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The review deals with the present state of the problem of the ionisation of isocyanates: cyclic di- and trimerisation, homo-
polymerisation, and copolymerisation of isocyanates with other monomers. The mechanisms of the processes involving
various catalytic systems are considered and the results of investigations of the polymerisation of isocyanates and their
theoretical and practical importance are discussed.
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I. INTRODUCTION

The chemical reactions of isocyanates are extremely
varied, but so far only some of them have been used
industrially, in particular in polymer chemistry. They
include mainly the reactions of isocyanates with nucleo-
philic agents containing a so called active (mobile) hydro-
gen atom (alcohols, diols, water, amines, etc.). The
formation of urethanes has been most thoroughly investiga-
ted. They were studied and are still being studied sys-
tematically both on model and polymeric systems and the
advances achieved in the understanding of the mechanism
of these reactions have been described in a number of
reviews ™3, Other reactions of isocyanates have been
less thoroughly investigated, which to some extent
restricts the scope of their useful applications.

Of the numerous reactions in which isocyanates are
involved, cyclic dimerisation and trimerisation and also
homopolymerisation of isocyanates and their copolymer-
isation with other monomers with formation of high-
molecular -weight products are of significant interest for
polymer chemistry. Several tens of publications dealing
with the polymerisation of isocyanates have now appeared.
They have not been discussed so far from a single stand-
point and the brief reviews of the literature in certain
papers **° and monographs ’° on the dimerisation and
trimerisation reactions of isocyanates, discovered as
early as the past century by Hoffmann, cannot claim to
give a complete coverage of the data. The possibility of
the homopolymerisation of isocyanates with formation of
high-molecular-weight products was first established by
Shashoua in 1959 " and since then many papers dealing
with a quantitative treatment of the polymerisation of iso-
cyanates in the presence of various catalytic systems and
with the search for new polymerisation initiators have
been published.

The fact that isocyanates are capable of entering into
autocyclisation or polymerisation reactions with formation
of linear high-molecular-weight products is not surprising
if one bears in mind the electronic structure of the NCO
group, which consists of a cumulative system of N=C and
C=0 double bonds, In this respect isocyanates are

extremely similar to ketens R.C=C=0, the capacity of
which forieyclisation and homopolymerisation is well
known 2.
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The present review deals with almost all studies con-
cerned in one way or another with the polymerisation reac-
tions of isocyanates. We believe it reasonable to combine
the discussion of the results of the study of the dimerisa-
tion and trimerisation of isocyanates, since in many cases
they occur in the presence of the same or chemically
similar catalysts, although there are a number of funda-
mental differences between these processes.

The problem of the homopolymerisation and of the
copolymerisation of isocyanates with other monomers
requires separate consideration. Together with its
importance for polymer chemistry, the question of the
possibility of the dissociation of the C=0 bond in the NCO
group in reactions involving the addition of nucleophilic
agents to isocyanates, which has been frequently discus-
sed (also by the authors of this review >**°~'!) in connec -
tion with the mechanism of urethane formation, has a
direct bearing on this problem.

2, CYCLIC DIMERISATION AND TRIMERISATION

The cyclic dimers (I) and trimers (II) of isocyanates
are products of autocyclisation which takes place with
dissociation of the N=C bonds:
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The dimers are a kind of symmetrical diketones (1,3~
disubstituted uretidinediones); the trimers are derivatives
of cyanuric acid (1,3,5-trisubstituted isocyanurates). The
structures of isocyanate dimers and trimers have been
demonstrated spectroscopically, by chemical analysis **?,
and also by comparing the dimerisation and trimerisation
products of isocyanates with products obtained by indepen-
dent synthesis. For example, triphenyl isocyanurate was
obtained from phenyleyanamide ** and trimethyl iso-
cyanurate was synthesised from cyanuric acid and
diazomethane'*. Compounds of type (II) were also
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obtained by the condensation of cyanuric acid with ox1ran,
allyl chloride, ethyl chloroacetate, and acrylonitrile *®

The structure of the phenyl 1socyanate dimer was
established by X-ray diffraction **
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The central four-membered ring is planar., The
length of the C—N bond corresponds approximately to 1ts
length in amides, for example in acetamide (1.426 A)
and the length of the C—C bond in the aromatic ring dlffers
only slightly from the usual length of this bond in benzene.
There are no literature data on the structure of the tri-
mers but some idea about it may be gained from an X-ray
diffraction study of cyanuric acid'®
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The six-membered ring of cyanuric acid is planar.

One can hardly expect a significant change in the structure
of the central six-membered ring on passing from
cyanuric acid to isocyanurate. Before considering the
dimerisation and trimerisation of isocyanates in the pres-
ence of various catalytic systems, we shall note why these
reactions, which so far have been of purely academic
interest (for the chemical properties of the NCO group),
may be employed successfully in polymer chemistry for
the synthesis of new materials.

The main procedure usually employed in the synthesis
i of structured (cross-linked) polyurethanes involves the
introduction of various branching additives into the poly-
merising system. In the reactions of oligomeric poly-
_esterdiols with di-isocyanates, triols are used for this
purpose; polyesterpolyols or polyisocyanates containing
more than two NCO groups per molecule can also serve as
branching centres. The principal difficulty arising in the
practical realisation of these processes reduces to the
maintainance of an exact ratio of the concentrations of the
NCO and OH groups and also involves the necessity to
regulate with the aid of special catalytic additives or
temperature conditions the ratio of the rates of all the
reactions occurring in the system between NCO and OH
groups, the reactivities of which are different depending
on whether they are primary, secondary, or tertiary'.

In the synthesis of structured polyurethanes by the
trimerisation of isocyanates '**%°, a prepolymer containing
terminal NCO groups, which are usually introduced by the
reaction of a hydroxyl-containing polyol with di-isocyanates
the NCO groups of which have fairly different reactivities
(for example, 2,4-tolylene di-isocyanate), has been sug-
gested as the starting material. In the presence of tri-
merisation catalysts, prepolymers with terminal NCO
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groups form a three-dimensional network:

In a system without hydroxy-groups, there is only one
reaction—trimerisation of the isocyanate, the rate of
which can be readily regulated by selecting an appropriate
trimerisation catalyst.

Foams, varnishes, and polyaliphatic resins, which are
hardened by the trimerisation of terminal NCO groups,
are promising as regards technical applications. Poly-
isocyanurate resins formed, for example, by the cyclic
polymerisation of aliphatic di-isocyanates, are disting-
uished by a high strength, thermal stability, and good
optical properties and may be used to prepare plastics
with 1mproved optical transparency, which are used in
aviation *°

At the present time, the cyclic di- and trimerisation
reactions of NCO groups in polymeric systems have been
investigated inadequately, although some data concerning
these reactions with participation of monomeric iso-
cyanates are available. The catalytic systems used for
this purpose and certain kinetic relations observed in the
reactions are of main interest.

From the standpoint of the employment of the trimer-
isation reactions in polymer chemistry, it is significant
that isocyanurates are much more thermostable than the
usual polyurethanes. Thus the urethane chain breaks at
a temperature as low as 150—200°C, while the thermal
degradation of isocyanurates does not begin until 300°C. *!
Structured polymers, formed as a result of the trimer-
isation of NCO groups, are extremely rigid. - In order to
obtain fairly elastic materials, it is necessary to employ

~as the initial prepolymers oligomers the molecular weight
- of which is 3000—5000; plasticisers can also be

employed.

The dimerisation of isocyanates is a reversible reac-
tion, while the equilibrium in the trimerisation is almost
completely displaced to the right. The equilibrium con-
centrations of the 2,4-tolylene di-isocyanate dimer are 8.5
and 7.1% respectively at 78° and 100°C.?”* When the tem-~
perature is reduced, there is a significant increase of the
equilibrium concentration of the dimer and at 25° and 10°
it amounts to as much as 71-74% and 90% respectively®.
At 150—175°C the 2,4-tolylene di-isocyanate dimer is
almost completely converted into the monomer.

Numerous catalytic systems for the dimerisation of
isocyanates have been described*™®, The possibility of
spontaneous non-catalytic dimerisation, which is extremely
slow, has also been noted. Thus the equilibrium concen-
tration of the 2,4-tolylene di-isocyanate dimer is reached
at 78°C only after 1500 h. The activation energy for the
spontaneous dimerisation of this isocyanate is 21 kecal

mole™, % The best dimerisation catalysts are trialkyl-
phosphines *?%; aryl- and alkylaryl-phosphines are less
active.

Isocyanates dimerise also in the presence of tertiary
amines such as trialkylamines, pyridine, and its deriva-
tives ¥*%, In recent years it was established that the
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dimerisation of isocyanates also occurs in the presence of
sodium benzoate *, various organometallic compounds s,
and metal chelate complexes *’*’, In most cases dimer-
isation is accompanied by trimerisation, but the above
catalytic systems, particularly phosphines and tertiary
amines, mainly promote the dimerisation reactions.

In the presence of iron acetylacetonate, the dimerisa-
tion of isocyanates is greatly accelerated compared with
the non-catalytic process*>’. The reaction is then found
to be of first order with respect to the catalyst and the
activation energy is somewhat reduced, amounting to
19.5 kcal mole™ for the dimerisation of 2,4-tolylene
di-isocyanate.

The reasons for the catalytic activity of nucleophilic
agents such as phosphines and amines should not be sought
solely in their high basicity. For example, the basicities
of dimethylphenylphosphine and dimethylaniline are simi-
lar, but the former is much more active as a dimerisation
catalyst. Certain phosphines and their oxides catalyse
the formation of carbodiimides R—N=C=N-R from iso-
cyanates *®%°, This reaction is a kind of dimerisation of
RNCO with liberation of CO;; 2RNCO — R—N=C=N-R +
CO2. The kinetics of the formation of carbodiimides in
the presence of a number of catalytic systems have been
investigated in fair detail *»*,

The capacity for dimerisation greatly depends on the
structure of isocyanates. Aromatic isocyanates dimerise
much more satisfactorily, owing to their lower electro-
philicity. Teh dimerisation and trimerisation of acyl
isocyanates RCONCO, in particular of benzoyl isocyanate
and its methoxy-, chloro-, and nitro-derivatives in the
presence of triethylamine, has also been described *.

The formation of acyl isocyanate dimers and trimers is
accompanied by side reactions involving the formation of
cyclic products with breakdown of the C=0 carbonyl bonds,
Dimers of isocyanates derived from tervalent phosphorus
acids with the general formula
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were described recently **. Uretidinediones consisting of
two different types of cyanates can be obtained '?.

The kinetics of the dimerisation reactions have been
very little studied. One can only point to Davis's infrared

. spectroscopic investigations **’*" of the solid-phase dimer-
isation of 2,4-tolylene di-isocyanate. The presence of an
extremely intense band due to the stretching vibrations of
the C=0 group of the uretidinedione ring in the region of
1790 cm™ makes it possible to identify the dimers readily
and to investigate the kinetics of their formation from iso-
cyanates. Downs and Haas *’* quote the infrared spectra
of a number of dimers derived from phenyl isocyanate and
the '°F NMR spectra of isocyanate dimers with a fluorine
substituent. Aryl isocyanate dimers melt in the range
160—200°C, depending on their structure®.

The reactivity of the dimers is due to their capacity
for dissociation with formation of the initial isocyanates
and therefore their reactions with alcohols, water, and
amines result in the formation of urethanes, ureas, and
biurets respectively. Since the dimers may be formed
spontaneously when isocyanates are stored, the problem
of the correct chemical determination of the isocyanate
number of monomers is important*. For example, it
has been shown ¥ that the reaction of the 2,4-tolylene
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di-isocyanate dimer with dibutylamine takes place accord-
ing to the equation

blICO ?Hs
/TN N—C= o ™\ NHCON (C4H,)
HC__/ l? Cf 3__\ +4 4Hg>m-x -92( “ .
0=C-N—{_ »—CH,  C4fly g
I‘IICO I\gHCON (CHo)2

and at a temperature as low as 50°C the conversion of
NCO groups is in excess of 70%. The high reactivity of
the dimer in the determination of the content of NCO groups
in the monomer can lead to high isocyanate numbers. This
factor has a direct bearing on the problem of finding the
optimum NCO/OH ratio for the synthesis of polyurethanes
from di-isocyanates and hydroxyl-containing polyester -
polyols. The reactivity of the dimers in relation to the
hydroxy-groups of alcohols and polyols is extremely low
and a very long time is required for the urethane-forma-
tion reactions to occur even in pure alcohol. The reaction
with acidic alcohols (for example with phenols) takes place
to an appreciable degree only at 100—150°C,

There are no quantitative literature data on the reac-
tivity of the dimers.

The trimerisation of isocyanates takes place in the
presence of catalytic amounts of triethylphosphine *,
alkaline earth metal acetates, formates, and carbonates
metal naphthenates *°, aluminium chloride *, oxalic acid*?,
triethylamine **, and iron, sodium, magnesium, mercury,
nickel, copper, zinc, aluminium, tin, chromium, etc.
salts soluble in organic solvents**. The brief review by
Arnold et al.* of the early studies on the trimerisation
contains a list of the catalytic systems for the trimerisa-
tion of isocyanates discovered up to 1957. In recent years
there has been a considerable growth of interest in this
reaction. New trimerisation catalysts have been dis-
covered: sodium benzoate in dimethylformamide
(DMF),”®* pyridine oxide ¥, quaternary ammonium and
phosphonium bases *°, metal alkoxides ¥/, tertiary amines #,
organic derivatives of quadrivalent tin8, trialkylarsenic
and arsenic oxides *°, metal acetylacetonates, and other
complexes *'***',  Trimers are also formed in the syn-
thesis of urethanes in the presence of tertiary amines.
Kogon showed®® showed that, in the reaction of phenyl
isocyanate with ethanol at 125°C in the presence of
N -methylmorpholine, the phenyl isocyanate trimer is
formed together with the yrethane. It is interesting that
the trimer appears only in systems containing an amine
and an alcohol. In the presence of an amine and a
urethane (ethyl carbamate) the trimerisation does not
occur. In their attempt to prepare N -substituted oxa-
zolidinones by the condensation of epoxides with isocya-
nates in the presence of pyridine, Jones and Savill**
showed that the trimerisation reaction takes place vigor-
ously under these conditions. Triphenyl isocyanurate was
obtained in oxiran, propene, styrene, and epichlorohydrin
solutions in the presence of traces of pyridine in a yield
close to 100%. In the presence of oxides, quaternary
ammonium bases also catalyse the trimerisation reaction,
but much less effectively **°%, Subsequently these results
served as a starting point in the search for new cocatalysts
of the trimerisation in the presence of tertiary amines.

Isocyanate trimers are also formed in the high-temper-
ature O( 2:;?—250"0) %)n%ansation of bisurethanes of the type
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butoxide™. Isocyanate dimers and higher-molecular-

weight products of different compositions are also formed
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under these conditions. In those cases where the trimer-
isation and dimerisation of isocyanates take place simul-
taneously, the yield and rate of accumulation of each
product vary significantly as a function of the conditions
and the structure of the monomer. For example, in a
study of the cyclic polymerisation of phenyl isocyanate in
DMF at temperatures in the range 0—70°C under the
influence of sodium benzoate, it was shown *% that at 70°C
the yield of the trimer was 50% of theoretical after 3 h and
that of the dimer was less than 5%. At 0°C the content of
the trimer fell to 30% and that of the dimer rose to 10%.
At 30°C the ratio of the rates of dimerisation and trimer-
isation was 0.05%.2° In the cyclic polymerisation of
benzoyl isocyanate and its derivatives in the presence of
tertiary amines and pyridine oxide, a significant change in
the mode of reaction as a function of the structure of the
isocyanate was established: at 50—80°C benzoyl iso~
cyanate forms mainly the dimer under these conditions,
while the less reactive p -methoxybenzoyl isocyanate yields
the trimer —tribenzoyl isocyanurate

Herbstman *® made a detailed study of the trimerisation
of isocyanates of different structures in the presence of a
number of organic derivatives of antimony and arsenic.

In the presence of 2 mole % of tri-n-butylarsenic and tri-
isobutylarsenic oxides, phenyl isocyanate, and m -chloro-
phenyl isocyanate trimerise with a yield of 94—100% at
room temperature over a period less than 1 h. The less
reactive isocyanates p ~-CH3;0CsH4NCO and C:HsNCO form
trimers only on heating to 80°C with a yield of 95—97%.
Isocyanates are very readily trimerised at low tempera-
tures in the presence of .catalytic amounts of tri-n-butyl-
antimony diethoxide and diacetate. In the presence of
triphenylarsenic oxide, even an inert monomer such as
CH3NCO trimerises in 15 min and m -chlorophenyl iso-
cyanate forms under these conditions 30% of the trimer
and 70% of carbodiimide. Antimony derivatives of the
type (t~C4Ho)sSb and (t-C4Hs)sSbCl, do not catalyse the
trimerisation process. It was established that tributyl-
antimony oxide forms a stable complex with phenyl iso-
cyanate, which is probably responsible for the catalysis *°
The infrared spectrum of the complex has an intense C=0
absorption band (1725 em™); the N—H, N=C=0, and
C=0 bands of triphenyl isocyanurate (1705 cm ") are
absent. A complex of the catalyst and triphenyl iso-
cyanurate is not formed.

Organotin compounds are much less active as trimer-
isation catalysts. Bloodworth and Davies * showed that
tributylmethoxytin [(C4Hs)sSnOCH;] and bistributyltin oxide
[(C4Hg) sSn —O—8Sn(C.Ho) 5] react with isocyanates in equi-
molecular proportions to form 1:1 adducts. Under these
conditions, the conversion of RNCO into the trimer is
extremely slow.

There are no accurate quantitative literature data on
the rates of trimerisation under the influence of organo-
metallic compounds, with the exception of the results of a
study of the trimerisation of 2 4-toly1ene di-isocyanate in
the presence of iron acetylacetonate®”. 'The trimerisation
reaction is of first order with respect to the catalyst, the
catalytic effect of iron acetylacetonate in the trimerisation
being more pronounced than in the dimerisation. Thus,
0.51 wt.% of the catalyst accelerates the solid-phase
dimerisation reaction at 78°C by a factor of 60 and the
trimerisation process by a factor of 200. The activation
energy for spontaneous trimerisation in the absence of a
catalyst is 16 kcal mole™ *? and in the presence of iron
acetylacetonate, 10.5 kcal mole™.* It is noteworthy that
the cyclopolymerisation of isocyanates in the presence of
iron acetylacetonate leads to an additional consumption of
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NCO groups in urethane formation, where iron acetyl-
acetonate is frequently employed as a catalyst®*’®", In the
general case this is important, but comparison of the rate
of urethane formation in the reaction between 2,4 -tolylene
di -isocyanate and the hydroxy-groups of a polyesterpolyol
and the rate of the di- and trimerisation of this isocyanate
in the presence of 0.5 wt.% of iron acetylacetonate shows
that, while the first reaction is accelerated by a factor of
apprommately 50, °" the consumption of NCO groups in the
di- and trlmerlsanon side reaction is only 0.1%, *" i.e. it
may be disregarded.

Inthe presence of organometallic compounds, 1socyanate
trimers do not form complexes with the catalyst *
although isocyanurates are known to form readlly
molecular complexes even with the usual orgamc solvents,
which can be identified spectroscopically®®. The 1:1
complexes of a number of aryl 1socyanurates with benzene,
acetone, and DMF can be readily isolated in the form of
colourless crystals. The infrared spectra of the com-
plexes contains virtually the same bands as the spectrum
of the free isocyanurate, but the relative intensity and
position of the C=0 band are altered. Table 1 lists the
vibration frequencies of the C=0 group in a number of iso-
cyanurates and their complexes with solvents., Methanol,
ether, and benzophenone do not form complexes with iso-
cyanurates, but ethylene carbonate forms at 130°C a
stable 1:1 complex with triphenyl isocyanurate having a
molecular weight of 230, which corresponds to the formula
(CeHsNCO)3.C3H40s.%° It is noteworthy that in the pres-
ence of traces of N-methylmorpholine the trimerisation of
isocyanates is much faster when ethylene carbonate is
introduced into the system as a cocatalyst, the reactivity
of the resulting trimer bound in a complex with ethylene
carbonate being higher in the reaction with primary
amines than that of the free trimer °°,

The complexes of aryl 1socyanurates with organic sol-
vents are fairly stable at room temperature. In vacuo at
100—200°C the complexes decompose into the initial
components. Aliphatic isocyanurates form complexes
much less readily.

The mechanism and kinetics of the trimerisation of
NCO groups can be inferred at the present time only from
studies on trimerisation in the presence of tertiary amines
and tertiary amine —cocatalyst catalytic systems 275%7%2,
As already stated, alkylene oxides are usually employed
as cocatalysts; aldehydes, lactones, alkylene carbonates,
and imines also exhibit a high cocatalytic activity, The
trimerisation of NCO groups probably involves an anionic
mechanism. In particular, this is indicated by data on
the reactivity of aryl isocyanates in trimerisation:
electron-accepting substituents accelerate trimerisation,
while electron-donating substituents retard it (Table 2).*
Interpretation of data for the relative reactivities of meta-
and para -substituted phenyl isocyanates on the basis of the
Hammett equation yields p = 3.5, which confirms the
nucleophilic nature of the trimerisation of isocyanates.
Steric factors play a significant role. This is reflected
in a markedly lower reactivity of o7tho -substituted aryl
isocyanates (Table 2).

The trimerisation reaction in the presence of amines is
significantly faster in polar media than in solvents with a
low dielectric constant. Thus the relative reactivities of
phenyl isocyanate in benzene (D = 2.3), chlorobenzene
(D =5.7), acetonitrile (D = 37.5), and dimethyl sulphoxide
(DMSO) (D = 45.0) are 1.5, 2.4, 8.4, and 12.3 respec-
tively . The acceleration of the reaction in media with a
high dielectric constant indicates a significant polarity of
the transition complex in the trimerisation process.
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Table 1. The position of the C=0 bond in the spectra of
isocyanurates and their complexes with organic solvents *®
Group ] Mp. ooé trimer, Solvent v, em’!
<“ N 280 — 169582, 1710
\/‘ '\/_ — DMF 1700, 1670
H,E:</ N— 264 — 1765, 1715, 1690
HiC _<_>_ — DMF 1700, 1675
HsC _/<_ /\_ - Benzene 1700
HsC ,_<—_>__ — Acetone 4700
N
\/ \>\_CHS 180 - 16958
z;&»(/ S 260 - 1765, 1745, 1690
] N\ — DMF 1700, 1680
Ho— __ >
Heo—¢ S - Benzene 1700
H,CO _/:>_ — Acetone 1700
J N
<__>— OCH, 261 — 17085
Cl—<:>— 318 — 1770, 1745, 1690
CI*‘\_>— - DMF 1700, 1670
Cf—< >~ — Acetone 1700
|
— 17005
(—\_CI 201
— 54 — 1765, 1715, 1685
ON — ( N 350
/__\_ 260 - 1703
O
CZHSOOC-—<—>— 246 — -
Y 4 \ 374 — 170953
\_/ N’
m/ N 135 — 17138
U
I/\n/\_ 344 — 170088
NN\
<_>_“C*‘0 162 (dt’,ccm-np.)3 2 — el
—CH,CH=CH, 1922 15 — —
—CH,COOG;Hy 71781 — —
—CH;CH,CN 228230 1s — -

The principal data on the catalytic activities of tertiary
amines combined with cocatalysts of different types are
quoted by Beitchman ®, who investigated the catalytic
activities of a large number of tertiary amine—catalyst
compositions by calorimetric methods from the rate of
attainment of the maximum temperature rise in the sys-
tem. It is striking that in the presence of triethylene-
diamine—alkylene oxide systems the kinetic curve is
S-shaped. At the end of the induction period, the duration
of which depends significantly on the concentration of both
components of the catalytic system and the isocyanate, the
reaction is of first order with respect to the monomer and
100% conversion is reached. The S-shape of the kinetic
trimerisation curve is not a result of the autocatalytic
effect of the reaction product: the shape of the kinetic

curves remains unaltered when the dimer or trimer is
introduced into the system before the start of the reaction.
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The rate of the reaction catalysed by tertiary amine—
alkylene oxide systems increases sharply with the
[oxide]/[amine] ratio (see Figure) and reaches an approx-
imately constant value from a ratio of about 30:1. It was
shown subsequently ** that the rate of trimerisation is pro-
portional to the product of the concentrations of the com-
ponents of the catalytic system; the presence of the
induction period observed in the catalysis by the tri-
ethylenediamine —propylene oxide system ®° is not a general
characteristic of reactions catalysed by tertiary amine—
alkylene oxide systems

Table 2. Effect of the ring substituent in phenyl
isocyanate on the reactivity of the monomers in
the trimerisation reaction.

Substituent o Relative
reactivity
0-OC,Hj Very low
0-CHy 0.06
m-CHg —0.07 1.92
p-CHg —0.17 3.95
o0-Cl 0.09
H 0.00 10.0
m-Cl 0.37 70.0
p-Cl 0.23 128.0
p-Br 0.23 144.0
0-NO, 20.5
m-NO, 0.7 Very high
p-NO, 0.78 Very high
Al
T, min
30
20
' 9+
0 i N 1
20 40 60

[epoxide]/[amine]

Variation of the time of attainment of the maximum
temperature rise in the system in the solid-phase
trimerisation of tolylene di-isocyanate in the presence
of the triethylenediamine —methyloxiran catalytic
system with the {epoxide]/[amine] ratio (plotted on

the basis of Beitchman's data ),

The catalytic activity of amines under the conditions of
joint catalysis in the presence of oxides and other cocata-
lysts depends significantly on their structure but there is
no direct relation with the basicity of the amines. Ter-
tiary amines can be arranged in the following sequence in
terms of their catalytic activity: triethylenediamine >
triethylamine > NNN’N’-tetramethyl-1 3-buty1ened1amme >
N -methylmorpholine > 2-methylimidazole *°
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It is also noteworthy that tertiary amines incorporating
heterocycles with structures resembling that of the iso-
cyanurate ring, for example the symmetrical NN'N” -tri-
(dimethylaminopropyl)hexahydrotriazine or 2,4,6-tri-
(dimethylaminomethyl)phenol, exhibit a high catalytic
activity in the reaction?® One cannot rule out the
possibility that, together with the basicity factor, the
passibility of the coordination of the monomer to the
catalyst plays a significant role in the mechanism of the
catalysis by such amines. In order to elucidate this
factor, detailed studies on the kinetics of the reaction and
of the formation of a complex between the catalyst and the
monomer are required.

Table 3. Reactivities of olefin oxides, aldehydes, and

imines as cocatalysts of the trimerisation of isocyanates
(trimerisation of 2,4 -tolylene di-isocyanate) in the solid
phase (26—27°C;

catalyst—0,0022 M triethylenediamine).

Cocatalyst* 7, min** !naxe CT

Oxiran (0.020) 3.0 207
Methyloxiran (0.030) 6.0 202
Ethyloxiran (0.030) 7.7 —

Phenyloxiran (0.030) 49.0 164
Acetaldehyde (0.055) 16.0 73
Butyraldehyde (0.063) 45.0 110
Heptanal (0.056) 93.0 53
Trihydroxymethylenealdehyde (0.056) 67.0 128
Anisaldehyde (0.063) 242.0 70
Isodecanaldehyde (0.066) 128.0 87
Benzaldehyde (0.055) 69.0 82
1-Naphthaldehyde (0.056) >76.0 —
Aziridine (0.0023) 3.0 164
N-Methylaziridine (0.0018) <2,0 141
2-Methylaziridine (0.0018) 59.0 129

*The molar concentration is indicated in brackets.
**The time of attainment of the maximum temperature
rise in the reaction charactensmg the relative reactivity

of the cocatalyst.
***The maximum temperature rise in the reaction mass.

Table 3 shows that in the series of cocatalysts of
different chemical types, alkylene oxides are the most
effective. Although the timesrequiredfor the attainment
of the maximum temperature rise in the system cannot be
strictly speaking regarded as criteria of catalytic activity,
they can nevertheless be used for qualitative estimates.

The question of the nature of the active centre in the
catalysis of the trimerisation by tertiary amine—cocata-
lyst systems is controversial. Despite the fact that there
exists a possibility, in principle, of the opening of the
epoxide, lactone, or imine rings in the presence of ter-
tiary amines ®%’°® and despite the significant polarisation of
the carbonyl group when amines interact with aldehydes,
the experimental proof of the involvement of zwitterions
such as

—  \ ] N+
Mcmco- KRR SN0 —N—CHy—CH,—CO0
s / /8 & /
id ami amine-aldehyde amine-lactone

as active catalyst species in the reaction has not so far
been found. One should also bear in mind the possibility

of the formation in the amine—alkylene oxide systems of
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quaternary ammonium bases **™* as a result of the inter-
action with traces of water frequently present in solution
in fairly large amounts (compared with the catalyst):

RoN + H;0 +-R—CH-—CH, — [R—CH—CH,NR;|* OH~
No on

Definite information about the nature of the active
centre in the reaction could be obtained from NMR data,
but such experiments have not been performed. For
catalytic systems of a similar chemical type (triethyl-
phosphine—aldehyde and triethylphosphine—acrylonitrile)
in the polymerisation of formaldehyde and acrylonitrile, it
has been established by NMR °"°° that the active species
are zwitterions of the type (Csz)sP CH>-0O and (C C.Hs) D~
CHz—(IZ'H which interact with water or alcohol to form

CN

quaternary phosphonium compounds analogous to quaternary
ammonium bases.
Petrov et al.®' showed that, when dimethylbenzylamine
and glycidyl phenyl ether are mixed together, the electri-
cal conductivity of the mixture increases very rapidly,
approximately by a factor of 200, and then remains
unchanged for several hours. The opening of the epoxy-
ring of glycidyl phenyl ether is much slower. The fact
that in the trimerisation of NCO groups in the presence of
this catalytic system an induction period is not observed,
the electrical conductivity does not change after a sharp
rise at the beginning of the reaction, and there is a linear
relation between the rate of the process and the product of
the concentrations of the components of the catalytic
system enabled the authors to suggest the possibility of the
formation of ion pairs at catalytically active species with-
out the opening of the epoxy-ring:

RN -- R—CH—CH, = ReNCH,—CH-R
No” -/

The final determination of the nature of the active
centre in the trimerisation reaction, the causes of ring
closure in the trimer or dimer stage, and the relation
between the yield of the trimer or dimer and the type of
catalyst will be possible only as a result of a detailed
investigation of the reaction kinetics under different con-
ditions and a study of the processes occurring in the
catalyst —cocatalyst interaction. These studies are
directly related to the investigation of the polymerisation
of isocyanates and the formation of high-molecular -weight
products, since in both cases the process has an anionic
mechanism consisting of a nucleophilic attack on the
electrophilic carbon atom of the NCO group.

3. LINEAR HOMOPOLYMERISATION

In view of the structure of the isocyanate group, one
must consider the possibility of the existence in a linear
polyisocyanate or at least two types of homopolymers
formed as a result of the dissociation of the N=C (III) or j
C=0 bonds (IV) respectively:

(o]
[_N—c‘ﬁ_] (1)
SR

= W

N--R

(RNCG) 4

In the first case the macromolecular chain has the struc-
ture of an N -substituted polyamide and in the second it has
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a polyacetal structure. A similar phenomenon is known

Thus, when ketens (g>C:C=O),

which have a structure similar to that of isocyanates, are
polymerised, both polyketones (polymerisation via the
C=C bond) and polyacetals (polymerisation via the C=0
bond) can be formed, depending on the conditions and the
chemical nature of the catalyst. In a more general case,
there is a possibility of the formation of polymers with
alternating blocks or polymers having the ester struc-
ture®™, In the homopolymerisation of isocyanates, it is
very difficult to incorporate in the polymer chain struc-
tures (III) and (IV) simultaneously and can be achieved only
in certain specific cases. Moreover, the isocyanate
homopolymer with a purely polyacetal chain structure has
not so far been obtained, although, as will be shown below,
in certain copolymerisation reactions chain propagation
takes place mainly as a result of the dissociation of the
C=0 bond.

Shashoua ”’" and Natta’® showed that in the presence of
anionic catalysts the homopolymerisation of monoiso-
cyanates involves the formation of high-molecular-weight
(M = 10*—10°) polymers with a structure of type (III) in the
main chain, i.e, substituted 1-nylons. The anionic poly-
merisation of about 30 different isocyanates has been
studied ™. The polymerisation takes place with a high
yield in the presence of NaCN, sodionaphthalene, and
sodiobenzophenone in DMF between —20° and —~100°C.
The polymerisation of aliphatic and aromatic isocyanates
has been investigated in the presence of ethyl-lithium,
diethylberyllium, n-octylsodium, and 11th1um ethoxide in
various solvents between —60° and —78°C." It has been
shown by X-ray diffraction that highly crystalhne poly -
mers are formed in all cases. Their infrared spectra
have characteristic absorption bands in the region of
1700 cm ™" due to the presence of the C=0 group. In the
presence of cationic catalysts [AlBrs and BF5(C:Hs):0],
amorphous polymers are formed in much lower yields *

In this case a mixed structure (III and IV) is probably
formed in the main chain.

The yield and the molecular weight of the polymer
obtained under the conditions of anionic polymerisation
pass through a maximum as a function of catalyst and
monomer concentrations in the mixture. When the tem-
perature is reduced, the yield and molecular weight
increase significantly

The polymerisation of monoisocyanates under the
influence of water -soluble initiators—alkalis and inorganic
and organic acid salts in DMF at —50°C —has been
described®®™, In the presence of alkalis the polymerisa-
tion is initiated by OH™ ions and in the presence of
inorganic salts, by the acid anions. When alkali metal
salts of carboxylic and dicarboxylic acids are used as the
initiating system, the polymer yield is found to depend very
markedly on the pK, of the acid. In the presence of
sodium salts of carboxylic acids with pK, (in water) of the
order of 1-3, there is hardly any polymerisation, while
in the presence of salts formed by weaker acids (pKy =
3—6) the yield of the polymer is 50—80%. With increase
of the [H:O]/[monomer] ratio, the yield and the molecular
weight of the polymer fall,

It has been established that the homopolymerisation of
isocyanates occurs spontaneously on prolonged heating of
the monomer ™ and also on radiation-chemical ™ and elec-
trochemical initiation ™. The pyrolysis of 2,4-tolylene
di-isocyanate yielded hnear dimers, trlmers heptamers,

with the 1-nylon structure in the main chain™. It is
interesting that radiation-induced polymer1sat10n by

in polymer chemistry.
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v -irradiation from cobalt-60 at temperatures between 20°
and —196°C can give high yields of isocyanate homopoly-
mers, which, as in the presence of typical anionic cata-
lysts, are formed by polyaddition with dissociation of the
N=C double bond. Characteristic features of the radia-
tion-induced polymerisation are the absence of an induc-
tion period, direct proportionality between the rate of
polymerisation and the dose rate, and the acceleration of
polymerisation at low temperatures when the polymer is in
the solid state. It is also significant that in the presence
of diphenylpicrylhydrazyl the yield of the polymer does not
change, which shows that the radiation-induced polymer-
isation has a non-radical mechanism. The infrared
spectra of polymers obtained in the liquid and solid phases
are different and the stereoregularity of the “solid-phase”
polymer is much higher. The structure of this polymer
is identical with that of the polyisocyanates obtalned by
anionic polymerisation 7273 and electrochemically *°. It is
suggested ™ that in the crystalline state the rad1at10n—
induced polymerisation takes place as a result of a coop-
erative interaction of the excited monomer molecule via -
the N=C bond:

o

R R
Iy Ly

LA e s
\ﬂ \ﬁv ﬂa* ra‘
Thus the available data show that in the anionic poly-~

merisation of monoisocyanates the fundamental unit of the
polymer chain is the amide group. Dielectric measure-
ments "° and also studies on the wscos1ty and sedimenta-
tion of poly(n-butyl isocyanate) ® showed that the poly -
isocyanates obtained by polymerisation via the N=C bond
are extremely rigid and probably have a helical conforma-
tion. X-ray diffraction data for poly(n-butyl isocyanate)
obtained by the anionic polymerisation of n-butyl isocyanate

confirmed the hypothes1s of a helical configuration of the
polymer chain ® The helix has a translation of 1.94 A

Z——:o

‘the hexagonal umt cell parameters area = 13.3 A and

c=154A. 1ltis suggested that the conformation of the
elementary polyisocyanate unit is more consistent with the
cis -structure than the trans -structure *

0o O 0
i I It
-C C C
N N AN

The viscosity and light scattering data for solutions of
poly(n-hexyl isocyanate) in tetrahydrofuran (THF) lead to
an analogous conclusion *

Burchard ® measured by sedimentation and diffusion
methods the molecular weights of poly(n-butyl isocyanate)
obtained by anionic polymerisation and established a rela-
tion between the viscosity of the polymer in benzene and
tetrahydrofuran and the molecular weight:

— 0457 - 10- . MM, [q] =140 407

[T]lm ‘benzene
A study of the dielectric properties of poly(n-butyl
isocyanate) in benzene established a strong dependence of

the relaxation time on the molecular weight"®, Thus,

when the molecular weight changes from 1.4 X 10% to
2.3 X 10%, the change in Tgpg is from 1.6 X 107° to
Hence follows the conclusion of a broad

5x107%s
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molecular weight distribution in the polymer. For
example, it has been shown "® by an independent determin-
ation of M and M for different polymer specimens
obtained in toluene at —78°C in the presence of n-butyl-
lithium that Myw/Mp = 3.2-4.3.

The amide structure of the polyisocyanates obtained on
anionic polymerisation of monoisocyanates has been
demonstrated by Iwakura et al. 8 by investigating the prod-
ucts and characteristics of the chemical degradation of the
polymers in the presence of di-n-butylamine. The products
of the reactions occurring at temperatures in the range
30—100°C over a period of several tens of hours are
mainly cyclic trimers and the corresponding NN -di-n-
butyl-N’-substituted ureas. The reaction is accelerated
in the presence of bases and electron-donating solvents.

In certain cases the formation of small amounts of free
isocyanate (degradation of polymers formed from aryl
isocyanates with electron-donating substituents in the ring)
was observed.

The mechanism of degradation in the presence of a base,

the role of which reduces to the abstraction of a proton
from the end of the polymer chain with formation of a
macroanion, can be represented as follows:

—(lj——N' + trimer.

Depending on the chemical nature and conformation of
the polymer chain, the reaction can proceed mainly via
pathway A or B or via both simultaneously.

Interesting relations have been observed in the homo-
polymerisation of aliphatic isocyanates with different
lengths of the methylene bridge between two NCO groups.
Sections with a polyacetal chain structure were observed
for the first time in the homopolymers formed from such
monomers, which demonstrates the possibility of the
homopolymerisation of isocyanates with dissocation of the
C=0doublebond. The polymerisation of aliphatic aw-poly-
methylene di-isocyanates OCN(CH,)n NCOwithn = 1-4
in the presence of sodium cyanide in DMF at low tempera-
tures was studied simultaneously by King ** and Iwakura et
al.® The polymers formed have an extremely high
thermal stability and decompose as a rule above 350°C
with the exception of the polymers formed from ethylene
di-isocyanate. The polymers are soluble in hot sulphuric
acid, m -cresol, DMSO, and ethylene carbonate.

It was shown that the infrared spectra of the polymers
contain two types of absorption band due to the C=0 group:
at 1710—1770 and 1690 cm™'. This demonstrates the
simultaneous presence in the polymer of carbonyl groups
in the ring (high frequencies) and in the main chain (low
frequencies). On the basis of these data ** and data_
obtained for the chemical degradation of the polymers *
it was established that in the general case the polymer
contains three types of structure:

(caz)n“ ( «fu,),. " (clH,),.Nco"
N LI C—N

L

NI

o}
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The quantitative proportions of various structures in the
chain depend on the nature of the monomer, in particular
on the length of the polymethylene chain (Table 4). Studies
of the infrared spectra of the polymers led to the rejec-
tion of the “polydimeric” chain structure:

(e (o]
i i
2o N
—(CH),—N  N—(CH),—K N—
N4 N
1 Il
(¢} (0]

although the polymerisation of certain di-isocyanates did
in fact occur in the presence of typlcal cyclic dimerisation
catalysts, for example pyndme

Linear cyclopolymerisation was also observed when
cyclohexylene di-isocyanate, hydroxymethylene di-iso-
cyanate, and 1,2,3-propylene tri-isocyanate were employed
as monomers .

Table 4. The content of various structures in the
chain of aw -polymethylene di-isocyanate polymers

(in %).

°

(CHaYy,
. ~C—N{SN  —
# in OCN(CH;),NCO i Y
o

(CHy) n—l‘: (CH,),—NCO
[—(ﬁ—.\k——c—o,—- e ]

I
o [

66 34
100
24
60

oD e
=1
=
[=Y=Y=}

Thus one may conclude that in the anionic polymerisa-
tion of aw -polymethylene di-isocyanates the formation of
linear polymers-containing repeating cyclic units in the
main chain takes place in accordance with alternating
intermplecular and intramolecular chain propagation
mechanisms. Ring formation of this kind in the growing
main macromolecular chain is well known from studies on
the polymerisation of dienes * and other bifunctional com-
pounds containing ring double bonds®’. The fundamental
unit of such linear cyclopolymers can be readily represen-
ted if it is assumed that polymerisation requires the
operation of alternating intramolecular and intermolecular
chain propagation mechanisms:

H,C CH.
e o ¢ [/ M
T |
[} C C C
\x/ ANV "

In the linear cyclopolymerisation of di-isocyanates,
initiation takes place as a result of the attack by the
catalyst anion on the carbon atom in the isocyanate group
located at one of the ends of the monomer. This results
in the dissociation of the C=N bond, as in the anionic
polymerisation of mono-isocyanates, with formation of
l1-nylons. The second, intramolecular propagation stage
may consist of the coordination of the nitrogen atom in the
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anion to the carbon atom of the second isocyanate group
in the monomer with formation of a ring:

(cn\,y,,-
A + 0==C==N—~{CHyp)y—N=C=0 —> A—ﬁ—r‘«/ /);
o C
4
(CHgly o
/N
A—C—N N
./ |
°
(CH,)
o] 2n
vn > At N< >N
{CHy)y —N ct
A"'("I-—lll——g—o' Yo
o) vin )

In the cyclic intermediate (V), the negative charge is in

general delocalised between the nitrogen and oxygen atoms.

Depending on the structure of the monomer, structure (VI)
or (VII) is formed. Intermolecular chain propagation
takes place via the attack by the macroanion on another
monomer molecule at the N=C bond.

The question of the dissociation of the N=C or C=0
bond in various reactions involving isocyanates is crucial
to the chemistry of these compounds. Calculations on
the distribution of electron density in the NCO group by
the MO-LCAO method have shown that, depending on the
structure of the isocyanate, electron density may be
enhanced both at the nitrogen and at the oxygen atom 8,
The possibility of urethane formation and the hydrolysis of
isocyanates via a stage involving the dissociation of the
C=0 bonds was recently demonstrated by oxygen isotope
exchange'’. There are no literature data permitting a
comparison of the N=C and C=O bond energies in the
N=C=0O cumulative systems, but indirect information
concerning a greater or lesser ease of dissociation of a
particular bond may be obtained from the ESR spectra of
the radicals formed on y -irradiation of isocyanates and
isothiocyanates and in their reactions with thermal hydro-
gen atoms °°,

Of the possible radicals formed in such reactions with
various alkyl and aryl isocyanates involving the NCO
group,

R—N—C=0 R_rle—t:=o

R—N=C—OH ,

i b
only the first two were detected in the system employed 89
and, depending on the structure of the isocyanate, a radi-
cal with an unpaired electron at the nitrogen or at the
carbon atom was produced. However, these extremely
useful data cannot be treated as proof of the impossibility
of the dissociation of the C=0 bond in nucleophilic reac-
tions of isocyanates.

The relations in the polymerisation of isocyanates
considered here and the data for this copolymerisation
which are described below merely emphasise the earlier
conclusion '®*! that the reactions of isocyanates can
involve the dissociation of both N=C and C=0 bonds, which
depends both on the structure of the monomer and hence
on the distribution of electron density in the NCO group
and on the mechanism of the process and reaction condi-
tions.

4., COPOLYMERISATION OF ISOCYANATES WITH
OTHER MONOMERS

The majority of known copolymers of isocyanates have
been obtained by their copolymerisation with aldehydes.
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Copolymers of formaldehyde with phenyl and alkyl iso-
cyanates °**, of acetaldehyde with phenyl and ethy! iso-
cyanates with tolylene di-isocyanate %, and of butyralde-
hyde with phenyl isocyanate * have been described.
Copolymers of phenyl isocyanate and N -sulphinyl isocya-
nate with chloral have also been obtained °***!, In most
cases copolymerisation occurs in the presence of anionic
initiators—sodium cyanide, sodionaphthalene, and fluor-
enylsodium, but in the copolymerisation of chloral the
reaction occurs in the presence of tertiary amines ®* and
organometallic complexes such as metal acetyl-
acetonates ®’*, It has been shown that the chemical
nature of the monomers plays such a significant role in
their capacity for copolymerisation that in some cases the
reaction does not take place at all. Thus acetaldehyde,
benzaldehyde, acrolein, and metacrolein do not copoly-
merise with phenyl isocyanate ?; on the other hand, butyl
isocyanate does not copolymerise with chloral ®*. The
copolymers with aldehydes have a fundamental unit with a

urethane structure:
9
[-N—-C—O-—CI.H«—]
3 R Lo

i.e. in the copolymerisation the N=C bond of the isocyanate
and the C=0 bond of the aldehyde dissociate. The pres-
ence of the carbonyl group is evident from the infrared
spectra (v = 1725 cm™) of the copolymers. The molecu-
lar weight of the copolymers with chloral, obtained in the
presence of triethylamine and triethylenediamine, is

(1—2) X 10, % The polymers have a high melting point
(240—250°C) and are white powders readily soluble in
benzene, chloroform, carbon tetrachloride, and other
solvents. It has been shown by infrared spectroscopy and
elemental analysis that the copolymers with chloral formed
by anionic copolymerisation do not contain dimeric and
n-meric isocyanate blocks, while two monomeric chloral
units enter into the fundamental unit of the copolymer with
phenyl isocyanate **:

(vim)

9
~GH—0—CH—0—C—N—
bay  das r\' (IX)
N

In this copolymer the content of chloral corresponding
to different monomer ratios (ranging from 3:1to 1:3)
varies from 62 to 75%. In the copolymer obtained in the
presence of a tertiary amine, the content of chloral is
52—66%. The copolymerisation constants for the phengyl
isocyanate—chloral system are respectively 0 and 0.4, %
i.e. the phenyl isocyanate adds at a higher rate to the
chloral than to the phenyl isocyanate molecule and con-
versely phenyl isocyanate is more reactive than chloral
in relation to the anion of the latter. 1:1 copolymers of
phenyl isocyanate and butyl isocyanate with chloral are
formed in the presence of metal acetylacetonates, the
catalytic activity of the latter depending on the nature of
the metal and increasing in the sequence % Fe< Cu<
Co < Ni. It has been shown by ultraviolet spectroscopy *
that the formation of a complex by metal acetylacetonate
with chloral is responsible for the initiation of polymer-
isation. The carbonyl group of chloral, inserted between
the metal ion and the oxygen atom of acetylacetone, is
polarised; which leads to an increase of the negative
charge on the oxygen atom of chloral. Thus the copoly-
merisation has an anionic mechanism.

ke AN e m ket e L e o
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Isocyanates readily copolymerise with ketens; the
mechanism of chain formation in this reaction does not
show significant differences from the copolymerisation
with aldehydes., At 0°C and room temperature in the
presence of n-C4HoLi, LiOR, NaOR, and NaCN, diphenyl-
keten and phenyl isocyanate form an alternating copolymer
as a result of the dissociation of the C=0 bonds of the
keten and the C=N bonds of the isocyanate . Block-
copolymers containing several phenyl isocyanate units in
succession are formed at lower temperature (—45°C).

Copolymers of isocyanates with acrylonitrile and vinyl
acetate”, styrene, isoprene, methyl methacrylate,
ete. ®®*71% have been described. In the copolymerisation
of tolylene di-isocyanate with styrene at 20—100°C in the
presence of benzoyl peroxide and isopropylphenyl hydro-
peroxide initiators, the block copolymers (X) are formed:

O
—CH,—CH— —N—(lé—
N r’\ (X)
'\/H N /“—-NCO (n=20-25)
Cn,

The block-copolymerisation of vinyl monomers with
butyl isocyanate and 2,4-tolylene di-isocyanate, which
proceeds via a “live” polymerisation mechanism at low
temperatures in the presence of n-C4HgLi in toluene—
tetrahydrofuran mixtures has been studied in very great
detail. The molecular weight distribution in the copoly-
mers was investigated by gel chromatography: My/My is
1.14—1.17 in block-copolymers of styrene with butyl iso-
cyanate and 1.5—1.6 in the copolymers of styrene, methgl
methacrylate, and isoprene with tolylene di-isocyanate *.
The di-isocyanate copolymers containing free NCO groups
[copolymer (X)] are readily cross-linked by diols, water,
and diamines and therefore are of significant practical
interest. The trimerisation of the NCO groups can be
used for the cross-linking of these copolymers.

Studies on the copolymerisation of isocyanates with
olefin oxides have a direct bearing on the possibility of
the dissociation of the C=0 bond in reactions involving
isocyanates which we are considering. Furukawa and
coworkers '%7'% were the first to establish that in the
presence of triethylaluminium the monomers are copoly-
merised in the phenyl isocyanate—oxiran system together
with the formation of polyoxiran. The copolymers contain
acetal units in the main chain:

,[_cxa,wcrlg—o—‘(lzho-—d—lz—CHr],.

N
()
N

The structure of the fundamental unit was demonstrated
spectroscopically and by studying the hydrolysis products
of the copolymers: one of the hydrolysis products of the
copolymer (XI) is aniline. N ~phenylmonoethanolamine
should be formed in the hydrolysis of the copolymers
formed by the addition of oxiran with dissociation of the
N=C bond of the isocyanate.

Subsequently a number of isothiocyanates were copoly-
merised with thi-iran in the presence of triethylamine '°*,
n~-C4HeLi, and sodionaphthalene'**'®, It was shown that
the copolymerisation involves the formation of a polymer
having the following structure:

(X1)

N—R
I
[—C—S—CHy—CH;—5—]

n

(xm)
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i.e. the addition of thi-iran to the isothiocyanate proceeds
with dissociation of the C=S bond. The copolymerisation
of thi-irans with isothiocyanates in the presence of typical
anionic initiators involves the “live” polymerisation
mechanism, which makes it possible to obtain block-
copolymers of the required composition ',

The very fact of polymerisation via the C=0 and C=S
bonds is not unexpected. Gulbins and Hamann %" showed
that the formation of the addition product (XIII) with disso-
ciation of the C=O bond is an intermediate stage preceding
the formation of 2-oxazolidinones (XIV) from epoxides and
isocyanates:

R —CH—CH, R —CH——CH,
R—N=C=0 + R—CH —CH, —> | b — |
0 B N—R
o N N
I I
NR 0
(xi) (x1v)

The conversion of compound (XIII) into 2-oxazolidinone
(XIV) as a result of a rearrangement with opening of the
dioxolan ring takes place at temperatures in the range
150—200°C and is catalysed by Lewis acids ',

However, it has been shown *®’*'° that compounds of
type (XII) and (XIV) are not intermediates in the copoly-
merisation of isocyanates with epoxy-compounds in the
presence of triethylaluminium. The copolymerisation has
a coordination-anionic mechanism with alternating inser-
tion of the monomers in the A1-O bond of the diethyl-
aluminium monoalkoxide (XV) and compound (XVI) being
formed:

RNCO

CH—CH,

o }11
(XV) / R (XVD

CH5CH,OC~OCH;CH,0A (CsHs)s

CHyCH,0—A{CHs)e CHsCHzO—(IZI—OAl (CHly)a

w—Z=

(XVi

The structure of the intermediate (XVI) was established
by infrared and NMR spectroscopy.

The data discussed above show that, despite the con-
siderable number of studies concerned in some way with
the problem of the polymerisation of isocyanates, the
question of the mechanism of the processes involving
various catalytic systems is still far from being finally
elucidated. The limited number and in some cases the
total absence of quantitative kinetic studies hinders greatly
both the interpretation of the results and the possibility of
adeliberate regulation of the rates of the processes and of the
composition of the polymers formed. Much still remains to be
done in the field of isocyanate polymerisation and one of the
aims of the present review was todraw the attention of investi-
gators to this interesting problem, which is important
from the practical point of view.

After the manuscript had been sent to the editors, a
number of studies with data on new catalytic systems and
on the trimerisation **™'**, polymerisation *****%, and
copolymerisation of isocyanates with various mono-
mers***7'®' ag well as data on the thermal degradation of
polymers with isocyanurate rings in the chain '** and

detailed studies on the ?roPerties and structures of poly-
isocyanates in solution 2%7'%

were published.
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