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Abstract

Diglycidyl ether of 4,4′-dihydroxybiphenol (BPDGE) is a liquid crystalline epoxy. The biphenyl epoxy (diglycidyl ether of 3,3′,5,5′-tetramethyl-
4,4′-biphenyl, TMBPDGE) has found great applications in plastic encapsulated semiconductor packaging. Phenol novolac (PN) was used as curing
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gent. The reaction kinetics of BPDGE/PN and TMBPDGE/PN systems in the presence of triphenylphosphine (TPP) were characte
soconversional method under dynamic conditions using differential scanning calorimetry (DSC) measurements. The results showed th
f epoxy resins involves different reaction stages and the values of activation energy are dependent on the degree of conversion. T
uring temperature on their phase structure have been investigated with polarized optical microscopy and Wide-angle X-ray diffrac
roper curing process, BPDGE showed a nematic phase when cured with PN.
2005 Elsevier B.V. All rights reserved.

eywords: Liquid crystalline epoxy resin; Curing kinetics; Phase behaviors

. Introduction

In recent years, many investigations concerning the synthe-
is, optical and thermal properties of liquid crystalline epoxy
esins have been reported[1–5]. As compared to ordinary epox-
es, after cured, LCERs exhibit higher toughness due to the
etardation of the crack propagation by the formation of many
C domains in the cured networks[6–8]. Diglycidyl ether of
,4′-dihydroxybiphenol (BPDGE) is a typical kind of liquid
rystalline epoxy. The phase structure, thermal and dynamical
echanical properties of its cross-link network with different

uring agents have been widely investigated[9,10,11]. Digly-
idyl ether of 3,3′,5,5′-tetramethyl-4,4′-biphenyl (TMBPDGE)

s a commercial epoxy which can be applied as encapsulation
aterial because of the good adhesion, low viscosity, high filler

oading[12]. The similar chemical structure in both BPDGE and
MBPDGE made them interested for electronic application.

∗ Corresponding author. Tel.: +86 20 85231089; fax: +86 20 85231089.
E-mail address: mglu@mail.gic.ac.cn (M.-g. Lu).

For thermosets, it is necessary to conduct the systematic
ies to optimize the resin composition, processing condition
to find out the relationship between structure and property fo
final industry applications. Many studies have been done to
ify the reaction between epoxides and phenols in the pre
of catalyst. Seung Han and his coworkers reported the c
reactions between TMBPDGE and three different phen
functional hardeners, such as phenol novolac, xylok, and
clopentadiene type phenolic resin, in the presence of TPP
the curing reaction of TMBP using phenol novolac as a hard
(0.5 phr TPP) proceeds through an autocatalytic kinetic m
anism similar to that of phenol novolac-curedo-cresol novola
epoxy resin[13]. In the other previous studies, the influence
the catalyst types on the curing reactions between TMBP
[14] and the effects of TPP concentration on the isotherma
ing reactions of biphenyl epoxy/phenol novolac system w
reported[15]. All studies were performed by a differential sc
ning calorimeter using an isothermal approach. Kim et al. s
ied the reaction kinetics of a biphenyl epoxy/polyol system in
presence of benzyldimethylamine used as a catalyst by a
conversional method under dynamic conditions[16]. Ochi and
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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his coworkers investigated the optical and thermal and mechan-
ical properties of BPDGE with different phenolic curing agents.
They made a conclusion that when phenol novolac was used
to cure BPDGE, the active hydrogens are distributed in a ran-
dom direction. As a result, the biphenol groups in the epoxy
molecules could not be oriented in the networks[17,18].

However, we have found that the BPDGE cured with PN
could form a nematic phase and be fixed in the cross-link network
with proper curing process[19].

In addition, the curing reaction of BPDGE and PN in the pres-
ence of triphenylphosphine (TPP) was seldom researched, and
the most of previous works analyzed the reaction kinetics by the
homogeneous reaction model, normally using autocatalytic or
ann-order equation. In this model, the whole reaction of curing
was only considered as a single kinetic process, regardless of the
different reactive processes or the different stages evolved in the
system. In this article, polarized optical microscopy was used to
determine the texture. The curing behaviors of BPDGE/PN/TPP
and TMBPDGE/PN/TPP were investigated using an isoconver-
sional method that does not require the knowledge of a reaction
rate equation, and can give the curing behavior at a different
content of conversion.

2. Experimental

2.1. Materials
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solved in tetrahydrofuran (THF). Then stoichiometric amounts
of hardeners were added in the system. The solution was cooled
down and 1 phr TPP was added to the blend system. The mixture
solution was stirred till the solvent was dried and subsequently
evaporating the solvent at room temperature under vacuum for
24 h. Each sample was stored in a freezer at−20◦C.

2.3. Measurements

Calorimetric measurements were performed using a Perkin-
Elmer Diamond DSC type calorimeter, under nitrogen atmo-
sphere to measure the heat flow under non-isothermal condi-
tions. The mass of samples was about 10–15 mg. The dynamic
DSC tests were conducted from 50 to 300◦C at several heating
rates under nitrogen atmosphere: 2.5, 5, 10, 20◦C/min.

The textures of the mesophases were observed with a polar-
izing microscope (AXIOLAB Zeiss). When BPDGE was cured
with PN (1 phr TPP), the mixtures were first heated above their
melting points. Second, they were quickly brought to room
temperature (within approximately 5 min). Then, POM was
conducted to observe the phase structure of this pre-polymer.
Finally, this pre-polymer was cured at 120◦C for 5 h, and its
textures were also observed by POM.

The textures of the mesophases were observed with a polar-
izing microscope (AXIOLAB Zeiss). Wide-angle X-ray diffrac-
t y.
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The general synthesis of BPDGE, TMBPDGE and ph
ovolac have been described in literature[19]. Their chemi
al structures are shown inFig. 1. Triphenylphosphine (TP
as used as an accelerator purchased from Shanghai Ch
eagent Co., Ltd.

.2. Sample preparation

The samples of BPDGE/PN and TMBPDGE/PN were
ared as the same way. The BPDGE or TMBPDGE was

Fig. 1. Chemical structures of epoxy monomer and curing agents.
al

-

ion (WAXD) studies were conducted on a D/max 200 X-ra

. Results and discussion

.1. Cure kinetics

Curing kinetics was investigated by non-isothermal DS
ifferent heating rates and analyzed using isoconversion me

For non-isothermal conditions, when the temperature v
ith time at a constant heating rate,β = dT/dt the basic equatio

or non-isothermal conditions is presented as follows:

dα

dt
= A exp

(
− E�

RT

)
f (a) (1)

whereA is the pre-exponential factor,T is the absolute tem
erature (K),Ea is the activation energy,R is the universal ga
onstant (8.3 J/mol/K), andf(α) is a model function that depen
n the reaction mechanism.

Isoconversional kinetic analysis offers a viable alternativ
his situation[20–22]. The basic idea of this type of analysi
hat the reaction rate at constant extent of conversion is o
unction of the temperature,

E�

R
=

[
d ln(dα/dt)

dT−1

]
�

(2)

hereEa is the effective activation energy at a given convers
his makes it equally effective for both thenth order and th
utocatalytic reactions. The integration of Eq.(2) gives

n

(
dα

dt

)
�

= const− E�

RT
(3)
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Fig. 2. DSC cure exotherms of BPDGE/PN/TPP at different scan rates.

which is the basis of the differential isoconversional method
of Friedman[23]. In practice, it is more convenient to use the
integral forms of Eq.(1). The derivative methods from Flynn,
Wall and Ozawa[24,25]can be used to give theEa from the plot
ln βi versusT−1

�,i (herei is ordial number of DSC runs performed
at different heating rate,βi). The Kissinger method was used to
obtain the relationship ofEa∼ α [26,27]. Both the value ofE
obtained by Kissinger and Ozawa methods are an overall value
representing all complex reactions that occur during curing.

For instance, the use of Kissinger method allows one to arrive
at Eq.(4)

ln
βi

T 2
�,i

= ln

[
RA

E�,ig(α)

]
− E�,i

R

1

T�,i

(4)

where

g(α) ≡
∫ �

0

dα

f (α)

is the integral form of the reaction model. The activation energy
changes during the curing process, this is more precise than the
assumption of constant activation energy for the whole poly-
merization. It seems reasonable to assume constant activation
energy only for a certain conversion.

The non-isothermal thermogram of BPDGE/PN/TPP
is shown in Fig. 2 and a similar thermogram for
TMBPDGE/PN/TPP inFig. 3. The peak exotherm temperatures
shift to the higher value as the heating rate increased. However,
there is a small difference betweenFigs. 2 and 3. All curves
show only one sharp exothermic peak for BPDGE/PN/TPP in

MBP
Fig. 3. DSC cure exotherms of T
 DGE/PN/TPP at different scan rates.
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Fig. 4. α as a function of the temperature of BPDGE/PN/TPP at various rates.

Fig. 2, regardless of the heating rate. This means that the curing
reaction takes place before the melting of the LCE monomers.
There are an endothermal peak and an exothermal peak in each
DSC curve for TMBPDGE/PN/TPP inFig. 3. The endothermal
peak at around 108◦C corresponded to the melting of TMBP
and the curing reaction mainly takes place after the melting of
the non-LCE monomers. TheHtot is calculated from the total
area under the dynamic scan of curing thermogram at 10 K/min.
The corresponding value for the BPDGE/PN/TPP system is
209 J/g, the TMBPDGE/PN/TPP is 191 J/g.Figs. 4 and 5plot
the conversion percent against the dynamic cure temperature for
BPDGE/PN/TPP and TMBPDGE/PN/TPP for various heating
rates, respectively. It can be seen that at the same conversion,
the isoconversion temperatureTi for both two systems increase
with the heating rate.

Figs. 6 and 7are the plots of ln(βi/T 2
�,i) versus 1000/T�,i

for BPDGE/PN/TPP and TMBPDGE/PN/TPP, respectively. The

F ious
h

Fig. 6. Isoconversional plots of BPDGE/PN/TPP from different heating rates
(the numbers in these plots refer to the conversion fraction).

Fig. 7. Isoconversional plots of TMBPDGE/PN/TPP from different heating rates
(the numbers in these plots refer to the conversion fraction).

values ofE at certain conversions obtained for them are pre-
sented inTable 1. As can be seen, the values of activation energy
are not a constant, as supposed in many works throughout the
whole curing process. At the early stage of cure reaction, the acti-
vation energy takes a maximum value, then decreases sharply,

Table 1
Activation energy (Ea) as calculated by isoconversional methods

Conversion BPDGE/PN/TPP TMBPDGE/PN/TPP

Ea (kJ/mol) Ea (kJ/mol)

0.1 86.6 88.7
0.2 85.7 83.4
0.3 85.3 82.2
0.4 82.7 80.9
0.5 80.8 79.9
0.6 78.6 79.8
0.7 74.6 79.6
0.8 72.2 78.8
0.9 71.2 78.4
Average 79.7 81.3
ig. 5. α as a function of the temperature of TMBPDGE/PN/TPP at var

eating rates.
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Fig. 8. The relationship between activation energy and the fractional conversion.

and finally remains practically constant. However, a systematic
error is unavoidable in this simple isoconversional method that
use the integrated form of the rate equation for estimatingEa
and needs to be studied further.

Fig. 8plots the values of the activation energy of BPDGE/PN
and TMBPDGE/PN in the presence of TPP obtained by the

Kissinger method varied with the conversion from 10 to 90%.
It can be seen fromTable 1and Fig. 8 that the dependence
of activation energy on conversion clearly revealed the auto-
catalytic reaction that occurred in these systems. At the initial
stage of curing, the phenol hydroxyls addition was predominant.
Etherification occurred only at elevated temperatures once most
phenol hydroxyls were exhausted. Therefore, a highE value
at a lower conversion (86.6 kJ/mol atα = 0.1 for BPDGE/PN
and 88.7 kJ/mol atα = 0.1 for TMBPDGE/PN) was attributed to
the phenol hydroxyls addition. This value was higher than the
average one, which was supposed to be constant throughout the
entire curing process[28]. Because the hydroxyl groups formed
during the curing facilitated ring opening, it was reasonable to
expect a reduction inE in comparison with that at the very begin-
ning of the cure. Therefore, the constantE value of 85 kJ/mol for
BPDGE/PN and 79 kJ/mol for TMBPDGE/PN were associated
with the autocatalytic reaction. It starts at a conversion of around
0.3 and 0.6 for BPDGE/PN and TMBPDGE/PN, respectively.
In the previously works[29], a diffusion-control process was
observed for a conventional bisphenol A epoxy/amine system
at the final stage of curing (α> 0.6) where the activation energy
started to decrease deeply. There is a small difference between
the BPDGE/PN/TPP and conventional epoxy/amine (include
bisphenol A and TMBPDGE/PN). It may be associated with
Fig. 9. Cure mechanism of biphenyl epox
y resin-phenol novolac hardener with TPP.



S.-p. Ren et al. / Thermochimica Acta 440 (2006) 60–67 65

Fig. 10. (a) Polarized optical microscopy of BPDGE/PN (first mixed at 165◦C,
then quickly brought to room temperature within 5 min). (b) Polarized optical
microscopy of BPDGE/PN (after cured at 120◦C) for 5 h.

the formation of the liquid crystalline phase for BPDGE/PN. It
has been reported that the liquid crystalline phase facilitates the
reduction of the viscosity (e.g., retarding gelification)[9].

The chain-wise polymerization mechanisms of epox-
ies/PN/TPP can be divided into three main steps including:
initiation, propagation, and branching reaction steps. Accord-
ing to the cure mechanism of biphenyl epoxy resin–phenol
novolac hardener with TPP[13], as shown inFig. 9, at the
initial stage of cure, TPP opens the ring of the oxirane by
generating a zwitter ion. In the presence of a phenol group, a
rapid proton transfer from the phenol to the secondary hydroxyl
occurred. The phenol hydroxyl-epoxy reaction was predomi-
nant at this stage until most phenol hydroxyls were exhausted.
Then the primary epoxies were consumed quickly and a great
of hydroxy groups formed during the cure facilitate ring open-
ing. It is a decrease in the activation energy compared with
the very beginning of the cure where non-autocatalytic reac-
tion occurs. The activation energy was decreased greatly at
this stage until the active hydroxy groups of the PN were con-
sumed completely. Then branching reaction was started, and
secondary epoxy reacted with the new hydroxy groups that
came from the primary epoxy. The blends became gelification,
vitrification, and the viscosity increased dramatically. The acti-
vation energy decreased quickly and the curing reaction was
controlled by diffusion at last. OurEa values obtained are in rea-
sonable agreement with results of Seung Han et al. for TMBP/PN
(
T
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Fig. 11. Wide-angle X-ray diffraction
various concentration of TPP) using isothermal method[15].
heir Ea1 values are ranging from 67 to 70 kJ/mol, andEa2

lues are ranging from 80 to 86 kJ/mol. TheEa calculated
or the system investigated here are similar with the ac
ion energies for the catalyzed reactionEa2 from isotherma
inetics.

Therefore, in a more pragmatic sense the activation en
s a time temperature factor, and as such it is useful in pred
ng behavior of thermosets in real processes. In other ki

odels, the epoxy addition was considered as a single
o that the activation energy was supposed to be a con
his does not correspond to the autocatalytic mechanis
rocess.

of BPDGE/BP/TPP (120◦C)/5 h.
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Fig. 12. Polarized optical microscopy of BPDGE/PN/TPP (165◦C/5 min).

3.2. Optical properties of liquid crystalline epoxy resins

Ochi and his coworkers reported that BPDGE could not form
an oriented structure when cured with phenol novolac in the
presence of TPP[17,18]. They assumed that it was due to the
stereostructure of active hydrogens in the phenolic curing agents,
but did not provide any POM, DSC or WAXD information.
However, after proper curing process, DSC, POM and WAXD
studies have confirmed the presence of a nematic phase in th
cured network of BPDGE and PN in our previous work[19].
The proper process for BPDGE/PN/TPP to form LC domains
was given in following way: the BPDGE and PN were first
mixed well at 165◦C on a slide, then 1 phr TPP was added
in the mixture and stirred quickly for 10 s, the mixtures were
quickly brought to room temperature within 5 min. The POM
picture of the prepolymer of BPDGE/PN+1 phr TPP was shown
in Fig. 10-a. After cured the prepolymer at 120◦C for 5 h, it can
be seen fromFig. 10-b, the structural coarsening proceeds by the
growth of the droplet-like domains through domain expansion
and/or coalescence. The possible reason may be the branchi
and cross-linking occurring in the curing reduce the mobility
of the disclination defects[30]. The nematic phase was fur-
ther confirmed by WAXD result, which showed a broad peak
at 2θ= 19.98◦ as given inFig. 11.

However, if the BPDGE/PN/TPP were cured at 165◦C for
5 min, no birefringence was observed by POM, as shown in
F was
v d th
h t
p stem
e cam
g ers
t ace.
T at a
r give
f sive
c

4. Conclusions

Dynamic DSC was used to explore the BPDGE/PN and
TMBPDGE/PN system. The kinetic results showed that the cur-
ing process of biphenol epoxy/PN/TPP can be described using
an isoconversional method, and the effective activation energy
is dependent on the conversion. At the early stage of cure,
the reaction is mainly controlled by primary epoxy addition,
followed by the autocatalytic process, and finally is in practi-
cally diffusion-control. The phase structure of BPDGE/PN/TPP
was investigated using POM and WAXD. The results showed
that with a moderate curing rate at a relative low temperature,
the LC monomers will have sufficient time to form the LC
domains before branching reaction takes place, which results
in the formation of a nematic LC phase during the curing of
BPDGE/PN/TPP. The LC texture coarsens further upon further
isothermal curing.
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