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A dispersion of wormlike micelles, empirically found in some block copolymer (BCP)/epoxy
blends, has been reported to produce a significant toughening of epoxy networks. In this
study, a rationale procedure to generate and trap large and locally aligned wormlike
micelles in an epoxy matrix is reported. A BCP/epoxy/hardener blend was selected that
was homogeneous at the polymerization temperature but became nanostructured in the
course of polymerization leading to hexagonally packed cylinders (HPC) domains. When
a similar BCP with a molar mass about three times larger than the first one and with the
same ratio between blocks was used, the nanostructuration into HPC domains was frus-
trated by diffusional limitations of the large cylindrical micelles generated. A morphology
consisting of a dispersion of large and locally aligned wormlike micelles was trapped in the
cross-linked epoxy. The selected BCP was polystyrene (PS)-b-poly(ethylene oxide) (PEO),
with molar masses M =43 kDa or 136 kDa and a mass fraction of PEO close to 25 wt%.
The network precursors were based on diglycidylether of bisphenol A (DGEBA) and 4,
4'-methylenebis(2,6-diethylaniline) (MDEA). Low- and high-molar-mass BCP generated,
respectively, HPC domains and wormlike micelles, as supported by TEM images and SAXS
spectra.
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1. Introduction occurrence of ordered-ordered phase transitions at particu-

lar concentrations [2]. Zheng and colleagues shown that a
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Hillmyeretal. [1,2] first reported the use of block copoly-
mers (BCP) to generate nanostructures in epoxy networks.
The strategy was to self-assemble a BCP in the precursors
of the epoxy network, by selecting one immiscible block
and one miscible block from the beginning of reaction up
to high conversions. In this way, the initially self-assembled
nanostructure could be fixed by the cross-linking reaction.
Keeping miscibility of one of the blocks up to high conver-
sions enabled to avoid macrophase separation of the whole
BCP. However, at high conversions the initially miscible
block can also undergo phase separation leading to the
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similar nanostructuration could result when both blocks
are initially miscible in the thermoset precursors but one
of the blocks becomes phase separated in the course of
polymerization while the other block keeps its miscibility
up to high conversions [3,4]. This process was called reac-
tion-induced microphase separation (RIMPS). While the
nanostructuration via the self-assembly approach is based
on equilibrium thermodynamics of the initial system, for
RIMPS the resulting nanostructures depend on the compet-
itive kinetics between polymerization and phase separa-
tion. This provides RIMPS with a high versatility to convey
the nanostructuration process [4-12].

Regarding the applications of BCP/epoxy blends, focus
has been placed on the role of the BCP as a processing
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aid [13,14], as a template for the self-assembly of different
type of nanoparticles [15-17], and as toughening agents
[18-25]. At low BCP concentrations (<10 wt%), spherical
micelles, wormlike micelles or vesicles are generated in
the epoxy matrix depending on the ratio of epoxy-philic
to epoxy-phobic blocks [18,23,26]. In water solutions the
evolution from spherical micelles — wormlike micelles —
octopi — jellyfish — vesicles, was observed when increas-
ing the length of the hydrophobic block of the BCP with
respect to the hydrophilic one [27]. Wormlike micelles
are convenient morphologies for toughening purposes
[20-23] (the lack of verification of plane-strain conditions
might invalidate some of these results [18]).

Usually, small concentrations of BCP (<5 wt%) are
required for a significant toughening of the cured epoxy.
In the diluted concentration limit, the composition of the
BCP that generates wormlike micelles is difficult to predict
[26], but may be empirically found [23]. A paper by Hermel-
Davidock et al. [28], illustrates the difficulty in predicting
conditions to generate wormlike micelles. They investi-
gated BCP/epoxy formulations where nanostructuration
was produced before polymerization. It was shown that
the nature of a solvent used to homogenize the initial blend
and that was later vaporized, determined the generation of
either spherical or wormlike micelles that were trapped in
the cured material. For one of the blends, wormlike micelles
were generated during polymerization from the evolution
of spherical micelles present in the initial material. Several
papers reported the presence of wormlike micelles in cured
BCP/epoxy blends [20-23,26,29-32]. It is difficult, however,
to extract from these studies general rules enabling to
obtain wormlike micelles in the final material.

The toughening of high-T; (glass transition tempera-
ture) epoxies with BCP is much more complex. In this case,
there is a smaller shear yielding zone ahead of the crack tip
determining the need to increase the BCP concentration to
allow yielding to take place [25]. However, incorporating
large amounts of BCP (>10 wt%) to the epoxy precursors
leads to ordered nanostructures such as body-centered
cubic (BCC), hexagonally-packed cylinders (HPC), gyroid
(G) or lamella (L) [2,33], instead of the desired micelles.

In this article, a rationale procedure to generate and
trap wormlike micelles using a 20 wt% BCP in an epoxy
matrix is reported, employing the versatility of the RIMPS
process. The starting point is a BCP selected in such a
way that both blocks are initially miscible in the epoxy/
hardener solvent and that generates hexagonally packed
cylinder (HPC) domains in the cured material via RIMPS.
The way in which HPC domains are generated in the course
of polymerization was recently analyzed [12]. Phase sepa-
ration starts by the formation of spherical micelles that
evolve through a BCC structure to micellar columns, then
to cylindrical rods that finally form the HPC phase [12].
The driving force of these transformations is the decrease
in the reactive solvent affinity for the epoxy-philic block
with the increase in conversion, mainly due to the decrease
in the entropic contribution to the free energy of mixing
[34]. The aim of this study was placed on trapping the mor-
phology at the stage of cylindrical rods (wormlike
micelles), avoiding their packing into HPC domains. This
should be accomplished by increasing the molar mass of

the BCP keeping the same ratio between blocks. Diffusional
restrictions for the packing of large cylindrical micelles
should avoid the generation of the HPC domains and arrest
the nanostructuration at the level of cylindrical micelles.

The selected BCP to investigate this hypothesis was
polystyrene (PS)-b-poly(ethylene oxide) (PEO), with two
different molar masses M = 43 kDa or 136 kDa and a mass
fraction of PEO close to 25 wt%. The network precursors
were based on diglycidylether of bisphenol A (DGEBA)
and 4,4’-methylenebis(2,6-diethylaniline) (MDEA). In this
system, PEO is the epoxy-philic block and PS is the
epoxy-phobic block that is initially miscible at the poly-
merization temperature (135 °C) but phase separates dur-
ing polymerization [12]. The solubility of PEO in the
reactive solvent decreases with conversion leading to an
evolution of the nanostructures. It is also known that the
solubility of PEO arises from H-bonds formed among ether
groups of PEO and OH groups generated in the epoxy-
amine reaction [4,35,36]. A temperature increase should
decrease its solubility by a decrease in the fraction of
H-bonded ether groups (LCST, lower-critical-solution
temperature behavior). Cured samples were subjected to
a prolonged thermal treatment at 190 °C to investigate a
possible effect of PEO insolubility on the nanostructures
generated at 135 °C.

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, determined by chemical titration. The hardener was
4,4'-methylenebis(2,6-diethylaniline) (MDEA, Aldrich),
used in an almost stoichiometric proportion (stoichiometric
epoxy/amine ratio equal to 0.974 in equivalents of both
monomers). Two commercial polystyrene (PS)-b-poly(eth-
ylene oxide) (PEO) BCP (Polymer Source) were selected.
The low-molar-mass BCP, L-BCP, had a number average
molar mass, M,=43000Da (PS=32,000Da and PEO=
11,000 Da), and a polydispersity index, PI=1.06. The
high-molar-mass BCP, H-BCP, had M, = 136,000 Da (PS =
102,000 Da and PEO = 34,000 Da), and PI = 1.18. Therefore,
H-BCP had about three times the molar mass of L-BCP but
the same fraction of PEO blocks (about 25 wt%). A PEO
homopolymer (M, =13,000Da and PI=1.10, Polymer
Source) was employed to analyze the effect of a prolonged
thermal treatment at 190 °C on its solubility in the epoxy
network.

2.2. Synthesis and cure of blends

First, DGEBA was blended with either PEO, L-BCP or H-
BCP, in proportions giving 20 wt% of modifier 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 80 °C during several
hours until a constant weight was obtained. Then, MDEA
was added with continuous stirring. The polymerization
was carried out at 135 °C during 4 h. The nanostructures
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generated were analyzed at this stage and after a thermal
treatment at 190 °C for another 4 h under nitrogen.

2.3. Characterization techniques

Differential scanning calorimetry (DSC) thermograms
were obtained at a heating rate of 20 °C/min under nitro-
gen flow, using a DSC Perkin-Elmer Pyris 1. Glass transi-
tion temperatures (Tg) were taken at the mid-value of the
change in the specific heat and melting temperatures were
defined at the minimum of the melting peak.

Middle-infrared spectroscopy was used to investigate
the evolution of H-bonds in PEO/epoxy-amine blends
during polymerization at 135 °C as well as the influence
of temperature on the fraction of H-bonds in cured materi-
als. A Nicolet 6700 FTIR device, equipped with a heated
transmission cell (HT-32, Spectra Tech) with NaCl windows
(32 mm diameter), and a programmable temperature con-
troller (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 ultramicro-
tome. PS blocks appeared black in the images and therefore
no staining procedure was necessary.

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 scatter-
ing intensity (in arbitrary units) was recorded as a function
of the scattering vector q = (47m/4)sin0, where /. is the radi-
ation wavelength (1.55 A) and 20 the scattering angle.

3. Results and discussion
3.1. Thermal characterization of the BCP

Both BCP were characterized by DSC to analyze the var-
iation of the melting peak of PEO with its molar mass, a
necessary information for the discussion of results shown
in next section. Fig. 1 shows DSC thermograms for the
BCP of low (L-BCP) and high (H-BCP) molar masses.

The melting point of PEO in L-BCP (M, PEO = 11,000 Da)
is 51.5 °C while in H-BCP (M, PEO = 34,000 Da) it is 65 °C.
The glass transition temperature of the PS blocks is also
present in both thermograms (inset in Fig. 1).

3.2. Influence of temperature on the solubility of PEO in the
cured epoxy network

While the amount of PEO in blends containing 20 wt%
BCP was only 5.9 wt% with respect to the epoxy/amine
network, a blend containing 20 wt% PEO was used to inves-
tigate the effect of temperature on its miscibility with the
cured epoxy network. The evolution of FTIR spectra taken
in situ during polymerization at 135 °C, was followed in
the region of the OH stretching vibration (Fig. 2).

After 40 min reaction, the spectrum exhibited two well-
defined peaks at 3390 cm ™! (assigned to H-bonded OH and
ether groups) and at 3480 cm™' (assigned to H-bonded OH
groups) [4], and a shoulder at about 3580 cm™! (assigned
to isolated OH groups). The generation of OH groups by
the epoxy-amine reaction produced a continuous increase

in the intensity of the band assigned to H-bonded OH groups
as well as a shift to lower wavenumbers. The band assigned
to the interaction of ether groups of PEO with hydroxyls
remained as a clear shoulder after 200 min reaction.

Samples were cured 4 h at 135 °C followed by 4 h at
190 °C. FTIR spectra of the cured blend recorded at various
temperatures are shown in Fig. 3. In the spectrum taken at
190 °C, a significant decrease of the shoulder at 3390 cm™!
was observed together with an increase in the intensity of
a peak assigned to isolated OH groups. This implies that at
190 °C there was a significant decrease of the miscibility of
PEO with the epoxy/amine network. Decreasing tempera-
ture to room temperature produced a continuous increase
in the solubility of PEO as revealed by the evolution of FTIR
spectra. This behavior was totally reversible implying that
the polymer network behaved as a good solvent of PEO at
room temperature and as a poor solvent at 190 °C.

The question whether the epoxy network became a non-
solvent (rather than a poor solvent) at 190 °C was difficult to
answer because samples remained transparent without any
visual evidence of phase segregation at the scale of optical
microscopy. However, a calorimetric study provided an
answer to this question. Fig. 4 shows DSC thermograms of
the sample obtained after the 4 h heating at 190 °C, in first
and second heating scans. In the first scan, a small melting
peak at 57 °Cis present, followed by a broad glass transition
temperature placed at about 80 °C. The small melting peak
lies in the expected temperature range for PEO with
M, = 13,000 Da (as discussed in the previous section melt-
ing peaks for PEO in the BCP were 51.5 °C for M,, = 11,000 Da
and 65 °C for M, = 34,000 Da). However, the fraction of crys-
tallized PEO was significantly small. Taking a value of
205 J/g for the heat of fusion of PEO crystals [37], led to a
2.9 % crystalline fraction of the added PEO. Crystals were
dissolved in the first heating scan and crystallization did
not occur when cooling before performing the second heat-
ing scan. These results may be interpreted as follows. At
190 °C the epoxy/amine network became a non-solvent
for PEO and partial phase separation took place after the
prolonged heating at this temperature. When cooling to
room temperature, phase separated PEO was not
completely re-dissolved and it crystallized. In the first DSC
heating scan PEO crystals were melted and re-dissolved in
the epoxy network. As the sample was immediately cooled
after the first scan, phase separation of PEO did not take
place and no crystallinity was observed in the second scan.
Most of the PEO remained soluble in the epoxy network sig-
nificantly decreasing its glass transition temperature from
150 °C (see next section), to about 80 °C.

The decrease in the solvent quality for the PEO brushes
present in the nanostructured BCP might produce morpho-
logical changes including an order-order phase transition,
as discussed by Lipic et al. [2]. Therefore, a 4 h heating at
190 °C was performed in the cured BCP/epoxy blends to
analyze this possibility.

3.3. Calorimetric characterization of BCP/epoxy networks after
cure

Fig. 5 shows DSC thermograms for the neat matrix after
the cure (4h at 135°C plus 4h at 190°C), and for the
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Fig. 2. Evolution of FTIR spectra in the region of the OH stretching
vibration for a blend containing 20 wt% PEO, taken in situ during
polymerization at 135 °C.

blends containing 20 wt% L-BCP and H-BCP after 4 h at
135 °C and after another 4 h at 190 °C.

Regarding the cured epoxy network, as its glass transi-
tion was close to 150 °C, the polymerization was arrested
by vitrification at 135 °C. Therefore, it was necessary to
post-cure at 190 °C to rich full conversion. Values higher
than 150 °C have been reported for the maximum glass
transition temperature of stoichiometric DGEBA-MDEA
networks (e.g., Ty = 180 °C, defined in the same way [38]).
These higher values of glass transition temperatures were
obtained for practically pure diglycidylether of bisphenol
A used in a strict stoichiometric proportion. This was not
the case for our epoxy monomer, added to the fact that it
was used in a small defect with respect to stoichiometry
as indicated in the Experimental Section. Besides, the use
of a DGEBA containing a significant fraction of OH groups
led to an acceleration of the reaction compared to the slow
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Fig. 3. Evolution of FTIR spectra in the region of the OH stretching
vibration for a cured blend containing 20 wt% PEO, when increasing
temperature from 20°C to 190°C. A reversible transformation was
observed in a cooling step from 190 °C to 20 °C.

kinetics recorded at 135 °C when using practically pure
diglycidylether of bisphenol A [12]. Therefore, it was
possible to cure blends containing 20 wt% BCP to high
conversions after 4 h at 135 °C. No significant changes in
the glass transition temperature of BCP/epoxy blends were
observed before and after the thermal treatment at 190 °C
(Fig. 5). The T, values of the plasticized epoxy networks
were lower than the polymerization temperature so that
vitrification did not play any effect on the reaction at
135°C.

3.4. Generation of HPC domains in BCP/epoxy networks
The selected low-molar-mass PS-b-PEO (L-BCP) was

nanostructured as hexagonally packed cylinder (HPC)
domains after the first stage of polymerization at 135 °C.
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Fig. 5. DSC thermograms for the neat matrix after the cure (4 h at 135 °C
plus 4 h at 190 °C), and for the blends containing 20 wt% L-BCP and H-
BCP, after 4 h at 135°C and after another 4 h at 190 °C (TT = thermal
treatment).

The resulting morphology did not change after the thermal
treatment at 190 °C, meaning that the partial shrinkage of
PEO brushes at high temperatures had no significant effect.
Fig. 6 shows a TEM image of the blend after the thermal
treatment. PS cylinders (in black) are hexagonally packed
in a PEO/epoxy continuous medium (in grey). Disordered
regions alternate with HPC domains. This arises from the
need to balance the mass fraction of BCP in both regions
with the one added to the initial formulation.

Fig. 7 shows SAXS spectra obtained after the cure at
135°C and after the thermal treatment at 190 °C. There
was no change in SAXS spectra after the thermal treatment
evidencing again that the partial shrinkage of PEO coils did
not affect the HPC phase generated at 135 °C.

Two sets of characteristic peaks may be distinguished in
the SAXS spectra of Fig. 7. The first most intense peak
(q100=0.154nm™") and the shoulder at g/qigo=+/3, are
characteristic peaks of the HPC structure. The third peak
overlaps peaks of the HPC structure with the first peak of

Fig. 6. TEM image showing HPC domains generated in the L-BCP/epoxy
blend. The black bar at the left indicates 100 nm.
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Fig. 7. SAXS spectra of the L-BCP/epoxy blend obtained after the cure at
135 °C (upper curve) and after the thermal treatment at 190 °C (lower
curve).

the form factor of cylinders (expected in the sequence
qR =4.98, 8.364, 11.46..., where R is the radius of cylin-
ders) [39]. The two small peaks marked with arrows at
q values of 0.60 nm 'and 0.82 nm~, lie in the expected
sequence for the second and third peaks of the form factor
of cylinders. The diameter of cylinders may be calculated
as D=2 x 8.364/0.60 = 28 nm which is close to the one
estimated from the TEM image. The volume fraction of
cylinders in the HPC structure (fypc) may be calculated
from: fHPC=(TC\/3/2)(R/d1OO)21 where dygo = 27/q100 [39].
This gives fypc = 0.32, a value that doubles the PS volume
fraction added to the initial formulation. The presence of
disordered regions containing a low BCP concentration
balances the overall BCP concentration in the blend with
respect to its initial concentration.

3.5. Generation of wormlike micelles in BCP/epoxy networks

The starting hypothesis was that increasing the molar
mass of the BCP and keeping the same ratio between
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Fig. 8. Wormlike micelles generated in the 20 wt% H-BCP/epoxy blend
after the cure at 135 °C. The black bar at the left indicates 500 nm.

blocks could generate large cylindrical rods that would not
be able to self-assemble into HPC domains due to diffu-
sional limitations. This hypothesis was checked replacing
L-BCP by H-BCP that had a molar mass three times larger
and kept the same ratio of blocks.

Figs. 8 and 9 show, respectively, TEM images of nano-
structures generated after the polymerization stage at
135 °C and after the thermal treatment at 190 °C.

Both TEM images look similar indicating again that the
thermal treatment did not produce any significant modifi-
cation of the nanostructure generated during the cure at
135°C. A large concentration of wormlike micelles was
observed in the whole area of samples. The length of the
observed micelles depends on the angle they formed with
respect to the direction of the cut. Those located in the
plane of the cut exhibit lengths of several microns. The
frustrated formation of HPC domains is evidenced by their
clustering and local alignment as well as by the fact that
there is a partial depletion of micelles in other areas.

In a previous paper [ 12] we followed the evolution of the
nanostructuration of a polystyrene (PS)-b-poly(methyl

Fig. 9. Wormlike micelles generated in the 20 wt% H-BCP/epoxy blend
after the thermal treatment at 190 °C. The black bar at the right indicates
200 nm.
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Fig. 10. Scheme of the generation of locally aligned cylindrical micelles.

methacrylate) (PMMA) BCP in a similar matrix. We showed
that columns of spherical micelles generated cylinders that
packed into HPC domains. For very long cylindrical micelles
as those produced by H-BCP, the last step of this order-
ing process did not take place due to the unfavorable com-
petition between diffusion and polymerization kinetics
(Fig. 10). Therefore, nanostructuration was arrested at the
step of clustering and local alignment of the long cylinders.

In spite of the relatively large size of the wormlike
micelles, nanocomposites were completely transparent.
Possibly, the close value of refractive indices of PS and
the cured epoxy helped to keep transparency [40,41].

SAXS spectra taken before and after the thermal treat-
ment were similar (Fig. 11).

The first and second peaks marked by arrows in the
SAXS spectra are located at g values close to 0.15 nm™~'and
0.25 nm~ . These values are in the expected sequence of
the first and second peaks of the form factor of cylinders.
The diameter of cylinders calculated from the first peak
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Fig. 11. SAXS spectra of the H-BCP/epoxy blend obtained after the cure at

135 °C (upper curve) and after the thermal treatment at 190 °C (lower
curve).
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is D = 66 nm, in agreement with the value estimated from
TEM images. Then, increasing the molar mass of PS blocks
by a factor of 3.2 increased the diameter of cylinders by a
factor 2.4. The difference was that in the first case the
cylinders were self-assembled into HPC domains whereas
in the second case they were present as locally aligned
wormlike micelles.

4. Conclusions

A procedure to generate a large concentration of locally
aligned wormlike micelles in BCP/epoxy blends, was
presented. It is based on selecting a BCP with a ratio of
blocks that generates HPC domains but with a high molar
mass that frustrates the self-assembly of the large cylindri-
cal micelles generated during polymerization due to diffu-
sional restrictions. In this way, a large concentration of
locally aligned wormlike micelles is generated in the cured
blend. The procedure was illustrated using a large molar
mass PS-b-PEO initially dissolved in a DGEBA-MDEA
formulation.
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