@ Pergamon

0014-3057(95)00063-1

Eur. Polym. J. Vol. 31, No. 11, pp. 1139-1153, 1995
Copyright © 1995 Elsevier Science Ltd

Printed in Great Britain. All rights reserved
0014-3057/95 $9.50 + 0.00

A STUDY OF THE MECHANISMS AND KINETICS OF
THE MOLTEN STATE REACTION OF NON-CATALYZED
CYANATE AND EPOXY-CYANATE SYSTEMS

MARIE-FLORENCE GRENIER-LOUSTALOT, CHRISTINE LARTIGAU and
PHILIPPE GRENIER

Laboratoire de Chimie Organique Physique, URA 1494, Hélioparc Pau Pyrénées, 2 avenue du Président
Angot, 64000 Pau, France

(Received 12 August 1993; accepted in final form 3 October 1994)

Abstract—Molten state epoxy-cyanate reactions using non-catalyzed monofunctional models were
analyzed in the temperature range of 150-250°C. In comparison to results obtained with paracumyl phenyl
cyanate (CPCy), the present findings enabled the detection of four-membered ring and carbamate
intermediates that autocatalyzed the reaction. Conclusions could be drawn only after preparative HPLC
separation of the different fractions and analysis by PC-NMR, 'H-NMR and FTIR. A new reaction path

is proposed for these systems.

INTRODUCTION

Epoxy—cyanate reactions were examined in the
temperature range of 150-250°C. Results published
in 1964 [1] showed that copolymerization occurred
in these conditions, with the formation of oxazole
structures.

In 1987, Gotro et al. [2) having conducted an
infrared spectroscopy study, reported the formation
of cyclic iso-oxazole and postulated that homopoly-
merization reactions occurred in parallel. In 1988,
Shimp et al. [3] showed that triazine, or aryl cyan-
urate (product from the trimerization of cyanates),
was the reaction intermediate that further reacted on
epoxy functions. Bauer ef al. [4-6] proposed a com-
plex mechanism based on the study of 4-chlorophenol
cyanate and phenyl glycidyl ether model compounds.
Shimp and Wentworth [7] recently reported results
obtained with a model closer to dicyanate esters
(i.e. p-cumyl phenyl cyanate) using' GPC and FTIR
in the presence of a catalyst. In the work reported
below the authors have utilized published reaction
paths for the attribution of the different peaks present
in the GPC chromatograms.

In light of the number of proposed mechanisms
and their low degree of concordance, we undertook
a study of epoxy-cyanate systems using the mono-
functional model compounds shown in Fig. 1. Since
aryl cyanurate is a reaction intermediate, we simul-
taneously studied the homopolymerization reaction
mechanisms of paracumy! phenyl cyanate (CPCy) in
the molten state in the same temperature range,

EXPERIMENTAL
Raw materials

Paracumy! phenyl cyanate (CPCy) (ex Rhéne Poulenc)
and phenyl glycidyl ether (PGE) (ex Fluka) were purified by
distillation.

Experimental techniques

(@) Kinetic experiments They were done in glass tubes
containing a given quantity of the sample to be studied
(~200 mg) at 230°C for 24 hr. They were sealed under a
nitrogen stream to avoid oxidations and/or side reactions
occurring in the presence of humidity.

(b) Fourier transform infrared spectroscopy (FTIR). FTIR
spectra were recorded using a Bruker IFS 45 spectro-
meter under the following conditions: spectral width
4000-400cm™!, 32 accumulations, resolution 2cm™!,
triangular apodization signal processing. Depending on
their physical state, samples were analyzed in the form of a
film between two NaCl faces or mixed into a potassium
bromide disk.

(c) Nuclear magnetic resonance (NMR). High resolution
'H- and *C-NMR in liquids were recorded using a Bruker
AM 400 spectrometer in the following conditions: 90° pulse
angle (7 usec for 'H, 4.2 usec for “C), digital resolution
0.122 Hz/point ('H) and 0.375 Hz/point ( *C) equivalent to
a spectral width of 4000 Hz ('H) and 20,000 Hz ('*C) for a
memory space of 64 kb ('H) and 128 kb (“C). Chemical
shifts were given on the basis of tetramethylsilane (TMS) as
internal standard. In order to attribute carbon classes
(CH, CH,, CH,, quaternary) Distortionless Enhanced
Polarization Transfer (DEPT) selective pulse sequences were
used.

(d) High performance liquid chromatography (HPLC).
The analyses were carried out using a Varian 5000 equipped
with a variable wavelength detector set at the appropriate
wavelength, or with a Varian 9010 coupled to a u.v.
photodiode matrix detector. Quantitative determinations
were made possible by the inclusion of an internal standard
(chlorobenzene).

Conditions

Column: ODS-2, C,; bonded silica.

Eluent: water/methanol.

Programming: 70-100% of methanol in 20 min.

Detection wavelength: 254 nm.

() Differential scanning calorimetry (DSC). DSC
thermograms were obtained with a Setaram DSC 111G
programmabie differential calorimeter set at a heating rate
of 5°C/min.

1139



1140 Marie-Florence Grenier-Loustalot ez al.

I
-0
L

p — Cumyl Phenyl Cyanate (CPCy)

@— 0— CH,— CH—CH,
\./

Phenyl Glycidyl Ether (PGE)

Fig. 1. Model compounds studied.

RESULTS AND DISCUSSION

Study of CPCy homopolymerization in the molten

state

Vibrational spectroscopy methods and NMR were
used to follow reaction kinetics and mechanisms.
According to the literature [7-9], the homopolymer-
ization mechanism involves autocatalysis brought

about by a mobile hydrogen group.

The HPLC study enabled the number of products
in the reaction mixture to be evaluated. It can be seen
that as the reaction advanced, CPCy disappeared and
the aryl cyanurate peak increased (Fig. 2). After
30 min at 230°C, additional peaks were noted, corre-
sponding to by-products or reaction intermediates.
After 8 hr, it could be considered as a first approxi-
mation that there were three compounds in the
medium, one of which was the majority (aryl cyanu-
rate at 60%), whereas initial monomer was no longer
detectable at 4 hr. The entities created were quantified

(Fig. 3) in comparison to the internal standard.
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Fig. 2. Kinetics of CPCy at 230°C followed by HPLC.(l) Chlorobenzene (standard); (@) CPCy; and (W)
aryl cyanurate. a: £t =0; b: t =Qhr 15;c: t =0hr30;d: r=1hr 00; e: + =2hr 00; f: ¢ =4 hr 00; and g:

t =8 hr 00.
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Fig. 3. Kinetic curves of CPCy at 230°C obtained by HPLC.
() CPCy; (+) aryl cyanurate; (*) by-products.

Table 1 lists the *C-NMR chemical shifts obtained
in the spectrum of the monomer at time zero and
during kinetics, those of synthetic and purified aryl
cyanurate, as well as those of the intermediates
carbamate and monophenol that may participate in
the reaction mixture.
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In *C-NMR, the characteristic line of the cyanate
function was located at 108.8 ppm. In the course of
the reaction, all the CPCy lines diminished and
disappeared (except carbon 11), and new lines ap-
peared. By comparison with the chemical shifts of
aryl cyanurate (Fig. 4), it was possible to detect two
other secondary products, but which could be reac-
tion intermediates. This is seen above all in the
175-160 ppm region, where three lines were found
instead of the single line expected. This is more
pronounced in the 45-30 ppm region, where iso-
propyl group carbons resonate, leading to the perfect
quantization of monomer disappearance and the
appearance of aryl cyanurate and secondary prod-
ucts, as described in the literature [10].

Changes in quaternary C, (42.7 ppm) and methyl
group carbons C, (30.7 ppm) were followed with
time. During evolution of the reaction medium, these
two resonance lines decreased and disappeared, while
for each carbon three other lines appeared, one of
which was attributed to the isopropyl group of the
aryl cyanurate ring.

The chemical shifts in the proton spectrum (Table
2) of pure aryl cyanurate in comparison to that of

Table 1. *C-NMR chemical shifts of CPCy, cumyl phenol, cumyl carbamate and aryl cyanurate

compounds chemical shifts (5 PPM)
@ C | G| G| C | C | C | C | C | C | Cp | Cu
1 108.9; | 150.7; | 114.3g| 128.75 | 149.6, | 42.7 | 30.4, | 149.8, | 126.6, | 128.85 | 126.7
2 ~ |153.14|115.4;| 126.84 | 143.4g | 42.5, | 31.14 |151.1;| 126.85 | 128.3; | 125.8,
3 155.57]150.7; [ 121.15 | 127.7, | 147.9; | 42.5¢ | 30.7 | 148.45 | 125.64 | 127.97] 126.65
4 173.5, | 149.55 | 121.0, | 126,95 | 148.4¢| 42.7¢ | 30.85 | 150.25 | 125.9; | 128.29 | 126.7,
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Fig. 4. 3C-NMR spectra (CPCy, CPCy 24 hr at 230°C, purified aryl cyanurate). a: CPCy; b: CPCy 24 hr
at 230°C (* reaction intermediates); and c: purified aryl cyanurate.
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Table 2. '"H-NMR chemical shifts of CPCy, cumyl phenol, cumyl carbamate and aryl cyanurate

compounds chemical shifts (5 PPM)
® H,; Hy By H; Hy Hyo Hy;
1 : T1g 7.1, 1.67 7.2¢ 724 715
2 6.0, 6.6, 7.03 1.5 7.1y 729 71
3 - 7.0 7.2, 1.6¢ 723 724 71g
4 - 7.04 7.1y 1.6¢ 723 7.2, 7.1g

(b) molecules

H
H)r 0

h7" Hio

1 NEC~-

9

7,,,H
r(,LH

Hy,

H

n

3 9*{|7H u 3
\

CPCly in the region of aromatic protons (8-6.8 ppm)
showed that protons H; to the aryl cyanurate ring
resonated at higher field than those of the initial
CPCy. Quantifying these signals during the heat cycle
showed that after 5hr at 230°C, triazine ring for-
mation advanced 65%. The presence of two doublets
around 6.7 ppm was noted, however, attributed to
reaction intermediates since they were absent in the
initial CPCy spectra and in that of purified aryl
cyanurate. These intermediates were identified in the
study of epoxy—cyanate reactions, the first attributed
to a four-membered ring, the second to protons H,
of phenol present in the initial CPCy. The same
method was used in the region of aliphatic protons,
1.5-1.7 ppm, where the two methyls of the isopropyl
group resonated as a singlet. The formation of the
different products with time was shown by the ap-

pearance of several singlets in this region, the signal
from the aryl cyanurate molecule being the strongest
(Fig. 5). Quantifying all the *C- and '"H-NMR signals
enabled changes in the reaction medium to be fol-
lowed at the level of the disappearance of CPCy, at
that of the appearance of aryl cyanurate and the
secondary products (Fig. 6).

It is noted that the quantization of secondary
products with time is a curve with a maximum,
suggesting that they are reaction intermediates
regardless of the ring examined.

Based on the FTIR spectrum of pure aryl cyanu-
rate and of CPCy, we are able to select lines suitable
for a kinetic study. Each new or residual species was
quantified by using as a reference band that of the
out-of-plane deformation of CH groups in the
monosubstituted aromatic ring at 700 cm~!, since it
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remained well defined with no shoulder throughout
the kinetics and independent of participating mech-
anisms. The disappearance of CPCy was character-
ized by changes in the double line at 2270 and
2234 cm~".

During the homopolymerization reaction, the
C=N triple bond opened and aryl cyanurate formed,
whose characteristic bands were situated towards
1569 cm~! (vC=N—C) and 1385 cm~! (yN—C—0).

FTIR spectra were similar to those observed with
HPLC and 'H- and "*C-NMR, confirming the pres-
ence of reaction intermediates that were not imino-
carbonates (Fig. 6).

In order to confirm this result, DSC was carried
out on a sample recovered after 24 hr at 230°C,
containing 60% aryl cyanurate and 40% by-
products. When the thermograms obtained with
CPCy alone were compared to those of the partially
polymerized product in the same temperature range
and the same experimental conditions [Fig. 7(a)], this
product exhibited an exotherm for intermediates
starting around 90°C and an endotherm around
150°C (melting of the aryl cyanurate).

This very important result for the homopolymer-
ization study of CPCy indicates that:

(a) aryl cyanurate rings auto-accelerate reaction

Marie-Florence Grenier-Loustalot et al.

(b) the other products present in the reaction
mixture are reaction intermediates that re-
arrange to aryl cyanurate at the end of the heat
cycle.

The homopolymerization kinetics of CPCy were
followed isothermally at 200, 205, 210 and 220°C
(Fig. 8). Kinetic curves could be simulated with an
equation of the form:

v =dx/dt =k(l —x)* + k,x(1 — x)? (mol/hr)
initiation autocatalysis

Although the term k&, was obtained with good
correlation coefficients, there was considerable inac-
curacy in the term k. By processing In k vs 1/T curves,
activation energies of the order of 85.9 kJ/mol were
found for k,, in agreement with published data [10].

Study of the copolymerization of the epoxy—cyanate
(1/1) in the molten state

The DSC thermograms obtained for the homo-
polymerization of CPCy and CPCy/PGE (1/1) [Fig.
7(b)] show that the presence of epoxy groups cata-
lyzed the system, since the starting temperature of the
reaction was lowered by about 30°C in comparison to
that of CPCy homopolymerization. In addition, the
CPCy/PGE thermogram shows a double envelope,

kinetics
L ]
(I:H
—C—
|
CH
L]
L ]
L J
*
*
1.7 1.6

PPM

Fig. 5. Kinetics of CPCy at 230°C followed by 'H-NMR (aliphatic protons). (@) CPCy; (W) aryl
cyanurate; and (*) intermediate products. a: t =0hr 15; b: t =0hr 30; ¢c: t =1hr 00; d: ¢t = 1 hr 30; e:
t =4hr 00; and f: ¢ = 5hr 00.
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Fig. 6. Kinetics curves obtained for CPCy and aryl cyanu-
rate. (a) CPCy: (¢) HPLC; () 'H-NMR; (A) *C-NMR;
and (x) FTIR. (b) Aryl cyanurate for 'H-NMR; (@)
HPLC; (B) 'H-NMR (aliphatic protons); (A) 'H-NMR
(aromatic protons); (x) *C-NMR; and (*) FTIR.

suggesting the presence of two or more different and
successive reactions.

Changes in the polymerized reaction mixture
(isothermal at 200°C) were followed by HPLC
(Fig. 9). At zero time three peaks were present in the
chromatogram, at respective retention volumes of 3,
9.5 and 24 ml. Based on the use of different standards,
the first was attributed to PGE, the second the CPCy
and the third to aryl cyanurate. Before the disappear-
ance of PGE, peaks around 5, 16 and 18 ml appeared
simultaneously. Figure 10 shows the evolution of new
or residual species. In order to identify each peak, a
1/1 mixture was treated for 45 min at 250°C, sub-
jected to preparative chromatography and each frac-
tion was isolated and analyzed by 'H- and *C-NMR,
and by FTIR.

The BC- and 'H-NMR chemical shifts of fraction
3 (Fig. 11 and Table 3) enabled the structure of the
compound to be attributed to the formation of a
four-membered ring corresponding to the intramolec-
ular ring closure of two CPCy molecules according to
the mechanism proposed in Fig. 12. It is to be noted
that the chemical shifts of H; protons resonated
around 6.7 ppm, signals that were aiso present in
the spectra of CPCy homopolymerization (Fig. 5),
confirming the mechanism in Fig. 12. The presence of
a band around 1650cm~' in FTIR {oxazoline
vO—C=N) refuted this structure (Fig. 13).

The FTIR spectra of fractions 4 and 5 contained
a band around 1750-1740 cm~*, characteristic of a
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carbonyl group, and an intense band towards
1237 cm™!, characteristic of ether groups (Fig. 13).
Published data [7, 8] are consistent with the presence
of two substituted oxazolidinones arising from iso-
cyanurate-epoxy reactions. The isocyanurate de-
scribed by Bauer ez al. [8, 9] was not isolated in this
work, however, the epoxy-cyanate mechanisms were
reconsidered. In the course of CPCy homopolymer-
ization, a carbamate type reaction intermediate was
detected. In light of earlier work in our laboratory
[11], it was believed that it was the carbamate that
reacted in the presence of epoxy. In order to confirm
this, we synthesized CPCy carbamate as described
[12] and investigated its reactions in the presence of
PGE by FTIR and '*C-NMR.

The FTIR results showed that the wave number of
the carbamate alone vC=0 was around 1710cm .
In the presence of molten epoxy groups and at 180°C,
three reactions were expected: epoxy group opening
by primary and secondary amines, and epoxy group
opening by hydroxyl groups [13]. The FTIR study of
epoxy—carbamate reactions at different epoxy con-
centrations showed the presence of two bands around
1695 and 1739 cm~!, the latter becoming predomi-
nant at an epoxy:carbamate ratio of 4.

The HPLC analysis of the same samples confirmed
that the product is isolated in fraction 4 had the
structure of a product arising from epoxy-carbamate
reactions (Table 4). These results were corroborated
by *C-NMR spectra: in particular, chemical shifts
characteristic of epoxy group opening reactions by
amine and hydroxyl groups were found in the
75-40 ppm region. The *C-NMR spectrum, however,
could be interpreted only by the formation of an
oxazolidinone ring. In an earlier study of epoxy-
isocyanate reactions [14] we had isolated and ident-
ified the chemical shifts of these compounds (Table 5)
which were the same as those in the spectrum of
fraction S. In order to attribute the different carbons,
DEPT techniques were used enabling their class to be
unambiguously determined (see as an example Fig.
14, the spectrum obtained for fraction 5).

The FTIR spectrum of fraction 6 contained two
bands at 1566 and 1369 cm~', confirming the for-
mation of aryl cyanate. The C-NMR spectrum was
identical to that observed in the homopolymerization
of CPCy.

CONCLUSIONS

In the presence of pure CPCy and with no catalyst
present, the formation of two reaction intermediates
is difficult to explain since reactions were run in a dry
atmosphere. We nevertheless believe that traces of
water catalyzed the system, as depicted in Fig. 12.
Based on the chemical shifts of CPCy carbamate and
monophenol, we were able to detect their presence in
the reaction mixture. On the other hand, the lines of
the four-membered ring intermediate could be at-
tributed on the basis of epoxy—cyanate results, since
it was isolated and characterized by 'H- and “C-
NMR.

These data were confirmed by the kinetics of the
PGE:CPCy (1:1) reaction mixture, followed by
FTIR, NMR and HPLC. Since no epoxy groups were
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Fig. 7. a: Dynamic DSC thermal diagrams from 60 to 380°C (5°C/min). (1) CPCy alone and (2) CPCy
advanced for 24 hr at 230°C containing 60% ary] cyanurate and 40% secondary products in the reaction
mixture. b: Dynamic DSC thermal diagrams. (1) CPCy alone; and (2) CPCy/PGE (1/1).
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Fig. 8. Kinetics curves of CPCy obtained by isothermal
calorimetry: (x) 200°C; () 205°C; (+) 210°C; and
(*) 220°C.

present, all the chemical species described had to be
present in the reaction mixture. This was observed
with FTIR, since wave numbers at 1750, 1738, 1695,
1566 and 1364 cm ! were found, corresponding to the
different fractions previously isolated and studied. In
addition, HPLC confirmed that the homopolymeriza-
tion of cyanate groups occurred first, followed by
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Fig. 10. Quantization of the chemical species in the CPCy/
PGE system at 250°C by HPLC: () PGE; (+) CPCy;
(*) aryl cyanurate; ([J) fraction 3; and (x ) fraction 5.

reaction with the epoxy and hydroxyl groups formed.
Similarly, ®*C-NMR (Table 6) showed that all the
chemical species identified in the study of the different
fractions were found in the medium. These results
confirm that the reaction mechanism of epoxy-
cyanate systern is complex and depends on the
amount of each component.

] 10

retention volume (ml)

Fig. 9. Kinetics of CPCy/PGE copolymerization followed by HPLC: (W) fraction |; (@) fraction 2;
(¥) fraction 3; (Q) fraction 4; (V) fraction 5; and (W) fraction 6. a: 1 =0; b: t =0hr 15; ¢c: t =0 hr 30;
d: t=1hr 00; and ¢: 71 hr 30.

EPJ 31/\11—1
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Fig. 13. FTIR spectra (1800-1340 cm~!) of the fractions obtained after separation of the CPCy/PGE (1/1)
mixture treated at 250°C for 45min. (a) CPCy/PGE 250°C 45 min; (b) fraction 3; (c) fraction 4;

(d) fraction 5. and (e) fraction 6.
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Table 3. 'H- and '>C-NMR chemical shifts of fraction 3

RMN 13¢
g" /“\\é
}: "4
carbons Cl Cz C3 C4 . C5 Cs C-, Cg C9 Cm Cn
3 (PPM) | 14935 141.5¢|113.1g[ 126.45|151.75| 40.7, | 29.3; |151.7,]| 123.94{ 126.4,|125.14
RMN 'H “3
c o-C c -0
"%
H
protons H; Hy H4 Hy Hjp H;
3 (PPM) 6.7, 7.1, 1.6, 7.23 1.25 114

Table 4. 3*C-NMR chemical shifts (75-30 ppm region) of the cumyl carbamate/PGE system

5 (PPM) (2:1) § (PPM) (1:1)
74.25 4 7445 4"
69.54 6 69.25 6"
69.41 2 68.8, 2"
68.7, 3 68.5, 3"
68.05 5 68.49 5"
46.0 I 67.94 1
423, 6 67.65 1"
30.84 7

7
CH
o 3 1o 3
¢ O = C~NH-CHyCH—CH,-0
CHy 0 )
u‘ 5! Gl
CHzCH-CHz 0~
oH
J 1" " 3"
—0~C =N - CHy~CH-CH,-0
1] i
o
gf sv gw

Cﬂz—CH—CHT 0~

o
|

1151



1152 Marie-Florence Grenier-Loustalot et al.

(a) U
oy S | S

2:13 / 21

|

16: 134 | J % g &
) il il

_— > ' g

180 160 10 120 100 8 60 40 20 0
PPM

Fig. 14. PC-NMR spectrum of fraction 5. (a) Spectrum before DEPT pulse sequence; (b) Spectrum after
DEPT pulse sequence.
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Table 5. *C-NMR chemical shifts of fraction §
carbons | C; C; C;3 Cy Cs Cy Cs G Co | Cu| C1z
§ (PPM) | 121.94 129.9¢ 114.94 158.2;| 6835 | 71.64 49.0, 46.2¢ | 75.74 67.53 158.4;|114.9,
Ci3 [ Cisa | Cis | Ci6 | C17 [ Cis [ Cr9 | C20 | Ca1 | €22 | Ca3 | Caa | Cas
129.9¢ |121.75] 155.5g 158.71 115.8, [ 128.4¢ | 151.0; | 42.7¢ 31.23 | 144.671 127.1g | 128.49] 126.03
2
“ 8 6 7
1@0—6“,—/(:8—%1:, 1.2 13
0\1 5/ \sc"rslcu_’c?lr(;l@ 14
7
Table 6. Attribution of C-NMR lines specific to fractions 3-6 in the CPCy/PGE (1/1) reaction mix, 250°C 45 min
& (PPM) 173.5 158.4-158.0 155.1 151.7 151.1 150.1 149.3 1484
assignment C, aryl quaternery C=0 of quaternery C, aryl C, anyl C, aryl
cyanurate carbons of | oxazolidinone carbons cyanurate cyanurate | cyanurate
oxazolidinone —C=N
(no. 6) (no. 5) (no. 5) (no. 3) (no. 3) (no. 6) (no. 6) (no. 6)
é (PPM) 144.3 74.1 7.3 69.4 68.1 67.9-67.0 42.4-42.2 30.8
assignment | quaternery —C—-0 —CH— of CH—CH,—O0—
carbons of homopoly- | oxazolidinone of
oxazolidinone | mérization ~—CH—0— | —CH—OH— | oxazolidinone —C— —CH,
(no. 5) (no. 3) (no. 5) (no. 4) (no. 4) (no. %)
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