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The polymerization process of epoxy resins (bisphenol-A dicyanate) was
studied using positron-annihilation lifetime spectroscopy. The polymeriza-
tion from monomer to polymer through a polymerization reaction was fol-
lowed by positron-annihilation lifetime spectroscopy measurements. Resins
kept at curing temperatures (120, 150, and 200°C) changed form from a
powder to a solid through a liquid. The size of the intermolecular spaces of
the solid samples increased along with the progress of polymerization.

PACS numbers: 78.70.Bj, 83.80.Cq

1. Introduction
Many types of thermosetting resins have been developed for industrial uses,

and have contributed to the development of modern advanced industries. Espe-
cially, they are extensively used as an encapsulating material for integral circuits
(ICs) and multi-layered printed wiring boards.

These materials are expected to ensure non-stop operation of IC for many
years, even under a severe environment (high temperature, high humidity, etc.). In
order to assure long-term operation, the hygroscopic property must be kept low.
The diffusion of moisture in a polymer depends on the size of the intermolecular
spaces and, hence, in order to develop resins it is important to obtain informa-
tion about the intermolecular spaces. From the point of view of the intermolec-
ular space, positron-annihilation lifetime spectroscopy (PALS) is an important
technique and the information can be used together with the characteristics mea-
sured by many other types of analytical methods, such as electrical, chemical, and
thermo-mechanical analysis (TMA), etc.

We analyzed several types of resins by PALS: bisphenol-A epoxy resins [1, 2],
novolac epoxy resins [3, 4], and bisphenol-A dicyanate (BADCY) [5, 6]. BADCY
has unique characteristics as the size of intermolecular spaces increases with the
progress of polymerization. In this report, using PALS, the polymerization process
and characteristics of the intermolecular spaces in BADCY samples with different
degrees of polymerization are discussed.
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2. Experimental

The experimental setup for the polymerization experiment was the same as
that described in Ref. [2]. The time resolution of the PALS system was about
0.29 ns (the full-width at half maximum).

In order to investigate the size of the intermolecular spaces, samples with
different degrees of polymerization were prepared as follows.

A sample of 83% polymerization was prepared by heating for 2 h at the curing
temperature 170°C with zinc naphtate catalyst (0.2 wt%). The samples of 87, 93,
and 95% were prepared by post-curing of the samples with 83% polymerization
for 2 h at 200, 230, and 250°C, respectively.

In these experiment, positron sources of about 1 MBq (30 µCi) sealed in
a 7 µm thick kapton film were prepared. The PALS spectra were analyzed using
PATFIT [7] and MELT (version 3) [8]. .

3. Results and discussion

3.1. Polymerization of bisphenol-A dicyanate

The monomer of BADCY (Fig. 1) is a powder at room temperature. The
polymerization proceeds by itself while forming triazine rings at higher temper-
ature than the melting point (Tm =79°C) without any catalyst by opening the
triple bond of cyanate groups (-OCN). The cyanate groups are expected to have
a large electron affinity 3.8 eV.

Fig. 1. Chemical structure of bisphenol-A dicyanate and the curing process by forming
triazine rings.

The curing reaction of BADCY is an exothermic one and the time required
for polymerization depends on the curing temperature. Figure 2 shows the lifetimes
(τ3) and intensities (I

3

) of the long-lived component during the polymerization
process at two curing temperatures ((a) 120 and (b) 200°C). Figure 2a shows the
case of temperature being raised from 20 to 120°C in 4 h. Below Tm , positronium
(Ps) formation is suppressed due to the electron affinity of the —OCN groups: thus,
the first three-hour points of 13 show around 2 to 3%. Then, above Tm , Ps can
form bubbles in the liquid state, which can reduce the chemical effect of the —OCN
groups, resulting in a sharp increase in I3 . In the case of Fig. 2b 200°C, the curing
temperature was raised in 10 minutes, and, hence, PALS of the first point was
taken in a mixture of powder and liquid. τ 3 reached a constant final value in 15 h.
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Fig. 2. Polymerization process measured by positron annihilation at two curing tem-
peratures: (a) 120°C and (b) 200 ° C.

The degree of polymerization can be measured using the IR spectra of the
—OCN groups, which is related to the consumption of the —OCN groups by form-
ing triazine rings. Figure 3 shows the degree of polymerization versus the curing 
time for two curing temperatures, (a) 200°C [9] and (b) 150°C [6]. Although, af-
ter 30 h, 92% polymerization is achieved in the case of 200°C, it is only 36%
polymerization for 150°C. After a curing time of 150 h, 84% polymerization was
achieved for 150°C [6]. The degree of polymerization is expected to be much smaller
for 120°C.

A detailed discussion about the polymerization of BADCY at 150°C has
already been presented in Ref. [6]. Figure 4 shows the lifetime distributions of
the long-lived component analyzed by MELT for the PALS spectra [6] obtained
during polymerization at a curing temperature of 150°C. There are two groups
of distribution sets observed within 50 h: the first group contains the distribution
from 3 h to 30 h and the second group from 31 h to 50 h. This graph suggests that
there is a discrete transition in the distribution during polymerization between
30 and 31 h. This may be explained by the balance between the Ps pressure in
bubbles and the surface tension of resins. As the polymerization proceeds, the
surface tension of resins in the liquid state increases; then, the Ps pressure cannot
hold the size of the bubble beyond a certain surface tension. The first and second
groups of the lifetime distribution are considered to correspond to bubbles formed
in liquid with low and high viscosity, respectively.
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Fig. 3. Degree of polymerization versus time at two curing temperatures: (a) 200°C
and (b) 150°C [61.

Fig. 4. Lifetime distributions of the long-lived component from the PAL spectra ob-
tained during polymerization at a curing temperature of 150°C [6]. The distribution was
analyzed by MELT [8].

Since the polymerization reaction rate depends on the curing temperature
as discussed above, in the case of the curing temperature 120°C, the transition
occurred slowly from the first group to the second group and the clear transition
in the group was not observed. .

3.2. Teinperature dependence of solid bisphenol-A dicyanate

PALS measurements were conducted for samples with ca. 84% polymeriza-
tion (Fig. 5), which was solidified by heating BADCY powder at 150°C for 140 h.
Figure 5 shows a large decrease in τ3 and

I3

 at around 210°C. This indicates that
a sample with ca. 84% polymerization has a heat distortion temperature (HDT)
of around 210°C: the molecular structures of the samples heated above HDT can
change the spatial configuration to make enough space to form triazine rings, and
then the polymerization reaction can commence by consuming the —OCN groups.
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Fig. 5. Intensities (

I3

) and lifetimes (τ

3

) versus the post curing temperature for
BADCY samples of ca. 84% polymerization. The temperature was raised by 5°C/h.

Above 270°C a sharp increase inτ

3

 and

I3

 was observed; this may have
been caused by the following two reasons: (1) further polymerization proceeded by
increasing the post-curing temperature from 210°C to 300°C and the new HDT
for fully cured samples was around 260°C [9]; (2) since the thermal degradation
temperature of BADCY is around 285°C [9], some parts of the molecular structure
may be destructed.

3.3. Intermolecular spaces along with polymerization

The increase in the specific volume with increasing polymerization has been
reported for BADCY [9]. This was analyzed by PALS, as shown in Fig. 6. The
lifetime distribution shifts towards the longer lifetime direction and the width of
the distribution becomes narrower at higher polymerization. This indicates that,
by increasing polymerization from 83% to 95%, the intermolecular spaces expand

Fig. 6. Lifetime distribution for four kinds of BADCY samples of different degrees of
polymerization.



676 	 T. Suzuki, T. Hayashi, Y. Ito

the size by about 10%; the increase in the specific volume for the increase in the
polymerization has been reported to be about 1% [9].

4. Conclusion

The polymerization process of BADCY and the characteristics of solid
BADCY samples with different degrees of polymerization were investigated by
PALS. During polymerization at 150°C, the lifetime distribution shows a discrete
change, which may be explained by a change in the viscosity. The increase in the
specific volume with polymerization was observed as the increase in the lifetime
of the long-lived component. The change in the lifetime was 10 times larger than
that of specific volume. Thus PALS is a useful technique to analyze characteristics
of polymers from the point of view of the intermolecular spaces.
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