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copolymers via redox initiating systems. Redox polymerization systems for the

The present review gives a comprehensive account on the synthesis of block

synthesis of block copolymers have been evaluated. The mechanism of initia-
tion by a redox process is a method which is used to obtain block copolymers by
various transition metals, such as Ce(lV), Mn(llll), Cu(ll), and Fe(lll). Redox polymer-
ization has found wide applications in initiating polymerization reactions and has been
specifically of industrial importance. As it follows from the ‘contents’, in addition to the
above mentioned metals, other redox polymerization systems such as hydrogen
peroxide and vanadium are described as well.
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INTRODUCTION

Polymerizations initiated by a reac-
tion between an oxidizing and a
reducing agent are called redox
polymerizations. The essence of
redox initiation is a reduction-oxi-
dation process. In this process an
oxidant, i.e., Ce(IV) or Mn(Ill)

forms initially a complex by react-
ing simply with organic molecules
which then decomposes unimolecu-
larly to produce free radicals that
initiate polymerization. Commonly
used oxidants include peroxides,
persulphates, peroxydiphosphate,



and the salts of transition metals. These oxidants form
effective redox systems with various reducing agents
like alcohols, aldehydes, amines, thiols for the aqueous
polymerization of vinyl monomers. The essential fea-
tures of components constituting a redox pair for aque-
ous polymerization are their solubility in water and fair-
ly fast and steady liberation of active radicals [1]. Apart
from the fact that low temperatures can be employed
with redox systems, the reaction rate is easy to control by
varying the concentration of metal ion or peroxide [2].

There are many reports in the literature on the block
copolymer synthesis. Initiation by a redox process is
only a method to obtain these types of polymers [3-6].
However, initiation by a polymer having functional end
groups attached to the chains, resulting from redox poly-
merization has not been investigated widely in the liter-
ature [7,8].

The synthesis of block copolymers by redox systems
exerts a number of technical and theoretical advantages
over other methods. Because of the applicability at low
temperatures, side reactions are minimized [9]. This
method has found wide applications in initiating various
polymerization reactions [10,11] and with industrial
importance, e.g. low-temperature emulsion polymeriza-
tions [12,13].

Redox polymerization of vinyl monomers initiated by
transition metal ions in their higher oxidation states in
an aqueous medium can provide valuable information
regarding the mechanistic details of the elementary
steps [14]. Besides the very short induction period
(almost negligible), a lower energy of activation
(40-80 kJ/mol) allows the redox polymerization to be
carried out under milder conditions than thermal poly-
merization. This lowers the possibility of side chain
reactions giving high molecular weight polymers with a
high yield [13].

Redox polymerization has drawn the attention of sci-
entists for many years. Ananthanarayanan and Santappa
[15] studied the kinetics of vinyl polymerization initiat-
ed by ceric ion in aqueous acidic solution. Takahashi
[16] observed the redox polymerization of acrylamide
initiated by ceric ammonium nitrate. Saha and
Chaudhuri [17] followed the influence of the nature of
the amine used as reducing agent on the polymerization
of acrylonitrile in aqueous solution. Fernandez [19] fol-
lowed the kinetics of ceric ion—isopropyl alcohol initiat-
ed aqueous polymerization of methyl methacrylate.

Sarac et al. [20] generated electrolytically the redox-ini-
tiating system Ce(IV)/organic acid for acrylamide poly-
merization. Sarac et al. [21] also made potentiometric
determination of the molecular weight of polymers
obtained by redox polymerization. Redox initiation has
already been widely studied, mainly for polymerizations
carried out in aqueous media [22,23]. Tunca [24] per-
formed the polymerization of acrylamide using the
redox reaction of Ce(IV) with HO-CH,- group contain-
ing thermo- or photosensitive azo compounds.

There are still some problems with this redox system,
namely a poor solubility of such inorganic salts in
organic medium (acrylic resin), the formation of slight-
ly colored products and an expected short pot-life due to
the fact that polymerization may occur already at ambi-
ent temperature [18].

REDOX POLYMERIZATION SYSTEMS

Various redox systems, such as ceric, manganese, cup-
per, iron, vanadium ion, and hydrogen peroxide, have
been used as catalysts for synthesis block copolymers
via redox polymerization. Ceric-based catalysts seem to
be the most versatile. The redox systems including var-
ious catalysts have also been investigated.

Ceric Ion Redox Polymerization Systems

Ceric ions in acidic media are well-known oxidizing
agents for various organic substrates [25]. Also, these
ions, either by themselves or in combination with reduc-
ing agents function as initiators for vinyl polymerization
[26-33]. A first attempt to initiate polymerization by
Ce(IV) in organic solvents was performed in 1979 by
Singh et al. [34] who observed that the solvent (toluene)
inhibits the redox initiating process for the polymeriza-
tion of acrylonitrile. The suitable reducing agents
reported in the literature are alcohols [35], polyoils [36],
ketones [37], acids [38], amines [17], thiols [39], and
thiourea [40]. Based on the experimental results, the fol-
lowing kinetic reaction schema are proposed by
Nagarajan et al. [3] for vinyl radical polymerization.

I.  (a) Reaction of ceric ion with reducing agent:

Ce**+ R———=Re + Ce™+ H*

Where, R is reducing agent and R* is the organic free
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radical formed from the reducing agent.
(b) Reaction of the radical with Ce*4 to give the oxi-
dation products:

kO
Ce"+ Re "

Oxidation products + Ce*3 4 H*
fas

II. Initiation of polymerization by reaction of the free
radical with monomer:

ki
Re+ M—— RM.

II1. Propagation:

IV.  (a) Mutual termination:

kt1
2RM_. — polymer

(b) Linear termination by Ce*4 :

k 2
RM. . + Ce* 2, polymer + Ce*3 4 H*

Katai et al. [41] have studied the polymerization of
acrylonitrile with ceric ion-ethylene glycol redox sys-
tem and proposed a mechanism for the formation of free
radicals. The reaction mechanism is shown in Scheme I.

In the case of poly(ethylene glycol) (PEG) no such
cleavage of the main chain could occur since, there are
no 1,2-glycol units. Hence a block copolymer could be
prepared by the polymerization of a vinyl monomer. The
first attempt to synthesise the block copolymer was car-
ried out by Novitskaya [42] using poly(propylene
oxide)-ceric ion redox system for the polymerization of
acrylonitrile. The reaction was conducted in aqueous
medium at 0°C. Furthermore, Novitskaya and Konkin
[43] have prepared the block copolymers of acrylonitrile
with ethylene oxide in the presence of a redox initiating

CH,OH
+ Ce"* ——— CH,OH+HCHO +H"+ Ce"
CH,OH

Scheme I. Oxidation of ethylene glycol with Ce(IV).

system comprising Ce*" where the hydroxyl end groups
of ethylene oxide units are the reducing agent.

Konkin [44] and Novitskaya [45] have obtained
poly(acrylnitrile-block-ethylene oxide) block copoly-
mers using Ce™ salts as oxidizing agents for hydroxyl
groups in the poly(ethylene oxide) prepolymer. Bi-,
tri- or multi-segments block copolymers can be formed
depending on the number of OH functional groups
taking part in redox reactions.

Block copolymers of ethyl oxide and methyl
methacrylate were prepared by redox polymerization
with poly(ethyle oxide), a ceric ion as initiator, and 1,4-
dioxane as solvent [46]. The copolymerization reaction
gave two different products, one precipitated in
methanol immediately after the reaction and the other
was soluble in methanol but insoluble in water. The
water-precipitated product was supposed to be the block
copolymer of poly(ethylene oxide-b-methyl methacry-
late). The GPC analysis showed that the high intensity
peak had a retention time lower than that of poly(ethyle
oxide) and higher than the precipitation time by
methanol . Hence, it could be concluded that the molec-
ular weight of the water-insoluble product was higher
than 4,000.

Coutinho et al. [47] prepared poly(ethylene oxide-b-
methyl methacrylate) block copolymers using dodecyl
poly(ethylene oxide)-ceric ion redox system via emul-
sion polymerization. In these systems, dodecyl poly
(ethylene oxide) have also played the role of emulsify-
ing agent. The polymerization has been characterized by
a pronounced gel effect and shown deviations from
Smith—Ewart theory.

CHs CHs
| [ OH

4 70 cev) 7°

HO—-CH,~C—CH;OH HO—fCH,-C1—cH
CHs CHs

nCH,=CH—CN

T on

oo
Ho—[—CHz—cI:Jr;CHqLCHZ—CHJrn*

CH, (|;N

Scheme Il. Copolymerization of acrylonitrile in the presence
of Ce(lV) salts and ketonic resin.
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Methyl ethyl ketone/

) Cyclohexanone/
formaldehyde resin

formaldehyde resin

Scheme lll. The structures of methyl ethyl ketone/formalde-
hyde and cyclohexanone/formaldehyde resins.

The copolymerization of acrylonitrile in the presence
of Ce(IV) salts and ketonic resin such as methyl ethyl
ketone/formaldehyde and cyclohexanone/formaldehyde
resin is investigated by Akar et al. [48]. Formation of
copolymer of methyl ethyl ketone/formaldehyde resin-
polyacrylonitrile is proposed to proceed via free radical
generation followed by vinyl polymerization of acry-
lonitrile, as shown in Scheme II. Ketonic resins used
have the same structure as the Scheme III. The effects of
temperature, time, catalyst, and monomer concentration
are also investigated by Coutinho et al. [47].

Guilbault and Brooks [49] have reported the prepara-
tion of block copolymer by the reaction of hydroxyl-ter-
minated poly(vinyl pyrrolidone) with methyl methacry-
late in the presence of ceric ammonium nitrate. A patent
is also issued by Guilbaut [50] for similar polymeriza-
tion reactions utilizing water soluble monomers.

Since ceric ion participates readily in redox reactions
with hydroxyl-containing substrates to generate free rad-
icals [51], the hydroxyl end group on poly(vinyl pyroli-
done) is considered to be the site of polymerization and
thus deemed essential for block copolymer formation.

CH; CH;

Tunca et al. [52] have used ceric ion Ce*4 with 4,4-
azo-bis(4-cyanapentanol) as a redox pair for the poly-
merization of acrylamide (AAm). The resulting polymer
possesses central thermosensitive azo function which
can be used for subsequent vinyl polymerization to yield
block copolymers. The reaction pathways are presented
as in Scheme IV.

A similar redox raction has been utilized for the
preparation of acrylamide-ethyle glycol block copoly-
mers (PAAmM-PEG) containing azo groups in the main
chain [7]. It is found that the azo groups retain their
activity and the facile scission of these groups leads to
the polymerization of vinyl monomers under suitable
conditions with formation of multiblock copolymers.
The reaction pathway is presented in Scheme V. The
redox reaction in the presence of acrylamide yielded
block copolymer with central azo groups which were
decomposed on subjecting the polymer to thermolysis
as shown in Scheme VI. Thermolysis in the presence of
acrylamide or acrylonitrile give rise to multiphase poly-
mer systems for which the overall structure depends on
the termination mode of the second monomer polymer-
ization.

Water-soluble polymers prepared with Ce(IV)—organ-
ic acid redox system containing amino, hydroxycar-
boxylic, and carboxylic acids end groups seem to be the
potential source for the construction of the immunolog-
ically active controlled release drugs [13]. A Ce(IV)
based redox system was shown to be a very efficient
thermal initiator for acrylic polymerization [53] as
shown in Scheme VII.

Redox reaction systems of Ce™ salts and reducing

I | Ce(lV | |
HO—CH2CH2-(|3—N=N—(I3—CHQCH2-OH —()> HO—CH-CH2-(I:—N=N—(|J—CH20H—OH

CN CN

CHj CHj3
CN CN
CH;CllH
=0
NH,

OH CH;  CH;  OH
—fcHz-(|:HJEcH~CH2-c|;—N=N—(I:—CH2—CH+CH2—cl:H-]m—
c=0 CN CN c=0

|
NH,

|
NH,

Scheme IV. Polymerization of acrylamide with 4,4’-azo-bis(4-cyanapentanol)/Ce*4 redox pair.
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HO"(CH,CH,0) H+ CN iHaN—N gH3CN+HCI(q”+H2’O'5OC
2HO(CHCH,0) H+ N -NH,CI
CH3 CH3
Q g gHp
HO'(CH,CH,0);— C—C—N=N—=C—C—(0CH;CH,) ,OH
CH3 CH3
CHLH
Ce(IV I
e(lV) 9=o
NH,

PAAM—PEG—N=N—PEG—PAAmM

Scheme V. Polymerization of acrylamide with poly(ethylene
glycol)azoester/Ce*4 redox system.

agents in aqueous solution are well-known initiators for
vinyl polymerization. Oz and Akar [54] have used the
redox initiator systems of ceric ammonium nitrate-
aminomethylene phosphonic acids to initiate aqueous
polymerization of vinyl monomers such as acrylonitrile,
vinylacetate, acrylic acid, acrylamide and maleic anhy-
dride. The polymerization mechanism involves complex
formation between Ce*4 salts and reducing agent fol-
lowed by the generation of free radicals which initiate
the polymerization of vinyl monomers. Block copoly-
mers are easily produced with this system.

Erbil [8] has carried out the synthesis of block
copolymers of polyacrylonitrile-polyacrylamide with
the use of polyacrylamide-malonic acid prepolymer
which is a product of a redox polymerization initiated by
the cerium sulphate-malonic acid redox pair. The effects
of prepolymer concentration and daylight on the yield
and molecular structure were interpreted by means of
FTIR spectroscopy. Furthermore, this prepolymer along
with ceric ammonium nitrate are also used to induce the
radical polymerization of acrylamide which results in
further chain extension. Both FTIR spectra and intrinsic
viscosities of the samples have shown that the chain
extension of PAAm-MA with AAm is influenced by
temperature and prepolymer content.

Studer et al. [18] have cured a combination of iso-
cyanate-acrylate and hydroxylated acrylate monomers
by heating and UV-irradiation in the presence of a

PAAM—PEG—N=N—PEG—PAAM — 2PAAM—PEG- + N;

Scheme VI. Thermal decomposition of PAAmM-PEG-N=N-
PEG-PAAm block copolymer.

Ce(IV) + R-CHy-NH-C-O-R' Ce(lll) + R-CH-NH-G-O-R' + H*
o 0

Scheme VII. Oxidation of aminomethylene phosphonic acids
with Ce(IV).

Ce(IV) salt thermal initiator and an acylphosphine oxide
photoinitiator.

Arslan and Hazer [55] have investigated the polymer-
ization of methyl methacrylate (MMA) initiated by ceric
ammonium nitrate in combination with polytetrahydro-
furan diol (PTHF-diol) and polycaprolactone diol (PCL-
diol) in aqueous nitric acid. Thus, PMMA-b-PTHF and
PMMA-b-PCL block copolymers have been obtained.
The polymerization reactions are presented in
Scheme VIII. Also, block copolymer yield has been
increased using tetrabutyl ammonium hydrogen sulphate
as a surfactant. The effects of nitric acid, ceric ions, and
diol concentration on the block copolymer yield have
been investigated. According to their reports the block
copolymers are characterized using GPC, 1H-NMR,
FTIR, DSC, TGA, and fractional precipitation methods.

Hazer et al. [56] have carried out polymerization of
methyl methacrylate initiated by ceric ammonium nitrate
in combination with poly(glycidyl azide)-diol (PGA-
diol) in aqueous nitric acid and obtained poly(methyl
methacrylate)-b-poly(glycidyl azide) copolymer. The
reaction mechanism is shown in Scheme IX.

The redox system of a ceric salt and a,w-dihydroxy
poly(dimethylsiloxane) is used by Oz and Akar to
polymerize vinyl monomers such as acrylonitrile and
styrene to produce block copolymers [57]. The
concentration and type of a,o-dihydroxy
poly(dimethylsiloxane) has shown to affect the yield

(|:H2 ...... R...... (‘;Hg + 2 Ce(lV) 2Ce(lll) + 2H*+ «CH....R...... C'|,H
OH OH (l)H OH

....... R.......: PTHF or PCL backbone
+ MMA

RN SN
CH R CH

(PMMA) e R ‘ (PMMA)
OH

OH

Scheme VIIl. Synthesis of PMMA-b-PCL-b-PMMA block
copolymer with PCL-diol/Ce(lV) redox systems.
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CHy....R....CH + 2 Ce(IV)

| l

2Ce(lll) +2H*+ -(|)H ...... R...C.

OH OH OH OH
------- R.......: PGA backbone
+ MMA
NN | P
CH.....R...... C
(PMMA) | | (PMMA)
OH

Scheme IX. Polymerization of methyl methacrylate initiated
by ceric ammonium nitrate in combination with poly(glycidyl
azide)-diol (PGA-diol).

and molecular weight of the copolymers. The
copolymers obtained have lower glass-transition
temperatures at about 208°C and much higher contact
angle values than those of the corresponding
homopolymer of vinyl monomers, regarding the fact
that the weight percentage of o,w-dihydroxy
poly(dimethylsiloxane) of the copolymers was in the
range of 1-2%.

Asymmetric star-branched block copolymers based
on polystyrene (PS), polytetrahydrofuran (PTHF), and
poly(methyl methacrylate) (PMMA) were synthesized
by the combination of cationic ring opening
polymerization and redox polymerization methods in
two steps by Arslan et al. [58]. In the first step, cationic
ring opening polymerization of THF was initiated by
using chain-end-multifunctionalized polystyrenes with
2, 4, and 8 benzyl bromide moieties as initiators in the
presence of AgSbF at 30°C to obtain 3-, 5-, and 9-arms
AB,, AB,, and ABg type asymmetric star-branched
polymers consisting of PS (A) and PTHF-OH (B)
segments. In the second step, redox polymerization of
methyl methacrylate was initiated by using these
asymmetric star-branched polymers as macroinitiators
in the presence of Ce(IV) salt at 40°C to obtain PS-s-
(PTHF-b-PMMA),, (n= 2, 4, and 8) asymmetric star-
branched block copolymers.

Thermal characterization of the polymers was done
by using TGA and DSC techniques. TGA thermograms
of AB,, AB,, and ABg types of PS-s-(PTHF-OH),
asymmetric star branched polymers have exhibited
only one decomposition temperature (7,;) at 370°C,
while PTHF homopolymers have 7; at 230°C and PS
homopolymers have 7,; around 400°C. TGA

thermograms of PS-s-(PTHF-b6-PMMA), star-branched
block copolymers exhibited two main decomposition
temperatures (7,’s), the first at 240°C and the second
at 50°C.

A poly[(R,S)-3-hydroxybutyrate] macroinitiator
(PHB-MI) was obtained through the condensation reac-
tion of poly[(R,S)-3-hydroxybutyrate] (PHB) oligomers
containing dihydroxyl end functionalities with 4,4 -azo-
bis(4-cyanopentanoyl chloride) by Arslan et al. [59].
The PHB-MI obtained in this way had hydroxyl groups
at both ends of the polymer chain and an internal azo
group. The synthesis of ABA-type PHB-6-PMMA block
copolymers [where A is poly(methyl methacrylate)
(PMMA) and B is PHB] via PHB-MI was accomplished
in two steps. First, multiblock active copolymers with
azo groups (PMMA-PHB-MI) were prepared through
the redox free-radical polymerization of methyl
methacrylate (MMA) with a PHB-MI/Ce(IV) redox sys-
tem in aqueous nitric acid at 40°C. Second, PMMA-
PHB-MI was used in the thermal polymerization of
MMA at 60°C to obtain PHB-b-PMMA. When styrene
(S) was used instead of MMA in the second step,
ABCBA-type PMMA-b-PHB-b-PS multiblock copoly-
mers [where C is polystyrene (PS)] were obtained. In
addition, the direct thermal polymerization of the
monomers (MMA or S) via PHB-MI provided AB-type
diblocks copolymers with MMA and BCB-type triblock
copolymers with S.

In 2002 Bajpai and Simon [60] carried out radical
polymerization of styrene (S) with hydroxyl-terminated
polybutadiene (HTPB) using Ce(IV) as an oxidant
under nitrogen atmosphere. The variation in reaction
parameters seems to have affected the yield of the prod-
uct. The PS homopolymer formation under the reaction
conditions used was ruled out. The cross-linking of
polybutadiene chains through the styryl radical on
growing block copolymer chains was suggested from
viscosity and swelling measurements.

In 2005 Motokawa et al. [61] focused on the self-
assembly of poly(N-isopropylacrylamide)-block-
poly(ethylene glycol) (PNIPA-block-PEG) in water. A
quasi-living radical polymerization technique including
a Ce(IV) ion redox system enabled the preparation of
block copolymers with relatively narrow molecular
weight distributions. Five regions in the phase diagram
were distinguished: a transparent sol, opaque sol, trans-
parent gel, opaque gel, and syneresis. By examining the
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extent of changes in the spectroscopic properties of a
fluorescence probe, pyrene, as a function of block poly-
mer concentration and/or temperature, and the critical
association concentration as well as the partition coefti-
cient K were determined for pyrene. The PEG chains
were more swollen in water than the PNIPA chains.
Dynamic light scattering measurements have also indi-
cated that the contraction of PNIPA blocks started
around 18°C, which was consistent with the results
obtained by fluorescence measurements. Preparation of
PNIPA-b-PEG is shown in Scheme X.

The kinetic and mechanistic features of tetravalent
cerium-poly(ethylene glycol) (PEG, molecular weight
6000) redox couple initiated block copolymerization of
methyl methacrylate (MMA) were investigated in aque-
ous acidic medium in the temperature range 30-50°C by
Nagarajan et al. [62]. The block copolymerization
behaviour as a function of [Ce4t], [PEG], [MMA], [H*],
[NO5], and temperature were studied. The overall rate
of polymerization (R), the rate of disappearance of
Ce*" (Rce), and the number average molecular weight
(M,) were determined from gravimetry, cerimetry, and
gel permeation chromatography, respectively. R, was
found to bear a square dependence on [MMA] and inde-
pendent from both [Ce*"] and [H*]. R, was found to be
directly proportional to [Ce*"] and [H*], and independ-
ent of [MMA]. Both R, and R¢, were found to be
retarded by the addition of nitrate ions, while the
increase in temperature accelerated the rates. The M,, of

(NH,)>Ce(IV)(NO3),

the block copolymer was found to depend on [Ce#'],
[PEG], [MMA], and [H*] as well as on temperature. It
was concluded that by varying the temperature and con-
centration of the components of the redox system, it is
possible to control the rate of polymerization and the
molecular weight of the resulting block copolymer.

However, as early as in 1993 Nagarajan et al. [63]
studied the polymerization of acrylonitrile initiated by a
new redox couple, cerium (IV)-poly(ethylene glycol)
[PEG, molecular weight 6000] in aqueous sulphuric acid
medium at 50°C.

Shimizu et al. [64] in 2004 synthesized thermosensi-
tive block copolymers of poly(N-isopropylacrylamide)
(PNIPAM) and poly (ethylene glycol) (PEG) by the
redox reaction of the hydroxyl end group of PEG with a
ceric ion. The effects of polymerization temperature and
NIPAM concentration on the molecular weight of block
copolymers were investigated. The molecular weight of
the copolymer was found to increase in an exponential
manner with the increase in NIPAM concentration when
the polymerization was performed below the lower crit-
ical solution temperature (LCST) of PNIPAM. At the
temperature above the LCST, on the other hand, few
NIPAM monomers were polymerized regardless of
NIPAM concentration, and the molecular weight of the
block copolymers obtained was almost the same as that
of the original PEG. These results indicate that above the
LCST polymeric micelles are formed during polymer-
ization reaction, which hardly proceeds within the

CH;0-(CH,CH,0),-CH,CH,0H
mPEG

H,0, Smin

T
CH«,O-(CHZCHQO)”-CHZT(CHQ-TH)T“-H
o

T
> CH30-(CH2CH20)H-CH2T + Ce(IIN) + H'
O

H

H C——=0

NIPA
—_—
32°C, 24h
H—N
CH3

PNIPA-bloc-PEG

Scheme X. Synthesis of poly(N-isopropylacrylamide)-block-poly(ethylene glycol) block copoly-

mer via poly(ethylene glycol)/Ce(lV) redox pair.
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hydrophobic cores of the polymeric micelles.

Sui and Gu [65] in 2003 had conducted the synthesis
of polyacrylonitrile-b-poly(ethylene oxide) (PAN-b-
PEO) diblock copolymers by sequential initiation and
Ce(IV) redox polymerization using amino-alcohol as
the parent compound. In the first step, amino-alcohol
potassium with a protected amine group initiated the
polymerization of ethylene oxide (EO) to yield
poly(ethylene oxide) (PEO) with an amine end group
(PEO-NH,) which was used to synthesize a PAN-b-PEO
diblock copolymer with Ce(IV) that takes place in the
redox initiation system. A PAN-poly(ethylene glycol)-
PAN (PAN-PEG-PAN) triblock copolymer was pre-
pared by the same redox system consisting of ceric ions
and PEG in an aqueous medium. The propagation of the
PAN chains was found to be dependent on the molecu-
lar weight and concentration of the PEO prepolymer.
The PEO and PAN blocks was shown to have influence
on crystallization in the presence of the other one, and
the crystallinity of the PEO chain segments in the PAN-
b-PEO diblock copolymer being higher than the PAN-
PEG-PAN triblock copolymer with the same PEO con-
tent. It has been concluded that the PEO segments have
secondary crystallization phenomena that are dependent
on the PEO content in the block copolymer. The mech-
anism is shown in Scheme XI.

Acrylamide polymerization initiated with a redox ini-
tiation system consisting of ceric ion and ethyl N, N-
diethyldithiocarbamyl acetate (EDCA) was studied ear-

Ce(IV)

lier by Xu and Qiu in 1997 [66]. It had been found that
the polymerization rate equation was in good agreement
with that of a redox initiated polymerization, and the
overall activation energy of the polymerization was
determined to be 25.2 kJ.mol-!. Accordingly, the system
belonging to a redox initiator, it was revealed that the
N,N-diethyldithiocarbamyl radicals produced from the
redox reaction of EDCA with ceric ion could initiate
acrylonitrile (AN) polymerization and form the end
group on PAN. The resulting PAN was then photopoly-
merized with butyl acrylate (BE) to form PAN-b-PBA
block copolymer.

The polyacrylonitrile-poly (ethylene glycol)-poly-
acrylonitrile (PAN-PEG-PAN) block copolymers have
been synthesized in 2007 by polymerization of PAN
triggered by the help of redox reaction of the ceric ion
system [67].

An acrylic block copolymer resin emulsion com-
prised of the reaction of a water-soluble polyol (polyeth-
ylene glycol) with a hydrophobic or hydrophilic acrylic
vinyl monomer or their combination using Ce (IV)
redox initiator in an acidic medium at pH 3-4 at 30-40°C
over 2-3 h in dark and inert atmosphere has been report-
ed to be conducted by a known iodometric titration for
completion of polymerization. The resin emulsion is
used in leather finishing, paints, and sizings [68].

Kizilcan et al. [69] have produced block copolymers
of a,m-diamine polydimethylsiloxane (DA-PDMS) and
polypyrrole by the polymerization of pyrrole with the

y CH2 =CHCN

C,H5(OCH,CH,) OCH,CH,NH, ———— C,H;(OCH,CH,),OCH,CHNH, >

C,H5(OCH,CH,),OCH,CH(CH,CH),

NH,

Ce(IV)

nCH,=CHCN

CN OH

> (CHzTH)XCHCHZ(OCH2CH2)mOCH2CH(CH2TH)y

OH CN

Scheme Xl. Synthesis of poly(acrylonitrile)-block-poly(ethylene glycol) block copolymer via poly

(ethylene glycol)/Ce(lV) redox pair.
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redox system of ceric salt/DA-PDMS. The properties of
the copolymers may be regulated by the ratio of DA-
PDMS/pyrrole/Ce (NH,),(NO3)s.

Yagci et al. [70] have carried out the redox initiated
free-radical polymerization of methyl methacrylate
(MMA) with allyl alcohol 1,2-butoxylate-b-ethoxylate
(AABE) using cerium(IV) ammonium nitrate/nitric acid
(HNO;) redox system to yield AABE-b-PMMA copoly-
mers.

The ceric ion redox method and the atom transfer rad-
ical polymerization (ATRP) have also been applied to
synthesize novel thermally sensitive ABA block copoly-
mers of poly(N-isopropylacrylamide) (PNIPAAm) and
polypropylene glycol (PPG) by using PPG with molec-
ular weight of 2000 g/mol as a precursor [71].

Poly(ethylene oxide) macromonomer containing
amine end group (PEO-NH,) has been obtained by
anion polymerization using alkali amine as parent com-
pound. The diblock copolymer of polyacrylonitrile-
poly(ethylene oxide) (PAN-b-PEO) is prepared using
Ce(IV)/PEO-NH, as redox initiation system in the aque-
ous solutions [72].

Arslan et al. [73] in 2002 obtained poly [(R,S)-3-
hydroxybutyrate] oligomers containing dihydroxyl
(PHB-diol), dicarboxylic acid (PHB-diacid) and
hydroxyl-carboxylic acid (a-PHB) end functionalities
by an anionic polymerization of P-butyrolactone (-
BL). The ring-opening anionic polymerization of 3-BL
was initiated by a complex of 18-crown-6 with
y-hydroxybutyric acid sodium salts (for PHB-diol and a-
PHB) or succinic acid disodium salt (for PHB-diacid).
Dihydroxyl functionalization was formed by the termi-
nation of polymerization with bromoethanol or bromod-
ecanol while the others were conducted by protonation.
Hydroxyl and/or carboxylic acid functionalized PHB
oligomers with ceric salts were used to initiate the poly-
merization of methyl methacrylate (MMA). PHB-b-
PMMA block copolymers obtained by this way were
purified by fractional precipitation. The block copoly-
mers can be used as compatibilizers in PMMA and PHB
blends.

Polymerization and copolymerization of vinyl
monomers, such as acrylamide, acrylonitrile, vinyl
acetate, and acrylic acid, in a redox system of Ce(IV)
and organic reducing agents containing hydroxy groups
were studied by Atici et al. [74]. The reducing
compounds were PEG, Ixol B251, and depolymerized

PET and block copolymers were produced with them.
Physical properties, such as solubility, water absorption,
UV resistance and viscosity were reported. The yield of
acrylamide polymerization and the molecular weight of
the copolymer increased considerably when about 4%
vinyl acetate was added into the acrylamide monomer.
However, the molecular weight of the copolymer was
reported to be decreased when 4% vinyl acetate was
added into the acrylonitrile monomer.

By using the redox reaction between Ce(IV) and ter-
minal -CH,OH groups of polyethylene oxide, block
copolymers with the composition of poly(N-isopropy-
lacrylamide) (PNIPAAm) and poly(ethylene oxide) was
prepared by Lee et al. [75]. The aqueous solution of the
block copolymers exhibited thermal phase transition
higher than the PNIPAAm homopolymer.

Topp et al. [76] in 1997 obtained thermosensitive
micelles with dimensions of 60-120 nm and a narrow
size distribution from aqueous solutions of block-
copolymers of poly(ethylene glycol) (PEG, M,=5.0-12.0
x 103) and poly(N-isopropylacrylamide) (PNIPAAm,
M, = 0.7-3.8 x 103) after heating the solution above the
LCST of the copolymer (29-31°C). The block copoly-
mers were synthesized in an aqueous environment at
50°C, using a ceric ion redox system to initiate the radi-
cal polymerization of NIPAAm at the end-groups of
PEG. Because the LCST of PNIPAAm is already lower
than 50°C during the initial stage of the polymerization
micelles were formed. Propagation proceeded via an
emulsion type polymerization in which NIPAAm dif-
fused from the solution into the core of the micelles.
This led to block copolymers with a narrow molecular
weight distribution (M,,/M,=1.04-1.15). These micellar
systems had a good potential to be used in drug delivery.

In the same year Nagarajan and Srinivasan [77] pre-
pared a series of block copolymers of polyethylene gly-
col (PEG) with methyl methacrylate (MMA) using a
redox system consisting of ceric ion and PEG of various
molecular weights in aqueous medium. The block
copolymerization was carried out under conditions with
no homopolymerization of MMA by Ce**. The triblock
nature of the block copolymers was ascertained through
the cleavage of the ether linkage of the PEG segment.

Prior to the above publication Nagarajan and
Srinivasan [78] reported the synthesis of novel block
copolymers of poly(ethylene glycol) (PEG) with acry-
lamide (AAm) and methacrylic acid (MAA) using a

Iranian Polymer Journal / Volume 16 Number 8 (2007) 569



redox system consisting of ceric ions and PEG in aqua
acidic medium. The molecular weight of PEG in the
redox system was varied to obtain a series of block
copolymers with differing molecular weights of PEG
segments. The polymerization proceeded via macrorad-
ical generation. This macroradical acted as a redox
macroinitiator for the block copolymerization of the
vinyl monomers.

Tauer [79] in 1996 prepared poly (ethylene oxide)-b-
poly(styrene) block copolymers with the redox initiation
system poly(ethylene glycol)/Ce#*.

Tunca [80] also used hydroxyl functional azo com-
pounds as reducing agents in redox polymerization of
methyl methacrylate (MMA) in conjunction with ceric
ammonium nitrate. Kinetic measurements were fol-
lowed by gravimetric method, at lower conversions, not
exceeding 10% conversion. The homopolymers which
contain thermo- and photolabile azo groups were uti-
lized with different comonomers to give block or graft
copolymers depending on termination mechanism of
homopolymerization.

Hazer et al. [81] carried out the redox polymerization
of methyl methacrylate in 1992 using Ce(IV) with
poly(oxyethylene) having azo and hydroxy functions to
yield methyl methacrylate-oxirane block copolymers
with labile azo linkages in the main chain. The kinetics
of the redox polymerization was detected. These pre-
polymers were being used then to initiate the radical
polymerization of styrene through the thermal decom-
position of the azo group resulting in the formation of
multiblock copolymers.

Some years later Wang et al. [82] prepared PEO-b-
PBA [PEO: poly (ethylene oxide); PBA: poly(butyl
acrylate)], an amphiphilic block copolymer by redox
radical polymerization. The result revealed the existence
of PEO and PBA segments in purified block copolymer.
With the introduction of PBA non-crystalline segments,
the crystallinity of PEO was decreased. It was found that
the emulsifying volume and type were dependent on the
amount of block copolymer and the PEO content in
block copolymer. Under a certain range the emulsifying
volume increases with an increase in the PEO content. It
was found that the higher the PEO content in block
copolymer, the stronger was the water absorptivity.

Chen et al. [83] in 2005 reported the preparation of
PNIPAAm-b-PPG-b-PNIPAAm [poly(N-isopropylacry-
lamide)-block-polypropylene glycol-block-poly(N-iso-

propylacrylamide)] triblock copolymers by redox poly-
merization. The results have shown that the LCST of the
copolymers is 32°C which is consistent with that of the
pure PNIPAAm. The copolymers can form a vesicular
structure in an aqueous solution by self-assembly. The
hollow structure of the PNIPAAm-b-PPG-b-PNIPAAm
vesicles combined with the temperature-sensitive prop-
erty might enable many potential applications of the
vesicles.

Manganese Ion Redox Polymerization Systems
Mn(III) in the form of pyrophosphate [84], sulphate
[84], perchlorate [86] and acetate [87] has received
attention as an oxidant in the presence of a number of
organic substrates such as malonic acid, isobutyric acid,
cyanoacetic acid, glycerol [88], and ethylene glycol [89]
for the polymerization of various monomers in aqueous
media, Mn(III) reacts with simple organic molecules to
form a complex that decomposes unimolecularly to pro-
duce a free radical that initiates polymerization [9].

According to a report by Cakmak [9] in 1993 a redox
polymerization of acrylonitrile with poly(ethylene gly-
col) using Mn(Ill) as catalyst was carried out to yield
poly(ethylene glycol-b-acrylonitrile). The polymeriza-
tion was then suggested to proceed according to the fol-
lowing Scheme XII.

HOCH,>CH>,—[OCH,CH5]z5- CH,CH,OH +2 Mn(lIl)

K
Complex

Ky

(IJHCHQ—[OCHQCHQ]@—CHQCFH 2Mn(ly + 2H*

OH OH
—CH
nCH2 | kp

CN

CH—CH~CH—CH,—[0CH,CHalzzCH,~GH—CH,CH
CN OH Kk OH CN

Mn(ll1)
termination
by combination

PAN—PEG—PAN

Scheme XIl. Synthesis of poly(acrylonitrile)-block-poly(ethyl-
ene glycol) block copolymer via poly(ethylene glycol)/Mn(lll)
redox couple.
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It was shown that in the first step, Mn (II)/methylol
reaction occurs and free radicals are generated. These
free radicals initiate the polymerization of acrylonitrile,
Both the termination of growing chains by Mn (III) (lin-
ear termination) or by combination (mutual termination)
could be possible depending on the Mn(III) concentra-
tion.

ABA type triblock copolymers comprising poly(eth-
ylene oxide) as the A component and the poly(acryloni-
trile), poly(acrylamide), or poly(methyl methacrylate)
as the B component were prepared via redox initiation
[9]. In aqueous polymerization, these block copolymers
were obtained by initiating the polymerization of AN,
AAm or MMA with poly(ethylene glycol) in the pres-
ence of Mn(Ill) ions. CH;COOH and H,SO, were
added to the reaction medium to increase the stability of
the Mn(III) ions [1].

Cakmak [90] reported in 1994 the redox polymeriza-
tion of AN using Mn(IIl) with PAAm having terminal
carboxyl groups to yield block copolymers of PAN and
PAAm. The polymerization mechanism which was then
suggested to proceed is shown in Scheme XIII.

Some years later Rai et al. [14] studied the polymer-
ization of acrylonitrile, initiated by the free radicals
formed in situ in the Mn (III)-glycine redox system, in
aqueous sulphuric acid medium in the temperature
range of 40-55°C.

Nagarajan et al. [91, 92] in 1998 reported the synthe-
sis of novel block copolymers of polyethylene glycol
(PEG) with various vinyl monomers namely acryloni-
trile, acrylamide, methyl methacrylate and methacrylic
acid using Mn3*-PEG redox system in aqueous acidic
medium. They postulated that the polymerization pro-
ceeded via a macroradical generation, which acted as a
redox macroinitiator for the block copolymerization of
vinyl monomers. The triblock nature of the block
copolymers was established through the cleavage of the
ether linkage of the PEG segments.

Redox polymerization of methyl methacrylate using
Mn(IIl) with polyethylene glycol having azo and
hydroxy functions was carried out to yield ethylene gly-
col-methyl methacrylate block copolymers with labile
azo linkages in the main chain by Cakmak [93]. These
prepolymers were used to initiate free-radical polymer-
ization of styrene through thermal decomposition of the
azo groups, resulting in the formation of multiblock
copolymers. Successful blocking has been confirmed by

HOOC —(CH2C|)H)n —COOH + 2Mn(lly
=0
NH,
(HOOC-PAAM-COOH)

Complex

Ky

-00C —(CHCH) —COo0. + 2Mn(ll) + 2H*

NH; Fast
-CO»
CH,=CHCN
. (CH,CH) X
|
=0
NH,

-(|3HCH2_PAN_(CH20H)n—PAN —CH,CH.

CN (13=O CN
NH,

Scheme Xlll. Synthesis of poly(acrylamide)-b-poly(acryloni-
trile) block copolymer via Mn(lll) / poly(acrylamide) possess-
ing carboxyl groups.

fractional precipitation, a strong change in the molecu-
lar weight, and spectral measurements.

Redox-initiated free-radical polymerization of methyl
methacrylate (MMA) and acrylamide (AAm) with
poly(ethylene glycol) (PEG) using Mn(IIl) as reduction
agent was carried out by Cakmak [94] to yield PMMA-
block-PEG-block-PMMA and AAm-block-PEG-block-
AAm triblock copolymers.

Cupper Ion Redox Polymerization Systems

Narita et al. [95] have obtained poly(styrene-b-methyl
methacrylate) using Cu(Il) ions as oxidizing agents for
imino groups in the 2,2"-azo-bis[(2-imidazolin-
2-yl)propane]dihydrochloride. The reaction scheme is
shown in Scheme XIV. Polysiloxanes with terminal or
pendent aldehyde functionality were used as compo-
nents of copper salt-based redox initiation systems by
Kim et al. [96] to prepare block, graft, and cross-linked
copolymers containing poly(4-vinylpyridine) and poly-
siloxane segments. The block and graft copolymers

Iranian Polymer Journal / Volume 16 Number 8 (2007) 571



N 7 N NS
g gl g sl
HN C-N=N-C NH+ CuCl, —HN C—N=N-C N + CuCl+ Cl+H"

CH3 CH3

CHs CH,

022:

O —
60°C
PMMA-b-PS

Scheme XIV. Synthesis of poly(styrene-b-methyl methacrylate) block copolymer using Cu(ll)/ 2,2'-
azo-bis[(2-imidazolin-2yl)propane] dihydrochloride redox couple.

form very viscous solutions in dilute HCI and have use-
ful anti-foam activity.

Silicone segments containing alkene side chains or
end-groups were prepared in the usual way by polycon-
densation using an acid or base catalyst. The double
bonds of the alkene groups are oxidized to carbonyls
which are then used to initiate vinyl monomer polymer-
ization and link the siloxane with the vinyl segments.
This initiation step was based on a redox system of cop-
per (II) salts which generates free radicals on the alpha
carbons next to the carbonyl groups. This copolymeriza-
tion process was reported to be relatively fast to give
high yields [97].

Acrylonitrile-methacrylic acid block copolymer and
acrylamide-acrylonitrile block copolymer were pre-
pared and reported in 1981 by Jiang et al. [98] using
4.4’ -diphenyltetraazonium fluoroborates and Cu2* as
initiators. Similarly, the synthesis of acrylamide-methyl
acrylate block copolymer was reported as well.

Block copolymers of methyl acrylate (MA) and
poly(ethylene glycol) (PEG) have been obtained by Liu
et al. [99] using a novel redox system-potassium diperi-
odatocuprate(III)[ DPC]/PEG system in alkaline aque-
ous medium. Block copolymers with a high percentage
of blocking were obtained, which indicated that the
DPC/PEG redox system was an efficient initiator for
this blocking. The effects of different factors on the

blocking parameters were examined. The overall activa-
tion energy of this blocking was calculated to be 55.12
kJ/mol. The initiation mechanism was proposed as in
Scheme XV.

A redox system of potassium diperiodatocuprate (I11)
(DPC)/poly(diethylene glycol phthalic anhydride)
(PPAG) was employed to initiate block copolymers of
methyl acrylate (MA) and PPAG in alkaline medium by
Bai et al. [100]. Block copolymers with high total con-
version were obtained, which indicated that potassium
diperiodatocuprate (III)/poly(diethylene glycol phthalic
anhydride) redox pair is an efficient initiator for this
blocking. The kinetics of block copolymerization and
total conversion at different conditions (concentration of
reactants, temperature, concentration of potassium
diperiodatocuprate (III), and reaction time) were inves-
tigated. The results have indicated that the best reaction
conditions were as follows: reaction time= 40 min, reac-

HO- PEG-OH + Cu(lll) —— . HO-PEG-OH'". + Cu(Il)

. "HO-PEG-OH'. + 20H" —> .O-PEG-O.+2H,0
.O-PEG-O. + MMA —> Initiate blocking
Scheme XV. Block copolymerization of methyl acrylate (MA)

and poly(ethylene glycol) (PEG) using potassium diperioda-
tocuprate(ll1)[DPC)/PEG redox system.
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tion temperature= 35°C, concentration of potassium
diperiodatocuprate (IIT)= 3.12x10-3 mol/L, and the reac-
tants concentration=2.45 mol/L. The equation of the
polymerization rate (R;)) was as follows: Rj= k[methyl
acrylate](1.63)[potassium diperiodatocuprate (II1)/poly
(diethylene glycol phthalic anhydride)](0.67), that the
overall activation energy of block polymerization was
44.57 kJ/mol.

Block copolymers of methyl acrylate (MA), methyl
methacrylate(MMA) and poly(diethylene glycol phthal-
ic anhydride)(PPAG) were synthesized by Bai et al.
[101] and reported in 2005 using a novel redox system-
potassium diperiodatocuprate(I11)[DPC]/PPAG in alkali
medium. The block copolymers with high total conver-
sion were obtained which indicated that DPC/PPAG
redox system is an efficient initiator for this blocking.
The overall activation energy of this blocking is 44.57
kJ/mol. The block copolymer was used as the compati-
bilizer in blends of PMMA and nylon 6.

Hydrogen Peroxide Redox Polymerization Systems
The potassium or sodium salt of PEO xanthate with
H,0, were used in AN [102,103] and MMA [104] poly-
merization in sulphuric acid media. The synthesis of
block copolymers was carried out in aqueous medium in
the presence of H,SO, using PEO-xanthate as reducing
agent and H,O, as oxidizer. The oxidation of xanthate
ions results in the formation of active centers on sulphur
atoms, which then they undergo isomerization and bring
about active centres on carbon atoms [102,105]. Wodka
[102,106] has obtained polyacrylonitrile (PAN)-PEO
block copolymers using PEO containing xanthate
groups and H,0O, redox system.

Wodka et al. [107] also prepared acrylonitrile-poly-
ethylene glycol block copolymer fibres with low surface
charge using H,O,-polyethylene glycol xanthate redox
systems. The effects of molecular weight and xanthate
concentration of H,0,-polyethylene glycol xanthate on
the compound of acrylonitrile-polyethylene glycol
block copolymer were detected. Acrylonitrile-polyeth-
ylene glycol block copolymer of similar chemical com-
pound was formed in the presence of H,O,-polyethyl-
ene glycol xanthate containing 2 xanthate groups at
equal xanthate concentration independent of the molec-
ular weight. Increasing the molecular weight of H,0,-
polyethylene glycol xanthate increased the polyacry-
lonitrile segment length and decreased the acrylonitrile-

Fe? + H,0, [HO:OHJFe*

Fe*+ OH+ -OH

Scheme XVI. Mechanism of the reaction between hydrogen
peroxide and ferrous ion.

polyethylene glycol block copolymer yield. The average
length of these segments in acrylonitrile-polyethylene
glycol block copolymer prepared with H,O,-polyethyl-
ene glycol xanthate containing only 1 xanthate group
was higher than with bifunctional H,O,-polyethylene
glycol xanthate.

Fenton’s reagent, the combination of H,O, and fer-
rous salt has been applied to the oxidation of many
organic compounds including alcohols, glycols, aldehy-
des, ethers, esters, and amines [108]. As shown in
Scheme XVI, a mechanism for the reaction between
hydrogen peroxide and ferrous ion involves single-elec-
tron transfer from the ferrous ion to the peroxide with
the dissociation of oxygen—oxygen bond and generation
of a hydroxyl radical and a hydroxyl ion [109,13]. In the
presence of sufficient monomer, all the generated OH
radicals can initiate polymerization [13].

Iron Ion Redox Polymerization Systems

Polymers containing hydroperoxy groups at chain ends
with Fe™ were used as redox macro initiators for the
block copolymerization of vinyl monomers [110-116].
Catula et al. [117,118] in mid seventies prepared the
hydroperoxide terminated poly (styrene) by a reaction
sequence as shown below. Reacting polymeric
hydroperoxide with ferrous sulphate in the presence of a
second monomer afforded block copolymers as in
Scheme XVII.

The redox system ferric salt/acyl hydrazide had been
used to obtain a poly(aminotriazole-block-acrylonitrile)
block copolymer in 1962 [119]. The formation of free
radicals by the reaction of terminal acyl hydrazide
groups of poly(aminotriazole) RCONHNH, and Fe(III)
are demonstrated in Scheme XVIII.

At the same time Iwakura et al. [120] obtained block
copolymers of PAN and polyaminotriazole, using
Fe(III) ions as oxidizing agents, while the amino groups
of polyaminotriazole prepolymer were reductors.

In 2007 Liu et al. [121] have reported the interfacial-
initiated polymerization of styrene in inversed emulsion
with cumene hydroperoxide (CHPO) and ferrous sul-
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Scheme XVII. Synthesis of block copolymers via Fe*2 /hydroperoxy containing polymers.

phate (FeSO,)/disodium ethylenediaminetetraacetate
(NaEDTA)/sodium formaldehyde sulphoxylate (SFS) as
the redox initiation system. The water-soluble Fe2*-
NaEDTA-SFS acted as the reducing component and the
oil-soluble CHPO as the oxidant component of the
redox initiation system.

Bera and Saha [122] in 1998 studied the aqueous
polymerization of acrylamide by Fe(IlI)-thiourea redox
couple in homogeneous conditions as well as by loading
Fe(III) ions in the interlayer spaces of montmorillonite.
A dramatic effect was observed in the latter case, result-
ing in a very high degree of polymerization. The yield-
ing polymers having high intrinsic viscosity were con-
sidered due to imposed constraint on linear termination
process. The technique, in general, demonstrates a
promising method of achieving high molecular weight
polymers by redox initiators.

Paik et al. have combined ATRP with a redox initiat-
ed system [123]. Vinyl acetate (VAc) was polymerized
in the presence of CCly/Fe(OAc),/N,N,N,N",N -pen-
tamethyldiethylenetriamine (PMDETA) to yield pVAc
with  trichloromethyl end groups (M,=3600;
M,,/M,=1.81). The polymer obtained was dissolved in
styrene and block copolymerized by ATRP to form
polyVAc-b-polyS (M,=24,300; M,,/M,=1.42).

Nabekura and Shimizu [124] have prepared block
copolymers by redox polymerization vinyl chloride,
optionally comonomers and ferrous sulphate in the
presence of the peroxides HO,CR;R,0,R;R,CO,H
(R4 =H or alkyl groups) to give peroxides having ter-
minal vinyl chloride polymers and block polymeriza-
tion with comonomers by thermal decomposition of
the peroxides.

Jiang et al. [98] have prepared acrylonitrile-
methacrylic acid block copolymer and acrylamide-
acrylonitrile block copolymer by using 4,4 -diphenylte-

RCONHNH; + Fe(lll)

RCONNH, + Fe(ll) + H*

Scheme XVIII. Ferric salt/acyl hydrazide redox system.

traazonium fluoroborates, FeZ" as initiators. Similarly,
acrylamide-methyl acrylate block copolymer was
prepared.

Living polymers of styrene or dimethylstyrene were
treated with azobisisobutyronitrile to give polymers
having reactive end azo or OH groups, respectively,
which act as radical initiators in block copolymeriza-
tion. The block copolymerization of the hydroxy poly-
mer was also facilitated by the presence of iron(III)
acetylacetonate redox catalyst. The block copolymers
prepared were polystyrene-methyl acrylate block
copolymer, polystyrene-methyl methacrylate block
copolymer, polystyrene-vinyl acetate block copolymer,
and poly(dimethylstyrene)-butyl acrylate block
copolymer [125].

Vanadium Ion Redox Polymerization Systems

Skaria et al. [126] in 1997 synthesized macro reticular
glycidyl methacrylate-ethylene glycol dimethacrylate
(GMA-EGDM) copolymers of controlled particle size
by suspension polymerization. Vanadium ion was
chelated on the modified copolymers. The vanadium
chelated copolymers were used in combination with
cyclohexanone as redox reagent for the free radical
polymerization of acrylamide at 30°C. In the presence of
cyclohexanone the polymeric vanadium complex initi-
ates the polymerization of acrylamide.

Bajpai et al. [127] in 2004 used pentavalent vanadium
and hydrophobic hydroxy-terminated polybutadiene
(HTPB) as a macroredox initiator for polymerization of
styrene in methanolic sulphuric acid medium at 35°C.
The product was fractionated with petroleum ether and
benzene. The homopolystyrene formation was not
observed. Cross-linking through growing polystyrene
chains was inferred.

Later Bajpai and Dixit [128] synthesized block
copolymers of butadiene and acrylamide (AAm) by rad-
ical initiation using the hydroxy terminated polybutadi-
ene (HTPB) and ammonium meta vanadate (AMV)
macro redox initiator pair in heterogeneous medium in
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Scheme XIX. Synthesis of block copolymers of butadiene and acrylamide by radical initiation using
the hydroxy terminated polybutadiene and ammonium meta vanadate macroredox initiator pair.

the presence of sulphuric acid/methanol at 35°C in air
and under nitrogen atmosphere. The homopolymer of
AAm was not formed under these reaction conditions.
The yield of block copolymer decreased on dilution with
methanol. No copolymerization was observed in other
solvents, namely DMF, DMSO, CHCl;, and toluene.
Self-assembly of amphiphilic block copolymers was
evidenced by swelling, solubility, and viscosity meas-
urements. The reaction pathway is shown in
Scheme XIX.

Other Redox Polymerization Systems

Liu et al. have synthesized the block copolymers of
methyl methacrylate (MMA) and poly(diethylene glycol
phthalic anhydride) (PPAG) by using a novel redox sys-
tem-potassium diperiodatonickelate(IV) [DPN]/PPAG
system in an alkaline medium [129]. The mechanism is
presented in Scheme XX.

Block copolymers with high percentage of blocking
are obtained, which indicate that DPN/PPAG redox sys-
tem is an efficient initiator for this blocking. The overall
activation energy of this blocking is calculated to be
55.12 kJ/mol.

Redox reaction between the thiol group at one end
of poly(vinyl alcohol) (PVA) and potassium bromate
has initiated polymerization of several monomers in
water, yielding block copolymers having the
roly(vinyl alcohol) as one component. The block
copolymers thus obtained showed behaviour obvious-
ly different from the blend systems of PVA and corre-

sponding homopolymers. The block copolymer show
slow phase separation in aqueous solution and gives
transparent films compared with the homopolymer
blend that does not give films due to fast phase sepa-
ration. Although PVA is not compatible with starch,
the block copolymer of PVA with PAAm which is
compatible with starch has shown considerable
improvement in compatibility of PVA with starch. The
blend of starch with the block copolymer has given
more transparent and tougher films than the blend of
starch with PVA [130].

Okaya et al. [131] have investigated the aqueous
polymerization of acrylamide initiated by a redox sys-
tem of cysteine containing a thiol group and ammonium
persulphate. This is a model of a redox initiator system
composed of poly(vinyl alcohol) having a thiol group at
one end and ammonium persulphate which polymerized
many monomers yielding various block copolymers.
The activation energy of over-all rate of polymerization
is 4 kcal.mol-! which indicates a typical redox initiator

HO-PPAG-OH + Ni(IV) —— "HO-PPAG-OH". + Ni(Il)
."HO-PPAG-OH+. + 20H —— .0-PPAG-O. + H,0
.0O-PPAG-O. - MMA —> Initiate blocking

Scheme XX. Synthesis of block copolymers of methyl
methacrylate and poly(diethylene glycol phthalic anhydride)
using potassium diperiodatonickelate(lV) [DPN]/PPAG redox
system.
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for the system. The rate constant of the redox decompo-
sition reaction, k, is detected as 1.7 L.mol-1.s-l. The
chain transfer constant of polyacrylamide radical to
ammonium persulphate is calculated to be 0.65.

The successful use of the combination of benzoyl per-
oxide (BPO) and N,N-dimethylaniline (DMA) as a low-
temperature redox initiating system for the radical dis-
persion polymerization of methyl methacrylate in liquid
CO, was demonstrated in 1996 by Dessipri et al. [132].
Polymerizations were run at room temperature and 76
bar pressure using a variety of polymeric stabilizers.

Poly(vinyl alcohol) and poly(vinyl acetate) having a
thiol group at one end were synthesized by free-radical
polymerization of vinyl acetate in the presence of
thioacetic acid as a chain transfer agent followed by
treatment with NaOH/MeOH and NHj;, respectively.
The block copolymers containing the poly(vinyl alco-
hol) sequence as one constituent were obtained by the
redox-initiated polymerization of acrylic acid and acry-
lamide, using poly(vinyl alcohol) having a thiol end
group as reductant and an oxidant such as potassium
bromate and potassium persulphate [133].

CONCLUSION

The synthesis of block copolymers by redox systems
exerts a number of technical and theoretical advantages
over the other methods. Because of applicability at low
temperatures the side reactions which lead to formation
of homopolymers are minimized.

Water-soluble polymers prepared with Ce(IV)—organ-
ic acid redox system containing amino, hydroxycar-
boxylic, and carboxylic acids end groups seems to be
potential source for the construction of immunologically
active controlled release drugs.

There are still some problems with this redox system,
namely the poor solubilities of such inorganic salts in
the organic medium (acrylic resin), the formation of
slightly coloured products, and an expected short pot-
life due to the fact that polymerization may occur
already at ambient temperature.
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