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I, INTRODUCTION

The problem of the influence of the chemical structure
of monomers on the course of polycondensation processes
involving the synthesis of macromolecules and the struc-
ture of the resulting polymers has long been the subject of
vigorous thorough research. Nevertheless, despite the
advances achieved and the considerable number of pub-
lished studies, there are still phenomena and relations in
this field of the chemistry of macromolecular compounds
whose nature is not clear. This is quite understandable
bearing in mind that the problems of the structural and
chemical relations embraces a wide range of processes,
phenomena, and objects.

In the analysis of the structural and chemical aspects
of polycondensation, it is possible to isolate two funda-
mental problems: (1) the influence of the chemical struc-
ture of the monomers on the reactivity of the functional
groups and on the course of polycondensation; (2) the
influence of the chemical structure of the monomers on
the structure of the resulting macromolecules, their
ability to form ordered structures, and ultimately the
properties of the polymers.

Copolycondensation processes are still more complex,
since, apart from the factors indicated above, the influ-
ence of the reactivity of the monomers on the microstruc-
ture of the resulting macromolecules and the influence of
the microstructure of the chains of copolymers on their
ability to crystallise and other properties also play a
significant role,

A complete description of the structural and chemical
aspects of polycondensation involves such extensive data
that in the present review we shall deal only with problems
of polycondensation with participation of asymmetric
monomers and monomers containing bulky substituents.
Polymers with interesting structures, having a set of
valuable physicochemical properties, have been obtained
on the basis of these monomers. Part of the review is
devoted to the problem of the influence of the reactivity
of the functional groups of monomers on the course of
joint polycondensation processes and the microstructure
of polymer chains, which makes it possible to relate the
physicochemical properties of polymers to the micro-
structure of their macromolecules.

II. THE STERIC STRUCTURE OF POLYCONDENSATION
POLYMERS

A characteristic feature of the majority of polymers
obtained by polycondensation methods is the symmetrical
structure of the monomers employed; the stereoregularity
of the structure has therefore not been investigated for a
long time, However, as in the synthesis of polymers by
polymerisation methods, one can foresee the possibility
of the synthesis of stereoregular polymers by polycon-
densation methods. The principal essential condition for
this purpose is known to be the use of monomers capable
of forming asymmetric units. Thus the employment of
optically active monomers makes it possible to synthesise
polymers with a sterically regular alternation of frag-
ments., The use of monomers containing carbon atoms
with two different and two identical substituents yields
atactic polymers, The polyarylates obtained from phenol-
phthalein and different dicarboxylic acids are an example
of polymers of this type!~?. The following schematic
formula illustrates the structure of an atactic polyarylate
of this kind:
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According to Korshak and coworkers 87'¢, when ring-
substituted bisphenols are used, polymers having various
crystallographic forms are produced under the conditions
of acceptor-catalytic polyesterification, depending on the
nature of the solvent and the tertiary amine. The poly-
arylate obtained from 2,2-di-(3-chloro-4-hydroxyphenyl)-
propane and terephthalic acid in the presence of pyridine
is crystalline and gives rise to narrow NQR signals. This
was the first stereoregular polymer of this type obtained
by polycondensation. The use of the dichlorides of iso-
phthalic and 1,1"-oxybisbenzene-4,4’-dicarboxylic acid
instead of the dichloride of terephthalic acid leads to a
decreased degree of crystallinity of the polymers and a
consequent improvement of their solubility. A general
feature has been observed for all the acid dichlorides
employed—the precipitation of the polymer from the

reaction mixture (dioxan, dichloroethane, acetone, and
nitrobenzene) during synthesis promotes the formation of
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polyarylates with a high degree of crystallinity (stereo-
regularity) compared with the polymers which remain in
solution, Korshak and coworkers established that a
decrease of the distance between the carbonyl groups in
the acid fragment has a favourable influence on the crys-
tallisability of the polymers, which is apparently asso-
ciated with the increased regularity of the macromolecular
structure,

Korshak!~* postulates that polymers with a regular
structure and without defects (anomalous fragments) in
their macromolecules should have more close-packed
chains, should crystallise more readily, and should
possess more effective mechanical and physical properties
than polymers with a non-regular structure. This is to
some extent confirmed by data concerning the dependence
of the melting points of the copolymers on the amount of
the second monomer introduced into the copolymer. If the
treatment is confined to a consideration of those copoly-
mers which contain only smallamounts of the second
monomer, then the melting point is found to decrease with
increasing content of the second monomer, i.e, the
monomer which increases the number of anomalous
fragments inthe polymer chain,

Chemical defects in macromolecules are also an
important factor determining the ability of polymers to
crystallise. The greater the number of defects, the
greater the irregularity of the macromolecules, and the
smaller the capacity of the polymer for crystallisation,
other conditions being equal.

The influence of the chemical structure of the initial
monomers on the ability of polycondensation polymers to
crystallise is manifested in many instances. This phen-
omenon can be illustrated in a particularly interesting
manner in relation to cardo-polyarylates. A large
number of cardo-polyarylates, containing cardo-groups
such as the phthalide, phthalimidine, fluorene, anthrone,
cyclohexane, norbornane, and other groups, have been
synthesised by polycondensation!~3?, Cardo-polyarylates
are obtained by non-equilibrium polycondensation: low-
temperature (acceptor-catalytic) polycondensation! ~1¢,2373%
high-temperature polycondensation in solution 8,7 »219,3!,32
and interfacial polycondensation!%,'7723, In interfacial
polycondensation account must be taken of the specific
behaviour of cardo-monomers of the phenolphthalein type
in aqueous alkaline media., However, Morgan'® and
Korshak and coworkers ?°723 established that conversion of
phthalide derivatives into phthalimidine derivatives makes
it possible to synthesise macromolecular polyarylates by
interfacial polycondensation. The use by the authors of
phthalimidine derivatives such as phenolphthalein imide
and 2-f-hydroxyethyl-3,3-di-(4-hydroxyphenyl)phthal-
imidine, containing functional groups with appreciably
different reactivities, leads to the formation by interfacial
polycondensation of cardo-polymers with free > NH and

NCH,CH,OH groups respectively, which permits their
chemical modification. The joint polycondensation of the
above bisphenols and the dichloride of isophthalic or
terephthalic acid results in the formation of a cross-linked
copolymer under certain conditions.

Acceptor-catalytic polycondensation has come to be
widely used in recent years as a method for the synthesis
of cardo-polyarylates !~19,24-30,  Korshak and cowork-
ers 10,11525,30 ghtajned by this method phenolphthalein
polyterephthalates., The synthesis was carried out in a
medium (dichloroethane) in which the polymer is soluble
and in a medium (acetone) from which the polymer is
precipitated during synthesis. It was established that the
nature of the solvent employed affects the molecular weight
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of the polymer, as low-temperature polyesterification in
a metastable solution (a mixture of the solvent and pre-
cipitant) leads to the formation of polyarylates with a
narrow molecular-weight distribution!2, The yield and
molecular weight of the polyarylate depend appreciably

on the sequence in which the monomers are introduced!4,%,

Many cardo-polyarylates have been synthesised by the
high-temperature polycondensation of dicarboxylic acid
dichlorides and bisphenols in organic solvents. The
study of the kinetics of the reaction of terephthalic acid
dichloride with 9,9-di-(4-hydroxyphenyl)fluorene and
certain bisphenols of thetype of norbornane enabled
Korshak and coworkers 31,32 to suggest an ionisation
mechanism for this reaction. It was established that the
polycondensation of phenolphthalein and dicarboxylic acid
dichlorides in ditolylmethane leads to the formation of
polymers which are precipitated from solution. The
synthesis of such polyarylates in more polar chlorinated
solvents or nitrobenzenetakes place in solution, according
to Korshak and coworkers 87, with formation of polymers
having better physicomechanical properties, This phen-
omenon was explained by the fact that, in a medium
dissolving the polymer, macromolecules having uncoiled
rigid conformations and giving rise to a fibrillar structure
are formed, whereas the polymer obtained inditolyl-
methane gives rise to irregular globular structures. Thus
in the synthesis of polymers with rigid macromolecular
chains it is necessary to take into account the influence of
the reaction medium on the formation of the corresponding
conformations.

All the cardo-phenolphthalein polyarylates are amor-
phous non-crystallising polymers. Korshak and cowork-
ers 275 suggest that their structure is analogous to that of
atactic polymers. However, one must assume that under
certain conditions it is possible to obtain a crystalline
stereoregular phenolphthalein polyarylate, The possi-
bility is indicated by the finding that the cardo-polyarylates
formed by di-(4-hydroxyphenyl)fluorene and 9,9-di-
(4-hydroxyphenyl)-10-anthrone with terephthalic acid
crystallise and the conditions of their synthesis influence,
according to Vinogradova et al. 3%, not only the molecular
weight of the polyarylates but also their structure.

Studies by Korshak and coworkers 22,2 showed that, by
using an appropriate solvent, it is possible to synthesise
a stereoregular crystalline cardo-polyarylate containing
asymmetric groups. Thus, crystalline phthalimidine
polyarylates containing NH groups have been synthesised.
The formation of the crystalline structure of the polymer
is probably associated with decreased solubility of the
given polyarylate and increased rigidity of its macro-
molecules by hydrogen bonding between the phthalimidine
groups and the electron-accepting groups of the macro-
molecules. This effect is manifested even more clearly
in N-B-hydroxyethylphthalimidine:

/
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During recent years much attention has been devoted to
cardo-polyarylates containing carborane rings %437, The
carborane-containing polyarylates obtained by Korshak and
coworkers are characterised by an increased thermal
stability, a high degree of order in their structure, and
other properties of practical interest.
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Investigations have established that a mixed crystalline
polyarylate may be obtained when even one of the mono-
mers is capable of forming a crystalline homopolyarylate
and this monomer is taken in a large excess 38,

The data presented show that the chemical structure of
the monomers and particularly the presence of asym-
metric bulky substituents influence significantly not only
the course of the process but also the structure and
properties of the polymers obtained,

III., THE COMPOSITION AND STRUCTURE OF
POLYCONDENSATION COPOLYMERS

1. General Postulates

A significant change in the properties of polymeric
materials obtained by polycondensation can be achieved
by synthesising copolymers, i.e. by carrying out the joint
polycondensation of a large number of monomers,

The physicochemical characteristics of copolymers are
in many respects determined by their chemical composi-
tion by the inhomogeneity of their composition, and by the
different chemical structures of the macromolecular
chains. Without considering here the important factor
of the average chemical composition, on which the proper-
ties of the copolymer depend significantly, one should note
that the chemical inhomogeneity and the inhomogeneity of
the structures of macromolecules are very important,
although it is very difficult to control them inthe course
of the synthesis.

The inhomogeneity of chemical composition is asso-
ciated with the presence in the copolymer macromolecules
of different elementary units in different proportions. In
polycondensation copolymers, which are the subject of the
present review, an inhomogeneity of the composition is
observed, but it is not as important as for polymerisation
copolymers. The stepwise nature of the copolycondensa-
tion process and the occurrence of reactions between
macromolecules promote an equalisation of the composi-
tions of the individual macromolecules formed in the early
stages of the process, Nevertheless the results of frac-
tionation studies have shown that the chemical composition
of polycondensation copolymers is inhomogeneous 39>,

Another problem concerning the microstructure
(microheterogeneity) of copolymer chains is associated
with the different ways in which the corresponding units
alternate along the macromolecular chain, Even copoly-
mers with identical molecular weights and identical
chemical compositions may differ appreciably in the
distribution of units and their sequence. A quantitative
estimate of the microheterogeneity of copolymers involves
the measurement of therelative contents of the corre-
sponding chain units having a definite chemical structure,
Modern research methods make it possible to determine
the sequence of only small fragments of the chain—with a
length not exceeding 3—4 units. Analysis of the sequence
of units throughout the macromolecule is based on the
hypothesis that the processes responsible for the chain
microstructure are entirely random. The experimental
determination of the alternation (sequence) of units in
copolymer chains is based on the measurement of a
property of the polymer which depends on the number of
units of definite types and on the order in which they are
joined together. Dependingon the nature of the copolymer
investigated, such a property may be, for example, the
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absorption intensity at certain frequencies in the ultra-
violet or infrared regions, the melting point, the glass
point, and the presence of chemical functional groups
characteristic of agiven structure *»#, High-resolution
NMR has acquired the greatest importance in recent years
in the study of the microstructures of copolymers. The
relative intensities of the signals of the corresponding
nuclei make it possible in many instances to determine
accurately the fraction of chemical groups characteristic
of a particular type of alternation.

The properties of the copolymer depend strongly on the
sequence of units in its macromolecules; this applies
particularly to the extreme cases of the distribution of
elementary units. If it is assumed that the copolymer
is made up to two types of main units ¢, and c,, their
distribution may be as follows:

(a) a distribution characterised by the maximum number
of linkages between the units ¢, and c,. This sequence
corresponds to a regularly alternating structure of the
copolymer chain:

~ =G O G — 6 — 0 — ]

(b) a distribution distinguished by the maximum number
of linkages between units of one type. Such a sequence
corresponds to a block structure of the copolymer chain:

~ GGG O G G G

(c) chains with an intermediate distribution of units
may manifest a tendencytowards irregular alternation or
to a block structure, or their structure may be completely
disordered:

Sl O G G G GGG

A copolymer with a completely disordered distribution

of units is called a statistical copolymer.

The problem of the sequence of units in polycondensa-
tion copolymers has been the subject to theoretical con-
siderations long before the development of experimental
methods permitting the study of the microstructure of
copolymers. A mathematical treatment of the problem
was published as early as the 1950s by Case*® and Beste#4,
In subsequent years the studies by Yamadera and Murano®
and Kuchanov and coworkers %% assumed a considerable
importance.

A quantitative description of the microheterogeneity of
polycondensation copolymers may be achieved in two ways.
Like polymolecularity or the inhomogeneity of composi-
tion, microheterogeneity is described with the aid of the
corresponding distribution function. The distribution func-
tions for both types of units make it possible to describe
exactly the nature and degree of order in the chemical
structure of chains, A theoretical treatment of this
problem has been described by Beste 4 and Kuchanov 48,

Another widely used method for the description of the
microheterogeneity of copolycondensation products is
based on a numerical characteristic of the degree of
order in the structure of copolymer chains. The method
of numerical estimation of the chemical structures of
polycondensation copolymers from high-resolution NMR
data, used by the majority of workers, was first intro-
duced in the classical study of Yamadera and Murano %,
They investigated the microheterogeneity of copoly~
esters obtained by the high-temperature copolycondensa-
tion of glycols with dimethyl dicarboxylates and also the
nature of the changes in microheterogeneity owing to
exchange reactions between poly(ethylene terephthalate)
and poly(ethylene sebacate). Yamadera and Murano%
developed a method for the estimation of the degree of
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order in the chemicalstructure of copolymer chains in
relation to the copolyester obtained by the latter reaction.
For example, the chains of the copolymer obtained from
ethylene glycol (G), dimethyl terephthalate (T), and
dimethyl sebacate (S) may contain three types of diads—
two homodiads T—G~T and S—G~S and one heterodiad
T-G-S. The intermonomer G, which joins together the
T and S comonomers in the chains, has different
environments in the above diads, which induces the
appearance of three different signals inthe NMR spectra.
The intensity of these signals enabled the authors to
deter mine the mole fractions of the terephthalate xT and
the sebacate x5:

StGs
2

+ Ster, 1)

XT =

STGS

Xg =
s 2

+ Sscs, (2)

where STGT, 5sGS, and STGS are the fractions of the
above diads respectively.

The probability of the appearance in the copolymer
chain of the T unit after the S unit is defined by the
relation

_ S16s .
Prs= rrall (3)

and the probability of the appearance of the S unit after the
T unit is correspondingly

S16s8
o (4)

T

Prs=

According to Yamadera and Murano ¥, the quantity
characterising the microheterogeneity of the copolymer
is the sum of the above probabilities, These workers
denoted the above quantity by B and called it the degree
of randomness. Kuchanov* called the same quantity the
coefficient of microheterogeneity (AM) and Slonim and
coworkers ¥ used the term “coefficient of non-regularity”.
For the example under discussion,

StGs St1GS (5)
St6s+ 251GT

When K = 1, the arrangement of the T and S units
in the chains is disordered. If Kpp < 1, there is tendency
towards the formation of blocks. The quantity Kyg =0
corresponds to a mixture of homopolymers. WhenKM > 1,
the number of consecutively connected diads of the same
type diminishes and the limiting case Kjj = 2 corresponds
to a regularly alternating copolymer. The number-aver-
age lengths of the sequences of T and S units are respec-
tively

Ky=B=Pst+ FP1s=

Stest 285Gs

— 2%y 1
Lot = = 6
T Stes Prs 6)
oo s 1
bns = Stes  Psr M
Consequently
1 1
KM= z:n' +—f:1; - (8)

However, these equations are valid only when any macro-
molecule contains a fairly large number of units.
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Experimental conclusions reached from the study of
Yamadera and Murano® under consideration concern the
microheterogeneity of the copolymers obtained by copoly-
condensation and exchange reactions. Since the values of
K calculated from NMR data for the above copolymers
are close to unity, the authors speak of a random dis-
tribution of units in the macromolecules obeying the
Bernoulli statistics.

When the method proposed by Yamadera and Murano %
is used, one must not forget that the coefficient of micro-
heterogeneity KM can serve only as a very approximate
characteristic of the alternation of units in the copolymer
chains and that its value does not in many instances yield
an exact idea about the real macromolecular structure.
An example illustrating the ambiguity of the description
of the chain structure with the aid of the K)j coefficient
has been given by Turska and Matlangiewicz3°. According
to the postulates of Yamadera and Murano, Ky close to
unity indicates a random distribution of units in the
copolymer chain. However, a value of KM close to unity
characterises, for example, a copolymer made up of
units of two types, linked into dimeric sequences, i.e,
the copolymer

~ €100y C1C1CqCqCyC1CaCy — ~

whose chain structure is entirely ordered. One can quote
many similar examples. The use of a method which
would permit the estimation of the distribution of units

in longer chain fragments would make it possible to obtain
more accurate data about the real structure of macro-
molecules.

Despite the ambiguity indicated above, the method of
Yamadera and Murano is widely used by many workers
investigating the microstructure of copolymers.

As already noted, Eqn. (8) is valid only for fairly long
macromolecular chains. Since polycondensation products
contain not unduly long chains, there is a risk that such
simplification of the description can lead to appreciable
inaccuracies. This problem has been considered by
Slonim and coworkers %, who proposed a modified method
for the estimation of the microheterogeneity of chains of
finite length. These workers consider a copolymer
formed in the reaction between an intermonomer and two
comonomers ¢, and ¢, which do not react with one another.
The copolymer macromolecule can be represented sche-
matically as follows:

R —(c)p—(a—cdn—a,—R’,

where R and R’ are the end groups, i =1 or 2, £ and

g = 0 or 1 depending on the molar ratio of the monomers
and the intermonomer, and # is the degree of polymerisa-
tion. Taking into account the above assumptions, the
authors * derived a relation defining the coefficients Kpp
for the copolymer macromolecule:

1 N—T, N—IL,
K N—1 {\ L + L, ) ’ (9)

where L, and L, denote the average lengths of the block
ac; and ac,, For very long chains (N > Lp), Eqn. (9)
is converted into Eqn. (8).

The authors *° used Eqn. (9) to estimate the micro-
heterogeneity of the chains of the copolymer obtained
from ethylene glycol (the intermonomer) and dicarboxylic
acids—malonic and sebacic (the comonomers). According
to the authors, a tendency is observed in the product
towards the formation of block structures, as shown by
the values of Kyg, which lie in the range 0.78-0.89 for a
series of experiments. It is of interest that both the
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physicochemical parameters of the copolymers investi-
gated required for the calculation of KM (the composition
and degree of polymerisation) have been determined by
NMR.

Another method of characterising the microstructure
of polycondensation of copolymers has been described in
a theoretical study by Gritsenko®!, The author analyses
the nature of the distribution of units in copolymer chains
for the simultaneous and consecutive introduction of the
reactants into the reaction zone,

An important aspect of the problem of the micro-
structure of copolymer chains has been examined by
Sawada 52,53, who defines the conditions which must be
fulfilled in order that the synthesis of a polycondensation
copolymer should lead to a product with a definite type of
structure of macromolecular chains. Sawada character-
ises the degree of order in the structure of the copolymer
with the aid of a parameter v, which he introduced: vy = -1
corresponds to a block structure, ¥ = 1 corresponds to a
regularly alternating structure, and ¥ = 0 corresponds to
a copolymer with a statistical distribution of units in the
macromolecular chains, Sawada's theory explains the
statistical structure of the chains of copolymers obtained
in the melt by the influence of the high process tempera-
ture. According to the author, under the conditions of
low-temperature processes, there is a possibility of the
formation of macromolecules with a more ordered struc-
ture.

However, the thermodynamic approach to the solution
of the problem of the structure of copolymers developed
by Sawada gives rise to certain objections. The author
does not take into account in his treatment the dependence
of the enthalpy AH on temperature. One can also assume
that an experimental test of Sawada's theory will encounter
major difficulties due to the complexity of the selection of
the corresponding systems and the similarity of the tem-
perature of low- and high-temperature copolycondensations.

The most extensive studies on the synthesis and chemi-
cal structure of polycondensation copolymers have been
made in the course of many years by members of the
Institute of Organoelemental Compounds of the USSR
Academy of Sciences under the direction of Academician
V.V.Korshak, He has made a major contribution both to
the theory and practice of copolycondensation processes.
Many conclusions which follow from the work of Korshak
and coworkers concerning acceptor -catalytic copolycon-
densation can be extended also to other copolycondensation
methods. Many of these studies embrace the problems of
the synthesis of new polycondensation copolymers from
various monomers. Another field of study is associated
with the determination of the chemical structure of
copolycondensation products. The influence of various
factors, particularly factors such as the reactivity of the
functionalgroups, the mode of introduction of the mono-
mers into the reaction medium, etc., on the nature of
distribution of units in the copolymers obtained by
acceptor-catalytic copolycondensation has been investi-
gated 5456, Together with theoretical studies, experi-
mental investigations are being carried out at the Institute
of Organoelemental Compounds on the microstructure of
polycondensation copolymers by NMR, 54,5755 The results
of the theoretical and experimental research by Korshak
and coworkers have been surveyed in recent years in a
number of reviews 47,59,8,

In Poland studies on the synthesis and properties of
polycondensation copolymers have been made by
Jedlinski and coworkers 3581562, The aromatic copoly-
esters containing bisnaphthol rings, which they obtained,
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are characterised, in particular, by a high thermal
stability and are effective electrical insulators.

2. Kinetic Description of the Copolycondensation
Process

In order to characterise the processes involving the
synthesis of polycondensation copolymers, account must
be taken of the fact that the copolycondensation process
in all its varieties is a result of a superposition of two
or more simultaneous or consecutive reactions between
the functional groups. Consequently the difference between
polycondensation and copolycondensation is entirely
quantitative and the methods used to carry out the two
processes are in principle identical. We shall therefore
not consider the elements of theory and practice common
to all polycondensation processes. Only certain charac-
teristics of the kinetics of copolycondensation, associated
with the simultaneous occurrence of reactions between
functional groups having different reactivities, require
separate consideration.

A homopolycondensation reaction can be described,
after introducing certain simplifying assumptions, with
the aid of simple formal kinetic equations. Taking into
account these assumptions, the copolycondensation
process can be regarded as a series of parallel (syn-
chronous reactions) with participation of two or more
functional groups and it can also be described by formal
kinetic equations assuming that the rate of the process as
a whole is determined by the rates of these reactions.

A simple example of copolycondensation is the reaction
between the functional groups of three bifunctional mono-
mers. The independent functional groups of one of the
monomers are capable of reacting with the independent
functional groups of the other two monomers, which are
incapable of reacting under these conditions with one
another, The first monomer is called the intermonomer;
it binds identical or different copolymers into diads in the
chains of the resulting copolymer. Having denoted the
intermonomer by A and the comonomers by B and C, the
structure of such a copolymer can be represented sche-
matically as follows:

...wA B—A—B—~A-—-C—A—B—A—C~A—C—...

The copolymer is formed as a result of consecutive
reactions of functional groups of type A with groups B
and C, the reactions being governed by kinetic constants
kAB and RAC respectively. If the irreversibility and
second order of both reactions are assumed, the standard
kinetic equations for the concentrations of the functional
groups can yield relations between the compositions of the
copolymer and the monomer mixture on the one hand, and
the kinetic constants for the process and the initial con-
centrations of the monomers for different degrees of
reaction, on the other®3:%4, In particular, the equation
for the composition of a polycondensation copolymer
becomes

deg ‘B kap

v P a= P (10)
where ¢B and cc are the concentrations of the functional
groups of the comonomers B and C.

The limitations of Eqn. (10) refer mainly to the limits
of its applicability. Sokolov and Kurglova 8% believe that
the composition equation is inapplicable to copolycon-
densation under homogeneous conditions in solution or in
the melt. In order to attain fairly high molecular weights
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of the copolymer under such conditions, not only an
equimolar ratio of the reacting functional groups but also
a high degree of reaction are necessary., However, when
the degree of reaction is high, the composition of the
copolymer becomes the same as that of the initial mixture
of monomers regardless of the difference between the
reactivities of their functional groups. The excess of
functional groups of one type precludes, in its turn, a

high molecular weight of the copolymer., According to

the authors®, Eqn. (10) can be used for copolycondensation
processes at the boundary of two immiscible liquid phases,
although it is known that classical kinetic equations cannot
be used to describe processes occurring in heterogeneous
systems.

Another limitation is associated with the identification
of the monomer concentration in Eqn. (10) with the con-
centration of its functional groups. Evidently the con-
centrations of the functional groups do not change solely
as a result of reactions between the monomer molecules.
One should add that the equation has been obtained without
taking into account the reversibility of the polycondensation
reactions. The introduction of the rate constants for the
reverse reactions into the kinetic equations would create
significant difficulties in the calculations.

The copolycondensation process is known to be
accompanied by side reactions, which can have a very
significant influence on its course. The side reactions
affect also the composition of the copolymer formed. In
certain cases this influence may be determined exactly by
an appropriate modification of the composition equation.
An example of reactions in which the monomers B and C
react with a compound D present in the system, apart
from their reaction with the intermonomer A, is given in
Sokolov's monograph 6,

One of the assumptions in the derivation of the com-
position equation is that the reactivities of all the func-
tional groups are the same and do not change during the
copolycondensation. However, systems in which the
reactivity of a functional group depends on whether it is
the first (monomer) or second (oligomer or polymer) to
react are encountered much more frequently. Allowance
for the different reactivities of the first and second func-
tional groups requires, even in the simplest case, the
use of a computer for the calculations.

Such calculations have been made by Sokolov and
coworkers 87 for the copolycondensation of an intermonomer
A with two comonomers B and C, In this process two
reactions take place between the comonomers and the
intermonomer and two reactions between the oligomers or
polymers. The monomers and oligomers or polymers
participate in the four reactions. Six kinetic equations
for a process of this kind characterise the decrease in
the concentrations of the individual functional groups
during the reaction. The results show that the composition
of the copolymer formed depends on the ratio of the reac-
tivities of the functional groups of the monomers B and C
and on the ratio of the reactivities of the first and second
groups in each comonomer. The composition of the
copolycondensation products is influenced significantly
also by the degree of reaction. The difference between
the reactivities of the first and second functional groups
of the inter monomer does not affect the composition of the
copolymer.

Kuchanov 4, who examined only low-temperature
copolycondensation, reached similar conclusions. He
believes that the rapid interchain reactions in high-
temperature copolycondensation lead to a random,
statistical distribution of units in the copolymer chains,
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The term “ copolycondensation” embraces all the
processes involving the synthesis of polycondensation
copolymers in which the reaction mechanism corresponds
to one of the known polycondensation mechanisms and the
chains of the macromolecules formed made up of two or
more types of units. Even if one omits processes involv-
ing synthesis using trifunctional monomers (because they
differ significantly) and the treatment is confined to the
copolycondensation of bifunctional monomers, the range
of the possible different versions is very wide.

The Kinetic equations used to describe copolycon-
densation processes must contain formal expressions
corresponding to a particular type of process. This
requirement is valid even when different types of pro-
cesses can be described by the same general kinetic
relations,

The simplest copolycondensation which is most often
encountered in laboratory practice is the copolycondensa-
tion of three monomers: the intermonomer A and the
comonomers B and C. A correct kinetic analysis of even
this not unduly complex system requires that one takes
into account the mechanism of the reaction and the way it
is carried out. The high-temperature copolycondensation
of the above three monomers under homogeneous condi-
tions is a kinetically simple case, However, even in this
simple instance the use of formal kinetic equations
requires many assumptions, the most important of which
are as follows: 1) Flory's postulate that the reactivities
of the terminal groups are the same and independent of
the size of the macromolecule; 2) the postulate that the
reacting system is homogeneous; 3) the postulate that
the volume and mass of the system remain constant dur-
ing the process; 4) the postulate that the reaction is
irreversible under the given conditions; 5) the postulate
that side reactions, primarily chain transfer reactions, do
not occur under the conditions considered.

A critical consideration of each of the above postulates
permits the following conclusions.

1. The hypothesis that the reactivities of the functional
groups are the same is used very frequently and in princi-
ple yields a satisfactory approximation to real systems.
However, it is valid also if there are no significant
differences between the reactivities of the functional
groups of the monomer molecules and the molecules of
oligomers and polymers. The appearance of such a
difference is largely caused by the structure of the
monomer molecules. For example, it is known that the
first OH group in ethylene glycol is more reactive than
the second. After the substitution of the first group, the
reactivity of ethylene glycol falls appreciably, which
gives rise to significant differences in the employment of
this monomer. On the other hand, bisphenols, for
example,bisphenol A (dian) do not exhibit an appreciable
difference between the reactivities of the first and second
functional groups. The above hypothesis cannot therefore
lead in all cases to a satisfactory approximation by the
kinetic description to the real situation.

2. The postulate that the system is homogeneous is
extremely indefinite, although it is used by all investiga-
tors of the kinetics of polycondensation in solution, In
general this hypothesis is fulfilled only for a solution
which constitutes a homogeneous system and must not
contain a deposit (an insoluble monomer or the precipitated
polymer). The evolution of a gaseous side product is as
a rule neglected. However, bearing in mind that this not
unduly accurate hypothesis is generally accepted for the
description of homopolycondensation processes in solution
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and yields a satisfactory agreement between theory and
experiment, one can also adopt it for copolycondensation
processes.

3. The postulate that the volume and mass remain
constant throughout the process when a gaseous product
is removed from the reaction system is likewise inaccu-
rate. Despite this, many investigators employ this
assumption, since the error caused by its inaccuracy is
frequently small and may be disregarded, This hypothesis
leads, however, to appreciable errors when a side pro-
duct with a high molecular weight is removed from the
process in the melt, For example, in the synthesis of the
polyester from terephthalic acid dichloride and dian the
relative error associated with the removal of hydrogen
chloride is about 8% for the reaction in the melt. For the
reaction in solution, the error diminishes by more than an
order of magnitude. It can then be legitimately dis-
regarded and one can assume with an adequate degree of
approximation that the volume of the reaction mixture is
constant for polycondensation in solution.

105dI/dz

1
140 180
1073M,

| |
0 20 b0 100

Figure 1, Differential MWD curves for a polycarbonate
containing dian andinorganic compounds as admixtures:
1) specimen before heat treatment; 2) specimen heat-
treated for 4 h at 260°C; 3) specimen heat-treated for
9 h at 260°C,

4, The postulate that the formation of the copolymer
is areversible reaction is in principle inapplicable to a
process carried out under conditions where the equili-
brium is not displaced by the constant removal of the side
product from the reaction medium. However, if the
equilibrium is effectively shifted towards the formation
of the polymer, the above hypothesis can be adopted. One
must take into account the fact that the efficiency of the
displacement of the equilibrium in generaldiminishes with
increasing degree of reaction. The hypothesis that the
reaction is irreversible therefore yields an accurate
description of the process for low degrees of the latter
and is much less accurate for high degrees of reaction.

5. The hypothesis that there are no side reactions can
also lead to major errors depending on the process
conditions. Side reactions as a rule accompany poly-
condensation processes. However, according to litera-
ture data®®, one can select conditions such that side
reactions virtually do not take place and may be dis-
regarded. Nevertheless, this hypothesis cannot be adopted
without an experimental test under the selected conditions.
Presumably, under the conditions of high-temperature
polycondensation in solution, the contribution of side
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reactions involving interchain exchange is small. Kinetics
studies on the high-temperature polycondensation of dian
chloroformate with dian in solution®® showed that, under
certain process conditions, chain transfer reactions may
be disregarded, because their rate is too small to be
measured under such conditions. These observations were
confirmed subsequently in other systems. Studies on the
dependence of the molecular weight distribution (MWD)

of polycarbonates on the duration of their heat treatment
showed in their turn that admixtures greatly influence the
course of the process and the extent of side reactions®°.

In particular, it has been observed that chain transfer
reactions occur in the presence of a very low content of
impurities in the reaction mixture. In the absence of
impurities, chain transfer reactions hardly take place.
Figs. 1 and 2 show how the molecular weight distribution
functions for polycarbonates, both contaminated and
without impurities, vary after heat treatment. Evidently
heat treatment influences appreciably only the MWD of

the polycarbonate with impurities,

10%41/d=
40

v

24

Figure 2, Differential MWD curves for a polycarbonate
without admixtures: 1) specimen before heat treatment;
2) specimen heat-treated for 4 h at 260°C; 3) specimen
heat-treated for 9 h at 260°C.

The above considerations suggest that, although the
assumptions can lead in many cases to discrepancies
between theoretical and experimental data, nevertheless
there exist systems and polycondensation conditions for
which they can be used without much error. Polycon-
densation and copolycondensation in solution under
appropriate conditions may be classified as processes of
this kind, This fact makes it possible to employ the
fundamental equations of formal kinetics for the kinetic
analysis of such processes.

We shall now consider the homogeneous high-tempera-
ture copolycondensation in solution of the intermonomer A
with the comonomers B and C. Suppose that the composi-
tion of the initial monomeric mixture corresponds to equi-
molar proportions of the functional groups and that all the
simplifying assumptions formulated above for the deriva-
tion of Eqn. (10) are valid. Using the normal kinetic
equations, it is possible to derive expressions describing
the time dependence of the concentrations of the individual
types of functional groups °:

deg kB yam 2
—_—— = C; kapca N
T e o + kascg (11)
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dog  RpfB au
——= T + kacet,

dt (&) (12)

where 0‘1’3 and c‘b are the initial concentrations of the

functional groups B and C respectively. These equations
can be numerically integrated on a computer for arbitrary
values of the parameters. Knowing the values of cg and
c¢C, it is easy to determine the degree of reaction p and
the mole fractions of the bonds formed in the copolymer
between the monomers A and B (x4 _p) and A and C (x4 -C):

0 Q 9
cg - Cg—cg—C¢ g —¢g

p= Cg +c‘(’: Yipg=1l-—xac—= '—Cmv (13)
and to obtain an equation for the kinetic curve for the
process:

%’;— = (1 —p) (kasc + kaccc). (14)

3. Experimental Study of High-Temperature Polycon-
densation

Eqns. (11) and (12) show that the complex relation
between the concentrations of the functional groups and
the reaction time is evidence for the complexity of the
copolycondensation processes. The concentrations of the
functional groups ¢B andcC are influenced during
copolycondensation by the relative reactivities of both
groups in their reactions with the groups of the inter-
monomer and also by the initial composition of the reac-
tion mixture. The determination of ¢B and cC as well as
kAR and kAC (Table 1) by kinetic investigation of the
corresponding polycondensation processes permits the
calculation by Eqn. (14) of the theoretical dp/dt = f(t)
curve. Comparison of the theoretical curve and the
experimental curves for the monomer A-terephthalic
acid dichloride, monomer B-dian, and monomer C-tetra-
chlorodian 7 systems established that Eqn. (14) constitutes
a satisfactory approximation for the description of the
kinetics of the copolycondensation process (Fig. 3).

Table L. The rate constants k and activation energies E
for the polycondensation of terephthaloyl chloride with
bisphenols in solution in @-chloronaphthalene,

103k, litre mole~! 51

IE, kcal mole-!

Biphenol
180° C l 190° C | 200°C l 220°C l
Dian 1.9 1,78 2.78 4,40 15,3
Dimethyldian 0.49 0.85 1.29 4.10 23.6
Tetramethyldian 0.14 0,17 0.35 1.09 19.2
Tetrachlorodian ©.10 0,15 0.34 0,86 23,9
Dinitrodian 0.08 0.15 0.25 0,68 23,7

The applicability of Eqn, (14) to other systems has
been demonstrated in a study of the kinetics of the copoly-
condensation of terephthalic acid dichloride (A) with
dian (B) and phenolphthalein (C) in solution?. The poly-
condensation rate constants RAB and kA C were determined
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at 220°C in o -chloronaphthalene as 52.4 X 107¢ and 27.0 X
10-¢ litre mole~! s~! and graphical relations between the
degree of reaction and reaction time were constructed.
As an example, Fig. 4 presents one of such graphs. Evi-
dently the experimental points fit satisfactorily on the
theoretical curve. Analogous relations, plotted for the
copolycondensation of terephthalic acid dichloride with
dian and tetrachlorodian also revealed a satisfactory
agreement between the experimental and theoretical data.

10tdp/dt

Figure 3. Dependence of df /dt on the degree (£) of
copolycondensation; continuous line—experimental
curve, dashed line—theoretical curve,
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Figure 4, Dependence of the degree of reaction in
a -chloronaphthalene at 220°C on the duration (¢) of the
copolycondensation of terephthalic acid dichloride (C‘A =
0.2 M) with dian (CC]’3 = 0,08 M) and phenolphthalein
(g = 0.12M). Continuous line—theoretical curve;
circles —experimental data,

The undoubted applicability of Eqn. (4) to the description
of the degrees of certain high-temperature copolycon-
densation reactions in solution permitted its extension to
an arbitrary number of comonomers (B, C, D,..., N) 73

:7’7 = (1 —p) (kanca + kaccc + kapen + -+ + kanen) . (15)
The concentrations of the functional groups of the reacting

comonomers are linked by the relation

kap/k, kpclk

0 0 AB/RAC 0 0 AC/RAD
Cp ( Cc) Cc ( CD )

— = y T =

‘g ‘c 24 ‘o

(16)
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Eqns. (15) and (16) were solved numerically for the
copolycondensation of terephthalic acid dichloride (A) with
dian (B), tetrachlorodian (C), and phenolphthalein (D) in
a-chloronaphthalene at 220°C, Fig.5 presents the depen-
dence of the degree of copolycondensation and the concen-
tration of the functional groups B, C, and D.which failed
to react on the reaction time. The most active groups
are exhausted at the beginning of the processes and those
with a lower reactivity at later stages. The variation of
the fractions of functional groups which have not reacted
with copolycondensation time can be conveniently repre-
sented graphically for the given system of monomers in an
equilateral triangle. The vertices of the triangle corre-
spond to 100% contents of the functional groups. As the
copolycondensation proceeds, the fraction of less reactive
groups in the reaction mixture increases (Fig. 6).

a10
oM

005

10734, s

Figure 5. Dependence of the concentrations of the func~
tional groups which have failed to react and the degree of
reaction on the duration of the copolycondensation of
terephthalic acid dichloride (A) with dian (B), tetra-
chlorodian (C), and phenolphthalein (D) at 220°C in

o -naphthalene [calculated from Eqn. (16)].

It is seen from the above considerations that the nature
of the variation of the chemical composition of the copoly-
mer formed may be foreseen and its composition calculated
with the aid of Eqn. (16). The composition of the copolymer
obtained from terephthalic acid dichloride, dian, and
tetrachlorodian has been determined experimentally and
it has been established that, under the conditions of high-
temperature copolycondensation in solution in @-chloro-
naphthalene at 220°C, the ratio of the monomers in the
reaction mixture varies with reaction time 7%, Thus the
study of samples of the reaction mixture by thin-layer
chromatography showed that the more reactive dian vir-
tually disappears after only 20 min of copolycondensation,
while the less reactive tetrachlorodian can still be detected
80 min after the start of the reaction.

The compositions of the copolymers obtained from
terephthalic acid dichloride, phenolphthalein, and
dichlorodian were determined by elemental analysis.
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Fig. 7 illustrates the dependence of the content of dichloro-
dian inthe copolymers on the duration of copolycondensa-
tion, It is readily seen that, in conformity with theoreti-
cal considerations, the composition of the copolymer
varies as the reaction proceeds. This phenomenon is
undoubtedly associated with the different reactivities of
the functional groups of the comonomers.

B C

Figure 6. The mole fractions of the functional groups
which failed to react in the copolycondensation of
terephthalic acid dichloride (A) with dian (B), tetra-
chlorodian (C), and phenolphthalein (D) at 220°C in
solution in @-chloronaphthalene. Curves I and 2 corre-
spond to different initial conditions.

[DCD], mole %

L L

L 1 -
300 400 500

t, min

0 100 200

Figure 7. Dependence of the content of dichlorodian (DCD)
in the 0.5:0.5:1 copolymer of dichlorodian, phenol-
phthalein, and terephthalic acid dichloride on the reaction
time; reaction temperature (°C): 1) 180; 2) 242 (iso-
kinetic temperature).

Data indicating the inhomogeneity of the compositions
of the copolyesters synthesised from terephthalic acid
dichloride, bisnaphthol, and dian were obtained by frac-
tionation and by plotting integral and differential MWD
curves for the copolymers, According to theoretical
studies 75+ fractionation of copolymers does not yield
an exact characteristic of either the inhomogeneity of the
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macromolecules with respect to size or of the inhomo-
geneity of their chemical composition. However, it follows
from these studies that it is possible to select a system in
which fractionation is based solely on the molecular weight
of the macromolecules. Fractionation in the system
where the result obtained is influenced by another para-
meter (chemical composition) nevertheless does not per-
mit the elimination of the influence of the first parameter,
Thus, although it is impossible to determine the distribu-
tion function with respect to composition by fractional
precipitation, one can observe the chemical inhomogeneity
of copolymers if different results are obtained in different
systems. It has been found that the solvent (chloroform +
ethanol)-precipitant (ethylene glycol) system is relatively
insensitive to the chemical composition of the copolymer
investigated. This factor enables us to obtain fractions
with virtually identical compositions and to plot MWD
curves having the shape typical of polycondensation
polymers., The same samples, fractionated in a solvent
(tetrachloroethane + phenol)-precipitant (n-heptane) sys-
tem, give rise to fractions differing in chemical composi-
tion, and the MWD curves differ appreciably from those
obtained previously.

1([7])
1
1.0
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Figure 8. Isokinetic (curve 1) and differential (curve 2)

MWD curves for the copolyarylate of terephthalic acid
dichloride, dian, and bisnaphthol obtained by fractionation
in the chloroform + ethanol (5 :1 by weight)—ethylene
glycol system at 25°C.

Figs. 8 and 9 also illustrate MWD curves for both
systems, whose comparison leads to the conclusion
that the polycondensation copolymers are chemically
inhomogeneous.

Thus the experimental data suggest that, when there
are differences between thereactivities of the comonomers,
the more reactive comonomer is comparatively rapidly
exhausted, while the gradual disappearance of the less
reactive monomer continues up to high degrees of reaction.

We believe that the consecutive introduction of comono-
mers into the reaction should be reflected in the micro-
structure of the macromolecules of the copolycondensate.
Similarly, if the reactivities of the two comonomers are
the same or almost the same and the composition of the
copolymer remains constant regardless of the degree of
reaction, the microstructure of the macromolecules must
be affected.
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Consequently a new problem arises—that of the selec-
tion of a system in which both comonomers would have the
same activity. It can besolved theoretically fairly readily.
It is known 77»® that the temperature dependence of the
reactivity of the terminal groups during high-temperature
condensation obeys the Arrhenius equation. If a polycon-
densation reaction between functional groups A and B take
place in the system, then the temperature dependence of
the reaction rate constant is

E
Inkap = Dpp — —22 1
nkazs AB o (17)

or, for a reaction between functional groups A and C:

Exc
RT (18)

Inksc = Dac —
where DAB, DAcC, EAB, and EAC are constants character-

istic of the corresponding polycondensation reactions, 7 is
the temperature (K), and Rthe gas constant.
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Figure 9. Integral (curve 1) and differential (curve 2)
MWD curves for the copolyarylate of terephthalic acid
dichloride, dian, and bisnaphthol obtained by fractionation
in the phenol + tetrachloroethane (1 :3 by weight)-
n-heptane system at 25°C.

The reactivities of the comonomers B and C in their
reaction with the intermonomer A are equal, whereupon
kAB = kAC. This happens at a temperature which is
called the isokinetic temperature (Zjg):

Epc —E
Tis: AC AB

R(Dpc—Dypp) (19)

At any instant during the copolycondensation process,
carried out at the isokinetic temperature, the concentra-
tions of the functional groups of the two comonomers B
and C which have not reacted are proportional to the
initial concentrations cfand c‘b. The probabilities of the
reaction of both functional groups at any instant are there-
fore identical and equal to the mole fractions of the given
comonomers in the mixture of monomers; consequently,
the structures of macromolecular chains formed at the
isokinetic temperature should be statistical.
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However, the existence of the isokinetic temperature
does not alone imply that reaction can be carried out at
this temperature. For high-temperature copolycondensa-
tion in solution, the range of temperatures suitable for
reaction is only a few tens of degrees. On the one hand,
this range is restricted by the low rates of both reactions
at low temperatures and; on the other, by the thermal
instability of the monomers in the solvent above 200°C.
However, Turska et al.™ found that there exist monomer
systems whose isokinetic temperature is in the range
accessible to study, They determined Tjg graphically
using the Arrhenius coordinates Igk = f(1/T). The point
of intersection of the experimental straight lines corre-
sponds on the abscissa axis to a quantity which is the
reciprocal of the isokinetic temperature (Fig. 10). Table 2
lists the isokinetic temperatures found by Turska and
coworkers.
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Figure 10, Graphical determination of the isokinetic
temperatures for dian (line 1) and dimethyldian (line 2)
in the reaction with terephthalic acid dichloride in

o -chloronaphthalene.

Table 2. The isokinetic temperatures for the copoly-
condensation of the comonomer systems investigated (the
intermonomer is terephthalic acid dichloride).

Comonomers
Tis, °C
B Cc

Dian Phenolphthalein 155
Dian Dimethyldian 229
Dian Tetramethyldian 341
Dian Dinitrodian 366
Dian Dichlorodian 355
Dian Tetrachlorodian 340
Phenolphthalein Dimethyldian 200
Phenolphthalein Dinitrodian 307
Phenolphthalein Dichlorodian 242
Phenolphthalein Tetramethyldian 280
Phenolphthalein Tetrachlorodian 287

As an example, we shall consider one such system,
consisting of terephthalic acid dichloride (the intermonomer
A), dimethyldian, and phenolphthalein (the comonomers B
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and C). It was established by thin-layer chromatography,
infrared spectroscopy, and elemental analysis of the
reaction products that, when the process is carried out at
Tjg = 200°C, the composition of the copolymer hardly
changes with the degree of reaction, The microstructure
of the copolymer was studied by high-resolution H NMR,
whereby the contents of the homo-~ and hetero-diads in the
macromolecules were determined:
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Preliminary studies showed that the signal of the
phenylene protons of theterephthalic acid residue in the
'H NMR spectra of the polyesters investigated is a singlet
(6 = 8.4 p.p.m.). In order to resolve this signal into
individual components due to homo- and hetero-diads,
tris-1,1,1,2,2,3,3-heptafluoro-7,7-dimethyloctane -
3,5-dioneeuropium [Eu(fod),] was used as an additive.

Fig. 11 shows that, inthe presence of Eu(fod),, it is pos-
sible to distinguish clearly signals in the 'H NMR spectrum
corresponding to the chemicalshifts of the phenylene
protons of the intermonomer in the homo- and hetero-
diads.

The constancy of the composition of the copolycondens -
ate synthesised at the isokinetic temperature, observed
by other methods, was confirmed by 'H NMR. Use was
made for this purpose of Eqn. (5) quoted above., The values
of Ky determined by ‘H NMR for copolymers synthesised
at the isokinetic temperature (with a high accuracy) proved
to be unity, which corresponds to a statistical distribution
of units in their macromolecules. This result confirms
the validity of our theoretical considerations.

The problem of the nature of the copolycondensation
process at temperatures fairly different from the iso-
kinetic temperature is no less interesting. For the above
system of monomers, a study was made of the composition
and structure of the copolymers obtained at 180° and
220°C, i.e. at temperatures above and below Tis., At a
temperature different from Tjg the reactivities of the
comonomers are different and, when, for example,
kAB > kAc, the monomer B reacts faster and the macro-
molecules of the oligomers and polymers in which it pre-
dominates are formed faster and in greater amounts, The
concentration of the functional groups of the comonomer B
decreases very rapidly almost up to complete exhaustion,
after which new molecules areformed in which the comono-
mer C predominates or molecules where chains containing
mainly the less active comonomer C join onto the chains
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already formed and begin to grow. Depending on the
degree of reaction for which the process is terminated,
copolymers are obtained with different degrees of struc-
tural inhomogeneity, butthere is always a tendency towards
a block structure. One may expect the formation in the
macromolecule of internal blocks of the more reactive
comonomer, whilethe ends of the chains should contain
primarily the less reactive comonomer. For very high
degrees of reaction, the interactions betweenthe macro-
molecules should lead to the formation of multiblock
copolymers with different internal blocks, but always with
the less reactive comonomers at the ends of the chain,
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Figure 11, 'H NMR spectrum of the copolyester of
terephthalic acid dichloride, dian, and phenolphthalein:
a) without Eu(fod),; 0) with added Eu(fod),.

In order to confirm the validity of this reasoning, the
composition of the copolymer was determined in the course
of the reaction, In conformity with earlier considerations,
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above the isokinetic temperature (220°C) the more reactive
comonomer proved to be dimethyldian, which disappeared
faster from the reaction mixture, while phenolphthalein,
the less reactive comonomer failed to react for a long
time. Below the isokinetic temperature (180°C), phenol-
phthalein proved to be more reactive and dimethyldian
failed to react for a long time. The study of the micro-
structure of the copolymers by 'H NMR using Eu(fod),
showed that the coefficient of microheterogeneity of the
copolymers is Ky = 0.87 in both cases.

The difference between the numerical values of £y for
the copolymers obtained at the isokinetic or another tem-
perature indicates a difference between the microstruc-
tures of their molecules. The values of the parameter KM
show that copolymers with a completely random statistical
chain structure are formed at the isokinetic temperature,
while at a non-isokinetic temperature there is a tendency
towards the formation of block structures. One should
take into account the fact that, for high degrees of reac-
tion, the synthesis of copolymers at isokinetic and non-
isokinetic temperatures should lead to the formation of
products of the same compositions but with a different
structure of macromolecular chains.

o0o

The present review of studies in the field of copoly-
condensation permits the conclusion that there is as yet no
generally recognised equation giving a complete descrip-
tion of the observed phenomena. One should also note that
no attempts have been made atan experimental confirma-
tion of the results of the majority of very interesting
theoretical studies. Although one should bear in mind that
a satisfactory agreement between experiment and theory
does not alone demonstrate the validity of the theory,
nevertheless the assumptions made in the development of
the theory can then be regarded as admissable.

The reason for thediscrepancies between different
workers' views is apparently the lack of justification of
the attempts to describe extremely varied copolycondensa-
tion processes in terms of a single theory. It may be
that hypotheses which are correct for one group of pro-
cesses are inadmissible for another. The introduction of
limitations as regards the applicability of the theoretical
ideas which have been developed should reduce to a large
extent the discrepancies in this field, Studies dealing with
definite groups of processes hardly involve contradictions
under these conditions and in addition permit more general
conclusions in many instances. These may include the
demonstration of a significant influence of temperature
on high-temperature copolycondensation in solution, where
even a slight change of temperature in the region of 7ig
may alter the macromolecular structure. Consequently,
instead of being a purelykinetic parameter, temperature
becomes a parameter which influences the composition
and structure of copolymers. Presumably this conclusion
is valid also for other groups of copolycondensation pro-
cesses,
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