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I. INTRODUCTION

The controlled modification of the properties of cellulose
and its derivatives by the synthesis of graft copolymers
based on them undoubtedly provides one of the most promising
and effective methods for improving the quality and extend-
ing the range of application of cellulosic materials.

Several cellulosic materials possessing valuable new
properties have already been obtained by the synthesis of
graft copolymers. For example, cellulosic materials
which are completely resistant to the action of microorga-
nisms can be prepared by grafting on various carbon-chain
polymers, and improved stability to light and heat is
achieved by the synthesis of graft copolymers with poly-
acrylonitrile. Non-flammable cellulosic materials can be
obtained by the grafting on of polymers containing phos-
phorus or chlorine; the grafting of water-repellent carbon-
-chain or silicon-containing polymers confers water-
repellent properties and improved resistance to acids.
The synthesis of graft copolymers of cellulose with a
definite class of synthetic polymers makes it possible to
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have cellulosic materials possessing specific new proper-
ties, in particular ion-exchange and bactericidal proper-
ties. The possibility of a controlled variation in the pro-
perties of cellulosic materials by the synthesis of graft
copolymers is responsible for the interest taken by research
workers in this method of modifying the properties of
cellulose and its derivatives1"16.

It is possible to envisage two main ways in which graft
copolymers of cellulose and its esters can be synthesised
— (1) by the synthesis of graft copolymers which are then
processed into materials (fibres, films, etc.), and (2) by
direct grafting to ready-made articles.

Each of these methods has its advantages and disadvan-
tages. The advantages of the first method are — {a) the
production in most cases of materials (fibres, films) having
improved physical and mechanical properties, since in this
case not only the macromolecules of the original cellulose
derivative but also graft chains of synthetic polymers are
involved in forming the super molecular structures, and
(b) the possibility of using a mixture of the graft copolymer
and the homopolymer joined to it. A serious defect of the
method is the impossibility of using it to obtain fibres and
films of graft copolymers of cellulose, since such products
are not usually soluble and do not show viscous flow.

The second method is considerably more promising and
versatile. If certain requirements, indicated below, are
satisfied, this method may find wide practical application
in the immediate future. A method of synthesising graft
copolymers which is acceptable in practice for the modifi-
cation of ready-made goods must evidently satisfy the
following requirements: (1) graft copolymerisation should
occur without formation of the homopolymer; in isolated
cases the homopolymer may be formed directly on the
cellulosic material (not in the reaction medium), and then
the homopolymer should not be removable when the goods
are in service; (2) the synthesis of graft copolymers must
be achieved without the use of organic solvents; and (3) the
grafting process should not be accompanied by appreciable
degradation of cellulose or its derivatives. It is also
desirable that the method should permit ready control of
the length and number of the graft chains, so that the pro-
perties of the graft copolymers can be varied without
changing their composition.

In principle the synthesis of graft copolymers, like that
of polymers in general, can be effected by the known reac-
tions of polycondensation, polymerisation of rings, and
chain polymerisation. A specific method for the synthesis
of graft copolymers is the possibility of their production
by the interaction of two polymers.

Below are considered the principal methods which have
been proposed for the synthesis of graft copolymers of
cellulose. These methods can be employed also to obtain
graft copolymers based on other macromolecular com-
pounds. The present review is confined to results ob-
tained in the synthesis of graft copolymers of cellulose and
its derivatives.

II. SYNTHESIS OF GRAFT COPOLYMERS BY POLY-
CONDENSATION

Rogovin and his coworkers have synthesised graft co-
polymers of cellulose and its esters with polyamides by
polycondensation of the monomer as a result of interaction
with the functional group of the cellulose derivatives.

Polycondensation of methyl 7-aminoheptanoate, in the
presence of methyl ethers of carboxy-containing poly-
saccharides (carboxymethylcellulose, dicarboxycellulose,
alginic acid) or their amides with methyl 7-aminoheptanoate,
yields graft copolymers of the cellulose derivatives with
polyamides, together with a large quantity of the homo-
polyamide 17>18. The reaction takes place according to the
scheme

saccharfde-COOCH, +nH 2 N (CHs)eCOOCH, ISU^i^polysacdiaride-CONH (CH2),COOCH,-

-»polysaccharide- CO [NH (CHjJ.COj^OCHj+H [NH (CH2),CO]i,OCH3+ (n-2) CH.OH ( 1 )

(where x+y=n).

Graft copolymers of cellulose and polyamides have been
synthesised w by treating cellulose with the hydrochloride
of 7-aminoheptanoyl chloride in an organic base

Cell —OH+nClOC (CH2),NH2-HC1 ->
-> Cell -OCO (CHJJJNH [CO (CH2),NH] , Η + Η [NH (CH^.COJ^OH+nHCl ( 2 )

(where x+y=n).

When sodium cellulose xanthate is employed as starting
material, the process can be carried out at the interface18.

The complicated preparation of the initial cellulosic
derivatives, the necessity of employing organic solvents,
and the formation of a considerable quantity of homopoly-
mer together with the graft copolymer at the present time
prevent the practical application of these methods of syn-
thesising graft copolymers.

ΙΠ. SYNTHESIS OF GRAFT COPOLYMERS BY THE
INTERACTION OF TWO POLYMERS

The chief advantage of this method is the possibility of
synthesising graft copolymers having main and graft chains
of specified length. The method is used to obtain graft
copolymers based on synthetic polymers, but finds limited
application for the modification of cellulosic derivatives.

Graft copolymers having a main chain of cellulose and
protein side-chains have been obtained by condensation.
These products are of great interest for polymer chemi-
stry. In order to synthesise cellulose-protein graft co-
polymers, cellulose azide is condensed with proteins con-
taining free amino-groups:

Cell-CON, + Η,Ν-Prot -» Cell-CONH-Prot.

Graft copolymers differing in composition can be obtained
according to the concentrations of the two components in the
reaction mixture. If the concentration of protein is con-
siderably increased, insoluble products are formed1β.

Copolymers of three-dimensional structure have been
synthesised by the interaction of cellulose acetate toluene-
-/>-sulphonate and dialdehydocellulose with poly-2-methyl-
-5-vinylpyridine or a quaternary salt thereof20. When
dialdehydocellulose is used, the reaction proceeds accord-
ing to the scheme

CH,SO-
CH3 :

CH3SO-
CH, :

V j
Cell — CH—CH 2 —^ ^>— γ Η *

OH C H

Cell — CH—CH 2—/ \—CH
I \ N — / 1

OH +l CH,
CH3 1

CHjSO- :

ο !
Cell -C + | CH3SO4-+ Cell - C -

\ H CH, CHa \ H
a
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Reaction between cellulose acetate toluene-/>-sulphonate
and poly-2-methyl-5-vinylpyridine is brought about by a
method similar to that used to synthesise graft copolymers
of poly (vinyl chloride) and methylvinylpyridine rubber21.
Practical application of this method for the modification of
cellulose is made difficult by the complexity of the synthesis of
the initial cellulose derivatives and the insolubility of the
final product.

IV. SYNTHESIS OF GRAFT COPOLYMERS BY THE POLY-
MERISATION OF RINGS

When strained rings (ethylene oxide, ethyleneimine,
β-propiolactone) are polymerised in the presence of alkali-
-cellulose, homopolymerisation and formation of cellulose
ethers are probably accompanied by the formation of graft
copolymers 2 2 ~ 2 5 :

Cell — OH+«CH 2 —CH 2

,H (OCH.CH^OH

> Cell - O (CH aCH 2O) xH.

Cell —OCH 2CH a0H

(4)

Formation of a graft copolymer by the interaction of
aziridine (ethyleneimine) and alkali-cellulose has been
demonstrated experimentally by isolating the grafted poly-
ethyleneimine by hydrolysis of the cellulose followed by
esterification of the glucopyranose end-group with benzoyl
chloride 2 6 . The degree of polymerisation of the isolated
polymer did not exceed 6.

It is of interest to undertake similar investigations on
the products formed by cellulose with oxiran (ethylene
oxide). The simplicity of their preparation and their
several valuable properties (in particular solubility in
water) of such products have provided reasons for their
practical util isation 2 7 .

Graft copolymers of cellulose and polyethyleneimine are
also of definite practical interest for obtaining cellulosic
materials possessing specific properties (bactericidal
power, non-flammability, e t c . ) . 2 6 ' 2 8 " 3 0 A final conclu-
sion concerning the advisability of the practical application
of products formed by the interaction of cellulose with
ethyleneimine may be reached after determining the rela-
tive quantities of monomer which have reacted with the
cellulose and have been used up in homopolymerisation.

American research workers, having studied the con-
ditions for the synthesis of derivatives of cellulose and
poly-/3-propiolactone, and also the properties of these
products, concluded that their practical application would
serve no useful purpose 3 a ~ 3 4 .

The principal defect in the above methods for synthesis-
ing graft copolymers is the considerable loss of monomer
by homopolymerisation.

Rogovin and Wu Jung-jui proposed a method for obtain-
ing graft copolymers of carboxymethylcellulose and poly-
caprolactam which excludes formation of the homopoly-
amide 3 5 . Synthesis of the graft copolymer is effected by
polymerising caprolactam in the presence of chloroformyl-
methylcellulose and sodium caprolactam. In the first
stage of the reaction an imide of caprolactam and carboxy-
methylcellulose is formed, with polymerisation of the
caprolactam, in the presence of which graft copolymers
are formed:

Cell -OCH2COC1 N a N ' C H ' ' · 0 0 •. Cell _nr»_rr>M(rHJm n»UcH.),lo

nHN(CH,),CO . Cell —OCH2CO [HN (CH. J) 6CO]n_ l Ν (CH2)5CO . (5)

The employment of chloroformylmethylcellulose and sodium
caprolactam for the synthesis of graft copolymers by this
method precludes its practical application, although the
synthesis of graft copolymers of cellulose and polyamides
is of considerable interest.

V. SYNTHESIS OF GRAFT COPOLYMERS BY IONIC
POLYMERISATION

Only one attempt has been reported36 to use ionic poly-
merisation to modify cellulose with carbon-chain polymers.
The cellulosic material is wetted out at low temperatures
in a solution of boron trifluoride in an organic solvent
(boron trifluoride forms a complex with cellulose), and
then the material is placed in the monomer. However, the
paper gives no evidence to indicate the formation of a graft
copolymer.

Ionic polymerisation can probably be used to obtain
graft copolymers of cellulose by a scheme suggested for
the synthesis of block copolymers of poly (ethylene oxide)37

(with hydroxyethylcellulose as starting material). The
complexity of the process for obtaining the starting
materials and the necessity of carrying out the reaction in
an organic solvent or in the 100% monomer make the
method unpromising for practical application.

VI. SYNTHESIS OF GRAFT COPOLYMERS BY RADICAL
POLYMERISATION

The modification of cellulosic materials by the synthesis
of graft copolymers by radical polymerisation has been
investigated most. The following methods may be used
— (1) chain transfer, (2) copolymerisation of unsaturated
esters of cellulose with vinyl monomers, (3) a mechanico-
chemical method, (4) exposure to high-energy and low-
-energy particles, (5) preliminary introduction of groups
which break down to form macroradicals, and (6) by redox
systems in which the polymer acts as reductant.

1. Synthesis of Graft Copolymers by Chain Transfer

The synthesis of graft copolymers by chain transfer
presupposes that, as a result of detachment of a labile atom
by interaction with a radical, the polymer molecule is con-
verted into a macroradical capable of initiating the graft
copolymerisation of a vinyl monomer in contact with it.

In principle chain transfer to a polymer can be effected
by the interaction of (a) a growing macroradical or (b) an
initiator radical with the polymer macromolecule. The
composition of the product of graft copolymerisation will
depend on which of these two mechanisms of chain transfer
is operating. It is therefore useful to examine the two
possibilities separately, but it must be borne in mind that
such separation is arbitrary, and cases may occur in
which chain transfer is accomplished by both mechanisms.

( a ) S y n t h e s i s of g r a f t c o p o l y m e r s by cha in
t r a n s f e r f rom a growing m a c r o r a d i c a l . We
include here those methods of graft copolymerisation in
which an initiator is added to a solution of the monomer
containing the polymer. Under these conditions interac-
tion of the initiator radicals is thermodynamically more
favourable with the monomer than with the polymer.
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Graft copolymers have been synthesised by the initiated
polymerisation of acrylonitrile in the presence of starch38,
methylcellulose, gelatin, cellulose acetates39, and hydr-
oxyethylcellulose 4 0 .

A systematic investigation of the effect of process con-
ditions on the quantity of homopolymer formed during the
graft copolymerisation of 2-methyl-5-vinylpyridine and
cellulose has been made by Kryazhev and Rogovin41. The
efficiency of chain transfer to the polymer is increased if
the reaction is carried out with the cellulose in a consider-
ably swollen state. Even in this case, however, the
quantity of monomer involved in graft copolymerisation
does not exceed 25% of that which has reacted.

To improve the efficiency of chain transfer, groups
containing labile atoms are introduced into the cellulose
macromolecule, which markedly increases the possibility
of this process. Mixed esters of cellulose with acetic and
11-bromoundecanoic acids1 or cellulose preparations con-
taining thiol groups42»43 are used for this purpose.

The preliminary introduction of thiol groups for the
synthesis of graft copolymers was first suggested by Gluck-
man4 4 '4 5. J. J. Hermans and his coworkers obtained pro-
ducts containing thiol groups by treating modified cellulose
and secondary cellulose acetate with ethylene sulphide.
Graft copolymers can be obtained by the polymerisation of
vinyl monomers in the presence of such esters42»43. The
efficiency of chain transfer with preparations containing
thiol groups is five times that with materials which have
not been treated with ethylene sulphide.

In all cases of the synthesis of graft copolymers by
chain transfer from a growing macroradical a considerable
quantity of homopolymer is formed, which, together with
the need to introduce groups to ensure a high efficiency of
chain transfer, prevents the practical application of these
methods.

(6) Synthes i s , of g ra f t c o p o l y m e r s by chain
t r a n s f e r f rom i n i t i a t o r r a d i c a l s . Chain trans-
fer from initiator radicals is considerably more useful than
the above. It probably occurs in the polymerisation of
vinyl monomers in the presence of cellulose on the Fe2*-
H2O2 redox system46"53. In this case formation of a cellu-
lose macroradical probably occurs by the following mecha-
nism

Fe»++OH-+OH,

Cell —OH4- OH - Cell — Ο * +HjO. (6)

Graft copolymerisation takes place when a cellulosic
material is wetted out in a solution containing Fe2* ions and
then immersed in a solution of a monomer containing 0.03%
of hydrogen peroxide. Under the conditions chosen, how-
ever, the quantity of monomer involved in graft copoly-
merisation does not exceed 12.5% of the amount which has
reacted47. The formation of considerable quantities of
homopolymer is probably due to diffusion of Fe2* ions into
the aqueous solution, where homopolymerisation of the
monomer is initiated. The efficiency of chain transfer is
considerably increased if the initiator or a component of
the redox system is bound to the cellulosic material by a
salt link, and its diffusion into the monomer solution is
impeded. In this case initiator radicals are formed
directly on the cellulosic material, and the probability of
their interacting with the cellulose macromolecules is in-
creased. This principle forms the basis of the method for
synthesising graft copolymers proposed by Bridgeford, in
which a cellulose preparation containing a small quantity

of carboxy-groups is wetted with a solution of an iron(II)
salt (when Fe2* is sorbed by the carboxy-groups of the
cellulose) and, after excess Fe2* cations have beeneluted,
is immersed in an aqueous solution or an emulsion of the
monomer containing hydrogen peroxide insufficient to ini-
tiate polymerisation in the absence of Fe2* ions. In this
case formation of homopolymer in the reaction medium is
not observed53. The efficiency of graft copolymerisation
is determined by the nature of the cellulosic material. The
amount of homopolymer formed within the cellulosic
material is considerably lower with hydrocellulose fibres
than with cotton fibres, constituting only 4-5% of the
monomer which has reacted.

Chain transfer from initiator radicals also occurs when
potassium peroxodisulphate is employed as initiator under
conditions which make diffusion of the initiator into the
monomer solution difficult6»54»55. The possibility of
formation of a cellulose macroradical by interaction of the
cellulose with radicals produced by decomposition of the
persulphate is confirmed by investigations with alcohols of
low molecular weight. When aqueous solutions containing
peroxodisulphate ions are heated, these ions break down
according to the equation5e

s.pi--*2so:. (7)

When K2S2O8 decomposes in the presence of an alcohol,
SO4 · ion-radicals react with the alcohol molecule accord-
ing to the equation 5β~58

CH3OH+SO-· -* CHaOH+ HSO-. (8)

The probability of reaction (8) diminishes in the pres-
ence of a free-radical acceptor (monomer). Thus the
synthesis of graft copolymers of cellulose is possible on
reaction under conditions which impede interaction of SO4"·
with the monomer. In fact, if a cellulosic material is
wetted with a solution of potassium peroxodisulphate and
then brought into contact with a monomer (by being kept in
the monomer vapour or immersed in the pure monomer)
under conditions which make diffusion of SgO2," or SO4"·
into the monomer phase difficult, graft copolymers of
various compositions can be synthesised54»55.

When graft copolymers are synthesised by chain trans-
fer from initiator radicals, homopolymer is formed only
directly on the cellulosic material. Therefore such
methods can be expected to be applied in practice for the
modification of ready-made goods in cases in which the
presence of homopolymer on the cellulosic material does
not impair the properties of the resulting materials in
service. Among the defects of these methods must be
reckoned the difficulty of controlling the degree of poly-
merisation and the number of graft chains.

2. Synthesis of Graft Copolymers by the Copolymerisation
of Unsaturated Esters of Cellulose with Vinyl Monomers

The synthesis of graft copolymers by this method is
based on the fact that, in the presence of initiators of radi-
cal polymerisation, the double bond of the polymer is
opened to form a macroradical, which initiates polymerisa-
tion of the monomer or combines with the growing macro-
radical of the monomer. Both processes result in the
formation of a graft copolymer. The presence of an initi-
ator in the system makes simultaneous homopolymerisation
of the monomer possible. Thus a considerable quantity of
homopolymer is formed in all cases of graft copolymerisa-
tion by this method.
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The possibility of synthesising graft copolymers by the
copolymerisation of unsaturated esters of cellulose with
various vinyl monomers was first pointed out by Ushakov59.
Berlin and Makarova developed a method for preparing
cellulose acetate methacrylates by the acetylation of cellu-
lose monomethacrylate with acetic anhydride or by the
esterification of secondary cellulose acetate with methacry-
lic anhydride. The resulting mixed esters of cellulose are
copolymerised in the presence of benzoyl peroxide with
methyl methacrylate and ethylene dimethacrylate to form
graft copolymers of three-dimensional structure80. Graft
copolymers containing 6-8% of polystyrene have been syn-
thesised61 by the copolymerisation with styrene of mixed
esters of cellulose containing unsaturated bonds. Grafting
is accompanied by the formation of a large quantity of
homopolymer. Unsaturated groups are readily introduced
into the macromolecule of cellulose nitrates by treating
their solutions with

ONOj

- O N O 2

- O H

OCNRNHCOOCH=CH2 -ONOj

- OCONHRNHCOOCH=CHa

(9)

Graft copolymers are formed by the polymerisation of
acrylonitrile in solutions of modified cellulose nitrates62.

The formation of a considerable quantity of homopoly-
mer, the low yields of graft copolymer, and the need for
preliminary treatment of the cellulose to introduce unsatu-
rated groups evidently make the synthesis of graft copoly-
mers by this method unpromising.

3. Mechanicochemical Method of Synthesising Block and
Graft Copolymers

The degradation of cellulose and its derivatives by
mechanical energy is accompanied by the formation, at the
ends of the newly produced chains, of free macroradicals ω

capable of initiating the block copolymerisation of mono-
mers in contact with them. Formation of a macroradical
by rupture of a bond with a substituent results in the forma-
tion of graft copolymers. The mechanicochemical method
is the only method for the synthesis of block copolymers of
poly sac char ides which has yet been put into practice under
laboratory conditions.

Ceresa obtained methylcellulose-polyacrylonitrile,
ethylcellulose-poly(methyl methacrylate), benzylcellulose-
polystyrene, and cellulose acetate-poly (vinyl acetate) block
copolymers by vigorous grinding of the polymers, plasti-
cised with the monomer, in the absence of atmospheric
oxygen64. He prepared block copolymers also by swelling
cellulose acetates in acrylonitrile M. Block copolymers
of water-soluble polysaccharides are obtained by repeatedly
freezing and thawing out aqueous emulsions of the polymer
and monomer fr*-66. Block copolymers can probably be
obtained also by the intense mechanical working of thermo-
plastic cellulose ethers with other thermoplastic polymers
(as a result of the combination of macroradicals of the
different polymers). In the synthesis of block copolymers
by this method, a complicated mixture of products is ob-
tained, containing both homopolymers and block and graft
copolymers.

This last fact, the difficulties associated with controlling
the composition and size of the blocks, and the impossi-
bility of employing this procedure for modifying ready-
-made goods have so far prevented the practical realisation
of these methods for modifying cellulose and its derivatives.

4. Synthesis of Graft Copolymers under the Influence of
Radiation

( a ) S y n t h e s i s of g ra f t c o p o l y m e r s by expo-
s u r e to h i g h - e n e r g y p a r t i c l e s . When cellu-
lose 6 7 ' 6 8 , its ethers and esters6 9, and other polysacchar-
ides7 0 are irradiated with high-energy particles, the main
process is degradation. Completely water-soluble pro-
ducts are formed by the exposure of cellulose № to a dosage
of only ~ 100 Mr. Degradation under the influence of
radiation takes place by a free-radical mechanism. The
formation of macroradicals of cellulose and its derivatives
by the action of high-energy particles can be used to initi-
ate graft copolymerisation. Depending on the conditions,
there are four ways in which graft copolymers can be syn-
thesised by this method — (i) simultaneous irradiation of
polymer and monomer in the absence of air, (ii) simul-
taneous irradiation of polymer and monomer in air,
(iii) irradiation of the polymer in an inert gas atmosphere
with subsequent interaction with the monomer, and
(iv) irradiation of the monomer in the presence of air with
subsequent interaction with the monomer.

(i) When polymer and monomer are exposed together in
the absence of air, graft copolymerisation is initiated by
macroradicals of the polymer formed under the influence
of the high-energy particles. In the synthesis of graft
copolymers of cellulose, macroradicals can be formed
either at the end of a chain (by cleavage of the bond between
monomeric units in the cellulose macromolecule) or in the
middle of a chain 67-69>71.

Rupture of the bond between monomeric units should
result in the formation of considerable quantities of block
copolymers together with the graft copolymers.

(ii) When polymer and monomer are irradiated together
in air, graft copolymerisation is initiated both by macro-
radicals formed by the direct action of radiation and by
macroradicals resulting from the breakdown of peroxy- or
hydroperoxy-groups formed by the addition of oxygen to
macroradicals obtained in the first stage of irradiation.

When graft copolymers are synthesised by simultaneous
irradiation of polymer and monomer, considerable quanti-
ties of the homopolymer are formed, since production of
polymer macroradicals is accompanied by that of radicals
of low molecular weight as a result of exposure of the
monomer, and these initiate homopolymerisation72"84. One
procedure for the simultaneous exposure of polymer and
monomer is to irradiate the polymer swollen in the mono-
mer. In this case the homopolymer is formed only on the
treated polymer, not in the reaction medium, as is ob-
served when the polymer is irradiated in the monomer
solution85. One of the most acceptable ways of synthesis-
ing graft copolymers by the simultaneous irradiation of
polymer and monomer is probably to expose the polymer in
the presence of the monomer vapour (vapour-phase copoly-
merisation)86'87.

The synthesis of graft copolymers by the irradiation of
polymer and monomer together probably involves the
formation of strongly branched polymers, since the possi-
bility remains that a macroradical capable of initiating
polymerisation will be formed on the grafted chain88.
Swelling of the cellulosic material is of great importance
for the reaction to be efficient, since it increases the rate
of diffusion of the monomer. Usmanov and his coworkers
investigated the graft copolymerisation of cellulose with
acrylonitrile. The reaction was carried out by irradiating
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cellulose suspended in a solution of acrylonitrile in water,
methanol, or benzene or in pure acrylonitrile. A graft
copolymer was obtained only when the cellulose was swollen
(no grafting occurred when cellulose was exposed in benz-
ene solution)72. Other workers have noted the effect of
degree of swelling on rate of graft copolymerisation 71>74>75.
Shapiro and Stannett found that the rate of the graft copoly-
merisation of cellulose with vinyl monomers is increased
by increasing the water content of the reaction medium74.
Leavitt suggested that the effect of water is not limited to
increasing the degree of swelling of the cellulosic material,
but involves the generation of OH radicals on irradiation,
which split off a hydrogen atom from the cellulose macro-
molecule to form a cellulose macroradical, as is presum-
ably confirmed by the possibility of the "cross-linking" of
water-soluble ethers of cellulose and gelatin in the pres-
ence of water. No cross-linking effect is observed when
the dried polymers are irradiated89.

(iii) When cellulose is irradiated in an atmosphere of an
inert gas, "long-lived" macroradicals are formed (cellulose
which has been exposed in the absence of atmospheric oxy-
gen gives paramagnetic resonance signals for several days
after irradiation)88, which initiate graft copolymerisation
on subsequent interaction with a monomer 71>76>80"92. How-
ever, degradation of the cellulose is more intense in this
case than on exposure in the presence of a monomer which
is an acceptor for free radicals71.

(iv) When a polymer is irradiated in air, peroxy- or
hydroperoxy-groups are formed, which on subsequent heat-
ing in the presence of a monomer break down and initiate
graft copolymerisation77»90'91. Thus exposure of the poly-
mer in the presence of air can be regarded as one way of
introducing hydroperoxy-groups; the synthesis of graft
copolymers by means of these groups is discussed below.
Irradiation of the polymer with subsequent interaction with
the monomer has certain technical advantages compared
with the above procedure, since it permits the processes
of irradiation and of subsequent grafting to be separated.

Wide practical application of methods for synthesising
graft copolymers based on the use of ionising irradiation
with particles of high energy is made difficult by the ab-
sence of methods for eliminating secondary processes
resulting in the formation of homopolymer, degradation of
the initial polymer, and the production of strongly branched
graft copolymers, as well as by the difficulties involved in
ensuring the safety of the process.

This last obstacle largely disappears when graft co-
polymerisation is induced by ultraviolet radiation or by
radiation of longer wavelength in the presence of sensitisers.
Carrying out grafting by this method enables considerable
degradation of the polymer to be eliminated, which, together
with its safety, constitutes the advantage of this method of
synthesising graft copolymers.

( 6 ) S y n t h e s i s of g ra f t c o p o l y m e r s by m e a n s
of l o w - e n e r g y p a r t i c l e s . A systematic investiga-
tion of graft copolymerisation induced by visible light in the
presence of anthraquinonoid dyes as sensitisers have been
undertaken by Geacintov93»94.

The mechanism of graft copolymerisation in the pres-
ence of sensitisers is that radiation of a wavelength ab-
sorbed by the sensitiser excites its molecule to a state in
which it reacts with the polymer, converting the latter into
a macroradical which initiates graft copolymerisation.
Interaction between the excited sensitiser molecule and the

monomer results in the formation of a radical of low mole-
cular weight, which initiates homopolymerisation.

When an anthraquinonoid dye is employed as sensitiser,
the mechanism of the process can be represented as
follows:

A Q b ,

OH

AQHC-+ Cell^C· ,

OH OH

:ell > C· + nCH,=:CHR — — • Cell > C — (CH,—CHR)rt

AQ*b + CHa=CHR ->· AQHC-+ CH,=CR,

CH,=CR+ (n—1) CH,=CHR -• (CHa—CHR)n

2AQH 0 .-» AQH* + AQ" ,

Ο

where a =

(10)

(11)

(12)

(13)

(14)

(15)

the X being groups which confer on the sensitiser solubility
in water (SO3Na) or organic solvents, b is an excited sensi-
tiser molecule,

OH

Such a mechanism is supported by work on related systems
using alcohols of low molecular weight6.

The rate of graft copolymerisation by this method is
greater in the presence of air than in an inert gas, since in
the presence of oxygen the above reactions are accompanied
by the formation of peroxides, hydroperoxides, or both,
which break down to form a cellulose macroradical93.

Graft copolymerisation by this method is carried out
under conditions of considerable swelling of the cellulose
(in a solution of the monomer in a mixture of dimethyl-
formamide and water or in an aqueous solution of the mono-
mer) with minimum concentrations of the sensitiser (up to
0.01 M). The quantity of monomer grafted on is propor-
tional to the time of exposure and the concentration of the
dye.

Geacintov employed the above method to synthesise graft
copolymers of cellulose with polyacrylonitrile, poly (vinyl
acetate), polystyrene, and poly (methyl methacrylate),
employing as starting material regenerated cellulose film,
paper, etc.

A considerable amount of homopolymer — cf. reactions
(13) and (14) — is formed in all cases of the synthesis of
graft copolymers by this method. A further defect of the
method is the difficulty of controlling the length and number
of graft chains.
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5. Synthesis of Graft Copolymers by the Preliminary Intro-
duction of Groups which Break Down to Form Macroradi-
cals

Under certain conditions hydroperoxy(or peroxy)-,
diazo-, azonitrile, and diazoamino-groups break down to
form radicals capable of initiating the polymerisation of
vinyl monomers in contact with them9 5"1 0 0. If these groups
are chemically combined with, a polymer molecule, their
decomposition produces macroradicals which initiate graft
copolymerisation.

The synthesis of graft copolymers of cellulose and its
derivatives is effected only by first introducing hydro-
peroxy- and diazo-groups into the cellulose macromolecule.

(a) S y n t h e s i s of g ra f t c o p o l y m e r s of c e l l u -
lose and i t s d e r i v a t i v e s by the p r e l i m i n a r y
i n t r o d u c t i o n of h y d r o p e r o x y - g r o u p s . Hydro-
peroxy- or peroxy-groups can be introduced into the
macromolecule of cellulose and its ethers by treating the
polymer with ammonium peroxodisulphate101, irradiating
it with high- and low-energy particles in the presence of
air 7 7 ' 9 9 ' 1 0 2, and also by passing a stream of air through a
solution of the cellulose ether containing azoisobutyro-
nitrile1 0 3 or a stream of oxygen or oxygen enriched with
ozone9 9 '1 0 0 '1 0 4 '1 0 5. The oxidation of cellulose and its deri-
vatives for the purpose of introducing peroxy- or hydro-
peroxy-groups is almost always accompanied by consider-
able degradation of the polymer 102,103,105̂

Ozonisation is a method frequently employed in labora-
tory investigations for introducing hydroperoxy-groups.
The rate of accumulation of peroxy- and/or hydroperoxy-
-groups during ozonisation is increased by the presence of
water, although hydrogen peroxide is not formed under the
experimental conditions106.

When a stream of oxygen containing 6% of ozone is
passed through a cellulosic material, it is possible after
6 h to introduce 1 peroxy-group per 20 monomeric units.
Peroxy-groups introduced into cellulose do not break down
at 20° even on storage of the oxidised cellulose for
3 months. Appreciable diminution in the content of avail-
able oxygen is observed only at 75-80°; at 100° complete
breakdown of peroxy-groups occurs after 2 h . "

A systematic investigation of ozonisation and of the
properties of oxidised cellulose acetates has been made by
Radchenko and his coworkers105.

When cellulose preparations containing hydroperoxy-
-groups are heated in the presence of a monomer at 80-
100°, the groups break down to form a macroradical,
which initiates graft copolymerisation, and a hydroxy-
-radical, which causes homopolymerisation of the mono-
mer:

Cell — OOH-» Cell — O*+t)H. (16)

In the presence of metals of variable valency the hydroxy-
-radical is reduced to a hydroxide ion:

Cell — OOH+Fe»+- Cell (17)

When, however, the process takes place in a heterogeneous
system (as is almost always the case in the synthesis of
graft copolymers of cellulose and its ethers), some of the
hydroperoxy-groups break down by reaction (16) even in the
presence of such metals. This results in the formation of
considerable amounts of homopolymer.

The preliminary introduction of hydroperoxy-groups
and/or peroxy-groups into the polymer has been used to
synthesise graft copolymers of cellulose with polyacrylo-
nitrile, polystyrene99, poly (methyl methacry late), poly-
(vinyl acetate), and polyvinylpyridine, of cellulose nitrates
with poly (butyl methacrylate)ω2, of benzyl- and ethyl-
-cellulose with polystyrene, and of carboxymethylcellulose
with polyacrylonitrile w .

This method has the advantages that it makes possible
the synthesis of graft copolymers based on almost any
derivative of cellulose, the number of grafted chains can be
readily varied (by varying the content of available oxygen in
the polymer), and the process is comparatively simple to
carry out. Among its disadvantages are the formation of a
certain amount of homopolymer together with the graft co-
polymer, and the degradation of the original polymer on
oxidation. These defects can be eliminated by using pre-
parations of cellulose containing a small quantity of diazo-
-groups.

(δ) S y n t h e s i s of gra f t c o p o l y m e r s by the
p r e l i m i n a r y i n t r o d u c t i o n of d i a z o - g r o u p s .
This method was suggested almost simultaneously and
independently by Richards107 and by Rogovin108. According
to Richards, aromatic amino-groups can be introduced by
treating alkali-cellulose with />-amino-co-chloroacetophe-
none

Cell — ONa-J-ClCHaCOC,H4NHa -• Cell —OCH2COC6H4NH2, ( 1 8 )

or by heating an aqueous solution of the sodium salt of
carboxymethylcellulose with a solution of />-aminochloro-
acetophenone in dimethylformamide:

Cell— OCHjCOONa+ClCHjCOCHiNHj-» Cell —OCH2COOCH,COC,H«NHS. (19)

Rogovin et al. proposed a simpler single-stage method
for introducing aromatic amino-groups into the cellulose
macromolecule. When cellulose is treated in weakly alka-
line medium at 100° with a 2-sulphonylethyl sulphate, the
sulphate group is split off, and a vinylsulphonyl group is
formed which, in the nascent state, adds on to the hydroxy-
-groups of the cellulose molecule to form a cellulose ether
(Michael reaction). To introduce aromatic amino-groups
into the cellulose macromolecule, use was made of the
water-soluble sulphuric esters of 2-(3-amino-4-methoxy-
phenylsulphonyl)ethanol and 2-/>-aminophenylsulphonyl-
ethanol. The alkylation of cellulose proceeds according to
the scheme

Cell -OH+HSOsOCHiCHsSO,—ζ )>-OCH3 j
X N H a

C e l 1 ~°Η+

+CH2=CHSOa—\ZZ^>—OCH, N ^ ^ - » Cell — OCHaCHaSOa—\ZZy>—

(20)

Diazotisation of the cellulose macromolecule effects the
introduction of diazo-groups, which break down on subse-
quent heating to form a macroradical, which initiates graft
copolymerisation, and a radical of low molecular weight,
which diffuses into the monomer solution and initiates
homopolymerisation107:

Cell — O A r — N H a i ^ ^ _ Cell — OArNaCl -1—, Cell — OAr'+Nj+Cl"'. (21)

Formation of homopolymer can be avoided by decom-
posing the diazo-group in the presence of a metal of vari-
able valency. The role of the metal cations is to convert
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the Cl· radical into a Cl~ ion, and they are probably in-
volved in chain termination by interaction of the growing
macroradical with the oxidised form of the metal cation:

Cell -OArN2Cl+Fe»+-> Cell -OAr#+N,+Cl-+Fea+, (22)

—CH2—CHR+Fe>+ -* — CH=CHR+Fe*++H+. (23 )

In order to synthesise graft copolymers by this method
it is sufficient to obtain a cellulose ether having γ =3-10.
The quantity of polymer grafted depends on the activity of
the radical formed, the degree of alkylation, and the
nature of the initial monomer108. This method has been
used to synthesise graft copolymers of cellulose with poly-
acrylonitrile, poly(vinylidene chloride), poly(methyl
methacrylate), and polyacrylic and polyvinylphosphinic
acids. In no case is the homopolymer formed107"114.

It must be noted that the synthesis of graft copolymers
by this method always yields coloured products108. The
probable explanation is that the main reaction of diazotisa-
tion of the amino-groups with subsequent formation of a
macroradical is accompanied by azo-coupling, in which
some of the unchanged amino-groups take part.

In spite of the considerable advantages of this method
(the possibility of synthesising graft copolymers from
aqueous solutions or aqueous emulsions of the polymer
without homopolymer formation, and the ease of regulating
the number of graft chains), the necessity of first intro-
ducing aromatic amino-groups, with the associated con-
siderable consumption of a relatively expensive compound
and the production of coloured materials, prevents the
widespread practical application of this method.

The synthesis of graft copolymers of cellulose and its
derivatives on redox systems in which the cellulose or its
derivative acts as reducing agent is a considerably more
promising method.

6. Synthesis of Graft Copolymers on Redox Systems in
which the Polymer Acts as Reducing Agent

The principle underlying the synthesis is that the oxida-
tion with some oxidising agents of polymers containing
reducing groups involves a stage in which macroradicals
are formed; these are capable of initiating the graft co-
polymerisation of vinyl monomers in contact with them.

This principle was first exploited for the synthesis of
graft copolymers by Mino, who proposed a quadrivalent
cerium salt as oxidant115. This method has been investi-
gated systematically by Japanese workers 11β~127 and in our
laboratory "β-ωβ Work has also been done on the oxida-
tion of compounds of low molecular weight137"141, as well
as of poly (vinyl alcohol)142 and cellulose 120, with Ce4+ ions,
and on the polymerisation of vinyl monomers on redox
systems formed by an alcohol of low molecular weight with

140,143,144

The initiation of the graft copolymerisation of cellulose
by this method takes place according to the scheme

CH2OH

This mechanism of initiation is supported by the following
experimental results:

(i) In all cases of the oxidation of alcohols of low and
high molecular weight, and of polymerisation by means of
alcohol-Ce4* redox systems, a complex of reductant and
oxidant is formed, the rate of oxidation being determined
by the rate of disproportionation of this complex140.

(ii) The oxidation of compounds containing a glycol group-
ing by cerium(IV) salts involves the intermediate formation
of free radicals, with cleavage of the bond between the
carbon atoms having attached hydroxy-groups138»140»142.

(iii) Polymers synthesised on the redox system formed
by an alcohol of low molecular weight with Ce4* contain a
terminal hydroxy-group145.

(iv) When highly substituted methyl ethers of cellulose
containing no free glycol groups are employed as initial
polymer, graft copolymers cannot be synthesised, whereas
with methylcelluloses of low degree of substitution graft
copolymerisation is rapid1 3 1.

Termination of the material chain is achieved in this
method mainly by interaction of the growing macroradical
with an oxidant cation. This hypothesis is supported by
the lack of dependence of reaction velocity on initiator con-
centration and the almost complete absence of homopolymer
formation "Sjue,!^ gy ^ i s method it is possible to vary
the number and degree of polymerisation of the graft chains
without changing the total quantity of graft component133.

It must be noted that the use of cerium(IV) salts for the
synthesis of graft copolymers may cause polymerisation of
the monomer even in the absence of a reducing agent.
However, polymerisation of the monomer begins after a
definite induction period, whereas oxidation of the polymer,
and hence initiation of graft copolymerisation, take place
without an induction period. Thus by keeping the duration
of the synthesis shorter then the induction period it is pos-
sible to obtain graft copolymers practically without forma-
tion of homopolymer. The synthesis of graft copolymers
using cerium(IV) salts is carried out in aqueous solutions
or aqueous emulsions of the monomer with minimum
amounts of oxidant 128>12e. This method has already been
employed to synthesise copolymers of cellulose with poly-
acrylonitrile 120> 12M2e,m, 147,14̂  ρ ο χ γ ( m e thy l methacry-
late) 1 1 7 ' 1 1 8 ' 1 3 3, poly (vinyl acetate)118, polyfautylacrylate)136,
polystyrene122, polyacrylamide116'148, poly-(2,3-epoxy-
propyl methacrylate)123'145, and poly (methyl aery late)1 2 1 '1 4 8,
and of cellulose nitrates and acetates with poly (methyl
acrylate)1 3 0 '1 3 4.

The appearance of Mino and Kaizerman's paper stimu-
lated attempts to find other redox systems, not involving
the use of the scarce and expensive cerium salts.

Japanese workers have proposed the use of potassium
permanganate and cobalt (III) salts1 2 7 for the synthesis of
graft copolymers of poly vinyl alcohol, starch, and block
copolymers containing the terminal hydroxy-groups of a
polyethylene glycol, and sodium periodate14e or cobalt(ΙΠ)
salts1 2 7 for the synthesis of graft copolymers of cellulose.
Graft copolymerisation by means of these oxidants is
accompanied by the formation of considerable quantities of
homopolymer, resulting from oxidation of the monomers
with formation of radicals of low molecular weight.

Rogovin and Livshits suggested the use of manganese (III)
pyrophosphate150 for the synthesis of graft copolymers of
cellulose, and vanadium(V) compounds151"154 for modified
cellulosic preparations containing small quantities of aro-
matic amino-groups or aldehyde groups.
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When manganese (ΙΠ) pyrophosphate is used, initiation of
graft copolymerisation is effected, as with cerium(IV) salts,
by free-radical oxidation of a glycol group in the cellulose
macromolecule154, and chain termination occurs by inter-
action between the growing macroradical and an oxidant
cation.

« + H\ (25)

With manganese (III) pyrophosphate as oxidising agent,
as with cerium(IV) salts, graft copolymers can be synthe-
sised without homopolymer formation, and also without the
use of organic solvents, while the number and length of the
graft chains can be readily varied by changing the oxidant
concentration. A further advantage of using the pyrophos-
phate is its ready availability.

In the synthesis of a graft copolymer based on modified
cellulose preparations containing aromatic amino-groups
— the ether of cellulose and 2-(3-amino-4-methoxyphenyl-
sulphonyl)ethanol — with vanadium(V) compounds as oxi-
dants, initiation of graft copolymerisation is accomplished
according to the scheme

Cell -OCH3CHaSO2—

Ο ΝΗ

Cell -OCHjCH 2SO 2-^ +, (26)

and chain termination is probably represented by the
equation

—CHa—£HR+VO+ - — CH=CHR+VO*++OH-. (27)

In the synthesis of graft copolymers of modified cellu-
lose preparations containing aromatic amino-groups or
aldehyde groups, with a vanadium(V) compound as oxidant,
formation of homopolymer does not occur, however long
the contact between oxidising agent and monomer, if the
conditions have been chosen correctly, in contrast to what
occurs in methods involving the use of Ce4+ or Mn3*. This
together with the ready availability of the oxidising agent
constitutes an important advantage of this method, since
it enables the process to be carried out continuously using
aqueous solutions or emulsions of the monomer. One
defect of the method is the necessity of first introducing a
small quantity of amino-groups or aldehyde groups into the
cellulosic materials. The method is applicable not only
to cellulose but also to all other polymers containing these
groups.

From this survey of the various methods for synthesis-
ing graft copolymers of cellulose and its derivatives we
can conclude that the most promising methods are —
(1) syntheses of graft copolymers on redox systems in
which the polymer acts as reductant, and (2) in several
cases chain transfer from initiator radicals.

In spite of the considerable amount of research on the
synthesis of graft copolymers of cellulose and its deriva-
tives, several fundamental questions relating to the charac-
terisation and properties of graft copolymers have not yet
been settled. Systematic investigations have still not been

made to elucidate the effect of the conditions of graft co-
polymerisation on the length and number of graft chains,
and especially on the quantity of cellulose entering into the
graft copolymer. The quantity of homopolymer formed
from the synthetic compound of high molecular weight has
been determined in most published work, but the fact that
not all the cellulose macromolecules become incorporated
in the graft copolymer has been ignored. The quantity of
cellulose homopolymer undoubtedly has an important influ-
ence on the properties of the products resulting from
grafting. Nor has the effect of the degree of polymerisa-
tion and the number of graft chains on the properties of
graft copolymers of cellulose and its derivatives been
investigated, except in one paper1 3 3. Carrying out the
reaction in a heterogeneous medium, as is almost always
the case in grafting to cellulose and its derivatives, results
in the production of graft copolymers containing a small
number of graft chains of high molecular weight (with
degrees of polymerisation up to 30 000), and sometimes,
therefore, graft copolymers do not differ in their funda-
mental properties from mechanical mixtures of the homo-
polymers. The development of methods yielding graft
copolymers having a small number of relatively short graft
chains is an urgent task. An investigation of these ques-
tions has recently been undertaken in our laboratory.

___o0o—-

Since this paper was submitted to the Editors, several
publications have appeared on the synthesis of graft copoly-
mers of cellulose by the radiation method155"164, by the use
of cerium salts l e 5~1 7 1, by chain transfer from initiator
radicals1 7 2"1 7 4, and by ionic polymerisation175'176. Several
papers have been published on the properties of graft co-
polymers of cellulose and its derivatives «», 173,174, we-179 #
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1. INTRODUCTION

Gas chromatography is now an effective method for the
analysis of organic and inorganic compounds. Fairly fre-
quently, however, particularly in the analysis of complex
organic mixtures, the oridinary methods of gas chroma-
tography are unsatisfactory.

The efficiency of gas chromatography as an analytical
method can be increased considerably by the simultaneous
use of chromatographic separation and chemical reactions.
Chemical reactions in gas chromatography can be carried
out for different purposes, in particular: (1) the analysis
of substances for which direct use of the methods of gas
chromatography is impossible (e.g. the analysis of poly-
mers, non-volatile compounds, etc.); (2) the reduction of
a difficult analytical problem to a simpler problem which
has previously been resolved (e.g. the conversion of alco-
hols into alkenes or alkanes or esters of nitrous acid, fol-
lowed by chromatographic analysis of the reaction products);
(3) the identification of peaks due to unknown components
by the use of group (individual) selective absorbers (e.g.
sulphuric acid for the absorption of alkenes from hydro-
carbons) or group qualitative reactions; and (4) the simpli-
fication of quantitative calculations and increase in the
sensitivity and accuracy of analysis by the conversion of all
the organic compounds being analysed into one or two
simple compounds at the outlet from the separating column
(e.g. conversion to carbon dioxide and water or hydrogen
with the use of a thermal-conductivity detector).

Thus the use of chemical reactions in gas chromatography
is extending appreciably the range of the ordinary chromato-
graphic separation and exhibits a number of specific features.
It is therefore appropriate to deal with the use of chemical
reactions in gas chromatography as a separate field —
reaction gas chromatography. This term was first used
by Drawert1»2, who at first, however, gave a too narrow
definition of reaction gas chromatography, restricting him-
self to the case where the substance being analysed under-
goes changes in a reaction vessel placed before the separating
column (in order to convert the compounds being analysed into
definite compounds whose chromatographic analysis pre-
sents no difficulties).

In a later paper, Drawert3 correctly pointed out that in
a wider sense the term "reaction gas chromatography" can
be taken to mean the use of chemical reactions together
with chromatographic separation. It is necessary only to
emphasise that the chemical changes should take place in
a single chromatographic scheme. The present review
considers only the analytical applications of the combined
use of chemical reactions and chromatographic separation.
Another important independent field of reaction gas chro-
matography involves the study of the kinetics and mecha-
nism of chemical reactions under chromatographic condi-
tions. Work on these lines, which is now being successfully
developed, was begun by Roginskii and coworkers4·5.

A promising development is the use of the mathematical
methods of the theory of reactions under chromatographic
conditions to determine the initial concentration of a sub-
stance in a specimen, some components of which undergo
chemical changes as a result of chemical reactions in the
chromatographic column.

Thus analytical reaction gas chromatography is a form
of gas chromatography in which chemical reactions in a
single gas-phase chromatographic process are used for
analytical purposes. The chemical reactions may take


