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The Synthesis of Polycyanates by the Polycyclotrimerisation of
Aromatic and Organoelement Cyanate Esters

V.A.Pankratov, S.V.Vinogradova, and V.V.Korshak

Studies on the synthesis and properties of a new class of heat-resistant and thermostable polymers, obtained by the
polycyclotrimerisation of aromatic and organoeiement cyanate esters, are examined. Attention has been concentrated
on studies devoted to the given reaction, the influence of the structure ot polycyanates on their properties, and the
specific features of these polymers due to the regularity of their structure, A number of general characteristics of
polycyclotrimerisation, i.e. its usefulness as a method of synthesis of cross-linked thermostable polymers, are discussed.
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I. INTRODUCTION

Cyanic acid HO-C=N is involved in 1,3-prototropic
tautomerism with isocyanic acid O=C=NH as a result of
which esters of both cyanic acid (R-O~C=N, cyanates) and
the isomeric esters of isocyanic acid (R-N=C=0, isocya-
nates) are known. However, whereas isocyanates were
discovered by Wurtz in the initial period of the develop-
ment of organic chemistry in 1849,' the first examples of
cyanates were synthesised by Stroh and Gerber as late as
1960.2 Isocyanates assumed practical importance only
100 years after their discovery. Judging from the vigor-
ous development of research on the chemistry of cyanates,
one may predict with confidence that the corresponding
period for these substances will be much shorter.

The attempts to synthesise cyanate esters were begun
in 1857%°'*, In the main, investigators tried to solve this
problem by the reaction of phenoxides (or alkoxides) with
halogenocyanogens *™'!, but cyanate esters were not isolated
and the main reaction products were cyanuric acid esters.
It was shown that an imino-ester of carbonic acid is formed
as an intermediate under these conditions®”*® and that the
reaction mechanism can be represented as follows:
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Nevertheless Stroh and Gerber? and later other investi-
gators *”*® succeeded in synthesising cyanate esters in this
way from sterically hindered phenols:
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where R = t-C4Ho and R’ = C¢Hs.
It was not until 1964 that several new methods of syn-

thesis of compounds of this class were proposed'®™ 22,
Martin and coworkers®™'° obtained aromatic and then
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aliphatic cyanates by the thermolysis of 1,2,3,4-thiatri-
azoles via the following mechanism:

N -
AOH + cscl, ~2% Aro—c—c1 2% ArO—C:N\ - Ar0—c=n
s s\ N}N

Jensen and Holm achieved the synthesis of aliphatic
cyanates using a somewhat different scheme:
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A method of synthesis of cyanate esters from phenols
and acid alcohols involving their interaction with a halo-
genocyanogen in the presence of a hydrogen halide accep-
tor, which is promising from the standpoint of its applica-
tion in industry, has been proposed by Grigat and Piitter 22

+ base

- base HCl — Ar0—C=N

ArOH --- CICN
The reaction takes place at temperatures between —20° and
+20°C in an organic solvent (for example acetone) and the
yields of cyanates are nearly quantitative.

A number of other methods of synthesis of cyanates
have been described in the literature ™% put they suffer
from disadvantages such as a large number of stages and
low yields, as a result of which they are less promising
for practical purposes.

Bearing in mind that a number of reviews on the synthe-
sis and properties of cyanate esters have already been
published®™*, we shall not concern ourselves in the
present review with this field and attention will be concen-
trated on polymers based on cyanates and the processes
leading to their formation.

The studies in the field of polymers based on cyanate
esters developed only in the last decade. However, a
sufficient number of data on these polymers, which are
of interest from both theoretical and practical points of
view, are already available and need to be surveyed. This
applies particularly to research on the polycyclotrimerisa-
tion of cyanates, which has led to the discovery of many
interesting general features of this new and promising
method of synthesis of cross-linked thermostable polymers.
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Studies on the polycyclotrimerisation of cyanate esters
have been mainly designed to investigate the features of
this reaction and the synthesis of new structures as well as
various properties of polycyanates. The literature data
have been reviewed in the same order in the present
article. In addition, we shall consider also the few
studies described in the literature on the synthesis of other
less thoroughly investigated cyclopolymers based on cya-
nate esters.

II. THE CHARACTERISTICS OF THE POLYCYCLOTRI-
MERISATION REACTION OF CYANATE ESTERS

The polycyclotrimerisation reaction of dicyanate esters
with formation of cross-linked polymers (polycyanates)
proceeds via the mechanism:
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where R are different aromatic and organoelement groups.

Aryl cyanates are more reactive than nitriles because
of the more electrophilic properties of the carbon in the
N=C group owing to the electron-accepting effect of the
aryloxy-group®*®, Martin and Brause* established that
the oxygen atom in the compounds HR~O-C=N has an
electron-donating effect on the aromatic group and at the
same time enters into mesomeric interaction with the
carbon of the nitrile group. However, the involvement of
the unpaired electrons of oxygen in the mesomerism of
the ring is greater than in the mesomerism of the nitrile
group of aryl cyanates:

3, t8 -8
Ph—C_g—cgN s

which promotes the enhancement of the electrophilic pro-
perties of the carbon of the N=C group.

At the same time, like nitriles, aryl cyanates exhibit
nucleophilic properties due to the presence in the N=C
group of the lone electron pair of the nitrogen atom and of
electron-donating 7-bonds. The cyclotrimerisation of
cyanates is therefore accelerated by catalysts of both
anionic and cationic type, depending on whether the nucleo-
philic nitrogen atom or the electrophilic carbon atom is
attacked.

In recent years, Korshak and coworkers®'® put for-
ward the concept of the heterogeneity of polymer linkages
owing to the occurrence of a number of side reactions,
apart from the main reaction involving the formation of the
polymer system. Such “defectiveness” of the structure
of a particular polymer leads in most cases to an impair-
ment of properties such as heat resistance and thermal
stability, physicomechanical parameters, etc.

It has been shown in many studies on the polymerisation
of isocyanates, ethynyl derivatives, nitriles, and other
compounds that the polycyclotrimerisation of these com-
pounds involves, apart from the main process, numerous
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side reactions (chain polymerisation, dimerisation, etc.).
Methods of synthesis excluding these side reactions have
not so far been found**~°2 and the synthesis of polymers
with a virtually defect-free structure is an urgent problem
whose solution will permit a considerable improvement of
many of their parameters and may lead to the formation
of materials with qualitatively new properties.

A high selectivity in the cyclotrimerisation of the
N=C-O groups is characteristic of the polycyclotrimerisa-
tion of dicyanates with formation of cross-linked polymers.
This is one of the fundamental features of the polycyclo-
trimerisation of these groups, which distinguishes them
from other functional groups, such as the nitrile, iso-
cyanate, ethynyl, etc.groups.

Furthermore, anexceptionally important feature is that,
when the process is carried out under certain conditions,
the cyclotrimerisation of the N=C—-0O groups of tricyanates
proceeds with virtually quantitative conversion. All these
factors promote the achievement of “pure” polycyclotri-
merisation with few defects and the formation of highly
cross-linked polymers with a regular chemical struc-
ture 7%,

Indeed the cyclotrimerisation of monofunctional cyanate
esters led to the isolation of cyanurates in quantitative
yields and no side products (dimers, linear polymers, etc.)
could be detected chromatographically or by other meth-
0ds #2%92%95:58 - comparison of the spectroscopic and
other characteristics of the polymers, obtained by poly-
cyclotrimerisation and by specific synthesis from cyanuryl
chloride and bisphenols, demonstrated their complete
identity ****. The absence of the signal characteristic of
polyconjugated systems from the ESR spectra of poly-
cyanates frils to confirm the possibility of the linear poly-
merisation of the N=C groups of cyanates®. Further-
more, in the study of the polymerisation of dicyanates by
infrared spectroscopy, it was not possible to detect either
the dimerisation or isomerisation of the N=C-0 group;
the infrared spectra did not contain absorption bands
characteristic of linear acomethine structures either. In
the discussion of the properties of polycyanates below, we
shall consider also other direct and indirect evidence
indicating the high selectivity of the cyclotrimerisation of
NCO groups in the synthesis of these polymers.

One must nevertheless stipulate that the possibility of
side reactions cannot of course be fully ruled out in the
polycyclotrimerisation of aromatic cyanate esters. How-
ever, bearing in mind the entire set of the available litera-
ture data on this process, these reactions presumably take
place to only a slight extent.

The comparative catalytic activities of various protic
and aprotic acids and bases as well as their mixtures were
investigated, using as an example 2,2-di-(4-cyanatophenyl)-
propane, in the bulk polycyclotrimerisation of aryl dicya-
nates . It was found that in the initial stages the poly-
cyclotrimerisation of the N=C-O groups of aryl dicyanates
obeys the relations of the quasi-unimolecular reaction.

The rate constants and activation energies for this process,
carried out in the presence of various types of catalysts,
were calculated and it was shown that the catalytic activi-
ties of tertiary amines and phenols are proportional to their
pKa values and increase with the basicity of amines and the
acidity of phenols. The corresponding correlations have
been deduced.

The influence of the chemical structure of initial dicya-
nates of the type

NCOGCgH,;—A—CgH,OCN,
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where A = CHz, C(CHs)z, C(CF3)2, CHC¢Hs, or C(CH;)(CeHs),
ontheir reactivity in polycyclotrimerisation in the presence
of zinc chloride has been investigated and it has been shown
that the rate of the process in the first stage is determined
by the inductive effect of the substituents at the central
carbon atom of the initial dicyanate, increasing as they
become more electronegative. At more advanced stages
of the reaction of the N=C—O groups of the dicyanate, the
rate depends also on the steric factors of the substituents
at the central carbon atom of the dicyanate *°.

A series of studies by Bonetskaya and coworkers
were devoted to a detailed investigation of the kinetics and
heats of the cyclotrimerisation and polycyclotrimerisation
of aryl cyanates. Thus the kinetics of the cyclotrimerisa-
tion of phenyl isocyanate to triphenyl cyanurate have been
investigated in solution in ditolylmethane in the presence
of chromium (ITII) acetylacetonate with the aid of a double
calorimeter * and it was shown that the reaction is auto-
catalytic. Its maximum rate is proportional to the
catalyst concentration and the square of the monomer con-
centration. The heat of cyclotrimerisation of phenyl
cyanate was determined as AH = —28.1 £ 1.0 kcal mole™".
The stabilisation energy of the s-triazine ring has also
been estimated and it has been noted that the ring is sta-
bilised both as a result of the delocalisation of electrons
with formation of a system resembling the m-electron
system of the benzene ring and by the partial polarisation
of the ring nitrogen—carbon bond. 1In order to estimate
the stabilisation energy of the s-triazine ring, the experi-
mental heat of the cyclotrimerisation of phenyl cyanate
(PC) to triphenyl cyanurate (TPC) was compared with the
heat of this reaction in the gaseous state (AH = -58.2 kcal
mole™"). The latter quantity was calculated from the
heats of formation of phenyl cyanate and triphenyl cyanu-
rate evaluated additively from the increments for the
corresponding groups® (AHf = 29.7 and 30.9 kcal mole™").
The authors regard the difference AH = 26 kcal mole™
between the experimental and theoretical heats as the sta-
bilisation energy of the s-triazine ring (the stabilisation
energy of the benzene molecule is approximately 36 kcal
mole '). ¥

The kinetics of the polycyclotrimerisation of 2,2-di-(4-
cyanatophenyl)propane (CPP) have been investigated and
its heat measured by direct calorimetric determinations
under conditions analogous to those of a model reaction **~¢";
it was established that the polycyclotrimerisation of CPP
involves mainly the same kinetic features as the cyclotri-
merisation of phenyl cyanate. The average heat of poly-
cyclotrimerisation of CPP is®’%® A = -56.8 kcal mole™,
i.e. 28.4 kcal mole™ per N=C-O group. The close agree-
ment of this value with the heat of cyclotrimerisation of
phenyl isocyanate (AH = -28.1 kcal mole™) confirms,
according to the author, the high selectivity of the poly-
cyclotrimerisation of aryl dicyanates.

The cyclotrimerisation of aryl cyanates in the presence
of chromium(III) acetylacetonate is autocatalytic (the varia-
tion of the rate with time passes through a maximum),
although the reaction products [triphenyl cyanurate when
phenyl cyanate is the starting material and oligomers in the
polycyclotrimerisation of 3,2-di-(4-cyanatophenyl)propane]
do not catalyse the process > ’**"®%, One of the causes of
autocatalysis is probably the fact that chromium(III) acetyl-
acetonate is catalytically inactive in the initial state. It
was established ® that the presence of traces of water in
the reaction system has an appreciable influence on the
rate of polycyclotrimerisation of CPP and traces of acetyl-
acetone in the reaction mass after the latter had been
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thermostatted at 140°C were detected by gas—liquid chro-
matography. It was found that the addition of water to the
reaction system increases and that of acetylacetone
decreases the rate of reaction®. The results suggested
that the active form of the catalyst is formed with partici-
pation of water and is in equilibrium with the normal form
of the catalyst:

&
o3 2 +
s . cH
Cv‘\:cl) é\:‘ﬁ/ rusc\c/ \C/CHJ
A ]
(A N o—%
N ’ 1.
O—sior—¢ cee_ et “OH + CH P)(‘HZPZCH
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o~ \t;n/ on LHsC/ \cn \(1“3__

The autocatalytic nature of the cyclotrimerisation of aryl
cyanates in the presence of chromium(IIl) acetylacetonate
is associated with the accumulation of the active form of
the catalyst as the reaction proceeds.

The enthalpy, entropy, and Gibbs free energy of the
polycyclotrimerisation of crystalline and liquid CPP to a
regularly cross-linked amorphous polymer have been
calculated® (Table 1). The enthalpy of polymerisation
found at 420 K (147°C), i.e. —AHpol = 53.2 kcal mole™
agrees within the limits of experimental error with the
enthalpy of polymerisation determined by direct calori-
metric measurements (- A7po} = 56.8 kcal mole™),*
which confirms yet again that the polycyclotrimerisation
of aryl dicyanates always proceeds in the same way. The
decrease of entropy on polymerisation with formation of
cross-linked systems, determined for the first time by
Lebedev et al.,® proved to be —36 e.u., which is approxi-
mately 30% larger than for linear polymerisation.

’

Table 1. Thermodynamic parameters of the polycyclo-
trimerisation of 2,2-di-(4-cyanatophenyl)propane*,

T K _A”;M)L I 'AS;)UL \ “A(";)ml:
keal mole'! ‘ keal mole K’l( keat mole!

Monomer(c) = polymer(g)

100.00 44.5 7.88 43.7

200.00 45.2 12.7 42.7

208.15 45.9 15.5 41.3

355.83 46.2 16.4 40.3
Monomer(l) = polymer(g)

355.83 52.5 34.1 40.3

400.00 52.9 35.9 38.8

420.00 53.2 35.9 38.1

*The physical state of the monomer and polymer is indi-
cated in brackets: c—crystalline; g-glass; l-liquid.

Table 1 shows that, in the temperature range 100-420 K,
AHpo1 < 0 and ASpg) < 0, which implies that CPP is a
monomer with an upper limiting polymerisation tempera-
ture of 1480 K, i.e. much higher than the temperature of
the onset of the thermal decomposition of the monomer and
polymer. (Below 1480 K, there are no thermodynamic
obstacles to the conversion of the monomer into a pelymer,
while above this temperature the polymer cannot be
obtained.)
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The absolute value of AGf)ol shows that the equilibrium
in the polymerisation reaction is almost completely dis-
placed towards the formation of the polymer®

IOI. INDIVIDUAL EXAMPLES OF POLYCYANATES

1. Homopolymers of Aromatic and Organoelement Dicya-
nate Esters

Table 2 presents the structures and melting points of
di- and tri-functional aromatic and organoelement cyanate
esters described in the literature as well as certain ther-
mal characteristics of the polymers based on them. 1In
most cases the monomers are crystalline substances with
melting points much lower than those of the hydroxy-com-
pounds from which they were obtained. Certain organo-
element dicyanates (see Nos. 33 and 34, Table 2) are
liquids at these temperatures. The temperatures of the
onset of deformation (from thermomechanical curves) and
the temperatures of the onset of decrease in weight (from
thermogravimetric data obtained in air) are quoted in
Table 2 as the thermal characteristics whereby a compara-
tive assessment of the polymers is possible. Unfortu-
nately there are no data on the behaviour of a number of
polycyanates, which have been described largely in patents,
at elevated temperatures.

Table 2. Di- and tri-functional aromatic and organoele-
ment cyanates and the thermal characteristics of the poly-
mers based on them.

No. Initial cyanate M.p.,°C  |Tod. “C*{Tw.L, °C** References
1 |m-NCO—C,H,~OCN 78—179,5 360 390 22,30,53,67—69
2 | p-NCO—2,H,—OCN 115—116 395 390 22,830,53,67—69
3 | HiC 72—74 — - 30
2
>= $~0CN
NCO
4 (CHl):C\ 130 — — 70,71
7T\
NCO \=< OCN
C(CHa)s
5 ﬁ» 78—80 — — 72
HsC— cf\/i_\ —OCN
7/
NCO
6 NCO\ 102 - — 22,30
o
§_ S—ocN
NCO
7 |NCO—CH—CH,—OCN 133—133,5( 380 390 30,54

8 |(CHIC C(CHy)s 263 — - 30
— 7\~
NCO >/i > l OCN
(CHg)C C(CHy)s
9 [NcO—cH,—0—c,H,—OCN 83—89 400 380 54
10 | NCO—CyH,~CH,—CoH,—OCN 107.5—108 370 400 53,69
H,COOC COOCH, 100—101 — — 30
11 NCO—-> >—CH, —‘\ —OCN
12 (cu.).C\ C(CHa)s 206 — - 230
- \_ _ TN
NCO < \,—CHs /-OCN
(CHg)sl C(CHa)a
13 [NCO—C,H,~S0,—C,H,—OCN 182—183 360 360 30,54
14 |NCO—C4H(—C(CH,):—CyH,—OCN 81.5—82 385 385 30,83,54,69
CH, 77—18 280 330 54

{
N / N\ _..o
C— CN

|
CH,

15 NCO—<
Hyf

CH,
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Table 2 (Cont'd).

° Tw.l.
No. Initial cyanate Mp.,°C Z'g-fﬁ gﬂ References
16 |NCO—CH,—C(CFs);—C¢H,—OCN 87.5—88 360 | 395 | 53,54,69
47 | NCO—C¢H,—C(H)(CeHs)—CeH,—OCN 72.5—73 410 | 410 53,54,69
18 | NCO—C,H,—C(CHs)(C,Hy)—CyH,—OCN 87—88 | 370 | 395 53,54,69
19 | NCO—CyH—C(C,Hs);—C,H,—OCN 190.5—191.5) 360 | 400 53,54,69
20 |NCO—CH—~C—CH,—OCN 134—135 | 385 | 405 53,54,69
N
N\ //
\c=0
21 NCO—C‘H.—C—C.HA—OCN 162.5—163 375 | 400 83,54,69
(ay
22 |NCO-C, .H.AC—C.H.—OCN 169—170 | 395 | 400 53,54,69
\(/\\/\/
7N _N=N-Z" N\ 163 —_ _— 7
23 | NCO. > N=N. > OCN
24 |HC CH, 107—108 —_ - 30
N
// >—CH,—0 CHy—7 §
>~ —
HoC Socn NCO CH,
25 NCO~/ >\ infus. — —_ 30
< \-
26 O_O_CN infus. — —_ 30
e
NN\
¢ (\/
NCO O
27 (#7\ OCN 149 — — 30
Ny
{ N—77N
\__I/ N,
NcO 7
28 NCO—C.H.—C————C/ —C¢H,—OCN 158—159,5( 370 | 370 3
\B.nH.a
29 NCO—C.H.—CH.—C—-C/ ~CH,—C¢H,—OCN 152—153 | 370 | 370 74,75
N
ByoHyo
30 NCO*CH.—C———C—C.H.—-C—}:—CH,—OCN 135—136 300 | 380 76,77
\B“H,o 10H 10
31 |NCO—CH,—C C—CH;—OCN 127.5—128 280 | 360 78,79
ByoHuo
32 |m-NCO—CH;—CB,(H;oeC—CH,—OCN 63—64 290 | 370 78,79
33 | NCO—CH;—(CF;);—CH,—OCN - 350 | 360 80,81
34 | NCO—CH,—(CF2)(—CH,—OCN - 340 | 350 80,81

*Here and henceforth the temperature of the onset of
deformation (To.4.) was determined from the thermomecha-
nical curve for a load 0.8 kgf cm™ and a heating rate of
80k h™
**The temperature of the onset of weight loss (Tw.1.),
obtained from thermogravimetric analysis (heating rate
4.5 K min™'), was assumed to be the temperature corre-
sponding to the point of intersection of the tangents to the
curve in the region where weight loss begins.

The polycyanates listed in Table 2 are highly cross-
linked heterochain polymers the nodes of the networks of
which consist of s-triazine rings, while the internodal
fragments comprise the residues of aromatic bisphenols,
polyphenols, and organoelement glycols and phenols. The
data in Table 2 show that the presence of these thermally
stable groups in the polycyanate structure promotes a high
thermal stability of the latter. Furthermore, the results
obtained in thermomechanical studies on polycyanates have
demonstrated (see Table 2) that the temperatures of the
onset of deformation are in most cases in the region close
to the temperatures of the onset of weight loss, i.e. the
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heat resistance of these highly structured rigid systems

is limited by their thermal stability. The thermal, physi-
comechanical, and other properties of the most interesting
polycyanates will be discussed below.

There are no literature data on polycyanates with unsub-
stituted aliphatic internodal fragments. Presumably the
presence of flexible polymethylene chains in place of rigid
aromatic rings in the polycyanate structure should have
promoted an increase of the elasticity of these materials
but, naturally, it would have been accompanied by some
decrease of the thermal stability of the polymers. It is
noteworthy that the -initial monomers for such polymers,
aliphatic cyanate esters, cannot be obtained from glycols
and halogenocyanogens% on heating, they also readily iso-
merise to isocyanates <.

It has been found that the hypothetical structures of
polycyanates with aliphatic internodal fragments can be
achieved by the introduction of perfluoro-groups in the @-
position relative to the cyanate group. Such fluorine-
contalnmg mono- and di-cyanates were obtained for the
first time® by the reaction of the corresponding alcohols
with chlorocyanogen in the presence of triethylamine.
These cyanates are resistant to isomerisation and poly-
merise readily with formation of polymers whose thermal
stability is not inferior to that of aromatic polycyanates®
Depending on the proportions of the mono- and di-cyanates
taken for copolymerisation, polymers with glass points
between —40° and 350°C were obtained. They can be used
as thermostable films, adheswes and elastomers with
improved fire resmtance

One of the most 1nterest1ng examples of organoelement
polycyanates comprises polymers containing carborane
groups in the internodal fragments. A report on the syn-
thesis of carborane-containing aliphatic cyanates based on
1,2- and 1,7-dihydroxymethylcarboranes was published in
1971.™ In contrast to the usual aliphatic cyanates, the
N=C-0 groups of these compounds proved to be resistant
to isomerisation to the O=C=N groups. The resistance to
isomerisation in such cases, as well as that of fluorine-
and chlorine- containing cyanates ®’*, can be accounted for
by the large negative inductive effect of the carborane ring,
transmitted via the methylene bridges’. Subsequently
dicyanate esters of other carborane-containing glycols and
bisphenols were SyntheSISed and polymers based on them
were described™”

Table 3 presents the structures of carborane-containing
dicyanates and certain properties of their polymers. A
characteristic feature of polymers based on dicyanato-
methylcarboranes is lower heat resistance compared with
aromatic polycyanates, but, as regards the temperature
of the onset of weight loss, they are similar to their carbo-
cyclic amalogues79 The most interesting property of these
polymers is the large amount of carbon-containing residue
at elevated temperatures (between 500° and 1000°C), fre-
quently with retention of a definite strength.

Like aromatic analogues, carborane-containing poly-
mers are characterised by high physicomechanical para-
meters (specific impact strength up to 30 kgf cm cm ™2,
bending strength up to 1700 kgf ecm ™2, Brinell hardness up
to 1500 kgf cm ™2, etc.); they can be readily converted into
manufactured articles by the usual methods for working
with thermoreactive polymers without the evolution of
volatile materials"®” Their conversion into manufac-
tured articles is facilitated also by the fact that the initial
monomers have relatively low melting points, ranging
from 63°C (m-dicyanatomethylcarborane) to 158°C (1,2-
dicyanatodiphenylcarborane).®™"®
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Owing to the strong adhesion of carborane-containing
cyanates to various materials and other properties of
practical value, which are indicated above, these polymers
are used as heat resistant and thermostable films, coatings,
binders for glass-fibre-reinforced plastics, adhesives,
etc., particularly when a high resistance to ablation is
necessary’> °. Large carbon-containing residues have
been observed up to 1000°C for carborane-containing poly-
cyanates not only when the latter were thermostatted in
air but also in an inert atmosphere. Thus the polycyanate
based on 1,2-di-(4-cyanatophenyl)carborane loses 2% of its
weight in air at 900°C and 16% at the same temperature in
an atmosphere of helium. In view of the low availability
at the present time of carborane-containing monomers, it
is of considerable interest that small amounts of added
carborane-containing cyanates appreciably increase the
thermal stability of polycyanates when they are copolymer-
ised with the usual aromatic dicyanates®®. Thus, whereas
the polymer based on 2,2-di-(4-cyanatophenyl)propane
without a carborane-containing additive loses 58% of its
weight on heating in air for 1 h at 350°C, the weight loss
by the polycyanates to which 0.25 mole % of 1,2- dlcyanato-
diphenylcarborane has been added amounts to 91%. 8

Table 3. Properties of carborane-containing polycyanates.
Propertics of polycyanates
No, Initial dicyanate boron Tod., Tw.1. | coke resi- References

in air, | duc at

content | o(: :
K2 °c 900°C, %

NCOCH;~C———C—CH;OCN 78,79
ByoHig
2 m-NCOCH,—CBH,,C—CH,OCN
p- NCOCH;—CBjoH,(C—CH,OCN
NCOCH — C———C—CyH,0CN
ByoHyo
5 NCOCH;—C——C—C¢H;-~~C——C—CH,OCN
N L/ AN
Byotyo Byotio
6|  NCOGH.CH:- G——G—CH,CH.0CN

BioHye

42.531 280 | 360 105

-

42.53| 290 | 370 110 78.79
42.53| 310 | 350 102 79
28.58| 370 | 370 98 73

o

45,71 370 | 370 92 76.77

74.75

26.67| 370 | 380 92

2. Polycyanates Based on Oligomers with Terminal Cyanate
Groups

Apart from polymers based on low-molecular-weight
monomeric dicyanates, polymers obtained by the poly-
cyclotrimerisation of oligomeric dicyanate esters are of
considerable interest because it is possible to regulate
easily in this way both the length and the chemical structure
of the internodal fragment, achieving thereby the specific
synthesis of polymers with a particular set of properties.
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As for the polycyanates discussed above, the structure
of the polymers obtained from oligomeric dicyanate esters
consists of a trifunctional network with s-triazine rings
at its nodes; the internodal distance is determined by the
length of the initial oligodicyanate:

There are interesting data for polycyanates based on
mono- and di-cyanates containing oligomeric fluoroalkyl-
ene and fluoroalkylene oxide linkages having the general
formula ®

F,C (CFX),A (CFX),CH,OCN and NCOCH3 (CFX),B (CFX),CH,OCN,

where X = fluorine or perfluoroalkyl while A and B are a
C-C bond or an O(CFXCF20)c group. These polymers
are distinguished by resistance to the action of solvents
and are used for impregnation and as adhesives, films,
and binders for rocket fuel.

Table 4. The structures and melting points of oligoarylene
oxide dicyanates.

T

Dicyanate M.p.,°C
1 Nog~<;\>70_c>—o_<-‘\>—om 133135
Py Nco—<;‘>vo \¥x o_\—\\wo \_\>—0CN 110—115
3 | NCO—?\—0—. —> o—, /_\ O- (\~OCN 98--100
U
4§ NCO— /\ o_//_\ TN _0—AN\—OCN 120

J=="0

5| 5 mo—<>—wp J _@OC“ 100

n~

6 Oi :{} @% {X’U‘ 100

0

o
7 Nco—<—\\—o—<:>—g_/_' > -0

— 30N 139—140
o
_ AR N \—ocN
8N°<\\°_v|‘%'\_\/°\/ 70

_ N\ A/—\, N 0N 80, P\ 0\ _oc
9 | Neo-L_ 3-0-L D50 _ 30X 501 0L __)oeN | 120

S ) w——e

i
b
Neo-L_ D >
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A number of polymers based on oligoarylene oxides
with terminal cyanatophenyl groups have also been
described in patents®’*® (Table 4). The initial bisphe-
nols were obtained by the Ullmann stepwise condensation
of the corresponding aromatic dihalogeno-compounds with
potassium methoxyphenoxide and subsequent hydrolysis
of the methoxy-groups. The authors achieved the homo-
polymerisation of the dicyanates of oligoarylene oxides
as well as their copolymerisation with aliphatic perfluoro-
cyanates by heating the reactants at 50-200°C ***%, 1t
was noted that the polymerisation temperature may be
reduced to 25-100°C in the presence of catalysts, which
were AlCls, BF;, FeCls, TiCL, ZnClz, protic acids such
as HCI1, the salts of weak acids (NaOAc, NaCN, KSCN,
and NaHCOs), as well as basic compounds, for example
NaOMe, KOH, pyridine, and triethylamine. The poly-
mers obtained have a high thermal stability and rigidity
and can be used as adhesives, coatings, and binders.

The ultimate shear strength of the aluminium—-aluminium
adhesive seam, formed using the dicyanates® hardened

for 1 h at 177°C and a pressure of 2 atm, are presented

in Table 5.

Table 5. The ultimate strengths of the Al-Al adhesive
seam formed using oligoarylene oxide dicyanates as the
adhesives®

No. of Ultimate strength, kef cm2
initial
dicyanate 550 240 820 121 ‘ o 70
_ inTable 4 e 7
1 308 308 273 210 — 95
2 280 280 245 245 140 70
3 385 266 245 203 140 84
8 112 126 98 126 — 91

The synthes1s of the dicyanates of oligoaryleneoligo-
sulphones ®¢ and the oligoarylates® and polycyanates
based on them ®® has been achieved recently. In contrast
to earlier patents®’®®, in this case the initial oligoaryl-
eneoligosulphones with terminal hydroxy-groups were
obtained by the condensation of the dihalogeno-derivatives
of diphenyl sulphone with alkoxides derived from 2 2 di-
(4-hydroxyphenyl)propane in dimethyl sulphoxide %

CH,
N N TN so TN OMSO
nN0—{ > Ic {__ / ONa 4+ nCl—{ __ >—S0, < >—a -
CH,
,CH. 'l CH, -
D S S SR S S Sy dgy|-ona B0
CH, L (}l. _n
T Wy
S HO=-ZT N\_C—ZF —O0—7""\— _ — / Ne C—Z TN — | —
H0-L 36— =0 35003 CH\_/ OH
cH, L e, L,

Table 6 presents certain thermal characteristics of a
number of polycyanates based on the dicyanate esters of
oligoaryleneoligosulphones:

CH, ' CH, -
Oy ol D)o

s —_ s —In
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and oligoarylates:

CH,

77\
Nco—7" _J:_/ N | o AN
LT X o
&, 0 N\— ﬁo—/_\“f—/—>“ —ocN
0 CH,
(I
— 7N
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N —\ am
—0C— — > - '
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0 %
/
S e
N
O "
NCO—CH,C CCH,— l' —OC (CH,)sCOCH,C. CCH,— }——OCN [18%]
i i NS
By, Hio ByoHio n
Table 6. Thermal characteristics of network polymers
based on the oligomeric dicyanates (I), (II), (II1), and AV).
Twi.,°C T (6%). °C* T (10%), °C*
n To.4.°C
in air in argon in air in argon in air in argon
Polymers based on oligodicyanates (I)
1 360 370 400 380 415 400 240
3 380 - 420 — 435 — 220
5 400 390 440 410 450 420 190
10 405 — 435 — 460 — 190
Polymers based on oligodicyanates (II)
1 345 350 390 365 410 380 220
3 330 — 380 — 400 —_ 210
5 340 350 390 375 425 390 190
Polymers based on oligodicyanate (II1)
5 ) 350 | — 390 | — ] 400 | — | 290
Polymers based on oligodicyanate (1V)
7 | 300 | | 345 | — 380 | — 10

* Temperatures at which the polymer loses 5 and 10% of
its weight respectively.

The study of the influence of the degree of cross-linking
on the heat resistance of these polymers showed that, with
increase of the degree of cross-linking, the glass tem-
peratures of the polymers increase relative to linear high-
molecular-weight polymers with a similar structure.
Furthermore, in contrast to high-molecular-weight linear
analogues, the thermomechanical curves for polycyanates
show a viscoelastic plateau, the upper temperature limit
of which is between 300° and 350°C, depending on the
structure of the initial oligomer?. The region of the
viscoelastic state of a carborane-containing oligoester was
found to lie in the temperature range from 10° to 350°C,
i.e. the polymer is an elastomer at room temperature.

Oligomeric dicyanates and oligodimethyl- and methyl-
phenyl~siloxanes have also been used as the starting com-
pounds for the synthesis of polycyanates®™®.  The initial
bisphenols for the synthesis of these dicyanates were
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obtained®®’®***’* py the cohydrolysis of aw-dichlorosilox-
anes with 2,2-dimethylbenzo-2-sila-1,4-dioxan via the
following mechanism:

/\/0\ R R

| H, - Cl—Si—| —0—Si— [—C1 B9
' “ <C ’ | [ | }
\/\o/ CH, Ry Ry J,
AN

” /|\/H CH;, Ry CH, }\/H N
HO | | ( ! ] | | OH

7N

O—CHy—Si—] —0—Si — {—0—Si—CH,—O

| |
CHyl- R, Jn  CH,

where # =1 - 150 for R, = R, = CH;, # = 1-20 for R, =
CHz and R = CsHs, and 7 = 1-10 for R; = Ry = Ce¢Hs.

Dicyanate esters based on these bisphenols were syn-
thesised by acylating them with halogenocyanogens in the
presence of tertiary amines®”°. Two types of oligomeric
organosilicon dicyanates were obtained:

N CH, cH, N
’\/”~OCH2—~S:1—[~—O—S\', f]_oi?l-cmo“\ /i V)
NG CH, cHd, e, (1)CN ’

7N CH, CH, CH,

]\ H—OCHZ—S‘x —[ —o-s&-}o-sl cnzo_' ” L)
NCA CH,L b . CH, (‘JCN

Certain properties of the polymers based on these com-
pounds are listed in T able 7.

Table 7. Properties of organosilicon polycyanates ®®’®

based on the oligomeric dicyanates (V) and (VI).

Glass _ Twl"C

n point, °C

in air \ in argon

Polymers based on oligodicyanates (V)

0 180 250 260
1 14 260 —
5 —70 290 300
10 —75 300 —
25 —80 315 a2d
350 —100 330 —
70 —100 340 —
100 —120 360 300

Polymers based on oligodicyanates (V1)

3
5
10

—10
—20
—25

285 —
300 \
300 | —

Depending on the length of the siloxane chain between
the nodes of the network, these polymers have glass points
between —120° and 180°C. It has been shown that organo-
silicon polycyanates have a high thermal stability and the
region of their viscoelastic state lies within a wide tem-
perature range: from ~120° to 340°C, i.e. up to the tem-
peratures of the onset of their degradation %%,

There are also patent data for cross-linked plastics
obtained by the polycyclotrimerisation of the terminal
N=C-0 groups of a prepolymer synthesised from the
product of the reaction of €-caprolactone with various bis-
phenols®®. These polymers have a high strength and
hardness exhibit strong adhesion, and can be used as
coatings, binders, insulators, etc. The formation of
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phenol-formaldehyde resins containing cyanate groups, by
treating a novolak resin with chlorocyanogen in the pres-
ence of tertiary amines, has been described””®. The
polymers, hardened at elevated temperatures, are recom-
mended as plastics, adhesives, and coatings.

3. Polymers with Cyanate Side Groups

Studies devoted to the modification of known polymers
by the introduction into their structure of reactive cyanate
groups have been published® ™%,  Subsequent cyclotri-
merisation of these groups or their interaction with various
compounds yields cross-linked systems, which makes it
possible to impart many new valuable properties to the
initial polymers.

Thus Hergenrother® obtained high-molecular-weight
polyphenylene-asym-triazines having the general formula
(VII), where Ar = m- or p-Ce¢Hs or p-CsH4sOCgH,s and X = H,
Csz, OCH.:I, OCeHs, CeHs, OH, BI‘, CN, OCN, OC5H4CN,
and polyphenylenequinoxalines having the general formula
(X111), where Ar and X are the same as above (X can be in
addition CH:;) and AI" = CsH:zCeHg or CGH3COC5H3-

- N N - N N
s a7 e N ar— |—
ame e
N N, NS - N ars -
M : N . g AN NN7Z U CH X
XH,G SWNGHX | XH,G, S
(Vi) i

It has been shown that heat treatment of polymers with
cyanate groups entails their cross-linking as a result of
the cyclotrimerisation of the groups, which leads to a
raising of the glass points of the resulting polymers com-
pared with the initial polymers.

A method for the synthesis of cyanates from polymers
containing vinyl groups and having the general formula

OCN
CHL=CR lf(;ux{%( )
—Ap,

where Ry = H, CHs, or Cl, Rz = H, Alk(C,-4), or Cl and
X = O or H, has beer. described'®. The above cyanates
have been homopolymerised or copolymerised via the
vinyl group with butadiene, isoprene, various acrylates,
styrene, @-methylstyrene, and other compounds. Linear
polymers were obtained with different contents of cyanate
side groups. These polymers, which were subsequently
heat-treated at 70-200°C, were converted into cross-
linked systems as a result of the cyclotrimerisation of
N=C-0 groups '®.

A method has been patented for the synthesis of poly-
mers with cyanate groups, which were subsequently used
to bind organic compounds containing a primary or secon-
dary amino-group or an OH group'®. For this purpose,
a polymer containing primary or secondary OH groups
(for example cellulose, agar, etc.) is treated with cyanate
esters having the general formula R(OCN)x (R = halogeno-
alkyl and substituted or unsubstituted aromatic or hetero-
cyclic groups and ¥ = 1 or 2). Such a cyanate-activated
polymer is capable of binding aminoacids and other com-
pounds. The mechanism of the interaction of mercerised
cellulose with bromocyanogen has been investigated'®® and
it has been established that this results in the formation
of cellulose iminocarbonate via the mechanism

~ ~ .
OH ~r—0—C=N " L)\
+BeeN —> S _C=NH,
Aon A9-n —0°
_ 9
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the product being capable of interacting with protein.
Such cellulose treated with BrCN has been used success-
fully as a matrix for the binding of biologically active
proteins and their insolubilisation.

4. Copolymers of Cyanate Esters

The modification of the properties of polycyanates in
the desired manner can be achieved by the copolymerisation
of dicyanates with one another, with merocyanates, and
with various compounds to form network structures and
also non-cross-linked soluble polymers.

An advantage of the copolymerisation of dicyanates with
one another is that the mixtures of monomers are con-
verted into a melt at lower temperatures than the initial
dicyanates during their homopolymerisation and do not
crystallise from the melt on cooling, which greatly sim-
plifies the technology of the processing of such polymers ‘.
Furthermore, by varying the structure and proportions of
the initial dicyanates, it is possible to alter specifically
properties of the polycyanates such as heat resistance,
thermal stability, and physicomechanical parameters 2293:1%,

The copolymerisation of aryl dicyanates with monocya-
nate can yield, depending on the ratio of the initial mono-
mers, polycyanates with different degrees of cross-linking
as well as fusible and soluble polymers®"%. However,
the physicomechanical properties of such copolymers are
greatly inferior to those of the homopolymers of dicyanates
and are sharply impaired with decrease of the degree of
cross-linking. This is probably associated with the
breakdown of the regularity of the cross-linking occurring
in the homopolymerisation of dicyanates, so that cross-
linked copolymers of aryl dicyanates with monocyanate
become analogous to randomly cross-linked rigid- chain
polymers (epoxide and phenol-formaldehyde polymers,
polymers of the polyphenylene type, etc.) as regards physi-
comechanical properties 03 Furthermore, the breakdown
of the regularity of the cross-linking by the introduction of
monocyanate into the polymers leads to a decrease of their
heat resistance and thermal stability compared with homo-
polymers'®,

The synthesis of copolymers of isocyanates with cya-
nates having the general formula

f O o
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has also been described’®. Here R; and R are aromatic
mono-, bi-, or poly-cyclic groups containing the H,
N=C-0, CHs, F, Cl, Br, N=C=0, NHz, or OH ring sub-
stituents. Bicyclic groups can be separated by ~CH,—,
-C(CH3)2—, -C(CFs)2-, —-O-, =S0:-,
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bridges, siloxane fragments, and aliphatic, cyclic alipha-
tic, arylalkyl, and fluorine- or boron-containing groups.
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The resulting copolymers of isocyanates with cyanates
have effective temperature characteristics and satisfactory
physicomechanical parameters. They can be used as
thermostable compositions, coatings, varnishes, binders
for glass-fibre-reinforced plastics, etc.'®® Thus the
copolymer of 9,9-di-(4-cyanatophenyl)fluorene and 9,9-di-
(4-isocyanatophenyl)fluorene begins to decompose in air
(according to thermogravimetric data) at 440°C and the
temperature of the onset of deformation is 480°C.

The interaction of acid anhydrides with cyanate esters,
leading to the formation of imidocarbonates, was described
in 1970:*°

i 7 i

| : Ly,
Ty S

[ 0+ NEC—O—B— —> 1 SC—0—R— —> | N—C—OR—
P = P

P T T8
o 0 &)
This interesting reaction of cyanate esters was used to
synthesise a new type of polymer—polyimidocarbonates "~
199 These polymers were obtained by the migration
copolymerisation of various dianhydrides of tetracarboxylic
acids and aryl dicyanates in the melts or in solution in a
high-boiling organic solvent. Depending on the structure
of the initial compounds, the polymers had a softening
temperature in the range 230-260°C, the temperature of
the onset of their decomposition in air was in the range
300-350°C, and pint in DMF was up to 0.5 dl g”'. In order
to determine the structures of the polymers obtained, the
authors "% synthesised compounds simulating the main
chain of polyimidocarbamates, namely N-(phenoxycarbo-
nyl)phthalimide, di-NN'-(phenoxycarbonyl)pyromellitimide,
and 4,4'-di-(N-phthalimidacarbamatophenyl)-2,2-propane.

Certain characteristics of the formation of polyimido-
carbamates were investigated in relation to the interaction
of 2,2-di-(4-cyanatophenyl)propane and the dianhydride of
pyromellitic acid'®. It was found that, for an equimolar
reactant ratio, the product is a linear, fusible, and soluble
polyimidocarbamate. With increase of the content of cya-
nate groups in the initial mixture and also when polyfunc-
tional esters or acid anhydrides with a functionality > 2
are used, the products are cross-linked, infusible, and
insoluble polymers'®’. The synthesis of a number of
linear polymers based on bifunctional cyanates has been
described 2110t

It is also known that cyanate esters readily interact
with primarg and secondary amines, forming isourea
ethers 2'®*°,  The migration copolymerisation of primary
and secondary diamines with dicyanates yielded polymeric
isourea ethers or polyisoureas'®''! via the mechanism:

F
n HN—R;—NH + nN=C—0—R;—0—C=N -~
R R

] |
- —| =N—R—N—-C—0—Ry—0—C— |-,
It il
NH NH
"

where R, is an aliphatic, alicyclic, arylalkyl, aryl, or
heterocyclic group, R = H, alkyl, or aryl, and R. = aryl,
alkyl, or a heterocycle. When cyanates or amines with a
functionality > 2 are used, the products are cross-linked
polymers 0",

The copolymerisation of cyanates with glycols and bis-
phenols proceeds similarly with formation of polymeric
iminoesters of carbonic acid or polyiminocarbonates”:

W HO—R;— H i 1N = C—O—Ry—O—Cz=N 4™
[ —0—R;—0—C—0—R,—0—C— X—
NE hid,
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However, in contrast to the synthesis of polyisoureas, the
formation of polyiminocarbonates proceeds in the presence
of bases such as alkali metal alkoxides, hydroxides, car-
bonates, metal hydrides, tertiary amines, etc.™

Departure from equimolar ratios in the case of bifunc-
tional starting materials leads to the formation of poly-
mers with terminal cyanato- or hydroxy-groups 2.

IV. THE SPECIFIC FEATURES OF THE PROPERTIES
AND STRUCTURES OF POLYCYANATES

Polycyanates are a new class of polymers with a regular
network structure. Aromatic polymers having this type
of structure with a high degree of cross linking were pre-
viously unknown. The change from the previously known
randomly cross-linked structures to structures with a
regularly constructed network, as in polycyanates, should
have led to a quantitative change in many properties of the
polymers. Indeed a number of unusual properties drew
attention already in the first studies on polycyanates.
Subsequently these polymers were investigated in greater
detail and new properties, unusual for cross-linked poly-
meric systems, were found.

The results of studies devoted to a detailed investigation
of thermal, physicomechanical, and other properties of
polycyanates as well as the structural parameters of these
polymers are discussed below. Particular attention has
been devoted to the specific features of polycyanates due
to their regularly cross-linked structure.

The majority of polytriazines, to the class of which
polycyanates belong, are known to exhibit an enhanced
thermal stability45’4’7’55’”2—”5 due to the aromatic nature
of the triazine ring whose thermal stability is close to that
of the benzene ring **’'**7'*8, A number of studies on the
influence of the chemical structure of the initial monomers
on the thermal stability of the polg cg)anates have been
described in the literature ®>"'*>'***'®  Furthermore, in
the majority of papers on the synthesis and properties of
these polymers, certain characteristics of their thermal
stability are also quoted. Investigations of the thermal
stability of polymers having this type of structure but
obtained by the polycondensation or polymerisation of
monomers containing an existing s-triazine ring are also
of definite interest* %22,

Table 8. Results of the thermogravimetric analysis of
polycyanates on heating in air (at a rate of 4.5 K min™").

Polv- Decrease in weight of polymers, %

N Initial aryl dicvanate
cyamate aooe| 350> Jaooe] 4500 | sooe | ssoo | eooe
PTs-19 1 NCO—CaH,— CH,—CeH,—OCN —] 1 3| 19 27 56 |73
PTs-1 NCO—CgHy—Ci(CH,),—CgHy—OCN | —| 2 9 42 51 65 |93
P13 NCOCgH—C(CFy),—CyHLOCN 1 2 5| 17 27 38 182
Pis-17 1 NCOC;Hg—C(H)(CgH ) —CgH,OCN —| - 21 20 31 46 |78
PTs-34 | NCOCH—C{CH)(CoHy) —CoHOCN | 1| 4 16| 41 | 52 | 75 |95
PTs23 | NCOC,H,—C(CoHgle—CoH,OCN — — | 6] 26 | 32 | 45 |70
PTs-2 anatophenyl)phthalide —1—=2] 2, 20 33 50 (80
PTs-9 anatophenylfluorene —_ — — 17 22 38 (72
PTs-10 9.,9-di-(4-cyanatophenyl)-10-anthrone — 2 6| 19 28 50 |79
PTs-1V 1,2-di-(4-cyanatophenyl)carborane —| — |— 10 4 (1] 4 ,5**
PTs-R m-NCO—CgH,—OCN —| 1 j11] 23 31 46 |71
PTsG p-NCO—C¢H,—OCN - 5 |47| 36 45 58 |92
PTs-4 p.p'- NCO—CgHy—CgH,—OCN —| 5 (18] 27 37 67 l96

*The designations of the polycyanates here and in Tables

9 and 10 are the same as in the original papers 5764155119
120

**In contrast to other polymers, the carborane-containing
polycyanate shows a 4.5% increase in weight at 600°C in
air.
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A comparative study has been made of the thermal and
thermo-oxidative degradation under dynamic and isother-
mal conditions of polycyanates obtained by the polycyclo-
trimerisation of aryl dicyanates having the general struc-

ture NEC-O—Q—CII:—@—O—CEN, but differing

in the substituents at the central carbon atom . The
data obtained by the authors are presented in Tables 8-10.

Table 9. Results of the thermogravimetric analysis of
polycyanates on heating in helium.
Poly- Decrease in weight of polymers, %
cyanate | gspe | oo | 4soe | sooe | ssoo | eoos | 7000 | 900
PTs-19 2 7|25 31 38 46 40 55
PTs 1 4 9 | 25 37 53 57 60 65
PTs-15 3 8 | 25 31 54 61 65 68
PTs-17 4|12 | a7 29 40 50 54 57
PTs-34 — 1112 21 3t 37 40 43
PTs-23 — 1 7 13 20 28 32 33
PTs2 1 3| 12 22 33 39 43 46
PTs-9 — 1 6 13 17 2 28 3L
PTs-10 1 5 | 17 23 31 35 39 42
PTs-1V 2 7| 12 14 14 14 15 16
PTsR 4 | 10 | 28 34 38 42 48 57
PTsG 1 5 | 22 36 41 45 51 59
PTs4 3 9 22 27 31 34 40 47
Table 10. Results of the thermogravimetric analysis of

polycyanates under isothermal conditions.

Decrease in weight of polymers, %*

Poly-
cyanate | Smin | 10min | 20min | 30min | 40min | 60min
PTs19 | 1/5 2/8 3/12 4/15 417 | 420
PTs-1 2/23 4/31 7/42 8/49 9/54 | 10758
PTs1S | 4/7 48 5/12 5/13 513 | 5/14
PTe17 | 11/63 | 15/69 | 18/73 | 19/75 | 20/75 | 2077
PTs:34 | 2/3 2/6 2/10 2/12 2/15 | “2/18
PTs23 | 3/7 4/9 4/10 5/11 512 | 5/14
PIs2 | 2/4 2/6 2/8 2/8 2/8 2/9
PTs9 | 2/3 2/4 2/5 2/6 2/6 2/6
PTs10 | 2/3 3/4 3/5 3/5 3/5 3/6
PTSIV | 0/0 0/0 0/t 0/1 0/1 011
PSR | 3/7 5/10 7/13 9/16 8/17 | 8/18
PTG | 2/— 4/ — 5/— 5/— 5/— | 5/—
PTs4 1/3 2/6 3/8 4/9 410 | 4/10

*Number on the left—at 300°C, number on the right—at
350°C.

It was found that the decomposition reaction of polycya-
nates with different structures in air is of the same type;
it proceeds in several stages and is accompanied by the
evolution of heat. This is indicated by the exothermic
effects observed in the temperature ranges 380-420° and
490~580°C. In the first decomposition stage, the decrease
in weight is 20-40% and in the second stage up to 90%. An
exception is the thermo-oxidative degradation of the poly-
cyanate based on dicyanatodiphenylcarborane. The
beginning of the decrease in the weight of this polymer is
observed at 390°C and at 450°C the weight loss is 10%.

On further increase of temperature, the weight of the poly-
mer rises and at 650°C is 10 of the initial value. The
weight then again gradually decreases, amounting to
approximately 96% of the initial value at 850°C (Table 8).
Other carborane-containing polycyanates behave simi-
lar1y72’75’77’79.
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In an inert atmosphere, the decomposition of polycya-
nates also proceeds in two stages. Under these conditions
the temperatures of the onset of decrease in weight and the
temperature ranges corresponding to the vigorous decom-
position of polycyanates are somewhat displaced towards
higher temperatures compared with degradation in air *"'°,
Large residues of carbon are characteristic of the degra-
dation of polycyanates in an inert atmosphere up to 900°C **

In the series of polycyanates based on aryl dicyanates
with different substituents at the central carbon atom,
polymers with polycyclic groups (phthalide, fluorene, or
anthrone types) at the central carbon atom in the initial
dicyanate have a high thermal stability ®*'*°,

In order to investigate further the processes occurring
following the exposure of polycyanates to elevated tem-
peratures, a study was made of the kinetics of the decom-
position of polycyanates based on 2,2-di-(4-cyanatophenyl)-
propane (PTs-1), 4,4'-dicyanatobiphenyl (PTs-4), and
9,9-di-(4- cyanatophenyl)fluorene (PTs-9), as well as the
degradation of the model compounds diphenyl cyanurate
(IX), triphenyl isocyanurate (X), cyanuric acid (XI), and
triphenyl-s-triazine (XII)"*"#:
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A study of the degradation process in air and iz vacuo
showed that the decomposition of polycyanates proceeds as
a first-order reaction and obeys the Arrhenius equation.

A comparative study of the kinetics of the decomposition of
the polymers PTs-1, PTs-4, and PTs-9 in vacuo and in
air showed that the polycyanate based on 9,9-di-(4-cya-
natophenyl)fluorene, containing bulky subgroups, is more
resistant to the action of high temperatures than the other
two polymers. It was established that the presence of
moisture in the polymers has a significant influence on the
nature and degree of their decomposition.

The study of the degradation products of polycyanates
showed that they consist mainly of CO,, CO, Hz, compounds
containing the triazine ring (cyanuric acid and its phenyl
esters), phenol, and bisphenols. Furthermore, benzene,
biphenyl (in the degradation of the polycyanate PTs-4) and
fluorene (in the degradation of the polycyanate PTs-9) were
detected in the degradation products.

Since the polycyanates investigated are highly struc-
tured complex systems, a detailed investigation of the
degradation of which presents certain difficulties, a study
was made of the degradation of triphenyl cyanurate, a
compound which simulates the principal bonds in the three-
dimensional structure of the polymer, to elucidate the
mechanism of the decomposition process *"!%, The
results of the study of the degradation of this compound by
chromatographic and mass-spectrometric methods showed
that, as in the degradation of the polymers PTs-1, PTs-4,
and PTs-9, the principal decomposition products are car-
bon oxide, phenol, and cyanuric acid. Comparison of the
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thermal stabilities of the above model compounds derived
from triazine permitted the conclusion that triphenyl-s-
triazine exhibits the highest thermal stability (CO, COq,
and Hz were not detected in the volatile degradation prod-
ucts up to 500°C)"*%, The presence of water at high tem-
peratures has virtually no influence on the temperature
limits -of the stability of triphenyl isocyanurate and tri-
phenyl-s-triazine. At the same time, cyanuric acid
proved to be extremely unstable in high-temperature
hydrolytic reactions.

The study of the decomposition products of polycyanates
and their model compounds led to a degradation mecha-
nism 1nvolv1ng heterolytic and homolytic decomposition
reactions *®. It has been suggested that the degradation
of polycyanates begins with the hydrolytic cleavage of the
ester linkage and is accompanied by the subsequent
decomposition of the triazine ring via both heterolytic and
homolytic mechanisms. It has been noted that the effect
of the hydrolysis of the ester linkage in the early stages
may be somewhat suppressed by the mtroductlon of bulky
side groups into the polycyanate chain ™

The influence of molecular weight (Mc) and of the
chemical nature of the internodal fragments of polycya-
nates on their thermal and thermo-oxidative degradation
has also been investigated®®. 1In the polymers chosen for
investigation, the internodal fragments were oligoarylene-
oligosulphones:

—OCgH,C (CHa)eCoH,—[—O0C,H,S0,CeH,0CeH,C (CHy)2CeHe—],—0—,

n=1,3,5,10
oligoarylates:
—OCH,C (CHS),C,,HA [—OCOC,H,COOCsH, (CH)CoHy—],~O0—, n=1,3,5 anc
oc.m < CoHa—[—OCOCEH,COOCH, — —— O CoHly—],—0—, n=5,

T I

—cZ

N \C N/ ¢=o

O

a carborane-containing oligoester:

—OCH,--C———C—CHy—[—0CO (CHy)sCOOCH, ~ C—— C-~CH,—],—0—, n=T,

AN N
BioHjo BioHio
and oligosiloxanes:
7N TN
Nee < ?Ha Ry - ?Ha Nt
7 | ,
—0 ofCHQ—Si—[fo—s,'-Jo_Si--CHro \0;,
|
CHj R, Jn 'cm

where 7 = 3, 5, or 10 for R, = CHs and Rz = CeHs and # =
o, 1, 5, 10, 25, 50, 70, or 100 for Ri = R2 = CHs.

It was found that polycyanates based on oligoarylene-
oligosulphones exhibit the highest thermal and thermo-
oxidative stability (Table 6). An increase of Mc of these
polymers entails some increase in thermal stability.
When oligoarylates are used as the internodal fragments,
Me¢c has hardly any influence on the temperature of the
onset of decrease in their weight in air and in an inert
atmosphere ®®. CH4, Hz, and CO: were detected in the

gaseous decomposition products of polycyanates with oligo-

aryleneoligosulphone internodal fragments, while in those
with oligoarylate fragments CO was also detected.

The carborane-containing polymer has a lower tem-
perature of the onset of decomposition in air compared
with polycyanates containing oligoaryleneoligosulphone and
oligoarylate internodal fragments, but, as for other car-
borane-containing polycyanates™>%:7%,79 it is character-
ised by a higher coke content at 900°C, while aromatic
polymers are combusted almost entirely in air at 900°C.
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A study of the degradation of polycyanates containing
oligosiloxane fragments of different lengths between the
network nodes showed that an increase of M¢ entails an
increase of the thermal and thermo-oxidative stabilities
of the polymers, but, starting with a specific value of Mc,
the thermal stability remains constant or actually dimi-
nishes somewhat.

The nature of the degradation of silicon-containing poly-
cyanates, particularly at elevated temperatures, is the
opposite of that of aromatic polycyanates, which are com-
busted almost in their entirety in air but leave appreciable
carbon residues in an inert atmosphere at temperatures
in the range 700-900°C. Appreciable coke residues,
increasing with increase of M¢, are observed in the ther-
mo-oxidative degradation of organosilicon polymers at
high (up to 900°C) temperatures. On the other hand,
siloxane-containing polycyanates decompose almost
entirely on degradation in argon and for high values of M¢
the coke residues are insignificant. These findings have
been explained® by the fact that, in the presence of oxy-
gen, the siloxane chains form a structure via the organic
groups attached to silicon, while in an inert atmosphere
they are depolymerised with liberation of low-molecular-
weight products having the structure

‘ Gty
704S;i— , n=3-9.

CH,

Hz, CH4, and CO; were detected in the gaseous degra-
dation products of silicon-containing polycyanates, while
2,2-dimethylbenzo-2-sila-1,4-dioxan (DMBD), catechol,

the cyclic siloxane
[E(J——si% cn=3,
77N

CHy CHy "
with # = 3 (D3) and » = 4 (D4), and other compounds were
found among the low-molecular-weight substances ®®
Table 11 presents data obtained by pyrolytic gas chroma-
tography for the composition of the low-molecular-weight
products of the degradation of organosilicon polycyanates
with the following structure of the internodal fragment:

\"B- Q . -
0 —cu,A '~0— Si 40—:|~~S| —CH, 9#—(’ i\{
cu ”*\\

A pos51b1e mechanism for the degradation of organosili-
con polycyanates has been suggested on the basis of data
obtained in the study of this process®. Thus the forma-
tion of 2,2-dimethylbenzo-2-sila-1,4-dioxan (Table 11),
detected in considerable amounts in the degradation prod-
ucts, can proceed via the mechanism:
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Interesting data have been obtained in a study3’®® of the
influence of the structure of the initial dicyanate esters,
in particular the nature of the substituents at the central
carbon atom of aryl dicyanates, on the physical charac-
teristics of the polymers based on them. The results
obtained in this and a number of other investigations *?%°’
78-TT,8051247126 aype presented in Table 12,

Table 11. The compositions of the degradation* products
of polycyanates with oligodimethylsiloxane internodal
fragments.

Amount of evolved products, mole/mole of structural unit

- Degradation

temp., °C DMBD | catechol D3 D4 Ds D7.9
i

0 300 1.680 0.430 0.220 0.070 0.020 0.005
0 350 2.035 0.520 0.220 0,110 0.015 0.010
0 450 0,895 0.128 0.270 0.130 0.020 0.015
0 550 0.437 0.028 0.320 0.130 0.015 0.020
5 300 2.450 0.270 0,240 0.090 0.030 0.010
5 350 1.930 0.215 0.270 0.140 0.030 0.015
5 450 0.650 — 0,770 0.290 0.050 0.040
5 550 0.535 — 1.550 0.710 0.130 0.1410
100 300 — —_ 16.200 12.400 1.290 0.290
100 450 — — 26.500 20.000 2.670 0.540
100 550 - — 20.000 35.500 6.420 0.960

*The specimens were maintained at a specified tempera-
ture for 15 min.
CH;

**n is the number of repeating groups ~O-Si— in the

CHs
internodal fragment.

Table 12. Physical properties of polycyanates.
Ultimate . R 3
Impact Brinel hard- esult of
No. strgngth t:;;?,:nf 10-3) ness x 103, ggg‘é";’ 2]:1 1 Cuf?;i‘c(::ﬁt X-ray dilffrgc- References
kgf zc:;g kef cm-2 ’| kgf em2 tlon*a*m lysis
1 18 1,92 1.40 1.414 0,688 aler.) 54,55,123
2 12 1.73 1.50 1.431 0.697 cr(lord.) | 5455128
7 6 1.47 1.60 1.319 0.689 cr.(m.ord.)| 54123
9 20 1.60 1.35 —_ — 54
10 23 1.22 1.10 1.307 0.688 o (mord)| 455,123
13 18 1.80 1.25 — — 54
14 30 1.40 1.20 1.235 0.686 a.(crA) 54,55,123
16 24 1.46 1,25 1.528 0.682 a. 54,55,123
17 10 1.59 1.35 1.255 0.689 » 54,55,123
18 17 1.85 1.46 1.229 0.684 » 54,565,123
19 5 1.62 1.63 1.220 0.681 » 54,55,123
20 6 2.02 1.65 1.322 0.673 » 54,55,123
21 5 1.54 1.70 1.269 0.688 » 54,55,123
22 6 1.69 1.60 1.288 0.685 cr.(lord,) | 54,595,123
28 8 1.85 1.70 — — a 73
29 30 1.30 1.60 — — » 74,75
30 17 1.50 1.40 — — » 77
31 15 1.40 1.30 -— — » 79
32 14 1.20 1.40 — — » 78
33 20 — — — — » 80
34 30 — — — — » 80

*The numbers of the polymers correspond to those in
Table 2.
** g, amorphous, a.(cr.) amorphous with signs of crys-
tallinity, cr.(1l.ord.) crystalline with a low degree of order,
and cr.(m.ord.) crystalline with 2 moderate degree of
order.

The most striking feature of the study of a systematic
series of polycyanates *’**"'® pased on bicyclic aromatic
dicyanates (see Nos.'7-29, Table 12), differing in the
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nature of the bridge group between the phenyl groups, is
that the polymers obtained from dicyanates having a flexi-
ble bridge group and small substituents at the central
carbon atom (polymers Nos.9-16, Table 12) have anoma-
lously high specific impact strengths (up to 30 kgf cm cm
in contrast to all known cross-linked aromatic polymers
On the other hand, the presence at the central carbon
atom of identical and aromatic substituents (polymers
Nos.17-19) and also of polycyclic groups (polymers Nos.
20-28) leads to an appreciable decrease of this parameter
in cast polycyanate specimens. However, in the latter
instances the bendm% strength of the polycyanate is some-
what enhanced *7**"%"%  This type of influence of the
structure of the substituents at the central carbon atom in
bifunctional derivatives was also obsprved prev1ously for
a series of heterochain linear polymers'®7%,

The decrease of the distance between the network nodes
to a single phenylene group (polycyanates derived from
1,3- and 1,4-dicyanatobenzenes) leads to an appreciable
1ncreas:= of the specific 1mpact and bending strengths of
the cast polymer specimens'?®, Furthermore, block
specimens of aromatic and a number of organoelement
polycyanates have high bending strengths, a Brinell hard-
ness of approximately 1000-1700 kgf cm™2, a tensile
strength in excess of 1000 kgf cm™2, a modulus of elastic-
ity of approximately 30000~-50000 kgf cm™, and a relative
elongation on extension of 3—6%, 5?5573~TT:8031285136  mp oo
polymers retain effective physicochemical properties also
at elevated temperatures, as can be seen from Table 13
for the polycyanate based on 2,2-di-(4-cyanatophenyl)pro-
pane.

-2

Table 13. Physicomechanical properties of the polycya-
nate based on 2,2-di-(4-cyanatophenyl)propane at different
temperatures.

Temp., °C Ten‘tilg str-cngxh, Rela_zive clonga- 2’::;::’:;:5 ,Of
gf em! tion, % kef om-
20 1100 4.5 32000
200 630 5.6 22000
250 500 6.1 17 000

In order to elucidate the causes of the unusual mechani-
cal properties of polycyanates, a study was made of the
formation of the supermolecular structures of these poly-
mers at different stages of their synthesis, starting from
the initial monomer [2,2-di-(4-cyanatophenyl)propane] and
continuing as far as the regular network system, with
virtually quantitative conversion of the functional groups
It was found that material with a globular structure is
formed initially in polycycloprimerisation against the
background of the characterlstlc cryptocrystalline struc-
ture of the monomer®. The size of the globules does not
remain constant durmg polymerisation but gradually dimi-
nishes from approximately 500 to 100-200 A. Subse-
quently the globules were found to aggregate in the final
stage of polymerisation (for the conversion of the N=C-0O
groups of approximately 98%) into fibrille-like formations.

Simultaneously with the study of the supermolecular
structure of the polycyanates, the relaxation properties of
the solid networks at different stages of the conversion of
the N=C~O groups of the initial monomer were also inves-
tigated®. With an increase of the degree of conversion,
the relaxation curves are initially displaced towards highe
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stresses and, after the attainment of approximately 90%
conversion of the monomer, begin to shift to the region of
lower stresses. The parameters of the Kohlrausch equa-
tion were calculated for various stages of the process.

The results show that, as the polycyclotrimerisation of

aryl dicyanates proceeds and with the consequent increase
of the regularity of the network formed, the nature of the
supermolecular structure of the polymer alters, which
leads in its turn to a steady change of the mechanical pro-
perties of the network system-to an increase of elasticity *.

It may be that, in the usual thermoreactive systems,
the formation of a regular defect-free network can also
lead to polymeric materials with an enhanced resistance
to impact stresses and with an improved elasticitg.

The study of the thermomechanical properties™ of
polycyanates showed that the temperatures of the onset of
their deformation lie in a comparatively narrow range
(360-410°C). However, the nature of the thermomecha-
nical curves for polycyanates suggests that the deforma-
tion temperature is related to the degradative processes
occurring in the polymers. This is confirmed by the fact
that the temperatures of the onset of decomposition of
polycyanates in air (from thermogravimetric data) lie in
this region.

500

400

stress, kgf em™?

)
=)
<

temperature, °C

The regions corresponding to the effectiveness of the poly-
carbonate based on 2,2-di-(4-hydroxyphenyl)propane (PC)
and the polycyanates based on 2,2-di-(4-cyanatophenyl)-
propane (PTs-1) and 9,9-di-(4-cyanatophenyl)fluorene
(PTs-9).

For a more detailed comparison of the heat resistances
of highly cross-linked polycyanates synthesised from the
dicyanate esters of bisphenols of different structures, the
regions where the polymers can be used effectively were
determined over a wide range of temperatures and mecha-
nical stresses (see Figure).'® The similarity of the non-
isothermal stress relaxation curves and the curves
bounding the region where the polymer is efficient,
obtained for highly cross-linked systems (polycyanates)
and for the linear heterochain polymers investigated in
detail in previous studies'®7'*?, is striking; the Figure
presents the polycarbonate curve as an example. The
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replacement of the isopropylene group by the fluorene
group leads to an increase of the heat resistance of poly-
cyanates over the entire range of temperatures and
stresses investigated.

A study was also made of the influence of a number of
other features of the structure of the initial dicyanate
esters on the parameters of the re%ion of the effective use
of the polycyanates based on them '**. It has been shown
for polycyanates based on the oligomeric dimethylsiloxane
dicyanates (V) that M has a significant influence on many
physicomechanical parameters of these polymers ®®" %,
With decrease of M¢, an increase of tensile strength (ot)
and the modulus of elasticity (Et) as well as a decrease of
the relative elongation on extension (€t) are observed
(T able 14).

Table 14. The influence of M¢ on the physicomechanical
properties of organosilicon polycyanates based on the
oligodicyanates (V).

Number of dimethyi-
siloxane groups in ay, kef em2 e % Ey, ket em2
internodal fragment
1 25 12 208
5 4 40 10
25 2 50 3
50 1 90 1
70 1 120 1

The packing coefficients for monolithic specimens of
many amorphous and weakly crystalline linear polymers,
having a large variety of structures and obtained by both
polymerisation and polycondensation, vary within extremely
narrow limits'® and their packing densities are approxi-
mately the same (kay = 0.681). The packing coefficients
have also been recently calculated for sterically structured
systems'?®; these parameters for a number of polycya-
nates are listed in Table 12.

It has been found that the packing coefficients for closely
cross-linked polymers with a wide variety of structures
lie within a narrow range (0.673-0.697), the average value
of the parameter for the polycyanates (0.686) being close to
the average value for linear polymers (0.681). The virtual
identity of the packing coefficients for linear and cross-
linked polymers shows that the amorphous and weakly
crystalline sterically structured, infusible, and insoluble
polymers are just as closely packed as the linear, fusible.
and soluble polymers.

The data for the packing of aromatic polycyanates led to
the hypothesis that the mobility of the Cgp® — Cgp?® bond
between the central carbon atom and the phenyl groups of
the internodal fragments of the network exerts the main
influence on the physical properties of many of these poly-
mers, differing in the nature of the substituents at the
central carbon atom '®,

The packing coefficients have also been calculated® for
cross-linked polymers based on the dicyanates of oligo-
arylates, oligosulphones, and oligomeric methylphenyl-
and dimethyl-siloxanes with different values of Mc (see
Tables 6 and 7). For the majority of polymers investi-
gated as well as for polycyanates based on aryl dicyanates,
the packing coefficients are found to be close to kay =
0.681. An exception are polymers containing dimethyl-
siloxane fragments of different lengths between the network
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nodes. These polymers are characterised by anomalously
low packing coefficients, decreasing with increase of M¢
from 0.651 (for » = 0) to 0.587 (for » = 100). The fact
that the porosity of these systems is zero®® makes it pos-
sible to attribute these anomalously low values to the loose
packing of the macromolecules of the organosilicon poly-
cyanates.

The principal parameters of the network structure of
polycyanates have been investigated using as an example
the polycyanates based on the oligomeric dicyanates (II) and
(V) by the method derived from the statistical theory of
viscoelasticity®. The investigation was performed by
measuring the stress relaxation for a constant deformation
and biaxial extension of film polycyanate specimens with
oligosiloxane (2= 5, 25, 50, 70) and oligoarylate (n = 1 or
3) internodal fragments. The experimental and calculated
parameters of the structures of these polymers are listed
in Table 15. Evidently the experimental values of the
average (numerical) molecular weight (Mce) and the con-
centrations of the active chains (V¢/V)e per unit volume of
the cross-linked polymers are close to the theoretical
values Mct and (Ve/V)t, which demonstrates the regularity
of the networks of the polymers.

Table 15. Parameters of the network structures of poly-
mers based on the oligomeric dicyanates (V) and (II).
4, 40y, WelV)
Mee, g mole'l | Mgy, g mole- 10%(Ve/V)e. | 10%(V e/ V), Ve
" e ot & mole mole cm-3 mole cm3 Vel Mt
Polymers based on oligodicyanates (V)
5 500 800 21.00 12,86 1,50
25 3300 2280 3.00 4.39 0.70
50 4400 4133 2,24 2.36 0.98
70 7300 5614 1,30 1.23 0.74
Polymers based on oligodicyanates (I1)
1 700 636 16,34 17.35 0.94
3 1100 1352 11,09 8.87 1.25

A very interesting feature of many polycyanates is their
capacity for crystallisation. Crystalline cross-linked
polymers are known, but their internodal segments were
flexible aliphatic and siloxane fragments with M¢ of at least
2100 and the crystalline structures of the cross-linked
polymers were fully analogous tothose of the initial crystalline
oligomers and were in essence determined by them ***7%°,

Korshak, Pankratov, and coworkers ' were the first to
obtain, using polycyanates, cross-linked, rigid-chain,
fine-mesh network polymers with a completely different
crystalline structure than that of the initial crystalline
monomer: the formation of the crystalline structure of the
network polymer takes place during its synthesis. In an
X-ray diffraction study of the Polycyanate based on 1,4~
dicyanatobenzene, the authors™® showed that, by altering
the conditions of synthesis, itis possible toobtain polymers
having the same chemical constitution but a different struc-
ture. Thus, whereas the specimen obtained in a solvent
had a fully amorphous structure, the diffractometer trace
for the specimen synthesised in bulk showed additional
distinct reflections indicating the formation of a crystalline
structure; Mc = 108 for this polymer. The authors sug-
gested that, during polycyclotrimerisation in bulk, the
polycyanate macromolecules are stacked in the form of
parallel corrugated layers. However the tendency towards
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crystallisation 7% hag also been observed for poly-
cyanates based on a number of other dicyanates (Table 12)f.
It appears that, when the initial monomer and the poly-
cyclisation conditions are suitably chosen, structures of
this kind can be obtained in a highly crystalline state.

The capacity of polycyanates for crystallisation as well
as many other unusual properties of these polymers are a
consequence of the regularity of their structure, produced
as a result of the highly selective cyclotrimerisation of
the N=C-0 groups of the initial monomers and the virtu-
ally quantitative completion of the polycyclotrimerisation
reaction.

In conclusion, we may note the following fundamental
advantages of both polycyclotrimerisation, as a new method
for the synthesis of polymers, and of the polycyanates
obtained by this method from aromatic and organoelement
cyanate esters.

The initial monomers (cyanates) are obtained by a
technologically simple procedure from a raw material
which is produced industrially. In most cases, these
monomers are relatively infusible substances, stable on
storage even when catalysts are deposited on them.

Cyanates are polycyclotrimerised both in the presence
and absence of catalysts and the process can be interrupted
at the stage of oligomers having a consistency ranging
from a viscous liquid to solid products readily soluble in
many organic solvents (acetone, toluene, alcohol, chloro-
form, etc.). The manufacture of articles from cyanates
in the form of monomers or oligomers is carried out by
the traditional methods for the working of thermoreactive
polymers without the evolution of volatile materials.

The high selectivity of the reaction and the occurrence
of the latter with virtually quantitative conversion of the
functional groups are characteristic of the polycyclotri-
merisation of cyanates, which makes it possible to obtain
regularly cross-linked polymers with strictly specified
internodal distances made up of s-triazine rings. Poly-
cyanates are therefore the first examples of a series of
polymers obtained by polycyclotrimerisation for which it is
possible to achieve in practice the hypothetical possibilities
of this promising synthesis of polymers, particularly for
the preparation of heat-resistant and thermostable mate-
rials.

It has been shown for aromatic polycyanates that, in
contrast to the randomly cross-linked systems, these
polymers possess, by virtue of the regularity of their
chemical structure, anomalously high physicomechanical
parameters for fine-mesh network rigid-chain polymers of
this kind and in many cases are capable of crystallisation.

All these useful qualities of polycyanates as well as
their effective adhesion to various materials permit their
employment in many fields in modern engineering. Poly-
cyanates are used as plaStiCS 52=55 564 y73—77 480 988,97 498,105,145
adhesives’73—77,80,84,85,88,98—997105,146,14'7, Elnd binders fOI'
glass-fibre-reinforced plastics %°77%777180,96:148-151 © 4144
rocket fuel '*?, and other materials'®"* possessing in
most cases enhanced heat resistance and thermal stability.

3

---000---

T1t is noteworthy here that this interesting phenomenon
has also been observed for rigid highly cross-linked poly-
mers obtained by the polycyclotrimerisation of arylbis-
(cyanamides) ™! 714,
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During the preparation of the manuscript for the press,
a number of studies devoted to the synthesis d
properties of polycyanates

155-158

% and the investigation of the

kinetics and heats of the polycyclotrimerisation of aryl
cyanates were published '®,
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