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Abstract

The present study aimed to investigate the effects of plasticization on the mechanical properties and morphology of poly(ethyl acrylate)
ionomers neutralized with either Co>" or Na™. In experiments, the dynamic mechanical properties of divalent Co>*-neutralized poly(ethyl
acrylate) ionomers containing polar and non-polar plasticizers were compared with those of the monovalent Na*-neutralized ionomers. In the
case of the ionomers plasticized with non-polar 4-decylaniline (4-DA), residing in non-ionic regions, the matrix and cluster 7,s of the ionomer
decreased with increasing 4-DA contents. The decreasing rates of the matrix and cluster 7s were found to be similar at 0.8 and 1.0 °C/(wt% of 4-
DA) for the Co®* and Na™ ionomers, respectively. The ionic modulus of the Co?* ionomer changed only slightly with increasing 4-DA contents,
but that of the Na™ ionomer decreased noticeably. In the SAXS study, it was observed that the un-plasticized Co®>" ionomer showed a strong
small angle upturn and a very broad SAXS peak, indicating that the ionomer phase was compositionally heterogeneous. The plasticization of the
Co* jonomer with 4-DA, however, induced a well-developed SAXS peak that was comparable to that of the un-plasticized Na™ ionomer. These
results suggested that the addition of 4-DA to the Co>" ionomer made the ionomer have more multiplets at a prevalent distance, leading to more
clustering. In the case of the Co®* ionomers plasticized with polar glycerol (Gly) that acted mainly as multiplet plasticizer, a very weak cluster
glass transition, decreasing ionic modulus and only a well-developed small angle upturn were observed. These indicated that the addition of Gly to

the Co®* ionomer disrupted the multiplet formation, resulting in lower clustering.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Ionomers are polymers that have a relatively small amount
of ionic groups along polymer backbone chains. Since their
first appearance ca. 40 years ago, the ionomers have been
studied extensively because they exhibit unique physical
properties that are due to the interactions between ionic groups
[1-6]. It is well known that the ionic groups in a relatively non-
polar polymer matrix form ionic aggregates (i.e. multiplets)
[7]. According to the multiplet/cluster model for random
amorphous ionomers (so-called EHM model), the multiplets
reduce the mobility of polymer chain segments surrounding
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them [8]. With increasing ion concentration, the number of the
multiplets increases. Eventually, the reduced mobility regions
surrounding multiplets start overlapping. As the ion content
increases further, the regions of the reduced mobility become
large enough to show their own glass transition temperature
(cluster T,), which is higher than the T, of ion-poor matrix
regions (i.e. matrix T,); these large regions of the reduced
mobility are called clusters.

Tong and Bazuin reported that the addition of 4-decylaniline
(4-DA) to poly(ethyl acrylate-co-sodium acrylate) P(EA-co-
ANa™) ionomers caused the decrease in the matrix and cluster
T,s of the ionomers at a similar decreasing rate of ca. 1 °C/(wt% of
4-DA) [9]. In addition, no crystalline melting peak was observed
in a differential scanning calorimetry thermogram, meaning that
the 4-DA molecules did not form phase-separated crystalline
regions. Thus, it was suggested that the 4-DA acted not as filler
but as plasticizer that resided in both the matrix and cluster
regions. From this study, one question arises: What is the
effectiveness of plasticization on the mechanical properties and
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morphology of poly(ethyl acrylate) PEA ionomers containing a
divalent cation, instead of a mono-valent cation? To answer to
this question, in the present study, we investigated the mechanical
properties of P(EA-co-ACo®") ionomers containing various
amounts of polar and non-polar plasticizers. It should be
mentioned that the present work was devoted to the PEA
ionomer, since the PEA ionomer, non-crystalline, did not have the
complication in data analysis caused by the presence of
crystalline regions. In addition, the PEA ionomers containing
ca. 7 mol% of ions were used on the ground that, at ca. 7 mol% of
ions, the PEA ionomer showed well-developed matrix and cluster
loss tangent peaks, and ‘ionic’ modulus. Thus, it was rather easy
to detect any changes occurred in the two loss tangent peaks and
moduli upon plasticization.

2. Experimental
2.1. Sample preparation

A poly(ethyl acrylate-co-acrylic acid) P(EA-co-AA) sample
was prepared by solution polymerization of purified ethyl
acrylate and acrylic acid monomers using benzoyl peroxide as
the initiator [10]; the acid content was 7.0 mol%. To neutralize
the acid groups, a predetermined quantity of cobalt acetate
tetrahydrate (Aldrich) in methanol was added to give a Co*™ -
neutralized poly(ethyl acrylate-co-acrylate) P(EA-7.0-ACo* ™)
ionomer. The solution was freeze—dried and then dried further
under vacuum at 100 °C for 1 day. To prepare ionomer samples
containing plasticizers, an acid form P(EA-co-AA) copolymer
was dissolved in a mixture of benzene and methanol, and either
a non-polar plasticizer 4-decylaniline (4-DA) or a polar
plasticizer glycerol (Gly) was added to the solution. The
amounts of plasticizer in the ionomer sample were ca. 10, 20,
and 30 wt%. Subsequently, cobalt acetate in methanol was
added to neutralize the acid groups of the P(EA-co-AA)
copolymer in the solution. The ionomer solutions were freeze-
dried, and then the powder form samples were dried further
under vacuum at 50 °C for 1 day. For the dynamic mechanical
thermal analysis (DMTA) and X-ray scattering studies, the un-
plasticized and plasticized PEA ionomer samples were
compression-molded at 60-80 °C, depending on the amount
of plasticizer, under a pressure of 25 MPa. Then, the samples
were annealed under vacuum at 100 °C for 1 day.

2.2. Dynamic mechanical thermal analysis

Dynamic mechanical property measurements were per-
formed on a Polymer Laboratories DMTA (Mark II). The
experiments were carried out in a dual cantilever-bending
mode at five different frequencies. Experimental temperature
ranges for the ionomers containing 4-DA and Gly were from
—40 to 160 °C and from —20 to 160 °C, respectively, and a
heating rate was 1°C/min. Storage moduli (E') and loss
tangents (tan §) were obtained as a function of temperature.

2.3. Small-angle X-ray scattering experiments

The small-angle X-ray scattering (SAXS) experiments for
the un-plasticized and plasticized ionomers were conducted at
Station 4C1 of the PLS synchrotron radiation source (Pohang,
Korea). The detailed condition for the experiments has been
given elsewhere [11,12]. The wavelength of light was
0.1608 nm, and the generated beam energy was 3.1 keV (at
2.7 GeV operation mode). The two-dimensional gas-filled
detector was used. The sample-to-detector distance was 30 cm,
which allowed SAXS data to be obtained in a g range from ca.
0.2 to 5.0 nm ™', where g=4rsin 0/A (0 is half the scattering
angle, and A is the X-ray wavelength). The SAXS data were
plotted as relative intensity vs. g after correction for sample
absorption and background (the SAXS profile of air was
subtracted from that of ionomer samples).

3. Results and discussion

Fig. 1 shows the storage moduli of P(EA-7.0-ACo*™)
ionomers containing various amounts of 4-decylaniline (4-DA)
as a function of temperature. It is seen that, with increasing
temperature, the modulus changes from a glassy modulus,
through a relatively sharp glass transition (i.e. matrix T,),
through a slope-sided ‘ionic’ plateau, through a relatively
smooth glass transition (i.e. so-called cluster T), to a rubbery
plateau. As the amount of 4-DA increases, the modulus curve
related to the matrix glass transition and the ionic plateau (i.e.
modulus values between the two T,s) shifts to lower
temperatures. The storage moduli of ionomers containing
glycerol (Gly) are also shown in the same figure. It is observed
that the position of a sharp drop in a modulus curve due to the
matrix glass transition at ca. 10 °C does not change much with
the variation of the amount of Gly. Above the matrix glass
transition, however, the modulus curve moves to lower values
noticeably upon the addition of Gly, and the shape of the
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Fig. 1. Storage moduli as a function of temperature for the P(EA-7.0-ACo> ™)
ionomers containing various amounts of 4-decylaniline (4-DA) (left) and for
the ionomers containing various amounts of glycerol (Gly) (right), measured at
1 Hz. The storage modulus curve of the poly(ethyl acrylate) homopolymer is
also seen in the same figure.
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modulus curve of the Gly-plasticized ionomers becomes
similar to that of a non-ionic polymer, i.e. no ionic plateau.
For comparison, the modulus curve of PEA homopolymer is
also shown in the same figure. The modulus changes from a
glassy modulus, through a relatively sharp matrix T, through a
rubbery plateau, to flow.

A characteristic feature found in the modulus plots is an ionic
plateau that is related with the presence of ionic groups in the
ionomer. The degree of clustering is responsible for the height of
ionic plateau. For example, the increasing ion content results in
the increasing amount of clustered materials in ionomers. This, in
turn, leads to the shift of the ionic plateau to higher values. The
ionic modulus (E/,;.) is the storage modulus E’ at the point of
minimum slope of the ionic plateau. In Fig. 2, the ionic moduli of
ionomers containing 4-DA and Gly plasticizers are shown as a
function of the amount of plasticizer. It is clear that the ionic
modulus of the Co>™ ionomers containing 4-DA decreases only
slightly as the amount of the 4-DA increases [log E/,;. (Pa)=
6.5—0.003 X (wt% of 4-DA), r* (linear least-squares correlation
coefficient) =0.9820]. Fig. 2 also shows the ionic moduli of PEA
ionomer containing 5.0 mol% of Na-acrylate units, P(EA-5.0-
ANa™), and various amounts of 4-DA, which were obtained from
Ref. [9]. It is seen that the ionic modulus of the un-plasticized
P(EA-5.0-ANa™) ionomer is lower than that of the un-plasticized
P(EA-7.0-ACo> ") ionomer. This is mainly due to the fact that the
ion content of the Na " -ionomer (i.e. 5.0 mol%) is lower than that
of the Co® " -ionomer (i.e. 7.0 mol%) [3-6,8,10]. Again, the ionic
modulus of the P(EA-5.0-ANa™) jonomer decreases with
increasing amount of plasticizer [log El;. (Pa)=6.0—0.015X
(Wt% of 4-DA), *=0.9977]. The decreasing rate for the Na™
ionomer system is, however, higher than that of the Co?™
ionomer system. This indicates that the plasticization effect on the
decreasing ionic modulus is stronger for the mono-valent Na™
ionomer system, compared to the divalent Co?" ionomer system.
In the case of the Gly-containing ionomers, the ionic modulus
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Fig. 2. Tonic moduli of the P(EA-7.0-ACo?") ionomers containing various
amounts of 4-DA and Gly vs. the amount of plasticizer (at 1 Hz). Data for the
P(EA-5.0-ANa™) ionomers containing various amounts of 4-DA were obtained
from Ref. [9].
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Fig. 3. Loss tangents vs. temperature for the P(EA-7.0-ACo>*") ionomers
containing various amounts of 4-decylaniline (4-DA) (left) and for the
ionomers containing various amounts of glycerol (Gly) (right), measured at
1 Hz.

decreases drastically and then gently, with increasing amount of
Gly.

The loss tangent curves for the P(EA—7.O—AC02+) ionomers
containing various amounts of plasticizers are shown in Fig. 3.
In the case of 4-DA-containing ionomers, as the amount of the
4-DA increases, the loss tangent peak for the matrix T shifts to
lower temperatures, with decreasing its height. The loss
tangent peak for the cluster 7, also shifts to lower temperatures
strongly and then gently, but its height increases. Since the
height (or size) of the loss tangent peak represents indirectly
the relative amount of material showing the corresponding
glass transition [13-16], the above finding implies that the
amount of matrix regions decreases but the amount of cluster
regions increases, as the 4-DA content increases. For the P(EA-
7.0-ACo” ™) ionomers containing Gly, the position and size of
the matrix loss tangent peak do not change significantly, with
increasing Gly content. The position of the broad peak for the
cluster glass transition, however, moves to lower temperatures
gradually. It is also seen that the width of the cluster peak
becomes wider with increasing Gly content, and that at
30.4 wt% of Gly content, the cluster peak becomes almost
flat. The glass transition temperatures obtained from the
positions of the loss tangent peak maximum as a function of
weight percentage of plasticizer for the two ionomer systems
are shown in Fig. 4. For comparison, the data of the P(EA-5.0-
AN a+) ionomers containing 4-DA, obtained from Ref. [9], are
also included in the same figure. In the case of the Gly-
containing P(EA-7.0-ACo>™) ionomers, the matrix T, remains
more or less constant, but the cluster T, decreases gradually
with increasing Gly content. In the case of the P(EA-5.0-
ANa™) ionomers plasticized with 4-DA, as was mentioned
before, the matrix and cluster T,s decrease more or less
linearly, and the decreasing rates of T,s are as follows:

Cluster T,(°C) = 53 — 1.0 X (wt% of 4 — DA)(+* = 0.9789)

Matrix 7,(°C) = 10 — 1.1 X (wt% of 4 — DA)(r* = 0.9885)
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Fig. 4. Glass transition temperatures of the P(EA-7.0-ACo>") ionomer and
ionomers containing 4-DA and Gly vs. the amount of plasticizer (at 1 Hz). Data
for the P(EA-5.0-ANa™) ionomers containing various amounts of 4-DA were
obtained from Ref. [9].

In the case of 4-DA-containing P(EA-7.0-ACo>™) iono-
mers, it is clear that the matrix T, decreases slowly, while the
cluster T, decreases fast and then slowly. It is interesting to
note that, above 10 wt% of 4-DA, the rate of the decreasing
cluster T,s is more or less similar to that of the decreasing
matrix 7T, and that the cluster 7; becomes close to but slightly
higher than that of P(EA-5.0-ANa™) ionomer. The relation-
ships between T,s of P(EA-7.0-ACo*") ionomer and the
amount of 4-DA plasticizer are as follows:

Cluster T,(°C) = 54 —0.8 X (wt% of 4 — DA)(r* = 0.9891)

Matrix 7,(°C) = 13 —0.8 X (wt% of 4 — DA)(r? = 0.9998)

As mentioned before, the rates of decreasing matrix and
cluster T,s are found to be similar for the N a™ ionomer (1.0 °C/
wt% of 4-DA) and for the Co”™" ionomer (0.8 °C/wt% of 4-DA)
systems. In addition, the matrix T, as well as cluster T, of the 4-
DA-containing P(EA-5.0-ANa™) are lower than those of the
4-DA-containing P(EA-5.0-ACo” ") ionomers at a comparable
4-DA content, which is due to the lower ion content for the
Na™ ionomer, compared to the Co®> " ionomer.

Activation energy values (E,s) for the matrix and cluster glass
transitions can be calculated using an Arrhenius plot of
log(frequency) vs. inverse temperature of a loss tangent peak
maximum [10,13,14]. The E,s for the matrix and cluster glass
transitions vs. the amount of plasticizer are shown in Fig. 5. In the
case of the matrix glass transition, the addition of 4-DA and Gly to
the PEA ionomers does not change the E,s strongly. In the case of
the cluster glass transition, with increasing amount of plasticizer,
the addition of Gly decreases the E, fast and then slowly, and that
of 4-DA decreases it drastically and subsequently very slightly. In
the case of the Na™ ionomer, the addition of the 4-DA does not
change the E,s for the matrix and cluster glass transitions strongly
(again, the E, data were obtained from Ref. [9]). In addition, it is
interesting to note that the E,s of the un-plasticized Na™ ionomer,
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Fig. 5. Activation energy for the matrix and cluster glass transitions of the
P(EA-7.0-ACo* ") ionomer and ionomers plasticized with 4-DA and Gly vs.
the amount of plasticizer. Data for the P(EA-5.0-ANa™) ionomers containing
various amounts of 4-DA were obtained from Ref. [9].

and the Na™ and Co®* ionomers plasticized with 4-DA remain
more or less constant.

The small-angle X-ray scattering (SAXS) profiles of the un-
plasticized P(EA-7.0-AC02+) ionomer and the ionomers
plasticized with 4-DA and Gly are shown in Fig. 6. For
comparison, the SAXS profile of the sodium neutralized
ionomer containing 7.0 mol% of ions is also shown in the same
figure. In the case of the P(EA-7.0-AN a™) ionomer, the small-
angle upturn (SAUT) and small-angle ionomer peak at g,.x =
ca. 2.6nm ' are seen. This gmay value corresponds to the
Bragg spacing between scattering centers of ca. 2.4 nm, which
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Fig. 6. SAXS profiles of P(EA-7.0-ANa™) and P(EA-7.0-ACo>*) ionomers,
and Co>* ionomers plasticized with 4-DA and Gly. The inset shows a plot of
In(IX g) vs. ¢* for the Na ™ -neutralized ionomer. The meaning of the arrow is
described in the text.
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is in good accordance with the inter-multiplet distances for the
P(EA-5.0-ANa™) ionomers reported previously by Tong and
Bazuin, who performed a thorough SAXS study on the 4-DA
containing ionomers [9]. At this point, it is worth recalling that
the majority of the SAUT would be caused by the
compositional heterogeneity of the ionomers [17-20]. For the
Co®" ionomer, a very weak shoulder-like peak at g=ca.
2.6nm ' and a more developed SAUT are observed. This
indicates that when the ionomer is neutralized with C02+, the
ionomer phase becomes more heterogeneous compositionally.
In the case of the Co>™ ionomer plasticized with Gly, only a
very profound SAUT is observed; the upturn shifts to higher
angles. However, the addition of 4-DA to the Co>" ionomer
results in the appearance of well-developed SAXS peak at g=
ca. 2.6 nm~ '; the position and shape of the peak are similar to
those of the un-plasticized Na™ ionomer. This implies that the
plasticization of the Co®* ionomer with 4-DA induces more
ionic aggregates, multiplets, at a prevalent distance, which is
exactly what we could expect from the dynamic mechanical
results. Now, it would be interesting to compare the persistence
lengths of the polymer chains of the plasticized ionomers. The
persistence length of ionenes is known to be calculated from
the value of 2.87/g*, where g* is the angle at which the X-ray
scattering data begin to deviate from the linear extrapolation
line in the plot of log[scattering intensity (1) X g] vs. q2 [21].
Using this relationship, we can calculate the persistence lengths
of the ionomers from the SAXS data. The inset in Fig. 6 shows
the plot for the Na™ ionomer. The extrapolated line starts to
deviate from the SAXS data at g*=ca. 2.93 nm~ !, which
corresponds to a persistence length of ca. 0.98 nm. The
persistence lengths calculated from the ¢* values for the Co? ™
ionomer and ionomers plasticized with 4-DA and Gly are listed
in Table 1. When the cation is changed from Na™ to C02+, the
persistence length seems to increase a little. As expected, the
addition of 4-DA plasticizer to the ionomer leads to a decrease
in persistence length slightly. In the case of the Gly-containing
ionomer, the addition of plasticizer makes the persistence
length not detectable. This is in good agreement with the
interpretation of mechanical data, i.e. the ionomer plasticized
with Gly seems to behave like a non-ionic copolymer.

At this point, it might be useful to compare the Co>™ and
Na™ ionomer systems to understand the plasticization effect on
the mechanical properties and morphology of the Co’>"
ionomer. In the case of divalent cation-containing ionomers,
three ionic moieties (i.e. one cation +two anions) have to move
to form multiplets, compared to only two ionic moieties (i.e.
one cation +one anion) for ionomers containing a mono-valent

Table 1
SAXS data for the P(EA-7.0-ANa ™) ionomer, P(EA-7.0-ACo” ") ionomer and
its ionomers plasticized with 4-DA and Gly

Tonomers Gmax (NM D) Dgiagg (nm) Persistence
length (nm)
P(EA-7.0-ANa™) 2.6 2.4 0.98
P(EA-7.0-ACo>™) 2.6 2.4 1.03
P(EA-7.0-ACo°")+4-DA 26 24 0.96

P(EA-7.0-ACo* ") +Gly - - -

cation. Thus, when the ionic groups tend to form multiplets, the
polymer chains of the Co?™ ionomer experience more steric
hindrance than those of the Na™ ionomer, which results in the
decrease in the number of multiplets and the low degree of
clustering. For a cluster glass transition, two main mechanisms
are involved; the relaxation of polymer chains in clustered
regions [3,8] and the hopping of ionic groups from one
multiplet to another [22-30]. Thus, the cluster 7, of the
divalent Co®* containing ionomers would be higher than that
of the mono-valent Na™ containing ionomers since three ionic
moieties have to move at the same time, compared to two ionic
moieties for the Na™ ionomer. It should also be mentioned
that, in the present work, the ion content of Co>™ ionomer is
higher than that of the Na™ ionomer, which naturally leads to a
higher cluster T, for the Co*" ionomer system [3-6,8,10].
Now, let us discuss the role of plasticizers [3-6,30-37]. The
4-DA is a plasticizer of low polarity, and its amine groups can
interact with the carboxylate ester groups of the PEA ionomer
via H-bonding [9]. Therefore, the 4-DA molecules reside in
non-ionic regions, i.e. matrix and clustered regions, but not in
multiplets. This leads to the decrease in both the matrix and
cluster T,s in parallel [9]. In the present work, the cluster T, of
Co* ionomer, being much higher than that of Na™* ionomer,
decreases drastically upon adding 4-DA to the ionomer. Above
10 wt%, the matrix and cluster T,s decrease more or less in
parallel, with increasing 4-DA content. Once a certain amount
of 4-DA is added to the ionomer, and, thus, the matrix and
cluster phases, not multiplets, are plasticized enough to make
the cluster T, drop down sufficiently, the Co** ionomer forms
more multiplets at a prevalent distance and begins to behave
like the Na™ ionomer. At this stage, the effect of the type of
cations on the cluster T, seems to be no more operative. If this
were the case here, for example, the unexpectedly small
decrease in ionic modulus of the Co>" ionomers plasticized
with 4-DA could be explained. According to Fig. 3, with
increasing 4-DA content, the height of the matrix loss tangent
peak decreases, but that of the cluster peak increases. In
addition, the SAXS results indicate that the plasticization of the
Co®" jonomer with 4-DA induces more multiplets (Fig. 6).
These suggest that, upon plasticization, the degree of clustering
increases, leading to an increasing ionic modulus. Naturally,
however, the plasticization of the ionomers, having relatively
non-polar backbones, with non-polar molecules decreases the
degree of clustering, which, in turn, decreases the ionic
modulus, seen in the 4-DA-containing Na™ ionomer system
(Fig. 2). This means that the two factors mentioned above take
the opposite direction, i.e. counterbalancing each other’s
effects. Therefore, the ionic modulus does not change
significantly. In the case of Gly, polar plasticizer, it would
dissolve the ionic groups of ionomers, resulting in the
interruption of interactions between ionic groups in multiplets
[31-38]. The weakening of ionic interaction, in turn, causes the
disruption of multiplets, which leads to the decrease in the
cluster T, as well as its activation energy, with only a minor
effect on the matrix T, of ion poor regions and its activation
energy. At this point, it should be mentioned that if the
multiplets were fully plasticized with polar additives, the type
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of cations might be no more important factor for controlling the
mechanical properties of the ionomers. It should also be
mentioned that the weakening of ionic interaction naturally
gives rise to a lower degree of clustering. Therefore, the ionic
modulus of the ionomers decreases upon adding Gly to the
PEA ionomer; this is what we observed here.

This section is devoted to the discussion on the effectiveness of
4-DA and Gly on the decreasing T, of ionomers. On the basis of
both classical and statistical thermodynamics, Chow proposed a
model for the calculation of the 7, of a polymeric system
containing diluents and vacant lattice sites [39]. In this model that
takes into account of free volume (holes), polymer chains are
thought to be immovable below their T, but small plasticizer
molecules (i.e. diluents) can move and fill the holes of the
polymer matrix. The relationship between T,s and the classical
and statistical thermodynamics parameters is as follows:

ln<Tg> = B[(1—6) XIn(1 —0) + 6 X1n 6]

Ty

where T, and Ty are the glass transition temperatures of the
plasticized and un-plasticized polymers, respectively. The § and 0
equal k(N+ L)/AC, and N/(N+ L), respectively, where (N+L)
represents the number of lattice sites, AC;, is the difference in heat
capacity between the liquid and the solid, and N is the number of
the plasticizer molecules. The two terms mentioned above are
defined as follows:

zm,N N,
(N + L) =22 gnd N = 247A
M, M,

where z is the coordination number, m;, and mq are the mass of
polymer and plasticizer, respectively, Na is Avogadro’s
number, and M, and My are the molecular weight of the
polymer and plasticizer, respectively. At relatively low
concentration of the plasticizer in the polymer sample, the
experimental T,s are found to be in good agreement with the
calculated T,s with z=2. At this point, it should be mentioned
that even though the coordination number z is found to depend
on a fitting parameter [40], in the present work, the calculation
of T,s with z=2 will give us useful information on the
effectiveness of plasticization of PEA ionomer with 4-DA or
Gly on the decreasing matrix and cluster 7T,s. Fig. 7 shows the
matrix and cluster 7s of plasticized ionomers as well as the T,s
calculated using the above model as a function of the amount of
plasticizer. It is seen that the calculated matrix and cluster 7,8
decrease with increasing amounts of plasticizer. In addition,
the decreasing rates are higher for the cluster 7, than for the
matrix T,. Furthermore, the decreasing rates of the matrix and
cluster T,s of the Gly system are higher than those of the 4-DA
system. First of all, let us look at the cluster T,. On one hand,
the experimental cluster 7, of the Gly-containing ionomer is
much higher than the calculated cluster 7,. This finding is
supportive to the interpretation that the role of the Gly
molecules is not to fill the holes in clustered regions but to
dissolve the ionic aggregate, i.e. the Gly is plasticizer not for
the matrix phase but for the ionic domains. On the other hand,
the experimental cluster T,s of 4-DA containing ionomer

| cluster Ty

140

Amount of plasticizer (wt%)

Fig. 7. T,s of the P(EA-7.0-ACo> ™) ionomer and ionomers containing 4-DA
and Gly vs. the amount of plasticizer. Long dashed lines represent the
calculated Ts of the ionomer containing Gly, and short dashed lines represent
those of the ionomer containing 4-DA. A dotted line represents the calculated
cluster T,s of the Na+ ionomer plasticized with 4-DA.

system are lower than the calculated values. This can be
understood. The 4-DA molecules reside in the cluster regions
to fill the free volume, which, in turn, makes the behavior of the
4-DA plasticized divalent Co>* ionomers similar to that of the
plasticized mono-valent Na™ ionomers. Thus, when the 4-DA
was added to the un-plasticized Co> " ionomer, the cluster T, of
the ionomer decreased drastically. Since the plasticized Co> "
ionomer is assumed to behave like the plasticized Na™
ionomers, we tried to calculate the cluster T, of the Na™
ionomer system plasticized with 4-DA, assuming that the
cluster T, of the un-plasticized Na* ionomer (7.0 mol% of
ions) would be 68 °C [41]. In Fig. 7, it is seen that the
calculated values are more or less similar to the experimental
data. This implies that when the addition of 4-DA to the
jonomer makes the Co®' ionomer behave like the Na™
ionomer, and that the 4-DA acts as ‘normal’ plasticizer for the
clustered regions of the ionomer, at least to some extent. In the
case of matrix glass transition, the calculated 7s are lower than
the experimental data. This is understandable; since there are
ion pairs that exist singly in the matrix regions or in multiplets
that do not form clustered regions, the plasticization decreases
the matrix 7s not so significantly, but to some extent. Overall,
the findings mentioned above illustrate that the addition of 4-
DA to the ionomer is more effective to decrease the cluster T,
of the Co®* ionomer than the addition of Gly, but the types
of the plasticizer are not much important for the decreasing
matrix 7Ty.

Acknowledgements

The authors would like to thank Chosun University for
their financial support. The SAXS experiments at PLS were
supported in part by the Ministry of Science and
Technology and Pohang Steel Company.



J.-W. Kim et al. / Polymer 47 (2006) 871-877 877

References

[1] Schlick S, editor. Ionomers; characterization, theory, and applications.
Boca Raton: CRC Press; 1996.
[2] Tant MR, Mauritz KA, Wilkes GL, editors. Ionomers: synthesis,
structure, properties and applications. New York: Blackie Academic
and Professional; 1997.
[3] Eisenberg A, Kim J-S. Introduction to ionomers. New York: Wiley; 1998.
[4] Kim J-S, Eisenberg A. Ionomers-overview. In: Salamone JC, editor.
Polymeric materials encyclopedia. Boca Raton: CRC Press; 1996.
[5] Kim J-S. Tonomers. In: Kroschwitz JI, editor. Encyclopedia of polymer
science and technology. New York: Wiley; 2002.
[6] Kim J-S. Ionomers. Kirk-Othmer encyclopedia of chemical technology.
New York: Wiley; 2005.
[7] Eisenberg A. Macromolecules 1970;3:147.
[8] Eisenberg A, Hird B, Moore RB. Macromolecules 1990;23:4098.
[9] Tong X, Bazuin CG. J Polym Sci, Part B: Polym Phys 1992;30:389.
[10] Kim S-H, Kim J-S. Macromolecules 2003;36:2382.
[11] Bolze J, Kim J, Huang J-Y, Rah S, Yoon HS, Lee B, et al. Macromol Res
2002;10:2.
[12] Song J-M, Hong M-C, Kim J-S, Yoo J, Yu J-A, Kim W. Macromol Res
2002;10:304.
[13] Hird B, Eisenberg A. J Polym Sci, Part B: Polym Phys 1990;28:1665.
[14] Kim J-S, Jackman RJ, Eisenberg A. Macromolecules 1994;27:2789.
[15] Nah YH, Kim H-S, Kim J-S, Kim W, Lee Y. Polym J 1999;31:309.
[16] Jeon HS, Oh SH, Kim J-S, Lee Y. Polymer 2003;44:4179.
[17] Li Y, Peiffer DG, Chu B. Macromolecules 1993;26:4006.
[18] Wu DQ, Chu B, Lundberg RD, MacKnight WJ. Macromolecules 1993;
26:1000.
[19] Ding YS, Hubbard SR, Hodgson KO, Register RA, Cooper SL.
Macromolecules 1998;21:1698.
[20] Tsujita Y, Yasuda M, Makei M, Kinoshita T, Takizawa A, Yoshimizu H.
Macromolecules 2001;34:2220.

[21] Yamazaki S, Muriga Y, Noda I. Langmuir 1999;15:4147.

[22] Ward TC, Tobolsky AV. J Appl Polym Sci 1967;11:2903.

[23] Sakamoto K, MacKnight WIJ, Porter RS. J Polym Sci, Polym Phys Ed
1970;8:277.

[24] Hara M, Eisenberg A, Storey RF, Kennedy JP. Ion-hopping kinetics in
three-arm star polyisobutylene-based model ionomers. In: Eisenberg A,
Bailey FE, editors. Coulombic interactions in macromolecular systems.
ACS symposium series 302. Washington, DC: American Chemical
Society; 1986 [Chapter 14].

[25] Morawetz H, Wang Y. Macromolecules 1988;21:107.

[26] Dowling KC, Thomas JK. Macromolecules 1991;24:4131.

[27] Hird B, Eisenberg A. Macromolecules 1992;25:6466.

[28] Vanhoorne P, Grandjean J, Jérome R. Macromolecules 1995;28:3552.

[29] Schidler V, Franck A, Wiesner U, Spiess HW. Macromolecules 1997;30:
3832.

[30] Tierney NK, Register RA. Macromolecules 2002;35:2358.

[31] Lundberg RD, Makowski HS, Westerman L. Plasticization of metal
sulfonate-containing EPDM with stearic acid derivatives. In:
Eisenberg A, editor. Advances in chemistry series 187. Washington,
DC: American Chemical Society; 1980 [Chapter 3].

[32] Bazuin CG, Eisenberg A. J Polym Sci, Part B: Polym Phys 1986;24:1137.

[33] Bazuin CG. Plasticization studies of ionomers. A review. In: Utracki LA,
Weiss RA, editors. Multiphase polymers: blends and ionomers. ACS
symposium series 395. Washington, DC: American Chemical Society;
1989 [Chapter 21].

[34] Fitzgerald JJ, Weiss RA. J Polym Sci, Part B: Polym Phys 1990;28:1719.

[35] Weiss RA, Fitzgerald JJ, Kim D. Macromolecules 1991;24:1064.

[36] Weiss RA, Fitzgerald JJ, Kim D. Macromolecules 1991;24:1071.

[37] Ma X, Sauer JA, Hara M. Polymer 1997;38:429.

[38] Kim J-S, Kim H-S, Eisenberg A. Bull Korean Chem Soc 1998;19:625.

[39] Chow TS. Macromolecules 1980;(13):362.

[40] Dong Z, Fried JR. Comput Theor Polym Sci 1997;7:53.

[41] Kim S-H, Kim J-S. Macromolecules 2003;36:1870.



	Plasticization effects on the mechanical properties and morphology of cobalt and sodium neutralized poly(ethyl acrylate-co-acrylate) ionomers
	Introduction
	Experimental
	Sample preparation
	Dynamic mechanical thermal analysis
	Small-angle X-ray scattering experiments

	Results and discussion
	Acknowledgements
	References


