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1. INTRODUCTION 

A recent rep.ort put a value of nearly six billion dollars for the total world 

wide market in water soluble synthetic polymers (WSSP) reflecting their wid~· 

use in numerious products and-processes. The wide field of application of 

these WSSP includes areas from adhesives to cosmetics, from explosives to 

medical products and from oil technology to paper technologi. Industrially, clay 

minerals are used as fillers and reinforcers in polymer systems such as 

elastromers, polyethylene, polyvinyl chloride and other thermoplastics and as 

coating agents for various types of paper?·3 All things being equal the efficiency 

of a filler in improving the· physico-chemical properties of a polymer system is 

primarily determined by the degree of its dispersion in the polymer matrix. 

The most effe.ctive way of achieving such compability is to graft a 

suitable polymer onto the filler surface and/or to encapsulate the mineral 

particles with the polymer layer. 2 Indeed, clay minerals specially those of 
' 

phyllosilicates themselves are known to catalyze a variety of organic reactions 

including those which lead to polymer formation. The enormous success that 

has been achieved in ttie field of catalysis by ·molecular sieve zeolites has 

stimulated chemists to develop sophisticated way~ of using clay as catalysts, 

for example, pillard clay catalysts. 4 Research on the intercalation chemistry of 

phyllosilicates is gaining momentum rapidly to transform these abundant 

minerals into new classes of selective heterogeneous catalysts. For example, . 

the assymmetric synthesis of certain a.-amino acrylates can be achieved with 

chiral·rhodium complexes immobilized in smectite interlayers without sacrificing 

the high optical yields typified by the same complexes under. homogeneous 

conditions.4 The formation of stereoregular poly (acrylonitrile) and poly (acrylic 

acid) in the interlayer space of montmorillonite had been· claimed2
. 
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1. f POLYMERS OF ACRYLAMIDE 

Acrylamide is a versatile, highly reactive monomer which readily 

undergoes vinyl polymerization to yield a broad spectrum of homopolymers and 

copolymers of controlled molecular weight and performance characteristics.5 It 

is assuming increasing industrial importance as a chemical intermediate and as 

a monomer. }\crylamide is highly water soluble and tends to impart this same 

property to polymers and copolymers. Polyacrylamide is a very effective 

flocculant, a thickening agent and a pigment retension aid in paper making. It 

has found wide application in the treatment of ores, mineral and metal particles, 

sewage, industrial wastes etc. Polyacrylamide is usually fed as very dilute 

solutions which cause rapid agglomeration and sedimentation. 

Extremely high molecular weight polyacrylamides have been found to be 

exceptionally effective flucculants. 6 Mixtures· of acrylamide with small 

proportions of N, N1-methylenebisacrylamide have been finding increasing 

application as chemical grouts. They are available commercially under the 

trademark "AM-9" (ref. 7). Aqueous solutions of the monomer together with a 

redox catalyst are injected into soil formation. Copolymers of acrylamide and 

acrylic acid are being used as stock additives for improving the dry strength of 

paper.8 These are particularly useful in the manufacture of printing papers. 

High molecular weight acrylamide copolymers have also shown considerable 

promises for increasir:tg the retention of mineral fillers in paper making. 

Improvement in drawing rate and wet strength have also been obtained. 

Copolymers of acrylamide and acrylic acid have been found to control 

the loss of fluid from oil well cements in hydraulic cementing operations.9 

I 

Polyacrylamide with high molecular weight has been claimed to be useful as a 

thickening agent for water used in a secondary oil recovery method called water 

flooding. The thickened water is used to drive oil through the formation to a 

producing well10
• lnterpolymers of acrylamide and other monomers ar~ useful 

for commercially important surface coatings11
-
14

. 
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On the other hand, a recent communication also desci-ibes a new series 

of antitumor agents which are derivatives of acrylamide, among which N-[(3-

bromopropionamide) methyl] acrylamide was particularly effective15
. 

1.2 MONTMORILLONITE 

Montmorillonite possesses a layered structure and has strong sorptive 

properties due to expendability of the mineral layer. It is a 2:1 type or trimorphic 

layered phyllosilicate in which the central octahedral aluminium 'iS surrounded 

by two tetrahedral silica sheets. The structure of montmorillonite was first. 

given by Hoffmann, Endell and Wilm on the basis of its similarity with that of 

pyrophyllite16
. This basic structure into which modifications by Marshall,17 

Maegdefrau and Hoffmanil18 and Hendricks 19 were subsequently incorporated, 

is now generally accepted20
•
21

. The montmorillonite layer differs from that of 

pyrophyllite in that the substitution of AI (Ill) for other cations (e.g., Mg(ll), 

Fe(ll)) in octahedral positions, and less frequently of Si(IV) and Al(lll) in the 

tetrahedral sheet always occurs. Although some internal compensating 

substitution may occur, the final result of the isomorphous replacement in the 

pyrophyllite structure is a layer which carries a permanent negative charge. The 

positive charge deficiency is balanced by sorption of exchangeable cation 

which, apart from those associated with external crystal surfaces are positioned 

between the randomly superposed layers within a crystals 18
. Water is also 

readily absorbed in the interlayer space. These concepts are illustrated in 

Figure 1. Water appears to enter the interlayer region as an integral number of 

complete layers of molecules, this number depends on the nature of the 

exchangeable cation.21
-
23 

The d(001) spacing of montmorillonite can vary over a wide range, the 

minimum corresponding to the fully colapsed state being 0.96 nm with large 

monovalent and divalent cations occupying interlayer exchangeable sites. 

lnterlayer (or intercrystalline) swelling is limited to a d(001) spacing of about 1.9 

nm. On the other hand, montmorillonite samples saturated with small 
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monovalent cations (Lt, Na+) may show extensive interlayer expansion in dilute 

aqueous solutions (0.3N) of their respective cation salt and in water, and under 

optimum conditioins the layers can dis~ociate completely.~ The charge density 

of the clay surface as well as the nature of the exchangeable cation has ~ 

profound influence on the hydration properties of this 2:1 type phyllosilicates 

and obviously the hydration properties are affected more by the interlayer·cation 

than by the silicate surface. Since uncharged polar organic molecules. are 

absorbed essentially by replacement of the interlayer water, the behaviour of 

such molecules is likewise strongly influenced by the exchangeable cation. 

Evidence has accumulated to show that, at least at low water contents, cation

dipole interactions are of paramount importance-in their effect on the absorption 

of polar molecules by clay minerals. Montmorillonite acquire_s its charge by the 

replacement of octahedral AI by Mg atoms. The structural formula is written as : 

(1) 

This formula gives the composition of the planner unit cell. The number 

IV and VI indicate tetrahedral and octahedral positions respectively. The symbol 

Mx indicates the presence of compensator cations totalling x valencies per 

cell. The charge x is generally between 0.5 and 0.9 . Formula (1) is idealized. 

Fe(lll) replaces a part of the Al's, Fe(ll) replaces. a part of the t:Vtg's. Extensive 
) 

chemical studies especially on the changes in composition of smectites by base 

exchange and the swelling effects in their geometric~! significance, were made 

by M.D.Foster-24
. Swelling decreases with increasing octahedral replacement. In 

this respect the introduction of Fe(ll) into the octahedral layers has greater 

depressing effect -than that of Fe(lll) which in tum appeared to have the same 

depressing effect as Mg(ll). 

An alternative arid completely different structure (Figure 2) for 
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montmorillonite has been suggested by Edelman and Favejee.25 The main 

aspect of this structure is that every alternative Si04 tetrahedron in the 

tetrahedral sheet is inverted. The apical oxygens of such inverted tetrahedra, 

now pointed away from the surface, are replaced by hydroxyl groups which also 

fills the gaps left in the octahedral sheet. No isomorphous replacement within 

the structure is envisaged and the observed cation exchange capacity being 

solely ascribed to the dissociation of apical hydroxyl groups. Somewhat similar 

structure in which excess hydroxyl groups are present due to the replacement 

of some Si(IV) io':ls by 4H+ or AI(III)H+ ions in the tetrahedral sheet has been 

suggested by McConnell. 26 On the other hand, Grim and Kulbicki postulated · 

the existence of two types of montmorillonite, one confirming to the Hofmann

Endeii-Wilm-Marshaii-Maegdefrau-Hendricks structure and the other to the 

Edelman-Favajee structure.27 

, Because of the poorly crystalline nature of the clay mineral, X-ray 

diffraction patterns are generally broad and diffuse. Moreover, obtaining 

homogeneous and uncontaminated samples is not an easy task. These facts 

make it difficult to discriminate between the various possibilities using X-ray 

analysis alone. By a combination of X-ray, DT A, TGA and chemical analysis, it 

has been possible to distinguish between various types of montmorillonite 

samples. 

1.3 CLAY-ORGANIC INTERACTION 

Involvement of clay minerals in affecting organic reactions have now 

been well established by th~ contributions of Smith, Gieseking and co

workers2a-30, Hendricks31
, Jordon32

, Bradley33
, Mac. Dwan34

, and others. 

Excellent reviews of recent studies are available in books and journals (Grim35
, 

Eitel36
, Theng2

, Me Ewan34
, Greenland and Hayes37

, Sposito38
, Bringley and 

Brown39
, Mortland40 and others). Extensive studies on interactio-n of organic 

compounds with clay systems have also been the subject matter of research of 

different Indian scientists. In this context the noteworthy contribution of 



Mukherjee41 .42
, Chakravart/1~48 , Mukherjee and co-workers49

•
50

. De and co

workers51-54, deserve special mention . 

. On the basis of the above it has been abundantly clear that clays interact 

with many organic compounds to form complexes of varying stabilities and 

properties. Organic derivatives especially .of montmorillonite have so far been 

obtained either by (a) ion-exchange reactions or (b) by direct introduction of the 

Si-C linkage. 

The pronounced change in the physical properties of organa-clay 

complexes, particularly in relation to the development of organophilic 

characteristics, water proofness, exchange and other surface phenomena has 

been revealed by the work of Jordon32
, Gieseking2

8-30, Mukherji41 , 

Chakravarty47·48 and others. In the above studies some attempts have also 

been made to ascertain the nature of the bond in the clay organic complexes. 

The absorption behaviour of quaternary ammonium compounds of 

varying chain length on surfaces of montmorillonite, soil colloids and clay 

mixtures has been critically studied by Chakravarty with the help of 

electrochemical, viscometric, .electrophoretic and sedimentation volume 

techniques . .e48 

The complicated process of interaction of larger ions '10th clays is 

accompanied by significant variation of exchangers, namely, charge reversal 

as shown by electrophoretic and sedimentation volume measurements. 43
•
49

•
51 In 

the formation of the clay organic complexes and for their stability the . 

involvement of Van der Waals and hydrophobic bonds in addition· to columbic 

bond has been reported by the authors. 4447 

While most of these studies are on the interaction between clays and 

defined organic molecules of known structure, another interesting area of study 

that has gained importance in the recent past is "Clay polymer complexes". 
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Theng summarises the development in this area and the immense possibilities 

of studying interactions of clays with synthetic and , naturally occuring 

polymers.55 The contributions of Mortland, Boyd and Morland in this context 

are very significant.56-59 

Hofmann and Brindley reported appreciable adsorption of non ionic 

aliphatic compounds having chain length Cs-C10 on Calcium montmorillonite61
. 

But little or no adsorption of short chain organic compounds on montmorillonite 

from dilute solution (less than 0.5 M) occurred. However, German and Harding 

have reported that calcium and sodium montmorillonite adsorbed adequate 

amounts of primary n-alcohols viz, ethanol, propanol and butanol.62 This 

deviation from .chain length rule of Hofmann and Brindley has been supported 

by Bradley for adsorption of some aliphatic amines. 33 Larger molecules with 

more than five units . - both aliphatic and aromatic may be adsorbed to an 

appreciable extent by montmorillonite in the presence of excess water.61
-
64 That 

is, they can displace the water molecules associated with the exchangeable 

cations. The increase in affinity with molecular size, or chain length can be 

generally applied to the adsorption of organic compounds of clays and is 

attributed to the increased contribution of Van der Waals forces to the 
; 

adsorption energy.60 As the size of the molecule increases, Van der Waals 

interactions become important because these forces are essentially a~ditive 

and tend to orient the molecule so that the maximum number of contact points 

is established. 65
•
66

. The adsorption of one organic molecule is accompanied by 

the desorption of a number of water molecules initially co-ordinated .to the 

cation, an appreciable amount of entropy is gained by the system, favouring 

adsorption. 

Thus, entropy effects arising from multiple bond formation between the 

organic compound and the water molecules in the primary hydration shell 
I 

contribute to the strong adsorption of some. uncharged linear polymers by 

montmorillonite67
•
68

. Besides chain length (molecular size), the chemical 

character of the organic molecule influences adsorption behaviour. For many 
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aliphatic compounds, a useful index of character is their "CH activity'' arising 

from the activation of methylene groups by neighbouring electron withdrawing 

substituents like )C=O and -C=N. At equilibrium concentration, the amount of 

c6 - c7 organic compounds of different functional group adsorbed on the clay 

mineral is in the order : 

a-methoxy - acetyl acetone > acetoacetic. ethyl ester > p-ethoxy 

propionitrile hexanedione - 2,5 > hexane dial - 1,6 > 2,4 - hexadiyne dial -

1, 6 (ref. 61). 

Complex formation with polar organic compounds is profoundly affected 

by the nature of exchangeable cation and by the water content (hydration 

status) of the clay. Apparently, hydration of the clay facilitates· acetone uptake· 

presumably due to the expansion of mineral interlayers. In an attempt to 

prepare acetone complex, it was found that dehydrated calcium montmorillonite 

invariably yielded as double layer complex whereas the corresponding sodium - . 

clay gave either a single or a double layer complex. 69
· This difference between 

calcium and sodium montmorillonite in their behaviour towards polar organic 

liquids accords with later findings of German, Harding, Bissada and co-workers 

for ethanol-montmorillonite and acetone-montmorillonite systems is ascribable 

to the greater solvation energy of the calcium ion compared to that of sodium 

ion. 62
•
70 The formation of double layer complexes of montmorillonite with some 

ethers and polyethers has been reported33
•
69

. From X-ray data the basal 

spaci.ngs of 1. 31 - 1. 34 and 1. 57 - 1. 76 nm were suggested for both single and 

double layer ·complexes respectively.61 

The complex formation between aliphatic or aromatic amines and 2: 1 

type clay minerals has received much attention. The basic information available 

are (i) the amines can· exist in the cationic form .like the corresponding alkyl 

ammonium jons which can replace the inorganic cation occupying exchange 

sites at the clay surface (ii) adsorption of some primary n-amines by hydrogen 
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montmorillonite is influenced by the pH of the system and by the size (chain 

length) of the organic molecule. 

In acidic media, am ides may accept a proton on either the oxygen or the 

nitrogen atom. However, the weight of evidence from both spectroscopic and 

solution studies lies on the side of the former alternative? From infrared studies 

of acetamide, Tahoun and Morland have confirmed that amides predominantly 

protonate on the oxygen atom. in acidic montmorillonite system. 71 In acidic 

montmorillonite system, hemisalt formation is observed when excess amide is 

present, i.e. two amide molecules share a proton through a symm~trical 

hydrogen bond. 

Weismiller has examined the interlayer expansion of montmorillonite 

crystals in N-ethyl acetamide. 72 Irrespective of the kind of interlayer cation 

present, montmorillonite apparently expands to a basal spacing of about 2.05 

nm which is interpreted in terms of the intercalation of three layers of N-ethyl. 
-

acetamide molecules with the exchangeable cations occupying positions 

midway between two opposing silicate layers. In the initial stage of adsorption, 

the amide molecule co-ordinates to the interlayer cation through the oxygen 

atom, but as the amount present increase the "excess" amide may form 

hydrogen bond of the cation-linked species and/or to the oxygen ion of the 

silicate surface. 

Weii-Malherbe and Weiss showed that both acid-base interaction and 

oxidation-reduction reactions were involved in the formation of coloured clay 

complexes · with - certain aromatic amines. 73 Briegleb showed that the 

association between clays and organic compounds may be termed 'electron . 

donar-acceptor complexes. 74 Solomon and coworkers proposed a model based 

on charge transfer between the mineral and the absorbed organic species. 75 

Toth and Szepvolgyi and co-workers studied the thermal decomposition of 

complexes produced from bentonite and a linear polyacrylamide (PAM) by 

using TG - mass spectroscopy76
. Thermal behaviour of bentonite-PAM 
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complexes was mainly determined by PAM degradation and the decomposition 

of bentonite complexes above a temperature of 580°C proved to the formation 

of strong bonding between the constituents of the complexes. 

Ogawa, Kuroda and· co-workers suggested that acrylamide (AM) was 

intercalated in the interlayer spaces of montmorillonite through hydrogen bonds 

and co-ordination complexes in the Cu-montmorillonite-AM and Na

montmorillonite -AM intercalation compounds and that the molecular plane of 

AM was perpendicular to the silicate sheef7. Intercalated AM was polymerized 

to form montmorillonite- PAM intercalation compounds which adsorbed more 

water than raw montmorillonite. 

The adsorption and polymerization of AM in the complex composite films 

which were prepared by adding acrylamide and water to Na-fluorterasilicic mica 
/ 

were investigated by Nagai and co-workers~ 78 From X-ray diffraction it was 

o~served that the interlayer spacing of the film was 9.6 A for the Na

montmorillonite complex and· 8.8 A for the Na-fluortetrasilicic mica. From the 

DSC technique the quantity of uncrystaled AM was measured to be equal to 

that of AM intercalated into the interlayer space. AM in the films was 

polymerized upon. irradiation. The extent of polymerization increased almost . 
linearly with the · irradiation time. The interlayer space of the polymered film did 

not change from that of the inirradiated film . 

. 1.4 CLAY CATAL VZED POLYMERIZATION 

Synthetic and naturally occurring clay minerals due to their favourable 

structures, are used in a number of widely diversified roles in the chemical 

industry as catalyst for cracking or depolymerization79
, alkylation80 

isomerization8
\ polymerization82 etc. In 1960's and earlier clay initiated 

polymerizations of vinyl monomers emphasised on . the use of dry clay minerals 

and non-polar solvents.83-85. Butadiene, trans and cis-butene-2 was found to be 
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spontaneously polymerized on the external surface of neutral and acidic 

montmorillonite at room temperature and atmospheric pressure without 

additional catalysts.83 The olefins were adsorbed on dry clay from systems like 

(i) soliq-gas .at reduced pressure and at various temperatures, (ii) solid-gas at 
0 0 . 

room temperature and (iii) solid-liquid at -78 or 0 C for neat monomer or 

monomer dissolved in solvent. 

.Although the carbocationic polymerizations of vinyl monomers have been 

investigated extensively with· Lewis acid such as AICb, TiCI4, BF3, Et20, BCb 

alkyl aluminiums etc. es.92
, the first report on such p~lymerization of styrene with 

acid _ clays84 came in 1964. Almost 1 00% yield of polystyrene of molecular 

weights 500 to 2000 was achieved. The catalytic activity of the clay_ has been 

shown to be due to active protons associated with tetrahedral (due to 

dehydration of the mineral) aluminium.93
•
94 The formation. of carbonium ion 

following surface absorption of · olefins on acid sites caused subsequent 

polymerization. Proton accepting contaminants such as water, amines etc., 

being preferentially absorbed over styrene suppressed the polymerization. 

Styrene polymerized on the surface of the homoionic clays.95 1t is thought that 

an electron transfer from adsorbed styrene to the aluminium produced radical 

cations which rapidly dimerized. Both radical cations and dimers are involved in 

the initiation step but the propagation being cationic. Using activated clay 

minerals, hC?wever, styrene did not polymerize in the presence of ethanol, 

dioxane, ethyl acetate and methyl methacrylate (MMA) within 30 minutes of the 

reaction. All these data lead to postulate that the activE! sites are the octahedral 

aluminium at the crystal edges. The aluminium acts as electron acceptors. 

Matsumoto, Sakai and Arihara preferred the concept of Bronste·d acidity 

· rather than Lewis acidity to be responsible for the initiation of the polymerization 

of styrene by montmorillonite96
. The inconsistency in their experiments, 

however, is in the reduction of polymer yield in the presence of trityl chloride 

which selectively absorbs on Lewis acid sites. They argued in favour of the 

Bronsted acidity on the ground that the replacement of exchangeable hydrogen 
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ions by sodium , . or ammonium ions almost completely inhibited the 

polymerization. On reacidifying the mineral, however, the activity to polymerize 

styrene was restored. Since· the degree ·of polymerization increased with the 

dielectric constant of the medium and was almost independent of the initial 

concentration, cationic mechanism for the initiation process was favoured.97 

This would apply equally well to the propagating process and. therefore,. 

the initi.ation by a radical ion mechanism cannot be ruled out.95 The possibility of 

proton transfer to monomer leading to decreased average ~egree of 

polymerization, as in conventional cationic mechanism, has also been 

discussed. 93 The work of Matsumoto and coworkers along with Solomon and 

Rosser- lead one to the conclusion that acidity of the clay can not be solely 

ascribed to either Bronsted acidity or Lewis acidity. 95-96 It is to be understood 

that dry mineral surface is very acidic due to the polarization of residual water 

molecules by the exchangeable cations. Such acidity is influenced by the 

solvent as evident from the blue colouration of aqueous benzidine in the 

presence of oxidized. ·montmorillonite. Instead a yellow colour appeared when a 

benzene solution of benzidine was treated with dry clay mineral. 95
•
98 Solomon 

and Rosser failed to find evidence of styrene interacting with the clay mineral 

which lead them to assure that styrene is either incapable of moving into the 

interlayer space or capable of doing so with difficulty. 

The polymerization of MMA on such clay minerals has not yet received 

much attention. The failure of MMA to polymerize can be accounted for in the 

light of well accepted mechanism of charge transfer from the monomer to the 

clay mineral to produce a radical cation which is a non-propagating species for 

the polymerization of MMA. However, Dekking could prepare MMA

montmorillonite complex using the conventional free radical initiator, 2-2' azo

bis-isobutyramidine (AIBA):105 The polymerization ofMMA and methyl acrylate 

in montmorillonite interlayer induced by y-radiation has been studied by 

Blumstein and co-workers. gg.,
102 The interlayer polymers were difficult to isolate 

by the usual solvent extraction and could only be isolated by treating the clay-
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polymer complex with hydrofluoric acid which damaged most polymers. Glavati 

and co-workers found ·that polymerization of acrylonitrile I montmorillonite 

complex by y-radiation produced stereospecific polymers. 103 

Thermal polymerization of number of vinyl monomers e.g. MMA, 

acrylamide, vinyl acetate, 4-vinyl pyridine could be induced by montmorillonite 

if AlBA was previously introduced to the clay mineral.104 The cationic form of 

AlBA goes to the exchange sites in montmorillonite to form AlBA-clay complex 

which decomposes thermally to generate free radicals. The complex has high 
' 

initiating efficiency. The rate of polymerization with the AlBA-montmorillonite 

complex initiator was greater than for AlBA alone. 105 It has been proposed that 

free radicals remain attached to the adjacent planes of AlBA-montmorillonite 

dispersed in water, and on heating these planes move away from each other 

allowing more water to penetrate. This situation is represented in Figure 3 and 

4. 

From X-ray studies it was concluded that type 'c' and 'd' radicals do not 

recombine but move apart due to driving force of water. Once the radicals are 

separated some 30 A, they can ini~iate the polymerization of t~e three types of 

free radicals formed during the decomposition of AlBA-clay complex, only type 

'a' (Figure 4) can form homopolymer, and type 'a' radicals are free to be 

deactivated through recombination with type 'b'. Figure 4 also explains how 

the formation of homopolymer may be greatly decreased while the formation of 

graft polymer (from clay) is increased by decomposing the AlBA-montmorillonite 

complex. If the clay is dispersed in methanol, the later surrounds the 

intercalated free radicals inhibiting their separation and thus facilitating the graft 

polymer formation. From X-ray studies, Solomon and Loft suggested an 

interlamellar complex formation between a series of acrylate and methacrylate 

monomers and montmorillonite 106
, as illustrated by Figure 5. 

Only type Ill (Figure 5) is responsible for spontaneous polymerization of 

acrylic monomers in presence of peroxide initiator106
. The polymerization of 
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hydroxy methacrylates has been suggested ·to be due to the presence of 

electron donating sites within the silicate layers. The inclined orientation of the 

hydroxyl groups gave a favourable orientation for initiator, and the propagation 

involved radical anions. The following mechanisms have been forwarded. 

X X 

I I 
[Fe(ll)] + H2C = C ~ [Fe(lll)] + H2C- c• (A) 

I . I 
y y 

(in lattice) (in lattice) (adsorbed) 

[Fe(ll)] + ROOH ~ [Fe(lll)] + Ro• + OH- (B) 

(in lattice) (in lattice) 

Iron is shown as a oxidizable atom in the silicate lattice although other 

transition metals may be present. In mechanism (A), the radi~al anion is formed. 

via· electron transfer from the mineral to the double bond. The mechanism is 

similar to that proposed for the polymerization of olefins by transition metal 

catalysts. 

The influence of aluminosilicates and magnesium silicates on the free 

radical polymerization of MMA has been studied in terms of termination reaction 

and supported by studies of the reaction of stable free radicals with the 

minera.ls. In the absence of clay mineral the yield of PMMA was 3.68% (mol.wt. 

1.36 x 1 06
) whereas with montmorillonite the yield was 0.68% (mol.wt. 3.05 x 

1 06
). That the decreased amount of polymer in the presence of the mineral is 

not due to the depolymerization has oeen established by heating PMMA with 

montmorillonite and determining the viscosity average molecular weight before 

and after the treatment. A recent work involved ESR study to assess the state of 

iron in montmorillonite.100 The ab~orbtion bands· in the weak field as 'G' values 

14~14J.fJ; 1 6 MAR 2Ul1 
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7.6, 4.2 and 3.9 were assigned to Fe(lll) ions in the octahedral layer of 

· montmorillonite. The intensities of the wide bands of the spectra remain 

unchange when the cations were altered as the exchanging sites. This indicated 

that the montmorillonite had particularly no iron in the ion exchangeable 

positions. 

Studies on the struCtural properties of the polymers from clay catalyzed 

polymerizations of vinyl monomers have been made by several workers. 

Blumstein and co-workers studied dilute solution properties of the polymers 

prepared in the presence of clay minerals which differed significantly from 

those obtained using conventional free radical technique and suggested that the 

interlayer PMMA developed a two-dimensional sheet structure in the presence 

of a cross linking agent during the polymerization. 99-
102 Analysing the n. m. r. data 

they concluded that PMMA probably consisted predominantly of short isotactic 

sequences. Small scale stereo-regularity of this kind could be ascribed to the 

orientation induced in the intercalated monomer by ion-dipole and the ester 

carbonyl group of the monomer. Earlier, Glavati and co-workers obtained 

oriented stereo-regular poly (acrylonitrile) and poly (acrylic acid) using similar 

procedures.104 

Theng reported that the influence of clay minerals on the polymerization 

reactions extends beyond direct action on the monomers.107
"
108 The chemical 

compounds used as polymerization initiators may also be modified by the 

minerals. It has been observed that clay mineral could affect both the rate and 

products of decomposition of initiators. 

Uskov and co-workers reported that PVC or a vinyl acetate-vinyl chloride 

copolymer modified by a latex of Butyl acrylate-methylmethacrylate copolymer, 

Butadiene-styrene co-polymer, PMMA or a similar polymer was prepared by 

adding the latex to the reactor during the suspension polymerization. 109 The 

addition was made after 30-95% conversion of monomers. If inorganic 

compounds such as silica, montmorillonite or calcium phosphate was added 
... . ., -

... 
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before or du~ing the polymerization, the polymers with satisfactory particle size 

separated out from the aqueous. suspension. 

Recently, Talapatra and co-workers reported that bentonite in ·conjuction 

with alcohols or thiols effectively initiate the aqueous polymerization of vinyl 

monomers on the surface of the mineral11a-114
. A granular soil. amendment was 

formulated from acrylamide polymers, silicic acid or silicate and one or more of 

phosphates, nitrates and sulfates, or free form of urea, guanidine, 

dicynidiamide, and amidinothiourea.115 The product markedly improved 

aggregation of clay containing soils. T. Ono and co-workers, however, 

polymerized MMA in H20 containing phyllosilicates such as montmorillonite in 

presence of water and azo- initiators. 116 
· 

Powder minerals encapsulated with PMMA were formed when the 

montmorillonite-encapsulated minerals were extracted with hot benzene or 

methyl acetate, a fraction remained unextractable. The PMMA encapsulated . 

mineral composites had good processability and charpy impact strength. The 

polymerization of formaldehyde with o- and p- cresol in the presence of Na

montmorillonite results in the formation of linear, short copolymer chains 

(oriented parallel to the silicate group) in the interlamellar spaces of Na

montmorillonite.117 The polymerization of HCHO with m-cresol did not result in 

copolymer formation in interlamellar spaces i.e., the high. reactivity of the m

cresol resulted in the formation of 3-dimensional copolymers. 
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SCOPE AND OBJECT . 

Water soluble synthetic polymers are extensiv_ely used in the industry in 

numerous products and processes from adhesives to cosmetics, from 

explosives to medical products ·and from oil technology to paper technology. 

Among the water soluble synthetic polymers, polyacrylamide is one which is a 

very effective flocculant for finely divided solids in aqueous suspensions. These 

polymers are used in acid, neutral or alkaline systems even in the presence of 

high concentration of electrolytes. They have found wide applications in the 

treatment of ores, particu~arly acid~leached uranium ore, minerals and metal 

particles, sewage, industrial waste and chemical precipitants as already 

mentioned. Extremely high molecular weight polyacrylamide have been 'found to 

be exceptionally effective flocculants. Aqueous solutions of acrylamide 

monomer together with a redox catalyst are injected into soil formations. In a 

predetermined period of time, which may be controlled, the monomers 

polymerize giving a cross linked rigid gel which prevents the passage of water 

through the mass and also binds the soil particles together. They are also used 

to seal off the flow of water into oil wells, drill . holes, basements, tunnels, 

mineshafts, caissons and dams. 

In view of the above, redox polymerization technique for the acrylamide 

polymerization is of great importance. However, usually redox polymerization of 

acrylamide in aqueous medium yields polymers having not so high molecular 

weight primarily because of fast termination proqess via transfer to the oxidant 

of the redox couple (e.g., metal ions at the higher oxidation states). Many 

potential redox catalysts involving metal ions as the oxidants viz., 

Fe(III)/Thiourea (TU), Ce(IV)/EDTA, Ce(IV)/Nitrlloacetic acid etc. have been 

shown to be very promising free radical initiators in respect of high reaction 

rate, small, induction period, low activation energy and above all their· simple 

experimental procedures. Even these systems yield polymers having low 

molecular weights only, due to the fast termination process as mentioned 
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above. An appropriate redox polymerization technique which yields very high 

molecular weight polyacrylamide would, therefore, b'e an ideal procedure for 

many purposes. 

Industrially, clay minerals are used as fillers and reinforcers in polymer 

systems such as elastomers, polyethylene, polyvinylchloride and other 

thermoplastics. All things being equal the efficiency of a filler in improving the 

physico-chemical properties of a polymer system is primarily determined by the 
! 

degree of its dispersion in the polymer matrix. The most effective way of 

achieving such compatibility is to graft a suitable polymer on to the filler 

surface and/or to encapsulate the mineral particles with polymer layer. Indeed, 

clay minerals specially those of phyllosilicates (e.g., montmorillonite) 

themselves are known to catalyse a variety of organic reactions including those 

which lead to polymer formation~ Moreover, research on the intercalation 

chemistry of phyllosilicates is gaining momentum rapidly to transform- these 

abundant minerals into new ·classes of selective heterogeneous catalysts. 

These aspects have already been mentioned in the introduction. Interestingly, 

when metallic cations are adsorbed by montmorillonite, they are trapped 

between the interlayer spaces at the flegatively charged sites of the minerals. If 

polymerization reaction could be initiated in the interlayer spaces of the mineral 
~ 

by redox couples involving the trapped metal ions, one may expect a controlled 

linear termination process because the growing poiymer chain may not be able 

to transfer to these metals in the constrained spaces. This technique may also 

be proved useful for acrylamide polymerization in view of . previous claim of 

stereoregular polymerization of acrylonitrile and acrylic acid monomers on 

smectite clays. 

Therefore, one major objective of the present investigation is to perform 

the polymerization reaction of acrylamide monomer on. the montmorillonite 

surfaces by redox initiators (Fe(III)/Thiourea) involving the trapped metal ions 
' ' 

with a view to enhance the chain growth· of the polymer. A detai I solution phase 

re.action will also be performed involving the same, redox couple (FeCI3 I 
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Thiourea) in order to check what modifications pertaining to kinetics and 

mechanism have been achieved by the mineral phase reaction. A detail aspect 

of kinetics and mechanism of the reaction of both the procedures will be looked 

into. The technique of interlayer polymerization will be applied to other redox 

systems (viz., Ce(IV)/EDTA) to examine the scope of the proposed technique 

of controlling the termination process. 

In addition, copolymers of acrylamide have shown a number of properties 

leading the~selves to a variety of industrial applications. Of growing 

importances are those related to use as water soluble viscofiers and 

displacement fluid in enhanced oil recovery. Two of the critical limitations of 

polyelectrolytes including those derived from hydrolysing homopolyacrylamide, 

are the loss of viscosity in the presence of mono and multivalent electrolytes 

(NaCI, CaCh etc.) and ion binding to the porous reservoir rock substrate. Some 

attempts have been made including that of preparing copqlymers of acrylamide 

with diacetone acrylamide (N ( 1, 1 - Dimethyl - 3 - oxylbutyl) acrylamide) having 

large hydrodynamic dimensions in electrolyte solutions. Ar:10ther objective of 

the present investigation is, therefore, to attempt to prepare this (viz., poly 

(acrylamide - co - N - (1, 1 - Dimethyl - 3 - oxylbutyl) acrylamide)) and other 

copolymers (viz., poly ( acrylamide - co - N - tert - butyl acrylamide)) on the 

montmorillonite surface with a view to have copolymers with higher molecular 

weights and intrinsic viscosities. Composition of copolymers, reactivity ratios of 

monomers and also the microstructure of copolymers would be examined. 

In view of the use of polyacrylamide for preparing highly viscous solution 

in the secondary oil recovery process, the understanding of the role of charged 

groups on different factors which govern the efficiency in their use is important. 

A complete molecular characterization including the· knowledge of their 

unperturbed dimensions is- also necessary. A detail study of solution properties 

of polyacrylamide in water and water-organic solvent will be carried out for this 

purpose. 
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3.1 REVIEW OF PREVIOUS WORK 

Acrylamide is readily polymerized in aqueous solution at elevated 

temperatures with free radical initiators. Polymerization of acrylamide (AM) in 

aque.ous solution with different free radical initiators have been reported by 

several workers11a-145. Gnansundaram and co-workers observed that for the 

initiator, bis [2-[(2-hydroxy-ethyl)amino] ethoxo] copper (II) at pH 1.8, the 

polymerization rate was first order with respect to acrylamide monomer and 0.5 

with respect to catalyst120. Faster polymerization and high molecular weight 

poly~ers were obtained using 2,2' - azobis [2-(N,N1 -ethyl~namidino)] propane 

initiator than ~8208 - Mohr's salt initiating system121 . The rate of polymerization 

(Rp) of acrylamide by peroxydiphosphate in H2S04, was decreased when the 

temperature raised from 30° to 50°c but increased above that temperature, 

which was independent of pH122. 

' 
Kinetics of polymerization in aqueous acetic acid (ACOH) using Pb 

. (OAC)4 as initiator was studied by Balakrishnan who found that polymerization 

rate was first order with respect . to AM127. The propagation and termination 

reactions of the ~8208 - initiated polymerization of AM in water were not 

influenced by the anionic emulsifier Dowfax 2 AP28. The induction of 

polymerization was affected by manganous salts while the polymerization rate 

and polymer molecular weight were not affected to a detectable degree, as was 

observed by Xuanchi129. Using trigol and polyethylene glycol initiators, it was 

found that the yield and the molecular weight of the polymer decreased with 

increasing chain length of substituted AM131 . Cvetkovsha and co-workers 

explained the kinetic model by the formation of a monomer-initiato_r complex 

and inhibiting effect of the Mn(ll) acetylacetonate formed by the reduction of 

Mn(lll) acetylacetonate132• The polymerization rate of AM in H2S04 or AC~H by 

Co(lll) ·system showed similar mechanism as that of Pb(OAC)4 initiator in 

ACOH133. Vaskova and co-workers found that in mixtures of water and aliphatic 

alcohols,. in the presence and absence of inhibitor, the rate of polymerization 
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and molecular weightwere reduced depending upon the length and character of 

the afiphatic- .. chain134. Yinghai Liu · and co-workers observed that the 

polym~rization rate depended on the catalyst concentration,· and pH of the 

solution135• 137• Using (2,21 - bipyridine) cobalt (II) complex. initiator, Takahashi and 

co-workers found that the ·average molecular ~eight of polymer was (1-7-) ?< 104• 

(Ref. 139). · Bhanu and -co-workers observed . that co-ordinately unsaturated . 

Co(ll) complexes significantly inhibited the thermal polymerization of AM but 

they imparted a · significant induction . period during AIBN - initiated 
' < ' ' 

polym~rization .of~ AM1~2• Hfgh molecul~r . weight polyacrylamide could be 

obt~ined by using heptane. as· the organic phase, ~8208 as catalyst and . 

sorbit~l-s-20 system as the ~mulsifier144 . The author also reported that polymer 
. . . 

molecular weight can be i!lcreased with increased concentration of AM and 

emul~ifier and also by .decreasing catalyst concentration144• Redox· catalyst 

systems were· frequently employed for polymerization at comparatively lower 

temperatures. Bajpai, Mishra and Behari and co-workers investigated the . 

polymerization of AM initiated by KMn04 / various,amino acids and· unsaturated 

·acids redox couples1tl5-157. A value of. KMn04 .Catalyst exponent of unity in the 

rate equation confirmed a unimolecular chain termination process by the redox 
. . 

system145.146•151 . However, a qimolecular chain termination was observe·d by other 

redox systems148•150•153-155. The s~me result was observed in the case of KMn04 / 

glyceric acid in H20-DMF also157. The rate of polymerization was first order for 

th.e monomer in. ~II the above systems. Bajpai, Mishra and co-workers 
. . . 

suggested th~t · polymer-molecular weight was: directly proportional to initial . 

monomer concentration and inversely proportional to the rate of initiation. 

With the increase in temperature, the molecular weight of polymer was 

decreased in most of the cases. The effect of various additives (alcohols, 

neutral salts, complexing agents) on the polymerization rate were .also 

inverstigated. Polymerization was initiated by . radicals generated in the 

decompositton of the oxida.nt-reductant complex. A numbers of workers studied 

the mechanism and kinetics of aqueous polymerization of AM in acidic medium 
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initiated by Ce (IV) I reductant couples15a-174. The rate of polymerization was first 

order in monomer and half order with respe~t to ·Ce(IV} ion in cases where the 

initiator was either Ce(IV) I thioglycolic acid or Ce(IV) I L-cysteine162• 1.61 • In the 

polymerization of AM initiated by Ce (IV) I thiourea in water,- the polymerization 

rate is governed by the relation RP = kp [AM]1·20 [Ce(IV)]0·5 [TU]0·5• Presence of 
-

alkyl phenylcarbonate or alkyl-4-toly-carbonate increased the polymerization 

rate of AM initiated by Ce(IV) in H20-MeCN and H20-HCONH2 and decreased 

t_he activation energy of polymerization compared to the system where Ce(IV) 

was used alone172• The rate of _polymerization was derived as RP = k [AM]1·
5 

[Ce]0·39 [alkyl phenylcarbonate]. The overall rate of polymerization was faster 

and activation energy was lower with Ce(IV) r p-acetotoluidide system 

compared to Mn(lll) I p-acetotoluidide system171 • 

The effects of various aliphatic diamines on vinyl polymerization using 

persulfate as initiator were studied by· different workers175-176. They suggested · 

that the promoting activities of diamines on vinyl polymerization were of the 

order:. 

t - diamine > s - diamine > p - diamine. 

In a rev~rsible redox initiating systems involving metals and porphyrin, 

the ·aqueous polymerization rate depended on the types of metal (Fe(lll), Cu(ll), 

Ce(IV}, Ti(IV), Mn(ll)) in the porphyrin complex, polymerization temperature and 

concentration of.AM177• 

The presence· of · carboxylic acids promoted and enhanced the 

polymerization rate of AM initiated by Mn(OAC)4 (Ref. 179). The kinetics and 

mechanism of aqueous polymerization of AM initiated by the ·. persulphate 

catalyst in the presence of different activators were studied by several 

workers18a-1~7• Kurenkov and co-workers observed that, higher molecular weight 

polymers could be obtained with higher conversio~s using ~8208 I Na2S20 3. 

· redox system during adiabatic polymerization of AM in comparison to the 
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~8208 I Na2S20 5 - CuS04 system180·182. Molecular weight of the polymer was 

increased with increasing monomer concentration but decreasing catalyst 

concentration. 

· Akopyan and co-workers obtained polymers having molecular weight of 8 

x 105 at 25°C by a three component catalyst system comprising of ~8208, 

triethanolamine and amino-acetic acid184. The overall polymerization rate was 

increased in presence of Cu{ll) ions for the polymerization initiated by 

persulfate-( dimethylamino )ethylmethacrylate-Cu(ll) catalyst183. Voronova, 

shaglaeva and co-workers observed that the polymers having molecular weight 
J 

(20-5) x 1 06 could be obtained in the presence of ~8298 I urea as catalyst185. 

The polymerization kineticS, mechanism, polymer molecular weight and effect of 

additive were examined by several workers for various redox polymerization 

involving chelate complexes188-209. For a radical polymerization of AM initiated by 

Mn(lll) - acetylacetonate in aqueous solution of pH 2.0, Cvetkovska explained 

the deviation of the kinetics from the conventional kinetic model via the 

formation of a monomer-initiator .complex189. Smith obtained polymers having 

molecular weight as high as 40 x 1 06 by Fe( II) I hydroperoxide redox initiator at 

the temperature range between - 20°C and +40°C (Ref. 190). Wu and He 

obtained polyacrylamide having average molecular weight of 1 07 at room 

temperature by NaHS03-0-MnSO 4 catalyst191. They also pointed out that the 

presence of MnSO 4 would only affect the catalytic activity of the system but it 

did not involve in chain propagation or termination. Electrochemical study of the 

redox initiating systems, Fe(III)-EDTA I N2H4-H20 2 and Fe(III)-EDTA I NH20H-

H202, in alkaline aqueous media (pH 9-11) showed that the former redox system 

was more effective than the later194. _Peng pointed out that in the case c;>f Mn(ll) I 

~8208 initiating system, the induction of polymer molecular weights were not 

affected at all196. Lenka, Nayak and co-workers observed that the polymer rate 

was decreased with increasing thiosulfate concentration and was first order with 
. . 

respect to AM during aqueous polymerization of AM initiated by potassium 

peroxydiphosphate I Na-thiosulphate redox system198. The kinetics were 
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examined for the thermal polymerization of AM in the presence of CC?I4 and a bis 

amino acid chelate of Cu(ll) with glutamic acid, serine or valine by Namasivayan 

and' Natarajan200• The activation energy of polymerization reaction decreased 

from 18.7 to ·4.5 KCal I mole -on · addition of 1.0 ppm Fe during the 

polymerization by H20jNH2QH.HCL redox couple201 • From the observation, it 

· was concluded that the predom_inant reaction appeared to be Fe-catalysed 

decomposition of the peroxide in presence of small amount of NH2QH.HCL. Sur 

and Choi found tnat the reaction rate in presence of CoCI2 and N-N

dimethylaniline was proportional to [AM)1·08 and [Co(ll)]0·53 indicating bimolecular 

termination process to be involved206•209. The rate of. polymerization and the 

maximum yield decreased when the temperature ·was raised ·above 40°C. 

Chshmarityan and Beileryan observed that the polymerization of AM in aqueous 

solution initiated by ~8208 - Ag (aminoacetate) chelate system was first order in 

monomer and 0.5 order in initiator211 • 
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3.2 EXPERIMENTAL 

3.2.1 Materials and Purification 

Montmorillonite 

An aqueous suspension of 25 lit, was prepared by stirring continuously 

1 00 gms of the mineral (Bentonite, Evans Medical Co, England) in double 

_distilled water. The suspension was maintained at pH nearly to 8.0 by adding 

NaOH solution. After every 24 hours, 10 em. layer of the suspension (from the 

top) was siphoned out and each time the original volume was restored by 

adding water. This process gives sample having particle size less than 2 

micron48• The clay suspension was collected after acidification with HCI to pH 

nearly · 4 and allowing to settle at the bottom of the container or by 

centrifugation. This coagulated clay was washed repeatedly with double distilled 

water and centrifuged. The free oxide of iron has been . removed by the 

dithionite-citrate method212. The suspended mineral was washed throughly after 

each treatment. Organic matters have been freed by gently heating at 80°C with 

30% (VN) H20 2 (2ml per 3 lit. clay suspension) in a large beaker on a water 

bath for a long time with occasional stirring to ensure complete removal of H202• 

The montmorillonite suspension so obtained has been extensively dialyzed and 

stored. H+ - montmorillonite (HM) was prepared by shaking the stock of the 

mineral (3% w/v) in presence of 0.5 M HCI for about 6 hours followed by 

repeated centrifugation (20,000 r.p.m.) and washing with double distilled water. 

The cation exchange capacity (CEC) of montmorillonite was determined by 

potentiometric titrations with standard KOH solution under nitrogen atmosphere 

and was found to be 0.91 meq/g. The hydrogen montmorillonite (HM) 

suspension thus obtained, was stored at 5-1 0°C. Fe(lll) - montmorillonite (FeM) 

was prepared by shaking HM suspension (3% w/v) in presence of 0.5 M FeCI3 

(reagent grade) at pH 2.5 for 6 hrs. followed by purification by repeated 

centrifugation and washing with distilled water until the test of Fe(lll) ions in the 
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supernatant was negative. A separate experiment on the sorption of Fe(lll) on 

the montmorillonite shows that the maximum intake by Fe(lll) ions by HM 

samples slightly exceeds the CEC value viz., 0.98 meq/g. Ce(IV) 

montmorillonite (GeM) was prepared by shaking HM suspension (3% w/v) in 

presence of O.SM (NH4) 2 '[Ce(N03) 6] (reagent grade) at pH 2.5 for 5 hours 

followed by purification by. repeated centrifugation and washing with distilled 

water until the test of Ce(IV) ions i_n the supernatant was negative. The colloid 

content of clay minerals in each case was determined by evaporating a known 

volume to complete dryness. The FeM and GeM suspensions were stored at 5-

1 0°C temperature. 

Monomers 

Acrylamide (AM, reagent grade, Fluka) was purified by recrystallization 

from methanol (two times) and dried in vacuum oven at 45°C overnight. 

Solvents and ~eagents 

Rectified spirit (C.P) was treated with proportional amount of freshly burnt 

quicklime and kept overnight. Absolute ethanol was obtained on distillation and 

the middle fraction (78°C) was stored in a sealed brown bottle. N,N'

dimethylformamide (DMF, Merck) "Yas stored over P20 5 for nearly 10 hours ·and 

distilled. 1 ,4-Dioxan (Merck) was stored over P20 5 for nearly· 10 hours and 

distilled. Dimethyl sulphoxide (DMSO, Merck) was treated with proportional 

amount of freshly burnt quicklime and kept overnight. Absolute DMSO was 

obtained on distillation at reduced pressure and the middle fraction was stored .. 

Thiourea (TU, Merck) was used after recrystallization three times from distilled 

water (m.p. 180°C). Ferric chloride (reagent grade), Triton-x-100 (R) (sigma), 

Cetyl trimethyl ammonium ·bromide (CTAB, Aldrich) were used as received. 

Double distilled water has been used throughout. 
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Nitrogen 

The commercial grade nitrogen was passed through a series of bubblers 

containing Fiesser's solution213. The oxygen free nitrogen was dried by passing 

. through two bubblers containing cone. H2SO4• 

Polymerization 

· Measured quantity of AM was added to the TU solution of known. 

concentration under nitrogen atmosphere in a 1 00 ml stoppered pyrex bottle. In 

another bottle, known volume of aqueous suspension of Fe( Ill) - montmorillonite · 

(FeM) was degassed and finally added to the former bottle under nitrogen. The 

pH of the reaction mixture was then adjus~ed to desired value by adding dil 

HCI/NaOH solutions under nitrogen (pH measured ·by a Systronics, India pH 

meter equipped with a combined glass electrode). The mixture was well shaken 

and immediately placed in a thermostated waterbath in the dark to attain 

polymerization temperature. The reactions were carried out for desired time with 

intermittent shaking. Control runs were carried out side by side by FeCifTU 

initiating system instead of Fe(lll) montmorilloniteiTU. The bottles were 

withdrawn from the thermostat and the polymeriz;ation reactions were stopped 

by diluting the mixture with chilled water keeping th~ reaction vessels in ice 

bath. Similar procedure .was followed in polymerization of AM with Ce(IV)

niontmorillortite (CeM)/EDTA initiating system also. 

Polymer Separation 

. The reaction mixtures were centrifuged (20,000 r.p.m.) to remove mineral 

clay montmorillonite after the completion of the reaction. The polyacrylamide 

(PAM) was precipitated out by. adding excess of acetone to the supernatant, 

washed repeatedly with acetone and PAM was dried at 40°C for 48 hours under 

vacuum. The centrifuged clay mineral was also wa~hed and dried at 60°C for 48 
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hours under vacuum. The dried samples of polymer as well as clay mineral 
. - ' 

were weighed to determine the polymer yields and non-extractable polymers in 

the clay minerals respectively. 

Evaluation of Molecular Weight of Polymer by Solution Viscosity 

Method 

A seri~s of PAM solutions of different concentrations .in aqueous 0.1 M 

NaCI solution were prepared. The time of flow of the solutions and _of distilled 

water were recorded by Ubbelohde Viscometer placed in thermostatic water 

bath at 30°C (± 0.2°C). Specific viscosity (Ttsp) was calculated from the time of 

flow. The intrinsic viscosity ([TID value was obtained from the intercept of the plot 

of n
5
/C versus C following the relation. 

[ 11 ] = Tis/ C, Lim C ~ 0 . 

Where C stands for concentration_ of polymer solution. The molecular weights 

(Mv) of the prepared ·PAM were calculated using the Mark-Houwink 

relationship214-215• · 

[ 11 ] = 9.33 x 10-3 Mv0·75 cm3/g. 

Sorption of TU and AM onto montmorillonite 

10 ml portions of a 0.5% suspension of HM were placed in a number of 

pyrex. bottles and· different amounts of either thiourea or acrylamide were added 

followed by pH adjustment at 2.0 by dilute HCI solution. The total volume of the 

suspension was made upto 15 ml .in each case by adding the requisite amount 

of water and was shaken at 30° C for 4 hours to attain equilibrium. The 

suspernatent solutions were then centrifuged (201000 r.p.m.) and analysed for 

TU or AM by a Shimadzu (Japan) double beam- UV-VIS spectrophotometer 

(Model UV-240) at 235 nm a·nd 195 nm respeC?tively. 
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Potentiometric measurements 

The redox behaviour of Fe(lii)/TU and FeM/TU systems were examined 

by potentiometric titration of either FeCI3 solution or FeM suspension with TU. 

The electrochemical cells were simple, as. shown below : 

pt I Fe(lll) (or Fe(lll) M), Fe(ll) (or Fe(ll) M)// KCI, HgCI2, Hg/Pt 

A stoppered pyrex beaker fitted with· nitrogen gas inlet-outlet tubes, pt

electrode, salt bridge and mechanical stirring arrangements was placed in a 

thermostat at 50°C. 20 ml FeCI
3 

solution or FeM suspension was then titrated at 

pH 2.0 with standard thiourea solution under nitrogen atmosphere. 

XRD and Spectroscopic Measurements 

ESR spectra were recorded at room temperature with a Varian V4502 

spectrometer using .1 00 KHz magnetic field modulation. In Spin-trapping 

experiments, the ESR spectra recording was started from 5 minutes after mixing 

the solution with the spin trap, methyl nitrosopropane (MNP) (aldrich, U.K.). The 

microwave power level was maintained at 1 0 mW or lower to avoid saturation. A 

typical spectrometer setting was as follows : Modulation amplitude 0.2 mT, 

signal level 2.0 x 102, sweep time 5 min, response 1s, and microwave 

frequency 9.53 MHz (measured by cavity wavemeter). The magnetic field 

sweep was calibrated using a purposebuilt marginal oscillator to measure the 

corresponding 1H n.m.r frequency, read by digital frequency meter. 1H. and 13C 

n.m.r. spectra were recorded on a varian XL-300 Spectrometer in Dp. Chemical 

shifts were measured with reference to dioxane at o = 67.40 ppm. ·The X-ray 

powder diffraction patterns of solid mineral were recorded with a Philips PW 

1730 machine using Ni-filtered Cuk"' radiation. X-ray generator was operated at 

40 KV/20 rnA Other characteristics are as follows : slit assemble - 1° > 0.2° > 

1°, Range- 2E3. 
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3.3 AQUEOUS POLYMERIZATION OF ACRYLAMIDE BY FeCb- TU 

REDOX COUPLE 

3.3.1 Introduction 

Ability of clay minerals to intercalate various molecules and their catalytic 

properties are long known. The clay-polymer interaction has found. many and 

varied applications3
. Montmorillonite, a smectite clay has been shown to 

catalyse the polymerization of some unsaturated organic compounds such as 

styrene and hydroxyethylmethacrylate and yet to inhibit polymer formation from 

other structurally related monomers such as methyl methacrylate112
. This 

behaviour is believed to be oue to electron accepting or electron donating sites 

on the clay minerals. However, it has ·been shown recently that montmorillonite 

can be used in conjunction with organic substances, viz., alcohols, thioureas 

etc. to polymerize methyl methacrylate in aqueous medium112
•
110

. In this system, 

the lattice substituted Fe(lll) of the mineral is probably involved in forming 

initiating radicals in presence of TU216
. Over the last 20 · years, ·the use of 

thiourea and N-substituted thiourea as redox components for the initiation of 

aqueous vinyl polymerization has been examined217
. These experiments 

applied various oxidents, viz., metallic salts, organic and. inorganic peroxides, 

persulphate, permanganate, bromate to name a fe~. A number of articles have 

also appeared in the literature on graft polymerization of various monomers· 

using the above initiators217
•
218

. The special features of these systems are a 

very short induction period, a relatively low energy of activation and the low 

temperature required. However, no report on the polymerization of water 

soluble monomers viz., acrylamide, by Fe(III)/TU redox system is available. In 

view of increasing industrial applications of water soluble acrylamide polymers, 

clay minerals, and their combinations· in various fields including the use of 

polyacrylamide as water soluble viscofier in enhanced oil recovery as 

mentioned earlier, present. scheme of study is undertaken219
. High molecular 

weight polyacrylamide have such other applications as effective flocculants and 
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chemical grouts. Redox initiated polymerization of acrylamide .is one of the most 

common techniques applied for · aqueous . polymerization because of the 

simplicity of technique as well as high yield and reaction rates. Moreover, the 

above technique is -uniquely applied for in situ polymerization of. AM, where 
. ' 

aqueous solutions of the monomer together with -a redox catalyst are injected 

. into soil formation. However, one major difficulty of such a technique is the fast 

termination by oxidant of the redox couple. In an attempt to increase the chain 
. . 

length of polyacrylamide (PAM) formation initiated by Fe(lll)fTU redox couple 

via trapping the potential electron acceptor, viz., Fe(lll), into the interlayer space 

of montmorillonite_, polymerization experiments have bee'":' performed and the 

results are presented in section 3.4.3. In view of this, it may be argued that the 

effect of montmorillonite microenvironment should not be confined in controlling 

the termination process only, rather the overall polymerization mechanism and 

kinetics may also be modified to a great extent. A prior study on the detail 

polymerization mechanism and kinetics of solution phase reaction in absence of 

any mineral, applying the same redox fnitiator is, therefore, justified. Above 

reasons have· prompted us to undertake a detail study on the polymerization of 

acrylamide by Fe(III)JTU redox couple in a'queous solution. The result of such 

·study, which includes among others, kinetics and mechanism of the 

polymerization are presented in this section. 

3.3.2 Experimental 

-Experimental procedure has been discussed in section 3.2. 

. ' 

3.3.3 Results and Discussion 

Table 1-3 show data pertaining to the aqueous homogeneous · 

polymerization of acrylamide by FeCb/TU redox initiator. The molecular we.ights 

of the polymer were ranged betWeen (a.2 - 3.6) x 1 a5
. The initial rate of 

polymerization Rp's, were moderately high and ranged be~een (3 ·_ 17) x 1 a-s 
mol. L-1 s-1

• At a fixed TU and AM concentrations, all the parameters viz., Rp, XL 
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and Mv were decreased with the increase in Fe( II I) concentration of the initiating 

redox couple. The rate of polymerizati_on, Rp, as well as the polymer yield, XL, 

decreased from 17.17 x 10-5 to 4.1.6 x 10-5 moi.L-1.s-1 and 73% to 26% 

respectively with the increase in the Fe(lll) ion concentrations in the range of 

(1.5- 8.0) x 10-3 moi.L-1
. The percent conversion of polymerization has been 

plotted as a function of time interval at different AM, · TU and Fe( Ill) 

concentrations in Figures 6 -8. No induction period . is observed in any set of 

polymerization experiment. The initial_ rate, Rp, decreases significantly with the 

increase in FeCl3 c6ncentratiori. This clearly shows the involvement of the linear 

termination process in the present polymerization reaction via transfer to the 

metal ion. The value of metal . ion exponent, obtained from the slope of the 

double logarithmic plot of Rp versus metal concentration is. found to be 0.90 

(Figure 9). Thus, the rate is inversely proportional to nearly first power of metal 

concentration. On the other h?lnd, Rp increases with increased concentrations of 

thiourea. Thiourea alone is incapable of initiating polymerization. Increasing 

concentrations of the activator, thiourea, in the range (0.01 - 0.04) moi.L-1 

increases the concentrations of the initiating radical and consequently the 

number of propagating polymer chains and ·hence the rate of polymerization 

increases with increased TU concentration. However at still higher 

concentrations of TU, Rp as well as XL tend to decrease considerably due to 
,, 

increase in the rate of termination via dimerization of isothiocarbamido primary 

radicals (TU•} 114~ The value of TU exponent obtained from the slope of the 

double logarithmic plot of Rp versus TU concentration, is 1.8 (Figure 1 0). Thus, 

the rate of polymerization shows a nearly second order dependence on the TU 

concentration. The dependence of Rp on the monomer concentration is, · 
' . 

however, interesting. The initial rate and polymer yield increases with the . . . 
increase of monomer concentration as expected. The slope of logarithmic plot 

Rp versus concentration of AM is nearly ~.0 (Figure 11) in the range of AM 

concentration of (0.25 - 0.40) moi.L"1
, but tends to decrease (the value 

becomes1.0, experimental points shown in Figure 11) in the higher· 

concentration range of (0.4 - 0.6) moi.L-1
. The [YJ] as well as Mv are also 
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Table -1 

Polymerization of 0.4 AM (0.7108 g) in aqueous medium (25 mi.) in presence· of 

0.04 M TU at 50°C and varying FeCb concentrations (pH- 2.0). 

[FeCb] R8 x10 5 
p X~ [l]]c Mv x1o-5 

m.moi.L-1 
moi.L-1.s-1 % 

ml.g-1 

1.5 17.17 73 64 1.3 

3.0 9.37 56 73 1.5 

4.0 6.68 40 61 1.2 

8.0 4.16 26 45 0.8 

alnitial polymerization rate, byield after 4.5 hrs. and clntrinsic viscosity 

Table- 2 

Polymerization of AM in aqueous medium (25 mi.) in presence o(0.04 M TU 

and 0.0015 M FeCb at 50°C and varying AM concentrations (pH - 2.0). 

-------------------------------------------------------\ 
[AM] Rp x1 o5 

moi.L-1 
moi.L-1.s-1 

0.3 8.33 

0.4 17.17 

0.5 20.00 

0.6 22.91 

X· L 

% 

62 

73 

81 

77 

[11] 

ml.g-1 

14 

68 

96 

108 

0.2 

1.4 

2.2 

2.6 
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Table- 3 

Polymerization of 0.4 AM (0.7108 g) in aqueous medium (25 mi.) in presence of 

TU and 0.0015 M FeCb at 50°C and varying TU concentrations (pH- 2.0). 

[TU] Rpx105 
XL [11] Mv x1o-5 

moi.L-1 
moi.L-1.s-1 % 

ml.g-1 

0.01 2.90 40 14 0.2 

0.02 5.70 53 68 1.4 

0.03 11.94 68 73 1.6 

0.04 17.17 73 64 1.3 

Table- 4 

Polymerization of 0.4 AM (0.7108 g) in aqueous medium (25 mi.) in presence of 

0.04 M TU and 0.0015 M FeCb at different temperatures and varying FeCb 

concentrations (pH- 2.0). 

[FeCb] Temp. Rp x1o5 
XL [11] Mv x1o-5 

· m.moi.L-1 oc 
moi.L-1.s-1 % 

ml.g-1 

70 19.20 86 137 3.60 

60 27.80 65 74 1.60 

1.5 50 17.17 73 65 1.30 

45 12.60 75 75 1.22 

70 7.81 56 76 1.63 

60 7.56 57 59 1.17 

4 50 6.63 52 41.5 0.72 

45 6.41 50 23 0.33 
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· increased with increasing monomer and TU concentrations. 

Effect of Temperature . 

The study of the· effect of temperature on the polymerization of AM with 

. FeCI:ITU initiating system is important. Table 4 represents the data 

pertaining to· the Rp, XL, [TJ] and Mv of the polymer formed as functions of the 

concentration of FeCI~ in the temperatwe range from 45° to 70°C. The Rp as 

well as XL increase with increasing polymerization temperature (Figure 12). 

However, Rp decreases with decreasing polymerization temperature. The 

overall energy of activation as calculated from the Ar~henius plot (Figure 13) has 

been found to be 12.93 kcal.mor1 within the temperature range 45°- ·706C. 

1H and 13C- NMR Spectra .of PAM 

1 H and 1~C - NMR spectra of polyacrylamide samples obtained in the 

present study by FeCb/TU initiator in. solution at 50° and 70°C are shown in 

Figures 14 - 16. In the case of 1 H as well as 13C NMR, spectra obtained from 

polymers prepared at above two temperatures are· identical. The 1 H NMR 

spectra of PAM are not usually well resolved speCtra and no special feature is 

apparent in the pre;;ent spectr~ also except that .of overlapping of a sharp line 

with chemical shift of 2.12 ppm near the CHCONH2 position. This line in all 

probability represents the hydrogens fr~m the isothiocarbamido end groups of 

thiou~ea terfTiinated PAM. The 13C NMR of PAM obtained in solution phase 

reaction by FeCI:ITU initiator is important because the idea of polymer tacticity it 

provides may be compared with those obtained in the montmorillonite phase· 

reaction (discussed in section 3.4.3) in the light of the possibility. of 

stereoregular polym~r formation in the later case. The expanded 13C NMR 

spectra show methylene, methine and carbonyl carbons of head - to - tail 

polymer of AM. No monomeric acrylamide was· ·seen indicating purity of the 
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polymeric sample. The carbonyl carbon splittings are generally small.and not as 

readily interpreted as backbone carbon absorptions (not shown in figure). The 

methine resonance (42.2 - 43.5 _ppm) is a triplet (triad sensitivity) which is 

further split, showing peritade sensitivity. The low field and high field triplet 

peaks are assigned to rr (syndiotactic) and mm (isotactic) sequences, . 

respectively. The central peak corresponds to heterotactic sequences (mr + rm). 

The methylene carbon lines (34- 37.4 ppm) fall into three fairly well separated 

groups ·with almost all the 20 lines required by hexad sensitivity resolved. The 

resemblance of the spectra to those obtained by Lancaster and O'connor 

suggests that Bernoulli statistics are followed, which are common in vinyl 

polymers220
. 

Kinetics and Mechanism 

In the polymerization reactions initiated by redox couple involving TU, a 

free radical mechanism has already been assumed involving the 

isothiocarbamido radicals (i.e., amido-sulfenyl radicals, NHz--C(=NH)S radical), 

as the primary radical113
. The kinetics of oxidation reaction of thiourea by Fe(lll) 

ions was studied by Pustelnik and Soloniewiez221
. It is believed that the reaction 

proceeds via t~e. intermediate complex [Fe(SC(NH2)2t3, the stability constant of 

.which is approximately 2.0. The decomposition of the complex involves a 

second order reaction, producing two isothiocarbamido radicals, which dimerize 

further in the presence of ferric ions. In order to rationalize the results of 

polymerization experiments following assumptions are made to predict the 

mechanism of aqueous homogeneous polymerization of acrylamide by' 

FeCbfTU system. The rationale behind. the approach adopted herein has been 

found to be equally applicable in explaining the kinetic behaviour of the 

seemingly complicated montmorillonite gel phase polymerization reaction 

initiated by either Fe(III)ITU or Ce(IV)/EDTA system (discussed in sections 3.4.3 

and 3.5.3 respectively). 
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(1) Jsothiocarbamido (TU•) primary radical~ are formed via an intermediate 

complex between Fe(JII) ions and TU. The decomposition of the complex is 
. ' ' 

.the ra~e determining step221
•
222

. 

K 
F e(lll) + TU . F e(lll) - TU . (1) 

complex 

Fe(lll)- TU + TU kd > Fe(ll) + (2TU•) + H+ (2) 

(2) Since the reactive TU radicals are formed as pairs, assumption of 'cage 
' 

~ffect' seems to be conceptually appropriate223
•
224

. The 'cage effect' 

suggests that when an initiator decomposes into two radicals, there is a 

formation of a potential barrier by the surrounding solvent molecules which 

prevent their immediate diffusion and favours their destruction by mutual 

recombination. The initiation step involves collision of acrylamide molecules 

with caged TU radicals at the wall of the cage and random diffusions of the 

radicals from the cage . and their ·secondary recombination are less 

significant. 

· lnitiati.on 

(TU•) +M 
k; 

Mj (3) 

Propagation 

k 
M•+M p 

M2 I . 

k 
M~-1 +M 

p M• ........... etc. . n (4) 

Termination · 

M~ +Fe(lll) kt 
M~ + Fe(ll) (5) 

(TU•) + Fe(lll) kt TU +Fe(ll) (6) 



" . kt TU-TU 

(caged species are enclosed in brackets) 

At the rate controlling step i.e., 

- ~ [Fe(lll)] = kd [C] [TU] 

([CJ denotes concentration of the complex) 

Conside~ing the above equilibri~m and material balance on the [Fe(lll)] i.e., 

[C] = K [Fe(lll)]r [TU] 

(suffix 'f stands for 'free') 

and [Fe(lll)] = [C] + [Fe(lll)]r 

.= K [Fe(ll!)]r [TU] + [Fe(lll)]r 

= [Fe(lll)]r (1 + K [TU]) 

[Fe(lll)] 
[Fe(lll)]f = 1+K[TU] 

[ C] = [Fe(lll)] [TU] 
1 +K[TU] 
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(7) 

(8) 

Assuming that the rate of formation of TU radicals is exactly equal to the . 

rate of disappearing Fe(lll) ions, we obtain, (considering the steady state of 

TU•) 

[ •] kd K[Fe(lll)J[TU]
2 

TU = ( kdM] + k~ [Fe(lll)] + k~') ( 1 + K [TUJ) 
(9) 
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Again, considering the steady state of M~ 

ki [ ru·] [M] = kt [ M~] [Fe(lll)] 

[ 
•] _ kt [M~] [Fe(lll)] 

TU - ki (M] (1 0) 

Equating RHS of the equations (9) and (1 0) 

kt(M~ ](Fe(lll)] _ kd K (Fe(III)}[TU] 2 

ki [M] - ( ki [M] + k~ [Fe(lll)] + k~') ( 1 + K [TUl) 

[ 
•] kikdK[M][TU]

2 

Mn = kt( kj[M] + k~ (Fe(lll)] + k~') ( 1 + K [TUl) 

Rp = kp [M~] [M] 

kp ki kd K[M] 2 [TU] 2 

Rp = kt ( ki [M] + k~ [Fe(lll)] + k~') ( 1 + K [TUJ) 
(11) 

Since the concentration of TU throughout the experiment is low and the 

value of the equilibrium constant, K, is only of the order of 2 L.mor1 (ref 221 ), the 

quantity (1 + K [TU]) in the denominator may approximately be equated to unity. 

Hence the equation (11) is reduced to 

kp ki kd K[M] 2 [TU] 2 

Rp == kt ( ki [M] + k~ [Fe(lll)] + k~·) (12) . 

Plot of [TU]2 [Mf I Rp versus [M] at constant Fe(lll) ion concentration is a 

straight line. Similar plot of [TUf [M]2 I Rp as a function of [Fe(lll)] at constant 

[M] is also a straight line (Figure 17). Moreover, the slopes and intercepts of the 

above two plots yield the same values of kt I kp ~ and k~lk; as 4. 70 and 

· 2.80x1 02 respectively. Reviewing the experimental results it seems apparent 

• 
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that k~· in the present homogeneous polymerization is not significant enough, 

specially in the presence of the monomer, in comparison to other terms in the 

denominator of equation (12). High value of k~/ki ratio ensures that ki [M] is also 

insignificant at low [M] in comparison to the second term in the bracket of the 

denominator. Thus, equation (12) cou!d satisfactorily take account the high 

monomer exponent as is observed in Figure 11. Deviation of the points from the 

straight line in the Figure 11 as the consequence of high monomer 

concentration is, however, the manifestation of the dominance of the first term 

of denominator over the other. 
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3.4 REDOX POLYMERIZATION OF ACRYLAMIDE ON AQUEOUS 

MONTMORILLONITE SURFACE 

3.4.1 Introduction 

In the present section of the thesis, the results of polymerization of 

acrylamide in the montmorillonite microenvironment has been. presented. The 

major objective of such a .study was two folds viz., to examine the catalytic 
' . 

activity of clay mineral in the present aqueous polymerization process of water 

soluble polymer (PAM) and to prepare polymers having high molecular weight 

With high rate of formation under ordinary condition. Howev~r. in the present 

study, attempts to polymerize water soluble acrylamide rryonomers by lattice 

Fe(III)/TU combination were unsuccessful at a wide range of tempertature 113
. 

This is probably due to efficient inhibition of radical polymerization of acrylamide 

by montmorillonite via electron transfer from initiating or propagating radicals to 

the Lewis acid sites. On the other hand, montmorillonite microenvironment 

seems to have a dramatic effect on the redox polymerization of acrylamide by 

Fe(III)/TU combination in aqueous medium. This results in the slow termination 

due to inability of a growing polymer chain to transfer to the .oxidant trapped 

inside the layered space. High molecul.ar weight polymers may be expected with 

high intrinsic viscosities. A detailed study concerning the kinetic and 

mechanistic aspects has been made for the aqueous polymerization of 

acrylamide with ferric montmorillonite (FeM) I thiourea (TU) initiating system. X

r~y diffraction, spectroscopy and_ oth~r ·analytical data have been taken into 

consideration to determine the pathways involved in the reaction. 

3.4.2 Experimental 

Experimental procedur:e has been discussed in section 3.2. 
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3.4.3 Results and Discussion 

The polymer yield (XL), 'rate of polymerization (Rp) as well as molecular 

weight (Mv). and non-extractable polymer conversion data at different AM, TU 

and Fe(lll) concentrations, keeping other reaction parameters fixed, at 50°C are 

given in Tables 5-7. 

Present technique increases th~ degree of polymerization and the 

intrinsic viscosity of the polymers dramatically by decreasing the rate of linear 

termination process. The method seems to be a promising technique for 

achieving high molecular weights and intrinsic viscosities of polymer for redox 

initiated reactions, where low molecular weight polymers are normally obtained. 

The corresponding experimental results in the absence of montmorillonite i.e., 

reaction in homogeneous solutions are presented in section 3.3.3. 

The Mv values as calculated from viscosity· data of present experiments 

are ranged from 0. 70 x 1 06 to 2.5 x 1 06
. The initial rate of polymerization, Rp's 

are ranged between (0.92 - 9.26) x 1 o-s moi.L-1.s-1
. The [11] values displayed by 

.polymers formed in the presence of montmorillonite are found to vary from 247 

to. 600 ml.g-1
. At a fixed TU and Fe(lll) concentrations (concentration of. Fe(lll) 

being moles of interlayer metal ions per 1000 mi. of the reaction mixture), all the 

parameters viz., Rp, XL, [11] and Mv are increased with the increase in AM 

concentration. The values of [11] and Rp varied from 363 to 480 ml.g-1 and 1.8 x 

1 o-s to 9.26 x 1 o-s mol. L-1.s-1 respectively for the variation of AM concentration 

from 0.3 to 0.6 moi.L-1 (Tabl~ 5). Amount of non-extractable PAM increases 

(0.09% to 0.4%) with increasing AM, TU and Fe(lll) concentrations. The percent 
' . 

conversions of the monomer have been plotted as a function of time of reaction . ' 

at different AM, TU and Fe(lll) concentrations in Figures 18 -·20. No induction 

period is observed in the present system also.' Although Rp and the XL 

decreased with decreasing TU concentrations, molecular weight of the polymer 
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Table- 5 

Polymerization of AM in aqueous medium (25 mi.)' in presence of 0.04 M TU 

and 0.50% (w/v) FeM at 50°C and varying monomer concentrations (pH- 2.01) 

[AM] Ra x10 5 xb [T\]c Mv x1o-5 Non-extractable 
p L 

moi.L-1 
moi.L-1.s-1 % 

ml.g-1 PAM (wt%) 

0.3 1.80 63 363 12.2 0.050 

0.4 5.51 76 369 12.5 .0.135 

0.5 6.00 48 397 14.9 0.133 

0.6 9.26 57 480 19.1 0.163 

alnitial polymerization rate, t>vield after 4.5 hrs., clntrinsic viscosity. 

Table- 6 

Polymerization of 0.4 M AM (0. 71 08 g) in aqueous medium (25 mi.) in presence 

of 0.04 M TU and 0.50% (w/v) FeM at 50°C and varying TU concentrations (pH 

-2.01) 

[TU] Rp x10 5 
XL [T\] Mv x1o-5 Non-extractable 

moi.L-1 

moi.L-1.s-1 % 
ml.g-1 PAM (wt%) 

0.005 0.92 20 270 8.9 0.138 

0.010 1.73 42 487 19.5 0.106 

0.015 1.90 45 300 10.3 0.126 

0.020 4.26 50 595 25.0 0.136 

.. 0.030 4.33 55 560 23.0 0.118 

0.040 5.51 76 369 12.5 0.135 

0.060 6.01 62 325 11.4 0.135 

0.080 7.22 74 230 7.2 0.178 
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Table -7 

Polymerization of 0.4 M AM (0.7108 g) in aqueous medium (25 mi.) in presence 

of 0.04 M TU at 50°C and varying amounts of FeM (pH - 2.01) 

[Fe(tll)]a [Mo]6 
Rp x10 5 

XL [r\] Mv x10-5 Non-extractable 

m.moi.L-1 L-1 ml.g-1 PAM (wt%) g. 
. mol. L-1.s-1 % 

0.60 2.0 4.76 61 340 12.0 0.09 

0.90 3.0 5.55 62 364 12.2 0.06 

1.20 4.0 5.56 66 325 11.4 0.14 

1.50 5.0 5.51 76 369 12.5 0.13 

2.07 7.0 6.61 77 284 9.5 0.21 

2.67 9.0 6.50 60 291 9.8 0.25 

3.93 13.3 6.43 48 230 7.2 0.39 

aconcentration of interlayer Fe(lll) in m.mol. per litre of the reaction mixture; 

corresponding concentrations in montmorillonite gel phase is 0.03 m.moi.L-1, 

bMontmorillonite content. 

Table -8 

Polymerization of 0.4 M AM (0.7108 g) in aqueous medium (25 mi.) in presence 

of 0.04 M TU and mixtures of 0.50% (w/v) montmorillonite (FeM and HM) at 

50°C and varying Fe(lll) concentration in gel phase (pH- 2:01) 

[Fe(lll)]a Rp x10 5 
XL [11] Mv x1o-5 Non-extractable 

m.moi.L-1 
mol. L -1.s-1 % 

ml.g-1 PAM (wt%)· 

0.38 (0.0081
) 2.05 36 290 9.8 0.102 

0. 75 (0.015f) 3.31 43 360 13.0 0.125 

1.13 (0.023f) 3.70 45 355 12.8 0.128 

.1.50 (0.030f) 3.70 76 369 12.5 0.135 

fMoles of interlayer Fe(lll) in 1000 mi. of montmorillonite gel phase. 
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was higher at lower TU concentrations. The Rp increases (0.~2 x1 o-S to 7.2 x o-S 
moi.L-1.s-1

) with increased TU concentration (5 x 1a-3 to 8 x 1a-2 moi.L-\ Hence 

on increasing the concentration of catalyst more thiourea is oxidized to generate 

relatively more isothiocarbamido radicals. Consequently, the number of 

propagating polymer chains and hence the rate of polymerization increases. At 

concentrations lower than 5.a x 10-3 mol. L-1, the polymer yield was too 

insignificant to be detected. At such a low concentration of TU, formation of the 

initiating species is obviously too small to initiate the polymerization re'action. 

The Mv ~f polymer reached Its maxim~~ value viz.,·2.5 x 1a6 at 2.a x10-2 moi.L-1 

of TU and a lowest value of 7.2 x 10s at B.Ox 10-2 moi.L-1 concentration (Table 

6). Unlike solution phase reaction as shown in previous section, Rp increased 

from .4. 76 x 1 as to 6.61 x 1 as mol. L-1.s-1 as the Fe(lll) concentration increased 

from a.6a x 1 a-3 to 2.a7 x 1 a-3 moi.L-1.s-1 (Table 7). At more high concentration 

of Fe(lll), however, Rp tends to decrease. Conversion efficiencies were also 

increased regularly with increasing Fe(lll) concentration upto 2.a7 x 1 a-3 moi.L-1
. 

Although [11] and molecular weights increased significantly due to 

montmorillonite phase reaction, the value of [11] and Mv were found to increase 

only slightly (from 34a to 369 ml.g-1
) for the incr~ase in Fe(lll) concentration 

upto 1.5a x 1 a-3 moi.L-1 and at more higher concentrations of Fe(lll), however, 

[11] value tends to decrease (Table 7) again. 

Effect of Temperature 

Tables 9 -11 represent the data pertaining the Rp, XL, [11], Mv and non~ 

extractable polymer yield as functions of the concentration of Fe(lll), TU, AM in 

the temperature range from 45° to 70°C. The Rp as well as XL increase with 

increasing polymerization temperature (Figure 21). The effect of temperature on 

the polymer viscosity and molecular weight are interesting. Upto a certain 

temperature these are increased but above that temperature the value.s ([11] and 
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Table- 9 

Polymerization of 0.4 M AM (0. 7108 g) in aqueous medium (25 mi.) in presence 

of 0.04 M TU and varying amounts of FeM and different temperatures (pH -

2.01) 

[Fe(JJJ) ]a [Mo]b Temp. Rp x10 5 
XL [TJ] Mv x1o-5 Non-

m.moi.L-1 L-1 oc ml.g-1 extractable g. moi.L-1.s-1 .% 
PAM (wt%) 

0.60 2.0 8.23 62 362 13.20 0.105 

0.90 3.0 11.74 63 275 9.10 0.097 

1.20 4.0 11.11 70 210 6.35 0.126. 

1.50 5.0 70 10.51 93 260 8.45 0 .. 120 

2.07 7.0 13.90 86 160 4.40 0.210 

2.67 9.0 14.80 75 135 3.53 0.260 

3.93 13.3 8.55 49 100 2.40 0.387 

0.60 2.0 9.72 75 275 9.10 0.060 

0.90 3.0 11.94 80 235 7.40 0.105 

1.20 4.0 12.65 90 225 6,97 0.118 

1.50 5.0 60 6.20 85 425 16.20 0.143 

2.07 7.0 8.73 82 225 6.97 0.180 

2.67 9.0 9.25 69 220 6.76 0.248 

3.93 13.3 7.22 47 200 5.95 0.405 

1.50 5.0 1.70 66 208 6.30 0.08 

2.07 7.0 5.95 53 280 9.33 0.137 

2.67 9.0 45 3.75 48 198 5.90 0.228 

3.93 13.3 6.25 36 180 5.18 0.342 

aconcentration. of interlayer Fe(lll) in m.mol. per litre of the reaction mixture; 

corresponding concentrations in montmorillonite gel phase is 0.03 m.moi.L-1, 

bMontmorillonite content. 
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Table -10 

Polymerization of 0.4 M AM (0.71 08 g) in aqueous medium (25 mi.) in presence 

of 0.05% (w/v) .FeM and varyirg TU concentrations and different temperatures 

(pH- 2.01) 

[TU] Temp. Rp x1 05 XL [TJ] Mv x1o-5 Non-extractable 

moi.L-1 oc 
mol. L-1. s-1 % 

ml.g-1 PAM (wt%) 

0.005 1.83 46 150 4.06 0.13 

0.010 6.50 42 563 23.67 0.12 

0.015 6.94 57 265 8.70 0.14 

0.020 70 9.60 49 535 22.12 0.13 

0.030 10.41 46 400 15.01 0.09 

0.040 10.51 93 260 8.45 0.12 

0.060 13.67 78 265 8.66 0.21 

0.080 15.87 84 200 5.95 0.18 

0.005 1.64 36 115 2.85 0.18 

0.010 2.77 48 447 17.40 0.13 

0.015 3.81 61 235 7.40 0.19 

0.020 . 5.55 53 443 17.20 0.12 

0.030 60 6.01 59 575 24.34 0.17 

0.040 6.20 85 400 15.02 0.14 

0.060 8.02 71 260 8.45 0.21 

0.080 12.82 77 250 8.01 0.29 

0.01 1.88 41 500 20.20 0.13 

0.02 2.29 36 505 20.50 0.07 

0.03 45 3.00 48 580 24.62 0.15 

0.04 1.70 66 208 6.30 0.08 
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Table -11 

Polymerization of AM in aqueous medium (25 mL) in presence of 0.04 M TU 

and 0.05% (w/v) FeM and varying AM concentrations at different temperatures 

(pH- 2.01) 

[AM] .Temp. R x10 5 · XL . [11] Mvx1o-5 Non-extractable 
p 

moi.L-1 oc 
moi.L-1.s-1 % 

ml.g-1 PAM (wt%) 

0.3 6.10 64 342 12.17 0.03 

0.4 10.15 93 260 8.45 0.12 

0.5 . 70 15.84 65 355 12.86. 0..07 

. 0.6 28.18 72 370 13.52. 0.13 

0.3 3.60 60 317 11.03 0.030 

0.4 6.20 85 400 15.00 0.143 

0.5 eo 7.90 67 435 16;80 0.102 

0:6 17.09 73 425. 16.30 . 0.172 

0.3 0.38 15 110 2.70 0.070 

0.4 1.70 66 208 6.30 0.080. 

0.5 45 3.01 36'. 350 12.55 0.076 

0.6 5.20 57 343 .12.20 0.184 

Mv} decreased. However, the· optimum temperature. upto_ which chain growth is 

enhanced, strongly depended on the reaction conditions. Significant 'gel effect' 

is oeserved, which is more prominent at lower temperature (Figure 21). The 

variation of the molecular weight of the polymer as a function of AM, TU and 

. Fe(lll) concentrations at different .temperatures are shown in Figures 22 - 24. 

From the Figure 22 it is observed that the variation of molecular weight with AM 

concentration is significant upto 0.5 moi.L-1 of AM 'above which .the molecular 

weights are almost constant. Several sets of polymerization experiments with . 

four different monomer concentrations at four different temperatures were 



In 
'o -)( -ll ..._, 
~ 
s; 
0) ·-C) 

~ 
~ 
.a -:l 
(.) ., 
0 
X 

• I 

20r---------------------------------------------

15 

10 

5 

0 
·1 ·2 ·3 ·4 ·s ·6 

(AM] (mol. L - 1 ) 

Fig. 22 Plots of Molecular weight versus [AM] for aqueous 

polymerization of AM with FeMfTU at 70°, 600 and 

45°C: [TU] = 0.04 M; FeM = 0.50% (w/v). 

• 60C 

• 70C 

4Sl: 



: .. 

tn 

'o ..... 

25 

X 20 -I~ -
~ 15 
'0. ·-G) 

~ 
~ 10 
CJ 
'3 
0 
C) 

0 5 
:E 

- -- ---- __ ,__ 

•02 •Q3 •04 ·as "06 

( TU) (mol. L- 1 ) 

Fig. 23 Plots of Molecular weight versus [Fe(lll)] for aqueous 

polymerization of AM with FeMfTU at 70°, eoo, and 

45°C: [AM] = 0.4 M; [TU] = 0.04 M. 

-,, 
--.' 

,·;:_ 



n 
•o .... 
)( -1/ 
'-' 
otJ 
.r:. 
0) ·-Q) 

~ 
.... 
co 
:J u 
0 

0 
~ 

15 

·10 

5 

0 

. Fig. 24 

soc 

so•c 
45(: 

7o·c 

0·6 1·2 1·8 2·4 3·0 4·2 
-1 3 [Fe (lll)]_(moi.L XlO ) 

Plots of Molecular weight versus [TU] for aqueous polymerization of 
AM with FeM I TU at 70°c, 60°c and 50°c : [TU] = 0.04 M; FeM = 
0.50% (w/v). 



\. 

15 
en 
I 
0 .... 
)( -> 

I:E 
'-' 10 ..., 
.r:. 
0 
CD 
~ 
"-IU 
~ 
0 
G) 

5 -0 
~ 

Fig. 25 

5 15 25 30 

[Fe ( 111)] in M 0 gel phase (mol. L- 1 x 10 3 ) 

Plots of Molecular weight versus [Fe (Ill)] in MOgel phase at 50°c 
[AM] = 0.4; [TIJ] = 0.04 M 

.. · 



52 

carried out keeping the TU (0.04 moi.L-1
) and Fe(lll) (1.5 X 10-3 moi.L-1

) 

concentration fixed. Arrhenius plot of - log (Rp) versus 1/T (in the temperature 

range 45° -. 70°C) as shown in the Figure 26 leads to.an average value of 14.9 

kcal.mor1 for the activation energy, E~. of the overall polymerization reaction. 

The-activation energy was increased from 1q.2 to 14.9 kcal .. mor1 as the Fe(lll) 

. concentration increased from 0.9·0 x 10-3 to 1.50 x 10-3 moi.L-1 (Figure 27). At a 

hig_her concentration of Fe(lll) (3.93 x 10-3 moi.L-\ however, Ea decreased . 

significantly (4.57 kcal.mor\· 

1H and 13C NMR Spectra of PAM 
' 

1 H and 13NMR spectra of polyacrylamide samples obtained from the 

polymerization on' the montmorillonite surface by FeM/TU initiator are shown in 
I . 

Figure 28. The 1H an~ as well as 13C NMR spectral patterns of PAM obtained in 

the montmorillonite phase reaction ar~ almost identical with those obtair:ed in 

solutio_n phase· reaction in ·absence of montmorillonite (discussed in section 

3.3.3). In Figure 28a, the overlapping of a sharp line with chemical shift of 2.12 . 
I ' . 

ppm, represents the· hydrogens from the isothiocarbamido end groups o( . 

. thiourea terminated PAM. The expanded 13C NMR spectrum (Figure 28b) 
' L 0 o • ' 

showed methylene, methine and carbonyl carbons of head -to - tail polymer of 

AM. The carbonyl carbon {at 180.2 ppm) splittings were small. Similar to the 

· spectrum of PAM obtained .from solution phas~ reaction (discussed in section 

3.3.3) the methine resonance (42.2 - 43.5 ppm) is -a triplet (tried sensitivity) 
. . 

which is further split, showing. pentade ~ensitivity. The low field and high field 

triplet peaks·may beassigned torr (syndiotactic) and mm (isotactic) sequences, 

respectively. The central peak corresponds to heterotactic sequences (mr + rm). 

The methylene carbon lines (34- 37.4 ppm) also fall into three well separated 

groups· with all_ 20 lines required by hexad· sensitivity resolved .. It seems 

apparent from the 13C ·spectrum that just like the spectrum of PAM obtained in

homogeneous solution, Bernoulli statistics are. followed and stereo~regularity 

has. not . been observed in the present case also. However, the PAM trapped 
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inside the interlayer spaces of montmorillonite, which could not be extracted. by 

washing with· water may have such possibility of showing stereo-regularity. 

Attempts are being made to extract these polymers in mild condition for further 

study. 

Effect of pH 

Aqueous polymerization of AM· is also dependent significantly on the pH 

of .the solution. Previous report showed that low-moisture content clay minerals 

promote the spontaneous cationic polymerization of styrene but interfere with 

th~ free radical polymerization. Both Bronsted and Lewis acidity have been 

involved in the cationic polymerization initiated by dry clay minerals. The acidity 

of the clay mineral increases on drying225-227
. In the present study, the reaction 

' 
is carried out in aqueous medium and the surface acidity is less as compared to 

· the dry mineral. In the pH range from 1 ,52 to 2.1 0, the polymerization is carried 

out with FeM/TU initiating system. Above pH 2.1 0, no significant polymerization 

takes place. The XL, Rp and [11] as welf as Mv of the polymer are shown as a 

function. of pH in Table 12. The transition metal (Fe(lll)) in interlayer space of 

montmorillonite reacted with isothiourea, the · tautomeric form of thiourea, 
. . 
generating amidosulfenyl radical to initiate pplymerization2116

. 

(thiourea) (isothiourea) 

Fe(ll) Clay 

( amidosulfenyl radical) 
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Table -12 

Polymerization of 0.4 M AM (0.7108 g) in a_queous medium (25 mi.) in presence 

of 0.04 M ~U and 0._50% (w/v) FeM at 50°C and varying pH. 

pH 

1.52 

2.10 

2.528 

2.958 

Rp x10 5 

moi.L-1.s-1 

4.41 

5.51 

a = no polymer formed 

XL 

% 

63 

40 

Lr,J Mv x1o-s Non-extractable 

ml.g-1· PAM (wt%) 

300 10.0 0.080 

369 12.5 0.135 

-

At low pH the tautomeric equilibrium of TU in aqueous solution a shift~d 

towards isothiocarbamido form facilitating the formation of primary radical. 

Moreover, the profonated form of the amidosulfenyl radical at low pH is· more 

stable than the radical itself and consequently· the dimerization process is less 

Javourable 114. 

Previous studies have ·also shown that the intensity_ of .E.S.R. signal of 

the spin trap-radical adduct. was maximum at low pH114. 

Effect of Organic Solvents 

It has been· found that 1 the use of ·.additives like different 
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solvents 149
•
162

•
164

•
230

, surfactants 150
, neutral salts2~·210 '157, complexing agents 154

, 

retarders228 and catalyst influenced the polymerization process and the 

properties of the resulting polymer~. Pifferent solvents· were added· to the 

polymerization medium and their effect on the polymer yield were studied. From 

the Table 13, it is found that some water miscible organic solvents viz., ethanol, 

DMSO and DMF depressed the polymer yield increasingly as the concentration 

of such solvents was' increased from 2 to 40% (v/v). But in case of dioxan, the 

polymer yield increased with increasing the concentration upto 20% (v/v) but 

decreased at higher concentrations. The decrease in polymer yield on addition 

of such solvents was due to decrease in the area of a shielding of a strong 

hydration layer in aqueous medium resulting in the termination of radical end of 

the growing chain. Similar observations were made on . addition of such · 

solvents, namely DMF and alcohols to the polymerization medium by Misra and 

Bhattacharya130
•
164

. Followi!lg factors131 may considered for the observed 

increase in the polymer yield upto 20% dioxan solvent. 

(i) Capability of the solverit to dissolve the monomer in the polymerization 

medium, 

(ii) Formation of the solvent radicals from the primary radical species ·of the 

initiating system, 

(iii) Contribution of the solvent radical in the activation of the monomer. 

At a particular composition (20% v/v) of organic aqueous mixtures, the 

efficiency of solvents in promoting the polymerization of AM follows the order; 

Dioxan > Ethanol >DMSO > DM.F 

The effect of concel'}tration of different solvents on molecular weight are . 

depicted in Table 13. The decrease in molecular weight with inc_reasing 

concentration of the organic solvents is probably due to premature termination 

of the growing polymer chains by transfer to solvents 164
· 
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Table -13 

Effect of organic solvents c:m .polymerization of 0.4 M A¥ (0. 7-1 08 g) in aqueous 

medium (25 mi.) in presence of 0.04 M TU and 0.50% (w/v) ·FeM at 50°C (pH -

2.01) . 

(.)· ........ Ethanol DMSO Dioxan . DMF Water > ·c: > ro ._ 
XL Mvx XL. Mvx XL Mvx XL · Mvx XL Mvx C) rJ) .... ..... 

0 c 
10-5 10-5 10-5 10-5 10-5 '+- (1) % % % % % 0 > 

~·0 0 rJ) 

0 76 12.5 

2 65.99 5.75 63.51 11.37 20.71, 6.23 71.04 3.10 
'. 

5 65.10 61.64 60.65- - 51.88 -

10 . 64.32 59.00 76.49 46.86 

20 61.16 0.05 44.56 3.18 ·. 94.36 0.90 24.86 0.48 -

49 31.-63 23.77 44.97 1.96 

Effect of Surfactants 

The effect of cationic (CTAB) and non ionic (Triton-x-1 00 (R)) surfactants 

on. the polymerization qf AM with FeM/TU initiating systems have been studied. 

The rate of polymerization as well as percent conversion are found to increase 
. . ' 

with cationic micelle concentration of CATS ("~able 14). However, the effect of 

non ionic micelles on the polymerization rate and yield is reverse. 

FeM/TU redox couple brings about 76% conversio_n in aqueous medium 

at 50°C but 98% conversion. is observed in presence of CTAB under identical 

conditions. The hydrophobic interaction and the electrostatic attract!on are 

possibly responsible for the spectacular rate enhancement or retardation 

.. 
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exhibited by the micelles of surfactants231 ·233
. The molecular weight of the 

resulting polymer are found to decrease for both CTAB and Triton-X-1 00 (R). 

Table -14 

Effect of surfactants. on polymerization of 0.4 ,M AM (0.7108 g) in aqueous 

medium (25 mi.) in presence of 0.04 M TU and 0.50% (w/v) FeM at 50°C (pH -

2.01) 

c Rp x10 5 
XL [11] Mv x1o-5 Non-extractable 

0 ~ 
~ ....- ml.g-1 PAM (wt%) ro 

>< moi.L-1.s-1 % L.. 

E 
..... .... c ' 

::J Q) ...J 
u --a c 0 

Q) 0 E 
2 (.) 

Water 5.51 76 369 12.50 0.13 

CATS 5 10.31 98 20 0.27 0.16 

Triton- 5 6.82 63 245 7.80 0.22 

X-100 

(R) 

Kinetics and Mechanism 

Polymerization mechanism and kinetics both are affected to a great 

extent due to the occurrence of the reaction in the mineral microenvironment 

resulting in the significant increase in the molecular weights and intrinsic 

viscosities of the polymers. The variation of the initial rate of polymerization as a 

function of monomer concentration in the presence of montmorillonite is shown 

(double logarithm plot) in Figure 29. Not all the points fell on a linear line. If it is 

assumed to be linear, the slope could be estimated as about 2.3. (The proposed 

mecha!Jism, however, predicts an exponent of 2.0, the error in the experimental 

data may be introduced from the inherent coarseness in following the kinetics of 
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a heterogeneous system.) The significant change in the monomer exponent due 

to occurrence of the reaction on the montmorillonite surface indicates that the 

polymerization mechanis_m is greatly affected by the mineral microenvironment. 

A rate dependence of second order and above on monomer concentration was 

also observed earlier in heterogeneous and precipitation polymerization of 

acrylamide and _various· interpretations, including 'cage effect' and 'complex 

theory' were proposed to account for the significant departure from first order 

kinetics223
•
224

. The 'cage effect' suggests that when an initiator decomposes into 

~<;> radicals, there is a- formation of a potential barrier by the surrounding 

solvent molecules which prevent their immediate diffusion arid favours their 

destruction by mutual recombination (already discussed). The 'complex theory' 

is based on the formation of a complex between the initiator and the monomer, _ 

the rate-of initiation then" being determined by the rate of decomposition of the 

complex. The 'cage effect' seems to be a good conceptual starting point in 

explaining the high monomer exponent which have been_ observed in the 

present system. To examine the dependence of rate on the montmorillonite 
' - . 

content- and Fe(lll) coricentrati~ns, the initial rate of polymerization is plotted as 

a· function of Fe(lll) ion concentration (Figure 30). Rp is increased with the 

montmorillonite and Fe(lll) contents of the reaction mixture but the slope of the 

logarithm plot varied from 0.25 to 0.40 as a result of raising the reaction 

temperature from 50° to 70°C. However, if the locus of _polymerization is 

assumed to be the interlayer space of montmorillonite, above slopes cannot be 

regarded as metal ion exponents because increasing addition of Fe(lll)

saturated mineral does not increase Fe(lll) ion. concentration in the mineral 

phase but, on the contrary, only adds to the total metal iori ahd adsorbent 

contents of the reaction mixture. This, in tem, increases monomer and TU 

contents Qf the intercalate_ position, which result in the high rates of polymer 

yield. In order to measure the actual metal exponent for the reaction in the 

mineral phase, Rp values ~ere plotted as a function of Fe(lll) ion concentration 

in the montmorillonite geL The concentrations of Fe(lll) in the montmorillOnite 

gel were varied by adding calculated quantities of HM in the reaction mixture 



a. 
tt: 
01 
0 

_J 

+ 
ltl 

Slope =0·40 

, . 1 

0 

1"0 

0·9 

0·8 Slope =0"25 

0•7 

0·6 

o·s 

0·4L__L __ L__L __ L__L~L_~~--~~~~~~~-;~ 
0~ 0·6 0·8 1'0 1"2 1•4 1"6 

Fig. 30 

4 + Log [Fe ( Ill ) J 

Logarithm plot of Rp versus [Fe (III)] : [AM] = 0.4 M; [TU] = 0.04 
M and[MO] = 0.5% 



59 

(Table 8). The slope of such logarithm plot (Figure 31) ha~ been estimated as 

0.50 ·at 50°C. (The concentration·· of Fe(lll) now being moles of interlayer Fe( Ill) 

ions per 1000 mi. montmorillonite gel; the water content of montmorillonite 

sample was measured following the method described by Marinsky and co

wo,rkers and found to be 10 ml.g-1)234
. Figure 32 shows the dependence. of Rp 

on TU concentrations. Since the isothiocarbamido primary radicals have strong 

tendency to dimerize above 0.05 moi.L-1, present study was confined below that 

concentration only1 14
. Again not all the points fell on the ·linear line (in the 

loQarithm plot) owing to . the heterogeneous reaction mixture. However, the 

slopes of the' average line drawn through the poi_nts at two different 

temperatures indicate that the reaction is first order with respect to TU · 

concentrations. To rationalize the experimental results and to predicts a 

possible mechanism for the seemingly complex polymerization reaction 

occurring in the mineral microenvironment, the following assumptions are 

made221 .222. 

(1) Intercalated TU reacts fast with Fe(lll) ions of montmorillonite layered 

spaces to form the reactive Tu• (isothiocarbamfdo radicals) via an 

intermediate com-plex. The decOmposition of the complex is the rate 

controlling step. 

(2) In the acidic and metal ion exchanged aqueous montmorillonite system •. a. 

fraction of the intercalated acrylamide molecules are present near reacting 

sites as pairs either through h.emisalts formation,· . where two amide 

· molecules share a: proton by means of symmetrical hydrogen bond or/and · 
~ ' I • 

through weak coordination to the exchanged cations2
. The protonated as 

well as the complexed . amide pairs are at first equilibrium with 

unprotonated and free amide molecules, respectively, which are defined by· 

a protonation constant or a -formation constant. In view of high monomer 

exponent, it is certain th_at it must have resulted in part from the involvment 

of monomer in the initiation step, where such. monomer pairs are entailed. 
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(3) Since the reactive TU radicals are formed as pairs, assumption of the 

'cage effect' seems to be conceptually appropriate. The initiation step 

involves collision of the 'amide pairs' with caged TU radicals at the wall of · 

the cage and random diffusion of the radicals from the cage and their 

· secondary recombination are less significant in comparison to the rate of 

dimerization of caged radicals or their reaction with acrylamide. 

Initiation 

._ K.- . 
Fe(lll) + TU ~ Fe(lll) - TU (13) 

complex 

(14) 

(15) 

· Propagation 

Mj+M (16) 

M~-1 +M 
kp. 

M~· ............ etc. 

Termination 

(17) 

(18) 

II 

kt TU-TU (19) 

(caged species are enclosed in brackets) 
. . 

Utilising the equation (13) and (14), the consumption rate of Fe(lll) 

concentration as shown in previous section 3.3.3, is given below: 



61 

-~[·_ ] _ kd K[Fe(III)](Tuf ·. 
dt Fe(lll) - .1 + K [TU] ... (20) 

' ' ,· 

Now, assuming that the rate of formation of TU radicals is exactly equal to the 

rate of disappearing Fe(lll) i_ons we· obtain, (considering the steady state of 

ru·): 

kd K [Fe(lll)] [TU] 2 
_ · ... 1 [ •·

1 
· 2 · k~ [ ru•] [Fe(lll)] .. [ •] 

1 + K [TU] - k 1 K TU [M] + 1 + K [TU] + kt TU 

(K1 = [M2H+] I [M]2 is the· apparent protonation constant at a fixed pH (or a 

formation constant)) 

Ag~in, considering the ste~dy state of f\.11~· 
. 2 

kiK1 [ru•] [M] 2 
= kt[M~] 

[ 
. ] kt(M~] 2. 

. T u· - ____.,.=-----=--
- ki K1 [M] 2 

Equ~ting RHS of equation (21) a·nd (22) 

2 
kt [M~] _ kd.K[Fe(lll)] [TU]2 

· . kiK1 [Mf.- ki K1 [M] 2 + ki K1 K[M]~ [TU] + kaFe(lll)] +k~'( 1 + K[TUJ) 

· • 2 . kiK1Kkd·[Fe(III)](TUf[Mf. . · 

. [Mn] ~ k1(k; K1 [Mf +k; K1 K[M] 2 [TU] + k;[F9(111)]+k;·(1 +K[TU])) 

(21) 

(22) 

' . 
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[M"j ~ ( k; K 
1 
K kd) 

112 
[Fe(lll)r

12 
[TU] [M] 

n . k~ 12 (k; K1 [Mf + k; K1 K[Mf [TU] + k~[Fe(lll)] + k~· ( 1 + K[TU])) 
11 ~ 

kp ( k; K1 K k.d) 
112 

[Fe(lll)) 
112 

[TU] [M] 2 . 
R -----------~----~----------------------~ 

P - k~ 12 (k; K1 [M] 2 + k; K1 K [M] 2 [TU] + k~[Fe(lll)) + k~' ( 1 + K[TUJ) f'2 

(23) 

If the oxidative termination (step 18) is assumed to be insignificant in 

comparison with the dimerization rate of caged radicals, equation (23) reduces 

to: 

The interpretation of high kinetic order of the monomer finally hinges on 

the dominance of a reaction between caged radicals and those of monomers 

with the radicals at the cage wall. Although the concentrations of the monomer 

and TU in solution phase were fixed mostly at 0.40 moi.L-1 and 0.04 moi.L-1 

respectively, the concentration of intercalated species must be much lower, 

specially due to the presence of water molecules in the interlayer spaces. 

Thus, while the concentrations, [MJ and [TU], in the montmorillonite gel

phase should be 

(25) 

and 
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(26) 

(subscript's' denotes solution) 

(L~ and e are the total active sides in units rriass of montmorillonite and the 

fra'ction of totc:il sites occupied by such species respectively; K~ and K~ are the 

selectivity coefficients). 

The denominators_ of equations (25) and (26)· are nearly unity. By 

appropriate substitution of [ryJ] and [TU] in equation (24) and considering the 

dominance of the last term of the denominator over others, the equation 

becomes 

(27) 

(Values of K~ (or Kfu), L~ and K a.re of the order of 1 o-2
, 2 m.mol.g-1 and 2 

L.mor1
, respectively221

_. Small. values of above parameters includin~ that of K1
, 

\ . . 

· ensure that terms involving quadratic and above concentrations are very small 
' ' 

in the present conditions23q·236). 

·Further inspection of· equation (27) shows that the value-of KL~K~[TU]s 

in· the denominator varies from 1 0-5 to 1 o-a for the variation of aqueous TU 

concentration from 0.05 tc:> 0.005 moi.L~1 • This ,implies that th~ rate equation 

under the present condition is reduced to-

, (- 1/' '')1/2 a-( 8 )1/2( 8 )3[- _ ]1/2 2 Rp = kp kd ki KK __ kt kt Ktu Km L0 Fe(lll) [!U]5 [M] 5 

(28) 
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Reviewing the above result, it is found that equation (28) could 

satisfactorily account for the present behaviour of the Fe(III)-TU initialised 

acrylamide polymerization exhibited in the aqueous montmorillonite layered 

space. 
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3.5 AQUEOUS POLYMERIZATION OF ACRYLAMIDE BY Ce(IV) -

EDTA REDOX COUPLE ON MONTMORILLONITE SURFACE 

3.5.1 Introduction 

Redox initiators have been ~sed extensively in homo and 

copolymerization reactions. Consideraple amount of works are available in the 

literature on redox polymerization where metal ions viz., cerium (IV), vanadium 

(V), chromium (VI), cobalt (Ill) and iron (Ill) were used as oxidants222
•
237

. The 

reducing agents in the above redox systems were alcohols, aldehydes, aCids, 

thiols. and amines. Although most of them showed low conversions and rates, 

some of them exhibited more promising_ results than others. However, a 

common feature of these systems is that almost all of them yield only low 

molecular weight polymers due to fast termination of polymer chain via transfer 

to the metal oxidant of the initiator couple. In the previous section of the present 

chapter a novel technique by which chain growth was enhanced by trapping the 

metal oxidants in the · interlayer space of montmorillonite has been 

demonstrated. While the redox characteristics of the metal and its efficiency in 

activating redox polymerization of aq·ueous acrylamide molecules remain almost 

unaltered in the montmorillonite layered space, linear termination of growing 

polymer chain was sufficiently controlleq. This is possible because polar organic 

activator (thiourea) as well as the monomer could intercalate between the layers . 

. of the mineral where the metal oxidants are already trapped. In this section, 

att~mpts have been made to extend the scope of the technique as described in 

section 3.4 by studying the effect of mineral microenvironment on Ce(IV)-EDTA 

initiated aqueous · acr)tlamide · polymerization with a view to generalise the 

adopted method for enhancing chain growth. 

3.5.2 Experimental 

Experimental procedure has been discussed in section 3.2. 
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3.5.3' Results and Discussion 

Tables 15 - 17 represent the data pertaining to the initial rates (Rp), 

polymer yield (XL), intrinsic viscosity [11] as well as molecular weight (Mv) and 

non-extractable polymer formed as functions of the concentration of Ce(IV), 

EDTA, AM and temperature. 

The molecular weights of the polymer are moderately high and ranged 

from 3.9 x 105 to 2.9 x 106
. The initial rate of polymerization, Rp's obtained are 

ranged between (2.1 - 10.6) x 10-5 moi.L-1.s-1 depending on various reaction 

parameters. Upto 95% of the polymers are formed at 50°C in the presence of 

1.5 x 10-3 moi.L-1 c:>f Ce(IV) ions (EDTA = 0.01 moi.L-1 and AM= 0.4 moi.L-\ At 

a fixed EDTA and Ce(IV) concentrations, all the parameters, viz., Rp, XL and Mv 

are increased with the increase in AM concentrations. The Rp and XL also 

increase from 3.0 x 10-5 to 8.9 x 10-5 mol. L-1.s-1 and 16% to 50% respectively. 

with the increase of AM concentrations in the range of (0.36-0.60) x 10-3 moi.L-1
. 

The value of [11] as well as Mv are also varied from 145 to 650 ml.g-1 and 3.9 x 

105 to 2.87 x 106 respectively. On the other hand, Rp increases/ with increased 

concentration of EDT A Higher concentration of the activator, EDT A, increases 

the concentration of initiating radicals and consequently the number of 

propagating polymer chain and the rate of polymerization increases. Higher the 

concentration of EDTA, higher is the polymer yield but lower is the molecular 

weights of the polymer. The value of [11] is also varied from 430 to 240 ml.g-1 

with the variation of EDTA concentration between (2.5·to 10.0) x 10-3 moi.L-1
: At 

a fixed AM and EDTA concentrations, the Rp also increases with the increased 

concentr~tion of Ce(IV) ion. The concentration of Ce(IV) in the montmorillonite 

gel phase was varied by adding calculated quantities of HM in the reaction 

mixture. Molecular weight of polymer and polymer yield as well as intrinsic 

viscosity decreased with increased Ce(IV) concentration in the gel phase. 
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Table -15 . 
Polymerization of AM in aqueous medium (25 mi.) in presence of 0.0025 M 

EDTA and 0.50% (w/v) CeM at 50°C and varying monomer concentrations (pH 

- 2.01 ). [Concentration of interlayer Ce(IV) is 1.5 m.mol. per litre of the reaction 

mixture. Corresponding concentration in montmorillonite gel phase is 0.03 

m.moi.L-1] 

[AM] Rb x1o5 xc [ll]d Mv x1o-s Non-extractable 
p L 

moi.L-1 
moi.L-1.s-1 % ml.g-1 PAM (wt%) 

0.36 3.0 16 145 3.9 0.01 

0.40 4.5 44 430 16.5 0.06 

0.50 7.9 40 620 26.9 0.23 

0.60 8.9 50 650 28.7 0.70 

blnitial polymerization rate, CVield after 4.5 hrs., dlntrinsic viscosity. 

Table -16 

Pqlymerization of 0.4 M AM (0.7108 g) in aqueous medium (25 mi.) in presence 

of EDTA and 0.50% (w/v) CeM at 50°C and varying EDTA concentrations (pH-

2.01). 

[EDTA] Rb x105 XE [ll]d Mv x1o-s Non-extractable 
p 

moi.L-1 
moi.L-1.s-1 % 

ml.g-1 PAM (wt%) 

0.0025 4.5 44 430 16.5 0.06 

0.0050 7.0 86 300 10.2 0.20 

0.0075 9.7 89 210 6.4 0.27 

0.0100 10.6 95 240 7.6 0.30 
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Table -17 · 

P~lymerization of 0.4 M AM (0.7.108 g) in aqueous medium (25 mi.) in presence 

of 0.0025 M EDTA and 0.50% (w/v) montmorillonite (GeM + HM) at 50°C and 

varying Ce(IV) concentrations in gel phase (pH- 2.01). 

[Ce(IV)]a Rp x105 
XL [rl] Mv x1o-s Non-extractable 
J . 

ml.g-1 PAM (wt%) m.moi.L-1 
moi.L-1.s-1 % 

0.0125 2.1 68 600 25.7 0.25 

0.0150 2.2 '63 620 26.9 0.19 

0.0188 2.6 61 325 '11.3 0.04 
.c . 

0.0225 3.1 35 450 17.6 0.13 

aconcentration of interlayer Ce(IV) in m.mol. per litre in montmorillonite gel. 

Table -18 

Polymerii~tion of 0.4 M AM (0.7108 g) in aqueous medium (25 mi.) in presence 

of0.0025 M EDTA and 0.50% (w/v) CeM at different temperatures (pH- 2.01). . . 

[Ce(IV)]a Temp. Rp x105 
XL [rt] ' 5 

Mvx1o- Non-extractable 

m.moi.L-1 oc 
moi.L-1.s-1 % 

ml.g-1 PAM (wt%) 

70 22.2 85 315 10.9 0.11 

60 1'0.2 75 270 8.9 0.09 

1.5 50 4.5 44 430 16.5 0.06 

45 2.0 40 500 20.0 0.17 

a concentration of interlayer Ce(IV) in m. mol per litre of the reaction mixture. 
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' ' 

The percent conversion of polymerization has been plotted as a function 

of reaction time at different AM, EDT A and Ce(IV) concentrations in Figures 33 

- 35. No induction period is observed ln any set of the polymerization 

experiment. The increasing amount . of non-extractable polymer· has· . been 

observed with increasing concentration of AM, EDTA but the same is decreased 

with increase in concentration of Ce(IV) in gel phase. 

Effect of Temperature 

The effect of temperature on the polymerization rate of acrylamide was 

investigated -over the range of 45° - 70°C (Table 18). The higher the 

temperature faster is the· polymerization· rate .. and 'higher the polymer yield 

(Figure 36). On the other hand, higher the temperature, lower is the molecular 

weight of the polyacrylamide formed. As shown-. in Figure 31 the temperature 

dependence of th~ polymerization rate almost f()llowed the Arrhenius relations. 

The pseudo-overall activation energy might be estimated from the slope of the 

plot: it ~s 19.3 kcal.mor1
, which is close to that usually observed. for 

.polymerization·by redox systems169
•
238

. 

Kinetics and Mechanism 

Ce(IV)-EDTA pair is an effective initiator for the aqueous polymerization . . 
of acrylamide. _The polymers formed by the above system should carry. with 

EDTA at the terminal. In other words, the .EDTA supported chelating polymers 

m~y be obtained, and they would be potentially used as catalyst for chemical 

reactions, chelating agents for metallic ions· and functional polymers .. Figure 38 

shows the logarithm plot of Rp as a function of monomer concentration. The plot 
. . 

is linear with a slope of approximately unity. This indicates that the initial rate is 

approximately first order with respect to the monomer concentration. Small 

value of Rp below an acrylamide concentration of 0.4 mol.~ -1, which results in 

the marked deviation of the point from the straight line of Figure 38 ·is probably 
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an indication of low level of intercalated monomer in the interlayer space .. The 

significant departure of monomer exponent from 2.0 . (in absence of 

montmorillonite) to 1.0 in the presence of clay mineral demands that the 

polymerization mechanism be reconsidered for the present conditi.on222
, To 

. examine the dependence of the rate of reaction on Ce(IV) ion concentrations, 

the initial rate of polymerization is plotted as a function of Ce(IV). concentrations 

· in ~ontmorillonite gel phase (Water content of montmorillonite gel was 10 ml.g-1 
. . 

as already mentioned in section 3.4.3). The slope of such _a logarithmic plot 

(Figure 39) has been estimated as 0.64 '(proposed mechanism, however, 
' predicts an exponent of 0.50, the error -in the experimental data may be 

introduced from the inherent coarseness in following kinetics of a 

heterogeneous system). Figure 40 shows_ the dependence of Rp on EDTA 

concentration. Not all points fell on a linear line (in the logarithm plot) owing to 

the heterogeneous reaction mixture.· Ho"Yever, the slope of the average .line 

drawn through the points is found to be approximately 0.50. To. rationalize the 

above experimental results and to predict a possibl~ mechanism for the Ce(IV)

EDTA initiated polymerization in presence of montmorillonite, following 

assumptions are made. 

(1) Intercalated EDTA molecules react fast with Ce(IV) ions of montmorillonite 

layered space to form reactive. EDTA radicals via an intermediate complex. 

Due. to restricted mobility of Ce(IV) ions at the exchange sites of 

montmorillonite, the formation constant of the complex is small. The 

· decomposition of the complex is the rate controlling step: 

(2) Polymerization locus is the interlayer' space of montmorillonite. The linear 

termination of growing polymer chain by Ce(IV) ions is restricted due to the 
~ 

presence of metal ions in the layered .space.· 

(3) In the acidic and metal ion exchanged aqueous montmorillonite system, a 

fraction of the intercalated acrylamide molecules is present near reacting 
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sites as pairs either through hemisalts formation, where two amide 

molecules share a proton by means of symmetrical hydrogen bond or/and 

through weak coordination to the exchanged cations. The protonated as 

well as the complexed amide pairs are at first equilibrium with unprotonated 

and free amide molecules, respectively, which are defined by a protonation 

constant or a formation constant. The initiation step involve the collisions of 

acrylamide with EDTA radicals, where such monomer pairs are entailed. 

Initiation 

- K 
Ce(IV) + EDTA(R)~ Ce(IV)- R 

complex 

Ce(IV)- R _k~d ---+> R• + -Ce(JII) + H+ 

Propagation 

Mj+M M2 
kp 

M~-1 + M ----'----7 M~ ............ etc. 

Termination 

Mn -Mn 

kt Oxidative product + Ce(JJI) + H+ 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 

Using the above scheme and the pseudo steady state assumption we derive 

the rate expression as follows: 
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-~[-. ) _ kd K[R] (Ce(IV)) 
dt Ce(IV) - 1 + K [R] (35) 

Now, assuming that the rate of formation of EDT A radicals is exactly 

equal to the rate of disappearing of Ce(IV) ions, we obtain, (considering the 

steady state of EDT A •). 

kd K [R] [ Ce(IV)] _ . 1 [ •] 2 kd R• ][ Ce(IV)) 
1+K[R] - k 1 K R [M] + 1+K[R] 

(K1 (= [M2H+] I [M]2
) is. the apparent proto nation constant at a fixed pH (or a 

formation constant)) 

[R•] = kdK~R~(IV)] 
( 

1 2 
. kt( Ce(IV)) l 

lkiK [M] + 1+K[R] j(1+K[R1) 

[R•] = kd K[Rl[Ce(IV)] 

ki K1 [Mf +Kki K1 [Mf [R] + k~ [Ce(IV)) 

Again, considering the steady state of M~ 

ki K1 [R•][M]
2 

= kt [M~] 2 

R• _ kt [M~]
2 

[ ] - ki K1 [M] 2 

Equating RHS of equation (36) and (37) 

(36) 

(37) 

I~ ; 
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• 2 ki K 1 K kd [M] 2 [Rl[ Ce(IV)] · · 

[Mn] = kt(k; K1 [M] 2 +k; K1 K[M] 2 [Rj +k; (Ce{NJ]) 

kp ( ki K 1 K kd) 
112 

[R] 112 [M] 2 [ Ce(IV)] 
112 

Rp .== 112 
kf2(ki K1 [M] 2 + ki K1 K[M]~ [R] + ka Ce(IV)]) 

(38) 

C~reful analysis of · the experimental result suggests that the rate of 

oxidative termination (step 34) is very slow in the restricted space of the mineral 

and the last term in the bracket of the denominator may be neglected. Above 

equation may thus be reduced to 

R - (k~/2 K1/2 kpjk~'2) [Ce(IV))1/2 [R]1/2 [M] 

P- (1+K[R]) 112 (39) 

The concentrations, [M] and [R], in the montmorillonite gel-phase may be 

. given by equations (40) and (41) 

L8 K 8 [M] 
[M] == L~ em == o m s 

1 + K~ [R] 8 + K~[M] 8 
(40) 

and 

(41) 

(subscript,'s' denotes ~olution) 
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(L~ and e are the·total active sites in units mass of montmorillonite gel and the 

fraction of the total sites occupied by each species respectively; K~ and K~ are 

the selectivity coefficients). 

Although the concentrations of the,monomer and EDTA in solution phase 

were fixed mostly at 0.40 moi.L-1 and 2.5 x 10-3 moi.L-1 respectively, 

concentration of intercalated species must be low, due to the presence of water 

molecules in the interlayer spaces. Substituting [M] and [R] in equation (39) in 

terms of those of equations (40) and (41) (assuming the denominators to be 

approximately unity under present condition), Rp becomes, 

(42) 

The concentrations of .EDTA used in the· present study were low and 

ranged between 2.5 x 10-3 to 0.01 moi.L-1
. In view of the assumption that the 

complex formation constant, K; in the present condition is also small, the value 

of (K L~ K: [R]s) may be considered insignificant in comparison to unity. 

Equation ( 42) thus be reduced to 

· a ( a )3/2 ( a A )1/2 [- ]1/2 1/2 Rp = kp Km L0 kd KKRtkt Ce(IV) [R] 5 [M] 5 (43) 

Reviewing the above result, we find that equation ( 43) could satisfactorily 

a.ccount for the present behaviour of the Ce(IV)-EDTA initialized acrylamide 

polymerization exhibited in the aqueous montmorillonite layered space. 
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3.6 GENERAL DISCUSSION 

Montmorillonite especially, and other clay minerals in general, give 

powder ESR spectra containing a multiplicity of lines which essentially fall into 

three zones. Figure ·41 a shows ESR spectra of the present montmorillonite 

sample containing 0.03% and 2.14% (w/w with respect to mineral wt.) iron in 

exchangeable and lattice position respectively. Signal near g = 4.3 due to 

paramagnetic Fe(lll) cations may be attributed to cis and trans octahydral sites, 

having axial and rhombic symmetry: A very broad· signal near g = 2.2 arises 

from exchange interactions between clu$ters of. Fe(lll) ions which may be 

present on the surfaces of the smectite as well as due to hydrated Fe(lll) in the 

exchangeable sites239
. A very small but sharp signal at g = 2.00 has been 

ass~gned to structural defects. Figure 41 b shows the ESR spectrum that arises 

from the same montmorillonite sample but pretreated with excess TU at 50°C 

for 30 min. under nitrogen. Significant decrease of the intensity at g = 4.3 signal 

indicates that TU reacts with lattiCe Fe(lll) and forms non-Kramers species 

which are ESR silent. Bhattacharya and co-workers put forward chemical and . . 

electrochemical evidences to show that isothiocarbamido radicals (I) in above 

reaction can activate radical polymerization of methyl methacrylate in aqueous 

medium 113
. However, in the present study attempts to polymerize water soluble 

acrylamide monomers by lattice Fe(III)/TU combination were unsuccessful at a 

wide range oftemperature as already mentioned in section 3.4.1. On the other 

hand, polymerization initiated by the same redox couple but by loading Fe(lll) 

ions in the interlayer spaces of montmorillonite influences the kinetics as well as 

the mechanism to a great extent than those of solution phase reraction. 

Previous studies showed that polymerization of various water insoluble 

vinyl monomers by redox couples involving TU as the reductant, involved 

isothiocarbamido primary free radicals (I) in aqueous acid solution113
. Owing to 

high 'g' anisotropy and a very short relaxation time, detection of this radical by 

ESR spectroscopy was not possible L:Jntil recently, when . ESR study of spin 

. adducts of the radical was reported114
. In the present system also it is beli.eved 



Fig. 41 

a 

g=2·0 

E. s. r.. spectra of air dried powder montmorillonite sample at 20°c : 
(a) H+ exchanged; (b) pretreated ~ith thiourea at 50°c under N2 
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the same primary radicals (I) is formed and the propagating radicals from 

acrylamide are trapped by methyl nitrosopropane. (MNP) spin trap. Figure 42 

show the ESR spectrum of the MNP spin adduct of the radical (II). 

·(I) 

H 
I ~Bu 

l""ttJ c~-c- N 

I "d 
CON~ 

(II) 

The · spectrum depicts a 1 : 1 : 1 triplet of doublets. The triplet is 

undoubtedly priginated from the nitroxide radical (aN= 1.45 mT) of MNP and the 

doublets are generated from H~ splitting (aH = 0.31 mT). The isothiocarbamido 

radicals (I) are, however, not trapped by MNP under present condition. 

X-ray diffractograms of unoriented powder samples of H+

montmorillonite, TU treated Fe(lll)-montmorillonite and Fe(lll) -montmorillonite

polyacrylamide adduct before and after glycerol freatment are shown in Figures 

43 - 45. The XRD pattern of the montmorillonite samples are consistent with 

published results239
. After the polymerization reaction is carried out , the 

intensity of peak for montmorillonite sample at 28 = 6.25° became much lower 

because of the presence of templates of polymer materials in the interlayer 

space. On the other hand, intensity of the peak at 2S. = 9.5 - 9.8 is increased 

due to polymerization as well as glycerol treatment. Basal spacing of the H+ and 

·Fe(lll) exchanged minera!s are increased from 14 to 17A due to glycerol 

treatment for both untreated and TU treated samples respectively. 

Polymerization increases basal spacing from 14 to 15 A. Glycerol does nor 

affect basal· spacing at this stage. This indicates the presence of intercalated 

PAM in the interlayer space. Forgoing result indicates that Fe(lll) ions and Tu 
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Fig. 42 E. s. r. spectra ofMNP-PAM spin adduct 
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molecules are intercalated between the layers of the mineral without expanding 

the same but, as the polymers are formed in the interlayer space the basal 

spacing is increased. It further shows that the locus of the polymerization 

reaction is most probably the i_nterlayer space of the mineral. 

The redox characteristics of Fe(lll) towards TU reductant remains almost . . . 

unaltered even when Fe(lll) ·ions are absorbed by the mineral clay 

montmorillonite. This is evident from the potentiometric titration data of Fe(lll) 

and FeM by TU solution (Figure 46). It is thus believed that the same initiating 
. . 

radicals are also involved when Fe(lll) ions are trapped between layer spaces of 

the mineraL 

The adsorption isotherm for Fe(lll) ion interaction with montmorillonite 

exhibit L-type nature, which suggests strong sorbate-sorbent interaction. The 

maximum saturation corresponds to 0.9e meg/g of the mineral. Figure 49 shows 

that the acrylamide molecules readily intercalate from the aqueous solution into 
. ' 

·the interlayer space of both forms of the mineral, viz., H+ as weil as Fe(tit) 

forms. Both the isotherms are charact~rized by .two plateau regions indicating 

two-stage intercalation of amid~ molecules. The first saturation value is nearly 

1.25' m.mol.g-1 whereas the second one ls just nearly double. The. bilayer of 

acrylamide in the internal surface of the mineral seems to play pivotal role in 

affecting the initiation of polymerization and its mechanism in the layered space 

as compared to the homogeneous polymerization. In acidi.c medium, amides 

. may apriori accept a proton on either ~he oxygen or the nitrogen atom. 

However, spectroscopic as well as solution studies support the possibility of 

coming about of the former alternative2
. ·Using infrared spectroscopy, Tahaun . 

and Morland have confirmed that amides predominantly protonate on the 

oxygen atom in acidic montmorillonite system71
. in acidic montmorillonite 

system, hemisalt formation is observed when excess amide is present, that is 
' . . 

two amide molecules share a proton through a symmetrical hydrogen bond. On 

the other hand, thiourea is absorbed in the mineral layer from the aqueous 

solution giving rise to the isotherm as shown _in Figu.re 50. The process of 

. I 
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removal of water mo-lecules either from the H+~clay or Fe(lll)-clay to intercalate . . . .:• ' 

TU seems almost identical. Unlike acrylamide, the thiourea leads to the 

monolayer formation only and maximum capacity is found to be· 1.37 m.m-ol.g-1
, 

which .is consistent with thar of monolayer of acrylamide. Tables (19 and 20) 
. - . .. . 

giv~ an idea of the strength of intercalation of AM and TU molecules in both HM 

and FeM interlayer spaces. The distribution coefficient (Ko) values are low and 

of the order . of 1 o-2 in the concentration range pf AM and TU used for 

polymerization experiments. The distribution coefficients have been calculated 

according to the relation; 

m· 
K 

__ I 
o-_mi 

where m i and m i are the concentrations of the species in the solid and liquid 
' ' 

phase respectively. As is expected. from· their very nature, the adsorption 
' . ' . ' 

isotherms (Figure 40 and 41) do not obey the U;mgmuir relation: 

where, · C _ = equilibrfum concentration of the adsorbate 

xlm = moles adsorbed per gm of adsorbent 

KL = Langmuir constant 

The plots of C/(x/m) vs. C are not linear over a range of adsorbate 

concentrations (Figure 51). However, from the slopes and intercepts of the 

average line drawri through the points over a short range of concentration of the 

adsorbates [(4.0- 6.0) x 10-~ moi.L-1 for TU and (6.0- 9.0) x 10-2 moi.L-1 for·AM] 
,• -

give a rough idea of the KL value in the above concentration range. The values 

are.lqw; they-are 12.0 and 9.2 for TU and AM respective_ly.in the case of FeM. 

In general, the Rp's are somewhat lower in presence of montmorillonite 

than those obtained in homogeneous polymerization maintaining the polymer 
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yield (XL) almost same. In the absence of clay minerals, as the concentration of 

FeCb is decreased, XL as well as Rp are increased significantly (already shown 

in sectio'n 3.3.3}, which indicates that Fe(lll) ions are involved in the termination 

Table -19 

Intercalation of acrylamide (AM) molecules in Hydrogen-montmorillonite (MM) 

and Ferric-montmorillonite (FeM) interlayer spaces. 

Mineral Cone. of Cone. of Cone. of free Distribution 

% added AM adsorbed AM AM coefficient 

(moi.L-1) x 102 (moi.L-1) x 103 (moi.L-1) x 102 Ko 

1.00 1.52 0.85 0.18 

1.50 2.83 1.22 0.23 

2.00 3.91 1.61 0.24 

FeM 5.50 5.33 4.97 0.11 

(0.33) 6.50 6.41 5.86 0.11 

7.80 7.39 7.06 0.10 

9.70 8.26 8.87 0.09 

11.00 .8.37 10.16· 0.08 

1.00 0.49 0.95 0.05 

2.00 0.82 1.92 0.04 

3.00 1.63 2.84 0.06 

HM 4.00 4.46 3.55 0.13 

(0.33) 5.00 5.11 4.49 0.11 

6.00 5.98 5.40 . 0.11 

7.00 8.70 6.13 0.14 

8.00 8.91 7.11 0.12 

9.00 9.02 8.09 0.11 
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Table .. 20 

Intercalation· of thiourea (TU) molecules in Hydrogen-montmorillonite (HM) and 

Ferric-montmorillonite (FeM) interlayer spaces. 

-Mineral Cone. of · Cone. of Cone. of free Distribution 

% added TU adsorbed TU 'TU coefficient 

(moi.L-1
) x 102 (moi.L-1

) x 103 (moi.L-1
) x 102 Ko 

2.60 0.83 2.52 0.03 

3.25 2.08 3.04 0.07 

3.90 3.13 3.59 0.09 

FeM 4.60 3.88 4.21 0.09 

(0.33) 5.10 4.25 4.68 0.09 

6.10 4.63 5.64 0.08 

6.70 4.63 6.24 0.07 

3.25 2.50 3.00 0.08-

3.90 3.54 .3.55 0.10 

4.60 4.17 4.18 0.10 

HM 5.10 4.47 4.65 0.09 

(0.33) 6.10 4.63 5.64 0.08 

6.70 4.63 6.23 0.07 

7.20 4.63 6.74 0.02 

process of the· reaction. However, linear. termination of aqueous acrylamide 

polymerization by Fe(lll) ions was observed ·long back in 1957 when aqueous 

Fe(lll) perchlorate caused fast termination of x- and. y- ray initiated 

polymerization of acrylamide with a rate constant of (1.1 ± 0.6) x 104 L.mor1 :s-1 

(ref. 240). _ Similar role of other metal oxidants were also observed 

subsequently. On the other hand, in the presence of mineral mixroenvironment, 

as the concentration of Fe(lll) is increased, Rp as well.as XL tend to decrease 
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Table- 21 

lniting system [Tt] Mv x10-5 

ml.g-1 

Ce(IV)- thi9urea (Ref. 164) 0.9 

Mn(lll) - ethoxyacetic acid (Ref. 192) 0.5 0.2 

Ce(IV) - ethylenediamine tetraacetic acid (Ref. 241) 133 1.8 

Ce(IV)- nitrilotriacetic acid (Ref. 237) 90 1.1 

Ce(fV)- nitrilotripropionic acid (Ref. 222) 68 0.8 

Ce(IV) - .iminodiacetic acid (Ref. 222) 73 0.9 

due to transfer to ferric ions. Although Rp and the yield decreased with 

decreasing TU concentrations, m_olecular weight of the polymer was higher at 

lower TU concentrations. In view of the fact that redox initiated polymerization of 

acrylamide in aqueous ·medium often yield polymers having not so high 

molecular weights and intrinsic viscosities because of the fast termination, some 

Mv and [Tt] data from recent references are recorded in Table 21. (Table 21 

records highest value of [Ttl and Mv from each of the Ref. 164, 192, 222, 237, 

241 ). The most significant observation of loading Fe(lll) ions of the initiating 

redox couple in the interlayer spaces of montmorillonite lie in achieving 

polymers with much higher intrinsic viscosity and molecular weight. The [Tt] 

value of the polymer formed in homogeneous solution and in the absence of 

the mineral varied from 14 to 90 ml.g-1 under the present experimental 

condition. In contrast, the [Tt] displayed by polymers formed in the mineral phase 
- . 

is found to vary from 247 to 600 ml.g-1 under identical conditions. The Mv values 

as calculated from viscosity data of present experiments ranged from 0.62 x 

106 to 2.5 x 106 
. However, comparison of Mv with literature values should be 

done carefully because previous workers applied a different Mark-Houwnik 

equation. The TU exponent changes from 2 to 1 due to occurren~ of the 

reaction in montmorillonite interlayer space (Figure 10 and 28~. In order to 

measure the metal expo_nent for the reaction in the mineral phase, Rp's were 
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plotted as a function of Fe(lll) ion concentration in montmorillonite gel phase. 

The slope of the double logarithmic plot was found to be 0.50 at 50°C (Figure 

27). Significant departure from that of. homogeneous reaction was also 

observed in the nature of the above plot. While the linear termination by Fe(lll) 

is prominent in solution phase reaction as is evident from the observed nature 

of variation of Rp with Fe(lll) ion concentration, transfer to Fe(lll). ion is ·almost 

controlled in the case of reaction in the layered space. Thus, it is evident that 

the modification achieved with respect ·to the kinetics and mechanism of the 

acrylamide polymerization in the montmorillonite pHase stems from a nur:nber 

·of factors viz.,. (I) instead of collision ·between a monomer molecule and an 

initiating radical, a monomer pair is invo}ved in ·~he initiation step (ii) 'cage 

effect' is prominent in montmorillonite phase reaction where a pair of TU 

radicals form a potential barrier to .hinder diffusion of the radicals and favours 

their recombination (iii) rate of linear termination process decreases 

significantly because transfer to Fe(lll) ion-s is highly restricted for the latter's 

location in the layered spaces of the .mineral and diffusion of the living radical 

through montmorillonite gel is rather slow. In general, loading· of the oxidant, i.e. 
. . 

metal ions, of the redox couple in the inferlayer space of clay minerals, i.e. 

montmorillonite, offers a potential method of achieving very high degree of 

polymerization for a redox initiated reactions. 

Recently EDTA terminated polyacrylamide was obtained. by using 

Ce(iV)/EDTA redox initiator in aqueous acrylamide _ polymerization222
. The 

consumption rate of Ge(IV) depends on a first order reaction on the eerie ion 

concentration .. The compex formation constant (K) and disproportionation 

constant (kci) of Ce(IV) -·EDTA chelated complex were found to be 1.07 x 104 

and 3.77 x 103
; respecrtively.222 The rate dependence of polymerization on 

monomer and EDTA concentratioins both followeo second order reactions in 

the run of monomer concentrations at 0.2 mol. L~1 . The complex formation 

constant (K) as well as the disproportionation ~ constant (~) also varied 

significantly with the kind of reducing agents used. The reducing agent even 
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influenced and the behaviours of polymerization at the later stages. Further, 
. . 

comparatively low molecular weight polymers were formed because the 

polymerization mechanism involves fast termination process via transfer to the 

Ce(V) ions. Present investigation,. however, shows that the polymerization 

mechanism is affected to a great extent if the reaction occurs in the interlayer. 
. . ' . . 

space of the mineral. Both EDTA and acrylamide molecules, intercalate into the 

layered space of montmorillonite where -Ce(IV) ions react _with EDTA to form 

the initiating primary radicals. The most striking feature is that while the number 

average molecular weight, Mn, (Mv values are not available}, were ranged 

between 9. 7 x 104 to 3.1 x 105 in case of solution . polymerization, 

montmorillonite mediated polymerization yield polymers having Mv as high as 

3.9 x 105 to 2.9 x 106
. The effect of Ce(IV) ion concentration on the Rp is 

nevertheless interesting. While the previous study on homogeneous 

polymerization by Ce(IV)/EDT A syst~m showed a steady decrease in , Rp with 

Ce(IV) concentration, present study· gives a reverse trend '(Table 17) .. This 
' 

indicates that the linear termination by Ce(IV) ions is no longer important in the 

polymerization mechanism of the present system. The adopted technique of 

trapping the metal oxidant inside the layered space of montmorillonite seems 

to work well in enhancing chain growth for the Ce(IV) I EDTA system also. The 

mechanisms of ,_the reactions in the montmorillonite gel have been suggested 

and rate equations are proposed, Which account. for the observed experimental 

results (Section 3.4 & 3.5). _ 



CHAPTER-4 

STUDIES ON COPOLYMERIZATION OF ACRYLAMIDE WITH 

DIACETONE ACRYLAMIDE AND N-tert-BUTYLACRYLAMIDE BY 

Fe(III)-TU REDOX COUPLE ON MONTMORILLONITE SURFACE 
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4.1 INTRODUCTION AND REVIEW OF PREVIOUS WORK 

Copolymers of acrylamide have shown a number of properties lending 

themselves to a variety of industrial applications. Of growing importances are 

those related to use as water soluble viscofiers and displacement fluids in 

enhanced-oil recovery. 242-247 Two of the critical limitations of polyelectrolytes are, 

however, loss of viscosity in the presence of mono or multivale':Jt electrolytes 

(viz. NaCI, CaCI2 etc.) and ion binding to the porous reservoir rock substrates. 

Copolymers of acrylamide and acrylates can be synthesized by several 

methods including those of solution24a-259 and emulsion26o.-263 polymerizations. The 

physical properties of the copolymers in some cases, are dependent on the 

method of preparation. The copolymers of AM with sodium acrylate in aqueous 

ammonium persulfate solution was conducted at 70° for . 60 min. producing a 

honeylike copolymer which -had mplecular weight 1.25 x . 1 06 as reported by 

Soltez and co-workers. 248 Cationic free radical copolymers of acrylamide with 

dimethylaminoethyl methacrylate and qimethylaminoethyl acrylate had been 

prepared by Baade and Hunkeler249 with azocyano valerie acid and ~8208 at 

45°-60°C. Lafuma and Durand have found that during random ·copolymer 

formation of acrylamide and ~ quaternary ammonium acrylate monomer, the 

cleavage of the ester function occurred in mild alkaline medium with a 

simultaneous inter-chain-reaction resulting in imide group formation.250 Lavrov 

and co-workers have reported that copolymerization of 2-hydroxy ethyl 

methacrylate with acrylamide in aqueous solution in the presence of 

(NH4) 2S20Jascorbic acid redox catalyst proceeded without the gel effect 

characteristic of bulk polymerization251 • The reactivity ratios of the 

dimethylamino ethyl methacrylate methyl chloride salt with acrylamide at 54° C 

were 1.54 and 0.30 respectively when redox azo compounds were used as 

catalyst 252• The molecular weight of copolymers of auxin-containing monomers 

with acrylamide was determined to be in the range of 5.5- 18.0 x 104 when a 4-
. ' 

pyrrolidinopyridine and dicyclohexyl carbodiimide 253 catalysts were used. For 

AM - Na acrylate copolym~r. prepared in aqueous solution at room temperature· 
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and at pH 7.4- 12.1, the reactivity ratios were 0.9- 1~_18 and 0.32- 0.48 

respectively254• McCormick and Salazar have reported that the increasing 

randomness in the copolymers of acrylamide with Na-3-acrylamido - 3-

methybutanoate is observed if prepared in NaCI solution rather than in distilled 

water256. The polyelectrolytes had inherent hydrogen bonding capacity and 

pseudo plasticity and exhibited large dimension in. aqueous solution257• In 

inverse microemulsion copolymerization of AM with methyl~crylate initiated with 

AIBN by Vaskova was a typical "dead - end" polymerization260. In inverse 

emulsion polymerization method, incorporation of high. hydrophile - lyophile 

balance· coemulsifier in addition to the water-in-oil type main emulsifier 

increased the rate of polymerization significantly. Free radical copolymerization 

of acrylamide with butylacrylamide or isopropyl methacrylate in the presence of 

AIBN in DMF at 60°C was investigated by Srinivasula, Rao and co-workers261- 262. 

The chemical structures· of random copolymers . of acrylamide with Na - 2 -

sulfoethylmethacrylate in dextran were determined by McCormick in roder. to 

gain a more complete understanding of the structure - property relations and 

performance under simulated field conditions encountered in enhanced oil 

recovery263. The synthesis and characterization of copolymers of acrylamide 

with N-alkylacrylamide were investigated by McCormick and Nonaka and co

workers in aqueous solution utilizing Na-dodecyl sulfate as a surfactant and 

~5208 .as the initiator264
• A remarkable i~crease in apparent ·viscosity was 

observed at low mol. fractions of N-alkylacrylamide in the copolymer at a critical· 

concentration which is a function of alkyl chain length in the monomer and 

copolymer molecular weight. The viscosity behaviour is interpreted in terms of a 

concentration depend~nt model involving interchain hydrophobic association in 
J 

aqueous solution264. The copolymer microstructures and reactivity ratios of 
. ' 

copolymers of acry.lamide with N-(1,1-dimethyl-3-oxo-:-butyi)-N-(n-proply) 

acrylamide were studied by McCormick and Blackmon and the value of rl2 

determined to be 2.20 (ref 265). The copolymer of acrylamide with N-(1,1 -

dimethyl 3- oxo-butyl) acrylamide yielded a ri2 value of 0.75 and the copolymer 

of AM with N, N-dimethyl_ acrylamide provided a rl2 value of 0.86 as reported by 
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McCormick and Chen266. Monoazeotropic and non ideal copolymers were 

prepared during copolymerization of methyl methacrylate with AM, N

methylacrylamide and N,N-dimethylacrylamide in 1,4 o·ioxan solution at 65°C 

using AIBN as initiator~67 . Low molecular weight water soluble copolymers of 

acrylamide with itaconic acid, methacrylic acid and acrylic acid were prepared in 

the presence of ~8208 and thioglycerin by Sumi and co-workers268. Granular 

copolymers of ethylacrylate (EAC) and acrylonitrile (ACN) had been prepared 

· by Thomas with dispersed bentonite when EAC and ACN were dissolved in 

ethanol and heated under reflux condition with benzoyl-peroxide for six hours269. 

The copolymerization of methyl methacrylate with acrylonitrile and 

methacrylonitrile were studied by Bhattacharyya. in the presence of HM/thiourea 

redox couple270. 

In the present work; attempts have been made to prepare water soluble 

copoly;mers of acrylamide with N - ( ·1, 1 - Dimethyl - 3 - oxybutyl ) acrylamide 

(commonly referred to as Diacetone acrylamide, DAAM) and N-t butyl 

acrylamide (N-t BAM) on the montmorillonite surface by interlayer trapped 

Fe( II I) ions in the presence of-TU. ·Importance of the study lie in the fact that (I) 
-

the applied technique provides high molecular weight polymers having high 

intrinsic viscosities and (II) at least one of the above copolymers has already 

shown some promises by not losing its solution viscosities in the presence of 

added electrolytes11 • The success in copolymerization would result in relatively 

pure copolymer without subsequent solvent extractions. Moreover, the structure 

of the clay mineral would, perhaps, control the structure and physico-chemical 

property of the copolymer. This chapter deals with the studies on 

copolymerization of AM with DAAM and N-tert BAM and including 

microstructures and reactivity ratios of the polymers. Cop_olymerization of vinyl 

monomers on clay surface have not been studied so far in detail. Attempts 

have, therefore, be~n made to use FeM/TU initiating system in the 

copolymerization reactions. 



88 

4.2. EXPERIMENTAL 

4.2.1 Materials and purification 

Reagents 

The purification techniques of acrylamide(reagent grade, Fluka) and 

thiourea (Merck) were discussed in previous section 3.2. Method of preparation 

and the characteristics of Fe(lll)- montmorillonite (FeM) were similar to those as 

already described in section 3.2. 

N-(1, 1-dimethyl-3-oxybutyl) acrylamide(reagent grade, Fluka) was 

recrystallised twice from methanol and vacuum dried. N-t butyl acrylamide 

(reagent grade, Fluka) was used as received. 

Polymerization 

Poly(acrylamide-co-N,N-dimethylacrylamide) 

The copolymerization of acrylamide with N, N dimethylacrylamide 

(DAAM) was conducted in aqueous solution at 50°C using 0.50%(w/v) of FeM 

and 0.04 M of thiourea as initiator. Table-23 lists reaction parameters for four 

series of reactions in which the ratio of monomers in the feed and reaction 

times were varied. A specified amount of DAAM dissolved in d.istilled water was 

added to the mixtures of acrylamide and thiourea solutions of known 

concentrations in 100 ml stoppered pyrex bottles under nitrogen. In another set 

of bottles, known amounts of aqueous FeM susp.ensions were degassed and, 

finally added to the former bottles under nitrogen atmosphere. The pH of the 

final mixture was adjusted to 2.0 ± 0.1 by drop-wise addition of 0.01 M HCI 

solution, well shaken and immediately placed in thermostatic bath of 

appropriate temperature. pH adjustment was necessary to ensure the formation 
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of adequate amount of the amido-sulfenyl primary radicals to initiate the 

copolymerization reaction114. After the designated reaction intervals, the 

copolymerization reactions were stopped by diluting ·the reaction mixtur~s with 

chilled water, ~eeping the reaction vessel in ice bath and FeM was separated by 

centrifugation( 1. 5 x 1 04 r. p. m. ). AM-DAAM copolymers were precipitated out 

by the addition of excess acetone. The copolymers and F eM were washed 

separately by acetone and water respectively. The copolymers and FeM were 

then dried at 60°C under vacuum for 48 hrs: Conversions were determined 

gravimetrically. 

Poly ( acrylamide-co-N-tert-butylacrylamide ) 

Since N-t,-butylacrylamide is insoluble in water, the monomer was 
' ' 

d.issolved in micellar pseudo-phase of non ionic surfactant Triton-X-100(R). Four 

series of copolymerization of acrylamide with N-t-butylacrylamide having a total 

monomer .concentration of 0.42M were conducted in aqueous solution at 50°C 

using 0.50% FeM (w/v) and 0.04M TU as the initiator. Reaction parameters for 

four series of reactions are given in Table-24. The reaction procedures were 

same as those described for the preparation of copolymers of AM with DAAM. 
' ' 

Elemental Analysis 

. Elemental analysis for· carbon and nitrogen for the AM-DAAM and AM-N

t BAM in copolymers were conducted by Regional Sophi~ticated 

Instrumentation· Centre (RSJ_C), Chandigarh, India ·(Table 23 and 24). The 

copolymer compositions were ealculated based on C/N ratios because of the 

variability of absolute values due to the hygroscopic nature of the polymers. 

Elemental analyses were conducted at polymer conversion levels, i.e. low and 

high, to assess drift in the copolymer composition. 
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Viscosity Measurements 

A series of copolymer solutions of qifferent concentrations in aqueous 

0.1 M NaCI are prepared from the 0.5% stock solution. The intrinsic viscosity 

measurement technique has already been mentioned in Section 3.2. 

4.3 RESULTS AND DISCUSSION 

The study of copolymerization involves the calculation of reactivity ratios 

of the monomers. Present investigation involves the copolymers • of DAAM and 

N-tert BAM with AM. Such monomer conjugates have been chosen because (I) 

the groups attached to the vinyl groups are electron withdrawing (II) the position 

occupied by the methyl group in· both the monomers (DAAM and N-tert BAM) is 

similar with respect to the vinyl carbon atom. It is clear from the Table - 22 that, 

in case of AM-DAAM, the monomer conversion decreases with decreasing AM

DAAM ratios. However, at lower monomer ratios than 4: 1 , ·no copolymers were 

detected. But in presence, of Triton X-1'00 (R), the monomer conversion 

increases with decreasing monomer composition ratios. The monomer 

conversion was also increased with decreasing the AM : DAAM ratio when the 

concentration of Triton X-100(R) was changed from 0.01 moi.L -1 to 0.02 moi.L-1. 

On the other hand, in case of AM-N-t BAM, copolymerization raction proceeds 

efficiently in presence of surfactant, Triton X-100(R). The monomer conversion 

increases with decreasing AM-N-tert BAM ratios. High conversion is also 

observed by FeMffU initiating system (Table-22). 
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Table -22 . 

Copolymerization of 0.4 M AM (0. 7108 g) in aqueous medium (25 ml) with 

DAAM and N-t BAM in presence of 0.04 M TU and 0.50% (w/v) FeM at 50°C 

(pH 2.01) in presence of varying amounts of DAAM and N-t BAM. 

[AM] 

moLL-1 

0.40 

0.40 

0.40 

0.40 

0.40 

0.40 

0.40 

.0.40 

0.40 

0.40 

0.40 

0.40 

0.40 

0.40 

[AM] 

0.40· 
~ 

oAo 
0.40 

0.40 

[DAAM] 

moLL-1 

AM]/[DAAM] Triton-X-1 OO(R) 

moi.L-1 

0.02 20.0 0.01 

0.04 10.0 0.01 

0.06 6.6 0.01 
' / 

0.08 . 5.0 . 0.01 

0.02 20.0 0.02 

0.04 10.0 0.02 

0.06 6.6 0.02 

0.08 5.0 0.02· 

0.02 20.0 

0.04 10.0 

0.06 6.6 

0.08 5.0 

0.09 4.4 

0.17. 2.3 

[N-t BAM] [AM]/N-t BAM] 

0.01 41.0 

0.02 20.0 

0.03 13.3 

0.04 10.0. 

Conversiona · 

% 

11.70 

36.01 

33.30 

32.50 

18.53 

40~30 

34.60 

33.50 

45.6b 

27.5 

14.6b 

14.5b 
c-

c 

Conversiona 

53.8b 

54.1b 

59.8b 

56.6b 

acopolymer yield after4.5 hrs, bin absence of surfactant. CNo copolymer formed. 



92 

Reactivity Ratios 

The variation in ·feed ratios and the resultant copolymer compositions 

(Table 23 and 24) as determined from elemental analyses were used to 

calculate the ·reactivity ratios for the AM-DAAM and AM-N-t BAM copolymer 

systems. The Fineman - Ross method271 and Kelen - TOdos method272 were 

employed to determine the monomer reactivity ratios at low conversion, 

whereas an integrated form of the Mayo-Lewis equation273 ·was used for higher 

conversion copolymerization data. Figure 52 -is the Fineman - Ross plot for 

acrylamide (M1) and diacetoneacrylamide (MJ The reactivity ratios r1 and r2 for 

the monomer pair M1 and M2 can be determined by 

F(f-1 )/f = r1 (P/f) - r2 (44) 

The reactivity ratio r1 was determined to be 0.69 ± 0.03 from the slope 

and r2 = 0.62 ± 0.05 from the intercept. The reactivity ratios are however 

calculated as 6.18 ± 0.17 and 1.06 ± 0.06 ·respectively for AM and DAAM on 

changing the index on monomer as acrylamide (M2) and· diacetone acrylamide 

(M1) (Table 26). Similarly, the Kelen -· TOdos approach was applied for 

evaluation of reactivity ratios for the same monomer pair according to 

(45) 

where u = Gla + H and l; = Hla +H. 



-10L_ ____ i_ ____ ~-----L----~----~------~--~ 
60 70 10 20 40 50 

Fig. 52 Determination of reactivity ratios for copolymerization 

of AM with DAAM by Fineman-Ross method. 



Table- 23 

. -

·Reaction parameters for the copolymerization of AM with DAAM at 50°C in Distilled water (Total Monomer concentration= 0.42 M) 

·Sample Monomer· concentration in the _Reaction time · Conversion(%) Elemental Analysis Mol% DAAM [11] 

number feed (M) (min.) (wt%) in copolymer ml.g·t 

[AMJ [DAAM]. [AM]/ c N 

[DAAM] 

. DAAM-10-1 0.41 . 0,01 . '4 I 90 37.10 41.46 I5.03 3.60 ± 0.04 

DAAM-I0-2 ' 0.4I . 0.01 41 I 50 48.13 41.72 15.15. 3.52 ± 0.04 420 

DAAM-10-3 0.41 0.01 41 210 - 54.i~ 42.62 14.82 5.91 ±_0.04 

DAAM~20.:1 0.40 0.02 20·. -90 23.37 ,. 42.08- 14.51 6.32 ±0.08 

DAAM-20-2 0.40 0.02 20 150 31.84 42.03 14.26 7.32 ± 0.09 350 

DAAM-20-3 . '0.40 0.02 20· 210 40.54 43.05 14.81 6.54 ± 0.09. 

DAAM-30-1 0.38 0.04 9.5 90 6.00 43.47 13.51 12.52 ± 0.20 

DAAM-30-2 0.3_8 0.04 9.5 150 15.40 43.30 13.52 12.24 ± 0.20 340 

DAAM-30-3 0.38- 0.04 9.5 2·iO 30.37 A4.31 14.11 I 1.05 ± 0.20 

DAAM-40-1 0.34 0.08 4.25 90 11.10 45.28 12.36 21.22 ± 0.30 

. DAAM-40-2 0.34 0.08 4.25 150 6.47 45.25 I 1.39 27.23 ± 0.40 333 
DAAM-40-3 0.34. 0.08 4.25. 210 7.41 46.23 12.70 20.71 ± 0.30 

\0 
Vl 



Table- 24 

Reaction Parameters for the copolymerisation of AM with N-t BAM At 50°C (Total Monomer Concentration= 0.42 M) 

Sample Monomer concentration in the Reaction time Conversion(%) Elemental Analysis Mol% N-tBAM [Tt] 

number· feed (M) (min.) .(wt%) in copolymer mi.g-1 

[AM] [N-t-BAM] [AM]/ c N 

[N-t BAM] 

N-t-BAM-1 0-1 0.41 0.01 41 90 27.01 41.16 14.78 6.21 ± 0.08 

N-t-BAM-1 0-2 0.41 0.01 41 150 35.81 40.32 15.53 1.66 ± 0.04 430 

N-t-BAM-1 0-3 0.41 0.01 41 210 55.61 42.28 15.50 4.57 ± 0.06 

N-t-BAM-20-1 0.40 0.02 20 90 36.27 40.91 15.62 1.31 ± 0.04 

N-t-BAM-20-2 0.40 0.02 20 150 40.78 40.94 15.08 4.15 ± 0.04 415 

N-t-BAM-20-3 0.40 0.02 20 210 52.79 42.02 15.07 6.32 ± 0.08 

N-t-BAM-30-1 0.38 0.04 9.5 90 28.58 42.10 14.21 11.42 ± 0.20 

N-t-BAM-30-2 · 0.38 0.04 9.5 150 31.81 41.11 14.94 5.21 ± 0.05 403 

N-t-BAM-30-3 0.38 0.04 9.5 210 34.53 43.58 12.79 24.33± 0.30 

N-t-BAM-40-1 0.34 0.08 4.25 90 28.38 42.35 14.29 11.44 ± 0.20 

N-t-BAM-40-2 0.34 0.08 4.25 150 39.40 41.96 14.30 10.57 ± 0.20 300 

N-t-BAM-40-3 0.34 0.08 4.25 210 40.98 43.67 13.10 22.25 ± 0.30 

\0 
~ 

J, 



The transformed variables G and H are given by 

(M1]/[M2] [( d[M1 ]/d[M2] -1)] 
G = d[M1]/d[M2l 

H = ([M1]/[M2])
2 

d[M1] f.d[M2] 
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(46) 

(47) 

The parameter a is calculated by taking square root of the product of the 

lowest and highest values of H for the copolymerization series. A plot of the 

data according to the Kelen - TOdos method is shown in Figure 53. Reactivity 

ratios were determined for AM : DAAM monomer pair as r1 = 0. 71 and r'2= 0.61 

. respectively. The observed data in the Kelen - Tudos plot are linear, an 

indication that these copolymerization follow the co':lventional copolymerization 

kinetics under a prerequisite that the reactivity of a polymer radical is only 

determined by the terminal monomer unit274• Table - 25 lists the parameters 

used to statistically determine reactivity ratios from the Mayo-Lewis method at 

high conversion [equation 48]. 

(48) 

' . 

Where. p is an integration constant defined by (1-r1) I (1-r
2
), the initial 

concentrations of AM and DAAM are represented by [M1•0] and [M2•0] 
' . 

respectively. Values· of 0.76 and 0.58 were obtained for r
1 

and r2 respectively 

(Fig. 54). Closely comparable values of r1 and r2 we~e obtained from Fineman

Ross, Kelen - TOdos, and Mayo .-, L~wis treatments for the copolymerization of . . .. \• 
. . .· 

·acrylamide with diacetone acrylami,~~\~h montmorillonite surface and are listed 
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Fig. 53 Determination of reactivity ratios for copolymerization of AM with DAAM by 

Kelen-TOdos method. 
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I Fig. 54 Mayo-Lewis plot of AM-DAAM coplymer (high 
conversion). 



Table-: 25 

Variables for the Evaluation of the Reactivity Ratios by the Lewis - Mayo Method 

Sample number M1_0 

DAAM-10-2 

DAAM-20-3 

DAAM-30-3 

DAAM-40-3 

0.41 

0.40 

0.38 

0.34 

M
1

,
0 

=initial concentration of AM 

Mz.o 

0.01 

0.02 

0.04 

0.08 

M
2 0 

= initial concentration of DAAM 

0 1 = M1_iM2.0 

M
1 

= residual AM in solution 

M
2 

= residual DAAM in solution 

Q = M,fM2 

F1 = 1-M,fM1•0 

F 2 = 1-M/Mz.o 

01 

41 

20 

9.50 

4.25 

M, 

0.218 

0.244 

0.269 

0.316 

r
1 
= reactivity ratio of AM r

2 
= reactivity ratio of DAAM 

Mz 

0.004 

0.011 

0.026 

0.074 

Q F, Fz r1 r2. 

53.17 0.47 0.59 0.7.6 ± 0.02 0.58 ± 0.04 

23.24 0.39 0.47 

10.25 0.29 0.34 

4.29 0.07 0.08 

\.0 
0\ 
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in Table 26. 

Rea,ctivity ratio studies were also conducted for the copolymerization of 

acrylamide (M
1

) with N-t-butylacrylamide (M2) using Fineman-Ross (Figure 55) 

and Kelen-TOdos (Figure 56) methods. Mayo-Lewis treatment did not give 

desirable results. The calculated reactivity ratios are listed in Table 27. Figure 
' 

57 shows the composition as a function of the acrylamide in the feed based on 

the experimentally determined reactivity ratios in the copolymerization of AM 

with DAAM and with N-t-BAM. The AM-DAAM copolymers with rl2 = 0.43 and 
. ' 

/ the AM-N-t BAM copolymers with rl2 = 0. 70 exhibit an opposite tendency 

toward alternation. Experimental points on the figure . are, however, restricted 

upto 80 mole % of AM in the feed because no copolymer was formed below that 

value. Previous study on the copolymerization of AM with DAAM by potassium 

persulf~te initiator showed a variation of r1 and r2 values from 0.76 to 0.83 and 

0.92 to 0.99 respectively for the three methods applied.266 These values are, 

however, higher than those obtained in the· present · study. Current 

investigation also shows that r1 values for the copolymerization of AM with 

Table- 26 

Reactivity Ratios for copolymerization of AM (r1) with DAAM (r2) Method 

Method r1 

Fineman - Rossa 0.69 ±0.03 

Fineman - Rossb 6.18 ± 0.17 

Kelen - Tudes 0.70 ±0.08 

Mayo- Lewis 0.76 ±0.02 

aM = AM M = DAAM· bM = DAAM M = AM 1 I 2 I 1 · I 2 

0.62 ±0.05 

1.06 ± 0.06 

0.60 ±0.09 

0.58 ±0.04 
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Fig. 55 Determination of reactivity ratios for copolymerization 

of AM with N-t-BAM by Fineman-Ross method. 
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Fig. 56 Determination of reactivity ratios for copolymeri.zation of AM with N-t-BAM by 

Kelen-Tudos method. 
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Fig. 57 Copolymer composition as a function of feed 

composition for the copolymerization of AM with 

DAAM (curve 1) and AM with N-t-BAM (curve 2). 
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Table- 27 

Re~ctivity Ratios for copolymerization of AM(r1) with N-t BAM (r2) 

Method r1 r2 

Fineman - Rossa 1.50 ± 0.10 0.50±0.04 

Fineman - Rossb 1.39 ± 0.08 0.75±0.06 

Kelen - Tudos 1.50 ± 0.10 0.46 ± 0.04 

aM 
1 

=·AM M = 
' 2· 

N-t-BAM· bM = 
' 1 

N-t-BAM, M =AM 2 

.. N-t~BAM is considerably higher than AM-DAAM copolymers, where as, those of 

r2 are smaller in the case AM-N-t BAM than that of the other copolymer. 

· Cop-olymer microstructure 

The microstructures of the AM-QAAM and AM-N-t BAM copolymers are 

expected to be important in determining the solution properties of copolymers. 

As mentioned earlier, observed data follow the conventional copolymerisation 
' . . 7 

equation and the a~herence of the data to this equation is an important point in 

estaplishing the validity of the statistical microstructure analyses. The statistical 

distribution of monomer sequences, M1 - 1\!11, M2 - M2, and M1 - M2 may be 

calculated utilizing equations275-276_ 

X= cp1 - 2cp1 (1 - cp1)/{1 +[(2cp1 - 1 )2 + 4rl2cp1 (1 - cp1)]}
112 (49) 

Y = (1 - cp1) - 2cp1 (1 - cp1)/{1 + [(2cp·1 - 1 )2 + 4rl2cp1 (1 - cp1)]}
112 (50) 

Z = 4cp1 (1 - cp1)/{1 + [(2cp1 - 1 )2 + 4r/2cp1 (1 - cp1)]}
112 · (51) 

The mole fractioins of M1 - M1, M2 - M2 and M1 - M2 sequences in the 

copolymer are designated by X, Y and Z respectively. The copolymer 
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composition is <P1 and, r1 and r2 are the reactivity ratios, for the respective 

monomer pairs. Mean sequence lengths, !J.1 and !J.2, can be calculated utilizing 

equation (52) and (53) with the consideration of compositional drift.275 

!J.1 = 1 + r ~ [M1]/M2] 

!l2 = 1 + r2 [M2]/M1] 

(52) 

(53) 

The intermolecular Hnkage and mean sequence length distributions for 

the AM-DAAM and the AM-N-t BAM copolymers are listed in Table 28 and 29 

respectively. The Kelen - TOdos values of reactivity ratios . were used for 

sequence distribution calculation. For the series of AM-DAAM copolymers, the 

mean sequences length of acrylamide, !lAw varied from 30.03 at an 96.36/3.64 

mol ratio of AM/DAAM in the copolymer to 4.01 with a 78.77/21.23 mol ratio. For 

those compositions, values of !J.oAAM were 1.01 and 1.14 respectively. On the 

other hand, the AM-N-t BAM copolymers had !J.AM value of 62.50 and 7.37 at 

98.33/1.67 and 89.42/10.58 mol ratios of AM/N-t BAM respectively. Above 

values for !lN-tBAM were 1.01 and 1.11 respectively. 

Effect of Feed Composition 

The effect of feed composition on intrinsic viscosity of copolymers 

synthesized at high conversion was studied for both AM-DAAM and the AM-N-t 

BAM copolymers listed in Table 23 and 24 respectively. Figure 58 illustrates the 

effect of feed composition on the intrinsic viscosity for each copolymer series. 

The observed decrease in . intrinsic viscosity with increasing 

diacetoneacrylamide or N-tert-butylacrylamide co-monomer concentrations may 

be explained by increased cross-termination rates of copolymerization as 

compared to the very low rate of termination observed for acrylamide, resulting 

in the decrease of the overall molecular weight of the copolymers278
·
279

-. 
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Fig. 58 Effect of feed composition on the intrinsic viscosity of 

AM-DAAM (o) and AM-N-t-BAM (•) copolymers. 



Table-. 28 

Structural Data for the copolymers of AM with DAAM 
-

Sample Number Compositiona Block.ness0 Alternationb Mean Sequence J.LdllnAAM 
(mole%) (mole%) (mole%) length 

--

AM DAAM AM-AM DAAM-DAAM AM - DAAM J!AM J.lnAAM 

DAAM-10-1 96.36 3.64 92.78 0.06 7.16 30.03 1.01 29.58 

DAAM-20-1 93.61 6.39 87.41 0.19 12.40 . 15.16 1.03 14.71 

DAAM-30-l 87.44 12.56 75.67 0.79 23.54 7.72 1.06 7.29 

DAAM-40-1 78.77 21.23 60.05 2.51 37.43 4.01 L14 3.51 

DAAM-10-2 96.46 3.54 92.97 0.06 6.97 30.03 1.01 29.58 

DAAM-20-2 92.69 7.31 85.70 0.32 13.98 15.16 1.03 14.71 

DAAM-30-2 87.73 12.27 76.21 0.76 23.03 7.72 1.06 7.29 

DAAM--40-2 72.76 27.24 50.00 4.47 45.54 4.01 1.14 3.51 

DAAM--10-3 94.08 5.92 88.32 0.16 11.51 30.03 1.01 29.58 

DAAM--20-3 93.49 6.51 87.17 0.20 12.62 15.16 1.03 14.71 

DAAM-30-3 88.94 11.06 78.48 0.60 20.92. 7.72 1.06 7.29 
_. 

DAAM-40-3 79.22 20.78 60.83 2.40 36.77 4.01 1.14 3.51 0 
0 

a Calculated from elemental analysis ; b Statistically calculated from the reactivity ratios. 



Table- 29 

Structural Data for the copolymers of AM with N-t BAM 

Sample Number Compositiona Block nessb Altemationb Mean Sequence ~d~-tBAM 
(mole%) (mole%) (mole%) length 

AM N-tBAM AM-AM N-tBAM- AM - N-tBAM ~AM ~-tBAM 
N-tBAM 

N-t-BAM-10-1 93_78 6.22 87.84 0.28 11.87 62.50 L01 61.80 

N-t-BAM-20-1 98.61 1.39 97.23 0_01 2.75 3LOO L02 30.30 

N-t-BAM-30-1 88_59 11.41 78.16 0.98 20_86 15.25 1.05 14.52 

N-t-BAM-10-1 88_56 11.44 78.10 0_98 20_91 7_37 Lll 6.64 

N-t-BAM-10-2 98_33. 1.67 96.68 0_01 3.30 62.50 L01 61.80 

N-t-BAM-20-2 95.82 4.18 91.77 0.12 8.11 31.00 1.02 30.30 

N-t-BAM-30-2 94.75 5.25 89.70 0.20 10.10 15.25 1.05 14.52 

N-t-BAM-40-2 89.42 10.58 79.68 0_84 19.48 7.37 1.11 6.64 

N-t-BAM-10-3 95.44 4.56 91.03 0.46 8.82 62.50 1.01 61.80 

N-t-BAM-20-3 93.68 6.32 87.65 0.29 12.06 31.00 1.02 30.30 

N-t-BAM-30-3 75.62 24.38 56.05 4.80 39.14 15.25 LOS 14.52 

6.64 
,_. 

N-t-BAM--40-3 77.77 22.23 3.95 3.95 36.55 7.37 1.11 0 ,_. 

acalculated from Elemental Analysis 

hStatistically calculated fr~m Reactivity Ratios. 

't:!' 
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5.1 INTRODUCTION AND REVIEW OF PREVIOUS WORK 

In the treatment of the properties of very dilute polymer solutions it is 

convenient to represent the molecule as a statistical distribution of chain 

elements, or segments, about the centre of gravity. The average distribution of 

segments for a chain polymer molecule is approximately Gaussian280
, its 

breadth depends on the molecular chain length and on the thermodynamic 

interaction · between polymer segments and solvent. According to 

hydrodynamics, the specific viscosity of a Newtonian liquid containing a small 

amount of dissolved material should depend in first approximation only· upon 

the volume concentration and the shapes of the suspended particles. By 

suitable application of such hydrodynamical considerations to solutions of long 

chain molecules, it is possible in a rough fashion to derive the Staudinger

Kraemer equation, denoting proportionality between specific or intrinsic viscosity 

and molecular weight. 281 
. It is an experimental fact, however, that the 

proportionality cc;mstant,. Km, is dependent not only upon the type of polymer 

concerned, but also upon the temperature and the nature of the solvent. A 

relationship between intermolecular and intramolecular agglomeration tendency 

is established. Solutions. of polystyrene, rubber and cellulose . acetate in the 

solvent-non solvent systems were investigated by Alfrey and co-workers. 281 

They observed that the specific viscosity of a dilute solution of polystyrene or 

rubber is strongly dependent upon the nature of solvent, the specific viscosity is 

high. in a good solvent and low in a poor.- solvent or a solvent-non solvent 

mixture. This has been interpreted as being due to changes in mean molecular 

shape. The specific viscosities of cellulose acetate solutions are not so 

sensitive to the nature of solvent. Besides 'fhis, the extrapolated .specific 

viscosity at the limit of solubility is in .the same range for seve~al different 

solvent-non solvent systems, The effect of temperature upon intrinsic viscosity 

should .depend strongly upon the nature of solvent. Alfrey and co-workers also 

noted that the effect of a temperature increase is to lower the specific viscosity 

of rubber or polystyrene solutions in a good solvent, but to increase the specific 

viscosity in a mixture of solvent and non-solvent. Unpertl,.lrbed dimensions of 
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flexible linear macromolecules can be obtained from intrinsic viscosity-molecular 

weight data in any solvent, good or poor, if (as is almost always true) the 
. I . . 

hydrodynamic draining effect is negligible and if an estimate can be made of the 

viscosity expansion factor an, defined by282 
. 

(54). 

In principle, this can be done graphically from the relation alone if a 

reliable expression is available for the dependence. of an on M. In particular, it 

has ·been. shown from. theoretical considerations that the intrinsic viscosity 

should depend on the molecular weight M, temperature T and solvent ,type in . 

accordance with the relationships, 283-
285 

as- as = 2 '1'1 eM (1 - 9ff)MY:i . 

where e = k1 Tl'1'1 

eM = 27(2s12 11t312 N) (u2 
I v1) (M J.r~ )312 

' = 1.4238 X 10-24 (v2lv1) (So I l<e) 

(55) 

(56) 

r(57) 

where '1'1 is entropy parameter, k1 is the enthalpy parameter, e is the 

te":lperature and Ke is the unperturbed dimension of the polymer,· cPo is the 

-Flory's universal constant. Here, u is the partial specific volume of th~ 

polymer and v1 is the molar volume of the solvent. 

Intrinsic viscosities of polyisobutylene fractions (M=1.8 x 105 to 1.88 x 

1 06
) and polystyrene fractions (M = 7. 0 x 1 04 to 1.27 x 16 7 

) have been 

determined in various pure solvents and. in several solvent mixtures at several 

temperatures by Fox and· Flory28~·287. They obserVed that the par.ameter Ke in 

K and k in this chapter are different from those used in chapter 3. 
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the equation (54), is same in different solvents but decreases somewhat with 

temperature (1.08 x 10-3 at 24° to 0.91 x 10-3 at 105° for polyisobutylene and 8.0 

x 10"4 at 34° to 7.3 x 104 at 70° for polystyrene). The root-m~an square end-to-

end distance (r~ f~ , unperturbed by intramolecular interactions (other than 

hindrance to free rotation) for a polyisobutylene molecule and polystyrene 

molecule with M=106 has been calculated to be 795A and 730A at 25°C 

respectively. The solution properties of poly (methyl acrylate) in various solvents 

by light scattering, osmometry, and viscosity techniques have been investigated 

by r:nany workers.2
88-

300 .Many empirical and semi empirical methods for the 

estimation of Ke from viscometric measurements in good solvents have recently 

been proposed.301
-
314 

The viscosity behaviour of poly (methyl methacrylate) in four solvents 

was studied within the temperature range of 25° to 60°C and the 

thermodynamic parameters were evaluated and discussed using Fox-Fiory, 285 

Burchard Stockmayer-Fixman,315
• 

316 Kurata-Stockmayer17
•
318 and Berry319 

equations by Lenka and co-workers.32o On the other hand, for evaluation of Ke 

from [rl] at T > e ( in good solvent), a number of equations relating [rl] and M 
I 

through Ke (after eliminating linear expansion factor (u), hydrodynamic 

expansion factor (un), lattice co-ordination number (z) etc.) have been 

suggested. These equations are shoWn below (where symbols have their usual 

meanings). Fox and Flory equation285
: 

Ku~ata-Stockmayer (K-S) equation317
•
318

: 

Burchard-Stockmayer and Fixman (B.S. F) equation315
•
316 

[rl]/M% = Ke + 0.51 cp BM% 

(58) 

(59) 

(60) 
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Berry equation319
: 

(61) 

According to these equations, the value of Ka may be obtained from the 

·intercepts on the ordinates of the plots of the quantity on the left hand side 

versus a function of M and [rl] on the right hand side. The unperturbed 

dimensions for · polymethylacrylate, polyethylacrylate, polybutylacrylate, 

polyacrylonitrile, and polyvinyl pyrrolidine have been calculated by Lehka and 

co-workers321 using an expression. relating to the cross-over point 

concentration, Cx, of the polymer in a number of solvents with the unperturbed 

dimension of polymer mo.lecule (r~ )% . Assuming Flory's limiting exponent and 

utilizing the first-order perturbation results for the intrinsic viscosity [11] and the 

friction coefficient (f) of a flexible polymer, Tanaka proposed322
: 

(62) 

and. Bohdanecky derived the following equation330
: 

(63) 

The unperturbed dimensions of polystyrene and poly (2-vinylpyridine) 

have been measured in solvent-precipitant mixtures of various compositions 

using the Stockmayer-Fixman representation by Dondos and Benoie23
. They 

obtained a linear relationship between Ka and AGE (the excess free enthalpy of 

mixing of the solvents) if, instead of using the bulk composition of -the mixture, 

one introduces its "local" composition. This comp~sition is calculated from the 
. . 

values of the preferential adsorption coefficient measured by light scattering. 

In a resin-solvent system, the change in temperature initiates 

conformational transition in polymer chains282 and the process of aggregation 
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on precipitation is caused by such transitions.324 Raju and Yaseen reported that 

the continuous decrease in limiting viscosity number of -Nylon-6 in m-cresol at 

temperatures ranging from · 20° to 75°C was due to the contraction. of the 

dimensions. of the polymer coil.325 Quoting the view of other worker~ they 

explained that a partial helix-coil type polymer chain transition occurs in 

polyamide-6 in solution and results in higher value of limiting viscosity number 

of nylon-6 in m-cresol at lower temperatures which in turn favours the 

dissolution.326 They also observed that limiting viscosity number of Nylon-6 in 

phenol increase with temperature and the system attained a state of optimum 

dissolution at 95°C and further increase in temperature and had adverse effect. 

Chatfield reports that solvent power of an alcohol:-ether mixture for nitrocellulose 

increases with lowering of temperature an~ at ~50°C, methyl alcohol alone 

becomes a· solvent for cellulose ethers.327 Recently, Savas and Zuhal have 

determined the unperturbed dimensions of anionically polymerized poly (p-tert

butyl-styrene) at various temperatures and found the a-temperature of" the 

pofymer of the order of 31°C and 32.7°C in 1-nitropropane and 2-octanol 

respectively.328 Several other workers reported the conformational transition of 

polymers in solution with change in temperature?10
•
329 Coil dimensions of poly 

(methylacrylate) in the cosolvent medium of CCI4 and MeOH have been 

investigated by Maitra and N~ndi. 331 They observed that the intrinsic viscosity 

exhibited a maximum for all fractions of polymer at a composition, <!> CHaOH 

(volume fraction of methanol) = 0.33· and also Huggins constant showed a 

minimum at the same composition. The unperturbed dimension (Ke) exhibited a 

maximum and molecular ·extension parameter an, showed a minimum at 

<l>cHaOH =0.33. The experimental data for the solution properties of poly (N,N-

dimethylacrylamide) and poly (N-isopropylacrylamide) show that the 

hydrodynamic and configurational characteristics of these two N-substituted 
. ' 

polyacrylamide, in . methanol and water are different, showing a peculiar 

behaviour in water, which. cannot be easily interpreted in terms of random coil 

molecules.332
•
333 Also, the unperturbed dimensions estimated from data in 

good solven~s are found to depend more on the lateral substituent structure 
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than on its dimensions. Chintore and co-workers found that bahaviour of poly 
'"1'1. 

(N-methylacrylainide) molecules in ~queous solution was quite abnormal, as 

iDdieated · by the values of the second virial · coefficients, lower than those 

measured in· methanol ·solutions .by the large difference of estimated 

unperturbed dimensions. 332
•
333 Therefore, the hypothesis· was r:nade. that the 

solvation of N-substituted poly acrylamides by water would occur with large 

dipole interaction and/or hydrogen bonding with the structural units of the 

polymers in such a way as to give a large chain expansion with low chain 

flexibility, so that the polymer molecules could no more be treated as random 

coils in aqueous solutions, It has been pointed out that polyacrylamide, in which 

the lack of N-substituents increases the chances of intramolecular interactions, 

has, the· highest unpertu;bed dimensions.334 The aqueous solutions of 
. . 

polyacrylamides are suspected to contain fibrous aggregates of very high 

molecular weight. These aggregates were observed by electronic microscopy335 

and the disaggregation kinetics_ 'studied by_ viscometry.336
•
337 This phenomenon 

is generally attributed to intermolecular hydrogen bonds and is evidence~ by an 

important - de_crease -of viscosity with time. Boyadijian and co-workers have 

noticed differences of measured molecular weight by light scattering, according 

to the nature of'solvent and have concluded the presence of aggregates broken 

up by the effect of salts in pure water but not in formam ide. 338 However, even 

fa~ non-hydrolysed polyacrylamide, there is a lack of reliable gata in the 

literature concerning the chain conformation in salt water solutions and its 

relation to intrinsic viscosity, particularly in the range of molecular· weights of 

interest.339
•
240 However, Francois and Sarazin and co-workers were successful 

in studying molecular weight dependence of radius of gyration, viscosity 

sedimentation and diffusion on a set of fractions in the same range of molecular 

weight.214 It has been shown recently that, the unpertu~bed dimensions of 

polyacrylamide could ·be determined by light scattering measurements in 

methanol-water system?40 These authors concluded that the high value of the 

exponent (0.64) of the molecular weight depend~nce of the radius of gyration · 

was not related to a great expansion of the macro molecular coil, and the 

determination of the unperturbed dimensions by extrapolation of viscosity 
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measurements in good solvents at M ~o should be possible and works of 

Okada and Yamaguchi provide such determinations-?41
•
342 

· Fundamental 

parameters of poly (2-acrylamido-2-methyl propane sulfonamide) which is 

soluble in water and formamide are obtained by light scattering, osmometry and 

viscometry in these good solvents by Gooda and Huglin343 and has been 

analysed by extrapolation procedures · to yield the unperturbed dimensions 

(~ oiMw)Yz, steric factor (cr) and characteristic ratio (Ca) . There was good accord 

between the values of ( <~'?"o/Mw)% , cr and Ca thereby obtained directly and 

those derived indirectly, the mean values being 8.73 x 10-9 cmg% moiYz , 4.07 

and 32 respectively. Bohd?necky and Petrus and co-workers investigated the 

solution of 9 polyacrylamide fractions (molecular weight 3300-800,000) in water 

at 25°C and in a mixed 9 solvent (3.2 volume, HzO-MeOH) at 20°C by light 

scattering, sedimentation and viscometry.344 Measurements in water gave the 

configuration character ratio Ca = 8.5. 

The fundamental parameters of the polyacrylamide ·obtained previously 

by viscometry in good solvent i.e. water and in a 9 solvents have been analysed 

by viscosity molecular weight relationship procedures suggested by several 

workers (Scholtan339
, Newman345 and Misra346

). High value of excluded volume 

exponent, as was observed in some cases, once thought to be the result of 

great expansion of polyacrylamide in aqueous solution as mentioned 

above214
•
340

• This arose doubts on the applicability of the method of 

extrapolation of the viscosity data in determining unperturbed dimension of the 

polymer in water. Further study, however, confirmed that the high value of the 

exponent of molecular weight dependence of the radius of gyration was not 

du~ to a great expansion of the macromolecular coil in water and it is now 

believed that determination of the unperturbed dimension by extrapolating 

viscosity data in good. solvents is p6ssible.340 Although some studies· on the 

solution viscosity properties of acrylamide in water are available in the literature, 

similar studies in other solvents or cosolvent systems are surprisingly little. 340
•
344 

In a binary liquid mixture, it is the interacti~n between the liquids that governs 
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the solubility of a polymer in the mixture. Expansion of coil are also occurred 

due to two main reasons. (I) variation of molecular extension factor (an) and (II) 

change of the unperturbed dimension of the polymer due to interactions of two 

component liquids.347
•
348 In the present chapter, the results of our investigation 

on unperturbed dimension, interaction . parameter and related aspects of 

unhydrolized polyacrylamide in water-DMSO mixtures have been described. 

The intrinsic viscosities [11] of the polymer hav7 been measured for different 

molecular weight fractions of the polymer and ~I so in . different compositions 

(water/DMSO) of the cosolvent mixture. From the [11] - M relation, the 

unperturbed dimension(Ke) and molecular extension factor (an) have been 

measured. The Huggins constant value in each case was also determined in 

order to study the influence of cosolvent system on the aggregation of 

polymer.331 While DMSO is a poor solvent for PAM, water-DMSO mixture acts 

as a cosolvent in all proportions. In the previous chapters, we have reported 

the technique by which the· molecular weight of the polyacrylamide in aqueous 

solution may be controlled by trapping the initiator component in the interlayer 

space of montmorillonite. This method has been adopted selectively to prepare 

polymers of varying molecular weights for the solution property studies as 

presented in this chapter. 

5.2 EXPERIMENTAL 

Polymerization 

PAM was synthesized from acrylamide monomer (AM) by redox 

polymerization technique. The polymerization technique of AM, initiated by 

Ferric-montmorillonite (FeM)- thiourea (TU) redox system has been discussed 

in Chapter 3 (section 3.2) .. To obtain high molecular weight polymers for the 

present study, a similar technique has been adopted using 0.4 M monomer 

and 0.04 thiourea in aqueous suspension of 0.50% FeM (WN) in. the · 

temperature range between 70°C and 50°C (already discussed in Chapter 3, 
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section 3.4.3). Low. molecular weight polymers were obtained via polymerization 

of AM monomers initiated by 1.5 x 10-3 M FeCb and 0.04M TU redox system 

at 50°C in absence of montmorillonite( already discussed in Chapter 3, section 

3._3.3). The molecular weights (determined from intrinsic viscosity 

measurements in water at 30°C) of the polymers used in the present ·study are 

listed in Table-30. 

Viscosity Measurements 

The intrinsic viscosities [rl] of the polymers in aqueous solutions were 

determined by an Ubbelohde viscometer, placed at appropriate temperature in 

a thermostat, measuring specific viscosities (Tlsp) and using the Huggin's 

equation for extrapolation : 

(64) 

where C is the concentration of the polymer solution. Molecular weights of the 

polymer were calculated from the intrinsic viscosity data (already mentioned in 

section 3.3.3 and 3.4.3). The [Tl] values of the polymer in various water-DMSO 

compositions (prepared ·by volume) were also measured in a similar way. 
. . 

Table-30 

Molecular weights of polyacrylamides 

Polyacrylamide types 

High Molecular weight (HM)-

. Medium Molecular weight (MM) 

Low Molecular weight (LM) 

12.55 

'8.44 

1.33 
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5.3 RESULTS AND DISCUSSION 

Nature of the interaction b~tween the liquids governs the solubility of a 

polymer in a· binary liquid mixture. Th~ changes in the molecular dimensions of 

the polymer~ in these systems are manifested . in the varied molecular 

extension parameter (an) and the unperturbed dimensions due to the 

interaction with two component liquid.347
•
348 The changes in intrinsic viscosities 

[rl] of various molecular weight fractions of PAM at 30°C and different solution 

compositions are s_ho~ in Figure 59. With increasing . DMSO (poor solvent)· 

concentration, the intrinsic viscosity . decreases due to contraction of the 

dimensions of the polymer coil as well as for the degree of intermolecular . . 
agglomeration. However, at high value· of <PoMso (<j) being the relative volume 

composition in the mixture), the [TJ] value tends to increase again for preferential 

·solvation of the. polymer due to high cosolvent effect. It is found that for all the 

molecular weight fractions, the · intrinsfc viscosity attains the minim~m near 
. ' 

<PoMs·o value between 0.6-0.7 indicat!ng energitically most unfavourable solvent 
. . 

composition for the polymer. The lowest·value of [TJ] around. <PoMso = 0.6- 0.7 

indicates the maximum degree of intermolecular aggregation of the polymers at 

this solvent. composition. Similar nature of the variation of [TJ] on solvent 
' . . 

composition is also observed at 40°C . temperature (Figure 60). Such changes 

of the [TJ] value as a function of solvent composition clearly indicates the 

flexibility of the PAM molecules .in the _p~esent solvent systems also. On the 

other hand, at 50°C temperature the nature of the curves is changed 

dramatically (Figure 61 ). Instead of giving a minimum with the variation of 

solution compo~ition, the'. [ill reaches a maximum ne~r <PoMso = 0.3, for all the . 

polymer fractions: The maximum intrinsic viscosities for all polymer fractions at. 

this solvent composition indicate preferential solvation of the polymers due to · 

most pow~rful cosolvent·· effect.331 The effect of temperature upon [TJ] should 

depend strongly upon the nature of the. solvent. In a binary solvent composition 

where cosolvancy factor is poorer, an increase of temperature should increase 

the r~lative importance of. ent~opy factors over· energetic factors, and results in 
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an uncurling of the molecule. 28~ The uncurled configurations will be favoured 

due to long chain, molecule being surrounded by solvated hull which tends to 

prevent polymer-polymer contacts. In such a solvent, a temperature increase 

should result in an increase of [rl]. On the other hand, at higher cosolvancy 

condition, the energetic weighting factors favour the more extended 

configuration; here an increase in temperature should diminish the [rl] value. As 

a result, above maxima in [rl] versus ~oMso plots are observed ·at high 

temperature for all types· ·of the polymer studied. The cosolvency and the 

intermolecular interaction of ·polymers are also manifested in the Huggins 

constant values when the composition of the solvent system were varied. 

Plots of Huggins constant· as a function of solvent composition are shown in 

Figures 62-64. The Huggins constants (K) are calculated from the least square_ 

slopes of equation (64). It is observed that there is a maximum at solvent 

composition ~oMso = 0. 7 for medium and high molecular weight polymers. This 

shows that cosolvent effect is apparent above ~DMSO value of 0.7. However, at 

50°C temperature, although a maximum is obtained at ~oMso - 0. 7 .• the small 

value of K indicate better cosolvency at this temperature for MM and HM 

samples. For· LM fraction, very high values of K indicate strong aggregation of 

polymer molecules at all the temperatures studied. Figure 65 shows a plot of 

Huggins constant against log Mv for three different solvent compositions (upto 

~oMso = 0.5) . All the curves show a decrease in the Huggins constant value 

with the increase in molecular weight indicating higher tendency of 

intermolecular aggregation for smaller fractions of the polymers in poor 

cosolvent conditions. 

Unperturbed Dimension 

The unperturbed dimension of a polymer chain is important in 

understanding the physical properties of the polymer both in solution as well as 

in the solid state. It is the dimension of the polymer chain where the volume . . 
exclusion due to long range segmental interaction is nullified by its interaction 
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with a definite solvent (8 solvent). 282 The unperturbed dimension (Ke) is the 

end-to-end dimension of . polymer chain under e conditions and can be 

determined from the intrinsic viscosity measurement at this condition. 

(65) 

where cp0 is the. Flory's universal constant (2.5 x 1023 moie-1 
), M stands for 

molecular weight and r; is the mean -square unperturbed dimension. However, 

in the present study, the Burchard-Stockmayer - · Fixman equation (60) · has 

been used for deriving Ke of PAM in various water- DMSO mixtures under 

none conditions?15
•
316 The BSF plots for PAM fractions at various cosolvent 

compositions at 306C are shown in Figures 66-67. The Ke values obtained by 

plotting [11]/M% ·against M% from the equation- (60) in different cosolvent 

compositions 

(60) 

· (B being the polymer-solvent interaction free energy parameter) are compared 

with those obtained from other methods of measurement, viz., Kurta

Stockmayer (KS)317
•
318

, Fox-Fiory (FF)285 
, Berry (Be)319

, Tanaka(T)322 ··and 

Bohdanecky(Bo)330 methods. The· results are summarized in Table 31. The 

values obtained. by different methods agree well with each other except in a 

few composition conditions of the solvent. From the Table 2, it is apparent that 

at $oMso = 0.5 i.e., at the same volume ratio of water and D~SO in the mixture, 

strong attraction. of two solvents, causes the polymers to have the lowest value 

of . unperturbed chain. This observation is independent of .the method of 

measurement with certain exceptions. Effect of temperature is rather interesting. 

The BSF plots tor PAM fractions at various cosolvent compositions at 40°C 

and 50°C are shown in Figures 68-71. With ~n increase in temperature, r~ and 

hence Ke, are decreased due to greater free~om to rotation around the skeletal 
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bonds?82 Such a temperature dependence of unperturbed dimension can be 

attributed not only to the change in flexibility of macromolecular chains but 

also to the specific polymer-solvent interaction349
. The effect may also be 

correlated to the cohesive energy density of the polymer and the solvent.323 

Temp~rature coefficient of unperturbed dimension 

Ka is related to the statistical parameters (r;) and the unperturbed mean 

square end-to-end distance by the Flory's Equation (56) 

(56) 

On differentiating equation (56) with respect to T, the temperature 

coefficient of unperturbed dimension may be obtained 

(dIn Ka/dT) = 3/2 [{dIn (r~ )}/dT] = K1 (66) 

Here K1
, the temperature coefficient. of Ka, provides. information regarding the 

configuration dependent properties of polymer chain and energies of bond 

conformations in the molecule.350 The plots are shown in Figures 72-731n water 

- DMSO composition of 2:8, K1 is found to be 0.046 degree-1 for acrylamide 

polymer (Table-32). The value of the temperature co-efficient increases upto 3:7 

mixture of the solvent, indi~ting again that the solvency power increases with 

the increase in temperature upto above solvent composition.351 This further 

shows that the acrylamide polymer molecule expands more in the later solvent 

composition and reveals the presence of l~w energy configuration in this solvent 

mixtures at high temperature. On the otherhand, at 5:5 and 7:3 compositions, 

the K1 value is negative. The negative coefficient· value indicates more compact 

structure and the existence of high energy configuration of the polymer in these 
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compositions of the solvent.352 However, at 8:2 composition, K1 again assumes 

a positive value showing better cosolvency of the mixture. 

Table- 31 

Unperturbed dimension of PAM in water+ DMSO mixtures at different 

temperatures determined by different methods. 

Ke X 10 (cm3g-312 mole%) 

Temp. <!JoMSO BSFa KSb Tc Bod FFe Bef 

oc 
0.2 1.500 1.480 1.446 1.500 1.440 1.440 

0.3 1.125 1.115 0.910 1.120 1.114 1.123 

30 0.5 0.150 0.116 0.110 0.125 0.107 0.086 \ 

0.7 0.650 0.649 0.490 0.375 0.196 0.225 

0.8 1.600 1.570 1.430 1.312 1.250 1.370 

0.2 1.25 1.240 1.070 1.125 1.174 1.123 

0.3 0.95 0.960 0.954 0.968 0.960 0.945 

40 0.5 0.35 0.327 0.287 0.187 0.290 0.256 

0.7 0.50 0.465 0.435 0.312 0.164 0.100 

0.8 1.50 1.483 1.300 1.281 1.253 1.225 

0.2 0.825 0.818 0.435 0.812 0.801 0.730 

0.3 0.200 0.125 0.110 0.125 0.098 0.095 

50 0.5 0.250 0.241 0.165 0.125 0.218 Q.170 

0.7 0.925 0.925 0.807 0.688 0.512 0.484 
' 

. 0.8 1.550 1.525 1.375 1.343 1.525 1.520 

a Burchard -·Stockmayer- Fixman, b Kurata- Stockmayer, 

c Tanaka, d Bohdanecky, e Fox-Fiory, rBerry. 
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Table-32 

Temperature co-efficients (K1
) of unperturbed dimension at different DMSO 

compositions. 

<!IDMSO K1
• (degree-1

) 

0.2 0.0460 

0.3 0.0947 

0.5 -0.0300 

0.7 . -0.0280 

0.8 0.0320 

Molecula~ extension factor (an) · 

The molecular extension factor (an) has been calculated from the 

relation331 
: . 

(54) 

using Ke from the BSF ·plot. The actual end-to-end distance, unKe , of polymer 

molecule is also computed, which are shown ·in Table 33. It is observed that at 

<!loMso = 0.5, unKe attains the lowest value for all the molecular weight fractions 

of the polymer. However, an value is the highest at the above composition. The 

inte~molecular interaction is probably re~ponsible for the high value of an at 

<!loMso = 0.5 because of the small value of the unperturbed dimension at this 

composition. The molecular weight dependency of an is also clear from the 

table ; an increases with the increase in ~olecular weight of the polymer. As 
' . 

the molecular weight of the polymer increases, the number of segmental 

interactions of the polymer molecule with solvent molecule increases, resulting 

· i11 a larger value of an. 
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Chain rigidity 

The structural para~eters of PAM, viz., the steric factor cr and the 

characteristic ratio Coo are also calculated in the usual manner from the following 

equations29 
: 

cr = [ <r2> o I M]Yz or! [ <r2> ot I M]y, 

[<r2>or IM]y, = [<r2> ot I N]y, [11Mo]y, 

Coo = ( Kef 4>o )v3 (Mo I 2L 2)' 

(67) 

(68) 

(69) 

where ·<r2>or is the unperturbed mean square end-to-end distance for a freely 

rotating chain, N is the degree of polymerization,· Mo is the molecular weight of 

the monomer unit and L is the backbone bond length (L = 0.154 nm). ·For vinyl 

polymers the value of ( (<r2>ot IN) y, = 3.08 x 10-8 em (Ref.353). The computed 

values of Coo, cr and (r2>~ I M)y, for PAM> at diff~rent solvent compositions and 

temperatures are shown in Table 34. Cowie354 observed ·that the. range of 

values of cr normally encountered is about 1.5 - 2.5 (Ref. 354). In the present 
·, . 

study also the value of cr falls within the above range and it decreases with 

.PoMso initially and, then increases giving rise to the lowest value at 4>oMso = 0.5. 

This indicates again that the most rigid structure of the po!ymer exists at the 

above solvent composition. 
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Table-33 

Mqlecular extension factor and coil dimensions of PAM at different 

temperatures and water + DMSO ·mixtures. 

Temp .. ·, LM MM HM 

oc <!>oM sO <ln <InKax10 <ln <InKe X 10 <ln <lnKax 1.0 

·o.2 1.031 1.546 1.026 1.539 1.085 1.628 

0.3 1.053 1.185 1.192 1.340 1.176 1.323 

30 0.5 1.723 0.258 2.332 0.350 2.426 0.364 

0.7 1.330 0.865 1.640 1.070 1.720 1.117 

0.8 1.133 1.813 1.299 2.080 1.339 2.142 

0.2 1.114 1.392 1.203 1.503 1.296 1.620 

0.3' 1.091 1.036 1.170 1.112 1.169 1.110 

40 0.5 1.438 0.503 1.890 0.661 1.948 0.682 

0.7 1.470 0.735 1.85.8 0.929 2.000 1.001 

0.8 . 1.130 1.695 1.313 1.970 1.338 .• 2.008 

0.2 1.143 0.943 1.235 1.020 1.393 1.150 

0.3 1.580 0.316 2.250 0.450 2.347 0.470 

50 0.5 1.663 0.416 2.216 0.554 2.327 0.582 

0.7 1.293 1.196 1.522 1.408 1.650 1.526 

0.8 1.074 1.664 1.222 1.894 1.200 1.860 
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Table- 34 · 

Unperturbed dimension, steric factor (cr), characteristic ratio (Coo) as functions of 

<!>oMso and temperature. 

Temp. °C $oMSO [<r>JMfA' X 109 Coo O"a 

(cm.g-% mole%) 

0.2 8.43 8.85 2.31 

0.3 7.66 7.30 2.10 

30 0.5 3.91 1.89 1.07 

0.7 6.38 5.05 1.75 . 

0.8 8.62 9.24 2.36 

0.2 7.94 7.83 2.17 

0.3 7.24 6.52 1.98 

40 0.5 5.19 3.34 1.42 

0.7 5.85' 4.24 1.60 

0.8 8.43 8.85' 2.31 

0.2 6.91 5.93 1.89 

0.3 4.31 2.30 1.62 

50 0.5 4.64 2.67 1.27 

0.7 7.18 6.40 1.97 

0.8 8.52 9.01 2.33 

a value of [r >ofM]% has been taken as 3.65 X 1 o-s cm.g-% mole% 
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In chapter 1, an introduction covering various aspects of the present. 

research scheme on aque6us polymerization of acrylamide has been 

presented. In view of the increasing industrial applications of water soluble 

acrylamide polymers in a number of ~reas including the use of polyacrylamide 

as water soluble viscofier in enhanced oil recovery, researches in the field have 

gained momentum in recent days. Research on the intercalation chemistry of 

phyllosilicates is increasing rapidly to transform these abundant minerals into 

new class of selective heterogeneous catalysts. In the present study, attempts 

have been made to prepare acrylamide polymer having high molecular weight 

and·intrinsic viscosity by polymerizing the monomer on montmorillonite surface. 

A major difficulty of applying redox initiators is fast-termination by the oxidant of 

th~ redox couple. In an attempt to increase the chain length of polyacrylamide, 

the potential electron acceptor of the redox couple, (e.g., Fe (Ill) ions) has been 

loaded into the interlayer space of montmorillonite (phyHosilicate) prior to th~ 

reactions. In the introduction part (chapter 1 ), -a brief review covering aH these 

aspects viz., polymers of acrylamide, structure of the mineral clay 

montmorillonite, clay-organic interaction and clay catalyst polymerization have 

been presented. 

(page 1-17) 

Chapter 2 describes the scope and object of the present investigation. In 

view of the nature of applications of polyacrylamide, high molecular weight 

polymers with high intensity viscosities are very important. Redox 

polymerization technique is a simple efficient technique which yield polymers 

with high rates. Hqwever, one major difficulty of redox technique is the fast 

termination process via transfer to the oxidant of the redox couple as mentioned 

above. As a result, low molecular weight polymers are usually formed. The 

copolymers of acrylamide are used as water soluble viscofiers and 

displacement fluids in enhanced oil recovery. The critical limitation of 

homopolyacrylatnide is the loss of viscosity in presence of electrolytes. Keeping 

these in view, a detailed study on ·redox polymerization of acrylamide has been 

undertaken by trapping the oxidant of the redox couple (e.g., Fe (Ill) ions of the 
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Fe(lll)/thiourea (TU) system) in the interlayer space of the montmorillonite. This 

ensures slow termination due to inability of the growing po~ymer chain to 

transfer to the oxidants trapped inside the layered space. As a result, high 

molecular weight polymers. and some industrially important copolymers of 

acrylamide are found. Studies on the solution properties of polyacrylamide have 

also been undertaken in view of the fact that the role of the hydrodynamic 

dimensions on different factors which govern the efficiency of their use is . 

important. 

(page 18-21) 

In chapter 3, various aspects of the redox initiated polymerization of 

acrylamide on the surface of mineral clay montmorillonite with a view to control 

the linear termination process for achieving high molecular weight polymers are 

presented. A detailed solution phase reaction has also been performed . . 

involving the same redox couple (viz., FeCb 1 TU) b·ut in the absence of 

montmorillonite, to check what . modifications pertaining to kinetics and 

mechanism have been achieved by the mineral phase reactions. Kinetics and 

mechanism of the reaction under both the conditions have been looked into. 

The technique. of interlayer polymerization for another . redox system (viz., 

Ce(IV)/EDTA) is also incorporated in this chapter, which enables to examine the 

scope of the proposed technique of controlling the termination process in 

different systems. In section 3.1 a brief review on this aspect is presented. 

{page 22-27) 

Methods of preparation and purification of different montmorillonite 

samples viz., hydrogen montmorillonite, ferric montmorillonite and eerie 

montmorillonite are presented in section 3.2. The experimental technique for the 

study of polymerization of acrylamide is also presented in this section. 

(page 28-32) 

In the first part of the result and discussion, polymerization results under 

homogeneou~ conditions are presented and discussed. The polymerization of 
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acrylamide occurred in presence of ferric chloride and thiourea in solution 

phase. The conversions are dependent on ferric chloride, acrylamide, thiourea 

concentrations and the temperature. In the present systems, no induction 

periods were observed. The initial rate of polymerization, Rp's, were moderately 

high and ranged between (3-17) x 1 o-S mole. L-1. s-1
. At a fixed TU and AM 

concentrations, all the parameters viz., Rp, XL, [TI] and Mv were decreased with 

the increase in Fe(lll) concentrations of the initiating redox couple. This clearly 

shows the involvement of the linear termination process in the present 

polymerization reaction via transfer to the metal ion. The rate of polymerization, 

Rp, as well as the polymer yield, XL decreased from 17.17 x 1 o-S to 4.16 x 10-5 

mol. L-1. s-1 and 73% to 26% respectively with the increase in the Fe(lll) ion 

concentration in the range of (1.5---8.0) x 10-3 mol. L-1. The [TI] values are low 

and found to vary from 14 to 137 mi. g-1 under the present reaction conditions. 

The [TI] as well as Mv are increased with increasing monomer and TU 

concentrations. The Rp and XL are also increased with increasing 

polymerization temperature. The overall energy of activation as calculated from 

Arrhenius plot has been found to be 12.93 kcal I mol within the temperature 

range 45° to 70° C. 

The initial rate is inversely proportional to nearly first power of metal 

concentrations. Such a dependence is commonly observed in most of the 

aqueous free radical polymerization reactions. On the other hand, Rp increases 

with increased concentration of TU. The rate of polymerizatio~ shows a nearly 

· second order dependence on the TU concentration as well as AM concentration 

in the range 0.25 to 0.40 moi.L-1 but first order in the higher concentration range 

of {0.4- 0.6) mol. L-1
. 

In the polymerization reactions initiated by redox couple involving TU, a 

free radical mechanism has already been proposed involving isothiocarbarriido 

radicals (i.e., amido-sulfenyl radicals, NHz--C-(=NH)S radical), as the primary 

radical. It is believed that the reaction proceeds via the intermediate complex 
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[Fe(SC(NH2)2t3, the stability constant which is approximately 2.0. The 

decomposition of the complex involves a second order reactions producing two 

isothiocarbamido radicals, which dimerize further in the presence of ferric ions. 

Since the reactive TU radicals are formed as pairs, assumption of 'cage effect' 

seems to be conceptually appropriate. The 'cage effect' suggests that when an 

initiator decomposes into two radicals, there is a formation of a potential barrier 

by the surrounding solvent molecules which prevent their immediate diffusion 

and favours their destruction by mutual recombination. The initiation step ' 

involves collision of acrylamide molecules with caged TU radicals at the wall of 

the cage and random diffusion of the radicals from the cage and their secondary 

recombination are less significant. In order to rationalize the results, following 

reaction steps are assumed to be involved. 

Fe(lll) + TU K- Fe(lll)- TU 

. complex 

Fa(lll)- TU kd > Fe(II)+(2TU.)+H+ 

Initiation 

Mj 

Propagation 

Mj+M 
kp 

M2 

M~-1 +M 
kp M• ........... etc. n 

Termination 

M~ + Fe(lll) kt 
M~ + Fe(ll) 

I 

(Tu•) + Fe(lll) kt TU+Fe(ll) 

" 
(2TU•) kt TU-TU 

(caged species are enclosed in brackets) 
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Assuming that the pseudo steady state approximation holds, following rate law 

has been established 

kd ki kp K[TUf[M] 2 . 

Rp = kt(ki[M] + kaFe(lll)] + k~') 
(page 33-43) 

Section 3.4 concerns the results of the polymerization of acrylamide on 

montmorillonite surface initiated by Fe(III)/TU systems. This includes a detail of 

kinetics and mechanism of the reaction also. Unlike the solution phase 

reactions, just described, the initial rate of polymerization, Rp, was increased 

from 4.76 x 10-s to 6.61 x 10-s mol. L"1. s1 as the Fe(lll) concentration increased 

from 0.60 x 10-3 to 2.07 x 10-3 mol. L"1.s·1. Conversion efficiencies were also 

increased regularly .with increasing Fe(lll) ion concentration upto 2.07 x ·1 0-3 

mol. L-1. Although Rp and the -polymer yield decreased with decreasing TU 

concentrations, molecular weight of the polymer was higher at lower TU 

concentrations. Moreover 'gel effect' was observed in the presence of clay 

mineral apparently for the formation of the high molecular weight polymers due . 

to decrease in linear termination rates. The more significant observation of 

loading Fe(lll) ions of the initiating redox couple in. the ·interlayer spaces of 

montmorillonite is that the [11] values of the polymers formed are increased 

significantly, which vary from 247 to 600 ml.g-1 under present reaction 

conditions. The Rp as ·well as XL increase with increasing polymerization 

temperature. The [11] is ·also increased with increasing monomer and TU 

concentrations while it is increased with temperature upto 50°C but decreased 

at higher lefilperatures. The activation energy, Ea, of the overall polymerization 

reaction gives an average value of 14.9 kcal/ mole. 

(page 44-53) 

The effect of pH and use of additives like different solvents and 

surfactants upon the polymerization process and the properties of the resulting 
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polymers have also been examined. The protonated forin .. of the am~dosulfi:myl 

radical at low pH is more stable than the radical itself and consequently the 

dimerization process is less favourable: The intensity of the ESR signal of the 

spin trap-radical adduct was maximum at low pH. It is found that some water 

miscible organic solvent viz., ethanol, DMSO and DMF de'pressed the polymer 

yield. On the other hand, dioxan the increased the polymer yield upto 20% (VN) 

but decreased at higher concentrations. 

(page 53-57) 

The rate of reaction shows a second order dependence on monomer 

concentration. The dependence of rate on the actual Fe(lll) ion concentration in 

the montmorillonite gel reveals that the reaction is 0.5 order with respect to 

Fe(lll) ion concentrations. The dependence of Rp on TU concentrations 

indicates that the r~action is first order with respect to TU concentration. To 

rationalize the experimental results and to predict a possible mechanism in the 

mineral microenvironment, the following assumptions are made (section 3.4.2). 

(1) Intercalated TU reacts fast with Fe(lll) ions of montmorillonite layered 

spaces to form the reactive isothiocarbamido radicals. 

· (2) In the acidic and metal ion exchanged aqueous montmorillonite system, a 

fraction of the intercalated acrylamide molecules are present near reacting 

sites as pairs either through hemisalts formation or/and through weak 

coordination to the exchanged cations. 

(3) Strong 'cage effect' on the initiating TU radicals is operative. 

Proposed reaction steps are as follows: 

Initiation 

-. K -· 
Fe(lll) + TU ~ Fe(lll) - TU 

complex 
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Fe(JJJ) - TU + TU kd > Fe(ll) + ( 2TU•) + H+ 

Propagation 

Mj+M 

M~ ............ etc. 

Termination 

M• +M• kt M M n n ---=---~> n - n 
I 

kt TU+ Fe(ll) 

TU-TU 

(caged species are enclosed in brackets as before and the 'bar' on Fe(lll) or 

Fe(ll) indicates their presence in the layered space of montmorillonite).· 

Assuming the pseudo steady state approximation to hold, rate law has been 

established as 

(where L~ is the total ac~ive sites in unit mass of the mineral, K~ and Kru are 

the selectivity coefficients and subscript's' denotes solution) 

Under the present condition the above rate equation is however reduced to 

(page 57-64) 
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The. effect of mineral microenvironment on the Ce(IV)- EDTA initiated 

aqueous polymerization of acrylamide has also been studied with a view to 

generalize the adopted method for enhancing chain growth. The results are 

presented in section 3:5. 

The molecular weights of the polymer were moderately high and ranged · 

from 3.9 X 105 to 2.9 X 106
. The initial rate of polymerization, Rp'S, were ranged

between (2.1 -· 1 0.6) x 10-5 mol. L-1
. s-1 depending on various reaction 

parameters .. Upto 95% ·of the polymers were formed at 50°C in the pres~nce of 

'1.5 x 10-3 mol. L-1 of Ce(IV) ions (EDTA = 0.01 mol. L-1 ~nd AM = 0.4 mol. L-1
). 

Rp, XL and Mv were increased with the incrE!ase · in AM concentrations. The 

value of [11] was also high and varied from 145 to· 650 mi. g-1
. On the other hand, 

Rp increases with increased concentration · of EDT A. Previous study on 
'. 

homogeneous polymerization_ by Ce(IV)/EDTA system showed a steady 

decrease in Rp with Ce(IV) concentration. But, present study gives a reverse 

trend. This indicates that the linear termination by Ce(IV) ions is_ no longer 

important in the present polymerization on the mineral surface. The pseudo -
' ' 

m.~erall activation energy was 19.3 kcal/mole,. which is close to that for usual 

redox systems. 

The initial rate is approximately first order with respect to the monomer 
l' ' \ . 

cdncentration. The significant departure of monomer ·exponent from 2.0 (in 

aqsence of montmorillonite) to 1.0 in the presence of clay mineral demands that 

the polymerization mechanism be reconsidered for the present condition. To . " ' . 

_rationalize the above experimental results and to predict a possible mechanism 

following assumptions are made. 

(1) Intercalated EDTA molecule react fast with Ce(IV) ions of montmorillonite· 

layered space to form reactive EDTA radicals via an intermediate complex. 

Due. to restricted mobility of Ce(IV) ions at ·the exchange sites of 

montmorillonite, the formation constant of the complex is small. 
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(2) Polymerization locus is the interlayer space of montmorillonite. The linear 

termination of growing polymer chain by Ce(IV) ions is restricted due to the 

presence of metal ions in the layered space. 

(3) The initiation steps involves the collision of acrylamide with EDTA radicals, 

where monomer pairs (as already mentioned) are entailed. Generation of 

initiator fragment, propagation and the termination steps may be shows as 

follows: 

Generation of initiator fragment 

- K -
Ce(IV) + EDTA(R) ~. (Ce(IV) - R) 

complex 

Propagation 

Mj+M 

kp 
M~-1 + M _....;....._~ M~ ............ etc. 

Termination 

Oxidative product + Ce(lll) + H+ 

The rate equation under the present condition has been found to be 

a ( a )3/2 ( a ~ )1/2 [- ]1/2 1/2 Rp = kpKM L 0 kdKKRtkt Ce(IV) [R] 5 [M] 5 
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Above equation could satisfactorily account for the present behaviour of the 

Ce(IV) - EDTA initialized acrylamide polymerization exhibited in the aqueous 

montmorillonite layered space. 

(page 65-7 4) 

The x.r.d, e.s.r. and n.m.r. spectral data are shown in section 3.6. e.s.r. 

study confirms that lattice substituted Fe(lll) in montmorillonite reacts with TU, 

but the reaction failed to initiate the polymerization of acrylamide in water. The 

redox characteristics of Fe(lll) towards TU reductant remains almost unaltered 

even when Fe(lll) ions are adsorbed by the mineral clay montmorillonite. 

Propagating radicals were characterised by spin trapping technique. The 

hyperfine splitting parameters aN and a~ for MNP adduct are 1.45 and 0.31 mT 

respectively. The polymers as characterise by 1H and 13C n.m.r. are mostly TU 

terminated head-to-tail polymers with mixed tacticities where Bernoulli statistics 

are followed. The acrylamide molecules readily intercalate into both forms of 

mineral resulting in two-stage intercalation. The first saturation value is nearly 

1.25 m.mol.g-1 whereas the second one is just nearly double. Unlike acrylamide,. 

the TU leads to the monolayer formation only and maximum capacity is found to 

be 1.37 m.mol.g-1
, which is consistent with that of monolayer of acrylamide. The 

Langmuir constants are low; they are 12.0 and 9.2 for TU and AM respectively 
I 

in the case of FeM. Above observation strongly justify the assumptions made in 

establishing the kinetics and mechanism for acrylamide polymerization on 

montmorillonite surface. 

(page 75-83) 

Chapter 4 is concerned with the study of copolymerization of a~rylamide 

(AM) with diacetone acrylamide (DAAM) and N-tert-butylacrylamide (N-t-BAM) 

on montmorillonite surface. In ·section 4.1, a .brief review on this aspect is 

presented. Copolymers of acrylamide have shown a number of properties 

leading to varieties of industrial applications including those as water soluble 
' 

viscofires and displacement fluid in enhanced oil recovery. Two of the critical 
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limitations of polyelectrolytes are loss of viscosity in the presence of electrolytes 

· and ion binding to porous reservoir rock substrate. Importance of the present 

study lie in the fact that (i) the applied technique provides high molecular weight 

polymers having high intrinsic viscosities (ii) at least one of the above 

copC?Iymers viz., diacetone acrylamide, has already shown some promises by 

no,t losing its solution viscosities in the presence of added electrolytes. The 

copolymers are found in good yield by Fe(lll) - TU redox initiator when the 

Fe(lll) were loaded in the interlayer spaces of montmorillonite. Characteristics of 

the copolymers including the reactivity ratios for the respective. monomers are 

determined and micro structures are predicted. 

(page 84-87) 

The experimental procedure for the copolymerization reaction is 

presented in se.ction 4.2. 

(page 88-90) 

Both Fineman-Ross. and the Kelen-Tudos methods were employed. to 

determine reactivity ratios of the monomer pairs. The reactivity ratios for 

AM:DAAM monomer were determine as r1 = 0.71 and r2 = 0.61 according to the 

more reliable Kelen-Tudos method. For AM:N-t-BAM monomer pair they were 

as 1.51 and 0.46 respectively. The AM-DAAM copolymers with r1r2 = 0.43 and 

the AM-N-t-BAM copolymers with r1r2 = 0.70 exhibit an opposite tendency 

towards alternation. The micro-structures of copolymers including mean 

sequence· length distribution is presented for a range of feed compositions 

through the knowledge of reactivity ratios. For the· series of AM-DAAM 
I 

copolymers, the mean sequence length of acrylamide, J.lAM, varied from 30:.03 at 

an 96.36/3.64 mole ratio of AM/DAAM in· the copoly111er to 4.01 with a 

78.77/21.2.3 mole ratio. For those compositions, values of J.lDAAM were 1.01 and 

1.14 respectively. On the other hand, the AM-:-N-t-BAM copolymers had J.lAM 
I 
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value of 62.50 and 7.37 at 98.33/1.67 and 89.42/10.58 mole ratios of AM/N-t

BAM respectively. Above values for J.lN-t-BAM were 1.01 and 1.11 respectively. 

Due to slower termination rates in the adopted polymerization technique, 

copolymers with high intrinsic viscosities are formed. The observed decreased 

in the intrinsic viscosity with increasing DAAM or N-t-BAM comonomer 

concentrations may be explained by increased cross termination rates of 

copolymerization. 

(page 90-1 01) 

Chapter 5 records the results of the study on solution properties of 

polyacrylamide in water and water-dimethylsulphoxide mixtures. In view of the 

use of polyacrylamide in various fields including those as water soluble 

viscofiers and displacement fluids in secondary oil recovery process, the 

understanding of the role of charged groups on different factors which govern 

the efficiency in their use is important. Such studies on the solution properties of 

the polymer viz., intrinsic viscosity and unperturbed dimension of the polymer, 

temperature coefficient of unperturbed dimension, molecular extension factor . 

and chain rigidity in different solvents and cosolvent media are important. A 

brief review on this aspect is presented in section 5.1. 

(page 102-110) 

In the present study, the intrinsic viscosities [TJ] of polyacrylamides having 

different sizes are measured at 30°- 50°C temperature in various mixtures of 

water (good solvents) and dimethyl sulphoxide (DMSO, poor solvents). The 

observed result and the Huggins constant values show a significant variation of 

cosolvency as a .function of solvent composition ( <p) and temperature. The 

nature of plots of [TJ] versus <poMso indicates relative importance of entropy 
I 

factors over energetic factors in determining molecular configuration at high 
" temperature. The unperturbed dimensions (Ke) of the polymer are determined 

by various methods, which agree well wit~ each other and exhibit a minimum at 



134 

<p = 0.5. The temperature coefficients of the unperturbed dimension (K1
) gives 

both positive and negative values depending on the solvent composition, which 

indicates the variation of compactness and the presence of low and high energy 

configurations as a function of solvent composition. Molecular extension factor 

(an) and the chain rigidity (cr) values are evaluated and the influence of 

temperature is discussed. 

(page 112-120) 
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) Redox polymerization of acrylamide to high molecular 
weights: effect of the mineral clay montmorillonite 

P. Bera, S. K. Saha* 

Department of Chemistry, University of North Bengal, 
Raja Rammohunpur, PIN-734430 Dt. Datjeeling, West Bengal, India· 

(Received: September 25, 1996) 

SUMMARY: 
Polymerization of acrylamide with the redox couple Fe(III)/thiourea in the presence of 

the mineral clay montmorillonite has been investigated. Polyacrylamide is obtained in 
good yield having molecular weight (ca. 0.7-2.5 x 106

) approximately one order of 
magnitude higher than without clay. Apparently, the locus of polymerization is the inter
layer space of the clay. 

Introduction 

In view of the use of polyacrylamide as water soluble viscofier and displacement 
fluid in secondary oil recovery, hydrodynamic volume and intrinsic viscosity of the 
polymer are of fundamental importance. Redox-initiated polymerization of acryl
amide often yields polymers having not" sq high molecular weights and intrinsic · 
viscosities because of the fast termination process via transfer to the oxidant (viz., 
metal ions at ·higher oxidation state) of the initiating redox couple1l. In this commu-

\ nication we report a method of preparing comparatively higher molecular weight 
\ polymers of acrylamide with higher intrinsic viscosity, initiated by ferric ion/ 

thiourea (TU) redox couple in presence of montmorillonite. Montmorillonite is a 
2: 1 type of trimorphic layered phyllosilicate (smectite) in which the central octahe
dral aluminium is surrounded· by two tetrahedral silica sheets2l. It has strong sorptive 
properties due to the expandibility of the mineral layers and has been shown to cata
lyze the polymerization of some unsaturated organic compounds such as styrene and 
hydroxyethyl metb.acrylate but yet to inhibit polymer formation from other structu
rally related monomers such as methyl methacrylate3l. This behaviour is believed to 
be due to the electron-accepting or electron-donating si~es on the clay minerals. In 
order to check the linear termination process and to increase the degree of polymer
ization, we loaded the Fe(ill) ions in the interlayer spaces of the mineral and suc
cessfully prepared polymers of ·acrylamide in presence of TU. For the purpose of 

, comparison; same experiments were conducted with Fe(ill)/TU redox initiator in 
absence of the mineral. 

Experimental part 

Acrylarnide (AM, reagent grade, Fluka) and thiourea (TU, Merck) were purified as 
usual. Montmorrilonite (diameter <2J..Lm) was purified following methods described else
where2·8l. Fe(III) ions were loaded onto the exchangeable sites of montmorillonite 

© 1997, Hiithig & WepfVerlag, Zug CCC 1022-1336/97/$02.50 
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(Fe(III)) up to maximum saturation. (0.9 meq · g-1
} by shaking a known amount of the 

mineral with FeC13 solution for ~ h, followed by repeated centrifugation (20 000 rpm) 
. and washing with double distilled water. Polymerization reactions were carried out in 
aqueous solution under pure nitrogen in absence of light. Intrinsic viscosities_ were mea
sured by Ubbelohde viscometer with water flow rate of 2 mL · s-1 at 30 °C, and the mole
cular weights were calculated using the Mark-Houwink relationship4l: 

Results and discussion 

Tab. 1 shows the data pertaining to the initial rates of polymer:\zation (Rp), poly
mer yields (XL), intrinsic viscosities ([17]) and molecular weights (Mv) of the poly
mers formed as functions of the concentration of Fe(III) ions, TU and monomer con
centrations, pH and temperature, in the presence as well as in absence of montmor
illonite. In homogeneous reaction conditions (i.e., in absence of clay mineral), Rp 

decreases with Fe(III) ion concentration, which is consistent with previous reports 
on similar redox systems and supports linear termination hypothesis by the metal 
ion1•5- 8l. The rate dependence on the monomer concentration could neither be 
related to a first-order nor a second-order reaction, and the slope of the RP vs. [AM] 
plot is found to be 1.45. Referring to the literature concerned with other redox sys
tems involving metals as oxidants, the above kinetic behaviour supports a similar 
polymerization mechanism as reported earlier7l. At low concentration of TU, a first
order reaction with respect to TU is observed. On the other hand, RP, polymer yield 
and polymerization mechanism are influenced to a great extent when Fe(III) ions 
were trapped in the interlayer spaces of montmorillonite. RP increases linearly with 
Fe(III) ion concentration, with an exponent of 0.25 and 0.40 at temperatures of 50 
and 70 oc, respectively, while the rate dependence on TU concentration remains the 
same. An appreciable "gel effect" is observed, apparently due to slower termination 
rates in presence of the mineral9l. The initial rate of polymerization also increases 
with increasing monomer concentration. The corresponding monomer exponent is 
2.3. Such a high monomer exponent is striking but not totally unusual and may be 
attributed to the "cage effect" where the montmorillonite microenvironment forms a 
potential barrier which prevents the initiating TU radicals to diffuse immediately, 
thus favouring their destruction by mutual recombination10l. 

Above all, the polymers formed have much higher intrinsic viscosity and molecu
lar weight than those observed in absence of montmorillonite. Tht; [17] values of 
polymers formed in homogeneous solution (absence of montmorillonite) varied 
.from 14 to 108 mL · g-1 (Tab. _1) under the present experimental conditions. Previous 
reports show that redox polymerization always displayed low intrinsic viscosities 
and molecular weights. Tab. 1 records highest values of [17] and Mv from each of the 
references. On the other hand, [17] values of polymers formed in presence of mont
morillonite are found to vary from 208 to 595 mL · g-1 under identical experimental 
conditions. The [17] values also increase with increasing monomer and TU concen-
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Tab. 1. Results of acrylamide (AM) polymerization with the redox couple Fe(ill)/thiourea (TU) in presence and absence of montmorillonite 8 
(1) 
:J, 

(MO) N g. 
[Fe(ID)] a) [MO] [TU] [AM] pH Temp. R X 103 b) XL c) [17] d) Mv X w-s = 

p 0 

mmol·L-1 in% mol·L- 1 mol·L-1 in oc in% mL·g-1' 
...., 
I» 
(") 

0.60 0.04 2.01 50 2.86 61 340 12.0 
'3. 

0.2 0.4 §. 
0.90 0.3 0.04 0.4 2.01 50 3.33 62 364 12.2 0.. 

1.50 0.5 0.04 0.4 2.00 50 2.64 76 369 12.5 
(1) 

2.07 0.7 0.04 0.4 2.01 50 3.97 77 284 9.5 
2.67 0.9 0.04 0.4 2.01 50 3.90 60 291 9.8 
1.5 0.5 O.Ql 0.4 2.00 50 1.04 42 487 19.5 
1.5 0.5 0.02 0.4 2.02 50 2.56 50 595 25.0 
1.5 0.5 0.03 0.4 2.01 50 2.60 55 560 23.0 
1.5 0.5 0.04 0.3 2.01 50 1.08 63 363 12.2 
1.5 0.5 0.04 0.5 2.01 50 3.60 48 397 14.9 
1.5 0.5 0.04 0.6 2.01 50 5.56 57 480 19.1 
1.5 0.5 0.04 0.4 2.01 45 1.02 66 208 6.2 
1.5 0.5 0.04 0.4 2.01 60 3.72 84 432 16.6 
1.5 0.5 0.04 0.4 2.00 70 3.98 94 220 6.8 
1.5 0.5 0.04 0.4 1.52 50 2.65 63 300 10.0 
1.5 0.5 0.04 0.4 2.10 50 3.09 40 369 12.5 
1.5 0.5 0.04 0.4 2.87 50 

N 

~ 



Tab. 1. Continued 

[Fe(ID)] a) [MO] [TU] [AM] pH 
mmol·L-1 in% mol·L-1 mol·L-1 

1.5") - 0.04 0.4 2.00 
3.o•) - . 0.04 0.4 2.01 
4.o•) - 0.04 0.4 ' 2.01 
8.o•) - 0.04 0.4 2.01 
1.5") - 0.04 0.3 2.01 
1.5") - 0.04 0.6 2.01 
1.5e) - O.Dl 0.4 2.00 
Ce(IV)ffU (ref.5)) 

Mn(ill)/EAA (ref. 6)) 

Ce(IV)/EDTA (ret.1)) 
Ce(IV)/NTA (ref.8)) 

Ce(IV)/NPA (ref. 1
)) 

Ce(IV)IIDA (ref.l)) 

a) Interlayer Fe(ill). 
b) Initial rate in mol • L -I • s-1. 

c) Yield after 4.5 h. 
d) Intrinsic viscosity. 
e) Fe(IID in solution. 

Temp. R X 103 b) 
p 

XL c) 

in oc in% 

50 4.40 73 
50 5.60 56 
50 1.02 40 
50 2.50 26 
50 5.00 62 
50 13.00 77 
50 1.78 40 

[q] d) 

mL·g 1 

64 
73 
41 
45 
60 

108 
14 

0.5 
133 
90 
68 
73 

Mv X 10-5 

1.3 
1.5 
0.7 
0.8 
1.2 
2.6 
0.2 
0.9 
0.2 
1.8 
1.1 
0.8 
0.9 

N 

~ 

!"C 
b:1 

~ 
:n 
~ 
[/) 

g 
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trations, and increase with temperature up to 50 oc and then tend to decrease at 
higher temperatures. The Mv values as calculated from the viscosity data ranged 
from 0.7 x 106 to 2.5 x 106

. Comparison of Mv with literature values is to be done 
carefully because previous workers used a different Mark-Houwink relation. 

XRD studies showed that basal spacing of the present montmorillonite sample is 
14 A, and all the species, viz., Fe(III) ions, TU and monomers, are intercalated 
between the layers of the mineral without expanding the same. Polymerization 
increases basal spacing up to 15 A, and glycerol treatment does not have any effect 
at this stage. It seems apparent that the locus of the polymerization reaction is the 
interlayer space of the mineral, and the position of Fe(III) ions eventpally retards the 
linear termination process, resulting in the high degree of polymerization. 13C NMR 
spectra confirm head-to-tail polymers with mixed tacticities in which Bernoulli sta
tistics is followed ll). 
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Aqueous polymerisation of acrylamide by Fe(III)-thioure_a redox couple has ?een_ studied in h_omogeneous 
conditions as well as by loading Fe(III) ions in the interlayer spaces ~f ~ontmonl~om~e. A dramatic ef!ect ~as 
observed in the latter case, resulting in a very high degree of polymensatwn and yteldmg pol~mers ~avmg htgh 
intrinsic viscosity due to imposed constraint on linear termination process. The techmque, m_ ~~neral, 
demonstrates a promising method of achieving high molecular weight polymers by redox tmti~tors. 

Polymerisation locus was identified and prop~§ating radicals were chara7ter~sed by XRD and e_.s.r:, respect~ vel~. 
The polymers were characterised by 1H and C n.m.r. spectroscopy. Kmettcs of_ the polymensa~wn reactwn IS 

investigated and the mechanism of the reaction is discussed. © 1997 Elsevier Sctence Ltd. All nghts reserved. 

(Keywords: aqueous polymerisation; acrylamide; montmorillonite) 

INTRODUCTION 

Ability of clay minerals to intercalate various molecules and 
their catalytic properties are long known. The clay-polymer 
interaction has found many and varied applications 1• 

f Interest in clay-polymer combinations stems from the use 
of clay minerals as fillers and reinforcers in polymer 
systems. All things being equal, the efficiency of a filler in 
improving the physico-chemical properties of a polymer 
system is primarily determined by the degree of its 
dispersion in the polymer matrix. The most effective way 
of achieving such compatibility is to graft a suitable 
polymer on to filler surface and/or to encapsulate the 
mineral particles with the former by polymerising mono
mers directly on filler surfaces2

. Montmorillonite, a smectite 
clay has been shown to catalyse the polymerisation of some 
unsaturated organic compounds such as styrene and 
hydroxy ethyl methacrylate and yet to inhibit polymer 
formation from other structurally related monomers such as 

. methyl methacrylate3
. This behaviour is believed to be due 

f- to the electron accepting or electron donating sites on the 
clay minerals. However, it has been shown recently that 
montmorillonite can be used in conjunction with organic 
substances, viz., alchols, thioureas, etc. to polymerise 
methyl methacrylate in aqueous medium3.4. 

In view of increasing industrial applications of water 
soluble acrylamide polymers, clay minerals and their 
combinations in various fields including the use of 
polyacrylamide as water soluble viscofier in enhanced oil 

- recovery, we undertake the present study with two major 
objectives: (i) to examine the catalytic activity of mont
morillonite on the polymerisation of acrylamide in aqueous 

_ medium and, (ii) to prepare acrylamide polymer having large 
hydrodynamic volume and molecular weights by Fe(III)/ 
thiourea redox initiator in presence of montmorillonite. 

*To whom correspondence should be addressed 

EXPERIMENTAL 

Materials 
Acrylamide (AM, reagent grade, Fluka) was purified by 

recrystallisation from methanol (two times) and dried in 
vacuum oven at 45°C overnight. Thiourea (TU, E.Merck) 
was used after recrystallisation three times from distilled 
water (m.p. 180°C). A suspension of montmorillonite (Mo) 
having particle size less than 2 JJ.m (diameter) was prepared 
by sedimentation3

. Free iron oxides were removed by 
dithionite-citrate method. Organic matters were removed 
following method described elsewhere5

• H+-montmorillo
nite (HM) was prepared by shaking the stock of the mineral 
(3% w/v) in presence of 0.5 M HCl for about 6 h followed 
by repeated centrifugation (20 000 rpm) and washing with 
double distilled water. The cation exchange capacity (CEC) 
of montmorillonite was determined by potentiometric 
titrations with standard KOH solution under nitrogen 
atmosphere and was found to be 0.91 meq g- 1

• Fe(III)
montmorillonite (FeM) was prepared by shaking HM 
suspension (3% w/v) in presence of 0.5 M FeC13 (reagent 
grade) at pH 2.5 for 6 h followed by purification by repeated 
centrifugation and washing with distilled water until the test 
of Fe(III) ions in the supematent was negative. A separate 
experiment on the sorption of Fe(III) on to montmorillonite 
shows that the maximum intake of Fe(III) ions by HM 
samples slightly exceeds the CEC value viz., 0.98 meq g-1• 

Polymerisation 
Measured quantities of aqueous solutions of AM were 

added to known amounts of HM or FeM suspension or their 
various mixtures in well stoppered pyrex bottles under 
nitrogen atmosphere and were equilibrated at required 
temperature. Deaerated TU solutions were then added to 
these solutions and the reactions were allowed to continue 
for desired time span in absence of any light. Polymerisation 
reactions were stopped by diluting the mixture with chilled 
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water keeping the reaction vessels in ice bath. The mixtures 
wer~ then centrifuged to remove HM/FeM. The polyacry
lamtde (PAM) was precipitated out by adding excess of 
acetone, washed repeatedly with acetone and dried in 
vacuum at 40oC for 48 hours. Molecular weights of the 
polymer were determined by viscosity measurement in 
aqueous 0.1 M NaCl solution using a Ubbelohde viscometer 
and a Mark-Houwink relationship of the type6•7 : 

[n]=9.33 X w- 3 M0
"
75 cm3/g 

E.s.r., n.m.r. and XRD measurements 

E.s.r. spectra were recorded at room temperature with a 
Varian V4502 spectrometer using 100kHz magnetic field 
modulation. Instrumental setup and technique were the 
same as described previously8

• 
1H and 13C n.m.r. spectra 

were recorded on a Varian XL-300 spectrometer in D20. 
Chemical shifts were measured with reference to dioxane at 
o = 67.40 ppm. The X-ray powder diffraction patterns of 
solid minerals were recorded with a Philips PW 1730 
machine using Ni-filtered CuKa radiation. X-ray generator 
was operated at 40 kV/20 rnA. 

RESULTS AND DISCUSSION 

Montmorillonite possesses a layered structure and has 
strong sorptive properties due to expandability of the 
mineral layers. It is a 2:1 type or trimorphic layered 
phyllosilicate in which the central octahedral aluminium is 
surrounded by two tetrahedral silica sheets. Substitution by 
Fe2+, Fe3+ or Mg2+ normally occurs in the octahedral 
position of aluminium. The isomorphous replacement of 
both bi and trivalent metals from the lattice position to the 
mineral surface may also take place slowly on standing. The 
mineral can accept electrons via the aluminium at the crystal 
edges and the transition metals, such as Fe(III), in the 
silicate layers. Aluminium in octahedral coordination acts 
as a Lewis acid if its coordination water molecules are 
removed by drying. On the other hand, the electron donor 
sites are transition metals in the reduced state. Iron in the 
crystal lattice of montmorillonite participates in various 
chemical reactions in the layered spaces. One of the 
examples is the well known reaction of montmorillonite 
with benzidine molecule to form benzidine blue in which 
the lattice substituted Fe(III) ions are involved9

. 

Montmorillonite especially, and other clay minerals in 
general, give powder e.s.r. spectra containing a multiplicity 
of lines, which essentially fall into three zones. Figure 1 a 
shows e.s.r. spectra of the present montmorillonite sample 
containing 0.03% and 2.14% (w/w with respect to mineral 
wt.) iron in exchangeable and lattice positons respectively. 
Signal near g = 4.3 due to paramagnetic Fe3+ cations may 
be attributed to cis and trans octahedral sites, having axial 
and rhombic symmetry. A very broad signal near g = 2.2 
arises from exchange interactions between clusters of Fe3+ 
ions which may be present on the surfaces of the smectite as 
well as due to hydrated Fe3+ in the exchangeable sites 10

. A 
very small but sharp signal at g = 2.00 has been assigned to 
structural defects. Figure 1 b shows the e.s.r. spectrum that 
arises from the same montmorillonite sample but pretreated 
with excess of TU at 50°C for 30 min under nitrogen. 
Significant decrease of the intensity at g = 4.3 signal 
indicates that TU reacts with lattice Fe(III) and forms non
Kramers species which are e.s.r. silent. Bhattacharya and 
coworkers put forward chemical and electrochemical 
evidences to show that isothiocarbamido radicals (I) 
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a 

Figure 1 E.s.r. spectra of air dried powder montmorillonite sample at 
20°C: (a) H+ exchanged; (b) pretreated with thiourea at 50°C under N2 ~ 

formed in above reaction can activate radical polymerisa
tion of methyl methacrylate in aqueous medium 11

. 

However, in the present study, attempts to polymerise 
water soluble acrylamide monomers by lattice-Fe(III)/TU 
combination were unsuccessful at a wide range of 
temperature. This is probably due to efficient inhibition of 
radical polymerisation of acrylamide by montmorillonite 
via electron transfer from initiating or propagating radicals 
to the Lewis acid sites. On the other hand, montmorillonite 
microenvironment seems to have a dramatic effect on the 
redox polymerisation of acrylamide by Fe(III)-TU combi
nation. In view of the fact that redox initiated polymerisa- l 
tion of acrylamide often yield polymers having not so high 
molecular weights and intrinsic viscosities primarily 
because of the fast termination process via transfer to 
the oxidant (viz., metal ions at higher oxidation state) of the 
initiating redox couple, we loaded Fe(III) ions in the 
interlayer spaces of the mineral to control the rate of 
termination and examined the effect on acrylamide poly
merisation in presence of TU12

. For the purpose of 
comparison of the results, same experiments were dupli
cated as controls with Fe(III)/TU redox initiator in absence 
of the mineral. Figure 2 shows that the conversion 
efficiencies are increased dramatically when the Fe(III) 
ions are loaded in the layered spaces of montmorillonite. 
Fe(III)/TU redox couple brings about 40% conversion at .... 
45°C (in the absence of any montmorillonite), which is 
increased slightly with temperature when 4.0 X 10-3 moll-1 

FeC13 is used (TU = 0.04 moll-1
) at pH 2.01. However, 

94% conversion is observed for the same concentration of 
Fe(Ill) ion when loaded in the interlayer space of 
montmorillonite (Fe(Ill)) under identical conditions (con
centration of Fe(III) being moles of interlayer metal ions per 
1000 mL of the reaction mixture). No induction period is 
observed, however, in either case. At lower FeCI3 

concentrations, polymer yield (XL) as well as the initial rate 
of reaction (Rp) were increased substantially, indicating 
slower termination rates in the absence of any mineral clay. 
On the other hand, in the presence of mineral microenvir
onment, the initial rate of polymerisation was increased 
from 2.83 X 10-3 to 3.97 X 10-3 moll- 1 min- 1 as the 
Fe(III) concentration increased from 0.60 X w-3 to 2.07 X 
10-3 moll- 1

• At a higher concentration of Fe(III), however, 
Rp tends to decrease due to transfer to ferric ions. Conversion 
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Figure 2 The effect of Fe(III) loading in montmorillonite on the course of polymerisation at various temperatures: (a) [Fe(III)] = 0.004 moll- 1
, [Mo] = 0, 

[TU] = 0.04 moll-1
, [AM]= 0.4 moll-1

, pH 2.01; (b) [Fe(III)] = 0.004 moll- 1
, [Mol= 1.4%, [TU] = 0.04 moll- 1

, [AM]= 0.4 moll- 1 

efficiencies were also increased regularly with increasing 
Fe(III) ion concentration up to 2.07 X 10-3 moll-1

. Although 
Rp and the yield decreased with decreasing TU concen
trations, molecular weight of the polymer was higher at lower 
TU concentrations. Moreover, significant 'gel-effect' was 
observed in the presence of clay mineral apparently due to 
decrease in termination rates as mentioned above as well as 
for comparatively higher viscosity of the medium13

. 'Gel
effect' was more prominent at lower temparatures than at 
70°C. Table 1 represents the data pertaining to the initial rates 
of polymerisation (R p), poly~er yeild (XL), intrinsic viscosity 
(71) and molecular weight (M v) of the polymers formed as 
functions of the concentration of Fe(III), TU, AM, pH and 
temperature in the presence as well as in the absence of 
montmorillonite. The most significant observation of loading 
Fe(III) ions of the initiating redox couple in the interlayer 
spaces of montmorillonite is achieving polymers with much 
higher intrinsic viscosity and molecular weight. The 71 value 
of the polymer formed in homogeneous solution and in the 
absence of the mineral varied from 14 to 90 ml g-1 (Table 1) 
under the present experimental condition. Previous reports 
showed that redox polymerisation always displayed low 
intrinsic viscosities and molecular weights as are depicted in 
Table 2 (which records the hi9,hest values of 71 and M v from 
each of the References 12

•
14

-
1 

). On the other hand, 71 values 
displayed by polymers formed in presence of montmorillo
nite were found to vary from 247 to 600 ml g-1 under 
identical experimental conditions. The 71 is also increased 
with increasing monomer and TU concentrations while it is 

increased with temperature up to 50°C but decreased at 
higher temperatures. The M v values as calculated from 
viscosity data of present experiments ranged from 0.62 X 
106 to 2.5 X 106

• However, comparison of M v with 
literature values should be done carefully because previous 
workers applied a different Mark-Houwnik equation. The 
significant role played by montmorillonite probably stems 
from two factors: (i) polymer initiation in the mineral 
microenvironment is favoured and (ii) rate of linear 
termination process decreases significantly because transfer 
to Fe(III) ions is highly restricted for the latter's location in the 
layered spaces of the mineral and diffusion of the living radical 
through montmorillonite gel is rather slow. In general, loading 
of the oxidant, i.e. metal ions, of the redox couple in the 
interlayer space of clay minerals, i.e. montmorillonite, offers a 
potential method of achieving very high degree of polymer
isation for a redox initiated reactions. 

Generation of primary and propagating free radicals 
Previous studies showed that polymerisation of various 

(I) 
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Table 1 The initial rates of pol:>:meri_sation, P?lymer yields, intrinsic viscosities and the molecular weights of Fe(III)-TU initiated polymerisation in the 
presence and absence of montmonllomte at vanous conditions 

Temp. [Mo]" [Fe(III)]b [TU] [AM] Rp X 103 
XLc 11 Mv (OC) pH (g 1-1) (mmol 1-1) (mol I -I) (mol 1-1) (moll-1m-1) (%) (mlg-1) c x 10-5) 

2.0 0.60 2.86 61 340 12.0 
3.0 0.90 3.33 62 364 12.2 

50 2.01 5.0 1.50 0.04 0.40 2.64 76 369 12.5 
7.0 2.07 3.97 77 284 9.5 
9.0 2.67 3.90 60 291 9.8 

0.01 1.04 42 487 19.5 
50 2.01 5.0 1.50 0.02 0.40 2.56 50 595 25.0 

0.03 2.60 55 560 23.0 

0.30 1.08 63 363 12.2 
50 2.01 5.0 1.50 0.04 0.50 3.60 48 397 14.9 

0.60 5.56 57 480 19.1 

45 1.02 66 208 6.2 
60 2.01 5.0 1.50 0.04 0.40 3.72 84 432 16.6 
70 3.98 94 220 6.8 

1.52 2.65 63 300 10.0 
50 2.10 5.0 1.50 0.04 0.40 3.09 40 369 12.5 

2.87 d 

0.38 (0.008) 1.23 36 290 9.8 
50 2.01 5.0 0.75 (0.015) 0.04 0.40 1.99 43 360 13.0 

1.13 (0.023) 2.22 45 355 12.8 

1.50' Cft.40 73 64 1.3 

50 2.01 3.00' 0.04 0.40 5.60 56 73 1.5 

4.00' 1.02 40 61 0.7 

8.00' 2.50 26 45 0.8 

0.04 0.30 5.0 62 60 1.2 

50 2.01 1.5' 0.04 0.60 13.00 77 108 2.6 

O.GI 0.40 1.78 40 14 0.2 

"Montmorillonite content 
bConcentration of interlayer Fe(III) in mmol I -I of the reaction mixture; corresponding concentrations in montmorillonite gel phase is 0.03 mol I -I 
throughout, except those shown in brackets 
<Yield after 4.5 hrs. dNo polymer formed. 'Concentration of FeCI3 in solution 

0 1mT 

Figure 3 E.s.r. spectrum of MNP-PAM spin adduct 

water insoluble vinyl monomers initiated by redox couples 
involving TU as the reductant, involved isothiocarbamido 
primary free radicals (I) in aqueous acid solution 11

. 

Owing to high 'g' anisotropy and a very short relaxation 
time, detection of this radical by e.s.r. spectroscopy was not 

H 
1 /tau 

,......._,CH-C-N 
2. 

I "-o·. 
CONHz. 

<I I> 
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Table 2 Intrinsic viscosities and molecular weights of acrylamide poly
mers formed by different redox couples 

Initiating system 

Ce(IV)-thiourea 14 

Mn(III)-ethoxyacetic acid15 

Ce(IV)-ethylenediamine tetraacetic 
acid 16 

Ce(IV)-nitrilotriacetic acid 17 

Ce(IV)-nitrilotripropionic acid 12 

Ce(IV)-iminodiacetic acid 12 

0.5 
133 

90 
68 
73 

0.9 
0.2 
1.8 

1.1 
0.8 
0.9 

possible until recently, when e.s.r. study of spin adducts of 
the radical was reported8

. In the present system also it is 
believed that the same primary radical (I) is formed and the 
propagating radicals from acrylamide are trapped by methyl 
nitroso propane (MNP) spin trap. Figure 3 shows the e.s.r. 
spectrum of the MNP spin adduct of the radical (II) 

The spectrum depicts a 1:1:1 triplet of doublets. The 
triplet is undoubtedly originated from the nitroxide radical 
(aN = 1.45 mT) of MNP and the doublets are generated 
from H13 splitting (aH = 0.31 mT). The isothiocarbamido 
radicals (I) are, however, not trapped by MNP under present 
condition. 

~ 

l 

1 

I 
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a 

b 

32·4 40·9 

184 182 180 1'78 PPM 46 44 42 40 38 36 34 3Z PPM 

Figure 4 1H and 13C n.m.r. spectra of thiourea terminated polyacrylamide formed on montmorillonite surfaces: (a) 1H n.m.r. spectrum; (b) 13C n.m.r. 
spectrum 

XRD measurement 
Unoriented powder samples of montmorillonite (H+ and 

Fe(III) exchanged) before and after polymerisation reaction 
• showed XRD patterns consistent with published results 10

• 

After the polymerisation reaction, the intensity of peak at 2() 
= 6.25° became much lower because of the presence of 
templates of polymer materials in the interlayer space. On 
the other hand, intensity of the peak at 20 = 9.5-9.8 is 
increased due to polymerisation as well as glycerol 
treatment. Basal spacing of the H+ andoFe(III) exchanged 
minerals is increased from 14 to 17 A due to glycerol 
treatment for both TU treated and untreated samples. On the 
other ~and, polymerisation increases basal spacing from 14 
to 15 A. Glycerol does not affect basal spacing at this stage. 
Foregoing results indicate that Fe(III) ions, TU and 
monomers all are intercalated between layers of the mineral 
without expanding the same and the locus of the 

, polymerisation reaction is the interlayer spaces of the 
mineral. The location of Fe(III) ions in the interlayer space 
eventually retard the termination process, resulting in the 
higher degree of polymerisation. 

1H and 13C n.m.r. spectra of PAM 
1 H n.m.r. spectrum of PAM is not usually an well 

resolved spectrum and no special feature is apparent in 
present spectrum (Figure 4a) except that of overlapping of a 
sharp line with chemical shift of 2.12 ppm near the 
-CHCONH2 position. This line in all probability represents 
the hydrogens from the isothiocarbamido end :e:oups of 
thiourea terminated PAM. The expanded 1 C n.m.r. 
spectrum (Figure 4b) showed methylene, methine and 
carbonyl carbons of head-to-tail polymer of AM. No 
monomeric acrylamide was seen indicating purity of the 
polymer sample. The carbonyl carbon (at 180.2 ppm) 
splittings were small and not as readily interpreted as 
backbone carbon absorptions. The methine resonance 
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Figure 5 Logarithm plot of RP versus [AM]: [Fe(III)] = 0.0015 moll-1, 

[TU] = 0.04 moll- 1 

(42.2-43.5 ppm) is a triplet (triad sensitivity) which is 
further split, showing pentade sensitivity. The low field and 
high field triplet peaks are assigned to rr (syndiotactic) and 
mm (isotactic) sequences, respectively. The central peak 
corresponds to heterotactic sequences (rnr + rm). The 
methylene carbon lines (34-37.4 ppm) fall into three fairly 
well separated groups with almost all the 20 lines required 
by hexad sensitivity resolved. The resemblance of the 
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spectrum to those obtained by Lancaster and Coworker 
suggests that Bernoulli statistics are followed, which is 

. . 1 1 20 common m vmy po ymers . 

Kinetics and mechanism. In homogeneous reaction 
condition (i.e., in the absence of any clay mineral) RP is 
decreased with increased Fe(III) ion concentrations (Table 
1), which is consistent with previous reports on similar 
redox systems and supports linear termination hypothesis 
by the metal ions 12

•
14

- • The rate dependence on the mono
mer (M) concentrations could be related to neither a first 
order nor a second order reaction and the slope of the loga
rithm plot of RP versus [AM] was found to be 1.45 (not 
shown in figure). Referring to the literature concerned 
with other redox systems involving metals as oxidants, the 
above kinetic behaviour predicts a ~olymerisation mechan
ism similar to that reported earlier 6

. The variation of the 
initial rate of polymerisation as a function of monomer 
concentration in the presence of montmorillonite is shown 
in Figure 5. Not all the points fell on a linear line. If it is 
assumed to be linear, the slope could be estimated as about 
2.3. (The proposed mechanism, however, predicts an expo
nent of 2.0, the error in the experimental data may be intro
duced from the inherent coarseness in following the kinetics 
of a heterogeneous system.) The significant change in the 
monomer exponent due to the occurrence of the reaction on 
the montmorillonite surface indicates that the polymerisa
tion mechanism is greatly affected by the mineral microen-

1'0 

0·9 

a. 
a: 
01 
0 0·8 ...J 

+ 
In 

0•7 

0·6 

o·s 

vironment. A rate dependence of second order and above on 
monomer concentration was also observed earlier in hetero
geneous and precipitation polymerisation of acrylamide and 
various interpretations, including 'cage effect' and 'com
plex theory', were proposed to account for the significant 
departure from first order kinetics 18

•
19

. The 'cage effect' ,; 
suggests that when an initiator decomposes into two radi- \ 
cals, there is a formation of a potential barrier by the sur
rounding solvent molecules which prevent their immediate 
diffusion and favours their destruction by mutual recombi
nation. The 'complex theory' is based on the formation of a 
complex between the initiator and the monomer, the rate of 
initiation then being determined by the rate of decomposi
tion of the complex. The 'cage effect' seems to be a good 
conceptual starting point in explaining the high monomer 
exponent which has been observed in the present system. To 
examine the dependence of rate on the montmorillonite con
tent and Fe(III) concentrations, the initial rate of polymer
isation is plotted as a function of Fe(III) ion concentration 
(Figure 6), Rp is increased with the montmorillonite and 
Fe(III) contents of the reaction mixture but the slope of 
logarithm plot varied from 0.25 to 0.40 as a result of raising 
the reaction temperature from 50 to 70°C. However, if the 
locus of polymerisation is assumed to be the interlayer space 
of montmorillonite, above slopes can not be regarded as 
metal ion exponents because increasing addition of 
Fe(III)-saturated mineral does not increase Fe(III) ion con
centration in the mineral phase but, on the contrary, only 

Slope =0"25 

0·6 0·8 1'0 1•2 

4 + Log [ Fe ( 111 ) J 
Figure 6 Logarithm plot of RP versus [Fe(III)]: [AM]= 0.4 moll- 1

, [TU] = 0.04 moll- 1, [Mo] = 0.5% 
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Figure 7 Logarithm plot of RP versus [Fe(III)]: [AM] = 0.4 moll-1

, 

[TU] = 0.04 moll-1
, [Mo] = 0.5% ([Fe(III)] in this figure represents moles 

of ferric ions in the montmorillonite gel phase) 
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Figure 8 Logarithm plot of Rp versus [TU]: [Fe(III)] = 0.0015 moll- 1
, 

[AM]= 0.4 moll- 1
, [Mo] = 0.5% 

adds to the total metal ion and adsorbent contents of the 
reaction mixture. This in turn increases monomer and TU 
contents of the intercalate position, which result in the high 
rates of polymer yield. In order to measure the actual metal 
exponent for the reaction in the mineral phase, Rp values 
were plotted as a function of Fe(III) ion concentration in the 
montmorillonite gel. The concentrations of Fe(III) in the 
montmorillonite gel were varied by adding calculated quan
tities of HM in the reaction mixture. The slope of such a 
logarithm plot (Figure 7) has been estimated as 0.50 at 
50°C. (The concentration of Fe(III) now being moles of 
interlayer Fe(III) ions per 1000 mL montmorillonite gel; 
the water content of montmorillonite sample was measured 
following the method described by Marinsky and co-workers 
and found to be 10 ml g-1

)
21

• Figure 8 shows the dependence 
of Rp on TU concentrations. Since the isothiocarbamido 

primary radicals (I) have strong tendency to dimerise above 
0.05 moll-1

, the present study was confined below that con
centration onll. Again, not all the points fell on a linear line 
(in the logarithm plot) owing to the heterogeneous reaction 
mixture. However, the slopes of the average lines drawn 
through the points at two different temperatures indicate 
that the reaction is first order with respect to TU concentra
tions. To rationalise the above experimental results and to 
predict a possible mechanism for the seemingly complex 
polymerisation reaction occurring in the mineral microenvir
onment, the following assumptions are made12

•
22

• 

(1) Intercalated TU reacts fast with the Fe(III) ions of mon
tmorillonite layered spaces to form the reactive TU 
(isothiocarbamido (I)) radicals via an intermediate com
plex. The decomposition of the complex is the rate
controlling step. 

(2) In the acidic and metal ion exchanged aqueous mon
tmorillonite system, a fraction of the intercalated acry
lamide molecules are present near reacting sites as pairs 
either through hemisalts formation, where two amide 
molecules share a proton by means of symmetrical 
hydrogen bond or/and through weak coordination to 
the exchanged cations2

. The protonated as well as the 
complexed amide pairs are at fast equilibrium with 
unprotonated and free amide molecules, respectively, 
which are defined by a protonation constant or a forma
tion constant. In view of high monomer exponent, it is 
certain that it must have resulted in part from the invol
vement of monomer in the initiation step, where such 

(3) 
monomer pairs are entailed. 
Since the reactive TU radicals are formed as pairs, 
assumption of the 'cage effect' seems to be concep
tually appropriate. The initiation step involves collision 
of the 'amide pairs' with caged TU radicals at the wall 
of the cage and random diffusion of the radicals from 
the cage and their secondary recombination are less 
significant in comparison with the rate of dimerisation 
of caged radicals or their reaction with acrylamide. 

Initiation 

- K-
Fe(III) + TU;:::::: Fe(III) - TU (1) 

Complex 

Fe(III)- TU + TU ~ Fe(II) + (2TU') + H+ (2) 

(3) 

Propagation 

(4) 

Termination 

(5) 

(TU. ) + Fe(III) .S,: TU + Fe(II) (6) 

k" 
(2TU')~TU -TU (7) 

(caged species are enclosed in brackets) 
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Using the above scheme and the pseudo-steady-state 
assumption, we derive the rate expressions as follows: 

Reviewing the above result, we find that equation (14) could 
satisfactorily account for the present behaviour of tqe 

- d[Fe(III)] kctK[TUf[Fe(III)] 

dt 1 +K[TU] 

R = (kctkiKK')112kp[Fe(III)] 112[TU][M]2 

P ki'2(kiK'[M]Z +kiKK'[M]Z[TU] +k1'[Fe(III)] +k1"(1 +K[TU])) 112 
(9) 

(K' ( = [M 2H+]/[M] 2
) is the apparent protonation constant 

at a fixed pH (or a formation constant)) 
If the oxidative termination (step 6) is assumed to be 

insignificant in comparison with the dimerisation rate of 
caged radicals, equation (9) reduces to: 

R _ (kctkiKK') 112kp[Fe(III)] 112[TU][Mf 

P- ki'2(kiK'[M]Z +kiKK'[M]Z[TU] +kt''(l +K[TU])) 112 

(10) 

The interpretation of high kinetic order of the monomer 
finally hinges on the dominance of a reaction between 
caged radicals and those of monomers with the radicals at 
the cage wall. Although the concentrations of the monomer 
and TU in solution phase were fixed mostly at 0.40 moll-' 
and 0.04 moll-1 respectively, the concentrations of inter
calated species must be much lower, specially due to the 
presence of water molecules in the interlayer spaces. 

Thus, while the concentrations, [M] and [TU], in the 
montmorillonite gel-phase should be 

_ a() _ L~K~[M]s 
[MJ-Lo m- 1+K!:,[TU]

5
+K;iJMJs (11) 

and, 

_La _ L~K::JTU]s 
[TU]- o0

tu- 1+K!:,[TUJs+K:i,[MJs (1 2) 

(subscript 's' denotes solution) 
(L~ and () are the total active sites in unit mass of 

montmorillonite and the fraction of total sites occupied by 
each species respectively; K~ and K~ are selectivity 
coefficients) -

the denominators of equations (11) and (12) are nearly 
unity. By appropriate substitution of [M] and [TU] in 
equation (10) and considering the dominance of the last 
term of the denominator over others, the equation becomes 

R _ kp(kctkiKK' lk1k/") 112 K~(K~)2 (L~)3 [Fe(III)] 112 [TUJs[M]; 
P- (1 +KL~K!:,[TU]s) 112 

(13) 

(Values of K~ (or K~), L~ and K are of the order of 10-2
, 

2 mmol g- 1 and 2 1 mol-1
, respectively22

•
23

• Small values of 
above parameters including that of K', ensure that terms 
involving quadratic and above concentrations are very 
small in the present conditions24

•
25

). 

Further inspection of equation (13) shows that the value 
of KL~K~ [TU]s in the denominator varies from 10-5 to 
10-6 for the variation of aqueous TU concentration from 
0.05 to 0.005 moll- 1

• This implies that the rate equation 
under the present condition is reduced to 

RP = kp(kctkiKK' lk1k/') 112 K~(K~)2 (L~)3 [Fe(III)] 112 [TUls[M]; 

(14) 

1468 POLYMER Volume 39 Numbers 6-7 1998 

Fe(III)-TU initialised acrylarnide polymerisation exhibited 
in the aqueous montmorillonite layered space. 

CONCLUSIONS 

Aqueous polymerisation of acrylamide by Fe(III)-thiourea 
redox couple shows kinetic behaviour and mechanism ~ 
similar to those of other redox initiated polymerisations of ·• 
acrylamide. On the other hand, polymerisation initiated by 
the same redox couple but by loading Fe(III) ions in the 
interlayer spaces of montmorillonite influences the kinetics 
as well as the mechanism to a great extent. The latter 
technique increases the degree of polymerisation and the 
intrinsic viscosity of the polymers dramatically by decreas-
ing the rate of linear termination process. The method was 
demonstrated to be a promising technique of achieving high 
molecular weight polymers for redox initiated reactions, 
where low molecular weight polymers are often displayed. 
The maximum values of M v were found to be 2.6 X 105 and 
2.5 X 106 in the absence and presence of montmorillonite 
respectively, while 11 values increased from 108 to { 
595 ml g-1 due to the presence of the mineral under 
identical condition. E.s.r. study confirms that lattice 
substituted Fe(III) in montmorillonite reacts with thiourea 
but the reaction failed to initiate polymerisation of 
acrylamide in water. The locus of the polymerisation was 
identified by XRD as the interlayer space of the mineral 
while, the propagating radicals were characterised by spin
trappinf technique. The hyperfine splitting parameters aN 

and aH for the MNP adduct are 1.45 and 0.31 mT 
respectively. The polymers, characterised by 1 H and 13C 
n.m.r., were mostly thiourea terminated head-to-tail poly
mers with mixed tacticities where Bernoulli statistics were 
followed. The kinetics study showed the monomer, TU and 
the metal ion exponents to be 2.0, 1.0, and 0.5 respectively, 
which have been explained by means of a radical 
mechanism involving 'cage effect' on the initiating TU 
radical pairs. In view of the presence of acrylamide 
molecules as hemisalts where two amide molecules share 
a proton through a symmetrical hydrogen bond in the acidic 
montmorillonite layered space, the initiation step probably 
involves collision of caged TU radicals with the monomer 
pairs at the cage wall. 
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Kinetics and mechanism of aqueous polymerization of acrylamide by FeCh -thiourea redox couple are investigated in 
homogeneous solution with a view to compare results with those observed ·after trapping metal oxidant in the 
montmorillonite layered space. The initial rate of polymerization and \he intrinsic viscosity are ranged within (0.3-2.3) x 104 

mol L-1 s-1 'and (14-137) mLg-1 respectively in the former case. Linear termination by metal oxidants is checked in the latter 
instance resulting in the higher chain growth of the polymers. Formation of the acrylamide pairs in the interlayer positions of 
acidic montmorillonite, strong 'cage effect' on the initiating thiourea radicals and the delayed termination process are 
identified as the major causes for the observed mechanistic modification in the montmorillonite gel phase reactions. 

Polyacrylamide with high molecular weights and 
·intrinsic viscosities have found applications as water 
soluble viscofier and displacement fluid in secondary 
oil recovery1

• High molecular weight polyacrylamides 
have such other applications as effective flocculants 
and chemical grouts. Redox initiated polymerization 
of acrylamide is one of the most common techniques 
applied for aqueous polymeri-zation because of the 
simplicity of technique as well as high yield and 
reaction rates. Moreover, the above technique is 
uniquely applied for in situ polymerization,. where 
aqueous solutions of the monomer together with a 
redox catalyst are injected into soil formation. 
However, one major difficulty of such a technique is 
the fast termination by oxidant of tl)e redox couple. In 
an attempt to increase the chain length of 
polyacrylamid«? initiated by a redox couple, the 
potential electron acceptor of the redox couple (e.g., 
metal ions) is loaded into the inter layer space of 
montmorillonite2

•
3

• This ensures the slow termination 
due to the inability of a growing polymer chain to 
transfer to the oxidant trapped inside the layered 
space. As a result, high molecular weight polymers 
were formed. However, the effect of montmorillonite 
micro-environment in the above polymerization was 
not confined to the lowering of termination rates only 
but, it affected the mechanism of the reaction also to a 
great extent. In order to examine various aspects 
pertaining to such modifications, the kinetics and 
mechanism of solution polymerization of acrylamide 

by FeClithiourea system have also been studied. In 
the present paper, the results of these experiments 

/ have been reported and an attempt has been made to 
identify the pathways through which above 
modifications are achieved. 

Experimental Procedure 
Materials 

Acrylamide (AM, reagent grade, . Fluka) was 
purified by recrystallization from methanol (two 
times) and dried in vacuum oven at 45 °C overnight. 
Thiourea (TU, E.Merck) was used after 
recrystallization three times from distilled water (m.p. 
180°C ). A suspension of montmorillonite (MO) 
having particle size less than 2 micron (diameter) was 
prepared by sedimentation. Free iron oxides were 
removed by dithionite-citrate method. Organic 
matters were removed following method described 
elsewhere4

. H+-montmorillonite (HM) was prepared 
by shaking the stock of the mineral (3% w/v) in the 
presence of 0.5 M HCl for about 6 h followed by 
repeated centrifugation (20,000 rpm) and washing 
with double distilled water. The cation exchange 
capacity (CEC) of montmorillonite was determined 
by potentiometric titration with standard KOH 
solution under nitrogen atmosphere and was found to 
be 0.91 meq./g. Fe(III)- montmorillonite (FeM) was 
prepared by shaking HM suspension (3% w/v) in the 
presence of 0.5 M FeCh (reagent grade) at pH 2.5 for 
6 h followed by purification by repeated ·centrifu-
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gation and washing with distilled water until the test 
of Fe(III) ions in the supernatent was negative. A 
separate experiment on the sorption of Fe(III) on to 
montmorillonite showed that the maximum intake of 
Fe(III) ions by HM sample slightly exceeded the CEC 
value, viz., 0.98 meq/g. 

Sorption ofTU and AM on montmorillonite 
I 0 mL portions of a 0.5% suspension of HM were 

placed in a number of pyrex bottles and different 
amounts of either thiourea or acrylamide were _added 
f<ltlowed by acljusting the pH to 2.0 with dil HCI. The 
total volume of the suspension was made up to I5 mL 
in each case by adding the requisite amount of ~ater 
and were shaken at 30 °C for 4 h to attain equilibrium. 
The supernatent solutions were then centrifuged 
(20,000 rpm) _and analysed for TU or ·AM by a 

.:·-Sblm~Q_z~J!Y-:vi~sp~ct(Q~hotometer at ~35 and l95 
nm respectively.' .· 

Potentiometric measurement 
The redox behaviour of Fe(III)-1JJ ailcrFeM-TU 

systems were examined by potentiometric· titration of 
either FeCh solution or FeM suspension with TU. The 
electrochemical cells were simple as shown below: 

Pt/Fe(III) (or Fe(III)M), Fe(II) (or Fe(II)M)// KCl, 
HgCh,Hg!Pt 

. A ~toppe~ed pyrex be-aker fitted with nitrogen gas 
in[ethmtlet ·tubes, Pt-electrode, salt bridge and 
mecllanical stirring arrangements was placed in a 
thernjiostat at 50°C. 20 mL FeCh solution or FeM 
susp~msion '/"as then titrated at pH 2.0 with standard 
thiQ.Wea solution under nitrogen atmosphere . 

Polym·erizatioil 
Measured quantities of aqueous solution of AM 

were added to known amounts of FeCh solution or 
FeM and HM mixtures in well stoppered pyrex bottles 
under nitrogen atmosphere and were equilibrated at 
required temperature. Deaerated TU solutio"ns were 
then added to these solutions and the reactions were 
allowed to continue for desired time span in absence 
of any light. Polymerization reactions were stopped 
by diluting the mixture with chilled water keeping the 
reaction vessel in ice bath. The mixtures were then 
centrifuged to remove HM or FeM, if any. The 
polyacrylamide was precipitated out by adding excess 
of acetone, washed repeatedly with acetone and dr~ed 
in vacuum at 40°C for 48 h. Molecular weights of the -
polymers were determine,d by viscosity measurement 
in aqueous O.IM NaCl .solution qsing a Ubbeloh_de: 
v~~te;•and:.a rVr~k-H'ol!Wink ·relationship of the 
eyp.e. : -
[ 11]=9.33oxo10-3 Mli.75 -cc/g: 

-Results and Discussion 
Table 1 shows data pertaining to the aqueous 

homogeneous polymeri~ation of acrylamide by 
FeCh/TU redox initiator. The molecular weight (Mv) 
of the polymer obtained was ranged 'between 
0.2x I 05-3 .6x 105

• The initial rate of polymerization, 
Rp, was moderately high and ranged between 
3x10-:5-17x10-5 mol L-Is-1

• At a fixed TU and AM 
concentrations, all the parameters, viz., Rp, XL, [ 1]] and 
Mv ...were decreased with the increase in Fe(III) 
concentrations of the initiating redox couple. It seems 
apparent that the Fe(III) ions are not pnly involved in 

Table 1--, The·initial rates of polymerization, polymer yields, intrinsic viscosities and the molecular weights of 
· ' FeCVfU initiated polymerization of acrylamide at various conditions 

[FeC13] [TU] [AM] pH Temp Rpxl05 
• KLa [ 171 Mvx105 

mM M M oc mol L-1s-1 % mLg-1 

L5 17.2 73 64 L3 
3.0 0.04 0.4 2.01 50 9.4 56 73 1.5 
4.0 6.7 40 61 1.2 
8.0 4.2 26 45 0.8 

0.01 2.9 40 14 0.2 
1.5 0.02 0.4 2.01 50 5.7 53 68 1.4 

0.03 11.9 68 73 1.6 
0.3 8.3 62 60 1.2 

1.5 0.04 0.5 2.01 50 20.0 81 96 2.2 
0.6 23.0 77 108 2.6 

45 12.6 68 61 1.2 
1.5 0.04 0.4 2.01 60 27.8 75 74 1.6 

70 19.2 86 137 3.6 

•polymer yield after 4.5 h. 



26 INDIAN J. CHEM. TECHNOL., JANUARY 1999 

the termination process but also act as retarder in the 
reaction7

• Linear termination of aqueous acrylamide 
polymerization by Fe(III) ions was observed long 
back in I 957 when aqueous Fe(III) perchlorate caused 
fast termination of x and y-ray initiated 
polymerization of acrylamide with a rate constant of 
1.1±0.6xl04 L mor1s-1 (Ref.7). Similar role of other 
metal oxidants was also observed subsequently. 

Effect of AM, TU and Fc(III) concentrations 
The rate of polymerization, Rp, as well as the 

polymer yield (XL) decrease with the increasing 
Fe(III) ion concentration in the range of 
1.5xl0-3-8.0xl0-3 mol L-1

• The value ofthe metal 
ion e~ponent, obtained from the slope of the double 
logarithmic plot of Rp versus metal concentration is 
found to be 0.90 (Fig. 3). Thus, the rate is inversely 
proportional to nearly first power of metal ion 
concentration. On the other hand, Rp increases with 
increasing concentration of thiourea. Thiourea alone 
(in absence of Fe(III) ions) is incapable of initiating 
polymerization as the control experiment shows. 
Increasing concentration of the activator (thiourea) in 
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the presence of Fe(III) ions increases the 
concentration of the initiating radical and 
consequently the number of propagating polymer 
chains and hence the rate of polymerization increases 
with increasing TU concentration in the range 0.01-
0.04 mol L -l. However, at still higher concentrati~ns 
of TV, Rp as well as XL tend to decrease considerably 
due to increase in the rate of termination via 
dimerization of isothiocarbamido primary radicals 
(TUl The value of TU exponent obtained from the 
slope of the double logarithmic plot of Rp versus TV 
concentration, is 1.8 (Fig. 2). Thus, the rate of 
polymerization shows nearly second order 
dependence on the TU concentration. The dependence 
of Rp on the monomer concentration is, however, 
interesting. The initial rate increases with the increase 
of monomer concentration as expected. The slope of 
the logarithmic plot of Rp versus concentration of AM 
is nearly 2.0 (Fig.1) in the range of AM concen.tration 
of 0.25-0.40 mol L-1

, but tends to decrease (the value 
becomes 1.0, ~xperimental points shown in Fig.l) in 
the higher concentration range of (0.4-0.6) mol L-1 

(explained under kinetics and mechanism). The 
corresponding plots for tqe MO gel phase reactions 
are shown in the Figs 1-3. The data are taken from ref. 
3 and reproduced here for comparison. 

Effect of temperature 
The Rp as well as XL increase with increasing . 

polymerization temperature. However, the Rp value 
tend to decrease at temperature above 60°C. The 
overall energy of activation as· calculated from the 
Arrhenius plot has been found to be 12.4 kcal.mol-1 

within the temperature range 45-60 °C. 

Kinetics and mechanism 
In order to rationalize the results, following 

assumptions are made to predict the mechanism of 
aqueous homogeneous polymerization of acrylami~e . 
by FeCh/TU system. 
1. Isothiocarbamido (TU) primary radicals are 

formed via an intermediate complex between 
Fe(III) i0f1.S and TU. The decomposition of the 
complex is the rate-determining step9

•
10 

K 
F e(III) + TV ~ F e(III)-TU ... ( 1) 

Complex 

kd 
Fe(III)- TV+ TV~ Fe(II) + (2TU") + W ... (2) 

2. Since the reactive TU radicals are formed as 
pairs, assumption of "cage effect" seems to be 

conceptually appropriate. The initiation step 
involves collision of acrylamide molecule with 
caged TU radicals at the wall of the cage and 
random diffusion of the radicals from the cage 
and their secondary recombination are less 
significant. 

Initiation : 

ki 
(TU.)+M~M; 

Propagation : 

kp 
M· +M~M· 

I 2 

~p 
M~_1 + M ~ M· ...... etc. 

n 

Termination : 

kt 
M~ + Fe(III) ~ Mn + Fe(II) 

k~ 
(TV) + ~ e(III) ~ TV + Fe(II) 

kt" 
(2TU) ~TV -TV 

(Caged species are enclosed in brackets) 

... (3) 

.. . (4) 

... (5) 

... (6) 

... (7) 

Using Eqs (1) and (2), one obtains the consumption 
rate of Fe(III) concentration as · 

600 

sso 

> 300 
E 

E 
200 ., 

100 

o·e 1·2 t·s 
( TU ]X10 3 

2·0 2·4 2·8 

Fig. 4- Potentiometric titrations of (a) FeM (L3xl0-3M in terms 
of exchanged Fe(III) per lOOOml of suspension) versus TU; (b) 
FeCh (1.2xl0-3M) versus TU. \ 
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Table-2- The initial rates of polymerization, polymer yields, intrinsic viscosities and the molecular weights of ' 

Fe(III)ffU initiated polymerization in montmorillonite phase 

Fe(IIIt [TU] [AM] pH Temp Rpxl05 xl [q] Mvx105 

mM M M oc mol L-1s-1 % mL -1 .g 

1.50 0.04 0.4 2.01 50 4.40 76 369 13.5 
2.67 -0.04 0.4 2.01 50 6.50 60 291 9.8 
1.50 0.01 0.4 2.01 50 1.70 42 487 19.5 
1.50 0.04 0.6 2.01 50 9.20 57 480 19.1 
1.50 0.04 0.4 2.01 70 6.60 94 220 6.8 
1.50 0.04 0.4 2.87° 70 

• Concentration ofinterlayer Fe(III) in mmol. per litre of the reaction mixture (corresponding concentration in MO 
fel phase is O.Q3 mol. per litre ofMO gel); 

Yield after 4.5h; c no polymer formed. 

d[Fe(III)]::: kdK[TU]2[Fe(III)] 

dt l+K[TU] 
... (8) 

·Assuming that the rate of consumption of F e(lll) 
ions is equal to the rate of formation of TU radicals 
and a pseudo-steady state approximation to hold, Rp 
may be shown as follows : 

kdkikpK [TU]2[Mf 
... (9) 

Since the concentration of TU throughout the 
experiment is 'low and the value of the equilibrium 
constant, K is only of the order of 2 L mor1

, the 
quantity ( 1+ K [TU]) in the denominator may 
approximately be equated to unity. Hence, the Eq (9) 
is reduced to 

~ = k,(kJM]+K;[Fe(III)]+k") 
... (10) 

Plotting of [TU]2[M]2/Rp versus [M] yield a straight 
line. From the slope and the intercept of the plot the 
values of k,lkplcd and k,'lk;, are found as 4.70 and 
2.80 x 102 respectively. Reviewing the experimental 
results it seems apparent that kt" in the present 
homogeneous polymerization is not significant 

· enough in comparison to other terms in the 
denominator ofEq.(lO). Moreover, high value of lt1/k;, 
ratio ensures ·that k;,[M] is·also insignificant at low [M] 
in comparison to the second term in the bracket of the ·
denominator. Thus, Eq. (10) could satisfactorily take 
account the high monomer exponent as is observed in 
Fig. I. Deviation of the points from the straight line in 
the figure as the consequence of high monomer 



BERA &-SARA: CONTROI,.LING OF LINEAR TERMINATION IN AQUEOUS ACRYLAMIDE POLYMERISATION 29 

concentrations is, however, the manifestation of the 
- -- --dominanceof first term of the denominator over the 

other. · 

Adsorption of AM and TU in MO interlayer space 

The adsorption isotherm of Fe(III) ion interaction 
with montmorillonite exhibit L-type nature, which 
suggests strong sorbate-sorbent interaction. The 
maximum saturation corresponds to 0.98 meq/g of the 
mineral. Most significantly, the redox characteristics 
of Fe(III) towards TV remains almost unaltered even 
when Fe(III) ions are adsorbed by the mineral clay 
montmorillonite. This is evident from the 
potentiometric titration data of Fe(III) and Fe- M by 
TU solution (Fig. 4). It is thus believed that the same 
initiating radicals are also involved when Fe(III) ions 
are trapped between layered spaces of the mineral3

• 

Fig.5 shows· that the acrylamide molecules readily 
intercalate from the aqueous solution into the 
interlayer space of both forms of the mineral, viz., H 
~s well as Fe(III) forms. Both the isotherms are 
characterized by two plateau regions indicating two
stage intercalation of amide molecules. The first 
saturation value is nearly I .25 mmol/g whereas the 
second one is just nearly double. The bilayer of 
acrylamide in the internal surface of the mineral 
seems to play pivotal role in affecting the initiation of 
polymerization and its mechanism in the layered 
space as compared to the homogeneous 
polymerization. In acidic medium, amides may a 
priori accept a proton on either the . oxygen or the 
nitrogen atom. However, both spectroscopic as well 
as solution studies support the possibility of coming. 
about of the former alternative. 11 Using infrared 

12 . 
spectroscopy, Tahoun and Mortland have confirmed 
that amides predominantly protonate on the oxygen 
atom in acidic montmorillonite system. In acidic 
montmorillonite system, hemisalt formation is 
observed when excess amide is present, i.e., two ... 
amide molecules share a proton through a 
symmetrical hydrogen bond. On the other hand, 
thiourea is adsorbed in the mineral layer from the 
aqueous solution giving rise to the isotherm as shown 
in Fig. 6. The process of removal of water molecules 
either from theW- clay or Fe3

+ clay to intercalate TU 
seems almost identical. Unlike acrylamide , the 
thiourea leads to the monolayer formation only and 
maximum adsorption capacity is found to be 1.37 
mmollg, which is consistent with that of monolayer of 
acrylamide. 

Polymerization in MO interlayer space 

Polymerization mechanism and kinetics both are 
affected to a great extent due to the occurrence of the 
reaction in the mineral microenvironment resulting in 
the significant increase in the molecular weights and 
intrinsic viscosities of the polymers. Table 2 shows 
the polymerization data obtained from the reaction 
under montmorillonite micro-environment. In general, 
the Rp's are somewhat lower than those obtained in 
the case of homogeneous polymerization in the 
absence of any mineral, maintaining the polymer 
yield (xL) almost same. The most significant results of 
loading Fe(III) in the interlayer space of 
montmorillonite lie in achieving polymers with high 
molecular weights. The [17] value of the polymers 
formed in the homogeneous conditions ranges 
between 14-137 mL.g-1 

• In contrast, the [17] displayed 
by polymers formed in the mineral phase is found to 
vary from 220 to 487 mL.g-1 under identical 
conditions. The Mv as calculated from viscosity data 
ranged between (0.68 x 106-1.95 x 106

• Unlike 
homogeneous polymerization, the monomer exponent 
of Rp remains fixed near 2.3. (Fig. 1, proposed 
mechanism, however, predicts an exponent of 2.0; the 
error in experimental data might be due to 
heterogeneous nature of the reaction mixture3

). On the. 
other hand, the TU exponent changes from 2 to 1 due 
to occurrence of the reaction in montmorillonite 
interlayer space (Fig.2). In order to measure the metal -
exponent for the reaction in the mineral phase, Rp' s 
were plotted as a function of Fe(III) ion concentration 
in the montmorillonite gel phase. The slope of the 
double logarithmic plot'was found to be 0.50 at 50°C 
(Fig. 3). Significant departure from that of 
homogeneous reaction was also observed in the nature 
of the above plot. While the linear termination by 
Fe(III) is prominent in solution phase reaction as is 
evident from the observed nature of variation of Rp 
with Fe(III) ion concentration, transfer to Fe(III) is 
almost controlled in the case of reaction in the layered 
space. Thus, it is evident that the modification 
achieved with respect to the kinetics and mechanism 
of the acrylamide polymerization in the 
montmorillonite phase stems from a number of 
factors, viz., (i) instead of collision between a 
monomer molecule and an initiating radical, a 
monomer pair is involved in the initiation step (ii) 
'cage effect' is prominent in MO phase reaction 
where the solvent molecules form a potential barrier 
around the pair of TU radicals to hinder diffusion .of 
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the radicals . and favours their recombination (iii) 
linear termination by F e(III) is hindered due to 
location of Fe(III) ions in the. interlayer space. Thus, 
the mechanism of the rea6tion in the interlayer space 
of montmoriUonite may be shown as follows3

; 

Initiation : 
K 

F e(III) + TU ~ Fe(III) 
Complex 

- TU ... (II) 

kd + Fe(III)- TU + TU -~ Fe(II) + (2TU") + H 

Propagation : 

Mi+M 
kp 

M" 
2 

M~_1 +M 
kp 

M" ... etc . n ... 

Termination : 
kt 

M~ +M~ Mn -Mn 
k' 

(TU) + Fe(III) -~1 ~ TU + Fe(II) 
k" 

(2TU") -~1 ~TU-TU 

. . . (12) 

... (I3) 

... (14) 

... (15) 

... (I6) 

... (17) 

Above scheme of reaction together with psedo-steady 
state assumption enable one to derive the rate 
equation as 

kp(kdk;KK' I k1k;)112 K~(K~)2 (L~)3 [Fe(lli)t' 2 [fU],[M]; 
~ = (1+ KL~K~[TU]j 12 

... (18) 
(Subscript 's' refers to solution phase and, 
k~apparent protonation constant of AM in MO 
inter layer space at a fixed pH (or, a formation 

constant) ; K~u =selectivity co-efficient of TU 

adsorption onto MO; K~ =selectivity coefficient of 

AM adsorption onto MO; L ~=total active sites in unit 
massofMO) 

where the quant~ty KL~K~ [TU]s is insignificant 

compared to unity under present reaction condition 
and hence can be neglected. The Eq. (18) could 
satisfactorily explain the behaviour of the Fe(III}· TU 
initialised acrylamide polymerization exhibited ib the 
aqueous montmorillonite layered space . 

Acknowledgement 

The authors are thankful to the CSIR., New Delhi, 
for financial support. 

References 
1 McCormick C L & Chen G S, J Polym Sci Polym Chern Ed, 

22 (1984) 3633. 
2 Bera P & Saha S K, Macromol Rapid Commun, 18( 1997) 261. 
3 BeraP & Saha S K, folymer, 39(1998) 1461. 
4 Jackson M L, Soil Chemical Analysis (Prentice Hall of India 

(P) Ltd., New Delhi), 1973, 168. 
5 Francois J, Sarazin D, Schwartz T & Weill G, Polymer, 20 

(1979) 969. 
6 Candau F, Leong Y S, Pouyet G & Candau S, J Colt Inf Sci, 

101 (1984) 167. . 
7 Collison E, Dainton F S & McNaughton G S, Trans Faraday 

Soc, 53(1957) 489. 
8 Saha S K & Greenslade D J, Bull Chern Soc Jpn, 65( 1992) 

2720. 
9 Hsu W C, Kuo J F & Chen C Y, J Polym Sci Part A Polym 

Chern, 31 (1993)267. 
10 Pustelnik N & Soloniewiez, Chern Anal (Wwsaw), 21 (1976) 

503. 
II Theng B K G, The Chemistry of Clay-Organic Reactions, 

(Adam Hilger, London), 1974, Ill. 
12 Tahoun S & Mortland M M, Soil Sci, 102 (1966) 248. 



' -
EUROPEAN POLYMER JOURNAL 

Founder Editors 
Professor J C Bevington University of Lancaster 

Published by Pergamon 

An imprint of Elsevier Science Ltd. 

Pro~essor M Stacey 

Editor-in-Chief 
Professor J V Dawkins 
Loughborougli University 
Chemistry Department 
Loughborough 
Leics LEU 3TU 
England 
Fax: +44 (0) 1509 223925 

University of ~~rJDingham 

E-mail E.PolymerJ @lboro.ac.uk 
January 29, 1999 

Ref: 196/98 

Dr. S.K. Saha, 
Department of Chemistry, 
University of North Bengal, 
Darjeeling - 734430, 
INDIA. 

Dear Dr. Saba, 

I write to .follow up my letter dated 6 January 1999 cop.cerning your manuscript 
entitled: · 

"Water-Soluble Copolymers of Acrylamide with Diacetone Acrylamide and N-t-Butyl 
Aery/amide on Aqueous Montmorillonite Suiface : Synthesis and Characterisation" 

I am pleased to report that this paper is accepted for ,publication. 

Manuscripts, diagrams etc. and proofs are kept in the Editorial Office for a period of 
one year six months after the above acceptance date. On requ,est we are prep¥ed to 
return these papers to the author(s) at the end of this period. Thereafter, this. material 
will be destroyed. 

Thank you for this contribution to European Polymer Journal. 

Could I request that you consider the request on the attached sheet and, if possible, let 
me have a disk at your earliest convenien~e. 

Yours sincerely, 

Professor J.V. Dawkins 

( Encs. 

Please quotethe.above reference number in any correspondence 



Water-soluble c~polymers of acrylamide with diacetone
acrylamide and N-tbutyl acrylamide on aqueous mont
morillonite surface: Synthesis and characterisation~ · 
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. ABSTRACT 

The copolymerisation of ~crylamide (AM) with N-(1, 1-dimethyl-3-

oxybutyl) acrylamide (DAAM) and N-t butylacrylamide (N-t BAM) by Fe(III)

thiour~a redox initiator has been studied by loading the Fe(III) ions in the 
. . 

interlayer spaces of montmorillonite prior to the polymerisation reaction. The 

values of rl2 have .been determined as 0.43 for the AM : DAAM monomer pair 

and0.70 for the AM:N-t BAM parr .. The intrinsic viscosities of the copolymer~ 

were found to decrease with an increase in the feed composition of DAAM or N- · 

t BAM. The microstructure of copolymers including mean sequence . length 

distribution is predicted for a range of feed compositions through the knowledge 

of reactivity ratios. 
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INTRODUCTION 

High molecular weight polyacrylamides have found applications as 

effective flocculants and chemical grouts [1]. Copolymer~ of acrylamide have 

shown a number of properties leading to variety of industrial applications including 

those as water-soluble viscofiers and displacement fluids in enhanced oil recovery 

[2]. Two of the critical limitations of polyelectrolytes are, .however, loss of 

viscosity in the presence of mono or multivalent electrolytes (viz., NaCl, CaC12 

etc.) and ion binding to the porous reservoir rock substrates. Redox initiated 

polymerisation. is one of the most common method applied in aqueous 

polymerisation because of simplicity of the technique as well· as. reasonably 

high yield and reaction rates. One major difficulty of such a technique is, however, 

fast termination process via electron transfer to the oxidant of the redox couple. 

Recently, a novel method has been demonstrated by which the chain growth was 

enhanced by trapping the metal oxidants in the interlayer space of 

montmorillonite [3,4]. The later procedure ensures slow termination due to the 

inability of the growing polymer chain to transfer to the metal oxidant trapped in 

the layered space. 

In the present work, attempts have been made to prepare water soluble 

copolymers of acrylamide with either N-(1, 1-Dimethyl-3-0xybutyl) acrylamide 

(commonly referred to as Diacetone acrylamide, DAAM) or N~t butyl acrylamide 

(N~t BAM) on the montmorillonite surface by interlayer-trapped Fe(Ill) ions in 

the presence of thiourea (TU)~ Importance of the study lie in the fact that (i) the 

applied technique provides high molecular weight polymer having high intrinsic 

viscosities and, (ii) · atleast one of the above copolymers has aheady shown 

some promises by not losing its solution viscosities in the presence of adde4 

electrolytes [5]. Characteristics of the copolymers including the reactivity ratios 
. . 

for the respective monomers are determined and the microstructures are predicted. 
• 9 
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Experimental Procedures 

Materials : Acrylamide (reagent grade, Fluka) was purified by recrystallisation 

from methanol (two times) and dried in vacuum oven at 45°C for overnight. 

Thiourea (E.Merck) was used af~r recrys~lisation three times from distilled 

water (m.p. 180°C) .. Method of preparation and characteristics of Fe(III)

montmorillonite (FeM) was similar to one as already described [3]. N -(1, 1-

dimethyl-3-oxybutyl) acrylamide (reagent grad~, Fluka) was recrystallised twice 

from methanol and _vacu~m dried. N-t butyl acrylamide (reagent grade, Fluka) 

was used as received .. 

Polymerisation 

Poly (acrylamide • Co-N-(1,1-Dimethyl-3-oxybutyl) acrylamide 
. I 

The copolymerisation of AM with DAAM was conducted in aqueous 

solution at 50°C using 0.5% (W N) of FeM and 0.04 M of TU couple as initiator. 

Table-1 lists reaction parameters for four series of reactions in which the ratios 

of monomers in the feed and reaction times were varied. A specified amount of 

DAAM dissolved in distilled water was added to the mixture of AM and TU 

solutions of known concentrations in 100 ml stoppered pyrex bottles under 

nitrogen. In another set of bottles, known amounts of aqueous FeM suspensions 

were degassed and, finally added to the former bottles under nitrogen atmosphere. 

The pH of the final mixture was adjusted at 2.0± 0.1 by dropwise addition of 

0.01 M HCl solution, well shaken and immediately placed in thermostatic bath 

of appropriate temperature. pH adjustment was necessary to ensure tb.e formation 

of adequate amount of the amido- sulfenyl primary radicals to initiate the 

copolymerisation reaction [6]. After the designated time interval, the 

copolymerisation reaction was stopped by diluting the reaction mixture with 

chilled water, keeping the vessel in the ice-bath and FeM separated by 

centrifugation (1.5 x 104 r.p.m.). AM-DAAM copolymers was precipitated out 

by the addition of excess acetone. The copolymers and FeM were washed 
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separately by acetone and water respectively. The copolymers and FeM were 

then dried at 60°C under vacuum for 48 hours. Conversions were determined 

gravimetrically. 

Poly (acrylamide-Co-N-tert-butylacrylamide) 

Since N-t-butylacrylamide is insoluble in water, the monomer was dissolved 

in micellar pseudo-phase of nonionic surfactant, Triton-X 1 OO(R). Four series of 

copolymerisation of acrylamide with N-t-butyl acrylamide with a total monomer 

concentration of 0.42 M were conducted in aqueous solution at 50°C using 0.50% · 

FeM(w/v) and 0.04M TU as the initiator. Reaction parametersJor four series of 

reactions are given in Table-2. The reaction procedures were the same as those 

described for the preparation of copolymers of acrylamide with 

diacetoneacrylamide. 

Elemental Analysis 

·Elemental analyses for carbon and nitrogen of AM-DAAM and AM-N-t 

BAM copolymers were conducted by RSIC, Chandigarh, India (Table 1,2). The 

copolymer compositions were calculated based on C/N ratios because of the 

variability of absolute values due to the hygroscopic nature of the polymers. 

Elemental analyses were conducted at polymer conversion levels, i.e. low and 

high, to assess drift in the copolymer composition. 

Viscosity Measurements 

A series of copotymer solution of different concentrations in aqueous 0.1 M 

. NaCl are prepared from the 0.5% stock solution. The time· of flow of the solutions 

and solvent are recorded by Ubbelohde type .viscometer placed in thermostatic 

water bath at 30°C (± 0.2°C) . Specific viscosity (1'\sp) is calculated from the time 

of flow data. The intrinsic viscosity (11) value is obtained from the intercept of 

the plot of 1ls/C versus C following the relation, 

[1'\] = 1ls/C Lim C 0 , where C stands for concentration of copolymer 

solution. 



4 

RESULTS AND DISCUSSION 

Studies on reactivity ratios : The variation in feed ratios and the resultant 

copolymer compositions (Table 1 and 2) as determined from elemental analyses 

were used to calculate the reactivity ratios for the AM-DAAM and AM~N-t 

BAM copolymer systems. The Fineman - Ross method [7] and Kelen-Tudos 

method [8] were employed to determine the monomer reactivity ratios at low 

conversion polymerisation data. Figure 1 is the Fineman - Ross plot for the 

copolymer of acrylamide (M
1
) and diacetoneacrylamide (M

2
). The reactivity ratios 

r
1 

and r
2 

for the monomer pair M
1 

and M
2 
can be determined by 

. F(f-1)/f= r
1
(P/f)- r2 (1) 

where f= d(M
1
)/d(M

2
), F = (M

1
)/(M

2
) 

The reactivity ratio r
1 
was determined t9 be 0.69 ± 0.03 from the slope and 

r
2 
= 0.62 + 0.05 from the intercept. However, it is well known that in Fineman

Ross analysis, values of reactivity ratios are dependent on indexing of the 

monomers. On reversing the indexes of the monomers (i.e., assuming DAAM 

as M
1 

and AM as M
2

) the values of reactivity ratios are changed to 6.18±0.17 

and 1.06 ±0.07.for acrylamide and diacetoneacrylamide respectively. Kelen

Tudos approach was also applied for evaluation of reactivity ratios for the same 

monomer pair according to 

where u = G/a + H and ~ = HI a +H. 

The transformed variables G and H are given by 

G = [MJJI[M?] [(d[MJJ/d[M2D- 1] (3) 
d[M1 ]/d[M2] · 

H = ([M I]I[M2])2 . (4) 
d[M J]ld[M2] 
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The parameter d. is calculated by taking square root of the product of the 

lowest and highest values of H for the copolymerisation series. A plot of the data 

according to the Kelen-Ttidos method is shown in Figure-2. Reactivity ratios 

were determined for AM : DAAM monomer pair as r1= 0.71 and r2 = 0.61 

respectively. The observed data in the Kelen-Ttidos plot are linear, an indication 

that these copolymerisation follow the conventional copolymerisation kinetics 

under a prerequisite that the reactivity of a polymer radical is only determined 

by the terminal monomer unit [9]. The values off
1 
and r2 obtained from Fineman

Ross and Keleri-Tudos treatments for the copolymerisation of acrylamide with 

diacetone acrylamide on montmorillonite surface are listed in Table 3. 

Reactivity ratio studies were also conducted for.the copolyrnerisation of 

acrylamide with N-t-butylacrylamide using Fineman-Ross (Figure-3) and Kelen

Ttidos (Figure 4) methods. The calculated reactivity ratios are listed in Table 4. 

Figure 5 shows the composition as a function of the acrylamide in the feed 

based on the experimentally determined reactivicy ratios in the copolymerisation 

of AM with DAAM and wit~ N-t BAM. The AM-DAAM copolymers with 

rl
2
=0.43 and the AM-N-t BAM copolymers with r1r2 = 0.70 exhibit an opposite 

tendency toward alternation. Experimental points on the figure are, however, 

restricted upto 80 mole % of AM in the feed because no copolymer was formed 

below that value. Previous study on the copolymerisation of AM with DAAM by 

potassium persulfate[2] initiator showed a variation of r
1 

and r
2 

·values from 

0.76 to 0.83 and 0.92 to 0.99 respe~tively for the different methods applied. The 

Kelen-Ttidos analysis which is considered more reliable than others, shows that 

r
1 
values for the copolymerisation of AM with N-t BAM are considerably higher 

than AM-DAAM copolymers, where as, those of r2 are smaller in the case of 

AM-N-t BAM than that of the other copolymer. 
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Copolymer microstructure 

The microstructures oftheAM-DAAM andAM-N-tBAM copolymers are 

expected to be important in determining the solution properties of copolymers. 

As mentioned earlier, observed data follow the conventional coolymerisation 

equation and the adherence of the data to this equation is an important point in 

establishing the validity of the statistical microstructure analyses. The statistical 

distribution of monomer sequences, M1 - M1, M2 - M2, and M1 - M2 may be 

calculated utilizing equns. (6-8) [10- 12]. 

(8) . 

The mole fractions of M
1

- M
1

, M2 - M
2

, and M
1 

- M
2 

sequences in the 

""copolymer are designated by X, Y and Z respectively. The copolymer composition 

is c)> 1 and, r
1 

and r
2 

are the reactivity ratios, for the respective monomer pairs. 

Mean sequence lengths, ~1 and J.L2, can be calculated utilizing equation (9) and 

(10) with the consideration of compositional drift (10). 

(9) 

(10) 

The intermolecular linkage and mean sequence length distributions for the 

AM-DAAM and the AM-N-t BAM copolymers are listed in Table 5 and 6 

respectireJy (K e:len-Tudos values of reactivity ratios were used for the 

calculations). For the series of AM-DAAM copolymers, the mean sequence length 

of acrylamide, ~AM' varied from 30.03 at an 96.36/3.64 mol ratio of AM/DAAM 

in the copolymer to 4.01 with a 78.77/21.23 mol ratio. For those compositions, 

values of ~AAM were 1.01 and 1.14 respectively. On the other hand, the 
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AM-N-t BAM copolymers had J.!AM value of 62.50 and 7.37 at 98.33/1.67 and 

89.42/10.58 mol ratios of AM/N-t-BAM respectively. Above values for.J.!N-tBAM 

were 1.01 and 1.11 respectively. 

Effect of Feed Composition 

The effect of feed composition on intrinsic viscosity of copolymer.s 

synthesized at high conversion was studied for both AM-DAAM and the AM-N

t BAM copolymers listed in Table 1 and 2 resl?ectively. Figure 7 illustrates the 

effect of feed composition on the intrinsic viscosity for each copolymer series. 

The observed decrease in intrinsic viscosity with increasing diacetoneacrylamide 

or N-tert-butylacrylamide co-monomer concentrations may be explained by 

increased crosstermination rates of copolymerisation as compared to the very 

low rate of termination observed for acrylamide, resulting in the decrease of the 

overall molecular weight of the copolymers [13, 14]. 
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Ligends of figures 

Fig. 1 Determination of reactivity ratios for copolymerisation of AM(M
1
) 

with DAAM (M2) by Fineman-Ros~ method. 

Fig. 2 Kelen-Tudos plot for the determination of reactivity ratios for 

copolymerisation of AM with DAAM. 

Fig. 3 Determination of reactivity ratios for copolymerisation of AM(M) 

with N-t BAM(M2) by Fineman-Ross method. 

Fig.4 , Determination of reactivity ratios for copolymerisation of AM with 

N-t BAM by Kelen-Tudos method. 

Fig. 5 Copolymer composition as a function of feed composition for 

the copo1ymerisation of AM with DAAM (curve 1) and AM 

with N-t BAM (curve 2). 

Fig. 6 Effect of feed composition on the intrinsic viscosity of AM

DAAM(O) and AM-N-t BAM ~ ) copolymers. 



Table- I 

Reaction parameters for the copolymerization of AM with DAAM at 50°C in Distilled water (Total Monomer concent~ation = 0.42 M) 

Sample Monomer concentration in the Reaction time Conversion(%) Elemental Analysis Mol% DAAM [ll] 

number • feed (M) (min.) (wt%) in Copolymer ml.g·l 
-

[AM] [DAAM] [AM]/ c N -

[DAAM] 

DAAM-10-1 0.41 0.01 41 90 37JO 41.46 15.03 3.60 ±0.04 

DAAM~I0-2 0.41 0.01 41 ISO 48.13 41.72 1S.IS 3.S2 ± 0.04 420 

DAAM~I0-3 0.41 0.01 41 210 S4.i~ 42.62 14.82 S.91 ±_0.04 

DAAM-20-1 0.40 0.02 20 90 23.37 42.08 14.51 6.32±0.08 

DAAM~20-2 0.40 0.02 20 ISO 3L84 42.03 . 14.26 7.32±0.09 350 

DAAM-20-3 0.40 0.02 20 210 40.54 43.05 14.81 6.54±0.09 

DAAM-30-1 0.38 0.04 9.S 90 6.00 43.47 13.51 '12.52 ± 0.20 

DAAM-30-2 0.38 0.04 9.S ISO 15.40 43.30 13.52 12.24 + 0.20 . - . 340 

DAAM-30-3 0.38 0.04 9.5 210 30.37 44.31 14.11 II.OS ± 0.20 

DAAM-40-1 0.34 0.08 4.25 90 I LIO 45.28 12.36 21.22 ± 0.30 

DAAM-40-2 0.34 0.08 4.25 ISO 6.47 45.25 11.39 27.23 ± 0.40 333 

DAAM-40-3 0.34 0.08 4.25 210 7.41 46.23 12.70 20.71 ± 0.30 
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Table- 2 

Reaction Parameters for the copolymerisation· of AM with N-t BAM At 50°C (Total Monomer Concentration = 0.42 M) 

Sampl:e Monomer concentration in the Reaction· time Conversion(%) Elemental Analysis Mol % N-t BAM · [11] 
' . 

number feed (M) (min.) (wr'/o) in copolymer ml.g·• 

[AM] [N:.t-BAM] [AM]/ c N -
[N-t BAM] 

N-t-BAM-1 0-:1 0.41 0.01 41 90 27.01 41.16 14.78 6.21 ± 0.08 

N-t-BAM-1 0-2 0.41 0.01 41 15Q 35.81 40.32 '15.53 . 1.66 ± 0.04 430 

N-t-BAM-1 0-3 0.41 0.01 41 210 55.61 42.28 15.50 4.51± 0.06 

N-t-BAM-20-1 0.40 0.02 20 90 36.27 40.91 15.62 1.31 ± 0.04 

N-t-BAM-20..:2 0.40 0.02 20 150 40.78 40.94 15.08 4.15 ± 0.04 415 
' 

N-t-BAM-20-3 0.40 0.02 20 210 52.79 42.02 15.07 6.32±0.08 

N-t-BAM-30-1 0.38 0.04 9.5 90 28.58 42.10 14.21 11.42 ± 0.20 

N-t-BAM-30-2 0.38 0.04 9.5 150 31.81 41.11 14.94 5.21 ± 0.05 403 

N-t-BAM-30-3 0.38 0.04 9.5 210 34.53 43.58 12.79 24.33±0.30 

N-t-BAM-40-1 0.34 0.08 4.25 90 28.38 42.35 14.29 11.44± 0.20 

N-t-BAM-40-2 0.34 0.08 4.25 150 39.40 41.96 14.30 10.57 ± 0.20 300 

N-t-BAM-40-3 0.34 0.08 4.25 210 40,98 43.67 13.10 22.25 ± 0.30 ' 

'> 
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Table-3 

Reactivity Ratios for copolymerisation of AM(r1) with DAAM (r2L 

Method 

Fineman-Rossa 

Fineman-Rossb 

0.69±0.03 

6.18 ±0..17 

0.62±0.05 

1.06±0.06 

Kelen-Tudos 0.70 ± 0.08 0.60 ± 0.09 

Table-4 

Reactivity Ratios for copolymerisation of AM(r1) with N-t BAM(r
2) 

- • - I . 

Method rt .. Tz 

Fineman-Ross• 1.50±0.10 0.50±0.04 

Fineman-Rossb 1.39 ± 0.08 0.75 ± 0.06 ·. 

Kelen-Tudos 1.50 ± 0.10 0.46 ± 0.04 



Table-S 
.. , . 
. '· Structural Data for the copolymers of AM with DAAM 

-
Sample Number . Composition• Blockinessb Altemationb Mean Sequence f.l~Jln~ 

(mole%) (mole%) (mole%) - length 

AM DAAM AM-AM DAAM-DAAM AM - . DAAM flAM J.lnAAM 

DAAM-10-1 96.36 3.64 ·92.78 0.06' 7.16 30.03 1.01 29.58 

DAAM-20-1 . 93.61 6.39 . 87.41 0.19 12.40 15.16 1.03 14.71 

DAAM-30-1 87.44 12.56 '"75.67 0.79 23.54 7.72 1.06 7.29 

DAAM-40-1 78.77 21.23 60.05 2.51 37.43 . 4.01 1.14 3.51 

DAAM-10-2 96.46 ··3.54 92.97 0.06 . 6.97 30.03 1:01 29.58 

DAAM-20-2 92.69 7.31 85.70 0.32 13.98' 15.16 1.03. .14.71 . 

DAAM-30-2. 87.73 12.27 . 76.21 0.76 23.03 7.72 1.06 . 7.29 
-

DAAM--40-2 72.76 27~24 50.00 4.47 45.54 . 4.01 1.14. 3.51 

DAAM--10-3 94.08 5.92. 88.32 0.16 11.51 _30.03 1.01 29.58 

DAAM--20-3 93.49 '6.51 : 87.17 0.20 12.62 15:.16 1.03 14.71 

DAAM-30-3 88.94 11.06 . 78.48" 0.60 20;92 7.72 1.06 7.29 

DAAM-40-3 79.22 20.78 60.83 2.40 36.77 4.01 1.14 3.51 

•_ Calculated from elemental analysis ; b Statistically calculated from the reactivity ratios. 
# 

• 
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Table-6 

Structural Data for the copolymers of AM with N-t BAM 

Sample Number Composition• 

(mole%) 

AM N-tBAM 

N-t-BAM-10-1 93_78 

N-t-BAM-20-1 · 98_61 

N-t-BAM-30-1 88_59 

N-t-BAM-10-1 88_56 

· · N-t-BAM-10-2 98.33 

N-t-BAM-20-2 95.82 

N-t-BAM-30-2 94.75. 

N-t-BAM-40-2 

N-t-BAM-10-3 

N-t-BAM-20-3 

N-t-BAM~30-3 

N-t-BAM--40-3 

89.42 

95_44 

93.68 

75_62 

77_77 

6.22 

1.39 

11.41 

11.44 

1.67 

4.18 

5.25 

10.58 

4.56 

6.32 

24.38 

22.23 

Blockinessb 

(mole%) 

AM-AM N-t BAM

N-tBAM 

87.84 

97.23 

78.16 

78.10 

0.28 

0.01 

0.98 

0.98 

96.68 . 0.01 

91.77 0.12 

89.70 0.20 

79.68 

91.03 

87.65 

56.05 

3_95 

0_84 

0.46 

0.29 

4.80 

3_95 

acalculated from Elemental Analysis 

bStatistically·calculated from Reactivity Ratios . 

Alternationb 

(mole%) 

AM - N-tBAM 

I 1.87 

2.75 

20.86 

20.91 

3.30 

8.11 

10.10 

19.48 

8.82 

12.06 

39.14 

36.5.5 

Mean Sequence 

length 
Jld~-tBAM 

JlAM ~-tBAM 

62.50 

31.00 

15.25 

7.37 

·62.50 

31.00 

15.25 

7.37 

62.50 

31.00 

15.25 

7.37 

L01 61.80 

1.02 30.30 

1.05 14.52 

l.ll 6.64 

1.01 61.80 

1.02 30.30 

1.05 14.52 

I. II 

1.01 

1.02 

1.05 

. 1.11 

6.64 

61.80 

30.30 

14.52 

6_64 
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