


Chemistry and
Technology of

Water-Soluble
Polymers



Chemistry and
Technology of

Water-Soluble
Polymers

Edited by
C. A Flnch

Pentafin Ass
Weston Tur ill AyI esbury, England

Springer Science+Business Media, LLC



Library of Congress Cataloging in Publication Data

Residential School of the Royal Society of Chemistry on Water Soluble Polymers
(1981: Newnham College)
Chemistry and technology of water-soluble polymers.

“Derived from a Residential School of the Royal Society of Chemistry on
Water Soluble Polymers, held September 14-18, 1981, at Newnham College,
Cambridge, England”—T.p. verso.

1. Water-soluble polymers—Congresses. |. Finch, C. A. Il. Royal Society of
Chemistry (Great Britain) lIl. Title.

QD382.W3R47 1981 547.7 82-24671
ISBN 978-1-4757-9663-6

ISBN 978-1-4757-9663-6 ISBN 978-1-4757-9661-2 (eBook)
DOI 10.1007/978-1-4757-9661-2

First Printing-March 1983
Second Printing-January1985

Derived from a Residential School of the Royal Society of Chemistry, held
September 14-18, 1981, at Newnham College, Cambridge, England

© Springer Science+Business Media New York 1983
Originally published by Plenum Press, New York in 1983
Softcover reprint of the hardcover 1st edition 1983

All rights reserved

No part of this book may be reproduced, stored in a retrieval system, or transmitted
in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording, or otherwise, without written permission from the Publisher



CONTRIBUTORS

W.P.J.Baily, Vinyl Products Ltd., Carshalton, Surrey,
England SM5 2JU.

W.Borchard, Gesamthochschule, Universitit Duisburg,
D-4100, Duisburg, West Germany.

W.Burchard, Institut flir Makromolekulare Chemie der
Alberts-Ludwigs-Universitét, D-7800 Freiburg, West Germany.

R.Dietz, Division of Materials Applications, National Physical
Laboratory, Teddington, England TW1l OLW.

C.A.Finch, Pentafin Associates, Weston Turville, Aylesbury,
Buckinghamshire, England HP22 5TT.

F.Franks, Department of Botany, University of Cambridge,
Downing Street, Cambridge, England CB2 3EA.

D.E.Graham, BP Research Centre, Sunbury-on-Thames,
Middlesex, England TW16 7LN.

J.Gregory, Department of Civil and Municipal Engineering,
University College, London, England WC1lE éBT,

F.G.Hutchinson, Pharmaceutical Division, Imperial Chemical
Industries PLC, Alderley Park, Macclesfield, Cheshire,
England SK10 4TG.

J.Kélal, Institute of Macromolecular Science, Czechoslovak
Academy of Sciences, Prague 6, Czechoslovakia.

M.Mandel, Department of Physical Chemistry, Gorlaeus
Laboratories, University of Leiden, 2300 RA Leiden,
Netherlands.

P.Molyneux, Department of Pharmacy, Chelsea College,
University of London, London, England SW3 6LX.

D.H.Napper, Department of Physical Chemistry, University of
Sydney, NSW 2006, Australia,

A.G.Ogston,F.R.S., Biology Department, University of York,
Heslington, York, England YO1 5DD.



vi CONTRIBUTORS

I.D.Robb, Unilever Research, Port Sunlight Laboratory, Wirral,
Merseyside, England Lé63 3 JW.

R.A.M.Thomson, Department of Chemical Sciences, The Polytechnic,
Huddersfield, West Yorkshire, England HD1 3DH.

B.Vincent, Department of Physical Chemistry, University of
Bristol, Bristol, England BS8 1TS.

B.Warburton, School of Pharmacy, University of London,
Brunswick Square, London, England WCIN 1AX,



FOREWORD

This volume was concelved during the course of a Residential
School organized by the Royal Society of Chemistry at Newnham College,
Cambridge, in September 198l: it is a rewritten version of the course
manual prepared for this School by the group of tutors who are now
the authors contributing to this volume.

Although I have always been dimly aware of the existence and
importance of water-soluble synthetic polymers, I first became direct-
ly involved with them several years ago in connection with studies
of their effects on the nucleation of ice in undercooled water and on
the growth and morphology of ice crystals. It became necessary to
characterize samples of polyvinyl pyrrolidone, polyethylene glycol,
hydroxyethyl starch and polyvinyl alcohol. After some correspondence
with the manufacturers, I began to realize that they knew little
about the physical properties of their products; our questions about
molecular weight distributions or the degree and nature of any
chemical modifications usually met with the response that these were
difficult things to determine. What was obvious was that successive
batches of material bought from the same source exhibited significant
variability in some physical properties.When this was pointed out
to the suppliers concerned, they usually regretted any inconvenience
caused, but it was fairly clear that their control over their
manufacturing processes was limited, as was also their knowledge
of the properties of the finished products,

It began to dawn on me that to most self-respecting polymer
scientists water, as a solvent, was anathema. The reason is not
hard to discern: water does not fit into the framework of the
accepted and acceptable theories which govern the behaviour
of macromolecules in solution., On the other hand, alternative
theories have not yet been developed. What is done instead is to
make aqueous solutions fit the theory by using the technique of
Procrustes'! bed. Sooner or later, such fitting exercises tend to
produce absurd values for some physical parameter or other.

vii



viii FOREWORD

To the biochemist, water is, of course, the only solvent
worthy of consideration, because natural macromolecules exhibit
their remarkable conformational properties only in aqueous media,
Probably because of these remarkable properties, biochemists do not
tend to regard proteins, nucleotides and polysaccharides as polymers
in the way that real polymer scientists regard methyl methacrylate
and polyethylene. The laws of polymer statistics hardly apply to
native biopolymers.

Between these two powerful camps, lies the No-man's land of
water soluble synthetic polymers: here, we must also include natural
polymers which have been chemically modified. The scientific
literature of these compounds is characterized by a large number of
patents, which is usually a sign of little basic understanding,
of 'know-how'! rather than of 'know-why'. Many of the physical
properties of such aqueous solutions are intriguing: the polymer may
be completely miscible with water, and yet water is a 'poor' solvent,
in terms of polymer parlance. Many of the polymers form thermorever-
sible gels on heating or cooling. The phenomena of exothermic mixing
and salting-in are common features of such systems: neither can be
fully explained by the available theories. Finally, the eccentric
behaviour of polyelectrolytes is well documented.

Despite the lack of a sound physico-chemical foundation there
is a general awareness of the importance of water soluble vinyl,
acrylic, polyether, starch and cellulose derivatives, as witnessed
again by jhe vast patent literature. They enjoy widespread applications
in industries as diverse as pharmaceuticals, food, cosmetics, paper,
leather, textiles, paints, mining, o0il drilling, and in medicine. It
was the aim of the Residential School to review such scientific basis
as does exist for water soluble polymers and to bridge the gap that
separates the scientific principles and the application technologies.
The programme combined a series of state-of-the-art lectures with
group discussion/tutorials on specialized aspects, and a panel problem
solving session.

As course organizer and chief tutor I had never contemplated
that the course manual would or should be published. Indeed, I felt
that even a mention of eventual publication might scare off potential
tutors. However, such was the enthusiasm of the group of tutors who
assembled at Newnham College, that by a unanimous vote they decided
to publish the course material in rewritten form: this volume
is the result.

It is a pleasure to thank the Royal Society of Chemistry for
permission to use the course manual as a basis for this publication,
and Dr.A.D.Ashmore and Miss L.Hart for the smooth organization of
the Residential School. The staff of Newnham College were also
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most efficient and courteous in dealing with the hundred-odd
tutors and participants of diverse nationalities.

Felix Franks

Department of Botany
University of Cambridge

Cambridge
February 1982



PREFACE

Water soluble polymers have, for many years, received less
than their share of the considerable scientific effort which has
been devoted to the study of the structure and properties of the
broad mass of macromolecular systems. The effect of this has been
that the study of water soluble polymers has been something of a
'Cinderella' subject, in spite of the importance of the polymers
in biological systems, foods, and industrial products where the
advantages ( and low cost ) of water as a solvent can be employed.

Estimates of the scale of use of water soluble polymers are
difficult to establish, since definitions are uncertain and variable
(especially when foods are included), but it has been suggested that
the total world production is probably over 5 M t/yr. Of this, some
80 - 90 % is carbohydrate-based (including starches and natural gums),
with an additional 300,000 t/yr. of cellulose ethers, about
100,000 t/yr. of proteins, mainly gelatin, the remainder being
synthetic polymers, the most important of which are polyvinyl alcohol
and polyacrylamide ( each of which are convenient designations
for a group of copolymers, of varying composition). Water soluble
polymers are, therefore, of considerable economic importance, and
the industries in which they are used, including paper coating,
textile sizing, detergent production, water treatment, and oil-well
drilling , have a significant effect on our daily life. The extent
to which water soluble polymers are applied in many different
fields is indicated by the notably wide range of reference sources
from which authors have drawn information in the following chapters.

Quite apart from the intrinsic interest of studies of water-
soluble polymers, in scientific terms, the potential economic
importance of increased knowledge of the behaviour involved presents
many opportunities for more detailed and effective investigation
of their properties and applications. The existing limitations of
our knowledge ( as indicated by Felix Franks in the Foreword )
amply justify the studies reported in this volume, which is based,
more-or-less closely, on the Course Manual of a Royal Society of
Chemistry Residential School held in Cambridge. The book is intended

xi



xii PREFACE

to provide an insight into the scientific relationships which may
exist between theoretical studies and industrial applications of these
polymers. Because of the immense scope of water-soluble polymers, some
limitations on the extent of the course were imposed - notably that
the behaviour of water soluble polymers in biological systems and

in foods should be omitted, in general, although certain aspects

of these systems are considered in relation to other properties.

This is particularly so in the various sections describing the
characteristics and performance of water soluble polymers in
pharmaceutical and medical applications ( Chapter 2 (Warburton),

and Chapter 12 (Ogston), which discuss, respectively, the rheology
and the thermodynamics of such systems, whilst Chapter 16
(Hutchinson) describes their application). The basic types of
synthetic water soluble polymers are reviewed and classified

(Chapter 1 (Molyneux)),with special reference to their properties

as polyelectrolytes, with some consideration of natural and
semi~-synthetic polymers, although the latter are discussed only

in outline, except in relation to their cross-linking properties
(Chapter 5 (Finch)). Methods of fractionation and characterization
are described in Chapter 8 (Dietz). The reactions (including their
kinetics) involved in the preparation of water soluble polymers
(especially polyacrylamides ) are detailed in Chapter 3 (Thomson),
and more specifically, those of the relatively novel 'hydrogel'
polymers in Chapter 4 (K&lal). These polymers, although they can

be considered as water-swellable, rather than water soluble, are

of considerable scientific and technical interest, especially

in medical applications. The theoretical considerations in the

study of water soluble polymers in solution, notably thermodynamics
(Chapter 7 {Burchard)), thermo-reversible gelation (Chapter 6
(Borchard)), hydration effects (Chapter 9 (Franks)), and behaviour

as polyelectrolytes (Chapter 10 (Mandel)) are described in a series
of 'state-of-the-art' reviews which can be studied in relation to the
later chapters describing some industrial applications. The
importance of water soluble polymers in behaviour at the interface
between the aqueous phase and materials dispersed within the phase

in emphasized in several sections: the theoretical approach is
mentioned in Chapters 11 (Robb), 13 (Vincent) and 14 (Napper). The
practical application of these effects, especially in relation to
polymer emulsions for industrial use, is described in Chapter

15 (Baily). Two other areas where the importance of the surface
active properties of water soluble polymers is considered are

noted in Chapter 18 (Gregory)( where the mode of action in flocculant
systems, especially in water treatment, is mentioned), and in Chapter
19 (Graham) (where the complex considerations in the use of water
soluble polymers in oil-well drilling and enhanced oil recovery are
outlined).

In many of these topics,the industrial importance of the use
of water soluble polymers is considerable, yet the gap between
empirical knowledge and the available theoretical background
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remains wide (as Felix Franks points out in his Foreword). It is
the intention of this book to attempt to reduce the size of this
gap, both by pointing out to industrial scientists where relevant
fundamental advances have been made, and to academic workers where
empirical systems ( sometimes in daily use) may be sufficiently
tractable to be amenable to theoretical treatment.

Authors have made different approaches to the requirements of
publication on the basis of notes originally provided for a Course
Manual. In some cases, there has been 1little alteration of the
material originally submitted in June 1981. In others, texts have
been revised on the basis of the mutually constructive ( and,
sometimes, critical ) comments made by other participants during
the Course. Some authors, mainly those from industrial establishments,
provided brief seminar notes before the Course, and have subsequently
expanded these, with incorporation of material emerging during the
seminars, into independent chapters. In all cases, the texts have
been edited to a limited extent, to provide reasonable conformity
of style and convention in accordance with the publisher's
requirements.

C.A.Finch

Pentafin Associates
Weston Turville
Aylesbury,Bucks. HP22 5TT

Weston Turville
September 1982
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THE INTERFACE BETWEEN THE CHEMISTRY OF AQUEOUS POLYMER SOLUTIONS

AND THEIR APPLICATION TECHNOLOGY

P.Molyneux

Department of Pharmacy
Chelsea College
University of London
London SW3 6LX

INTRODUCTION

The Residential School on which this book is based had three
general aims. These were, firstly, to summarize and systematize
what is known about the properties and behaviour of water-soluble
polymers; secondly, to review the present state of the scientific
basis of this knowledge, and to place it into a general theoretical
framework; and, thirdly, to bridge the gaps which currently divide
these scientific principles from the application technology of
these materials.

This first Chapter is intended to serve both as a prologue, in
which the requisite background information is presented on the types
and examples of water-soluble polymers most commonly used, and on their
applications, functions, properties and behaviour, and also as a
summary, to provide an overall view of the area and a framework
of reference to place the specific topics discussed in subsequent
chapters into their wider context.

TYPES OF WATER-SOLUBLE POLYMERS

In this section, we consider those types and examples of
water-soluble polymers which are most important from both scientific
and technological aspects. Polymers are conveniently classified
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according to their origin into three main types:

- natural polymers (biopolymers);

- chemically modified natural polymers (semisynthetic
polymers);

- synthetic polymers.

In the present context, it is the last two types which are of
the greatest interest: natural polymers have largely been excluded
from detailed consideration in this book, to avoid becoming entangled
in the purely biological aspects, although they will, nevertheless,
be considered briefly in this section.

Table 1. presents a list of some of the most common synthetic
homopolymers, with the most widely used nomenclature and acronyms.
A general objective in the study of all these types of polymers is
the investigation of the structural features which lead to the
polymer being water-soluble, and the minimum change in circumstances
which cause such a polymer to become water-insoluble. It is therefore
helpful to consider the behaviour of closely related polymers - for
example, those in which the monomer unit differs only by the loss
or gain of a methyl or methylene group: most synthetic homopolymers
of this related class which are water-insoluble, or at most only
water-sensitive, are listed in Table 2.

From a correlation of the contents of these two Tables, it is
evident that, in certain cases, the addition of the methyl or
methylene group leads either to the complete loss of water solubility
( PAA > PMA; PEO = P3MO; PMAA -+ PMMA; PVME > PVEE) or to a much
reduced water solubility ( PEO + PPO ); however, in numerous other
cases, water solubility is still retained on such an addition (PAA~+
PMAA; PAAm - PMAAm; PV-OH -~ PVME; note also PAAm -+ PDMAAm; PAAm >
PIPAAm, and PESA » PPSA, where the degree of substitution is greater),
whilst in one case ( PEO + POM ) it is the loss of a methylene
group which leads to the loss of water solubility.

Copolymers, whether they are available commercially or have to
be produced by well-defined laboratory methods, give the potentiality
of a much wider range of properties which is valuable, both from the
scientific and the technological viewpoints. Some examples of
synthetic copolymers, which are important in the present context,
are listed in Table 3. It should be noted that several commercially
available products which are named as homopolymers have, in fact, a
copolymer character ( e.g. 'PAAm' may actually be PAA-AAm, and 'PV-OH!'
may be PVAc-V-OH), where even the presence of a minor comonomer may
influence the properties of the material in relation to water to
a significant extent.
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Studies on synthetic copolymers also serve to reveal, in a more
sensitive fashion than with homopolymers, the structural features
leading to water-solubility or water-insolubility.

Turning to the semisynthetic polymers, the most important examples
of these that are water-soluble are the chemically modified forms of
cellulose and starch, as listed in Table 4. These polymers are
readily available commercially, and extensively used technically:
however, they have received relatively little systematic study,
and the interpretation and evaluation of those studies which have been
carried out is made difficult by uncertainties in the degree of
substitution and the distribution of the substitutent groups on the
monomer units, and by the wide spread of molecular weight distribution
of the commercially available grades of these materials.

As previously mentioned, the natural polymers have been purposely
excluded from this review, for detailed consideration. However, it is
appropriate to mention these materials briefly: some of the most
important water-soluble polymers of this type are noted in Table 5.
Many of these materials, indeed, have a wide technical application,
often being used in competition, or even in conjunction, with the
synthetic and semi-synthetic types. Furthermore, certain of the
latter two types are applied as partial substitutes in various
medical applications - e.g., as blood plasma extenders. As will
be expected, much of the interest in the biopolymers lies in the
investigation of their mode of action in their native environment,
in cells and organisms; correspondingly, since the same scientific
principles must govern the behaviour of all three types of
water-soluble polymers, it is anticipated that studies on the
synthetic types will lead to the establishment of satisfactory
theories of macromolecular behaviour in aqueous systems which can
be applied to understanding and clarifying those of the more
complex biopolymers.

TECHNOLOGICAL ASPECTS

It is useful to introduce this area by considering an emulsion
paint ( latex paint) as a typical, and important, example of a
water-based formulation containing water-soluble polymers. As is
shown in Table 6, even such an apparently simple product as this
may involve up to 17 types of constituents, although any one paint
formulation will seldom contain all of those listed. In the paint
there will therefore be a variety of particles dispersed in the aqueous
phase, in which there may be dissolved anything up to three
different water-soluble polymers and an even greater diversity of
small-molecule solutes. In use, this type of system has to remain
chemically and physically stable during extended periods of
storage under a variety of conditions, including temperatures
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Table 1. Some important water-soluble synthetic homopolymers!™ 2

Group Name Acronym Monomer unit Typea

Acrylic Polyacrylic acid PAA
Polymers

Poly-(N,N-dimethyl- PDMAAm

-acrylamide)c

%H - CH2 -—]— NI
co N<CH3)2

Poly-(N-isopropyl-  PIPAAm

Polyacrylamide PAAm ~[ CH - CH, } NI

CH - CH2 NI
-acrylamide)d !
CO - NHC_H
37
Polymethacrylic PMaA C(CH3) - CH2 3 WA
acid l
~ COOH -
Polymethacrylamide PMAAm < C(CHB) - CH, + NI
- CO - NH2 R
Inorganic Polyphosphoric acid PPA [ 8
Polymers (Polymetaphosphoric 4 P -0 SA
acid) |
- OH
Polyimines Polyethylene imine® PEI 1} NH—CH2—0H2]- WB
& Polyethylene oxide  PEO 1} 0 -CHZ-CHZi— NI
oxides (Polyethylene
glycol,
Polyoxyethylene)

Polypropylene oxide PPO -E 0 -c(cH,) - CH, i— NI
(Polypropylene £ (PPG)
glycol)
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Table 1. (continued)

Group Name Acronym  Monomer unit Type
Vinyl Polyethylene- PESA CH - CH2 SA
Polymers -sulphonic acid |
S0 H
P 3 -
Polystyrene- PSSA —~ CH - CH2 — SA
-sulphonic acid ‘
L - S0
CéHA S f&
Polyvinyl alcohol®  PV-OH - CH - CH, —f NI
(PVAL, | |
PVAl) L ol |
Polyvinylamine pvAm | TH - cH, —}- SB
L NH2 |
Polyvinylmethoxy-  PVMA = TH - CH, - CH,~CH,+ NI
- J
acetal | 0 — %)H —0
CH2 -0 - CH3
Polyvinyl methyl PVME CH - CH2 NI
ether 6
- CH3
Polyvinylmethyl- PVMO +4- CH - CH2 NI
-oxazolidone |
N \:r,()
CHB-J:-—-
Polyvinyl- PVP CH - CH2 NI
-pyrrolidone
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Table 1. (continued)

P. MOLYNEUX

Group Name Acronym  Monomer unit Type
Vinyl poly-4-vinyl pup f—cn - cr - WB
polymers ... k,1
(cont. ) pyridine
Poly-4-vinyl- P4P0  ——CH - CHs NI
-pyridine-N-
L. k
~oxide
<)
|
— O 9 -
Poly-4-vinyl- P4LVRPX —f— CH - CH, (SB)
-N-alkyl-pyridinium
salts™
)
| r x©
Polyyinylsulphuric ~ PVSA ———GH - CH, =—— sA
acid
L 0 - 803H
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Table 1. (continued): Notes

a NI = Nonionic; SA = strong acid; SB = strong base; WA = weak
acid; WB = weak base.

b  Many commercial samples of 'polyacrylamide' are chemically
modified forms, i.e., elther partly hydrolyzed to give PAA-AAm
(see Table 3), or, alternatively, modified to give them a
cationic character.

¢ Chosen as a typical poly-(N,N-dialkylacrylamide) which has been
studied in some detaill®.

d Chosen as a tygical poly-(N-alkylacrylamide) which has been studied
in some detaill®.

Commercial samples of PEI are highly branched.

f Only oligomers of PPO with molecular weights less than about
2000 are water-soluble at normal temperatures.

g Commonly misnamed 'poly(vinylsulphonic acid)', with the correspond-
-ing acronym 'PVSA', leading to confusion in both respects with
polyvinyl sulphuric acid.

h  Samples of PSSA are commonly prepared by sulphonation of
polystyrene (PS), where the substitution may be incomplete
(i.e., giving PS-SSA - see Table 3) or excessive (giving more
than one sulphonate group per ring).

i Many commercial samples of 'polyvinyl alcohol'! are copolymers
with vinyl acetate - see Table 3.

j Samples of PVMA commonly studied have been obtained from PV-OH
with only partial acetalization - see Table 3.

k  The corresponding 2-isomers (P2VP, P2VPO and P2VRPX) are also
important.

1  PR2VP and P4VP are insoluble in the un-ionized (non-protonated)
form.

m  Samples may be only incompletely alkylated forms of the parent
polymer (P2VP or P4VP).

n  Samples of PVSA are generally prepared by sulphation of PV-OH,
often with incomplete substitution (i.e., giving PV-OH - VSA -
see Table 3).
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Table 2. Some water-sensitive, marginally water-insoluble, and
associated synthetic homopolymers.
Group Name Acronym Monomer unit
Acrylic Polymethyl acrylate PMA <+ CH - CH2
Polymers
. CO - OCH3
Polymethyl PMMA + C(CHB) - CH,
methacrylate
. CO -0
G CH3
Poly(2-hydroxyethyl PHEMA C(CH3) - CH,
methacrylate (PolyHEMA) |
(Poly(ethylene glycol co - O(CH2)2 -0
monomethacrylate)
Polyoxides  Polyoxymethylene POM -E 0 - CH2 -]—
(Polyformaldehyde,
Polyacetal)
Poly(trimethylene P3MO -E 0 -(CH2)3J-
oxide)
(Polyoxacyclobutane)
Polyacetaldehyde  PAC $o- ciH—}-
CH3
Vinyl Poly(vinyl ethyl PVEE CH - CH,
Polymers ether) I
0 - C.H
275
Poly(vinyl acetate) PVAC CH - CH,
(PVAc, I
PV-0Ac) O-—-COCH3
Poly(vinyl acetal)s PVFo CH - CH, - CH - CH,
e.g. formal ( R = H) PVBu |
butyral( R = Bu) 0 == CH=—0

R
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Table 3. Some water-soluble and water-sensitive synthetic
copolymers; Poly(m-Co-N).
Monomer M Monomer N Common methods of synthesis, special
features, etc.
Acrylamide Acrylic acid Partly hydrolyzed PAAm: true form of many

Acrylic acid

Ethylene
oxide

Maleic
acid

Methyl
acrylate

Propylene
oxide

Acrylic acid
Alkenes
Styrene

Vinyl alkyl
ethers

Methacrylamide Methacrylic

Methacrylic
acid

Styrene

Styrene

Vinyl
acetal

Vinyl acetate

Vinyl acetate

Vinyl alcohol

acid

Methyl
methacrylate

Styrene
sulphonic
acid

Vinyl
pyrrolidone
Vinyl
alcohol

Vinyl
alcohol

Vinyl
pyrrolidone
Vinyl
sulphuric
acid

commercial samples of 'PAAm'.

Partly hydrolyzed PMA, or partly
methylated PAA.

Block copolymers ('Pluronics' are
surface active)

Alternating copolymers with maleic
anhydride (subsequently hydrolyzed) as
Monomer M; ethylene copolymer is the
'head-to-head' form of PAA; depending on
the Monomer N, may show conformational
transitions on ionization, like PMAA.

Partly hydrolyzed PAAm, or by direct
copolymerization.

Partly hydrolyzed PMMA, or partly
methylated PMAA; show conformational
transitions on ionization like PMAA

Partly sulphonated polystyrene; true
form of many common samples of 'PSSA'.

Surface active copolymers

Partly hydrolyzed PV-OH; true form of
'polyvinyl acetals' (methoxyacetal,
formal, butyral, etc.).

Partly hydrolyzed PV-OAc or partly
acetylated PV-OH (distribution of
comonomers 1is route-dependent);true form
of many commercial samples of 'PV-OH'.

Water- insoluble forms solubilized by
urea, etc.

Partly hydrolyzed PVSA, or partly
sulphated PV-OH; true form of many
common samples of 'PVSA!',
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Table 4. Some water-soluble and water-sensitive semis¥nthetic
polymers ( modified natural polymers)?’3’tlri2s15

Cellulose derivatives:-

Simple ethers:

Methyl - (MC)

Ethyl- (gc)?

Hydroxyethyl- (HEC)

Hydroxypropyl- (HPC)

Carboxymethyl- (cMC) (cellulose glycollate)

Mixed ethers:
Ethylhydroxyethyl- (EHEC)
Ethylmethyl- (EMC)
Hydroxybutylmethyl- (HBMC)
Hydroxyethylmethyl- (HEMC)
Hydroxypropyl-
-methyl-  (HPMC)

Oxidized cellulose

Starch Derivatives:-

Starch acetates (SAC)

Hydroxyethylstarch (HES)

Carboxymethylstarch(CMC) (Starch glycollate)

Other ionic starch derivatives : Phosphate, Sulphate, etec.
Oxidized starch ( dialdehyde starch)

Aminoalkylstarch and other cationic derivatives.

Note a : Only those grades of ethylcellulose with rather low degrees
of substitution are water-soluble at normal temperatures;
grades with higher degrees of substitution may be soluble
at lower temperatures.

which may range from the subzero to the tropical, and subject to
contamination from the container and the atmosphere. Even after this,
the paint must have the required rheological properties when it

is being applied, whilst it must subsequently form a film which is
coherent, adherent to the surface, and have the correct
characteristics of colour, texture, weathering properties, and

so forth.
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Table 5. Some important water-soluble and water-sensitive natural
polymers {biopolymers)?2’3’i1»12215

Polysaccharides:

Acacia (Gum arabic)

Agar and agarose

Alginic acid and its salts

Carrageen ( Chondrus; Irish moss) & Carrageenan

Dextran

Dextrin (British gum)a

Furcellaran

Ghatti gum

Heparin

Pectins, Pectinic acid, and their salts

Seed gums: Ceratonia (Locust bean gum), Fenugreek,
Guar gum, Ispaghula, Psyllium, etc.

Starch ( Amylose, Amylopectin)

Sterculia (Karaya gum)

Tragacanth (Gum tragacanth)

Xanthan gum

Proteins: Albumen
Albumins
Casein
Collagen
Gelatins
Enzymes
Gluten
Zein

Note a : Dextrin and gelatin are degraded (i.e., modified) forms cf
true natural precursors (starch and collagen, respectively)

These requirements illustrate the type of complex, multi-phase,
multi-component system into which a water-soluble polymer may be
incorporated in practice, also indicating the consequent diversity
of reactions and interactions with which scientific concepts and

theories must deal if they are to be applicable to the solution of
technological problems.

From the more general viewpoint, the important areas of
use of water-soluble polymers are listed in Table 7, whilst those
applications are further analyzed into the corresponding main
functions of the polymers in Table 8. Such an analysis is necessary
for any particular application if we are to be able to understand
why a polymer should be appropriate for that application, and even
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Table 6. Types of constituents of emulsion paints (latex paints)!®
1. Water ( ~50 % of the whole system)a

2. Polymer particles ( e.g. PV=OAc)®

3. Polymerization stabilizer ’

be Anionic surfactant?

5. Nonionic surfactant

6. Polymerization initiator (residual) a

7. Pigment particles

8. Extender particles

9. Pigment d%spersant

10. Thickener

11. Coalescent/plasticizer ( for the polymer particles)
12, Anti-microbial agent (preservative)

13. Corrosion inhibitor

14. pH-Adjuster

15. Anti-foaming agent

16. Anti-freeze

17. Thixotropic agent

Note a : Constituents 2 - 6, and at least part of the water
(Constituent 1 ), derive from the parent emulsion polymer
latex.

b : Water-soluble polymer.

more so when we have to decide which polymer would be suitable
for solving some problem encountered with an established product,
or for use in an entirely new type of product.

However, in correlating the contents of these two tables, it
should be borne in mind that any one polymer may ( from chance,
or from design) fulfil a number of different functions at the same
time - for example, in a disperse system such as an emulsion
paint it may serve both to thicken or gel the continuous phase, and
also, at the same time, it may have a more direct effect on stability
by being adsorbed on to the particles. Furthermore, the polymer
may have different functions at different stages in the 'life
history' of the product - for example, incorporated into tablets
of a drug, it will act in the essentially anhydrous state as a
binder up to the point when the tablet is taken by the patient,
whereupon it will go through various stages of swelling and
dissolution by the body fluids as the tablet disintegrates, and the
drug is absorbed by the body. Moreover, polymers may have
unwanted functions - for example, they may complex in solution with
small-molecule components ( anti-microbial agents, anti-oxidants,
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Table 7. Areas of use of water-soluble polymers?’3’12’16

1. Adhesives, bonding agents and glues

2. Agricultural and horticultural products

3. Asphalt emulsions and pitches

Le Bacteriological and microscopy media

5. Beverages and foods

6. Cements, concrete, plasters, ceramics and glazes

7. Containers and packaging

8. Cosmetics and toiletries

9. Detergents, emulsifier formulations, and laundry products
10. Dyeing pastes and other textile-treatment products
11. Electroplating and electrorefining solutions

12. Emulsion polymerization latices and related products

13. Explosives

14. Fire-fighting additives

15. Foamed-plastic products

16. Hydraulic fluids and lubricants

17. Inks, paints, and other surface coatings
18. Leather processing

19. Lithographic and reprographic materials
20. Marine and naval applications

21. Metal production and processing

22. Mining and mineral processing

23. 0il-well drilling and oil-recovery
24. Paper, paperboard and wallboard production

25. Pharmaceutical, dental and related products

26. Photographic films and related products

217. Scientific studies and laboratory techniques

28. Tobacco products

29. Water treatment (ground water, boiler-feed water, waste

water, effluents, and sewage).

detergents, drugs, etc.), possibly reducing the activity of the
component below the level desired; again, the water-soluble
polymers serve a variety of useful functions in the paint as

such ( Table 6), but their consequent presence in the final paint
film may have disadvantages, such as too great a hydrophilic
character, and too ready a permeability to water vapour.

SCIENTIFIC ASPECTS

If we are to maintain the interplay between technology and
science, the functions of these materials need to be further
analyzed systematically into their physical and chemical features,
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Table 8. Some functions of water-soluble polymers in their uses

3.

b

5.

7.
8.

10.

Thickening and gelling: bacteriological and microscopy media;
cosmetics and toiletries; drilling muds for oil production;
dye pastes ( textile printing); foods; glazes; inks; latices;
lubricants; paints; pharmaceuticals.

Stabilizing agents and suspensions: cosmetics and toiletries;
detergent formulations; drilling muds for oil production;
emulsion polymerization; foods; glazes; inks; paints;
pharmaceuticals.

Flocculating and clarifying suspensions; beverages; mineral
processing; water treatment.

Coatings, films and sheets: laundry bags; mould release agents;
oil-resistant films; packaging (single-dose products);
photographic films; temporary protective coatings; textiles
(warp-size agents).

Solid-solid bonding; adhesives; agricultural and horticultural
sprays; cements; ceramics; explosives; fertilizers; foundry
cores and moulds; hair sprays; leather processing; paper
production; pharmaceuticals.,

Moisture retention (humectants): foods; leather processings;
tobacco products.

Osmotic effects: blood-plasma substitutes; cryoprotectants.

Complexing: dye-levelling and dye-stripping (textiles);
pharmaceuticals; tannin precipitation (beverages).

Turbulent-flow drag reduction: fire-fighting,marine and naval
applications.

Crystal-growth modification: cryoprotectants; electroplating
and electrorefining; foods; pharmaceuticals,

Table 9. lists the features which are important, in their
experimental and theoretical implications, for the linking of
scientific studies to technological applications. Many of these
features are indeed common to all polymers, whether water-soluble
or not, but it is nevertheless useful to have an extensive listing
of this kind for the present more limited area.

Certain of these features have already been discussed as they
apply to water-soluble synthetic polymers

¢, and this particular

area will receive more extensive treatment in a forthcoming
monograph7.
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One feature mentioned in Table 9 which may not seem to be
important in the present context is that of the solid state
properties and behaviour. However, it should be remembered that,
in many of their uses, these polymers start out in the solid
state ( e.g., in packaging applications for single-dose products),
or finish up in the solid state ( e.g. adhesives). Moreover, the
values of the glass transition temperature,ts,, and the melting
point, tm’ of these polymers are also important in drying, since
the polymer has to be heated above either of them to optimise
removal of the last traces of water - this is a limitation in
attempts to use microwave heating for this purpose. Solid state
properties also influence the water-sensitivity of the polymer -
thus the apparently anomalous insolubility of POM is the
consequence of strong crystal lattice forces involving the
favourably oriented C-0 dipoles, whilst the apparently paradoxical
increase in the water-sensitivity of PV-OH on introducing a few
hydrophobic acetate groups (especially marked if they are randomly
distributed in the chains) is the result of their disruption of the
crystal lattice of the solid homopolymer.

INTERACTION FORCES

The observed behaviour of these systems, i.e., that at the
macroscopic level, will be controlled by that at the molecular
level, particularly by the types and the relative strengths of
the covalent forces between the various molecules and the
molecular grouping present.

In the case of the solid polymer, poly(M), these are simply the
interaction forces between the neighbouring ( non-bonded ) 'mer'
units, which can be symbolized M ~ M; however, these will be
different in any amorphous regions present from those in any
crystalline regions ( and in the second case they will also depend
critically upon the lattice structure), so that the average
energy ( which determines, amongst other features, the water-
-sensitivity of the solid) will depend upon the structures and
extents of these two types of regions.

When the polymer is dissolved in a solvent S, there will then
be three main types on interaction, i.e., M ~ M, S ~ S and M ~ S.
Aqueous solutions of polymers ( and, indeed, those of other solutes
also) are often viewed as if they were controlled by effects which
are different in principle from non-aqueous solutions; this
viewpoint is apparently supported by the fact that, whilst the
normal behaviour of non-aqueous polymer solutions is endothermic,
dilution, and, consequently, precipitation of the polymer occurs
(where it occurs at all) on cooling . The same behaviour is also
shown by the aqueous solutions of a few polymers (e.g. PAA, PAAm,
PMAAm), but in most other cases of aqueous polymer solutions, the
dilution is exothermic and any precipitation occurs on heating.
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Table 9. Physico-chemical features of water-soluble polymers

1. Chemical features
Synthesis reactions and their consequences
- Rate and mechanism
- Stereoregularity
- Molecular-weight averages and distribution
- Structural irregularities ( end-groups, branching, ete)
Modification and conversion reactions
- Copolymers from partial reaction
- Route dependence of comonomer distribution
Chemical and biochemical degradation
- 'Ageing effects' (especially high molecular wt.samples)
- Inhibition of degradation in use
- Environmental aspects
- COD ( Chemical Oxygen Demand)
- BOD ( Biochemical Oxygen Demand)

2. Practical features
Purification
- Common contaminant
- Solvent/non-solvent precipitation
- Exhaustive dialysis
- Electrodialysis (especially polyelectrolytes)
- Chromatography (gel filtration, ion exchange, etc.)
Fractionation
- Solvent/non-solvent fractionation
- Gelfiltration chromatography
Handling
- Avoidance of moisture pickup
- DPolyacids - contamination from metals, glass, etc.
- Polybases - contamination from 002, ete.

3. Structural and analytical features
Characterization
- Molecular weight averages
- Molecular weight distribution
- Stereoregularity
Identification
- Physical methods
- Chemical methods
Analysis of solid samples
- Polymer content
- Water content
Analysis of solutions for polymer content
- Evaporation
- Precipitation
- Refractometry
- Titration (especially polyelectrolytes)
- Turbidimetry
- Coloured complexes
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Table 9. (continued).

Analysis of solutions for polymer content (cont.)

- Complex coacervates

- Spectroscopy ( especially UV for aromatic complexes)
Copolymers

- Composition

- Comonomer distribution

he Solid state properties
Physical and mechanical properties
- Density
- Elastic modulus, tensile strength, etc.
- Glass transition temperature, t_(amorphous fraction)
- Melting point, t_ (crystalline & fraction)

Crystallinity/amorphosity
- Relative extents of two forms
- Lattice structure of crystalline fraction
Spectroscopic and dielectric properties
Uptake of gases and vapours
-Fquilibrium and thermodynamics (especially H20)
-Permeation kinetics (especially H,0, 0,, CO, )
Solid state complexes
- Amorphous complexes (e.g. PVP + L, drugs,se.)
- Crystalline complexes (e.g. PEO + urea, drugs,...)

5. Solution behaviour (other solutes absent)

Aqueous solutions ( dilute, concentrated, gels)

- Volumetric and thermdyanamic aspects

- Refractive index

-~ Viscosity and rheology

- Conformational effects

- Gelation behaviour
Non-aqueous solutions

- Comparison with aqueous solutions

- Uses ( purification, characterization, etc.)
Mixed ( aqueous + non-aqueous) solutions

- Comparison with aqueous solutions

- Preferential solvation

- Uses (purification, fractionation, etc.)
Partition behaviour (aqueous/non-aqueous systems)

- Relative solvent affinities

- Uses (especially polymer separation)
Solubility behaviour (phase equilibria)

- Effect of crystallinity and lattice forces in solid

- Comonomer distribution in colpolymers
Polyelectrolytes

- Ionization of polyacids and polybases

- Counterion binding in polysalts
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Table 9. (continued).

6. Solution binding with small-molecule cosolutes
Low cosolute concentrations ( < 0.1 - 1 M. )
- Specific effects ( cosolute binding)
- Binding isotherms
Examples: detergents, drugs, dyes, 12/13-,...
High cosolute concentrations ( > 0.1-1 M)
- Generic effects ('salting out', etc.)
Examples: simple salts, alcohols, ...

7. Solution interactions between polymers
Phase separation between polymers
- Role of excluded volumes
- Role of interaction forces
Phase separation by complex coacervation
- Polyelectrolyte complexes
- H-Bonded complexes (PEQ, PVP, ... + PAA, PMAA, ...)
Homogeneous systems

8. Interfacial behaviour

Air/water interface
- Adsorbed films
- Spread films

Water/non-aqueous liquid interface
- Adsorbed films
- OSpread films
- Use in polarography (maxima suppressors)
- Stabilization of emulsions

9. Water/solid interface
Adsorbed films ( trains, loops, tails)
Adsorption isotherms
Anchored films
Effects on the stability of suspensions
Stabilization ( e.g. 'steric' stabilization)
Destabilization (flocculation, coagulation,sensitization).

However, for all solutions, the observed behaviour is the result
of a balance ( often a delicate one) between the three types of
interaction, involving the equilibrium

M~M+S~3S8 = 2 M~3S

and only a small shift in this balance i1s needed for the behaviour
to move from the 'normal' (nonaqueous) to the 'abnormal'(aqueous) type.
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When a small molecule cosolute, A, is also present, then, in
addition to the three types of interaction listed there will be
tow more, i.e. A ~ S and A ~ M. When the A ~ M interaction is
strong (relative to A ~ S and M ~ S) then even at low cosolute
concentrations this can lead to 'specific effects', i.e., to
binding (complexing) of cosolute to the polymer chain ( although
in practice this may involve a sequence of 'mer' units either
'chelating with' or 'enveloping' the cosolute molecule). Where no
such direct interactions can take place, the 'generic effects’
which appear only at higher cosolute concentrations probably
arise indirectly from the perturbing effect of the cosolute
molecule on the three original types of interaction.

With two polymers, poly(M) and poly(N), in the system with
solvent S, then again the three basic interactions already listed
will be joined by two others, i.e« M ~ Nand N ~ S . Again, the
observed behaviour will be the results of the balance between the
five types of interaction force involved. Similarly, for a
polymer ‘'poly(M)' at an interface I, there will be two extra
types of interaction, I ~ M and I ~ S, and again the behaviour
observed will be the result of the balance between the total of
five types of interaction.

Even the picture outlined above will be a simplification
of the true state of affairs, since these interactions will themselves
be complex, being composed of various types of component noncovalent
interactions ( e.g. ion-dipole, ion-ion, van der Waals, hydrogen
bonds, hydrophobic interactions) appropriate to the groups involved.
Furthermore, these interactions must be expected to be sensitive
at least to the immediate environment of the interacting pair.
Thus, even in the case of a simple polymer solution, the strength
of the M ~ S interaction must be expected to differ when the
surroundings are the solvent molecules (i.e. in dilute polymer
solution) from those when they are 'mer' units (i.e. in the
uptake of solvent vapour by the solid polymer); this will be
particularly marked where the solvent is water.
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INTRODUCTION

Rheology is the science of deformation and flow of matter under
stress. Traditionally, the subject has been of interest in two
different ways'. Physicists and mathematicians have been interested
in the subject mainly from a behavioural point of view. If a
rheological equation of state for the system of interest can be
formulated which can reconstruct the rheological behaviour of that
system under any deformation or flow regime in any apparatus, the
goal is deemed to have been achieved. Since the behaviour in this
sense need not be related to any particulate or molecular structure,
it has been convenient for these rheologists to use continuum
mechanics models for their analyses. However, another group of
rheologists, e.g. chemists, physical biochemists, pharmacists, and
food and paint technologists has sought to relate rheological
behaviour to the physical chemistry of the system of interest. It
is now widely considered that these two approaches can be reconciled
and this will be discussed.

The present Chapter will be treated from the point of view of
chemical structure related to rheology.Although the brief is a
discussion of the rheology of water soluble polymers, it is considered
that there is no particular virtue in restricting the discussions
to specific instances of water soluble polymer behaviour where more
general models are basically considered by theoreticians. If we
remember that the solvent is not unimportant even in the rheology of
silute solutions in the general solvent case, we have the added com-
plication that, with water as a solvent, ions, and particularly H*,OH~
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and the common alkali and alkaline earth metal ions play a crucial
role. Molecular biologists have hitherto ignored the role of rheology
as a controlling influence in cell processes which involve the shear-
ing of macromolecular species in the concentrated cytoplasm.

When we move to concentrated solutions and gels the situation
beomes very complex and a complete analytical solution is quite
impossible. A1l we can do is look at the trends, where, in the usual
scientific tradition, we keep all the variables constant except one,
and gradually map out the entire behaviour in multidimensional space.
Unfortunately, as indicated above, the number of variables is immense.
We have, first, the chemical variables: polymer concentration; mean
molecular weight; a dispersion of molecular weight index; the degree
of chain branching; the degree of ionization ( for electrolytes);
solution pH; prevailing ionic strength, and the temperature.At the same
time, we can vary the following rheological parameters: the shear
stress; shear; shear rate: for continuous time assessment or under
dynamic conditions we can input a small sinusoidally varying
quantity of either stress or strain and monitor the other. We can
even superimpose a small sinusoidal disturbance on continuous
shear?. Added to all of this, we can have very complex behaviour in
time.

Most concentrated solutions of polymers and their gels exhibit
the phenomenon of viscoelasticity. In simple terms, this means that
their inner structure displays a spectrum of characteristic times.
These are expressed either as relaxation times or retardation times.
The polymer system only comes to equilibrium during rheological
investigation when the experiment has been conducted for a time
significantly longer than the longest characteristic time. However,
the simple type of viscoelastic behaviour does not display any
experimental evidence of long term change in the system. When the
test sample is allowed to recover it behaves in the same way again.
On the other hand, many systems of interest to the industrial
technologist, particularly water soluble polymers in concentrated
solution, and their gels, undergo long term ageing, which is
irreversible. Again, this ageing is of two kinds; it can be quite
independent of the rheological treatment® where it is due to
chemical change - e.g., cross linking, or enzymatic or other
degradation. It can also be brought about by the rheological
investigation itself,

It would be helpful to conclude this section with some
elementary definitions: for a more detailed description the
reader is referred to a standard rheological text or, in particular,
to the handbooks produced for Rrevious Postgraduate Schools of
the Royal Society of Chemistry*’®
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Stress

The physical components of the stress tensor are nine in
number and are denoted by 0ij; where i and j are cycled through
1 to 3. Stress is directed force ( a vector) per unit area and the
direction in space of the element of area is defined by the direction
of its unit normal. Most rheological investigations are carried out
under shear, where i # j and although in principle there will be
six different possible values, for isotropic materials there is
usu%lly only %ne, designated 1. The SI units for stress are

Nm or mNm ~,
Strain

A similar argument can be upheld for strain. The shear
components of strain are usually just referred to as shear y.
Strain is dimen§}onless. RATE OF STRAIN is dy/dt or simply Y.
The units are s ~..

Shear modulus

t/y Nn~ 2 or mNm'-2

[op]
1

Newtonian viscosity

/vy Ns n™% or mis m~2

n
(It is interesting to note that, in the old CGS units, a centipoise
is exactly equivalent to 1 mNs m=2 (SI); also, the viscosity of
water at 20°C is almost 1 centipoise.)

Time functions

Under constant stress, the time dependent function of shear
sodulus G(t) and its inverse function J(t) = 1/G(t), the time
dependent shear compliance are also important.

Dynamic moduli

Under sinusoidal conditions of pulstance w rads s"l
( 2m x frequency) it is possible to define three dynamic functions®.

¢* (w) = G' (w) + 1iG" (w)
J*¥ (w) = JI'" (w) - 1iJ" (w)
n* (w) = n' (W - in" (w)

These quantities are two dimensional vectors in the general complex
plane u + iv and the negative sign associated with the last term in
the latter two arises directly as a consequence of the first
definition.



24 B. WARBURTON

Surface parameters

For those interested in very thin films of water soluble polymers
(Ref.5, pp. 186 - 206), the specialism of surface rheology may be of
interest. Here, the above-mentioned parameters usually carry a
subscript 's! and will have one less spatial dimension - e.g.,

I m(mN)-l for the surface compliance.

Rheological techniques

A variety of instrumental techniques is available for the
materials of present interest. In a short chapter, it is not possible
to give an exhaustive account but the important principle will be
mentioned. The fundamentals behind the design of rheometers have been
discussed in depth by Walters’ and the instrumental techniques
specific to the investigation of viscoelasticity are reviewed by
Perry®. Industrial techniques have been reviewed by Sherman®, who
has more recently made special reference to the food industry®.
Surface rheological techniques have been considered by Warburton
in Ref.% (pp.186 - 206). General techniques have also been
adequately covered in the handbooks of previous Postgraduate Schools
of the RSC*’%.

INTERPRETATION OF RESULTS

Concentrated solutions

Concentrated solutions of water soluble polymers are, with few
exceptions, non-Newtonian in flow properties. One of the earliest
attempts to find a rheological equation of state for disperse
systems was due to Ostwald in 1925'°:-

y = l/np('r)n

where n_ 1s a parameter corresponding to viscosity and n is some
measurePof internal structure. n equals one for Newtonian fluids
and may be evaluated by taking logarithms when the expression is
transformed into a linear equation. n has been referred to as the
'flow index', and it is clear that, when n > 1, the apparent
viscosity increases with shear stress and when n < 1 it decreases
with shear stress. For most concentrated polymer solutions, n is
less than one and the shape of the apparent viscosity/shear rate
curve is that shown in Figure 1.

Probably the most fundamental early approach to the problem of
non-Newtonian viscosity based on the theory of chemical rate
processes was put forward by Ree and Eyring in 19551,
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This was based on an early theory of Glasstone et al, in 194112,
The Ree and Eyring theory has been applied to both emulsions and
concentrated polymer solutions. Most systems can be simulated with
three unit mechanisms. The rate processes are designated by
hyperbolic sine functions of the shear rate, giving:-

3

Lo( xn/an)sinh-
n=1

I

il

n(%) Bn;)

Even with three basic mechanisms, the first of which is usually
Newtonian, the rheological properties of the system will be
characterized by nine constants:- Xl’ al, Bl cecee X3, a3, 63. The

curve fitting process to the experimental data is non-trivial and
for statistical significance there would need to be at least
40 - 50 raw data per experiment,

From the experimentalist's point of view, the pseudo-plastic
flow equation due to Cross in 19657 is more tracable and is based on
a reasonable molecular model, giving a good fit to many sets of data
for water soluble polymer solutions. Although Cross's original
intentions were for the equation to be applied to the rheology of
disperse particulate systems, the theoretical derivation makes it
equally applicable to concentrated water soluble polymer solutions.
The derivation of the equation rests on the argument that the flow
entities, in this case macromolecule, can aggregate to form chains.
The apparent viscosity of the ensemble of chains at a shear rate v,
is given by:

n(¥) =n, + BL(Y)
where B is a characteristic constant and L(Y) is the length of the
chain at the prevailing shear rate. N, is the limiting viscosity
at high shear rates. It is further conjectured that at any
particular shear rate, the length of the chains is a dynamic constant
determined by equal and opposite aggregation and de-aggregation
kinetics. The aggregation process is only due to Brownian motion,
whereas deaggregation is due to two mechanisms, one spontaneous
and the other governed by the shear rate raised to an even power.
The latter is a necessary restriction since the direction of
shear is unimportant but the characteristic index of shear rate n does
not need to be an integer and can be expressed as a fraction n = 2/m.
This leads to the expression

LI, = 1/ + ()"
where Lo is the length of the aggregated chain when the shear rate

is zeroand a' is a constant for the system. This leads to a final
expression for the apparent viscosity:-
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Figure 1. General dependence of apparent viscosity on shear rate
for water-soluble polymer solutions.
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Figure 2. General dependence of apparent viscosity on hydrogen
ion concentration and ionic strength for
polyelectrolytes.
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™)

n) = n,+ (0 -n)/(1+ ')

For plotting purposes, and in order to evaluate parameters o' and n,
which characterize the material, Cross suggests that, at high shear
rates:-

ny) -n, » (0 -n)/ (at (P
hence, if n_ can be estimated, a plot of log (nt¥) - N, )versus
log(y) should give a straight line of slope n and intercept

- ! thi di .
log (no n,)/ a') on the ordinate

When the water soluble polymer is a polyelectrolyte, pH and
ionic strength play a dominant role at all shear rates. It is now
no longer possible to display the whole rheological behaviour at
one polymer concentration on a two dimensional graph. If we assume
that,at a fixed shear rate the size of the polyelectrolyte molecule
is a function of the degree of ionization @, ( a is in no way
related to a' above) we can,at least qualitatively, sketch out the
shape of the apparent viscosity/pH relationship for, say, an anionic
polyelectolyte (see Figure 2.).

In region A of this Figure,the ionic strength is assumed to be
low, but, as hydrogen ions are added to the ionized polymer, the
degree of ionization is gradually depressed, according to the
approximate relationship

pH = pK + log(a/( 1 - a))

Ideally, a separate value for the pK_ should be used for each
acidic site in the polyelectrolyte, but this is impracticable.
However, if, as is often the case, all the sites represent, say,
the same uronic acid and equivalent weight of the polyelectrolyte
is quite high, e.g. >1000, the above simple expression operates
well. Thus, as we progress into further acidity, in region B, the
polyelectrolyte molecule, originally over-extended due to the
attached anionic charges, will contract, lowering the apparent
viscosity. However, there is another mechanism by which the
polyelectrolyte molecule will contract - the formation of a

strong ionic atmosphere around the ionic sites as the ionic strength
is increased. So, if we start again at pH 7 and add hydroxyl ions,
and, of course, the metal ions that go along with them, the ionic
strength will build up, the polyelectrolyte sites will be shielded
and the molecule will contract, giving the region of falling
apparent viscosity C in Figure 2. Of course, if the ionic strength
is maintained high over the entire pH range, the overall height of
the curve will be lowered, as shown with the dotted curve.
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In fact, the fully ionized and unshielded polyelectrolyte
molecule will always have a larger relative viscosity than a
corresponding uncharged polymer in solution and the degree to which
its viscosity will be unchanged will depend on three main
considerations:-

(i) the degree of substitution of the ionic sites;

(ii) the flexibility of the polymer chains;

(ii1) the amount of entanglement between the neighbouring
chains,

POLYMER NETWORKS

Most of the classical work on gels of water soluble polymers
was carried out on gelatin gels by Ferry'* and Ward and Saunders®S,
Static values of the shear modulus of gels may be obtained using a
formula almost identical to Poiseuille's Law of capillary flow.The
gel is cast in the lower part of a U-tube and pneumatic pressure
is applied to one limb. The deflectlon of the meniscus of the gel
gives the shear modulus G d1rectly . If the frequency dependence
of the dynamic shear modulus G* is required, transverse shear
wave propagation can be used, as shown by Ferry!” and by Goodwin?®
If the fraction of the critical damping distance travelled by the
shear wave during one oscillation is small, then

' = V%

where p = the density of the gel, and V is the velocity of the
wave propagation through it. Measurements of both the static
modulus and the real part of the dynamic modulus show that gels
usually increase their rigidity with time, eventually reaching an
equilibrium value G after a very long time. The shear modulus
of gelatin gels appears to be approximately proportional to the
square of the polymer concentration, according to Cumper and
Alexander!®, whilst they show that these gels are weakened by the
increase of ionic strength, I :-

G, = G(1-0.77/T)
G is the modulus of the gel without salt. Sucrose and glycerol
ifcrease the rigidity of the gel. Plots of G/(conc.)? for gelatin
fall off almost linearly with temperature, becoming zero at 30°.
The shear modulus of gelatin gels is very dependent on molecular
weight. Ferry?? found that

62/ (cone.)

was a linear function of molecular weight, being approximately
zero below a molecular weight of 20,000.
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Recently, some work on the rigidity of pol¥saccharide gels
has been carried out by Mitchell and Blanchard??, particularly
for gels of alginate and pectate. Experimentally, they have
measured the Young's Modulus E of cylinders of the gels in
compression, using an Instron Model 1140, Making fundamental
calculations of the Helmholtz free energy F as a function of the
distribution function W(r) of the end-to-end length for the chain
vector, r , they found that the chains only obey Gaussian
statistics -if the degree of polymerization is greater than 1000.
Agreement between theory and experiment is good.

SURFACE AND INTERFACIAL RHEOLOGICAL BEHAVIOUR

The surface rheology® of water soluble polymers is proving to
be of great interest in the investigation of both emulsion stability
and the architecture of microcapsules??, Water soluble polymers in
solution tend to be adsorbed at both agueous/air and aqueous/oil
interfaces. Although the polymers are hydrophilic in nature, and would
not be expected to be surface active, nevertheless the polymer
chains in solution normally carry a sheath of loosely attached aligned
water which can be discharged at the interface., This will happen
when the polymer chains hit the interface in the course of ordinary
random kinetic motion. This leads to an overall increase in the
entropy ASS for the system polymer-water at the interface and a
consequent lowering of the surface free energy AG_ according to the
thermodynamic relationship:- S

AG = AH - T.AS
s s s
where AH_ is the change in surface enthalpy (generally) small and T
is the aBsolute temperature. Hence, the polymer absorption is
thermodynamically favourable. For moderately concentrated polymer
solutions, up to, say, 5 % w/v, the surface of interfacial polymer
films are essentially molecular multilayers. The surface rheological
techniques are particularly useful in detecting whether the
interfacial film is elasticoviscous (LIQUID) or viscoelastic (SOLID)
in nature. It was originally thought that all elasticoviscous
films were rheologically stationary in nature. This would have meant
that, after the initial film formation by diffusion from the bulk,
which is 90 % complete in the first 5 - 10 minutes, there could have
been no further change. However, recent work on a polyelectrolyte
containing carboxylate residues®® has shown that further pH dependent
changes in film surface viscosity can take place for a further time of
more than half-an-hour. This is thought to be due to a change in
the dielectric environment for the polyelectrolyte chain in going
from the bulk to the surface.
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Most of the viscoelastic (SOLID) interfacial films so far
investigated are decidedly non-stationary in nature ( i.e.,
'growing' films) and, although a successful kinetic theory has been
published specifically for biopolymers?®, there is no reason to
believe that the theory, which is entirely general in nature, would
not apply to all water soluble polymers.
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INTRODUCTION

Water-soluble polymers may be grouped under three main
headings:

(1) naturally occurring;

(11)  semi-synthetic, in which inherently insoluble polymers
are modified by suitable chemical treatment in order
to disturb their normal structures and enhance their
interaction with water;

(iii) completely synthetic polymers which are produced by
condensation, addition, or ring-opening polymerization.

The most commercially important examples of this group are
the polymers of acrylamide and its C- and N-substituted
derivatives, acrylic and methacrylic acids, N-vinyl amines,
cyclic and vinyl ethers. The present chapter will deal with
completely synthetic polymers and, in view of their commercial
importance and the considerable amount of work published, will
concentrate mainly on the free radical polymerization of the
acrylamides, and acrylic and methacrylic acids, with the aim
of describing the present state of the art, discussing, where
possible, the chemical principles involved.

Such polymerizations are generally assumed tofollow the
usual sequence of initiation, propagation, chain transfer,
and termination steps. Conventional kinetic analysis leads to
the usual. relations:
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R = -4a[M/at = —Eg- . Rf (]
t

and

(s)r = ()t + o N C'[Init] ‘o [s]
n n m 1

o W™

where Rp and Ri are the rates of polymerization and initiation,
respectively, kp and kt are the velocity coefficients for

propagation and termination, C., C_and C_ are the transfer
constants for initiator, monomer and chain®transfer agent at

concentrations of [Initﬂ ’ [M] , and [S] respectively. Pn and P
o

are the number average degrees of polymerization in the absence

and presence, respectively, of chain transfer agent.

n

The actual relationships observed in practice are, of course,
strongly influenced by the various complicating factors which
occur. Typical examples of such effects are radical caging, radical
and monomer complexing, conformational effects in the growing chains,
degradative transfer, the nature of the initiation step, etc.
Complicating effects are frequently encountered in copolymerization
as well as in homopolymerization, and have been the subject of
much study and speculation,

A considerable effect is also exerted by the polymerization
temperature., This is further complicated if the polymerization is
carried out under approximately adiabatic conditions, as is
often the case. For polymerizations obeying the above
equations, it is easily shown that:

Eov = Ei/2 + Ep - Et/2

where E., E_, E, and E are the energies of activation for
initiation, Bropagation, t@¥mination and the overall
polymerization respectively. The value of E,/2 is usually
considerably greater than that of (E_ - E,/2), so E, makes a
very significant contribution to the“value of Eov’ A high value
of E.,coupled with a high heat of polymerization, therefore

leads to considerable temperature variation if a polymerization

is carried out under approximately adiabatic conditions.

This, in turn, significantly affects the polymer degree of
polymerization, and its distribution.
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ACRYLAMIDE

Acrylamide and its C- and N-substituted homologues readily
polymerize by free radical mechanisms in the absence of oxygen.
Several detailed literature reviews of the subject have
appeared! 1

At high pH, anionic initiation yields poly-R-alanine (nylon 3)
by a hydrogen-transfer mechanism®®:
e

)

B: + CH,=CH-CO-NH, ~ B-CHQ-.C.H-CO-NH2 > B-CH

(S]
5 2 —CH2—CO-NH

2
etc,

At low pH and high temperature, imidization occurs!?:

~~~~CH2-TH ~~~~~ ~nnCHy=CH ~ovmm
T =0 C=0
| + NH
> 3
NH, NH
NH, G=20
l v CHy=CH v
~~~~~ CH, = CHrvmemm

If intermolecular imidization occurs, the product is insoluble,
but this is not necessarily the case if the reaction is
intramolecular:

CH

7 2 N
~~~~CH2-?H-CH2—TH - ~~~~0}12-CH\c dFH~~~~
>
0 T T 0 O/ \N/ 0
|
NH,  NH, i
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INITIATION METHODS

The major methods of free radical initiation are:

(i)  thermal or photolytic decomposition of an initiator (sometimes
in the presence of a promoter);

(ii) redox initiation;

(iii) physical excitation of monomer in bulk or solution.

Photolytic decomposition often presents practical problems:
thermal decomposition of a heat-sensitive compound is usually
preferred. Unfortunately, however, common initiators require the
use of temperatures rather higher than are convenient for easy
dissipation of heat resulting from the relatively high
exothermicity_if an acrylamide polymerization'® ( AH =
- 82.8 kJ mol ~ in aqueous solution). One method of overcoming
this problem is by the addition of a 'promoter' which lowers the
energy of activation of the decomposition process, thus giving
higher rates and a lessened temperature dependence. An equivalent
approach is to use a redox initiation system. The individual
components of the latter system are quite stable but react rapidly
when mixed at relatively low temperatures. The major difficulty
with such systems is the rapid disappearance of the redox system
components and the possoble effect of chain transfer, etc., on
the degree of polymerization of the product. Rapid consumption
of redox initiator components may lead to a cessation of
polymerization before complete conversion of monomer to polymer.
Continuous addition of the redox components is not usually
possible because of the high viscosity of the polymerizing
system.

An alternative approach has been to combine a redox system
with a heat-sensitive initiator. In this case, the approximately
adiabatic polymerization is initiated during the first stage of
the process by the redox system: as the temperature rises, the
heat-sensitive compound becomes the radical source, as the redox
system becomes exhausted.

The above are the major commercial methods of initiation
employed in the polymerization and copolymerization of acrylamide
and its analogues. Initiation methods involving physical
excitation of monomer in bulk or solution are,however, becoming of
increasing technical importance. They include electron-beam
irradiation'®, electrolytic initiation!37!®, plasma golymerizationlg,
high pressure, shear and mechano-chemical methods2?°”23, ultrasonic?",
photo-sensitized?%’2®, and high energy radiation methods?7.
Polymerization can also occur in the solid state 28729,
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SINGLE COMPONENT INITIATORS

A large number of heat and light-sensitive compounds suitable
for use as initiators is available. An excellent review by Sheppard
and Kamath®°has recently appeared. Amongst the many compounds
suggested are the following:

Inorganic peroxides: Various persulphates®! (sometimes promoted by
metal ions, such as Cu , Ag )32, peroxy-
-diphosphate®®, nitrogen peroxide®".

Organic peroxides: A wide range of diacyl36, dialky137g§roxides35,

hydroperoxides®® and peroxy-esters”” is
available. A major disadvantage of the use of peroxides is the
likelihood of trace impurities and chain transfer agents, etc.
acting as reductants, so forming redox couple systems inadvertently.

40, Bis-(cxanoalkyls)“l, bis(cyanocarboxylic
2

acids)*?, bis(alkylamidines)“®, «-amino-
by

Organic azo-compounds

-acetic acid derivatives”' are widely used. These have the
advantage of usually being less susceptible to the effects of
solvent and impurities, and are therefore less likely to cause
initiation problems. The introduction of polar substituents
increases water-solubility and, in recent years, various workers
have reported data for many such initiators®S,

Metal complexes: Ce(IV)*S, Co(III)“7™*°, Mn(III)S5°’S!, Fe(III)S2,
Ni(II)®3%and Cu(II)S* have been reported in the

literature.

REDOX INITIATORS

Many long-established systems are still used, including, for
example, persulphate coupled with metabisulphite®S, sulphite®®,
thiosulphate®’ and Fe(II1)®®. Hydrogen peroxide is coupled with
hydroxylamine®®, Fe(II)®°, etc. More recent work has concentrated
on the attack on particularly susceptible groups. Persulphate has
been used to oxidize the S - H group of water-soluble mercaptyls
such as cysteine hydrochloride®l, thioglycollic®2, thiomalic®3 and
thiolacetic®" acids, 2-mercaptoethylamine®5, 2-mercaptoethanol®®, etc.

Attack on a number of amino-substituted oxidants has been
studied. Examples are the attack of persulphate on dimethylamino-
-propionitrile®’, B-morpholinopropionamide®®, urea®®, and silver
aminoacetate’®,

Oxidation by acidic permanganate of a number of earboxylic
acids has been reported. Exameles are oxalic’? (which inhibits
persulghate initiation), malic’?, tartaric’*, ascorbic’®, glycollic’®,
lactic’’ and mercaptosuccinic’® acids.
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Ce(IV) has been used as an oxidizing agent with glycerol’®, pinacol®?,
thioglycollic acid®!, 2-mercaptoethanol®?, thiomalic acid®3and
;—cysteinea“. Other recently studied systems include
vanadium(V)/cyclohexanone®®, Mn(III) acetate/diglycollic acid®®,
Fe(II)/chlorate®?, Cu(II)/bisulphite®®, bromate/thioglycollic acid®®
and Li,P,0,/silver nitrate®®, etc. A review by Nyak and Lenka®!l

very cém%rghensively covers the field of redox systems.

'"Promoted! systems, which have been mentioned above, include
systems such as benzoyl peroxide/dimethyl aniline®?”°* and
Co(II) chloride/dimethylaniline®5, These are effectively redox
systems: reference to their mechanisms of operation is made
later in the Chapter.

MECHANISM OF INITIATION

Many accounts of the elucidation of the initiation mechanisms
of a wide range of initiators have been published®®’°%7°® | Fission
of the relatively labile O - O bond is the usual route to radical
production in the case of the peroxides. C - N bond rupture is
the typical route in the case of the azo-compounds. Decomposition
maye be affected by the solvent®®. As an example, low pH favours
the non-radical decomposition of persulphate, whilst
azo-bis(isobutyronitrile) is comparatively insensitive to pH
difference®®,

Addition of 'promoters' to increase the rate of decomposition
of the initiator is commonly practised. In general, such addition
leads to decreased energy of activation. The amine-promoted
decomposition has been exploited to a limited extent in acrylamide
polymerization®2”®* . A redox mechanism has been reliably
confirmed and the increased rate of decomposition has been ascribed
to distortion of the peroxidic bond, due to the formation of
charged intermediates. It is also found that the presence of
electron-donor groups on the amine and electron-acceptor groups
on the peroxide enhance the rate of decomposition.

Initiation by metal complexes can follow very diverse mechanisms.
The reaction depends upon the metal ion involved, its associated
ligands, the monomer, the reaction medium, and the specific
interactions between the various species. Decomposition often
ylelds radicals originating from the ligands present. Typically,
at pH < 4, sodium bis(diethanolamine)cobalt(III) decomposes
according to"*®:
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° ®
Co (DEA-2 ¥
[co(DEA-28) ] 2H0° + HO >

[Co(DEA-zﬁ)(Hzo)S]e + (cZHAOH)Q&H

and (ammine-oxalato)cobalt(III) complexes decompose
photochemically by way of the excited intermediates“”:

++ e ++ .
+ +
[co (NH,) HC,0, ] > Co 5 NH, HC,0;,
and,
+++ T ++ o
+ +
[co (NH,) €0, > Co 4 NH, c00
coo*

In many cases, however, initiators involving metal ions behave
as redox systems. This is apparently the case in the
cobalt(II) chloride/dimethylaniline system®® for which the
proposed mechanism is analogous to that of the peroxide/amine
system mentioned above:

[:X:2) (S]
[00(H20)6 2 C1°  + n ACM= [00(H20)(6 ) n)(ACM)n]ee2 c1® +n H,0

11
IT + DMA = ([CO(HZO)(6 _oylaom) J°% 2 1® L, DMé}

III

. /CH3 CH
IIT > CéHS-Ns > CéH

CH3 H

Mgchanisms have been proposed for many redox systems: these
vary widely in their complexity. Fe(II)/persulphate and

Fe(II)/hydrogen peroxide systems are fairly straightforward. The
former is thought to proceed via®®:
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++ - ++4+ - --
Fe + S208 > Fe + SOA. + SO4
++4 -
S0 : + Fe++ > Fe + SOA
4
0,. + 0 > Tt
S 4 H2 HSO4 OH
.+ M >
SO
4
OH* + M >

and persulghate/mercaptyl systems are thought to follow a similar
mechanism® :

S208 + RSH > RS® + SOZ + HSO4
. + > ot B
SO4 RSH RS HSOA
2 RS® > RS-SR
RS* + M >
B >
SO4 M

Both systems are affected by pH, the former displaying a rate
maximum around pH 4'°°, due possibly to ionic strength effects
coupled with the increasing importance of a non-radical
decomposition route at low pH. The mercaptyl-containing systems
display a reduction in rate with increase in pH. This has been
ascribed to the consequent increase in the degree of ionization
and the reduction in concentration of RSH:

e &

RSH = RS + H
Systems which employ combinations of 0x1d1z1ng agents
oupled with amino-substituted oxidants resemble® » in general,
the'amine-promoted' initiators previously mentioned®2”°*, In such
systems, decomposition of an intermediate complex leads to
production of radicals.
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Oxidation of carboxylic acids by acidified permanganate is
very complex and mechanisms are highly specific to each acid’?” 78,
Highly reactive Mn(III) is generally claimed to be involved and
is thought to result from the disproportionation of Mn(II) and
Mn(IV). The initiating radicals are usually fragmented species
originating from the relevant carboxylic acid. It is usually
essential to maintain a sufficiently low pH to ensure that the
MnO2 remains in solution,

Ce(IV) oxidations?® 8" seem to follow the pattern of complex
formation followed by decomposition to yield initiating radicals:

R+  Ce(IV) Complex + R° + Ce(ITI) + '

R* + M >

DEPENDENCE OF POLYMERIZATION ON TEMPERATURE

The effect of temperature variation in an adiabatic
polymerization has already been mentioned. It was pointed out that
this is controlled mainly by the energy of activation of the
initiation process, which is of great importance in determining the
overall energy of activation of the entire process. Table 1
lists such data for a few common initiators only, since there are
extensive compilations in the literature. These values are
seen to lie within fairly narrow limits, but decomposition rate is
very sensitive to the value of the energy of activation for
the decomposition (Ed).

Table 1. Thermal decomposition of initiators®2’°9€,

Initiator A (s-l) E.(kJ) 10-hour half-life
d d o]
temperature (" C)

Persulphate 6 x 1018 140 69
Benzoyl 14

peroxide 3 x 10 125 73
ATBN 1.6 x 105 129 64,

CAT 78%0! 1.6 x 1013 125 55
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A more practically useful quantity for comparing initiators is
the '10-hour half life temperature'3°. This is the temperature
at which 50 % of the initiator is consumed in 10 hours. Clearly,
'CAT 78! (2,2'-azobis(2-amidinopropane)hydrochloride) is the most
rapidly decomposing of the initiators quoted. In general, a useful
rule of thumb is that the temperature chosen should be that at
which the half 1life is equal to the time of reaction.

Redox and 'promoted' polymerizations usually, but not always,
display lower energies of activation than do single component
initiators. This is apparent from the data of Table 2.
Rationalization of such data is not easy, however. The most
surprising feature 1is, of course, the negative values displayed
by a few of the initiators. Decrease in rate with increase in
temperature is not commonly encountered in free radical
polymerization. The phenomenon in these cases has been ascribed
to entropy effects on termination between primary and
polymer radicals“®5125% |

PROPAGATION AND TERMINATION

The propagation process is significantly affected by the
nature of the polymerization medium, by pH, solvent, presence of
salts, complexing agents, surfactants, etc., all of which exert
a strong influence on the rate of polymerization and on the nature
of the produce. Results of such studies are sometimes
contradictory and reproducibility is not always good. A comprehensive
review by Kurenkov and Myagchenkov!'®® has recently appeared. There
is also a considerable volume of Japanese literature, which has
not been included in this review.

EFFECT OF pH

Table 3 shows that the velocity coefficients for propagation
and termination in aqueous solution both increase with fall in pH.
The variation is such, however, that the ratio

1
k_/k,® remains substantially constant. As a result, the rate of
pglymerization is virtually constant provided that the initiation
process itself is independent of pH. Dainton et al.'®" suggested
that the variation in k_ and k, is the result of change in
reactivity due to alkai¥fne hydrolysis of the amide group,repulsion
between reactant species and change in conformation and mobility
of the growing radicals.
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Table 2. Overall energy of activation for polymerization of

acrylamide using various initiator systems.

41

Initiator Eov(kJ) Reference
Persulphate/mercaptoethanol 134 66
Persulphate/thioglycollic acid 126 62
Permanganate/malic acid 83 73
Permanganate/glycollic acid 78 76
Permanganate/tartaric acid 78 74
Persulphate 70 92,96
Permanganate/pyruvic acid 66 114
Permanganate/lactic acid 65 77
Azo-bis(isobutyronitrile) 62 92,96
Benzoyl peroxide V62 92,96
CAT 78 (2,2'-azobis(2-amidino-

-propane)hydrochloride) 62 101
Permanganate/oxalic acid 50 72
Permanganate/thiourea 48 71
Persulphate/cysteine hydrochloride 41 61
Persulphate/2-mercapto-ethylamine A1 65
Permanganate/ascorbic acid A1 75
CoClz/dimethylamine 39 95
Persulphate/lactic acid 33 (YA
Chlorate/sulphite 31 102
Permanganate/mercaptosuccinic acid 28 78
Hydrogen peroxide/hydroxylamine 27 59
Bromate/thioglycollic acid 26 89
Ce(IV)/L-cysteine 20 84
Na bis(diethanolamine)/Co(III) -28 48
bis 2-(2-hydroxyethylamino)

exotho Cu(IT) -53.3 54
Mn(III)/bis(diethanolamine) -87 51
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105
Abkin et al. (Table 3) reported a decrease in E_ as the pH

changes from 13 to 7. These workers explained this pmainly in
terms of the increasing extent of protonation of the amide group
with decrease in pH:

~~~~~ CH,-CH ~mnnnCH,y - CH
c=0+ H® - I@ - OH
N 1
@

The consequent localization of the unpaired electron by the positive
charge on the nitrogen atom would be expected to lead to an

increase in the reactivity of the growing radical and thus a decrease
in E_ with decrease in pH. It may be presumed that this effect more
than” compensates for charge-repulsion effects which would also be
expected to increase with fall in pH and would therefore give an
increase in Ep.

Despite the expected increase in k, being, in fact, observed,
the value of E_,surprisingly, increases as the pH falls., This has been
ascribed to increased repulsive forces between the terminating
radicals., The larger value of k, is thus a consequence of the
marked increase in A, at lower pH values. Changes in shape, size, and
nature of the growing radicals will undoubtedly affect entropy of
activation with significant effects.

Copolymerization studies, which are discussed below, have led
to the suggestion that pH-controlled keto-enol tautomerism may be
responsible for the effect!?6’110;

CH2= CH CH2= CH CH2= CH
| . |
T =0 > ? -0 <> C - OH
NH NH NH
2 ® 2

Unfortunately, copolymerization studies in general have not
clarified the situation. Many of the studies of the effect of
pH carried out using aqueous phase copolymerization techniques
have involved ionogenic comonomers whose behaviour is also
pH-dependent. Values obtained for the ratio

kp/kt are very much greater than for most monomers ( for example,
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0.01, 0.04, and 0.12 for styrene, methyl methacrylate, and vinyl
acetate polymerization, respectively, at 25°C.). The high value
of this ratio is responsible for the rapid rate of polymerization
and high molar mass polymers obtained from acrylamide.

EFFECT OF MONOMER CONCENTRATION

Studies using different initiators, solvents, and monomer
concentration ranges have indicated values of 1 to 1.5 for the
dependence of rate of polymerization on monomer concentration!®3,
Explanations for such values are usually in terms of radical
caging, monomer complexation, diffusion control, solvent transfer,etc.,
although these suggestions have been criticised!!'!. In this
context, too, the proposals of Chapiro involving 'matrix' and
oriented polgmerizations, which are discussed later, cannot
be ignored?!?’113,

EFFECT OF POLYMERIZATION MEDIUM

Homogeneous polymerization of acrylamide is usually carried
out in the aqueous phase. The presence of additives can extert
a profound effect and can yield information about the component
processes involved.

Organic reagents such as alcohols, acetone, dimethylsulphoxide
(DMSO), and tetrahydrofuran (THF) generally depress k_, kR
and P_ and, at some stage, mag cause Bo}gmer precipitation, P
according to many workers®!’?6226526627277k | ppyipn et al.l0S
have been very active in the field, and have shown that the rate
of polymerization varies with the nature of the solvent in the
following order:

Rate in the presence of: water > formamide > dimethylsulphoxide

Table 4. shows some of their results. Dioxan (DO) and THF also
exert a significant effect but, unfortunately, cause

precipitation of the polymer is they are present in amounts

greater than 10 %. For reasons of brevity, discussion will be
restricted to the DMSO/water systems. It is clear that, as the
polymerization medium changes from water to DMSO, the rate of
polymerization decreases despite the increase in rate of initiation
by azo-bis(isobutyronitrile). This is a consequence of the
compensating increase in the value of

kp/kt%. By means of inhibition and non-stationary state measure-

ments, these workers were able to obtain individual values
for Xk and k., in each solvent at a range of temperatures.
RelevBnt data‘are presented in Table 4. These workers also
studied the importance of the various monomer,solvent, and
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and radical interactions by cryoscopy, heat of solution, NMR,
reactant and product solution measurements. The conclusions reached

were:

(a)

(b)

(c)

Monomer-solvent interactions are stronger in water than in
DMSO, as shown by the greater endothermicity of the
dissolution in the case of the former, and, also, by NMR
studies. Cryoscopic measurements indicated that, in DMSO,
acrylamide exists largely as dimer, whilst in water it is
monomeric., The additional energy required to decompose the
dimers therefore contributes to the higher value of E_ for
systems containing a greater proportion of DMSO.

Radical-solvent interaction is thought to give donor-acceptor
complexes with DMSO acting as a much stronger donor than
water towards the polyacrylamide acceptor radical. These
complexes display lower reactivity than the un-complexed
radicals because of electron delocalisation. Such an effect
may thus be expected to lead to larger values for E_ and Et
in systems containing higher proportions of DMSO. By
contrast, the possibility of proton-donation by water may
result in protonated radicals of enhanced reactivity, so
lowering the values of E_ and Et with increasing water
concentration. p

The presence of solvents such as DMSO is thought to produce
conformational effects by causing tighter coiling of the
growing polyacrylamide radical than is the case in water.
Abkin et al.!®5 provided evidence of this by reporting a
significant reduction in the intrinsic viscosity of a given
polyacrylamide when DMSO was present in the solvent used in
its determination. Access of monomer to the growing

radical end is hindered in the presence of DMSO and the rate
of propagation is consequently reduced. Although a reduction
in the value of A_ might be anticipated under such
circumstances, this is not observed. This parameter,
however, is often anomalous in polymerization studies, and
may be a consequence of mutual compensation between E_ and

A . These workers also found that the temperature
cBefficient of viscosity of a polymer solution is greater
in DMSO than in water, indicating that the radical
conformation, and therefore its reactivity, is more
temperature-dependent in the former. Such an effect would
also be expected to lead to a higher value of Ep'

The consequence of these effects thus explains the observation
that the activation energy for propagation increases as the
solvent increases as the solvent medium changes from water to

DMSO.



METHODS OF POLYMERIZATION 47

The relative independence of k, on the nature of the medium
is also seen to be a consequence of “the above phenomena. The
termination process might be expected to be enhanced by reduction
of radical coil size in the presence of DMSO. This should permit
radical ends to be more easily found by each other and therefore lead
to an increase in the value of k,. By contrast, the decrease in
radical reactivity caused by complexation should lead to a decrease
in value of k,. Presumably these opposing effects compensate each other
and yield a value of k, which is fairly insensitive to solvent
composition. Close inspection of the data shows that k, does in
fact pass through a minimum. Abkin et al.'®5 showed that this
corresponds to a maximum in the graph of viscosity versus mole
ratio of DMSO/water. They therefore suggested that diffusion control
of the termination reaction is a contributory factor. Auto-acceleration
is a characteristic feature of such polymerizations and stirring is
claimed to degress the rate of polymerization by enhancing the rate of
termination!®, Strictly speaking, A, and E, rather than the
velocity coefficients should be compared for the various solvent
systems, but these quantities are somewhat unreliable for termination
steps in polymerization reactions.

Table 5. includes heat of polymerization data for acrylamide.
The greater value of AH for polymerization in water is mainly due
to the higher energy of the acrylamide monomer in water, compared
with the dimer in DMSO and to the looser radical coil, and, therefore,
the greater extent of solvation of the polymer chains in water.

Table 5. Effect of solvent on heat of polymerization (kJ mol-l)

Monomer Organic solvent Aqueous phase Ref,
Acrylamide ~59 83 107
Methacrylamide 35 58 107
Acrylic acid 59 77 105
Methacrylic acid 57 66 108,109

Fluoroacrylic acid 5443 55.6 105
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Saini'!® has used a different approach to examine solvent
effects. He copolymerized acrylamide (M,)with styrene (M,) and
methyl methacrylate (M,) respectively and observed signifiGant
changes in r, with chafige in solvent from dioxan to ethanoll!®%,
Similar effecCts were observed when methacrylamide was used as
monomer®®®,  With NN'-dimethylacrylamide, no solvent effect was
observed!1®”, To explain these observations, Saini proposed the
keto-enol tautomerism previously mentioned, and suggested that
the solvent effect in the case of acrylamide and methacrylamide
was due to the effect of different dielectric constants on the
position of the equilibrium and consequently on the monomer and
radical reactivities. The absence of solvent effect in the case of
NN'-dimethylacrylamide was ascribed to the impossibility of the
tautomerism in this case, because of the absence of N-substituted
H-atoms.

Another important factor involved in solvent effects is,
undoubtedly, chain transfer. A few studies have been reported!!57117,
and there is no doubt, for instance, that methanoll?!s markedly
reduces polymer molar mass. Although the effect has been ascribed
to chain transfer, the possibility of similar effects to those of
DMSO must be considered. This has, in fact, been suggested by
Misra’* who has claimed that alcohols decrease the area of a strong
hydration layer in aqueous medium resulting in more rapid
termination. It has also been suggested11 that glycerol acts by
enhancing H-bonding between acrylamide monomer and radical. In
addition, dioxan, acetic acid,etc., may affect rate of polymerization
and polymer molar mass by the formation of 'pluri-molecular
aggregates''!2’113, Clearly, change in the polymerization medium
may lead to change in solvation, monomer orientation, size of
growing radical coil, chain transfer, complexation and chemical
nature of the reacting species. Factors such as these are presumably
involved in the effect of various additives described in the patent
literature. Examples of these factors include improved solubility
and reduced gelling characteristics of polyacrylamide produced in the
presence of certain ketones, alcohols, glycols, gluconates, etc.
Long-chain additives such as polyethylene oxides, polyvinyl alcohol,
alkylene oxide/polyamine adducts, etc. possibly depend on monomer
alignment for their effect.

INORGANIC SALTS

The presence of inorganic salts in the polymerization medium
also causes complicated effects. Interaction with the solvent is of
great importance. For example'!®, in aqueous solution, lithium
bromide has no effect, whilst in DMSO the rate of polymerization
increases threefold and then decreases on further addition of
LiBr: DMSO/water mixtures give intermediate results. Other salts
give similar results: for example, in DMSO, the effect is in the
sequence CaCl2 > LiCl > LiBr. The rate effect was ascribed to
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complex formation which was confirmed by infra-red and NMR studies.
Species of the type:

are likely to enhance reactivity by localisation of the unpaired
electron.. Stability constants are thought to lie in the order
k0a012 > kLiBr and are also thought to be greater in DMSO than
water., The passage of the curve of the rate of polymerization,
plotted as a function of salt concentration, through a maximum is
ascribed to the rate enhancement effect described above, followed

by the decreasing possibility of aquation, with further increase in
salt concentration, causing the radical coil undergoing polymerizat-
-ion to tighten and so have lower reactivity.

In contrast, many salts have a depressing effect on rate and
degree of polymerization. There are some contradictions in the
literature, but these may arise from the use of different initiators,
solvent systems, etc. It appears that KCl, Na SO , NaF, NH,Cl, NaCl,
and (CH,) NI usually, but not inevitably, depres both rate and
degree e polymerization and extent of conversion®1?62265266273»74,
Mn(II) salts usually increase rate®2’%%’81  etc., by the
disproportion process mentioned above. These effects are generally
thought to occur by virtue of complex formation or by factors
associated with ionic strength, although they are probably highly
specific - for example, persulphate 1n1t1at10n is said to be totally
suppressed by the addition of oxalate ions®? - presumably as a
result of complex formation. Copolymerization behaviour is also
significantly affected by the presence of such salts'??’1!21,

EFFECT OF SURFACTANTS

These effects’®® are very varied and depend upon the type and
concentration of the surfactant relative to the critical micelle
concentration and the concentration of the other reactants. Coulombic
forces and hydration phenomena are thought to be the main factors
influencing rate and degree of polymerization. Alternatively,
improved component diffusion may favour formation of reactive complexes.
The explanations of particluar effects are usually fairly specifiec,
and few generalizations can be made.
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NATURE OF THE TERMINATION PROCESS

Under normal circumstances, second order termination is
observed in acrylamide polymerization in a wide range of solvents.
Dainton and Tordoffl22 suggested combination as the predominant
mechanism, but Suen and Rossler!?® claimed that measurements of
unsaturation supported disproportionation. €avelll?® suggested that
end-group imidization precedes disproportionation. There is, however,
evidence of first order chain termination by oxidative termination
with certain metal ions, for example Fe(III)!2%’125 and Ce(IV)7°.
Typically, the reaction would be:

~wnnnnCHy-CHR  + Fe(III)(aq) » ~~~~~CH = CHR + Fe(II)(aq) + H®

If this reaction is significant, it will lead to reduction in rate
and degree of polymerization. The use of an EDTA/Zn(II) complex
with the ability to sequester Fe(III) but not Fe(II) has recently
been patented'?® as a method of eliminating the problem of
oxidative termination in redox systems involving Fe(II).

Radical stabilization by complexation is claimed to affect the
termination process seriously in certain cases. In extreme cases,
termination is prevented , and 'living radical polymerization'
results!27712%  This results in considerable post-polymerization
with increase in degree of polymerization .but no change in the
number of molecules. 'Aged' Cr(II)/benzoyl peroxide/dimethyl
formamide and ZnCl2/1-butenethiol systems both produce this
effect. Although work has tended to concentrate on methyl
methacrylate polymerization, acrylamide is reported to behave
similarly in the presence of the former system!?2°,

SUBSTITUTED ACRYLAMIDES

Methacrylamide (MeACM)!3° and NN'-dimethylacrylamide
(NN-di-Me-ACM)!3! have been most widely studied. Polymerization
and copolymerization methods are similar to those for acrylamide.
Comparison of results is difficult because of the different
polymerization conditions. Some of the limited data available
is listed in Table 6!0%71307135  Methyl substitution on the
a-carbon atom generally leads to reduction of radical reactivity in
vinyl polymerization through steric hindrance and hyperconjugation.
This is evident from the values of k_ but not from kt.Clearer
evidence comes from Dainton and SislBy's study!3® of “the
copolymerization of methacrylamide (Ml) with acrylamide (M2), which
gave values of 1.1 + 0.2 and 0.74 % 0.11 for the monomer
reactivity ratios r, and Ty respectively. Combination with the k
values in Table 6 s%ows that the polyacrylamide radical is 25
times more reactive than the methacrylamide radical (towards
acrylamide monomer) whilst acrylamide monomer is 1.35 times less
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Table 6. Velocity coefficients for polymerization of
substituted acrylamides.

Monomer kp x 1074 ky x 1077 kp/ki temp. pH Ref
(°c)

ACM 1.72 1.63 L2 25 5.5 104
NN'-diMeACM 1.1 3.8 1.78 50 ? 131
N-t-butyl-ACM - - 0.63 25 ? 132,133
MeACM 0.08 1.65 0.2 25 ~4 130
NN'-dialkyl-

-disubst.-MeACM Do not undergo free radical 134,135

polymerization

reactive than methacrylamide monomer (in attack by polyacrylate
radicals).

1
The low value of kp/kz for methacrylamide polymerization is

responsible for the lower rate and degree of polymerization
observed with this monomer. This is further influenced by enhanced
monomer transfer because of the stability of the allylic radical
formed by hydrogen-abstraction from methacrylamide monomer. The
effect of N-substitution has received less attention, possibly
becuase of difficulty in purifying and handling the monomers.
North and Scallan'®! have reported kinetic parameters for the
coplymerization of NN'dimethacrylamide (Table 6.). Comparison with
data for acrylamide and methacrylamide is difficult, since the
studies on these monomers were carried out in aqueous solution
whilst, although not specifically stated, it appears that North
and Scallan's measurements were carried out on bulk monomer. The
very considerable effect of solvent has already been discussed.
Examination of the results would suggest, however, that, in this
case, radical reactivity is lowered by N-substitution.

Several workers have reported studies of %opolymerization of
monomers such as NN'-dimethylacrylamide!3*’1107» 108 ' yyNt_g5_n-
-butylacrylamide'?®’, N-t-octylacrylamide®®’, N-n-octylacrylamide
NN'-diacetoneacrylamide’®®, and even more complex substituted
acrylamides'®® with styrene, methyl methacrylate, etc. Results
are difficult to compare because of different solvents and

conditions, but, in general, N-substitution appears to reduce

137 137
’
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monomer reactivity, di-substitution by linear groups being more
effective than mono-substitution by larger bulkier groups.

These conclusions conflict with the prediction that the
electron-withdrawing N-substituent should enhance the reactivity of
the vinyl double bond to free radical attack. Until data
obtained under identical circumstances are available for direct
comparison, the nature of the influence of N-substitution will
remain equivocal. Since, however, combination of N- and
C-substitution can totally prevent polymerization as in the case
of NN'-dialkyl methacrylamides!3*’!35 , it seems probable that
N-substitution results in radical stabilization as a result of
steric hindrance. It is likely, however, that the effect observed
is strongly influenced by the nature of the solvent.

HEAT OF POLYMERIZATION

Strain induced in the polymer chain by a-methyl substitution,
together with hyperconjugation in the monomer are the main reasons
for the lower heat of polymerization of methacrylamide compared
with acrylamide ( Table 5.). The lower value observed in benzene
solution is attributed to dimerization of amide moleculei in
non-polar solvents (association energies 17 - 30 kJ mol )03,
These bonds must be broken before polymerization can occur and
cannot re-form to the same extent because of steric factors. The
monomer state is thus more thermodynamically stable in non-polar
than in aqueous media, thereby giving lower values of AH.

METHODS FOR POLYMERIZATION OF ACRYLAMIDE

Problems commonly encountered in the polymerization of
acrylamide include the evolution of heat and its dissipation,
rapid temperature rise, highly viscous or gelled product adhering
to the apparatus, isolation of pure polymer in a convenient form
(the monomer is neuro-toxic), initiator depletion before
completion of polymerization, etc. In addition to well-established
procedures, recent attempts to overcome these problems include:

(1) Spraying a mixture of acrylamide and initiator into a heated
reaction chamber, sometimes containg an atmosphere of
sulphur dioxidel*??1%1,

(11)  Addition of a volatile organic liquid to provide evaporative_
cooling and thereby increase the degree of polymerization®*2”1%%,

(i1ii) Polymerization in thin layers and sometimes on a cold
surfacel#2? 1457147

(iv) Use of a batch reactor which contains heating and cooling
compartmentsl“a.
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(v) Continuous polymerizationona conveyor belt which progressively
curls to give polymers with U-shaped or circular cross-sections?
In an alternative system, a hot rotating disc .may be used, where
the pol¥merization and drying takes place before removal by
scraper!®°®

(vi) Polymerization in a reactor lined with a polythene bag!®! or
silicone coating!®? to prevent polymer sticking to equipment.

(vii) Polymerization in the presence of solid particles to give
speciality products for column packing, ete,!5®

(viii) Reactant-loss compensation techniques (either batch or
continuous)!3%7156; use of combinations of light-sensitive and
insensitive initiators, or initiators which are heat-sensitive
over different ranges'®7’1%8; control of initiator-release by
coating initiator with paraffin wax, which slowly melts as

reaction proceeds!®?®,

(ix) Attempts to overcome mixing problems include a sgstem of
feed-pipes and baffles which eliminate clogging16 3 various
specially-designed reaction columns'®!’162 gand a device

involving rotating horizontal tubes designed to create a

vortex'®
(x) Various procedures for carrying out emulsion and mixed
solvent solution polymerizations'®“7187, The advantages

of heterogeneous systems, particularly water-in-oil emulsions,
are lower viscosity, non-adhering polymer beads, absence of
gelling and easier heat dissipation. Xylene or tetrachloro-
ethylene are the preferred organic phase for bead production, with
fuel oil or paraffin hydrocarbon being used for dispersions.
With mixed solvent systems, polymer precipitation permits

easy product recovery.

ACRYLIC AND METHACRYLIC ACIDS

Polymerization of acrylic and methacrylic acids may be carried
out in both aqueous and non-aqueous media%. Both polymers precipi-
tate from the latter as powders!»168  Polyacrylic acid remains in
aqueous solution, whilst polymethacrylic acid precipitates from water
but re-dissolves on cooling. Similar initiators and polymerization
methods may be used!®9,170 g5 for acrylamide, although grafting onto
other polymers is more important. Rates and kinetic parameters are
highly sensitive to polymerization conditions.

EFFECT OF pH

Several workers'’'”1!7* have shown that the rate of polymerization

in aqueous solution is markedly affected by pH. Fig. 1., due to
Kabanov et al.'”" shows that, as the pH increases, the rate of
polymerization of acrylic acid decreases to a minimum
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Table 7. Kinetic data for effect of pH on the polymerlzatlon
of acrylic and methacrylic acids?*(23°¢)

Monomer pH kp x 1074 ky x 1078
Acrylic acid acidic!®® ~ 3.0 1.8
7.9 0.065 2.6
7.9(1.5 M NaCl) 0.315 2.6
11.0 0.66 2.1
13.6 0.25 2.25
Methacrylic acidic'®® 0.500 0.1
acid 8.8 0.067 2.1
13.6 1.95 2.25

rJ
o
T

M)
o

<
T

RELATIVE RATE
e

' 174
Figure 1, Polymerization of acrylic acid in aqueous solution at 60°C
—o0—0—0-= Relative rate of polymerization
e @ —g~--g~. Viscosity of polyacrylic acid model sample
x 1, for AA/NVP copolymerization!®? (L.H.scale
for absolute values)
———9» Effect of addition of electrolyte.
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then increases to a maximum around pH 11 before decreasing again
with further increase in pH. Similar behaviour was observed in the
case of methacrylic acid. Other workers have reported similar
effects, but, in general, the agreement is qualitiative rather than
quantitative. Kabanov et al.!”" measured k_ and k, - their values are
shown in Table 7. These demonstrate that Rhe variation in rate
is due principally to changes in k_, since k, is relatively
insensitive to pH. Different factBrs are thought to become involved
as the pH changes. The initial decrease in rate of polymerization
with increase in pH from 1 to 7 has been ascribed to increasing
charge-repulsion as a result of the increasing degree of ionization
of growing radical and monomer.

Acrylic acid monomer is a typical weak acid which undergoes
ionization, with a pK_ of 4.2. Polyacrylic acid ionization is a
more complicated procéss!”®"177, since partial ionization imparts
a negative charge to the polyion and lessens the ease with which
subsequent hydrogen ions are released. This results in a variable
pK_ for the polyacid which is usually considerably higher than the
single pH-independent value for the ionogenic monomer. Consequently,
the degree of ionization at a given pH is greater for the monomer
than for the polyacid. It has been shown that the time required
for an ionization process ( ~107%s )'7® ig several orders of
magnitude less than that for an addition step ( ~ 10°* s ) in a
free radical polymerization. It is likely therefore that the behaviour
of the polyacid radical will be similar to that of the 'dead’
polymer molecule. These ionization phenomena lead to progressive
changes in charge and reactivity of the reacting species, interactions
of which are presumably responsible for the initial decrease, followed
by a somewhat flat minimum in Fig. 1. between pH 1 and pH 8, and for
the virtual independence of k., on pH. In support of this, it has
been calculated that monomer Ionization is virtually complete by
pH 7, whilst radical ionization is not complete until pH 9 - 10.

Fig. 1. also shows that, as the pH increases from 8 to 11, the rate
of polymerization increases significantly, and the kinetic data in
Table 7 again demonstrate that this is due almost entirely to increase
in k_. This increase is thought to be due to the effect of sodium-ion

bindgng:
. R R
~~~~~ CHZ""C """""'CH2-——_-/,C
\C Cat 0
Z N\ ® 0 0
0 0 o
(5]

This reduces charge-repulsion between the reacting species by a
shielding effect and also assists the reaction processes by affecting
steric placement, so enhancing reaction rate. There is also the
possibility of stereoregular placement as an additional effect. The
increased radical coiling which might be expected to result from the
lessened charge-repulsion would, of course, be compensated to some
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extent by the increase degree of ionization of the radical over this
region.

Finally, Fig. 1 shows that above pH 11, the rate of polymerization
decreases sharply and this decrease is seen from Table 7 to be
associated with decrease in the value of k_. Kabanov et al.!'”*
have ascribed this reduction in k_ to collgpse of the polymer
radicals under the influence of the high ionic strength due to the
addition of sufficient alkali to produce the required pH. Over this
region, ionization is complete and substantial shielding will permit
coiling of the radicals. Access of monomer will be hindered and
reduction of kp and rate of polymerization would be expected.

Kabanov et al.!”"* reported convincing evidence for their
conclusions. Addition of high concentrations of sodium salts was
found to increase the value of k_ by a factor of 5 at pH 7.9 but
to reduce the rate considerably Bt pH 11. Sodium ion binding
is presumably effective in extending the chain in the former case,
chain-collapse is enhanced in the latter. Also included in Fig.l.
are viscosity data, which give strong support to these points,
even to the extent of showing that addition of electrolyte at pH
11 causes a sharp reduction in intrinsic viscosity and, presumably,
the size of the polymer molecule.

The exglanation of the chain-collapse phenomenon has been
criticised!’® on the grounds that the ionic strengths involved!”3
are too low. Unfortunately, the behaviour of polyacids in solution
at pH > has received little study. Mandel has suggested that
chain-collapse is due to more complex reasons. He has speculated
on the possibility of high pH affecting the 'quality' of the
solvent, possibly by bringing it closer to 6-conditions!’?,

pH effects have also been investigated by copolymerization
studies and similar conclusions have been reached. Fig. 2. shows
the results of two groups of workers!®°’18! for the variation in
the monomer reactivity ratios r., and ry in the copolymerization
of acrylamide (M,) and acrylic acid (M;). Explanation of these
. 2 N S 1
results involves the equilibria:

CH2 = CH CH2 = (CH
| . |
C=0+H" « ¢ — OH
| |
NH NH
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MONOMER REACTIVITY RATE

pH
Figure 2. Effect of pH on aqueous phase copolymerization of
acrylic acid (Ml) and acrylamide (M2)

Cabaness et al.l!®? 181
------- Ponratnam and Kapur

and
CH, = CH CH, = CH
I |
c=0 + H® C=0
I I
0® OH

Fhe other factor involved is variation of radical reactivity (due
to resonance contributions) in the sequence:

3]
-COOH > -C00° w -CONH, and -c(OH)‘NH2 > -CONH,

monomer reactivity displaying the opposite order.
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At low pH, the low value of r, could be a consequence of the
protonated acrylamide monomer being of lower reactivity than
un~-dissociated acrylic acid. As the pH increases, the degree of
protonation decreases and the extent of the ionization of the acid
increases. The observed increase in r, with increase in pH suggests
that the expected increase in acrylamiae reactivity is greater than
the corresponding increase in acrylic acid reactivity. It is not
clear whether this effect is due to the different equilibria or to
the chemical nature of the species involved,

The variation of r with pH is much more easily explained. In
this case, attack of t%e two monomers on the polyacid radical is
being compared. As the pH increases, the charge on acid monomer
and radical is becoming greater, whilst the charge on the acrylamide
monomer is decreasing. Charge-repulsion will therefore increase in
the former case, leading to a reduction in the numerator of the
expression for r.. The resonance effects described above will reinforce

this trend and the observed decrease in r1 will result.

Similar studies have been carried out on other systems. For
example, Ponratnam and Kapur'®? have studied the acrylic acid (Ml)/
N-vinyl pyrrolidone (M_,) copolymerization in the aqueous phase,
which is rather simpleT since the latter monomer is only very
slightly basic and is less susceptible to protonation. These
results are shown in Fig.l., Variation in r. closely parallels the
variation in R_ referred to above. Values Of r, are small, indicating
the very low rgactivity of N-vinyl pyrrolidone monomer. Results for
methacrylic acid indicate similar behaviour, in general, to that
observed for acrylic acid!®®,

EFFECT OF POLYMERIZATION MEDIUM

Polymerization of acrylic and methacrylic acids is also highly
sensitive to the nature of the polymerization medium. Several
copolymerization studies have been reported which emphasize this
phenomenon - typically, the above-mentioned paper!®? indicates that,
in bulk toluene and dimethylformamide, r., values are 1.3, 0.48 and
0.67, respectively, for the copolymerization of the acrylic acid/
N-vinyl pyrrolidone system. However, the most intensive study of
solvent effects, by Abkin et al,105718% (566 Table 8) shows the
very significant solvent effect with acrylic acid, and the virtual
absence of effect with fluorcacrylic acid (FAA). As with acrylamide,
as discussed above, these effects are believed to be due to monomer
dimerization, complex formation, and radical chain conformation. The
presence of the highly electronegative fluorine atoms in FAA is
thought to reduce radical reactivity by delocalization of the
unpaired electron, to hinder the formation of complexes with DMSO,
and to eliminate dimer formation. The other major effect of the
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Table 8. Effect of DMSO on acrylic acid and fluoroacrylic acid
polymerization®®®

Acrylic acid Fluoroacrylic acid

Water DMSC Water DMSO

K, x 1074(30°¢) 3.19 0.076 0.36 0.11
k, x 1078(30%) 1.8 0.2 0.9 0.5
A, x 1078 0.6 47 0.6 0. 66
B, () 13.0 33.4 18.8 21.7
A, x 1078 1.8 0.2 2.0 1.0
B, (k) 0 0 2.5 1.7

fluorine atoms is to produce very stiff radical diols because of
their mutual repulsion. As a result of these factors, the kinetic
constants are much less sensitive to the nature of the solvent.
Similar effect are apparent from energy of activation and frequency
factor data.

These conclusions are further supported by the data in Table 5.
for heat of polymerization. With acrylic acid, the heat of
polymerization is significantly lower in DMSO than in water, because
of monomer dimerization in the former and solvation of the polymer
in the latter case. Neither effect is apparent with FAAm so the
heat of polymerization is almost the same in both solvents. It is
also worth mentioning in this context that the main reason for the
generally greater exothermicity of the polymerization of acrylic
acid compared with methacrylic acid is the greater strain in the
methyl-substituted polymer back-bone in the latter case.

Chapiro!®%7186 hag suggested that hydrogen-bonding may be

involved in the solvent effects in the polymerization of acrylic
acid, acrylamide, acrylonitrile, etc., observing that the rate of
polymerization and stereoregularity of polyacrylic acid are
unaffected by dilution with up to 20 % by volume of H-bonding
solvents, whilst non-polar solvents (hexane, toluene, etc.)

cause these parameters to decrease abruptly. He suggested that this
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effect is due to the influence of the solvent on the dimer-oligomer
equilibrium of acrylic acid molecules in solution:

CH CH CH = CH CH = CH CH = CH
4’7 2 §§ ‘ 2 | 2 | 2
\ 0 - 10 / A\ N Z \

C

V4

OH--0

f

Non-polar solvents favour existence of the dimer, whilst polar
solvents lead to formation of the linear oligomers or 'pluri-molecular
aggregates'. In the latter, the double bonds are in an organized
narrow zone, so that when an initiation step takes place, leading to
high rate of polymerization and degree of stereoregularity. Viscosity
and infra-red measurements support the existence of such structures
in the monomer. Chapiro further suggested that the presence in
solution of polyacrylic acid already formed in the reaction provides
a'template! to induce suitable orientation of the pluri-molecular
aggregates in a 'matrix polymerization, leading to auto-acceleration

and tactic polymer:

c c C
1}0/ \Q HO \\o 1‘{0/\9 107 \9 H0” \9
! P P Do Do :
-=0 OH ---0 OH==0 OH= =0 OH = ~0 OH =am
c 4 \c \c/ N c/ \c/
| | ! | |
CH CH CH CH CH
AN N N N\ AN
CH,, CH, CH, CH, CH,,

Such behaviour 1is in fact observed and the resulting polymer, which
crystallizes readily, is not entirely stereoregular, but is thought

to consist of syndiotactic blocks interspersed with atactic segments.,
Chapiro!®® has estimated that the relative rates of the
matrix/oligomer/dimer processes are approximately 85/14.5/1 in the case
of acrylic acid, although the effects are not observed with
methacrylic acid. He has extended his work to acrylamide
polymerization with similar conclusions.
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The copolymerization studies of Kerber!®’ also support these

ideas, showing that the monomer reactivity ratios correlate with
the tendency of the solvent to form hydrogen bonds with the
monomers, rather than with the charge on the reacting species.

N-VINYL PYRROLIDONE (NVP)

N-Vinyl pyrrolidone!®8’18% polymerizes and copolymerizes
yi Py yo ym

readily by free radical initiators in the absence of oxygen. AIBN

is the preferred initiator, since persulphate and organic peroxides
react rapidly with the monomer, and are very rapidly removed!®°,
Although NVP has been studied to only a limted extent, there is
undoubtedly a significant solvent effect. Senogles and Thomas®®?
showed that addition of water to the bulk monomer increase the

rate of polymerization until about 25 % (v/v) is present: after this,
the rate decreases steadily. Solvents such as isopropanol, methanol,
ethyl acetate, etc., do not have this rate-enhancement effect. They
attributed the effect to reactive complex formation between water and
N-vinyl pyrrolidone monomer or radicals. Progressive addition of
water increases complex formation, which reaches a concentration
maximum before subsequent dilution. Addition of the other solvents
does not produce complexes, and does not increase the rate of
polymerization. Viscosity measurements suggest that only in water
are complexes formed.

OTHER WATER SOLUBLE POLYMERS

For the sake of completeness, brief reference will be made
to the more important water-soluble polymers produced by ionic
means. The hydrogen-shift polymerization of acrylamide to give
poly-B-alanine has already been mentioned. Other important
monomers producing water soluble polymers are:

VINYL ALKYL ETHERS!92°193

These may be polymerized in bulk or in inert solvent, using
cationic catalysts ( Lewis acids, such as boron trifluoride-etherate).
Co-ordination catalysts give stereoregular products. The
polymerizing ion is resonance-stabilized:

~omn CH2 - CH <~ e CH2 - CH

|
- R 0-R
®

oO— Qo
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When R is branched, short-chain, or non-aryl, reactivity is increased.
The only water-soluble example of these polymers is that in which
R represents CH3.

ETHYLENE OXIDE( CYCLIC ETHER)!®“’195

CH, = CH, >  ~~eee (CH2-CH2-O)n ~~~~~
~\O/’

The usual catalysts employed are:
(i) Species with metal-oxygen bonds;

(ii) Alkaline earth compounds; and
(1ii) Miscellaneous anionic and cationic sources.
Typical examples are:

- Metal alkoxides, such as A1(OR),, etc., activated by metal chlorides,
iron-based catalysts ( the reac%ion product of FeCl., and propylene
oxide, containg the Fe-0 bond) in ethereal solution?

- Sr, Ca, or Ba carbonates, which must contain adsorbed water (possibly
enough to form an adsorbed monolayer as the optimum amount).

The degree of polymerization of the product increases with conversion,
so a step-wise mechanism is suggested.

ETHYLENE IMINE!®621972198
Polymer is formed by the acid-catalyzed reaction:

CH, - CH > ~~~~(CH2-CH2—T)-(CHZ-CHZ-NH)n~~~~ etc.

s

NH CH2-0H2-NH2

CONCLUSIONS

This chapter has concentrated on the free radical-initiated
formation of water-soluble polymers. The polymerization of acrylamides
and acrylic acid has been discussed in detail because of the technical
importance of the polymers, and the considerable amount of work carried
out on these systems, The factors controlling the various processes
are subtle. The size, shape, chemical nature, interaction between the
various species and the reactivity of the interacting entities are
apparently controlled by the monomers present, the solvent and
its condition,temperature, reactant concentration, solvent viscosity,



METHODS OF POLYMERIZATION 63

dielectric constant, etc. It is not surprising that results from
different workers are often in quantitative, if not qualitative,
disagreement.

There is much scope for further fundamental study to be
carried out to clarify this situation. It has been said that
'water as a solvent is anathema'. If polymer scientists persist
in its use, then they must accept the consequences!
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SUMMARY

The principal properties and available information on hydrogels
prepared by synthetic methods are reviewed. Hydrogels made from
natural polymers are not discussed.

INTRODUCTION

The simplest definition of a hydrogel is ' a network which
swells in water'!.  According to another definition?, a hydrogel
can be defined as a polymeric material possessing ability to
swell in water and retain a significant fraction ( typically,

20 % ) of water within its structure, but will not dissolve in
water. The definition offered by Silberger® is still more
detailed, taking into account the potential instability of the
system formed by the swollen network and its surroundings

where the temperature, pressure or chemical composition of the
surroundings is changed. Hence, hydrogels are characterized

by a pronounced affinity of their chemical structure towards
water 1in which they do not dissolve, but merely swell. This is
due to the existence of cross-links which, at least in water,
bind macromolecules or their segments either by permanent

bonds ( definite chemical links) or through more extensively
organized regions ( effective cross-links). The latter are
formed by bonds of sufficiently long life that changes in
structure do not occur, or only occur very slowly under stress.
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STRUCTURE OF SYNTHETIC HYDROGELS
A number of synthetic polymers behave as hydrogels. The

largest group comprises the homopolymer and copolymer derivatives
of methacrylic and acrylic acids:

CH2 - ?R
COOR!
n

where R = H, CH3, Na
! = - -CH..-CH- -CH..-CH-
R H, CH20H20H, CH2 fH OH, CH2 ?H CHZOH , ete.
CH3 OH
or derivatives of acrylamide:
-[--CH2 - CR -
co - T - R!
Rll
n
! J
where R = H, CH3
R',R" = H, CHB’ 02H5, -CH2-CH—CH3 ,» etc.
OH

These polymers swell more or less in water, depending on the
hydrophilicity of the side group. If the hydrophilicity of the
side group is insufficient to dissolve the whole molecule in
water, swelling takes place only in the aqueous medium. As would
be expected, a further increase in hydrophilicity leads to
water-soluble polymers.

Polymers such as polyvinyl pyridine, poly n-vinylpyrrolidone,
or polyvinyl alcohol are water-soluble, and behave as hydrogels
only if they are cross-linked chemically. The most common
cross-linking agents are derivatives of ethylene
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glycol dimethacrylate :

CH, - C - CO0 (CH

) -Co -

-CH2-O T = CH2
R

2 )x

Ry 2

or methylene-bis~acrylamide:

CH, = CH.CO.NH - CH

> 5 - NH.CO.CH = CH

2

Amongst other properties, the copolymerization of hydrophilic
and hydrophobic monomers also allows the control of hydrophilicity.
The relative hydrophobicity of the usual chemical cross-linking
agents also affects the overall hydrophilicity of the hydrogel
formed, which may, of course, be raised by exchanging the
cross-linking agent for a more hydrophilic compound. It must be
remembered that, with hydrogels formed by chemical cross-linking,
the copolymers obtained depend on the constraints of the
copolymerization system, especially with respect to the possible
inhomogeneity of composition of the copolymer formed,
particularly if the copolymerization parameters differ from
each other.

Polymer-analogous reactions yield copolymers ( or terpolymers)
with various hydrophilic sequences of different length. An
example can be seen in poly(vinyl alcohol), formed by the
incomplete hydrolysis of poly(vinyl acetate):

I - - . - g
—— CH2 CH - CH2 CH- CH2 CIIH
' - OH 0
C=0 n-x C=0

CH
CH3 3

- <4 n - 4 X

and of hydrolyzed polyacrylonitrile:

CH2 - ?H R CH2 - ?H CH2 - fH CH2 - ?H
C=N C=N C =
n X OH NH Z

1}
(@]
(@]

|
(@]
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where the remaining nitrile sequences yield some more extensively
organized regions preventing complete dissolution of the products
of hydrolysis. At the same time, the hydrophilicity of sequences
of both polyacrylic acid and of polyacrylamide is extremely high1°.

The chemical character of hydrophilic groups differs not
only in affinity to water, but, equally important, in the
polarity. This makes the character of some gels either completely
neutral - e.g. poly(2-hydroxyethyl methacrylate) (PHEMA), or
polymers of glucose and sucrose methacrylates''- acid, and capable
of ionization - e.g. polyacrylic and polymethacrylic acids and
their copolymers - or basic, such as polyvinylpyridine and its
copolymers and derivatives. Negatively and positively charged
macromolecules mixed together can form water-insoluble, but
swelling, complexes, which behave as hydrogels!2’!3,

It is quite clear that a number of other macromolecular
compounds with different chemical structure exist, which in water
behave as hydrogels. Some blends also behave as hydrogels - e.g.
a composite formed from 2-hydroxyethyl methacrylate and
fibrous collagen!®“.

PREPARATION

Most monomers used in the preparation of synthetic hydrogels
are water-soluble, which makes possible the use of bulk and
solution polymerization, whilst at the same time reducing the
application of emulsion and suspension polymerization. The
latter method is applied in the preparation of macroporous
hydrogels with a high degree of cross-linking, and hence with a
low degree of swelling in water'S. The high polarity of
hydrophilic groups on the one hand, and their relatively high
reactivity in various polycondensation reactions on the other,
impede the use of ionic or polycondesnation methods.

Owing to their high degree of hydration as water-plasticized
polymer networks, the hydrogels have, in fact, a low mechanical
strength: the more water they contain, the more their strength
decreases. This property often unfavourable affects the practical
application. For this reason, coating techniques have been
developed, allowing the deposition of a thin layer of the hydrogel
on substrates such as other polymers with better mechanical
properties, including glass and carbon fibres. The simplest
technique consists of dipping in a solution of the polymer. The
hydrophilic character of the layer thus formed often does not
provide a sufficient adhesion: in particular, it is likely to
crack during drying. Various techniques of grafting of
hydrophilic polymers on to surfaces have been tested? which
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ensure a chemical bond between the hydrogel and the substrate.
This increases the mechanical cohesion between both layers,
especially if the hydrogel layer is sufficiently thin. The
surface of the substrate is activated by irradiation with
accelerazgd electrons, atomized gas plasma, by y-irradiation,
with Ce™ ions, by U.V. irradiation of the photosensitizer, or
through the formation of peroxides.

Fabrics have often been used in order to strengthen the
mechanical properties of hydrogels. Depending on conditions,
hydrogels can be prepared in various forms, such as transparent
optically pure blocks and films, porous sponges, or almost unswellable
porous beads. The transparency and the type and degree of
macroporosity ( if any) are particularly affected by the degree
of solubility of the polymer in the monomer or in the solvent
if present, by the amount of the cross-linking agent,,or by the
compounds producing the porosity. The suspension polymerization
of hydrophilic monomers resulting in porous beads is also
affected by other factors, especially by interfacial tension!®

SWELLING OF GELS

The swelling function of gels has been the object of
thermodynamic analysis'’.

Swelling is the most important property of hydrogels, and
is a practical consequence of the affinity of the chemical
structure of the hydrogel to water. Since the hydrogel cannot
dissolve, it appears to take up water. During swelling, the
volume of the hydrogel increases up to equilibrium, at which
the chemical potentials of water in the gel, and of water
surrounding the gel are balanced. As the network swells, the
polymer chains are elongated and exert a force in opposition to
swelling. The network acts as a pressure generating device.
The osmotic pressure (m) attributed to the polymer is the
driving force of swelling. The swelling process distends the
network and is counteracted by the elastic contractability
of the stretched polymer network (p). Contractability of the
network tends to expel the water. At equilibrium, swelling of
nonionogenic hydrogels is the swelling pressure (P) equal to zero®.

P = T -p

Concentration of water in the gel can be adjusted by suitable
contracting or expanding the distance between cross-links by
coiling or uncoiling the macromolecular segment chains. The
configuration of the network in its swelling equilibrium situation
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is the reference unstressed nondistorted configurations.

Swelling pressure can be defined as the pressure exerted by
a gel when swelling is constrained, but swelling solvent is
available. If there are no obstacles to swelling, water will
enter in the hydrogel until the water chemical potential as in
hydrogel environment is matched: zero value of the swelling
pressure is reached at the same time.

Since swelling depends on the osmotic pressure, and thus on
the water chemical potential in outside solution, the degree
of swelling depends on the type and concentration of solutes in
solution. Some solutes may also penetrate into the hydrogel
network and somehow interact with network segments. This will
probably affect the contractability of the network. For example,
ion partitioning in gel has been observed for cellulosel®,
cross-linked dextrans!®’2?, and poly(2-hydroxyethyl
methacrylate)2!. Other solutes are too bulky to penetrate into
the network. Since dissolved compounds in the surroundings of the
gel always alter the water chemical potential, the degree of
swelling is altered each time.

In a study" mentioned above, Refojo pointed out, using
highly-swollen hydrogels based on poly(2,3-dihydroxypropyl
methacrylate) ( polyglycerol methacrylate) that inorganic salts,

Table 1. Equilibrium swelling of poly(2,3-dihydroxypropyl
methacrylate - methacrylate) gels in different

solutions
Solute Concentration % of equilbrium
weight in HZO

NaCl 0.9 36.7

CaCl2 1.3 37.6

urea 1.63 59.3

glucose 5.51 47.05

serum - 26.82

serum ultrafiltrate - 39.05

vitreous - 30.35
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or large or small organic molecules, at concentrations up to
5 % decrease the degree of equilibrium swelling compared with
that achieved in pure distilled water, as shown in Table 1.

The different degree of swelling of the same neutral hydrogel
in distilled water, saline solution, or in tears is of practical
importance when hydrogels are used as surgical implants, soft
contact lenses, etc.

Refugo has also shown that similar hydrogels for which
equilibrium swelling had been reached in distilled water are
dehydrated in dextran solutions. Since the dextran molecule
employed in these experiments had an average size of about
270 R, but the average pore diameter of the hydrogels used is
about 12 X, so no penetration of dextran macromolecules into the
hydrogel network seems likely: hence, partial dehydration is a
result only of the balancing of the water chemical potential
throughout the system.

In general, it can be said that hydrogels ean, with
comparative ease, lose water by evaporation. this is accompanied
by network contaction. During the gradual evaporation of water, the
water chemical potential in the hydrogel increases. This can be
demonstrated by the increasing osmotic and mechanical pressure
needed for the compression of the hydrogel to an identical,
partly dehydrated, state.

So far, neither the character of the interaction between
water and the segments of the macromolecular network in hydrogels,
nor the water structure in hydrogels has been givin an
unambiguous explanation. Using measurements of the 'freedom of
water'! and of permeability, some workers have suggested that
water present in ahydrogel has a structure partly different from
that of water in bulk water, or, more precisely, that the order
relative to that of bulk water is different. According to
measurements of the water activity versus hydrogel hydration,
it is concluded that water in the hydrogel can be divided into
'free' water and ' bound' water. The former has approximately the
same vapour pressure as liquid water. In this, it differs from
the latter, which is present in the hydrogel in an amount up to
25 - 30 %, and possesses a lower water activity. In considering
its amount, it is suggested that 'bound' water is identical with
that in which Lee, Jhon and Andrade assigned as 'bound' and
'interfacial' water. The remainder of the water of hydration in
the hydrogel is 'free'! or 'bulk' water??. Water in hydrgels has
also been distinguished as free liquid, capillary or pore
retained liquid and polymer absorbed liquidS5,23,2%,
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Other workers, however, referring to measurements of sorption
isotherms and heat capacities, have concluded that the binding of water
in hydrogels, either on to hydrophilic groups in the side-chain,
or on to hydrophilic groups in the main chain is no stronger that
intermolecular bonds in pure liquid water. It is emphasized that
attention should be paid to the possible change of physical state
(from glass to a viscoelastic system) which may occur on adding
water to the polymer?S.

Assuming that part of the water in the hydrogel is highly
structured, it is possible to employ another way to describe
the osmotic, swelling, and viscoelastic behaviour of gel networks.
The solubility theory modification of the classical Flory theory
is proposed to explain the osmotic and swelling behaviour of gel
networks., In describing the viscoelastic behaviour of hydrogels,
three functions, governed by the three types of water, are used
to explain the stress-strain relations in the rubbery region®:

Effect of pressure. As previously noted, elastic contractability

creates a force counteracting the penetration
of the water into the hydrogel. It is understandable, therefore,
that the equilibrium degree of swelling depends on the degree of
compression of the gel under a mechanical pressure. Under certain
circumstances water exudes from the swollen hydrogel until
equilibrium is reached. Highly hydrated hydrogels ( jellies) (over
90 % water) lose much water with comparatively low compression,
sometimes with only the pressure of their own weight. This occurs
with some hydrogels of poly(2,3-dihydroxypropyl methacrylate).
Hydrogels of poly(2-hydroxyethyl methacrylate), which, in the
equilibrium swelling condition conatin about 40 % of water, may
also lose water due to long-term compression, but the pressures
required are much higher®.

Effect of ionizable groups. Polymer networks which behave as

hydrogels but contain ionizable
groups behave in a more complex way. Swelling of such hydrogels
depends on the degree of ionization of the groups. This is known
especially for carboxylic groups, notably in copolymers ofacrylic
or methacrylic acid. Basic groups affect the degree of swelling
to a lesser extent’.

Permeability. The permeability of poly(2-hydroxyethyl methacrylate)
membranes has been studied by several authors®®26727228,
It is generally accepted that the structure of the membrane-forming
gel depends on the amount of the cross-linking agent. At low
concentrations of the cross-linking dgent, 'voids!' ( some kind of
minute pores) are present, making possible the transport of water
and solutes. The membrane then acts as some sort of network®, At
high concentrations of the cross-links, the minute pores are not
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formed, or they are already too small. The transport of water and
of relatively small molecules is, however, still possible, by
employing the partition of dissolution mechanism. Under certain
circumstances, both mechanisms can operate. The presence of 'voids'
of free volume also explains why, at the beginning of swelling of
dry hydrogels, a much greater initial amount of water is taken

into the gel than would be anticipated from the linear swelling
measurement alone®’29, It appears that pores are quickly

filled with water before the gel is able to produce any linear
expansion. This view has also been adopted for some biopolymers®,3°,

SURFACE PROPERTIES

To complete the description of the most important properties
of hydrogels, the wettability of hydrogels, and, consequently, their
surface properties in an aqueous medium, should be mentioned.
Considering its importance, this problem has been studied rather
fullys’g. Although hydrogels in the swollen state contain a
considerable amount of water, this does not mean that their surface
must always be completely hydrophilic. The character of the
surface depends on the history of preparation of the hydrogel. This
applies not only to synthetic hydrogels®!, but also to gelatine32’33
or agarose. It has been found that the wettability of hydrogels is
primarily determined by the nature of the polymer, and also by
the segmental mobility of the polymer chains at the gel baundary.
It is assumed that during contact with water that the wettability of
the hydrogel may vary from more hydrophobic to more hydrophilic.
This is made possible by segment mobility and amphipatic character
of the polymer chains at the gel boundary which also explains
differences between the so-called advancing and receding contact
angle measurements. More hydrophobic groups can be exposed and
lined up at the surface when it is exposed to water vapour and more
hydroghilic sites can be exposed to the adjacent liquid water
phase”.

GENERAL READING

1. 'Hydrogels for medical and related applications' (Ed. by J.D.
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1. INTRODUCTION

Many chemical reactions of water-soluble polymers are possible,
depending on the presence of reactive groups attached to a polymer
chain able to combine with other water-soluble polymers (polymeric
or otherwise) under conditions which do not significantly degrade
the polymer. Since the property of water solubility implies the
presence of a substantial number of polar groups in the molecule,
the potential and, indeed, the actual degree of complexity of
chemical behaviour is considerable. It is therefore worth
establishing some simple principles, common to most water-soluble
polymers, which describe the actual or possible cross-linking
reactions. In general, and with a considerable degree of
over-simplification, 'chemical modification' can be considered as
a part-way stage towards the cross-linking which results in a more
rigid, and possibly less soluble, molecular structure.

Only too many chemical reactions are potentially possible:
most problems arise from the competing reactions which can occur
between different molecular species, to a greater or lesser
extent, and the resulting interactions. The principal possible
reactions will now be considered in general terms.

2. CROSS~-LINKING WITH FUNCTIONAL GROUPS

Polymers with pendant or back-bone functional groups may be
cross-linked by typical organic chemical reactions involving
functional groups. Schematically, the basic reactions are:-

81



82 C. A. FINCH

a. Use of difunctional group B - B

i. Reactive groups pendant to back-bone:-

~~ A A

ii, Reactive groups part of backbone:-

v A ammmnnn ~anan A amnnnn

+ B---B ]'3
v A mnsanna >
B
~ A
iii. Linking between reactive polymers:-
~~~~~~~~~~~~ R S
l l 5 l
A B A
B
or, possibly,
A + B annn ¥ mmnmnn A annana
~~~~~~ B annnnn

The mechanism of the formation of the ~A---B~ bond may be
either by condensation or addition or, sometimes, by ionic
reaction.
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3. CROSS-LINKING BY HYDROGEN BONDING

There are many possible variations on the basic theme of
either inter- or intra-molecular bonding represented by:

~ A~

— Hoooe O

or

T T L
O e oo T

~nA A A A

— Heeoeoeo(

1}
(@}

he EFFECTS OF CROSS-LINKING ON THE PHYSICAL PROPERTIES
OF POLYMERS

Much of the theoretical work published on the relationship
between cross-linking structure and polymer properties has been
concerned with hydrocarbon polymers in hydrocarbon solvents -
notably, the speciality synthetic rubbers, especially butyl rubber,
which is a copolymer of isobutene with a small amount (below 3 %)
of isoprene. Although not specifically applied to the chemistry of
water soluble polymers, some of the concepts are common to all
organic polymers. The physical properties of a cross-linked polymer,
in relation to those of the starting polymer, are affected by:-

i. The molecular weight ( and the molecular weight distribution)
before cross-linking;

ii. The degree of spatial order in the molecule ( which may be
considered in relation to the degree of crystallinity);

iii.The degree of cross-linking - i.e., the number ( and nature)
of the cross-links, their flexibility, and their relation to
the chain-length of the starting polymer.

The classical theory!’?(Flory-Stockmayer) of gel formation

(discussed in more detail by Borchard in Chapter 6 ) may also be
considered, broadly, as a form of cross-linking, possibly
reversible by physical change (rather than chemical bond-breaking)
makes two approximations - the absence of substituent effects, and
the absence of cyclization through intermolecular effects and
reactions. The importance of these has been considered by Gordon®
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who has taken the view that both effects are, in practice, about
equal.

5. PRINCIPAL TYPES OF WATER~SOLUBLE POLYMERS

A1l water-soluble polymers include a significant number of
polar groups in sterically exposed positions on the polymer
chain ( see Molyneux, Chapter 1 ). By far the greater number of
such polymers contain hydroxyl groups, notably carbohydrates
and their derivatives ( which are the most common class of
organic polymers), and the synthetic polyhydroxyl polymers, such
as polyvinyl alcohols, which are also mentioned in Chapter 17 .

The basic structure of the proteins may be represented by

where the side chain, R , may also contain hydroxyl, amino, or
carboxyl groups. Other water-soluble polymers may also contain
carboxyl groups, as in the many polyelectrolytes. Typical
examples, discussed in more detail elsewhere in this book,
include:-

H
:(3
~~~~~~ CH.CH2 ~mnn and TN [ CH2 ~m
COOH 1 COOH
polyacrylic acid polymethacrylic acid
and the corresponding amides, such as
H
'
~~~~~ ~ CIJH.CH2 e and ~~~~nann~ C-CH2 v
CONH2 CONH2
n n
polyacrylamide polymethacrylamide

Substitution can also take place on the N- atom, as in:~

poly-N-alkylacrylamide
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Other N-containing water-soluble polymers include

~~~~~~ CH-—CH2 S TTIN o CH-—CH2 o
|
N
:\C=O and R
" N
n
polyvinylpyrrolidone polyvinylpyridine and
derivatives

Polymers based on the presence of an oxygen or nitrogen atom in
the main backbone include:-

~~~~~~~ [O.CHZ.CH2] ~mm polyethylene oxide
n
CH
3
~~~~~~~~ [O.CH.CH2 ]n~~~~~~ polypropylene oxide-
~~~~~~~~ [NH.CH,.CH, ] ~n~nn~ polyethylene imine

The principal side-chain groups which occur in water-soluble
polymers are:-

and e —@—OH )

R, = H or alkyl)
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Fach of the above groups provides potential sites for cross-linking
reactions, as discussed below., Before considering these reactions in
detail, it is worth indicating some of the theoretical approaches

to the general problem of determining the degree of cross-linking,
or cross-linking density.

6. DETERMINATION OF CROSS-LINKING DENSITY

Cross-linking density is a key factor in establishing the relation
between the molecular structure and the properties of a polymer.
In general, most theoretical studies of this reaction have been
concerned with the relatively simple systems of water-insoluble
hydrocarbon polymers, without polar side-groups, in hydrocarbon
solvents. Comparatively little discussion outside the present
volume ( see, especially, Franks ( Chapter 9 ) and Borchard
(Chapter 6 )) has been published on the structure of cross-linked
polar polymers in water, in spite of their obvious industrial and
biological importance. A brief account of the relevant theory, as
far as it exists, for polymers in general ( not specifically
water-soluble polymers) will now be outlined.

FloryA pointed out that: 'In cross-linking, the larger the
molecule becomes, the greater the cross-linking expectancy, because
of the increased number of potential cross-linkable units'. He
considered that the general conditions for the formation of
infinite networks are:

- infinite structures are only possible in systems possessing
structural units, some of which are capable of joining with more
than two other units;

- complex molecules must be generated with the capacity to combine
with each other; so

-  the expected number of elements in a molecule united to other
molecules must exceed two.

The cross-linking density may be determined in non-polar systems:

-  before gelation, by measurement of the sol fraction, or volume
swelling, by determination of intrinsic viscosity, if the basic
data on the properties of the polymer before cross-linking are
available;

- Dby measurement of the elastic and stress-strain behaviour of
suitable specimens of polymers.
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The intrinsic viscosity before the formation of gel® is used
ins

n - /2

- 1.1 .
n il v N
o] m
from which 2
m™n
N = 2 ——L
m (n=n.)
0 ™
where
no = 1i.v. of open-chain polymer
N, = i.v. of cross-linked polymer
Nm = number of statistical chain elements
m = molecules of cross-linking agent

The gels produced on cooling of water soluble polymer solutions,
which are reversible (see Borchard, Chapter 6 ) can be considered
as reversibly cross-linked networks, in which the cross-linking
function is due to hydrogen bonding. The gelatin gels are amongst
the best characterized of these systemss, where the density of
cross-linking depends on the configuration of the helical chain
of the protein, and the distribution of the side-chain substituents
of the amino-acids ( see below ), which can affect the spatial
characteristics of the molecules (Figure 1).

The theory of the cross-linking density of gelled systems,
notably vulcanized rubbers in hydrocarbon solvents, has been
discussed by Flory and Reiher’, who suggested that

Moles of cross-linked units _ V_ + erz + 1In( 1 - Vr) -
per gm. of polymer I
d_.V (V.3 - ) M
r*o''r T c
n V. = swollen polymer volume = 1
wnere r - total cross-linked polymer volume 14g

For water soluble polymers, these expressions can be simplified,

when q =
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where

Figure 1.

C. A. FINCH
dr = density of polymer
W = weight of solvent in gel
wg = weight of gel
VO = molar volume of water
X =  polymer/solvent interaction
parameter
Mc = molecular weight between

cross-links

Gelatin gels - schematic representation of hydrogen
bonding between multiple helical chains of proteins.
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Other types of molecules are considered by Borchard ( Chapter 6),
who also lists the different types of gels which have been described
by Flory®. Most water soluble polymers fall into the class of gels which
are mainly disordered, with regions of local order. At the 'melting'
point of the gel, this order is lost, and a viscous solution
containing the polymer in a random spatial distribution is formed.
The process of order-disorder can be repeated, but it appears to be
difficult to measure the degree of local order in the cross-linked
zones in relation to the surrounding disordered solution (see Borchard
(Chapter 6 ) Figure 1 ). Systems similar in concept, if not in detail,
to the cross-linked zones with local order, depending on the hydrogen
bonding of polypeptide molecules, can also be conceived for
polysaccharides, probably with single or multiple-chain helices
(Figure 2). These concepts have been considered mainly in relation
to the structure and properties of biologically important molecules
(see Borchard (Chapter 6 ) References 50 - 57), where it is possible,
by detailed structural analysis, to obtain some information on the
number, and likely position, or hydrogen bonds in the ordered
molecule - which, however, may not be water soluble under the
conditions of investigation. However, it must be said that there
appears to be no current theory which provides a satisfactory
explanation of the relations between the structure, degree of
cross-linking, and properties of water soluble polymers in general.
Considering the importance of solubilization-insolubilization
phenomena of polymers in both biological and industrial processes,
this position is both remarkable and regrettable.

The reactions of water soluble polymers with small molecules may
result in chemical modification or cross-linking. Some of these
reactions will now be considered.

Figure 2. Junction zones of a typical gel (carrageenan).
(The arrows indicate galactose sulphate or disulphate

residues replacing anhydrogalactose units: these residues
break up the regular helical structure).
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7.  CHEMICAL REACTIONS OF WATER SOLUBLE POLYMERS

The chemical reactions of water soluble polymers - both inter-
and intra-molecular - are the foundation of many applications in
industrial processes, where these polymers are required to have
altered properties, of which the most significant are,probably,
altered surface activity, or increased water resistance.

Most reactions of water soluble polymers involve the addition
of small molecules to extend side-chains, such as ethoxylation:
0

. R
~~~~~~~~ OH + nCHY-CH -R  +  ~w~nenn(0 - CH, - CH) OH
2 2 n

However, the reactions of aldehydes with hydroxy-containing polymers
are more complex, since the aldehydes used may include:

monofunctional HCHO formaldehyde
CHBCHO acetaldehyde
ete.
difunctional OHC.CHO glyoxal
OHC. CH2.CHO glutaraldehyde
ete.
also dialdehyde starch

A typical example of this reaction is the acetalization of polyvinyl
alcohol (see below)which can occur in different ways:-

a. intramolecular acetalization of 1,3-glycol groups.

~~~CH2 - CH - CH2 - ?H - CH2~~~~ R ~~~~CH2 - ?H - CH2 - ?H - CH2 ~nn

|
OH OH 0 0

+ \NE o

R.CHO

b. intermolecular acetalization

~~~CH2 - ?H - GH2 - ?H - CH2~~~~ ~~nnCH, = ?H - CH2 - ?H - CH2~~~
OH OH - OH

+ R.CHO R - CIH

OH OH OH 0

( | l |
~~~CH2 - CH - CH2 - CH - CH2~~~~ ~~~~CH2 - CH - CH2 - CH - CH2~~~
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Ce Intramolecular acetalization of 1,2-glycols

o CH2 - ?H - ?H - CH2 - CH2 - ?H~~ ~~CH2 - ?H - ?H - CH2.CH2 - ?H~~~
OH OH OH 0, HO OH
N\ 1/
+ C
|
R.CHO R

The stereochemistry of the reaction products obtained ( the most
important of which is polyvinyl formal, used in wire coating and in
lamination of vehicle windscreens) is indicated in Figure 3.

The reaction of monofunctional aldehydes with amines commence
with the formation of an N-methylol polymer:-

~~~~~~ NH2 + HCHO > ~~~~~~NH.CH20H

Most polymer of this nature are highly reactive, with a tendency to
condense with another similar molecule, with loss of water:

~~~~~NH.CH20H + HOCH2,NH~~~~ > ~~~NH.CH2.O.CH2.NH~~~ + HQO

For more convenient reaction conditions, the corresponding ether may
sometimes be employed, with an acidic catalyst ( usually
p-toluenesulphonic acid), so that the reaction rate can be controlled.

° %\”b 2 X
OX(Ha
Hp

Figure 3. Stereochemistry of formals of polyvinyl alcohol
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Many other water soluble polymers are based on the carbohydrate
structures indicated in Figure 4, with the principal common feature,
from the point of view of chemical reactivity, of the presence of
large numbers of hydroxyl groups. Typical examples, ignoring for the
present the effects of different chain lengths, and degrees of chain
branching, show a pattern of reactive groups in the pairs of pyranose
units, where xylan (Figure 4(a)) is the simplest molecule, followed
by cellulose (Figure 4(b)) (where OH is partly replaced by -CH0H),
then polyglucuronic acid (Figure 4(c)) (where —CH20H is replaced by
-COOH), alginic acid (Figure 4(d)) (where -OH is replaced by -H),
amylose (figure 4(e)) (which is the sterically opposed form of (b)),
and polygalactouronic acid (Figure 4(f)) (which is the sterically
opposed form of (c)).

a
. H CH,OH
- H
OH N
H OH H
H H
H CH,OH H OH n
Cellulose
c d
COOH COOH
OH HO
OH HO
COOH n COOH n
Polyglucuronic acid Alginic acid
e
CHZOH CH20H COOH
n COOH n
Amylose Polygalacturonic acid

Figure 4. Carbohydrate polymers



CHEMICAL MODIFICATION OF WATER-SOLUBLE POLYMERS 93

The reactions of cellulose, as a hydroxyl-group containing polymer,
are legion: many of them are exemplified by the well-studied chemistry
of the reactions of cotton, developed for the established processes

of stiffening and improvement of the crease-resistance of fabrics.
Although cotton is not, of course, water soluble, many of these
reactions can, or could be, applied to starch and other related

water soluble polymers.

8. REACTIONS OF CELLULOSE AND STARCH® ™ !3

The basic molecule is Rcell-OH - typically, cotton.
With formaldehyde, as above, using a strong acid catalyst, the
basic cross-linking reaction takes place:-
H+
2 Rcell-OH R -0.CH

_— cell

.0-R
ce

2 11

Alternatively, using bifunctional reagents, with methylol groups,
cross-linking can occur with either methylene or ether links.
Typically:-

Re11™0H ¥ HO.CH,..N N.CH..OH
N/

bis-methylolethylene urea

sz———THZ THQ——-?HZ

R -0.CH,.N N.CH,.0.CH .N\\\ /ﬁ.CH

cell 2 AN / 2 2 'O-Rce

2 11

C

or I

N

With cotton, the optimum cross-linking effect ( in terms of

desired fabric performance) is obtained with 11 % of reagent,
corresponding to one methylol group per cellobiose unit.
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Other methylol compounds used include:-

1 0 = C—CH
C 2
N/ N
HO.CH,. N.CH,.OH HO.CH,.N N.CH,.CH
2 | | 2 2 2
CH—=— CH ﬁ
HO.CH2.1\' N. CH, . OH 0
dimethylolhydantoin
C
i
0
Tetramethylol acetylene and many other compounds®?
urea

Reactions with epoxides ( especially diepoxides, such as butadiene
diepoxide), apart from the main reaction:-

2 RceIIOH + CHz\f/CH’R‘CH\f/sz >
0 0

-O.CHZ.CH.R.CH.CH
OH OH

.0-R
ce

Ree11 2 11

can have several side reactions ( see also protein reactions, below).

Reactions with the analogous derivatives of ethylene imine have
been used in the paper coating industry for insolubilization and
improvement of the wet strength of the product, e.g.:-

H H
2R _,,-0H + (f 2)N-(~~~)-N\/? 2

cell” >
CH2 CH2
R o170+ CH, . CH,, . NH- (~~~)-NH, CH,.CH,.0-R
Typically, =(~~~)- is -CH,, . CH,-
-CH2.CH2.O.CH2.CH2-
-CO.NH(CH2)6NH.CO—

-00C.R.CO0O~ etc.
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The reactions of sulphones take place under easily controllable
and reversible conditions:

e.g. (CH2 = CH)SO2 divinyl sulphone
(HOCHZCH2)2SO2 bis(2-hydroxyethyl)sulphone
2 Rcell-OH + HO.CHQ.CHQ.SOZ.CHz.CHz.OH
OH™
— Rcell-o.CH2.CH2.SOZ.CH2.CH2.O-R0611 + 2 H20

Reactions with labile chlorine compounds occur in alkaline conditions:-

2 Rcell-OH +Cl -R~-20C1+2NaOH =~ Rcell-O.R.O-Rcell + 2 NaCl
AN
e.g. CH,— CH.CH201
epichlorhydrin 05"
o CHorCH _— + 2 Rcell-OH — Rcell'O'CH2‘fH‘CHZ'O—Rcell
. 20 . 2.
I OH
OH
9. STRUCTURE AND CROSS-LINKING REACTIONS OF PROTEINS

Gelatin, the hydrolytic degradation product of the triple helix
of collagen, the protein of connective tissue®, gels by hydrogen bond-
ing. The basic protein structure is shown in Fig.5 (a more detailed
account of gelatin gel structure is given by Stainby!“). Side chain
substituents depend on collagen source and on method of extraction: the
amino-acids are common to all collagens, but differ only in proportion.
Table 1 shows typical amino-acid distributions, indicating that most
have hydrocarbon side-chains, which are chemically unreactive under
conditions which do not cause cleavage of the main polymer chain.
Reactive side-chains are carried on the following amino-acids:-

D R
{
C CH c
Amino end” \CH/ \N/ \c/ \CH “Carboxy!
| | | | end
R, H 0 R,

~«———three residues ——
R,. R, R, = side-chain groups

Figure 5. Basic structure of the protein chain.
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Table 1. Side chain groups in gelatin.

Number occurring in 1000 residues

Amino-acid Side-chain Limed hide Limed ossein Limed
structure gelatin (bone) pigskin
gelatin gelatin
Amide NH2 see Note 1 7.5 15.7 40.8
Alanine -CH3 112.0 116.7 110.8
Glycine -H 333 335 326
Valine -CH(CH3)2 20.1 21.9 21.9
Leucine -CHZCH(CHB)2 23.1 24.3 23.7
isoLeucine -CH(:CH,)CH,CH,  12.0 10.8 9.6
Proline see Note 2 129.0 124.2 130.4
Phenylalanine -CH206H5 12.3 14.0 14.4
Tyrosine -CH206HAOH 1.5 1.2 3.2
Serine -CH,0H 36.5 32.8 36.5
Threonine -CH(OH)CH3 16.9 18.3 17.1
Arginine -(CH2)2NH.C(:NH)NH246.2 48.0 48.2
Histidine imidazolylmethyl b5 he? 6.0
Lysine - (cHy) N, 27.8 27.6 26.2
Aspartic acid -CH2COOH 46.0 46.7 46.8
Glutamic acid -(CH2)BCOOH 70.7 72.6 72.0
Hydroxyproline see Note 2 97.6 93.3 95.5
Hydroxylysine -(CH2)20H(OH)NH2 5.5 4.3 5.9
Methionine -CH20H2.S.CH3 5.5 3.9 5.4

Notes: 1. The amount of amide ammonia present in a gelatin depends

on the pre-treatment of the collagen source. This treatment
can be either acid or alkaline, and will bring about a degree of
hydrolysis of the side chain amide groups present. Prolonged alkaline
treatment will bring about an almost complete loss of amide ammonia,
whilst brief acid treatment leaves the amide groups almost intact.

2, Proline contains a bridging -CH,- group on the main chain
whilst hydroxyproline contains the correspofiding -CH(OH)- . Both
amino-acids are specific to collagen and its derivatives, and provide
a significant increase in main-chain rigidity, and gelling power.
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Serine - primary -OH
Threonine )

Hydroxyproline) secondary -OH
Tyrosine - phenolic -OH

Aspartic acid)

Glutamic acid) - -CO0H
Lysine - -NH2
Arginine - - guanidinyl -C(:NH).NH

2

Many chemical modification reactions of these side-chains have
been studied: they fall into the general categories of:-

A. Removal of side-chains.
The guanidyl group of arginine may be removed by strong alkaline
hydrolysis, using sodium hydroxide with hypobromous acid or
sodium in liquid ammonia, whilst the amino-groups may be removed
by nitrous acid ( the traditional Van Slyke method for the
determination of amino-acids).

B.  Substitution on side-chains.
i. Amino-group substitution.

a. Acetylation, using acyl halides or anhydrides;

b.  Sulphonation, using substituted sulphonyl halides;

c. Formation of urea derivatives, using, e.g.
phenylisothiocyanate, C H,.SCN;

d. Aromatic substituted amIndé-derivatives - e.g.
1-fluoro-2, 4-dinitrobenzene (Sanger's reagent!®);

e, Other active hydrogen derivatives, including triazines
used as dyes'’ and as dye-couplers in colour
photography!®;

f.  Carbamoylation!®;

g. Reaction with double bonds
- grafting with acrylic polymers (using, e.g.

free radicals), also

co
gelatin - NH, + " M-R - gelatin - NH
ol I ]
c 0

N/

maleimide ?
derivative R

succinimido-gelatin
derivative
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h. Reaction with epoxides
0

N\
2-—-CH.CH2.OR

gelatin - NH2 + CH
+ gelatin - NH.CH2.CH(OH).CH20R
> gelatin - N(CH2.CH(OH).CH20R)2

A similar reaction occurs with propylene oxide and
alkali.

jo Reaction with sultones

gelatin - NH, + CH,-—— CH

2 | 2 [ 2
CH CH
2 2
propane sultone
SO2
+  gelatin - NH.(CH2)3.SOBH

k. Guanidinylation?°
-reconversion of ornithine to arginine, using
O-methylisothiourea ( the hydrogen sulphate salt,

CH O.C(=NH).NH2.H280 » is used to modify the lysine
4
regidues):~

gelatin- (CHZ)B —NH2 + CH O.C(=NH).NH2

3

+ gelatin - (CH .NH.CH(=NH).NH2

2)3
1. Carboxylazide modification ( mainly used for dye-couplers
in colour photography?!:-

(subst.).CO0C,H HNNH, (subst. ). COLNHNH,,

HNO > N
2 (subst.).CO-N'/"
NN

gelatin - NH gelatin - NH.CO - (subst.)

2
(¢

[ 4
gelatin - OH gelatin - 0,CO - (subst.)
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ii. Carboxyl group substitution
a. Methylation - partial esterification;
b. Carbodiimide reactions?? to introduce novel substituents

gelatin - COOH + R-N=C=N-R!

> gelatin - C0.0C (=§HR)NH - R' + NH,.CH,.COOCH

2°72 3

> gelatin - CO - NH - CH, - COOCH, + B + R.NH.CO.NH.R'
iii. Hydroxy groups
a. Carboxyl azide modification - see i. (k) above.

b. Esterification, especially by sulphuric acid, sulphates,
or sulphonates;

c. Acylation?®

Cross-linking reactions of gelatin have been studied in
considerable detail, mainlg in relation to the hardening of
photographic gelatin films®®”2%’2% and other coating applications
where insolubilization is required, such as the manufacture of
security paper. Many of these reactions represent difunctional
'equivalents' of the modification reactions indicated in the
preceding sections. Those reactions involving the -NH, and the
primary -OH groups are the most widely investigated. The more
important reactions include those with :-

- acid anhydrides and halides, especially the more complex compounds,
such as terephthaloyl chloride;

- activated halogen hardeners, such as NN'-dibromoacetyl- and
NN'-dibromopropionyl derivatives of hydrazine, dimethyl hydrazine,
ethylene or propylene diamine, and urea?®;

- active double bond hardeners, such as sulphones, especially
divinyl sulphone ( see cellulose, above);

- aziridines, typically

elatin - NH, + NH - R » elatin - NH.(CH,.)..NH - R
g 2 g 2

o*
Many substituted aziridines have been claimed for use as
photographic gelatin hardeners?’;

- FEpoxides?®, especially epichlorhydrin, where a two-stage reaction
process is suggested:-

e
gelatin - NH + CH,=-CH.CH,C1 -+ gelatin - NH.CH

2 2 2 .CH.CH,C1

2 2
- HC1 OH

. A\ .
+ gelatin - NH.CHZ.CH-mCH2 + gelatin - NH

+ gelatin - NH.CH2.?H.CH2.NH - gelatin
OH

2
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The epoxide ring isvery reactive, so a number of compounds containing
two or more epoxide rings, such as butadiene diepoxide, react readily,
not only with gelatin, but with other polymers bearing carboxyl groups
or hydroxyl groups ( see cellulose above). Amino-group linkages with
epoxides are stable to hydrolytic action?®,

- di- and polyisocyanates: the use of bisulphite adducts of
isocyanates has been claimed for the 1ncrease of gelatin
viscosity, presumably by cross-linking?®

C. Aldehyde and ketone cross-linking.

Formaldehyde is probably the most widely used hardening agent
for gelatin?®. The probable mechanism of reaction is, initially, the
formation of a methylol substituent at the amino-groups:-

HCHO  +  gelatin - ﬁHB = gelatin-NH.CH,0H + H'

In very dilute solution, it can be assumed that this reaction does
not proceed further, because of the distance between molecules.
Upon addition of further formaldehyde, there appear to be two
possible routes for the cross-linking stage of the reaction:-

gelatin-NH.CHZOH + HOCH2.NH-gelatin
- CHBOH or - H20
gelatin-NH.CHz.0.CH2.NH-gelatin gelatin-NH.CH2.NH-gelatin

In large scale use, formaldehyde suffers from the problems of odour
and difficulties of control of the reaction rate, although it is
much less expensive than dialdehydes such as glyoxal OHC.CHO,
glutaraldehyde, OHC.CH,.CHO and polyformals3?, which are more
easily handled. It has”"been suggested by Courts and Holman?®
that, for the dialdehydes, OHC. CH2) .CHO, the effectlveness of

s s N n’
cross-linking is in the order

=1 <n=2<n-=3<n-=}

For photographic gelatin is has been reported that succinaldehyde
and, especially,glutaraldehyde, are outstanding in their hardening
activity, and glutaraldehyde is stated to react as much as 3600
times faster than formaldehyde with gelatin32?’33, GEvidence from
kinetic studies on the mechanism of §lyoxal hardening ( and,
presumably, cross-linking) suggests®* the possibility of a partially
stabilized cross-link of the type

CH - CH\~

gelatin - N N - gelatin

+\Hx
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Glutaraldehyde is more active than succinaldehyde in photographic
developer solutions?3, possibly due to a formation of a relatively
stable cyclic complex with the sulphite present.

Studies of the reactions of dlaldehydes with gelatin, collagen
and other proteins suggests that®3’38:

- lysine and hydroxylysine are the amino-acids which are mainly
involved;

- two or more aldehyde molecules are sometimes involved in a
single cross-link;

- most, if not all, the cross-links formed are stable to boiling
water and dilute acid. Studies of the formation of the cross-links
of the protein elastin, and of lysyl residues, suggest that, with
glutaraldehyde, cyclic pyridinium compounds may be formed?3:-

(R = -CHzCHchO)
Lys - NH, + R.CH,CHO ——> Lys-N = CH.CH2R
R. CH20H2CHO
HO H C<:R
R R.CH, ?H CHO
i R Lys - NH
H
RCH2 H 0 H
Lys

'_[—01’ etc.

Lys

Lys

-  the fact that glyoxal can only form the aldimine ( -CH = N - )
may account for its hydrolytic instability3S.

Other useful aldehyde reacting compounds include paraformaldehyde
and its reaction products with hexamethylene tetramine ( see
cellulose, above) and with diethylene glycol:-
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o /(CH20H20)2.CH2(CH20H20)2OR
AN _
(CH20H20)2.CH2(CH2CH20)20R (R =Hor CH20H)

Polymeric aldehydes include compounds such as the cleavage products
of polysaccharides by periodate, of which a typical example is
dialdehyde starch (Figure 6).

As an alternative approach, there are several methods of
introducing suitable cross-linkable side-chain functions into the
gelatin molecule, in which cross-linking can be achieved by relatively
mild and controllable reaction conditions, Sulphonate esters act as
alkylating agents: a large variety of bis(methane sulphonates) are
effective as gelatin hardeners®®, which undoubtedly operate by
alkylation of gel - NH2 . Bis(sulphonyl halides) behave similarly,
forming - SO,.NH - 1fnkages®°.

Sulphide groups can be introduced on to the lysine amino-groups
by reaction with a thiolactone:-

gelatin - NH, + CH ' C=0 N-acetylhomocysteine
thiolactone

CH2— CH - NH.CO.CH3

> gelatin - NH.CO.CH(CH20H2SH).NH.CO.CH3

Mild oxidative conditions, such as exposure to air, cause cross-linking
by the formation of intermolecular disulphide bridges ( or, at high
dilution, intramolecular bridges will be formed prefrentially). The
process is reversed by reduction.

Vinyl side-chains have been introduced by treatment with several
different reagents, e.g.:-

gelatin - NH, + OCN.CHZ.CHZ.O.CO.CH = CH2
acryloxyethylisocyanate

> gelatin - NH.CO.NH.CH .CH2.O.CO.CH = CH

2 2

Other 'reactive'! side groups include those in photographic
gelatin hardening systems based on triazines“®”*!, notably those
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CH,OH CH,0H

0 0
N Yo

CH—— CH CH——CH

OH ' OH | oM I o4
per1odate

CH,0H CH,OH

=, * 1

Figure 6. Formation of dialdehyde starch.

using the water soluble salt of 2,4-dichloro-6-hydroxy-s-triazine:-

Cl

. A,

gelatin - NH2 + NAN > gelatin —L /H\
)\ N OM
N OM

(M =8H, or alkali metal ion)

Cross-linking reactions of this type appear to occur exclusively
with the €-amino-group of lysine, Treatment of this reactive polymer
with a polymeric amine ( including gelatin) causes loss of the
labile Cl atom, with formation of covalent cross-links of the
2-hydroxy- or 2-metaloxy-s-triazine-4,6-diylamino- structure. Many
variations of these reactions with triazines with bulky aromatic
side-chains have been suggested, which produce gelatin-derived
polymers with interesting coacervation properties, potentially or
actually useful in the formation of microcapsules.

Indeed, the phenomenon of coacervation of gelatin by natural
polyacidic and polyphenolic natural compounds, such as gum arabic
( see, e.g. ), pectins and tannins is an important example, in
both scientific and industrial terms, of the cross-linking of a
water soluble polymer by non-covalent bonds. This coacervation,
essentially dependent upon cross-linking by hydrogen bonds, is
employed, for example, in the production of microcapsules for
carbonless copying paper and other applications"?,
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Gelatin forms many polyelectrolyte complexes (these are dis-
cussed in more general terms by Mandel in Chapter 10) of consider-
able commercial significance, including those with metaphosphates
(in foods) and in ghotographic applications, and with polysaccharides.
It has been noted“* that, whilst covalent cross-linking of gelatins
does not usually cause the product to separate in aqueous solution,
there are many examples (including the above) of non-covalent types
of compounds with which this can occur, especially in dilute solution.

10. CROSS-LINKING REACTIONS INVOLVING METAL IONS

The cross-linking reactions of metal ions with proteins have
been studied in detail, with particular interest in the tanning re-
actions of leather, especially by chromium salts, with the object of
insolubilizing the fibrous water swellable, if not water soluble,
protein structure. Whilst there is considerable uncertainty, in many
cases, about the details of the structures formed, the basic type of
complex is believed to involve the side-chain carboxyl groups ( of
aspartic and glutamic acids) is the terminal carboxyl groups attached
to the protein chain:-

+
0 0-Cr(H,0)

. / + ._/ 2°°5

Protein - C§§o + [Cr(H20)61 + Protein C\\O + H.0

2

which, in spatial terms, can be shown as:-

with, probably, cross-linking as in:-
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Oxalation

Protein
C

/
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Reactions with metal complexes have been postulated for many

polymers with hydroxyl side groups. Competing reactions may take
place, as exemplified by oxidation of a secondary alcohol by

(1) R.R.CHOH + Cr'l

172

CrVI

CrIV

Iv

(2) + Cr

+ RlRZCHOH
(21)
R1R2CHO
{F2
Ry

+ O2VI
+ Cr + H20

v

(3) Cr' + R,R.CHOH

12

¥

R1R2C =

<

2 Cr

RlRZCHO

RlCHO

R02

R2OH

¥

RlRZC

Cr6+-

0+ CrIV

+ ottt

+R2

autoxidation reactions
CrV + H+

0+ CrIII

A similar type of reaction is thought to take place in the formation
and decomposition of the chromate ester of polyvinyl alcohol:-
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OH
N \C/OH
c . ~c 0
B \C/OH HO\Créo :EN BTN N imo
He o TSHO 4 7N i/ SH o or 2
o \C/\H AN
PN P
H.
~. \C<OH
H>c o > =0
™ =0 + | N L
Ny Cr - OHZ « Hao/ “E"""'“O OH,,
w N\ A NG

Polyvinyl alcohol ( see also Chapter 17 ) forms many other complexes,
notably those with borates: under suitable pH conditions these
complexes result in irreversible gelling in aqueous solution. The
exact pH conditions at which gelling can occur appears to vary with
the structure of the polyvinyl alcohol: most of the relevant data
has been reported for commercial polymers. For these polymers,
information on the degree of chain branching ( which is affected by
the conditions of polymerization of the polyvinyl acetate from which
the polyvinyl alcohol is obtained“®) and the 1,2-glycol content

( also dependent on the polymerization temperature“®) is rarely
available. It may be assumed that different borates"’ will also

form different complexes, such as the monodiol and didiol types:-

HC/ HC/ + N
2\CH 0 2\0 - /CH2
- H-0 0 - CH

/ .7 N\
H,C B - OH HC B CH
/ \ 7\ " 2
CH - 0 CH - 0 0-C
HC/ H/C N
CH
2\ 2\ / 2

Monodiol Didiol
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Other metal salts will also form similar complexes, some of which
have been investigated for their effect on the gelling properties,
with increased water resistance and tendency to insolubilization.
Some of these are shown in Table 2.

Table 2. Some reactions of polyvinyl alcohol with metal salts
( for detailed references see"®)

Gelling agent Product
Ti(OCH(CHB)Z)A + lactic acid 1 CH —CH,— CH— CH5+
O\\\\ ////O
ﬁi
S OH Ik
T10(s0,) + ClH—CHg— (iH— CHy—
O\\\ ///,O
zi
L 0 I
Ti3+, VO2+ compounds Gel
KMnOA(pH sensitive)
Tlcl3 Gel
Ammonium vanadate Gel
Inorganic oxidizing agents (e.g. Improvement of water resistance
K,Cr,0 ) + secondary aemines + of polyvinyl alcohol plasticized
afiphotéric metal chlorides (e.g. with glycerol
phenyl-B-naphthylamine + AlCl3
or SnCl /
2 CH H ~
Cu salts ( at pH 7 - 9) 2L i ' /CH2
CH - 0 0 - CH
/ L DY
CH2 Cu CH2
/\ -0 o’
| | ~
CH2 H H CH

/
N\
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Many of these reactions are obviously possible with the many
other hydroxyl-containing polymers, such as cellulosics, but do
not appear to have been studied, although it is likely that some
take place in the more complex systems containing water soluble
polymers, such as emulsion paints and some water-based adhesives
(see, e.g. Baily in Chapter 15). Another group of polymers which
should show reactions of generally similar type are the water-
-swellable hydrogel polymers and related compounds which are
similar, in many properties to natural polymers such as gelatin,
alginates, agar, etc., within theoretically, a wide variation of
properties with many possible copolymer ratios of a relatively
small number of monomers. These are considered in more detail by
K41lal in Chapter 4 .

This outline of the principal cross-linking reactions of
water-soluble polymers leaves many areas unconsidered (especially
in the field of polymers in biological systems) where the
complexity of the systems involved makes for formidable difficulty
in rigorous study. Many systems have received only cursory
investigation, from a strictly scientific aspect, yet have
considerable industrial and commercial importance. In some of
these cases, it may be possible, by taking the example of other
systems studied in more detail, to extend our insight into other,
related, polymer reactions and structure-property relations: a
great many of these fascinating topics remain to be investigated.
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THERMOREVERSIBLE GELATION

W. Borchard

Gesamthochschule
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Germany

It is well known that in dilute solutions linear polymers
tend to form aggregates, whilst in concentrated solutions gels are
formed, if the temperatures of the systems are chosen appropriately.
Although, in some cases, 1t may be difficult to distinguish a
liquid ( sol) from a solid (gel), Hermans attempted to define a
gel as a coherent system of at least two compounds, which exhibits
mechanical properties characteristic of a solid, where both the
dispersed component and the dispersion medium extend themselves
continuously through the whole systeml.

The most striking property of a gel is its rigidity, which is
described by the static or dynamic moduli for different kinds of
deformation. On the molecular level, an 'infinite network' of
macroscopic dimensions must be present in gels to explain the
stability of their shape, when external forces are applied?.

In classifying gels, Flory differentiates into four types®:-

1. Well-ordered lamellar structures, including gel mesophases,
such as soap gels and clays. The forces between the lamellae
may be elctrostatic or dipolar.

2. Covalent polymer networks, which are completely amorphous.
Examples are vinyl - divinyl copolymers, vulcanized rubbers,
the protein elastin, alkyd and phenolic resins, and
silica gel.

113
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3. Polymer networks formed by physical aggregation. These are
predominantly disordered, but with regions of local order.
The primary molecules, by means of which the network is built
up, are usually of linear structure, and of finite size.
The network junctions are multiple stranded helices, bundles of
chains, or crystalline regions. The microcrystals may be
regarded as cross-linkages of a high functionality, which is
the number of possible linkages per junction.

4. Particylate disordered structures, such as flocculant
precipitates, which usually consist of particles of large
geometric anisotropy, e.g. disordered network-like accumulations
of fibrils,as in V,0,.-gels, followed by gels formed by
aggregation of pro%efns, both fibrillar and globular.

Examples of both synthetic and natural polymers which are
components of a gel system include polysaccharides® ® - such as
chitin, cellulose, cellulose-derivatives, and starches - polypeptides,
such as collagen and its der ived product gelatln1° 26,
polyacrylonitrile?®’2®, polyvinyl alcohol® ,polyv1nylchloride3“-3§
mixtures of isotactic and syndiotactic poly methylmethacrylate3®™"9,
and more complex systems, including polymer solvent and dyestuff
mixtures®*!’*2

Most of the polymers mentioned above belong to Type 3. The gels
are mainly in the disordered state, favouring rubber-like elasticity,
with regions of local order, probably in the junction zones. Upon
increasing the temperature a transition takes place. At the gel
melting temperature, Tm, the gel loses its rigidity and a viscous
polymer solution is formed. Lowering the temperature below Tm’
the gel formation process, or the gelation, begins again.

This thermally induced process may be repated several times, where
the physical quantities such as comples shear modulus are changing
with time, always in the same manner, under isothermal conditions.
This process is called thermoreversible, although we know that

gel formation, or ageing, as it is often called, is an irreversible
process. A striking exception to the gelation process just described
is shown by aqueous solutions of O-methylcellulose, which gel when
they are heated“3. These gels lose their structure upon cooling,
and do not belong to Type 3.

Gels of natural polymers have widespread bilological functions,
for example in animal connective tissues, and in the walls of
plant cells. They also have many commercial applications,
notably in foodstuffs, cosmetics, photographic films, paper,
and pharmaceutical formulations.

Investigations of the primary structure of polymers with a
high tendency to form gels indicate that the general principle may,
in the most simple representation, be that of an alternating
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copolymer of the type of:
—(=-A-B- ' -(A -B -C- 1
a) R-(-A-B-) R or  b) R-(A;-B,-C-) R

where R and R' are the chain ends, A,A.,B,B., and C are different
monomer units, and m and n are the number of repeating monomer
units. Araki*® and 0'Neill*® established the structures of two
gelling polysaccharides, agarose and K-carrageenan, which belong to
type a). Residue B is D-galactose in agarose, or its 4-sulphate in
K-carrageenan: the residue A is 3,6-anhydro-L-galactose in agarose
or its D-enantiomer in k-carrageenan. Rees was able to show that the
polysaccharide «-carrageenan could not entirely be described by a
completely alternating structure, because in a single chain the
repeating units A - B are replaced to a certain extent by slightly
different chemical species like A*¥ - B or A - B* ., This is called

a masked repeating structure®’“®, This type of structure is also
applicable to a large number of seaweed polysaccharides and

many mucopolysaccharides®.

The primary structure of the a,-chain of collagen may be
approximately described by the formula of type b) in replacing C
by the peptide residue of glycine. Along the polypeptide chain
each sequence may have different amino-acid residues for A, and B..
Heidemann et al. have shown, in a series of papers*’’*®, ‘that
oligomers of the collagen type with strictly alternating sequences
of the terpolymer type A - B - C form aggregates in solution.

When considering a part of a gel forming synthetic polymers
containing the mono-substituted vinyl monomer unit, it may be
regarded as a copolymer of two different stereoisomeric sequences
but the same kind of monomer. It is well-known that in atactic
polymers there is no regular structure, and there is no tendency to
gel or to ecrystallize.

In addition to the above, a further type of thermoreversible
copolymeric primary stucture should be noted: this is represented
by the following arrangement of blocks -(A)m— and ~(B)n- in
sequence:

c) R-(4) -(B) -R'

The sufficient and necessary condition for gel formation is a
transition of one of the blocks to domains, where the macro-Brownian
motion of polymer chains in not free, which means that chains cannot
move along each other. The micro-Brownian motion of the polymer
chains ( the changes of position of the remaining type of blocks)

must be free or only partly hindered“®. The transition may be

caused by themally induced glass transition, a partial crystallization



Figure 1.

Figure 2.
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Schematic representation of the coil-helix transition:

(a) state of coiled macromolecules;

(b) partial transformation to helices and double helices;

(c) double helix formation and aggregation of single
helices;

(d) final state.

Screw pattern of two helices of equal sense and

handedness®.

Schematically: (©) end and (O) marked atom of helix 1.
(®) atom of helix 2.
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or an intermolecular ionic bonding of chains of one of the blocks.
The latter can be achieved by addition of a third2$omponent to the
polymer solution, such as divalent ions - e.g. Ca in the form of
salts in polysaccharides®. In this case, the gel structure is lost
if the divalent, cations are exchanged with monovalent alkali metal
ions such as Na . This transition is not necessarily thermo-
-reversible.

It should be mentioned that crystallization from solution is
always a phase transition, which means that phase equilibria can
be described by the conditions for heterogeneous equilibria.
Kinetic processes during isothermal crystallization are nucleation
and growth of the nuclei. This kind of phase transition must be
clearly distinguished from a transition in a single phase where a
polymer coil transforms to a helix.

The common feature of the secondary and tertiary structure of
gelling copolymers like polysaccharides and polypeptides seems to
be their capability to form single and double helices, where two or
more chains are involved. The coil-helix transition, which occurs
even in extremely dilute solutions, is an intramolecular transformation
in homogeneous phase. The equilibrium transition is a cooperative
intrachain reaction, Helical structures in macromolecules have been
successfully calculated using statistical mechanical methods or
potential function calculations®® >7, Double and triple heligces
have been assumed as modes explaining the dense packing of polymer
strands in the crystalline structure in agreement with results of
X-ray diffraction analysis and further conditions, such as intra-
and interchain hydrogen-bonding. Structures of this kind have
been predicted to occur in the crystalline state and in the dilute
regime®®. It is therefore important to have details of the packing
of strands in the polymer crystal and changes in the structure
when solvent water is added.

The manner in which double or triple helices are formed in
solutions of linear macromolecules is not yet exactly known,
although different proposals have been made for the reformation of the
collagen fold in gelatin solutions, giving rise to junction zones!3’!",
For the gelation of agarose, a similar mechanism leading to a
double helix arrangement was assumed®. In the later stages of
helix formation a lateral aggregation similar to that found in
gelatin solutions is probable. This is demonstrated in Fig.la) - 1d),
where schematically a transition from a solution of polymer coils
to partly helical macromolecules is considered to be the first
step. In the second step, the principal effect is the double
helix formation, which takes place under the conditions mentioned
by Rees, so that only a chain end has sufficient mobility to form
either a double helix with another chain end, or with helical
sequence inside a second chain. This leads to the general
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conclusion that the double helix formation at chain ends

corresponds to a functionality of f = 2. The branching of chain

end to a middle sequence of a second chain corresponds to a
functionality of £ = 3. In the third step, a lateral packing of
single and/or double helices is assumed, leading to ordered regions.
According to Hosemann, there is a difference in principle between
the long range order in the low molecular crystals and high
molecular crystal structures, so he introduced the concept of a
microparacrystal®®’8®,

From experimental evidence, it is known that the structure
which has developed during the first period of gelation is not
stable?!. Consequently, a further mechanism for the enhancement of
local order has to be postulated. This process has to be compatible
with diffusion processes discussed in relation to polymer systems
in the liquid state. From studies of the tack of elastomers,
we conclude that polymer coils move by a replication of their chain
ends, as predicted by DeGennes®®”®! ., Such a movement was suggested
for a double helical structure of the magnesium salt of a chemiecally
modified -carrageenan by Rees when the relative humidity was
increased®, This is shown in Fig. 2, where the twisting of two
helices is shown for 3/2 turns. It is seen that, with such a
mechanism, and because of non-helical sequences inside the
macromolecule, the double helical sequences can be prolonged
without the necessity of winding two chains (helices) around each
other. However, from potential calculations, it is doubtful whether
such a cooperative change of position is probable.

Figure 3. The model of a fringe micelle; crystalline region.
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A model for the copolymer crystallization was described many
years ago by Hermann, Gerngross and Abitz®2. Called the fringe
micelle model, it allows for network formation, because the
non-crystallizing block sequences mainly tie different
microcrystallites, as schematically presented in Fig.3. Very
little is known of the sense of the sequences in the crystalline
regions, their average size, size distribution, the number of
linking chains, free chain ends, and rings, etc. in testing a
model, it is desirable to have a maximum of information on the
molecular level in order to decide whether a theory is applicable
at all, or how a theory has to be developed to include structural
findings.

For a better understanding of thermal gelation, we can present
some phenomenological aspects in a temperature-concentration diagram
shown in Fig. 4. The polymer in the solvent-free state is supposed to
be only partially crystalline, which is the case in the block
copolymer described above. Additionally, we assume that the solvent
is not part of the crystal lattice of the copolymer, which leads to
a state diagram wirh a eutectic point. The equilibrium melting
curve of the polymer in solution is the liquidus curve (LC), which
ends in the eutectic point (E), where it meets the second liquidus
curve, which describes the melting of the solvent. According to
the differences in the melting points of polymer and solvent, this
point is shifted to low polymer concentgations. If a homogeneous
solution of the initial mass fraction yp, 1is cooled from T < T
to the temperature T, a gel is formed if the concentration y° is

above the critical value for network formation, yp or'
9

If crystallization alone governs the process, we would expect

the solvent free polymer to coexist with the solution, which is
indicated by two open circles. In reality, we observe, after some
time, a 'gel! phase of a total concentration y" , which, by
diffusion, excludes a solution of concentratioh y!, which merely
may be pure solvent. P

In many cases, the gel phases are very turbid, which results
from the fact that the solution with concentration y'! is embedded
in the gel phase, when the polymer network is formedPso quickly
that a separation of solution or solvent and the network, called
syneresis, has not taken place. We have, therefore, to distinguish
between crystalline domains, swollen amorphous network regions,
and included solution or solvent not being part of the network.

The amount of included solution depends on the concurrent processes
of crystallization and diffusion. The overall polymer concentration
in this case does not correspond to the polymer concentration of
the network part.
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Apart from this difficulty, it should be emphasized that, in
addition to the crystallization equilibrium, we have to deal with
a swelling equilibrium as soon as the network has been set up.

In a pure crystallization equilbrium it is known that, on addition
of solvent to a crystal, a solution is obtained. The superposition
of crystallization and swelling equilibrium renders the system
immune to dilution, because the crystalline regions are in a
surrounding of high polymer content and the amorphous cross-linked
polymer chains in the network cannot form a dilute solution. The
only way to come to the state of high solvent content at a given
temperature T, is to heat the gel to the state of solution, to add
solvent and to cool again to Tl'

These considerations are confirmed by results in the system
water-polyvinyl alcohol (PV-OH). After isothermal gelation at T
(see Fig. 4) the swelling curve (SC) has been determined in the
temperature range T < T, in about one week. Starting from y" the
same value was found af%er the temperature cycle. After sevBral
months at T, the swelling curve was shlfted to higher polymer

concentrations, as shown by the arrow® From this, and from the
results of module measurementslo’zs’31’38’39, calorimetric
measurements?3’26 20 and

» electron mlcroscoglc investigations
measurements of the optical rotation? , 1t is concleded that
crystallization inside a physical network is a very slow process.
It is open to question whether a true equilibrium, which is
characterized by an absolute minimum of the free enthalpy of the
system, can be attained.

The arrow in Fig. 4 indicates the direction in which the
concentration changes during the irreversible process inside the
cross-linking system. A crystal once formed at a temperature T
always melts at higher temperatures, so hysteresis must occur.

This is schematically demonstrated for the swelling curve in Fig. 5,
where the arrows indicate that on cooling and heating different
traces are found in the temperature near the liquidus curve. In
this figure we have shown the phase diagram of a polymer

undergoing a helix-coil transition at the temperature T, . The
temperature range in which this transition takes place

had been shaded. 1In the concentration range y_ < ¥y or and
for the temperatures TLC < T < T,  Dbetween P»
liquidus curve and tran31%1on range, double or triple

helix formation leads to a branching of macromolecules. Above the

critical concentration for network formation, y_ > ¥y

networks are formed, where no superposition of b,cr

crystallization is expected. Starting at an initial concentration
, at temperature T, the isothermal crystallization increases

tﬁe cross-linking density of the network which will shift the

swelling curve to higher concentration.
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Figure 4.

Figure 5.
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State diagram of a water-polymer system.

= temperature = crystallization temperature
E = eutectic point T~ = crystal melting temperature
LC = liquidus curve y_ = mass fraction of polymer
SC = swelling curve p
yp,cr = critical mass fraction for network formation

yo,y',yg are mass fractions of the polymer concerning
P "P P the overall concentration and the concentration
of the coexisting phases ' and ".
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State diagram of a water-poiymer system.

T = temperature T7 = crystallization temperature
E = eutectic point Ty = crystal melting point
LC = liquidus curve yp = mass fraction of polymer
SC = swelling curve
yg = overall polymer concentration
Ip ep = critical concentration for network formation
2
Ty, = transition temperature of the coil-helix transfor-

mation
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From these considerations, we conclude that gelation processes
have to be studied in temperature and concentration regions where
we can expect a single mechanism to be found. Detailed information
on the state diagram of a system is therefore necessary. Only two
simple cases have been mentioned, but it is known that other
systems exist with a superposition of demixing and crystallization.
These more complex cases are not treated in this paper.

CONCLUSION

Theoretical approaches which have been applied to different
systems under certain assumptions will now be summarized. In the
classical theory of gelation, the gel point of a polymerizing
system is considered to be the point at which a three-dimensional
network, infinite in extent, first appears®2. For the cross~-linking
of linear macromolecules, with an arbitrary initial size
distribution, Stockmayer has shown that, at the gel point, the
fraction of cross-linkable units, which have actually formed
cross-links is inversely proportional to the weight-average
degree of polymerization of the original macromolecules, and to
the fraction of monomer units carrying groups of forming cross-links®3,

Eldridge and Ferry assumed a chemical equilibrium between the
free cross-linking loci on a macromolecule to form a binary
association starting from the gel point equation of Stockmayer®“,
Gordon and co-workers refined the Flory-Stockmayer theory by
application of the cascade theory including cyclization and
nearest neighbour substitution effects!®. They applied this
theory to gelatin gels and concluded that the number of chains
involved in individual cross-linking was probably two or three.
DeGennes has criticized the classical approach®>. The behaviour
of polymer systems near the gelation point is found to correspond
to critical properties of fluids and magnets which are well described
by the new scaling theory.

The crystallization theory of copolymers has been derived by
Flory and slightly modified by Takahashi and coworkers®6’67,

In systems containing water-soluble polymers especially, it
is also necessary to consider polyelectrolytes, which are strongly
influenced by the ionic strength of added salt and the pH-value
of the solution. In network formation, there is a distribution of
ions between gel and solution, which can be described by the
Donnan equilibrium?.

A generally applicable theory covering all the aspects of
behaviour which have been mentioned does not yet exist.
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W. Burchard

Institut flir Makromolekulare Chemie
der Alberts-Ludwigs-Universitit
D-7800 Freiburg

West Germany

Non-ionic water soluble polymers exhibit solution properties
which often differ strikingly from those of other polymers in organic
solvents. The reasons for this difference in behaviour are not fully
understood. This presentation is intended to gather together some
details of the uncommon properties, rather than to be an in depth
interpretation of the data. Three questions will be discussed:-

(1) Which quantities can be measured ?

(2) What is the state of polymer solution theories and how are
they able to present an appropriate interpretation of the
behaviour of aqueous solutions ?

(3) What are the reasons for the deviations in behaviour ?

EXPERIMENTAL TECHNIQUES

Solution properties are evidently governed by thermodynamic
interactions between different macromolecules, by the polymer
conformation, and by intramolecular interaction between segments
of the same molecule. Only the intermolecular interactions are
discussed here. The relevant parameters can be obtained by three
kinds of measurements:-

(1) direct measurement of the heat of mixing;
(ii) measurement of the chemical potential, and
(1ii) measurement of the temperature-concentration phase diagram.

The heat of mixing AH can be measured directly with a sensitive
differential calorimeter. After measuring the dependence of AH on the
volume fraction of the polymer ¢, = v./v = v ¢, where ¢ is the weight
concentration, and v is the partfalspécific volume of the polymer, the
partial heat of dilution and of solution can be determined

125
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by the common rule
AH, = BAH/Bnl = (8AH/¢2) (8¢2/3nl) (1)

with a similar equation for AH,, where n, and n_ are the numbers of

mole of the solvent and the soiute respectively?

The chemical potential Aul of the solvent is related to the

Gibbs free enthalpy of mixing AGm by

Au = uAGm/Bnl (2)

1

Three principal techniques for determining Aul are known:-

(i)  vapour pressure;
(ii) osmotic pressure;
(iii) light scattering measurements.

Vapour pressure measurement: Thermodynamics show that

RT1n(p/p ) =y (3)

where p and p_are the vapour pressures of the solvent at a certain
. -0 .

concentration, and of the pure solvent, respectively.

For ideal solutions

Au = RTln Xl (4)

1

where X, = nl(n + n,) is the mole fraction of the solvent. Polymer
solutions usualiy deviate strongly from this ideal behaviour, and
Eqtn. (4) has to be replaced by

Ay = RTln a; = RTn X f) (5)

where ay is the solvent activity, and f, is the activity coefficient.

1

Various principles for measurement of p/p have been developed.
They are discussed in detail by Tompa?. Vapou% pressure measurements
are appropriate for concentrated solutions but fail in the dilute
region, where p becomes very close to p . Figure 1 represents
typical curve of the solvent activity, as a function of the mole

fraction Xl'
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Figure 1. Solvent activity a, versus weight fractions of

1
solvent wy and polymer Wy for the water-polyoxyethylene

5000 system at 65°C. Reference 3.

Measurements of the osmotic pressure: The osmotic pressure is
related to the chemical potential by

g = - Aul (6)

where Vl = Ml/p is the molar solvent volume, M1 its molecular

weight, and p the solvent density. The osmotic pressure depends
on the concentration, and can be expressed as a virial expansion
serles

m = RTe(1/M ) + Ajc + A e (D)

3

where Mn is the number average molecular weight of the solute. The
first virial coefficient ( = l/Mn) describes the ideal behaviour

and the higher coefficients the interaction between two, three, etc.
macromolecules respectively. With Eqtn. (7), a virial expansion of
the chemical potential is obtained when inserted into Eqtn. (6),
which is equivalent to the activity formalism. Osmotic measurements
are particularly suited for coneentrations up to 20 %.
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Light scattering: The scattering intensity is related to the
concentration gradient of the chemical potential by®

_ s R _
R, = ir A = - KcleT/(aAul/ac) (8)

where K is an optical constant describing the contrast between
solvent and solute and R is the Rayleigh ratio of scattering (i )
to primary beam (I) inteRsities and r the distance of the detecto?
from the centre of the scattering cell., Extrapolation to zero
scattering angle has to be carried out. Thus, Ay, can be obtained
by integration of Kc/R0 over the applied concentration region®.

The heat and entropy of dilution are obtained by standard
practice from the temperature dependence of Aulz

A H = 3Au ;/3(1/T) (9)
ex _ id
A Sl = aAul/aT - ASl (10)
where ASid = RT 1n Xl is the ideal entropy of dilution and ASlex

the excess entropy of dilution.

Phase diagrams are usually determined by light scattering phenomena.
en the temperature of a phase separation is approached, the solu-

tions exhibit intense scattering of light. This visibly observable

phase transition is called the cloud point. Thermodynamically the

cloud point is the co-existence temperature for the two phases at

thermodynamic equilibrium. Figure 2. shows a rather uncommon

example of the cloud point curve of polyoxyethylene in water®.

The coexistence curve has a different shape and position
compared with the spinodal curve, which is the absolute instability
curve. The spinodal condition is given by

et = 0 (11)
3¢2

For many years, the spinodal curve was considered to be unmeasureable
since it is necessary to pass through a region of decreasing
metastability. Recently, however, Scholte has recognized® that the
spinodal curve can be determined by plotting the reciprocal
scattering intensity versus 1/T and extrapolating to zero value of
KC/RO. With the recent development of the pulse induced critical
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Figure 2. Phase diagram of six polyoxyethylene samples in water®

Moo= 2,18 x 10% to M= 1020 x 10°.

light scattering instrument (PICS)7’® rapid measurements can also
be performed in the metastable region prior to droplet formation,
thus improving the accuracy considerably. Recording the spinodals

yields the largest number of parameters for a polymer solution, but
has not yet been carried out widely.
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THEORY

The basis of almost all interpretation of solution properties
is the well-known Flory-Huggins (FH) theory!'. According to this
theory, the chemical potential is given by

up = BT{In(L - 6,) + (1 = 1/x )6y + xb,°} (12)

This equation is composed of two different parts. The first two
terms have combinatorial character and result from the number of
different ways of placing long chain molecules of polymerization
degreee x (number average) and solvent molecules on a lattice. This

part of the equation remains the same for all types of flexible polymer
molecules but depends, of course, on the chain length. The last term
in Eqtn. (12) describes the interaction between mglecules and must

be proportional to the squared volume fraction ¢2 . In the older

Flory theory, the interaction parameter,y, was considered being
concentration independent. This conclusion arises from the
incorrect assumption that the number of solvent contacts equals the
polymer volume fraction, whilst, in fact, the surface fraction, @®,
should be used. The surface and volume fractions are related by

® = ﬁ_l;:_Xl ¢2 (13)

1 - vé,

where y = 2/Z in the lattice theory and Yy = 1 - 02/0l in the off
lattice model and 0, and o, the surfaces per unit volume of the
of the polymer and solvent, respectively. Using the surface fraction
rather than the volume fraction for the interaction, it is found
that there is a concentration dependent parameter,y, where
)2

X = @ - /1 -ve, (14)

Experimentally, a value of vy = 0.3 has been determined for
polystyrene in cyclohexane, which is quite close to y = 1/3 for a
simple cubic lattice. Figure 3. shows the result of the concentration
dependent x of polystyrene in cyclohexane at 35°C (theta state) as

an example of very good agreement!®,
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Figure 3. The concentration degendance of y for polystyrene
in cyclohexane at 35°C. Reference 10.
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Expansion of the FH equation in terms of the weight concentration
¢ ylelds the second virial coefficient

V2 V2
by = — (1/2-x)=—v, (1-6/T) (15)
1 1
where U] 1 - E ASleX (16)
R o 2
2

The X1 parameter ( at infinite dilution) is temperature dependent

and may be written as

X1 = Bt Bl/T (17)

where Bo and Bl are related to the excess entropy of dilution and
the heat of dilution. It should be noted that positive BO corresponds

to negative entropy, whilst positive B. corresponds to a positive
heat of dilution (endothermic solution ). In the classical FH theory,
only endothermic solutions are predicted!’? : the solvent power is
reduced with decreasing temperature and in some cases a f6-state is
attained, where A, becomes zero, and a pseudo-ideal behaviour is
observed. However, the higher virial coefficients do not vanish in
general.

The phase coexistence curve is obtained using the condition that
the chemical potentials for the polymer and the solvent must equal in
both phases

Aui = Aui (18a)

Aué = Aug (18v)

Application of these conditions involves serious numerical problems.
The spinodal curve, on the other hand, is easily obtained in an
analytic form by applying Eqtn. (11). The dependence of the spinodal
decomposition temperature on the volume fraction is given by

B (1 -v) (1-0,)0,
Tsp = (19)
fo, = (/x) (1 -6)3(1 -v0,)° = 8 (1-1) (1- 06,0,
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Figure 4. Spinodals of three polystyrene samples in cyclohexane11

Where the weight average degree of polymerization has to be used for
a polydisperse system. Figure 4. shows, as a typical example, the
measured spinodals for several polystyrene samples in cyclohexane®!
Fitting these curves with Eqtn.(19) gives all the desired solution
parameters. However, the FH theory is not correct for low
concentrations where the behaviour of isolated macromolecules starts
to govern the solution thermodynamics. Konigsveld et al.!!
successfully combined both solution models in a bridging theory

where a very satisfactory agreement between experiment and theory
was achieved.
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COMPARISON WITH AQUEQUS SOLUTIONS

The FH theory works satisfactorily for non-polar polymers
dissolved in non-polar solvents. For these solutions, both B and Bl

are positive ( i.e. AS X <0 ; AH, > 0 ) and the 6-state and

phase separation are correctly preéicted to occur upon cooling.

However, aqueous solutions of non-ionic polymers exhibit several
significant deviations which may be listed as follows:-

1. Some solutions show phase separation on heating and sometimes
even closed loops of non-miscibility, i.e. on heating after
phase separation the solution clarifies again at very high
temperatures. Typical examples are polyoxyethylene® and
polyvinyl alcohol (PV-OH ) with some residual acetate groups!®
(see Figure 1);

2. Other polymers tend to aggregate, and show gelation upon heatlng,
or on cooling, or even onl¥ on standing (methyl cellulose!
PV-OH, starch and amylose)®"

3. The x-parameter increases sllghtly with ¢, in some cases,
but passes through a maximum and then decredses gradually at
higher concentrations (e.g. polyvinyl pyrrolidone!®) (see
Figure 5). In other cases ( e.g. polyoxyethylene, polyvinyl
acetal)(see Figure 6) the y-parameter increases as predicted
by the FH theory but decreases rapidly when ®2 > 0.85 to 0.9;

be The heat of dilution is generally negative (i.e. exothermic
solutions), and changes proportional to

(1- Y¢2)-2 up to a certain volume fraction as predicted by
theory, but the AHl curve passes through a minimum and starts

to increase!®, as shown in the example of Figure 7.
POSSIBLE REASONS FOR THE DEVIATIONS

Polyoxyethylene has attracted special interest because phase
separation is observed both on cooling and on heating, and in some cases
a closed loop of immiscibility is observed, whereas at present only
phase separation on cooling is understood in the FH theory. Two
attempts at a quantitative interpretation of this effect have been
undertaken:

i. Application of the Prigogine-Patterson theory!”’!®, and

ii. Application of the quasi-chemical approximation for two
dlfferent sites of interaction of the polymer with the
solvent!®.
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Figure 7. Excess thermodynamic functions for polyoxyethylene at 180°C

In the Prigogine-Patterson theory, phase separation results from
the difference in the thermal expansion of the solvent and the solute.
Near the liquid-gas critical point of the solvent, the thermal expan-
sion of the solvent can become appreciably large whilst that of the
polymer remains restricted since the units are covalently linked
together. The number of contact pairs therefore decreases beyond a
critical value. However, aqueous solutions already show phase
separation at temperatures well below the critical point of water®.

In the case of high molecular weight polyoxyethglene. the lower
critical solution temperature (LCST) lies at 95 C, even below the
boiling point of water2?. Hence, the Prigogine-Patterson model has
to be discarded as a description of non-ionic polymers in water.

Barker's approach!® is based on the particular structure of
water-soluble chains with their two different groups, or chain
elements, of opposing properties: the hydrophilic, and the non-polar
hydrophobic behaviour. The hydrophilic groups are responsible for the
solubility of the polzmer and are strongly hydrated. Different
types of measurements®!’?? revealed,that the ether oxygen in
polyoxyethylene and the polar >N - C = 0 group in polyvinyl
pyrrolidone bind, on average, about three molecules of water. In a
simple sense,the non-polar sections of the chains are considered to
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have strong repulsion potentials with respect to the water molecules.
In this picture, therefore, the thermodynamic properties of non-ionic
polymers in water are a simple balance between these two opposing
interactions.

Barker!® has attempted a quantitative treatment of solutions
according to this picture on the basis of the so-called
quasi-chemical approximation. His approach has been successful
in one case where a closed loop of immiscibility could be predicted.
Unfortunately, this case is restricted to a polar polymer in a
non-aqueous polar solvent, where the thermodynamics are determined
by orientation of the solvent molecules around the solute. This causes
a fairly pronounced negative entropy of dilution and a negative heat of
dilution. Aqueous solutions, however, exhibit a much stronger negative
excess entropy of dilution which often exceeds the always positive
contribution of the combinatorial part in the Flory-Huggins theory,
with a result that the overall entropy of dilution becomes negative.
Although Barker's treatment could be improved a little and extended to
copolymers ( as the water-soluble chains can be considered in
principle - e.g. methyl cellulose, or an incompletely deacetylated
(partially hydrolyzed) polyvinyl alcohol), it appears unlikely that
a satisfactory description of aqueous solutions can ever be
achieved by this technique.

THE HYDROPHOBIC INTERACTION

All polymer solution theories mentioned so far neglect the
highly ordered structure of water?®. In addition, it has been
shown, mainly by studies of the uncommon behaviour of the heat
capacity as a function of temperature, that this order is increased
by the addition of low molecular weight hydrophobic compounds. This
increased order of the solvent in the immediate vicinity of the
solute causes a highly negative entropy of dilution, AS.. This
entropy contribution dominates the solution properties™ for
hydrophobic compounds and makes the excess chemical potential

ex

_ ex ex
Auy = AHTT - TAS] (20)

more and more positive with i§creasing temperature. The magnitude
of the negative value of AHl » 1.e. the hydrophilicity of the

compound, determines whether phase separation on heating can be
achieved or not.

A more detailed model has been developed?“’2?% which can
explain the increase in order of water by the dissolved hydrophobic
compound. Briefly, water molecules have four sites for a strong
H-bond interaction. As a result, they can form large clusters which,
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however, have a very short 1life time: the clusters quickly decompose
and are reformed. If a moderately hydrophilic compound is added, some
water molecules will hydrate certain groups = the ether oxygen
in polyoxyethylene chains, for example. This interaction may be less
strong than that between pure water molecules, which has the
cooperative effect that the interaction between the other three
sites of water are strengthened, so enlarging the size of clusters.
It is therefore the cooperative increase in order of water which
causes the decrease of solution power rather than the special
interaction between non-polar groups. This whole mechanism is called
'the hydrophobic interaction'.

EVIDENCE FOR HYDROPHOBIC INTERACTION FOR POLYOXYETHYLENE SOLUTIONS

Whilst the existence of a hydrophobic interaction can be shown
beyond doubt for low molecular weight compounds, it is difficult,
in the present state of knowledge, to prove this type of interaction
conclusively for non-ionic polymers. The difficulties arise mainly from
the lack of reliable measurements of the aqueous solution properties
as functions of temperature ( there are more data available for
the concentration dependence at room temperature). Recently, some
light scattering measurements on a polyoxyethylene of molecular
weight of 20,000 have been carried out in water in the temperature
range of 20 to 90 C2®, A gradual decrease of the second virial
coefflclent with temperature was observed, and a 6-temperature
of 102 + 7° was found by extrapolation of A, + 0. This value agrees
well with the lower critical solution tempeTFature of about 110°C, as
was found for polyoxyethylene of M = 30,00027, This increase of A2
is fully in line with the concept 8f a hydrophobic interaction.

AGGREGATION

The light scattering measurements from polyoxyethylene have
shown another surprising effect. In spite of the low molecular
weight of 20,000, a very pronounced angular dependence and a
much higher weight-average particle weight of M _ = 260,000 was
observed, which indicated the presence of largewaggregates. The
aggregation %ncreased by a factor of 100 when the temperature was
raised to 60 C, above which the molecular weight began to decrease.
The aggregation was found to be reversible on cooling. In addition,
striking minima and maxima occurred in the angular distribution of
the scattered light at higher temperatures. Figure 8. shows a Zimm
plot of the polyoxyethylene solution at 40 C. The position of the
first maximum allows an estimation of the aggregate size; the
particles have radii of about 200 nm, a value that agrees well with the
radius of gyration at low but not at higher temperatures. Details
are given in the original paper?®,
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Figure 8.

Figure 9.

Zimm-plot of a polyoxyethylene (MGPC = 21,400) in water
at 40°C. The light scattering was performed at 8
concentrations, ranging from 0.25 % to 2.0 %. Measurements

were made at the wave-lengths A = 546, 436, and 365 nm
respectlvely
q = An/k)s1n 8/2 .

Comparison of light scattering measurements from
polyvinyl pyrrolidone in ethanol and water at 20°c.
The downturn in the Zimm-plot of the agueous solution
indicates association (see reference 28).
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Similar, but less pronounced aggregation, was observed with
polyvinyl pyrrolidone?®, Figure 9 shows the Zimm-plot of the same
sample in ethanol and water. The particles were found to have radii
of about 270 nm which did not change when the molecular weight of
the polymer was increased. Only the weight fraction of aggregates

increases with Mw'

A conclusive explanation of these effects, which seem to be
common to non-ionic solutions, is not yet possible, but it is
tempting to make some speculations. The complex mechanism of the
hydrophobic interaction finally has the effect of driving the
polymers together. The overall solution power may be good, but there
will still be a finite probability that some chains are brought
fairly close together such that they interpenetrate each other and
form several contact points. If the polymers have OH-groups, then
H-bonds can be formed which act as cross-links and which may hold
the chains together in the form of a microgel. At higher
concentration, the interpenetration increases and a real gel may
be formed. The probability for contacts between different chains
should increase with increasing temperature, since the solution
power is decreased, and gelation may take place on heating, if the
concentration is larger than the overlapping concentration c* 29,
This effect has been observed for both methYl cellulose!® and
incompletely deacetglated polyvinyl alcohol'?, Starch shows
different behaviour®® ~ 32 | probably because of the tendency to
form crystallites.

The situation with polymers like polyoxyethylene and polyvinyl
pyrrolidone is more complicated, since these chains have no groups
which can form donot H-bonds. However, in both cases a layer of
strongly bound water ( about 3 molecules of water for each polar
group) has been reported?!’22, Thus, in aqueous solutions, the
polymers may be, in fact, considered as water-coated chains, which
are now provided with the functional groups for the aggregation via
H-bonds. One can that the formation of cross-links produces a
negative contribution to A,, such that phase separation should
occur. However, the number”of cross-links is certainly low compared
with the other groups which are solvated, and therefore the
contribution to A2 will be very small.

CONFORMATION

It is conceivable that the high degree of structuring of water
in the vicinity of the polymer may result in an unusual chain
conformation. Such possible perturbation of the random coil behaviour
has been little studied in the past.Some indications of such an
effect are seen in the data for the polyvinyl pyrrolidone and
polyoxyethylene solutions. The intrinsic viscosities of the former
in ethanol and water are very similar?®:-
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-2 MO.72

1.31.10 ; ml.g'l (21)

[n]ethanol

-2 MO.’7O 1

1.26.10 ; mleg (22)

[n]water

However, the mean square radius of gyration in each case show an
uncommon molecular weight dependence in water, with an exponent of
only 0.98, which is even lower than for a 6-solvent. Polyoxyethylene
shows much lower unperturbed dimension in o0.45 M K2SO than in pure
water®3, This again may be taken as an indication &f ﬁydrophobic
interaction, since the addition of a strong electrolyte changes

the water structure completely, and the hydrophobic interaction
breaks down.

s> N ethanol (23)
PVP:

<SZ> = C MO'98 water (24)
Characteristic ratio:
Polyoxyethylene:

C,, = 7.5 water (25)

C00 = 4.9 0.45 M KZSOA (26)
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FRACTIONATION AND CHARACTERIZATION OF WATER-SOLUBLE POLYMERS
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INTRODUCTION

The molecular structure of polymers is very complex, and
characterization is never an easy task. Characterization is
important scientifically, as it relates to mechanisms of polymer
formation and degradation, and technically, as it relates to
industrially significant properties of polymers. Thus the
effectiveness of polyacrylic acid in the inhibition of boiler scale
depends on molar mass, and the rate at which polymer solution can
be pumped through rock in oil reservoirs is critically dependent
upon the number and size of the largest solution species present.

There are so many sources of molecular heterogeneity that a
complete description of a polymer sample would be quite impractical.
Even for a homopolymer of a monosubstituted alkene, one needs to
consider degree of polymerization, branching ( short and long chain),
tacticity and mode of monomer addition (head~to-head, tail-to-tail).
Copolymers introduce the further complications of comonomer sequence.
In principle, a polymer sample can be described in terms of the
distribution of each of those structural variables. In practice,
we must be content with a partial characterization of one or two of
these variables.

Nearly all producers or users of water soluble polymers wish
to know more about the structure of the materials. In this chapter,
an overview is presented of the most important methods of polymer
characterization as they apply to water soluble polymers. Most of
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the methods available were developed in application to polymers

of relatively simple molecular structure that are soluble in
non-polar solvents. Water soluble polymers present more difficulties
for a number of reasons: solutions often contain persistent molecular
aggregates, particularly when the molar mass is high; polymer
adsorption on filters, membranes, column materials and glassware
frequently intrudes; electrostatic effects with polyelectrolytes
complicate many measurements; and few reference samples are available
to facilitate comparison of results and refinement of techniques.

Molecular characterization of polymers employs techniques of
two general kinds. Short-chain branching, mode of monomer addition
and some features of comonomer distribution are best investigated
by techniques such as infra-red spectroscopy and nuclear magnetic
resonance spectroscopy, which are sensitive to local chemical
structure. Molecules that differ in degree of polymerization and
long-chain branching, on the other hand, are often indistinguishable
chemically and spectroscopically; characterization of these
features depends on polymer solution properties. This Chapter
deals mainly with the latter type of characterization.

MOLAR MASS AND ITS DISTRIBUTION

" The most fundamental structural variable in synthetic polymers
is the degree of polymerization - the number of monomer units
linked together. The degree of polymerization is inferred from
measurements of polymer molar mass.* Synthetic polymers are
invariably heterogeneous in molar mass, and are characterized by
molar mass distributions (MMD). For a sample containing n,
molecules of molar mass Mi and mass m, = niMi/No’ molar maSs

distribution can be described in two equivalent ways by relating

respectively n, and m, to M,. The former relation is called the

number distriblition ahd the'latter the mass distribution of molar
mass. Classical means of molar mass measurement yield average

values when applied to polymers. The number-average molar mass Mn,

is the mean of the number distribution. The mass-average molar
mass Mm’ is the mean of the mass distribution. The ratio Mm/Mn' the

'polydispersity' is a convenient index of heterogeneity in molar mass.

* The older term 'molecular weight'! is deprecated in the
International System of Units. Molar mass has units kg/mol and
symbol M. For mathematical operation the dimensionless relative
molecular mass is convenient; its symbol is M.
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An ideal homogeneous sample has a polydispersity of unity.
Polymers made by 'living anion' polymerization have polydispersities
around 1.1 and are loosely termed monodisperse. Water soluble
polymers of this kind can be made directly from ethylene oxide and
indirectly by the controlled sulphonation of polystyrene made by
anionic polymerization. Commercial water soluble polymers have
polydispersities in the range 3 - 8.

PREPARATIVE FRACTIONATION

The more homogeneous the polymer, the more simple its
characterization., The production from a whole polymer of subsamples
which are more homogeneous that the starting polymer is termed
fractionation. Fractions are used in relating properties to
structure, and in testing polymer theory, which usually refers to
ideally homogeneous polymer: fractions often offer the closest
practical approach to this objective. Characterized polymer
fractions serve also as polymer reference samples, which have an
important role in transferring scales of molar mass measurement
between laboratories.

There are two general methods for producing fractions of
water soluble polymers. The first depends upon the controlled
phase separation which occurs when increasing amounts of a
miscible non-solvent or salts are added to a dilute polymer
solution. Homopolymer of high molar mass partitions preferentially
into the concentrated polymer-rich phase. The efficiency of
fractionation is low, and complete separation of a whole polymer
into fractions of similar low polydispersity requires tedious
refractionation procedures. For the production of small fractions
of high molar mass, however, this classical procedure remains the
method of choice. The 'Polymer Handbook' lists references to
successful fractionations. Theoretical models are available which
give some insight into the fractionation process: since they
begin with a polymer of known MMD, however, their predictive
value is small. For copolymers, the partitioning in phase
separations is dominated by chemical differences, and little
fractionation by molar mass occurs. Polymers such as polyethylene
oxide and polyvinylpyrrolidone, which are soluble in both water
and organic solvents, can be fractionated in the latter, often
with greater success. Crystalline polymers, such as polyethylene
oxide and isotactic polyvinyl alcohol are fractionated, in terms
of their molar mass, only above their crystalline melting point.

The principal alternative to fractionation by phase separation
is preparative size-exclusion chromatography (SEC), which is also,
and less aptly, known as gel filtration and gel permeation
chromatography (GPC). A sample of the dissolved polymer is added
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to a stream of solvent flowing through a column packed with a porous
solid. If the pores are of sizes similar to those of polymer molecules
in solution, the larger molecules may be excluded from the smaller
pores and so pass through the column more rapidly. The sample emerges
dilutes, and sorted in inverse order of molecular size. Dissolved
molecules so large that they are totally excluded from the porous
substrate emerge at a retention volume V o’ which is a measure of

the interstitial fluid volume of the collmn. Dissolved molecules

so small that they penetrate all the pores of the substrate emerge

at a retention volume V_+ V,, where V. represents the total pore
volume. Dissolved moleBules’of intermediate size emerge at retention
volumes which vary approximately linearly with the logarithm of
molecular size.

Column materials for aqueous size exclusion chromatography
(Table 1.) have improved significantly since the introduction of
cross-linked dextran gels ('Sephadex!) in 1959. The porosity of
these gels depends on controlled swelling in aqueous media; they
lack dimensional stability, particularly when the pores are
large, so that the chromatographic behaviour is poorly reproducible.
Cross-linked polyacrylamide and agarose, poly(acrolylmorpholines)
and poly(2-hydroxyethylmethacrylate) (see Chapter 4, ) offer some
improvement in dimensional stability, but all suffer from
inconsistency of commercial supply. Rigid inorganic materials,
controlled pore glass and silica gel, are dimensionally stable,
but their high-energy surfaces often retain polymer by adsorption,
so that size separation is degraded. Coating the inorganic solids

Table 1. Column materials for preparative size-exclusion
chromatography (SEC).

Structure Trade name Hazards

Cross-linked dextran Sephadex Dimensional

Cross=-linked polyacrylamide BioGel inst;fility

Cross-linked agarose Sepharose

Poly(acrolylmorpholines) Enzacryl

Poly(2-hydroxyethylmethacrylate) Spheron

Poly(vinyl alcohol)/ether Toyo pearl

Silica gel ) Porasil v

Porous glass ; coated gggckogel Risk of
adsorption
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Pr::ése Visc tr Yields average value
. IScometry needs calibration
simple
Exclusion Yields whole MMD
chromatography needs calibration
Reference .
Based upon thermodynamics
Acgtr::jate methods/"  prembrane osmometry
difficult ultracentrifugation

light-scattering photometry

Figure 1. The hierarchy of molar mass measurement.

with silanes or polyethylene glycol reduces adsorption, but there is
growing scepticism concerning published reports of the stability of
the coatings and, indeed, of the organic solid itself during aqueous
chromatography. The latest addition to the list of packing materials
for preparative SEC is 'Toyopearl! - a proprietary gel made by
polymerization of hydrophilic monomers and containing ether and
hydroxyl groups; impressive claims are made for its stability and
resolution. All of the column materials are available in ranges of
pore size, so that it is possible to tailor a column to particular
fractionation. It should be noted that the claimed ranges of molar
mass separated often refer to globular proteins, and therefore
greatly overestimate the range for synthetic polymers.

The efficiency' of fractionation in SEC increases with dilution,
so that sharp fractions are best produced cumulatively from repeated
separations; dimensional stability of the substrate is particularly
important, therefore. If the concentration of whole polymer is
increased ( and the viscosity therefore raised) fractionation is
degraded first at large dilution volumes., It is prudent to use
electrolyte of moderate ionic strength ( say, 0.1-M. salt) to
suppress electrostatic interactions between polymer and substrate,
which will degrade fractionation by size.

Fractionation by SEC reflects the degree of polymerization,
long-chain branching, tacticity ( marginally), and chemical
heterogeneity, all of which determine molecular size in solution.
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MOLAR MASS MEASUREMENT

The metrology of polymer molar mass features in every text on
polymer science, and needs no detailed elaboration here. Instead,
the relation between the methods of measurement will be described,
indicating the special features of their application to water soluble
polymers. Polymer molar mass can be measured by a yariety of methods,
which have a hierarchical relationship ( Fig. 1. ). The triangular
shape emphasizes the fundamental role of the reference methods,
membrane osmometry, light scattering photometry, and ultracentrifug-
~ation.

A1l three reference methods are based securely in thermodynamics,
and yield absolute determinations in the sense that molar mass is
derived from measurements of the fundamental physical quantities of
mass, length and time. Each method depends on relating equilbrium
differences of concentration in dilute solution to the osmotic work
needed to produce them, and thereby to solvent activity. At infinite
dilution, solvent activity can be equated with mole fraction, so that
solute (polymer) mole fraction, and, hence, molar mass follow.
Extrapolation to infinite dilution employs virial polynomials. When
applied to a polydisperse polymer sample, each reference method
yields a characteristic average molar mass. These points are summarized
in Table 2.

Table 2. Basis of measurement by the reference methods.
Equilbrium concentration Average
Method difference Molar
. Mass
Establishment Measurement
Membrane osmometry Semipermeable Pressure Mn
membrane developed
Ultracentrifugation  Centrifugal Radial ﬁm
field concentration
profile
Light-scattering Spontaneous Scattering by ﬂm
Photometry fluctuations refractive

fluctuations
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Reference Methods

The reference methods are demanding of time and expertise, and
are in established use in few laboratories. Their application to
water soluble polymers introduces some features not always clear
from texts that emphasize characterization of non-polar molecules.
First, and most generally, it is essential to suppress polyelectro-
lyte effects by working with solutions containing an excess of simple
electrolyte: unless electrostatic interactions are suppressed in this
way, the relation of osmotic work to molar mass via a virial expan-
sion is invalid.

Turning now to details of the specific methods, modern membrane
osmometers measure the pressure needed to prevent net transport of
solvent through a membrane and are capable of rapid measurements
( ~ 10 minutes ) in non-polar solvents. Equilibrium is reached with
aqueous solutions much more slowly ( 1-2 hr.) Instruments employing
pressure transducers are more effective with aqueous solutions than
those which follow solvent transport by the movement of an air
bubble in a capillary. In general, membrane osmometry yields reliable
results only with fractionated polymer.

Interest in light-scattering photometry has been stimulated by
the recent introduction of instruments which measure the acattered
intensity at low angles of scatter ( Figure 2.). This avoids the
necessity of extrapolating to zero angle of scatter data collected
over a wide angular range by conventional photometers, but at the

LOW-ANGLE LASER PHOTOMETER

Cell windows  Annulus Field stop
all
[Goser =) [Pt
Solution
(10-3cm3)

" No angular extrapolation
Small solution volume relaxes filtration requirement
CLASSICAL PHOTOMETER

Waveband Solution (10cm3)
filter

H /J\ Tighttap |
Ia?np ﬁ Light trap

Angles
30°-150°

Angular dependence gives size estimate
Requires calibration

Figure 2. Light-scattering photonmetry.
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price of a loss of information concerning molecular size: radius of
gyration can be inferred from the angular dependence. Exclusive
reliance upon measurements at low angles is open to error for two
reasons: firstly, molecular aggregates are not uncommon, and
dominate scattering at low angles, and, secondly, it is more
difficult to eliminate scattering from extraneous dust in agueous
solutions than in non-polar solvents. Most of the dust is organic
in origin and the refractive index contrast is higher in aqueous
solutions. The angular dependence of scattering gives valuable
information concerning both interferences.

Ultracentrifugation is traditionally the tool of the biochemists,
and has not been applied widely to synthetic polymers. Analysis of
polydisperse non-ideal solutions requires considerable effort. The
difficulties of other means of characterization of the molar mass
distribution of water soluble polymers are reviving interest in
ultracentrifugation. The radial distribution of a polydisperse
solute at equilibrium in a centrifugal field can be calculated
from the molar mass distribution. The reverse derivation? is an
'i1l-posed' mathematical problem: unavoidable experimental
errors give rise to catastrophic oscillations in the calculated MMD.
Techniques have been developed to circumvent this difficulty, and
been applied to polysaccharides®. 1In the more straightforward
measurement of mass-average molar mass, ultracentrifugation is much
less sensitive than light-scattering photometry to extraneous dust.

Solution Visecosity

Most characterizations of water soluble polymers related to molar
mass are carried out by capillary solution viscometry. The inadequacy
of this characterization is well known: viscosity is an average of the
molar mass distribution, and polymer samples with similar viscosities
may differ signifcantly in other respects. Molar mass information
deriyed from viscosity depends for its validity upon the reference
methods: in the language of metrology, the viscometric characterization
is traceable to them via the empirical Mark-Houwink relation:

[ n ] = KM (1)

where [ n ] is the limiting viscosity number derived usually from
capillary viscometry and K and o are empirical constants for a

given polymer under specified solution conditions. These constants

are established experimentally with a series of fractions characterized
by the reference methods: agreement between published values for

water soluble polymers leaves much to be desired. The reliance upon
Mark-Houwink relations is so widespread that it is worth considering
some likely reasons for the discrepancies: knowledge of these reasons
assists critical selection from the published values.
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The Mark-Houwink relation applies strictly to linear homologous
samples. For a polydisperse sample, the molar mass in Eqtn.l_is the
viscosity-average, M . For a series of samples such that M /M is a
constant, the relatidn takes the form:

=0
[n] = K (2)
It should be noted that the exponent is unchanged but the K-value
will differ in the ratio Mm/Mv o It is difficult, in practice, to

establish that the ratio ﬁm/ﬁv is constant for a series of

fractions. Evidence of similar polydispersities or similar breadths
of size-exclusion chromatograms is to be preferred, but is rarely
available in published work. If the series of fractions is such
that the ratio M_/M_ changes monotonically with M a relation of the
form of Eqtn. 2 mev may fit the experimental results closely, but
the parameters K and « will have no wider validity. It is also
desirable to consider two factors which may give rise to low values
of the measured [ n ], especially at high molar mass: firstly, the
polymer size in solution - a molecule with long-chain branching is
more compact than its linear isomer, and so has a smaller viscosity.
Secondly, the non Newtonian viscosity, which is common for polymersl
of high molar mass, should be noted, since a shear rate (~ 200 s )
in conventionaly capillary viscometry is large enough to lower the
viscosity significantly below the zero-shear value needed for
Mark~Houwink correlations. A further source of disagreement lies

in the insensitivity of the logarithmic least-squares fitting
procedure used to derive K and «. For the same reason, it is

unwise to extrapolate beyond the calibrated region. Finally,
theoretical predictions® suggest that, over a wide range of M,

the logarithmic form of Eqtn. 1. is non-linear.

Analytical Size-exclusion Chromatography

The principle of the chromatographic separation of polymers by
size in solution was described above. The analytical use depends upon
separating a small sample (~mg) and using instrumental means (Fig.3)
to relate polymer concentration to elution volume. If characterized
samples are available for the polymer type of interest, a calibration
can be established which relates elution volume to molar mass.
Available calibrants are listed in Table 3. Figure 4. shows
examples of chromatograms and calibrations established" with the
polyvinyl alcohol reference samples. When no calibrants are available
for the polymer of interest, the principle of 'universal calibration'
may be used. For many polymers in non-polar solvents, elution volume
in sigze-exclusion chromatography is determined by hydrodynamic volume,
which, in simple polymer theory, is proportional to the product[ n ]M.
Mark-Houwink parameters can be used, therefore, to interconvert
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Injection
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MOLAR MASS DETECTION: automatic viscometry

light-scattering photometry

CONCENTRATION DETECTION: uv absorption

differential refractometry
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ELUTION VOLUME MONITOR: drop counter

automatic balance

Figure 3.

Waste

Analytical size-exclusion chromatography.

Table 3. Calibrants for aqueous size-exclusion chromatography

M
Polymer type Molar mass o Source
kg/mol i
n
Polystyrene 1.8 - 1200 1.1 Pressure Chemical Co.
sulphonic acid
Dextran 10 - 500 1.6 Pharmacia
Poly(vinyl 10 - 360 ? Fluka
pyrrolidone)
Polyacrylamide 3000 - 6000 2.0 - 2.4 McMaster University
Polyvinyl alcohol 20 - 400 1.2 - 1.5 National Physical
Laboratory
Polyethylene oxide 20 - 1400 1.1 Toyo Soda Co.




FRACTIONATION AND CHARACTERIZATION 163

calibrations. The extension of universal calibration to a%ueous
systems has been made for a few combinations of polymers®’® .

Measurement of molar mass by calibration in size-exclusion
chromatography is subject to systematic error introduced in several
ways. Even an ideally homogeneous polymer will elute over a range of
elution volume, so that the apparent molar mass distributions inferred
are in principle always too wide. There has been great interest’ in
applying digital corrections to remove the effect of dispersion by
good experimental technique ( slow flow rate, minimum dead volume)
and to ignore that remaining. The effect is, in any case, minor
for samples of polydispersity greater than 2. If a refractometer is
used as a concentration monitor ( Figure 3.)the molar mass dependence
of specific rotation needs to be considered. In general, there is
a critical molar mass below which that depenence is significant, but
no relevant investigation of water soluble polymers seems to have
been reported. The point that long-chain branching reduces molecular
size was made above: in size-exclusion chromatography a molecule with
long-chain branching behaves like a linear molecule of smaller molar
mass. The importance of all these effects is difficult to evaluate
for aqueous size-exclusion chromatography because of the prevalance
of mechanisms other than size-exclusion. The most significant of
these are adsorption on high-energy substrates and polymer-substrate
charge effects: the latter can often be suppressed by using solvent
containing an excess of simple electrolyte.

An attractive means of circumventing many of these difficulties
is by the on-line measurement of molar mass ( Figure 3.). Viscometry®
and low-angle light-scattering photometry® have been applied. Each
method infers molar mass from measurements extrapolated to infinite
dilution, so that on-line use requires ancillary determination of con-
centration and, also, empirical constants to guide the extrapolation.
On-line viscometry suffers from poor sensitivity at low molar mass
and, for non-Newtonian polymer, the high shear-rate necessary for
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