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The Glass Points and Dielectric Relaxation of Carboxyl-containing
Copolymers and lonomers Based on Them

I.A.Ionova, Yu.B.Monakov, and S.R.Rafikov

The influence of the content and distribution of carboxy-groups along the polymer chain, the amount and nature of the
cations introduced, and the dielectric constant of the polymer matrix on the dielectric relaxation and the glass points of
carboxyl-containing copolymers (CCC) and their ionomers is considered. It is shown that the specific features of the
properties of the ionomers are determined by the formation of ionic aggregates: multiplets in the presence of a low content
of ion clusters at a fairly high concentration of ions which depends on the structure of the initial copolymer. It is concluded
that the type of distribution of the carboxy-groups and the dielectric constant of the polymer matrix have a decisive influence
on the ion aggregation process.
The bibliography includes 85 references.
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I. INTRODUCTION

The partial or complete neutralisation of the COOH groups in
carboxyl-containing copolymers leads to the occurrence of ionic
interactions, which imparts to the copolymers unique properties
capable of being varied within wide limits.1"4 In the majority of
ionic copolymers, this interaction of the ions entails microphase
separation caused by the incompatibility of the salt groups and the
hydrocarbon units of the chain.5 At a certain concentration of the
ions, the phase separation leads to the coexistence of two types of
ionic aggregates, namely multiplets and clusters.

The introduction of ions into polymers is reflected most notably
in the rheological behaviour of the melts, the relaxation of stresses,
the dynamic, mechanical, and dielectric properties, and the glass
point.6"12 The present reivew deals with questions concerning the
dielectric relaxation and glass points of ionomers based on carboxyl-
containing copolymers of different composition and structure.
Thermomechanical and dielectric studies make it possible to obtain
information about the molecular mobility and the character of the
aggregation of the salt groups and about the influence of this aggre-
gation on important technological characteristics of the ionomers.

II. CONTRIBUTION OF HYDROGEN BONDS TO THE INTER-
MOLECULAR INTERACTION IN CARBOXYL-CONTAINING
COPOLYMERS

The properties of polymers containing carboxy-groups are deter-
mined to a large extent by their ability to form hydrogen bonds
between the C—OH groups. In contrast to chemical cross-links,
hydrogen bonds are unstable, dissociating and reforming anew under
the influence of thermal motion. However, it is in fact the hydro-
gen bonds that have a decisive influence on the mechanism of the
vitrification of polymers13 and on their mechanical properties in the
highly elastic and viscofluid states.14

The majority of the carboxy-groups in carboxyl-containing
copolymers are linked by hydrogen bonds into dimeric com-
plexes13"17 whose heat of dissociation varies from 7 to 15 kcal
mol"1,18"21 which agrees well with data for low-molecular-weight
carboxylic acids.

Spectroscopic studies make it possible to characterise quantita-
tively the formation of hydrogen bonds from the temperature vari-
ation of the absorption band maxima corresponding to the v(C = O)
vibrations of the free COOH groups and dimeric associated species
(1740-1750 and 1695-1705 cm"1 respectively).22"26 On heating to
the glass point Tg, the relative intensities of these bands hardly
change, while at higher temperatures the low-frequency band weak-
ens and the intensity of the 1740 cm"1 band increases.18'22 For the
styrene—methacrylic acid (MAA) (85 :15) copolymers, an inflection
associated with the dissociation of the intermolecular hydrogen
bonds appears on the curves for the temperature variation of the
1700 and 1745 cm"1 absorption band intensities at 120 °C, which
corresponds to the glass point, also found to be 120 °C by other
methods.18·27

Detailed study of the temperature variation of the intermolecular
interaction energy in polystyrene (PS) and in the styrene — MAA
copolymer (16 mole %) by differential IR spectroscopy28·29 showed
that appreciable disruption of the hydrogen bonds and weakening of
the van der Waals intermolecular interaction (interaction mainly
between benzene rings) begin already in the region of the tempera-
ture of the β-transitionit the first stage of this process occurs in the
range of the glass points. The character of the temperature vari-
ation of the energy for intermolecular bonds of different types is
different. Relatively weak van der Waals interaction changes step-
wise, falling especially sharply after the attainment of the fluidity
temperature. In the case of hydrogen bonds, the temperature vari-
ation of the energy shows breaks at characteristic temperatures.28

The main effect occurring when carboxy-groups are introduced
into the copolymer—the formation of hydrogen bonds—intensifies
the intermolecular interaction. However, the copolymerisation of
styrene with MAA entails also a series of other effects: a weakening
of the van der Waals interaction, an increase in mechanical losses in
the region of the β-transition compared with PS; an increase in the

fThe β-transition, which corresponds to the onset of the movement
of short sequences of styrene units, is a precursor of the movement
which occurs at TB

30,31
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degree of coiling of the chains.29 It follows from the study of the
conformational changes in the styrene—MAA copolymer that these
effects are especially pronounced, starting from an MAA concentra-
tion of 10—15 mole %, in the copolymers, and the average distances
between the hydrogen bond bridges become comparable to the
increase in the size of Kuhn's kinetic segment in PS.2 9

In view of the small decrease in the intermolecular interaction
energy on transition through the glass point,28 the appreciable
change in the mechanical properties of polymers in the region of Tt

cannot be explained solely by the decrease in intermolecular interac-
tion energy and is apparently induced by the appearance of coopera-
tive segmental motion. This is confirmed by the shift of Tg towards
higher temperatures with increase in the content of COOH groups in
the copolymer. Thus the increase in the MAA content in the
copolymer with methyl methacrylate (MMA) from zero to 15 and
28% is accompanied by an increase in the glass point from 103 °C
to 109° and 137 °C respectively.17 The shift of Tt towards higher
temperatures with increase in the number of carboxy-groups is
caused by the increased hydrogen bond network. In the buta-
diene — MAA copolymer, the increase in the number of hydrogen
bonds with increase in the content of the acid also increases the
dynamic modulus of elasticity and Γκ.

32 The dependence of Tt on
the content of the acid component is described most satisfactorily by
the equation for cross-links.20*32

The majority of the experimental data lead to the conclusion that
interchain cross-links are formed preferentially via hydrogen bond-
ing.15·18'23 The change in the thermodynamic parameters in the
ethyl methacrylate—MAA copolymers with increase in the MAA
content is also explained by the intensification of the interchain
interaction as a consequence of the formation of hydrogen bonds:33

a decrease in their heat capacity, entropy, and free energy and an
increase in the equilibrium constant and the limiting copolymerisa-
tion temperature, which corresponds to an increase in the thermo-
dynamic stability of the copolymers. The above changes in the
thermodynamic parameters of the copolymers are much greater than
might have been expected from the additivity of the properties of the
copolymers relative to the corresponding homopolymers.

The intramolecular bonds probably begin to appear in the pres-
ence of a fairly high content of carboxy-groups. In a study34 of the
physicomechanical properties of MAA and butyl acrylate copoly-
mers, a maximum was observed on the curves for the dependence of
the stability on composition. The presence of the maximum has
been explained by the fact that initially an increase in the MAA con-
tent entails an increase in the number of intermolecular hydrogen
bonds and hence the stability of the copolymer increases. On fur-
ther increase in the MAA fraction in the copolymer, intramolecular
bonds begin to appear, which leads to the coiling of the macromole-
cules into globules; as a result, the stability of the copolymer dimin-
ishes owing to the decrease in the energy of cohesion. In poly-
acrylic acid, dimerisation takes place mainly via the carboxy-groups
belonging to the same hydrocarbon chain.35

III. DIELECTRIC RELAXATION PROPERTIES OF CERTAIN
CARBOXYL-CONTAINING COPOLYMERS

The study of the dielectric properties of CCC provides important
information about the role of hydrogen bonds in molecular relaxa-
tion proceses. The results of the investigation of the dielectric relax-
ation processes in copolymers of ethylene with methacrylic and
acrylic acids have shown that a- and β-relaxation processes predomi-
nate in these copolymers.36'40 The relaxation α-transition is associ-
ated with vitrification processes in the copolymer. The number of
dipoles participating in the α-process can be calculated from the

experimental data by the Onsager equation

N-.
4πμ* «,(̂ .+•2)·

where Ν is the number of dipoles, Τ the absolute temperature, μ the
electric dipole moment of the COOH groups amounting to 1.75 D,3 7

and εο and e» are the relaxation and non-relaxation dielectric con-
stants respectively. The number of free COOH groups determines
the intensity of the observed α-relaxation. The α-process is in fact
associated with their mobility and reorientation in the external elec-
tric field.38'39 The low-temperature β-process is determined in both
copolymers by the low mobility of the main chains of the copoly-
mer.36

The β-relaxation observed in the copolymers of MAA and the
polar methyl methacrylate at temperatures below Te is essentially
due to the movement of the ester side groups.41 This is confirmed
by the finding that any change in the MAA content does not shift
the β-relaxation peak along the temperature axis (Fig. 1), while the
intensity of the dielectric relaxation Δεβ diminishes linearly with
increase in the MAA fraction in the copolymer. The activation
energy for the β-process has been estimated as 19 kcal mol"1.41 The
sharp peak in the region of high temperatures (Fig.l) corresponds to
the α-process, which is determined by the segmental thermal motion
of the chain. With increase in the MAA content in the specimen,
the temperature at which α-relaxation is observed shifts towards
higher values and at the same time the activation energy for the
α-process increases, which means that the segmental motion of the
main chain of the copolymer is limited by the MAA units.

0.1
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Figure 1. Temperature variation of the dielectric losses coefficient
ε" for the MMA-MAA copolymers at 30 Hz; MAA content
(mole %): 1) 15; 2) 28.41

For the α-process, the increase in the relaxation intensity with
temperature is caused by the increase in the number of mobile units
as a result of the dissociation of the hydrogen bonds and the number
of mobile units is assumed to be proportional to the dissociation
constant. The dissociation energy of the hydrogen-bonded MAA
dimer in the highly elastic state has been determined from the tem-
perature variation of the relaxation intensity for α-processes (Δεα).
It proved to be 13 kcal mol"1, which agrees with the dissociation
energy determined from IR studies17 for the MAA dimer in the
MMA—MAA copolymer and with data for the dimers of other
acids. However, the dissociation energy of the dimeric complex in
the vitreous state is much lower than in the highly elastic state
(0.7 kcal mol"1). This has been attributed to differences between
the supermolecular structures of the vitreous and highly elastic
states. Although it follows from IR studies that the most intense
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dissociation of hydrogen bonds occurs in the highly elastic state, a
large number of the hydrogen-bonded dimeric complexes remain
stable even at temperatures above Tg, as shown by the low value of
the dissociation constant (4.27 χ 10"5 mol cm"3) and by the charac-
ter of the dependence of the dielectric relaxation intensity on the
number of cross-links.17 Hence it follows that, even in the highly
elastic state of the CCC, the hydrogen bonds act as fluctuating
intermolecular bonds, although their energy is lower by a factor of
10 than the energy of covalent cross-links.

The replacement of methacrylic acid by acrylic acid (AA), i.e. the
absence of α-methyl groups, influences the molecular mobility of the
MMA —AA copolymer. In the study of the dielectric properties of
these copolymers, two relaxation transitions were also observed: the
high-temperature α-transition associated with segmental mobility and
the low-temperature β-transition due to the mobility of the side
groups.42 In the case of the α-process, the relaxation intensity Δε,
calculated from the area under the curve describing the variation of
the dielectric losses coefficient ε" with l/Γίη accordance with the
Williams equation, increases with increase in temperature (in con-
trast to the methacrylate homopolymer for which Δε is almost inde-
pendent of temperature). The dissociation energy of the AA dimers,
determined from the temperature variation of Δε, agrees well with
the calculation based on the IR spectra. The activation energy AH*
and the temperature of the maximum Tmax for the α-process
decrease with increase in the content of the AA dimer in contrast to
the MMA —MAA copolymer, for which both AH* and Γ,^χ
increase with increase in the MAA fraction.41 On the other hand,
the dissociation constants of the dimers of both copolymers, found
from the IR spectra, are the same. Evidently, in the absence of the
α-methyl group, the acrylic fragments play an important role in the
increased segmental mobility in the copolymer at temperatures
exceeding the glass point when the AA dimers decompose. The
characteristics of the β-process depend little on the AA content, as in
the case of the MMA — MAA copolymer.

In the case of the styrene — MAA copolymer,43 a single peak,
whose position and height increase with increase in the MAA con-
tent, is observed in the temperature variation of the dielectric losses
coefficient ε" in the region of the glass point. This is associated
with the fact that an increase in the MAA fraction in the copolymer
increases the number of cross-links formed by the acid dimers, which
increase Tg and hence shift the α-relaxation to the region of higher
temperatures. Calculations based on the monomer —dimer equilib-
rium have shown that 20% of the COOH groups are in a free state
at Tg; they in fact contribute to ε". With increase in temperature,
the dimers ?± free COOH groups equilibrium is displaced to the
right. Therefore, the higher the temperature corresponding to the
ε" peak, the greater its intensity. The initial sharp rise on the curve
describing the variation of the temperature of the α-relaxation max-
imum ε" with the content of carboxy-groups43 is explained by the
fact that, at low concentrations of the dimeric complexes, cross-links
can suppress molecular motion more effectively that at high concen-
trations. This is also indicated by the minimal electrical conductiv-
ity σ (COOH groups make the main contribution to σ) at a concen-
tration of 5 mole %, which is associated with the influence on σ not
only by the properties of the charge carriers but also by the molecu-
lar mobility of the polymer matrix.

In the styrene—MAA block copolymers (with an MAA content
of 5 — 30 mole %), two clear-cut α-processes are observed: at
~ 130 °C (αθ and at 180 °C (a2). The presence of two maxima,
corresponding to the α-processes, not only confirms the block struc-
ture of the copolymers synthesised in emulsion but also indicates
their microheterogeneity, i.e. the existence of two phases in the spec-
imen.44 One phase contains predominanatly polystyrene (PS)
blocks and the other is enriched in poly-MAA blocks. The ai-pro-
cess at 130 °C is associated with the manifestation of segmental

mobility of the PS blocks and its position depends only slightly on
the ratio of the monomer units in the copolymer. The a2-process at
180 °C is due to the molecular mobility in the region of the phase
containing the poly-MAA blocks. With increase in the MAA con-
tent in the copolymer, the a2-process shifts somewhat towards high
temperatures and its intensity increases.

Thus the properties of CCC are mainly determined by their ability
to form hydrogen bonds. Additional contacts at the intramolecular
and intermolecular levels arise as a result of the hydrogen bonds,
which increases the glass points and fluidity of the CCC. At low
temperatures, the carboxy-groups exhibit a tendency to dimerise via
hydrogen bonding, which renders them dielectrically inactive. With
increase in temperature, the hydrogen-bonded carboxy-groups dis-
sociate and exert the corresponding influence on the dielectric relaxa-
tion, for the behaviour of which free COOH groups are responsible.

IV. TRANSITION TO THE VITREOUS STATE IN IONOMERS

A partial or complete neutralisation of the carboxy-groups in the
CCC leads to the appearance of a series of their specific properties,
which are similar for different classes of ionomers. Thus the ability
to adsorb water, the character of the variation of Te with the con-
centration of ions, and the mechanical and dielectric properties of
ethylenic and stryrene ionomers are very similar, while polystyrene
and polyethylene differ markedly,45 which is due to the characteristic
features of the structures of the ionomers determined by the mani-
festation of ionic interactions.46"53

Neutralisation of carboxy-groups in CCC influences especially the
glass point, which increases after the introduction of ionised groups
into the polymer.54"65 This increase in Tg is associated mainly with
the decrease in segmental mobility as a consequence of ionic interac-
tions and therefore depends on the nature of the cation.5 Analysis
of Tg data from the standpoint of the anion — cation interaction as a
factor limiting segmental mobility led to the following general Tg

relation57 for fully neutralised silicates, phosphates, and acrylates:

where q is the charge on the cation, a the distance between the
centres of the charges on the anion and the cation, and A and Β are
constants. Graphically the dependence of Tg on q/a for both poly-
phosphates and other fully ionised homopolymers is represented by
straight lines having the same slope.66 In partially neutralised poly-
phosphates Tg also varies linearly with q/a, but partly neutralised
acrylate systems do not exhibit such a dependence. This may be
caused by the presence of highly structured rigid associated species,
which appreciably diminish the segmental mobility of the polymer.

In organic ionomers, a linear dependence of Tg on q/a is in
general not observed, because the morphology of these materials is
fairly complex and may vary with the concentration of ions. When
the content of ions in the ionomers is low, the initial increase in Tg

with the concentration of ions is in most cases linear (from 2 to
10 Κ per mole % of the ion-containing comonomer).5'6768 The
glass points of sodium ionomers based on ethylene69 obey satisfac-
torily the equation

where rt\ and «2 are the mole fractions and Tgl and Tg2 are the glass
points of the two homopolymers. The study of different mecha-
nisms of the increase in Tg for styrene ionomers19 leads to the con-
clusion that the main mechanism of the rise of Tg in these ionomers
involves the formation of cross-links between ionic domains and not
a copolymerisation effect, as in ethylenic ionomers.69 It is most
likely that the regular increase in Tg with the concentration of ions
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in both ionomers is caused by a superposition of two effects: the
cross-linking and copolymerisation mechanisms with the influence of
one of these mechanisms predominating in each type of ionomer.

The monotonic variation of Tg with the ion content of ethylenic
ionomers and also the results obtained in the study of the relaxation
of stresses, the absorption of water, and the dynamic, mechanical,
and dielectric properties show that ionic aggregates are present in
these ionomers even at very low concentrations of the ionic comono-
mer.70 On the other hand, the study of the character of the varia-
tion of the glass points and of the fluidity of the ionomers based on
styrene (20 mole % MAA) over a wide ion concentration range65

reveals the breakdown of the linear dependence of the transition
temperatures on the ion concentration for 30% neutralisation
(~6mole%).

Such breakdown of the monotonic variation with increase in the
content of sodium methacrylate above 6 mole % has been observed
for all the parameters of the styrene-based ionomers;71 this is a
result of the change in the morphology of the ionic aggregates,
namely the transition from small multiplet formations to higher-
order ionic accumulations—clusters. The existence of clusters is due
to the equilibrium between the electrostatic forces arising between
individual multipletsi and the elastic forces of the macromolecular
chains, which resist the attraction of the multiplets.72 One of the
necessary conditions for the formation of clusters is that the interac-
tions of the hydrocarbon chains with one another and with ions
should be different,73 which ensures an effective attraction between
the ions and tends to stabilise the clusters. High ion concentrations
and low dielectric constants of the polymer matrix are also necessary
for the formation of clusters; on heating above a critical tempera-
ture, the clusters decompose.73

The unusual dependence of Tg on the content of the acrylic acid
salt in ethyl acrylate copolymers is also associated with the forma-
tion of ionic clusters.5* A single general curve is obtained for all
the ions investigated (Na + , Cs + , Li+, K+, Ca 2 + , Ba 2 + ) when the
function Tg - f(Cq/a) is plotted. Here C is the content of salt
groups, q the charge on the cation, and a the distance between the
centres of the charges on the anion and cation (Fig.2). The non-
linear section corresponds to the deviation from the principle of the
temperature—time superposition in the relaxation of stress for the
ethyle acrylate-sodium acrylate copolymer (12 mole % of the ion-
containing comonomer) and reflects the formation of clusters.
Evidently in the region of low values of Cq/a, to which corresponds
the linear section of the curve, the multiplets exert the dominant
influence, while the clusters determine the behaviour of the ethyl
acrylate ionomers for higher values of Cq/a. It follows from the
data of Matsuura and Eisenberg56 that the "cluster formation" prin-
ciple, determining the rheological behaviour of ionomers, depends
both on the ion concentration and on q/a; the character of the
dependence of T% on q/a, illustrated in Fig.2, is encountered only in
materials in which fairly intense cluster formation takes place.3 The
effect involving the increase in Tt almost by a factor of two when
the ion content in ethyl acrylate ionomers varies from 10 to 25% can
be understood if it is supposed that the clusters ensure a more effec-
tive cross-Unking than simple multiplets.

An important factor influencing Tt for ionomers is the amount of
water which they have absorbed; water, whose content increases
with ion concentration, lowers Tg. It has been shown that Tg for
the sodium salt of polyacrylic acid decreases by ~ 8 Κ each time the
water content is raised by 1 0 % . w In ethyl acrylate-based ionomers

in the presence of a definite amount of water (^20 wt.%), Tg varies
linearly with the water content regardless of the ion concentration
(in the region of 20—50 mole % of sodium acrylate).

Tt,°C

ZOO

W0

0.1 0.1 03 OM
Cq/a

JMultiplett are small compact ionic aggregates.

Figure 2. Dependence of Tg for ionomers based on the ethyl acryl-
ate—acrylic acid copolymer on Cq/a for different ions: 1) N a + ,
Li+, Ca 2 + , and B a i + ; 2) K + and Cs + . 5 6

These data are qualitatively similar to the attainment of a plateau
on the plot of Tg against ion concentration, which is observed for
ionomers based on styrene—η-butyl methacrylate copolymers.74

The glass points of these ionomers increase with increase in the ion
content to 1.5 mole %. The limiting value of Tgis higher by 5 - 2 0 Κ
that the Tg for the initial copolymer and depends on the molecular
weight of the copolymer. The plateau on the relation between Tg

and ion concentration can be accounted for by the balance between
the influence of the ions, which increases the rigidity of the chain,
and the plasticising action of water. In ionomers based on copoly-
mers of acrylic acid and methyl methacrylate, Tg increases with
increase in ion concentration in the range 0-1.5 χ 10"3equiv.cm"3.75

Above the critical concentration (1.5 χ 10~3equiv.cm~3), which is
independent of the content of acrylic acid in the initial copolymer,
Tg does not change. This can be explained by the for-mation of
clusters of ionised groups which do not influence Tg. It has been
suggested by Matsuura and Eisenberg56 that the contradictions
between the results of their studies of Tg for ethyl acrylate-based
ionomers and the data of Tsutsui et al.75 may be due to a
number of causes. It may be that the character of the dependence
of Tg on the ion content in these ionomers reflects the differences
between the structures of the copolymers or clusters. Furthermore,
the high degree of conversion of ionomers based on MM A - AA
copolymers (36.5—48.7%), which is much higher than the degree of
conversion of ethyl acrylate ionomers (7.2—14.5%), may lead to a
high compositional inhomogeneity in the polymer and as a conse-
quence to the separation of the specimen into different phases.
Another possible cause of the disagreements is the presence of water,
remaining in the specimens investigated by Tsutsui et al. after drying
under mild conditions, which decreases Tg.

The nature of the cation should evidently exert an appreciable
influence on the Tg of the ionomers via the parameter q/a. It fol-
lows from the study of a series of ionic copolymers based on buta-
diene that the univalent cations N a + and Li+ have a greater influ-
ence on Tg than the univalent anion I - , 7 6 · 7 7 There are indications
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that Mg 2 + ions in the ionised ethylene—acrylic acid copolymers are
more effective from the standpoint of the increase in Tg than Na +

ions. The dependence of the glass point and fluidity of the iono-
mers on the nature of the cation introduced can be traced satisfac-
torily in ionomers based on statistical styrene—methacrylic acid
(20 mole %) copolymers.64

Under identical neutralisation conditions, the glass points and
fluidities of the ionomers containing N a + ions exceed the corre-
sponding values for the copolymers neutralised by Rb + ions.64.
The reason is apparently that, as a result of the aggregtion of the
salt groups of the ionomers in the hydrocarbon matrix, there is a
possibility of a distribution of the ionised carboxy-groups in which
they find themselves opposite one another, so that an electrostatic
interaction takes place between them. If account is taken of the
fact that the strength of interaction between ions is inversely propor-
tional to the distance between them, which is determined by the radii
of the ions, then "ionic cross-linking" with the Na + cation, which
has a greater radius than the Rb + cation, is more stable. For this
reason, specimens of ionomers containing Na + have higher transi-
tion temperatures than the corresponding Rb + .

Another picture is observed if bivalent metal acetates have been
used for the neutralisation of the carboxy-groups of the styrene —
MAA statistical copolymer. Neutralisation by Zn 2 + and Ca 2 + ions
alters very slightly the glass points and fluidities of the ionomers.
This phenomenon can be explained by the fact that the neutralising
agents in this case are not the doubly charged metal ions M 2 + but
singly charged ions of the type M(CH3COO)+ formed via the reac-
tion78

Μ (CHSCOO) 2=F*M (CH 3 COO) + + CHjCOO-

The acetate groups in such singly charged ions shield the ionic
charges by virtue of their large size, diminishing thereby the stability
of the ionic cross-linking, i.e. they manifest a kind of plasticising
effect. This is confirmed by the finding that the thermomechanical
curves for ionomers with different contents of both Zn 2 + and Ca 2 +

are identical and exhibit all the temperature-dependent transitions
characteristic of thermoplastics. Furthermore, ionomers with 30%
substitution by Ca 2 + and Zn 2 + ions are readily soluble in dioxan
and dimethylformamide, which also confirms the absence of "cross-
links".64

For the same content of salt groups, the mode of their distribu-
tion along the copolymer chain has a great influence on the glass
points of ionomers.64'65 Thus, whereas in statistical styrene—meth-
acrylic acid copolymers a complex type of dependence of Tt on the
ion concentration is observed, the introduction of MAA into the
polystyrene chain in the form of a block leads to the absence of such
dependence of Tg on the degree of neutralisation. This is caused by
the characteristic features of the structure of these polymers: the
ionomers formed are block copolymers having the composition
(MA-Na - MAA) - (styrene - MAA - Μ A-Na)m. Statistical copoly-
mers are formed within the limits of the blocks and the distribution
of the monomers in them is as follows: in the first block, there is
more sodium methacrylate (MA-Na) than methacrylic acid, while in
the second block the styrene—MAA content greatly exceeds the
content of sodium methacrylate. Since the size of the styrene—
MAA—MA-Na blocks is comparable to the size of the kinetic seg-
ment, ionic cross-links have little influence on Tg,

6S which is con-
firmed by the insignificant displacement of the maximum of the
tangent of the dielectric losses angle for the oci-process towards
higher temperatures with increase in the degree of neutralisation.

The properties of ionomers based on graft copolymers are deter-
mined by the length of the blocks containing the ionogenic groups.
They are similar to those of the ionomers of block-copolymers
provided that the chain length of the grafted polyacid is sufficiently
large. Thus the thermomechanical curves for ionomers based on

graft ethylene—maleic anhydride copolymers,64 in which the length of
the side sections containing carboxy-groups is fairly considerable,
showed the appearance of additional transition temperatures due to
the manifestiation of the presence of ionic cross-links; these temper-
atures depend on the content of the acid and the degree of its neu-
tralisation. The Tg for the monomers investigated are independent
of the degree of neutralisation and are close to the melting point of
polyethylene (100 °C). However, if the sections of the grafted poly-
acids are short (several monomer units), then the variation of the
glass point with ion concentration in the ionomers of graft copoly-
mers will resemble that for the ionomers of statistical copolymers.
Such behaviour has been observed for ionomers based on graft
styrene—MAA copolymers in which the short chains of the grafted
poly-MAA are distributed statistically along the polystyrene chain.44

Thus the mode of distribution of the carboxy-groups (statistical
block and graft copolymers) leads to different types of aggregation
of the salt groups in the corresponding ionomers, which is distinctly
manifested by the behaviour of the T% of the ionomers. However,
ion aggregation is difficult in a medium with a high dielectric con-
stant,3·73 which is reflected by the absence of a dependence of T% for
such ionomers (ionomers based on MAA—MAA copolymers) on the
nature and amount of the cations and by the weak dependence of
the maximum in the tangent of the dielectric losses angle for
α-relaxation on the degree of neutralisation.

V. DIELECTRIC RELAXATION OF IONOMERS

The neutralisation of the carboxy-groups in the CCC alters the
dielectric relaxation of the copolymers, owing to its sensitivity to the
presence of the polar groups of acids and salts directly involved in
the formation of clusters. Dielectric studies can yield valuable
information about the structure and character of the molecular
motion of ionomers.40·43·55·79-84

80 I C

Figure 3. Temperature variation of tan δ for the sodium salts of the
ethylene—MAA copolymer (4.1 mole %) at 1 kHz; degree of
neutralisation (%): 1) 0; 2) 19; 3) 41; 4) 72.79

The intensity of α-relaxation in ethylene —MAA copolymers
diminishes with increase in the extent of neutralisation and αϊ- and
a2-relaxations appear (Fig.3).79 The αι-relaxation is associated with
the Tg of the ionic phase of the ionomer; this is confirmed by the
absence of αι-relaxation in the copolymer and by the increase in its
intensity and its shift towards higher temperatures with increase in
the degree of neutralisation and by the bend in the curve describing
the frequency and temperature variation for the a!-process. The
bend in the frequency-temperature variation for the a2-process shows
that this relaxation characterises the Tt of the hydrocarbon phase,
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which becomes dielectrically active by virtue of the presence of free
carboxy- or salt groups linked to the segments of this phase. The
water absorbed by the ionomers shifts the αι-peak towards lower
temperatures, which is associated with the plasticising effect of water
on the ionic phase. At a temperature of about -43 °C, an addi-
tional peak appears, whose height is approximately proportional to
the water content and whose position depends slightly on its
amount.79 Modern calculations of the relaxation intensity have
shown that the mobility of the water molecules themselves is
responsible for this peak.

In the sodium salts of the ethylene — acrylic acid copolymer (9.3
mole %), the temperature of the α-relaxation maximum does not
change and the height of the peak increases with increase in the
degree of neutralisation Wto 20%; for W > 30%, the temperature
of the α-maximum rises and the height of the peak diminishes fol-
lowing the appearance of αϊ-relaxation.40 Simultaneously with the
change in the character of the temperature variation of the max-
imum and height of the relaxation peak as a function of the degree
of neutralisation, the character of the temperature variation of the
relaxation time also changes: for low extents of neutralisation, it is
described by the Williams —Lundell—Ferry equation, whilst for high
extents of neutralisation it is described by the Arrhenius equation.
The dielectric increment Δε =εο - ε^, calculated from the Cole —
Cole diagram for the α-relaxation, increases in proportion to the
degree of neutralisation up to 20% (Δε = 0.119 for W = 0 and
0.826 for W = 20%), diminishing rapidly with increase in the degree
of neutralisation above 30%. The influence of the degree of
neutralisation on all the relaxation properties of the ethylene —AA
copolymer indicated can be explained by the formation of ionic
clusters for W > 30%.m Since Δε at 30% neutralisation is higher
than for the copolymer, it is concluded that not all the COONa
groups are combined into clusters and it is suggested that these
groups are dielectrically active in the α-relaxation process.

Detailed study of β-relaxation has thrown defnite light on the
investigation of the structure and molecular motion in ionomers,
because its extent is associated with the polar COONa groups which
have not entered the clusters. Indeed, for the sodium salts of the
copolymer, the position of the β-peak along the temperature scale is
independent of the degree of neutralisation W, but the peak height
increases with increase in W.40'57 The dielectric increment for
β-relaxation increases in proportion to the degree of neutralisation

up to 20% and diminishes for W > 30%. Since at low ion concen-
trations aggregation is not observed, the number of polar COONa
groups responsible for β-relaxation increases with increase in the ion
content. As a result of the formation of ionic clusters at a higher
ion concentration, the number of polar groups involved in β-relax-
ation diminishes. Consequently the dielectric β-relaxation provides
new evidence for the existence of clusters in ionomers.

The formation of ionic aggregates in copper(II) salts of the ethyl-
ene—acrylic acid copolymer proceeds with more difficulty than in
the sodium salts owing to the complex structure of the copper(II)
salts.84 The temperature dependence of the dielectric losses coef-
ficient ε" for the copper salt of the ethylene—AA copolymer, which
has in the main the dimeric structure of hydrated copper acetate,85 is
characterised by two maxima located at 50 °C (α-relaxation) and
-100 °C (β-relaxation) for 20% neutralisation. The first maximum
is due to the molecular Brownian movement at temperatures above
Tg and the second is associated with the local molecular mobility
below TB, as in the sodium salts of these copolymers. In the region
of α-relaxation the temperature T^a, corresponding to the maxi-
mum value of ε", increases with increased extent of neutralisation
and a diminution of ε" is observed simultaneously up to W = 34%.
The α-relaxation process at W = 71% has a complex character and
consists of a2-relaxation at 0°C and αι-relaxation at 60 °C. The
dependence of the logarithm of the frequency of the ε" maximum on

l/^max satisfies the Williams—Lundell—Ferry equation for W < 5%
and the Arrhenius equation for W > 20% , 8 4 which indicates the
retardation of the Brownian movement as a consequence of the
interaction of the ionic groups with increase in the extent of neutral-
isation from 5 to 20%. The dependence of the dilelectric increment
Δε on the extent of neutralisation passes through a maximum at
W = 5%, but at W > 20% the quantity Δε gradually diminishes,
while Tmax increases, owing to the onset of ionic aggregation at
W > 20% (Fig.4). The increase in Δε and the decrease in ΤτοΐΛ in
the specimen neutralised to the extent of 71% indicate that, in the
highly neutralised polymer, many Cu 2 + ions can remain outside the
ionic aggregates. This has also been observed for β-relaxation.
The a2-relaxation, appearing in the 71% neutralised specimen, refers,
according to the authors,84 to the molecular motion of short seg-
ments, incorporating copper(II) salts, between ionic aggregates.
This is confirmed by the low activation energy for a2-relaxation
(-18 kcalmor 1). 8 4
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Figure 4. Dependence of the dielectric increment Δε (curves 1 and
2 ) and of the position of the relaxation maximum T^^ (curves 3
and 4) on the degree of neutralisation W for the a- and β-relaxation
in the copper(II) salts of the ethylene—AA copolymer (9 mole %):
a) α-relaxation; b) β-relaxation.84

O.2- Relaxation has also been observed in the copper(II) salts of the
styrene—methacrylic acid copolymer.84'85 These salts have three
types of structure: I—monomeric, II—monohydrated copper ace-
tate, and III—pseudo-anhydrous copper formate, the fraction of
each depending on the method used to prepare the copper carboxyl-
ate. These structures influence the molecular motion of the poly-
mer; however, ionic aggregation in all the copper(II) salts of the
styrene—Μ AA copolymer could not be observed either by the low-
angle X-ray diffraction method or by electron microscopy.

Ionic aggregation with formation of clusters occurs in ionomers
based on styrene with MA-Na (fully neutralised specimens contain-
ing between 2 and 9 mole % of sodium methacrylate).80 The tem-
perature variation of the tangent of the dielectric losses angle (tan δ)
shows, after the subtraction of the losses due to conduction, two
readily distinguishable overlapping maxima for all the ion concentra-
tions except 2 mole %. Both peaks shift towards high temperatures
with increase in the ion content. The low-temperature peak is due
to regions with a low ion concentration, while the high-temperature
peak is associated with large aggregates which have a higher Te.
The overall area under the peaks for the variation of tan δ with the
reciprocal of temperature is correlated very satisfactorily with the
overall.ion concentration in the ionomers (correlation coefficient
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0.975). The area under the low-temperature peak ^-relaxation)
increases with increase in the salt content up to 5 mole % and then
remains constant at higher concentrations.5'57 This is evidence for
the saturation of the hydrocarbon matrix by ionic groups at this ion
concentration; at the higher ion concentration, all the additional
ions are combined into clusters. On the other hand, the area under
the high-temperature peak (αι-relaxation) increases continuously
with increasing concentration of the salt groups; at an ion concen-
tration > 5 mole %, the increase accelerates.

With increase in temperature, the concentration of ionic groups in
the hydrocarbon phase grows at the expense of the ion-rich region,
i.e. the clusters decompose at high temperatures. This is indicated
by the change in the relative sizes of the two relaxation peaks with
increase in frequency. When the frequency is raised, which shifts
both relaxation peaks towards higher temperatures, the height of the
a2-peak increases compared with the high-temperature arpeak.57>8°

Thus it follows from the dielectric studies of the fully neutralised
sodium ionomers based on the styrene—MAA copolymer80 that
clusters and multiplets coexist starting with an ion concentration of
2 mole %; the hydrocarbon matrix is saturated by ionic groups at
5 — 6 mole % of sodium methacrylate; the clusters dissociate at
elevated temperatures. In the partly neutralised styrene—MAA
polymers (9 mole %) two dielectric relaxation peaks appear at rela-
tively low degrees of neutralisation (starting with 25%) in the region
of the transition to the vitreous state, indicating the simultaneous
presence of both multiplets and clusters in the ionomers.43

The temperature of the maximum Tmax and the intensity (ΤΔε) of
the peak depend on the degree of neutralisation (Fig.5). Both peaks
shift towards higher temperatures with increase in the extent of
neutralisation W. However, at W > 65% (which corresponds to
5.85 mole % of the salt in the ionomer)43 the increase in the extent
of neutralisation leads to a faster shift of r m a x for the high-tempera-
ture peak; on the other hand, Tmix for the low-temperature peak
increases very slowly, which is due to the saturation effect. Thus, as
in fully neutralised styrene — MAA copolymers, in the partly neutral-
ised copolymers containing ~ 6 mole % of ions the matrix is satu-
rated by multiplets, while on further increase in the ion concentra-
tion the ionic groups begin to combine into clusters.

In the fully neutralised polymers, only 2% of the COO"Na+

groups are in a "free" state (are present as simple ion pairs), while in
the remaining polymers they are combined into multiplets or clus-
ters.43 The presence of COO groups in partly neutralised copoly-
mers increases the degree of dissolution of salt groups in the polymer
matrix, such groups becoming dielectrically active.

While Γ,ηβχ for the low-temperature 0C2-peak of the partly neutral-
ised polymer is appreciably higher than for the pure salt containing
the same number of ionic groups, in the case of the high-temperature
peak the opposite situation obtains. Furthermore, the intensity of
the oc2-peak of the partly neutralised polymer is much greater than
that of the peak of the pure salt. The higher intensity of the low-
temperature peak of the partly neutralised polymer is associated with
the fact that the COONa groups combine with the COOH groups.
Apart from giving rise to a considerable number of small clusters in
the partly neutralised specimens (the clusters in the pure salt are
more stable and larger), these additional interactions suppress the
molecular motion in the matrix and shift the ot2-peak relative to the
pure salt.

The different modes of distribution of the MAA units in the
statistical block and graft copolymers lead to different characters of
the aggregation of the salt groups in the corresponding monomers,
which is clearly manifested in dielectric relaxation.44 For the statis-
tical styrene—MAA copolymers, the qualitative changes in the tem-
perature variation of tan δ for the sodium, rubidium, zinc, and cad-
mium ionomers with increase in the degree of neutralisation take
place in the same manner. For all the ionomers, the intensity of the

α-process increases with increase in the degree of neutralisation,
which can be explained by the increase in dipole moment as the car-
boxy-groups are neutralised. The shift of the α-process to the high-
temperature region is associated with the restriction of the segmental
mobility with increase in the degree of neutralisation owing to ionic
interactions. The high-temperature tan δ maximum (above 200 °C)
corresponding to molecular mobility in ionic clusters, whose presence
might have been expected on the basis of earlier data,43'80 could not
be observed either because of the low fluidity temperatures of the
ionomers investigated (below 200 °C) or as a consequence of the
large dielectric losses associated with the increase in the electrical
conductivity of the material in the region of the transition to the
viscofluid state.
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Figure 5. Dependence of Tm!LX (a) and Δε (b) on the degree of
neutralisation W for the high-temperature (1) and low-temperature
(2) relaxation in the partly neutralised styrene—MAA copolymer (9
mole %); 3) and 4) the values of Tmax and ΓΔε for the high- and
low-temperature dielectric relaxation maxima respectively for the
fully neutralised copolymer containing 5.06 mole % of the salt.43

[The numbering of the symbols was omitted from the figure in the
Russian text (Ed. of Translation).]

For the ionomers based on the styrene — MAA block copolymers,
two distinct α-relaxation processes are observed, which makes it
possible to infer their microheterogeneity.44 The αϊ-process is asso-
ciated with the segmental mobility of the styrene —MAA—MA—Na
blocks, while the a2-process is determined by the segmental mobility
of the phase enriched in MA—Na. With increase in the degree of
neutralisation, the maxima in the tangent of the dielectric loss angle
for the αχ- and a2-processes become more intense, the a2-process
shifting markedly towards high temperatures (Fig.6). The small
displacement of the process agrees with the small increase in the
softening temperatures of the ionomers. The increasing intensity of
the αι-process shows that the PS blocks in these block copolymers
do indeed contain statistically distributed MA—Na units which have
a high dipole moment. The blocks enriched in MA—Na are segre-
gated into a separate phase. The shift of the a2-process to the tem-
perature range above 250-300 °C (with a corresponding shift of the
fluidity temperature) indicates intense ionic interactions within sec-
tions of this phase. Evidently the sizes of these sections are such
that they incorporate blocks ranging from several macromolecules.
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Therefore the viscous flow of the ionomer can begin only at a tem-
perature where the energy of thermal motion is sufficient to dissoci-
ate the intermolecular ionic bonds to "deinhibit" the molecular
mobility in these sections.

For the ionomers based on graft styrene—MAA copolymers, a
single peak corresponding to the α-process is observed in the tem-
perature variation of tan δ; its position and intensity vary with
increasing degree of neutralisation similarly to the peak for the
α-process involving ionomers based on statistical copolymers. Such
similarity of the properties of the ionomers of graft and statistical
copolymers shows that the short chains of graft poly-MAA ** are
distributed statistically along the chain of the PS macromolecule.

102tan6

J

-60 60 WO 7, C

Figure 6. Temperature variation of tan δ for the styrene—MAA
block copolymers (12 mole %) (curve /) and of its sodium ionomers
(curves 2 and 3); degree of neutralisation (mole %): 2) 10; 3) 40.44

Thus the dielectric behaviour of the ionomers can be most con-
vincingly interpreted from the standpoint of microphase separation:
whereas there is only one peak of the dielectric losses angle tangent
for the initial copolymer, after neutralisation two such peaks with a
fairly high intensity appear. This phenomenon reflects the existence
of two glass points. The first of these is the T% of the matrix, which
contains a small amount of ionic groups, while the second is the Tg

of the phase-separated ion-rich region. In other words, below a
certain ion concentration the dielectric behaviour of the polymers is
determined by small compact ionic aggregates (multiplets), which
behave like cross-links, while above this critical concentration the
larger ionic aggregates (clusters) influence the properties of the
ionomers.

The dielectric relaxation and the character of the variation of Te

with ion concentrations for monomers based on vitreous and partly
crystalline CCC are qualitatively similar despite the differences
between the stabilities of the main chains and the dielectric constants
of the hydrocarbon matrices. The nature of the neutralised groups
determines the capacity of the salt groups for aggregation and
therefore influences the physical properties of the ionomers. The
mode of distribution of the salt groups along the polymer chain and
the dielectric constant of the polymer matrix have a decisive influ-
ence on the aggregation of ions. The nature of the cation and its
content influence the properties of the ionomers at specific concen-
trations of the carboxy-groups, which depend on the structure (type)
of the initial copolymer.
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