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Abstract

In this work, structural properties of the imidazole cured epoxy—phenol resins were theoretically simulated by the Monte Carlo (MC)
procedure. The proposed procedure can be extended to any other complicated reaction system. The structural properties, including the
epoxide conversion, the weight average molecular weight, the sol—gel fraction, the number average branch point of the sol part, the branch as
well as the loop density of the gel part were discussed. The theoretical results were further verified experimentally by differential scanning
calorimetry (DSC), sol extraction test, and gel permeation chromatography (GPC). The theoretical results agree with the experimental data

quite well. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The unique chemical and physical properties of epoxy—
phenol resins have made them the predominated thermoset-
ting resins for potting and encapsulating a variety of
electrical and electronic components [1-3]. Nowadays the
chip sizes have become larger, while the dimensions of
devices inside the chip have become smaller and the struc-
ture of the chip has become more delicate. Encapsulants
formulated out of epoxy—phenol resins are transfer-molded
to form a protective shell outside the integrated circuits.
During polymerization, the molecular weight increases
and the crosslinked structure builds up, which governs the
rheological and mechanical properties of the cured resins. The
polymerization of diglycidyl ether of bisphenol A (DGEBA)
cured with bisphenol A (BPA) and 2-ethyl-4-methyl-imida-
zole (2,4EMI), forming a liner structure or a densely cross-
linked network, is controlled by the molar ratio between
DGEBA and BPA. There have been some studies on the reac-
tion kinetics [4—7]; however, a theoretical treatment on the
chain build-up and network formation governed by these
apparent complicated reaction mechanisms is still lacking.

In our previous studies [8], a generalized Monte Carlo
(MC) procedure was proposed, which could provide a
very detailed insight information about the structural evolu-
tion of polymer chains. This it is very important for an
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understanding of the chemorheological properties due to
the growing up of branched (or crosslinked) structures
inside the curing polymers.

In this work, the epoxide conversion, the weight average
molecular weight and the number average branch point of
the sol part, the sol—gel fraction, as well as the branch and
loop density of the gel part were studied by the proposed
MC method. The theoretical results were verified experi-
mentally by differential scanning calorimetry (DSC) and
gel permeation chromatography (GPC). Both theoretical
and experimental results coincided with each other very
well.

2. Experimental
2.1. Materials

The epoxy resin (DER332), a nearly pure form of
DGEBA, was supplied by the Dow Chemicals Company.
The epoxide equivalent weight (EEW) of DER332, deter-
mined by titration, was 174 g/mol-epoxide. The difunc-
tional phenol, BPA with a purity >99%, was obtained
from the Tokyo Chemical Industry Company. The imida-
zole, 2,4EMI with a purity >99%, was obtained from Acros
Organics. All materials were stored in a desiccator and used
as received without further purification.

2.2. Sample preparation

Different molar ratios of BPA—epoxide and 2,4EMI were
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Fig. 1. Reaction mechanisms proposed for DGEBA cured with BPA and 2,4EML.
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dissolved separately in spectrometric grade acetone. The
solutions were then mixed well by rigorous stirring, and
the acetone was evaporated under vacuum at 30°C for
10 min. The resultant mixture was immersed in ice water
immediately to minimize further cure reaction before
kinetics studies and other experiments. The prepared samples
were surveyed from room temperature to 320°C by thermo-
gravimetric analysis (TGA). The results of TGA showed that
the total weight loss caused by residual acetone loss and
thermal degradation of resultant mixture is less than 1%.

2.3. Polymerization and sol extraction

The prepared samples (ca. 5 g) were poured into empty
glass tubes and sealed well. All sample tubes were
immersed into an isothermal silicon oil bath, and then the
further reaction restarted at the setting temperature. The
sample tubes were removed from the silicon oil bath at
various reaction-time intervals, quenched immediately and
pulverized in liquid nitrogen. Tetrahydrofuran (THF) was
then added into the sample tube to extract the soluble
portion from the cured sample. All sample tubes were
fixed on a shaker water bath and kept at 15°C during the
extraction experiments. The sample was extracted for at
least two days and the solvent was replaced with fresh
THF every six hours. The sol fraction was determined
from the difference between the initial and final weights
of the cured sample.

2.4. Gel permeation chromatography (GPC) analysis

A Waters Associates Chromatograph (Model 6000A
pump) was equipped with three columns, one Polymer
Laboratories Mixed-C and two American Polymer Standard
100 A in series, connected to the Shodex RI-71 refractive
index detector. The analytically pure THF was used as
eluent and the flow rate was set to 1 ml/min. The average
molecular weights were determined from the calibration
curve established by means of polystyrene (PS) standards
(Polymer Laboratories) with normal molecular weights 162,
580, 2100, 3250, 9200, 28,500, 66,000, 156,000, 330,000,
1,030,000, and 3,040,000.

2.5. Differential scanning calorimetry (DSC) analysis

Both dynamic and isothermal DSC were performed by
using a TA Instrument (TA-2010) DSC under nitrogen
atmosphere. The DSC enthalpy and temperature scale was
calibrated using a high purity indium sample. Dynamic
scans from 2.5 to 20°C /min over a temperature range of
25-320°C were used to cure the 2, 4EMI-BPA-epoxide
samples. Isothermal studies were also performed at the
desired temperature, held for various periods of time.
Both dynamic and isothermal samples were quenched to
—40°C and scanned up to 300°C at a heating rate of 20°C/
min to detect the residual heat of reaction. The post-cured

sample was then quenched to 0°C and scanned at 20°C/min
to detect the glass transition temperature (7).

3. Theoretical approach
3.1. Reaction mechanisms

The proposed reaction mechanisms are shown in Fig. 1 on
the basis of our previous studies [7]. It shows two initiation
mechanisms: the first one starts with the adduct ion of the
pyridine-type nitrogen with epoxy (1.1, 1.2). The second
results from the ionic nature of the 2,4EMI-phenol interac-
tion (1.4, 1.5). And the following propagation steps consist
of three main reaction mechanisms: the epoxide—phenol
reaction (1.6), the acid—base reaction (1.3, 1.7), and the
epoxide—R-O " reaction (1.8, 1.9). And the corresponding
mathematical scheme can be expressed as: (where ‘y;” is
identified in Fig. 1)
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Table 1

Reaction rate constants [7] used in the MC simulation (k; and k, (1/mol s): In(A) 18.33, E, (kJ/mol) 74; k3 (1/mol s): In (A) 13.52, E, (kJ/mol) 38.35; K4 (1/mol s)

5% 107% ks (I/s 107".) For kg and k; values are tabulated below

Molar ratio ke (1/mol s) k7 (I/mol s)
DGEBA/
BPA/2,4EMI

In (A) E, (kJ/mol) R In (A) E, (kJ/mol) R
100/40/6 20.40 79.81 —0.998 21.46 80.07 —0.997
100/40/4 20.62 80.18 —1.000 20.73 77.36 —0.992
100/80/4 21.35 81.42 —0.998 20.35 81.42 —0.998
100/100/6 20.68 79.34 —0.998 21.68 79.34 —0.998
100/100/4 20.69 79.30 —0.997 20.69 79.30 —0.997

3.2. Monte Carlo procedure

If a system consists of ‘p’ irreversible reactions (the
reversible reaction can be separated into two elementary
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T

Fig. 2. A concise flow-chart of the Monte Carlo simulation.

ones), the general form can be written as follows:

K
le + Ym2_) m3 + Ym4 (]2)

For mth reaction R,,,(m = 1,...,p)

where Y,,; represents the species Y; participating in the mth
reaction, k,, denotes the reaction rate constant of mth reac-
tion. The reaction rate equation of the elementary reaction
could be expressed as

Fm = kmcl C2’ (13)

where r,, is the reaction rate of mth reaction R,, and C; is the
molar concentration of species i.

The strategy of the MC method is divided into two steps:
the first is to decide the type of the reaction mechanism, and
the second is to select the reacting functional groups [9]. A
concise flowchart is shown in Fig. 2. All parameters used in
the MC simulation are listed in Table 1. Since the average
value of n of DER332 is 0.028, the epoxy prepolymer is
assumed to be a mixture having 97.2 mol% of pure DGEBA
(n =0) and 2.8 mol% of DGEBA (n = 1). Their molecular
weights are listed in Table 2. The results of the MC simula-
tion shown in the following figures are the mean values,
with at least five times independent of MC calculation.

4. Results and discussion

According to the method of reduced average molecular
size [10], the critical conversion (or the gel point) is defined
as the conversion at which the weight average molecular
weight, excluding the largest molecule, reaches the maxi-
mum value. The molecular weight profiles of the 1st, 2nd,

Table 2
The molecular weight of reactants used in MC simulation

Material Molecular weight (g)
DGEBA (n = 0) 340
DGEBA (n=1) 624
BPA 228
2, 4EMI 110




Y.-C. Chen, W.-Y. Chiu / Polymer 42 (2001) 5439-5448 5443
1E8
Isothermal 95 °C g ® § N EEEEm
DGEBA/BPA2 4EMI an "
100/40/4 n
1E7 | ® The Largest L]
0 The 2nd Largest
® The 3rd Largest
O The 4th Largest n
1000000
£
2
(]
n
2 400000 | o
© [ 3
g o O
3 o
<]
= o
g
10000 B o
3 -]
8° "2q
5 B 8 B goo
[oNelol
o} 8 BomD
°
1000
»
100 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Conversion (X)

Fig. 3. The weight profile vs. conversion of the 1st, 2nd, 3rd, 4th, largest molecule simulated by the MC method, at a molar ratio DGEBA/BPA/2,4EMI: 100/

40/4, at 100°C.

3rd, and 4th largest molecules calculated by the MC method
(N = 100, 000) are plotted in Fig. 3. Before the gel point, all
the four molecules almost have the same molecular weight.
Their molecular weights rise up steeply as the conversion
increases near the gel point. After the conversion exceeds
the critical conversion, only the first largest molecule keeps
growing, while the others decrease in their molecular
weight. This phenomenon is straightforward according to
kinetic theory, because large molecules with large number
of functional groups are much easier to combine together
than the smaller ones. The size effects of MC simulation on
the critical epoxy conversion are listed in Table 3. When the
size is large enough (e.g. N = 100, 000), the critical conver-
sion of the finite system converges and the standard devia-
tion becomes small.

4.1. Conversion

Because the amount of heat evolved during the reaction is

Table 3

Size effect on the critical epoxide conversion. The molar ratio of DGEBA/
BPA/2,4EMI was 100/40/4 and the reaction temperature was 100°C. The
standard deviation was calculated with at least five times of independent
MC simulation

No. of epoxide groups Critical conversion Standard deviation

100 0.541 0.035
1000 0.523 0.028
10,000 0.514 0.012
100,000 0.512 0.002

related to the number of reacted epoxide molecules [11-12],
the conversion of epoxide groups can be expressed as:
X(t) = AH(I)/AHtolalv (14)
where X(¢) is the thermal conversion at time #, AH, is the
total heat of reaction determined from the dynamic DSC
studies [7], and AH(r) is the heat of reaction from initial
time to the time ¢ during the isothermal reaction. The total
heat of reaction used here is listed in Table 4.

A comparison of the epoxide conversion vs. time by the
MC simulation and experimental results are shown in Fig. 4.
Within 70% conversion, i.e. In(1 — X) > —1.2, it is found
that the prediction by the MC method coincides with the
experimental results very well. For DGEBA cured with
100% molar ratio of BPA, there are enough phenols to
consume with epoxide groups through the epoxide—phenol
reaction and form linear aromatic ether linkages with

Table 4
The total heat of reaction (AH,y,) and the glass transition temperature (7,)
for different molar ratio of DGEBA/BPA/2,4EMI [7]

Molar ratio AH i (kJ/mol-epoxide) T, (°C)
(DGEBA/BPA/

2,4EMI)

100/100/6 77.288 69.7
100/100/4 78.709 72.2
100/80/4 79.169 79.8
100/40/6 79.127 96.7
100/40/4 81.761 106.0
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Fig. 4. The comparison of conversion vs. time calculated by the MC method and experimental data by DSC for DGEBA cured with 4% molar ratio of 2,4EMI

and different BPA molar ratios at 100°C.

secondary hydroxyl groups. As the BPA concentration is
lowered, some epoxide groups are still unreacted after the
initial epoxide—phenol reaction. The remaining epoxides
then react with RO~ and form aliphatic ether linkages,
from which the branched structure builds up. Because the
reaction rate of epoxide—R-O " is faster than that of epox-
ide—phenol [7], there is an obvious transition form the initial
slope to a steeper one in the conversion—time curve as the
BPA molar ratio is 40%. If the BPA molar ratio is 100%,
there is no obvious diffusion effect before the conversion
reaches 80%, i.e. In(1 — X) > —1.6. On the other hand,
there comes a deviation between the MC results and the
experimental data at a high conversion interval if the BPA
molar ratio is 40% due to the serious diffusion effect, as
shown in Fig. 4.

4.2. Sol-gel fraction

In the MC simulation, the calculated gel fraction is
defined as the weight of the first largest molecule over the
total weight of the curing system. A comparison of the
theoretical and the experimental gel fraction vs. conversion
is shown in Fig. 5. When the BPA molar ratio is 100%, no
gel part is found at any reaction temperature or at molar
ratio of 2,4EMI; both theoretical and experimental results
agree with each other. When the BPA molar ratio is less
than 100%, the gel part forms after the phenol groups are
nearly consumed and the weight fraction of the gel part rises
up sharply. The profiles of gel fraction are a strong function
of the BPA molar ratio. If a less molar ratio of BPA is used

initially, the BPA molecules are depleted earlier and the gel
point occurs at a lower epoxide conversion. It is also found that
either the reaction temperature or the molar ratio of 2, 4EMI
has only a slight influence on the profiles of gel fraction.

4.3. Branch point of sol

On the basis Flory’s works [13], the aliphatic ether linkage
(R-O-R), which is formed through the epoxide—R-O  reac-
tion, is termed as the ‘branch point’ in the studies. And the
‘loop’ is defined as the structure formed by the intra-chain
reaction. According to our simulation results, very few loop
structures were found in the sol part during the MC calculation,
no matter what initial conditions were chosen.

The number average branch point per polymer chain vs.
conversion is shown in Fig. 6, when the BPA molar ratio is
100%. It is found that the average value of branch point is
very small. The results agree with our hypothesis: if the
BPA molar ratio is 100%, there are enough phenol groups
to react with epoxide groups, which results in a linear
aromatic ether linkage, Ar—O-C. It shows that neither the
temperature nor the molar ratio of 2,4EMI affect the tenden-
cies significantly. And the profiles of branch point rise up
with increasing the conversion. When the BPA molar ratio
is lowered to 40%, the profiles of the branch point of sol part
reach a maximum value at a critical conversion (X =
0.512), as shown in Fig. 7. It seems that the branch point
is also an index of the gel formation. The gel part is formed
as soon as the average branch point profile rises up sharply
with the increasing conversion.
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Fig. 5. The gel fraction profile vs. conversion for DGEBA cured with different molar ratios of 2,4EMI and BPA, as well as different temperatures.

4.4. Molecular weight and glass transition temperature

Because the GPC columns are calibrated by PS standards,
some transformations are needed to compare the theoretical
and experimental results. In our previous work [8,9], the

Number Average Branch Point

weight average molecular weight calculated theoretically by
the MC was defined as the absolute molecular weight (M,,)
and the value determined from GPC was termed as (M gpc). If
the branched polymers were considered, the calculated M,,
was, chain by chain, transformed into the reduced molecular
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Fig. 6. The number average branch point of the sol part vs. conversion for DGEBA cured with 100% molar ratio of BPA at different reaction temperatures and

2,4EMI molar ratios.



5446 Y.-C. Chen, W.-Y. Chiu / Polymer 42 (2001) 5439-5448

0.3

DGEBA/BPA 100/40

Cal. Temp. 24EMI

= 100°C 6

o 100°C 4

® 95C 4

[}

0.2 |

Number Ave. Branch Point of Sol

0.1

L | |
L ]
»
a ° |
° De gu
»
ook m r gm . an ce® . 0% "en g0 pom )
0.0 0.2 0.4 0.6 0.8 1.0

Conversion (X)

Fig. 7. The number average branch point of the sol part vs. conversion for DGEBA cured with 40% molar ratio of BPA at different reaction temperatures and
2,4EMI molar ratios.

weight (M.q), which represented the molecular weight of the when the BPA molar ratio is 100%. As most of the polymer
linear phantom molecules that possessed the same hydrody- chains are of linear structure at this condition, the absolute
namic volume as the branched ones. molecular weight (M,,) is almost the same as the reduced
Fig. 8 shows the molecular weight profile vs. conversion, molecular weight (M, .q). The profiles of the calculated
DGEBA/BPA 100/100
My, M, Iso. Temp. 24EMI
10000 - R

1000

M, (X: w or GPC)

100 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Conversion (X)

Fig. 8. The comparison of Mgpc, My, and M4 vs. conversion for DGEBA cured with 100% molar ratio of BPA at different 2,4EMI molar ratios and reaction
temperatures.
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Fig. 9. The comparison of Mgpc and M,.q vs. conversion for DGEBA cured with 40% molar ratio of BPA at different 2,4EMI molar ratios and reaction

temperatures.

results coincide with the GPC experimental data (Mgpc)
very well before the diffusion effect becomes serious. It is
found that both the reaction temperature and molar ratio of
2,4EMI have no obvious effect on the profiles.

A comparison of reduced molecular weights of the sol
part and the experimental data by GPC as the BPA molar
ratio is lowered to 40%, is plotted in Fig. 9. The reaction

Isothermal 100°C

10000 [ DGEBA/2 4EMI 100/4
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n 40
o -- 80 T
° 100 270 o
,70 vﬁ\""
R
—~ Ao
[}
9 ..
o
&
-
© 1000 |
x
=
100 " 1 n 1 " 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0

Conversion (X)

Fig. 10. The comparison of Mgpc and M, vs. conversion for DGEBA
cured with 4% molar ratio of 2,4EMI and different BPA molar ratios at
100°C.

temperature and the molar ratio of 2,4EMI have only a little
influence on the molecular weight profiles. Both the reduced
molecular weights by the MC simulation and those by the
GPC analysis coincide with each other quite well.

The influence of BPA molar ratio on the molecular
weight profile of the sol part is shown in Fig. 10. The
BPA molar ratio is the most effective factor dominating
the molecular weight profiles since the BPA molar ratio
controls the beginning of gel formation, the structural type
of polymer chains, i.e. linear or branched, and the branch or
loop density in the gel part. Both the MC simulation and the
experimental data coincide with each other very well before
the diffusion effect becomes serious.

The glass transition temperatures (1) of the final cured
resins are listed in Table 4. The reaction temperature does
not change the T, of the cured resins from the DSC analysis,
and the 2,4EMI molar ratio has only a slight influence on the
T, of the cured resins. The results of 7, by the DSC agree
with the findings in structural properties; i.e. the BPA molar
ratio is the most important factor to control the final proper-
ties of the cured epoxy resin. Neither the reacting tempera-
ture nor the 2,4EMI concentration has much influence on the
structural properties.

4.5. Branch point and loop density of the gel part

According to Flory’s studies [13], the branch and loop
density used here are defined as the total branch points and
loop numbers in the gel part divided by the weight of the gel
part. The density profiles of the gel part are shown in Fig. 11.
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Fig. 11. The branch density and loop density of the gel part vs. conversion
for DGEBA cured at different reaction conditions.

It is found that the branch densities increase slightly with the
increasing conversion; however, the loop densities grow up
sharply after the gel point. As the gel parts are formed, the
molecules remaining in the sol part connect onto the gel mole-
cule through the inter-chain R-O —epoxide reaction and new
branch points build up simultaneously. Fig. 5, shows that the
weight fraction of the gel part increases sharply after the criti-
cal conversion. It means that few chances of the inter-chain R-
O —epoxide reaction occur between the sol and gel part;
therefore, the branched density in the gel part increases
slightly. Meanwhile, a lot of unreacted epoxide groups on
the gel part go through the intra-chain R-O™ —epoxide reac-
tion, which increases the number of loops in the gel part. Thus
the loop density increases sharply after the critical conversion
as shown in Fig. 11. The reaction temperature does not affect
the profiles of branch or loop density significantly. As a higher
molar ratio of 2,4EMI is used, the gel fraction becomes
slightly smaller at the same epoxide conversion as
shown in Fig. 5. This means that more molecules exists
in the sol part after the gel point, which increases the
chance of inter-chain R-O —epoxide reaction but
decreases the intra-chain R-O —epoxide reaction inside
the gel. Hence, increasing the molar ratio of 2,4EMI slightly
lowers the loop density but raises the branch density of the
gel part. As the BPA molar ratio is increased, more phenol
molecules participate in the epoxide—phenol reaction,
which build up more linear chains and the gel point is
delayed. In other words, less epoxide groups remain and
take part in the following inter-chain or intra-chain R-
O —epoxide reactions. Inasmuch, the values of branch
density and loop become smaller as the BPA molar ratio
increases from 40 to 80%.

5. Conclusions

In this work, the structural properties of imidazole cured
epoxy—phenol resins were simulated by the MC method.
The influences of BPA, 2,4EMI molar ratio, and the reaction
temperature were discussed. Moreover, the theoretical
results were verified experimentally by the DSC, sol extrac-
tion test, and GPC results.

The BPA molar ratio was the most important factor to
dominate the structural properties of the cured resins. When
the BPA molar ratio was 100% relative to DGEBA, there
were enough phenol groups to react with epoxide groups.
Thus, most of the cured molecules were of a linear structure,
and there was no gel part formed throughout the whole
reaction. When the BPA molar ratio was lower than
100%, the branched structure formed through the R-O™ —
epoxide reaction as the phenol groups were nearly
consumed. The gel part was built up after a critical conver-
sion, and lesser the molar ratio of BPA was used, the earlier
the critical conversion was reached. But the 2,4EMI molar
ratio and the reaction temperature had no obvious influence
on the structural properties of the cured resins. As the struc-
tural properties of the gel part were considered, the branch
density and loop density were mainly determined by the
molar ratio of BPA. The more the BPA was used, the lesser
epoxide groups participated in the inter-chain and intra-
chain R-O —epoxide reaction. Thus, the branch and loop
density decreased with rising BPA molar ratio. However,
the reaction temperature and the 2,4EMI molar ratio had
little influences on the formed gel part.
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