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Reaction-induced phase separation in an
epoxy/low molecular weight solvent system
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Blends based on a stoichiometric mixture of diglycidyl ether of bisphenol A (DGEBA) and
2,2'-bis(4-amino-cyclohexyl)methane (ACHM) and cyclohexane as low molecular weight
solvent were studied. The polymerization kinetics data experimentally obtained at different
temperatures (30-60°C) were accurate fitted using a mechanistic model. The effect of the
solvent over the polymerization rate was analyzed. No influence of the presence of the
solvent was found up to 20 wt% of cyclohexane in the sample. The thermodynamic
analysis using Flory-Huggins model allowed determination of the initial miscibility of
binary blends containing DGEBA/cyclohexane and pseudo-binary mixtures of
DGEBA/ACHM/cyclohexane. The presence of ACHM increases the DGEBA/cyclohexane
initial solubility. The reaction-induced phase separation was described using a
conversion-composition transformation phase diagram. It indicates that phase separation
takes place by a nucleation and growth (NG) mechanism. The appropriate selection of
composition of the blend and polymerization conditions led to final materials with a desired
closed cell porous morphology. © 2003 Kluwer Academic Publishers

1. Introduction

Porous polymers have found many useful applications:
foams, membranes, filters, chromatography supports,
etc. Therefore, an important fact to consider in their
preparation, depending on their possible use, is the con-
trol of porosity (open or closed cells, porosity size and
size distribution).

Kiefer et al. [1-3] have successfully developed a new
technology that allowed them to synthesize porous ma-
terials by way of a chemical induced phase separa-
tion process. The control of the morphology requires
a knowledge of the phase diagram, the reaction ki-
netics and thermodynamics of phase separation. As
is well known [4] the competition between polymer-
ization and phase separation leads to a nucleation and
growth or spinodal demixing mechanism. Independent
of the mechanism by which phase separation is pro-
duced, final morphologies depend also on the loca-
tion of the trajectory in the conversion-vs.-composition
transformation diagram. If the modifier volume frac-
tion (¢,) is located in the off-critical region, the final
morphology will consist of a dispersion of solvent-rich
particles in a thermoset-rich matrix or either in a disper-
sion of thermoset-rich particles in a solvent-rich phase.
In a composition region close to the critical point a
variety of morphologies may be developed.

Thus, taking all these points in consideration, the
main objective of this work is to analyze the composi-
tion, thermodynamics and kinetics factors that produce
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a porous morphology during the curing of an epoxy
resin in the presence of a low molecular weight solvent.

2. Experimental

The epoxy resin used was acommercial diglycidyl ether
of bisphenol A (DGEBA, MY 790 Ciba-Geigy). Ithad a
weight per epoxy group, WPE = 177 g mol~! as deter-
mined by acid titration. The amine, 2,2’-bis(4-amino-
cyclohexyl)methane (ACHM, Aldrich), was used as re-
ceived. The selected low molecular weight solvent was
cyclohexane.

Blends containing stoichiometric amounts of diepox-
ide and diamine and variable concentrations of solvent
were prepared according to the following procedure.
The epoxy and the amine were first dissolved at ap-
proximately 40°C. Then, the solvent was added at room
temperature under gentle stirring until a homogeneous
solution was obtained. The solution was transferred
into a glass tube and placed in liquid air to avoid sol-
vent evaporation, following the procedure proposed by
Kieferetal.[1]. After sealing under vacuum, the sample
was allowed to return to room temperature. The blends
were cured in an oil bath kept at constant tempera-
ture (20-60°C) during the time required to reach maxi-
mum conversion. After that, the tubes were opened and
heated at 180°C for 48 h in a vacuum oven, in order to
evaporate the solvent and complete the polymerization
reaction.
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Near-infrared spectroscopy (NIR) was used to fol-
low the polymerization kinetics up to 60°C, measur-
ing the variation of the height of the absorption band
at 4530 cm™! (epoxy group) relative to the height of
the band at 4621 cm™! (phenyl group) [5]. An FTIR
Mattson, Genesis II was employed, provided with a
heated transmission cell with quartz windows and a
programmable temperature controller.

A Shimadzu DSC-50 differential scanning calorime-
ter (DSC) was used at 10°C min~! under nitrogen, to
determine the reaction heat for the initial formulation
in a dynamic scan (A Hp,ax) and its glass transition tem-
perature (7).

Phase separation temperatures and times were deter-
mined by visual inspection of the samples. A neat and
reproducible transition from a clear to a milky state was
taken as the cloud-point.

To obtain gelation times a set of tubes was placed
in an oil bath at constant temperature. The tubes were
extracted at different times and chilled in iced-water
to stop the reaction. Then, tetrahydrofuran (THF) was
added. Gelation was ascribed to the time in which an
incipient insoluble fraction appeared.

Plaques were fractured with a razor blade at room
temperature coated with a fine gold layer and observed
by scanning electron microscopy (SEM) on a Jeol JSM
35 CF device.

3. Results and discussion

3.1. Cure kinetics

The total reaction heat determined by differential scan-
ning calorimetry, was 95.3 kJ/mol for the neat system
and 97.3 kJ/mol for the sample with solvent. These val-
ues were in good agreement with the data reported in
literature for these kind of chemical systems (epoxy-
amine). The glass transition temperature, obtained in a
second scan, was approximately 130°C. No variation of
this value was observed, within the experimental error,
for the samples with solvent. This fact indicates that, if
there is some, only a few traces of cyclohexane remains
in the epoxy matrix after phase separation.

The polymerization kinetics were evaluated using the
mechanistic model proposed by Girard-Reydet et al.
[6]. The epoxy-amine reaction is well known [7-14].
The first step involves the reaction between the primary
amine hydrogen and epoxy. This reaction is followed
by the reaction of the secondary amine generated with
another epoxy group. The reactivities of the primary
and secondary groups may be different. In the case of
aliphatic amines the substitution effect is low and the
ratio of reactivities N = kp/k; could be taken equal to
one [15].

An etherification step may take place depending on
temperature and basicity of the diamine. When aliphatic
amines are used this reaction can be neglected [6, 7,
16-18]. Two mechanisms compete during the poly-
merization reaction. The hydroxyl groups catalyze one
and the other is a noncatalytic mechanism. Considering
those epoxy-amine reaction paths, the following kinet-
ics equations may be written:

de_

” [k} + ki1(OH)le(a; + Na>) ey
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da, ’
- = [k} + k1(OH)]2ea; (2)
d
% = [k| + ki(OH)Je(a; — Nap) ~ (3)
dOH |
— = [k + k1 (OW)le(a) + Naz) (4)

where e is the concentration of epoxy equivalents, a; is
the concentration of primary amine hydrogens, a; is the
concentration of secondary amine hydrogens, and [OH]
is the concentration of hydroxyl groups. In adittion, k;
is the specific rate constant for the catalyzed reaction,
ki is the specific rate constant for the non catalyzed
reaction.

Assuming that x = (ep — e)ley, a = ailey, K| =
kie%, K| = kjep, and defining the relationship between
amine and epoxy concentration, the chemical constants
for a stoichiometric system may be expressed by:

x (1-x],, (OH)o
Fri {K1+K1|:1+ o
Syl Mat “M]]}
#[2(1 — N)a + NaV/?] )
x= ﬁ((l —a)(1=N)+1—-a"?) (6)
da = 2a(l —x){K{ + K1|:1 + (OH)
dr €0
—ﬁ[(l — N)a +61N/2]:|} (7

Conversion vs. time curves were obtained at con-
stant temperature using NIR for formulations with and
without solvent. The chemical rate constants were de-
termined using the experimental results in the range
30-60°C. The theoretical results obtained using the ki-
netic model appear plotted in Fig. 1 together with the
experimental data, and as is shown, accurate fit those
values. The activation energies for the autocatalytic and
non-catalytic mechanism were determined taking into
account an Arrhenius temperature dependence. The
correspondent values of the chemical constant rates
were:

Al = 1.17 x 10® min~!
Al = 1.34 x 10" min™!

E1 = 60.9 kJ/mol ®)
El’ = 128.9kJ/mol (9)

The activation energy for the catalyzed reaction com-
pares reasonably well with values reported in literature
[19-22] for similar systems. The influence of cyclo-
hexane on the epoxy-amine cure kinetics was also an-
alyzed. Fig. 2 shows that there is no appreciable mod-
ification of the polymerization rate in presence of up
to 20 wt% of solvent over the interval of temperatures
studied.

The gelation conversion determined by solubility
in THF at different temperatures (40, 50 and 60°C),
Xgel = 0.57 4= 0.03, agrees well with the theoretical
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Figure 1 Conversion vs. time curves for the epoxy-amine neat system at different polymerization temperatures. The full lines indicate the kinetics
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Figure 2 Conversion vs. time curves for the neat epoxy-amine system and in the presence of 20 wt% of cyclohexane at different curing temperatures

(30°C, 50°C) (open symbols correspond to modified systems).

value calculated for and epoxy-diamine reaction (xge] =
0.57).

3.2. Non reactive system phase diagrams
The phase separation behavior was experimentally
studied. The obtained curves were theoretically ana-
lyzed and the interaction parameter determined using
the Flory-Huggins lattice model. The corresponding ex-
pression for the Gibbs free energy of the system is given
by:

AG/RT = ¢sInd, + ¢u/Z Indpi + xdsdp  (10)
where R is the gas constant, and ¢g and ¢g are the vol-
ume fractions of epoxy and cyclohexane, respectively.

A unit cell is defined with a molar volume V; (refer-
ence volume), selected as the molar volume of the sol-
vent cyclohexane (V;) the smallest species present in
the system (Z = Vg/V;). The cloud point data (CPC)
for DGEBA/cyclohexane binary system are shown in
Fig. 3. The curve also gives the values fitted using the
thermodynamic model with a x (T') relationship given
by the following equation:

X = —0.567 + 683.9/ T (K) (11)

This blend behaves as a typical system with an upper
critical solution temperature (UCST) (i.e., miscibility
increases with temperature) with a x value decreasing
with temperature. The influence of the addition of the
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Figure 3 Cloud-point temperature vs. volumetric fraction of cyclohex-
ane in DGEBA/cyclohexane blends. Full line corresponds to calculated
CPC.
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Figure 4 Cloud-point temperature vs. volumetric fraction of cyclohex-
ane in DGEBA/ACHM/cyclohexane blends before reaction. Full line
corresponds to calculated CPC.

diamine over the phase separation curve was also con-
sidered (see Fig. 4). The full line in Fig. 4 shows the
fitting of the cloud point curve by the model. The cor-
responding value for the interaction parameter results
in:

x = —1.506 +953/T (K) (12)

The presence of the amine actually modifies the bi-
nary phase diagram. ACHM increases the miscibility
of the pair DGEBA/cyclohexane.

3.3. Phase separation during
chemical reaction

Phase separation times obtained by visual inspec-
tion in the 30-50°C interval, were converted to cloud
point conversions employing the kinetics data for
DGEBA/ACHM. It was assumed that the addition of
solvent does not produce any change in the reaction
kinetics as it was shown in Fig. 2. The restriction in
the interval of temperature analyzed was because at
lower temperatures the system is initially phase sep-
arated for blends containing more than 20 wt% of
cyclohexane (as it was shown in Fig. 4), and if the
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polymerization temperature becomes high the increase
in reaction rate makes cloud point conversions difficult
to determine.

The study of the phase separation process was per-
formed taking conversion (x) as an independent vari-
able [23, 24]. In this case the mixture contains two com-
ponents, polymer and solvent, and the thermodynamic
equations could be solved considering the polydisper-
sity of the thermosetting polymer [25-28]. We limited
the analysis to the pre-gel stage where the phase sepa-
ration process takes place.

The molar concentration of generic Ey,, species,
containing m ACHM and n DGEBA molecules, at an
overall conversion x, is given by the Stockmayer dis-
tribution function [29, 30].

Enn = [ACHM]o[4(3m)x" "~ 1(1 — x)>"+?]/
[m!Gm —n+ Dl(n —m + D!] (13)

where [ACHM]o is the initial molar concentration of
diamine in the mixture. The volume fraction of an Ep, 5
species in the mixture, is given by:

¢m,n = Em,an,n = Em,n[m(MACHM/,OACHM)
+ n(MpGesa/PpGEBA)] (14)

Vin.n 1s the molar volume of Ey, , and p; is the density of
the component i in the mixture. Then, the free energy
of mixing per mol of unit cell is:

AG/RT = ¢, 1In ¢,
+ z:E(d)m,n)/zm,n In ¢m,n + X¢s¢2 (15)

where Ziy n = Vinn/ Vi, @2 = X ¢pmn,and x isapseu-
dobinary interaction parameter between cyclohexane
and Ep, , species. The variation of the chemical struc-
ture of starting monomers and oligomers is reflected by
an overall dependence of x with conversion x:

x = —1.506+953/T (K)—0.7595x +0.499x* (16)

The interaction parameter decreases with conversion,
indicating that oligomeric species are more compat-
ible with cyclohexane than the initial blend epoxy-
amine. Similar behavior was observed for an epoxy-
diamine system modified with polyetherimide [31] and
rubber-modified polycyanates [32]. The occurrence of
the phase separation could be explain by considering
the decrease in the entropic contribution, due to the in-
crease in the average molar size of oligomeric species,
over the enthalpic contribution on the free energy of
mixing.

The reaction-induced phase separation may be de-
scribed using conversion-vs.-composition transforma-
tion diagrams at constant temperature. As an example,
cloud point conversion (x¢p) vs. concentration of cyclo-
hexane (¢) curves, at 40 and 50°C, appear plotted in
Fig. 5. The continuous line represents the fitting pro-
vided by a Flory-Huggins model with an interaction
parameter depending on temperature and conversion
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Figure 5 Cloud-point conversion as a function of volumetric fraction of
cyclohexane in a mixture which undergoes polycondensation at different
temperatures: (a) 40°C and (b) 50°C.

(Equation 16). They show that as is typical for an up-
per critical dissolution temperature system, x., shifts
upward with increasing polymerization temperature.

The experimental values obtained in the low content
of cyclohexane zone (where the morphological analy-
sis was developed), accurate fitted the binodal curve.
It indicates that phase separation would take place in
the metastable region by a nucleation and growth (NG)
mechanism.

3.4. Morphologies generated

In order to obtain porous materials, samples containing
between 15 and 25 wt% of cyclohexane (composition
located in the off-critical region of the phase separation
diagram, to the left of ¢ .ri¢.) cured at constant temper-
ature during the period of time necessary to reach max-
imum conversion, were postcured 48 hs under vacuum
at 180°C. Following this treatment, the polymerization
reaction was completed and the solvent evaporated. The
generated morphologies were analyzed using SEM.
Figs 6 and 7 show that the expected closed cell mor-
phology with narrow pore size distribution is attained.
In addition, the influence of solvent concentration and
curing temperature over the average size and concentra-
tion of the dispersed domains was studied. For samples

 onum 1
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Figure 6 SEM micrographs of blends polymerized at 40°C containing
15, 20 and 25 wt% of cyclohexane.

cured at 40°C, an increase in the solvent content leads
to an increment in the mean diameter of the particles
from values close to 1 um to approximately 2.5 um
(Fig. 6). A similar effect is found for a sample with 20
wt% of cyclohexane when polymerization temperature
is increased, a structure with larger diameter particles
is developed as is seen in Fig. 7.

2813



Figure 7 SEM micrograph of a blend containing 20 wt% of cyclohexane
polymerized at 30°C.

4. Conclusions

The reaction-induced phase separation during the cure
of an epoxy-diamine system in presence of a low molec-
ular weight solvent, cyclohexane, was carefully an-
alyzed. The polymerization kinetics were evaluated
using a mechanistic model. An accurate fitting of ex-
perimental values was obtained showing that there is
no influence of the presence of the solvent over the re-
action rate up to 20 wt% of cyclohexane in the initial
blend.

It was observed that the epoxy-solvent system be-
haves as typical upper critical solution temperature
blend with an interaction parameter decreasing with
temperature. It was also found that ACHM modifies
the binary phase diagram increasing the miscibility
of the pair DGEBA/cyclohexane. Phase separation dur-
ing the chemical reaction was investigated and a simple
thermodynamic model was used to predict cloud point
conversion at different temperatures and solvent con-
centrations. It allowed us to conclude that phase separa-
tion takes place by the way of a nucleation and growth
mechanism.

With the help of these studies, the appropriate
selection of polymerization temperature and solvent
concentration permitted us to obtain final materials
with the desired closed cell morphology with nar-
row pore size distribution. Then, this work opens
the possibility of choosing the conditions to generate
materials with different morphologies and associated
properties.
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