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ABSTRACT :

Cure reactions of epoxy resin with a newly developed cationic catalyst (N-benzylquinoxalinium

hexafluoroantimonate, N-BQH) were investigated by using Fourier transform infrared spectroscopy (FT-IR) and differ-
ential scanning calorimetry (DSC). The change of rheological property during the cure reaction was studied by dynamic
shear measurements. The cure reaction involves three consecutive reactions and the overall kinetic parameters for these
reactions were obtained by using the isothermal DSC technique. This catalytic epoxy resin system seems to contain the
very complex kinetic reaction mechanisms. The cross-linking activation energies (E,) for the various catalyst concentra-
tions are in the range of 56 to 57 kJ mol ™ ; these results show that the overall curing mechanisms are nearly the same.
The damping factor curves after gel point showed fluctuating behavior with curing time, especially in the case of 5.0 mol

% sample.
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Among several thermosetting polymers, epoxy resins
are used in the largest quantity for addition-cured for-
mulation and generally utilized in advanced composites
as matrices due to their excellent mechanical and ther-
mal properties. They also have good electric insulating
properties, adhesiveness and weather resistance. So
they have been used as a supporting material for printed
circuit boards, paints, electric insulating materials, sta-
bilizer for vinyl chloride, and various coating materials.
It is easy to handle and process them without the evolu-
tion of by-products. The curing agents can be classified
as either direct participants in the cross-linked network
or promoters in catalytic cross-linking reaction. They
participate directly in the reaction and are incorporated
in the cross-linked network. They can be subdivided into
basic or acidic curing agents. The basic curing agents in-
clude Lewis bases, inorganic bases, primary and secon-
dary amines while the acidic curing agents can be car-
boxylic acid anhydrides, phenol and Lewis acids. The
latter reacts by opening the epoxy ring either anionically
or cationically. The catalytically functioning curing
agents do not directly participate in the cross-linked net-
work but promote reactions between epoxy groups them-
selves. A newly developed cationic catalytic curing agent,
N-benzylquinoxalinum hexafluoroantimonate (N-BQH),
has a storage time more than 3 months at room tem-
perature, initiate the curing reaction in a short time,
and has low hygroscopic property, and excellent water
and solvent resistance.

Cationic epoxy curing ! # with a focus on long term
storage stability and latent curing properties for electri-
cal applications is another aspect being studied increas-
ingly. Pappers et al.® and Endo et al.* proved that several
sulfonium salts act as thermally latent cationic initiator
in the curing reaction of epoxy resins, cyclic ethers, and
vinyl monomers. Gu et al.’ and Morio et al.® observed
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that the aliphatic sulfonium salts can also be excellent
thermally latent initiators for epoxy resins without any
co-initiator. The network formation leading to cross-
linking in polymers is a complex process which is of spe-
cific interest in both basic and applied studies. A curing
process is involved in the reaction which the monomeric
or oligomeric polyfunctional epoxide is transformed into
a cross-linked macromolecular structure. Understanding
of the curing reaction is important in order to obtain con-
sistent products with the desired physical and mechani-
cal properties. As the reaction proceeds, the thermoset-
ting polymer undergoes immense changes in rheological
properties resulting in a rapid increase in molecular
weight. At the gel point, there is an irreversible process
from a viscous liquid to an elastic, insoluble network.
Gelation does not inhibit the reaction. Nevertheless,
from a processing point of view, it is critical since the
polymer no longer flows after the gel point. Knowledge of
structure-viscosity relationships can be useful in obtain-
ing the optimum parameters for reactive processing op-
erations, in providing a general understanding of the
network formation mechanism, and in determining the
final properties. In most curing systems, the reaction
takes place at different kinetic stages: first slowly lin-
ear growth and then quick development of three-
dimensional network. Although there has been a consid-
erable interest in rheological behavior and structural
change in comparing to that of epoxy/amine systems,’!!
little progress has been made in elucidating the rheology
—structure relationships for epoxy/catalyst systems. Lee
et al.? developed a new class of Lewis acid catalysts, 1,2-
substituted-1,1-dimethylhydrazinium  hexafluoroanti-
monates, and found that these salts serve as thermally
latent cationic initiators in the curing and polymeriza-
tion of glycidyl phenyl ether.

The purpose of this paper is to characterize a newly
developed N-BQH catalysts with N-benzyl group con-
taining quinoxaline salt in epoxy curing reactions and to
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Figure 1. The calculated chemical structure of the DGEBA and IV -BQH.

obtain a detailed information concerning the reaction
mechanism and variable dependence of rheological prop-
erties by using FT-IR, DSC, and dynamic shear meas-
urements.

EXPERIMENTAL

Materials

The epoxy resin used in this study was diglycidylether
of bisphenol A (DGEBA, YD 128 supplied from Kukdo
Chem. Co. of Korea). The epoxide equivalent weight of
DGEBA was 185—190 g/eq. and its density was 1.16 g
em 2 at25C.

Synthesis of Catalyst. Into a 250 ml flask equipped
with a mechanical stirrer were put 6.50 g (50 mmol) of
quinoxaline and 25.65 g (150 mmol) of benzyl bromide.
The mixture reacted at room temperature for 11 days
with continuous stirring. The white precipitate of
benzylquinoxalinium bromide salt was collected by fil-
tration and dissolved in 30 ml distilled water. Next, 7.76
g (30 mmol) of NaSbFg was added and the formed white
product was filtered. And then recrystallization by using
methanol made 9.30 g (40.7%) of pure white N-BQH.
From DSC thermogram, the endothermic peak tempera-
ture of this material was 147.1°C (that is, the melting
point).

The purity and the chemical structure of the product
were confirmed by the elemental analysis, FT-IR, and
the 'H NMR as follows.

Folr FT-IR (KBr); 3098, 1514, 1359, 1073, 767, 667
cm .

For 'H NMR (acetone-dg in ppm from tetramethyl-
silane) ;

Peaks for quinoxaline ring (9.82—9.89, 9.61—9.65,
8.82—8.88, 8.59—8.65, 8.32—8.46 ppm).

Peaks for aromatic ring (7.62—7.69, 7.49—7.55 ppm).
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Peaks for ~-CHy— (6.66 ppm).
For elemental analysis ;

Calculated for C15sH3sNoSbFg: C, 39.39% ; H, 2.84%;
N,6.13;

Found for C;5H;3N,SbFg: C, 39.69% ; H, 2.86%; N,
6.16%.
DGEBA and obtained N-BQH structures are shown in
Figure 1.

Sample Preparation

The required amount of the catalyst (N-BQH) was ac-
curately weighted into a 250 ml beaker equipped with a
mechanical stirrer and was dissolved in two folds of ace-
tone. The required amount of epoxy (DGEBA) was added.
The beaker containing the sample was stirred for 10 min
and degassed for 60 min before measuring. The molar
catalyst concentrations corresponded to epoxy/N-BQH
ratios of 99.5:0.5, 99:1, 98:2, 97:3, and 95:5. The
curing condition was 80°C for 1 h plus 160C for 2 h and
then 180°C for 2 h for post curing, respectively.

Measurements

DSC measurements were carried out with Du Pont
DSC 910 thermal analyzer. The heating rate was 10C
min . And the scanning range was from 50°C to 330°C.

The used FT-IR instrument was a Hartmann & Braun
Model Bomen MB 102 Spectrophotometer. The scan was
from 400 to 4000 cm ™ ! and it required 40 s for one scan.
Since the scan was conducted at high temperatures, a
hot cell was used to mount the samples. A Grasedy-
Specac Temperature Controller (Model Eurotherm) was
used along with heating elements and a thermocouple to
control the temperature of the hot cell. A maximum of 20
scans per run were carried out.

The dynamic shear modulus at isothermal conditions
were monitored by using the parallel plate geometry on
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Physica (Rheo Lab. MC 10). The disposable plates (¢=50
mm) were pre-heated in the environmental chamber of
the rheometer for approximately 10 min at setting tem-
peratures before test. The gap between the plates and
the frequency of oscillation mode were 0.5 mm and 5 Hz,
respectively. After loading the sample, the temperature
of the chamber was equilibrated to setting temperature
about 1 min. The maximum operating temperature was
fixed as 160°C.

RESULTS AND DISCUSSION

Thermal Behavior and FT-IR Measurements

Catalysts are important in chemical reactions, since
they decrease activation energies to accelerate the reac-
tions. Catalysts that show no activity under normal con-
dition but show activity by external stimulation are
called “latent catalysis”. Heating, photo-irradiation,
pressure, magnetism, ultrasonic wave, electron beam, X-
rays, and so on are the candidates of external stimula-
tion. Heating and photo-irradiation are the most impor-
tant for practical use because their lower cost and higher
safety. Heating is more facile external stimulation than
photo-irradiation for practical use since homogeneous
heating of reaction mixtures can be easily attained. Ho-
mogeneous photo-irradiation is relatively difficult since
the irradiation area depends on the irradiation source
and reaction vessel. The most useful characteristic of la-
tent catalyst is that they can control propagation step as
well as initiation step of chemical reactions by external
stimulations. Therefore, reaction temperature, time, and
place can be conveniently selected by using latent cata-
lyst. This concept of latent catalyst has been developed
to “latent initiators” of polymerizations. Latent initia-
tors can simplify the operation of the curing process,
namely, one-pot curing system becomes possible by us-
ing latent initiators. But the information of only catalyst
cured epoxy systems is very rare.

In this article, our recent researches on newly devel-
oped cationic latent initiators are described. We have
synthesized benzyl quinoxalinium salt and examined po-
lymerization of epoxide (DGEBA). Cationic polymeriza-
tions of this monomer could be initiated by N-BQH with
heating to afford the corresponding polymer in satisfac-
tory yields. Benzyl quinoxalium salt also acts as latent
catalyst. The order of activity depends upon the nature
of the counter anions (SbFg~ >PFg >AsFg™ >BF, ),
and this order reflects the nucleophilicity of the counter
anions. Arnold!® concluded that cationic catalysts with
boron trifluoride in the presence of hydroxyl groups pro-
ceeds via a carbonium ion intermediate. This ion, in turn,
reacts with a hydroxyl group from the resin, to give an
alkoxide and regenerate the boron trifluoride. This is in
keeping with the findings of Lee et al.'*

The concentration of catalyst is a very important fac-
tor in catalytic curing of epoxy. Figure 2 shows dynamic
DSC thermograms for the epoxy resins containing 0.5,
1.0, 2.0, 3.0, and 5.0 mol% of N-BQH. The multimodal
exothermic peaks of the DSC thermogram demonstrate
that there are more than one type of reaction. N-BQH
was proved to be an excellent thermally latent initiator
for epoxy resins without any co-initiator. These results
show similar behavior to those reported for epoxy-cured
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Figure 2. Dynamic DSC thermograms of the untreated samples
(heating rate is 10°C min ).

systems by aliphatic sulfonium salts®® and aromatic
pyrazinium salt.’> In general, the polymerization reac-
tion of cationic epoxy system leads to a Lewis acid proc-
ess.'® Gu et al.,’ who studied the diphenyliodonium
hexafluoroarsenate/epoxy system, suggested that the
two different curing reactions occur. Based on Gu’s and
Lee’s suggestion'® and DSC results, we consider that two
separate initiation reactions, (i)—(ii) and three propaga-
tion reactions (iii)—(x) behave as shown in Figure 3. The
actual initiating species may be suggested to be a benzyl
cation in the reaction (i) on the basis of the structure—ac-
tivity relationship of the benzyl quinoxalinium salt. The
formation of H*SbFg ™ in the reaction (ii) starts the ring
opening polymerization by the Lewis acid process. Qui-
noxaline formed by decomposition of N-BQH attacks the
propagating end in the last stage of the polymerization
to increase the termination. The two small exothermic
peaks in Figure 2 indicate the existence of two separated
initiation processes which differ in reactivity. These
findings are consistent with previous research of Lee et
al.’® These two small peaks may be an evidence of the
reaction between epoxides and N-BQH, and the reaction
between epoxides and hydroxyl groups in epoxy chains,
which comprise catalyst degradation reaction. Com-
pared with DSC results of the sample with a higher cata-
lyst concentration in Figure 2, the thermogram of 0.5
mol% sample shows a single peak in the low tempera-
ture exothermic region. One explanation for this obser-
vation may be that the reaction between epoxides and
hydroxyl groups in epoxy resins is negligible because of
small amount of N-BQH. From these results, we specu-
late that the gelation probably begins with the initiation
reaction between epoxides and N-BQH or between hy-
droxyl groups in epoxy resin and N-BQH. As the catalyst
concentration of N-BQH increases, the availability of the
radical to react with the epoxide in the initial stage of
cure would be more pronounced and makes the main
peak temperature shift to a lower value. This main peak
seems to present three dimensional cross-linking reac-
tion of etherification between the two epoxides. The total
heat of polymerization also increases with an increase in
the catalyst concentration of N-BQH ; this is due to the
occurrence of more cross-linking units. The thermal
characteristics of this system has been checked by the
DSC. As catalyst concentration of N-BQH increases, the
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Figure 3. Suggested curing mechanism of the DGEBA/N-BQH systems.

third peak of thermogram decreases except for 0.5 mol%
sample. The glass transition temperature in this system
increased with increasing catalytic concentration until
3.0 mol% and then decreased. These results are summa-
rized in Table L.

In general, exothermic heat flow is proportional to the
reaction rate of reactive groups such as epoxide and dou-
ble bond. Reaction rate is proportional to the heat gen-
eration rate, dH/dt. Conversion rate, da/dt, at time, ¢
and conversion can be expressed as follows ;

Polym. J., Vol. 32, No. 3, 2000

da _ (dH/dt)

dt = AHg (1)
 AH

a =AML )

Where, the total reaction heat of reactive group, AHg can
be replaced by dynamic exothermic heat, AHyy, since
AHg, the sum of residual and isothermal exothermic
heat is smaller than dynamic exothermic heat, AHgyy,.

Finally we have obtained from Kamal’s generalized
expression'” and the multiple linear regression method®
as follows :
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Table I. The thermal characteristic of DGEBA/BQH system
Glass

Main peak temperature in DSC/C

Mol% of transition Total heat of
: -1
BQH temp?é:aature/ 1st ond 3rd Ath reaction/Jg
0.5 54.5 142.3 — 193.9 208.6 293.4
1.0 105.3 - 157.0 198.2 218.0 301.2

2.0 134.4 139.1 157.0 1949 210.7 484 .4
3.0 158.0 137.3 1539 1645 1781 4919
5.0 135.7 — 147.0 1655 174.8 491.9

? Glass transition temperatures were obtained from second run
of DSC at 10C min” .

h-](((li_‘;)=1n(k1-+-k2~a’”)+n-ln(1—0{) 3)

1n[(%;—)/(1—a)"—k1] —Inky+m-lna  (4)

1n[(‘(11—‘;)/(k1+k2am)] = n-In(1—a) (5)

Usually, the constant k; was graphically calculated as
the initial reaction rate at a« =0, given by the intercept
of the conversion rate-fractional conversion plot. A lin-
ear plot of the left-hand side of eq3 against In(1—a)
would yield the reaction order, n as the slope. By using
this calculated value of n in the eq 4, we could also ob-
tain m as the slope and k&, as the intercept from a linear
plot of the left-hand side of eq 4 against Ina. As de-
scribed previously, the exact reaction orders and con-
stants can be graphically obtained from the curve fitting
method by reducing the erratic values between before
and after iterations.

Figure 4 indicates (a) the isothermal reaction rate and
(b) conversion curves of 160°C as a function of cure time
for N-BQH/DGEBA system with different catalyst con-
centrations. The isothermal technique as outlined by
Prim!® in this study exploits the ability of the DSC to
monitor simultaneously the rate of reaction (da/d¢) and
conversion (o) over the entire course of reaction. The
general procedure for obtaining isothermal scans in-
volved allowing the DSC cell to equilibrate at the iso-
thermal temperature, quickly transferring the sample to
the cell, and allowing the run to continue until no more
reaction was detectable as indicated by an equilibrium
heat flow value being attained (dH/dt =0).

For all the samples with various catalyst concentra-
tions, Figure 4a presents that the peak value increases
and shifts to a shorter time with increasing catalyst con-
centrations : this means that the curing reaction pro-
ceeds through auto-catalytic mechanism. Figure 4b
shows that the fractional conversion for the sample with
a higher catalyst concentration reaches a plateau value
in a shorter time compared to the other. The fractional
conversion increases with increasing catalyst concentra-
tion until 3.0 mol% : that is, the final conversion for the
excess concentration of catalyst of 5.0 mol% sample has
a lower value than that for the 3.0 mol% sample. The
former has the higher glass transition temperature than
the latter as shown in Table I. The conversion is in the
range of 69—89%.
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Figure4. Conversion rate and Conversion of DGEBA/N-BQH
system obtained from isothermal DSC results as a function of time
at 160°C : (a)da/dt ; (b)a.

Figure 5 presents a series of reaction rate curves as a
function of fractional conversion for N-BQH/DGEBA sys-
tem with different catalyst concentrations and isother-
mal temperatures. The results reveal that the curing re-
actions proceed through autocatalytic mechanism with
maximum conversion rate in conversion range of 2—32%.
As the catalyst concentration of N-BQH and isothermal
curing temperature increase, the conversion rate in-
creases.

The temperature dependence of rate constant can be
determined with Arrhenius equation. The kinetic pa-
rameter of k1, ks, m, n depending on the concentration
and the curing temperature were calculated by fitting
the experimental data to eq 3, 4, and 5.20 The isothermal
experimental data for the sample with a fixed catalyst
concentration are summarized in Table II.

The average of reaction constant, k; known as related
to auto-catalytic reaction always has a higher value than
the average of reaction constant, k; known as related to
initial reaction between the epoxide and catalyst except
for 0.5 and 2.0 mol% samples. It may come from the good
reactivity of hydroxyl group generated by ring opening of
autocatalytic reaction. The activation energies (E;, Ej)
can be obtained as a slope from a linear plot of Ink
against 1/T in Arrhenius reaction equation as shown in
Figure 6. The activation energy, E, tends to increase
with increasing catalyst concentration as shown in Fig-
ure 6a. The activation energy, E, increased with an in-
crease of the catalyst concentration except for 2.0 mol%
sample which has higher values than 3.0 mol% sample
as shown in Figure 6b. These results indicate that the
level of catalyst concentration has a significant effect on
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Figure 5. Conversion rate vs. conversion plots of DGEBA/N-
BQH system obtained from isothermal DSC results at different
temperature : (a) 0.5; (b)2.0; (c) 5.0 mol%.

activation energy. The reactivity ratios of In(ky/k;) for
the catalyst concentration is in the range of 0.2—4.1 as
shown in Figure 6c. The most interesting phenomena in
this system are that there are different slopes at differ-
ent isothermal cure temperature except for 2.0 mol%
sample : the 0.5, 1, 3, and 5 mol% samples cured at a
higher temperature than 160°C have higher values of
slopes than those at the temperature below 160C. It
means that the samples experience a critical change at
the isothermal cure temperature of 160°C.

The reaction order was determined by averaging val-
ues of all isothermal experimental data. The sum of the
exponent factors, total reaction order (m +n), of this sys-
tem showed a tendency to increase with increasing cata-
lyst concentration except for 0.5 and 1.0 mol% sample as
shown in Figure 7. The total reaction order in these sys-
tems presenting more than 2.7 is greater than that of
amine/epoxy system which is known as about 2.2! This
catalyst/epoxy resin system seems to contain the more

Polym. J., Vol. 32, No. 3, 2000

Table II. Kinetic parameters of DGEBA/N-BQH system
following autocatalytic curing reaction

k, k, Reaction rate
n (X107% (X107% constants ki, ks
s7! s! s

150 2.7 27 039 037

160 24 61 108 0.70

0.5 170 22 45 113 0.73
180 1.6 36 084 139

Average 22 42 0.86 0.80

150 21 28 049 0.71

160 23 3.0 0.80 1.27

1.0 170 22 33 113 3.25
180 1.7 39 120 375

Average 2.1 33 091 2.25

150 04 16 0.82 0.10

160 06 15 133 0.17

2.0 170 08 21 161 0.85
180 1.1 28 244 2.72

Average 0.7 20 155 0.96

150 0.6 21 1.07 0.44

160 0.8 25 152 1.11

3.0 170 1.0 28 258 287
180 1.3 37 378 8.34

Average 09 28 224 3.19

150 07 24 068 133

160 1.0 28 183 3.72

5.0 170 1.4 35 400 121
180 1.7 46 6.24 38.5

Average 1.2 33 319 13.7

Contents Temperature
mol% T

k,=3.62X10"exp
(—39000/RT)

ky=6.59X 10°exp
(— 86700/RT)

k,=8.91X10%xp
(—50400/RT)

k,=1.08X10"%xp
(—98600/RT)

k,=1.07X10%xp
(—57600/RT)

k,=3.06X 10®exp
(—183000/RT)

k,=7.32X10%xp
(—T1800/RT)

k,=4.68%X10"exp
(—162600/RT)

k,=1.33X10"exp
(—123600/RT)

k,=1.66X10"exp
(— 187500/RT)

complex kinetic reaction mechanism than amine/epoxy
system. In amine/epoxy system, epoxy compound reac-
tions with primary and secondary amines occur competi-
tively in the auto-acceleration and auto-inhibition reac-
tions from the kinetic point of view.>®1%16 But in cationic
catalytic epoxy system, the epoxy-oligomer curing with
catalyst has an auto-catalytic character without any in-
hibition reaction due to the accumulation of hydroxyl
groups during the reaction.

Figure 8 shows the infrared spectrum of DGEBA/N-
BQH systems during the isothermal curing at 160C. To
discuss the results from FT-IR experiments, it is neces-
sary to assign the peak. There have been a large number
of investigations using FT-IR for amine/epoxy sys-
tems.2'~ 2 The most common reference band is the C-H
stretch associated with the aromatic hydrogens in the
monomer chain backbone (1510 cm™ ), since it has a
very strong absorption and is not involved in any of the
cure reactions. Ether bands are usually found between
1000 and 1200 cm ™ . A hydroxyl absorption peak occurs
at 3500 cm ™. An epoxide band occurs at 913 cm L In
the sample with 0.5 mol% of catalyst, the epoxide peak
intensity gradually decreases with an increasing curing
time even though the small peak remains for the cured
sample after 1 h due to the residue of epoxide groups. On
the contrary, as increasing the catalyst concentration of
N-BQH, the peak intensity of epoxide sharply decreases
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Figure 6. Arrhenius plots of initial and autocatalytic reaction
rate and reactivity ratio of DGEBA/N-BQH system : (a) Ink;; (b)
Ink, ; (c) In (ky/ky).

with a curing time, and then the epoxide peak almost
disappears after 1h of cure. The spectroscopy of
hydroxyl-containing compounds is frequently compli-
cated by the occurrence of hydrogen bonding. For the 5
mol% sample, the increase of O-H peak intensity with
curing time suggests that the curing process may lead to
more production of O—H at a high catalyst concentration
of N-BQH.?! The C-O peaks (1100 cm ') increase with
curing time. This behavior reveals the production of C-O
peak by the propagation reaction of epoxide groups and
the additional reaction of epoxide at the elevated tem-
perature.

Rheological Behavior in Dynamic Shear Measurements
Rheological properties such as dynamic modulus or
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Figure 9. Moduli profiles of various isothermal temperature for
DGEBA/N-BQH system : (a) 0.5 mol% ; (b) 3.0 mol%; (¢) 5.0 mol
%.

viscosity have some correlation with physical and me-
chanical properties in curing process, in which the stor-
age modulus (G ") and loss modulus (G ") relate to elastic
and viscosity properties in materials, respectively.?* In
order to analyze the influence of temperature on the gel
point, which is defined as a transition state between lig-
uid and solid phases,?>?% the dynamic shear moduli were
monitored by using the parallel plate geometry. Modulus
profiles obtained from the isothermal cure of 0.5 mol%
sample are reported in Figure 9. The gel time decreases
with increasing temperature. It is possible that the ele-
vation of curing temperature accelerates the initiation
reaction. In the initial stage of reaction, the molecular
weight slowly increases as a consequence of the chain
growth of monomer. As the polymerization goes on,
there is a strong increase of storage modulus near the

Polym. J., Vol. 32, No. 3, 2000

gel point due to the progressive formation of a 3-
dimensional polymeric network. The gel time may be ob-
tained from the point at which the storage and loss
modulus curves meet each other (i.e., the time when the
damping factor reaches 1). ®Results of the gel times ob-
tained from Figure 9 are presented in Figure 10. Oyan-
guren et al .*" reported that cross-linking activation en-
ergy was obtained by measuring the gel times at various
temperatures. Network structure can be expressed as a
function of conversion and the dynamic reaction eq 10
produced by integrating eq 9 as follows ;

da —p. 6

57 fla) (6)

k =A-exp(—E/RT) (N

da -4- —E/RT)-dt 8
> exp( ) (8)
[l ) wa]mmr

Assuming that the conversion of the gel point, a., has
no interaction with temperature and its value is con-
stant, the gel time, {., can be described by the following

Arrhenius expression® :

_ E.
In¢, = RT +C (10)
where, E, : cross-linking activation energy, R : gas
constant, T : cure temperature, C : constant. This as-

sumption is confirmed by the linear behavior observed in
Figure 10. Table III summarizes the calculated results
on cross-linking activation energies based on eq 10. The
activation energies obtained for 0.5, 2, and 5 mol% sam-
ples are 56.9, 56.8 and 56.4 kJ mol !, respectively. The
values of activation energy are approximately the same
for all the catalyst concentrations, which indicates that
the overall reaction mechanisms are nearly the same.
These findings are in substantial agreement with those
of Lee et al. ® The activation energies show lower values
than the other systems previously reported which have
78 kJ mol ! for the DICY/brominated epoxy,® and 101
kJ mol ! for the diphenyliodonium hexafluoroarsenate/
cycloaliphatic epoxy.?

Figure 11 indicates the relationship between the
damping factor and N-BQH catalyst concentration. The
damping factor immensely decreases with the curing
time near the gel point where tand is 1. The shoulder
shifts toward a shorter curing time as the catalyst con-
centration increases. The curves of tand after gel point
showed fluctuating (or damping) behavior with curing
time, especially in the case of 5.0 mol% sample at the
temperature of 150°C. This damping behavior may indi-
cate different in various catalyst concentrations and iso-
thermal temperatures. After gel point, the tané of 0.5
mol% sample at the temperature of 130C in Figure 11a
has a higher value than those of 0.5, 2.0, and 5.0 mol%
sample at isothermal cure temperatures of 140C, 150C,
and 1607C in Figures 11b—d. But the tand of 0.5, 2.0,
and 5.0 mol% sample at the temperatures of 140°C, 150
C, and 160C have similar values. It may suggest that
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Figure 10. Arrhenius plot of gel times at constant frequency (5
Hz).

Table III. Cross-linking activation energies, E,, obtained
by gel times and cure temperatures

orfnl(a)g;{ VTR In T e

0.00248 7.11
0.00242 6.59

0.5 0.00236 6.23 56.9 0.99602
0.00231 5.97
0.00226 5.54
0.00254 6.61
0.00248 6.08

2.0 0.00242 5.68 56.8 0.99666
0.00236 5.34
0.00231 5.00
0.00254 6.26
0.00248 5.85

5.0 0.00242 5.35 56.4 0.99765
0.00236 5.04
0.00231 470

the insufficient catalyst at the lower cure temperature
give very complex, may be harmful, influence to develop
three dimensional networks during the solidification
process.

CONCLUSION

The catalyst prepared in this work acts as a thermally
latent cationic initiator in the curing reaction of epoxy
resin. The total reaction order has a greater value than
2.7 while the amine/epoxy system has the order of 2.0.
This result reveals that this catalyst/epoxy resin system
seems to contain a more complex kinetic reaction mecha-
nism than the amine/epoxy system.

By using the Arrhenius type equation, the calculated
cross-linking activation energies (E.) were in the range
of 56 to 57 kJ mol™!. These results indicate that the
overall curing mechanisms are nearly the same. The
damping factor curves after gel point showed fluctuating
behavior with curing time, especially in the case of 5.0
mol% sample. After gel point, the loss tangent of 0.5 mol
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Figure 11. Damping factor profiles of various catalyst concentra-
tions for DGEBA/N-BQH system : (a) 130C ; (b) 140C; (c¢) 150
T; (d)160TC.

% sample at the temperature of 130°C has a higher value
than those of all the samples at different higher cure
temperatures.
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