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ABSTRACT: Structural and dynamical properties of ionic multiplets in poly(ethylene-co-methacrylic acid)
ionomer neutralized with Na ions were studied by 2*Na nuclear magnetic resonance (NMR) and differential
scanning calorimetry (DSC). It was found that the low-temperature peak in DSC spectra is affected by
relaxation, compression, and hydration and is related to structure in proximity to ionic multiplets, instead
of multiplets themselves. The distance between Na ions in ionic multiplet was determined on the basis
of a second moment measurement, suggesting that multiplets are composed of close-packed Nat—0O~
ionic pairs. Motional narrowing of 2Na NMR line width and transverse relaxation measurement indicate
that the time scale of motion of Na or its surrounding is on the order of a few hundred microseconds near

room temperature.

Introduction

Tonomers derived from neutralization of ethylene/
methacrylic acid (E/MAA) copolymer, known as Surlyn,
possess unique mechanical, rheological, and thermal
properties! 2 as well as the intriguing property of self-
healing.#? These ionomers contain typically 15 mol %
or less MAA which are partially neutralized with metal
cations,’® such as Zn2?* and Na®'. It is believed that
aggregation of ionic pairs, such as —O~—Na", plays a
crucial role in determining the unique properties of
Surlyn.!~3 Many tools have been used in studying the
microstructure of Surlyn, including small-angle X-ray
scattering (SAXS),10-13 differential scanning calorimetry
(DSC),1-3:8.12.13 infrared spectroscopy (IR),!2 and nuclear
magnetic resonance (NMR).1# Scattering studies such
as SAXS indicate that ionic pairs attract each other
forming aggregates, called multiplets.!® It is generally
accepted that there are three regions in Surlyn: poly-
ethylene crystalline lamellae, amorphous matrix, and
multiplets of ionic pairs. The formation of ionic multip-
lets is believed to have a profound influence on the
mechanical, thermal, and other physical and chemical
properties. Previous DSC studies showed that two
endothermic peaks are present upon heating of struc-
turally relaxed (aged) Surlyn. The higher temperature
peak, around 90 °C, is attributed to the melting of
polyethylene crystalline lamellae.28:12:16 The identity of
the low-temperature peak around 50 °C remains un-
clear. This peak is absent in samples immediately after
cooling from the melt and recovers after a certain period
of structural relaxation at room temperature.2:812.16 It
was found that this low-temperature peak is also
affected by hydration!* and stretching.!3 One of the
proposed explanations is the order—disorder transition
of the ionic multiplet.?16 Others suggest that this peak
is associated with the melting of imperfect crystallites
of short segment polyethylene or changes occurring in
the region surrounding the ionic multiplet rather than
the ionic multiplet itself.1* NMR is a sensitive probe of
local structures and dynamics. 22Na NMR provides a
natural probe of the structure and dynamics of ionic
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multiplets in E/MAA neutralized by sodium. In this
study, NMR and DSC were employed to investigate the
structure and dynamics of ionic multiplets. By compar-
ing changes of thermal properties and 2*Na NMR
spectra under various sample conditions such as struc-
tural relaxation, mechanical deformation, and hydra-
tion, information on the relationship between thermal
properties and the microstructure and dynamics of ionic
multiplets was obtained. The result indicates that the
low-temperature DSC peak is not directly related to
changes of ionic multiplets but related to crystallites in
proximity of the multiplets.

Experimental Section

Materials. Surlyn 8920 (E-0.054MAA-0.6Na), which con-
tains 5.4 mol % MAA and is 60% neutralized by sodium, was
used in this investigation. Samples were first heated in quartz
tubes under dynamic vacuum at 423 K for 1.5 h. After that,
samples were cooled under vacuum by ice water. The quenched
samples were divided into four groups. The first group of
samples, referred to here as quenched samples, was sealed in
quartz tubes under vacuum followed by (typical delay of 1 h)
DSC and NMR measurements. The second group, referred to
here as relaxed samples, was sealed in quartz tubes under
vacuum and was kept at room temperature for 1 month before
DSC and NMR measurements. The third group, referred to
here as relaxed-compressed samples, was prepared by com-
pressing the relaxed samples with a pressure of 275 MPa for
1 min. During the compression treatment, these samples were
exposed to air for about 1 h followed immediately by DSC or
NMR measurements. The effect of moisture here should be
negligible since we did not observe any noticeable changes by
DSC and NMR in quenched-relaxed samples upon 1 h expo-
sure to air. The fourth group, referred to here as hydrated
samples, was relaxed samples placed in a desiccator under
saturated water vapor at room temperature for 4 days. Water
uptake in these samples was determined by weight increase
as a function of time. The water uptake in the hydrated
samples after 4 days of hydration is 2.6 wt %, corresponding
to 1.4 HyO molecules per Na' ion. The saturated level of water
uptake is 7.9 wt %, which corresponds to 4.2 HyO molecules
per Na' ion.

Measurements. DSC measurements were carried out using
Perkin-Elmer Pyris 1 with a scanning rate of 10 K/min. Indium
and tin were used as calibration standards. NMR measure-
ments were carried out using pulsed spectrometers. Unless
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Figure 1. DSC results for various samples: (a) relaxed

sample; (a') second heating of relaxed sample; (b) quenched
sample; (c¢) relaxed-compressed sample; (d) hydrated sample.

explicitly mentioned, results were obtained at a magnetic field
of 9.4 T. For studying field dependence some spectra were
recorded at a magnetic field of 4.7 T. Dilute aqueous NaCl
solution was used as 2Na chemical shift reference. The typical
nonselective 90° pulse is 4.3 us as determined in aqueous NaCl.
With selective excitation, 22Na spectra were recorded using
either one pulse or Hahn echo sequence (90°—¢—180°—¢—
detection). An Oxford continuous flow cryostat was used for
NMR measurements at and below room temperature, and a
homemade high-temperature probe was used for measure-
ments at and above room temperature.

Results and Discussion

DSC. Figure 1 shows the DSC curves of the various
samples examined in this study. The first heating curve
of the relaxed sample shows the two characteristic
endothermic peaks, one at 329 K and the other at 364
K. The second heating curve, followed immediately after
the first, only shows the peak at 364 K. As is well-
known, the peak at 329 K reappears after a certain time
of structural relaxation at room temperature. As ex-
pected, the quenched sample shows only a very weak
endothermic peak at 323 K along with the higher
temperature endothermic peak. Since a delay of 1 h
occurred after quenching before the DSC measurement
was carried out for the quenched sample, partial
recovery of the low-temperature endothermic peak took
place. This peak grows in intensity and moves to higher
temperature as a function of relaxation time. As re-
ported earlier, no further change occurs after 30 days
of relaxation. Figure 1 shows that hydration has a
significant effect on the low-temperature endothermic
peak as reported earlier.!* The peak intensity decreases
and the peak position moves to lower temperature at
317 K upon hydration. Similarly, compression also has
a dramatic effect on this low-temperature peak which
nearly disappeared after compression, as shown in
Figure 1.

NMR. Figure 2 shows the 22Na NMR spectra at 190
K. The spectra of quenched, relaxed, and relaxed-
compressed samples are all identical within errors with
line width at half-height (LWHH) of 9.5 + 0.3 kHz. The
hydrated sample is narrower with LWHH of 8.4 + 0.3
kHz. Figure 3 shows the temperature dependence of the
line width of the nonhydrated samples up to 580 K along
with the hydrated sample data. For the hydrated sample
the line width decreases rapidly above 210 K and
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Figure 2. 2Na NMR spectra for various samples at 9.4 T and
190 K: (a) relaxed sample; (b) quenched sample; (c) relaxed-
compressed sample; (d) hydrated sample.
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Figure 3. 2Na LWHH (line width at half-height) for various

samples vs temperature: (®) relaxed sample; (x) quenched
sample; (O) relaxed-compressed; (O) hydrated sample.

reaches a minimum value of 3.0 + 0.3 kHz at 255 K.
Upon further increase of temperature, the motional
narrowing is followed by a slight increase of the line
width to 3.7 + 0.3 kHz at 275 K (possibly due to motions
with rate becoming comparable to 23Na Larmor fre-
quency!” of 105.76 MHz) and then drops again to 3.2 &
0.3 kHz upon further heating. For the three nonhy-
drated samples the line width decreases dramatically
above 300 K instead of 210 K in the hydrated sample.
It drops to a minimum of 2.5 kHz at 375 K, followed by
an increase to 4.0 kHz at 500 K, where the rate of
motion reaches the 22Na Larmor frequency,!” and then
drops again. Figure 3 shows clearly that the line width
at 190 K is determined exclusively by the structural
environment around Na atoms.

The line width at 190 K and below is determined by
spin interactions including chemical shift, dipolar in-
teractions, and quadrupolar interactions. Figure 2
shows that there are no noticeable differences in struc-
ture that are detectable by static 23Na spectra in the
three nonhydrated samples, in contrast to the signifi-
cant change in the low-temperature DSC peak upon
relaxation and compression. Figure 3 shows that the
three nonhydrated samples exhibit very similar line
narrowing behavior in the temperature range of 320—
330 K where the low-temperature DSC peak appears.
This indicates that molecular motions of ionic multiplets
are not affected significantly by relaxation or compres-
sion. Moreover, the 23Na line width of nonhydrated
samples is reversible vs measurement temperature



Macromolecules, Vol. 38, No. 7, 2005

Frequency (kHz)

Figure 4. ?2Na NMR spectra for hydrated sample at 190 K
in field of 9.4 and 4.7 T and simulation curves (dotted lines):
(a) 4.7 T, LWHH = 10.7 kHz; (b) 9.4 T, LWHH = 8.4 kHz.

whereas the low-temperature DSC peak has a very long
relaxation time and recovers fully only after a few weeks
of relaxation at room temperature. Thus, the change of
the low-temperature DSC peak is not directly related
to either structural changes, such as order—disorder
transition, or changes of dynamical properties of ionic
multiplets. On the other hand, when ionic multiplets
are affected by hydration as evidenced by 23Na NMR,
the low-temperature DSC peak also shows significant
change. This is consistent with the picture that the low-
temperature DSC peak is related to structure in prox-
imity to ionic multiplets. Similar conclusion was drawn
on the basis of other experiments.!3

One of the connections between 23Na NMR spectra
and structure is through quadrupole interactions. Fig-
ure 4 shows the 2Na NMR spectra of the hydrated
sample at 190 K obtained at magnetic fields of 4.7 and
9.4 T. The line width at 4.7 T is 10.7 kHz, which is
broader than that at 9.4 T, a clear indication that the
second-order quadrupole broadening contributes sig-
nificantly to the line width. The observed NMR signal
is the /5 <= —1/5 central transition of 23Na spin I = 3/y
nuclei. The contribution of the quadrupole interaction
to the resonance frequency in hertz is given by!®

3 2
_ o
2[212I — D)I*v,

Here, vi, = yiB/27 is the Larmor frequency determined
by the external magnetic field B and the gyromagnetic
ratio yr. y = e2qQ/h is the nuclear quadrupolar coupling
constant determined by the nuclear quadrupole moment
® and the magnitude of the electric field gradient eq.
Another parameter determining the line shape is the
asymmetry parameter 7, which describes the deviation
of the electric field gradient (EFG) tensor from axial
symmetry. The observed 22Na spectra observed at 4.7
and 9.4 T can be fit (line shape simulations by SIMP-
SON?™ of both spectra shown in Figure 4) with y = 1.71
MHz and n = 0.5, as shown in Figure 4. The narrower
line width of the hydrated sample at 190 K compared
to that of nonhydrated samples indicates that hydration
causes reduction of the EFG at Na sites.

As mentioned earlier, hydration has a significant
effect on motional narrowing of 23Na line width above
210 K. To investigate the mechanism of such effect, the
transverse magnetic relaxation was measured by Hahn-
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Figure 5. Time dependence of the Hahn-echo intensities of
various samples at 260 K: (a) relaxed sample, Mor = 1.45 x
107 s~2; (M) quenched sample, Mo = 1.54 x 107 s~2; (O) relaxed-

compressed sample, Mor = 1.46 x 107 s72; (O) hydrated sample,
Mo =1.78 x 107 s72.

echo decay. The Hahn-echo intensity S vs ¢ is described
by8

S(2¢) O exp[—M,p(2t)°/2]

If the effect of motion is negligible, Mg is determined
solely by dipole—dipole interactions. For “semi-like
spins” (which are subject to different quadrupole cou-
plings but the same central transition frequency) and
selective excitation of the central transition, Mog is given
by!8 Myg = 0.5M5. M is the second moment determined
by dipole—dipole interactions given by?2°

M —9(“0 Zh)QlF Dy =
2 5 47171 N SL . rikG

Here, Fs(I) = 1 for I = 3/, N is the number of
interacting 2’Na nuclear spins, and the summation is
over all pairs of 23Na nuclei i and %2 with distance rj.
The intensities S(2¢) are plotted on a log scale as a
function of (2¢)? (s2) and will yield straight lines at short
t if dipolar interactions dominate the decay.

Figure 5 shows the Hahn-echo decay curves of
quenched, relaxed, relaxed-compressed, and hydrated
samples at 260 K. Within errors, all the nonhydrated
samples have the same value of Mor, and the hydrated
sample has a slightly larger Msg. A possible reason for
the slightly larger Mg for the hydrated sample is that
the excitation might be slightly nonselective due to the
smaller quadrupolar interaction. Using the measured
second moment and assuming a multiplet consisting of
13 Na and 13 O atoms with a NaCl-type structure, the
nearest-neighbor Na—Na distance dna—Na can be esti-
mated. Such estimated Na—Na distance, the corre-
sponding Na—O distance dna—0, and the measured Mg
value are listed in Table 1 for the four samples. For
nonhydrated samples, based on NaCl-type structure,
dNa—Na Of 3.17 A is derived yielding a distance dna—o

between Na and O of 3.17/v/2 = 2.24 A. The identical
Moy, values of the nonhydrated samples indicate that
ionic multiplets remain unchanged after long time
relaxation or compression. The calculated Na—O dis-
tance increases slightly if larger multiplet is considered.
In the limit of an infinite NaCl-type lattice (this is of
course not a real multiplet), the calculated dna-na and



2784 Jia et al.

Echo Intensity

0 510° 1107 15107 2107
(20)°(s%
Figure 6. Hahn-echo decay curves of hydrated sample at 198,
220, 240, and 260 K: (O) 198 K, Mg = 1.78 x 107 s72; (v) 220
K, Mog = 1.75 x 107 s7%; (@) 240 K, Mo = 1.72 x 107 s72; (O)
260 K, Mog = 1.78 x 107 s72.

Table 1. Mg Values, the Calculated Na—Na Distances
dNa-Na;, and the Corresponding Na—O Distances dna-o

sample  temp (K) Mo (x107572) dyana(d)  dnao(A)
quenched 260 1.54 +£0.06 3.144+0.04 2.22 +0.03
303 2.3+0.3 N/A N/A
316 4.0+0.7 N/A N/A
relaxed 260 1.45+0.08 3.17+0.05 2.24 +0.04
relaxed- 260 1.46 +£0.08 3.17+0.05 2.24 + 0.04
compressed
hydrated 198 1.78 £0.09 3.07+0.05 2.17 +0.03

220 1.75 + 0.09
240 1.72 4+ 0.08
260 1.78 £ 0.09

3.08 £0.05 2.18 £0.03
3.08 £0.05 2.18 £0.03
3.07+£0.06 2.17 £ 0.03

dna-o are 3.57 and 2.52 A, respectively. Compared to
the well-known ionic radius of Na and O, 1.02 and 1.4
A, respectively, the measured Na—Na distance dna—Na
agrees very well with multiplet structures with close-
packed Na*t—O~ ionic pairs.

For the hydrated sample, Mg values were also
measured at temperatures where the dramatic line
narrowing occurs. Figure 6 shows the Hahn-echo decay
curves of hydrated sample at 198, 220, 240, and 260 K,
where the dramatic line narrowing occurs. Surprisingly,
the slope of the echo decay remains unchanged over this
temperature range despite the significant line narrow-
ing over this temperature range. This shows clearly that
the atomic motion which leads to the initial reduction
of the line width is of much higher frequency compared
to the time scale of the transverse relaxation. For
instance, vibrations of water molecules around Na
atoms could cause such changes. Another evidence of
such fast motions is given by the spin—lattice relaxation
time. At 170 K, T is 39.5 ms, which decreases quickly
to 7.7 ms at 220 K. Since motion-induced spin—lattice
relaxation is most effective for motions with frequency
approaching the Larmor frequency, it is too fast to be
detected by the transverse relaxation which has the
time scale of a few hundred microseconds. The onset of
this NMR-detected fast motion of water molecules could
eventually lead to other mode of motions of water
molecules, such as those detected by dielectric loss
measurement,?! which contributes further to motional
narrowing.

Figure 7 shows the Hahn-echo decay curves of the
quenched sample at 260, 303, and 316 K, which are the
characteristic temperatures over the range of the dra-
matic line narrowing. The decay rate of the Hahn echo
starts to increase gradually above 260 K. Here, the
motion contributing to motional narrowing also contrib-
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Figure 7. Hahn-echo decay curves of the quenched sample
at 260, 303, and 316 K: (O) 260 K, Mo = 1.54 x 107 s7% (O)
303 K, Mg = 2.3 x 107 7% (@) 316 K, Mog = 4.0 x 107 s72.

utes to the decay rate of the Hahn echo, unlike in the
hydrated sample below 260 K. Therefore, this is at-
tributed to the typical onset of slow motion with
increasing rate as temperature increases. The time scale
of such slow motion, which causes changes of Na local
environment (thus the resonance frequency of 23Na),
becomes comparable to the transverse relaxation time
scale of a few hundred microseconds associated with
dipolar interactions and causes additional decay of the
Hahn echo. Therefore, the decay rate of the Hahn echo
reflects not only dipole—dipole interactions but also slow
motion. This shows clearly that the line narrowing of
the quenched sample above 300 K is due to slow motions
of Na* ions, such as hopping and possibly motions of
the polymer backbone. The time scale of such motions
is a few hundred microseconds around 300 K.

Conclusions

The structure and dynamics of ionic multiplets were
investigated by 22Na NMR and DSC. The low-temper-
ature DSC peak is related to structure in proximity to
ionic multiplets, instead of multiplets themselves. Un-
der relaxation and compression, no detectable changes
of structure and dynamics of ionic multiplets were
observed by 23Na NMR, but hydration did change the
local environment and dynamics of ionic multiplets. The
nearest-neighbor distance between Na* ions was deter-
mined to be 3.17-3.57 A by NMR, which gives an
estimated Na*—O~ distance of 2.24—2.52 A. This agrees
very well with ionic multiplet structure consisting of
close-packed Na™—O~ ionic pairs. The time scale of Na
motion, possibly hopping, was determined to be on the
order of a few hundred microseconds near 300 K.
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