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ABSTRACT: Mixtures of diglycidylether of bisphenol A
(DGEBA) with 1,3-benzodioxolane-2-one (CC) or 4-phenoxy-
methyl-1,3-dioxolane-2-one (PGEC) were cured in the pres-
ence of lanthanum triflate. FTIR/ATR was used to study
the evolution of carbonate and epoxide groups to follow
the reactive processes that take place during curing. DSC
was applied to study the thermal characteristics of the cur-
ing process and to determine the glass-transition tempera-
tures of the cured materials. The kinetics of the curing was
studied isothermally by means of FTIR and the kinetic

model was selected through the isokinetic relationships.
DSC experiments were used to study the kinetics in noniso-
thermal conditions by means of isoconversional procedures
and the Coats–Redfern and Criado methodologies. By TMA
we could monitor the evolution of the shrinkage during iso-
thermal curing. � 2006 Wiley Periodicals, Inc. J Appl Polym Sci
103: 2875–2884, 2007
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INTRODUCTION

Epoxy resins are among the most important thermo-
setting materials. They have numerous industrial
applications because of their superior properties such
as thermal and chemical stability. However, their use
is sometimes limited because during the curing pro-
cess they shrink by 4–5%. This shrinkage leads to in-
ternal stresses in the material, reduces adhesion to the
substrate, and produces microvoids and microcracks,
which reduce the durability of the material.1

Cyclic carbonates are known as expandable mono-
mers2,3 because the polymers formed have lower den-
sities than the monomers from which they are derived.
Moreover, cyclic carbonates react with oxiranes in the
presence of a Lewis acid to give spiroortho carbonates
(SOCs), which can be polymerized by cationic initiators
to yieldpoly(ether-carbonate)s.4,5

In previous works6,7 we studied the chemical incor-
poration of g-butyrolactone (g-BL) into the epoxy net-

work. In these studies we proved that the shrinkage
after gelation, when the stress is originated, was
reduced. Moreover, the curing process was observed
to be faster than in pure epoxy resins.

Rokicki and Nguyen8,9 described that the reaction of
oxirane with five-membered cyclic carbonates using
BF3�OEt2 as initiator led to SOCs, poly(ether-carbonate),
or polyether, depending on the oxirane ring substituent.
They concluded that the incorporation of carbonate
moieties in the material led to an increase in the
strength of the resins and that the gel time and the pot-
life of the epoxide cyclic carbonate compositions may
be controlled by the amount of carbonate and initiator.

In a previous paper10 we reported the curing of mix-
tures of diglycidylether of bisphenol A (DGEBA) or a
cycloaliphatic epoxy resin (ECH) with a cyclic carbon-
ate, 4-methyl-1,3-dioxolane-2-one (PC), using lantha-
nide triflates or BF3�MEA as cationic initiators and
N,N-dimethylaminopyridine (DMAP) as an anionic
initiator with the aim to obtain thermosets with car-
bonate groups in the polymeric chain and a low
shrinkage during curing. However, we observed that
the carbonate did not polymerize but remained in the
network, acting as a plasticizer, lowering the Tg values
of the cured materials. We could observe that PC
accelerated the curing process.

The low boiling point of PC caused its partial evap-
oration during curing, which helped to displace the
equilibrium of the SOC formation towards the initial
products, such as that represented in Scheme 1.
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The present work deals with the copolymerization of
4-phenoxymethyl-1,3-dioxolane-2-one (PGEC) and
1,3-benzodioxolane-2-one (CC), represented in Scheme
2, with DGEBA promoted by lanthanum triflate. In this
case, because the carbonates are solid, the evaporation
problem observed in PC formulations should be pre-
vented. Moreover, the kinetic study of the curing is
interesting to investigate the acceleration produced by
the participation of the carbonates in the formation of
the active initiating species.

Lanthanum triflate was selected as initiator because
it proved to be an excellent Lewis acid initiator, stable
in humid environments,11 and was proved to be able
to cure epoxy resins effectively.

EXPERIMENTAL

Materials

Diglycidylether of bisphenol A (DGEBA) Epikote
Resin 828 from Shell Chemicals (Epoxy Equiv. ¼ 187
g/eq) was used as-received. 4-Phenoxymethyl-1,3-
dioxolane-2-one (PGEC) was prepared according to
the reported method from phenyl glycidyl ether
(PGE) and carbon dioxide.12 1,3-Benzodioxolane-2-
one (CC) was prepared according to the reported
method from cathecol and diphenyl carbonate.13

Lanthanum (III) trifluoromethanesulfonate (Aldrich,

Switzerland) was used as-received. The solvents were
purified by standard methods.

Preparation of the curing mixtures

The mixtures were prepared by mixing lanthanum tri-
flate in the corresponding amount of the selected car-
bonate and adding with stirring the required propor-
tion of DGEBA. All the mixtures contained 1 phr of
lanthanum triflate (one part of initiator per hundred
parts of monomers, w/w). The prepared samples
were kept at �188C before use.

FTIR spectroscopy

The isothermal curing process, between 1008C and
1608C, was monitored with a FTIR Bomem Michelson
MB 100 spectrophotometer with a resolution of 4 cm�1

in the absorbance mode. An attenuated total reflection
accessory with thermal control and diamond crystal
(Golden Gate Heated Single Reflection Diamond ATR,
Specac-Teknokroma) was used to register FTIR spec-
tra. The disappearance of the absorbance peak at 915
cm�1 (epoxy bending) was used to monitor the epoxy
conversion. The peak at 1506 cm�1 (phenyl group)
was chosen as an internal standard. After full cure, the
peaks at 915 cm�1 disappeared completely. Absor-
bances were calculated in terms of peak areas. The
conversion of the epoxy group was determined by the
Lambert–Beer law from the normalized changes of ab-
sorbance at 915 cm�1 as6,14,15

aepoxy ¼ 1� A
t

915

A
0

915

8>>>>:
9>>>>; (1)

where A0 and At are the normalized absorbance of the
reactive group before curing and after reaction time t,
(A0

915 ¼ A0
915/A

0
1506; A

t
915 ¼ At

915/A
t
1506).

Scheme 1

Scheme 2
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After isothermal curing in the FTIR/ATR device, a
dynamic scan by DSC was always carried out to con-
firm that the complete curing was achieved.

Differential scanning calorimetry

Calorimetric studies were carried out on a Mettler
DSC-821e thermal analyzer in covered Al pans under
N2 at 108C/min. The calorimeter was calibrated using
an indium standard (heat flow calibration) and an in-
dium–lead–zinc standard (temperature calibration).
The samples weighed � 5 mg. In the dynamic curing
process the degree of conversion by DSC (aDSC) was
calculated as follows:

aDSC ¼ DHT

DHdyn
(2)

where DHT is the heat released up to a temperature T,
obtained by integration of the calorimetric signal up to
this temperature, and DHdyn is the total reaction heat
associated with the complete conversion of all reactive
groups. The glass-transition temperature (Tg) was cal-
culated after complete curing by means of a second
scan as the temperature of the halfway point of the
jump in the heat capacity when the material changes
from the glassy to the rubbery state.

Thermomechanical analysis

Thermomechanical analysis was carried out in a nitro-
gen atmosphere with a Mettler-Toledo TMA40 ana-
lyzer. The shrinkage (DL ¼ Lt � L0) undergone by the
resin during curing was measured by the application
of a force of 0.01 N. The mixtures, impregnated in a
silanized fiberglass support, were placed between two
Al2O3 discs. Isothermal curing was carried out several
times at temperatures between 1108C and 1508C. The
degree of shrinkage in TMA was calculated as fol-
lows16:

aTMA ¼ Lt � L0
L1 � L0

(3)

where L0, Lt, and L1 are the values of the thickness of
the sample at the onset, at time t, and on the comple-
tion of the reactive process, when the material is fully
cured, respectively.

Kinetic methodology

The kinetics of the reaction is usually described by the
following rate equation:

da
dt

¼ Af ðaÞ exp � E

RT

8>: 9>; (4)

where t is time, A is the pre-exponential factor, E is the
activation energy, T is the absolute temperature, R is
the gas constant, and f(a) is the differential conversion
function.

In general, the kinetic analysis was carried out using
an isoconversional method. The basic assumption of
this method is that the reaction rate at a constant con-
version is only a function of the temperature.17,18

Isothermal methods

By integrating the rate equation in isothermal condi-
tions we obtain:

ln t ¼ ln
gðaÞ
A

� �
þ E

RT
(5)

where g(a) is the integral conversion function, defined
as:

gðaÞ ¼
Z a

0

da
f ðaÞ (6)

According to eq. (5) the activation energy and the
constant ln[g(a)/A] can be obtained, respectively,
from the slope and the intercept of the linear relation-
ship of ln t against T�1 for a ¼ constant.

Nonisothermal methods

By integrating eq. (4) in nonisothermal conditions and
reordering it, the so-called temperature integral can be
expressed as:

gðaÞ ¼
Z a

0

da
f ðaÞ ¼

A

b

Z T

0

e�ðE=RTÞdT (7)

where b is the heating rate.
By using the Coats–Redfern19 approximation to

solve eq. (7), and considering that 2RT/E � 1, the fol-
lowing equation may be expressed as20:

ln
gðaÞ
T2

¼ ln
AR

bE

� �
� E

RT
(8)

For a given model, lineal representation of ln[g(a)/
T2] against T�1 makes it possible to determine E and A
from the slope and the ordinate at the origin.

By reordering eq. (8) we can write:

ln
b
T2

¼ ln
AR

gðaÞE
� �

� E

RT
(9)

The linear representation of ln[b/T2] against T�1

makes it possible to determine E and the kinetic
parameter ln[AR/g(a)E] for every conversion degree.
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This isoconversional procedure is equivalent to Kis-
singer’s method21 and similar to Flynn–Wall22 and
Ozawa’s method.23

The constant ln[AR/g(a)E] is directly related by the
R/E to the constant ln[g(a)/A] of the isothermal
adjustment. Thus, taking the dynamic data ln[AR/
g(a)E] and E from eq. (9) we can determine the isother-
mal parameters of eq. (5) and simulated isothermal
curing without knowing g(a).16,24

If the reaction model, g(a), is known, for each con-
version the corresponding pre-exponential factor can
be calculated for every activation energy. In this

study, we used the reduced master curve procedure
of Criado25 and the Coats–Redfern method, described
elsewhere,24 to assign a reaction model to the system
studied. The kinetic model which had the best linear
correlation in the Coats–Redfern equation [eq. (8)] and
which had an E value similar to that obtained isocon-
versionally (considered to be the effective E value,
because was determined without know the model)
was selected.

Different kinetic models have been tested: diffusion
(D1, D2, D3, and D4), Avrami–Erofeev (A2, A3, and A4),
power law, phase-boundary-controlled reaction (R2

Scheme 3
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and R3), autocatalytic (n þ m ¼ 2 and 3), order n (n ¼ 2
and 3), and random nucleation (F1).

20 We found that
all systems studied follow a kinetic model of the sur-
face-controlled reaction type, R3, with g(a)¼ [1 �
(1 � a)1/3]. The rate constant, k, was calculated with E
and A determined at the conversion of 0.5, using the
Arrhenius equation.

Compensation effect (isokinetic relationship)

For complex processes (parallel reactions, successive
reactions, physical changes, etc.) it is characteristic for
the activation energy and the pre-exponential factor to
depend on the degree of conversion. This generally
reflects the existence of a compensation effect through
the following equation16,24,26–30:

lnAa ¼ aEa þ b ¼ Ea

RT
þ ln

ðda=dtÞa
f ðaÞ

� �
(10)

where a and b are constants and the subscript a repre-
sents the degree of conversion which produces a
change in the Arrhenius parameters.

The slope a¼ 1/RTiso is related to isokinetic temper-
ature Tiso and the intercept b ¼ ln kiso is related to the
isokinetic rate constant. Equation (10) represents an
isokinetic relationship (IKR). The appearance of IKR
shows that only one model is present, whereas the ex-
istence of parameters that do not meet the IKR implies
that there are multiple kinetic models.31,32

Isoconversional methods make it possible to deter-
mine easily the dependence of E on the degree of con-
version in complex processes.

In this study, our aim was to determine the com-
plete kinetic triplet [E, A, and g(a)] in systems with
E ¼ E(a), by using isoconversional kinetic parameters,
the slope and intercept of eqs. (5) and (9), and the IKR,
eq. (10). In isothermal experiments, we selected the ki-
netic model whose IKR has the best linear correlation
between the activation energy and pre-exponential
factor and in which the associated Tiso value was near
the experimental temperature range.

RESULTS ANDDISCUSSION

We studied the cationic curing process of mixtures of
DGEBA epoxy resin with two different five-mem-
bered cyclic carbonates, PGEC and CC (Scheme 2), in
several molar proportions using 1 phr of lanthanum
triflate as initiator.

Scheme 3 shows the individual reactions expected
in the global curing process in cationic copolymeriza-
tion of diglycidylic resins with cyclic carbonates. The
first reaction (1) shows the formation of SOC from
epoxide and cyclic carbonate. This reaction takes place
with shrinkage because Van der Waals distances
between both reactants convert into covalent bonds in

the final product; the second reaction (2) is the poly-
merization of the SOC previously formed; the third (3)
is the homopolymerization of DGEBA that leads to
poly(ether) chains and the fourth (4) is the copolymer-
ization of SOC and DGEBA that leads to a network
containing carbonate and ether structures in propor-
tions which depends on the composition of the initial
mixture. Reactions 2 and 4, in which SOC polymer-
izes, should occur without shrinkage or even with
expansion, because they are expandable monomers.1

For thermodynamic reasons five-membered cyclic car-
bonate cannot homopolymerize33 and thus its use sim-
plify the chemical process. The low epoxy equivalent
of the DGEBA resins used in this work makes negligi-
ble the polymerization initiated by hydroxylic groups
with epoxides, and therefore, it has not been consid-
ered in Scheme 3.

It must be said that, in this type of copolymeriza-
tion, the DGEBA resin acts as a tetrafunctional mono-
mer and carbonate and SOCs act as bifunctional.
Therefore, a higher proportion of DGEBA leads to a
more densely crosslinked network, whereas a higher
proportion of carbonate leads to a longer linear chain
between crosslinks.

Figure 1 shows the FTIR spectra obtained from a
mixture DGEBA/CC 2 : 1 (mol/mol) with 1 phr of
lanthanum triflate before and after curing at 1408C. In
the spectrum of the uncured sample, there is a absorp-
tion band at 1805 cm�1 attributable to the stretching of
the carbonyl group of cyclic carbonate and a band at
915 cm�1 due to the deformation of the epoxy ring. In
the spectrum of the cured sample, the epoxide absorp-
tion cannot be observed, which implies the complete
reaction of epoxides, whereas a new carbonyl absorp-
tion, attributable to linear carbonate groups appears at
1735 cm�1, which implies the polymerization of SOCs
previously formed. We performed the same experi-
ment with a DGEBA/PGEC mixture in the same pro-
portions and we could see the disappearance of the
band at 915 cm�1 of epoxy ring and a remaining car-
bonylic band at 1800 cm�1 corresponding to the cyclic

Figure 1 FTIR spectra of DGEBA/CC 2 : 1 (mol/mol) mix-
ture with 1 phr of La(OTf)3 before and after curing at 1408C.
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carbonate. After curing in the FTIR a dynamic scan
was always made in the DSC up to 2508C to prove
that the curing was complete. In no case residual en-
thalpy was observed. These results indicate that
whereas CC reacts, PGEC does not polymerize and
remain entrapped in the material, similar to the results
we obtained with PC.10 The explanation to the higher
reactivity of CC can be found in the higher electro-
philic character of its carbonylic carbon, which has a
higher d(þ) as is shown in Scheme 4. The aromatic
ring directly attached to the oxygens of the carbonate
group reduces their electronic density and therefore
their electron release effect on the carbonylic carbon.

Figure 2 shows the plot of epoxy groups conversion
against time in the pure DGEBA and DGEBA/cyclic
carbonate 2 : 1 formulations with 1 phr of lanthanum
triflate cured at 1408C in the FTIR/ATR. As we can
see, the evolution of the epoxy group over time
depends on the cyclic carbonate, CC being the fastest.
In these systems the addition of carbonate accelerates
the reaction in comparison with the curing of the pure
resin.

Figures 3 and 4 show the degree of conversion of
the epoxy group plotted against time for both mix-

tures at different temperatures. These experimental
curves (empty symbols) were used to determine the
isoconversional kinetics of both reactive processes. By
applying the eq. (5) at different degree of crosslinking
we obtained the kinetic parameters collected in

Scheme 4

Figure 2 Degree of epoxy conversion versus curing time
obtained by FTIR of three different samples: pure DGEBA,
DGEBA/PGEC 2 : 1 (mol/mol), and DGEBA/CC 2 : 1 (mol/
mol) mixtures with 1 phr of La(OTf)3 at 1408C.

Figure 3 Plot of the experimental and simulated degrees of
epoxy conversion versus curing times for a sample DGEBA/
PGEC 2 : 1 (mol/mol) with 1 phr of lanthanum triflate at dif-
ferent temperatures. Open symbols represent experimental
values, filled symbols (l) represent the isoconversional iso-
thermal data obtained by eq. (5), and continuous line repre-
sents the curves obtained by using the function R3 and the
average isothermal kinetic parameters collected in Table I.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4 Plot of the experimental and simulated degrees of
epoxy conversion versus curing times for a sample DGEBA/
CC 2 : 1 (mol/mol) with 1 phr of lanthanum triflate at differ-
ent temperatures. Open symbols represent experimental val-
ues, filled symbols (l) represent the isoconversional isother-
mal data obtained by eq. (5), and continuous line represents
the curves obtained by using the function R3 and the average
isothermal kinetic parameters collected in Table I. [Color fig-
ure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Table I. In general, the activation energy is higher dur-
ing the first stages of the curing process and then
diminishes slightly. The figures compare the experi-
mental a–t curves with those obtained from the kinetic
parameters (full symbols) given in Table I. As can be
seen, the curves agree with the experimental data and
only little deviations are observed at the beginning
and at the end of the curing.

To determine the kinetic model g(a), which
describes the reactive processes in the curing, we used
the isoconversional parameters and the IKRs. From
the parameters ln[g(a)/A] in Table I we obtained the
pre-exponential factor for the different kinetic models
used (Table II). Then, we looked for the IKR, eq. (10),
for all the models and processes studied. Table III
shows the results and the Tiso values determined from
the slopes of the IKRs. Although some models have
IKR, we considered that for the curing of both mix-
tures the R3 model is the most suitable, because it had
the best regression. In Table I we can see the pre-expo-
nential factors determined for the model R3. Accord-
ing to Vyazovkin and Linert,34 if a Tiso in the experi-

mental range is obtained it is an indication that the ki-
netic model accurately describes the reactive process.
In our case, we obtained Tiso in the experimental cur-
ing range at 121.78C and 142.68C for PGEC and CC
mixtures, respectively. In Figures 3 and 4 we plotted
the a–t curves for the R3 model (continuous line) and
using the average isoconversional kinetic parameters
(E ¼ 87.4 kJ mol�1, ln A ¼ 17.71 s�1; and E ¼ 78 kJ
mol�1, ln A ¼ 15.19 s�1) for PGEC and CC mixtures,
respectively (Table I). It can be observed that the R3

model accurately describes the reactive processes. The
data obtained by this methodology are similar to those
obtained by isoconversional adjustment and to the ex-
perimental values. This indicates that the methodol-
ogy for determining the complete kinetic triplet Ea, ln
A, and g(a) is correct and can be used to study other
reactive systems. Models like R2 or F1 could be
selected but they do not adjust the experimental data
so correctly as R3. Other models with good regressions
(Table III) but with Tiso values that are substantially
different from the experimental temperatures do not
give good results.

TABLE I
Kinetic Parameters of the Isothermal Curing at 1408C of DGEBA/PGEC and DGEBA/CC 2 : 1 (mol/mol)

Formulations with 1 phr of La(TfO)3 Obtained by FTIR

a

Epoxy (DGEBA/PGEC 2 : 1 sample) Epoxy (DGEBA/CC 2 : 1 sample)

Ea

(kJ/mol)
ln[g(a)/A]

(s)
ln A
(s�1)

k1408C�(103)
(s�1) r

Ea

(kJ/mol)
ln[g(a)/A]

(s)
ln A
(s�1)

k1408C�(103)
(s�1) r

0.1 97.6 �24.15 20.78 0.48 0.993 90.3 �22.09 18.72 0.51 0.995
0.2 93.9 �22.32 19.68 0.47 0.998 81.9 �19.01 16.37 0.56 0.998
0.3 91.2 �21.08 18.89 0.47 0.999 78.4 �17.45 15.27 0.52 0.999
0.4 88.7 �19.97 18.11 0.44 0.996 77.0 �16.76 14.90 0.54 1.000
0.5 86.5 �19.01 17.44 0.43 0.998 75.4 �15.98 14.40 0.52 1.000
0.6 85.3 �18.43 17.09 0.43 1.000 74.4 �15.45 14.12 0.53 1.000
0.7 83.0 �17.52 16.42 0.43 1.000 73.7 �15.06 13.95 0.54 1.000
0.8 79.8 �16.31 15.43 0.41 1.000 74.0 �14.92 14.04 0.55 1.000
0.9 80.6 �16.22 15.59 0.38 1.000 77.0 �15.57 14.95 0.57 0.999

TABLE II
Algebraic Expressions for f(a) and g(a) for the Kinetic Models Used

Model f (a) g (a)

A2 2(1 � a)[�ln(1 � a)]1/2 [�ln(1 � a)]1/2

A3 3(1 � a)[�ln(1 � a)]2/3 [�ln(1 � a)]1/3

A3/2 3/2(1 � a)[�ln(1 � a)]1/3 [�ln(1 � a)]2/3

A4 4(1 � a)[�ln(1 � a)]3/4 [�ln(1 � a)]1/4

D1 1/2(1 � a)�1 a2

D2 �ln(1 � a) (1 � a) ln(1 � a) þ a
D3 3/2(1 � a)2/3 [1 � (1 � a)]�1/3 [1 � (1 � a)1/3]2

D4 3/2(1 � a)1/3 [1 � (1 � a)]�1/3 (1 � 2/3a)(1 � a)2/3

F1 (1 � a) �ln(1 � a)
R2 2(1 � a)1/2 [1 � (1 � a)1/2]
R3 3(1 � a)2/3 [1 � (1 � a)1/3]
Power 2a1/2 a1/2

n ¼ 2 (1 � a)2 �1 þ (1 � a)�1

n ¼ 3 (1 � a)3 2�1[ �1 þ (1 � a)�2]
n ¼ 1.5, m ¼ 0.5 a0.5 (1 � a)1.5 [(1 � a)a�1]�0.5 (�0.5)�1

n ¼ 1.5 (1 � a)1.5 [1 � (1 � a)�0.5](0.5)�1

n ¼ 1.9, m ¼ 0.1 a0.1 (1 � a)1.9 [(1 � a)a�1]�0.9 (0.9)�1
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An alternative way to study the curing process is
the nonisothermal curing in the DSC. One of the prob-
lems associated with this method is that the overall
curing generally provides no kinetic information
about the elemental processes. However, these studies
can help to establish the curing conditions which
should be used in the preparation of the cured mate-
rial in isothermal conditions, such as is usual in tech-
nical applications.

To determine the kinetic model from nonisothermal
parameters we used the Coats–Redfern method, eq.
(8), to determine Ea and ln A for the different models.
Table IV shows the results obtained at a heating rate
of 10 K/min for the different formulations tested with
both carbonates. We took R3 as the correct model
because it gave a better adjustment. Some other mod-
els had good regressions but we did not consider
them because Ea is quite different from that obtained
isoconversionally (considered to be the true Ea). We
also used the reduced master curves procedure of
Criado,25 described elsewhere,24 to decide the most
accurate model, which was confirmed to be R3.

Table V shows some calorimetric results of the cur-
ing process of DGEBA/cyclic carbonate mixtures cata-
lyzed by 1 phr of lanthanum triflate. As can be seen,
when the proportion of carbonate increases, the Tg

value of the cured material decreases. The materials
obtained with CC have higher Tg values than the
materials obtained with PGEC, which can be attrib-
uted to the plasticizing effect of unreacted PGEC
entrapped in the material. The heat released per epoxy
equivalent is lower in the formulations with carbon-
ate. For the mixture DGEBA/PGEC 1 : 1 (mol/mol)
both Tg and enthalpy released were much lower than
for the other formulations, which seems to indicate a
lower degree of crosslinking. The apparent activation
energies associated to the simultaneous reactive proc-

esses were calculated by an isoconversional integral
method [eq. (9)] at a conversion of 0.5 and the pre-ex-
ponential factor for the R3 kinetic model. Both param-
eters and the Arrhenius equation were then used to
calculate the rate constants. The influence of carbonate
on the kinetics depends on the monomer used. Thus,
with PGEC, the addition of a small proportion of car-
bonate to DGEBA (entries 1 and 2) increases the rate
constant, but successive additions of PGEC (entries 2–
4) decrease it. Because PGEC is a solid it can not accel-
erate the curing process by dilution, but its effect on
the rate of curing should be a compromise between
the increase of viscosity and the formation of a more
active initiating species in which PGEC and the initia-
tor are involved. When CC was added the rate con-
stant increases steadily (entries 1, 5, and 6). In this case
it seems that the formation of the more active initiat-
ing species predominates over the increase of the vis-
cosity.7,8

With the aim to compare the kinetic results obtained
by FTIR and DSC we took the calculated nonisother-
mal DSC constant at 1408C at a conversion of 0.5 for
DGEBA/PGEC 2 : 1 and DGEBA/CC 2 : 1 (mol/mol)
mixtures, which are 2.76 � 10�4 s�1 and 4.11 � 10�4

s�1 respectively. These values are of the same order of
magnitude than those obtained by FTIR at a conver-
sion of a ¼ 0.5 (Table I). The differences can be attrib-
uted to the fact that in the FTIR the cure is isothermal
and is focused in the only evolution of the epoxy
band, whereas in DSC the cure is dynamic and the in-
formation acquired reflects the global curing process.

The evolution of the shrinkage during curing was
followed by TMA, and the normalized degree of
shrinkage is plotted against the curing time in Figure 5.
As can be seen, the shrinkage occurs in two stages sep-
arated by the gelation, at shorter times when CC is
present in the mixture. In a previous study7 we

TABLE III
Isokinetic Parameters for Samples DGEBA/PGEC and DGEBA/CC 2 : 1 (mol/mol) with 1 phr of La(TfO)3

from the Compensation Curves for the Different Models Used

Model

Epoxy (DGEBA/PGEC 2 : 1) Epoxy (DGEBA/CC 2 : 1)

a (mol kJ�1) b (min�1) Tiso (8C) r a (mol kJ�1) B (min�1) Tiso (8C) r

A2 0.3329 �10.53 88.3 0.9990 0.3151 �8.228 108.7 0.9980
A3 0.3963 �15.35 30.5 0.9991 0.3832 �13.14 40.9 0.9931
R2 0.3125 �9.256 111.9 0.9997 0.2952 �7.497 134.5 0.9998
R3 0.3047 �8.918 121.7 0.9999 0.2894 �7.384 142.6 0.9999
D1 0.2153 �1.132 285.6 0.9893 0.1858 0.6687 374.3 0.9866
D2 0.1904 0.5775 451.6 0.9911 0.166 1.7471 451.6 0.9533
D3 0.1589 2.0953 483.9 0.9924 0.1425 2.3465 571.1 0.8629
D4 0.1801 0.0678 394.8 0.9919 0.1582 0.9388 487.3 0.9295
F1 0.2878 �6.194 144.9 0.9998 0.277 �5.177 161.2 0.9971
Power 0.3917 �15.23 34.1 0.9992 0.3737 �12.67 48.8 0.9909
n þm ¼ 2; n ¼ 1.9 0.2475 �2.080 213.0 0.9905 0.2536 �2.761 201.2 0.9614
n þm ¼ 2; n ¼ 1.5 0.3378 �9.380 83.1 0.9998 0.3348 �8.506 86.2 0.9995
n ¼ 2 0.2249 �0.214 261.8 0.9858 0.2334 �1.284 242.3 0.9343
n ¼ 3 0.1472 7.1597 544.1 0.8697 0.1811 3.3666 391.2 0.7154
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proved that at the final of the first stage the material
became insoluble. It should be said that the contraction
after gelation is the responsible for the apparition of
stress and the formation of voids and cracks, which di-
minish the capability of protection of the coating.
Although the initial contraction, whereas the material
has mobility, is much higher on adding CC, after gela-
tion the contraction is practically negligible. This behav-
ior is similar to that observed in the copolymerization of
DGEBA with lactones,6,7 carbonates,5 and SOCs.35 Simi-
lar studies made with PGEC mixtures did not give the
desired results because this carbonate did not copolym-
erize with epoxides in cationic conditions.

CONCLUSIONS

Lanthanum triflate allows to copolymerize DGEBA
with a five-membered cyclic carbonate, CC. However,
PGEC does not react but remains entrapped in the
cured material. The different reactivity of the two car-
bonates can be related to the different electrophilicity
of the carbonyl group.

FTIR makes it possible to analyze the chemical proc-
esses that take part in a complex curing processes
such as the cationic crosslinking of DGEBA/five-
membered cyclic carbonate mixtures.

Isoconversional methods allow the evaluation of the
kinetic parameters which vary with the degree of con-
version. Using these methods in combination with the
IKRs enable us to determine the complete kinetic tri-
plet Ea, A, and g(a) in the isothermal curing. In noniso-
thermal curing, isoconversional method can be used
in combination with Coats–Redfern method.

It has been established that the cationic curing of
DGEBA with five-membered cyclic carbonate is simi-
lar under isothermal and nonisothermal conditions. In

both cases the curing follows a kinetic model of the
surface-controlled reaction type R3.

Although the shrinkage in the liquid state before ge-
lation is higher when carbonate copolymerizes with
DGEBA, the shrinkage after gelation is notably
reduced.
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Figure 5 Degree of shrinkage versus the curing time for
DGEBA and DGEBA/CC 2 : 1 (mol/mol) mixture initiated
by 1 phr of lanthanum triflate obtained by heating in the
TMA at 1408C.
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