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ABSTRACT: Low molar mass poly (phenylene ether)
(LMW-PPE) with phenol-reactive chain ends was used as
modifier of epoxy thermoset. The epoxy monomer was dig-
lycidylether of bisphenol A (DGEBA), and several imida-
zoles were used as initiators of anionic polymerization. The
curing and phase separation processes were investigated by
different techniques: Differential Scanning Calorimetry, Size
Exclusion Chromatography, and Light Transmission mea-
surements. The final morphology of blends was observed by
Environmental Scanning Electron Microscopy and Trans-
mission Electron Microscopy. The epoxy network is ob-
tained by imidazole initiated DGEBA homopolymerization.
Initial LMW-PPE/DGEBA mixtures show an UCST behav-
ior with cloud point temperatures between 40 and 90°C. PPE

phenol end-groups can react with epoxy, leading to a better
interaction between phases. The curing mechanism and
phase separation process are not influenced by the chemical
structure of initiators, except when reactive amine groups
are present. The phase inversion is observed at 30 wt % of
PPE. The mixtures with amine-substituted imidazole
present important differences in the initial miscibility and
curing process interpreted in terms of fast room temperature
amine-epoxy reaction during blending. Final domain size is
affected by this prereaction. © 2004 Wiley Periodicals, Inc. J Appl
Polym Sci 93: 2678–2687, 2004

Key words: poly (phenylene ether); blends; imidazole; ther-
mosets; phase separation.

INTRODUCTION

Thermoset (TS) /thermoplastic (TP) blends are mate-
rials resulting from the mixing of a TP polymer and TS
precursors and the subsequent reaction of the precur-
sors. Usually the initial mixture is homogeneous, but
the molar mass increase of the TS precursors involves
a decrease in the conformational entropy of mixing
and a liquid-liquid phase separation occurs. One of
the advantages of using the reaction-induced phase
separation is the broad variety of morphologies that
can be generated. One important factor controlling the
phase separation process and the generated morphol-
ogy is the initial composition of the blend, in terms of
the mass fraction of TP, �0

TP, according to the critical
composition, �TP ,crit. If �0

TP is lower than �TP, crit, the
final morphology will consist in a dispersion of TP-
rich particles in a TS-rich continuous matrix. For off-
critical compositions, TS-particles are segregated in a
TP-rich continuous phase. But when the TP concen-
tration is near to the critical point, various morpholo-
gies can be observed: bicontinuous structure, double

phase morphology, and ribbonlike structures. Besides
the initial blend composition, the intrinsic miscibility
of the TS precursors and TP polymers involved and
the competition between reaction kinetics and phase
separation rate may influence the phase separation
process.

Diglycidyl ether of bisphenol A (DGEBA) is usually
used as epoxy monomer in TS/TP blends, because it is
a good solvent for many polymers. As curing agent,
different hardeners can be employed; diamines are
the most frequently used.1–6 There are several refer-
ences1–3 in the literature about the influence of epoxy-
amine reaction in phase separation process. Neverthe-
less, the influence of imidazoles or tertiary amines7 as
initiators of chain-growth epoxy homopolymerization
in TS/TP blends has not been studied in depth.

The imidazoles have been shown to be effective
initiators for epoxy homopolymerization and network
formation.8–10 The reaction mechanism is complex. It
is known8,9 that the first step is the epoxy/imidazole
adduct (1 : 1) formation. Then, several processes can
occur: adduct (1 : 2) formation, O-etherification, OH-
etherification, and imidazole regeneration by N-deal-
kylation or Hoffman elimination. Also, imidazoles are
Lewis bases and can catalyze the epoxy-anhydride11

and epoxy-phenol12 reactions. The effect of different
substituted imidazoles and their concentration in the

Correspondence to: J.-P. Pascault (pascault@insa.insa-
lyon.fr).

Journal of Applied Polymer Science, Vol. 93, 2678–2687 (2004)
© 2004 Wiley Periodicals, Inc.



reaction mechanisms have been analyzed.8–12 Several
differences have been observed in adducts formation
depending on the nature and position of the substitu-
ents. The chemical structure of the substituted imida-
zoles does not influence greatly the mechanism of
epoxy homopolymerization,8,11 except when the N-
hydrogen function is reacted9 (1-substitution).

The blending of epoxy TS with high-temperature-
resistant TP, like polyetherimide (PEI)2,3,6,13,14 and
poly(phenylene ether) (PPE),4,15–19 have been widely
studied as a means to toughen epoxy network6,14,15 or
to improve processing of the TP polymer.4 Most of the
studies reported use nonreactive high molar mass TP,
which significantly improve the fracture toughness
only when bicontinuous or inverted structures are
generated. But when the phase separation produces
TP-rich particles dispersed in a continuous TS-rich
matrix, little or no improvement of fracture properties
is obtained, mainly due to the poor adhesion between
phases. For this reason, several works have been de-
veloped for improving adhesion between phases, us-
ing a functionally terminated TP.17–19 The modifier
reactivity can influence the blend behavior and must
be used to control the phase separation process and
the generated morphology.

The aim of this work is to investigate a new epoxy/
PPE blend, using a low molar mass PPE with reactive-
phenol chain ends. Different imidazoles have been
used as initiators of epoxy homopolymerization but
also as catalysts of epoxy-phenol reaction. The influ-
ence of imidazole chemical structure in the curing,
phase separation, and, consequently, in the final blend
morphology has been analyzed.

EXPERIMENTAL

Materials and sample preparation

The studied blend was composed of a classical epoxy
monomer, diglycidyl ether of bisphenol A (DGEBA)
and poly(phenylene ether) (PPE) of very low molar
mass with phenol chain ends, as thermoplastic modi-
fier. Four different imidazoles were used as initiators:
2-methylimidazole (2MI), 2-phenylimidazole (2PI),
2,4-diamine-6-(2�-methyl imidazolyl-1�-ethyl)-S-tri-
azine (2MZ), and 1-cyanoethyl-4-ethyl-2-methylimi-
dazole (2E4). The chemical structures and properties
of these compounds are shown in Figure 1 and Ta-
ble I.

Homogeneous solutions of different amount of PPE
(from 10 wt % to 60 wt %) in epoxy monomer were
prepared using a mechanical stirrer at 185°C, during
45 min for solutions with less than 50 wt % PPE or 90
min for higher PPE contents. Phenol/epoxy equiva-
lent ratio ranges from 0.017 to 0.228. Then, the imida-
zole was added in a 2 or 5 wt % with respect to total
mass. The resultant mixture was stirred during 3 min

at different temperatures depending on PPE content,
at 80°C for 10 and 20 wt % PPE, at 100°C for 30 and 40
wt %, and at 120°C for 50 and 60 wt %. Immediately
after, the homogeneous reactive mixture was im-
mersed into liquid nitrogen to stop any reaction.

Measurements

Cloud points were determined with a light transmis-
sion device,20 a technique that begins to detect parti-
cles when its average diameter is of the order of 0.1
�m. Cloud point temperatures or times were deter-
mined as the onset temperature or time, respectively,
when a decrease in the transmitted light intensity was
recorded.

The total reaction enthalpy (�H) was measured us-
ing a differential scanning calorimeter (DSC, Mettler
TA300; Columbus, OH) in the scanning mode. All
measurements were made in a 30–200°C range with a
heating rate of 10°C/min under argon atmosphere.
This measure was followed by a rapid cooling, and a
second scan was made on the same sample immedi-
ately after at the same heat rate. In this way, the glass
transition temperature (Tg) of the network was ob-
tained.

Size exclusion chromatography (SEC) was used to
determine the epoxy conversion and the PPE soluble
fraction in cured samples. A Waters 410 chromato-
graph with differential refractometry detector (Mil-
ford, MA) was employed. The eluent was tetrahydro-
furane (THF) at a flow rate of 1 mL/min at 20°C.

The disappearance of epoxy monomer DGEBA is
determined by the equation:21

X � 1 � �At

A0
� (1)

where X is the conversion of DGEBA molecules n � 0,
and A0 and At are the height of the DGEBA peak at t
� 0 and at a time t, respectively. Supposing that both
epoxides have equal reactivity, the conversion of ep-
oxy groups, x, is given by the equation:

�1 � X� � �1 � x�2 (2)

Then the epoxy conversion can be calculated by the
following equation:

x � 1 � �At

A0
� 1/2

(3)

LMW-PPE is quite soluble in THF. The PPE soluble
fraction can be easily measured by integration of its
corresponding peak in the different blend solutions.
These results were also checked by mass loss, with
similar results.
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Blend morphologies were examined by environ-
mental scanning electron microscopy (ESEM, Phillips
XL30; Eindhoven, The Netherlands) and transmission
electron microscopy (TEM, JEM-200cX; Eindhoven,
The Netherlands), over samples cured isothermally

(80°C during 1 hr followed by a postcuring at 150°C
during 30 min). With this procedure, reached conver-
sion is comparable to the one obtained by dynamic
DSC scan. Samples were observed by ESEM without
any coating at 0.7–1.0torr of vapor pressure (approxi-

Figure 1 Chemical structures of epoxy monomer (DGEBA), poly(phenylene ether) (PPE), and the different imidazoles (2MI,
2PI, 2MZ, and 2E4).

TABLE I
Main Characteristics of Different Compounds Used

Compound Supplier Molar mass (g/mol) State

DGEBA Vantico, USA 382.6 (n� � 0.15) Liquid
(LY556) (191.3g/eq.epoxy) (Tg � �25°C)

PPE General Electric Plastics, USA 2520 (n� � 21) Amorphous
(PPO857) (1260g/eq.OH) (Tg � 163°C)

2MI Aldrich, USA 82 Solid
2P1 Aldrich 144 Solid
2MZ Anchor Chemical, India 219 Liquid

(CUREZOL 2MZ-AZINE-S)
2E4 Anchor Chemical 151 Liquid

(CUREZOL 2E4-CN)
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mately 5% relative humidity). Phase inverted blends
were immersed in THF before observation to expose
the embedded spherical epoxy particles. Ultrathin sec-
tions of samples for TEM observation were prepared
at room temperature. A contrast existed between
phases when a 80kV accelerating voltage was used.
The measurements of particles’ diameter were carried
out using an image analyzer (Image Pro-Plus version
3.0; Media Cybernetics, Silver Spring, MD).

RESULTS AND DISCUSSION

Initial phase diagram

The miscibility of PPE/DGEBA with and without im-
idazole prior to reaction is shown in Figure 2. The

cloud points were determined by light transmission,
and the vitrification curve was calculated by Fox rela-
tionship.22 The cloud point curves exhibit an upper
critical solution temperature (UCST) behavior, com-
monly observed for polymer-solvent system. Relative
low temperatures, between 80 and 120°C, are required
to obtain homogeneous solutions. The cloud point
temperatures reported in the literature4,15 for high
molar mass PPE/epoxy blends are in the range of
160°C. As expected, the decrease in the PPE molar
mass enhances the miscibility of the system, resulting
in a considerable shift of the cloud point curve to
lower temperatures. The phenol end functionality of
PPE also helps to increase the compatibility with
DGEBA. When 2PI, 2MI, and 2E4 imidazole initiators

Figure 2 Initial phase diagram of LMW-PPE/DGEBA solution (•) and with 5 wt % of different imidazoles: 2MI (�), 2PI (�),
2E4 (XP), and 2MZ (▫). Cloud point curves (O) and calculated vitrification curve (- - -).

Figure 3 Thermograms of DGEBA with 5 wt % of imidazole: a) 2MI, b) 2PI, c) 2E4, and d) 2MZ.
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are added, the obtained cloud point curves are similar
to the DGEBA/LMW-PPE solution itself. Therefore,
the initial blend miscibility is not affected by the pres-
ence of a low quantity of initiators. However, for
samples with 2MZ, the cloud point curve shifts to
higher temperatures. This imidazole has amino
groups, which are able to react rapidly with epoxy,
raising the average molar mass of the precursors and
decreasing the PPE miscibility. The intersection of the
cloud point and vitrification curves is called Bergh-
mans point23 and corresponds to a PPE percentage of
approximately 50 wt %. This value is again lower than
that reported17 for HMW-PPE/DGEBA blends due to
the shift of the cloud point curve to lower tempera-
tures and the decrease of the thermoplastic Tg. As a
result of this intersection point, the phase diagram can
be divided into two regions. At lower PPE content,
phase separation process is achieved. The obtained

materials are heterogeneous with two phases (epoxy-
rich and PPE-rich). The Tg and composition of PPE-
rich phase should be defined by the Berghmans point.
The second region is at higher PPE content. In this
case, the PPE-rich phase vitrification will occur before
phase separation, and solutions obtained out of equi-
librium are homogeneous over the entire temperature
range, which Tgs depend on the composition.

Kinetic measurements

The curing of neat DGEBA with 2 and 5 wt % of the
different imidazoles was analyzed. Figure 3 compares
the thermograms obtained for the same (%wt) initiator
composition. Only one exothermic peak, correspond-
ing to epoxy homopolymerization, was observed.
With 2MI and 2PI, the reaction takes place at similar
temperature, and the peak temperature is about

Figure 4 SEM micrographs of DGEBA/PPE/5 wt % 2E4 with different PPE contents (10–60 wt %).

2682 PROLONGO ET AL.



130°C. For 2E4 and 2MZ, the peak shifts to higher
temperature. This observation can be explained by the
presence of cyano group in 2E4 molecule11 and the
triazine group in 2MZ. The inductive effect, present in
both substituents, probably influences the reactivity of
the pyridine-type nitrogen.

The exothermal peak shifts to lower temperatures
with increasing imidazole concentration for all the
initiators analyzed, showing the enhanced reaction
rate with increasing initiator concentration.

In all cases, the obtained reaction enthalpy is lower
than 100kJ/eq.epoxy, attributed value for complete
epoxy cure, which is only obtained with 1-methylimi-
dazole. This effect has been observed by other au-
thors8,9 and is attributed to the fact that the network
exhibits a lower reaction degree when 2MI and 2PI are
used as initiators. With 2E4 and 2MZ, the reaction
enthalpy is even lower, involving a lower conversion

and therefore, less effectiveness as initiator of N-alkyl
imidazoles. This fact is reflected in the reached Tgs.
When 2MI and 2PI are used as initiators, the Tg of the
cured sample is about 135°C, and this value falls to 110
and 102°C when 2E4 and 2MZ are employed, respec-
tively. In DGEBA/2MZ mixture, the reaction enthalpy
is even lower due to the presence of amine groups.
During this sample preparation, epoxy-amine reaction
can occur, preventing the imidazole regeneration.
Therefore, the measurements only correspond on the
homopolymerization of residual epoxies.

Isothermal cloud point measurements at 120°C were
obtained for samples of DGEBA with different PPE
amounts and 5 wt % of initiator. After phase separa-
tion, samples were immediately immersed into liquid
nitrogen to stop the reaction, and conversion at the
cloud point was measured by SEC. The epoxy conver-
sion is in any case about 0.25–0.30; except for samples

Figure 5 SEM micrographs of DGEBA/PPE/5 wt % 2MZ with different PPE contents (10–60 wt %).
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with 2MZ, for which the phase separation occurs at
lower epoxy conversion. This behavior can be related
to the formation of bonds between the imidazole
amine and epoxy groups, which prevent initiators’
regeneration.

Cured samples

Figures 4 and 5 show scanning electron micrographs
for DGEBA/LMW-PPE blends, cured with 5 wt % of
2E4 and 2MZ, respectively. The average particle diam-
eter is presented in Figure 6 as a function of PPE
content. The morphology observed is similar in both
systems. At low PPE content (� 30 wt %), there are
PPE-rich particles segregated in an epoxy continuous
matrix. Nevertheless, some differences are observed
on the fracture surface. The surface brittleness seems
to be reduced when 2MZ is used compared to the
sample cured with 2E4. As it was pointed out before in
the neat epoxy/imidazole systems, the 2MZ initiator
chemically links to the epoxy precursor, leading to the
lowest final epoxy conversion. Then, its network has
to be more flexible and with higher toughness than the
one obtained with 2E4.

As expected,1,2 the particle size of the segregated
phase increases with the PPE amount (Fig. 6) and
tends to infinity at the PPE critical composition, where
a bi-continuous morphology should be obtained.
Above 30 wt % PPE content, the phase inversion oc-
curs and the blends are constituted by PPE-rich matrix
with segregated epoxy-rich particles. This change is
emphasized by the different surface topology ob-
served. As long as the PPE content moves away from
the critical composition, a decrease on the diameter of
the epoxy-rich particles is observed.

Using a thermodynamic model1 based on the Flory–
Huggins–Staverman approach, the critical composi-
tion of the blend (before reaction), �TP, crit, can be
calculated with the molar mass of the polymeric com-
ponents. The obtained value for our DGEBA/PPE
blend, expressed as a thermoplastic mass fraction, is
30 wt %. Therefore, good agreement is found with the
experimental results.

Transmission electron micrographs for DGEBA/
PPE/5 wt % 2E4 system are shown in Figure 7. Ac-
cording to theoretical predictions and SEM images,
the inversion phase appears at 30 wt % PPE. At this
PPE percentage, a complex structure can be seen with
small epoxy nodules in a PPE-rich matrix and some
large epoxy domains of the order to 30�m containing
PPE subinclusions. This morphology is typical of a
blend composition close to the critical composi-
tion.24,25

The segregated PPE particles observed below the
critical composition present quite different aspect if
they are compared with HMW-PPE/DGEBA-diamine
blends morphology.4,16 PPE-rich phases clearly show
substructures inside, meaning the phenol chain ends
of the thermoplastic can react with unreacted epoxy
groups, enhancing the chemical linkage between
phases. In comparison with reported nonreactive
PPE/epoxy systems, the phenol-epoxy reaction gives
rise to an improved interfacial bonding. The formation
of this “copolymer” will most probably also work as a
compatibilizer and, therefore, will somewhat reduce
the final epoxy particle size in the blend.

Analysis by SEC of soluble fraction in cured sam-
ples will give information about nonreacted DGEBA
and also about PPE soluble fraction. The idea was to
confirm the reaction between LMW-PPE and epoxy

Figure 6 Average particle diameter and dispersion (in �m) as a function of the blend composition for samples DGEBA/PPE
with 2E4 (�) and 2MZ (•) as initiators.
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network. Figure 8 shows the obtained results for
DGEBA/PPE/5 wt % imidazole blends. Both PPE sol-
uble fraction and epoxy conversion are presented as
functions of thermoplastic content. PPE soluble frac-
tion increases continuously. Below the critical compo-
sition, PPE soluble fraction is very low, but the behav-
ior changes at and above 30 wt %, where it increases
very rapidly. This behavior does not seem to be af-
fected by the imidazole structure. The nonsoluble PPE
fraction can be caused only by the reaction between
phenol groups and epoxy, attaching at the network.

These results agree with the observed morphology of
blends, where the segregated PPE-rich phase pre-
sented substructures inside. The PPE percentage re-
acted with epoxy network is compiled in Table II. At
low PPE content, more than 95% of PPE molecules
react with epoxy matrix. When phase inversion oc-
curs, part of PPE reacts with epoxy groups, but there
are thermoplastic chains not attached to the network.
In Figure 9, Tg of PPE-rich phase is shown for the
different blends. No great differences are observed,
after and before critical composition. The Tg for the

Figure 7 TEM micrographs of DGEBA/PPE/5 wt % 2E4 with different PPE content (10–30 wt %).
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blend obtained by epoxy homopolymerization initi-
ated by 2E4 is at all times higher than that observed
for samples where 2MZ was used as initiator. Since no
significant changes were observed on the PPE amount
attached to the epoxy (Table II), this fact means that
the thermoplastic-rich phase is plasticized by unre-
acted monomers when 2MZ is used as initiator.

Figure 8 also shows the reached epoxy conversion
versus composition, taken from the soluble DGEBA
fraction by SEC. Samples with 2E4 initiator always
reach higher conversion than samples with 2MZ, in
agreement with DSC results over neat epoxy/imida-
zole systems. The observation of the reached conver-
sion joined with the Tg of the PPE-rich phase permits
explanation of the different domain sizes observed in
Figure 6. Lower conversion implies a lower viscosity
and a lower crosslinking density, allowing better dif-
fusion of DGEBA nonreacted species, which is the case
of 2MZ compared to 2E4 initiator. Below the critical
composition, PPE segregates in higher domain sizes

for 2MZ because the fraction of residual monomer on
the PPE-rich phase is higher, according to the plasti-
cizing effect observed on the measured Tg. Above the
critical composition, the higher solubility of DGEBA in
the PPE-rich phase leads to lower domain size of
epoxy-rich phase when 2MZ is used as initiator.

CONCLUSION

Blend of low molar mass PPE and DGEBA were stud-
ied, exhibiting a typical upper critical solution temper-
ature (UCST) behavior. The low molar mass and phe-
nol chain ends of PPE enhance the miscibility, leading
to critical temperatures far below those reported for
PPE/DGEBA blends. The initial phase diagram is not
affected by the addition of a low imidazole concentra-
tion, except when amine groups are present. They
produce an increase of cloud point temperatures, due
to the reaction with epoxy precursor.

The 1-substituted alkyl-imidazoles, 2MI and 2MZ, if
used as epoxy homopolymerization initiators, are less
effective than 1-unsubstituted imidazoles. If amine re-
active groups are present on the substituent, the reac-
tion with DGEBA prevents catalyst regeneration lead-
ing to even lower conversions.

In DGEBA/PPE blends crosslinked by imidazole
anionic polymerization, phase separation occurs at
about 30% conversion. Imidazoles are also able to
catalyze the reaction between phenol chain-ends of the
PPE with the epoxy groups, allowing the formation of
chemical links between the thermoplastic and the ep-
oxy network. Most of the PPE is attached to the epoxy
network only when the thermoplastic concentration is
below the critical composition. Above the critical com-
position the fraction of nonreacted PPE chains in-
creases rapidly.

Figure 8 PPE soluble fraction and reached epoxy conversion in function of PPE content for cured samples with 5 wt % 2E4
(▫) and 2MZ (•).

TABLE II
PPE Percentage Attached to Epoxy Network with Respect
to the Total Mass (XPPE) and with Respect to Added PPE

Amount (xPPE), for DGEBA/PPE with 5 wt %
of 2E4 and 2MZ

%PPE

2E4 2MZ

XPPE xPPE XPPE xPPE

10 9.6 96 9.8 98
20 19.0 95 19.2 96
30 28.8 96 29.1 97
40 36.4 91 35.6 89
50 39.5 79 43.0 86
60 40.8 68 42.0 70
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The analysis of the final blend morphology reveals
domains of about 1�m diameter dispersed in a con-
tinuous matrix. Phase inversion appears at thermo-
plastic concentrations about 30 wt %, independent of
catalyst employed. Above critical composition epoxy
nodules are dispersed into the continuous PPE-rich
phase. Below critical composition the phase dispersed
is mainly PPE. Analysis by TEM microscopy along
with the study of the PPE soluble fraction reveals the
chemical link between the thermoplastic and the net-
work. The epoxy conversion at the cloud point is
affected by the reactivity of the initiator used, and
strongly influences the domain size of phase separated
blends. Lower conversion at phase separation leads to
higher PPE-rich and lower epoxy-rich particles below
and above the critical composition, respectively.

The authors wish to thank the Centro de Apoyo Tecnológico
(CAT), Universidad Rey Juan Carlos (Madrid), and the Cen-
tre Commun de Microscopie, Université C. Bernard (Lyon),
for microscopic observations.
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