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ABSTRACT: We have developed curing agents that have good storage stability for cyanate ester resins and can be cured
efficiently even at low temperatures around 100°C. It was focused on phenol-amine salts, which consisting of basic aliphatic
amines that react immediately with cyanate esters at room temperature and weakly acidic phenols that are used as curing
catalysts. But, due to the equilibrium between phenol and amine, the curing reaction of cyanate esters could not be con-
trolled by simple molecules only. In order to control the curing reaction of cyanate esters, moreover, molecular motions
suppression by polymers was used in combination. The suppression of molecular motions for hardener was evaluated by
Tg, then those storage stability and reactivity to cyanate esters were studied. PSM-EPEDA, in which is composed of eth-
ylenediamine-epoxy adducts and novolac phenolic resin, was showed great storage stability against cyanate esters due to
its suppression of molecular motions, in addition, it showed efficient and rapid curing at around 100°C.

Cyanate ester resins are high-performance thermosetting
resins which can be characterized by high strength, high
heat resistance and high dielectric properties due to for-
mation of triazine structure by cyclo-trimerization. Hence,
it is able to supplement the heat resistance and dielectric
properties that cannot be satisfied only with epoxy resins,
in which is widely used industrially as the thermosetting
resins, and it is especially used in aerospace and electronic
materials. The history and application of cyanate ester res-
ins are summarized by Harmerton et al.'3

Although trimerization of aryl cyanate occurs around
200°C without catalyst, complete curing needs long time
and high temperature. Therefore, in general, metal-cata-
lysts such as cupper acetylacetonate are employed to com-
plete curing. On the other hand, since metal-catalyst is
used by melting in cyanate ester resins, the catalyst cannot
be melted immediately during curing, and reached com-
plete curing with catalyst residue. Moreover, the particles
formed by catalyst residue in cured resins are not preferred.
Therefore, an alkylphenol such as nonylphenol as a co-cat-
alyst is often employed. It also works as the solvent for
metal-catalyst, thus, it could promote further cyclo-trimer-
ization to cure the resin completely at about 170 °C in a
short time.# Some studies on more efficient curing catalysts,
such as metal species and hydrogen-donating co-catalysts
to expand the application process have been reported. 5%
Recently, Palmese and Oyama have been utilized organic

catalysts without metal.9" On the other hand, there are few
reports on the latent hardener with storage stability for cy-
anate ester resins'?, despite the fact that they are high-per-
formance resins with great potential., because of the diffi-
cult reaction control for cyanate ester resins.

In this study we show thermal latent curing agents for cy-
anate ester resins, which consist of phenol-amine salts
whose dynamics is suppressed by polymer effect. Espe-
cially, the latent curing agents found in this study consist
of aliphatic amines, in which are also used for low-temper-
ature curing of epoxy resins, but are not conventionally ap-
plicable to cyanate ester resins because they react and cure
immediately, as reported by Bauer et al.3 Basic amines are
known to form phenol-amine salts with the weakly acidic
phenols, in which used as co-catalyst to cure the cyanate
esters resins. Furthermore, the phenol-amine salts exist in
the equilibrium state between the amine and the phenol as
shown in Scheme 1.14%7 In other words, phenol-amine salts
consisting of simple phenols and amines cannot provide
storage stability in cyanate ester resins. Therefore, we at-
tempted to suppress molecular dynamics by polymeric ef-
fect and evaluated its storage stability and reactivity using
novolac phenolic resin and some amines.

Scheme 1. The equilibrium between phenol and amine
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At First, as phenol-amine salts consisting of monofunc-
tional compounds, pCr-DPEA (m.p. 76°C) which compo-
sited p-cresol (pCr) and 2,2-diphenylethyl amine (DPEA),
and oCr-BA (liquid at r.t.) which composited o-cresol
(oCr) and benzylamine (BA), were prepared (see Support-
ing Information (SI)). Then those phenol-amine salts were
mixed with 4-cumylphenol cyanate ester (CPCy) which be
monofunctional cyanate ester. Zundel and co-workers re-
ported that there is equilibrium between phenols and
amines, and mostly in equilibrium with Kp.*# Actually, oCr-
BA and pCr-DPEA were shown to be in the hydrogen-
bonded state and in the ionic-bonded state, which is am-
monium and phenoxide (SI). The IR spectrum of pCr-
DPEA in the solid state below 76°C strongly suggests that
the ion dissociated state is preferred, on the other hand,
the hydrogen bonding state dominates in the molten state
at 80°C (SI). On the other side, regarding the reactions of
phenols or amines with the cyanate ester, cyanate esters
does not only react with weakly acidic phenols® to form
the triazine via an intermediate imino carbonate, but nu-
cleophilic amines also react rapidly to give cyanate-amine
adducts or triazines substituted with amino groups.'9 In
the case of the addition of equal amounts of aromatic
amines and phenols to cyanate esters, it has been found
out that the products contain the imino carbonates and the
cyanate-amine adducts in the ratio of 1:2. When pCr-DPEA
was dropped into the liquid of CPCy, CPCy immediately
has been reacted with a large exotherm. This mixture was
found out to include imino carbonate, cyanate-amine ad-
duct and a small amount of triazine by its IR spectrum. (SI,
Scheme 2).

Scheme 2. Reaction mechanism between cyanate ester
and phenol-amine salt
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As the result of model experiments by monofunctional
compound it seems difficult to give latency for (to) cyanate
esters under only this condition. We attempted to develop
a melt-type thermal latent hardener that can control the
reaction by suppressing the molecular motions using the
characteristics of polymers. The curing agents were pre-
pared using several amines and PSM which is novolac phe-
nol (SI), in addition, in the same phenol-amine salt combi-
nations, Tg was used to be confirmed how the ratio of the
OH of phenol to the N of amine (OH/N) affects the sup-

pression of molecular motions (Figure. 1). Finally, we eval-
uated the reactivity and storage stability between them and
the cyanate esters.
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Figure 1. DSC curves of the hardener consisting of novolac
type phenol resin and amines: (a) Benzylamine, (b) p-xylene-
diamine, (c) p-xylene-ethylenediamine, (d) Oligomers of eth-
ylenediamine and bis-A epoxy resin. ; Results of 2nd DSC af-
ter raising the temperature to 200°C at 10°C/min and then
cooling it down to 25°C under Na2.

From these Tg, it was found that higher OH/N is increased
the inhibition of molecular motions of the hardener. While
PSM-PXDA showed a clear Tg due to the suppression of
bifunctional amine, PSM-EDAXy resulted in an unclear Tg
despite an even higher contents of amine functional groups
and showed less suppression of molecular motions than
PSM-PXDA. Increasing the contents of amine functional
groups in a molecule was not simply influenced for mo-
tions inhibition. For PSM-BA (OH/N = 2.0) and PSM-
PXDA with each OH/N, the latency was evaluated in two
methods (Figure 2). (1) the amount of reaction of cyanate
groups was estimated by IR after mixing each hardener
with the monofunctional cyanate ester CPCy and (2) the
amount of amine extracted from each hardener into CDCI,
was quantified by 'H-NMR. PSM-BA which molecular mo-
tions be not restrained was rapidly reacted with CPCy.
PSM-PXDA (OH/N is 1.0) also reacted with CPCy due to
the inadequate suppression of molecular motions. On the
contrary, PSM-PXDA (OH/N is more than 1.2) showed im-
provement for latency against CPCy.
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Figure 2. Amount of extracted amines and unreacted cyanate:
Amount of unreacted cyanate ester was estimated from the
height of cyanate stretching vibration peak (2264 cm™) as
compared with the height of CPCy (100%). The amount of
extracted amine was estimated from the amine concentra-
tion of the original sample prepared (1.18x104 mol/L).

The latency of PSM-PXDAs and PSM-EPEDAs in terms of
bifunctional cyanate ester DCBE has been examined by IR
and DSC (Figure 3, 4).
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Figure 3. IR spectra of (a) PSM-PXDAs and (b) PSM-EPEDAs
mixed with DCBE: normalized by methylene peak (2969 cm-

1)'
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Figure 4. DSC curves of (a) PSM-PXDAs and (b) PSM-
EPEDASs mixed with DCBE.

The compositions of PSM-EPEDAs with DCBE were almost
the same as intensity of the cyanate ester's stretching peaks
of DCBE itself because of the suppressed molecular mo-
tions of PSM-EPEDAs, but the mixtures of PSM-PXDA and
DCBE showed a decrease in the peak intensity as in the
case of CPCy because of insufficient suppression of molec-

ular motions for the hardeners regardless of whether cya-
nate esters is monofunctional or bifunctional. On DSC
spectra, the compositions of PSM-PXDA and DCBE
showed very weak exotherm. The thermal behavior is con-
sidered to be caused by in-complete curing reaction due to
cross-linking reaction occurring inside the hardener. In
contrast, the PSM-EPEDA's (OH/N of 1.0 and 1.2) mixtures
with DCBE showed instantaneous large exothermic reac-
tions (>200 J/g) at higher than Tg. It indicates that PSM-
EPEDA is well latent against the cyanate esters and reacts
efficiently above the Tg, in which molecular motions inhi-
bition is removed. In the case of PSM-EPEDA (OH/N is 1.6),
inhibition of curing against cyanate ester (97]J/g) was ob-
served. It seems that the excess free phenol groups were
cross-linked with cyanate ester, resulting in partially in-
complete curing.

PSM-EPEDAs was evaluated the storage stability to cya-
nate ester with IR (Figure 5).
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Figure 5. Storage stability with PSM-EPEDAs to cyanate ester
under 25°C. : Standardized on the cyanate peak intensity im-
mediately after prepared the compositions.

It has been found that the PSM-EPEDAs maintains the ex-
cellent storage stability (>90%) against cyanate ester even
after 10 days.

In summary, we have demonstrated the latent curing
agent that gives storage stability to cyanate ester resins by
employing both the usage of phenol-amine salts and the
effect of the polymer and achieving a one-component sys-
tem of cyanate ester and curing agent. It should be noted
that PSM-EPEDA has excellent storage stability against cy-
anate esters and an efficient curing reaction at around
100°C. This rapid and efficient curing with the latent curing
agents and cyanate esters could be applied to composite
systems with epoxy resins used for adhesives and other ap-
plications. The finding here could solve the tedious and
long curing time.
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