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ABSTRACT: The curing kinetics of the liquid-crystalline
epoxy resin sulfonyl bis(1,4-phenylene)bis[4-(2,3-epoxypro-
pyloxy)benzoate] with 4,4'-diaminodiphenylsulfone was
investigated by nonisothermal differential scanning calo-
rimetry. The relationship between the apparent activation
energy (E,) and the conversion was determined, and the
effects of the molecular structure and the order of liquid
crystallinity on E, are discussed in detail. Some parameters
were evaluated with the autocatalytic kinetic model of the
Sestak—Berggren (S5-B) equation. The results show that
there were some deviations of these simulation curves
from the experimental curves at high heating rates and in
the late stage of the curing reaction. The diffusion effect in
the nonisothermal curing reaction is discussed, and a dif-

fusion factor was proposed and introduced into the S-B
equation. Then a mod1f1ednS—B equatlon was created,
as follows: d—“ Ko™(1 — )" X 17 xp[Cot sy Where o is
the conversion, f is the time, m an nd h'are reaction orders,
K is rate constant, C is the diffusion coefficient, and o is
the critical conversion. The theoretical simulation curves
agreed very well with the experimental data as deter-
mined with the modified S-B equation, which may be
more useful for describing and predicting the nonisother-
mal curing reaction kinetics of epoxy resin. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Liquid-crystalline epoxy resins (LCERs) are impor-
tant thermosetting polymeric materials. Under suita-
ble curing conditions, the curing reaction of LCERs
with a curing agent can form highly ordered and
densely crosslinked liquid-crystalline polymer net-
works, which show interesting properties because of
the combination of thermoset and liquid-crystalline
formation capabilities.'™ The cure kinetics and reac-
tion mechanism of epoxy resins and LCERs are
widely studied by isothermal or dynamic experi-
ments with differential scanning calorimetry (DSC).
The experimental data are analyzed by a homogene-
ous reaction model, normally with an nth-order or
autocatalytic equation.”® In an isothermal curing
process, Kamal’s model is usually applied to analyze
DSC data.’ In general, a good fit of experimental
data with theoretical simulation is obtained in the
early stages of the curing reaction, but deviations
are observed at the late stage, particularly near the
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vitrification, where the reaction is primarily con-
trolled by diffusion. To take into account the diffu-
sion effect, Kamal’s model is extended by the
introduction of a diffusion factor [f(2)], and diffu-
sion control has been discussed in detail.'>!! In non-
isothermal curing kinetics, the autocatalytic kinetic
model of the Sestak-Berggren (S-B) equation is usu-
ally used to describe the curing process,'>"? but
deviations at the late stage of curing reaction are
also observed, as in isothermal DSC analysis with
Kamal’s model. However, these deviations from sim-
ulation in nonisothermal DSC experiments have not
been discussed so far.

Sbirrazzuoli and coworkers reported that the
curing of LCERs usually leads to the formation of
ordered networks (nematic or smectic structure),
and the order affects the cure kinetics and apparent
activation energy (E,), so the cure kinetics of LCERs
should be more complex than that of isotropic epoxy
resins. We synthesized an LCER, sulfonyl bis
(1,4-phenylene)bis[4-(2,3-epoxypropyloxy)benzoate]
(p-SBPEPB), and reported its curing reaction with
aromatic diamines and the catalyzing effect of
hydroxyl groups.””'® In this study, the curing
kinetics of p-SBPEPB with 4,4’-diaminodiphenylsul-
fone (DDS) were investigated by a nonisothermal
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DSC method. The relationship of E, with conversion
(o) was calculated by Ozawa’s method,”'® and the
effects of liquid-crystalline structures on E, are dis-
cussed. An f(o) was introduced into the S-B equa-
tion, and some kinetic parameters were evaluated
with this modified S-B model. The results show
that a good fit of experimental curves with theoreti-
cal simulation was obtained for the entire reaction
process.

EXPERIMENTAL
Materials

LCER based on the bisphenol S mesogen, p-SBPEPB,
was synthesized according to a procedure described
elsewhere.'” The molecular structure of p-SBPEPB is
shown in Scheme 1. p-SBPEPB has a nematic meso-
phase between its melting temperature of 428 K and
its clearing temperature of 575 K. The epoxy value
of p-SBPEPB is 0.30 mol/100 g. DDS and other
reagents were all analytically pure grade and were
supplied by Beijing Chemical Reagent Co. (Beijing,
China).

Characterization of the curing system

The curing reactions were carried out in a differen-
tial scanning calorimeter (Diamond, PerkinElmer
Co., USA) calibrated with high-purity indium. DDS
was used as the curing agent. The samples of the
curing reaction were prepared with a stoichiometric
ratio of one epoxy group to one amino-hydrogen in
DDS. The mixture of p-SBPEPB and DDS was dis-
solved in ethanol and dried in vacuo, and then, it
was ground into a fine powder (granularity ~ 0.085
mm) under 0°C. Samples of about 6 mg were placed
into aluminum DSC sample pans sealed with alumi-
num lids and then heated from 298 to 523 K under a
nitrogen flow of 20 mL/min. The dynamic DSC
analysis was performed at four different heating
rates (B’s) of 5, 10, 15, and 20 K/min, respectively.

Kinetic theory model of DSC analysis

The curing rate of the kinetic process (do/dt) can be
described by eq. (1), as follows:

do
T =KT) f() )

where k is a temperature-dependent reaction rate
constant with an Arrhenius-type dependence
between k and temperature T (K) and f(a) is a tem-
perature-dependent kinetic model function. Because
the rate equation [eq. (1)] is valid for dynamic curing
and % = B4, where B = dT/dt, eq. (1) can be modi-
fied as follows:
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Scheme 1 Molecular structure of p-SBPEPB.
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where A is the pre-exponential factor.

For a nonisothermal curing process, the equation
for the isoconversional method can be expressed in
several ways. Equation (3) is known as Ozawa’s
method and can be applied to different o’s of the cur-
ing process.””'??* Thus, for a given o, E, can be
obtained from linear regression according to eq. (3):

E
Lnp=A"— 1.052R—; 3)

where A’ is intergration constant.

The experimentally evaluated values of E, were
used to find the appropriate kinetic model that best
described the o function of the process studied.
Once E, was determined, the most suitable kinetic
model could be evaluated with the functions y(o)
and z(at), according to egs. (4) and (5):1%13

d
y(o) = df?epr 4)

(o) = () (1) 5 ©)

where x is the reduced activation energy (E,/RT), T
is the absolute temperature (K), and n(x) denotes an
approximation of the temperature integral, which is
approximated with the fourth rational expression:

X3 4 18x% + 88x + 96

() = 2008 12042 1 240x 1 120 ©)

For practical reasons, the y(o) and z(o) functions
are normalized within the (0,1) range. The maximum
o of y(a) function and o of z(o) function suggest
the choice of most suitable kinetic model characteriz-
ing curing process.

RESULTS AND DISCUSSION
E,

Figure 1 shows the cured DSC curves of p-SBPEPB/
DDS at four heating rates, respectively. The peak
temperatures of the curing system increased when
the heating rate was increased.

The relationships of o versus dynamic curing tem-
perature are shown in Figure 2. As shown in Figure 2,
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Figure 1 DSC curves of the p-SBPEPB/DDS cured sys-
tems at different heating rates.

at the same o value, the isoconversion temperature
was higher when the heating rate increased. Accord-
ing to o — T and eq. (3), from the plot of In B versus
1/T, E, at any o could be calculated, The linear coeffi-
cients of In B with 1/T were all included between
0.9900 and 0.9999, and this showed that the curing
system obeyed Ozawa’s kinetics model well; the
results are shown in Figure 3.

As shown in Figure 3, with the reaction process-
ing, E, had a small increase at o = 0-0.3 and was
almost constant at 0.3 < o < 1.0, and the E, for this
system approached 85 = 2 kJ/mol when o > 0.3. It
was different from the diglycidyl ether of bisphenol
S (p-BEPSBP)/DDM(4,4'-diaminodiphenylmethane)
system reported in our previous work,'® in which, at
the initial stage, E, for the p-BEPSBP/DDM system
was higher than that at the last stage. This was
attributed to the p-BEPSBP having a smectic meso-
phase (a higher order) and shorter mesogenic length,
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of the p-SBPEPB/DDS cured systems at different heating
rates.
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Figure 3 Relationship of E, versus o calculated by the
Ozawa method.

and it had a higher steric effect because the nucleo-
philic attack of the primary amine needed a higher
E, in the initial stage.”’ However, the smectic struc-
ture of p-BEPSBP gradually transferred into a ne-
matic structure when the reaction was going on;
therefore, the E, of the p-BEPSBP/DDM system was
a gradually decreasing process. However, p-SBPEPB
was a nematic mesophase, which had a smaller
order than that of smectic mesophase and smaller
steric effects for the nucleophilic attack of the pri-
mary amine, so it had a lower E, than the p-
BEPSBP/DDS system at the initial stage of the cur-
ing reaction. This result is coincide with the conclu-
sion of Lee and Jang,** in which they proved that E,
decreased and the reaction rate increased when the
mesogenic length increased; there was also a ne-
matic liquid-crystalline phase, which was thought to
be due to the liquid character and high chemical
reactivity of long mesogenic LCER.

Cure kinetic analysis

Figures 4 shows the variation of the y(o) and z(o)
values with a for this curing system. Table I lists the
values of oy and op°, together with those of ap,
which was taken as the o maximum at the DSC
peak.

As can be noted, the oy, values were lower than
the ap values and oy, # 0. So the curing process of
p-SBPEPB/DDS could be described by the two-pa-
rameter autocatalytic model of S-B,'? as follows:

flo) =ka™(1 o) @)
In[(do/dt)e’] = InA — ninfop(l — o)) (8)

where k is the rate constant, m and »n are all the reac-
tion orders, and x is reduced activation energy (E,/RT).

Table II lists the kinetic parameters (m, n, In A,
and E,;), which were experimentally obtained
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Figure 4 Variation of normalized y(a) and z(o) functions
versus o for the p-SBPEPB/DDS cured systems.

according to the proposed S-B kinetic model. The ki-
netic parameters n and In A were obtained by the
slope and intercept of the linear dependence In[(do/
dt)e*] versus Inf[op(l — o)] according to eq. (8), where
m = pn and p = ap/(1 — opg). The linear coefficients
of the kinetic parameters in Table II were all
between 0.9920 and 0.9990, which further indicated
that this curing system obeyed the S-B model well.
A is related to the activation entropy (AS).*> Then,
AS for the studied curing system was evaluated
with eq. (9) and is listed in Table II. The negative
values of AS indicated that the activated complexes
had a more ordered structure than the reactants:

A =kT/hexp(AS/R) )

where k is the Boltzmann constant, / is Planck’s con-
stant, T is the peak temperature of the DSC curve,
and R is the gas constant.

The experimental curves (symbols) of do/dt versus
T and the simulation curves (full lines) calculated
with the kinetic parameters to each heating rate (see
Table II) are compared in Figure 5. A good fit was
seen between the simulation curves and those exper-
imentally determined for this system in the early
stage, but some deviation appeared in the last stage,
which was more evident at faster heating rates. This
phenomenon has also been discovered in other sys-
tems (liquid-crystalline systems or non-liquid-crys-
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TABLE 1
The Values of ap, oy, and o Obtained from the DSC
Data for p-SBPEPB/DDS

Heating rate (K/min) op ol oy’
5 0.528 0.055 0.531
10 0.464 0.180 0.477
15 0.358 0.141 0.408
20 0.366 0.113 0.405

talline systems).”*2® However, it was different from
isothermal DSC, in which the experimental curves
are usually lower than the simulation curves in the
last stage; in a nonisothermal process, the experi-
mental curves are usually higher than the simulation
curves. In an isothermal process, the deviation is
due to the onset of gelation and vitrification, where
the mobility of reactive groups are hindered, and
the rate of o is controlled by diffusion rather than by
kinetic factors.'”!?® However, in a nonisothermal
process, the temperature of samples increase gradu-
ally with time, and the free volume of materials and
molecular activity increase with temperature simul-
taneously; then, the diffusion rate and kinetic energy
of the reactive groups increase, and this leads to an
increase in the reaction rate. So, the experimental
curves may be higher than the simulation curves in
the last stage.

In the isothermal process, Chern and Poehlein,?”
on the basis of the theory of free volume considera-
tion and the diffusion effect, introduced an f(a) to
the autocatalytic Kamal equation and obtained a
semiempirical relationship, and an improved Kamal
equation can be used well in the isothermal curing
process of a thermosetting resin. For a nonisothermal
process, to consider the free volume and diffusion
effect, in this study, f() was also considered to
introduce the S-B kinetic model. In this relationship,
f (o) is defined as the ratio k./k,, where k. is the rate
constant for chemical kinetics and k, is the overall
effective rate constant:

/ 1
) = ke ke = et — o)

(10)
where C is the diffusion coefficient and o is the crit-
ical conversion depending on the curing tempera-
tures. The plot of f(a) versus o is shown in Figure 6.

TABLE II
Apparent Kinetic Parameters Evaluated for the Nonisothermal Process of the p-SBPEPB/DDS Cured System
Heating rate (K/min) E, (kJ/mol) In A m Mean n Mean AS J K ' mol ™) Mean
5 20.30 0.18 1.35 —79.06
10 76.034 19.6 0.20 0.33 1.60 2.40 —84.59 —74.53
15 21.7 0.46 2.86 —67.58
20 21.8 0.47 3.81 —66.89
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Figure 5 Experimental (symbols) and calculated (full
lines) DSC curves of the p-SBPEPB/DDS systems (where ¢
is time).

As seen from Figure 6, for o < o, k, = k., f (o) was
approximately equal to unity, and the effect of diffu-
sion was negligible so that the reaction was kineti-
cally controlled. When o approached o,f (o) began
to decrease, reaching a value of 0.5 at o = o
Beyond that point, it continued to decrease and
approached zero, which meant that the reaction
became very slow and effectively stopped. As seen
also from Figure 6, o, approached unity when the
heating rate was lower. This result was different
from some isothermal processes, in which it o, is
usually lower than unity.”** This was related to the
increasing temperature, and it could reach a higher
o in a nonisothermal process.

From eq. (10), we obtained

—In [f’(lot) — 1] = Co — Ca (11)

where C and o, were obtained from the slope and
the intercept of plot of —In[1/f(a) — 1] versus a, as
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Figure 6 f(a) versus o for the p-SBPEPB/DDS cured

systems.
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Figure 7 Plot of —In[1/f(a) = 1] versus o for the p-
SBPEPB/DDS system at different heating rates.

seen in Figure 7 at different heating rates. The linear
correlation was good when the curing extent was
relatively lower, but it had an obvious deviation in
the final stage of the reaction. The calculated C and
o. at different heating rates are tabulated in Table
III. As seen from Table III, the diffusion effect was
smaller at lower heating rates.

With the diffusion effect taken into consideration,
the modified S-B equation can be expressed in the
following form:

TABLE III
C and o, Values at Different Heating Rates
Heating rate (K/min) ole C
5 0.961 61.71
10 0.933 37.38
15 0.652 16.21
20 0.510 26.72
36
32
28
24
‘TE 20 p-SBPEPB/DDS
S
~ 16
5
3 12
S
8
4

il e e s eeese BUCONEEEOC X
330 510

Figure 8 Comparison of the experimental values and val-
ues obtained from eq. (12) for the p-SBPEPB/DDS system
(where t is time).
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Figure 8 shows the comparison between the exper-
imental curves and the simulation curves obtained
from eq. (12). The simulation curves agreed very
well with the experimental curves, even at fast heat-
ing rates. Therefore, we could employ the modified
5-B model to predict and describe the nonisothermal
curing reactions.

CONCLUSIONS

1. The nonisothermal curing kinetics of p-
SBPEPB/DDS could all be described by the
Ozawa equation and the two-parameter autoca-
talytic kinetic model of S-B. The DSC experi-
mental results had some deviation with those
simulations in the last stage of the curing reac-
tion at higher heating rates.

2. The molecular structure and order of LCERs
had an effect on the reaction kinetics. The even
reaction orders m and n and AS (] K™ mol™)
for p-SBPEPB/DDS were 0.33, 2.40, and —74.50,
respectively.

3. f(o) was proposed and introduced into the S-B
equation. With the modified model, the simula-
tions values agreed very well with the experi-
ment data. So the modified S-B equation was
better for describing and predicting the noniso-
thermal curing reaction of the epoxy resin.
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