm and 31.3 nm.

TEM images were used to corroborate the morphological parameters estimated from SAXS spectra. Fig. 3 shows a TEM
image of the blend with 40 wt% BCP. The black domains correspond to PS, present as cylindrical cores in the HPC structure.
The diameter of PS cores measured in the image is close 27 nm, in agreement with the theoretically estimated value.

Fig. 4 shows a TEM image of the blend containing 60 wt% BCP. The long cylinders are white because in the longitudinal
view the black PS cores are surrounded by the PEO/epoxy matrix. The intercylinder distance estimated from the image is
dcyL =43 nm, in close agreement with the value calculated from the SAXS spectrum.

In order to provide an explanation for the generation of an unexpected HPC morphology in blends with the highest BCP
amounts, we investigated the nanostructuration of the blend containing 60 wt% BCP after the partial cure (4 h at 135 °C
attaining a conversion close to 0.12, according to Fig. 1). Fig. 5 shows a SAXS spectrum of this blend. The peak ratios
q/qo=1:2:3:4:5 (qo is the primary peak), indicate the presence of a lamellar morphology. The interlamellar spacing is
d]_AM = 27T/qO =30.7 nm.

A TEM image of the partially cured blend is shown in Fig. 6. The presence of a lamellar morphology is discernible in the
image, with an interlamellar distance close to the value estimated from the SAXS spectrum.

The blend containing 60 wt% BCP generated a lamellar morphology at low conversions that was transformed into the HPC
morphology observed at complete conversion. This transformation should have occurred before gelation of the epoxy matrix,
expected at about 60% conversion [39]. As full conversion was attained by increasing temperature from 135 °C to 190 °C, it
might be argued that the L to HPC transition could have occurred by the change in the solubility of PEO produced by the
temperature increase. This argument is discarded because PEO exhibits a lower-critical-solution temperature behavior in
the same epoxy formulation, due to the decrease in the fraction of H-bonds by increasing temperature [31]. Therefore, a

Fig. 3. TEM image of the fully cured blend containing 40 wt% BCP. The bar at the left corresponds to 50 nm.
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Fig. 4. TEM image of the fully cured blend containing 60 wt% BCP. The bar at the left corresponds to 20 nm.

temperature increase could only produce an order-order transition associated with a “wet” to a “dry” brush transformation
(e.g., from an HPC to an L phase), that is opposite to the experimental observation.

The L to HPC transformation is depicted in Fig. 7. According to the TEM image of Fig. 6, the thickness (h) of PS layers in the
lamellar structure is about half the interlamellar distance, h ~ 15.4 nm. In the HPC phase, the diameter of PS cores is 31.3 nm.
Therefore, the order-order transition involves a significant coarsening of PS domains and an increase in the interdomain dis-
tance (from 30.7 nm in the L phase at 12% conversion, to 44.5 nm in the HPC phase at full conversion). It is interesting to
observe that the surface per unit volume of PS lamellas (2/h) and cylinders (4/D) is exactly the same (0.13 nm™!), meaning
that the transition brings no penalty for the PEO chains present at the outer surface of cylindrical cores (in terms of surface
insertion).

It is interesting to compare the estimated size of unperturbed PS coils with the dimensions of PS domains. The unper-
turbed end-to-end length of a PS coil is given by Lps = bpsN'/?, where bps = 0.672 is Kuhn's segment length of PS [30], and
N is the number of segments of the PS block. This gives Lps = 11.0 nm. As in the lamellar thickness (h ~ 15.4 nm) must contain
two opposing PS coils together with an unknown fraction of epoxy-amine species, dimensions of PS coils must be signifi-
cantly reduced with respect to the unperturbed coils. This means that PS coils are collapsed as expected in the presence
of a poor solvent/non-solvent. When conversion increases inside the PS-rich lamella, the largest oligomers diffuse out of this
phase and, at full conversion, PS domains are free of epoxy-amine species. As the epoxy-amine species diffuse out of the PS
phase, PS coils can expand gaining conformational entropy. However, the expansion into lamellar domains would produce a
significant reduction of the interfacial area imposing a penalty on the swelling of PEO blocks by the epoxy-amine solvent.
The transformation of lamella into cylinders enables the expansion of PS coils keeping the same interfacial area. This explains
the presence of an unexpected HPC morphology in blends containing a 55:45 volume ratio of both phases.

The diffusion of epoxy-amine species out PS-rich domains in the course of polymerization can also explain the increase in
the intercylinder distance with conversion, reported in the literature for a BCP/epoxy blend assembled into an HPC structure
[21]. This effect was corroborated for the blend with 40 wt% BCP. SAXS spectra obtained at different reaction times at 135 °C
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Fig. 5. SAXS spectrum of the blend containing 60 wt% BCP after the partial cure at 135 °C during 4 h.
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Fig. 6. TEM image of the blend containing 60 wt% BCP after the partial cure at 135 °C during 4 h. The bar at the left corresponds to 50 nm.
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Fig. 7. Description of the L to HPC transformation.
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Fig. 8. SAXS spectra of a blend containing 40 wt % BCP partially cured at different periods of time at 135 °C. Curves were vertically shifted.

are shown in Fig. 8. In the spectrum taken at 3.5 h, the interdomain spacing (27/qo) of the HPC structure was equal to
34.1 nm; it increased to 39.6 nm after 4 h reaction and stabilized at 40.8 nm in the period comprised between 5 and 7 h
and after the post-cure at 190 °C.

4. Conclusions

Order-order transitions in BCP/epoxy blends previously reported in the literature were explained by the partial phase sep-
aration of the miscible block from the epoxy solvent. These transitions go always in the sense of decreasing the interface
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curvature (e.g., from HPC to L). The transition reported in this study goes in the opposite sense (from L to HPC) and was gen-
erated by the change in environment of the immiscible block during polymerization. This is a consequence of the partition of
the reactive solvent between both phases during the initial phase separation process. The reactive solvent behaves as a poor
solvent and turns into a non-solvent as polymerization progresses in the phase rich in the immiscible block. Coils of the
immiscible block are collapsed in the presence of the poor solvent/non-solvent and gradually expand as the largest species
of the reactive solvent diffuse to the other phase. The coil expansion can produce a change from a lamellar to a cylindrical
morphology, enabling to keep the same interfacial area per unit volume. This can generate an HPC morphology outside the
composition range predicted by thermodynamics. Experimental evidence of this L to HPC transition was reported in this
study.
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