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ABSTRACT: Ethylene/methacrylic acid (E/MAA) ionomers contain polyethylene crystallites, amorphous polymer
segments, and ionic aggregates. While the property changes observed upon neutralization of the MAA units are
often attributed to the formation of ionic aggregates, no quantitative description currently exists for how these
three structural motifssalone or in combinationscontrol any of these material properties. In this paper, we define
such relationships for perhaps the most basic mechanical property of interest: the small-strain modulus. At
temperatures just below the melting point of the primary crystallites, the ionomers can be satisfactorily described
as two-phase composites of crystallites and ionically cross-linked rubber; however, at room temperature, the
modulus is far higher than such a description predicts. We trace this effect to a synergy between the ionic aggregates
and secondary crystallites, which together form percolated rigid pathways through the amorphous phase at room
temperature. When the secondary crystallites melt, these paths break down and the simple two-phase composite
description is recovered.

Introduction
Ionomers are thermoplastics that contain a small fraction of

ionic functional groups pendant to the polymer backbone.1-3

A well-known and much-studied class of ionomers encompasses
those derived from semicrystalline ethylene-methacrylic acid
and ethylene-acrylic acid (E/(M)AA) copolymers, by partially
or fully neutralizing with a metal cation such as sodium,
magnesium, or zinc.4 Neutralization (“ionomerization”) and
consequent aggregation of these ionic groups produces marked
differences in optical, mechanical, and other physical properties
when compared with E/(M)AA copolymers or low-density
polyethylenes.4 These ionic aggregates are contained within the
amorphous regions between polyethylene-like crystallites,5-7

producing a rich nanostructured morphology. While the property
changes which accompany ionomerization must ultimately
derive from this morphology, it is unclear how these various
structural motifs, alone or in combination, dictate the material
properties of such semicrystalline ionomers.

Even in the absence of crystallinity, the mechanical response
of ionomers can be complex. Dynamic mechanical thermal
analysis (DMTA) on amorphous styrene/MAA,8-10 styrene/AA,9

and vinylcyclohexane/AA9 ionomers revealed two distinct
relaxations, which Eisenberg, Hird, and Moore (EHM)11 inter-
preted as the glass transitions of two different phases. The lower-
temperature relaxation, which occurs at a temperature only
modestly above that of the nonionic homopolymer, was at-
tributed to the glass transition of the ion-depleted matrix, while
the higher-temperature relaxation was associated with devitri-
fication of the ionic aggregates and neighboring polymer
segments, within what EHM termed a “region of restricted
mobility”. Though the volume fraction of ionic units is typically
small in ionomers, the small size of the ionic aggregatess
especially when the ionic group is close to the polymer
backbone, as in MAA and AA salts9,12,13sand their immobiliza-
tion of an adjacent layer of polymer can make the higher-
temperature relaxation of these ion-rich regions the dominant
process at sufficiently high ion contents.8,10,11

Dynamic mechanical studies conducted on semicrystalline
E/MAA14-16 and E/AA17,18 ionomers also revealed two me-
chanical relaxations below the primary crystal melting temper-
ature, suggesting that the amorphous regions in semicrystalline
ionomers may have a morphology and dual-relaxation behavior
similar to that in wholly amorphous ionomers. However, E/(M)-
AA ionomers possess a broad distribution of crystal thicknesses
(resulting from the statistical nature of the acid incorporation),
and the smaller secondary crystals can have thicknesses
comparable to the distance between ionic aggregates.19 More-
over, melting of the crystals (either primary or secondary) may
overlap in temperature with the postulated devitrification of the
ion-rich regions of the amorphous phase, leading to a complex
relaxation and modulus-temperature behavior which has been
difficult to interpret.

The aim of the present paper is to identify, separate, and
quantify these different relaxation processes in typical semi-
crystalline E/MAA ionomers. We find that the stiffness increases
which accompany ionomerization result from the formation of
a sample-spanning “hard” phase at low ion contents. This
percolated hard structure includes both crystallites and ion-rich
amorphous regions, and its continuity can be tuned through
sample thermal history to produce much larger variations in
stiffness than are achievable in either amorphous ionomers or
nonionic ethylene copolymers.

Experimental Section

Materials. E/MAA statistical copolymers containing 11.5, 15,
19, 22, and 28 wt % MAA (corresponding to ethylene mole
fractions of 0.959, 0.946, 0.929, 0.916, and 0.888) served as the
parent copolymers for the ionomers studied herein. These copoly-
mers were synthesized via high-pressure free-radical copolymeri-
zation by DuPont Packaging and Industrial Polymers, and the acid
contents were determined by titration. Table 1 lists all copolymers
and ionomers used in this study, several of which have been
employed in previous investigations from our group.20-22 The
sample code (e.g., 15-51Na) indicates the MAA content in the
copolymer (15) 15 wt % MAA) and the neutralization level (51Na
) 51% of the MAA units neutralized with Na+); unneutralized
copolymers are labeled as 0Na. All E/MAA copolymers and
ionomers with the exception of certain members of the 11.5 series
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were prepared by melt neutralization at DuPont; the neutralization
level was determined by X-ray fluorescence. Ionomers 11.5-7Na,
-10Na, -16Na, -26Na, and -47Na were prepared at Princeton via a
solution process described previously;20 melt rheological measure-
ments show no difference between melt- and solution-neutralized
ionomers.20 Materials were melt-pressed at 130-140°C into 0.2-
0.4 mm thick sheets using a PHI hydraulic press, quenched to room
temperature, and stored under vacuum or in a desiccator over CaSO4

for 6 days unless otherwise specified. Specimens for different tests
were taken from the same molded sheet to ensure identical thermal
histories: ASTM D1708 dogbones were stamped out for uniaxial
tensile testing, 5× 30 mm rectangular strips were cut with a razor
blade for DMTA, 7× 31 mm strips were cut and stacked to≈1
mm thickness for small-angle X-ray scattering (SAXS), and 7-10
mg specimens were punched from the sheets and encapsulated in
aluminum volatile sample pans for differential scanning calorimetry
(DSC).

Measurements. Uniaxial tensile testing was conducted at a
constant crosshead speed of 2 in/min (initial strain rate of 0.038
s-1) on an Instron 1122, equipped with a modified Environmental
Chamber 3111 capable of temperature control within 0.3°C. DMTA
was conducted on a TA Instruments RSA 3, using the film fixture,
at 1 Hz unless otherwise stated. The initial (low-temperature) strain
amplitude was set at 0.1%, with auto-strain adjustments to allow
for a maximum of 2% strain. Data were acquired at 4°C intervals,
for an average heating rate of 5°C/min. DSC measurements were
run at 5°C/min on a Perkin-Elmer DSC-7 with type I intracooler,
calibrated with indium and tin. SAXS patterns were collected using
Cu KR X-rays (wavelengthλ ) 0.154 18 nm) from a sealed tube
source, an evacuated compact Kratky camera (Anton Paar), and
an MBraun OED-50M one-dimensional position-sensitive detector.
Detailed information on the SAXS system, as well as the data
reduction procedure, may be found elsewhere;23 SAXS patterns are
presented as desmeared absolute intensityI/IeV vs the magnitude
of the momentum transfer vectorq ) (4π/λ) sin θ, whereθ is half
the scattering angle.

Results and Discussion

Modulus of the Amorphous Phase and Its Dependence
on Neutralization. As a starting point, we assessed how

neutralization influences the crystallinity and Young’s modulus
at room temperature. Young’s modulus (E) was calculated from
the slope of the uniaxial stress vs strain curve in the small-
strain regime (ε < 5%). Weight fraction crystallinity was
calculated by dividing the material’s heat of fusion∆Hf,
obtained by differential scanning calorimetry (DSC), by 278
J/g for 100% crystalline polyethylene.24 These weight fractions
were converted to approximate crystalline volume fractions (φ1)
using representative density values of 1.00 and 0.94 g/cm3 for
the crystalline and amorphous regions, respectively.25 Though
the amorphous-phase density is expected to increase with MAA
content and with neutralization,25 the effects of such changes
on the calculated values ofφ1 are no bigger than the uncertainty
in the measurement of∆Hf by DSC, as the endotherms are broad
in these materials; the estimated uncertainty inφ1 is (0.01.
Measurements were made on specimens stored at room tem-
perature for a consistent 6 days after molding, as past studies26-28

have found a significant dependence ofE and ∆Hf on aging
time, due to the slow formation of secondary crystals.

Table 1 presents the values ofφ1 and E at 25 °C for all
materials studied. Neutralization reduces the primary crystal
melting temperature (Tm1) only slightly, while the accompanying
reduction in crystallinity (φ1) is more notable, as reported in
earlier work.25,27,29All of the DSC traces exhibited at lower-
temperature endotherm near 45°C (peak melting temperature
Tm2), which results from the melting of secondary crystals which
form during room temperature storage;19,25 the prominence of
this endotherm increases with MAA content. Figure 1 shows
DSC traces for the 22 wt % E/MAA copolymer and two of its
ionomer derivatives. Neutralization reduces the area of the
primary endotherm and increasesTm2; ionic associations increase
the local viscosity (effective segmental friction) of the mate-
rial,20,21so that fewer ethylene sequences are able to crystallize
during initial cooling, thus making more (and longer) ethylene
sequences available for secondary crystallization.19 In several
materials of high ion content, such as the two ionomers in Figure
1, the DSC trace actually dips below the baseline between the
primary and secondary endotherms, due to recrystallization of
a portion of the ethylene sequences which were originally
present in secondary crystals.30

While φ1 decreases with neutralization, Table 1 shows that
E simultaneouslyincreases, though only modestly above 10-
20% neutralization. This clearly indicates that the amorphous-
phase modulus increases with neutralization, which evidently
more than compensates for the reduction inφ1 (a reduction in
“hard phase” content, in the language of two-phase composites).
In a previous study of unneutralized E/MAA copolymers, we
found that high MAA contents produced high values ofE, even
thoughφ1 was relatively low; this effect was traced to a rise in

Table 1. Compositions and Selected Properties of E/MAA Ionomers
Studied

ionomer
wt %
Na

peak
Tm1, °C

peak
Tm2, °C

peak
E′′, °C

volume fraction
crystallinity
φ1 (25 °C)

Young’s
modulusE

(25 °C), MPa

11.5-0Na 0 96 39 2 0.26 100
11.5-7Na 0.22 96 39 4 0.26 140
11.5-10Na 0.31 97 40 5 0.27 200
11.5-16Na 0.49 96 41 18 0.26 250
11.5-26Na 0.79 96 43 25 0.26 250
11.5-39Na 1.20 96 46 32 0.23 290
11.5-47Na 1.44 96 46 37 0.24 300
11.5-62Na 1.89 95 47 38 0.22 300
11.5-83Na 2.51 93 49 41 0.19 280
15-0Na 0 91 39 10 0.21 120
15-24Na 0.96 92 46 32 0.20 420
15-34Na 1.36 91 47 36 0.19 400
15-51Na 2.03 90 48 40 0.16 410
15-67Na 2.64 89 48 41 0.14 390
19-0Na 0 90 40 16 0.19 190
19-8Na 0.41 89 44 29 0.21 460
19-14Na 0.71 89 45 32 0.19 530
19-22Na 1.12 88 46 37 0.16 520
19-35Na 1.77 87 46 39 0.14 500
19-51Na 2.55 86 48 44 0.14 480
22-0Na 0 86 40 25 0.16 360
22-26Na 1.52 86 45 41 0.13 580
22-35Na 2.04 84 46 41 0.11 540
22-48Na 2.77 85 47 41 0.08 540
28-0Na 0 79 42 33 0.10 630
28-12Na 0.90 77 43 41 0.07 810
28-19Na 1.42 78 45 42 0.06 810
28-28Na 2.07 78 45 44 0.08 800

Figure 1. DSC heating thermograms of an E/MAA copolymer (22 wt
% MAA) and two ionomers derived therefrom, all stored at room
temperature for 6 days after molding: (s) 22-0Na, (- -) 22-26Na, and
(- -) 22-48Na.
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the amorphous-phaseTg through room temperature as the MAA
content is increased.22 For ionomers, physical cross-linking by
the ionic associations should also influence the modulus.
Separating and quantifying these various contributions to the
modulus is the goal of the present paper.

The direct effect of ionic cross-linking is most evident when
the materials are compared at temperatures well above theTg

of their parent E/MAA copolymers, wheresin the simplest
picturesthe amorphous phase might be expected to consist of
rubbery chains physically cross-linked through the ionic as-
sociations. The presence of two crystal populations, and
differences in parent copolymerTg (4-29 °C) at different MAA
contents, makes the selection of a common comparison tem-
perature a delicate task. Storage modulus (E′) data for repre-
sentative ionomers in Figure 2 show that the most suitable
temperature is 60°C, where the temperature dependence ofE′
is weakest; moreover, Table 1 shows that by 60°C secondary
crystal melting is complete, while primary crystal melting has
scarcely begun. Unixaxial stress-strain testing was thus con-
ducted at 60°C; the E(60 °C) values are plotted in Figure 3
againstφ1, whereφ1 at 60°C was estimated from the DSC trace,
calculating∆Hf between 60°C and the final melting temper-
ature.22 At 60 °C, the expected trend of increasingE with
increasingφ1 is recovered, though there are still important
differences between ionomers neutralized to different extents;
comparison of the open symbols (E/MAA copolymers) and filled
symbols (ionomers) in Figure 3 reveals thatE(60 °C) increases
with neutralization at constantφ1, reflecting an increase in the
amorphous-phase modulus.

To isolate and quantify the effect of ionic cross-linking on
the amorphous-phase modulus, we employ the Davies model
for two-phase composites:31

In eq 1,Ecomp is the Young’s modulus for the semicrystalline

ionomer,E1 is the modulus for the polyethylene crystallites
(taken22 as 1450 MPa at 60°C), E2 is the amorphous phase
modulus, andφ1 andφ2 are the volume fractions of crystallites
and amorphous phase, respectively (φ1 + φ2 ) 1). We have
previously shown that the Davies model is a good quantitative
descriptor for the Young’s modulus of E/MAA copolymers;22

by applying it here to the ionomers, we are considering the ionic
aggregates to be part of an effectively homogeneous amorphous
phase. Since the ionic aggregates in E/MAA ionomers are
estimated to be of order 1 nm by SAXS,7,12 while the primary
crystallites are of order 10 nm thick (and of even larger lateral
extent),19 it is reasonable to mechanically coarse-grain the
amorphous phase on the size scale of the primary crystallites.

Figure 4 plots the values of amorphous-phase modulusE2 at
60 °C against ion content (wt % Na) in the materials; the latter
is a measure of the ionic cross-link density. Indeed, taking this
analogy further, if we assume that the ionic associations behave
as long-lived cross-links on the time scale of the stress-strain
measurement, we can compare these results with the prediction
of ideal rubber elasticity theory, assuming high-functionality
cross-links:32

whereEent is the contribution due to chain entanglements,R is
the gas constant, andνi is the density of elastically effective
network strands defined by the ionic cross-links. If we takeνi

as equal to the number density of ionic groups (i.e., all ionic
groups participate in ionic cross-links), then the dashed curve
in Figure 4 is calculated, settingEent ) 2.6 MPa from the
average of the values determined for the E/MAA copolymers
(no ions) and taking a representative density of 0.92 g/cm3 at
60 °C. This highly idealized model describes the data forE2-
(60 °C) remarkably well, but we caution against overinterpre-
tation, since as shown below, there is a significant rate
dependence of the modulus for such materials in this temperature
range. Indeed, one might ask how reasonable it is to approximate
the ionic associations as long-lived cross-links, given that these
same ionomers are melt-processable at higher temperatures.4,20,21

In our previous work, we have estimated the average lifetime
of an ionic associationτ ) 3 ms for 11.5-61Na in the melt at
135 °C, with an activation energy of 80 kJ/mol.21 A direct
extrapolation yieldsτ ) 0.6 s at 60°C, which is considerably
shorter than the reciprocal of the Instron strain rate (0.038 s-1).
However, the presence of crystallites belowTm1 might be
expected to further restrict the motion of ionic groups relative
to the melt; diffusion measurements of Van Alsten33 show that
this effect can further slow the motion of ionic groups at 60°C
by a factor of 40 over that predicted by a simple extrapolation

Figure 2. Storage modulus vs temperature for selected E/MAA
ionomers with moderate ion contents (≈2 wt % Na+), obtained from
DMTA at 1 Hz: (9) 11.5-62Na, (b)15-51Na, (2) 22-35Na. Inset shows
the “B” transition region on an expanded scale.

Figure 3. Young’s modulus for all copolymers (open symbols) and
ionomers at 60°C plotted against volume fraction crystallinity: (9)
11.5%, (b) 15%, (2) 19%, ([) 22%, (f) 28 wt % MAA.

Ecomp
1/5 ) φ1E1

1/5 + φ2E2
1/5 (1)

Figure 4. Amorphous phase modulus for all copolymers and ionomers
at 60°C, determined through the Davies equation, as a function of ion
content: (9) 11.5%, (O) 15%, (2) 19%, (]) 22%, (f) 28 wt % MAA.
Values for E/MAA copolymers are shown at 0% Na. Dashed curve is
the modulus predicted by simple rubber elasticity theory.

E2 ) Eent + 3νiRT (2)
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from the melt. Applying this factor of 40 makes the ionic
association lifetime at 60°C comparable to the reciprocal of
the test rate employed, so the ionic associations may indeed be
considered “long-lived” at 60°C and below.

Figure 4 shows that the “direct” effect of ionic aggregation
is to raise the modulus by a factor of up to≈5× over that of
the nonionic E/MAA copolymers. Yet inspection of Figure 2
shows that these materials have a modulus at room temperature
higher by an order of magnitude than at 60°C. Part of the
modulus drop between 25 and 60°C reflects the melting of
secondary crystals, which decreasesφ1 typically by 0.02-0.06.
To remove this effect, we employ eq 1 to calculate the
amorphous-phase modulusE2 at 25°C (using22 E1 ) 3800 MPa)
and withφ1 calculated from∆Hf determined from 25°C to the
final melting temperature (encompassing the secondary crystals);
values ofE2(25 °C) are plotted in Figure 5. It is immediately
clear that at 25°C E2 is not at all a unique function of ionic
content, unlike the behavior ofE2 at 60°C shown in Figure 4;
thus, it is clearly incorrect to attribute the increase in room
temperature modulus on “ionomerization” to a simple, direct
effect of ionic cross-linking. Inspection of the data at 0% Na
(unneutralized E/MAA copolymers) shows a very strong
increase inE2(25 °C) with MAA content; as noted above and
demonstrated in detail in our previous work,22 this is a
consequence of the amorphous-phaseTg rising through 25°C
as MAA content is increased over this range. The 28 wt % MAA
copolymer already has22 Tg ) 29 °C before neutralization; thus,
little increase in the room temperature modulus of this copoly-
mer occurs upon neutralization (Figure 5 and Table 1). For the
11.5 wt % MAA copolymer, which has22 Tg ) 4 °C, a
progressive increase inE2(25°C) with neutralization is observed,
by up to an order of magnitude. But whether this increase results
from the direct effect of ionic cross-linking as in Figure 4, or
to an elevation ofTg upon neutralization, or to some combination
of the two is unclear. Identifying the root cause of the behavior
evident in Figure 5 requires a more detailed evaluation of the
relaxation mechanisms present in these semicrystalline E/MAA
ionomers, as discussed in the next section.

Phase Separation within the Amorphous Phase.Figure 6
showsE′, E′′ (loss modulus), and tanδ (loss tangent) curves as
a function of temperature for 11.5% MAA ionomers at various
neutralization levels. Several mechanical relaxations can be seen
between-40 and+70 °C, where primary crystal melting starts
to become significant. Similar relaxations have been observed
in previous DMTA studies of E/(M)AA ionomers and have often
been given various symbols and interpretations,14-18 so to avoid
confusion, we will simply label these relaxations as “A”, “B”,
etc.

In Figure 6, the E/MAA copolymer and its lightly neutralized
derivatives (<15% neutralized) exhibit only one clear relaxation

in the temperature region of interest, near 5°C (E′′ maximum),
which we label “A”; this relaxation has been designated asâ′
or â in prior literature.15,16,18We have previously shown this
relaxation to be the glass transition of the amorphous phase in
these materials.22 While polyethylene homopolymers often show
an “R transition” characteristic of motion within the polyethylene
crystals, E/MAA copolymers with 9 or more wt % MAA have
such thin crystals that theR transition temperature is depressed,
and no separateR-relaxation can be observed.22,34 As the
neutralization level is increased, the “A” relaxation splits into
two:14-18 one at lower temperature (“B”) and one at higher
temperature (“C”). All ionomers except 11.5-7Na and 11.5-10Na
showed this split relaxation, which is consistent with the
transition from A to B/C relaxations occurring at an ion (Na)
content of 0.4 wt % (equivalent weight of 5800 g/equiv).

Though various explanations have been proposed for the
origin of the B relaxation over the years, there now appears to
be a consensus that this reflects the glass transition of ion-
depleted domains within the amorphous phase,16,18,35consistent
with the EHM model.11 Page, Cable, and Moore reached a
similar conclusion recently for semicrystalline tetrafluoroeth-
ylene-based (Nafion) ionomers.36 In Figure 6, note that the B
transition occurs at temperatures significantly lower than the
Tg (A transition) in the acid copolymer; indeed, it is closer to
the â relaxation temperature for low-density polyethylene
homopolymer polymerized under similar conditions22 (Tâ ) -22
°C). This implies that the amorphous regions responsible for
the B relaxation have been largely depleted of MAA units, even
when the neutralization level is rather low (as low as 16%
neutralization for E/MAA 11.5). This curious result can be
explained by the fact that unneutralized acid groups are known
to preferentially associate with the ionic aggregates in Na+-
neutralized E/MAA ionomers.20,37This explanation is bolstered
by comparison with literature data on Zn2+-neutralized E/MAA16

and E/AA18 ionomers. Unneutralized acid groups donot
preferentially associate with Zn2+ aggregates,20,37 and indeed,
when Zn2+ is the neutralizing cation, much higher neutralization
levels are required to see the A relaxation split into B/C
relaxations.16 Moreover, the temperature of the B relaxation
decreases steadily as full Zn2+-neutralization is approached,18

unlike the abrupt decrease in temperature which accompanies
even partial Na+-neutralization.

While the ion-poor regions are responsible for the B
relaxation, devitrification of the ion-rich regions contributes to
the C relaxation. However, observation and interpretation of

Figure 5. Amorphous phase modulus for all copolymers and ionomers
at 25°C, determined through the Davies equation, as a function of ion
content: (9) 11.5%, (O) 15%, (2) 19%, (]) 22%, (f) 28 wt % MAA.
Values for E/MAA copolymers are shown at 0% Na.

Figure 6. DMTA data (1 Hz) for selected 11.5 wt % MAA ionomers,
all aged at room temperature for 6 days after molding: storage modulus
(E′), loss modulus (E′′), and loss tangent (tanδ): (O) 11.5-0Na, (2)-
11.5-10Na, (g) 11.5-26Na, ([)11.5-47Na, (0) 11.5-83Na. A, B, and
C relaxations are indicated.
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the C relaxation are complicated by the simultaneous melting
of secondary crystals, and we defer its detailed consideration
to the following section (“The C Relaxation”). For the present,
the key point is that for all our materials showing the split B/C
relaxation the B transition is below room temperature, while
the C transition is above. Thus, the ion-poor regionssand only
the ion-poor regionssare fully relaxed during a room temper-
ature measurement of the modulus, which permits a clear
interpretation of the unusualE2(25 °C) behavior in Figure 5, as
follows.

Consider first the ionomers derived from the 11.5 wt % MAA
copolymer. At low neutralization levels (<0.4 wt % or<15%
neutralization),E2(25 °C) increases substantially, due both to
ionic cross-linking and to the emergence of microphase separa-
tion within the amorphous phase. However, above 0.4 wt %
Na (>15% neutralization), the amorphous phase modulus is
essentially constant, since 0.4 wt % Na is already sufficient to
sequester nearly all the MAA units within the ion-rich regions.
Further neutralization may elevate the temperature of the C
relaxation (ion-rich regions), but it does not substantially change
the relative fractions of ion-rich and ion-poor material, so the
room temperature modulus is scarcely affected when the ion
content is increased beyond 0.4 wt %. However, increasing the
MAA content in the copolymerwill increase the fraction of the
amorphous phase which is occupied by the ion-rich material,
as nearly all of the MAA units are sequestered within these
ion-rich regions. Thus, for materials with>0.4 wt % Na, there
is a monotonic increase inE2(25 °C) with MAA content (even
though there is no substantial dependence on neutralization
level).

That MAA content, and not neutralization level, determines
the relative abundance of ion-rich and ion-poor regions can also
be deduced from the DMTA data. The inset to Figure 2 shows
the region of the B relaxation for three ionomers having≈2 wt
% Na but different MAA contents. For the 11.5 wt % MAA
ionomer, a clear drop inE′ by ∼40% can be observed atTB

(-20 °C), while for the 15 and 22 wt % MAA ionomers, only
weak inflections in theE′ curves can be observed. These
differences in the prominence of the B transition are a direct
reflection of the larger volume fraction of ion-poor regions in
the E/MAA 11.5 case, though the ion contents in all three
materials are comparable.

The C Relaxation: Devitrification of Ion-Rich Regions
and Melting of Secondary Crystals.Since the low-temperature
B transition results from devitrification of ion-poor regions, it
is natural to infer that the higher-temperature C transition reflects
the devitrification of the corresponding ion-rich regions, con-
sistent with the EHM model.11 However, DSC shows that the
secondary crystals also melt in this temperature range (35-50
°C; Figure 1 and Table 1), so the observed C relaxation may
contain contributions from both processes. In this section, we
take three distinct but complementary approaches to separating
the amorphous and crystalline contributions to the DMTA C
relaxation: (1) varying the test frequency, (2) allowing different
lengths of time for secondary crystals to develop, and (3)
changing the secondary crystal melting point through annealing.

Secondary crystal melting and amorphous phase devitrifica-
tion can be resolved through variable-frequency DMTA,16 since
the latter process is frequency-dependent, while the former is
not. Figure 7 shows DMTA data for ionomer 22-48Na acquired
during a single heating run at three different frequencies, spaced
roughly a decade apart; this material was chosen because it has
the highest ion content among our ionomers. As the test
frequency is raised or lowered, the location of the step drop in

E′ (47 °C) remains unchanged and identical to the melting point
of the secondary crystals (Tm2). However, the magnitude of this
step drop decreases steadily as the frequency is increased
because theE′ value aboveTm2 (at 55°C, for example) increases
progressively with frequency, by roughly 3× per decade. Such
a strong frequency dependence is characteristic of a material in
the vicinity of its glass transition. It is interesting to note that a
somewhat attenuated frequency dependence (roughly 2×/
decade) persists even at 90°C, where nearly all the crystals
have melted; this frequency dependence results from the finite
lifetime of the ionic associations and concomitant relaxation of
the polymer chains, as seen in melts of such ionomers.21

The contribution which secondary crystals make to the
modulus can also be isolated, at least approximately, by
measuring test specimens stored for various times at room
temperature, since the secondary crystals develop over time
scales of days. Figure 8 shows small-angle X-ray scattering
(SAXS) patterns for specimens of ionomer 15-67Na taken after
different periods of room-temperature storage. The peak nearq
) 0.5 nm-1, which reflects the spacing between polyethylene
crystallites, moves progressively to higherq with aging time
as thin secondary crystals form between the primary crystals,
thus reducing the average intercrystallite spacing.19 Figure 9
shows DSC and DMTA results for similar aged specimens of
15-67Na. The sample tested as soon as practical after molding
shows only a hint of a secondary crystal population by DSC,
yet a significant (2×) drop in E′ can be seen near 30°C. We
attribute this 2× reduction to the relaxation of the ion-rich
amorphous regions.

Figure 7. Frequency-dependent DMTA data for ionomer 22-48Na,
aged at room temperature for 6 days after molding: storage modulus
(E′), loss modulus (E′′), and loss tangent (tanδ): (O) 0.16 Hz (1 rad/
s), (2) 1.6 Hz (10 rad/s), and (g) 12.7 Hz (80 rad/s). Data were taken
during a single heating ramp. The DSC-determined peak melting
temperature for the secondary crystallites,Tm2, is indicated.

Figure 8. SAXS profiles of ionomer 15-67Na taken during the slow
formation of secondary crystals at room temperature: (s) 0 h, (- -)
6 h, (- - -) 1 day, and (- -) 4 days after molding. Note progressive
shift of peak to higherq as interlamellar secondary crystals form.
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With increased aging time, Figure 9 shows that the secondary
crystal endotherm increases in area and moves to slightly higher
temperature, while the drop inE′ increases in magnitude and
also moves to slightly higher temperature;27 after 4 days of
annealing, the drop amounts to 5× in modulus. Note that once
the secondary crystal melting is complete, theE′ curves for the
various thermal histories superimpose quite well; the larger
modulus drop thus reflects an increase inE′ on the low-
temperature side of the transition. These secondary crystals
contribute a maximum of 0.03 toφ1 (6-day specimen), so a 5×
modulus drop is far more than can be attributed to their melting,
in the context of any isotropic two-phase composite model of
which we are aware; the Davies model predicts a step of less
than 1.2×. Indeed, even the product of these two factorss
devitrification of the ion-rich regions (2×) and melting of the
secondary crystals (1.2×)sis too small to explain the observed
modulus drop. Thus, while two processes are operative in this
temperature region, they are clearly not acting independently:
the formation of secondary crystals synergistically raises the
modulus of the amorphous phase, thus producing an unexpect-
edly large modulus drop when the secondary crystals melt.

Finally, the contributions from secondary crystal melting and
amorphous phase devitrification can also be separated by
changing the melting point of the secondary crystals (Tm2). This
is easily accomplished by annealing the molded specimens at
temperatures above room temperature;Tm2 increases with
annealing temperature, as longer sequences will crystallize
preferentially at these higher temperatures and produce thicker
secondary crystals.30 Figure 10 shows DSC and DMTA results
for specimens of 22-48Na annealed either at room temperature
for 4 months or at 67°C for 2 h. Though the overall melting

enthalpies for the two specimens are quite similar when
integrated from room temperature through final melting, the
secondary crystals in the 67°C-annealed sample now melt near
80°C and indeed overlap in their melting range with the primary
crystals. TheE′ curves for the two specimens are also quite
different. In the 67°C-annealed specimen, the devitrification
of the ion-rich amorphous regions (relaxation C) can now be
seen as a gradual drop inE′ beginning near 50°C (E′′
maximum); the melting of the secondary (and primary) crystals
produces the large drop inE′ near 80°C. Notably, the 67°C-
annealed specimen has a storage modulus at 60°C which is
10× larger than that of the room temperature annealed specimen;
this difference inE′ is much larger than can be explained by
the differences inφ1 in this temperature range for the two
thermal histories (0.09 vs 0.14), indicating that devitrification
of the ion-rich amorphous regions is still far from complete in
the 67°C-annealed specimen.

Thus, for both the thermal histories employed in Figure 10,
the melting of the secondary crystallites is accompanied by a
reduction in the modulus of the amorphous phase; this reduction
must reflect a relaxation of the ion-rich regions or a reduction
in the topological continuity of the rigid portion of the
amorphous phase, since the ion-poor amorphous regions have
already relaxed atTB (near-20 °C). The difference between
the two cases is that in the 67°C-annealed sampleTm2 exceeds
the temperature at which relaxation of the ion-rich regions (C)
commences, while for the room temperature-annealed speci-
mens, secondary crystal melting occurs first and is itself
responsible for the reduction in continuity of the rigid portion
of the amorphous phase.

Morphological Model for Synergy between Secondary
Crystals and Ion-Rich Regions.Returning to the ideas of
Eisenberg, Hird, and Moore,11 the ion-rich regions can constitute
a significant fraction of the amorphous phase even when the
ion content is modest due to the immobilization of a layer of
polymer adjacent to the aggregates. When the aggregates are
small, as in styrene-methacrylate and ethylene-methacrylate
ionomers, these “regions of restricted mobility” can overlap to
produce a percolating rigid pathway through the amorphous
regions. As the temperature is increased, one might expect a
gradual “thinning” of these immobilized layers prior to complete
devitrification, since these layers are dynamical constructs (rather
than structural entities). Thinning of these layers would produce
a progressive breakdown in the percolating pathways through
the material and consequently a progressive reduction in the
effective modulus of the amorphous phase prior to complete
devitrification. This is certainly the case for styrene-methacryl-
ate ionomers,10 where the higher-temperature transition (C) is
considerably broader than the low-temperature glass transition
(B). Thus, for the 67°C-annealed sample in Figure 10, the
gradualE′ decline between 50 and 70°C reflects the breakdown
of some of the percolating paths of rigid ion-rich regions in the
amorphous phase; nonetheless, some of these paths remain even
at 60 °C, and the amorphous phase still has a relatively high
modulus (E2′ estimated as 170 MPa at 60°C from eq 1). Note
that these paths need only span the distance between crystal-
lites19 (≈20 nm) to produce a sample-spanning rigid pathway,
since the crystals are themselves rigid entities. Once the crystals
melt, however, no sample-spanning rigid paths remain, andE′
drops to the low value (<5 MPa) characteristic of an E/MAA
ionomer melt at this frequency.21

Consider now how thinner secondary crystals, as present in
the room temperature-annealed specimen, would modify this
behavior. These crystals necessarily form within the ion-poor

Figure 9. Parallel DSC (top) and DMTA (E′, bottom; 1 Hz) data for
specimens of ionomer 15-67Na, following periods of room temperature
aging similar to those employed for SAXS in Figure 8: (O) 0 h, (2)
6 h, (g) 1 day, and (9) 6 days. Note step drop inE′ as secondary
crystals melt atTm2.

Figure 10. Parallel DSC (top) and DMTA (E′, middle;E′′, bottom; 1
Hz) data for specimens of ionomer 22-48Na with the following thermal
histories: (s) aged at room temperature for 4 months; (- -) aged at
room temperature for 4 months, followed by 2 h at 67°C.
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(ethylene-rich) regions, which are interspersed with the ion-
rich regions. Thus, such secondary crystals can “connect” the
ion-rich regions, forming percolating “hard” paths between the
primary crystals, as the secondary crystals are also rigid entities.
Yet when these secondary crystals melt, their absence will create
breaks in the previously continuous rigid pathways between
primary crystals, leading effectively to an amorphous phase with
much lower modulus than belowTm2. This explains the large
reductions inE and E′ associated with the melting of these
secondary crystalssreductions much larger than can be inter-
preted simply on the basis of reduced crystallinity, if the
crystallites are considered to be the only “hard” entities in the
system.

Figure 11 schematically represents these processes for
E/MAA ionomers having the two thermal histories represented
in Figure 10: (a) aged at room temperature and (b) annealed at
67 °C. At low temperatures, belowTB (near -20 °C), all
amorphous segments are glassy, and the material has a cor-
respondingly high modulus. AtTB, the ion-poor amorphous
regions devitrify, and the modulus drops accordingly. The
modulus drop atTB is greater for materials with lower MAA
content, but it is never large, because the ion-poor regionss
broken up by both ion-rich regions and by crystallitessdo not
span the entire specimen.

As temperature is further increased, the next two events are
devitrification of the ion-rich regions and melting of the
secondary crystallites; which of these occurs first depends on
the secondary crystallites’ melting point and thus on the
material’s thermal history. The secondary crystals that form on
room temperature aging (Figure 11a) melt at a low temperature
(Tm2 ≈ 45 °C), and their melting breaks the percolated “hard”
paths through the amorphous phase, leading to a large drop in
the modulus. Annealing at 67°C raisesTm2 (to ≈80 °C), so
that devitrification of the ion-rich regions commences prior to
Tm2, but most of the modulus drop still does not occur until the
onset of substantial crystal melting.

The key point here is that both the crystallites (especially
the secondary crystallites) and the ion-rich regionstogetherform
sample-spanning paths which give rise to the modulus increases
observed when E/MAA copolymers are “ionomerized” (neutral-
ized). These paths can be broken, and the modulus greatly
reduced,either when the crystallites melt or the restricted

mobility zones surrounding the ionic aggregates cease to overlap.
The relative order of these two events can be manipulated
through specimen thermal history, leading to the very different
linear mechanical responses shown in Figure 10, though the
room temperature crystallinities and moduli of these two
specimens are quite similar. Moreover, because the crystals
participate in the percolating network, only a relatively small
ion content is required to achieve a sample-spanning hard phase
when compared with analogous amorphous ionomers (≈0.4 wt
% Na+ for E/MAA ionomers vs 1.2 wt % Na+ for styrene/
MAA ionomers10). Thus, the simultaneous presence of thin
crystallites and ionic aggregates does more than complicate the
morphology: synergy between the two yields a pronounced
increase in material stiffness, while retaining sufficient “soft”
material (the ion-poor regions) that typical E/MAA ionomers
are quite tough even in impact testing.28

Conclusions
The results presented herein reveal the morphological origin

of the modulus-temperature behavior in E/MAA ionomers,
particularly the room temperature tensile modulus (E(25 °C)).
Above a relatively low threshold ion content (0.4 wt % Na),
the calorimetric and/or mechanical signatures of four distinct
entities can be seen: primary crystallites, secondary crystallites,
ion-poor regions, and ion-rich regions. The last of these four
comprises the aggregated ionic groups, associated unneutralized
MAA units, and immobilized layers of polymer surrounding
the aggregates. Above the melting point of the primary crystals
(Tm1), the material is an associating fluid. BelowTm1, the
ionomer is effectively a composite of the rigid primary crys-
tallites and a rubbery, ionically cross-linked amorphous phase;
its modulus can be quantitatively described through the Davies
equation. At room temperature, however, the secondary crys-
tallites and the ion-rich regions together form continuous “hard”
paths through the amorphous phase, leading to anomalously high
values of both the amorphous phase modulus (E2(25 °C)) and
the composite modulus (E(25 °C)). The ion-poor regions
devitrify below room temperature (atTB), but do not form
sample-spanning pathways, so their relaxation is not ac-
companied by a large modulus decrease. However, melting of
the secondary crystals atTm2 disrupts the continuity of the “hard”
paths through the amorphous phase and produces a large
modulus decrease. Annealing the specimen at elevated temper-
atures thickens the secondary crystals and raisesTm2, so that
the onset of devitrification of the ion-rich regions (atTC)
precedesTm2, but the bulk of the relaxation (and modulus drop)
still accompanies the secondary crystal melting. The ability to
tuneTm2 through annealing permits the modulus at moderately
elevated temperatures (60°C) to be tuned over an order-of-
magnitude range through thermal history, without affecting the
room temperature modulus or degree of crystallinity. These
findings represent an essential starting point for a broader
understanding of structure-property relationships in semicrys-
talline ionomers.
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