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ABSTRACT Effects of water sorption on the structure and properties of poly(ethy1ene-co-methacrylic acid)- 
based ionomers were investigated by various physicochemical techniques (FTIR, differential scanning 
calorimetry (DSC), thermogravimetry, X-ray scattering, and dilatometry). It is revealed that water molecules 
are absorbed preferentially at the COONa ion pairs in both the amorphous and ionic cluster regions, and that 
three water molecules per one sodium ion form the primary hydration shell. In the more hydrated samples, 
the excess water molecules are found to locate just around the primary hydration shell. It was found by DSC 
that both the transition temperature and enthalphy change for the transition near 330 K decrease with 
increasing hydration. However, this transition was observed even in the fully hydrated samples. These 
results are well explained by the order-disorder transition model of ionic clusters proposed previously. It 
is concluded that the ionic clusters consist of the COONa ion pairs and a small portion of the polyethylene 
backbones. 

Introduction 
Ionomers are generally defined as linear polymers with 

predominantly nonpolar backbones which contain 10 mol 
76 or less ionic moieties within the backbones or as side 
groups. The hydrophilic ionic moieties tend to separate 
from the hydrophobic polymer matrix, and frequently 
condense to form ionic aggregates, which are termed ionic 
multiplets or ionic clusters according to the first theoretical 
model presented by Eisenberg.’ The formation of ionic 
aggregates, which act as physical cross-links, gives drastic 
changes in polymer properties such as the bending 
modulus, tensile strength, impact resistance, and melt 
visc~si ty .~-~ Moreover, the ionic aggregation sometimes 
produces new functional properties such as ionic transport6 
and 02 molecule s ~ r p t i o n . ~ ~ ~  Therefore, to date, various 
ionomers have been developed and extensively studied to 
clarify the formation and structure of ionic aggregates. 
The convincing structure of ionic aggregates, however, still 
remains unanswered because of their colloidal size (20- 
100 A), In this paper, the term “ionic cluster” is used in 
a broad sense. 

Generally, poly(ethy1ene-co-methacrylic acid) (EMAA)- 
based ionomers consist of three regions, as Longworth and 
co-workersg pointed out: a crystalline region of the 
polyethylene part of the chains, an amorphous region 
including isolated groups such as COOH and metal 
carboxylates, and an ionic cluster region. In the X-ray 
scattering profile, therefore, two peaks are generally 
observed; the “ionic” peak seen in the small-angle region, 
arising from ionic clusters, and a peak near 28 = 20° 
assigned to (110) and (200) diffractions from the poly- 
ethylene crystalline region. A broad halo from the 
amorphous region is superposed on the latter peak. 

The EMAA-based ionomers exhibit a first-order tran- 
sition near 330 K (Ti) below the melting point of the 
crystalline region (T& and this transition undergoes a 
characteristic thermal hysteresis. From the differential 
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scanning calorimetric (DSC),l0J1 dilatometric,lOJ1 dielec- 
tric,12J3 mechanical14J5 and far-infrared spectral16 results, 
we interpreted this transition as an order-disorder tran- 
sition within the ionic c1uster.l0J1 The ionic clusters are 
in an ordered state a t  room temperature, and act as rigid 
cross-links (strong associations). Above Ti, the ordered 
structure is transformed into a disordered one, which acta 
as a loose cross-link (weak association). When the sample 
is cooled to room temperature from a temperature above 
Ti, the ionic clusters are still in the disordered state, but 
gradually reconstruct the ordered structure; the ionic 
clusters revert to the original ordered state with a long 
relaxation time (about 40 days at  room temperature), 
because the salt groups “drag” the hydrocarbon chains. 
We have demonstrated that this model can well explain 
the various physical properties of ethylene i o n ~ m e r s ~ * J ~ J ~ - ~ ~  
although it has not been proven with direct evidence yet. 

It is well known that moisture absorption largely affects 
the physical properties of polymer systems. Effects of 
water sorption on EMAA-based ionomers have been 
studied by various techniques such as X-ray scattering,B*B 
dielectric” and mechanicalg measurements, Fourier trans- 
form infrared (FTIR) s p e c t r o ~ c o p y , ~ ~ ~ ~ ~  and gravimetric 
sorption mea~urements:~~ Longworth et al.9*21 first pointed 
out that a small amount of water sharpened and intensified 
the ionic peak in the small-angle X-ray scattering (SAXS) 
region, and that saturation with water reduced it. Cooper 
et aL20 and MacKnight et a1.22 also obtained SAXS results 
similar to those by Longworth et al. On the other hand, 
dielectric and mechanical measurements showed a plas- 
ticizing effect of water. Coleman et al.25 pointed out that 
the slow absorption of water caused broadening of the 
carboxylate asymmetric stretching band during annealing 
studies which had been considered by the same research- 
emz8 to be due to the formation of ionic clusters. All these 
results have demonstrated that water sorption obviously 
influences the structure and properties of EMU-based 
ionomers because sorbed water preferentially affects the 
ionic cluster region. 

In this investigation, we are interested in the water 
sorption effect on the structure and properties of E M U -  
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I EMAA-xNa based ionomers. Samples used here are 60% and 90% 
neutralized sodium salts of EMkA where well-formed ionic 
clusters have been confirmed by several physical tech- 
niques. To examine the water sorption behavior, we used 
FTIR spectroscopy, DSC, thermogravimetry (TG), X-ray 
scattering, and dilatometry. The mechanism of water 
sorption is discussed, and it is indicated that changes in 
physical properties by water sorption can be explained by 
the order-disorder transition model of ionic clusters 
mentioned above. 

Experimental Section 

Materials. EMAA is ACR-1560 of Du Pont-Mitsui Poly- 
chemicals Co. Ltd., whose MAA content is 5.4 mol %. Neu- 
tralization with sodium cation was accomplished by a melt 
reaction of EMAA with NazCOs in an extruder at 450-530 K.16 
Pellet samples obtained were reformed into sheets by compression 
molding at about 430 K, and stored at room temperature in a 
vacuum desiccator for more than 40 days. In this paper, we 
define the above samples as dry samples, although they still 
contain 0.2-0.4 wt !% water (residual water). 

Measurements. To obtain water-sorbed samples, the dry 
samples were kept in a desiccator at about 300 K under several 
relative humidity conditions, which were produced by saturated 
aqueous solutions of appropriate salts. The weight gain due to 
water sorption was measured in an open state by using a Mettler 
AE163 balance with a sensitivity of g. The residual water 
in the dry samples was determined from the weight loss by 
vacuum-drying at about 450 K for 40 min, where no conversion 
to the carboxylic anhydride was confirmed by IR spectra (no new 
bands at 1735, 1780 and 1764, 1802 cm-l were observedB). 
Hereafter, we denote the samples as EMAA-xNa-yHzO, where 
x is the degree of neutralization by sodium and y is the HzO/ 
COONa molar ratio including the residual water. 

Two types of experiments were undertaken to study the effect 
of water sorption on the physical properties: The thin films ca. 
0.05 mm thick were used for IR spectroecopic measurements, 
where equilibrium water sorption was achieved within 24 h. For 
DSC, TG/DTA (differential thermal analysis), X-ray scattering, 
and dilatometric measurements, the sheets of ca. 0.5-mm 
thickness were used; the sheets were exposed to moisture for 
about 10-20 days prior to the measurements. The weight change 
of the sheets indicated that it required more than 1 month to 
obtain the complete equilibrium. 

DSC measurements were carried out with a Seiko Denshi SSC- 
5000 differential scanning calorimeter at heating/cooling rates 
of 10 K/min. The instrument was calibrated by indium (mp 
156.6 OC, AH = 28.45 d / g )  and tin (mp 231.9 O C ,  AH = 59.5 
caVg). Samples of 10-20 mg were weighed to mg, and placed 
in aluminum sample pans without sealing. 

Thermal gravimetric analysis was carried out with a Seiko 
Denshi TG-DTA system at a heating rate of 10 K/min under a 
dry Nz flow of ca. 200 mL/min. 

The IR spectra were measured witha Perkin-Elmer 1640 FTIR 
spectrometer at room temperature. Each trace represents the 
average of 64 scans at 4-cm-l resolution. Spectra at elevated 
temperatures were obtained by using an OMRON HT-32 high- 
temperature cell equipped with an OMRON E5T controller, 
where each trace represents the average of 16 scans. 

X-ray scattering measurementa were performed with a Mac 
Science X-ray generator (MXP3 system) operated with a copper 
target at a 50-kV accelerating potential and 40-mA emmision 
current. The Cu Ka radiation (A = 1.540 M A )  was selected with 
a graphite monochromator. The divergence and scattering slits 
were 0.5O, and the receiving slit was 0.15 mm. Samples were 
scanned in air at 1.0 deg/min. 

Thermal expansions were measured at heating/cooling rates 
of ca. 0.5 K/min using a glase capillary dilatometer (0.6-mm i.d.), 
in which the samples were carefully immersed in liquid mercury 
in vacuo to avoid a formation of voids on the surface of the sample. 
The volume change of the samples with temperature was 
calculated from the readings of the height of mercury in the 

Figure 1. Sorption isotherms of water molecules for EMAA- 
0.9Na and -0.6Na at 300 K. 
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Figure 2. Peak maxima of the carboxylate asymmetric and 
symmetric stretching bands versus the H20/COONa molar ratio 
Cy) for EMAA-0.9Na-yHzO. 

capillaryofthedilatometer. Thedensity,d,at298Kwasobtained 
by a buoyancy method with benzene. 

Results and Discussion 
Sorption Isotherms. Figure 1 shows the sorption 

isotherms of water molecules for E W - O . 9 N a  and 
-0.6Na. Isotherms of the two samples exhibit similar 
sigmoidal sorption curves. These results are very con- 
sistent with those reported by Tsujita et ale2' At low 
relative humidities @/PO < 0.3), Langmuir-type sorption 
occurs, where COONa groups both in the amorphous region 
and in the surface of the ionic clusters may be considered 
as the Langmuir sorption sites. When the relative 
humidity @/PO) is increased to about 0.3, a solution-type 
sorption begins to occur. This suggests that water 
molecules begin to be incorporated into the inside of the 
ionic clusters in this humidity region. 

IR Spectra. Figure 2 shows plots of peak maxima of 
the carboxylate asymmetric (v,(COO-)) and symmetric 
(v,(COO-)) stretching bands versus water content (y) for 
EMAA-O.9Na. Below y = 0.5, hydration seems not to 
affect the peak maxima of the v,(COO-) and v,(COO-). 
They locate at 1560 and 1408 cm-', respectively. When 
y is larger than 0.5, the water sorption behavior changes 
from the Langmuir-type water sorption to that of the 
solution type (Figure l), and the v,(COO-) gradually shifts 
to lower frequencies and is leveled off at 1542 cm-' around 
y = 3. The v,(COO-) also shifts from 1408 cm-' (y = 0.5) 
to 1403 cm-' (y = 3). Both bands show no further shift 
above y = 3. The solid state of sodium n-hexanoate 
exhibits v,(COO-) and v,(COO-) at 1560.6 and 1415.9 cm-l, 
respectively, and its aqueous solution exhibits them at 
1544.8 and 1408.3 cm-I, respe~t ively.~~ The difference in 
the peak frequency of va,(COO-) between the two states 
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Figure 3. OH stretching region of water molecules in the IR 
spectra of EMAA-O.9Na-yH20 with various water contents. 

of sodium n-hexanoate seems to correspond well with that 
on hydration for EMAA-O.9Na as described above. 
Therefore, the observed change suggests that three water 
molecules hydrate with one COONa ion pair in EMAA- 
0.9Na to form a primary hydration shell, and that the 
excess of sorbed water molecules exists just outside the 
primary hydration shell. 

Similar results were reported by Lowry and Mauritzgl 
for perfluorosulfonate ionomers (Nafion); the v,(sog-) peak 
shifted to the lower frequency side and sharpened as the 
water content increased. They explained these changes 
by the decrease of interaction between the sag- anion and 
countercation by the shielding effect of the hydrated water 
molecules. They also proposed a four-state model to 
explain the hydration-dissociation equilibrium of Ndion 
ionomers with increasing water content as follows: (1) 
Ion pairs are surrounded by water molecules, but the 
anion-cation interaction is virtually not disturbed. (2) 
The anion-cation interaction is somewhat distrubed by 
surrounding water molecules. (3) Each anion and cation 
form a primary hydration shell and contact each other. (4) 
The hydrated ion pairs are completely dissociated. In 
EMAA-based ionomers, our observation also indicates that 
the ionicity of the COO-Na bond increases in the same 
manner with the increase of hydration. However, the 
number of water molecules that form the primary hy- 
dration shell in EMAA-O.9Na is 3 and smaller than the 
usual coordination number of 4 for the hydrated sodium 

This implies that the COONa ion pairs do not 
completely dissociate. Even fully hydrated ion pairs in 
EMAA-O.9Na may remain in a state similar to the second 
hydration-dissociation state in Nafion described above. 
This difference in the hydration behavior between EMAA- 
based ionomers and Ndion seems to originate in the 

. difference of acidity between COOH and S03H groups. 
Figure 3 shows the OH stretching region of water 

molecules in the IR spectra of hydrated EMAA-O.9Na. 
On the basis of the assignments for a hydrated Ndion by 
Falk,33 three bands marked A, B, and C in Figure 3 can 
be assigned as follows: The main band around 3400 cm-l, 
labeled B, is associated with the OH groups of sorbed water 
molecules that form hydrogen bonds. The frequency is 
lower than that of liquid water (ca. 3490 ~ m - l ) . ~ ~  However, 
no spectroscopic distinction is observed for two possible 
types of hydrogen bonding, water-water and water- 
carboxylate. The smaller band near 3650 cm-' labeled A 
is considered to originate in the OH groups of nearly free 
water molecules, which are isolated in the amorphous 
region and free from hydrogen bonds. This frequency is 
close to that of gas-phase water (VI = 3657 cm-'; vg = 3756 
cm-9. The band C around 3200 cm-' seen as a shoulder 
may be assigned to the overtone 2v2 of the HOH bending 
vibration which couples with the lower-frequency OH 
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Figure 4. Effect of water sorption on the X-ray scattering pattern 
of EMAA-O.9Na. The y = 0.61 curve in the region above 28 = 
loo is omitted for clarity. 

stretching mode, VI, through the Fermi resonance inter- 
action. 

In Figure 3, the frequency of band B gradually increases 
from ca. 3350 cm-l (y = 0.16) to a constant value of ca. 
3400 cm-l around y = 3 with increasing hydration. This 
result reminds us of the fact that the frequency shift of 
v,(COO-) stopped around y = 3 as seen in Figure 2. 

Although we could not exactly determine the individual 
areas of bands A and B because of their severe overlapping, 
the area ratio of band A to B at y = 4.8 was roughly 
estimated to be on the order of 1/40. Here, we neglect the 
contribution of band C because of its very weak intensity. 
This ratio does not directly reflect the number ratio of 
free water molecules to hydrogen-bonded water molecules, 
because the IR absorptivity of OH vibrations is enhanced 
with hydrogen bonding.35 Nevertheless, the overwhelming 
intensity of band B compared with that of band A indicates 
that most of the sorbed water molecules, including water 
molecules outside the primary hydration shell of the 
COONa ion pair, are strongly hydrogen-bonded and give 
rise to band B. Tsujita et aleg6 also pointed out from the 
cluster function analysis that the formation of a water 
cluster occurs a t  high relative humidities in a sodium salt 
of poly(styrene-co-methacrylic acid). These results con- 
trast with those in Nd10n:~ in which sorbed water 
moelcules are more weakly hydrogen-bonded than liquid 
water. 
IR spectra in the 700-760-cm-' region give us information 

on the effects of water sorption on the crystalline region. 
The dry sample of EMAA-O.9Na exhibited two bands, 
one at  720 cm-' and the other at 730 cm-' seen as a shoulder. 
Both bands can be assigned to the CH2 rocking motion, 
and the splitting is due to the presence of polyethylene 
crystallites. As might be expected, this splitting and the 
absorbance of the 720-cm-l band did not change with the 
hydration up to y = 4.8 due to no water absorptibity of 
polyethylene crystallites. 

X-ray Scattering. More direct information on the 
structure of ionic clusters and polyethylene crystallites in 
the ethylene ionomer can be obtained from the X-ray 
scattering. Figure 4 shows the effects of water sorption 
on the X-ray scattering pattern of EMAA-O.9Na. Vari- 
ation of the y values means a change of the water content 
during the measurement. All five patterns exhibit two 
peaks: A peak in the 28 range of 2.5-4', corresponding to 
a Bragg spacing of 23-32 A, is clearly assigned to the ionic 
peak. The other peak near 20° is the "polyethylene" peak 
that comes from both the amorphous and polyethylene 
crystalline regions. Clearly, the polyethylene peak is 
insensitive to hydration until y = 3.1, and further hydration 
(y = 5.5) slightly decreases the lower-angle side of the 
peak. 

As y increases, the ionic peak moves toward smaller 28, 
i.e., larger Bragg spacings, but its intensity is almost 
unchangeduntily= 3.1. Aty = 5.5, thispeakstillremains, 
but is obviously smaller compared with that of y = 3.1. 
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Figure 5. Density (d )  at 298 K versus water content (y) for 
EMAA-O.9Na-yH20. The dashed curve and dashed-and-dotted, 
a and b, curves are the ones calculated with eqs 1-3 in the text, 
respectively. 

These observations agree with those by Longworth and 
c o - w ~ r k e r s . ~ ~ ~ ~  In Nafi0n3~938 and sulfonated polystyrene- 
based i o n ~ m e r s , ~ ~  water sorption shifts their ionic peaks 
to the lower-angle side and intensifies them. Intensifying 
the ionic peak due to water sorption is contrary to our 
results in EMAA-O.9Na. This can be explained by the 
difference in the acidity between SOsH and COOH groups. 
In fact, in Nafion and sulfonated polystyrene-based 
ionomers, it has been pointed out that the average number 
of ionic groups in each ionic cluster increases with 
hydration as a result of an increase in ionicity of the anion- 
cation bond.37-39 In the EMAA-O.9Na ionomer, since this 
tendency is scarcely seen, both the number of ionic clusters 
and the number of ionic groups per ionic cluster seem to 
be almost unchanged with hydration. This interpretation 
is supported by the IR results (Figure 2), which indicate 
that the COONa ion pairs scarcely dissociate by hydration 
(i.e., in water) as compared with the S03Na ion pairs. 

Although the Bragg spacing of the ionic peak does not 
express the averaged size of the ionic clusters on the basis 
of either the core-shell or the liquid-like model,4O 
its shift to the lower-angle side certainly means an increase 
of the size of the ionic clusters. Hence, the shift observed 
suggests a swelling of the ionic clusters by hydration, 
because both the number of the ionic clusters in the sample 
and the number of the COONa ion pairs per ionic cluster 
may be unchanged by hydration as already pointed out. 
Generally the scattering intensity is closely connected with 
two factors: the number of ionic clusters per unit volume 
and the electron density difference between the amorphous 
and ionic cluster regions. Since the former factor seems 
to be scarcely unchanged by hydration in EMU-based 
ionomers, the decrease in intensity of the ionic peak by 
hydration may originate in the decrease of the electron 
density difference between the ionic cluster and sur- 
rounding amorphous regions by hydration. Therefore, the 
excess of water molecules for the fully hydrated sample 
(y = 5.5) may be absorbed in the vicinity of the ionic 
clusters. 

Dilatometry. Figure 5 shows plots of the density, d, 
at 298 K versus the water content (y) for EMAA-O.9Na. 
When y increases, the value of d rapidly increases below 
y = 3.4, and above y = 3.4 it increases slowly. It should 
be noted that the d versus y curve bends near y = 3.4, at 
which the shift of the v,(COO-) band by hydration is 
depressed as shown in Figure 2. 

Provided that the water molecules are absorbed in some 
voids of either the amorphous or ionic cluster regions 
without swelling of the sample, the increase in d by water 

Is1 "lng 
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Figure 6. Normalized specific volume (V(T'),l V(298)) versus 
temperature for EMAA-O.9Na-yH20 at 3 degrees of hydration 
in the temperature range from room temperature to 345 K. 

sorption is expressed as 

d = 0.9548(1 + 0.054 X 0.9 X 18.015y/32.26) (1) 
where 32.26 is the "unit weight" of ( C ~ H * ) O . ~ ~ ~ ( C H ~ C ( C H ~ ) -  
COONao.~Ho.l)o.o~, and 0.9548 is the density (g/cm3) of 
the completely dry sample, obtained by extrapolation of 
the least-squares fit of the measured points toy = 0. The 
calculated curve from eq 1 gives the dashed line in Figure 
5. If the water molecules are absorbed as liquid water, d 
can be calculated as 

32.26 + 0.054 X 0.9 X 18.015~ 
32.2610.9548 + 0.054 X 0.9 X 18.068~ 

- - d =  

32.i6 + 0.8755~ (2) 
33.786 + 0 .8781~  

(the dashed-and-dotted line, a, in Figure 5, where 18.068 
is the molar volume (cm3/mol) of liquid water at  298 K. 
In the lower hydration region below y = 3.4, the observed 
curve lies between the above two calculated curves. In 
the higher hydration region above y = 3.4, if the excess of 
water molecules beyond y = 3.4 behaves as liquid water, 
d is given by 

(3) 

and is shown as the dashed-and-dotted line, b, in Figure 
5, which well explains the observed curve above y = 3.4. 
Therefore, these data support that water molecules of less 
than three per COONa are absorbed at  the COONa ion 
pairs in both the amorphous and ionic cluster regions to 
form the primary hydration shell, and that the excess of 
water molecules are absorbed in the vicinity of the ionic 
clusters and behave as liquid water. 

Figure 6 shows plots of the normalized specific volume 
(where specific volume, V, is the reciprocal of d )  versus 
temperature for EMU-O.9Na at  three degrees of hydra- 
tion. Each thermal cycle was performed in the temperature 
range between room temperature and 345 K below T,. 
The dry sample shows one peak near 326 K (Ti) in the first 
heating, but it is depressed in the first cooling and second 
heating. In the first cooling, the value of V at  room 
temperature is smaller than that of the original sample, 
and the Vversus temperature curve for the second heating 
is almost the same as that for the first cooling. We 
explained this characteristic thermal hysteresis of the V 

32.26 + 0.8755~ d =  
36.209 + 0.87816~ - 3.4) 
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Figure 7. TG and DTA thermograms for a dry and hydrated 
sample of (a) EMAA-O.9Na and (b) EMAA-O.6Na. 

versus temperature curves by proposing the order-disorder 
transition model of the ionic clusterslOJ1 outlined in the 
Introduction. 

When the degree of hydration increases, the peak of V 
at  Ti is depressed and shifts to lower temperatures. At 
the same time, the decrease of Vat room temperature by 
the thermal cycle, AV, becomes smaller with increasing 
hydration. These results can also be explained by the 
order-disorder transition model; the sorbed water mol- 
ecules hydrate the ion pairs inside the ionic clusters and 
more or less destroy the ordered structure in the ionic 
clusters. However, the fully hydrated sample still main- 
tains a small peak of V and therefore a small amount of 
AV. This result suggests that some structural order exists 
even in the fully hydrated ionic clusters at room temper- 
ature. 

TG/DTA Data. The TG and DTA thermograms for 
both dry and hydrated samples of EMAA-O.9Na are 
illustrated in Figure 7a, where the solid curves are for the 
hydrated sample (y = 5.1) and the dashed ones are for the 
dry sample (y = 0.1). 

The DTA thermogram shows that the dry sample has 
two endothermic peaks near 339 and 362 K, which 
correspond, in our model, to Ti and Tm, respectively. The 
hydrated sample shows another endothermic peak at  387 
K in addition to the above two peaks. The TG thermogram 
clearly indicates that this new peak comes from the release 
of sorbed water; very gradual loss of about 2.5% of the 
original weight (about 20% of sorbed water) is seen from 
300 to 380 K, and rapid weight loss occurs above 380 K. 
The peak at  367 K (Tm) in the hydrated EMAA-O.9Na is 
about twice as large as the peak at 362 K (Tm) in the dry 
sample. This may be caused by superposition of the water 
loss below 387 K. 

With increasing water content, the transition at T. moves 
from 339 to 325 K, and is depressed. The observed trend 
was also seen in DSC measurements (Figure 10). The TG 
and DTA thermograms of a dry and hydrated EMAA- 
0.6Na was also studied and shown in Figure 7b. The results 
are essentially the same as obtained in EMAA-O.9Na. 

Temperature Dependence of IR Spectra. Figure 8 
shows the temperature dependence of the IR spectra for 

Figure 8. Temperature dependence of the IR spectra in the 
ranges of 4~2ooO,1800-1200, and 800-500 cm-' for dry E m -  
0.9Na. 

Figure 9. Temperature dependence of the IR spectra in the 
ranges of 4000-2000 and 1800-1200 cm-' for EU-0 .9Na-  
3.OH20. 

a dry EMAA-O.9Na in the ranges of 4000-2000, 1800- 
1200, and 800-500 cm-l. 

The carboxylate asymmetric stretching band (vad(COO-)) 
is observed as a peak at  ca. 1555 cm-l between 293 and 353 
K, but splits into two bands at 1564 and 1545 cm-l at  373 
K above T,. This splitting is also reported by Coleman 
et a l . ; 2 5 9 2 a  they concluded that the loss of residual water 
causes this splitting and that the splitting itself is 
essentially due to a demand of symmetry. On the other 
hand, the carboxylate symmetric band (v8(COO-)) is 
observed at 1408 cm-', independent of temperature. In 
the lower-frequency region below 1000 cm-l, the band 
attributable to the C-C-C wagging mode41 is observed at 
556 cm-l at  293 K. Upon heating, this band scarcely 
changes below 333 K, but shifts to lower frequencies above 
333 K (e.g., 552 cm-l at 353 K and 548 cm-' at 373 K). This 
suggests that softening of the polymer backbone occurs 
near Ti of our model. 

The temperature dependence of the IR spectra for 
EMAA-O.9Na-3.OH20 is shown in Figure 9. The OH 
stretching bands around 3400 cm-l and the HOH bending 
bands about 1650 cm-' are observed between 293 and 333 
K, but completely disappear at 373 K above T,. This 
should be caused by the loss of water molecules. In fact, 
the water content (y) decreased from 3.0 to 0.48 during 
this IR measurement from 293 to 373 K. 

The v,(COO-) band gradually shifts from 1543 cm-l at 
293 K to 1549 cm-' at 333 K, and begins to split into two 
bands at  353 K above Ti; they reach 1564 and 1546 cm-l 
at 373 K above T,. In connection with this, the v8(COO-) 
band seen around 1404 cm-l between 293 and 333 K 
suddenly shifts to 1408 cm-' at 353 K. Clearly, these results 
indicate the loss of the sorbed water molecules. Therefore, 
it may be concluded that the transition at  Ti in the hydrated 
samples accompanies the desorption of the water molecules 
absorbed at/in the COONa ion pairs. 
DSC Data. Figure lOshows the effect of water uptake 

on the DSC thermogram of EMAA-O-SNa, where the DSC 
curves show the first heating process up to 453 K the final 
sample weight indicated that all of the water contained 
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associated with the residual water but to a physical 
structural transition. Therefore, the water sorption effect 
of Ti provides clear evidence that supports our model of 
assigning Ti to the order-disorder transition in the ionic 
clusters.lOJ1 

Second, the value of AHi rapidly decreased with the 
water content. This indicates that the water molecules 
are incorporated into the ionic clusters and destroy some 
of their structural order. It is considered that the 
destruction of the structural order inside of the ionic 
clusters weakens the strength of cross-linking of the 
polymer backbone and lowers Ti. 

Third, the fully hydrated samples of both EMAA-O.9Na 
and 4.6Na still exhibited the order-disorder transition 
of the ionic clusters, which was also shown in the thermal 
expansion studies (Figure 6). This fact indicates that some 
structural order remains in the fully hydrated ionic clusters. 
This result is interesting because a full amount of water 
could completely destroy the ordered arrangement within 
the ionic clusters. This will be discussed later. 

EMAA-0.9NbyHzO I \ 

300 360 420 

Figure 10. Effect of water uptake on the DSC thermogram of 
EMAA-Q.9Na. 

T / K  

c;- 
330 - 

- 320 

- - 
0 2 y 4  6 

Figure 11. Ti and AHi versus the water content Cy) for EMAA- 
0.9Na and -0.6Na. 

a t  room temperature was lost during the measurement, 
changing the sample to the dry one. 

In the drysample (y = 0.16), two endothermic peaks are 
observed at 341 and 363 K, which are, in our model, 
assigned to the order-disorder transition of ionic clusters 
(Ti) and the melting of the polyethylene crystalline region 
( T m ) ,  respectively. As the water content (y) increases, the 
values of Ti and AHi decrease, but in the water content 
larger than y = 3, they show almost constant values. On 
the other hand, the values of T, and AHm slightly increase 
with increasing y. Moreover, a new endothermic peak, 
clearly caused by the loss of the sorbed water (see Figure 
7a), is observed near 390 K above y = 1.6. 

Figure 11 summarizes the variation of Ti and AHi with 
the water content (y) for EMAA-0.9Na and -0.6Na. In 
this case, each A H i  is calculated as the enthalpy change 
per unit weight of the dry sample. From Figures 10 and 
11, several features are noted here in connection with the 
ordeldisorder transition model of ionic clusters. 

First, only the lower-temperature transition at Ti was 
largely affected by water sorption. This suggests that the 
lower-temperature transition is certainly associated with 
the ionic cluster region and not with the polyethylene 
chains. Because this transition exists regardless of the 
presence of water in the sample, the lower-temperature 
peak can be said not to be due to a chemical volatilization 

General Discussion 
Water Sorption Mechanism. This work reveals the 

behavior of water molecules sorbed in EMAA-sodium 
ionomers. The water molecules are incorporated into the 
COONa ion pairs in both the amorphous and ionic cluster 
regions with the following three stages: (1) at degrees of 
hydration lower than y = 0.5, water moleculesaxe adsorbed 
at COONa ion pairs that are isolated in the amorphous 
region or are in the surface of the ionic clusters, showing 
Langmuir-type sorption behavior. (2) At the intermediate 
range of hydration from y = 0.5 toy = 3, the solution-type 
mechanism becomes predominant, where sorbed water 
molecules are absorbed into the inside of the ionic clusters 
and destroy some of the structural order. At y = 3, the 
primary hydration shell of the sodium ion is completed. 
Therefore, the number of water molecules forming the 
primary hydration shell in EMAA-O.9Na is 3 and smaller 
than the usual hydration number of 4 for the sodium ion. 
This is probably due to the weak acidity of the COOH 
groups. (3) At  degrees of hydration higher than y = 3, a 
solution-type mechanism is still dominant, but water 
molecules are absorbed in the vicinity of the ionic clusters. 
We assume that these water molecules form an inverted 
micellar structure. The water molecules of more than three 
per COONa probably exist outside the primary hydration 
shell. 

The sorbed water molecules in the hydrated EMAA- 
xNa ionomers also provide interesting dielectric phenom- 
ena. These results will be reported in a subsequent paper. 

Structure of Ionic Clusters. Our DSC and dilato- 
metric studies showed that the order-disorder transition 
still exists in the fully hydrated ionic clusters. Since the 
IR spectra indicate that the COONa ion pairs dissociate 
in the fully hydrated sample of EMAA-O.9Na as much 88 
in the aqueous solution of sodium n-hexanoate, the 
remaining order within the fully hydrated ionic clusters 
may come from an orderness of the polyethylene chains 
incorporated into the ionicclusters. Therefore, we propose 
that the ionic clusters consist of two parts, the ordered 
assemblies of the COONa ion pairs and ordered polyeth- 
ylene chains. As discussed in the section of the X-ray 
scattering results, we assume that reorganization of ionic 
clusters with hydration does not occur for carboxylated 
ionomers such as EMAA-based ionomers. Assuming that 
AH; of the dry sample consists of AHi(ion) and AHi(CH2), 
AHi of the fully hydrated EMAA-O.9Na (about 8.6 J/g) 
would reflect that orderness of the polyethylene chains in 
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the ionic clusters. Since AHi of the dry EMAA-O.9Na is 
about 25.8 J/g, we obtain 17.2 J/g as AHi(i0n). This is 
two-thirds of AHi of the dry EMAA-O.9Na. The values 
of AHj(CH2) and AHi(i0n) of the dry EMAA-O.6Na are 
also calculated to be 6.6 and 14.8 J/g, respectively; the 
latter value is also about two-thirds of AHi  (21.4 J/g) of 
the dry EMAA-O.6Na. 

Assuming the heat of fusion of polyethylene crystallites 
(4.01 kJ/mol of CH242) as the enthalpy change (Jlmol of 
CH2) of the polyethylene part, and that all COONa ion 
pairs are incorporated into the ionic clusters, the averaged 
numbers of CH2 units per COONa group in the ionic 
clusters are calculated as 1.4 for EMAA-O.9Na and 1.6 for 
EMAA-O.6Na. Here, we should recognize that these values 
are a lower limit because of the approximations used here. 
Although we used a very rough estimation, we conclude 
that the ordered ionic clusters consist of the COONa ion 
pairs and a small portion of the polyethylene backbones. 

Although our water sorption experiments give no direct 
information on the morphology of ionic clusters in ethylene 
ionomers, it is interesting to compare our order-disorder 
transition model with other morphological models for the 
ionic aggregates in ionomers, for example, the core-shell 

the liquid-like model,39t40 and the multiplet- 
cluster Our model does not differ from the above 
three models in that ionic clusters contain hydrocarbon 
chains attached to and surrounding ionic assemblies, which 
is an easily accepted picture for the ionic clusters. Our 
model is, however, different in assuming that each ionic 
cluster consists of ordered assemblies of ion pairs and 
ordered CH2 chain regions. This work and our previous 
results obtained prefer the existence of an order-disorder 
transition of the ionic clusters in EMAA-based ionomers. 
Further experimental work is necessary to obtain the final 
answer. 
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