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I. INTRODUCTION

The properties of high-molecular-weight compounds can
be modified by grafting side chains on the polymer back-
bone, the nature of the side chains being either similar to
the backbone or entirely different. Whereas some proper-
ties of graft copolymers are determined by those of the
constituent backbone and side chains, others are not shown
by any of the constituent polymers. An example of this is

the graft copolymers which contain hydrophilic and hydro-
phobic chains {e.g. polystyrene on starch). Graft copoly-
mers can also emulsify "oil-water" systems when none of
the constituent polymers is an emulsifying agent.

The number of publications dealing with the preparation
and properties of graft polymers is growing yearly and
there is now a need both for a systematic treatment of the
literature and for classification of graft polymers. Several
surveys have been published1"27 in which the material is
arranged according to the methods of synthesis. We sug-
gest that classification of graft polymers be considered
from two viewpoints: first, from the position of all graft
polymers within the series of other high-molecular-weight
compounds and second, from the inter-relations of the
individual members of the graft polymer series. This can
be achieved by various means but the most rational one, in
our view, is that adopted by Korshak whose classification
is based on chemical structure2 8. We used the same
principle for suggesting29 the division of graft polymers
into four types:

I. Homo-chain polymer backbone with grafted homo-chain
branches (homo-chain graft polymers).

II. Homo-chain polymer backbone with grafted hetero-chain
branches (homohetero-chain graft polymers).

III. Hetero-chain polymer backbone with grafted hetero-
-chain branches (hetero-chain graft polymers).

IV. Hetero-chain polymer backbone with grated homo-
-chain branches (heterohomo-chain graft polymers).

The constituent polymer fragments in a graft copolymer
can form either regular or random structures depending on
the conditions of synthesis. The same polymer chains can
be more or less regular or completely random in structure
depending on the conditions of preparation. If the former
are referred to as "crystalline" and the latter as "amor-
phous" the graft polymers of each of the above four types
can be divided into four groups: (a) amorphous backbone
and side chains (amorphous graft copolymers); (δ) amor-
phous backbone, crystalline side chains (amorphous —crys-
talline graft copopolymers); (c) crystalline backbone and
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side chains (crystalline graft copolymers); and (d) crystal-
line backbone, amorphous side chains (crystalline-amor-
phous graft copolymers).

The above division into types and groups makes it pos-
sible to include the structural and chemico-structural
properties in the nomenclature of graft copolymers. This
classification can embrace both organic and inorganic
copolymers; we believe that it can not only group syste-
matically the already known graft polymers but also reveal
new groups of these substances.

The methods of preparation of graft copolymers include
mechanical—chemical, irradiation—chemical, and various
chemical ones. This review will be limited to the chemical
methods of synthesis. Only polymers having carbon chains
for the backbone and side chains have been considered as
an example of homo-chain polymer constituents. The re-
view does not include the formation of graft copolymers from
naturally-occurring polymers. The literature references
to graft polymers are arranged according to the chemical-
structural principle mentioned above.

II. CARBON-CHAIN GRAFT POLYMERS (CARBON-CHAIN
POLYMER BACKBONE WITH GRAFTED CARBON-CHAIN
BRANCHES)

Much has been published on the synthesis of this type of
graft polymers. The methods vary with respect both to the
nature of the starting materials and the mechanism of the
grafting reaction. The most widely used synthesis is
based on free radical polymerisation; it is the most im-
portant method of preparation and gives graft polymers of
different composition with diverse properties, but the
spacing of the grafts and the length of the side chains are
not easy to control. Another method of preparation is
ionic polymerisation.

1. GRAFTING BY RADICAL POLYMERISATION

Despite the general nature of such polymerisation,
various paths have to be followed for the formation of the
radicals required for grafting. These include chain trans-
fer during polymerisation of monomers in the presence of
polymers, copolymerisation of monomers with polymers
containing double bonds and the so-called "two-step
method" based on the introduction into the polymer of
groups able to break down under the polymerisation con-
ditions to form active centres at which side chain grafting
occurs.

A. Chain Transfer Reaction

This widely used method is based on chain transfer
which occurs on polymerisation of monomer Β in the
presence of an initiator and previously introduced carbon-
-chain polymer AAAAA, which is either in solution or in a
swollen state 30~32. The reaction can be carried out in the
blockt in solution, in emulsion, and in latex. Growing
chains begin to form from monomer Β as the initiator
breaks down. The growing polymer radicals react with

molecules of the previously introduced AAAAA polymer
and detach from it hydrogen or other labile atoms with
consequent formation of free radicals on the polymer
chains. These newly formed radicals initiate polymerisa-
tion of monomer Β and side chains BBBBB are formed
which are chemically bound to the polymer backbone. The
number of grafted side chains depends both on the nature
and molecular weight of polymer AAAAA and on the nature
of the attacking radicals.

Omitting the stage of formation of the growing polymer
radical, the process can be represented as follows:

R + · • • CH2CHXCH2CHX · · • — RH Η CH2CXCHXHX • • · (1)

(CH2CHY)nCH2CHY Η CH,CHXCH2CHX- · · —

- · • • (CH2CHY)nCH2CH2Y -\ CH2CXCH2CHX · • • (2)

(3)

(4)

t Solid state. The terms "block" and "graft" polymer are
often used to distinguish between addition at the end of an existing
chain and addition as a side chain (Ed.of Translation).

CH2CXCH2CHX \- mCH 2 =CHY —

• · · YCHCH2CHYCH2CHYH2C

. • CH2CXCH2CHX h CHYCHj(CHYCH2)n

— CH2CXCH2CHX

CHYCH2(CHYCHa)n

where CH2CHX = A and CH2CHY = B.

Eqns.(l) and (2) express the chain transfer reaction
involving primary radicals (1) and growing polymer radi-
cals (2). The graft copolymer (3) is formed by addition of
monomer to the polymer radicals. Recombination of
polymer radicals (4) is theoretically possible but not highly
probable. Houtz and Adkins33 first reported the increase
in size of polystyrene macromolecules obtained by poly-
merisation of styrene in the presence of polystyrene dis-
solved in it. Flory M has suggested that in this case
branching occurs as the result of chain transfer by the
polymer.

Korshak13 has shown that the overwhelming majority of
copolymers formed by radical copolymerisation of two
monomers (the chain transfer being effected by the poly-
mer molecules) are graft copolymers since their backbone
and side chains are of different composition. This differ-
ence can be extremely marked if the relative activity of one
monomer is substantially greater than that of the other.
The backbone in such cases can be expected to contain
more residues of the more active monomers and the side
chains more of the less active ones. The first synthesis
of a copolymer by the radical mechanism can thus be re-
garded also as the first synthesis of a graft polymer.

It had been thought that macroradicals could only be
formed by reaction (2) since primary radicals would react
more readily with monomer molecules than with polymer
ones, the hypothesis being based on the activation energy
of the chain transfer reaction being higher than that of the
addition reaction. However, Smets 3 2 showed that reac-
tion (1) did actually occur, but that its rate depended on the
nature of the monomer—polymer—initiator system. Thus
methyl methacrylate in the presence of polystyrene gives a
high yield of the graft polymer when the reaction is initiated
by benzoyl peroxide, but only an insignificant amount of the
graft polymer when azoisobutyric acid dinitrile or tertiary
butyl peroxide is used as initiator. At the same time
appreciable and roughly similar amounts of graft copoly-
mers are formed independently of the nature of the initia-
tors when vinyl acetate is polymerised in the presence of
poly(methyl methacrylate). The same results have been
reported for the vinyl acetate—poly (ethyl a-chloroacrylate)
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: stem35. Benzoyl peroxide is an effective graft initiator
tor rubber, whereas azoisobutyric acid dinitrile fails to
give a graft copolymer 3 6" 3 8.

Schulz et al.39 determined the chain transfer constantst
during the formation of graft copolymers by polymerisation
of monomers in the presence of low-molecular-weight
polymers. This is the first and therefore a very interest-
ing attempt to investigate the mechanism of graft polymer
synthesis by the chain transfer method.

The role of the chain transfer through the polymer is
enhanced by a rise in temperature since the energy of
activation of the chain transfer reaction is greater than
that of the growth reaction. The rate of chain transfer
also depends on the polymer : monomer ratio, the lability
of the atom being detached and the reactivity of the polymer
radical8 '9. As expected, graft polymers are usually
obtained more readily by increasing the polymer : monomer
ratio4 0. But when the polymer concentration is very high
the grafting may be complicated by the increasing viscosity
of the system which may alter the chain transfer constant
and by the graft polymer forming a new phase which would
lower the graft polymer yield and reduce the number and
length of grafted side chains. Hayes41 and Berlin et al.42

also observed that the yield of graft polymers declined with
increasing concentration of polymer in the system.

When the polymer contains highly reactive centres
(bromoethyl'13, bromophenyl44"47, or thiol groups48"49) the
high rate constants for chain transfer by these groups en-
sure the formation of side chains. Thus when thioglycollic
acid or hydrogen sulphide acts on the copolymer of methyl
methacrylate with glycidyl methacrylate the number of
SH-groups formed in the copolymer depends on the number
of glycidyl methacrylate residues in the copolymer. Side
chains can be grafted at the sites of the SH groups48'49.
Fox, Gluckman, and others 4 8 ' 4 9 have devised an equation,
based on the kinetic reaction scheme, for determining the
effectiveness of grafting§ in a system where the grafting is
achieved by chain transfer by the SH-groups joined to the
backbone. They postulated that the molecular weight of
the side chains was independent of the degree of grafting
and that all the free radicals, including the sulphur ones,
react at the same rate. Their equation is given below:

Ε =~ Γ—I 1—i^l— 1Γ ι +
= |_1 — Φ — i/o In Φ J L

(1 + r) y\
(Φ + </o) (1 + i/o)

where Φ is the unreacted fraction of the chain transfer
centres, i.e. [SH]finai/[SH]iniuai, y o i s the initial ratio of
the number of chain terminations effected by radicals to the
number of chain terminations effected by chain transfer by
the polymercaptan, i.e.

I — I x initial rate of polyn
\ * growth'

C s [SHJ0

Cs being the chain transfer constant and γ the fraction of
chain terminations occurring by disproportionation, i.e.

_ "term disproport

*total term

In one instance the observed value of Ε was 0.79 and that
calculated from the equation was 0.86.

t The chain transfer constant is the ratio of the rate constant
of chain transfer to the rate constant of chain growth.

§ The effectiveness of grafting is the fraction by weight of the
polymer grafted on the backbone relative to the total weight of the
newly formed polymer (grafted branches + new homopolymer).

Some functional groups in a chain are sometimes
characterised by an enhanced rate constant for chain
transfer, e.g. the methyl and phenyl groups in poly (vinyl
acetate) and poly(vinyl benzoate)50~52. Polymer chains
containing labile atoms can be obtained by copolymerisation
with either a monomer containing labile atoms or one
capable of acquiring such atoms by additional chemical
treatment when already in the copolymer. Thus saponifi-
cation of the styrene—allylydene diacetate copolymer yields
a copolymer which contains CHO groups whose hydrogen
atoms participate readily in chain transfer. Polymerisa-
tion of any vinyl monomer in the presence of a saponified
copolymer gives graft copolymers53.

Chain transfer reactions are important in the synthesis
of graft polymers in the case of rubber and synthetic poly-
dienes and occur simultaneously with direct addition
across double bonds54"57. in these cases the dinitrile of
azoisobutyric acid is, unlike benzoyl peroxide58"60, practi-
cally unable to initiate grafting. When poly (methyl meth-
acrylate) and polystyrene are grafted on rubber the side
chains are short and small amounts of homopolymers are
formed, i.e. the grafted monomer is used up almost
entirely in forming the graft copolymer38'62"65.

Other factors, besides the conditions of the chain trans-
fer reaction, which are extremely important in the syn-
thesis of graft copolymers by radical polymerisation of the
monomer in the presence of a polymer are steric hindran-
ces and the chemical nature of the polymer and the mono-
mer, which determines their polarity and reactivity. The
monomers and polymers can be graded as follows accord-
ing to ease of graft copolymer formation: vinyl chloride >
> vinyl acetate > styrene and poly(vinyl chloride) > poly-
acrylonitrile > poly (vinyl acetate) > polystyrene41.

Chain transfer has often been used for the preparation
of graft polymers4 0 '5 0 '6 6"1 0 2. Thus Roland and Richards50

polymerised ethylene under pressure in the presence of
poly(vinyl acetate) and ethyl peroxide and they obtained a
graft polymer which contained polyethylene side chains and
polyethylene fragments in the backbone.

Miller98 grafted polyacrylonitrile on polyacrytamide and
found that all the initial polyacrylamide participated in the
formation of the graft polymer. The softening point of
graft polymers drops with increasing number of grafted
side chains and approaches, within limits, the softening
point of the random copolymer containing an equal number
of acrylamide and acrylonitrile residues.

Polyampholytes have been obtained by polymerisation of
2-vinyl pyridine in the presence of poly(ethyl acrylate)
(initiator: dinitrile of azoisobutyric acid) with subsequent
acid hydrolysis86. The following grafts have also been '
effected: poly(vinyl acetate), poly(vinyl chloride),
poly (vinyl formate), and polystyrene on polyethylene40;
acrylic acid on polyacrylamide101; poly(vinyl chloride) on
the copolymer of butyl methacrylate and methacrylic
acid4 2 '1 0 2; poly(vinyl acetate) on poly(ethyl a-chloroacryl-
ate)3 5; poly(vinyl acetate) on poly(vinyl chloride)41; and
poly (vinyl acetate) and poly (methyl methacrylate) on
poly(vinyl benzoate)51.

Pure copolymers cannot be obtained by the chain trans-
fer reaction but it has the advantage of simplicity, and
hence is widely used industrially. Rubber-like graft
copolymers are prepared by polymerisation of monomers
(styrene, methyl methacrylate, acrylonitrile) in the latex
of natural or synthetic rubber in the presence of water-
-soluble initiators or by polymerisation of monomers in
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the presence of rubber which has been dissolved or
allowed to swell in them 93>103; when vulcanised these
rubbers show enhanced durability, resistance to atmos-
pheric effects and to friction and are suitable for the pre-
paration of gas-filled elastomers.

Graft polymers suitable for the production of plastics
can be synthesised from the appropriate monomer and
rubber, the amount of the latter usually constituting no
more than 10% of the former, but the yield is, as a rule,
low. The graft polymer obtained by polymerisation of
styrene in the presence of 30% rubber shows good impact
strength but reduced hardness and marked residual defor-
mation (compared to polystyrene) following compression
and stretching102. Berlin and Khanukaeva104 found that the
graft polymers prepared by polymerisation of styrene in
the presence of 5 — 10% rubber are hard, elastic, and able to
withstand impacts 3 — 5 times greater than those withstood
by polystyrene or styrene—acrylonitrile copolymers.

The graft polymers prepared by polymerisation of vinyl
chloride in the latex of butyl methacrylate and acrylic acid
copolymer and by polymerisation of a mixture of butyl
methacrylate and acrylic acid in a poly(vinyl chloride) latex
show good adhesive properties, photostability as well as
resistance to abrasion and to the effect of water, solvents,
and many chemical compounds42»102.

B. Methods Based on the Presence in the Polymer of
Groups Capable of Breaking Down to Form Active Centres
which Initiate Monomer Polymerisation

Introduction of groups into polymer macromolecules
which readily form active polymerisation centres (polymer
initiators) is another important method of preparation of
graft polymers. These include peroxide and hydroper-
oxide105-114, diazo-115, diazoimino-116, and dithiocar-
bonic117 groups.

The peroxide and hydroperoxide groups are used most
frequently. They are usually formed in the polymers by
oxidation75'118»199, ozonation58»120"127, action of peroxide
compounds {e.g. on the acid chloride of poly (acrylic
acid)118»128"130 and on polyaldehydes131), irradiation by
X-rays or y-rays in the presence of air24»25»132, electroly-
sis of aqueous solutions of poly(acrylic acid) or other
polymers containing the carboxyl group133»134 and other
methods used in the synthesis of low-molecular-weight
peroxides and hydroperoxides.

Homolytic breakdown of peroxide and hydroperoxide
groups leads to a simultaneous formation of macro- and
micro-radicals which initiate polymerisation of the
monomer present to give a graft copolymer and homo-
polymer respectively. These can be separated by
fractionation of the graft reaction products and the
relative reactivities of the radicals can be compared.
Smets et al.134 fractionated the product of polymerisa-
tion of styrene in dioxan in the presence of a copoly-
mer of methyl acrylate and t-butyl peracrylate and
found that the ratio of graft polystyrene and homopoly-
styrene depended largely on the viscosity of the solu-
tion and increased with increase in viscosity. This
ratio is a function of monomer concentration and is
inversely related to it. Riess and Banderet135 con-
firmed these results.

The difference in lability of micro- and macro-radicals
is also important in the synthesis of graft polymers.

Microradicals and the chains formed from them are much
more labile than macro-radicals and the chains which they
enter. The rate of termination of the more labile chains
is considerably higher than that of the less labile ones so
that less homopolymer is formed.

The ability to form polymer peroxides depends on the
structure of the macromolecules. Mark136»137 had sug-
gested that polystyrene would readily give a hydroperoxide
since its chains contained tertiary carbon atoms similar to
those of the cumene side chain. However, this only occurs
extremely slowly and with great difficulty75»110»118»138"141.
Metz and Mesrobiari75»110»140 and others47»109»118 have sug-
gested that polystyrene be converted to poly-p-isopropyl-
styrene in which the isopropyl group is easily oxidised to
give a hydroperoxide.

Poly-a-olefines and α-olefine copolymers which contain
tertiary carbon atoms form hydroperoxide groups on at-
mospheric oxidation under relatively mild conditions
(~ 70° and 3 atm pressure)U 9. Isotactic polymers react
only on the surface or in the amorphous regions close to
the surface; with atactic polymers the hydroperoxide,
groups are formed within the whole bulk of the polymer
although here, too, the surface area subjected to the action
of ozone is very important, the rate of peroxide formation
dropping with diminution of the "surface: volume" ratio142»143.
Grafting of poly(methyl methacrylate) on polypropylene
reduces the tensile strength somewhat but enhances the
elongation. Polystyrene grafted on polypropylene and on
polybutene gives copolymers of great impact strength
unaffected by aging119. Ozonisation of polypropylene and
polyethylene and subsequent polymerisation of vinyl mono-
mers in their presence have been used to obtain graft
copolymers by other authors as well144"150. The gas per-
meability of polyethylene can be markedly reduced and its
photostability increased by grafting polyacrylonitrile on
crystalline polyethylene144; grafting of 15% acrylic acid on
polyethylene fibres and films gives strong, hydrophilic
materials which can be dyed by basic dyes145,146.

Grafting of poly (vinyl chloride) on polypropylene and
polybutene enhances elasticity119. The plasticising effect
of the hydrocarbon component of such graft copolymers
differs from that of the normal plasticisers used for
poly(vinyl chloride); these contain polar groups which
associate with the polar groups of the polymer and act as
solvents. Poly-a-olefines do not combine with poly(vinyl
chloride) and the macromolecules of the latter cannot
associate with one another; consequently the temperature
of the second order transformation does not drop as
occurs when ordinary plasticisers are used.

A graft copolymer which showed highly-elastic deforma-
tion between 85° and 235° was obtained by polymerising
polystyrene in the presence of ozonised isotactic poly-
styrene. This graft copolymer shows transformation
points characteristic for each individual copolymer124»151'152.
Graft copolymers of different degrees of crystallinity can
be obtained by varying the ratio of the initial substances and
the degree of ozonisation. Such graft copolymers are
formed by polymeric chains consisting of chemically homo-
geneous links of different spatial configuration. Ozonisa-
tion followed by decomposition of the peroxide groups gives
graft copolymers from polyvinyl chloride and various
monomers (ethyl acrylate, vinylidene chloride, methyl
methacrylate, acrylonitrile, styrene and vinyl acetate)153,
from polystyrene and poly(acrylic acid)127, and from other
substances154.
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The random copolymer of methyl methacrylate and iso-
propenyl acetate gives on hydrolysis a copolymer which
contains tertiary OH groups oxidised by hydrogen peroxide
to hydroperoxide groups. Methyl methacrylate polymer-
ised (thermally or by oxidation—reduction) in the presence
of such a macrohydroperoxide yields graft copolymers130.
The rate of the grafting reaction is proportional to the
square root of the concentration of the macrohydroper-
oxide.

Electrolysis of partially neutralised polymeric car-
boxylic acids gives free radicals at the anode which are
simultaneously oxidised by the oxygen formed to hydro-
peroxides with a yield of 1%. Such hydroperoxides have
been used by Smets for initiation of acrylamide polymerisa-
tion in an aqueous solution134.

Formation of homopolymers is an undesirable side re-
action in grafting by monomer polymerisation in the
presence of macroperoxides. This can be practically
completely suppressed by ferrous ions "V55"158. -phe ΌΗ
radicals formed by the decomposing macrohydroperoxides
are converted into OH"4 anions and no homopolymers are
formed. The reaction must be carried out in emulsion and
has yielded graft polymers from styrene and polystyrene
or the copolymer of styrene and 4-vinyl cyclohex-1-ene111.
A very promising but little investigated synthesis of graft
copolymers is based on an oxidation—reduction reaction
between certain cerium salts (such as cerium ammonium
nitrate) and compounds containing the OH, SH, CHO, or
NH2 groups159. Polyacrylonitrile, poly(methyl acrylate)
and polyacrylamide have been successfully grafted on
poly(vinyl alcohol)16'159»160 by this method.

Ce«++ CHjCHfOH) ^~w _• [ complex ] -»
(or >~~CH tCH

O*

Graft polymers so obtained a re not contaminated by
homopolymers since the initiating centres a re only formed
on the polymer chain.

Graft polymers can be obtained from polymers and
copolymers containing aromatic amino-groups. When
such high-molecular-weight compounds are diazotised a
polymeric diazonium salt is formed which reacts with Fe 1 1

to form a polymeric polyradical able to initiate polymerisa-
tion of vinyl monomers. This method has been used for
the preparation of a graft copolymer of polyaminostyrene
and acrylamide 1 6 1 .

As already mentioned, graft polymers can be obtained
from high-molecular-weight compounds containing per-
oxide-ether and peroxide-anhydride groups 1 2 8 ~ 1 3 0 > 1 3 4 . Such
polymers a re formed by the action of t-butyl hydroperoxide
or perbenzoic acid hydroperoxide on polymers and copoly-
mers containing acid chloride groups. The rate of forma-
tion of the graft copolymers is proportional to the square
root of the macroinitiator concentration.

C. Copolymerisation across Double Bonds in the Macro-
molecule

a. Double bonds w i t h i n the m a i n c h a i n of
c a r b o n - c h a i n m a c r o m o l e c u l e s . When graft
copolymers are synthesised by the addition of radicals,
formed from monomers, across the double bonds in poly-
mers the side chains grow by polymerisation of monomers.

The reaction takes place at lower temperatures and poly-
mer concentrations than those needed for the chain transfer
reaction. The process is, however, often complicated by
gel formation and chain transfer reaction involving hydrogen
atoms in the α-position with respect to the double bond.
Synthetic rubbers are the most typical representatives of
synthetic polymers containing double bonds in the chain and
were naturally the first and main substances used in this
synthesis of graft polymers. Butadienestyrene rubber has
been copolymerised with styrene both in the mass in the
presence of peroxides162 and in emulsion102. The thermo-
mechanical curves for block graft copolymers show two
inflections, at about 100°, which is characteristic for
polystyrene, and at about -40°, which is characteristic for
rubber; the initial rubber had a glass point ranging from
-65° to -70°. The thermomechanical behaviour of these
graft copolymers was like that of a mixture of two poly-
mers 1βζ. Vulcanised graft copolymers containing
poly(methyl methacrylate) side chains branching from the
main butadienestyrene chains have greater abrasion and
flex-cut resistance than soot-filled vulcanised butadiene-
styrene rubbers1β3.

When aniline—formaldehyde resins are prepared in the
presence of butadienestyrene rubber the tensile strength of
the vulcanised graft copolymers formed first increases with
increasing resin content and then begins to diminish164.
Copolymerisation of styrene with butadieneacrylonitrile
rubber in emulsion in the presence of potassium persul-
phate gives a graft polymer whose glass point is 15° lower
than that of polystyrene102.

Polystyrene brominated withiV-bromosuccinimide in the
presence of benzoyl peroxide and then dehydrobrominated
with sodium butoxide gives a polymer46 with double bonds
in the backbone; this unsaturated polymer was copolymer-
ised with vinyl acetate in the presence of benzoyl peroxide
both in the mass and in benzene solution to give a mixture
of graft copolymers and poly(vinyl acetate). Synthesised
graft copolymers have been hydrolysed to graft copolymers
with poly (vinyl alcohol) side chains which are reconverted
by acetic anhydride into poly (vinyl acetate).

b. Double bonds in the s i d e c h a i n s of the
m a c r o m o l e c u l e s . Soluble copolymers with double
bonds in the side chains can be prepared by copolymerisa-
tion of monovinyl monomers (styrene, methyl methacrylate
and others) with low concentrations of divinyl monomers
such as ethylidene dimethacrylate, divinyl benzene, and
allyl methacrylate ω 5 . Copolymerisation of these with vinyl
monomers gives graft copolymers. Graft copolymers
based on polyacrylonitrile have been obtained 166>167 in which
poly(acrylic acid) or poly(vinyl acetate) formed the side
chains. The initial copolymer was prepared by polymeri-
sation of aery lonitrile containing 0.007—0.028 mole % N,N'-
-methylenebisacrylamide. Copolymers formed at these
concentrations have unsaturated side groups and it is at
these sites that grafting of side chains occurs. When the
concentration of A^W-methylenebisacrylamide exceeds
0.028 mole %, the copolymers no longer dissolve com-
pletely in dimethyl formamide, evidently because of the
formation of copolymers with a reticular structure.
Crouch and Shotton ω β found that liquid polybutadiene
(M <* 1300) containing ~60% of vinyl side groups copoly-
merised with maleic anhydride and with drying oils. In
this case, too, three-dimensional structures were formed.
The probability of such an occurrence should always be
considered in graft copolymer syntheses based on the use
of unsaturated side chains.
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2. GRAFTING BY IONIC POLYMERISATION

A. Cationic Polymerisation

Descriptions of ionic polymerisation often employ the
terminology used for radical polymerisation (initiation,
chain growth, chain termination, chain transfer) although
the mechanisms of the two types of polymerisation are
entirely different. The synthesis of graft polymers by
copolymerisation of styrene in carbon tetrachloride or
other solvents, in which poly-£-methoxystyrene is dis-
solved, in the presence of BF3 or SnC^ at 0°-20° can be
regarded as based on a chain transfer reaction although
the mechanism of this reaction has not yet been finally
elucidated. The rate of styrene polymerisation is inde-
pendent of, and the composition of the graft copolymer
almost independent of the concentration of poly-p-methoxy-
styrene169. Styrene does not polymerise when the molar
ratio styrene: poly-/>-methoxystyrene is less than 1.65 :
: 0.377. Attempts to prepare graft polymers from poly-p-
-methoxystyrene and η-butyl vinyl ether, ethyl vinyl ether,
pinene, isobutene, or ΛΓ-vinylpyrrolidone failed. The
authors1 6 9 concluded that the number of polymer—monomer
combinations was limited because: (1) the polymer must
react with the attacking carbonium ions, (2) the polymer
must be soluble in a solvent suitable for cationic polymeri-
sation, and (3) the difference insolubility must be sufficient
for separation of homopolymers from graft copolymers.

Graft copolymers have been obtained170 by polymerisa-
tion of styrene in the presence of aluminium chloride and
poly(vinyl chloride), polystyrene forming the side chains;
homopolymerisation of styrene and destruction of poly (vinyl
chloride) also occur in this reaction. Styrene and indene
branches are easily grafted on poly(vinyl chloride) and the
copolymer of vinyl chloride with vinylidene chloride; this
also applies to trans-stilbene and indole. Destruction of
graft copolymers is considerably reduced at lower poly-
merisation temperatures when titanium tetrachloride is
used instead of aluminium chloride. The same method has
been used to obtain a graft copolymer from poly(chloro-
methyl) styrene and isobutene in the presence of aluminium
bromide m .

B. Anionic Polymerisation

Polybutadiene and its copolymers containing double
bonds react with styrene, acrylonitrile, and or-methacrylo-
nitrile in the presence of sodium or sodium hydride to
form graft copolymers with branches starting from the
backbone at the sites of unsaturation. It is desirable to
use no solvent since a high concentration of monomer
favours the formation of graft copolymers172.

Recently173 graft copolymers have been obtained in
which poly(methyl methacrylate) forms the main chain
and polystyrene the side ones. Their synthesis is based
on the reaction between the polystyrene carbanions and the
ester groups of poly(methyl methacrylate). Benzylsodium
and phenylisopropylpotassium were used as catalysts;
they are ionised in tetrahydrofuran to form reddish violet
solutions. The colour changes to reddish orange after the
addition of the first few drops of styrene, which indicates
the formation of styrene anion and its polymerisation.
When concentrated poly(methyl methacrylate) in tetrahydro-
furan is added at a low temperature the colour begins to
change as the polystyrene monocarbanion disappears by
reacting with the ester groups to form side chains.

3. GRAFTING BY CHEMICAL REACTION

Graft copolymers in which the carbon-chain backbone
and the carbon-chain branches are linked by non-carbon-to-
-carbon bonds can, provisionally, be regarded as carbon-
-chain graft polymers. The relative proportion of such
hetero-chain links can be extremely small and their pres-
ence will then have no effect on the properties of the graft
polymers. The latter are obtained by interaction of poly-
styrene with an end amino-group (such polystyrene is
formed by polymerising styrene in the presence of sodium
in liquid ammonia) with copolymers containing small
amounts of /3-isocyanatoethyl methacrylate174; in these
graft polymers the side chains and the backbone are joined
by urea-groups. The initial copolymers were those of
/3-isocyanatoethyl methacrylate with methyl methacrylate,
butyl methacrylate, lauryl methacrylate, butyl acrylate,
acrylonitrile, styrene, and vinyltoluene. The grafting
reaction could be followed by the disappearance of titratable
amino-groups in time. The most studied system was the
graft of styrene on the copolymer of methyl methacrylate
and β-isocyanatoethyl methacrylate.

III. CARBON-HETERO-CHAIN GRAFT COPOLYMERS
(HETERO-CHAIN BRANCHES GRAFTED ON CARBON-
- CHAIN POLYMER BACKBONE)

These graft copolymers are most frequently prepared
from carbon-chain polymers containing reactive side atoms
and groups (NH2, OH, SH, Cl, COOH, COC1, COOR,
CONH2, SOC1, CHO, and others ",26,i36,175-i99)# T h e y c a n

also be prepared by copolymerisation of vinyl monomers
with hetero-chain polymers with an unsaturated end
group196»197»200»201. Another method involves the simul-
taneous polymerisation and polycondensation which occur
when mixtures of a vinyl monomer containing an ester or
carboxyl group and an ω-hydroxycarboxylic acid or its
polyester are heated196»197»202"201. The polyester of an
ω-hydroxycarboxylic acid can be replaced by polyesters of
dicarboxylic acids and glycols, but the reaction is com-
plicated by the formation of three-dimensional structures2 0 3.

Recently205 graft carbon-hetero-chain copolymers have
been prepared by interaction of phenol—formaldehyde
resins with the acid chlorides of dicarboxylic acids and
bis-phenols at their interface. This method yields pro-
ducts whose properties vary depending on the nature and
ratio of the starting materials.

Several works are devoted to grafting polyoxyethylene on
various polymers and copolymers by reacting the latter
with ethylene oxide. Polyoxyethylene grafted on poly(vinyl
alcohol) reduces the rigidity and hardness of poly(vinyl
alcohol) films and enhances their thermoplastic and adhes-
ive properties. The graft copolymers so obtained remain
readily soluble in water and can be used in various reac-
tions since they contain primary OH groups in the side
chains and Secondary OH groups in the backbone178.
Polyoxyethylene side chains can be grafted on copolymers
of styrene and vinyl alcohol obtained by saponification of
styrene copolymers with small amounts of vinyl acetate.
The resultant graft copolymers contain hydrophobic back-
bones and hydrophilic side chains136. Copolymers of
styrene and acrylic acid also react with ethylene oxide,
forming graft copolymers with polyoxyethylene side
chains179. These adhere well to glass and can be used to
prevent the accumulation of static electric charge on poly-
meric materials. Three-dimensional elastic products
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result from the action of 2 :4 diisocyanatotoluene on such
graft copolymers. The ester groups in the copolymer of
styrene and dimethyl moleate were converted into β-hy-
droxyethylamide groups and graft copolymers with polyoxy-
ethylene side chains were obtained on reaction with ethylene
oxide175. When the copolymer of styrene with allyl acetate
was hydrolysed to the corresponding allyl alcohol copoly-
mer the latter reacted with ethylene oxide, the side chains
grafting on at the sites of the OH groups175. Ethylene
oxide reacts with polyacrylamide to give graft copolymers
with a low coefficient of side chain polymerisation180 and
simultaneous formation of cross-linked polymers. Con-
densation of polyacrylamide or copolymers of acrylamide
with polyethylenechlorohydrin also forms graft copoly-
mers 1 8 1.

Carbon-hetero-chain graft copolymers with polyester
side chains can be prepared both by trans-esterification of
polyesters with polymers containing ester or carboxyl
groups and by copolymerisation of vinyl monomers with
polyesters of ω-hydroxycarboxylic acids with an unsatur-
ated end group; they are also formed by simultaneous
polymerisation and polycondensation of vinyl monomers
with the ester groups of ω-hydroxycarboxylic acids or
their esters 189>2M. When hetero-chain polyesters able to
form ordered structures are grafted on poly(methyl meth-
acrylate) the graft copolymers formed also have such an
ordered structure "5,189-193,195-197,199,203,204 t h a t S pherulites

could be seen by polarised light197»198»200»203»201.

Studies of trans-esterification between poly(methyl
methacrylate) and various hetero-chain polyesters showed
that grafting of side chains from polyesters able to form
ordered structures led to: (1) folding of the macromole-
cules in solution into more symmetrical globules, reflected
in lowered intrinsic viscosity and simultaneous increase of
the Huggins constant; (2) change in physical properties, in
particular a reduction in the tensile strength and a consid-
erable increase in the elongation at rupture (up to 200—
240%); (3) rise of softening point for a definite optimal
ratio between the side chains and the backbone. The
structure and properties of graft copolymers given by
trans-esterification depend not only on the ratio of the
initial substances and their nature but also on the duration
of the trans-esterification reaction195. If the optimal
time is exceeded esterolysis of the polyester side chains by
the ester groups of poly(methyl methacrylate) occurs, with
loss of structural order and change in the physical proper-
ties, which then approach those of poly(methyl methacryl-
ate).

One of the present authors and Gurgenidze had shown
that graft copolymers of ordered structure could also be
formed by the reaction of isotactic poly(methyl methacryl-
ate) with poly (ethylene azelate)192.

Graft copolymers containing side chains of polyesters of
ω-hydroxycarboxylic acids have been obtained from
ω-hydroxypelargonic acid and a copolymer of styrene with
maleic anhydride, under conditions ensuring polycondensa-
tion of the hydroxycarboxylic acid, and from styrene—
maleic anhydride copolymer and polyesters of ω-hydroxy-
enanthic, ω-hydroxypelargonic, and ω-hydroxyundecanoic
acids 19V98. in this case also ordered graft copolymers
able to form spherulites can be obtained. The thermo-
mechanical properties of the graft copolymers are inter-
mediate between those of the polyesters and the styrene—
maleic anhydride copolymer. Grafting of polyesters to the
latter gives products which are highly elastic at high tem-
peratures, similar to graft polymers of polyacrylic acid

and polystyrene m . The infra-red spectra of the graft
copolymers given by the styrene—maleic anhydride copoly-
mer and polyesters differ from that of the initial copolymer
in having absorption bands at 1700-1750 and 1200 cm"1

characteristic of ester groups and an absorption band at
3000 cm"1 characteristic of the COOH group198.

Graft copolymers of ordered structure have also been
obtained by copolymerisation of methyl methacrylate and
acrylonitrile with polyesters of ω-hydroxypelargonic and
ω-hydroxyenanthic acids; the polyesters contained a
terminal methacrylic group which was introduced by
treating the polyesters with the acid chloride of methacryl-
ic acid175»197»200. Copolymerisation with methyl meth-
acrylate was carried out in the bulk phase175»197 and with
acrylonitrile in the bulk phase and in an emulsion200.

Graft copolymers with hydrophobic and hydrophilic
properties were obtained by simultaneous polymerisation
and polycondensation of methacrylic and ω-hydroxypelar-
gonic acids, the former constituting the backbone and the
polyester of the latter the side chains. These graft poly-
mers are, unlike polymethacrylic acid, elastic at high
temperatures and have an ordered structure when the
ω-hydroxypelargonic acid content of the initial mixture is
50 wt. % and over. Spherulites were formed in this case
also2 0 3. The same method was used to prepare graft
copolymers from methyl methacrylate and ω-hydroxypelar-
gonic acid and from methyl methacrylate and ω-hydroxy-
enanthic acid.

Several publications are devoted to the grafting of poly-
amide side chains to carbon-chain polymers182"188»197»205.
Graft copolymers can be obtained from e-caprolactam with
(i) polyacrylic acid, (ii) poly (methyl aery late)1 8 2, or
(iii) copolymers of styrene with acrylic acid, methyl
acrylate, and maleic anhydride183»188. The reaction is
limited by a number of factors: loss of amino-groups, cross-
-linking, heterogeneity of the molten reaction mixture, etc.
An important factor is the compatibility of the starting mate-
rials. Wichterle and Gregor184 attempted to react e-capro-
lactam and styrene— N- methacrylcaproamide copolymer in
the presence of Na-caprolactam but, despite the low tem-
perature (70°—80°), the reaction mixture began to gel at
the outset because cross-linking occurred by the Claisen
reaction between the diacyl imide groups belonging to dif-
ferent polymer chains. Dogadkin and his covrorkers found
that when butadienestyrene rubbers containing carboxylic
groups were heated at 200°— 220° with e-caprolactam the
latter slowly added on to the rubber. The reaction was
accelerated by using sodium and boron trifluoride—diethyl
ether185»186. Valentine187 obtained graft copolymers from
poly(methyl methacrylate) and caprolactam.

We have prepared graft copolymers with polyenanth-
amide side chains by polycondensation of aminoenanthic
acid in the presence of styrene—maleic anhydride copoly-
mer or in the presence of polyacrylic acid when hydro-
phobic—hydrophilic products were obtained197»206. The
solid-phase reaction at 185° gives either amorphous or
ordered graft copolymers depending on the ratio of the
initial substances.

IV. HETERO-CHAIN GRAFT COPOLYMERS (HETERO-
-CHAIN BRANCHES GRAFTED ON HETERO-CHAIN
POLYMER BACKBONE)

Hetero-chain polymers with reactive groups (CONH,
SO2NH, NHCONH, NHCOO, etc.) in the chain can be con-
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verted into hetero-chain graft copolymers either by reac-
tion with substances which can yield hetero-chain polymers
{e.g. alkylene oxides) or with already formed polymers207.

The application of polyamide synthetic fibres used in
modern textiles is limited by their poor hydrophilic proper-
ties. Grafting of polyoxyethylene side chains on the poly-
amides (at the nitrogen atom) has given the most promising
results in attempts to synthesise high-melting hydrophilic
polyamides.

Haas et al.2Ce investigated polyoxyalkylation of a number
of polyamides (polycaprolactam, polyhexamethyleneadip-
amide, mixed polyamides, methoxymethylated polyamides,
polyamides containing sulphamide groups in the chain,
polyurea synthesised from 2,4-diisocyanototoluene and
hexamethylenediamine). Ethylene oxide, propylene oxide,
ethylene carbonate, and epichlorohydrin have been tried as
oxyalkylating agents, but satisfactory results were obtained
only with ethylene oxide. The synthesised graft copoly-
mers with polyoxyethylene side chains had almost the same
melting points, crystallinity, and solubility as the original
polyamides; thus, grafting of ~60% polyoxyethylene on
polyhexamethyleneadipamide lowers the m.p. to ~220°.
Since polyoxyethylene branches act as internal plasticisers
the graft copolymers are more elastic than the original
pplyamides; they are not, however, as strong. Introduc-
tion of polyoxyethylene side chains affects markedly the
vapour permeability of the polyamides: the figure for
polyhexamethyleneadipamide is 3.13 g m~2 h"1 but when 50%
polyoxyethylene is grafted on it, rises to 52.8 g m"2 h"1.

Sonnerskog209 has also described the preparation of
graft copolymers with polyoxyethylene branches by the
action1 Of ethylene carbonate on polyamides.

The grafting of polyoxyethylene on caprone powders,
films, and fibres180»210»211, and on films of polyhexamethyl-
enethiodivaleramide and of mixed polyamide anid G-669 1 8 0>2 1 0

have also been investigated and the reaction was found to
occur not only at the surface but also within the substance
of the films, fibres, and powders. The products were a
polyoxyethylated polycaprolactam, which was readily
soluble in alcohol, and polyoxyethylated anid G-669, which
was water-soluble. Graft polymers in which polyacrylic
acid branches were grafted on the polyamide backbone have
also been prepared212.

Coleman213 prepared graft copolymers of polyethylene-
terephthalate which were high melting, possessed good
physical properties, and gave fibres which could be more
readily dyed; his starting materials were the sodium
derivative of the dimethyl ester of hydroxyterephthalic acid
and polyoxyethylene whose terminal OH group was replaced
by chlorine atoms followed by trans-esterification with
ethylene glycol.

Amino-acid graft polymers have been prepared by
polymerisation of N-carboxy-α-amino-acid anhydrides in
the presence of polylysine or polyornithine used as macro-
initiators 2 1 4. A water-soluble graft copolymer has been
prepared from trypsin andtf-carboxytyrosine anhydride.
Enzymes modified in this way with 5 to 10% grafted tyrosine
fully retain their proteolytic activity215. It has been sug-
gested that linear side chains could be grafted on the bio-
logically least important functional groups in enzymes,
antibodies, and antigens to give modified biologically active
proteins; these could then be linked by covalent bonds to
water-insoluble polymers.

V. HETERO-CARBON-CHAIN GRAFT COPOLYMERS
(CARBON-CHAIN BRANCHES GRAFTED ON HETERO-
- CHAIN POLYMER BACKBONE)

These are prepared by polymerisation of vinyl monomers
in the presence of hetero-chain polymers making use of
either peroxide groups or chain transfer reactions.

Hetero-chain polymer compounds containing peroxide
groups are formed when such polymers are treated with
ozone or atmospheric oxygen at high temperatures. They
initiate polymerisation of vinyl monomers and so lead to
the formation of hetero-carbon-chain graft copolymers.
This method is being thoroughly investigated by Korshak
and his coworkers216"226. They have succeeded216"221 in
grafting polystyrene, poly (methyl methacrylate), poly (vinyl
acetate), poly(vinylidene chloride), and polyacrylonitrile on
fibres and films of caprone, anid, enanth, mixed polyamide
anid G-669, and poly(ethylene terephthalate) (Lavsen) by
ozonising hetero-chain polymers and then polymerising the
vinyl monomers. Styrene showed the greatest reactivity
under the conditions adopted by them. The yield of graft
copolymers is inversely related to the degree of orienta-
tion of the polyamide; under similar conditions of ozonisa-
tion and grafting, the increase in weight following grafting
of styrene on anid G-669 is several times greater than that
observed in the case of caprone 2 2 0. If the optimum ozoni-
sation period is exceeded, the mechanical strength of the
graft copolymers diminishes but even after treatment for
6 h and subsequent grafting of polystyrene the caprone film
strength amounted to 72% of that of the original film.

Poly(ethylene terephthalate) has demonstrated that
hetero-chain polyesters can yield graft copolymers with
carbon-chain branches when preliminary ozonisation is
used to create polymerisation centres 2 2 1. Of the mono-
mers tried (styrene, vinylidene chloride, acrylonitrile,
and vinyl acetate) styrene gives graft copolymers most
readily; as in the case of the polyamides, the yields of
graft copolymers drop with increasing orientation of the
material (film, fibre) undergoing grafting.

Brief ozonisation and subsequent copolymerisation of
poly(ethylene terephthalate) with styrene increases the
elongation but this is accompanied by a decrease in tensile
strength. The same method has been used for the pre-
paration of graft copolymers from poly (ethylene terephthal-
ate) and acrylic acid154.

Korshak and his coworkers have suggested activating
polyamides and polyesters by heating films and fibres
made of these polymers in an atmosphere of air or nitro-
gen2 2 2"2 2 6 instead of ozonisation. Such activated films
and fibres form graft copolymers in their surface layers
when they are heated with vinyl monomers.

The authors suppose that polyamide and polyester pro-
ducts (films, fibres, powders) contain some sorbed air,
which reacts during storage with polyamides or polyesters
to form peroxide centres. When such materials are
heated even in the absence of oxygen the peroxide centres
break down and free radicals are produced, which initiate
copolymerisation with vinyl monomers. They suggest the
following mechanism of initiation:

(CH2),CONH(CH2)nCO \- O a — (CH2)nCON(CH2)nCO >

O — O H .

Ο"
I

—(CH^CONfCH^CO OH

R

OCH2CH

—(CH,)nCON(CH2)nCO—
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Such thermal treatment does not lower the strength of the
original polymers and enhances that of the graft copoly-
mers. Grafting of polystyrene on caprone fibre gives a
polystyrene layer amounting to 23.6% of the fibre weight.
When the fibre carrying the grafted polystyrene layer was
treated with acid the polystyrene was stripped as a hollow
tube; the molecular weight of grafted polystyrene can
reach 60 000-80 000.225 Grafting of acrylic acid on
poly(ethylene terephthalate) films 2 2 6 increases the adhesion
of photographic emulsions to the poly(ethylene terephthal-
ate) base, which is of great practical interest since it
makes it possible to reduce the weight of photographic and
cinematographic films without impairing their mechanical
properties (as compared to films based on cellulose tri-
acetate).

The chain transfer reaction has been used to obtain
graft copolymers of styrene and polyester synthesised
from adipic acid and pentaerythrol dibromide [2, 2-di(bro-
momethyl)propan-l,3-diol]. Polymerisation of styrene in
the presence of this polyester and benzoyl peroxide gives a
mixture of the original polyester, polystyrene, and graft
copolymer43 which is separated by selective solution: the
polystyrene dissolves in cyclohexane and the polyester in
acetone. The graft polystyrene branches are detached
from the main polyester chain by esterolysis with ethyl
acetate. The molecular weight of the isolated polystyrene
was determined and it was found that the particular speci-
men of graft copolymer contained one polystyrene chain
per 23 000 elementary ester units, with a degree of poly-
merisation of 600. The transfer reaction constant was
40.5 x 10-5 at 60°. Hurd and Roedel227 copolymerised
vinyl monomers (methyl methacrylate, styrene, dichloro-
styrene, etc.) with polysiloxanes containing vinyl or allyl
groups in the presence of peroxides (the vinyl-containing
polysiloxanes are prepared by hydrolysis of methyl vinyl
dichlorosilane and the allyl-containing ones are obtained
similarly).

This literature survey indicates the extensive interest
in the synthesis of graft polymers. Most of the chemical
methods used, however, are based on either the chain
transfer reaction or the presence (or introduction) of
active groups in the main polymer which can initiate the
growth of side chains. Other chemical methods have not
been sufficiently investigated and we believe that extension
of the methods of synthesis of graft polymers will be fruit-
ful, both theoretically and practically in enlarging the
range of new polymer materials with the desired properties.
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1. CONCEPT OF ION-EXCHANGE CATALYSIS AND ITS
TERMINOLOGY

Like the corresponding ions in homogeneous media, the
counter-ions of the high-molecular-weight polyelectrolytes
are capable of catalysing many organic reactions of vary-
ing character.

This new application of ion exchangers, which can be
termed ion-exchange catalysis, is now being developed
and our knowledge is still incomplete. Nevertheless, the
results of both laboratory studies and industrial applications
of ion exchangers as catalysts are encouraging for the
future prospects of ion-exchange catalysis.

The catalytically active counter-ions of ion exchangers
are in a solvated state, and in this respect are similar to
the so-called free ions in ordinary electrolyte solutions.
For that reason both the reactions catalysed in solution by
ions and those catalysed by counter-ions of ion-exchange
resins are able to proceed in accordance with the same
mechanism, and are of the same kinetic order. The rate
of a given reaction depends, however, on whether a given
amount of catalytically active ions is present in the form of
a soluble electrolyte, or in the form of an ion exchanger.

As suggested by Haskell and Hammett1, the ratio of the
reaction rate in a heterogeneous system to that in a homo-
geneous system, at equivalent concentrations of catalyst
ions, is termed the efficiency of the ion exchanger. The
efficiency of the ion exchanger q may be equal to, larger
than, or smaller than unity, and depends on the properties
of the catalyst itself, as well as on those of the solvent.

The essence of this concept may be exemplified by the
irreversible first-order reaction of decomposition of AB
into A and B, using QAB moles of the starting compound.

The rate of the reaction in a homogeneous system is
dQAs/dt = &h.QAB, where kh is the velocity constant of a
homogeneous reaction. For the corresponding hetero-
geneous reaction, carried out in the presence of an ion
exchanger dQps/dt = 6hetQAB. The efficiency of the ion
exchanger, i.e. the ratio between the velocity constants of
the heterogeneous and homogeneous reaction is q - khet/kh ·
The relationship of the efficiencies of an ion exchanger for
two compounds belonging to the same chemical class, is
termed the specificity ratio 2. If the reactants, e.g. esters,
are simultaneously placed in contact with the catalyst, the
value r - qjq2 is a measure of the selectivity of the trans-
formation of one component with respect to the other. This
value is quantitatively related to the standard free energies
of four intermediate states:

RT In = (FRl - FHl) -

the subscript Η corresponds to the reaction under homo-
geneous, and the subscript R to the same reactionunder hete-
rogeneous conditions of catalysis.

By changing the reaction conditions the efficiency of the
ion exchanger with respect to different components in the
mixture may be altered, and by changing the specificity
ratio a more extensive conversion of one compound rela-
tive to another may be caused.

The efficiency of ion exchangers depends on the follow-
ing factors: (a) the properties of the catalyst and the reac-
tants, which determine the activation energy of the reac-
tion; (6) the distribution constant of reactants between the
solution and the catalyst; (c) the nature of the solvent.


