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ABSTRACT: Local structural change in the ion aggregate in a zinc salt of poly(ethylene-co
methacrylic acid) ion orner on water absorption-desorption process was investigated with use of 
infrared spectral change in the carboxylate anti symmetric stretch region. Three bands were found 
at 1539, 1560, and 1625 cm - 1 in dried state. They collapsed into a singlet at 1587 cm - 1 on swelling. 
The spectral change occurred reversibly with respect to the water content at a constant temperature. 
Analyzing the ratio of the relative integrated intensities of the dry state to the wet one, we evaluated 
the hydration number to a Zn2 + ion in the wet state. The difference in molar absorption coefficients 
of the bands between the dry and wet states can be explained by the vibrational coupling between 
the Va (COO-) and carboxylate rocking P (COO-) modes. 
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A series of copolymers of ethylene (E) and 
methacrylic acid (MA), where the MA units 
are partially or fully neutralized with such a 
metal cation as Na or Zn, is known under the 
trade name of Surlyn of E. I. du Pont de 
Nemours and Co., Inc. as an ionomer. In bulk 
samples of ionomer, the ionic groups tend to 
gather and form ion aggregates on neutraliza
tion. The molecular level structure of the 
aggregate has been studied with various 
experimental methods. Eisenberg postulated 
that there are two types of ion aggregate in 
some ionomers. 1 ,2 At low ion concentration 
(below 5-6 mol %) aggregation of a few ionic 
units called "multiplet" is formed. The mul
tiplet consists of only ionic groups and does 
not contain hydrocarbon chains. When the ion 
concentration becomes sufficiently high (above 
5-6mol%), association of the multiplet 
occurs, forming cluster where the constituents 
are separated from each other by non-ionic 
matrix. 

In order to elucidate the internal structure 

of multiplet or ion cluster, various spectro
scopic studies have been performed. Ion con
centration dependence of far-in fared spec
tra 3,4 and low-frequency Raman spectra 5 - 7 

in polystyrene-based ionomers were investi
gated and some characteristic bands were 
assigned to the translational vibrations of the 
cation in anionic electrostatic field in either 
multiplet or ion cluster. As for the vibrations 
of the anionic groups, the carboxylate 
anti symmetric stretch Va (COO-) mode was 
found to be sensitive to the amount of 
hydration and the coordination structure. 
Brozoski et al. investigated extensively the Va 

(COO-) infrared spectra of E-MA ionomers 
with various water contents. 8 - 11 In a dry 

. state, splitting of the Va (COO-) band was 
observed for Na, Mg, Ca, Sr, and Ba salts but 
not for K, Cs, and Zn salts. The split was 
considered to be indicative of the existence of 
a locally ordered structure (multiplet). Several 
Va (COO-) bands were tentatively assigned to 
those of multiplet or cluster. They also studied 
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temperature dependence of the infrared bands 
due to the C-O stretch of the carbonyl and 
carboxylate groups for a partially neutralized 
Zn salt of an E-MA ionomer. 12 With an 
increase in temperature, the three carboxylate 
stretching bands at 1620, 1565, and 1536 cm - 1 

increased in intensity, while the band at 
1585 cm -1 decreased. They interpreted that 
this was caused by the change in the 
coordination structure of the carboxylate 
groups and assigned the 1620 cm - 1 band to 
zinc acid salt, the 1565 and 1536 cm - 1 bands 
to hexacoordinated zinc carboxylate, and the 
1585 cm - 1 band to tetracoordinated zinc 
carboxylate. 

We have also observed the same splitting of 
the carboxylate antisymmetric stretch band for 
a partially neutralized Zn salt of an E-MA 
ionomer with an increase in temperature 13 but 
the spectral change was not reversible with 
respect to the temperature. Thereafter, we have 
found that the spectral change was essentially 
induced by the change in water content, not 
by the change in temperature. The spectral 
change occurred even at low temperature of 
60°c. 14,IS From the analysis of the small-angle 
X-ray scattering profile for the same sample, 
the dimension of the ion aggregate was 
estimated as about lOA (core diameter 
7.6-8.0 A, shell diameter 16.8-15.oA), in
dicating that the aggregate was recognized as 
multiplet. In this paper, in order to characterize 
intra-multiplet structure, the spectral change 
for a zinc salt of an E-MA ionomer with 
moisture content is discussed. The difference 
between our interpretation of the spectral 
change and that of Coleman et al. is stated. 

EXPERIMENTAL 

The sample of a partially neutralized Zn salt 
of E-MA ionomer (referred to as E-MA-Zn, 
Surlyn 472) was the same as that described 
before. 1s 

Infrared spectra were measured with JASCO 
A-3 and JEOL JIR-100 FT-IR spectropho-
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tometers with resolutions of 2.6 cm - 1 and 
4 cm -1, respectively. 

Experiment of moisture absorption of the 
specimen used for the IR measurements was 
carried out in a desiccator held at 60.0 ± 0.05°e 
under the saturated vapor pressure. The 
experiment was also carried out at 40.0°C but 
the result was the same with that at 60.0°C. 
Therefore, only that at 60.0°C was described 
below. Film specimens for IR measurements 
were dried first at 41.0°C under vacuum (10 - 3 

Torr) over 2 weeks until they approached to 
their respective constant weight, i.e., to the 
"equilibrium dried weight". These dried sample 
still contained residual water. The "absolutely 
dry weight" was estimated by an extrapolation 
of the infrared intensities as will be described 
below. Then, the film specimens were subjected 
to moisture absorption-desorption process at 
60.0°C. To keep the degree of crystallinity of 
the sample constant throughout the measure
ment, the films were annealed beforehand at 
60.0°C over 10 h, and the absorption-desorp
tion procedure was carried out at the same 
temperature. The equilibrium was achieved 
over 30 h. The amount of water absorbed by 
the specimens was weighed using a Mettler B-6 
balance with the sensitivity lO- s g in an open 
state. The weight loss or gain of the sample 
during the measurement was confirmed to be 
negligible. 

RESULTS AND DISCUSSION 

On the moisture absorption-desorption pro
cess a substantial spectral change was observed 
in the 1500-1650 cm - 1 region (Figure I). At 
the water content (w) of 0.03 wt% (the value 
is based on the "equilibrium dried state"), there 
appear plural bands assigned to the Va (COO-) 
mode. As w increases to 0.24wt%, these bands 
tend to collapse each other into one band 
centered at 1587 cm -1. This spectral change 
occurs reversibly with respect to the change in 
the water content at a constant temperature. 

The IR absorption curve was separated into 
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Figure 1. Change of contours in Va (COO-) region for 
E-MA-Zn at various H 20wt%, (a) 0.03%, (b) 0.09%, (c) 
0.13%, (d) 0.24%. 

four bands by assuming a Gaussian + Lo
rentzian function for each band, expressed as 

I(v)=h1 exp{ -ln2[(v-vo)/o"]2} 

+h20"2/[(v-vo)2+0"2] (1) 

where Vo is the peak position. Here, the slit
function distortion and the contribution of 
asymmetric component were not considered. 
The Gaussian and Lorentzian components 
have the peak heights of h1 and h2' respectively. 
In order to reduce the number of adjustable 
parameters, the two components are assumed 
to have the same half-width 0". Two peaks at 
1625cm- 1 (at w=0.03%) and at 1587cm- 1 

(at w=0.24%) are easily distinguished from 
other peaks. The two bands have almost the 
same half-width. By the trial and error method, 
the observed spectra for the four water contents 
were reproduced by assuming four bands 
centered at 1625, 1587, 1560, and 1539cm- 1 

having nearly the same half-width. The ratio 
of the Lorentzian/Gaussian components (h2/ 
h 1 ) was fixed to 4.10 for every band and the 
relative heights (h2) of the three bands at 1539, 
1560, and 1625 cm -1 were fixed at 9: 8 : 7. The 
ratio was confirmed to remain constant in
dependently of the water content. In other 
words, the intensities of these bands vary 
(increase with a decrease in water content) in 
a parallel way. Therefore, the triplet should be 
associated with a certain specific structure of 
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Table I. h2 and a of the four bands at 1539, 1560, 
1587, and 1625 em -I at various water contents. 

( ) is referred to "absolutely dried weight". 

v/cm -I 1539 1560 1587 1625 
a/cm- I 11.8 11.8 11.2 10.2 

H 2Owt% h2 

0.03 (0.17) 9.56 8.50 5.40 7.44 
0.09 (0.23) 9.00 8.00 7.80 7.00 
0.\3 (0.27) 3.94 3.50 9.80 3.06 
0.24 (0.38) 2.48 2.20 14.00 1.93 

c.G[ 

at . '" 

Figure 2. Separated contours of Va (COO-) for E-MA
Zn at various H 20wt%, (aj 0.03%, (b) 0.09%, (c) 0.13%, 
(d) 0.24%. +, obsd., -, calcd. 

the carboxylate groups in the dry state. On the 
other hand, the singlet at 1587 cm - 1 whose 
intensity increases with an increase in the water 
content should be associated with the carbox
ylate groups in the moistened state. The 
parameters used were listed in Table I. The 
resultant band separations were shown in 
Figure 2. A little discrepancies between the 
observed and calculated spectra at 1560 and 
1539cm - 1 arose especially in higher water 
contents (Figure 2(c), (d)), indicating that the 
relative heights of the three bands at 1539, 1560, 
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and 1625 cm - 1 slightly differed from 9: 8 : 7. 
This discrepancies may result from the 
asymmetric band profile of the singlet (1587 
cm -1) having a tail to low frequency side 
caused by the vibrational interaction between 
the COO- groups and the H20 molecules 
absorbed, but a precise explanation was not 
examined at the present stage. 

Here, the interpretation of the origins of the 
triplet and the singlet presented by Coleman et 
at. 12 should be stated. They assigned the band 
at 1625 cm -1 to zinc acid salt structure, those 
at 1560 and 1539 cm - 1 to hexacoordinated zinc 
carboxylate, and that at 1587 cm - 1 to tetra
coordinated zinc carboxylate and interpreted 
that the spectral change was caused by the 
thermally induced change of the coordination 
structure. On the contrary, our results show 
that the spectral change occurs with the change 
in the moisture content even at a constant 
temperature of 40°C. Hence, the spectral 
change found with an increase in temperature 
should be ascribed to the desorption of 
moisture. Second, the result of the band 
separation indicates that the intensity change 
of the triplet at 1539, 1560, and 1625cm- 1 

occurred in a parallel way. Therefore these 
bands at 1560 and 1539 cm - 1 and that at 
1625 cm -1 are suggested to be assigned to a 
same structural entity. 

By using relative integrated intensities of the 
triplet and the singlet, the equilibrium between 
the dry and the wet state was considered. The 
integrated intensities of the dry and wet states 
are denoted by Kdry and Kwet , respectively. If 
the thickness and the density of the film are 
kept constant on the moisture absorption, Kdry 

is expressed as 

(2) 

where Gdry denotes the integrated molar ab
sorption coefficient of the triplet and Xdry the 
molar fraction of the COO- groups in the dry 
state. Similarly for the wet state 

(3) 
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Figure 3. Relation between relative integrated intensities 
of the triplet (Kd,y in dry state) and the singlet (Kw<l in wet 
state) in the Va (COO-) region. 
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Figure 4. Relation between XW<l (the molar fraction of 
the COO- groups in wet state) and the molar amount of 
H 20 absorbed. 

where Gwet denotes the molar absorption 
coefficient of the 1587 cm - 1 band. With eq 2 
and 3, the following equation is obtained. 

Kwet = Gwet - Kdry( Gwetl Gdry) (4) 

Thus, the K wet VS. Kdry plot gives a straight line 
as shown in Figure 3. From the slope, the ratio 
Gwet/Edry is obtained as 0.343. From eq 3 and 4, 
xdry is given as 16 

(5) 

X dry (or X wet = 1 - Xdry) for each water content 
(based on the equilibrium dried weight) is 
evaluated as shown in Figure 4. The intercept 
of the straight line on the negative side of the 
abscissa is considered to correspond to the 
amount of residual water in the equilibrium 
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dried state. By adding this value 0.751 x 10- 4 

mol g - 1 to the water content based on the 
"equilibrium dried weight", the water content 
based on the "absolutely dried weight" of the 
specimen can be obtained. From Figure 4, the 
hydration number to the ionic group in the wet 
state can be derived. The mole of the COO
group in the wet state equals to Xwet times the 
total mole of the COO - group in the sample, 
the latter being evaluated for the present 
specimen as 8.41 x 10- 4 mol g-l. From the line 
slope in Figure 4, the mole ratio (COO- /H 20) 
in the wet state is obtained as 3.56. This value 
indicates that in the wet state about one water 
molecule is absorbed per four carboxylate 
groups, or one H 2 0 molecule is absorbed per 
two Zn2 + ions. In the absorption of heavy 
water, the Va (COO-) singlet due to the wet 
state appears at the same position as in the 
case of normal water. This suggests that 
hydration takes place preferentially to Zn 
cation, not to the carboxylate groups. 14 

It is necessary to mention a remarkable 
difference in molar absorption coefficient of the 
Va (COO-) mode between the dry and wet 
states. e wet is only one third of e dry . As one of 
the origin of such a big difference, the dielectric 
field effect may be considered. In the case of 

the intensity ratio of the Va (COO-) 
bands in the dry and wet states is expressed 
according to the equation17 as 

(ewet/edry) = (ndry/nwet)[(n;et + 2) 

(6) 

where ndry and nwet are the refractive indices of 
the dry and wet states, respectively. In order 
to estimate the intensity ratio caused by this 
origin, the cases of ZnS04 , CaC03 , and their 
hydrates are considered. The averaged n value 
of ZnS04 is 1.666 and that of ZnS04 · 7H20 
is 1.474 for A=589nm. 18 The difference in n 
between ZnS04 and ZnS04 · 7H20 may be 
caused by the difference in the density. 
Assuming a linear relationship between nand 
the hydration number, we evaluate n as 1.652 
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Figure 5. Spectral changes of Va (COO-) and P (COO-) 
(arrow) bands in wet (A) and dry (B) states. 

for ZnS04 · (l/2)H20. This value gives the ratio 
ewet/edry as 0.989. From the values of n for 
CaC03 (n = 1.572) and CaC03 ' H 20 (n = 
1.567) for A = 589 nm, 18 the corresponding 
ratio is evaluated as 0.998. 

Thus, the dielectric field effect cannot 
interpret the big difference in absorptivity 
between the two states. Another origin may be 
related to the vibrational coupling (jf the Va 

(COO-) and rocking P (COO-) modes. In the 
dry state, there appears the triplet band due to 
the Va (COO-) and a weak P (COO-) band at 
530cm -1. Appearance ofthe Va (COO-) singlet 
in the wet state is accompanied with an increase 
in the intensity (ca. 5 times) of the P (COO-) 
band (Figure 5), indicating that the Va (COO-) 
and P (COO-) vibrations couple with each 
other. Occurrence of the Va (COO-) 
coupling seems reasonable since these modes 

1151 



T.IsHIOKA 

have the transition moments nearly parallel 
to each other. In such case, complementally 
intensity changes may occur between the two 
modes. 

It is noted that the characteristic spectral 
change in a Zn salt of an E-MA ionomer in 
the Va (COO-) region was induced only for a 
partially neutralized specimen. Coleman et al. 
studied the temperature dependence from 25 
to 180°C in the Va (COO-) region for a 100% 
neutralized specimen but significant spectral 
change was not observed. We also examined 
the spectral change for a specimen completely 
neutralized according to the method of 
Coleman et al. Drying it at 60°C over 200 h 
did not cause the spectral change. This indicates 
that the COOH group plays an important role 
in this spectral feature. 
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