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The Influence of Hydrogen Bonds and Ionic Interactions on the Properties
of Carboxyl-containing Copolymers and lonomers Based on Them

M.G.Marina, Yu.B.Monakov, and S.R.Rafikov

The changes in the properties of copolymers as a function of the introduction of units with carboxy- and salt groups into
the macrochain are examined. Attention is concentrated on the analysis of the results of the study of copolymers in the
acid and ionomeric forms in solutions. The decisive influence of ionic interactions on the properties of ionomers in bulk
and on their hydrodynamic and conformational characteristics is demonstrated. The difference between hydrogen and
ionic bonds in the sense of their effects both on the primary ordering of macromolecules within the chains in copolymers
of the types indicated and on the interchain interaction processes is emphasised.
The bibliography includes 163 references.
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I. INTRODUCTION

One of the achievements in the regulation of the proper-
ties of polymers by the modification of their structure is
the synthesis of ionomers. The term "ionomers" was
first ascribed to ternary copolymers of ethylene with
acrylic acids and their salts1 6; at the present time it is
also used for other copolymers with ionogenic salt groups.
The effective operational and technical properties of iono-
mers were already reported in the first studies, which
attracted to them the continuous attention of specialists in
many countries. The results of large-scale studies indi-
cate some common features of ionomers of a wide variety
of classes due primarily to the ionic and polar interactions
in the macromolecular matrix.

Apart from the dispersion of dipole type interactions
usual for all polymers, in the solid state ionomer macro-
molecules are also linked by ionic bonds, which are the
strongest among those known; account must also be taken
of the presence of hydrogen bonds between COOH groups.
In dilute solutions the conformational characteristics of
ionomers are in many respects determined by the same
types of specific interactions, but this time at an intramo-
lecular level. The differential approach to the assess-
ment of these interactions and the determination of the
dominant ones will permit a comparison of the properties
of carboxyl-containing copolymers (CCC) in an acid form
and copolymers with partial or complete neutralisation of
the carboxy-groups by metal ions (ionomers). Since the
properties of ionomers in the solid state are being investi-
gated very vigorously at the present time and a number of
reviews7"16 deal very completely with the situation in this
field, in the present review attention is concentrated on
the result of the study of the CCC and ionomers in solution.

II. THE INFLUENCE OF HYDROGEN BONDS ON CERTAIN
PROPERTIES OF CARBOXYL-CONTAINING COPOLY-
MERS IN BULK

The specific properties of solid carboxyl-containing
copolymers and their solutions are to a large extent deter-
mined by the ability of the CCC to form hydrogen bonds

which give rise to additional stronger contacts at intramo-
lecular and intermolecular levels. The presence of an
extensive system of such contacts leads to the appearance
in solid CCC of a series of clear-cut effects. The char-
acteristics of the formation and function of hydrogen bonds
and the effects induced by them are being investigated by
infrared spectroscopic17"31 and calorimetric1 8"2 0 '2 3 '2 5 '3 1

methods; valuable information is provided by the study of
the thermomechanical18"20'23, viscoelastic32'33, sorp-
tion2 8 '3 4 '3 5, and other properties of the CCC.

The vast majority of the carboxy-groups in CCC are
linked via hydrogen bonds to the dim eric complexes; the
stretching vibration bands of the yC = Ο groups at 1695 to

1705 cm"1 17>20>21>23>25>29

 a n d the 940 cm"1 band, attributed
to the migrations of the out-of-plane OH group in the
dimer19 , correspond to them. Below the glass point Tg,
where there is no segmental motion of the chains, the
intensity of the bands due to free carboxy-groups (1740 to
1750 cm-1) is extremely insignificant17'20'21'23'25'29, which
indicates a low concentration of such groups in CCC. How-
ever, with increase in temperature there is some increase
of the intensity of the free carboxyl band, which is partic-
ularly noteable near T g . 1 7 ' 2 3 ' 2 8 ' 2 9 The dissociation of
hydrogen bonds in the styrene-methacrylic acid (MAA)
copolymer (85 : 15) at 120°C leads to the appearance of an
inflection in the curves describing the temperature varia-
tion of the intensity of the 1745 and 1700 cm"1 bands; this
inflection corresponds to the glass point, which has been
recorded at 120°C also by differential thermal analysis
and by dynamic mechanical measurements23.

The intial fraction of free COOH groups (a) in CCC is
appreciably lower than after the heating-cooling cycle: in
the range of temperatures above Tg the parameter a
assumes its equilibrium value, which persists when the
specimen is cooled29. The quenching of the structure thus
formed leads to a closer packing of the macromolecules
(an increase of density) of the hydrogen-bonded copolymer
compared with the unannealed specimen34'36.

The rupture of the main bulk of hydrogen bonds after the
attainment of Tg can hardly be regarded solely as a conse-
quence of the thermal lability of the corresponding cross
links, since in this case one would have observed a steady
shift of Tg towards higher temperatures with increasing
content of COOH groups in the copolymer1 7"2 0 '2 3 '2 9 '3 7. The
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dissociation of hydrogen bridge bonds is apparently pro-
moted, apart from temperature as such, also by the
increased thermal motion of the chains. This apparently
explains the dependence of the equilibrium constant for the
formation of hydrogen bonds on the concentration of car-
boxyl-containing units in the copolymer29. The hypothe-
sis that hydrogen bonds can be broken as a result of the
active motion of macrochains is consistent with experi-
mental data2 5 '2 8 concerning the stabilisation of the network
of hydrogen bonds between carboxy-groups in partly neu-
tralised CCC specimens (ionomers), because the appear-
ance of strong hydrogen bonds increases the mobility of
the chains. The fixed position of carboxylate ions in iono-
mers makes the relative intensity of the 1723 cm"1 absorp-
tion band (stretching vibrations of carboxy-groups involved
in hydrogen bonds with carboxylate ions) unchanged even
at temperatures above Tg.28

The observed changes in the Tg of CCC as a function of
the number and type of hydrogen bonds are consistent with
the view according to which certain transitions (of the Tg
type) are interpreted38 simply as a consequence of the dis-
appearance of the different types of intermolecular (sec-
ondary) bonds in the solid polymer specimen.

Hydrogen bonds make an appreciable contribution to the
enthalpy of the vitreous state, which is proportional to the
content of carboxyl-containing units in the polymer18. The
heat of dimerisation of carboxy-groups found for various
CCC varies from 7.32 to 11.6 kcal mole" 1, 1 7 ' 1 9" 2 1 ' 2 3 ' 2 9, i.e.
is very close to the value characteristic of low-molecular-
weight compounds with COOH groups in non-polar solvents39.
With increase of the degree of neutralisation of carboxy-
groups in CCC, the enthalpy of the residual intermolecular
hydrogen bonds increases 5 as a result of their strengthen-
ing.

The degree of crystallinity of polyethylene decreases
after the introduction of acrylic acid units in consequence
of the formation of hydrogen bridge bonds1 9 '2 0 '2 1 '4 0. The
crystallinity of such copolymers decreases linearly with
increasing content of the acid and reaches zero when the
content of acid unit is more than 8-9 mole %.4 '3 1 The
dimerisation of carboxy-groups proceeds only in amor-
phous parts of the copolymer and the bulky acid groups are
thereby excluded from the crystal lattice of the polyethyl-
ene1 9 '2 0 '3 1. This is also promoted by the tendency towards
spontaneous aggregation of COOH groups in systems of
this kind32. A certain incompatibility of hydrocarbon units
and acrylic acid units, due to thermodynamic factors which
is intensified owing to the presence of hydrogen bonds, is
manifested to the greatest extent in graft copolymers. This
has been shown for polypropylene with grafted polyacrylic
acid chains in a study4 where the presence of two phases
was detected with the aid of transmission and scanning
electron microscopy, indicating the microheterogeneity of
the copolymer structure.

The presence of an extensive network of hydrogen bonds
hinders the diffusion of solvent vapour into the bulk of the
methyl methacrylate (MMA)-MAA copolymer, such hind-
rance to diffusion increasing with increase of the content
of MAA units in the copolymer, i.e. with increasing density
of the hydrogen bond network34'35. Analysis of the solvent
sorption and desorption pattern and the observed distinct
hysteresis demonstrate a redistribution of hydrogen
bonds, an appreciable rearrangement of the steric struc-
ture of the network, and a change in the polymer-solvent
interaction after the attainment of a certain degree of
swelling of the polymer. Annealing of the specimens
decreases the sorption capacity and causes the disappear-
ance of a whole kinetic region of the sorption isotherms,

which Is regarded34 as a critcal effect. The sorption
characteristics of CCC depend significantly on the type of
solvent-on its ability to compete in the formation of
hydrogen bonds28.

The decrease of swelling in benzene of the graft copoly-
mers of natural rubber with acrylic polymers of meth-
acrylic acid with increasing degree of grafting can appa-
rently also be regarded as evidence for the formation in
such copolymers of additional interchain contacts via
hydrogen bonds; this tendency towards a decrease of
swelling is most pronounced in copolymers with meth-
acrylic acid42. The different contributions of COOH
groups to the formation of hydrogen bonds as a function of
the nature of the acid has also been observed (by infrared
spectroscopy) in graft copolymers of starch with acrylic
and methacrylic acids27. The difference between these
acids is also manifested by the fact that the increase of Tg
is more pronounced in the graft copolymer of cellulose
with methacrylic acid compared with the copolymer with
acrylic acid4 .

Although both intramolecular and intermolecular hydro-
gen bonds can be formed simultaneously in solid CCC, in
some cases the interpretation of experimental data leads
to the conclusion that interchain cross links are formed
preferentially19'21'23, while in others account is taken
mainly of the presence of intramolecular dimeric com-
plexes17'24.

III. MANIFESTATION OF THE SPECIFIC INTERACTION
BETWEEN THE CARBOXY-GROUPS OF COPOLYMERS
IN SOLUTION

When we proceed from the consideration of solid car-
boxyl-containing copolymers to their dilute solution, it is
possible to estimate the properties of an isolated macro-
molecule due to the presence of hydrogen bonds within a
given chain only. These bonds can be formed between the
carboxy-groups of the same macrochain, between a car-
boxy-group and another monomeric chain containing a
hydrogen bond acceptor (for example in MMA copolymers
with MAA), and also between a carboxy-group in the chain
and a solvent molecule. However, interchain interactions
also begin to be manifested in concentrated solutions.

The formation of intramolecular hydrogen bonds of the
polymer-polymer type is not characteristic of polymeric
acids, because they dissolve mainly in protic solvents
(water, alcohols, and their mixtures). All these solvents
ionise the carboxy-groups of the macrochain and in addi-
tion they can themselves form hydrogen bonds of the poly-
mer-solvent type. The presence of a single C = Ο stretch-
ing vibration band at 1710 cm"1 in the infrared spectrum of
the initial polyacrylic acid solution indicates a single type
of hydrogen bonds in this system, namely COOH-HsO
bonds44. However, in an aqueous alcoholic solution of
polymethacrylic acid infrared spectroscopy reveals the
appearance of hydrogen bonds within the chains45.

For CCC, it is possible to use organic solvents with a
wide range of polarities and donor-acceptor capacities. By
varying the composition of the solvent and the concentra-
tion of the polymer in the latter, it is possible to convert
hydrogen bonds of one type into another, and thereby achieve
a specific influence on the structure of CCC in solution.
The presence of hydrogen bonds of all types alters the
hydrodynamic characteristics of the CCC; the intensity of
their formation is therefore usually inferred from visco-
metric data, which, together with the results of the study
of CCC in solution by other methods, can yield detailed
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information about the mechanism of the formation and dis-
sociation of these bonds and about the extent to which they
influence the conformational characteristics of CCC mac-
romolecules.

The problem of the possible cross-linking of an isolated
macromolecule has been considered theoretically by Kuhn
and Balmer46, who concluded that, when the ring intramo-
lecular bonds are formed, the size of the macrocoil should
diminish. Experimental data for the hydrodynamic pro-
perties of CCC having hydrogen bonds within the chain con-
firms this conclusion. MMA-MAA copolymers in which
the MAA units are capable of forming stronger contacts,
by virtue of the formation of hydrogen bonds, with all other
units are interesting in this respect47"61; it has proved
possible to regulate the effective density of such contacts
by altering either the solvent or the relative content of
MAA units in the copolymer. It has been shown for MMA-
MAA copolymers47" that selective interactions within the
chains occur in dilute solutions in consequence of the for-
mation of hydrogen bonds of the polymer-polymer type,
which lead to additional contraction of the polymer coil in
"inert" solvents (hydrocarbons, halogenated hydrocarbons,
and other solvents, which cannot break the hydrogen bonds
in the copolymer or which exhibit a very weak capacity for
their formation with the carboxy-groups of CCC). In such
solvents the macromolecules of the MMA-MAA copolymer
undergo internal "vulcanisation" owing to the formation of
a network of hydrogen bonds; because of these bonds, the
points of contact involving groups which are remote in
terms of their positions along the chain proved to be rigidly
fixed: the so-called "frozen" conformation arises.

The disruption of the system of such contacts and tran-
sition to the state of the usual flexible statistical coil occur
when a small amount (several per cent) of a substance
actively competing for hydrogen bonds, for example
dimethylformamide (DMF), is introduced into the inert
solvent-copolymer system. This transition is indicated
by the sharp (abrupt) changes in the hydrodynamic charac-
teristics and conformations of the copolymer macromole-
cules. Since the thermodynamic quality of the solvent at a
low DMF concentration in the latter hardly changes, all the
effects observed following the addition of DMF are due to
a change in the nature of the hydrogen bonds (hydrogen
bonds within the chain of the polymer-polymer type are
fully converted into bonds of the polymer-solvent type).
This indicates an unambiguous correlation between the
experimental parameters {particularly [η]} and the prob-
ability of the formation of stable contacts within the chain
via hydrogen bonds.

The study of dilute solutions of MMA-MAA copolymers
under the conditions of maximum formation of hydrogen
bonds of the polymer-polymer type within the chains and
when these bonds are broken by the addition of competing
substances has shown that the values of [η] for the copoly-
mers increase after the introduction of competing sub-
stances by a factor of 2-5 and reach the intrinsic viscosi-
ties of poly(methyl methacrylate) with the same degree of
polymerisation51"54 or approach the values of [η] of the
copolymer in solvents where the formation of hydrogen
bonds of the polymer-polymer type is impossible58' . The
equality of the values of [η] and of the Huggins constant for
the MMA-MAA copolymer and poly(methyl methacrylate)
in a dichloroethane-DMF mixture indicates the similarity
of the conformations of the MMA homopolymer macromol-
ecules and the macromolecules of its copolymer with a low
MAA content when the internal macrorings in the latter
are liquidated54.

It is significant that, when the hydrogen bonds within
the chains are broken, the type of hydrodynamic homology
also changes. For the MMA-MAA copolymer (with 7.6%
of MAA) in dichloroethane, [77] ̂  M0'66, whereas following
the addition of 5% of DMF the power exponent a increases
to 0.87, i.e. becomes almost equal to the power exponent
in dioxan (a = 0.86).58'60 The intrinsic viscosity of a
copolymer with a high content of MAA units (34%) in ace-
tone is almost independent of the molecular weight (a is
close to zero). 55>56>58>59 it is suggested that the copoly-
mer macromolecule in acetone has the conformation of a
quasi continuous coil highly "cross-linked" by hydrogen
bonds, whose rupture as a result of the addition of DMF
leads to an increase of a to 0.26.59 The results illustrate
the marked dependence of the conformation of the coil on
the nature of the hydrogen bonds.

The efficiency of the formation of contacts via hydro-
gen bonds is determined primarily by the number of MAA
units in the copolymer macromolecule and depends thus
both on the composition of the copolymer and on the
degree of its polymerisation62'63. In consequence of this
there is (for a given solvent) a progressive "contraction"
of the MMA-MAA copolymer coils as the molecular weight
and the MAA content increase53. The critical DMF con-
centration at which the rupture of the network of hydrogen
bonds within the chain occurs and [77] of the copolymer
approaches the value for poly(methyl methacrylate)
depends only on the MAA content in the copolymer and is
independent of its molecular weight. The contraction of
coils via hydrogen bonding is therefore proportional to
the number of MAA units in the copolymer and inversely
proportional to the DMF concentration in the solvent57'6 .

Other conditions being equal, the efficiency of the forma-
tion of hydrogen bonds is also determined by the way in which
the units are distributed, i.e. by the microstructure of the
copolymer chain64. An appreciable difference has been
observed between MMA-MAA copolymers having the
same composition but obtained in different ways: by the
hydrolysis of poly(methyl methacrylate) (statistical dis-
tribution of MAA units) or by radical copolymerisation
(deviation from a rigorous statistical distribution because
MAA units are grouped into diads, triads, etc. to a large
extent). In the former case the contraction of coils is
more pronounced owing to the greater density of cross
linking via hydrogen bonds57'61'64.

Since the contraction of the CCC macrocoil depends on
the degree of polymerisation, the shape of the coils is to
a large extent determined by the molecular weight. Strictly
speaking even fractions of CCC with a homogeneous com-
position cannot be regarded as a polymer-homologous
series under the conditions of the manifestation of selec-
tive interactions within the chain, because the ratio of the
dimeric and monomeric forms of the carboxy-groups is
determined (other conditions being equal) by the molecular
weight of the fraction. In other words one can assume
that the fractions, as it were, differ in composition. In
this case the more effective formation of hydrogen bonds
with increasing molecular weight will promote an anomal-
ous decrease of the power exponent a in the equation [77] =
ΚΜΆ; the rupture of hydrogen bonds within the chain
owing to the addition of small amounts of a proton acceptor
restores the normal value of the exponent. The above
changes in a cannot be accounted for by an improvement or
impairment of the thermodynamic quality of the solvent.
One must therefore take into account the conventional
nature of the results of the estimation of the parameters
of equations of the Mark-Kuhn-Houwink type (for any
hydrodynamic properties) and the unperturbed dimensions
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of the CCC obtained by the Stockmayer-Fixman method
when selective interactions within the copolymer chain
take place57'61.

Apart from the MMA-MAA copolymers, the presence
of cross-links within the chain via hydrogen bonding and
their influence on the hydrodynaroic characteristics have
been established also for other CCC of different composi-
tions based on acrylic5 8 '6 5"7 2 and methacrylic71'73"75 acids
as well as monobutyl itaconate76"80. Different inert sol-
vents (toluene, xylene, chlorobenzene, dichloroethane,
carbon tetrachloride, bromoform, etc.) were used in the
investigation; apart from DMF, other compounds capable
of forming hydrogen bonds of the type polymer-solvent
(acetic and methacrylic acids, methanol, dioxan, tetrahy-
drofuran, dimethyl sulphoxide, amines etc.) can also be
used as competing additives. The experimental data
obtained do not conflict with relations established for
MMA-MAA copolymers, although in each specific case
particular features of the test system can be manifested.
This is associated primarily with the proton-accepting
activity of the second component of the solvent, i.e. with
its ability to compete with the polymer units in the forma-
tion of hydrogen bonds. On the other hand, the mechan-
ism of the dissociation of the hydrogen bonds within the
chain is apparently in all cases similar and is determined
mainly by the preferential solvation of the carboxy-group
by the competing additives.

In contrast to MMA-MAA copolymers, a characteristic
feature of which is the formation of two types of hydrogen
bonds within the chains, the copolymers of styrene and
acrylic acid make it possible to investigate in the "purest"
form the hydrogen bonds between the carboxy-group,
although the presence of a weak hydrogen bond between the
COOH group and the π electrons of the benzene ring has
also been observed for systems of this kind71. A study of
the copolymers of 4-vinylbenzoic (I), acrylic (II), and
methacrylic (III) acids with styrene (IV) in carbon tetra-
chloride has shown that under these conditions the number
of bonds of this type increases in the sequence of copoly-
mers (I) - (IV) < (Π) - (IV) < (ΙΠ) - (IV).

Apart from the effect of competing additive properties
a study was also made of the effect of temperature on the
intramolecular cross-links due to hydrogen bonds in CCC
in inert solvents. It has been established that the intrin-
sic viscosity (which in the given case can be regarded as
a measure of the effectiveness of various contacts between
carboxy-groups within the chain) remains virtually
unchanged over a wide temperature range up to 70 to
110°C; 53»54»58'60'73'80 nor is there any change in the Hug-
gins constant. The constancy of [η] in the above temper-
ature range has been explained by the high energy of the
hydrogen bonds, which exceeds the energy of the thermal
motion of the chain units; this fact indicates indirectly the
occurrence of intramolecular structure formation58'60.
Since a marked temperature variation of the degree of
decomposition of hydrogen bonds is characteristic of a
model low-molecular-weight analogue (isobutyric acid, i.e.
hydrogenated MAA), 73 one may say that the chain structure
of CCC macromolecules introduces specific features into
the mechanism of the formation and decomposition of these
bonds. It has been suggested73 that the equilibrium between
the free and bound COOH groups in CCC solutions is deter-
mined by the effective concentration of active groups
within the macromolecular coil, and not by their overall
concentration in solution, as for hydrogenated MAA. The
data showing the independence of the number of hydrogen
bonds within the chain of temperature in CCC solutions are
consistent with the results of the study of these copolymers

in the solid state; the entire set of data obtained confirm
the conclusion that the energy of polymer—polymer hydro-
gen bonds is fairly high.

The problem of the influence of the CCC concentration
in solution on the nature of hydrogen bonds formed is of
interest. Infrared spectroscopic data have shown73'74 that
only hydrogen bonds within the chain are observed for the
styrene-MAA (3.1 wt.% MAA) copolymer in toluene and
carbond tetrachloride at CCC concentrations up to 5%;
under these conditions, the proportion of free carboxy-
groups is 11% and the remaining groups form dimers 4.
The low probability of intermolecular association of the
macromolecules of a hydrogen-bonded copolymer of mono-
and di-butyl itaconate is indicated by infrared spectro-
scopic and osmometric data in dilute solutions. The lin-
earity of the variation of the intrinsic viscosity with CCC
concentration up to 2.5% is evidence for the absence of
interchain association of styrene-MAA (2-5%MAA)
copolymer macromolecules in benzene81.

The absence of interchain association of CCC macro-
molecules in dilute solutions is significant in connection
with the problem of the determination of the CCC molecu-
lar weight. One must take into account the range of
molecular weights: it has been established82 that the asso-
ciation of polystyrene molecules containing terminal car-
boxy-groups is observed in toluene for low-molecular-
weight specimens (3 χ 104); on the other hand, specimens
with a higher molecular weight in dilute solutions do not
form such associated species owing to the reduced prob-
ability of contacts between COOH groups belonging to dif-
ferent macromolecules. The situation changes with
increase of the concentration of the CCC solution. On
passing from a very dilute CCC solution in an inert solvent
to a concentrated solution, three different concentration
ranges were discovered83: (1) the system contains indi-
vidual macromolecules and small associated species
(dilute solutions); (2) an incomplete fluctuation network,
made up of interchain hydrogen bonds with a finite life-
time, is in equilibrium with associated species and indi-
vidual macromolecules (moderately concentrated solu-
tions); (3) there exists a fluctuation network incorporating
all the macromolecules present (concentrated solutions).
The significant differences between the regions are mani-
fested by the fact that the introduction of a proton acceptor
into dilute solutions leads to a dissociation of the hydrogen
bonds within the chain and to an increase of the reduced or
characteristic [intrinsic] viscosity of the CCC solutions,
whereas in the second and third concentration ranges a
decrease of the viscosity of the CCC solution is observed
after the addition of the proton acceptor69, because the
viscosity of these solutions is determined primarily by the
interchain contacts and the proton acceptor disrupts those
which are due to hydrogen bonds. Even gel formation is
possible in the absence of a proton acceptor84.

The study of the concentration dependence of the New-
tonian viscosity of the styrene-acrylic acid (4% of acrylic
acid) copolymer under the conditions of maximum (toluene)
and minimum (toluene + 20% DMF) formation of hydrogen
bonds made it possible ίο discover69 the concentrations
characterising the critical conditions for the transition
from a dilute to a moderately concentrated (c' c r^) solu-
tion and from a moderately concentrated to a concentrated
solution (ccrj^). At the concentration c,i r i t the formation
of a three-dimensional hydrogen bond network in the CCC
solution begins, while at the concentration ccr^ its for-
mation is completed. It has been found for the above
copolymer (degree of polymerisation 2.5 x 103) thatcc rjt =
4.36 and c c r i t = 6.9 g dl"1 in toluene, whereas in toluene
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containing 20% DMF, these concentrations are 2.08 and
12.9 g dl"1 respectively.

The data presented show that the transitional region in
which the formation of the complete three-dimensional
network begins and is completed throughout the bulk of the
solution becomes significantly extended under conditions
of the minimum formation of hydrogen bonds of the poly-
mer-polymer type, whereas in toluene this process takes
place over a fairly narrow concentration range. The max-
imum rupture of hydrogen bonds within the chains between
carboxy-groups promotes the unravelling of the coil; as
a result of this, the network of interchain bonds in the
copolymer in the toluene + DMF mixture begins to be
formed at lower concentrations c^rit than in pure toluene
owing to the greater probability of the formation of inter-
chain contacts. The probability of the formation of such
contacts increases also with increase of the molecular
weight of the CCC, which promotes a decrease of both
critical concentration69. Thus the formation of a hydro-
gen bond network in fact determines the conditions for the
transition from one concentration range to the other.

The study of the rheological properties of solutions of
MMA-MAA copolymers established that the ability to
form interchain hydrogen bonds is the fundamental cause
of a whole series of observed effects. Thus the fluctua-
tion network of the interchain hydrogen bonds hinders the
disruption of the structure of the CCC solution in an inert
solvent and causes its antithixotropic stabilisation both
under the conditions of simple shear and for complex (pre-
dominantly longitudinal) flow deformations4 9 '5 1 '5 2 ' 1 5 4 '6 3 ' .
When this type of three-dimensional network is created,
the transition from one thermodynamic state of equilibrium
to another is hindered and the relaxation time r0 increases
significantly63'85. The appearance of an excess heat of
activation for the viscous flow of the CCC solutions is also
regarded as a result of the same structure-formation
effect62'69'83'85"88 and the increment in the heat of activa-
tion Δ£/ depends both on the content of carboxy-groups in
the copolymer (U increases in proportion to the logarithm
of the molar content of MAA units '8 7 '8 8) and on the pres-
ence of added proton acceptors in an inert solvent. Exper-
imental data indicate an unambiguous correlation between
the heat of activation for viscous flow and the density of
effective interchain contacts due to hydrogen bonds, which
makes it possible to regard U in the region of moderately
concentrated CCC solutions as a measure of the density
of the three-dimensional fluctuation network formed62. In
fairly dilute solutions a sharp increase of U with concen-
tration is observed, but the formation of a complete hydro-
gen bond network throughout the bulk of the concentrated
solution causes an asymptotic approach of Uto a constant
(for a given molecular weight and a given composition of
the copolymer) value, which is virtually independent of
the concentration of the copolymer in the inert solvent for
c > Ccrit · 6 9 ' 8 3 ' 8 7 ' 8 8 The higher the molecular weight of
the copolymer and the higher the molar content of the
MAA units in it, the lower the critical concentration after
the attainment of which [/becomes constant. It has been
suggested87 that the independence of i7of c in this concen-
tration range is consistent with the idea that, for a fairly
large number of bond nodes (contacts), U is independent
of the number of nodesfor the given copolymer anddepends
solely on their nature89.

As in dilute solutions, the introduction of a small
amount of a proton acceptor into an inert solvent causes
the rupture of the polymer-polymer hydrogen bonds in
CCC and to a large extent weakens or completely elimin-
ates the effects mentioned above, which confirms that they

are due to the selective interchain interactions between
groups capable of forming a hydrogen bond.

Analogous relations, due to the presence of stronger
interchain contacts, have been discovered also in the study
of the viscous and relaxation properties of poly(methacrylic
acid) solutions in methanol, ethanol, and ethyleneglycolin
the concentration range 9-20%.90 In this case the dihyd-
ric alcohol behaves as a cross-linking agent forming hydro-
gen bond bridges between the macrochains. As a result
of this, the "relaxation viscosities" and durations of the
initial period of the relaxation of strain in poly(methacrylic
acid) solutions in ethylene glycol are greater by approxi-
mately three orders of magnitude than in monohydric alco-
hols at the same polymer concentration.

Data for the dependence of a whole series of character-
istics of CCC solutions on concentration over a wide range
of the latter showed that the concentration of a real CCC
solution as such cannot serve as a criterion of its being
dilute or concentrated, because the limits of the existence
of solutions with and without strengthened interchain con-
tact are not absolute, are mobile, and are determined pri-
marily by the composition of the copolymer and its molec-
ular weight as well as the ability of the solvent to compete
with the polymer in the formation of hydrogen bonds. For
CCC, with their ability to undergo selective interactions,
only analysis of the properties of a specific system can
provide an answer to the question whether the macromole-
cules in the given solution are isolated from one another,
or whether there are contacts of a definite type between
them up to the formation of a complete fluctuation network
throughout the bulk of the system88.

IV. THE INFLUENCE OF IONIC INTERACTIONS ON THE
PROPERTIES OF MONOMERS IN BULK

The neutralisation of some of the carboxy-groups in
CCC by metal ions of different valence leads to the enrich-
ment of the spectrum of the possible types of selective
interactions and hence to the appearance of a series of
specific properties in such polymers (ionomers) in both
the solid state and in solutions.

The hydrogen bond joins together only two functional
groups (n = 2) of the macrochain, whereas electrostatic
forces, which are in addition capable of acting over along
distance, can lead to the formation of very large ionic
associated species (n > 2). The preferred interaction of
solvent groups with one another in ionomers is also caused
by their definite incompatibility with the hydrocarbon chain
units. The existence of ionic accumulations (clusters and
multiplets) in the bulk of the monomer has been justified
theoretically91; the concept of cluster formation consti-
tutes the basis of the interpretation of the majority of
experimental data in recent years, obtained in the study of
ionomers in the solid state. To a first approximation,
one may assume that the decrease of segmental mobility in
consequence of strong ionic interactions is the main cause
of the increase of mechanical moduli and the decrease of
the elasticity of ionomers compared with the correspond-
ing carboxyl-containing copolymers15'32'33'92.

The replacement of acid groups by salt groups signifi-
cantly retards crystallisation up to its complete disappear-
ance in copolymers of ethylene with acrylic a c i d s 4 ' 5 9 3 ,
the influence of the neutralisation of carboxy-groups on the
crystallisation kinetics being shown to the greatest extent
for copolymers containing 1-7 mole % of the acid. Internal
structural rearrangement due to ionic cross linking lead to
an appreciable increase of Tg for ionomers (in a
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particular ion concentration range) compared with
ccc7-Mi,i2,i4,i5,25,94-ioi. a d d i t i o n a l transitions are also
observed in ionomers. In the discussion of problems
concerning the influence of ionic cross links on the trans-
sition temperatures, the following factors must be taken
into account. In contrast to covalent cross links, whose
position in the specimen is rigorously fixed, ionic cross
links in ionomers exhibit a definite mobility owing to the
ability of cations to migrate in the bulk of the specimen.
The results of a study of a mixture of an ethylene copoly-
mer with acrylic acid and its ionomer in which the degree
of neutralisation is 70%92 showed that in mixtures of this
kind regions rich in ions act as ion donors for the entire
system, which becomes identical as regards its proper-
ties with an ionomeric specimen having a degree of neu-
tralisation of 35%.

The increase of the segmental mobility of the chains
with temperature also gives rise to greater possibilities
for the redistribution of ionic cross links in the bulk of the
specimen. It cannot be ruled out that, when Tg and Tv
are reached, ionic associated species of one kind break
down (otherwise the specimen would not have softened and
would not have passed into a fluid state) and ionic accumu-
lations of a new type are generated; the appearance of
such ionic inhomogeneities is opposed by the entropy fac-
tor. Since the degree of Coulombic interaction is inde-
pendent of temperature, particular types of ionic associa-
ted species will be manifested in the ionomer specimen at
any temperature. Infrared spectroscopic data for iono-
mers of different structure suggest102'1 the existence of
a whole set of ionic associated species of different struc-
ture, whose relative content varies with temperature.

The transition temperatures in ionomers are to a large
extent determined by the content of acid groups in the
copolymer and by the degree of their neutralisation97; in
certain cases ionic cross links are so strong that they do
not break even on heating to approximately 400° C (iono-
mers with a high degree of neutralisation based on graft
ethylene-maleic anhydride copolymers). It was shown in
the above study that9 the nature of the cation also affects
the transition temperatures: for the same degree of neu-
tralisation, the softening and yield temperatures (Ts and
7y) for sodium ionomers based on statistical styrene-MAA
(8: 2) copolymers are greater than Ts and Tv for copoly-
mers neutralised by rubidium ions. Thus the transition
temperatures in sodium ionomers correspond to stronger
ionic cross links formed by the Na+ cation, which has a
smaller radius than the Rb+ cation.

It has been established for poly(acrylic acid) salts104

and 2g = 730 (q/r) - 67, where q is the charge of the cation
and r the average distance between the centres of the
charges of the cation and anion. This type of correlation
between Tg and q/r id common to ionogenic polymers and is
confirms the dependence of the transition temperatures of
the electrostatic interactions in ionomers. Analysis of
the available data shows11 that one cannot rule out the pos-
sibility that the observed changes in the transition tem-
peratures are caused by the possible operation in iono-
mers of a completely different flow mechanism than the
segmental displacement occurring in the usual hydrocar-
bon polymers. The unusual nature of ionic cross links
causes ionomers to behave at low temperatures as cross-
linked polymeric materials, while at high temperatures
they can melt15.

The presence of additional stronger contacts between
the ionomer macrochains owing to ionic interactions leads
to a change of the kinetics and thermodynamic parameters
of the sorption of solvent vapours. Neutralised CCC

specimens, cross-linked by divinylbenzene, have appre-
ciably lower swelling coefficients than the same copoly-
mer in an acid form °5 and the introduction of urea into the
system—an agent which actively breaks hydrogen bonds —
entails an increase of the degree of swelling of the speci-
men also in a partly neutralised form. With increase of
the degree of neutralisation of carboxy-groups in the iono-
mer, there is an increase in the resistance of the system
to the action of a solvent capable of competing with the
polymer in the formation of hydrogen bonds, as shown by
the decrease of the rate of attainment of sorption equilib-
rium, the decrease of the diffusion coefficient of the sol-
vent, and the corresponding increase of the activation
energy for this process28'106. On passing to a significantly
neutral solvent (toluene), it was observed28 that the amount
of sorbed solvent (in a state of equilibrium) in the styrene-
acrylic acid (3.9% of acrylic acid) copolymer passes
through a minimum and maximum when the degree of neu-
tralisation (a) is 5-15% and 50% respectively. The auth-
ors28 suggest that the increase of the resistance of the
structure to the action of the solvent in the region of
a = 5-15% is due to the strengthening of the existingfluc-
tuation network of hydrogen bonds owing to additional
interactions of the salt group. However, in the region
a = 25-50% there is an "inversion of networks": a trans-
ition from hydrogen bonds to a lattice of ionic clusters. The
imperfection of the network in this transitional region leads
to the weakening of the interchain interactions in the ionomer,
which is reflected in the experiment by an increase of the
degree of sorption of toluene. For a > 50%, a kind of
framework of clusters made up of metal ions, which sig-
nificantly stabilises the ionomer structure, is formed.

Thus comparison of certain characteristics of CCC and
their ionomers shows that the effects caused by the intro-
duction of units with carboxy-groups into the hydrocarbon
polymer chain change appreciable on partial neutralisa-
tion of these groups by metal ions. The characteristics
of the properties of complex polymeric formations such
as ionomers are in many respects caused by the super-
position of the influences of hydrogen bonds and ionic
interactions, the proportions of which are determined by
the degree of neutralisation.

V. THE PROPERTIES OF SOLUTIONS OF COPOLYMERS
WITH IONOGENIC SALT GROUPS

Whereas the physicochemical properties of ionomers in
the condensed state are being investigated fairly vigorously,
the number of studies on the conformation and transforma-
tions and behaviour of ionomers in solutions is not so
great. Nevertheless certain common features in the vari-
ation of the conformational parameters of isolated CCC
molecules on replacement of the protons of the carboxy-
groups by various metal ions have been quite clearly
demonstrated. The appearance of salt groups leads to
sharp changes in interactions within the chains, the inten-
sity of which in dilute solutions is inferred mainly from
the intrinsic (characteristic of reduced) viscosity. The
polarity of the solvent, its capacity to induce the dissocia-
tion of salt groups, exerts the primary influence on these
interactions.

It is significant that, in contrast to neutralised homo-
polymeric acids, ionomers can be investigated (as a func-
tion of their composition) in solvents with a wide range of
dielectric constants, although an organic solvent cannot be
selected for some of them. The poor solubility of iono-
mers is caused by the extreme diphilic properties of their
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macromolecules — the combination in one chain of anon-
polar (hydrocarbon) unit and u;iits with salt groups. It is
therefore impossible to select for ionomers a solvent
which will have the same or at least similar thermodynamic
affinities for units of both types. The presence of inter-
chain bond nodes in the form of ionic multiplets and clus-
ters imparts to ionomers a high resistance to oil and
motor fuel, because the action of organic products with a
low dielectric constant cannot lead to the rupture of inter-
chain ionic bonds.
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Figure 1. Dependence of the intrinsic viscosity (c = 0.3%)
on the degree of neutralisation of ionomers based on the
styrene-methacrylic acid copolymer: 1) Na-ionomers in
DMF; 2) Na-ionomers in DMF + 2% of water; 5) Zn-
ionomers in DMF. 75

However, the same factors which ensure the notable
physicomechanical properties of ionomers (including resis-
tance to the action of solvents) complicate their study in
solutions. In the first place the choice of solvent is made
much more difficult and, what is most significant, in the
study of a given ionomer it is usually impossible to use a
wide range of different solvents. Another complication
concerning the interpretation of data obtained in the study
of the properties of ionomer solutions is due to the fact
that, whereas hydrogen bonds of the polymer-polymer type
can be completely destroyed by selecting a special solvent,
electrostatic interactions in ionomer solutions always occur.
By altering the nature of the solvent as a result of the intro-
duction of various additives, it is possible to alter only the
intensity of these interactions (both by changing the dielec-
tric constant of the medium and by the solvation of ionic
species). In solutions of ionomers a wide variety of intra-
molec^ar and intermolecular interactions (dipole-dipole,
dipole-ionic, ionic, hydrogen bonds) can be manifested in
principle. The real possibility of the manifestation and
the intensities of particular interactions are determined by
the specific nature of the ionomer and the solvent.

In a viscometric study in DMF (e = 36) the manifestation
of polyelectrolyte swelling in the macromolecules of sodium
ionomers, based on methacrylic acid copolymers, was
noted75'10 . The replacement of acid groups by salt
groups, results in an increase of the ionogenic capacity in
the region of dilute solutions. However, with increase of
the concentration of the solution (up to 6%), the degree of
ionisation falls appreciable108. The almost complete dis-
sociation of salt groups with a univalent cation in ionomers
based on the MMA-MAA copolymer (in DMF as the sol-
vent) has been demonstrated also by electrochemical meth-
o d s 1 3 . Bivalent metal ions interact with carboxylate
groups of the ionomer chains so vigorously that the poly-
electrolyte effect is as a rule not observed even in solvents
with a fairly high polarity75'114'115. The study of electro-
lyte transfer in such systems also confirms the virtually
complete absence of the dissociation of the salt groups of
the macrochain, whereas the monomeric alkaline earth
metal salts of methacrylic acid dissociate in DMF111'116.

The macromolecules of ionomers based on acrylic acids
containing univalent metal ions undergo a conformational
transition in the course of ionisation in polar solvents75'117.
The initial increase of intrinsic viscosity (Fig. 1) indicates
a successive unravelling of the polyelectrolyte coil with
increase of the number of ionogenic salt groups; the sub-
sequent decrease of T]SO/c is due to the intense binding of
sodium counterions and the consequent decrease of the
effective number of charges on the chain. The onset of
the conformational transition is determined by the content
of the unsaturated acid in the copolymer. The occurrence
of the conformational transition is confirmed also bypoten-
tiometric titration data117. Comparison of the viscomet-
ric behaviour of Na and Zn-ionomers based on the styrene-
MAA (8: 2) copolymer in the same solvent shows (Fig. 1)
that there is no conformational transition in Zn-ionomers.
This serves as yet another piece of e\ddence for the differ-
ence between the ionisation-dissociative processes in the
methacrylate salt groups of ionomers in a polar solvent as
a function of the nature of the metal.

When a highly polar solvent such as formamide (€=109)
is used, a sharp increase of the intrinsic viscosity of the
sodium ionomer (degree of neutralisation a = 0.8) is
observed compared with the corresponding copolymer of
ethyl acrylate and acrylic acid in an acid form118. Thus,
in a medium with a fairly high dielectric constant, the
macromolecules of ionomers with univalent cations exhibit
the characteristic hydrodynamic and electrochemical fea-
tures of polyelectrolytes.

However, the study of solutions of ionomers in weakly
polar solvents is of great interest. A medium with a low
dielectric constant imitates to a definite extent the envi-
ronment of the ionomer macromolecule in bulk; further-
more, non-polar solvents in the majority of cases solvate
ionic species very weakly. For this reason, in media of
this kind the conditions for electrostatic interactions,
which occur in solid ionomers and lead to the formation of
ionic associated species, are established to the rsHXimui.
extent. This ensures a direct relation between fhe results
of a study of ionomers in weakly polar solutions and the
results of their study in the condensed state. The transi-
tion to significantly non-polar solvents implies primarily
an impairment of the solubility of the ionomer salt units
and an intensification of electrostatic interactions. Such
solvents exhibit a weak dissociating capacity; for e < 10
to 15, the dissociation of the solute hardly occurs and
free ions are absent from the solution. Media with a low
dielectric constant exhibit a characteristic tendency
towards the formation of complex ionic species, such as
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ion pairs, ion triplets, quadrupoles, and other higher-
order aggregates . The less polar the solvent the
greater probability of the existence in the latter of contact
ion pairs. All these factors, acting together, lead to a
number of characteristics of the hydrodynamic properties
and conformations of ionomer macromolecules in such
solvents.

Judging from the experimental data 6 6 ' 6 7 ' 7 0 ' 7 2 ' 7 5 ' 8 1 ' 1 1 5 ' 1 2 0" 1 2 4

obtained using non-polar solvents or under the conditions
of suppressed dissociation, in all cases a high degree of
neutralisation of the carboxy-groups in CCC via metal
ions is accompanied by the contraction of the macromo-
lecular coil, as shown by the decrease of the intrinsic
viscosity (or the specific or reduced viscosity at a low
concentration) and by the increase of the diffusion coef-
ficients of the ionomers compared with the corresponding
copolymers in an acid form. The polyelectrolyte swel-
ling in ionomers is not observed in this case. The con-
traction of the coil increases with increasing number of
ionogenic salt groups in the macrochain (Figs. 2-4). The
Huggins constant varies in opposition to [η] with increase
of the degree of neutralisation of carboxy-groups66.
Although the conformation of the ionomer macromolecules
in dilute solution is determined by the competing effects
of forces of different kinds, experiment showed that
forces drawing together the macromolecular coil pre-
dominate in this instance. The problem of their nature
arises.

10

Figure 2. Dependence of the intrinsic viscosity in 1-oct-
anol on the degree of neutralisation of Na-ionomers(linei),
K-ionomers (line 2), Cs-ionomers (line 3), and Ca-iono-
mers (line 4) based on the alternating maleic acid-hexa-
decyl vinyl ether copolymer122.

The decrease in the size of the coil as a result of its
contraction is associated primarily with the impairment
of the thermodynamic quality of the solvent (non-polar
solvents do not dissolve acrylate salts). This is also

indicated by the increase of the Huggins constant on pas-
sing from the copolymer in an acid form to the ionomer.
The thermodynamic factor promoting the aggregation of
the ionomer salt groups within the chain is strengthened
by electrostatic interaction forces between the ion pairs
formed (here it is extremely significant that the Coulom-
bic forces act over a long distance). The viscometric
characteristics of the ionomers containing various metal
ions constitute the most convincing evidence for the pri-
mary influence of ionic interactions on the conformational
characteristics of their macromolecules. If the decrease
of [η] were caused solely by the impairment of the ther-
modynamic quality of the solvent, a clear cut dependence
of [η] on the nature of the cation introduced into the poly-
mer would not have occurred (see Figs. 4-5 and literature
data 8 1 ' 1 0 7 ' 1 1 0 ' 1 1 2 ' 1 1 5 ' 1 2 1 ). An increase of the radius of the
cation leads to a weakening of the ionic interactions fav-
ouring the contraction of the coil. Accordingly, iono-
mers with a larger radius of the cation, introduced for
the same charge of the latter, have a higher intrinsic vis-
cosity.
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Figure 3. Dependence of the intrinsic viscosity in DMF+
0.05 Μ Nal on the degree of neutralisation of the Rb-iono-
mers (curve 1), Na-ionomers (curved), Ca-ionomers
(curve 5), and Zn-ionomers (curve 4) based on the sty-
rene-methacrylic acid copolymer75.

The joint action of the thermodynamic factor and elec-
trostatic interaction forces leads to the formation and
stabilisation of ionic associated species of different degree
of complexity, which can be regarded as stable bond nodes
within the chains of ionomers in dilute solutions ( the
absence of interchain ionic interactions under these con-
ditions has been confirmed by the equality of the molecu-
lar weights of the CCC before and after neutralisation7 5 '8 1 '1 2^
An ionic quadrupole is formed in the simplest case under
these conditions81· —COO-+M

2J-COO-+M;
M+-OOC—
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Such "cross linking" within the chain as a result of the
interaction of two ion pairs does not differ in principle,
as regards its effect on the size of the coil, from cross
linking due to the formation of a dim eric hydrogen bond
between carboxy-groups. However, experimental data
show that the interaction between the salt groups of iono-
mers in non-polar solvents has a more effective influence
on the contraction of the isolated coil than hydrogen
bonds70'72'81. In the case of hydrogen bonds the number
of cross-linked units is two. It has been found by infra-
red spectroscopy and viscometry for the sodium ionomer
based on the styrene-acrylic acid (1.74% of acrylic acid)
copolymer that the average number of ion pairs in ionic
associated species is four70'72.

0.60-
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Figure 4. Dependence of the intrinsic viscosity in tetra-
hydrofuran on the degree of neutralisation of Na-ionomers
(curve 1), Rb-ionomers (curved), Zn-ionomers (curve 3),
and Ca-ionomers (curve 4) based on the styrene-meth-
acrylic acid copolymer75.

The set of data obtained for dilute solutions of sodium
ionomers based on statistical styrene-MAA copolymers
of different compositions suggests that the characteristics
of the hydrodynamic behaviour and conformations of the
ionomer macromolecules are determined by the forma-
tion of fairly large ionic associated species, which can
behave as a disperse intramolecular microphase124'125.
This type of microprecipitation phenomenon with all its
consequence is characteristic only of block copolymers in
selective solvents126"130. The observed specific feature
of ionomers with a statistical distribution of units in the
chain makes it possible to regard them as pseudo-block
copolymers in solution. The intramolecular aggregation
of ion pairs is not accompanied by the dissociation of
interatomic bonds and a change in the sequence of units,
i.e. the primary structure of the statistical copolymer chain
is maintained. The secondary structure arising under

these conditions imparts to the ionomer macromolecules
a conformation more complex than that of the statistical
coil.

One must bear in mind that the increased concentration
of units with salt groups in the separate regions within the
ionomer macrochain is a factor promoting an increase of
the local electrostatic potential, enhanced binding of the
metal cations, and the formation of ionic associated spe-
cies with a size such that they begin to behave as a heter-
ogeneous microphase. As an example of the influence of
the mode of distribution of salt groups in the chain on the
strength of the binding of counterions, one may refer to
a study131 where it has been shown that, for the same
monomer ratio, aqueous solutions of sodium salts of the
methyl acrylate-acrylic acid copolymer with salt units
arranged in groups along the chain have a lower viscosity
than solutions of the copolymer with a uniform (statistical)
distribution of sodium acrylate units. Thus, even in
aqueous solution, the arrangement of salt units in groups
promotes an enhanced binding of counterions and the con-
traction of the coil; in a non-polar medium all these pro-
cesses are additionally enhanced by the incompatibility of
the salt groups and the solvent.

In this respect the hydrogen bonds in CCC are mani-
fested in the opposite way57'61'64. The considerable con-
centration of unsaturated acid (or its salt) units in groups
along the macrochain leads to a weakening of the influence
of the hydrogen bonds and an enhancement of the influence
of ionic interactions on the size and structure of themac-
rocoil in an inert non-polar solvent. Hydrogen and ionic
bonds may prove to be comparable as regards the strength
of their influence on the internal structure of the coil when
the copolymer chain contains a small amount of statisti-
cally distributed units of the unsaturated acid or its salt;
in this case both interactions are mainly pair interactions
(the formation of large ionic associated species is
unlikely) and the intrinsic viscosities of solutions of such
copolymers in the acid and ionomeric forms are virtually
the same66'67'69.

It can be assumed that the selective interactions of the
salt groups with one another, the formation of ionic asso-
ciated species, and their segregation as a microphase
occur in ionomer solutions for the same reasons as in the
bulk of the ionomer (the incompatibility of the salt groups
with the hydrocarbon part of the chain and electrostatic
interactions). However, in solutions the formation of
ionic associated species is also promoted by the thermo-
dynamic incompatibility of the salt units with the weakly
polar solvents usually employed for ionomers. Thepres-
ence of a microphase in the form of ionic associated spe-
cies determines the specific features of the behaviour of
ionomers not only in the condensed state but also in dilute
solutions.

The validity of the idea of the dominant role of ionic
interactions within the chain and intense intramolecular
processes as the most characteristic feature of isolated
ionomer macromolecules in solution is confirmed by
experimental data. All the methods for altering the
strength of electrostatic interactions lead to an apprecia-
ble alteration of the conformation of the coil, which is
usually observed by measuring the intrinsic viscosity. The
strength of ionic interaction within the chain may be regu-
lated by changing the charge density on the chain (i.e. the
degree of neutralisation), by altering the radius and
charge of the cation introduced into the ionomer and the
dielectric constant of the medium (solvent), or by intro-
ducing into the solution small amounts of substances cap-
able of active solvation of the cations. The data quoted
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above reflect the influence of the majority of these factors
on the strength of ionic interactions.

The interesting possibility of a specific influence on the
order of ionomer macromolecules within the chain and on
their solubility can be realised by taking into account the
nature of solvation phenomena. The fact that the solvent
exerts a significant influence on the strength of ionic inter-
actions within the chain in ionomers precisely by virtue
of its solvating activity has been confirmed by the follow-
ing experimental data. In a salt solution inDMF (e= 37.6)
ionomers based on the styrene-MAA copolymer containing
univalent metal ions have appreciably lower values of [η]
than ionomers based on the same copolymer but contain-
ing bivalent metal cations75 (Fig. 3). Bivalent metal cat-
ions are bound by the polymeric ion more effectively than
univalent cations. However in tetrahydrofuran (THF)
(e = 7.4) the opposite behaviour has been observed for the
same specimens75 (Fig. 4): ionomers with univalent
cations have a lower intrinsic viscosity. This is appa-
rently due to the formation in this non-polar solvent of
contact ion pairs for ionomers with univalent metals and
solvate-separated ion pairs for the macromolecules of
ionomers with bivalent metals. A similar dependence of
[η] on the charge of the counterion has been observed
(Fig. 2) for neutralised specimens of the alternating maleic
acid-hexadecyl vinyl ether copolymer in 1-octanol (e = 10.3);
the calcium ionomer dissolves in this solvent even for
a = 40%, while the sodium ionomer dissolves only up to
a = 10%.122 However, it must be emphasised that for
ionomers the nature of the dependence of [η] on the valence
of the metal introduced into them is determined, apart
from the nature of the solvent, also by the characteristics
of the structure of the macro-chain. Thus in a salt solu-
tion in DMF ionomers based on the alternating maleic
acid-hex-1-ene copolymer have a high value of [77] when
the chain contains bivalent metal cations132, in contrastto
ionomers based on the statistical methacrylic acid poly-
mer7 5.

When a non-polar solvent is treated with small amounts
(several per cent) of other solvents capable of solvating
metal cations more actively, an appreciable increase of
the size of the macrocoil, i.e. of [η] of the ionomer, is
observed66'67'70'72'75, although both the thermodynamicqual-
ity of the solvent and its polarity are hardly affected
thereby on the macroscopic scale. The unravelling of the
coil under these conditions is due to the weakening of the
ionic interactions and the possible breakdown of large
ionic associated species, because a weaker electrostatic
field is generated around the solvated cation and the energy
of the Coulombic interaction diminishes under these con-
ditions. When solvents appreciably more polar than the
main solvent are added, account must be taken of the sig-
nificant increase of the local dielectric constant of the
medium owing to the selective solvation of ion pairs by the
more polar component of the solvent (this effect is mani-
fested to a particularly large extent when water is added
to an organic solvent, which is accompanied, as can be
seen from Fig. 1, by the enhancement of the polyelectro-
lyte unravelling of the ionomer coil).

However, the influence of solvation processes on the
intensity of ionic interactions can be followed in the "pur-
est" form75 (Fig. 5) in relation to sodium ionomers using
pyridine (5 vol.%) as an additive to THF. In this case both
components of the solvent have similar polarities and both
pure THF and THF with additives contain no "cross links"
within the chains due to hydrogen bonds. Fig. 5 shows
that the addition of pyridine (e = 12.3) to THF (e = 7.4)
increases the intrinsic viscosity of the ionomeric

specimens,because pyridine solvates sodium cations more
actively and diminished thereby the intensity of the elec-
trostatic interactions and the contraction of the coil. The
weakening of ionic interactions within the chain in sodium
ionomers in the presence of pyridine is manifested most
clearly for a > 30%, i.e. in the region of the concentra-
tion of salt groups, for which the probability of the forma-
tion of large associated species increases. It is instruc-
tive that the ionomer with a =90% does not dissolve in
THF, whereas in the presence of pyridine it does so. A
similar improvement of the stability of ionomers is
achieved by adding acetic acid75 and methanol121 to THF.
Ionomers based on ethylene dissolve only in mixed solvents
consisting of an organic solvent having a solubility param-
eter δ = 8-9 and acetic acid22.
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Figure 5. Dependence of the intrinsic viscosity on the
degree of neutralisation of Na-ionomers based on the
styrene-methacrylic acid copolymer; solvent: 1) tetra-
hydrofuran; 2) tetrahydrofuran + 5% of pyridine75.

The choice of additives improving the solubility of iono-
mers is complicated by the fact that the main characteris-
tics of the solvation of metal cations in non-aqueous media
have still not been fully discovered, and comparative
estimates of the solvating powers of solvents are not
always correlated with their dielectric constants anddipole
moments, because covalent σ and π interactions between
the cation and the solvent molecule sometimes predomin-
ate over electrostatic (ion-dipole) interactions 33. Sig-
nificant changes in the solubility and hydrodynamic proper-
ties of ionomers can be expected when additives capable of
forming complexes of the metal cations in the ionomeric
are introduced into the inert solvent, particularly cations
with d electron shells, whose high capacity of solvation is
determined mainly by the donor-acceptor interactions
with the solvent. This question still requires experimen-
tal tests.

In conformity with the concept of the dominant influence
of ionic (electrostatic) interactions on the conformational
characteristics of ionomer macromolecules, the size of
the coil (for ionomers with univalent metal cations) is
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independent of temperature in the range between -40° and
+70°C, judging from viscometric data >12°. Further-
more, on passing to ionomei s with bivalent metal cations,
it has been noted that the specific viscosity of their
solutions decreases appreciably with increasing tempera-
ture. However, this finding not only does not conflict
with the main concept but actually serves as one of its
confirmations. The point is that an increase of tempera-
ture promotes the desolvation of cations, which is partic-
ularly pronounced for a bivalent metal cation, and this
leads to an enhancement of their binding by the macro-
chain135'136. Under these conditions, the coil undergoes
additional contraction, which is observed experimentally
as a decrease of the viscosity of the ionomer solution134.
In the discussion of the problem of the temperature depen-
dence of the conformational parameters of the ionomer
chain one must take into account the fact that the degree
of desolvation is determined not only by the charge of the
cation, but also by the nature of the solvent and the
detailed mechanism of their interaction.

As shown above, the hydrodynamic properties of iono-
mers vary with the chemical nature of the cation intro-
duced. The characteristics observed under these condi-
tions are related in a definite manner to solvation
phenomena and make it possible to determine the type of
interaction between the counterion and the macrochain.

A definite view has now been formulated concerning the
principal types of counterfoils in polyelectrolyte solutions.
This problem has been dealt with in detail in reviews137"145.
It is possible to distinguish three types of counterions:
"free", "specifically bound", and "diffuse" or "atmo-
spheric". Free counterions are not directly influenced
by the electrostatic potential of the polymeric ion. The
number of such counterions is fairly small even in aque-
ous polyelectrolyte solutions; their number in solutions
with a reduced dielectric constant is even smaller, par-
ticularly in the case of bivalent counterions, as can be
seen from the data presented at the beginning of this Sec-
tion concerning the hydrodynamic and electrochemical
properties of ionomer solutions,

The idea of the specific birring of counterions was
first put forward in the study of aqueous solutions of poly-
acrylic acid salts1 4 6 '1 4 7. Such counterions are associated
with fixed ionic groups of the polymeric ion. As a result
of this kind of binding in solution (even aqueous solutions),
ion pairs and other more complex ionic formations and
complex and chelate compounds are produced. The most
important feature of the specific binding consists in the
alteration of the solvent structure in the immediate vicin-
ity of the polymeric ion and the counterion as a result of
the desolvation or at least the reorganisation of the med-
ium around the ion.

Diffuse or atmospheric counterions are subject to the
influence of the electrostatic potential of polymeric ions,
but they are not associated with the latter quite as strongly
as specifically bound counterions. These ions form an
ionic "atmosphere" around the polymeric ion and are
retained in the vicinity of the latter exclusively by virtue
of Coulombic interactions. Atmospheric counterions
retain their solvation shells. The occurrence of specific
binding does not eliminate the ionic atmosphere; the lat-
ter always exists to some extent around the polymeric ion.

The reversibility of the normal sequence of the binding
of alkali metal ions by polycarboxylic acids in aqueous
solutions can be regarded as direct evidence for occur-
rence of specific binding148"157. The normal binding
sequence (from lithium to caesium) obeys the electrostatic
interaction law, according to which the solvated ion with

the minimum radius (Cs+) i s bound more strongly than the
solvated ion with the maximum radius (Li+). The oppo-
site variation, observed for polycarboxylic acids, indi-
cates the desolvation of counterions and hence their speci-
fic binding, which entails an increase of the viscosity of
aqueous solutions of polycarboxylic acid salts in the
sequence Li — Cs.

Water-soluble CCC salt exhibit a similar variation of
the viscosities of the solutions as a function of the radius
of the added cation: the intrinsic viscosity of such CCC
salt solutions increases in the sequence Li < Na < Κ <
π ^ 158,159

As already mentioned above, the same type of variation
of the viscosity for dilute solutions of ionomers is observed
also when organic solvents are used7 5 '1 1 0 '1 2 1 '1 2 2. Presum-
ably the observed feature of carboxy-groups, which is
manifested in the specific binding of the counterions and
the formation of ion pairs in the macrochain of polycar-
boxylic acid salts even in an aqueous medium, should
become still more pronounced for neutralised CCC in
organic solvents with e < 81.

On passing from dilute solutions of ionomers to more
concentrated solutions, there is a possibility of the forma-
tion of macromolecular associated species via interchain
ionic cross links. Indeed ionomers (particularly iono-
mers with a bivalent metal) based on the styrene-MAA
copolymer exhibit a sharp non-linear increase of the
intrinsic viscosity in benzene (e = 2.28) with increase of
the concentration above 1%, which is due to interchain
association, whereas CCC itself (with MAA contents of 2
and 5%) in an acid form shows no deviations up to a con-
centration of 2.5%.81 However, in dioxan (e = 2.21) the
same monomers show no deviations from linearity up to a
concentration of 2.25%. It is suggested that the relatively
weak interaction between the ion pairs in this solvent can
be a consequence of the solvation of the cations by dioxan.
This example shows that, when solvents are compared
from the standpoint of their influence on the intensity of
electrostatic interactions within the chain and between dif-
ferent chains of ionomers, it is insufficient to take into
account only the dielectric constants; one must also con-
sider their solvating power.

In this connection one must emphasise that the selec-
tion of the solvent is particularly important in the deter-
mination of the molecular weights of ionomers. It has
been found that the molecular weights of CCC and their
sodium and barium ionomers with the same degree of
polymerisation prove to be the same, when they are deter-
mined by light scattering in dioxan, whereas in benzene
(working concentrations not in excess of 1%) the formation
of interchain associated species in barium ionomers leads
to an appreciable increase of the measured molecular
weights .

The occurrence of interchain ionic interactions with
increasing concentration causes such ionomer solutions
(in the absence of dissociation in the given solvent} to have
a higher viscosity than solutions with the corresponding
copolymers in the acid form, wheras in dilute solutions

(c < 1%) the opposite relation is observed75'81'121. Simi-
larly an increase in the degree of neutralisation (<y) of
carboxy-groups is accompanied by a decrease of [η] and
the viscosity of solutions of ionomers with a concentration

of several per cent increases with increasing a.75j121

Whereas intramolecular and intermolecular association
of the ionomer molecules in the presence of univalent
cations takes place as a result of the ion pair interaction,
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bivalent metal cations can give rise to ionic triplets of the
type

:—COO~M2+ -OOC— ,

which are much more stable than a quadrupole made up of
two ion pairs, The interchain association processes of
macromolecules with salt groups are therefore most
instructive for solutions of ionomers containing bivalent
metal cations7 5 '8 1 '1 1 4 '1 3 4 '1 6 0. The nature of the bivalent
metal also plays an important role under these conditions:
judging from measurements of the dynamic double refrac-
tion, the calcium ionomers based on the styrene-MAA
(8: 2) copolymer form in TMF rod-like aggregates con-
taining several thousand macromolecules, while zinc iono-
mers give rise to molecularly disperse solutions under
these conditions115.

The interchain interactions in solutions of ionomers
containing univalent and bivalent metal cations lead to
structure formation and gel formation 6 9 ' 1 1 4 ' 1 1 5 ' 1 2 0 ' 1 3 4 ' 1 6 0 ' 1",
the nature of the structures produced being determined
(other conditions being equal) by the polymer concentra-
tion and, depending on this factor, there is a transition
from the gel state to a true solution on high dilution, i.e.
reversible gels are formed. The occurrence of such a
transition, which is impossible in polymeric gel systems
with covalent cross links, is a characteristic feature of
polymers with ionogenic groups where interchain ionic
cross links have a finite lifetime and exhibit a definite
mobility, i.e. they can break down and reform. Similar
reversible gels are produced by poly(methacrylic acid)162

and its salts163 in water.
The nodes of the network structure of ionomer gels in

organic solvents with a low polarity consist of concentra-
tions of salt groups (ionic associated species, ionic
swarms), which leads to microlayer formation in the sys-
tem120. The energetic non-equivalence of the nodes of the
network structure of an ionomer gel has been established;
this is due to the heterogeneity of the ionic associated spe-
cies produced, the energy of which is between 2 and 11
kcal mole"1.λ ° Since the structural order in the gel state
is to a large extent predetermined by the conformational
characteristics of isolated macromolecules, presumably
the conclusion that ionic associated species of different
composition are formed and undergo microprecipitation
applies equally to ionomer macromolecules in dilute solu-
tions.

The mobility of ionic bonds in gels increases with tem-
perature: the gel of a strontium ionomer, which is fully
elastic at 20°C and is based on the MMA-MAA copolymer,
passes to the viscoelastic state with increase of tempera-
ture in cyclohexanone (e = 18) and at 100°C the specimen
(a = 10%) acquires viscofluid properties161. Similar
transitions have also been observed for gels of sodium
monomers based on the same copolymer 2 0. The transi-
tion of these systems to the viscofluid state is displaced
towards higher temperatures with increasing degree of
neutralisation of carboxy-groups; there is a correspond-
ing increase also of the range of viscoelasticity and the
maximum deformation in the viscoelastic state diminishes
under these conditions120'161. In this case one may speak
of a close analogy between the behaviour of ionomers in
bulk and their gels under the influence of temperature,
which is probably due to similar processes involving the
decomposition and reorganisation of ionic associated spe-
cies.

Continuing the consecutive comparison of ionic inter-
actions and hydrogen bonds in terms of the strength of
their influence on the properties of CCC and ionomers,

we may note that the greatest strength of ionic bonds,
compared with hydrogen bonds, is manifested most clearly
in the range of concentrated solutions of the correspond-
ing copolymers. The entire set of experimental data
obtained confirm this. The results of a study69 of the
copolymer of styrene with 4 mole % of acrylic acid and its
sodium ionomer (a = 25%) are very instructive in this
respect. Although the intrinsic viscosities of the CCC
and its ionomer in toluene are virtually the same, the
transition to concentrated solutions made it possible to
discover the following differences between these types of
copolymers: (1) the critical concentration for the forma-
tion of a complete three-dimensional network of strength-
ened interchain contacts diminishes almost by a factor of
two on passing from the CCC to its ionomer; (2) a high
heat of activation for viscous flow has been observed in
ionomer solutions; (3) in contrast to its neutralised spec-
imen, the copolymer in the acid form does not form gels
in toluene.

With increase of the ionomer concentration; even for
a low content of salt groups in the macrochain, there is
apparently an increase of the probability of the formation
of large ionic associated species at the intermolecular
level, and in such solutions there is a corresponding onset
of segregation phenomena, i.e. a microphase appears. In
contrast to this, in a dilute solution of an ionomer with a
low content of salt groups (of the order of ffc) in the mac-
rochain, mainly ionic quadrupoles are formed, which do
not differ from the dimeric hydrogen bonds in CCC as
regards their influence on the conformational character-
istics of the coil.

Analysis of the results of the study of ionomers shows
that the formation of ionic associated species (multiplets
and clusters) is the key factor which determines the speci-
fic features of the properties of these complex polymeric
structures in bulk and in solution. The results obtained
suggest a particular sensitivity of the conformational
parameters of ionomer macromolecules and of the inter-
nal structure of their coils to any types of influence on the
intensity of ionic (electrostatic) interactions, because the
latter predominate as regards the strength of their influ-
ence on the above characteristics of ionomers. However,
one cannot fail to take into account also the strong selec-
tive interactions between the carboxy-groups of the copoly-
mers. The understanding of the mechanism of the pri-
mary ordering processes within the chain (with allowance
for the formation of ionic and hydrogen bonds) can lead to
the discovery of methods for the specific regulation of
these processes, which in many respects determine the
structure and properties of the ionomeric specimen in the
condensed state.
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