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Processes leading to the formation of macromolecules
can be divided into two classes — chain reactions, which
include many different methods of polymerisation, and
non-chain reactions, which include condensation poly-
merisation and stepwise reactions.

As early as 1934 Semenov defined* polymerisation as a
non-branching chain process, and predicted the possibi-
lity of chain transfer in a polymerisation system in
general, and through a polymer in particular.

More recently, as a result of advances in the chemistry
of hetero-chain polymers, various highly specific — both
chemically and kinetically — phenomena have been dis-
covered.

In 1940 Flory recognised the degradation caused by the
starting materials on a polymer formed by condensation
polymerisation2. Subsequently, Korshak and his co-
workers 3 " 5 showed that considerable interchain exchange
by transesterification and transamidation occurs during
the formation of polyesters and polyamides by condensa-
tion polymerisation. This phenomenon has been put to
use for the synthesis of mixed polymers of the polyester,
polyamide, and polyamidoester types.

The possibility of interchain exchange was ascribed
initially to condensation polymerisation processes only3"5,
and was even taken to be one of the fundamental differences
between polycondensation and polymerisation processes.

However, interchain exchange is governed only by the
structure of the macromolecule and by the type of active
centre, and is evidently a characteristic of<allhetero-chain
polymers irrespective of the method of preparation. Such
exchange can therefore occur in both polycondensation
and polymerisation, and also with the resulting hetero-
-chain polymeric molecules, independently of their method
of preparation.

Studies of the polymerisation and copolymerisation of
trioxan6"1 2 have led to the conclusion that an interchain
exchange of a similar type, proceeding by a transacetala-
tion mechanism, occurs in this system.

In 1962 Enikolopyan8 demonstrated the possibility of
interchain exchange during polymerisation by a mechanism
which was subsequently called chain transfer through the
polymer with fission (CTF).

Chemically, the CTF reaction consists in the exchange
interaction of two molecules — one of which is an active
centre and the other an inactive macromolecule — by a
homolytic or heterolytic substitution mechanism. In
general, the mechanism of the CTF reaction can be written

- R 2 —X—R 3 • (1)

-R3 +

The mechanism suggested is fairly universal, and we
may assume that it applies to interchain exchange and also
to the so-called "degradation" reactions between a polymer
chain and the starting materials (or materials of similar
nature) during condensation polymerisation. As shown by
Korshak and coworkers3»4, who made a systematic and
extensive study of this reaction, interchain exchange pro-
ceeds much faster in the presence of catalysts of an acidic
or basic nature. The end-groups of the starting material
may have a catalytic effect on the process, but the rate of
interchain exchange in this case is lower than with
specially added catalysts. The exchange reaction is very
strongly inhibited when it occurs between macromolecules
with blocking end-groups (e.g. alkylated end-groups).

These facts strongly suggest that the reactions in ques-
tion occur via some ionic states, probably as nucleophilic
substitution reactions according to scheme (1).

It can be seen from the scheme that the CTF reaction
should produce, during homopolymerisation, a redistribu-
tion in size of the growing macromolecules9, and during
the interaction of chemically different polymeric chains,
block copolymers10. This reaction is one of the most
general methods for modification of the main chain and
side-chains of a polymer. It can be used to prepare
mixed hetero-chain and carbon-hetero-chain macromole-
cules.

If ~~R* is a compound of low molecular weight the
result of the CTF reaction should be a polymer with
specified end-groups. This opens up wide possibilities
for the synthesis of polymers and oligomers with reactive
end-groups. The great practical importance of the CTF
reaction in which Rj— is a material of low molecular weight
arises also from the possibility of synthesising thermo-
stable polymers having a lower temperature limit of
polymerisation. This method has been successfully
applied to the problem of producing thermally stable
polyoxymethy lene.

An interesting feature of the CTF reaction is the
ability of the active centre of the macromolecule to attack
its own chain:

(2)
<<)•

where X is a hetero-atom (O, S, Ν, Ρ, Si, metal, etc.)
and -~R% is an active macromolecule (cation, anion, or
radical).

In this case a cyclic macromolecule may be formed12.
We may also expect the formation of some very peculiar
polymers having a "ring within a ring" structure (polyca-
tenanes). If two polymers of different composition take
part in a CTF reaction, copolymers will be formed without
a chemical bond being involved.

The most essential feature of polymeric systems in
which CTF reactions are proceeding is, as scheme (1)
shows, the fact that every "dead" polymeric chain can
become "alive". Also, a "dead" polymeric system can
be "revived" by introducing a suitable activator. Of all
the reactions known in polymer chemistry, CTF alone can
bring "dead" chains into the polymerisation process without
significant modification. Thus, the concept of a "live"
system is more general than the definition of Szwarc 1 3

implies.

A detailed thermodynamic, kinetic, and chemical analy-
sis of the CTF reaction, made in the Polymerisation
Kinetics Laboratory of the Institute of Chemical Physics
of the USSR Academy of Sciences, has established the
uniqueness of the process, which can therefore be con-
sidered to be a new, fifth elementary act among polymerisa-
tion processes.
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The present review aims to systematise and summarise
existing data on the CTF reaction, and to discuss the
potential applications of this reaction to polymer modifica-
tion.

Solving the problem of maximum distributional entropy14

for the conditions

2 */ = *;

2. KINETIC AND THERMODYNAMIC FEATURES OF
CHAIN TRANSFER WITH FISSION (CTF)

The specific feature of polymeric systems as compared
with chemical substances of low molecular weight, is from
the thermodynamic standpoint, their statistical nature,
i.e. the existence of a definite distribution in size and com-
position of the macromolecules. This must undoubtedly
be reflected in the nature of the processes occurring in
polymer systems.

Thus, the size distribution alone will alter the entropy
of the system, irrespectively of the nature of the polymeric
molecules, of their state in the system, and of their
interactions with each other and with the medium. Con-
sider a reaction leading to a change in the size distribution
of the macromolecules. We shall assume that the change
involves only equivalent bonds: since the internal energy
of the system depends on the total energy of the bonds,
which is assumed to remain unchanged, and also on the
interaction of the macromolecules with each other and with
the medium (which depends on the total number of seg-
ments, again assumed unchanged), the reaction does not
affect the internal energy of the system.

Ri + R y - R,4* + R,_*. ( 3 )

The total entropy of the system can be split into the con-
figurational entropy, the entropy of the segments, and the
entropy of interaction of the macromolecules with each
other and with the medium; the statements made above in
relation to the enthalpy of the system apply also to the
entropy, with the exception of the configurational entropy,
whose value depends on the length of the macromolecule
according to the expression

SR. = R In (a'), (4)

where j is the length of the macromolecule, and a is the
number of possible positions in space of a segment with
one end fixed.

Since the entropy of the system is equal to the sum of
the entropies of the components, the configurational
entropy also must be unaffected by our reaction.

It follows from the statistical nature of a polymeric
system that we must take the distributional entropy of the
system into account. Strictly speaking, any physical sys-
tem can be regarded as statistical from the point of view
of the distribution of the various forms of energy. How-
ever, energy redistribution occurs so rapidly that, with
few exceptions, the energy can be assumed to adopt an
equilibrium (Boltzmann) distribution. This is not so in
polymeric systems, where the distribution concerns units
in macromolecules. Obviously, a redistribution of this
type cannot occur unless a kinetically favourable mechan-
ism is available. If such a mechanism is possible, the
reaction will lead to the establishment of an equilibrium
distribution, whose nature can be readily inferred on the
hypothesis of maximum entropy. Thus, the driving force
of exchange reactions of this type is an entropic one.

Taking the distributional entropy into account, we
obtain for the reaction

(5)

we find, as for the Boltzmann distribution,

(6)

The composition distribution of the macromolecules
presents a more complicated problem, because the struc-
ture of the copolymer must affect both the internal energy
of a macromolecule and its entropy. Thus, even in the
presence of a mechanism leading to redistribution, maxi-
mum distributional entropy may not be achieved owing to
the increase in internal energy or to the decrease in
entropy of the macromolecules themselves.

Clearly, redistribution of the sequences A... A and
B.. . Β within a chain involves breaking A-A and B-B
bonds and the creation of two A-B bonds, or vice versa.
For each exchange of this kind the expenditure (or gain)
of energy is given by

Δ£ = : 'AIT
CAA + f B B

) •

so that the redistribution will be influenced not only by the
distributional entropy but also by the change in internal
energy. In the limiting case when

'AB"

fAA + fBB (8)

there will obviously be no redistribution at all, in spite of
the evident loss of distributional entropy.

Chain transfer with fission is the kinetic mechanism
which allows attainment of the most probable distribution,
corresponding to maximum entropy. Alternative
mechanisms are possible, of course, but the reactions
encountered in polymer chemistry either involve funda-
mental changes in the system1 5"1 7 or operate only on
macroradicals or macroions, i.e. on the "live" part of the
macromolecule, without affecting the "dead" parts (rever-
sible polymerisation).18

The special kinetic status of CTF was first pointed out
by Enikolopyan and his coworkers8»9. From a study of
interchain exchange in a system consisting of R molecules
of mean degree of polymerisation F with all end-groups
active, i.e. of the reaction

(9)

they arrived9 at the kinetic equation for the concentration
of the jmer

dl? Ν Ν Ν

-ZL = _ 2kR,R - 2kR, 2 IRt + 2̂  2 Σ RiR' +

+ 2 k 2 2 */«« + 4 f e 2 Σ *'*· -
ι i-i '=1 ι

the coefficient k being independent of j , i, and e.
At equilibrium

The equation gives for Rj

(ID

ί+ *)!(/-*)!
)

i + k)\(j-k)\ '

/?,= •£.«-/"·. (12

This implies that, independently of the initial distribu-
tion, CTF leads to a Semenov-Flory distribution1»21
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as calculated for equilibrium polymerisation and polycon-
densation. It can be shown that under these conditions

The attainment of this distribution was experimentally
demonstrated by studying the cationic exchange between
low-molecular-weight dimethyl ethers of poly(oxymethy-
lene glycol)19, because the molecular-weight distribution
is difficult to determine for high-polymer samples.

Disproportionation of the dimethyl ether of dioxymethy-
lene glycol (degree of polymerisation Ρ = 2) on treatment
with 0.06% sulphuric acid at 120° causes the appearance of
a whole series of oligomers, beginning with dimethoxy-
methane, in amounts independent of both catalyst concen-
tration and temperature. The fact that the resulting com-
position is independent of the experimental conditions
suggests that the observed distribution is an equilibrium
one.

The distribution obtained cannot be compared with the
function (5), because the latter was derived for the case
of j » 1; in the case of oligomers we cannot ignore the
length of one of the two monomeric units in comparison
with the length the entire molecule.

The distribution function for oligomers of low molecular
weight was obtained by a statistical method, which led to
expression (6), obtained previously by a thermodynamic
method (p. 309):

= — = e (13)

This equation satisfactorily describes the experimental
results.

Thus, it has been shown both theoretically and experi-
mentally that CTF leads to the most probable molecular-
-weight distribution.

It should be noted that these results have been obtained
on the assumption that the rate constant of CTF is indepen-
dent of the degree of polymerisation of the attacking active
molecule and of the molecule being attacked, i.e. that it
does not depend on the site of attack. This assumption
can be unambiguously substantiated only on the basis of
kinetic data. To this end, the kinetics of the establish-
ment of equilibrium was investigated20 for the dispropoi-
tionation of the dimethyl ether of dioxymethylene glycol,
using the boron trifluoride-ether complex as catalyst.

Evaluation of the kinetics based on a scheme analogous
to (3)

R*4-R' n_O — R ^ R^ + Rj—O —R^,

where Ri is a free-radical residue of structure CH3-[OCH2]t-
and Ri is a carbonium ion of corresponding structure
or a radical forming part of an oxonium ion

The set of kinetic equations corresponding to the pro-
posed scheme is

dRn " ( n-in-e ^

(*X . f

(14)

dx = Ikdt

where Ri is the concentration of CH3-[OCH2]i-OCH3 mole-
cules,

, Ι η—ι \ _

^5-^lR-y, Ri) R'-nRRn,

R is the total concentration of all molecules,
R* is the concentration of active centres,
η is the mean number of -OCH2- groups per molecule,

and k is the rate constant for interaction between an active
centre and a neutral molecule (assumed indepen-
dent of R*e, Rm, and Rn).

This system can be solved step by step. The following
expressions are obtained for the first three terms (n =
= 1, 2, 3)

The following formula gives the total concentration of the
remaining molecules

; i \ ) (16)

These equations fully represent the experimental
results, the best agreement being obtained with a rate con-
stant of k = 0.021 litre mole"1 s"1. The agreement be-
tween theory and experiment confirms the authors1 original
assumption of the equivalence of all the acetal bonds.

The role of CTF in the various stages of the process is
one of the most important problems in polymerisation
kinetics. It is obvious that, in the absence of a chain -
-growth reaction, CTF must lead to a Semenov-Flory
distribution1»21, but chain growth will perturb this dis-
tribution in such a way that at very low rates of CTF (in
the absence of chain termination and chain transfer, and
with instantaneous initiation) the molecular-weight dis-
tribution will be described by Poisson's law18

We shall estimate the relative velocities of these reac-
tions .

The rate of the growth reaction is

where a is the extent of reaction, R the concentration of
active centres, and Λ̂ , is the initial concentration of
monomer.

The rate of the CTF reaction is

(19)

The closeness with which the molecular-weight dis-
tribution in the system approaches an exponential dis-
tribution will be determined by the ratio of the velocities:

*tr a /on\

v~«· (20)
CTF

7
We must remember, however, that the chain growth

reaction alters the length by one unit, whereas the CTF
reaction alters it by an amount of the same order as the
chain length, so that the«velocity ratio ̂ should be multiplied
by the mean degree of polymerisation P. Thus the transfer
intensity factor is

Ύ ' 1 - α ·

It is evident that the relative intensity of CTF in-
creases sharply towards the end of the polymerisation pro-
cess. A study of the polymerisation of tetrahydrofuran
has, indeed, shown that the role of CTF, detected by the
increase in viscosity of the system, is particularly
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noticeable at the very end of the polymerisation, when the
growth reaction has practically ceased22.

Berlin and his coworkers u have considered theoretically
the possibility of cyclisation by scheme (2) during CTF.
They have derived an equation for the molecular-weight
distribution in the system with allowance for the formation
of cyclic structures

A / = = 5.. '

β i1'
(21)

where I is the mean degree of polymerisation of linear
molecules, hj and Nj are the concentrations of cyclic and
of linear molecules of length;, and a and β are the rate
constants for cyclisation and interchain exchange respec-
tively.

Analysis of the equations yields a number of interesting
conclusions. Fig. 1 shows the variation of the mass of
cyclic macromolecules for different values of the para-
meter

Fig. 2. Dependence of the viscosity of the poly-
merisation medium (1), and of the extent of re-
action (2), on the duration of polymerisation of
tetrahydrofuran in diethyl ether at 20° in the pre-
sence of the catalytic system

(C2H5)2O.BF3 CH2-CH-CH2C1,
Ό

with (M]o = 7.0 M, [cat]0 = 0.02 Μ (after Rozen-
berg22).

mN (22)

where

Λο = l im f ,

/->OO m

is the limiting amount of monomer in the cyclic molecules.

From Fig. 1 it is evident that for Mo < h0 practically the
whole of the polymer is cyclic and for Mo > h0 the mass of
cyclic polymer is practically constant. Estimated values of
/*oand e are4 χ 1021 cm"3and 10"3respectively. Thus, in
some cases the polymer can be almost completely converted
into a cyclic state.

Consideration of the overall molecular-weight distribu-
tion gives for "Pw/^N the expression

7» 3 V Mo) e '
(23)

which shows that cyclisation may be a possible cause of the
great polydisperseness of polymerisation products.

Recent experimental studies of the polymerisation of
heterocyclic compounds23"27, and earlier work on con-
densation polymerisation28-31, have shown that large rings
can be formed under these conditions.

The possibility of CTF in a system leads to redistribu-
tion of the macromolecules with respect to composition as
well as to length. Plechova et al.10 discuss the influence
of CTF on the composition of copolymers.

ο as w Μ/πβ 15 2.0

Fig. 1. Variation of mass of cyclic macromole-
cules with polymer concentration for different
values of the parameter e. 1 2

The CTF reactions occurring in the case of a binary
copolymer can be summarised as follows:

It is clear that the composition of the copolymer undergoes
a change: sequences (blocks) of units of a given kind can
be split, and conversely separate blocks of a given unit
can become "fused" into a single block. Thus, CTF can
cause redistribution of the units of a copolymer among
blocks and affect the number of blocks in the macromole-
cule.

By analogy with the number average degree of poly-
merisation, we can introduce the parameters SA and SB,
the mean lengths of the blocks ~A... A~ and ~ B . . . B~.
If the average number of blocks of a given type in the
macromolecule is I, it readily follows that

where mA and mB are the respective numbers of A and Β
units in the molecule.

Solving the set of differential equations for the variation
in / and [A*], we obtain for equilibrium the following
equation

where

/ 2 — K[mk — I] [tnB — I] = 0 ,

k,kt

When κ = 1 the expression for I takes the form
mArnD

/ = •

and

= l f -

(25)

(26)

(27)

This means that monomer units in the copolymer which are
present in small numbers as compared with the other com-
ponent are distributed singly.
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Eqn.(26) can be obtained by a purely statistical
approach32»33.

Thus the occurrence of CFT in a system must cause a
redistribution of the monomer units in the system irres-
pective of the initial distribution.

In the absence of CTF the average length of the blocks
is completely determined by the copolymerisation con-
stants according to the formulae

5 A = r 1 e + l ; S B = - (27')

Discrepancies between the experimental composition of
a copolymer and that calculated from the formulae (27')
have been reported in papers on the copolymerisation of
dioxolan with styrene3 4 and of 3,3-bischloromethyl-
-oxacyclobutane with /3-propiolactone35: obviously, this
can be ascribed to the occurrence of CTF in these sys-
tems.

Analysis of copolymerisation kinetics with allowance for
CTF leads to expressions for the rate and for the com-
position of the copolymer which differ from the classical
expressions.

For small extents of reaction, when the consumption of
monomer can be ignored, and kz = 0, we obtain

1 +
-7*

(28)

where

mA

A

In the absence of CTF, the parameter a varies linearly
with time:

(29')

whereas if transfer through the polymer is substantial

(29")

The physical significance of these relationships is
clear: CTF leads to a greater number of active centres of
type A* than in the case of ordinary copolymerisation;
this increases or decreases the rate of accumulation of the
component A according as ku ^ k2l, since

1.
1+*«/*!! Λ

It is evident that the change in the rate of polymerisation
of each of the components in the presence of CTF (as com-
pared with the classical scheme of copolymerisation) will
cause departures from the Mayo-Lewis composition
equation36»37.

Thus the instantaneous composition of the copolymer in
the presence of CTF is given by the equation36

I_ ι\

Ιϊ + ΐ( ϊ-')] 1 (30)

where r1 and r2 are the copolymerisation constants, and

In the absence of CTF (r3 = r 4 = 0) Eqn. (30) becomes
identical with the classical equation for the instantaneous
composition of a copolymer. If either of the parameters
r3 and r 4 is non-vanishing, the composition given by
formula (30) can deviate very significantly from the
classical composition. The difference increases with
increase in a.

A remarkable consequence of the occurrence of CTF
in a system is the special form of the "live" state of the
system. The "live" state of polymers, discovered and
investigated by Szwarc13, depends on the absence of any
reactions which destroy active centres or cause chain
limitation in general, and thus can occur only in absolutely
pure systems. This state is characterised by a mole-
cular-weight distribution of the Poisson type18, a linear
increase in degree of polymerisation with extent of reac-
tion, and rigid adherence to the expression

Ps-%-, (31)

where C is the total quantity of active £entres, ΔΜ the
amount of polymerised material, and PN the mean degree
of polymerisation.

As was stated above, CTF leads to an exponential
molecular-weight distribution irrespective of the detailed
mechanism of polymerisation. The broken macromole-
cules take part in CTF without disturbing the distribution,
as is the case with normal "live" polymers. Molecules
having "dead" end-groups on both sides can acquire active
terminations as a result of CTF. As can readily be
shown, this should produce chains both ends of which are
active:

(32)

Therefore, all molecules, both "live" and "dead", will
take part in reactions of chain growth, since there will be
a constant exchange of end-groups between the macromole-
cules. Thus, in a way, all molecules in the system are
"live", whatever the nature of their end-groups.

Studies of the variation in molecular weight with extent
of reaction in the polymerisation of trioxan38'39 have shown
that the viscosity molecular weight increases linearly with
extent of conversion, suggesting that the polyoxymethy-
lene molecules are live38. However, later experiments
revealed a temperature dependence of the slope of the
linear plot of Mw against extent of reaction, which was
unrelated to differences in the degree of initiation38. This
provides unambiguous proof of the presence of chain-
-limiting reactions in the system, probably by transfer to
impurities with a rate constant much higher than the growth
rate constant. The linear variation of the viscosity-
-average molecular weight with extent of reaction can be
retained only in the presence of intense CTF, which allows
all the molecules to take part in chain growth and maintains
proportionality between number-average and weight -
-average molecular weights. Thus, this special form of
the "live" state of the molecules manifests itself in the
polymerisation of trioxan.

It is interesting to consider the nature of the distribu-
tion of end-groups among the chains. If the macromole-
cules can have only two types of end-groups (active and
inactive), the system will be composed of three types of
molecule: — both end-groups active (A), only one active (B),
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and both inactive (C) — transition of molecules of one
type into another type occurring by the scheme

(320

The set of equations describing this process is

^ 15 ^ ί 2 * Α V/C/f

ή1at 2

2 A 4-Β = α;
(33)

where a is the total concentration of active groups, and b
of inactive groups.

Assuming that CTF results in the establishment of an
equilibrium molecular-weight distribution, and also an
equilibrium distribution of end-groups, the former being
observed not only in the system as a whole but also in
each group of molecules, we obtain

2ab ft* .(34)
A + Β + C (o + ft)2 A + Β + C (a + ft)2 A + Β + C (« + 6)2

It should be noted that this distribution of end-groups
can be obtained from purely statistical considerations, by
assuming that the probability of finding any group at one
end of a chain is equal to its fraction of the total number of
ends, whilst the probability of finding any two groups at the
two ends of a chain is equal to the product of the separate
probabilities for each of the groups. The fraction of
macromolecules of a given type is determined by the pro-
bability of their formation.

A kinetic analysis of the exchange between molecules
having more than two types of end-group is fairly com-
plicated, but it leads to a similar result.

As the above considerations show, the kinetic and the
probability approaches to the distribution of macromole-
cules with respect to length, composition, and type of end-
-groups give identical results, because of the entropic
nature of CTF.

3. CTF AS AN EXCHANGE REACTION

It is possible to set up a simple and convenient model
of CTF reactions on the basis of low-molecular-weight
compounds simulating the functional groups which can
undergo CTF (fragments of the main chain or of a side-
-chain of the polymer). These model exchange reactions
must satisfy a number of requirements arising from the
specific chemical features of CTF reactions in macro-
molecular compounds.

The reactions must be reversible. This is because a
necessary condition for this reaction to occur during poly-
merisation is that the new active centre formed after the
act of transfer must be able to carry on the polymerisation
and CTF process. When CTF occurs, the rate constants
for Mf with respect to Mx-M! and M2-M2, and also for Mjf
with respect to M J - M J and M2-M2, will be different for
the different homopolymers, but it is necessary that all these
reactions should take place — which means, in practice,
that the reaction must be reversible — in order that CTF
can occur.

A second important requirement of the model reactions
of exchange interaction is adherence to the principle of

conservation of functional groups. This means that the
functional groups initially present must not undergo any
chemical change during the reaction: only radicals bound
to the functional groups are exchanged.

In view of the latter requirement, we must exclude
those exchange reactions which, though formally resembl-
ing model exchange reactions, follow a quite different
mechanism, involving changes in the functional groups
during the process. For example, reactions which do not
satisfy the above conditions, although formally very
similar to model reactions for CTF, are the Meerwein-
Ponndorf-Verley reaction of ketones and the Oppenauer
oxidation of alcohols 4 0

\ r =C=O + ΑΙ., >C=O. (35)

Another example of a reaction of this type is transamina-
tion, discovered by the Soviet biochemists Braunshtein
and Kritsman41.

At the present time, hardly any papers have been pub-
lished on the detailed mechanism of exchange reactions,
but some general features observed in studies of trans-
esterif ication processes and in particular the alcoholysis of
carboxylic esters 4 2" 5 8 justify the statement that these are
fairly typical of nucleophilic substitution processes at a
car boxy-group 59,60

We shall consider some model reactions of exchange
interaction. The examples below are given merely as an
illustration, and are by no means comprehensive. One of
the most thoroughly investigated model reactions is
transester if ication. It can be conducted in three
ways — (1) by reaction between an ester and an alcohol
(alcoholysis), (2) by reaction between an ester and an acid
(acidolysis), and (3) by reaction between two esters
(estero lysis):

-R"OH•

Reactions (36) and (37) simulate the reaction between a
polyester macromolecule and a low-molecular-weight
impurity (acid or alcohol); reaction (38) simulates the
interchain exchange of two polyester macromolecules.

The rate of reactions (36) and (37) is considerably in-
creased by acidic or basic additives44'46'61, while reac-
tion (38) is accelerated by acidic catalysts45»61. Studies of
alcoholysis have shown49 that a heavier hydrocarbon
radical displaces a lighter one, but on occasions a heavier
alcohol radical is displaced by a lighter one in fairly high
yield, as in the alcoholysis of bornyl acetate by ethanol
and by butanol47. The structure of the radical R' has a
major effect on the rate of exchange. Thus, the exchange
is strongly retarded by the presence of double bonds in
the α and β positions with respect to the car boxy-group,
as in crotonic and cinnamic esters 4 4. Conversely,
electron-acceptor groups in the a position to the carboxyl
increase the rate of exchange44.

It has recently been shown56 that the yield of alcoholysis
products is practically unaffected by the number and com-
plexity of the substituents in the acid part of malonic
esters.
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The relative reactivity of various radicals in the
alcoholysis of acetates has been measured50. As was to
be expected, primary alcohols are the most reactive,
followed by secondary alcohols.

Korshak and Vinogradova61 studied the kinetics of
alcoholysis in the exchange between ethyl stearate and
cetyl alcohol. The reaction takes place even in the
absence of catalysts, but very high temperatures are then
necessary. Alkaline (sodium hexadecyloxide) and parti-
cularly acid (concentrated sulphuric acid) catalysts allow
the temperature to be lowered appreciably whilst in-
creasing the velocity above that of the uncatalysed reaction.
The mechanism of the uncatalysed (or acid-catalysed)
alcoholysis, like that of the thoroughly investigated hydro-
lysis of esters under analogous conditions62, appears to
consist in the rapid formation of an acylalkyloxonium ion,
which subsequently decomposes to form an acylium cation
or reacts with the alcohol:

1)

2')

2")

+ H+

Ο

Η τι R'C+ + ROH,

R'OH t- R'C—O< + ROH .
X R '

(39)

The mechanism of alkaline alcoholysis involves initial
attack by an alkoxy-anions on the carboxyl carbon atom,
which has a partial positive charge as a result of the
electron-acceptor effect of the carbonyl group. The
resulting anionic intermediate can decompose in two
ways — to regenerate the starting compounds or to form
the exchange products 5 9 :

ο- ο
RO" + R'C/ -Z R'C—OR" •£• R'C—OR + R'O". (40)

X O R " I
OR

Some unusual features were observed in a study of the
alcoholysis between ethyl s tearate and acetic ac id 6 3 . It
was shown that the order of the reaction changes from
first to second during the course of the reaction.

Acidolysis is accelerated by protonic and aprotic
ac ids 6 4 . It is very important in synthetic chemistry,
and is widely used for the preparation of vinyl e s te r s of
carboxylic acids from vinyl aceta te 6 5 .

As in the previous systems, the uncatalysed exchange
between two es ters occurs very slowly and only at
sufficiently high t e m p e r a t u r e s 6 6 . The reaction becomes
much faster in the presence of alkaline, and even more so
in the presence of acidic, ca ta lys t s 6 6 " 6 8 . The rate of the
reaction is proportional to the concentration of the r e -
agents 6 6 .

The mechanism of acid-catalysed acidolysis evidently
involves initial formation of an acylium cation

ο
R'C<f +H+ •£ R'c("+ Μ ;£ R'C+ + HaO. (41)

X O H X O <
X H

which can then attack a molecule of the ester with exchange
of the ester group:

ο

OR'" !
C=O

OR'"
+ R-C+. (42)

Regeneration of O=C*R' can occur either through the
interaction of O=C*R" with water

ο ο
R'C+ + Η,Ο £.R'C-OH + H+, (43)

followed by reaction (41), or directly by reaction between
O=C*R" and the acid

"C'+ + R < ° ^R'<L-OH^R'C'+
X>H |

C=O

(44)

In addition to the Soviet work discussed above61»63»66, we
must mention that papers of Flory2»69, who showed that the
alcoholysis of poly(decamethyleneadipate) under the
influence of small amounts of an alcohol or a glycol
(decamethylene glycol or dodecan-1-ol) follows first-order
kinetics in the presence of an acid catalyst. The reaction
velocity is proportional to the concentration of the acid
catalyst. The activation energy of the alcoholysis is
11.5 kcal mole"1. It was also shown that the exchange
reaction in question is approximately 11 times as slow as
the polyesterification of decamethylene glycol and adipic
acid.

Various workers7 0"7 2 have found that these exchange
reactions follow second-order kinetics, the activation
energy of the uncatalysed exchange being 20-30 kcal x
x mole"1 higher than that of the acid- or base-catalysed
reaction by factors of 2-3.

On the basis of the kinetic results obtained in their
study of transesterification on model compounds, Korshak
and Vinogradova73»74 arranged the reactions in order of
increasing relative reaction rate as follows: esterolysis <
< alcoholysis < acidolysis. , We should note, however,
that in the condensation polymerisation process used in the
synthesis of polyesters the relative importance of acido-
lysis and alcoholysis decreases as the reaction proceeds,
owing to the loss of functional groups, while esterolysis
becomes increasingly important as a result of the
accumulation of polymeric products.

Transesterification occurs readily also with the esters
of phosphoric, phosphorous, and phosphonic acids7 5"8 0.
The preparation of dialkyl phosphites from diphenyl
phosphites by an exchange reaction between the latter and
aliphatic alcohols was worked out by Petrov et al.75 The
reaction proceeds by the scheme

2 ClO^CHjOH + (C,H,O), ΡΟΗ ?. (C1CH,CH»O), ΡΟΗ + 2 C.H.OH. ( 4 5 )

The reaction product is formed in fairly high yield, reach-
ing 93%.

Good yields of exchange products have been obtained
also in the transesterification of aromatic esters of
phosphoric and phosphonic acids with aliphatic alcohols76.
The reaction is catalysed by alkali-metal alkoxides and
is represented by the equations

(C.H.O), P + 3 CJOH^OH

(C,H,O)2PCHS

(CI0HnO>, Ρ + 3 C.H.OH,

Nifant*ev and Fursenko77 found that the transesterifica
tion of phosphites and phosphonites, a very important
synthetic reaction used in the preparation of many phosph-
orus derivatives, can be carried out under much milder
conditions (20-40°) and without a catalyst if the 2-fluoro-
ethyl esters of tervalent phosphorus acids are used as
starting compounds.
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Pudovik and Evstaf'ev78»79 used transesterification to
prepare polyphosphites and polyphosphinites by the reac-
tion of phosphinic and phosphinous esters with glycols. In
a recent paper80, these authors have extended this method
to the preparation of phosphorus-containing polymers by
homopolyesterification:

nC 2 H 6 Op—CH 2 OH

R
>

—Ρ—CHj—

1 (46)

where R = OC2H5, C2H5, CeH5. The kinetics of this reac-
tion is described by a second-order equation, with an
activation energy of 23 kcal mole-1.

A very important reaction in synthetic chemistry is the
exchange interaction of carboxylic acids with acid anhy-
drides8 1"8 5, leading to formation of the anhydrides of the
corresponding acids or to mixed anhydrides:

RC^° -
X O H R ' — C = 0

H"C<

ΌΗ

R'COOH;

(47)

The formation of a mixed anhydride is thought86 to be
one of the essential intermediate stages in the synthesis
of polypeptides and proteins. Adenosinetriphosphoric
acid, which can be said to contain an inorganic acid
anhydride group, exchanges with an acylamino-acid to
form a mixed anhydride — the acyladenylate of the
amino-acid, which can then be used in vivo or in vitro to
construct a peptide link:

N=CNH a

HC C—Nk OH OH
.OH

Ι η / i i / ν /OH

s i _ t _ N — C H — C H — C H — C H — C H a O — P = O X O — P = O

OH

,0—C—CHNHCR

+RCONHCHCOOH H 4 P a O,+AD—CHjO— P = 0

\)H

(48)

The transetherification of an ether or acetal linkage
also has great practical importance in the synthesis of
various ethers and acetals8 7"9 4. These reactions, which
proceed according to the scheme

ROR + R'OR' 2 . 2 R 0 R ' ,

are catalysed as a rule by acid substances — protonic94

and aprotic89 acid, ion-exchange resins 9 1, and other com-
pounds89»90 — being particularly important in the synthesis
of natural products, especially polysaccharides, in which
interchain exchange occurs through the splitting of a
glucoside link under the influence of specific enzymes86.

Exchange reactions between the amide group and acids,
amides, esters, and amines are quite rapid. These reac-
tions are of the utmost importance in biosynthesis, and
will be dealt with separately.

The disulphide group, and polysulphide groups in
general95, are very reactive towards a number of exchange
interactions. The most typical exchanges of this type
are the thiol-disulphide and disulphide-disulphide, which
can be represented by the general equations

RSSR + R'SSR' tt 2R'SSR. (50)

It is interesting to note that these reactions can be
initiated both by anionic and by cationic catalysts. In a
few cases the exchange can occur also by a radical mech-
anism. Thus, for example, exchange was reported96 be-
tween dodecanethiol and propyl disulphide merely on heat-
ing, without the addition of any activators.

The thiol-disulphide exchange is very strongly
accelerated in the presence of alkaline catalysts97. The
polarity of the solvent has a considerable effect on the rate
of exchange. It has been shown98 that an exchange which
is slow in absolute methanol is accelerated by aqueous
methanol, and goes very rapidly in the presence of alkali.
The rate of the thiol-disulphide exchange in methanol atO-
3 5° is proportional to the concentration of disulphide and the
alkyl sulphide ion, and the activation energy 9B is 15 kcal x
x mole"1. Reactants containing sterically hindered groups,
such as 2-methylpropane-2-thiol reacting with di-t-butyl
disulphide, exchange very slowly, with an activation energy
of ~ 22 kcal mole"1.

Entirely different behaviour is observed when the thiol-
disulphide exchange is carried out in non-polar media.
The exchange interaction between aliphatic thiols and
disulphides in an aromatic hydrocarbon medium is very
slow even at 200°. Its activation energy is 28 kcal mole"1.
Yet the exchange of aromatic thiols and disulphides under
similar conditions is quite fast even at much lower tem-
peratures, and has an activation energy of ~ 10 kcal mole"1.
The reaction rate is proportional to the square root of the
concentration of disulphide, and is independent of the thiol
concentration. Gur'yanova and her coworkers 10° proposed
a radical exchange mechanism in non-polar media to
explain these facts

RSSR ί. 2RS\

RS+R'SH ;£ R'S+RSH,

R'S' + RS- ^ R'SSR;

(51)

RSSR + R'SH •£ RSSR' + RSH; (49)

The presence of radica l s was demonstrated by the
accelerat ing effect of ultraviolet radiation and by react ion
with 2,2-diphenyl-l-picrylhydrazyl. The exchange is
catalysed by peroxides and azoisobutyronitr i le 9 5. The
decomposition of acyl peroxides occurs in a s imi la r way 3 4 .
A radica l mechanism has been postulated also for the
exchange of d i su lphides 1 0 1 : unsymmetr ica l aromatic
disulphides undergo r e a r r a n g e m e n t to symmetr ica l
disulphides in boiling dioxan solutions, under ultravoilet
i r radia t ion, o r on heating to 170°.

Disulphides exchange very readily in polar media in
the p r e s e n c e of hydrogen sulphide or alkyl sulphide
a n i o n s 9 7 ' 1 0 2 ' 1 0 3 . Disulphide exchange can occur also in
the presence of protonic or aprotic acids 9 7 » 1 0 4 » 1 0 5 . The
sulphonium ion is assumed to be active species .

Space does not allow us to d i scuss al l the many exchange
interact ions which can be applied to polymeric molecules
for the purpose of modifying them. We shall point out
only that the use of nuclear magnetic resonance methods in
r e c e n t y e a r s has helped to demonstra te the occurrence of
exchange react ions in the most var ied sys tems 1 0 6 - 1 0 9.

4. METHODS O F DETECTING C T F

Exchange react ions involving macromolecular com-
pounds occur by essential ly s imi la r p r o c e s s e s . Jus t a s
with other chemical t ransformat ions of macromolecu lar
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compounds u o , the morphology of the polymer plays an
important part. This is obviously a highly significant
factor in reactions of this type, and exerts a strong
influence on the reactivity of polymers.

The occurrence of CTF in a system can be detected in
a number of ways. For a CTF reaction to manifest itself
in the synthesis of a polymer by condensation or addition
polymerisation, the rate constant of the CTF step must be
comparable with the rate constant of the polymer forma-
tion reaction. This criterion becomes less essential
when we are dealing with CTF between two existing homo-
polymers, since in this case the exchange can be con-
siderably intensified by raising the temperature.

A strict chemical proof of the presence of CTF may be
provided by the very fact that block and graft copolymers
are formed under conditions offering no conceivable
mechanism for their formation other than CTF.

Two methods of synthesis of block copolymers based on
CTF have been developed. In the first method the block
copolymer is synthesised by the polymerisation of one
monomer in a medium of the other homopolymer 111»11*J
when polymerisation is accompanied by CTF. Block
copolymers synthesised by this method and the methods
used to identify them are listed in Table 1.

In the second method, block copolymers are synthesised
by initiating CTF between the two homopolymers. It is
evident that in this case we have no polymerisation as
such, and that only CTF processes take place according
to the scheme

-R;OR,· (52)

The results of these syntheses U3 are set out in Table 2.

Pairs of homopolymers were chosen such that one of the
polymers was insoluble in the solvent used, thus enabling
the occurrence of CTF to be detected visually by the
gradual swelling followed by dissolution of the insoluble
polymer. Blank experiments without the catalyst (to
check whether the insoluble homopolymer was soluble in a
solution of the other homopolymer) and without the soluble
homopolymer (to check whether the polymer was soluble
when degraded by the catalyst) gave no such effect. In
both cases, the insoluble polymer was regenerated in
almost quantitative yield.

TABLE 1. Preparation of copolymers by cationic poly-
merisation of a monomer in the presence
of other polymers u .

Monomer

Trioxan
Formaldehyde
Trioxan

»

»

»

Styrene
Trioxan

Formaldehyde
Trioxan

Polymer

polydioxolan
»

poly(ethylene
oxide)

poly(propylene
oxide)

polyUetramethyl-
ene oxide)

poly(ethylene
adipate)

polydioxolan
dimethyl ethers

of poly(oxy-
methylene
glycol)

ditto
poly(methyl

methacrylate)

Type of polymer
formed

block copolymer
ditto

»

»

»

»

»
homopolymer

t
graft copolymer

Method of identifi-
cation

kinetic

spectral

»

spectral
kinetic

spectral

TABLE 2. Preparation of block copolymers by
the interaction of homopolymers1I3.

Soluble polymer

Polydioxolan
Poly(tetramethylene oxide)
Polydioxolan

Insoluble polymer

polyoxymethylene
polyoxymethylene
poly-3,3-bischloromethy 1-

oxacyclobutane

Obviously, graft copolymers also can be synthesised by
a similar procedure, if the functional group by which the
chain is transferred is located in a side-branch of the
homopolymer. Again, two methods of synthesis are
possible — (1) the polymerisation of one monomer in a
medium of the other homopolymer, and (2) reaction between
the two homopolymers — results of the synthesis of graft
polymers by the second method being listed in Table 3113.

It might be thought that block and graft copolymers are
formed not as a result of CTF but by the copolymerisation
of pairs of monomers produced during the establishment of
equilibrium with an active polymer chain, which is itself
formed by the action of the catalyst on the polymers. How-
ever, the results of the third experiment in Table 2 and of
the experiments summarised in Table 3 show unambigu-
ously that the block and graft copolymers were formed by a
CTF reaction, since the starting homopolymers used could
not act as monomer donors under the conditions of the
experiments.

Thus, the synthesis of block and graft copolymers by
the methods described is a rigorous chemical proof of the
reality of CTF as an elementary act.

This act can be quite clearly identified even in homo-
polymerisation processes. A universal method of identifi-
cation is the change in the molecular-weight distribution of
the polymer during polymerisation. Some difficulties in
the identification of this elementary act may arise when
the polymerisation process is reversible, because under
these conditions, too, the most probable molecular-weight
distribution will establish itself in the system. These
difficulties can be readily overcome by noting that in the
case of reversible polymerisation the most probable dis-
tribution occurs only in the "live" part of the polymer.

An interesting effect is observed in the cationic poly-
merisation of oxygen-containing cyclic compounds. Thus,
in the polymerisation of-tetrahydrofuran22 or trioxan114,
and perhaps also of other analogous compounds, a large
increase in the viscosity of the reaction medium is found
towards the end of the polymerisation process. Fig. 2
shows the variation in viscosity of the medium and in the
extent of conversion as a function of time during poly-
merisation. This effect is not difficult to explain on the
basis of CTF concepts.

TABLE 3. Preparation of graft copolymers by
the interaction of homopolymers U3.

Soluble polymer

Poly (butyl vinyl ether)
Poly (butyl vinyl ether)

Intoluble polymer

polyoxymethylene
poly-3,3-bischloromethyl-

oxacyclobatane
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Thus, as was shown above (p. 310), the relative con-
tribution of CTF to the polymerisation process should in-
crease continuously as the reaction proceeds. Since a
cyclic ether (acetal) is considerably more basic than a
linear polyether, the rate of chain growth is higher, as a
rule, than the rate of CTF. In this case the mechanism
of CTF is complex, consisting of two consecutive acts: an
active centre attacks the polymeric macromolecule with
formation of an oxonium ion, and the resulting polymeric
oxonium ion then decomposes:

-O ( C H 2 ) , -O(CH2)«O+

| < C H 2 ^ |

V
The rate of the CTF process depends on the ratio of the

constants for these elementary reactions: clearly, all the
active centres should be in the form of polymeric oxonium
ions towards the end of the reaction, so that the reaction
medium consists of an aggregated system with labile bonds
between polymer chains. Of course, this effect must
cause a substantial increase in the viscosity of the medium.
The viscosity of a system undergoing polymerisation drops
to the normal value on treatment with a nucleophilic
reagent22, i.e. when the labile bonds are broken. The
occurrence of this effect during homopolymerisation can
itself be taken as evidence for CTF in the system under
study.

Clear indications of interchain exchange and related
interactions between a polymer chain and the starting
materials or compounds of similar chemical nature have
been obtained in the study of reactions leading to the for-
mation of macromolecules by condensation polymerisation.
As already pointed out, these reactions appear to proceed
by a mechanism analogous to CTF. We shall call these
reactions interchain exchange reactions in the case of con-
densation polymerisation.

Since fairly high temperatures are normally used for
condensation polymerisation, the contribution of interchain
exchange to the formation of macromolecules is con-
siderably increased. We shall consider a few examples
which illustrate interchain exchange processes occurring
in condensation polymerisation reactions. These relate
mainly to interchain exchange reactions of ester and amide
groups.

We know from the theory of condensation poly-
merisation 3»4 that equivalent amounts of reactants are of
great importance in the preparation of polymers of high
molecular weight. Since functional groups of a single type
do not interact, we can expect that a twofold excess, say,
of one of the reactants will make it impossible to obtain a
high-molecular-weight polymer: only low-molecular -
-weight reaction products should form in this case.
Actually, however, it is possible to obtain products of
fairly high molecular weight even in this case 1 1 5" 1 1 7.

Thus, in the preparation of a polyester from a dicar boxy lie
acid and a diol with a twofold excess of one of the components,
HOR'OOCR"COOR'OH or HOOCR"COOR'OOCR"COOH res-
pectively are formed in the early stages of the reaction.
Growth of the resulting "intermediates" becomes possible
if exchange reactions by a transesterification mechanism
(acidolysis or alcoholysis) take place:

—R"(COOH>!
2 HOOCR'COOR'OOCR'COOH •·, HOOCRlCOOR'OOCR'] ! , C O O H ,

—R'(OH)3

2 HOR'OOCR'COOR'OH — HOR' [-OOCR"COOR'-]2 OH. (54)

The dicarboxylic acid or diol evolved is removed in a
vacuum at a high temperature in order to displace the
equilibrium. In practice, as a rule, a slight excess of
diol is used, since this is the more volatile constituent and
is more easily removed from the reaction medium.

The exchange interaction between amides and acids (or
esters) can be used for the synthesis of polyamides.

Rafikov et al.118 observed the formation of a polyamide
from AW-diacetylhexamethylenediamine and adipic acid:

«CH,ONH(CH,),NHCOCH, [-NH[CH,](1NHCO[CH,],,CO-]n+

+ 2rtCH,COOH. (55)

They also studied118 the reaction between iW'-diacetyl-
hexamethylenediamine and diethyl adipate. As before, the
product of the reaction is polyhexamethyleneadipamide:

nCH,CONHfCHj], NHCOCH, + /iC,H6CCO[CH,], COOC,H, t-

tt [-NH[CH,],NHCO(CH l)4CO-]n+2/iCH iC^ ( 5 6 )
UvaHj

Lastly, polyamides can be prepared by the exchange
interaction of two diamides. Thus, Beste and Houtz119

observed the formation of a polyamide from diacetylhexa-
methylenediamine and the diamide of sebacic acid:

a. (57)

7»CH3CONH[CH2], HNCOCHS + nHjNCOjCH,],, CONHa ;±

Ξ [-NH[CHi],NHCO[CHa],CO-]n

The alcoholysis of polyesters has been suggested as a
practical reaction for the regeneration of dimethyl
terephthalate from poly(ethylene terephthalate) by treating
the polymer with methanol120. Andrianov and his co-
workers m demonstrated the interesting potential uses of
alcoholysis in synthetic chemistry by preparing block and
graft copolymers of poly(ethylene terephthalate) and
polyorganosiloxanes:

C.H.0

CH3 -j C.H, r CH, -ι C,HS

_Si—O— — Si—O— —Si—Ο —Si—C

C,H6 Ja OQH6 L C,H5 Ja OCjH

C.HS

J-OCjH, +

(58)

+ HO [CHaCHiOC-
II

ο
fCH,

>—C—OLCH,CH,OH
II

ο

[
CH, -iC,H, |-CH, π C,H,

—Si—Ο - S i - O Si-O - S i - O

C.H, J» OC,H,LCeHi Ja OCjH, o1

,_C—OL

Ο

The inclusion of ethoxy end-groups and side-groups in the
polyorganosiloxane molecule leads to the formation of a
mixed block-graft copolymer. The resulting copolymer
has superior mechanical and dielectric properties and
reasonably high thermal stability.

Kursanov et al.122 demonstrated the occurrence of
exchange interaction between two polyesters by an isotopic
method. They studied the reaction between diethyl
2,3-dideuterosuccinate and poly(hexamethylene sebacate).
The presence of deuterium in the polyester after reaction
with the deuterated succinic ester is a proof of the
occurrence of interchain exchange between polyester
molecules.

A direct proof of ester exchange was given by Goodman
and Nesbitt123, who studied the interaction of polyethy-
lene terephthalate) with tetramethylene dibenzoate and
of poly(tetramethylene terephthalate) with ethylene dibenzo
ate. As a result of interchain exchange, they obtained
ethylene and tetramethylene dibenzoates respectively.
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The same workers showed that the cyclic trimer of
ethylene terephthalate polymerises with formation of a
linear polymer of high molecular weight. However, the
reaction does not occur if the material is thoroughly dried.
This suggests that the active initiator of the reaction is a
hydroxy-acid, a hydrolysis product of the cyclic trimer.
The mechanism of chain growth is an unusual trans-
esterification reaction (acidolysis or alcoholysis) between
the hydroxy-acid and the cyclic trimer.

The so-called hydrolytic polymerisation of lactams4

involves a similar mechanism (transamidation). In
general, from the point of view of the present Review, the
polymerisation of any heterocycle can be treated as an
exchange interaction irrespective of the type of active
centre involved in the polymerisation.

Yet another general method of demonstrating the reality
of interchain exchange reactions during condensation poly-
merisation depends on the formation of, say, a polyester
from substances which contain neither free carboxyl nor
free hydroxyl groups. Thus, a method of preparation of
poly (ethylene terephthalate) from bis-2-acetoxyethyl
terephthalate or bis-2-benzoyloxyethyl terephthalate has
been described in the patent literature1 2 4.

Several methods for identifying interchain exchange
reactions are based on studies of the molecular weight,
the molecular-weight distribution, or some other physical
property of the products of condensation polymerisation125.
Thus, when two samples of poly(decamethylene glycol)
are mixed and heated19, a fall in viscosity is observed:
this is because the weight-average molecular weight de-
creases, although the number-average molecular weight
remains constant under these conditions.

Using a very similar experimental approach, Rafikov
et al.126 separated by fractionation a narrow fraction of
poly(ethylene adipate) from an unfractionated.specimen.
When this narrow fraction was heated in a sealed bulb at
170° the molecular-weight distribution became the same
as in the original, unfractionated sample.

It is evident from the scheme discussed above that the
acids and alcohols of low molecular weight generated by
transesterification should lower the molecular weight of
the polyester. Indeed, these phenomena have been
thoroughly investigated in numerous publications by
Korshak and his coworkers 125~136 and by others 6 9 ' 1 3 7.

As in the case of polyesters, the exchange reactions
accompanying the interaction between a polyamide and
substance of a low molecular weight cause a lowering of
the molecular weight of the former. Fig. 3 illustrates
the results of the exchange reaction between polyhexa-
methyleneadipamide and adipic acid1 2 8. Similar results
were obtained on reaction of this polymer with stearic
acid1 2 8 and of polycaprolactam with />-chlorobenzoic
acid1 3 8.

Korshak and Gribova132 observed the aminolysis of
polyurethane on heating it with aniline. They also showed
that polyurethanes, like polyamides, can undergo, as well
as aminolysis, exchange reactions with carboxylic acids,
alcohols, and isocyanates 139.

A considerable lowering of molecular weight and
softening temperature is observed when a polymer con-
taining polysulphide links is treated with a thiol. Thus a
liquid polymer of molecular weight ~ 5000 is formed when
5 mole % of butanethiol is added to an alkaline aqueous

ίο·· Μ

Fig. 3. Acidolysis of polyhexamethylene-
adipamide by adipic acid (q mole %). Mole-
cular weight:
1) calculated; 2) determined from viscosity;
3) determined from end-groups.

suspension of a macromolecular polysulphide 140. Similar
behaviour is observed with other substances which can
denote alkyl sulphide ions, such as low-molecular-weight
disulphides. Aromatic thiols, in particular thiophenols
and mercaptobenzothiazole are effective donors95.
Aliphatic thiols are less effective. Thiols with branched
radicals have a very low activity 141 because of steric
hindrance.

An interesting method, based on the change in physical
properties of the resulting polymer, was used by Korshak
and his coworkers 142 to demonstrate the occurrence of
interchain exchange in condensation polymerisation. A
polyamidoester of the composition

[—OCHaCHaNHCO[CHa]e CO—]„,

(I)

was obtained by the condensation polymerisation of
2-aminoethanol with sebacic acid. Condensation poly-
merisation of AW'-bis-2-hydroxyethylsebacamide with
sebacic acid was also carried out. The product in this
case should have had the structure

[—OCHjCHaNHCOtCH-j]», CONHCHXHaOCOCCH.,],, CO—],,.

(Π)

The two polymers were examined by electron diffraction4

and found to have exactly the same identity period of 17 A.
This corresponds to the polyamidoester structure given by
formula (I), whence we may conclude that polymer (II) has
been converted into polymer (I) as a result of interchain
exchange.

Kresse 1 4 3 used the lowering of the melting point of a
copolyester (as compared with that of a mechanical mixture
of the two separate polyesters) to detect interchain
exchange. In exactly the same way, a copolymer was
prepared from a mixture of three polyamides — poly(hexa-
methyleneazelaamide), polyhexamethyleneadipamide, and
polycaprolactam — formation of the copolymer being
demonstrated by monitoring the gradual fall in the melting
point of the mixture of polyamides on heating144. The
melting point continues to change until an equilibrium dis-
tribution of monomer units is established in the copolymer,
as is clearly shown in Fig. 4, which is a plot of the flow
temperature of the three-component system as a function
of time of heating144. The authors also suggested144 that
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kg cm
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Fig. 4. Variation of the flow temperature of
polyhexamethyleneazelaamide-polyhexa-
methyleneadipamide-polycaprolactam copoly-
mers as a function of time of heating of the
homopolymers 144.

the stability of solution of the resulting products can be
used to characterise structural changes in the polyamide
macromolecules during heating of the homopolyamides.

Technically valuable products have been obtained
through the preparation of a copolyamide by heating a
mixture of the two homopolyamides polyhexamethyleneadip-
amide and polycaprolactam145»146. It is interesting to
compare the difference in melting point between copoly-
mers of a given composition prepared either from the
corresponding monomers or from the homopolymers146»147,
As can be seen from Fig. 5, the melting points of the
copolymers differ quite markedly, indicating that the '
distribution of monomer units is different in the two cases.

Results in good qualitative agreement with this con-
clusion have been obtained148 from a study of the tensile
strength of mixtures of homopolyamides as a function of
time of heating, i.e. essentially as a function of the extent
of interchain exchange. As shown in Fig. 6, progress of
the reaction is accompanied by a gradual decrease in the
tensile strength of the copolyamide. On the basis of the
mechanism suggested above for CTF, we may assume that
the high initial strength of the copolyamide stems from the
large blocks formed in the block copolymer in the initial
stages of the reaction; as the reaction proceeds, these
blocks are broken up, and this appears to lower the tensile
strength of the copolymer.

Thus, as shown by Korshak and his coworkers 149, a
block copolymer is formed rapidly on heating mixtures of
homopolyamides, the size of the blocks decreasing as
interchain exchange proceeds. The system ultimately
reaches an equilibrium state characterised by the appropri-
ate distribution of monomer units in the copolymer. The

Fig. 5. Variation with composition in
melting points of:
1) mixtures of polyhexamethyleneadip-
amide and polycaprolactam; 2) copoly-
amides.

0 40 10 HO № 100
elongation, %

Fig. 6. Variation of the tensile strength
of a mixture of polyhexamethyleneadip-
amide and polycaprolactam with time of
heating (h):
1) 0.5; 2) 1; 3) 1.5; 4) 2; 5) 4; 6) 6;
7) 12; 8) 20; 9) 30.

Fig. 7. Change in composition of a mixture
of polyamide s with heating148:
1) content of homopolymers; 2) content of
block copolymers; 3) content of copoly-
amide.

change in composition of a mixture of polyamides is shown
in Fig. 7.148

The progress of interchain exchange between two homo-
polymers can be followed by choosing a solvent in which
one of the homopolyamides is insoluble. Thus it was
found14e in a study of the reaction between polyhexamethy-
leneadipamide and polyhexamethyleneisophthalamide that
the latter polymer is insoluble in formic acid. When this
mixture was heated, the usual fall in melting point was
observed, and at the same time the amount of insoluble
polyhexamethyleneisophthalamide decreased with time, as
shown in Fig. 8. It is evident from these results that only
a relatively crude indication of the extent of interchain
exchange can be obtained from the change in melting point
of a mixture of polymers, particularly in the initial stages,
when the block copolymers formed consist of large blocks
and have melting points little different from that of a
mechanical mixture of the homopolymers.

Unambiguous evidence for the presence of interchain
exchange was obtained in the study of naturally occurring
molecules containing peptide links. A characteristic
feature of these reactions is the fact that they proceed in
aqueous media, where the peptide links can undergo *
hydrolytic reactions. These reactions occur under the
influence of enzymes.
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Fig. 8. Change in the relative amount of formic-
-acid-insoluble material in a polyhexamethylene-
adipamide—polyhexamethyleneisophthalamide melt
as a function of time of heating14A

It was shown that various proteolytic enzymes, highly
specific in action, can induce transpeptidation reactions as
well as hydrolysis, whilst displaying their individual
specificity. The term transpeptidation reaction refers to
an interchain exchange reaction involving peptide links.

The discovery of transpeptidation is of the greatest
interest, because these reactions can play an important
role in the synthesis of proteins. In general, transpeptida-
tion reactions can be represented by the following schemes

(59)

(60)

(61)

The earliest report of the possibility of reactions of
this type is due to Bergmann150, who discovered the
reaction

Hippuroylamine + Aniline • Hippuroylaniline + NH,. (62)

It may be thought that the hippuroylaniline was formed
by initial hydrolysis of the hippuroylamine followed by
reaction between the free hippuric acid and aniline. How-
ever, special experiments showed that the rate of reaction
(62) is greater than that of the analogous reaction in which
hippuric acid was used as the substrate 15°. Therefore,
hippuric acid is not an intermediate in this process. In
this way a new typo of reaction brought about by proteo-
lytic enzymes — exchange interaction — was postulated.

These results were subsequently confirmed by a series
of investigations by Fruton and his coworkers «i-"3, w h 0

showed that papain, activated by cysteine, catalyses the
replacement of the amide nitrogen in ΛΓ-benzoylglycin-
amide or benzyloxycarbonyl-L-methioninamide by 15N,
introduced in the form of ^NHJ. Exchange of the amide
group can occur also when the amide reacts with hydroxyl-
amine, leading to the formation of the corresponding
hydroxamic acid152»153. Preliminary hydrolysis of the
amide, followed by reaction between the free hydroxyl and
the hydroxylamine, is out of the question, since it has
been shown experimentally that free amino-acids do not
form hydroxamic acids with hydroxylamine to a significant
extent. Similar results were obtained when different
enzyme systems — ficin and chymotrypsin154'155, and also
cathepsin152»155 — were used as exchange activators.

Many investigations showed that the ability to undergo
exchange is an almost universal property of the amides of

various amino-acids. The amide group has a general
tendency to exchange with various compounds, in particular
with hydroxylamine and ammonia, and the latter can be
used in the form of nitrogen-labelled ammonium salts.
The exchange reaction takes place in the presence of
enzymes of vegetable155»156 and animal1 5 7 '1 5 8 origin, and
of bacteria1 5 9 '1 6 0.

Exchange of the amide group has been used in synthetic
chemistry to build up polypeptide chains. It has been
shown1β1 that benzoyltyrosylglycinamide is formed when
benzoyltyrosinamide reacts with glycinamide in the pre-
sence of chymotrypsin. In a similar way, benzyloxy-
carbonylglycyltyrosinamide can be obtained from benzyl-
oxycarbonylglycinamide and tyrosyinamide in the presence
of papain. The action of cathepsin on glycylphenylalanin-
amide was shown to yield a whole range of polypeptides of
different molecular weights. Polypeptides are formed
also from glycyltyrosinamide, alanylphenylalaninamide,
and other amides 162>163 in the presence of this enzyme.
Experiments by Orekhovich and Kaganova164 provided
additional suuport for the participation of amides in the
biosynthesis of peptide links. By treating a tyrosine ester
with glutamine or asparagine in the presence of crystalline
chymotrypsin these workers obtained a peptide containing a
tyrosine residue and glutamic or aspartic acid. If the
amides are replaced by aspartic or glutamic acid, forma-
tion of a dipeptide does not occur. Many reactions of this
type have been reported1 6 5"1 7 3 and systematised in a num-
ber* of reviews and monographs53'86'174"180. These include,
for example, the formation of plasteins 169~173, which are
insoluble peptides with molecular weights up to 400 000.

The examples given above clearly show that transpeptida-
tion reactions are undoubtedly involved in the biosynthesis
of peptide links, but their exact role in the general process
of protein biosynthesis is still far from clear. Systematic
quantitative experiments may, perhaps, solve this problem.
This work should also go some way towards the solution of
two other important aspects of the general problem of the
biosynthesis of proteins: the influence of transpeptidation
reactions on the sequence of amino-acid residues in the
protein molecule and also the importance of these exchange
interactions in the dynamic state of proteins, peptides, and
amino-acids in the living organism.

It is evident from what has been said above that reac -
tions involving chain transfer with fission are of common
occurrence in processes giving rise to the formation of
heterochain polymers. Tney play a most important role
in the formation of macromolecules, and they determine
the properties of the resulting polymer to quite a large
extent. Thus, they open up wide prospects for the con-
trolled modification of heterochain polymers.

By including CTF among the primary steps in poly-
merisation, we gain a much deeper understanding of the
thermodynamic and kinetic peculiarities of this process.
Furthermore, many experimental facts could not be
interpreted otherwise than in terms of CTF.

The discovery of transpeptidation justifies the hypothe-
sis that interchain exchange reactions play an essential
role in the biosynthesis of proteins.

The present Review will not have been written in vain
if it can focus attention on the importance of CTF in pro-
cesses leading to the formation of heterochain polymers,
and on its potentialities in synthetic chemistry.
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I. INTRODUCTION

A new branch of chemistry, the study of chemical pro-
cesses at low temperatures, close to the boiling point of
liquid nitrogen, arose in recent years and has rapidly
developed. Comparatively recently chemical reactions at
low temperatures appeared to be unlikely. This view arose
from the fact that the Arrhenius factor, which takes into
account the necessity to overcome the activation barrier,
increases sharply as the temperature is reduced. Further-
more, at low temperatures most substances are in the
solid state where the mobility of the species is extremely
low and molecular collision necessary for reaction is
difficult to achieve.

Initially, the attention of chemists, who began to work
at low temperatures, was drawn mainly to the problem of
formation and stabilisation of radicals. Gradually the
range of problems investigated widened and at present the
study of the fundamental steps in the reaction of various
species in the solid phase at low temperatures is one of the
central problems of modern chemical kinetics. Ν. Ν. Seme-
nov and his school and many other Soviet scientists have
made a major contribution to the development of these
studies.

The present review deals with certain results of studies
on chemical reactions at low temperatures obtained in the
Department of Chemical Kinetics at Moscow State Univer-
sity, directed by Ν. Ν. Semenov. In the course of these
investigations the phenomenon of a spontaneous, explosive
course of many chemical reactions at temperatures close
to the boiling point of nitrogen and the effect of phase
transitions on chemical processes were discovered, the
possibility of chain reactions in the solid phase at this
temperature was demonstrated, and the special role of
unstable molecular complexes of the donor-acceptor type
and their aggregates in low-temperature chemical reac-
tions has been observed.

The Review consists of three principal parts. In the
first section certain problems of the preparation and reac-
tions of radicals in the solid phase are considered. The
second section deals with the characteristic features of
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