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KINETIC METHOD BY USING CALORIMETRY TO MECHANISM OF
EPOXY-AMINE CURE REACTION
Part VII. Resorcinol diglycidylether—aniline

R. M. Vinnik" and V. A. Roznyatovsky*"

'N. N. Semenov Institute of Chemical Physics, Russian Academy of Sciences, Kosygina str. 4, Moscow 117334, Russia
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A combination of kinetic method and DSC measurements was used to examine the system of resorcinol diglycidylether—aniline.
The purpose of this study is to obtain information about linear polycondensation in epoxy-amine system. The reaction of resorcinol
diglycidylether (RDGE) with aniline falls into the family of epoxy-amine reaction mixtures, within of which the functional groups
varies only. The molar heats and the rate constants for the three pathways were evaluated by nonlinear regression analysis of the
data assuming that reaction mechanism proposed for simple molecular epoxy-amine system such as phenylglycidylether—aniline
would be operative in the reaction between resorcinol diglycidylether and aniline.

A feature of the present reaction system is that it proceed through the structural changes occurred with the heat effect. The loss
of catalytic activity by the molecules of the reaction product was used as indicator for the structure forming in the reaction medium.
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Introduction

Thermochemistry of the reactions of amines with
epoxides is believed to be governed primarily by the
exothermic effect of the reaction of the epoxy ring
opening. Therefore a convenient way to follow these
reactions is by measurements of the rate of the heat
release. In the case of some epoxy-amine reactions
this approach has proved particularly informative [1].
However, a major difficulty in the quantitative treat-
ment of the reactions of amines with epoxides is the
lack of knowledge of their chemical nature, since the
successful application of thermokinetic method to
analytical problem is facilitated by understanding
reaction mechanism involved. Only a careful analysis
of data from various viewpoints can provide useful
indications regarding the molecular mechanism of the
processes. Thus, the first step is to select some kinetic
scheme representing reaction mechanism. The next
important step is a molecular interpretation of the
mechanism of the process at the molecular level.

In reactions involving two large molecules it can
hardly can be expected that every collisions having the
necessary energy will lead to reaction, since there must
inevitably be steric or orientation factors tending to re-
duce the rate. In this case, there must be a factor produc-
ing an enhanced rate. Such a factor may be the complex
formation between the reagents which became stable
and obtains reactivity under action of catalyst. If the re-
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action occurs within the complex, the translations mo-
tions of the reactants are reduced, increasing the proba-
bility of an encounter, and their molecular geometry is
altered to facilitate the chemical transformation by opti-
mally locating functional groups.

According to kinetic analysis the product
(OH-groups) is formed from the reaction between ep-
oxy- and NH-groups via two pathways, with non-cata-
lytic and catalytic. In catalytic reaction all the runs
showed first order behaviour both with respect to
glycidylether units and with respect to the product mol-
ecules [2]. The basic assumption in the proposed cata-
lytic reaction scheme is, in essence, that the reaction
does not proceed through free reacting groups. The
course of the catalytic reaction is formulated as

AE+XSAEX*—P (1)

where AE is the complex between the reagents,
AEX* is the ‘activated’ complex, which gives rise to
the reaction products P.

Because here AE is equivalent to Cy, the initial
number of moles of the reagent in deficiency, occur-
rence of complex AE would lead to a kinetic rate
equation:

dc
Tt"z =k, (C,-C,)C, (2)
In early stages of the process, it was assumed
that the reaction occurs with no interference of the
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catalytic reaction. During this period the reaction
kinetics, which is of first order in both epoxide and
amine, is represented by

R (e (NI <S B €
dt
where C, and Cy are the initial concentrations of NH-
and epoxy-groups in mol L' respectively, C, is the
concentration of the OH-functional groups which are
formed in the course of the reaction.

Epoxy-amine model reactions mixtures provide
the connection between reaction chemistry and product
structure. However, the studies by calorimetry have
largely been restricted to cure reactions. In previous pa-
per [3], we determined kinetic data for simple molecular
epoxy-amine reaction such as phenylglycidylether—ani-
line. In case of this reaction another factor shown to be
important is the exothermic effect due to structural
changes in the reaction medium. In order to explain the
existence another exothermic process apart from exo-
thermic effect of the reaction we proposed the idea of
intermolecular aggregation when interactions between
chains can lead to self-assembly and to phase separa-
tion [4]. Obviously, we need a good probe or indicator
for the structure forming in the reaction medium before
we can begin to analyse similar reactions. Such probe
found was the loss of catalytic activity by the molecules
of the reaction product. We proposed that the loss of the
catalytic activity is directly related to the structure
changes and that it can express itself through rate equa-
tions. It turned out that this sort of behaviour is simply
equivalent to ‘saturation effect’, kinetically speaking.

As it is well-known, epoxy-amine cure reaction
causes a significant increase in the viscosity. It must be
noted that a tremendous amount of work has been dedi-
cated to the correlation of reaction kinetics with the
viscosity of the epoxy-amine reaction system through
diffusion-limited reaction mechanism. However, this
assumption has not so far, been proven experimentally.
The values of the rate constants show that under cho-
sen conditions the epoxy-amine model reaction [2, 3]
takes place at rates that are order of magnitude slower
than curing reaction. Meanwhile, in both epoxy-amine
systems, the molar heat for catalyzed reaction reveals
little or no variation with reaction temperature and ini-
tial reagent concentration. To obtain a unified explana-
tion of these data, it is interesting to analyse the
thermokinetics of one more epoxy-amine system. It is
also evident that for simple molecular epoxy-amine
system such as phenylglycidylether—aniline as well as
the reaction between resorcinol diglycidylether and
m-phenylenediamine alone are not in themselves ade-
quate for determining the mechanism of the epoxy-ring
opening by amine in the solventless reaction medium.
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Fig. 1 Structural formula of the product of the reaction of res-
orcinol diglycidylether—aniline

The reaction of resorcinol diglycidylether (RDGE)
with aniline falls into the family of epoxy-amine reac-
tion mixtures, within of which the functional groups
varies only (Fig. 1). Here the glycidylether unit is the re-
active functional group of epoxide and the functional
groups of amine are NH-groups. The addition of the
amine group onto the epoxy ring results in the formation
of linear polymer.

This reaction can be of some interest from the
following point of view: it offers the possibility of
performing the polycondensation in epoxy-amine
system far above T}, (the glass transition temperature),
whereas the study of the glass-forming reaction
system showed that the reaction was too fast for the
kinetic analysis even at the temperatures lower the
glass transition temperature [2].

Previously [6], assuming the importance of
prereaction binding in a catalyzed process, a kinetic
study of this reaction was carried out in the simplified
form to check the validity of Eq. (2). By measuring the
heat release rate on the reaction time, the rate constant
ker and molar reaction heat ¢ were estimated graphi-
cally from a plot of W/Q; vs. Q; using the equation:

WO = ketCoketOilq 4)

where W, and Q, are the rate of the heat release and the
reaction heat release at time ¢, respectively.

The data were analyzed by plotting the function
Wi Q; vs. Q. The plot is shown in Fig. 2. The fact that
this reaction shows second order rate behaviour is
definite evidence in favour of association mechanism,
where Cj is the initial concentration of the complex in
mol L. It equals the concentration of the deficient
reagent.

The linear portion of the curve was extrapolated
to intercept O, giving the value of g, the molar heat of
the reaction. The slope of the linear portion of the
curve was used to calculate the value of the rate
constant for the reaction, k.. Beyond this region, the
linear relationship did not hold and the values of
Eq. (4) were higher than those expected from the
linear relationship. During this time the reaction rate
was described by the kinetics of the following form:

W, = const—ke( Con)sOt Q)
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Fig. 2 Plot of the function Wy/Q, vs. O, and plot of W, vs. Oy;
the ratio of functional groups amine/epoxy equals 0.67
at 70°C

Because of quantity of the reaction product is de-
termined by conversion the deficient reagent, in Fig. 2
the straight line plot continued up to the complete con-
version of epoxide. In all rate measurements the plot of
W, vs. Oy was straight line. The latter is also illustrated
by Fig. 2.

Interpretation of these data would suggest the
presence of some sort of ‘saturation effect’. By ‘satura-
tion’ condition is meant a situation where the reaction
medium is saturated with OH-groups and newly
formed OH groups leave the reaction region due to the
structure forming. Such a hypothesis has been con-
firmed in agreement with Eq. (5) by plotting W; vs. Q..

In examination of the applicability of Eq. (4) to
the reaction of resorcinol diglycidylether (RDGE) with
aniline, we found that an Eq. (4) was valid starting with
about 15% of conversion. Equations (4) and (5) ignore
the uncatalyzed reaction, which proceed to appreciable
extent at the beginning of the reaction and initiates the
catalytic reaction.

In order to make a more complete description of
the experimental kinetic curves obtained by calorime-
try, we report on the calculation of the whole curve of
the heat realised rate.

Experimental

The reagents were distilled in the argon flow. Kinetic
runs were performed at a various initial concentrations
of the components using 0.25 g samples in sealed alu-
minium pans.

The measurements were carried out using differ-
ential scanning calorimeter DSC-111 (‘Setaram’,
France). In all cases, the differential scanning calo-
rimetry curves were recorded with heating rates of
5°C min". The glass transition temperature was esti-
mated as an intersection of the baseline and the rising
part of the baseline shift. First-order transition tem-
peratures were reported as the maxima at their endo-
thermic peaks.
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Kinetic measurements were carried out by varying
the reagent concentration. The data were treated as pre-
viously described [3, 5]. The initial experimental points
were obtained by the extrapolation to zero time. Within
a given experiment mean deviation of the calculated
from the observed kinetic curves was about 1.5%.

Assuming that reaction mechanism proposed for
simple molecular epoxy-amine system such as
phenylglycidylether—aniline would be operative in
the reaction between resorcinol diglycidylether and
aniline, the raw of the heat release rate which must be
given by the Eq. (6).

W= Qmollkefl [E] [A] + Qmoleeﬂ[AE] [P_Psat] +

+ QmolSkef}[(P_P Sat) _Pinactive] [P_Psat] (6)

In this equation, AE is the current concentration
of the stable complexes formed by the reagents,
amine (A) and epoxide (E), in mol L™'. W is the heat re-
lease rate, the reagent concentrations are represented in
terms of the concentration of functional groups. QOme
and O, are the molar heats of the epoxy-ring opening
for uncatalyzed reaction and catalyzed reactions re-
spectively; k.p is a rate constant for uncatalyzed reac-
tion; k.p is (observed) effective rate constant for the re-
action catalyzed by OH-groups formed in the reaction.
The later term represents the heat of the structure form-
ing process. For this process, Qo3 and ks are the mo-
lar heat and a rate constant, respectively. Pijactive 1S the
concentration of OH-groups which takes part in the
process of structure forming. The onset of this process
corresponds to the concentration of the reaction prod-
uct denoted as P**.

Results and discussion

Typical examples of the experimental curves obtained
for the reaction of resorcinol diglycidylether with ani-
line are shown in Fig. 3. The agreement between the
values of the experimental curve of the heat release rate
and those calculated from Eq. (6) is illustrated in the
same Fig. 3. The latter replies the validity of the raw of
the heat release rate (6) in reaction medium under the
chosen conditions. As is apparent from Fig. 3, with in-
creasing amine content, reaction rate increases. This fea-
ture of the epoxy-amine reaction systems is common for
epoxy-amine systems considered previously [2, 5].

The data indicates that the heat involved in the
cause of the reaction is consistent with 100% conver-
sion. The completion of the reaction described here is
entirely accounted for by the prereaction binding of the
reagents. It is quite possible that the reaction consid-
ered here concerns the high cyclization tendency. Re-
cently, the high cyclization tendency in polycondensa-
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Fig. 3 Experimental rate curves on the reaction time with vari-
ous of functional groups amine/epoxy at 70°C

tion processes has been reported as a feature poly-
condensation under kinetic control [7].

Quantitative evaluation of the molar heats Qp1,
Omoiz, Omoiz and the rate constants for the three
pathways kef;, kep, ker; Obtained at different reagent
ratio were carried out by nonlinear regression analysis
of the data according to the Eq. (6), and the values
were collected in Table 1. The molar heats Qy,0;; and
Omor» are almost independent of reagent ratio as is
observed (Table 1). The values of Qnep are always
less than the values of Q0. Within the frame of the
kinetic model (Eq. (6)), the catalytic reaction differs
from uncatalytic one in that the reagents are bonding
into the stable complexes. Most likely that complex
formation stability is given by the difference between
molar heats Qo and Omon-

As above mentioned, our experiments are not pre-
cise enough to unambiguously determine Qo and keg
depending upon reagent ratio. These values seem
somewhat inconclusive due to the large amount of
scatter in the data. However, as it is seen from Table 1,
the value of ks at least 100-fold smaller than k.p. The
catalytic reaction differs from uncatalytic one in that
the reagents are binding into the stable complexes.

A/E=1.47 sum

Time/min

Fig. 4 The heat release rate on the reaction time in each of the
three pathways, uncatalyzed, autocatalyzed and struc-
ture-forming process

As can be seen in Fig. 3, the experimental curves
are well described by the sum of contributions of
three variables as well as in other epoxy-amine sys-
tems [2, 3, 5]. In Fig. 4, as an example, the typical
curves W are decomposed to show variation of the
heat release rate in each of the three processes by it-
self. One can see that curves W, indicate the presence
of an especially marked induction period. During the
induction period epoxy ring opening occurs with no
catalyse action on the initial rate.

The time dependence of the rate heat evolving in
the third process has also long-continued induction
period to the point denoted as P**" in Eq. (6), where the
rate curve increases rapidly and reaches to the
maximum, then decreases gradually. The values Qo3
and k.p are also given in Table 1. These data indicate
that some of the catalytic activity is lost after the point
denoted as P** in Eq. (6). This point is found to be in
the region of 70% of conversion (Table 1). In the
presence of NH-groups in twofold excess, the process
represented by the curve Wj is not observed. The
same behaviour was observed in the case of the other
epoxy-amine systems [2, 3].

Table 1 Summary of thermokinetic analysis of the reaction between diglycidylether and aniline at 70°C

AE  k/107Lmol st k/10°Lmol' s ky/10° Lmol ™’ s’ Quon/kI mol™"  Open/kI mol™' Opoi/kd mol™*  C*/%
0.48 8.25 5.39 14.9 135 87 16 68.4
0.67 5.74 5.31 143 205 91 25 70.4
0.75 6.73 5.41 10.8 225 86 29 69.3
0.93 8.23 5.66 7.62 190 82 42 71.0
1.09 10.2 6.07 9.06 200 88 39 73.1
1.28 125 7.35 14.2 240 96 28 75.6
1.47 153 8.11 233 235 96 18 772
1.62 11.9 8.54 95.4 245 92 6 89.9
2.11 6.87 10.0 - 365 95 - -
3.16 9.16 12.2 - 315 91 - -
4.07 15.2 11.1 - 185 87 - -
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The additional heat effect presumably reflects
corresponding structural changes in the reaction me-
dium resulting in ‘saturation’ condition due to the in-
compatibility between the polymer molecules entan-
gled in different degrees and low-molecular mass mol-
ecules. Thus additional heat can be related to organisa-
tion of the polymer chains into the entangled structure.
In other words, the entangled polymer is subjected to
microphase separation because polymer—polymer con-
tacts are more favourable than contacts of polymer
with reaction medium [8].

Combining the kinetic results and DSC measure-
ments made on the samples after the complete the reac-
tion, one may receive further confirmation the validity
of the interpretation of the experimental data. Scans
were run as soon as possible after the complete the reac-
tion and also on samples annealed at room temperature.

For a sample cooled into the glassy state, as can
be seen in Fig. 5, the C, curve exhibits a heat capacity
jump due to the glass transition. This sample was ini-
tially rapidly cooled to 0°C in the DSC at cooling
rate 5°C min ' and the temperature was then raised at a
heating rate of 5°C min"'. As might be expected under
these conditions, it is the absence of endothermic peak
in the C, curve. In unaged sample such picture is a fea-
ture of amorphous polymers [9]. As evident from
Fig. 5, the differences between first and second scans
appeared after aging at room temperature for 5 days.
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Fig. 5 DSC heating scan a — after the complete of the reaction
and b — after of aging at room temperature for 5 days;
The ratio of functional groups amine/epoxy equals 1.28

Such endothermic peak is a consequence of the struc-
tural relaxation process during heating run.

Figure 6 shows the first and second heating runs
for sample that had been aged for four months. Two
endothermic transitions are the main features of these
DSC scans. That at the lower temperature is assigned
to a glass transition. It noticed by a strong enthalpy re-
laxation endotherm, while the endotherm at the higher
temperature has the appearance of a melting transition.
The second scan shows that this endothermic effect

J. Therm. Anal. Cal., 83, 2006
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Fig. 6 DSC curves of the sample with the ratio of functional
groups amine/epoxy equalled 0.67; a — the first run of
the sample aged for four months at room temperature
and b — the second run

nearly at 67°C has almost completely disappeared in
the second DSC trace while the endotherm in heat ca-
pacity jump is still present. Before starting second
scan, the sample was kept at room temperature for one
month. The enhanced endothermic peak in heat capac-
ity jump at a temperature immediately above 7, during
the first and second scans indicates that a great degree
of relaxation occurred during annealing. In comparison
with this endothermic peak, the endotherm in the re-
gion of 60—70°C corresponds to the melting of the or-
dered structure that appears with annealing. The latter
indicates that some kind of order is appearing in the
sample after long annealing time.

One can appreciate from Figs 5 and 6 that in con-
trast with the transition of relaxation origin, the second
peak location is the same irrespective of the glass transi-
tion temperature, it almost independent of the reagent
ratio. Since the peak temperature for all mixtures is ob-
served at essentially at the same position independent of
the reagent ratio, this implies that it is possible for the re-
action system to form ordered regions. This is consistent
with our previous studies [3, 5]. We propose that the
endotherm in the region of 60—-70°C reflects that some
kind of order is appearing in the sample after long an-
nealing time. It is well-established the presence of or-
dered regions in amorphous polymers [10, 11]. From the
above, it may be supported that such samples are com-
posed of both crystalline and amorphous components.

Unlike the cross-linked resorcinol diglycidyl-
ether-diamine samples [12], the glass-forming ability
even under fast cooling makes the samples of resor-
cinol diglycidylether—aniline is of interest as a model
in the investigation of the capability of the glass-form-
ing system to exhibit a strong enthalpy relaxation.

If the polymer molecules aggregates or coil up,
would be observed the deviation of the experimental
points from the rate raw Eq. (6), since this equation
takes into account the total concentration of the poly-
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mer molecules. Entanglement of polymer molecules
coiled up in different degrees can be a cause of the loss
of catalytic activity by the polymer molecules. In this
case, most probably those OH-groups assisted reaction
become difficult of access. Thus, the loss of catalytic
activity by the molecules of the reaction product serves
as indicator for the occurrence the process of struc-
ture-forming during the kinetic analysis.

Previous reports [2, 3, 5], studying interaction
epoxy- and NH-groups pointed out the importance of
association between the reagents. The uncatalyzed
pathway is presumed to give rise to a catalytic
reaction in the observed rate of epoxy ring opening. In
the catalyzed reaction, due to the formation of the
stable complexes under action of catalyst, the electron
donating ability of NH-group is further enhanced,
resulting in further decrease in the electrophilicity of
the C undergoing addition.

Thus the epoxy-amine reactions illustrate the
ability of functional groups in solventless system to
realise the catalyzed reaction by the formation of
stable complexes. The latter are assumed to assist the
formation of the reactive intermediates and propagate
the polymerisation process over a long reaction time.

The melting point of the ordered phase is not in-
fluenced by the polymer concentration. Hence, it
seems reasonable to account for the melt-like peak in
the heating scans after long annealing time as the re-
sulting from the short-range ordering of the molecules
relative to each other. For example, annealing studies
performed within the glassy state and at various tem-
peratures for various times revealed that annealed glass
is able to crystallize and the degree of crystallinity in-
creased with increasing annealing time [13].

The linear polycondensation in epoxy-amine sys-
tem, reported herein bears a close similarity to the sim-
ple molecular epoxy-amine system such as phenyl-
glycidylether—aniline [3]. The increasing information
from kinetic picture of the linear polycondensation in
epoxy-amine system may lead to further experiments,
resulting in a better understanding of the mechanism of
structure forming during the epoxy-amine reactions.

Conclusions

By using calorimetry the behaviour of the epoxy-amine
linear polycondensation system has been investigated
explicitly. Resorcinol diglycidylether was polyconden-
sed with aniline. Here we used a way of checking the re-
action mechanism contained the comparison of the heat
realised rates determined experimentally with those cal-
culated from the experimental points.

Analysis of the experimental curves was used to
show that the results are consistent with the physical
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model of the reaction outlined in Eq. (6). This model
incorporates both uncatalyzed and autocatalyzed path-
ways as well as includes structural transformation in
the reaction medium. Then additional exothermic ef-
fect during the present reaction was interpreted by con-
sidering this heat effect as a result of the structural
changes in the reaction medium occurring at longer
times of the reaction. At the beginning of the reaction,
only uncatalyzed reaction proceeds to appreciable ex-
tent. The latter is strongly exothermic as compared to
the catalyzed one. Similar thermokinetic behaviour has
been observed with the system of phenylglycidyl-
ether—aniline [3]. The explanation of the differences in
molar heats for the uncatalyzed and catalyzed reactions
lies in the prereaction binding in a catalyzed pathway.

Our results indicate that structure-forming pro-
cesses can be also identified by thermokinetic studies.
The elucidation of the mechanism of the struc-
ture-forming process in epoxy-amine systems, how-
ever, requires further studies.
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