9044

Macromolecules 2000, 33, 9044—9053

Investigation of Microphase Separation and Thermal Properties of
Noncrystalline Ethylene lonomers. 2. IR, DSC, and Dielectric
Characterization

Shoichi Kutsumizu,*' Kenji Tadano,* Yuki Matsuda,® Masahiro Goto,$
Hitoshi Tachino,” Hisaaki Hara,?% Eisaku Hirasawa,”” Hiroyuki Tagawa,*
Yoshio Muroga,® and Shinichi Yano$

Instrumental Analysis Center, Gifu University, 1-1 Yanagido, Gifu 501-1193, Japan;

Gifu College of Medical Technology, Ichihiraga, Seki, Gifu 501-3892, Japan; Department of Chemistry,
Faculty of Engineering, Gifu University, 1-1 Yanagido, Gifu 501-1193, Japan; Technical Center,

Du Pont-Mitsui Polychemicals Co., Ltd., 6 Chigusa-kaigan, Ichihara, Chiba 299-0108, Japan;
Department of Applied Chemistry, Nihon University Junior College, 1-8-14 Kanda-Surugadai,
Chiyoda-ku, Tokyo 101-0062, Japan; and School of Engineering, Nagoya University, Furo-cho,
Chikusa-ku, Nagoya 464-8603, Japan

Received March 8, 2000

ABSTRACT: The microphase structure of noncrystalline poly(ethylene-co-13.3 mol % methacrylic acid)
(E-0.133MAA) ionomers was investigated by using infrared (IR) spectroscopic, X-ray scattering, differential
scanning calorimetric (DSC), and dielectric measurements. The noncrystallinity was confirmed by small-
angle X-ray scattering (SAXS) and DSC studies, which has enabled a quantitative analysis of the SAXS
ionic peak associated with ionic aggregates without being perturbed by the polyethylene lamellae peak.
In 60% neutralized Na ionomer, it was revealed that almost 100% of MAA side groups including
unneutralized COOH are incorporated into the ionic aggregates with an average ionic core radius (R;) of
~6 A. The dielectric relaxation studies showed that the ionic aggregates form a microphase-separated
ionic cluster. Analysis of dielectric strengths indicated the most (~90%) of the COONa groups are present
in the ionic cluster. On the other hand, in the 60% neutralized Zn ionomer, both SAXS and dielectric
studies indicated that the ionic aggregates with Ry ~ 4 A are almost isolated and dispersed in the matrix;
the formation of ionic cluster was not recognized. Similarly to partly crystalline E-MAA ionomers, all
noncrystalline E-0.133MAA ionomers exhibited an endothermic peak at 320—330 K (labeled T;) on the
first heating, depending on the aging time at room temperature. Several factors that would be critical
for the DSC T, peak were discussed. It was concluded that the DSC T, peak is certainly associated with

changes of the state of ionic aggregate region.

Introduction

In 1964, Rees et al.1? first developed poly(ethylene-
co-methacrylic acid) (E-MAA) ionomers and opened the
first page of ionomer industries. Ever since, various
types of ionomers have been synthesized, and an
enormous number of studies have been devoted to
understand the structure—morphology—property rela-
tionships of these ionomers. It is now generally accepted
that ionomers owe their peculiar properties to the
aggregation of ionic groups introduced to the polymer
backbone.®~7 In partly crystalline ionomers such as
E-MAA ionomers, the crystallinity also gives a profound
influence on the ionic aggregation.8=14 To avoid such
complexity, much more fundamental studies have been
focused on noncrystalline ionomers such as atactic
polystyrene ionomers, which is now the best understood
family among ionomers.1>16 From an industrial point
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of view, however, E-MAA ionomers are still very im-
portant and widely used as excellent thermoplastics in
use for packaging, extrusion coating, and molding
applications.1”18 To control the performance, more
complete understanding of the structure—morphology—
property relationships is demanded, but unfortunately,
the present morphological picture has not been im-
proved so much from Longworth’s classical and qualita-
tive three-phase model, which was proposed more than
30 years ago.l® Therefore, it must be said that qualita-
tive information on E-MAA ionomers is still very poor
regarding the size of ionic aggregate and the number
of ionic groups per aggregate.

Another important but unsolved problem on E-MAA
ionomers is the presence of an anomaly observed at
around 330 K below the melting point (T ~ 360 K) of
polyethylene crystalline regions; the sample exhibits
only a DSC T, peak on heating immediately after
cooling from the melt, but when stored at room tem-
perature for more than several days, another endother-
mic peak appears at around 330 K below Tp,. This peak
was first found by Marx and Cooper, who ascribed it
simply to the melting of imperfect crystallites of poly-
ethylene short segments.® Very recently, this explana-
tion was replaced by the same research group with a
new interpretation that the endotherm is due to some
change associated with the release of absorbed water
from the ionic aggregate regions.?° Earlier than Cooper’s
first report, MacKnight and co-workers proposed the
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existence of a glass—rubber transition of ionic aggregate
regions around 330 K on the basis of their mechanical
studies and so on,?1724 put their papers did not refer to
the DSC endotherm in this temperature region. In 1987,
Tadano et al. proposed an order—disorder transition
model of ionic aggregate regions:2°~2” Room-temperature
aging of the sample causes some ordered structure
inside the ionic aggregate regions, which is transformed
into a disordered state at around 330 K on heating. The
model was primarily based on the DSC and dilatometric
data, but other various measurements by this research
group also support the model.1228-37 Briefly speaking,
thus, there have been four models treating the anomaly
around 330 K, but no definitive evidence can support
one of these models because of the colloidal size of the
ionic aggregate region. On the other hand, Hirasawa
et al. pointed out that the enthalpy change of this
“transition” around 330 K and its growth with room-
temperature aging closely correlate with some physical
properties such as yield strength, surface hardness, and
bending modulus and their change with the aging time,
respectively.’? Therefore, understanding the origin of
this anomaly is important not only from an academic
point of view but also from an industrial viewpoint, and
this is a reason our research group has been adhering
to this problem for a decade.

As mentioned above, the physical and thermal prop-
erties of E-MAA ionomers are profoundly influenced by
the existence of polyethylene crystalline regions as well
as ionic aggregate regions. MacKnight et al. pointed out
that the crystallinity decreases almost linearly with the
increase of methacrylic acid (MAA) content,® and in
fact, E-MAA with a high content of MAA such as 20.4
mol % was reported to be noncrystalline.®® Such non-
crystalline E-MAA ionomers are useful to clarify the
contribution of crystallinity to both the microphase-
separation structure and the anomaly around 330 K in
E-MAA ionomers. We chose in this study E-MAA
ionomers containing 13.3 mol % of MAA, because this
content of MAA was found to be a minimum content to
make E-MAA copolymers noncrystalline, as will be
shown in Figure 6 of this paper, and such a minimum
content also would ensure the continuity of the physical
properties to those of commercially important crystalline
E-MAA ionomers with lower MAA contents. Hereafter,
the E-MAA ionomers containing 13.3 mol % of MAA are
denoted as E-0.133MAA-xM, where M indicates the type
of metal cation and x is the degree of neutralization.

In this paper, the microphase structure and thermal
properties of noncrystalline E-0.133MAA ionomers were
investigated by use of IR spectroscopic, X-ray scattering,
DSC, and dielectric measurements. One of the purposes
of this paper is to obtain quantitative information on
the structure as much as possible, and a combination
of several measurement techniques would make the
interpretation unambiguous and enable to justify the
evaluation. Since our continuing target is partly crystal-
line E-MAA ionomers, the results are compared with
those of partly crystalline E-MAA ionomers and dis-
cussed.

Experimental Section

Materials. The precursor E-0.133MAA was from Du Pont-
Mitsui Polychemicals Co. Ltd., whose melt index is 930 g/10
min; the melt index was measured as the weight of polymer
flow (9/10 min) from a melt indexer at 463 K and under a 2160
g load. The metal salts of E-0.133MAA were prepared by a
melt reaction of E-0.133MAA with a stoichiometric amount of
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Na,COj3 or ZnO using a Toyoseiki Laboplastomill at 493 K for
15 min. At the end of 15 min, the samples were immediately
removed and compression-molded into sheets with a suitable
thickness (0.03—0.5 mm) at 15 MPa and at 453 K and then
cooled to room temperature at a cooling rate of 30 K/min. The
sheets obtained in this way were transparent and showed no
signs of unreacted metal salts, which was also checked by IR,
SAXS, and WAXS, indicating that the reaction proceeded
stoichiometrically. To avoid moisture absorption, all sam-
ples were stored in a vacuum desiccator prior to use but were
found to contain a trace of water. The amounts of water
contained, determined from the weight loss by vacuum-drying
at 423—453 K for 1 h,3! were 1.33 wt % [0.2H,0/COOH] for
E-0.133MAA, 0.46 wt % [0.3H,O/Na*] for E-0.133MAA-0.2Na,
0.81 wt % [0.2H,O/Na'] for E-0.133MAA-0.6Na, and 0.26 wt
% [0.2H,0/Zn?*] for E-0.133MAA-0.6Zn. These amounts are
not so much compared to the case of dry E-0.054MAA ionomers
(0.22 wt % [0.07H,O/COOH] for E-0.054MAA, 0.24 wt %
[0.4H,0/Nat] for E-0.054MAA-0.2Na, 0.29 wt % [0.2H,0/Na*]
for E-0.054MAA-0.6Na, and 0.084 wt % [0.2H,0/Zn?*] for
E-0.054MAA-0.6Zn).%2 To avoid such small absorption of water
during the storage of the samples, more rigorous conditions
are needed, which is often unable to be employed, and so, most
of the experiments were made for these “dry” samples. In
separate experiments, the effect of such a small amount of
water on the DSC behavior was also checked by using
completely dried samples with great care for water absorption
(see the section T; and Water Absorption).

Other E-MAA samples examined for comparison were also
from Du Pont-Mitsui, and their ionomers were prepared by
the same neutralization technique mentioned above.!?

Measurements. Infrared (IR) spectra were measured with
a Perkin-Elmer 1640 FTIR spectrometer at room temperature,
where 32 or 64 scans at a resolution of 4 cm~ were signal
averaged.

Small-angle X-ray scattering (SAXS) experiments were
carried out at the Photon Factory beamline 10C, the National
Laboratory for High Energy Physics, Tsukuba, Japan. The
synchrotron radiation monochromatized (1 = 1.488 A) and a
point-focusing optics were used. The scattered profiles were
recorded by a linear position-sensitive proportional counter
(PSPC) and corrected for parasitic scattering (background
scattering), sample absorption, and beam intensity decay and
were normalized to 1 mm sample thickness. The details of the
optics and data treatments are described elsewhere.3940

Wide-angle X-ray scattering (WAXS) measurements were
performed with a Mac Science X-ray diffractometer (MXP3
system) in the Instrumental Center, Institute of Molecular
Science, Okazaki, Japan. The measurement conditions were
the same as described elsewhere.3*

Differential scanning calorimetric (DSC) thermograms were
recorded by using a Seiko Denshi DSC-210 (SSC-5000 system),
which was calibrated by indium (mp 156.6 °C, AH = 28.458
cal g1) and tin (mp 231.9 °C, AH = 59.5 cal g%). The
measurements were done under a dry N; flow of ca. 40 mL/
min, and the scanning rates used were 5 and 10 K min1.
About 10 mg of the sample aged at room temperature for more
than 30 days was weighed to 1072 mg, packed into an
aluminum pan, and used. In the first heating from room
temperature, partly crystalline E-MAA ionomers show two
endothermic peaks at ~330 and ~360 K, and the former is
the anomaly mentioned in the Introduction and the latter is
the T, peak. The weight fraction of polyethylene crystallinity
(X¢) was calculated from the enthalpy change at Tn by
assuming that the heat of fusion of polyethylene crystallites
is 290.4 J/g.

Thermal expansions were measured at a heating/cooling
rate of ca. 0.5 K/min using a glassy capillary dilatometer (0.6
mm i.d.). A compression-molded sheet of ~1 g was aged at
room temperature for more than 30 days and then carefully
immersed in liquid mercury in vacuo to avoid the formation
of voids on the surface of the sheet. The volume change was
calculated from a reading of the height of mercury in the
capillary of the dilatometer. The density at 298 K was obtained
by a buoyancy method with acetonitrile.
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Dielectric measurements were carried out with an LCR
meter (Yokogawa-Hewlett-Packard, type 4274A) attached to
an NEC PC9801F2 computer, by use of the three-terminal
electrode system described previously.*! The specimens were
circular sheets of ca. 0.5 mm thickness. To ensure electrical
contact between the electrode and the specimen, gold was
carefully deposited in vacuo on the surface of the specimen,
and then, the specimen was aged at room temperature for 30—
50 days. The measurements were made under dry N, gas
atmosphere. The temperature was monitored by a calibrated
Fe—constantan thermocouple.

Results and Discussion

IR Spectra. Noncrystalline E-0.133MAA ionomers
prepared in this work were first studied by IR spectros-
copy. Neutralization of E-0.133MAA with Na or Zn
decreases the intensity of the carbonyl stretching
[v(C=0)] vibrational band at 1698 cm~! and produces
new bands attributable to carboxylate asymmetric
stretching [vas(COO™)] vibrations in the region 1500—
1650 cm~1.42 In E-0.133MAA-0.6Na, the v,5(COO™) band
is very broad, and its maximum is located at 1555 cm™1.
The envelope of this band is similar to that observed in
the Na salts with lower MAA contents, indicating that
the coordination structure around Na cation is the same
in both E-0.133MAA-0.6Na and the Na salts with lower
MAA contents. On the other hand, E-0.133MAA-0.6Zn
exhibits two sharp peaks at 1539 and 1624 cm~! with a
weak shoulder peak at 1584 cm~1 in the v,5(COO~) band
region. This result is in contrast with the v,5(COO™)
band of the zZn(Il) salts with lower MAA such as
E-0.054MAA-0.6Zn, because in the latter Zn(ll) salts a
strong peak is observed at 1585 cm~! with two weak
shoulder peaks at 1539 and 1624 cm™1,

According to Coleman et al.,*3 the band at 1585 cm~1
is assigned to a tetracoordination structure around
Zn(ll), and this assignment is also supported by ex-
tended X-ray absorption fine structure (EXAFS) stud-
ies.3044.45 The assignment of the 1539 and 1624 cm™!
bands is, on the other hand, still a subject to debate.
Coleman et al.*® assigned these two bands to an acid
salt structure whose coordination number around Zn(ll)
is apparently larger than 4. Ishioka*®4” and Grady and
co-workers*® assigned them to a tetracoordination struc-
ture of Zn(I1) where some of oxygen atoms of carboxylate
groups are replaced by those of water molecules because
of water absorption of the sample. Very recently, we
found that the v,5(COO™) bands of E-0.054MAA-0.6Zn
show a spectral change from the 1539 and 1624 cm™?
bands to the 1584 cm~?! band when the pressure applied
to the sample at 400 K in the melt is increased from 0
(vacuum) to 4 MPa.*® Since this change was observed
at 400 K in the melt, the transformation of the coordi-
nation structure around Zn(l1) does not necessarily need
water absorption, and therefore, the assignment by
Coleman et al. is more plausible. Although it is more
realistic to consider that various types of coordination
structures are present in the sample from tetra- to
hexacoordination structures, including the Coleman’s
type, the hexacoordination structure is regarded as an
ultimate structure, and in this meaning, we simply
assigned the 1539 and 1624 cm™! bands to the hexa-
coordination structure around Zn(ll). Thus, it is con-
cluded that most of the Zn(ll) cations in E-0.133MAA-
0.6Zn form the hexacoordination structure, and the
content of MAA affects the coordination structure
around zZn(Il).
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Figure 1. WAXS patterns at room temperature of (a)

E-0.054MAA, (b) E-0.112MAA, and (c) E-0.133MAA. (110) and

(200) indicate the reflections from orthorhombic polyethylene
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Figure 2. SAXS patterns at room temperature of (a)
E-0.054MAA and (b) E-0.133MAA ionomers: E-0.054MAA (O),
E-0.054MAA-0.6Na (m), E-0.133MAA (2), E-0.133MAA-0.2Na
(x), E-0.133MAA-0.6Na (@), and E-0.133MAA-0.6Zn (O).

X-ray Scattering. Figure 1 shows WAXS patterns
for three ionomer precursors containing various MAA
contents: E-0.054MAA, E-0.112MAA, and E-0.133MAA.
Partly crystalline E-0.054MAA in (a) shows a peak at
20.9° and a shoulder peak at 23.2°, which are assigned
respectively to (110) and (200) diffraction peaks of
polyethylene crystallites of orthorhombic type.1950 A
shoulder peak around 18°, although not evident in (a),
comes from the amorphous polyethylene regions. In
E-0.112MAA in (b), the (110) and (200) diffraction peaks
are mostly depressed, and in E-0.133MAA in (c) only
the amorphous peak is seen centered at 18.0°. These
observations are consistent with the degree of polyeth-
ylene crystallinity estimated from the DSC data (see
below).

Figure 2 shows the SAXS patterns for (a) partly
crystalline E-0.054MAA ionomers and (b) noncrystalline
E-0.133MAA ionomers. In (a), E-0.054MAA-0.6Na iono-
mer exhibits two peaks at g = 0.07 and 0.27 A~1, where
g = (4n/A) sin 6, and 1 and 20 are the wavelength and
scattering angle of X-ray, respectively. The broad peak
atq = 0.27 A~ absent in the acid form E-0.054MAA,
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Table 1. Model Fit Parameters for Noncrystalline
E-0.133MAA and Partly Crystalline E-0.054MAA

lonomers?2
Imax (/A)
sample Ri/A R/A n(MAA) B of p(r)
E-0.133MAA-0.2Na 4.8 6.7 6 0.6 4.7, 17 (weak)
E-0.133MAA-0.6Na 5.7 7.9 9 1.0 5.2,22,41
E-0.133MAA-0.6Zn 4.1 6.9 3 0.09 4.1
E-0.054MAA-0.6Na 6.3 8.7 12.5 1.0 -

a Ry, radius of ionic core of ionic aggregate; Rca, radius of outer
hydrocarbon shell of ionic aggregate; n(MAA), average number of
MAA side groups (both neutralized and unneutralized) that are
in an aggregate; 3, fraction of the side groups incorporated into
aggregates; p(r), distance distribution function; rmax, the r value
at which p(r), that is, the distribution of interaggregate distance,
shows a maximum; —, unable to calculate because of its crystal-
linity.

is due to the formation of ionic aggregates in this
ionomer?®50-52 gnd often called an ionic peak. On the
other hand, the peak at g = 0.07 A%, which is also seen
in E-0.054MAA, is ascribed to the presence of polyeth-
ylene lamellae in the sample.’*52 In (b), E-0.133MAA
ionomers and their acid precursor exhibit no polyeth-
ylene peak in the region g = 0.02—0.10 A1, which
reflects their noncrystallinity. For three E-0.133MAA
ionomers, the ionic peak is seen at 0.37 A1l for
E-0.133MAA-0.2Na, at 0.33 A1 for E-0.133MAA-0.6Na,
and at 0.26 A~ for E-0.133MAA-0.6Zn. The peak of
E-0.133MAA-0.6Zn is very broad whereas that of
E-0.133MAA-0.6Na is comparatively sharp, indicating
the difference in the formation of ionic aggregates
between the two metal cations. The characteristic
parameters based on the Yarusso and Cooper’s liquid-
like model®'52 are summarized in Table 1. The full dis-
cussion on the validity of this model is reported sepa-
rately,* and here the important conclusions useful for
the discussion on the microphase structure in connection
with the dielectric results later mentioned are given.
In Table 1, comparison between E-0.133MAA-0.6Na
and -0.6Zn gives the following picture: In the Na salt,
the ionic aggregate has a large chance of being neigh-
bored by other aggregates, as shown by three well-
defined maxima on the distance distribution function
p(r), whereas in the Zn(ll) salt, the p(r) shows only one
well-defined peak at ~4.7 A, indicating that the ionic
aggregate is almost isolated and dispersed in the matrix.
It should be here mentioned that noncrystallinity of
E-0.133MAA ionomers is a key factor for obtaining the
above conclusions, and in partly crystalline E-MAA ion-
omers the neighboring polyethylene peak makes difficult
such a full analysis of ionic peak without ambiguity.
DSC and Dilatometry. Figure 3 shows the DSC and
specific volume (V(T))—temperature (T) curves for
E-0.133MAA and E-0.133MAA-0.6Na on the first heat-
ing, where both samples were aged at room tempera-
ture for more than 1 month after compression-molding
at 453 K. Table 2 summarizes the DSC parameters,
which includes the data of E-0.133MAA-0.2Na and
E-0.133MAA-0.6Zn. For the acid E-0.133MAA, the DSC
curve (in (c)) shows a step at around 286 K and an
endothermic peak at 322 K, and correspondingly, on the
V(T)—T curve (in (a)), a well-defined bend is seen at 283
K and a step is seen at 315 K. Here, the step temper-
ature was determined from a peak temperature on the
first derivative of the V(T)—T curve. Clearly, the anomaly
near 285 K is assigned to the glass transition (Tg) of
the backbone, and the noncrystallinity enables the
detection. Coleman et al.®8 reported that E-0.204MAA
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Figure 3. Specific volume (V) versus temperature (T) curves
and DSC curves of E-0.133MAA (a and c, respectively) and
E-0.133MAA-0.6Na (b and d, respectively) on heating after
aging at room temperature for more than 1 month. Solid and
broken curves are only guides for the eye. In (a) and (b),
thermal expansion coefficient [(1/V)(dV/dT)] versus T curves,
referred to the right scale, are also shown in the range 300—
350 K, which determine the temperature of T; (see text).

Table 2. Specific Volume (V) at 298 K and DSC
Parameters of E-0.133MAA lonomers?&

sample V, cm3/g Ti, K AH;, Jlg
E-0.133MAA 1.0178 322 9.9
E-0.133MAA-0.2Na 1.0017 322 4.2
E-0.133MAA-0.6Na 0.9727 343 3.3
E-0.133MAA-0.6Zn 0.9515 334 2.5

aV, specific volume at 298 K; T;, order—disorder transition
temperature of ionic aggregates; AH;, enthalpy change at T;.

and E-0.285MAA are noncrystalline and their T4's are
in the range 298—305 K, which are higher than the T,
of E-0.133MAA. This is clearly due to the higher
contents of MAA, which increases the average rigidity
of the backbone, in the former two polymers. On the
other hand, our DSC studies revealed that E-0.112MAA,
whose MAA content is slightly smaller than that of
E-0.133MAA, is still crystalline, and the weight crystal-
linity is estimated at about 7% (see Figure 6). Therefore,
it may be said that 13.3 mol % MAA almost corresponds
to the minimum content producing noncrystallinity for
E-MAA.

Before discussing the endothermic peak at 322 K of
E-0.133MAA, let us mention the results of E-0.133MAA-
0.6Na first. E-0.133MAA-0.6Na shows a faint hump at
around 332 K in the V(T)—T curve (in (b)), and in the
DSC heating curve (in (d)), correspondingly, an endo-
thermic peak is seen at 337 K whose onset temperature
is 330 K. The peak temperature and the enthalpy
change varied with aging time at room temperature.
Figure 4 shows the DSC thermograms of E-0.133MAA-
0.6Na as a function of aging time at room temperature.
The peak observed on the first heating (1H) was absent
on the subsequent cooling (1C) and heating (2H) runs
immediately after the 1H run. When the sample was
stored at room temperature for 1 day (in (a)), a very
faint peak reappeared around 330 K, and as the aging
time at room temperature increases (from (b) to (e)), its
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Figure 4. DSC curves for E-0.133MAA-0.6Na: 1H, first
heating; 1C, first cooling; 2H, second heating immediately after
the 1C scan; 2H scans after aging at room temperature for (a)
1, (b) 5, (c) 9, (d) 25, and (e) 46 days.

T T T T T T T T T
10~ E-0.133MAA (A,A) -
8 . A * il
< L E-0.133MAA-0.2Na (x) _|
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28 x ]
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Aly o o |
2 |
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Aging Time at r.t. / day

Figure 5. Plots of enthalpy change at T; (AH;) versus aging
time at room temperature for various E-0.133MAA ionomers:
E-0.133MAA (2, A), E-0.133MAA-0.2Na (x), E-0.133MAA-
0.6Na (@), and E-0.133MAA-0.6Zn (O), where solid curves are
only guides for the eye.

location shifted to higher temperatures and the enthalpy
change became larger. After being aged for about 30
days (in (d) or (e)), the peak was almost located at the
original temperature, and the enthalpy change of the
peak was also restored to the original value. These
observations are identical with a relaxational phenom-
enon during room-temperature aging of partly crystal-
line E-MAA ionomers, where the 330 K peak is assigned
to an order—disorder transition associated with ionic
aggregate regions, and the transition and its transition
temperature are both labeled T;. Therefore, the 330 K
peak of E-0.133MAA-0.6Na is also assigned to T;. Figure
5 shows plots of the enthalpy change at T; (AH;) versus
the aging time at room temperature for all E-0.133MAA
polymers. This result indicates that the T; peak and its
relaxational phenomenon are common in all E-0.133MAA
polymers including the acid form. Thus, an important
conclusion is derived that the T; peak is observed
independent of polyethylene crystallinity.

As briefly mentioned in the Introduction, the order—
disorder transition model of ionic aggregate regions
depicts the following picture. As proposed by Yarusso
and Cooper,>1:52 the ionic aggregate region contains ionic
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Figure 6. Plots of the enthalpy change at Ti (AH;) and the
degree of polyethylene crystallinity (Xc) versus the content of
MAA for E-MAA acids.

side groups and a small portion of backbones drawn by
the side groups; the ionic side groups primarily build a
core of the aggregate region, and most of the backbones
are probably present in the peripheral region of the ionic
core.3132 In our original model,25=27 the word “ionic
cluster” was used, but this does not necessarily mean
Eisenberg’s ionic cluster. Inside the ionic core, which
seems to correspond to Eisenberg’s multiplet, we pos-
tulate that the ionic groups are arranged to have a local
structural order as pointed out by Yarusso et al.** The
local structural order is partly lost above Tj, and the
state of ionic aggregate regions is turned to the disor-
dered state. Since the movements of ionic groups and
backbones in the aggregate region are constrained by
each other, the reorganization from the disordered state
toward the ordered one with an optimal arrangement
including the arrangement of short segments of back-
bones would require some time, which we considered
causes the above relaxational process.

Back to Figure 3, we assign an endothermic peak at
322 K (the onset temperature: 319 K) of E-0.133MAA
to also T;. The enthalpy change of this peak (~9 J/g)
was larger than the corresponding value (~3 J/g) of
E-0.133MAA-0.6Na. This seems to contradict the as-
signment that the peak is associated with some change
of the ionic aggregate region because E-0.133MAA has
no ionic groups. In sulfonated polystyrene ionomers, it
is known that the acid polymers show an ionic peak due
to the aggregation of acid groups in the SAXS region.5!
Although not evident from our SAXS results, it is
possible that COOH groups of E-0.133MAA form some
aggregation more than the dimerization, and this ag-
gregation would undergo a transformation at T;%’
Figure 6 plots the values of AH; and polyethylene
crystallinity X. of E-MAA acids versus the MAA content,
where the samples were aged at 293 K for 30 days. As
already mentioned, the X; value almost linearly de-
creases, while the AH; value monotonically increases
with increasing MAA content. Furthermore, our dielec-
tric results, described in the next, reveal that the
fraction of dissociated COOH groups of E-0.054MAA at
330 K above Tj is ~0.08 while that of E-0.133MAA is
~0.115, 40% larger. This magnitude of increase is
roughly equal to the increase (~25%) of AH; value.
These results, although they are not a direct evidence
of, are consistent with our assignment of the T; peak of
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Figure 7. Temperature dependence of dielectric loss (¢'")
at 1 kHz for E-0.133MAA (a), E-0.133MAA-0.2Na (<),
E-0.133MAA-0.6Na (®), and E-0.133MAA-0.6Zn (O). Four
types of relaxations labeled vy, g, ', o are seen in going from
the low-temperature side.

12

E-0.133MAA-xM
xM

: 0 (acid)

: 0.2Na

: 0.6Na

:0.6Zn

-
o
i

[o3 BXOIN

In ( f/ Hz)
(=]
o ¥

)
1
o-"

> S

10K/ T

Figure 8. Arrhenius plots of relaxation frequency (f) versus
relaxation temperature (Tmax) for four relaxations (a, g, ', y):
E-0.133MAA (2), E-0.133MAA-0.2Na (<), E-0.133MAA-0.6Na
(@), and E-0.133MAA-0.6Zn (O). Solid and broken curves are
guides for the eye.

acid E-MAA. For an extreme case, poly(acrylic acid),
various types of hydrogen-bonded forms of COOH
groups have been observed by IR, Raman, and near-IR
spectroscopic measurements, and the presence of oligo-
meric forms is revealed in addition to the presence of
the monomer and cyclic dimer forms.>® The bandwidth
(28 cm™1) of the IR »(C=0) band of E-0.133MAA is
larger than that of E-0.054MAA (15 cm™1), which
suggests such possibility. To confirm this further, the
temperature variation measurement of the spectra is
necessary and currently progressing.

Dielectric Relaxation. Figure 7 shows the temper-
ature dependence of dielectric loss (¢'") at 1 kHz for
E-0.133MAA, E-0.133MAA-0.2Na, E-0.133MAA-0.6Na,
and E-0.133MAA-0.6Zn. The Arrhenius plots of the
relaxation frequency (f) versus temperature (Tmax) for
each relaxation are shown in Figure 8, from which the
activation enthalpies (AH) at 1 kHz were obtained and
are listed in Table 3. The observed relaxations were
assigned on the basis of the temperature observed and
AH value of each relaxation and with the aid of the
previous publications.?223282954 In Figure 7, E-0.133MAA
has two relaxations near 190 and 320 K, labeled y and
p'. The y relaxation is ascribed to a local molecular
motion of the short segments in the amorphous region.
The f' relaxation is assigned to a micro-Brownian
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motion of long chain segments in the amorphous region,
where COOH dimers primarily act as a cross-link and
restrict that motion below Ty (Tg = 286 K by DSC) of
the backbone. This behavior is essentially identical with
that of E-0.054MAA whose MAA content is much lower.
Neutralization of E-0.133MAA with sodium by 20%
shifted ' relaxation to a temperature about 30 K higher,
apparently due to the formation of ionic aggregates
acting as cross-links. The same situation is seen for
E-0.133MAA-0.6Zn, where the neutralization with zZn(ll)
is 60%. On the contrary, E-0.133MAA-0.6Na exhibited
three relaxations labeled y, 8, a in going from low-
temperature side, and the o relaxation temperature at
1 kHz is 383 K, much higher than the ' relaxation
temperatures of other three E-0.133MAA polymers.
Among three relaxations, the assignment of the y
relaxation is common to the y of other E-0.133MAA
polymers, but the f and a relaxations are generally
ascribed respectively to a micro-Brownian motion of long
chain segments containing Na salt groups isolated and
dispersed in the amorphous region and to a micro-
Brownian motion of long chain segments containing Na
salt groups that are incorporated into the ionic ag-
gregate region.

The replacement of ' relaxation by o and g relax-
ations is regarded as an indication of an enhanced
microphase separation of ionic aggregate region from
the polymer matrix, that is, the formation of a phase
that has its own Tg. Such a phase was named an ionic
cluster by Eisenberg and co-workers.15 Along with this
interpretation, the above dielectric studies derive a
conclusion that E-0.133MAA-0.6Na has two Ty's, one
from the ionic cluster and the other from the matrix,
and the matrix becomes very similar to a branched
polyethylene because most ionic groups are excluded
from the matrix. On the other hand, E-0.133MAA-0.2Na
and -0.6Zn have only one Ty, indicating that their ionic
aggregates are almost isolated and dispersed in the
matrix. This conclusion is in excellent agreement with
the p(r) function results from SAXS (see the section
X-ray Scattering).

As easily expected, the phase separation behavior of
E-MAA ionomers is dependent on the cation type and
the degree of neutralization. Our previous dielectric and
mechanical studies of E-0.054MAA ionomers?829.33 re-
vealed that the ionic cluster phase is formed above
~30% neutralization in the Na salt whereas in the
Zn(ll) salt above 80% neutralization. Therefore, the
present dielectric studies revealed an interesting fact
that the phase separation of E-MAA ionomers is appar-
ently governed by the degree of neutralization, although
the ion content of E-0.133MAA ionomers is about 2.5
times higher than that of E-0.054MAA ionomers. The
reason may be explained in terms of coordination
chemistry of neutralizing cations.?233 The optimal num-
ber of oxygen atoms around Na* is 6, as seen in NaH-
(CH3CO00),, and the formation of the hexacoordination
(COO~)Nat(COOH); would be completed at 33% neu-
tralization of the Na salt E-MAA ionomers. In the Zn(ll)
salt of E-0.133MAA, Zn(ll) cations take a hexacoordi-
nation rather than tetracoordination structure, as men-
tioned in the section IR Spectra, and the formation of
(COO7)2Zn(11)(COOH) would be completed at 67% neu-
tralization. In other words, below 33% neutralization
for the Na salt and below 67% for the Zn salt, a
considerable amount of unneutralized COOH dimers is
present, restricting the mobility of long chain segments
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Table 3. Dielectric Parameters of E-0.133MAA lonomers?

o B B 14
sample Tmax, K AH, kJd/mol Trmax, K AH, kJ/mol Tmax, K AH, kJ/mol Tmax, K AH, kJ/mol
E-0.133MAA 321 208 185 47
E-0.133MAA-0.2Na 354 215 198 56
E-0.133MAA-0.6Na 383 169 284 62 188 49
E-0.133MAA-0.6Zn 347 216 194 52

a Assignments of a, ', 5, and y relaxations are described in the text; Tmax and AH, relaxation temperature and activation enthalpy at

1 kHz, respectively.

in the amorphous phase, where the ' relaxation is
activated. Therefore, the coordination chemistry predicts
that the degrees of neutralization causing the phase
separation are different between the two salts of E-MAA
ionomers.

Quantitative Analysis of the Microphase Struc-
ture of E-0.133MAA lonomers. When polar solutes
with an effective dipole moment (1) are dissolved in a
nonpolar solvent and the dipoles are not so strongly
correlated with each other, the number density (N) of
the dipoles contributing to dielectric relaxations is
obtained by using the Onsager equation:®

2¢5+ €, 2
( 60360 : )(2 -few) (€0~ €x) (1)

where ¢, and ¢, are the static and high-frequency
limiting dielectric constants at a temperature T, respec-
tively, and kg is Boltzmann’s constant. The values of €y
and e, are usually obtained from the Cole—Cole plots®®
or else estimated by using the following relations:

02T e o

€ T €, = 2¢ 3

3kgT
N,uz " an

)

where AH is the activation energy for the loss process,
and [0 Odenotes an average value over the measured
frequency range; R is the gas constant. Equation 2 was
derived by Read and Williams,5” and eq 3 is based on
an assumption that at a given temperature the Cole—
Cole plot is symmetric with respect to the ¢ value at a
frequency at which the corresponding ¢ value shows a
maximum. We regarded E-MAA ionomers simply as a
solution in which polar side groups are dissolved in
nonpolar polyethylene solvent. Although the polar groups
might be correlated, we postulated that eq 1 is ap-
plicable for a relaxation above T; and j/f' relaxation
above Ty in the present ionomers.

Figure 9 plots the value of Nu? against T for
E-0.133MAA ionomers including the acid form. Neglect-
ing the contribution from the polyethylene matrix
(which is reasonable for our approximate evaluation),
the obtained value of Nu? is resolved into three compo-
nents: Nu? = ¥ (Nu?)i, where i =0, 1, and 2 are denoted
as COOH, COONa/COO(Zn(11))1» that contributes to the
BIB relaxation, and COONa/COO(Zn(11))1,, contributing
to the a relaxation, respectively. The third component
(i.e., i = 2) is associated with the MAA side groups that
are incorporated into the ionic cluster phase. E-0.133MAA
has an i = 0 component only, and E-0.133MAA-0.2Na
and E-0.133MAA-0.6Zn have i = 0 and 1 components,
whereas E-0.133MAA-0.6Na has all three components.

As might be expected, the primary form of COOH in
E-0.133MAA is hydrogen-bonded cyclic dimer, which,
however, does not contribute to the Nu? value because
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Figure 9. Plots the total value of Nu? against T for
E-0.133MAA (2), E-0.133MAA-0.2Na (<), E-0.133MAA-0.6Na
(@), and E-0.133MAA-0.6Zn (O). u and N are the effective
dipole moment and the number density, respectively. Dotted
curves and notations a, b, ¢, and d are described in the text.

the dipole moment is zero. Although there is a possibil-
ity for the presence of other hydrogen-bonded forms with
a nonzero dipole moment, for simplicity, we consider the
contribution only from the simple monomeric form of
COOH groups, whose dipole momentisu=1.7D (1 D
= 1.2 x10718 esu cm).58 Since the total number of COOH
groups (both dimerized and dissociated) can be calcu-
lated by using the specific volume data (see Table 2)
and the MAA content, we can evaluate the degree of
dissociation, o, which is defined as the fraction of
monomeric COOH groups to the total. The result is a
= 0.115 for E-0.133MAA at 330 K, and by the same
method, oo = 0.08 was obtained for E-0.054MAA at 330
K. Note that the o value of E-0.133MAA at 330 K is
about 40% larger than the corresponding value of
E-0.054MAA. The large value of a of E-0.133MAA
suggests that a relatively large value of AH; of the
sample mentioned in the section DSC and Dilatometry
is related to the dissociation of COOH. Of course, o. and
thus (Nu?)o are temperature-dependent. Although, in a
limited temperature range, u was found to be well
reproduced numerically by an equation of u = AT + B,
where A and B are temperature-independent constants.
Unfortunately, an abrupt increase of ¢ above ~330 K
made the precise determination difficult, and we were
unable to confirm whether some change occurs or not
on Nu? above Ti.

For E-0.133MAA-0.6Na (filled circle), the value of Nu?
is resolved into three components, the way of which is
presented in Figure 9. The thin dotted curve represents
the (Nu?)o component, which is given by the Nu? value
of E-0.133MAA multiplied by 0.4. Here, it was assumed
that the state of COOH groups in E-0.133MAA-0.6Na
is identical to that in E-0.133MAA and the temperature
behavior of u = AT + B is valid in the whole tempera-
ture range. Thus, the (Nu?); component is given as the
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difference denoted as a, in the temperature range below
320 K. Finally, the difference between the extrapolated
line (thin broken line) and the observed value above 360
K, denoted as b, corresponds to the (Nu?), component.
For E-0.133MAA-0.2Na (rectangle) and E-0.133MAA-
0.6Zn (unfilled circle), the differences denoted as ¢ and
d correspond to the (Nu?); components of these iono-
mers, respectively.

The value u = 6.5 D was used for COONa,*® and in
the case of COO(Zn(Il))12, © = 0.7 D was chosen from
the value of a model compound (bis(acetylacetone)
complex of Zn(11)).58 Using these values, the following
guantitative information on the number of COONa
groups associated with a/f/f' relaxation was obtained:

(1) In E-0.133MAA-0.2Na, the fraction of COONa
activated by f' relaxation is 7.2—10% of the total
(depending on T), and the corresponding value of
E-0.133MAA-0.6Zn is almost 100%.

(2) In E-0.133MAA-0.6Na, the fraction of COONa
groups activated by a relaxation is 5.2—6.4%, and that
by f relaxation is ~0.5%, of the total. As mentioned
above, COONa groups activated by the a relaxation are
incorporated into the ionic cluster, and the groups
activated by the f relaxation are in the remaining
unclustered region. If the groups associated with the
relaxation are also activated by the a relaxation and
the fractions of COONa groups activated in both un-
clustered and clustered regions are the same, we can
estimate that in E-0133MAA-0.6Na only about 10%
(~(0.5/(6—0.5)) of COONa groups are in the unclustered
region and most (~90%) of the COONa groups are in
the cluster region.

The above evaluation is based on many assumptions
and simplifications. Nevertheless, the obtained con-
clusions are quite reasonable. That is, point 1 for
E-0.133MAA-0.6Zn and point 2 are well consistent with
the SAXS conclusion that the fraction of the side groups
incorporated into aggregates (53) is 0.09 for E-0.133MAA-
0.6Zn and g = 1.0 for E-0.133MAA-0.6Na (see the
section X-ray Scattering and Table 1).

Comparison with Partly Crystalline E-MAA lon-
omers. By the same evaluation, a preliminary study
for partly crystalline E-0.054MAA-0.6Na with an X
value of 13% revealed that the fraction of COONa
groups in the cluster region is about 80%, and for
E-0112MAA-0.6Na with an X; value of 7%, the corre-
sponding fraction was about 85%.5° From the SAXS
studies, on the other hand, the size parameters of ionic
aggregates were estimated at R; = 6.3 A and R,z = 8.7
A for E-0.054MAA-0.6Na and R; =5.9 A and Rca = 7.9
A for E-0.112MAA-0.6Na, although these estimations
may contain slightly larger errors because of their
crystallinity. Hence, by increasing the MAA content
from 5.4 mol %, the size of ionic aggregate slightly
decreases but the fraction of COONa groups contribut-
ing to the cluster increases. These results also indicate
the continuity of the microphase structure from partly
crystalline to noncrystalline E-MAA ionomers.

In the next three sections, we will discuss the second
objectives of this study: the factors that would be critical
for the DSC T; peak.

Ti and Water Absorption. As mentioned in the
Introduction, Cooper and co-workers?0 pointed out that
water absorption during aging was the main origin of
the change of DSC curve with time as seen in Figure 4.
Despite the careful storage using a vacuum desiccator,
our samples contained a small amount of water, as
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mentioned in the Experimental Section. However, our
previous work3132 reveals that, in the case of partly
crystalline E-0.054MAA ionomers, water absorption
certainly affects the T; peak but rather reduces it. To
confirm the possibility pointed out by Cooper et al. for
the present E-0.133MAA system, two types of experi-
ments were conducted.

In the first experiment, the samples that had been
already stored at room temperature for more than 1
month were kept under a different relative humidity
(RH) atmosphere for an additional 14—15 days, and
then the DSC scans were carried out. The results for
E-0.133MAA-0.6Na showed that for the initial “dry”
sample containing 0.7 wt % of water, the T; and AH;
were 349 K and 4.6 J/g, respectively, which changed to
333 K and 2.5 J/g, respectively, by storing under 32%
RH atmosphere to increase the absorbed water to 1.5
wt % and to 322 K and 3.0 J/g, respectively, when the
sample was stored under 44% RH atmosphere and
absorbed 2.5 wt % of water; water absorption shifted T;
to lower temperatures and decreased AH;, and a similar
trend was observed for all other E-0.133MAA ionomers.

In the second experiment, the sample was first dried
in a vacuum at 423 K for 1 h and heated again to 433
K and cooled to room temperature at a rate of 10 K/min
by using a DSC instrument. This sample was then
stored at room temperature in a vacuum desiccator that
was evacuated by a rotary pump every 12 h. After 8 days
storage, E-0.133MAA-0.6Na, for example, showed an
endothermic peak with AH; = 1.0 J/g at 335 K on the
first heating run (10 K/min), where the weight change
during the storage was found less than 0.1 wt %. These
two results clearly reveal that E-0.133MAA ionomers
without water absorption also show the DSC T; peak
and that water absorption certainly affects the peak but
never enhances it.

T; and Polyethylene Crystallites. Cooper’s first
assignment® related the T; anomaly to the formation of
so-called imperfect crystallites of polyethylene short
segments by room-temperature aging and its melting
on heating. This possibility was examined by our earlier
publications using dc conductivity measurements.3435
This technique can be a sensitive probe for internal
changes in polymers, because internal changes strongly
affect the state of the ionic conduction paths (usually
formed in the amorphous regions). For partly crystalline
E-0.054MAA ionomers,34 it was found that the conduc-
tivity (o) versus the reciprocal temperature (1/T) curve
shows a small hump at a temperature very close to the
DSC T; and a bend at the melting point (T,) of
polyethylene crystallites and that when ionic aggrega-
tion causes an extensive microphase separation, i.e,
ionic cluster, the former hump changes into a peak; the
hysteresis of the o peak observed is reminiscent of the
behavior of the DSC T; peak as shown in Figure 4.
Clearly, the ionic groups in E-MAA ionomers are
responsible for these o anomalies.

When annealing this ionomer at 343 K below T, for
5 min, the DSC curve on the subsequent heating showed
another endothermic peak at a temperature ~5 K
higher than the annealing temperature, in addition to
the T; and T, peaks. Clearly, this additional peak
originates from the melting of imperfect polyethylene
crystallites formed by the annealing. The annealing
peak, however, did not cause any anomaly such as a
bend or a peak on the o—1/T curve. This result excludes
the possibility that the DSC T; peak is merely due to
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the melting of imperfect crystallites formed by room-
temperature aging.

As shown in Figures 4 and 5, an important conclusion
of the present studies is that even noncrystalline
E-0.133MAA ionomers exhibit a DSC T; peak. As
presented by Figure 7 of ref 35, the 0—1/T curves of
E-0.133MAA-0.6Na and -0.6Zn exhibit an evident peak
at a temperature corresponding to DSC T;, above which
no other anomalies were observed, consistent with our
interpretation mentioned here.

Glass Transition Nature of the T; “Transition”.
As described in the section Dielectric Relaxation, the o
relaxation is observed above Tj, as a result of softening
of ionic aggregate region which enables a micro-Brown-
ian molecular motion of long segments linked to the
ionic aggregates. In unclustered ionomers, the ' relax-
ation is observed at a temperature very close to T; and
assigned to a micro-Brownian molecular motion of long
segments to which ionic groups are attached. These
suggest that T; is a temperature at which ionic ag-
gregates lose their ability to restrain the mobility of
chain segments attached to them; that is, the T;
anomaly has a glass transition nature.3*37

In connection with this, Eisenberg et al.16 argued that
ion hopping proceeds at an appreciable rate at temper-
atures near the glass transition temperature of ionic
aggregate region, where an inflection point of log(stor-
age modulus) versus temperature curve is regarded as
the onset temperature of ion hopping, labeled the same
code T; as used for an order—disorder transition tem-
perature of ionic aggregate region. The ion-hopping
temperature T; is very similar to our assignment of T;
in E-MAA ionomers, in that both T; temperatures are
due to changes in the ionic aggregate regions; above
these temperatures, the ionic aggregate region partly
loses its functionality and changes from a rigid cross-
link to a soft one.3437

A difference between Eisenberg’s model and ours is
that the former did not consider the existence of any
orderness inside the ionic aggregate core, while our
model postulates some organization of ionic side groups
because the dipole moments are arranged in an ener-
getically favorable way, although subject to some con-
straint from the backbone. An important point is that
the backbone of the E-MAA ionomer system is primarily
polyethylene, with a small portion of MAA units, which
is much more flexible than atactic polystyrene of the
system on which Eisenberg’s model is based; in the
E-MAA ionomer system, an ordered packing of ionic
groups inside the aggregate can be realized. In fact, in
this study, it was revealed that the coordination struc-
ture around Zn(11) in the Zn(11) salts of E-MAA ionomers
depends on the MAA content, which indicates that the
coordination structure is strongly governed by the
flexibility of the backbone. In our previous report on
E-0.054MAA-0.6Co, it was shown that the hexacoordi-
nation structure around Co(ll) is transformed into the
tetracoordination around T;,3® which is an evidence
supporting that the ionic aggregate changes at T;.

The DSC T; peak is observed even in the acid
precursor as well as unclustered E-MAA ionomers. Since
E-MAA acids are generally considered to have no ionic
aggregates, this was regarded as a failure of our model
and inclined people to consider a contribution of imper-
fect polyethylene crystallites to the DSC T; peak, but
the interpretation does not necessarily explain all the
experimental results, as have been seen in the preceding
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section. We believe the presence of some aggregation of
acid groups is responsible for that (see the section DSC
and Dilatometry).

In connection with the glass transition nature of the
DSC T; peak, one would point out a possibility of
enthalpy relaxation of the glassy state during room-
temperature aging.%! In sulfonated atactic polystyrene
ionomers, Weiss®2 reported that the aging at room
temperature below T4 (=370—390 K) of atactic polysty-
rene changes the DSC curve with a simple step at the
Ty into a step followed by an endothermic peak in the
high-temperature side and that this tendency is more
evident at higher ion content. These results were
interpreted as an enthalpy relaxation of the glassy
polystyrene matrix. If T; were regarded as the glass
transition temperature of ionic aggregate region despite
clustered or not, it could be considered that the DSC T;
peak results from enthalpy relaxation of glassy ionic
aggregate region. However, increasing the MAA content
from 5.4 mol % conversely reduces the magnitude of the
DSC T; peak, which contradicts the possibility. Of
course, a more systematic investigation on the MAA
dependence is apparently necessary and now in progress.

At this stage, we cannot but consider that the T;
anomaly is a complex phenomenon and more than one
process takes place at and around the DSC T;. However,
it is very certain that the state of ionic aggregate region
is changed at T;.

Concluding Remarks

The present studies have revealed some quantitative
features of microphase structure of noncrystalline
E-0.133MAA ionomers by using IR, DSC, X-ray scat-
tering, and dielectric relaxation measurements. The
structural features obtained are the following: In 60%
neutralized Na salt (E-0.133MAA-0.6Na), the ionic
aggregate has an ionic core with a radius of ~6 A and
incorporates almost 100% of MAA side groups including
unneutralized COOH in the sample into it; ~9 MAA side
groups per aggregate. The ionic aggregate of this
ionomer forms a microphase-separated ionic cluster, in
which the most (~90%) of COONa groups are present.
On the other hand, in both 60% neutralized Zn salt (E-
0.133MAA-0.6Zn) and 20% neutralized Na salt (E-
0.133MAA-0.2Na), the core size is 4—5 A, smaller than
that of E-0.133MAA-0.6Na. The aggregate contains 3—6
MAA side groups and is almost isolated and dispersed
in the matrix. The present studies have demonstrated
that the coordination chemistry of neutralizing cations
plays an important role in ionic aggregation and the
formation of microphase-separated ionic cluster in E-
MAA ionomers.

Another finding is that these noncrystalline
E-0.133MAA ionomers exhibit a DSC T; peak ac-
companied by a characteristic relaxation during room-
temperature aging, similarly to partly crystalline E-
MAA ionomers. This finding strongly supports that the
DSC T, peak is associated with changes of the state of
ionic aggregate region.
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