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Abstract. Common and specific features of formation of
polymer networks by addition polymerisation and polycon-
densation of oligomers are analysed. The kinetic peculiarities
of these processes related to the structure of an oligomeric
liquid and some aspects of the supramolecular organisation
of polymers are considered. The bibliography includes
221 references.

1. Introduction

Information on changes in the concentrations of starting
reactants and(or) reaction products in the course of chemical
transformations of low-molecular-mass compounds to low-
molecular-mass products with a different structure provides a
comprehensive description of the kinetics of these processes. !
Possible side reactions usually occur at lower rates and can be
suppressed by choosing appropriate reaction conditions (in
this case, the yield of the target product is an important
parameter). Impurities can be removed in various ways and,
in principle, it is possible to attain 100% purity of the reaction
product. This refers to technological and economic consider-
ations. It is important that the final low-molecular-mass
product can be obtained as an individual compound with a
predetermined chemical structure independent of reaction
conditions.

A fundamentally different situation occurs if chemical
transformations of low-molecular-mass reactants result in the
formation of polymers (in particular, polymer networks). Due
to statistical character of these processes, the products

V I1Irzhak Institute of Problems of Chemical Physics, Russian Academy of
Sciences, 142432 Chernogolovka, Moscow Region, Russian Federation.
Fax (7-496) 515 54 20, tel. (7-496) 522 21 63, email: irzhak@icp.ac.ru

S M Mezhikovskii N N Semenov Institute of Chemical Physics,

Russian Academy of Sciences, ul. Kosygina 4, 119991 Moscow,

Russian Federation. Fax (7495) 938 21 56, tel. (7-495) 251 07 28,

email: mezhik@run.ru

Received 5 October 2007
Uspekhi Khimii 77 (1) 78 —104 (2008); translated by A M Raevskiy

obtained from the same reactants can have different molecular
structures and hence different physical properties. The ‘hetero-
unit structure of polymers’ (the term introduced by Korshak ?)
manifests itself even in the simplest cases, e.g., the ‘head-to-
head” and ‘head-to-tail’ addition of monomers, 1,2- and
1,4-addition of dienes, cis- and frans-isomerism, stereoisomer-
ism, etc. Different units can show different types of distribution
over a linear chain, different sequence and form blocks of
different lengths. Thus, the same reactants form polymers with
different molecular architectures; this level of molecular organ-
isation is relevant to the description by chemical symbols. It is
this structural level that determines the key properties of
polymers, as demonstrated by the atomic group contribution
methods by Askadskii® and van Krevelen.* Of course, it is
possible to increase the yield of a product with a particular
structure by varying the reaction conditions (temperature,
pressure, catalysts, ezc.), but a 100% yield is never attainable.
Also, it is virtually impossible to separate a mixture of products
into individual components. If a reaction results in the for-
mation of a polymer network, an individual compound with a
specified molecular architecture cannot be obtained at all.
The situation becomes even more complicated if polymers
are synthesised from oligomers. On the one hand, a character-
istic feature of synthetic oligomers is molecular heterogeneity,>
that is, according to the molecular mass distribution (MMD)
and the functional group distribution. Therefore, the molec-
ular structures of the polymers synthesised from oligomers are
characterised by an additional degree of uncertainty compared
to the molecular structures of the polymers synthesised from
low-molecular-mass compounds. On the other hand, a char-
acteristic feature of liquid oligomeric systems is a specific type
of intermolecular organisation,®~!° namely, they contain var-
ious types of aggregates (molecular associates, nematic clus-
ters, etc.). Both the presence and variety of such species not
only influence the kinetic features of polymerisation, but can
also be ‘inherited’ by polymeric products. Hence this offers
prospects for variation of the supramolecular structure (here,
this is meant the pattern of mutual arrangement of the chemi-

T Dedicated to the memory of Gennadiy Vladimirovich Korolev.
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cally identical fragments of macromolecules, which determines
the close packing of a polymeric material).

The most important characteristic of polymerisation prod-
ucts is their topological structure.!! The corresponding formal-
ism ignores particular chemical structures of macromolecules
and treats them as fibres, which can differ in length and MMD,
be linear or branched and form complex cyclic structures
(including chemically non-bonded ones, catenanes) up to a
continuous (three-dimensional) network. On this level, the
structure of a network polymer is represented by a graph 12
and described in terms of the distribution of knots with respect
to the number and functionality (degree of branching),
distribution of interknot chains according to length, ring size
distribution, efc., also ignoring their chemical nature. Reaction
conditions strongly influence this level of structural
organisation.

The formation of a network polymer is accompanied by not
only changes in the body of reactants, but also phase and
aggregate transitions. Owing to microheterogeneous nature
and specific features of phase separation, a ‘liquid (monomer,
oligomer) — solid (elastic) polymer’ transition is followed by
the formation of structures with different morphologies, e.g.,
with different size and composition distributions of inclusion
phases. Therefore, the properties of the polymer depend on its
morphology on the colloidal level of structural organisation,
which is to a great extent determined by the curing
conditions.!3

Thus, characterisation of the kinetics of polymerisation
processes requires not only knowledge of changes in the
reactant concentrations, but also allowance for structural
aspects. As a consequence, the processes should be treated in
a more sophisticated manner than the formal kinetics of
chemical reactions permits.

This first of all concerns the principles of formation of the
polymer chain. There are two main types of processes,!!-14.15 3
unit-by-unit chain growth and growth by virtue of coupling of
larger fragments, which can be described as follows:

Ri+M — R;i1, ey
R;+R; — R;+;. 2

Here the subscripts denote then number of repeating units in
the active chain R, and M is the monomer or oligomer that is
converted into a repeating unit of the polymer.

In the first case, a characteristic feature consists in the
constant number of chains irrespective of the type of the
reactive centre (radical, ion, functional group). In the second
case, the growing chains interact not only with the starting
components. Indeed, smaller macromolecules can react with
one another owing to the presence of reactive functional
groups, this will result in the formation of larger macro-
molecules and in a decrease in the number of chains. Clearly,
the kinetic descriptions of the two processes should be
different.

The former case can be treated as addition polymerisation,
while the latter, as stepwise polymerisation (polycondensa-
tion). These are essentially kinetic terms, and their interpreta-
tion differs from conventional chemical interpretation '¢ that
dates back to Carothers.!” Addition polymerisation refers to
reactions occurring without formation of side products,
whereas polycondensation covers reactions accompanied by
formation of low-molecular-mass products. In a monograph
by Szwarc,!® it was stated that in many polycondensation
processes each formation of a new chemical bond was accom-

panied by simultaneous elimination of a small molecule. Ear-
lier, such an elimination has been assumed to be the most
characteristic feature of polycondensation, which differs it
from addition polymerisation, but this point of view can no
longer be considered correct.

The formation of a network structure goes beyond chem-
ical reactions between the reactants. Chemical reactions are
accompanied or followed (consecutively or competitively,
simultaneously or with some delay) by physical processes that
change the translational mobility of reactants and make the
reaction centres less sterically accessible; this unavoidably
affects the reaction rate. The aggregation state and phase
state of the system can change during the chemical reaction.
This is the reason for the multistage formation of a polymer
network and for different kinetic laws in different stages of
polymerisation process, the chemical and physical processes
being interrelated.

In the present review, we analysed the common and specific
features of addition polymerisation and polycondensation
processes used to form network polymers from reactive
oligomers with emphasis placed on the topological, supra-
molecular and colloidal levels rather than molecular level of
structural organisation of polymers.

I1. Influence of supramolecular organisation
of liquid oligomers on polymer network formation

1. On the supramolecular structure of oligomeric liquids

A macroscopic oligomeric system can be treated as the sum of
microscopic subsystems (elements of the entire system) that
participate in mass and energy transfer with one another and
with the environment as they approach the equilibrium state.®
The role of such subsystems is played by structural inhomoge-
neities, e.g., inclusion phases for heterogeneous systems, den-
sity fluctuations for homogeneous systems and fluctuations of
the component concentrations with different temporal and
spatial parameters for multicomponent systems. All oligomeric
systems consist of ‘organised’ (aggregated) and ‘non-organ-
ised’ molecules. In turn, the aggregate subsystem can be
divided into cybotaxes* and associates. These terms are used
to describe the liquid state of oligomers and characterise
different types of long-lived supramolecular structural forma-
tions that differ in spatial arrangement and orientation of the
molecules confined within a local inhomogeneous region in the
liquid.

The notions ‘associate’ and ‘cybotaxis’ have a number of
common features and distinctions.®29-22 Thus both supra-
molecular structures have the same compositions, they are not
phase formations and their lifetimes depend to a larger extent,
than those of statistically averaged thermal fluctuations, on the
system composition and temperature, on the energy of inter-
molecular interactions and on molecular conformations. The
distinctive feature of cybotaxes is some degree of anisotropy in

1 The term ‘cybotaxis’ (from Greek y1Bwtol) was introduced by Stewart !°
in the 1920s, but eventually had a strong presence in science owing to
fundamental generalisations by Frenkel.?0 In the literature on polymers,
such and related structural aggregates are often called ‘clusters’ (this term
was introduced more recently). Both terms are similar in sense, but the
latter ignores the possibility of spatial orientation of primary particles.
Because of this the notion ‘nematic cluster’ relevant to the physical
meaning was introduced. Yet another term for the description of cybotaxic
regions in the liquid is ‘anisotropic associate’. For more terminology
details, see a monograph.®
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the spatial arrangement of molecules, whereas associates are
always isotropic. Under specific conditions, associates can
undergo transformation into cybotaxes and vice versa. The
ordering (aggregation, associate — cybotaxis transition, etc.)
in a certain region of an equilibrium macroscopic system
unavoidably causes disordering in another region. The direct
and reverse transitions cybotaxis 2 associate can occur at the
same or different rates. Cybotaxes can show various types and
different extent of anisotropy. Non-organised molecules can
attach to aggregates and detach from them. Aggregated liquids
can differ in aggregate lifetimes, number of aggregates per unit
volume, aggregate size and molecular orientations in different
cybotaxes.

Structural inhomogeneity of liquid oligomers (and, gener-
ally, all liquids) is due to energy or entropy reasons. The
supramolecular structure of oligomeric systems can be gov-
erned by strong dipole—dipole interactions, hydrogen or
complementary group bonds and van der Waals forces of
intermolecular interaction. Its formation is a result of fluctua-
tions of thermal motion of particles; a considerable increase in
the temporal and spatial scales of such fluctuations in the
metastable region and at the critical point is due to the onset of
a long-range intramolecular interaction (with the favourite
relation between the molecular length and flexibility) and to
static flexibility of the molecules.® 0 Thus, the supramolecular
structures of oligomeric systems can be formed under the
action of forces of different nature, and this mainly governs
the time scale of the lifetimes of various inhomogeneities.

Summing up, the macroscopic structure of liquid oligo-
meric systems can be treated as a conglomerate of aggregates of
different sizes and lifetimes, with isotropically and anisotropi-
cally arranged molecules that are ‘dispersed’ (here we use
quotation marks because aggregates are not phase formations)
among ‘non-organised’ molecules. Theoretical models for the
supramolecular structure of oligomers and experimental
proofs of their correctness have been considered in detail in a
monograph.®

2. Kinetic features of the early stages of polymerisation
in curing of oligomers

a. Relation between the curing kinetics and the supramolecular
organisation of the starting systems

The influence of (i) internal structure of the supramolecular
formations of oligomeric liquids and (ii) anisotropic packing of
molecules within aggregates on the kinetics of polymer net-
work formation attracted the attention of researchers in the
1960s in connection with the discovery of abnormally high
initial curing rates of certain oligoester acrylates. Namely, the
initial polymerisation rates Wy, (polymerisation rate at low
conversions o &~ 0) are much (several orders of magnitude)
higher than ‘normal’ values.?3-2* However, in the course of
polymerisation they rapidly decreased in a relatively narrow
interval o &~ 1% —5% and became comparable with the poly-
merisation rate of methyl methacrylate taken as the ‘normal’
value. This effect was not observed upon adding small amounts
of solvents of low viscosity to the starting oligomer, but became
more pronounced (abnormal increase in Wy occurred) if
solvents of high viscosity were added. Attempts to explain the
phenomenon using the classical kinetic schemes failed.
Another experimental observation that contradicted the
canonical viewpoint was reported by Gusakovskaya.?> She
discovered a temperature region corresponding to the liquid
state of oligomer (here a regular, monotonic decrease in W
with a decrease in the curing temperature is not observed) and

even a very narrow temperature interval in which the
parameter Wy increased as temperature decreased.

These and some other experimental observations of the
kinetics of polymerisation of unsaturated oligomers (for review
of studies in this field, see Refs 9 and 26) could not be explained
not only in the framework of the classical kinetics, but also
assuming the existence of local fluctuating microscopic
volumes with increased concentration of functional groups in
the reactive liquid consisting of conventional statistical asso-
ciates. This required additional hypotheses, one of which
assumed the possibility of anisotropic packing of the reacting
molecules within the concentration fluctuation in the liquid
system.

Berlin and Korolev?? assumed the existence of supra-
molecular aggregates with anisotropic rather than random
molecular orientation (kinetically favourable ‘building
blocks’) in liquid oligomers. In such aggregates, the molecules
are oriented in such a manner that the double bonds of the
methacrylic moieties are brought closer together and arranged
in a kinetically favourable order. It was also assumed that if the
lifetimes 7, of such labile ‘building blocks’ (cybotaxes) are
comparable or longer than the time of elementary act in the
chemical reaction (lifetime of active centre or transition state),
an increase in the pre-exponent A4 in the expression for the rate
constant for chain propagation

kp = Aexp<—R—ET>

should lead to an increase in the parameter W, compared to the
‘normal’ polymerisation rate determined by the reactivity of
the double bond of the methacrylic moiety in the course of
methyl methacrylate polymerisation. Of course, the temper-
ature and viscosity of the system influence the 7, value.

This concept also provided a reasonable explanation for
the ‘incorrect’ effect of temperature on the reaction rate (see
above), namely, the kinetically favourable ‘building blocks’
disintegrate as the temperature increases; otherwise their life-
times increase. Naturally, if an oligomeric system contains
cybotaxes, the W, value should decrease on raising the temper-
ature. Moreover, a temperature range should exist in which the
Wy value should increase with a decrease in temperature. It
seems appropriate to say that Semenov?’ was the first to
substantiate in 1957 the possibility of the effect of ordered
structures on chain processes and thus explained a dramatic
increase in the polymerisation rate of crystallising monomers
observed in very narrow temperature intervals near the phase
transition temperature on lowering the temperature.

This approach makes it possible to explain not only the
results mentioned above, but also many other results obtained
in studies of different types of oligomers.

Convincing proofs of the effect of cybotaxes on the process
kinetics were provided in studies?%-2° of the early stages of
polymerisation of single-phase tetramethylene o,m-dimetha-
crylate (viscosity # & 5 sP) solutions in non-reactive oligomers
of various viscosity, namely, bis(dioxyethylene phthalate)-
a,m-diisobutyrate (57 &~ 1000 sP), trioxyethylene o,w-diisobu-
tyrate (n ~ 10 sP) and tetramethylene o,w-diisobutyrate
(n ~ 5 sP). The results obtained were compared with the
kinetic data for polymerisation of methyl methacrylate
(MMA) dissolved in these non-reactive oligomers.

In Fig. 1 the rate of polymerisation of tetramethylene
a,o-dimethacrylate normalised to the concentration of meth-
acrylic groups in solution and extrapolated to zero (W) is



80

V I Irzhak, S M Mezhikovskii

Wo /min—!

04 -

Figure 1. Initial polymerisation rate W plotted vs. ¢, for tetramethylene
a,0-dimethacrylate blends with bis(dioxyethylene phthalate) o,o-diiso-
butyrate (/), trioxyethylene o,m-diisobutyrate (2), tetramethylene o,m-di-
isobutyrate (3) and a methyl methacrylate—tetramethylene o,w-diiso-
butyrate mixture (4).

plotted vs. mass fraction of tetramethylene a,m-dimethacrylate
(¢1), the dependences for the mixtures with trioxyethylene
a,m-diisobutyrate and bis(dioxyethylene phthalate)-o,m-diiso-
butyrate being similar. The data for polymerisation of methyl
methacrylate solution in tetramethylene o, m-diisobutyrate are
presented in the same coordinates (¢ is the MMA fraction).
The Wy = f(¢1) curve plotted for the tetramethylene o,m-
dimethacrylate solution in the highly viscous solvent shows a
maximum in the region of high concentration of the oligoester
acrylate (curve 7). As the viscosity of the non-reactive solvent
decreases, the magnitude of the maximum in the polymer-
isation rate curve gradually decreases (curve 2); for the mixture
of the components with similar characteristic viscosities the
parameter W, decreases immediately as the fraction of the
non-reactive oligomer increases (curve 3). No concentration
dependence of W, was observed for the methyl methacrylate
solutions (curve 4).

Assuming certain distributions of cybotaxes present in the
oligomeric system over the number, size and lifetimes and an
increase in the parameter W, with an increase in the number
the lifetimes of the cybotaxes and the number of reactive
molecules in a unit cybotaxis, the experimental facts mentioned
above can be explained as follows.

The initial increase in W) in thickened systems compared to
the Wy value for ‘pure’ tetramethylene o,w-dimethacrylate is
due to an increase in the number and lifetimes of cybotaxes
upon adding components of high viscosity. A decrease in Wy
observed for the systems with similar viscosities of the compo-
nents is the result of ‘incorporation’ of the non-reactive
component into the kinetically favourable structure of the
reactive oligomer, there are no thermodynamic limitations on
this process.

Considering a blend, the decrease in parameter W) is not
necessarily proportional to the concentration (see Fig. 1).
Moreover, if the reactive and non-reactive molecules are
present in solution in an equimolar ratio, no effect of supra-
molecular structures on the polymerisation processes should be
observed, because this case corresponds to equiprobable
neighbourness of two pairs of functional groups (one pair
consists of two methacrylate groups and the other pair consists
of one methacrylate and one isobutyrate group) within the

cybotaxis. Therefore, the laws of classical kinetics should be
valid at these concentrations. In the experiments, the polymer-
isation rate becomes independent of ¢; at ¢; ~ 0.5.

An extremum in the Wy = f(¢1) curves for the systems with
high viscosity of the non-reactive component can be explained
with ease by the competition between the positive and negative
effects of the second component on the polymerisation process.
In the former case, the non-reactive component acts as
thickening agent and the number of cybotaxes whose lifetimes
are comparable with the characteristic times of elementary acts
increases. In the latter case the number of elementary acts per
unit time simultaneously decreases due to incorporation of the
non-reactive molecules into the kinetically favourable struc-
tures. Of course, the first factor dominates at low, while the
second factor dominates at high, concentration of the thicken-
ing agent.

All these conclusions were confirmed recently 3034 in
similar experiments with other systems. It was found that the
specific rate of polymerisation of alkyl acrylates decreases by
several times upon dilution of the system with inert solvents
due to disintegration of anisotropic clusters.3? This is also the
reason for the auto-retardation effect in deep stages of the
polymerisation of alkyl acrylates.3!

It should be emphasised that the ability of oligomers to
form kinetically favourable aggregates depends not only on the
molecular chain length, the nature of the molecular environ-
ment and the state parameters of the system, but also on the
molecular structure of the oligomeric chain. Even minor
changes in the molecular structure of the oligomer can make
the formation of a cybotaxis diffucult or impossible. For
instance, an ‘abnormal’ increase in the initial polymerisation
rate observed in methacrylic systems was not observed in the
acrylic systems under identical conditions.3? 34

The aggregate size estimates made by different methods
vary from ~35 to ~40 molecules per aggregate.3!-35-37 In
particular, kinetic data3! predict a nonyl acrylate aggregate
size of 37 molecules at 50 °C.

A strong argument in favour of the existence of kinetically
favourable associates was provided by the results of computer
simulation of these structures by the molecular mechanics
method.?% 3% It was shown that higher alkyl (meth)acrylates,
starting from butyl esters, can form regular associates in which
the oligomer molecules, their hydrocarbon fragments, ester
groups and double bonds are ordered both positionally and
orientationally. The energy of intermolecular interaction in the
acrylate and methacrylate homologous series increases with an
increase in the size of the alkyl fragment in the oligomer
molecules.

To date, a large body of experimental data was accumu-
lated (see Refs 7 and 40—42), which indicate that supra-
molecular organisation of the starting reactive oligomeric
system may govern the curing kinetics; this concerns different
classes of oligomers undergoing chemical transformations by
both addition polymerisation and polycondensation mecha-
nisms. Specific features of formation of polyurethane networks
in the pre-gel state are due to the dependence of the rate of the
chemical reaction between the isocyanate and hydroxyl group
on the degree of self-association of alcohols and on the
formation of complexes of different alcohols with one another
and with other electron-donating molecules present in the
reaction system. Considerable differences between the nucleo-
philic and electrophilic reactivities of associated and non-
associated alcohol and isocyanate molecules and the molecules
present in the structures with different degree of association
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give rise to kinetic and structural heterogeneities in the early
stage of curing process.*3

In studies of urethane formation reactions**4> it was
concluded that from the very beginning polymerisation occurs
in the presence of microheterogeneities due to strong intermo-
lecular interactions and polar and non-polar chain fragments.
The reaction rate of NCO with OH groups is directly related to
the conformational ordering of oligoesterdiol molecules that
form supramolecular structures.*® The formation of urethane
groups in the reaction changes the system of intermolecular
interactions and, eventually, the kinetic law, that is, the second-
order reaction becomes a first-order one after 55% —70%
conversion.

In spite of all differences and even contradictory character
of experimental results obtained in curing studies of epoxy-
diane oligomers in the presence of polyfunctional amines and
other curing agents (see, e.g., Refs 11 and 47—52), almost all of
them can be described by the scheme of the initial stage of
polymer network formation (see above).

Analysis of the effect of constant and alternating force
fields on the starting epoxy —amine system revealed 3 that pre-
treatment of the reaction system with weak magnetic fields
leads to acceleration of curing and a decrease in its activation
energy, which was attributed ordering of the associate struc-
ture of liquid. The effect of sonication manifests itself in a more
complex manner. Initially, sonication destroys the available
associate structure and hence decreases the curing rate. How-
ever, repeated and prolonged sonication leads to independence
of the kinetic characteristics of curing on the ultrasonic field
frequency and intensity and the physicomechanical parameters
of the cured product are improved. Similar results obtained in
studies >*~ 3¢ on the effect of preliminary sonication and
vibration on the changes in the rate of subsequent curing of
epoxy oligomers and liquid rubbers were also explained by the
changes in the supramolecular structure of liquid.

A critical review of these, related and authors’ works was
reported in a monograph by Khozin.*?> The author unambig-
uously admitted the concept of aggregate structure of oligo-
mers and used it to provide reasonable explanation for many
unusual and in some cases coontradictory experimental
results. 425759

Experimental data obtained in studies of the effect of the
phase state of the starting system on the kinetics of the initial
stage of matrix polymerisation of oligomers are in excellent
agreement with the concept of the aggregate structure of
oligomeric systems.

The initial curing rates (Wy) of tetramethylene o,w-dime-
thacrylate and trioxyethylene o,w-dimethacrylate in the SKI-3
cis-polyisoprene rubber matrix at different concentrations of
oligoester acrylates ¢; (single-phase systems) are listed in
Table 1. The concentration dependence of W, for a tetra-
methylene o,o-dimethacrylate — cis-polyisoprene blend in a
wide range of compositions and the phase diagram of this
system are shown in Fig. 2.

Analysis of the experimental data mentioned above
revealed (i) a dramatic change in the W, value in the phase
transition region, (ii) virtual independence of the parameter W
of ¢, in the single-phase systems and (iii) much higher (five- to
tenfold) curing rate in the oligomer-enriched phase (phase II)
compared to the polymer-enriched phase (phase I), The rate of
bulk polymerisation (homopolymerisation of oligoester acryl-
ate in the absence of the second component) is higher than in
phase I but lower than in phase II. The reasons for different
rates of polymerisation in phases I and II and its difference
from Wy in the case of bulk polymerisation are non-trivial,

Table 1. Initial polymerisation rates W, (min—!) at different oligomer con-
centrations in single-phase systems cis-polyisoprene —oligoester acrylate.

System W, at oligomer concentration (vol. fraction)
0.05 0.10 0.15 020 0.30 0.99 0995 1.0
SKI-3 —tetra- 0.09 0.12 - 0.14 0.16 097 1.05 0.32
methylene
o,0-dimeth-
acrylate?
SKI-3 —tetra- — 0.16 — 0.18 0.16 1.74 — 0.64
methylene
o,0-dimeth-
acrylate ®
SKI-3—trioxy- — 0.10 0.13 -— — - 1.58 0.88

ethylene o,w-di-
methacrylate ®

a Curing temperature 100 °C. ® Curing temperature 107 °C.

Wy /min—! T/°C
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Figure 2. Phase diagram (/) and Wy-vs.-¢; plot for the cis-polyisopre-

ne—tetramethylene o,0-dimethacrylate system at a curing temperature of
107 °C and an initiator [azobis(isobutyronitrile)] concentration of
0.5 mass % (2).

Open circles denote experimental data and filled circles denote the results
of calculations in the additive approximation.

being related to the effect of the medium viscosity on the
parameters of the supramolecular structure of each phase.

As mentioned above, addition of relatively low concen-
trations of the thickening agent can lead to an increase in the
number, size and lifetimes of kinetically favourable supra-
molecular aggregates, which in turn should cause W, to
increase. The viscosity of phase II increases § to 15 times
upon dissolution of ~1% of the thickening agent;’ corre-
spondingly, the parameter W)y increases. If the content of the
thickening agent exceeds 50%, the structure of the system
becomes disordered, the number of kinetically favourable
aggregates decreases and so does the curing rate compared to
bulk polymerisation.

In the initially heterogeneous systems, a change in the
component ratio causes no changes in the concentrations of
the coexisting phases; it only leads to a change in the volume
ratio of the phases I and II. Transition from homogeneous to
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heterogeneous state due to, e.g., an increase in the oligomer
content in the starting system [at @1 > (¢1)p,Y] is followed by
the appearance of phase II (polymer solution in oligomer; here
the initial polymerisation rate is higher) in phase I (oligomer
solution in polymer). As ¢; increases, phase II is accumulated.

When curing heterogeneous systems, polymerisation in
each phase obeys its specific laws and the experimentally
detected gross function Wy = f(¢1) characterises the changes
in the volume ratio of the phases. A satisfactory additive
approximation of this dependence was found for the cis-
polyisoprene —tetramethylene o,mo-dimethacrylate system (see
Fig. 2).

Nevertheless, we shall emphasise that the phase diagram
shows certain regions corresponding to systems in which the
concentration dependences of the curing rate do not obey
additive laws; interrelations between the properties of such
systems and the supramolecular and phase structures are much
more complicated.

If a liquid system arrives at a metastable region or vicinity
of the upper or lower critical point, the correlation radii of
concentration fluctuations dramatically increase.®©-62 A
study®® on the thermodynamics of mixing of PVC with
oligoester acrylates revealed that, although aggregation of
oligomeric molecules in these systems begins far from the
phase transition boundary, it is the metastable state and the
vicinity of the critical point that show catastrophic changes in
the thermodynamic parameters due to formation of stable
supramolecular structures.

Figure 3 presents the concentration dependences of the
initial curing rate for the PVC —trioxyethylene dimethacrylate
system and the phase diagram of this system, which includes
the binodal and spinodal curves. At a curing duration of
40 days before switching on the initiation mechanism, the
Wy = f(c) curve exhibits at least two peaks; the polymerisation
rate at the maxima increases by at least a factor of 10—20. The
first polymerisation rate peak coincides with the transition of
the system to the metastable state (temperature —concentration

Wo /min—! T/°C

-1 140
0.14

0.04

0.02

! L
0.2 0.4 0.6 0.8 098 1.0

¢ /mass fraction

Figure 3. Concentration dependences of W, for the PVC—trioxyethy-
lene dimethacrylate system at a curing temperature of 110 °C, initiator
(dicumyl peroxide) concentration of 0.5% and curing duration of 40 (/),
5(2) and 1 day (3). Phase diagram of this system: binodal (4) and
spinodal (3).3

§ (¢1)p is the concentration of oligomer at a point in the binodal curve.

conditions correspond to a point between the binodal and
spinodal curves). The second polymerisation rate peak appears
when the system approaches the critical state (vicinity of the
critical solution point). This is probably due to transition of the
system to a higher level of self-organisation in these regions.
Numerous experimental facts (see, e.g., Refs 60 and 62)
indicate that low-molecular-mass liquid systems differing in
microscopic nature of interaction show in the critical and
metastable states ‘a variety of singular-type changes in the
physical properties, ... and the decisive role in these phenomena
is played by the interaction (correlations) between abnormally
growing fluctuations’.®?

Therefore, the hypothesis that abnormal increase in the
oligomer polymerisation rate can be related to rearrangements
of their supramolecular structures, which in this case obeys the
laws characteristic of metastable and critical liquids, seems to
be well substantiated.

The qualitative explanations for unusual experimental
facts (see above) were theoretically substantiated by Arinsh-
tein, %> who described chemical processes in liquid con-
densed systems in the framework of the polychronous
kinetics model (see Ref. 66). Arinstein introduced the notion
‘spectrum of rate constants for elementary chemical reactions’,
which is due to different degree of mutual orientation of the
reacting molecules.” The level of structural organisation is
characterised by the orientation order parameter o (it should
not be confused with the degree of conversion!), which can vary
from 0 (isotropic system) to 1 (maximum anisotropy, all
molecules are aligned).

Based on postulates, the kinetics of, e.g., a bimolecular
reaction is described by the following equation

de(?)
ds

= Ker ({x)CZ(I), (3)

where ¢(7) is the running concentration of the reactant. In the
linear approximation one has

Kao) = K(0) + 20

—w)=kathk(-a, @
where k1 and k> are rate constants for chemical reactions in the
ordered and disordered subsystems, respectively.

The evolution of the order parameter is described by the
equation

% = W) + Wen(c,x). (5)

The functions W(o) and Wen(c,o) determine the changes in the
order in the system in the absence of a chemical reaction and in
the course of chemical transformations, respectively. As to the
problem in question, it is first of all interesting to analyse the
W(o) dependence, which has the form:%>

W) = —(2— o) filo) = —k3(x—aw), (6)

9] The studies in question use only one important approximation, accord-
ing to which the spectrum of rate constants for a chemical reaction is
represented by a distribution function of the orientation order parameter
of the reacting molecules rather than an averaging expression, as in the
classical gas-phase kinetics. This is due to long structural relaxation time in
condensed media.
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where o4 is the order parameter corresponding to the thermo-
dynamic equilibrium of the system.

The last equality in expression (6) corresponds to
fi(oy) = const. Generally, both self-organisation (o — 1) and
disordering (o — 0) processes can occur in the system that
reached the equilibrium state.

Thus, from our analysis of studies %3 it follows that the
rate of a chemical reaction should naturally depend on the
distribution function of the orientation order parameter of the
reacting molecules both in the equilibrium and when the
system moves along a trajectory to reach the equilibrium
state. In our case this means that the initial rate of the chemical
reaction should depend on the fraction of the reacting mole-
cules that formed kinetically favourable supramolecular struc-
tures to the beginning of curing or, in other words, on the
fraction of associates that had managed to relax to cybotaxes.

To date, the hypothesis of the aggregate nature of the
kinetic anomalies has no direct experimental proofs, but its
fruitfulness and predictive power in some cases are obvious.

If it is true, a general description of the curing of reactive
oligomers can be done using a scheme proposed by Berlin ¢7 for
the formation of a polymer network from oligoester acrylates.

It assumes that activation of functional groups is followed
by chemical interaction between reactive centres that can begin
both in cybotaxes and associates (‘labile building blocks with
kinetically favourable and unfavourable order’, respectively,
according to Ref. 40) and spontaneously in any other region of
the system, e.g., between non-organised molecules. Of course,
since the local concentration of functional groups in aggregates
is higher than the volume-average concentration (in cybotaxes,
an additional orientation of molecules in the ‘kinetically
favourable order’ is also possible), the initial rate of the
chemical interaction in the organised structures is higher than
in the non-organised ones. This is sufficient to formulate the
proposition of kinetic microheterogeneity of the formation of a
polymer network, namely, at the same instant of time polymer-
isation in different microscopic volume elements of aggregated
oligomeric systems occurs at different rates. In turn, this means
different degrees of polymerisation in different regions of the
reaction volume at a specified instant of time. The system
behaves as comprising a variety of microreactors in which the
polymerisation occurs independently. Thus, kinetic heteroge-
neity gives rise to structural heterogeneity. These microscopic
heterogeneities of the curing oligomeric system are ‘nuclei’ of
subsequent morphological heterogeneity of the cured polymer.

According to this scheme, in the early stages of polymer-
isation an oligomer having two reactive centres mainly reacts
with a similar molecule at only one functional group. Owing to
chain propagation the formation of linear molecules is fol-
lowed by the formation of branched ones bearing ‘pendant’
bonds [one end is chemically bonded to the growing chain
while the other end(-s) is(are) potentially reactive]. Such
reactive branched structures are called B-polymers. In the pre-
gel state, linear molecules and B-polymer are dissolved in the
reaction medium consisting of the molecules of the non-reacted
oligomer.

b. Interrelation between the curing kinetics and the duration of
establishment of thermodynamic equilibrium in the starting system
The dependence of the kinetic properties of oligomers and their
mixtures on the time prehistory of the starting system has been
reported repeatedly (see, e.g., Refs 28 and 37). In particular,
attainment of reproducibility of the kinetic curves for curing of
reactive oligomeric systems in identical experiments (identical
compositions, reaction conditions, efc.) requires not only

meeting all conventional methodological criteria, but also
performing a number of additional operations.?® First of all
the experimental sample should preliminarily (prior to switch-
ing on the initiation mechanism) be kept in rest for a particular
(sometimes, rather long) time called the exposure time (z.). For
different oligomers and different reaction conditions the crit-
ical exposure time (z$, at longer times the curing kinetics is
independent of the time prehistory of the system) can be
strongly different, from a few fractions of a second to several
days and even months.®

The possibility of reliable detection of the lower limit of ¢
is determined by the experimental design and methodology and
by the parameters of the instruments for conversion measure-
ments. Generally, the dependence of the kinetic parameters of
curing on 7 can be due to variuos reasons. Some of them are
related to structural features of the reactive systems, e.g., the
duration of the period needed to establish the equilibrium in
the formation of elements of the ‘kinetically favourable and
unfavourable orders’. Other reasons are determined by the
essentially kinetic effects, e.g., diffusion-controlled processes
of redistribution of the polymerisation initiator in the bulk of
the system or changes in the concentration of inhibitors (or
activators) in the sample during the exposure time. This can be
quite important because storage of the sample can be accom-
panied by accumulation of peroxides or oxygen (uptake from
the environment, etc.).

Undoubtedly, the commonly accepted kinetic considera-
tions play an important and, in some cases, decisive role for
explanation of certain features of oligomer curing. However, in
the framework of this approach many other experimental
observations made in studies of the curing kinetics of oligo-
meric systems remain unclear.

An illustrative example is as follows: it was found that as .
increases the parameter W, increases for one and decreases for
the other group of systems (Figs 4a and 4 b, respectively).?®
The classical kinetics provides no explanation for these obser-
vations. Indeed, if we assume that the increase in W, with an
increase in 7. observed for the polyisoprene rubber —oligoester
acrylate system is due to a decrease in the inhibitor concen-
tration during the exposure time, the reasons for the decrease in
Wy observed in similar experiments with butadiene-nitrile
rubber —oligoester acrylate mixtures (see Fig. 4b) remain
unclear. It is impossible to agree with the other ‘kinetic’
version, according to which the effect in question arises from
gradual accumulation of peroxides in the isoprene samples
during their storage (this cannot be ruled out in this exper-
imental procedure), because the shape of the curve for the
samples containing nitrile rubbers contradicts this version. No
fundamental distinctions between the oxygen uptake by iso-
prene and nitrile rubbers and between the mechanisms of their
oxidation, which could lead to different-type dependences
Wy = f(ze) for the curing of oligoester acrylates in the isoprene
and nitrile rubber matrices, were determined.®® Other explan-
ations for these results, based on the classical principles of
analysis of the kinetic effects, also appeared to be contra-
dictory.!.69-71

Special experiments?® showed that the procedure for
introduction of initiator into the system (mechanical mixing,
swelling or use of combined solutions) and the order of mixing
with other components (oligomer, rubber, with mixture) had
no effect on the character of the kinetic curves of curing of both
systems and on the g values. The results of analysis showed
than both systems were thoroughly cleaned from inhibitors
and no chemical transformations in them were detected in the
storage period. This gave grounds to assume that the most
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Figure 4. [Initial curing rate W, of tetramethylene dimethacrylate in
polyisoprene (a) and butadiene-nitrile rubber (b) matrices plotted vs.
curing duration 7. at different content of oligoester acrylate and different
sample preparation procedures.?®

Curing temperature is 80 °C, concentration of initiator (dicumyl peroxide)
is 0.5%. Oligomer content (%): (a) 10 (1), 26 (2), 36 (3) and 50 (4); (b) 70
(1), 60 (2), 50 (3) and 30 (4). Preparation procedure: from combined
solutions (samples /—3), from solution (sample 4) and swelling
(sample 4").

probable reason for the dependence of the curing kinetics on
the time prehistory of the system consists in changes in its
structural organisation at 0 < 1. < t{. Distinctions between
the Wy(te) plots for the nitrile and isoprene systems (see above)
seem to be due to opposite trends in changes in the parameters
of the corresponding supramolecular structures.

Before we go on to discuss these experiments, we will dwell
on some generalisations of the laws of formation of thermo-
dynamically equilibrium structures in oligomeric sys-
tems.8- %7273 These structures are formed in a step-by-step
manner; the process involves averaging of component concen-
trations, averaging of the associate-cybotaxis compositon
(aggregates size and orientation order) and averaging of
morphological parameters.

In the framework of the associate-cybotaxis model, the rate
of relaxation of the oligomeric system to a thermodynamically
equilibrium structure depends on the ratio of the rate constant
for addition to supramolecular aggregates to the rate constant
for elimination of particular (single) oligomer molecules from
the aggregates; the equilibrium distribution functions with
respect to the number and size of elements of the supra-
molecular structure are determined by the state parameters
and by the nature of the medium in which the relaxation
oceurs. 8- 10.72.73

Analysis of the effect of the time prehistory of oligomeric
systems on the curing kinetics including the description of
molecular transformations (e.g., determination of concentra-
tion dependences of the initial rates of addition polymerisation
and polycondensation in single-phase systems at different t.)
can be performed using the methodology and formalism of
classical kinetics.”®7! However, the understanding of some
unusual experimental observations requires a description with
allowance for the effect of the duration of the evolution of the
supramolecular and phase structures of the starting system.

As applied to the experiments considered above, this
implies the following. If the systems under study do have the
aggregate nature, the re-organisation of the supramolecular
structure occurring at 0 < 7, < rg and preset state parameters
eventually leads to the equilibrium number, size and lifetime
distribution functions of associates and cybotaxes. Depending
on the medium polarity (compatibility of components), the
attainment of equilibrium can be accompanied by either order-
ing or disordering of the system. For instance, butadiene-nitrile
rubber films swollen in tetramethylene dimethacrylate possess
better thermodynamic compatibility of components (Flory —
Huggins parameter y = 0.012) compared to cis-polyisoprene
films swollen in the same oligomer (y = 0.136); as . increases,
the initial polymerisation rate decreases in the former and
increases in the latter case. This is due to the fact that different
systems are characterised by different aggregate distribution
functions that take the final form upon complete mixing in
swelling (quasi-equilibrium, see a monograph 7?). Moreover,
on the way towards thermodynamic equilibrium the evolution
of the systems during the exposure time may have different
trends (to segregation and to dispersion). Segregation of same-
type molecules (aggregation) dominates in the case of poor
compatibility of the different-type components; otherwise,
molecular dispersion (disintegration of aggregates) is predom-
inant. In other words, dissolution of polar oligoester acrylate in
polar nitrile rubber leads to manifestation of the trend to
molecular dispersion; as a consequence, the supramolecular
aggregates formed in the mixing stage partially break down,
i.e., for this system the level of structural self-organisation
eventually decreases. Disordering of supramolecular structures
(decrease in the number of aggregates and anisotropy of
cybotaxes or a decrease in the number or size of cybotaxes,
which is equivalent to the decrease in the number of anisotropic
molecules in the unit cybotaxis, efc.) should lead to a decrease
in W, .28 74-76 That is why the dependence of W, on 7. for this
system decreases. Contrary to this, mixtures of oligoester
acrylate with non-polar cis-polyisoprene rubber are character-
ised by increased segregation of oligomeric molecules (increase
in aggregate size and anisotropy) during the exposure time and,
as a consequence, by an increase in W, with time at
0<1te <t§.

It was theoretically shown ® that as the system goes to
thermodynamic equilibrium, the order parameter «; can tend
either to 1 or 0 depending on external conditions (medium,
temperature), i.e., the evolution of the system can be accom-
panied either by enhancement of self-organisation or by
disordering.

Considering the parameter t$ as a criterion for establish-
ment of equilibrium in oligomeric systems, the following
methodological limitations should be kept in mind.

1. The times t¢ measured by different methods can differ
appreciably. For instance, experimental investigations of the
viscous properties of oligoester acrylates’”78 led to
¢ ~ 30 min; however, the estimates obtained from pulsed
NMR relaxation measurements’?-80 and polymerisation
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kinetics studies?®2° carried out under identical conditions
much exceed this value, being of the order of a few hours or
even days. The most probable reason for this inconsistency is
that the reactivity and transport properties of oligomers are
controlled by different parameters of the supramolecular
structure and the attainment of equilibrium values of these
parameters takes different time. If the internal architecture of a
structural inhomogeneity region seems to be insignificant for
rheological studies (here, the number of aggregates and their
size, strength of chemical bonds between them, efc., are
important), in the case of kinetic experiments on oligomer
curing an important role is also played by the orientation of
molecules within the supramolecular aggregate.®*° The fact
that the relaxation rearrangement within the volume element
of the supramolecular structure (aggregate) is still in progress
has no effect on the measured viscosity value.

This was confirmed both experimentally and theoretically.
It was shown 74 that incorporation of a non-reactive analogue
into the structure of oligoester acrylate cybotaxis causes the
initial polymerisation rate (W) to decrease, but has no effect
on the rheological characteristics of the cybotaxis. This can
manifest itself in the experiments only if the rate constants for
polymerisation ‘sense’ the internal structure of the supra-
molecular formation while the rheological constants are
neutral to it.

A consequence of the kinetic model for formation of the
supramolecular structure of oligomers 8! is as follows: transi-
tion of oligomeric systems to the equilibrium state with respect
to different characteristics can occur in different manner. For
instance, a system can reach an equilibrium state with respect
to certain characteristics that depend on the concentration of
aggregates in a shorter time compared to the time interval
taken to attain equilibrium with respect to the characteristics
that mainly depend on the structure of the supramolecular
aggregate.

Thus, criteria for establishment of equilibrium in oligo-
meric supramolecular structures determined by different
experimental methods can differ from one another. This is
quite understandable, because they can characterise the
‘motion’ of the system to thermodynamic equilibrium on
different levels of structural organisation.

2. At preset state parameters of the system, the critical
exposure time undoubtedly characterises the attainment of the
equilibrium state. But the ¢ value can depend on the energy
prehistory of the oligomeric system. According to the activa-
tion model for the formation of the supramolecular structure
of oligomers,’? the system consists of aggregates and ‘non-
organised’ molecules. A sample prepared in some way includ-
ing mixing, heating, cooling, deformation, efc. is characterised
by a certain ratio of the ‘organised” and ‘non-organised’
structures and by a random aggregate number and size
distribution function determined by the prehistory of the
system. When external factors are no longer in action, the
system at rest spontaneously goes to equilibrium. Single
molecules add to aggregates, thus changing their sizes and
disturbing internal structure. As the time t¢ passes, one gets the
equilibrium aggregate distribution function.

It should be noted that not all single molecules can add to
aggregates; this is only possible for the activated molecules that
overcame the energy barrier. Here, chemical activation is left
out of consideration. The case in point are those single
molecules whose kinetic energy became sufficiently high as a
result of the action of thermal, mechanical and other factors in
the course of sample preparation. Since conditions for prepa-
ration of identical samples can be different (experimental goals

can also be different, e.g., isothermal tests, tests under linear or
stepwise heating, ezc.), the t; values obtained in different
experiments may differ from one another. This holds for any
measured characteristic.

3. A change in the state parameters of an equilibrium
oligomeric system (e.g., raising the temperature from 77 to
T>) causes changes in the supramolecular structure of the
system and a corresponding change in ¢ . An attempt to return
the system to the initial equilibrium state by lowering the
temperature from 7> to 71 may change the ¢ value in different
manner. In this context the t$ value can be either ‘reversible’ or
‘irreversible’. For instance, a curing study?® of polymer—
oligomer films prepared by equilibrium swelling of rubber in
oligoester acrylate at room temperature and exposed to air or
an inert medium at the same temperature showed that 5 = 10
days. However, when the non-cured samples characterised by
¢ = 10 days were again placed in contact with oligoester
acrylate, they ‘forgot’ their kinetic stability and returned to
the initial state. In this case reproducible W, values could be
obtained after a new 10-day exposition. If the temperature or
other exposure parameters were changed, both ¢ and W,
values also changed. For the new exposure conditions these
values were found to be ‘reversible’.

At the same time experiments 8283 with stepwise change in
the temperature of oligomeric samples provided that t. > t¢
showed that the values of the characteristics measured under
direct and reverse temperature variation (heating and cooling,
respectively) are different. Methodological difference between
these stages consists in the following. Let measurements be
performed at the same temperature. Cooling implies that the
sample was pre-heated to a higher temperature compared to
the temperature of the experiment and then cooled to this
temperature, whereas in the case of heating the sample was not
pre-heated to temperatures higher than the temperature of the
experiment. It is believed 7% 77 that each subsequent temper-
ature increment in the case of stepwise heating provides
activation of a new group of elements of the system, which
are involved in the onset of a new level of structural organ-
isation characterised by its own preset equilibrium level corre-
sponding to the higher temperature. This was quantitatively
confirmed in the analysis 7> 7384 of the known experimental
data 76-77-82.83.85 in the framework of the activation and
relaxation models for the formation of the supramolecular
structure of oligomeric systems.

The system can be activated by applying not only thermal,
but also mechanical, magnetic, electric and other force
fields.>3~%6-74 Experimental data indicating both reversible
and irreversible effects of force fields on the formation of the
aggregate structure of oligomeric systems were considered in a
monograph.*? Seemingly, there are certain limiting (in some
cases, ‘beyond-the-limit’) magnitudes of the forces acting on
the system, which can lead either to creation of prerequisites
for the onset of a higher level of structural organisation of the
system during the time ¢ or to complete breakdown of the
supramolecular structure of oligomers, which cannot be recov-
ered in reasonable observation time.

In spite of these limitations, the allowance for 15 when
carrying out studies on oligomer curing kinetics in the early
stages of the process may appear to be quite important. In
support of the aforesaid we will return to Fig. 3, which shows
the dependence of the initial rate, Wy, of polymerisation of
trioxyethylene dimethacrylate in PVC matrix on the compo-
nent ratio. As mentioned above, in the metastable state region
and near the critical point the parameter Wy increases by at
least ten to twenty times. But the case in point is that the
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resulting W, value depends on both the component ratio and
the time required for structural rearrangement to the thermo-
dynamically allowed level. Unfortunately, experiments with
allowance for this feature were scarce. At the same time the
inclusion of (more exactly, ignoring) the kinetics of relaxation
to the equilibrium state can change not only the numerical
values of the measured characteristic, but also the character of
the dependences. Indeed, maxima in the curve Wy = f(c) can
be detected only if the condition 7. > ¢ is met, i.e., taking into
account the kinetics of attainment of thermodynamic equili-
brium. At 7. = 1 day (curve 3), the experimental curve shows
almost no extrema, which are also slightly noticeable at 7. = 5
days. Only at 7. = 40 days, which is equal to or greater than ¢
and corresponds to the equilibrium state, the system exhibits its
actual properties.

II1. The cyclisation reaction

All computational methods assume a tree-like topological
structure of network polymers. Clearly, ignoring the cyclisa-
tion reaction introduces a large error into the numerical values
of the structural parameters. Erroneous character of this
approach is particularly pronounced when considering three-
dimensional radical polymerisation,'!- 1540 namely, it is cycli-
sation in the early stage of macroradical chain propagation
that is responsible for the microheterogeneous mechanism of
the process.

A simplified but clear scheme of three-dimensional radical
polymerisation of oligomers containing two and more double
bonds proposed by Matsumoto % is as follows:

1. Growth of linear chains bearing pendant double bonds

— e I

2. Primary intramolecular cyclisation

4. Intramolecular cross-linking (secondary cyclisation) in
branched macromolecules, microgel particles and macrogel

_ —_—
T T —
The last two reactions can result in the formation of
microgel particles

Now we will dwell on the second reaction, which leads to
primary cyclic structures and is responsible for the shift of the
gel point from the value calculated using the Flory—Stock-
mayer theory T towards higher conversions.

All versions of cyclisation probability calculations are
based on the Jackobson — Stockmayer model,”? which includes
an equilibrium ring closure reaction at the ends of a freely
joined chain consisting of n segments; the equilibrium constant
for this reaction is given by

Keyai(n) ~ n=32,

Clearly, this relationship is valid for large n. The case of
small n requires a detailed coonsideration of the conforma-
tional properties of the polymer chain 3-°4 and the thermody-
namics of the polymer —environment interaction, which affects
the size of the macromolecular coil.!!-93

Despite the variety of physicochemical mechanisms of
polymerisation all of them have a common feature, namely,
the system in the early stages of polymerisation is treated as a
dilute solution of a polymer in a monomer (oligomer) and the
volume distribution of the repeating units and pendant func-
tional groups (in the case of three-dimensional polymerisation)
is highly non-uniform. It is the relatively high local concen-
tration of these fragments in the volume of the growing
macromolecular coil that determines an increased cyclisation
(intrachain cross-linking) probability in the initial stage of
three-dimensional polymerisation.

The kinetic behaviour in the next reaction stages depends
on the physicochemical features of the process, namely,
(1) initial chain length determined by the ratio of the rates of
the initiation, chain propagation and chain termination reac-
tions, (ii) ratio of the reactivity of pendant functional groups to
the reactivity of functional groups in the starting oligomer,
(iii) polymer solubility in the medium, ezc. It is these factors
that are responsible for the specific features of three-dimen-
sional radical polymerisation. In this case the formation of a
polymer chain takes about a second, which corresponds to a
conversion of few fractions of a per cent. Therefore, in the
initial stage of polymerisation the system consists of a dilute
solution of the polymer in oligomer. As a consequence, an
active centre will more probably react with pendant functional
groups of its ‘own’ chain rather than with similar groups from
‘alien’ chains. In other words, intramolecular cyclisation will
predominate over intermolecular cross-linking.

Indeed, the coil volume of a growing macromolecular chain
(degree of polymerisation is P) is to a first approximation
proportional to P32, The mean concentration of pendant

At present, the applicability of this theory to critical conversion
calculations in the case of three-dimensional polymerisation casts some
doubt.87-91
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functional groups (here, double bonds) is proportional to
P—12 and the intrachain cross-linking probability (at least
one group reacts with the terminal radical) is proportional to
P2, Further evolution of the system is well-defined self-
accelerating in character,!!-°¢ namely, the larger the number
of intrachain cross-link points the smaller the coil and the
higher the concentration of pendant groups and the cyclisation
probability. Chain elongation also means a decrease in the
concentration of chains and, correspondingly, a decrease in the
interchain cross-linking probability. At the same time inter-
chain cross-linking resulting in the formation of branched
macromolecules also makes cyclisation more probable,
because the higher the degree of branching the more compact
the macromolecule.®”

A strong proof of cyclisation is provided by the estimate of
the degree of conversion with respect to pendant groups based
on conversion with respect to bifunctional oligomer (concen-
tration ratio of the oligomer reacted at both functional groups
to the oligomer reacted at least one group).”® Figure 5 presents
this dependence for polymerisation of 1,4-divinylbenzene in
toluene solution.”® The curves do not approach zero upon
extrapolation to zero conversion with respect to monomer;
rather, the higher the dilution of the system the larger the
intercept. But cyclisation in bulk in the case of copolymerisa-
tion of mono- and bifunctional monomers is also possible even
at relatively low monomer concentration.!%0

[25]

0.7

1
0 0.2 0.4 0.6

Conversion with respect to the monomer

Figure 5. Degree of conversion of pendant functional groups (¢2) plotted
vs. conversion of the monomer at an initial concentration of 1,4-divinyl-
benzene of 5 (1), 2 (2), 1 (3) and 0.5 g per 100 mL of solution (4).”°

Cyclisation was detected by different methods in studies of
the initial steps of polymerisation of various systems. For
instance, at least 80% pendant double bonds are involved in
the cyclisation reaction in the course of copolymerisation of
ethylene glycol dimethacrylate and styrene,!°! 1,4-divinylben-
zene and styrene '°2 and N,N’-methylenebis(acrylamide) and
acrylamide.!%3 Studies of other systems led to similar results.

Almost no cyclisation was observed during anionic poly-
merisation of 1,4-divinylbenzene in the bulk, whereas on
dilution the lower the monomer concentration the more
intense the cyclisation reaction (Fig. 6).104

Seemingly, this is due to the ‘living’ character of the
process, i.e., a relatively high concentration of chains, for
which the growth time is commensurable with the overall
duration of the polymerisation process. One can assume that
there are no grounds for preferred development of the cyclisa-

Butyllithium concentration (mol.%)

1,4-Divinylbenzene concentration
/g per 100 ml of solution

Figure 6. Polymer structure as a function of the concentrations of
n-butyllithium and 1,4-divinylbenzene in tetrahydrofuran.!04
Linear polymer (7), branched polymer (2) and microgel (3).

tion reaction under conditions of ‘living’ radical polymer-
isation. However, the results of computer simulation of
iniferter-assisted * three-dimensional radical polymerisation
showed 195 that cyclisation does occur, being even more intense
than in the case of conventional initiation. It is noteworthy that
the last-mentioned type of initiation makes the process similar
to ‘living’ polymerisation.!'0¢
ki
R'R2 —> R! + R2 (initiation),

kp
R'+M — P,
k
P, + M —2> P; . (chain propagation),
k
P;+ R? —> PR2 (reversible chain termination),

k
P.R2 = P; + R? (destruction),

where R!' and R? denote different types of radicals; M is
monomer; P; denotes the polymer chain and the number of
repeating units (subscript); and ki, k; , ki and kg are the rate
constants for corresponding processes.

If k¢ R? > kq (R? is the concentration of the radicals R?), the
polymerisation will be continuous in character even in the
presence of of quadratic chain termination.

Thus, the qualitative picture of cyclisation in the course of
polymerisation processes is now understandable. Quantitative
results were obtained by computer simulation.'%7-112 In par-
ticular, it was shown 12 that intrachain cross-linking already
occurs at a chain length of 35 repeating units; this rejects the
hypothesis ¢ of formation of long B-polymer chains containing
103 — 10 repeating units, each of them having a pendant double
bond.

A variety of methods from simple probabilistic
approaches 13- 117 to strategies based on statistical physics,'!8

1 Iniferter is a disulfide-type initiator; one of radicals formed upon its
dissociation (R') induces chain propagation reaction while the other
radical (R?) only participates in the reversible chain termination reaction.
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namely, the diagram technique!'® (idea of applying it to
polymer physics was coined by Edwards '?%) were proposed
for calculating the equilibrium cyclic structures formed in
three-dimensional polycondensation. All of them were com-
prehensively treated by Kuchanov er al.'?!

Unlike addition polymerisation, chain growth in polycon-
densation occurs gradually, being accompanied by a decrease
in the chain concentration; this creates severe conditions for
cyclisation in the early stages of the process. Usually, poly-
condensation is a nonequilibrium process. As a consequence,
rings are also nonequilibrium. This means that the topological
structure of the polymer bears a ‘fingerprint’ of the kinetic
features of the reaction.

However, one should keep in mind that gelation occurs at
rather high conversions and therefore the possibility of intra-
chain cross-linking in the pre-gel state cannot be ruled
out.'-122 According to Flory, 123 this reaction is insignificant
up to the gel point. Indeed, this is confirmed (see references
cited in monograph!'') by coincidence of experimental and
theoretical critical conversion values («). At the same time a
considerable body of experimental data on the shift of oc
towards higher conversions contradict this assumption.

The conclusion of formation of inefficient rings in the
course of polycondensation of epoxy oligomers was drawn
based on analysis of the elastic properties of the polymers in the
rubbery state.!>*125 The cyclisation probability is related to
the flexibility of reactants, that is, an aromatic diamine
compared to aliphatic diamine as curing agents for diglycidyl
bisphenol A ether (see Ref. 124) or diglycidyl bisphenol A
ether compared to diglycidyl ethylene glycol ether in curing of
ethylenediamine lead to much lower yield of cyclic structures.
In some cases cyclic molecules were detected at o < o in
polycondensation of oligomeric chlorosilanes '*¢ and in the
synthesis of polyurethanes.*>126-130 An important factor
facilitating the cyclisation reaction is dilution of the system. It
was shown 127128 that as the molecular mass of oligomer
increases (and thus the concentration of reactive groups
decreases) the proportion of cyclisation in the polyurethane,
polydimethylsiloxane and polyester formation reactions con-
siderably increases and reaches 10% —12% at the gel point.
The shift of the gel point relative to the calculated value varied
from 0.03 to 0.12. However, the authors noted that rings are
mainly formed near the gel point owing to rapid increase in the
number of functional groups in each macromolecule.!?®

Theoretical analysis of the kinetics of linear polycondensa-
tion (reaction of the AA + BB type) showed '3!-132 that accu-
mulation of cyclic products begins at the very early stage of the
reaction, their yield reaches a limiting value determined by the
rate constant for cyclisation, but at the instant of reaction
completion the amount of cyclic products can be so large that
eventually the polymer will consist of cyclic fragments (how-
ever, this takes inifinite time). The MMD of the cyclic products
depends only slightly on the reaction kinetics and conditions.
Under almost any conditions the minimum-size rings are
mainly formed.

Essentially the same laws are characteristic of polyconden-
sation of ABg-type polyfunctional oligomers with
the functionalities f > 2, resulting in the formation of
branched polymers. In particular, polycondensation of
2,2'-bis(hydroxymethyl)propionic acid (AB»-type oligomer)
involves formation of ring-containing macromolecules as a
result of intramolecular reaction between the acid and
hydroxyl groups.!'3? The mole fraction of the ring-containing
macromolecules is virtually independent of the degree of
polymerisation, but appreciably increases with conversion. It

should be noted that cyclisation places a rather strong limi-
tation on the average degree of polymerisation P, , so the
parameter P, takes a finite value even at 100% conversion with
respect to the A groups. This was shown both experimen-
tally 133 taking hyperbranched polymers based on the AB»,
AB4 and ABg type siloxysilanes as examples and theoretically
by kinetic calculations and computer simulation.!3#135 A
comprehensive study 3% of polycondensation of AB, and ABy
type oligomers by the Monte Carlo (MC) method revealed that
at the limiting conversion all macromolecules contained rings,
of which more than 80% were the simplest rings. For these
oligomers the average degree of polymerisation of rings was
1.65 and 1.39, respectively.

Owing to formation of cyclic products in polycondensation
of oligomers capable of forming polymer networks the gel
point is considerably shifted towards higher conversions. For
instance, a kinetic MC simulation 3> of polycondensation of
tetracthylsiloxane showed that the critical conversion reaches a
value of 82% (c¢f. 33% as predicted by theory) and that
cyclisation mainly leads to formation of the smallest rings.
MC simulation of polycondensation of an equimolar mixture
of A, and Bj revealed a shifh of the gel point to 0.949
(e = 0.866 according to calculations).!3® At the moment of
reaction completion, a total of 28% of the —A — A — bonds
are included in cyclic structures. About 22% of macromole-
cules in the sol fraction contain cyclic structures, of which 5%
include two simple rings. A characteristic feature of the gel
fraction is a broad ring size distribution, which is described by a
non-monotonic function with a minimum corresponding to the
structure containing twenty-four A,-type units.

Thus, the formation of inefficient rings and their presence
in the polymer structure should not be ignored in studies of the
formation of network polymers.

IV. Gelation kinetics under addition
polymerisation conditions

As shown above, the probability of cyclisation or intrachain
cross-linking in the initial stage of three-dimensional polymer-
isation is high. The kinetic behaviour in further stages of the
process depends on the physicochemical characteristics,
namely, on the structure of oligomeric liquid, initial chain
length determined by the ratio of the rates of initiation, chain
propagation and chain termination reactions, the ratio of the
reactivities of pendant functional groups and groups in the
starting oligomer, solubility of the polymer in the medium, ezc.
A number of illustrative examples can be found in studies by
Korolev who conducted comprehensive investigations of rad-
ical three-dimensional polymerisation of oligoester acrylates
(see, e.g., Refs 7,40, 41, 137 and 138).

First of all, the case in point is the critical conversion, or the
gel point. According to Flory®’ and Stockmayer,!?® it is
determined by the second moments of the MMD. Their
method of gel point calculations is based on statistical
approach, which is inapplicable to polymerisation processes
(this has recently been established '>-83). Direct kinetic calcu-
lations were carried out.87-°1

The physical mechanism of gelation assumes that it is the
number of functional groups (and active centres) that is
responsible for the rate of chain propagation. Therefore, the
determining factor is the distribution of macromolecules
according to functionality. Analytical calculations of the
second moments of the distribution are almost impossible
even for the simplest kinetic scheme. As an example, Fig. 7
presents the results of numerical calculations. The curves of
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Figure 7. Kinetic curves of changes in the second moment of the
functionality distribution ®»(7) under instantaneous initiation.%”
Initiator concentration, 10—3 mol litre=': 20 (1), 5 (4), 1 (3), 0.5 (4),
0.1 (5).

changes in the second moment of the functionality distribution
Do5(1) (seeY) in the course of ‘living’ polymerisation under
instantaneous initiation in the absence of chain transfer
reactions have a specific shape,8” namely, in a very narrow
interval of conversion values the parameter @,>(¢) increases by
several orders of magnitude and tends to infinity. Because of
this, without introducing a large error the critical conversion
can be set to be equal to the intercept on the abscissa axis
obtained by asymptotically extending the log[®22(7)] — o curve.
This value is much smaller than that determined from the
number-average functionality.

This method was used in studies of various modifications of
three-dimensional polymerisation including ‘living’ polymer-
isation under instantaneous and slow initiation, processes
proceeding in the absence and presence of chain transfer
reactions and reactions with quadratic or linear chain termi-
nation.!3-87-91

According to calculations,®” at a given concentration of
active centres R the o, value is unambiguously given by the
initial value @,,(0) and is independent of the initial concen-
tration of functional groups

0‘3(1522(0) -1 (7)
R
The physical meaning of the quadratic dependence with
respect to the critical conversion is as follows. The formation of
a cross-link point requires at least two consecutive reactions
involving functional groups. The first reaction leads to incor-
poration of the polyfunctional oligomer into the polymer
chain; therefore, pendant functional groups X should appear.
The second reaction (interaction of groups X) results in the
formation of the cross-link point Z. In the case of bifunctional
oligomer M» one has

§ Strictly speaking, this is the difference between the second and first
moments,

Dy (1) = anR(n) — ZnR(n),

where R(n) is the concentration of n-functional chains.

do

E:kp(l—fx)R,
dM,
TszkpMzR,
dXx
EszpMzR_kpXRv
dz

— =k, XR

dr L
My M

doo 1—a’
M, X
do "1—a l—0o’
z X

do 1—a’

Z = Mo,

The concentrations of functional groups, cross-link points
and bifunctional oligomer are respectively denoted by X, Z
and M>.

The more complex the mechanism the more complicated
the dependences.!> 90-°1 Nevertheless, in all cases the parame-
ter @2>(0) plays the decisive role.

Usually, the calculated plots of «. vs. kinetic parameters
and @3,(0) exhibit two limiting portions corresponding to
small and large @,,(0) values. The expressions for estimating
the o, values are listed in Table 2.

According to kinetic data,!! the «. value is rather small.
Calculations® for a polyfunctional oligomer (slow
initiation, termination by recombination) with the
following kinetic parameters: k; = 10°—107 litre mol—' s—!,
kp = 102—103 litre mol—! s~1,  W; = 10—% mol litre~! s~ 1,
@>5(0) = 2Mo = 20 mol litre=! and f=2-4 predict o,
~10=4-10—5.

Clearly, measuring so low conversions may introduce large
errors. For ethylene glycol dimethacrylate,!4® the value
o = 0.029 lies beyond the error of determination and exceeds
the theoretical estimate by two orders of magnitude.

The method that provides the shift of a. towards higher
conversions seems to be the best for comparing the calculated
and experimental data. This can be done either by a decrease in
the weight-average functionality @®,>(0) by dilution of the
system with a monofunctional co-monomer or by shortening
the polymer chain length using sufficient amounts of chain
transfer agents or highly efficient inhibitors of radical poly-
merisation.

The last-named technique was employed in a study of
dimethacrylate triethylene glycol polymerisation initiated by
dicyclohexyl percarbonate in the presence of a large amount of
inhibitor (initiator : inhibitor mole ratio was equal to two).%%
Conversion was measured from contraction and the gel point
was determined from the yield point. A comparison with the
results obtained by other methods showed that the technique
used gives quite correct critical conversion value.!'#! For this
type of experiments, the relation for the calculations of o is as
follows:

 kyY
% T 2 My

The results obtained are listed in Table 3. It follows that in the
region of the longest growing polymer chains (at the lowest
concentrations of inhibitor Y) the calculated and experimental
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Table 2. Relations for critical conversion calculations.

Process type Small @5, Large @2, Criteria
‘Living’ poly- 5 5
D (] ;
merisation, %Py %%n ki > /Rdy
: R R ky
mnstantaneous
initiation
kx X, o ex X,
The same + Ole :O.Skx(po LRH: 1 by >< (CZZRO)
chain transfer P22 p
‘Living’ poly- 3 > 3 2
e ok, P ok, P k;
merisation, el a2 | 2 Ao\ /Rdy
o W, W, k
slow initiation P
kx X, ke, @3 kx Xo)?
The same + o. =0.5 qu)O %: 1 Dy >< (k)z(/ (;3
chain transfer P22 ! pti

Slow initiation 3 2

. L k(R ok, D3y VIW,
hain t a- =033~ Lol Py <
chain termina: Ol ke oy W 2 2

tion by recom- P
bination

Slow initiation,

. . kyY
linear chain a0 =05 T qf)Y 0 _
termination p=22
Substitution effect,
chain termina- O, = kWi kp1Z2 < ky
(. - _
tion by dispro- ka2 VW, ki

portionation

Notations: o, is the critical conversion; @55 is the second moment of the
functionality distribution (at # = 0); W; is the initiation rate; R, Y and X,
are the concentrations of initiator, inhibitor and chain transfer agent,
respectively; ki, kp, ki, kv, and kx are the rate constants for initiation,
chain propagation, quadratic and linear chain termination and chain
transfer, respectively; k1 and kp,» are the rate constants for propagation of
free and pendant double bonds in those cases where the reactivities of the
starting molecules containing two double bonds change upon a reaction
involving one of them.

critical conversion values differ by more than an order of
magnitude, but the differences decrease as the molecular mass
increases (Y increases).

This unambiguously indicates that the main reason for the
deviation of the experimental gel point from the calculated
value is the cyclisation reaction.

Taking copolymerisation of styrene with various dimetha-
crylates as examples, Wesslau 142143 showed that the proba-
bility of cyclisation increases with conversion and reaches the
limiting value at ~10%, being varied over a wide range from
0.11 to 0.63 depending on the molecular structure of the cross-
linking agent.

Cross-linking of a microgel unavoidably leads to v-syne-
resis, i.e., displacement of low-molecular-mass components of
the reaction system, oligomer and initiator from the microgel
particle.!#4~ 146 This process is self-accelerating in character,
that is, as the local concentration of the oligomer in the
microgel particle decreases, the probability of intrachain
cross-linking increases and correspondingly microsyneresis
enhances with an increase in the dentisy of cross-links. This is
accompanied by the gel effect, namely, the mobility of macro-
radicals in the network dramatically decreases, their lifetimes
increase and the length of the kinetic chain consisting of
pendant functional groups also increases. Thus, even at low

Table 3. Experimental and calculated o values for inhibited polymer-
isation of dimethacrylate triethylene glycol.®®

Inhibitor Ol
concentration /mol litre —!

experiment calculations

Inhibitor is trinitrotoluene,
key & 102 litre mol ! s—1, k3 = 350 litre mol —!s—!,
My = 4 mol litre—!

0.05 ~0.01 0.0018
0.1 0.06 0.0036
0.2 0.08 0.0071
0.5 0.11 0.0179
Inhibitor is benzoquinone,

key &~ 2% 103 litre mol ~' s~ !, kp, ~ 350 litre mol—' s~ 1,

Mo ~ 4 mol litre !

0.005 (4)2 0.065 0.0036
0.005 (2)2 0.055 0.0036
0.005 (1)@ 0.045 0.0036
0.01 0.085 0.0071
0.05 0.125 0.0357
0.1 0.135 0.0714

@ The polymerisation kinetics were determined by precision calorimetry;
figures in parentheses denote the initiation rates W; x 107 mol litre =! s~ 1.

conversions the reaction system has a highly heterogeneous
structure comprising microgel particles characterised by
almost limiting conversions in the unreacted oligomer.
Manifestation of the gel effect is illustrated in Fig. 8, which
presents the changes in the rate constants for bimolecular chain
termination and propagation in the course of photochemically
initiated polymerisation of diethylene glycol dimethacrylate at
40 °C.'7 The rate constant for chain termination decreases
from the very beginning of the process, whereas the rate

105k /litre mol — ! s—! a

100

10
1 I I I I
0 0.2 0.4 0.6 o
10~ 3k, /litre mol— ! s—! b
10.0 ~
10 - N
0.1 L 1 1 1
0 0.2 0.4 0.6 o

Figure 8. Changes in kinetic rate constants for chain termination & (a)
and propagation k, (b) reactions in the course of photopolymerisation of
diethylene glycol dimethacrylate. !4’
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constant for chain propagation remains unchanged up to
~50% conversion; at later stages of the process, both con-
stants decrease. Similar dependences were observed earlier by
Korolev and co-workers.*® who studied polymerisation in the
presence of initiators.

Having attained the conversion ’

1
T U-nz,
(P, is the number-average degree of polymerisation), all active
chains appeared react with the double bonds of microgel
particles. In this case, no new particles are formed and the
polymerisation occurs in the form of the the particle size
enlargement. The conversion inside particles reaches the limit-
ing value. In the deeper stages, the reaction mainly occurs in the
interfacial region rather than in the bulk of the microgel.
Indeed, a light scattering study '*® showed that, starting from
some instant, the number of particles slightly decreases while
the particle size considerably increased with conversion
(Fig. 9). This reaction stage corresponds to a plateau in the
plot of changes in the rate constant for chain termination (see
Fig. 8 a).

10=2r /nm a N
10
4 109
- 107
6 [
4 105
- 103
2 -
0 1 1 1
20 40 60 /min
10=2r /nm b N
10 11
- 107
6 -
- 105
2r 4103
o
O 1 1
10 20 ¢/min

Figure 9. Changes in the number (V) and size (r) of microgel particles in
the course of radical polymerisation of trioxyethylene glycol dimeth-
acrylate (a) and bis(triethylene glycol)phthalate dimethacrylate (b).!48

The radii of microgel particles can reach 102—103 nm
(macroscopic values compared to the size of macromolecules).
In other words, the condition M,, — oo is met. This situation is
typical of the post-gel region for all types of gelation processes.
Namely, as an infinite cluster is formed, the process is reduced
to an increase in its mass. Thus, the o value can be treated as
the gel point. From this point, almost the entire soluble
fraction of the system consists of the starting oligomer or, in
the case of copolymerisation, a monomer —oligomer mixture.
In the early stages of the process, the sol fraction contains the
B-polymer, that is, branched and often ring-containing macro-
molecules with deficiency in pendant double bonds.'4°

As the size of microgel particles increases, at a certain
conversion the volume fraction of the gel reaches a value
corresponding to the percolation threshold. For spherical
particles, this corresponds to a volume fraction of the particles
of 25%.130 Indeed, experiments 4° with water uptake showed
that interparticle contacts manifest themselves at a volume
concentration of ~30%. However, the system of unconnected
microgel particles undergoes deformations. The formation of
macrogel through the reaction between particles is only possi-
ble provided a close packing of the particles in the reaction
volume (packing density is ~52% for cubic lattice, 74% for
hexagonal lattice and ~65% for random distribution, see
Ref. 151); as a result, the system goes beyond the yield point.
Then, the modulus of elasticity of the polymeric system
increases exponentially (Fig. 10). The conversion correspond-
ing to the yield point of the system is the second gel point ¥ (0.2);
one has acx >oc1 >oc. Seemingly, it is this point that
corresponds to the start of the decrease in the rate constants
for chain propagation and termination (see Fig. 8).

103 |-

102 [

Modulus of elasticity /MPa

40 60 80
Conversion (%)

Figure 10. Changes in the modulus of elasticity in the course of radical
polymerisation of trioxyethylene glycol dimethacrylate.4?

Thus, radical polymerisation of oligoester acrylates results
in polymers with heterogeneous supramolecular structures.
But this mechanism is also typical of other processes,t e.g.,
radical copolymerisation of mono- and polyfunctional oligom-
ers.”> 134-156 A characteristic feature of this mechanism is the

€| The concept of two gel points was first introduced ' to describe the
curing of alkyd resins.

T Seemingly, the heterogeneous mechanism of three-dimensional polymer-
isation was first hypothesised >3 based on the results of light scattering
studies of copolymerisation of unsaturated polyesters with methacrylate.
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formation of a dilute solution of rather long chains in the initial
stage.

As the chain length decreases in the initial stage (or the
system is diluted with a monofunctional monomer),'*’ the two-
step process becomes a three-step one. For instance, a pulsed
NMR study 7 of high-temperature (110 °C) inhibited
(0.007 mass % of hydroquinone) polymerisation of trioxy-
ethylene glycol dimethacrylate revealed the formation of linear
or loosely cross-linked B-polymer in the very early stage
(conversion <0.04). This B-polymer is soluble or swellable in
the starting oligomer, it is characterised by the transverse
relaxation time 75, which is an order of magnitude shorter
than the relaxation time 75, characterising the oligomer
mobility restricted by the polymer formed. In turn, the time
T>a is an order of magnitude shorter than the transverse
relaxation time of the starting system 7' (Fig. 11 a). Even less
mobile elements, the phases ¢ and ¢’ (T>. and T'5.) correspond-
ing to highly cross-linked structures, are formed almost simul-
taneously. Information on the phase ratio is presented in
Fig. 11 5. The masses of the kinetic phases b and c increase
with time, whereas the phase ¢’ is initially accumulated and
then decreases until almost complete disappearance at o = 0.5.
Clearly, the last-mentioned phase consists of microgel
particles.

In 7> (ps) a

AN W o~

Time /min

Figure 11. Changes in transverse relaxation times (7%>) of phases (a) and
corresponding proton populations (p) (b) in the course of radical polymer-
isation of trioxyethylene glycol dimethacrylate.!'>’

Phase: a (1), b (2), ¢’ (3) and c (4) (see text).

The microheterogeneous nature manifests itself in that the
polymerisation kinetics in the conversion range from o) to o2
are described by the Avrami equation.'’® The essence of
analysis of phase transformations using the Avrami model is
as follows. The microheterogeneous scheme (reaction volume
consists of individual microreactors) assumes that the overall
rate of the process is determined by the sum of the contribu-
tions of particular reactions occurring in the dispersion
medium on the surface of particles and inside them

a(f) =1 —exp (—Zk,—td’),

where k; is the specific polymerisation rate in the ith zone and
1 < d; < 3. If the reaction occurs in a homogeneous medium,
than d = 1. For a heterogeneous reaction, one has d — 3 (by

analogy with crystallisation).¥ Variations of the parameter d
from 1 to 3 correspond to superposition of homogeneous
(bulk) and heterogeneous (near the interface) components of
the polymerisation process. The value d = 0 indicates reaction
completion.

Polymerisation begins and for some time (until o = ;)
occurs as a homogeneous process (d = 1, Fig. 12). At o = o,
an increase in the parameter d is observed. In this stage, the o
values vary between 1% and 4%. Despite the fact that
initiation occurs in the bulk, the reaction is localised within
the near-surface layers of microgel particles owing to gel effect
and microsyneresis. The larger the total volume of the near-
surface layer (i.e., the larger the surface area of the particles)
the higher the overall reaction rate. Correspondingly, the d
value gradually increases and approaches a value of 3 and
polymerisation develops as a frontal process and the reaction
in this regime continues up to o = o> . Having attained the o
value, particles ‘coagulate’ by cross-linking and the integral
surface and therefore the polymerisation rate decrease.

In[— In(1 — )]

—6 I I I L
0 1 2 3 In 7 (min)

Figure 12. Kinetic curves for radical polymerisation of trioxyethylene
glycol dimethacrylate in the Avrami equation coordinates.'>®
T/OC Oel Olc2

1 110 0.025 0.50
2 130 0.035 0.58
3 150 0.045 0.64

A scheme 4 of structural evolution in the course of curing
of reactive oligomers in different stages of the process in the
post-gel state is shown in Fig. 13. According to the scheme, the
reaction volume gradually decreases due to an increase in the
grain volume as follows

%lim

where oim is the limiting conversion. In the course of reaction
the grain surface area S increases. Assuming a constant
number of grains N, one has

2/3
5= (4nN)”3(3a>/ .

Llim

1 This relates the kinetics of three-dimensional radical polymerisation to
the crystal growth kinetics; the Avrami equation was derived to describe
the latter case.
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Figure 13. Evolution of the structure of reactive oligomers in different
stages of curing in the post-gel state.*?

Nucleation (a), grain growth (b), cross-linking (c), phase inversion (d);
polymer grains (/) and intergrain space (2).

.

As the grain surface area increases, the rate of the reaction in
the near-surface layer should increase, because the rate is
proportional to the grain surface area. The integral reaction
rate is determined by the contributions of the rates of the
reactions occurring in the intergrain space (W;) and in the
near-surface regions (W5),

o , 30 \3
) + W2(4nN)1/3L( ) S

lim lim

W= W1<L7

where L is the thickness of the near-surface layer.

Since the rates W; and W, increase, the overall polymer-
isation rate also increases, i.e., even after virtual completion of
polymer network formation in grains the curing develops as a
self-accelerating process.

However, grain growth leads to the appearance of inter-
grain contacts and coagulation. As a natural consequence, the
polymer grain surface area accessible to free oligomer
decreases. The W, value decreases. The character of the
changes in W), depends on many factors. In particular, for
radical polymerisation the reaction rate in the intergrain space
ata > o first of all depends on the mobility of radicals, which
in turn depends on the chemical nature of oligomeric blocks
responsible for flexibility of the radicals, on the oligomer
functionality, on plasticisers, ezc. Generally, the contribution
of the decrease in W, to the integral polymerisation rate
predominates over the contribution of the changes in Wi;
therefore, the parameter W decreases and self-accelerating
curing turns into a self-retarding process.

The parameter o is related to the limiting degree of
polymerisation as follows:

Oc2 = YOim »

where v is the grain volume fraction at the start of coagulation.
The y estimate obtained assuming spherical grains of the same
size is 0.65.40 The final expression for the polymerisation rate
has the form

% \23
W:W2(4nN)1/3L<1——) .

Olim

The results obtained with allowance for the volume-to-
surface-area ratio for spherical particles and for the change in
the particle radius r in the course of polymerisation are as
follows.

Assume that the sites of a cubic lattice (lattice constant is
2r¢) are occupied by spherical grains. At r < rg, they grow
independently from one another; the conversion and the rate of

chain propagation being proportional to the volume and the
surface area of spheres, respectively. If

r
x=—>1,
ro

the volume V' and the surface area S grow only towards ‘free’
space, i.e., the volume and surface area of hypothetical spheres
decrease respectively by

h
AV = 2( 5 -2
V =mnh (l 3),

and
AS = 2nrh,

where i = r—ro is the height of a spherical segment.
At x < 1 (assuming ogim = 1), one gets

b1
oc:gx3, W= x>

At1 < x < 1.5, one gets

T

712

<73 +9x7 — 4x3), W= x(3 - 2x).

The W(x) plot shown in Fig. 14 is in agreement with the
experimental data.*0

W /mol litre —! min—!
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Figure 14. Kinetic curves for radical polymerisation of diethylene glycol
dimethacrylate (/) and butanediol dimethacrylate (2)4° and results of
calculations (3 in arb. units).

Clearly, the polymerisation rate depends on the mobility of
the reacting components, which in turn depends on the
oligomer functionality, flexibility of oligomeric blocks, pres-
ence of plasticiser in the reaction volume (it enhances the
rotational and translational mobilities of the interacting mol-
ecules). This is of particular importance and should be taken
into account when analysing the curing in the intergrain space.

Numerous experimental kinetic curves for curing of oli-
goester acrylates with different length and flexibility of oligo-
meric blocks were reported in a monograph.*® Analysis of these
curves showed that the longer the block and the larger the
number of swinging atoms in the block the more flexible the
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block and the higher the oligomer reactivity in late stages of
curing. This manifests itself, in particular, in an increase in the
integral values o> and oim with elongation of the oligomer
block in various homologous series of oligoester acrylates.

EPR studies #1- 169161 of polymerisation of oligoester acryl-
ates revealed inhomogeneity of the intergrain space. It consists
of several microscopic volume elements where the process
occurs locally. The structures thus formed are characterised
by different degrees of cross-linking, cyclisation and connec-
tivity of cross-link points. Correspondingly, each microscopic
volume element owing to different mobility of elements of its
own structure is characterised by a local glass transition
temperature 7 ;. ‘Freezing’ of mobility due to glass transition
is yet another important factor determining the polymerisation
kinetics in deep stages of the process and the final structure
and, therefore, the properties of the polymer networks.

The properties of styrene—trioxyethylene glycol dimetha-
crylate copolymers (1 : 1 molar ratio) prepared by conventional
procedure and by ‘living’ polymerisation (initiators: benzoyl
peroxide, 0.03 mol litre=! and 2,2,6,6-tetramethylpiperidin-
1-oxyl, 0.036 mol litre—!') were compared.'®> The polymers
prepared by ‘living’ copolymerisation were characterised by
much smaller grain size.

To understand the reasons for this fact, it is appropriate to
consider the key features of the mechanism of radical ‘living’
polymerisation. 163167

Usually, the process is conducted in the presence of a
reactant that can reversibly interact with radicals in such a
manner that the steady-state concentration of radicals
decreases by several orders of magnitude. As a consequence,
the rate of quadratic chain termination becomes negligible.

According to calculations '%* (Fig. 15), the most part of the
initiator manages to react during the time interval that is
insufficiently long for conversion to reach one hundredth of a
per cent. Correspondingly, the concentration of radicals
(mainly ‘dormant’ ones) almost equals the initial concentration
of the initiator (0.04 mol litre~! according to Ref. 167). For
this low conversion, the chain is a few repeating units long.
According to Korolev’s estimate for conventional polymer-
isation,” the concentration of chainsis 10=°—10~7 mol litre !
at a polymerisation degree of the order of 103—10* units. In
addition, since the kinetics of ‘living’ polymerisation is not
determined by quadratic chain termination, the gel effect is not
observed.!40-168 It is this distinction between the two regimes

log (1 —a), log ¢ (mol litre ")

102 10%

Time /s

Figure 15. Changes in the component concentrations in the course of
‘living’ radical polymerisation.'%4
Conversion (/), initiator (2), active radicals (3) and ‘dormant’ radicals (4).
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Figure 16. Yield of gel fraction in the case of conventional («) and ‘living’
(b) copolymerisation of styrene with 4,4'-divinyldiphenyl.!4!
Concentration of 4,4-divinyldiphenyl, mole fraction: 0.01 (/); 0.016 (2);
0.02 (3); microgel (4,5).

that is responsible for different pattern of formation of the
polymer structures (Fig. 16). At the same time from the data
listed in Table 4 it follows that cyclisation does occur, that is,
the calculated critical conversion is lower than the experimen-
tally determined one; the lower the concentration of the
bifunctional co-monomer the larger the difference.

Table 4. Experimental and calculated o, values for ‘living’ copolymerisa-
tion of styrene with divinylbenzene. 4!

Initiator Divinylbenzene Ole

concentration 2 concentration

/mmol litre —! (mole fraction) experiment calculations

34 0.005 0.90 0.58
0.0075 0.80 0.47
0.009 0.65 0.43
0.01 0.55 0.41
0.015 0.48 0.33
0.02 0.42 0.29
0.025 0.375 0.26
0.03 0.325 0.22
0.04 0.26 0.20

23 0.01 0.41 0.34
0.015 0.35 0.27

9.9 0.01 0.26 0.22
0.015 0.23 0.18

6.1 0.01 0.175 0.17
0.015 0.16 0.14

4 PS-TMOPO, an adduct of low-molecular-mass polystyrene with a stable
radical 2,2,6,6-tetramethylpiperidyl-1-oxyl.

Cyclisation in the case of ionic polymerisation is also
possible.'9%-170° A study !'"! of polymerisation of diglycidyl
diphenylolpropane ether in the presence of dimethylbenzyl-
amine (0.25 mol litre ') revealed a noticeable shift of the
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experimentally determined gel point from the calculated value
(Table 5). It is noteworthy that, first, the experimentally
determined and calculated critical conversions differ by a
factor of four to nine rather than a few orders of magnitude,
as in the case of radical polymerisation and, second, the
calculated values are reasonably large. This is due to intense
chain termination. Therefore, the number-average degree of
polymerisation in the initial stage of three-dimensional poly-
merisation'”! and in the case of linear analogue (phenyl-
glycidyl ester) 172 is at most ten repeating units.

Table 5. Experimental and calculated o. values for polymerisation of
diglycidyl diphenylolpropane ether in the presence of dimethylbenzyl-
amine.!”!

T/°C Ole
experiment calculations
40 0.38 0.10
50 0.43 0.09
60 0.47 0.09
70 0.61 0.07

A scheme of polymerisation is presented below:
appearance of active centre owing to protonation of
catalyst A

A+H — R,
initiation

Ro+M — Ry,
chain propagation

Ri+M — Ri+1,
chain termination

R, — P;+ A + H.

Despite a common pattern of the initial phase of polymer-
isation (cyclisation reaction), radical polymerisation and ionic
polymerisation develop in different fashions. The kinetics of
anionic polymerisation of diglycidyl diphenylolpropane ether
in the presence of dimethylbenzylamine is satisfactorily
described by the reaction scheme shown above up to the
retardation stage caused the glass transition of the system
(Fig. 17).'7! In this case cyclisation does not result in the
formation of highly cross-linked microgel particles (no gel
effect). The authors of a dielectric spectroscopy study '73
concluded that the reaction involves the stage of microgel
formation. However, the onset of dipole conduction detected
in that work is most probably due to the formation of a
polyester (polymer with dipoles aligned to the backbone or,
according to Stockmayer,!”# type A polymer with respect to
dielectric properties) as final product of polymerisation.

Thus, the data listed above confirm that the gel effect is a
necessary condition for the microgel mechanism of three-
dimensional polymerisation. As to ionic polymerisation, the
formation of microgel is only possible in highly dilute solutions
(see Fig. 6).

Indeed, cyclisation is rather intense in the case of polymer-
isation of diallyl oligomers. However, no microgel formation in
these processes was observed in the absence of the gel
effect.!75-176 Similar results were obtained in a study'”” of
block polymerisation of neopentyl glycol dimethacrylate in the
presence of large amount (up to 20%) of laurylmercaptan

Conversion

1.0 -

0.6

0.2

200 600

Time /min

Figure 17. Kinetic curves for polymerisation of diglycidyl diphenylol-
propane ether.!7!

Open circles denote the results of calculations and solid curves denote
experimental data. 7/°C: 20 (1), 40 (2), 50 (3), 70 (4) and 100 (5); with
dimethylbenzylamine (0.25 mol litre —!) as catalyst.

(chain transfer agent). The experimental and calculated values
of the critical conversion differed by an order of magnitude,
but owing to the low molecular mass (P,, varied from 47 to 142)
the gel effect was not observed and no microgel formation was
detected. A study !7® of copolymerisation of allyl methacrylate
with alkyl methacrylates (methyl, butyl, lauryl and steryl
methacrylate; 50 : 50 ratio) accompanied by intense intramo-
lecular cross-linking (experimentally measured critical conver-
sions exceeds the calculated values by two orders of magnitude)
also revealed no gel effect and, correspondingly, no microgel
formation.

The microgel character of the process in the absence of gel
effect was found in studies of catalytic copolymerisation of
octamethylcyclotetrasiloxane and 2,2',4,4',6,6'-hexamethyl-
8,8/,10,10’-tetraphenylspiro(7,5)hexasiloxane.!”  However,
in this case the phenomenon has another nature. Indeed, it
was established that consumption of cyclosiloxane in the
presence of spirosiloxane shows an induction period and that
the higher the spirosiloxane concentration the longer the
induction period. During the induction period the spiro-
siloxane is consumed almost completely and forms highly
cross-linked  particles owing to low concentration
(1 mol % —5 mol %). Then cyclosiloxane enters the reaction.
Thus, the reason why the process proceeds by the microgel
mechanism consists in dramatic difference between the copoly-
merisation constants.

V. Gelation kinetics under polycondensation
conditions

Unlike addition polymerisation, chain growth in polyconden-
sation occurs gradually, being accompanied by a decrease in
the chain concentration; this creates unfavourable conditions
for cyclisation in the early stages of the process. However, at
sufficiently high conversions gelation does occur and therefore
the possibility of intrachain cross-linking in the pre-gel state is
topical.!l- 122
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A trivial reason for the shift of the gel point towards higher
conversions consists in deviation of the oligomer functionality
from theoretical value,® because the critical conditions are
determined by the weight-average functionality.

First, the purity of reactants used is usually less than 100%.
For instance, a fraction of bifunctional epoxy oligomer mole-
cules contain terminal hydroxyl groups (Tables 6 and 7). As
can be seen, an increase in the molecular mass causes not only
broadening of the MMD of the oligomers, but also a decrease
in functionality with respect to epoxy groups and an increase in
the proportion of hydroxyl-terminated branched molecules.

Table 6. Characteristics of selected epoxy oligomers.>

Oligomer M, MM, Epoxy groups Hydroxy groups
fn number fn number
(see®) of groups (see?®) of groups
DER-322 340 1.00 1.96 1-2 0.03 0-2
ED-22 380 1.05 1.92 1-2 0.25 0-3
EPO-128 380 1.05 1.96 0-2 0.27 0-3
ED-20 410 1.08 1.92 0-2 0.36 0-4
ED-5 410  1.09 1.85 0-2 0.65 0-5
ED-16 600 1.25 1.90 0-2 1.02 0-6
ED-8 1000 1.33 1.90 0-2 1.20 0-10

4 Number-averaged functionality.

Table 7. Fractional composition of selected epoxy oligomers. 80

Oligomer M, Mass percentage of fractions with n?

0 1 2-3 4 4-6 7-10 11
DER-322 340  1.000 <0.01 — — — - —
ED-24 380 0914 0.076 — - — — —
ED-16 472 0.492  0.300 0.179 0.029 — - —
ED-8 877 0.151 0.160 0.295 — 0.192 0.138 0.064

@ General formula
HZC\—/CHCHzO[A,,][C(,H4CMez]C6H4OCH2C{{ —/ CH,,

A = [CsH4CMeCsH4OCH,CH(OH)CH-O].

Second, the equivalent ratio of functional groups may
change during the preparation of reaction mixtures.

The critical conversion also depends on the reactivity of
functional groups including the substitution effect. Note that
reactions with substitution effect can fundamentally change
their kinetic type. For instance, polycondensation for a num-
ber of aromatic polyamides, polyesters and polyethers with the
substitution effect can occur as a polymerisation process in
which the growing terminal functional group becomes the most
reactive owing to the resonance or inductive effect of other
groups.!8! This can also be achieved by selective transfer of
catalyst to the terminal functional group and by controlled
monomer transfer from the solid to liquid phase in which the
reaction occurs. '8!

Taking the urethane formation reaction as an example, it
was shown 182183 that o. depends on the temperature and
concentration of catalyst (parameters that immediately affect
the system of donor-acceptor equilibria and the rate con-
stants). As the concentration, ccay, of the catalyst (tin dibutyl-

Table 8. Dependence of gelation conditions on catalyst concentration at
60 °C.183

10% ¢cat /mol litre = ! Ol Gel yield
0 — 0

0.34 0.97 0.52
0.56 0.95 0.68
0.72 0.94 0.79

1.13 0.93 0.81
2.61 0.92 0.85

laurate) increases, the critical conversion decreases and reaches
a calculated value of o = 0.92 at cear & 3 x 10—% mol litre—!
assuming equal reactivities of functional groups (Table 8).
Noteworthy is that no gelation occurs in the absence of
catalyst.

The shift of o towards higher conversions can be due to an
increase in the k»/k; ratio at different initial reactivities of
functional groups (Fig. 18) or negative substitution effect
(Fig. 19).

0 0.2 0.4 0.6

¢ (mass fraction)

Figure 18. Gel point magnitude vs. concentration of trifunctional agent
for stepwise polymerisation A, + A3+ B at different rate constants.
ka/ky = 0.01(1),0.1(2),0.3(3),1(4), 10 (5).

In the former case the reaction scheme is as follows:

ki
A3 +B — A3B,
k-
As+B —> AsB,
where Aj is triol, A» is oligodiol and B is diisocyanate.
In the second case one has
ki
A3 +B —> A3B,
k
AsB + B 42> AsB;,
k'}
A;B, + B —> A3Bs,
ky
A, + B — A3B.

If the catalyst affects the system of donor-acceptor equi-
libria and(or) the rate constants, one should expect that
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0 0.2 0.4 0.6 ¢ (mass fraction)

Figure 19. Gel point magnitude vs. concentration of trifunctional agent
for stepwise polymerisation A, + Az + B at negative substitution effect.
kafk1 = 10 (1), 5 (2), 1 (3), 0.5 (4), 0.1 (5).

temperature variations will have a similar effect. Indeed, the
temperature dependence of ac (ccag = 2.6 x 10~4 mol litre~ 1) is
as follows:!83

T/°C 30 40 50 60 70 80
Ol - 0.95 093 092 0.91 0.90

As temperature decreases, the gel point shifts to the right on
the conversion axis; otherwise, it shifts to the left, i.e., gelation
occurs at a lower conversion compared to the theoretical
predictions made assuming equal reactivities of hydroxyl
groups.

Thus, the effect observed seems to be quite understandable
from the kinetic standpoint. The data on the shift of the gel
point in polycondensation of epoxy oligomers can be inter-
preted in similar fashion. Namely, in curing of amines the
substitution effect (ratio of the rate constants for the reactions
of the secondary and primary amino groups, k»/k, varies from
0.42t0 0.7, whereas for the shift Ao, one has Ao, ~ 0.1—0.2; see
Ref. 184).

Usually, gel point calculations are carried out using the
probabilistic approach !'! that dates back to Flory.?> Kucha-
nov® was the first who pointed that this approach gives
incorrect results when the substitution effect is included.
There is also a universal computational method based on the
bond block concept.!>-185-192° The key features of this
approach are as follows.

A bond block is a relatively small fragment of the entire
topological structure of a given polymer. It is represented by a
connected graph G whose edges and vertices correspond to
chemical bonds and units connected by these bonds.'? A
complete set of concentrations of all blocks y(G') unambigu-
ously characterises the composition and topological structure
of the polymeric system. In this sense the parameter y(G) is
similar to the MMD of a linear polymer. It should be
emphasised that the bonds formed in the course of polymer
network formation are also taken into account. Correspond-
ingly, the reacting polyfunctional oligomers play the role of
cross-link points and bifunctional oligomers act as network
chains. Owing to combination of the kinetic and probabilistic
methods the approach based on the bond block concept offers

the possibility of exact solution to the problem of polyconden-
sation kinetics with the substitution effect (including structural
analysis of polymer networks).

The kinetic equations describing the formation of bond
blocks can be divided into closed groups, each corresponding
to relatively small blocks. Because the systems are small, direct
solution of differential equations is straightforward even with
the substitution effect. Larger blocks and corresponding chains
are assembled from smaller fragments obtained by the kinetic
method using probabilistic calculations. This is possible if the
reactions responsible for assembling occur with no substitution
effect.

Let usillustrate this approach using a model example of the
reaction of a bifunctional epoxy oligomer with a diamine.
Following a known algorithm,!86-191.192 it is assumed that
diamine units form cross-link points of the polymer network
while the epoxy oligomer forms chain fragments connecting
the cross-link points. The reaction of primary amino groups
with epoxy groups results in secondary amino groups. But the
reactivities of these amines are different.'8* The polymer net-
work structure is determined by the concentration of cross-link
points of different functionality A;, where i is the functionality.
It is these structural elements that represent the bond blocks
whose concentrations should in this case be calculated by
solving the corresponding kinetic equations. The functionality
of a cross-link point is characterised by the number of
oligomeric fragments added to it; the relative concentration
of cross-link points a; = A;/A¢ (Ao is the initial concentration
of amine) changes during the reaction. Since the reactivity of
epoxy groups is assumed to be constant in the course of
reaction, the structure of the polymer network can be calcu-
lated using the probabilistic approach and the cross-link point
concentrations determined from kinetic calculations.

The critical conversion with respect to epoxy groups is
defined '°1- 192 as solution to the equation

ay (i—Dny =1, ®)
where n; = iA;/> " iA; is the fraction of cross-link points A;.

Formally, Eqn (8) has the same form as the critical
condition in the case of f~functional polycondensation

O‘c(f:v - 1) =1

but the difference consists in that the weight-average function-
ality

J[_w:Zf”i

changes in the course of the process, being a function of
conversion rather than the characteristic of the initial system.

The curves in Figs 18 and 19 were plotted using the
approach considered above.

Numerous data indicating a shift of the gel point towards
low conversions were reported by Andrianov and Emel’ya-
nov,'?2-193 who studied polycondensation of tetrafunctional
oligomeric ester acids with various alcohols and diamines
(Table 9).

It is noteworthy that the smaller the molecular masses of
the reactants the larger the shift of the gel point. At the same
time most oligomers have symmetric structures and functional
groups are sufficiently distant from one another; this excludes
the possibility of a reaction or substitution effect. Thus, the
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Table 9. Dependence of gelation conditions on the nature of reactants.!?3

Reactants o (calculations) Reaction e
A4+ B, 0.575 I + HO(CH,),OH 0.20
I + HO(CH,),OH 0.25
1 + HO(CH>CH,0),OH 0.27
I + HO(CH,CH,0);0H 0.33
1 + HO(CH,>CH,0);0H 0.35
I + HO(CH,CH,0),0H 0.44
1 + HO(CH,CH,0),OH® 0.54
A4+Bs 0.575 C[CH,OC(O)(CH,),COOH]4 + IT  0.21
C[CH,OC(O)(CH2)4COOH]4 + IT  0.40
C[CH,OC(O)(CH»)sCOOH]4 + IT  0.46
C[CH,OC(0O)(CH2)4COOH]4 + IIT  0.40
C[CH,OC(O)(CH»)sCOOH]4 + IIT  0.45
A4+ B; 0.414 C[CH,0OC(0O)(CH2),COOH]4 + IV 0.35
C[CH,0OC(0)(CH»)4COOH]4 + 0.36
C[CH>OC(O)(CH,)sCOOH]4 + IV 0.40
C[CH,0OC(0)(CH»)4COOH]4 + 0.21
C[CH>OC(O)(CH»)sCOOH]4 + V 0.39
As+By 0.333 C[CH,OC(0)(CH»)»COOH]4 + VI  0.20
C[CH20C(O)(CH2)4COOH]4 + VI 0.23
C[CH,OC(O)(CH»)sCOOH]4 + VI  0.24

Notations: I is C[CH>OC(O)(CH>)4COOH].4, II is O[SiMe,CH,OCH>.
.CH-OH],, II is O[SiMe;CH,NHPh],, IV is PhSi[OSiMe;CH,OCH, .
.CH,OH]Js, V is EtSi[OSiMe-CH>OCH>CH,OH];, VI — Si[OSiMe,.
.CH>OCH>CH,OH]4. #Molecular mass 600. °Molecular mass 1000.

observed behaviour seems to have a structural rather than
kinetic nature.

As mentioned above, aggregates formed as a result of
strong intermolecular interaction including those formed in
epoxy oligomers do exist. The structural characteristics of a
number of epoxy oligomers are listed in Table 10.

Similarly to the urethane formation reaction, the reactions
of epoxy groups lead to formation of other (e.g., hydroxyl)
groups that assist strengthening of intermolecular interactions;
as a result, a glass transition of the system can occur. Polymer
coils and aggregates in the starting system are similar in size
(see Table 10), which indicates their ‘genetic’ relation.

In his monograph Khozin reported 4> the dependences of
the aggregate size and density of epoxy oligomer ED-20 on the
sonication duration.

Treatment duration /min 0 15 30 45 60

Aggregate size /um 0.05 0.15 0.98 0.62  0.01
Density /kg m—3 1163.1 1165.3 1169.9 1166.7 1162.8
Vibroacoustic treatment causes rearrangement of the aggre-
gate structure in liquid oligomer. The pattern of structural
changes is complicated. Initially, the effective aggregate size
and density of molecular packing increase but then decrease

upon attainment of a particular intensity of vibroacoustic
treatment. The extremal character of the dependence was
logically explained by structural ordering in the early stage
(formation of regular aggregates is facilitated) and subsequent
disintegration of aggregates and structural disordering under
the action of excess energy upon attainment of a certain energy
limit, which depends on the chemical structure, molecular mass
of oligomer and the treatment temperature.

Comparison of these data obtained for the starting systems
with the characteristics of the cured polymers reveals an
excellent correlation, that is, the aggregate size and density of
the starting systems change in parallel with the glass transition
temperature, formation of sol fraction, compression strength
and flexural strength of polyepoxides. Although this is an
indirect proof, this is a strong argument in favour of fixation of
ordered structural fragments formed in the liquid system under
polycondensation conditions.

At the same time numerous data give reasonable doubt of
the determining role of microgel mechanism under polycon-
densation conditions. Indeed, in most cases the kinetics of both
urethane formation reaction** 182183 and polycondensation of
epoxy oligomers >!-32- 194197 in the whole range of conversions
obey the laws that follow from chemical considerations. More-
over, direct measurements of the content of polycondensation
products of diglycidyl diphenylolpropane ether and 4,4'-dia-
mino-3,3'-dichlorodiphenylmethane by gel permeation chro-
matography showed *° that the changes in their concentrations
are described by statistical laws up to the gel point (Fig. 20).
Analysis of the kinetics of urethane formation using the
Avrami equation **#5> showed that in all cases the exponent is
almost equal to unity, i.e., the microheterogeneous mechanism
can be ruled out.

In this connection the method of kinetic analysis in terms of
the Avrami equation deserves attention. It was proved '8 that
for any self-accelerating process described in the coordinates of
the Avrami equation the exponent will be greater than unity.
Radical polymerisation is often accompanied by self-acceler-
ation due to the gel effect; therefore, the fact that d > 1 does
not necessarily indicate a microheterogeneous character of the
process.

Dynamic light scattering '° and broadband dielectric spec-
troscopy 200203 studies revealed that curing of epoxy oligom-
ers with amines is accompanied by formation of clusters that
are similar to the theoretically predicted dynamic heteroge-
neous structures 204-207 observed in supercooled liquids (see
Refs 208 —211). Thus, there are no grounds to believe that
‘microheterogeneity’ in the case of radical polymerisation and
in polycondensation has the same sense.

A glass transition of the system is a natural reason for the
chemical reaction to cease. Figure 21 presents the relaxation
state diagram (7T7T-diagram, Temperature, Time of Reaction,
Time of Relaxation) proposed by Gillham 2!? and modified in
more recent studies 193213 where the need of allowance for the

Table 10. Structural characteristics of epoxy oligomers obtained by light scattering (LS) and electron microscopy (EM).4?

Oligomer Mean size Volume fraction Number of molecules Mean size Volume fraction
of associate /nm of associates in associate of globules /nm of globules
LS EM LS EM

ED-20 10 20 0.1 0.09 7.3%x 103 20 0.45

ED-16 10 — 0.25 — 5.8x 103 — —

ED-8 - 150 - 0.1 1.3x 10° 90 0.12

ED-49 — 120 — 0.32 2.3x10° 90 0.2
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Figure 20. Changes in component concentrations in the course of curing
of diglycidyl diphenylolpropane ether (E) with 4,4'-diamino-3,3'-di-
chlorodiphenylmethane (A).>°

Points denote experimental data and solid curves denote the results of
calculations. The components: E+ A (1), EA (2), E2A +EA; (3),
STEA;i+j>3(4).
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Figure 21. Relaxation state diagram.
Low-molecular-mass liquid (regions I + Ia), elastic network (regions
II + IIa), low-molecular-mass glass (IIT) and glassy network (IV). The
T. curve confiines the glassy state region. The 7 curve confines the
existence region (Ia and Ila) of a labile network of physical bonds; oim
denotes the limiting conversion curve.

labile network of physical bonds (curve T, regions Ia and Ila)
was pointed.

The glass transition temperature (7 curve) increases with
conversion and, if the curing temperature is below the limiting
value of T, conversion is limited to aiim, . It is noteworthy that
the oyim value is somewhat higher than the conversion corre-
sponding to the glass transition temperature.?!4~216 There are
two possible reasons. First, the glass transition is a relaxation
process;?%® the reaction rate decreases as the system goes
throughout the glass transition. Second, the glass transition
temperature is an averaged characteristic; real systems are
characterised by more or less broad distributions over struc-
tural fragments and, correspondingly, over local T, values. An
additional conversion can be attained due to occurrence of the
reaction in the regions characterised by lower 7, where the

reactant mobilities remain sufficiently high. In principle, the
aforesaid can be applied not only to stepwise, but also addition
polymerisation; the difference is that in the latter case one
should consider the local rather than overall conversion.

VI. Conclusion

The fundamentals of the kinetics of formation of network
polymers from reactive oligomers were laid more than three
decades ago. Soviet researchers including Andrianov, Baturin,
Al Berlin, A Berlin, Enikolopov, Korolev, Kuchanov, Lipatov,
Lipatova, Rosenberg, Khozin, Entelis and other contributed
largely to the development in this field and since then research
has been incessant. Although the state of the art in chemical
physics of oligomeric systems is, unfortunately, far from being
suitable for making reliable, highly predictive quantitative
calculations of all relationships between the molecular, supra-
molecular, topological and phase structures of oligomers and
various dynamic and static characteristics in the uncured and
cured states, a number of approaches were proposed to
formulation of the problems that are, according to Lipatov,
‘still unsolved and still not being solved’.?!”

One of these approaches involves investigations of the
supramolecular structure of oligomeric liquids and their effect
on the kinetics of formation and on the structure of polymer
networks. Despite some advances in the field (we dwelled on
them in this review) no direct proofs of the kinetic role of
oligomeric aggregates have been reported so far. In addition,
versatility of microheterogeneous character of polymer net-
work formation is still debatable. We believe that we succeeded
in revealing the reactions and systems in which these processes
are possible and impossible.

A number of problems related to design of composite
materials 2!® were solved using the assumptions that liquid
oligomeric systems consist of isotropic and anisotropic aggre-
gates in the medium of ‘non-organised’ molecules 810 and that
the supramolecular structure of oligomers can be ‘inherited’ in
the course of curing.*> Moreover, these assumptions are now
used in studies of biologically active oligomeric systems,?!?~221
which allows one to hope that the problems in this field will
soon change their status from ‘still not being solved’ to ‘still
unsolved’.
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