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Abstract

The curing process of a dicyanate resin system was investigated by a positron-annihilation lifetime technique (PA). Based on the
observation of PA, it was shown that the size of free volumes of cured resins became larger as the curing reaction proceeded. This result
was supported by a change in the physical properties related to the size of free volumes, such as a decrease in the specific gravity, a decrease
in the dielectric constant and an increase in the water pick-up rate with increasing the decree of the cure. It was therefore found that the curing
reaction of dicyanate resin proceeded through a reaction of cyanate groups to form a larger size of free @lLg@88<£lsevier Science
Ltd. All rights reserved.
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1. Introduction [13,14]. PA has also recently been applied to a study of
the free volume in polymeric materials [15—18]. The life-
Cyanic ester compounds had previously been consideredtime spectra in polymers have a long-lived component,
to be unobtainable. In 1960, however, it was found that cyanic which is ascribed to ortho-positronium (o-Ps) formed and
ester could be prepared from sterically hindered phenol by annihilated in holes created among polymer chains. o-Ps
reacting it with cyanogen chloride [1]. Since then many efforts annihilates by a pick-off process in the holes and the life-
were devoted to revealing the reactivity and properties [2,3]. time of 0-Ps is well known to be a good measure of the size
After dicyanate resins were proved to be useful as startingof the holes, in other words ‘free volume’, where it is
materials for functional polymers, they have been used astrapped. Thus, PA was recognized to be a useful technique
matrix materials for printed-circuit boards in electronic appli- for investigating the free volumes at the nanometer level. A
cations because of the properties of a high glass transitionmore detailed characterization of polymeric materials is
temperatureTg) and low dielectric constants [4-6]. obtained by combining the results of PA with information
The reaction of cyanides is known to proceed through the obtained by other conventional methods.
reaction of cyanate groups (-OCN) to form a triazine ring, as  In this study, PA was applied to the dicyanate resin sys-
shown in Scheme 1 [7], and dicyanate resins react with tem in order to investigate the curing processes and to elu-
epoxy resins through complicated pathways to form various cidate the relationships between the free volumes and the
products [8—12]. Although the reactivity of dicyanate resins physical properties, such as the specific gravity, dielectric
was elucidated to some extent, as described before, theconstant and water pick-up rate.
cross-linking structure of dicyanate resins, especially the
three-dimensional structure, has not yet been clearly clari-
fied. Such properties must be more understood concerning2- Experimental
their applications.
A positron-annihilation technique (PA) was proved to be 2.1. Materials and sample preparation
capable of a highly sensitive non-destructive identification
and measurement of defects in semiconductor materials The dicyanate resin used was 2,2-bis(4-cyanatephenyl)
propane synthesized from 2,2-bis(4-hydroxyphenyl)
* Corresponding author. propane and cyanogen chloride. The cyanate was melted
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Scheme 1. Lifetime (ns) 73

and mixed with zinc napthenate as a catalyst (0.2 phr, Kisida
chemical Co. Ltd) at 10€. The resulting mixture was
poured into glass plates (1% 15 X 0.3 cm) and cured at  The distribution of the long lifetimes-¢) of o-Ps is shown in
17C°C/2 h. Four samples having different degrees of curing Fig. 1, .wh_ich indicates t_hat the _distribution shifted to a
were obtained by carrying out a post cure at different tem- longer lifetime as the curing reaction proceeded. The aver-
peratures of 20C—250C. The degrees of the cure were age diameters of the holes are shown in Fig. 2. They were
estimated by measuring the consumption of the -OCN estimated from the lifetime values by assuming the holes as
group, calculated from the i.r. spectra. The cure conditions an infinite spherical potential [19]. These results indicate
and the -OCN consumption of four samples are listed in that the larger sizes of the holes are created in the cured

Fig. 1. Distribution of73 in dicyanate resin systems.

Table 1. resins with higher -OCN consumption, i.e. the curing pro-
cess of cyanates proceeds through the reaction of -OCN to
2.2. Apparatus and techniques form cross-linking structure, resulting in a larger size of the

free volumes.

The PA experiments were conducted using a conven- Fig. 1 shows that the full width at half maximum
tional fast—fast coincidence system having a time resolution (FWHM) at the curing of 82% and 94% are 0.45ns
of 270 ps full width at half maximum (FWHM). The details (~0.066 nm) and 0.34 ns ~0.029 nm), respectively.
were described elsewhere [15]. The specific gravity of the These results suggest that cyanates with a lower degree of
cured resins was measured by using a specific-gravity metercuring have a wide distribution of hole diameters, and that
(Shimadzu Co. Ltd., SGM210U) at room temperature. The the hole sizes tend to become equal with an increase in the
dielectric constants were measured by using an impedancedegree of curing.
material analyzer (Hewlett-Packard Co. Ltd., HP4291A).

The water pick-up properties for the cured resins were mea-3.2. Specific gravity

sured as follows: dried and weighed samples of the cured

resins were immersed in boiling water. After immersion, the ~ The specific gravity with the degree of -OCN consump-

amounts of the absorbed water in the samples were meadions observed at room temperature is shown in Fig. 3. Gen-

sured by weight. erally, the reaction of thermosetting resins proceeds with
cross-linking and curing shrinkage, i.e. the specific gravity

3. Results and discussion 0.61 7
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consumption (%) E 0_55: N
A 176°C/2 h 82 82 84 86 8 90 92 94 96
B 170C/2h+ 200°C/2h 88 The degree of -OCN consumptions (%)
C 170C/2 h+ 230°C/2h 91 ) o _
D 170C/2 h+ 25GC/2h 94 Fig. 2. Relationship between the average diameter of holes and the degree

of -OCN consumption.
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Fig. 3. Changes in the specific gravity of cured resins during a curing reaction in catalytic systems.

increases. However, the specific gravity of cyanates in the this result might be supported for the following two reasons:
catalytic system gradually decreased along with the pro- (1) a decrease in the effect of the electronic polarization
ceeding of the curing reaction. The variation in the specific among the main chains, as described before; (2) a decrease
gravity during the curing process of cyanate was already in the amount of the electronic polarization of -OCN after
reported in a ‘non-catalytic system’ [5], in which the same forming a triazine ring. It is not clear from the present study
tendency as in Fig. 3 was observed. It may thus be con-which is dominant.
cluded that the reactivity and the cross-linking structure of
cyanide are not affected by catalysts in the curing process. 3.4. Water-absorption behaviour

The ‘anomaly’ of a decreasing specific gravity with an
increase in the degree of the cure has already been found in The behaviour of the water pick-up rates of the cured
other thermosetting resin systems, such as epoxy resins [20—+esins are shown in Fig. 5. The cured resins, having higher
22], and it was mentioned that the size of the free volumes degrees of -OCN consumption, showed higher rates of water
greatly varied according to the degree of the cure. Our study pick-up. In dicyanate resin systems, high-polarized -OCN
has shown that the same phenomena occurs in cyanatdunctional groups changed to low-polarized cyanurate struc-
resins. tures during the curing reaction. From the viewpoint of

If the curing systems comprise the same molecular com- polarity, resins with a higher degree of cure may be thought
position, the specific gravity of the cured resin is assumed to to have lower rates of water pick-up. However, as shown in
be related to the degree of atom packing. Then, in the case ofFig. 5, the experimental results were contrary to the
cyanates, the decrease in the specific gravity is considered taexpected relation from the polarity. It is concluded therefore
be a decrease in the degree of atom packing, i.e., an increas#hat the behaviour of the water pick-up rate in this system is
in the specific volumes. The results of PA indicate an governed by the size of free volumes, rather than the polar-
increase in the free volumes with curing: the expansion of ity of the cross-linking structure at the early stage of the
holes among polymer chains or a decrease in the averagavater-absorption process.
number of atoms. Therefore, the result of the specific grav- It was reported that the water pick-up rate of epoxy resins
ity can be explained without any contradiction to such an cured with phenol novolac were closely related to the size of
assumption as a low packing density of atoms caused bythe free volumes at an early stage of the water-absorption
cross-linking and an enlargement of the free volumes.

3'41 The degree of -OCN
3.3. Dielectric constant ] consumption.
3 337 = 82%

It was reported that the dielectric constants of cured ther- E ] - 88%
mosetting resins and thermoplastics were closely related to g 32 -+ 91%
the average diameter of holes measured by PA [23] and the & ] o 94%
cured resins having low dielectric constants tended to have ;é
large holes. These results were supported by the fact that the 8 317
effect of the electronic polarization was decreased by low- &
ering the interaction among the main chains along with 3.0 —— s
increasing the free volumes. 80 85 90 95

The dielectric constants of cured resins of cyanate having The degree of -OCN consumptions (%)

different degrees of cure are shown in Fig. 4: the dielectric Fig. 4. Dielectric constants of cured resins having different degree of -OCN
constant decreases with curing. In cyanate curing systemsgonsumptions.
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