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Abstract

Two methacrylate-type resin including cyclohexane moiety were synthesized and characterized. The curing characteristics of these resins

were investigated according to the change of thermal initiator. An autocatalytic kinetic reaction occurs in these systems, and the kinetic

parameters of all systems were reported in terms of generalized kinetic equation that considered the diffusion term. It can be shown that the

reaction conversion rate of one methacrylate-type resin (NC-9110-MA) is faster than another resin (EHPE-3150-MA), regardless of the kinds

of thermal initiator, which is attributed to the reaction rate constant increases of NC-9110-MA with lower activation energy compared with

EHPE-3150-MA. It can be seen that the conversion reaction rate of these resin systems with BPO as thermal initiator at low temperature is

higher than those with AIBN. A main factor of reaction conversion rate increase for the NC-9110-MA resin system is a reaction rate constant;

however, that for the EHPE-3150-MA resin system is a total reaction order. These resin with BPO as thermal initiator represent a lower cure

reaction activation energy and collision frequency factor than those with AIBN.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Because of the growing need for high resolution, large

panel size and high reliability of liquid crystal display

(LCD), the performance improvement of color filter resist is

progressing fast [1]. In particular, the most significant

challenges have been in the area of improving the thermal

resistance and transparency of color filter resist [2,3].

Various methods to solve these problems has been

presented, although to date the most economical and

effective method has been the modification of binder resin

for color filter resist. Light resistance, heat resistance and

chemical resistance are good for the polyimide resin

systems, but these resin systems cannot be satisfied with

the properties of transparency and dispersion of pigment.

For the acrylic resin systems, good results can be shown in

optical properties and pigment dispersion, however, serious

problems have occurred in the process of top coating and

Indium Tin Oxide (ITO) coating in color filter process due

to the low heat resistance of them [4,5].

In this study, new methacrylate-type resins including

cyclohexane moiety are synthesized and characterized in

order to improve the heat resistance and transparency of

the acrylic resin systems. Free-radical bulk polymeriz-

ation of multifunctional methacrylate-type resins is one

of the most efficient methods of synthesizing a highly

cross-linked polymer with high mechanical properties

[6,7]. Generally, an aromatic group has been introduced

to main chain or side-chain unit of acrylic resin to

increase the heat resistance, but the introduction of it

would bring acrylic resin systems to decrease a

transparency. Therefore, the methacrylate-type resins

that include cyclohexane moiety were synthesized, so

that the multifunctionality and cyclohexane group of

them can contribute to both of high heat resistance and

transparency. The curing characteristics of such new

methacrylate type resins were investigated using DSC.

The cure kinetics of these resin systems show

autocatalytic cure reaction irrespective of thermal

initiator change. The kinetic parameters of all resin

systems were reported in terms of a generalized kinetic

equation that considered the diffusion term.
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2. Experimental

2.1. Synthesis of a methacrylate-type resin

The synthesis of a methacrylate-type resin has been

performed by reacting a methacrylic acid (MA) with an

epoxy resin with cyclohexane moiety, which is described in

Scheme 1. The epoxy resins used in this experiment are NC-

9110 and EHPE-3150 grade obtained from Nippon Kayaku

Co. (Japan) and Dicel Chemical Co. (Japan). Detailed

chemical structure descriptions of epoxy resins used in this

study are summarized in Table 1. As shown in Table 1, NC-

9110 is an epoxy resin with cyclohexane and aromatic

groups and EHPE-3150 is an epoxy resin including only

cyclohexane groups. Methacrylic acid (MA) was received

from Aldrich Chemical Co. (Milwaukee, WI). An epoxy

resin was dissolved in methylethylketone (MEK) solvent,

and a MA with same equivalent weight to an epoxy resin

was dropped in them. After 0.5 wt% of tetra methyl

ammonium chloride (TMAC) as catalyst was added, the

reaction was performed under the reflux at 70 8C for 72 h.

After this solution was evaporated, washed in distilled

water, and dried under vacuum, an acid value of this resin

was measured [8]. That of NC-9110-MA (the methacrylate-

type resin obtained by reacting NC-9110 with MA) and

EHPE-3150-MA (the methacrylate-type resin obtained by

reacting EHPE-3150 with MA) is 0.97 KOH mg/g and 1.42

KOH mg/g, respectively. Nuclear magnetic resonance

(NMR) spectroscopy (Varian Gemini 300 MHz, Lake

Forest, CA) and Fourier transform infrared (FT-IR)

spectroscopy (Perkin–Elmer Spectrum-2000, Wellesley,

MA) were used to characterize these resins. The proton

NMR peaks of 5.60 and 6.15 ppm in Fig. 1 correspond to the

protons of the methacrylate vinyl group, and a typical FT-IR

peak of 1715 cm21 corresponded to the carboxylate group

of methacrylate can be observed in Fig. 2.

2.2. Sample preparation

A methacrylate type resin was dissolved in MEK solvent

at room temperature to make a resin composition for curing

reaction study. After a homogeneous solution was obtained,

a thermal initiator was added and fully stirred. Thermal

initiators used in curing reaction of methacrylate-type resin

Scheme 1. Synthetic reaction of methacrylate type resin.

Table 1

Description of raw materials used in this study

Grade name Structure Remarks

NC-9110 EEW ¼ 231a

EHPE-3150 EEW ¼ 182

a EEW, epoxy equivalent weight (g/equiv.).
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were 2,20-azobisisobutyronitrile (AIBN) and benzoyl per-

oxide (BPO), which were obtained from Aldrich Chemical

Co. The thermal initiator concentration was fixed at

6 £ 1026 mol with respect to the total amount of resin.

Each sample was evaporated under vacuum at room

temperature to eliminate solvent and stored in refrigerator

at 4 8C.

2.3. DSC measurement

Calorimetric measurements were performed using a TA-

2020 differential scanning calorimeter (TA Instruments,

New Castle, DE). This was calibrated in the region from

240 to 450 8C. Isothermal and dynamic-heating exper-

iments were conducted under a nitrogen flow of 60 ml/min.

For dynamic cure, the sample was heated at a rate of

5 8C/min from 210 to 300 8C, beyond which decompo-

sition was observed. A set of isothermal cure curves was

obtained to evaluate the kinetic parameter for the curing

reactions.

3. Results and discussion

The curing reaction conversion changes of each metha-

crylate-type resin system were investigated according to the

thermal initiator changes. The reaction conversion rate

changes of each resin system with BPO as thermal initiator

are plotted as a function of reaction conversion in Fig. 3.

Fig. 1. 1H NMR spectrums of new methacrylate-type resins: (a) NC-9110-

MA, (b) EHPE-3150-MA.

Fig. 2. FT-IR spectrums of new methacrylate-type resins: (a) NC-9110-

MA, (b) EHPE-3150-MA.
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Fig. 4 represents them for AIBN as thermal initiator. As

seen in these figures, it can be found that these resin systems

follow an autocatalytic cure reaction as described in Eq. (1).

da

dt
¼ ðk1 þ k2a

mÞð1 2 aÞn ð1Þ

where a is the reaction conversion, t is time, m and n are the

reaction order of the system, and k1 and k2 are kinetic rate

constants of the system. As shown in Figs. 3 and 4, the

initial rate of reaction k1 can be negligible as in previous

reports [9,10], so that the last expression can be reduced to

da

dt
¼ kamð1 2 aÞn ð2Þ

To precisely predict the cure kinetics over the whole

range of conversion, the autocatalytic model was modified

in terms of the introduction of a diffusion term as

represented in Eq. (3) [11]:

f ðaÞ ¼
1

1 þ exp½Cða2 acÞ�
ð3Þ

In this equation, C is a constant and ac is the critical

conversion. For ap ac; f ðaÞ is approximately equal to

unity and the effect of diffusion is negligible, so that the

reaction is kinetically controlled. Considering the diffusion

effect, Eq. (2) can be rewritten as Eq. (4) [12,13]:

da

dt
¼ kamð1 2 aÞn

1

1 þ exp½Cða2 acÞ�
ð4Þ

All kinetic constants in this equation of each resin system

were obtained by taking advantage of a previous method

[14]. Fig. 5 shows the comparisons between the experimen-

tal values of reaction conversion and the values calculated

by generalized autocatalytic model for resin systems with

BPO as thermal initiator. They with AIBN as thermal

Fig. 3. Isothermal conversion rate as a function of the conversion of the

resin systems with BPO as thermal initiator: (a) NC-9110-MA, (b) EHPE-

3150-MA.

Fig. 4. Isothermal conversion rate as a function of the conversion of the

resin systems with AIBN as thermal initiator: (a) NC-9110-MA, (b) EHPE-

3150-MA.
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initiator were represented in Fig. 6. Good agreements were

found over the whole curing temperature range for all resin

systems.

The kinetic parameters are reported in Tables 2 and 3 for

the resin systems with BPO as thermal initiator that follow

Fig. 5. Comparisons between the experimental values of a and theoretical

values obtained from the generalized autocatalytic model for the resin

systems with BPO as thermal initiator: (a) NC-9110-MA, (b) EHPE-3150-

MA.

Fig. 6. Comparisons between the experimental values of a and theoretical

values obtained from the generalized autocatalytic model for the resin

systems with AIBN as thermal initiator: (a) NC-9110-MA, (b) EHPE-3150-

MA.

Table 2

Kinetic parameters of new methacrylate-type resins using BPO as thermal initiator

Resin Temperature (8C) k (s21) m n Temperature dependency of the rate constant Average m þ n value

NC-9110-MA 80 0.75 £ 1022 0.6 3.7 k2 ¼ 7:47 £ 108 expð27:46 £ 104=RTÞ 3.3

85 0.82 £ 1022 0.4 2.7

90 1.42 £ 1022 0.4 2.7

95 1.98 £ 1022 0.5 2.3

EHPE-3150-MA 85 0.10 £ 1022 0.3 2.8 k2 ¼ 6:67 £ 1011 expð21:01 £ 105=RTÞ 2.0

90 0.18 £ 1022 0.2 1.7

95 0.29 £ 1022 0.1 1.5

100 0.39 £ 1022 0.2 1.3
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the autocatalytic curing reaction. It can be seen that the

reaction rate of NC-9110-MA system is faster than that of

EHPE-3150-MA as shown in Fig. 3. It is postulated that the

increase of rate in NC-9110-MA system should be

attributable to its higher values of the reaction rate constant

k compared with EHPE-3150-MA, even if reaction order of

NC-9110-MA was higher than that of EHPE-3150-MA, as

summarized in Table 2. In particular, the notable increase of

reaction rate constant k in NC-9110-MA system can be

observed, which would be attributed to the lower value of

activation energy of it. It can be considered that these

phenomena are caused by the bulky structures of EHPE-

3150-MA according to the increase of multifunctionality of

it, so that steric hindrances between them could make an

increase of activation energy of EHPE-3150-MA compared

with NC-9110-MA. The constant, C and the critical

conversion of reaction, ac in the generalized autocatalytic

kinetic equation, Eq. (4) for resin system with BPO as

thermal initiator are reported in Table 3. Generally, the ac

increased with temperature but C showed no discernible

trend in these systems.

The kinetic parameters for resin systems with AIBN as

thermal initiator are summarized in Tables 4 and 5. As

shown in Fig. 4, the reaction conversion rate of NC-9110-

MA system is faster than that of EHPE-3150-MA system.

That is caused by the higher value of reaction rate constant k

of the NC-9110-MA than that of EHPE-3150-MA. Differ-

ently, with resin systems with BPO as thermal initiator, an

increase of total reaction order cannot be found in NC-9110-

MA system compared with EHPE-3150-MA system. It is

postulated that the increase of rate in NC-9110-MA system

with AIBN as thermal initiator should be attributable to an

increase of reaction rate constant k with the lower activation

energy and a decrease of total reaction order in NC-9110-

MA system (because 0 , a , 1). Similarly, with resin

systems with BPO as thermal initiator, the ac in the

generalized autocatalytic kinetic equation increased with

temperature, although a unique tendency cannot be found

out in C of Eq. (4) for these systems. However, it can be

shown that the value of ac in the NC-9110-MA with BPO as

thermal initiator is lower than that with AIBN, and the

opposite results can be observed for the EHPE-3150-MA.

As shown in Tables 2 and 4, total reaction order of the NC-

9110-MA with BPO as thermal initiator is higher than that

with AIBN, whereas that of the EHPE-3150-MA with BPO

is lower than that with AIBN. Therefore, it can be

considered that an increase of the total reaction order

would give rise to a decrease of critical conversion ac:

As shown in Figs. 3 and 4, the conversion rate of NC-

9110-MA system with BPO as thermal initiator represents

higher value than that with AIBN except for 95 8C, and

these similar phenomena can be observed in EHPE-3150-

MA system, although the differences are small. This

increase of NC-9110-MA system with BPO is attributed

to the higher reaction rate constant even if this system shows

the higher total reaction order. However, this increase of

EHPE-3150-MA system with BPO is caused by the lower

total reaction order, because its reaction rate constant with

BPO is lower than that with AIBN, although these

differences are small according to the decrease of a reaction

rate constant by introducing bulky group. That is, the

reaction conversion rate of NC-9110-MA system is mainly

dependent on a reaction rate constant, and a main factor in

that of EHPE-3150-MA system is a total reaction order. In

general, lumped rate constant kp=k
0:5
t for radical polymeriz-

ation using BPO as thermal initiator would represent a

higher value than that with AIBN [15,16]. Considering these

initiators with respect to the initiator decomposition rate

constant kd; it is reported that activation energy and

frequency factor in Arrhenius equation of BPO are lower

than those of AIBN [17]. These phenomena can also be

observed in the reaction rate constant of curing reaction k; as

Table 3

Values of the constant C and critical conversion at different temperature of

new methacrylate-type resins using BPO as thermal initiator

Resin Temperature (8C) C ac

NC-9110-MA 80 1.62 0.12

85 8.08 0.36

90 8.59 0.37

95 8.59 0.38

EHPE-3150-MA 85 6.28 0.34

90 5.28 0.35

95 4.02 0.35

100 3.75 0.43

Table 4

Kinetic parameters of new methacrylate-type resins using AIBN as thermal initiator

Resin Temperature (8C) k (s21) m n Temperature dependency of the rate constant Average m þ n value

NC-9110-MA 80 0.43 £ 1022 0.7 1.7 k2 ¼ 2:28 £ 1017 expð21:34 £ 105=RTÞ 2.5

85 0.64 £ 1022 0.7 1.7

90 1.18 £ 1022 0.6 2.0

95 2.77 £ 1022 0.7 1.8

EHPE-3150-MA 85 0.12 £ 1022 0.3 2.6 k2 ¼ 3:27 £ 1019 expð21:54 £ 105=RTÞ 2.9

90 0.23 £ 1022 0.2 3.0

95 0.41 £ 1022 0.2 2.4

100 1.00 £ 1022 0.3 2.7
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shown in Tables 2 and 4. It is postulated that the increase of

conversion rate in the systems using BPO at low

temperature should be attributable to the lower activation

energy of BPO, and that using AIBN at high temperature is

caused by the higher value of frequency factor in Arrhenius

equation. As a difference of activation energy between BPO

and AIBN is smaller by introducing bulky group such as

EHPE-3150-MA system, the increase of conversion rate

constant can be observed in EHPE-3150-MA system using

AIBN with high value of frequency factor even if this

difference is small. Therefore, it is postulated that the

conversion rate of EHPE-3150-MA system with bulky

groups should be depend on more a total reaction order than

conversion reaction rate constant.

4. Conclusions

The new methacrylate-type resins that include a

cyclohexane moiety were synthesized and characterized.

The curing characteristics of them according to the change

of thermal initiators were investigated by the thermal

analysis method. It can be shown that an autocatalytic

kinetic reaction occurs in these systems, and the conversion

rate of EHPE-3150-MA system with bulky group is slower

than that of NC-9110-MA, regardless of the kinds of

thermal initiators. In NC-9110-MA system, it can be

observed that this resin with BPO as thermal initiator has

higher reaction conversion rate than that with AIBN because

of low activation energy of BPO. However, this effect

diminishes with a temperature increase, and an increase of

conversion rate in this system with AIBN at high

temperature can be seen, which is attributed to mainly the

higher frequency factor of AIBN. In EHPE-3150-MA

system with bulky moiety, these differences between BPO

and AIBN are small compared with NC-9110-MA system. It

can be considered that the conversion rate of EHPE-3150-

MA system should be depend on more a total reaction order

than conversion reaction rate constant.
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