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ABSTRACT: Microphase transitions of a block copolymer ionomer based on lightly sulfonated poly(styrene-
b-(ran-ethylene-co-butylene)-b-styrene) (SSEBS) were studied as a function of temperature by time-
resolved small-angle X-ray scattering (SAXS). An ionic aggregate dissociation temperature, Ty, was
observed for free acid and zinec salt derivatives of SSEBS. This represents the first time that an order—
disorder transition has been observed for an ionomer, and it is attributed to a destabilization of the ionic
microphase separation by the tendency of the blocks to mix at elevated temperatures. At relatively low
sulfonation level (3 mol % of the styrene blocks), the order—disorder transition (ODT) of the block
microstructure of Zn-SSEBS coincided with 74. At intermediate sulfonation levels (8—12 mol %),
dissociation of the ionic aggregates was followed by a mesophase—mesophase transition of the block
microstructure where the texture changed from ellipsoidal to lamellar. For those materials, no ODT
was observed below 300 °C. For the highest sulfonation level (18 mol %), an equilibrium microstructure
was difficult to obtain because of the high melt viscosity. No evidence of the ODT was observed below
the degradation temperature of the polymer. No microstructure transitions were observed for alkali

metal salts due to much more robust ion—dipole interactions in those ionomers.

Introduction

The physical and mechanical properties of multiphase
polymer systems are strongly dependent on their mor-
phology and microphase structure. Block copolymers
and ionomers are two classes of microphase-separated
systems that have been extensively studied during the
past few decades.!™* Block copolymers exhibit a variety
of ordered microphases with a characteristic size scale
~10—100 nm. Microphase separation in block copoly-
mers is due to thermodynamic immiscibility between
the component blocks; macrophase separation is pre-

vented by covalent attachment of the two or more block

segments. The specific texture of the microstructure
depends on composition and the intensity of the driving
force for phase separation, i.e., the repulsive interactions
between the chemical substituents. The latter param-
eter depends on the particular chemical species used,
the polymer molecular weight, and temperature.

Statistical thermodynamic theories predict the mi-
crophase structure of block copolymers,5~1° and mean-
field theories of microphase separation!!2 predict not
only the order—disorder transition but also various
mesophase transitions, i.e., transformation from one
ordered microphase to another with a different texture.
Order—disorder transitions have been observed experi-
mentally for various block copolymers,!3~1¢ but meso-
phase transitions have only been reported recently for
a few systems.17"19

The microstructure of ionomers is less ordered than
that for block copolymers, and the characteristic dimen-
sions associated with the microphase separation are at
least an order of magnitude smaller, ~2—4 nm. For
ionomers, microphase separation is promoted by strong
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attractive interactions between ions and dipoles.20-23
Aggregation of the ionic species depends on the dielectric
constant of the matrix polymer and the chemistry of the
anion and the cation, but the texture of the microstruc-
ture is relatively insensitive to the ionic group concen-
tration. A number of models?*~26 for the microstructure
of ionomers have been proposed during the past 20
years, but despite extensive experimental work, no
definitive confirmation of any single model has emerged.
Similarly, although ionic aggregation in ionomers is
thought to be thermally reversible,?” a critical temper-
ature for dissociation of the ionic aggregates, i.e., an
order—disorder transition, has not been observed ex-
perimentally for either random ionomers?®2® or tele-
chelic ionomers.30

Several research groups have recently consolidated
the characteristics of the two different types of mi-
crophase-separated polymers into a single material by
preparing block copolymer ionomers,31 737 wherein one
of the blocks of a block copolymer contains bonded salt
groups. Block copolymer ionomers formed by lightly
sulfonating poly(styrene-b-(ran-ethylene-co-butylene)-
b-styrene) (SEBS) possess a unique morphology that
exhibits two different levels of microphase separation,
one due to self-assembly of the block structure and
another due to ionic aggregation within the micro-
domains formed by the ionomer blocks.?> One might
expect aggregation of the ionic groups within the iono-
meric block to suppress self-assembly of the block
microdomains or, conversely, that the restricted geom-
etry imposed by the size of the ordered block micro-
structure inhibit ionic aggregation. As a result, both
the thermodynamics and kinetics of the block and the
ionic microphase separation may exhibit notable differ-
ences from either the unmodified block copolymer or the
corresponding homopolymer ionomer. Order—disorder
and mesophase transitions may be perturbed by the
combination of the effects of the block microdomains and
the ionic aggregates. On the one hand, the order—
disorder transition of the block microstructure may
increase because of the increased immiscibility between
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the ionomeric and neutral blocks. On the other hand,
the order—disorder transition of the ionic aggregates
may decrease because the driving force for block mixing
at elevated temperature might also destabilize the ionic
aggregation within the microdomains.

The effects of sulfonation level, the choice of the
counterion and sample history on ionic aggregation, and
the block microstructure in sulfonated poly(styrene-b-
(ran-ethylene-co-butylene)-b-styrene) block copolymer
ionomers (SSEBS) have been previously reported.3527
This paper addresses the subject of thermally-induced
microphase transitions in these materials. Time-
resolved small-angle X-ray scattering (SAXS) was used
to investigate real-time structural evolution of the block
microstructure and the ionic aggregates during dynamic
heating experiments.

Experimental Section

Materials. The starting SEBS polymer was a hydrogen-
ated triblock copolymer of styrene and butadiene, Kraton 1652,
from Shell Development Co. After hydrogenation, the mid-
block is essentially a random copolymer of ethylene and
butylene. The number-average molecular weight, M., of the
copolymer was 50 000, and the composition was 29.8 wt %
styrene. Sulfonated SEBS block copolymer ionomers, SSEBS,
were prepared by sulfonating the SEBS with acetyl sulfate in
1,2-dichloroethane at 50 °C.3® The sulfonation level of the
polymer was determined by titration of SSEBS solutions in a
mixed solvent of toluene/methanol (90/10, v/v) to a phenol-
phthalein end point. Na™, Cs*, and Zn2* salts of SSEBS were
prepared by neutralizing the free acid derivatives (H-SSEBS)
in a toluene/methanol mixed solvent with the appropriate
alkali hydroxide or zinc acetate dihydrate, respectively. The
nomenclature used for the samples is x yM-SSEBS, where x.y
is the sulfonation level in mole percent of the styrenic block
and M denotes the cation (=Na, Cs, or Zn).

Films for SAXS measurements were prepared by solution-
casting and by compression-molding. The compression-mold-
ing conditions depended on the cation used and the sulfonation
level, varying from 150 °C for 2 min for SEBS to 250 °C for 10
min for 12Na-SSEBS. Cast films were prepared from toluene/
dimethylformamide (DMF) mixtures varying from 2 to 10%
(by volume) DMF, depending on the sulfonation level of the
polymer. The solvent was evaporated in air, and final drying
was done under vacuum for 2 days at 50 °C. The films were
annealed for 2 h at 120 °C prior to the SAXS experiments.

SAXS Measurements. SAXS was performed at the Stan-
ford Synchrotron Radiation Laboratory (SSRL) using beam-
line I-4 and at the National Synchrotron Light Source (NSLS)
at Brookhaven National Laboratories using a modified Kratky

.SAXS camera on beamline X3A2. The SAXS instruments are
described elsewhere.3®%

At SSRL, the beam decay and the sample absorption
coefficient were monitored by using two detectors placed in
the optical path immediately before and after the specimen.
The wavelength, 4, of the incident beam was 0.143 nm, and
the sample was encapsulated in an aluminum sample cell that
was fashioned from a conventional DSC pan. A Mettler FP82
hot stage was used to control the temperature. Two different
sample-to-detector distances (SDD) were used to provide a
range of the scattering vector, ¢ = 47(sin 8)/A where 26 is the
scattering angle, of either 0.06—1.2 nm™! for measuring the
block microphase structure or 0.5—5 nm™! for studying the
ionic aggregates. All data were corrected for dark current,
detector heterogeneity, parasitic and background scattering,
and sample absorption.

At NSLS, 4 = 0.154 nm, and ionization chambers were
placed before and after the sample to determine the decay of
the incident beam and the sample absorption coefficient. A
Braun position-sensitive detector was used. The sample was
placed in a dual-cell high-temperature hot stage for the heating
experiments. The SDD was varied to produce a g-range of
0.08—6.3 nm™.
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Figure 1. Temperature-resolved SAXS profiles for the block
microstructure of compression-molded SEBS obtained while
heating from 50 to 250 °C.

Results and Discussion

Effect of Temperature on Block Microstructure.
Figures 1 and 2 show Lorentz-corrected SAXS profiles
at selected temperatures obtained while heating com-
pression-molded films (CM) of SEBS and 12H-SSEBS
from 50 to 270 °C using a heating rate of 10 °C/min. At
the lower temperatures, for both materials only a single
broad SAXS peak is observed. Transmission electron
microscopy of these same samples revealed a block
microstructure of ellipsoidal domains, though the phase
boundaries were much more diffuse for the ionomer.35
Although the block microstructures of the as-molded
samples of 12H-SSEBS(CM) and SEBS(CM) were simi-
lar, the temperature dependences of their scattering
patterns were notably different. Above 180 °C, the
SAXS intensity of the parent block copolymer (SEBS)
began to decrease slightly with increasing temperature
due to increased mixing of the component blocks, and
an order—disorder transition (ODT) occurred at ca. 220
°C. The ODT is evident from the large decrease in the
scattering intensity. The peak does not disappear,
because of the correlation between the different blocks
even in the disordered state.

For the block copolymer ionomer, increasing temper-
ature notably increased the SAXS intensity, and a
second-order maximum was also observed at ca. 175 °C;
see Figure 2. That result indicates that annealing 12H-
SSEBS at elevated temperatures promoted microphase
separation of the block structure and improved the order
of the microstructure, in contrast to the unmodified
SEBS where mixing of the phases occurred.

The SAXS pattern of 12H-SSEBS in Figure 2 may be
divided into three regions: (1) T < T of the sulfonated
polystyrene block (~90 °C), (2)90 °C < T < 175 °C, and
(3) T > 175 °C. Below the T, of the sulfonated
polystyrene block, only a single SAXS peak was ob-
served, and the intensity of the peak increased with
increasing temperature. The increased scattering in-
tensity may arise from either increased phase separa-
tion or electron density contrast between the two
phases. Below 90 °C, the SPS phase is a glass, and the
low molecular mobility makes changes in the volume
fractions of the two phases difficult to occur. The
electron density contrast between the glassy SPS phase
and the EB-rubber phase, however, will increase with
increasing temperature as a consequence of the larger
thermal expansion coefficient of the rubber.
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Figure 2. Temperature-resolved SAXS profiles for the block microstructure of compression-molded 12H-SSEBS obtained while

heating from 50 to 250 °C.

In region 2, between 90 and 175 °C, the SAXS
intensity continued to increase with increasing temper-
ature, but at a slower rate than in region 1. This
increase in scattering is also due to differences in the
thermal expansion coefficients of the two phases, but
the difference is smaller above the T, of the SPS block.

In region 3, above 175 °C, the intensity of the strong
first-order peak increased, the peak sharpened, and a
second-order maximum became apparent at a scattering
vector of twice that of the first-order peak. The latter
feature is characteristic of a lamellar microstructure,
which indicates that a mesophase-to-mesophase transi-
tion of the block microstructure from ellipsoidal to
lamellar occurred at ca. 175 °C.

For block copolymer ionomers, mesophase or order—
disorder transitions of the block microstructure cannot
occur below the dissociation temperature of the ionic
aggregates, which depends on the strength of the ionic
interactions and the chain elastic forces that resist ionic
association. The temperatures for block mesophase
transitions are expected to increase as the strength of
the ionic associations increases. In general, the hydro-
gen bonding in the free acid derivatives is less temper-
ature-resistant than the ion—dipole interactions in
metal-neutralized ionomers. As a result, the mesophase
transition observed for 12H-SSEBS, ~175 °C, was
relatively low compared to that observed for the metal
salts. For example, no mesophase transition was ob-
served for 12Zn-SSEBS, though it was observed for
block copolymer ionomers with lower sulfonation levels.
This will be discussed further later in this paper.

For a two-phase system, the scattering invariant, @,
provides a measure of the extent of phase separation.
@ is independent of the microphase texture and may
be calculated by the following equation:3®

1
271,

Q= Ji9*I(g) dq 1)

where I, is the Thomson scattering constant for an
electron. For an ideal two-phase system with sharp
phase boundaries, the scattering invariant is

Qo = $16:V(0;, — 09 (2)
and the temperature dependence of @y is

QD
QO( Tr)

=1+ (T = Tollay — )¢y — ¢)) +

2(050, — 040;)

3)
(01— 09)

where T is a reference temperture and a;, ¢;, and o; (i
=1, 2) are the thermal expansion coefficient, the volume
fraction, and electron density of each phase. The
reference temperature was arbitrarily defined as 50 °C
so that Qu(T:) = Qo(50). The values of a, ¢, and o used
for the SPS and EB phases for the 12M-SSEBS block
copolymer ionomers are listed in Table 1.

(TY/Q(50) calculated from the SAXS data for 12H-
SSEBS in Figure 2 are plotted against temperature in
Figure 3. The values for an ideal two-phase system,
Qo(T)/Qo(50), calculated from eq 3 are also plotted for
comparison. Although the quantitative agreement is
poor, the trends in the slopes of the two curves below
and above Ty of the b-SPS phase are similar. That
result supports the premise that the temperature
dependence of the observed scattering intensity was due
to thermal expansion effects and not changes in the
extent of phase separation or composition of the phases.
The quantitative discrepancy between Qq(T)/Q.(50) and
Q(T)/€(50) is probably due to a nonideal microstructure
and uncertainty in the values of the phase volumes and
compositions. Most likely there was a diffuse inter-
phase boundary, which has been observed by transmis-
sion electron microscopy.® In contrast to the SAXS
patterns in Figure 1, the invariant exhibited no clear
transition at 175 °C, which alsc bolsters the conclusion
that the change in the SAXS pattern at 175 °C cor-
responded to a transition of the microstructure texture,
i.e., a mesophase-to-mesophase transition, rather than
a change in the extent of phase separation.

Figure 4 shows the SAXS profiles of 12Na-SSEBS-
(CM) as a function of temperature. In contrast to the
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Table 1. Values of o, ¢;, and g; Used To Calculate @(T)

for x.yM-SSEBS
QEB  QsPS
ax(SPS) o(SPS) oy(EB) (emol/ (emol/
sample x 104 x10* x10* cm® cm®)  gsps
12H-SSEBS 1.67 4.23 6.38 0484 0.583 0.262
12Na-SSEBS 1.67 4.23 6.38 0.484 0.597 0.265
12Zn-SSEBS 1.67 4.23 6.38 0.484 0.622 0.268

behavior of the acid derivative, a single broad maximum
was observed over the entire temperature range, and
the peak intensity increased monotonically with in-
creasing temperature. The broadening of the scattering
peak for the Na salt derivative compared with the
scattering peaks for the unmodified block copolymer and
the acid derivative of 12-SSEBS (cf. Figures 1, 2, and
4) was due to microphase separation of an ion-rich phase
within the 5-SPS microphase. lonic aggregation broad-
ens the scattering peak from the block microstructure
in two ways: (1) the ionic aggregates create additional
electron density fluctuations within the 5-SPS phase
and (2) intermolecular ionic interactions impede the
block microphase separation. Those effects produce a
more diffuse interphase boundary and, perhaps, a
broader distribution of phase sizes. The absence of any
evidence of a mesophase transition in Figure 4 is a
consequence of the persistence of the ionic aggregates
to at least 250 °C in 12Na-SSEBS(CM).

Figure 5 shows the effect of cation on @(T)/Q(50) for
the acid derivative and the sodium and zinc salts of
12M-SSEBS(CM). A change in the slope of @(T) vs T
at the Ty of the -SPS was much more pronounced for
the acid derivative than for either salt. The slope
decreased slightly at ca. 120 °C for the zinc salt, but
the slope remained relatively constant for the sodium
salt over the temperature range studied. The higher
temperature for the change in slope for the zinc salt
than for the acid derivative reflects the higher (Tg)s-znsps
for the salt and was consistent with the value measured
by dynamic mechanical thermal analysis.®® At any
given temperature, the vlaue of Q(T)/Q(50) decreased
for the three block copolymer ionomers in the order of
H* > Zn?* > Na*. The slopes of the QTV/Q(50) vs T
curves for the different 12M-SSEBS(CM) samples were
similar above (Tgp-sps, but below (Tgp.sps the slopes
decreased in the same relative order as the invariant
ratio. The decreasing order of the sub-T, slope and
Q(TY/Q(50) corresponds to the increasing strength of the
ionic associations in sulfonated polystyrene ionomers.%?
That is, the changes in the invariant due to thermal
expansion of the sample decreased as the strength of
the ionic interactions increased in the order of H* >
Zn?* > Na™*,

The block microstructure of the block copolymer
ionomers is also sensitive to the procedure used to
prepare the sample.?® For example, a lamellar micro-
structure was obtained for solution-cast 12Zn-SSEBS,
as evident from the 2:1 ratio for ¢ of the first- and
second-order peaks in the SAXS patterns in Figure 6.
Figure 6 also shows the temperature dependence of the
SAXS profile of this sample. Q(TY/Q(50) is plotted
against temperature in Figure 7. Two changes in the
slope occur at ca. 120 and 210 °C. The lower temper-
ature transition corresponds to (Tg)s-znsps and the higher
temperature transition corresponds to the dissociation
of the ionic aggregates.

Values of @T)/Q(50) for a solution-cast film and a
compression-molded sample of 12Zn-SSEBS are com-
pared in Figure 7. The changes in the invariant with
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Figure 3. Comparison of experimental Q(T)/Q(50) (points)
and predicted Qo(T)/Qo(50) (solid line) as a function of tem-
perature for 12H-SSEBS.

increasing temperature were greater for the compres-
sion-molded sample, though in both sets of data changes
in slope occurred at similar temperatures. That result
seems reasonable, because even though the sample
preparation influenced the block microstructure and the
extent of microphase separation, the glass transition
temperature of the -ZnSPS and the ionic dissociation
temperature should be relatively insensitive to the block
texture. The larger changes of Q(TV/Q(50) for the
compression-molded sample may reflect either greater
changes in thermal expansion due to poorer develop-
ment of the block microstructure or may be due to
improved development of the microstructure as a result
of thermal annealing. Compression molding is unlikely
to result in a well-developed order of the morphology
because of the hinderance to the formation of the block
microstructure of the ionic aggregates, which act as
physical cross-links. This is demonstrated by the
increased microstructure order for the solution-cast
sample, which had a much lower viscosity during the
development of the morphology.

Effect of Temperature on Ionic Aggregation.
The effect of temperature on the ionic aggregation in
ionomers has been studied for SPS ionomers,282% poly-
(ethylene-co-methacrylic acid) ionomers,? and telechelic
ionomers.®® In each of those systems, the ionic ag-
gregates were thermally stable, and no dissociation of
the aggregates, as predicted by Eisenberg,?’ was ob-
served before the polymers degraded. As discussed
earlier, dissociation of the ionic, or in the case of 12H-
SSEBS the hydrogen-bonded, aggregates must precede
the advent of a mesophase transition in the block
copolymer ionomers. The lowering of the ionic dissocia-
tion temperature observed in these studies probably
results from destabilization of the ionic aggregates by
the elastic forces of the polymer chains bonded to the
ionic groups and by the forces arising from a tendency
for the blocks to mix that also destabilize the ionic
aggregation within the 5-SPS microdomains. Like the
elastic force, the additional force due to the block
copolymer microstructure becomes more important at
elevated temperature. As a result, the net force oppos-
ing the aggregate structure exceeds the associative
forces at a lower temperature for the block copolymer
ionomer than in the corresponding homopolymer iono-
mer.

SAXS data, normalized by the sample absorption and
the beam intensity, for the ionic microstructure of 8.7Zn-
SSEBS(CM) obtained while heating the sample from 90
to 250 °C are given in Figure 8. The scattering pattern
below 90 °C featured a single, broad peak at ¢ ~ 1.42
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Figure 4. Temperature-resolved SAXS profiles for the block microstructure of compression-molded 12Na-SSEBS obtained while

heating from 50 to 250 °C.
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Figure 5. Effects of cation on experimental values of T/
Q(50) for 12M-SSEBS.

nm™!, which is consistent with the classic ionomer peak
observed for most ionomers and indicates microphase
separation of an ion-rich phase. As the temperature
was raised, the ionomer peak weakened in intensity and
broadened. The most significant decrease in the peak
intensity occurred above ca. 190 °C, and the ionomer
peak disappeared completely at ca. 245 °C, which
indicates disappearance of the ionic domains. A similar
decrease in intensity and broadening of the ionomer
peak was previously observed for ZnSPS ionomers,;? but
in that case the peak never completely disappeared at
temperature up to ca. 300 °C. The initial decrease of
the intensity of the ionic peak at 190 °C for 8.7Zn-
SSEBS coincides with the temperature at which a
dynamic mechanical relaxation was observed in these
same block copolymer ionomers3® and in SPS ionomers?®
that was attributed to the onset of motion in the ionic
aggregates. )

The data in Figure 8 indicate that dissipation of the
ionic structure begins at ca. 190 °C and is completed by
245 °C. The mesophase transition from an ellipsoidal
to a lamellar block texture occurred in the different Zn-
SSEBS ionomers between 200 and 250 °C, which
suggests that the forces controlling the ionic microstruc-
ture and block microstructure are coupled. The extra

forces acting on the ionic aggregates arising from the
block copolymer structure lower the ionic dissociation
temperature, and dissipation of the ionic aggregation
is necessary before the block microdomains can re-
organize.

SAXS curves for a compression-molded 12Cs-SSEBS
over the temperature range of 110—300 °C are shown
in Figure 9. In this case, the ionic microstructure
persisted to at least 300 °C. The ionomer peak intensity
first increased as the temperature was raised between
110 and 163 °C but then decreased above 163 °C. That
behavior is reminiscent of the effect of temperature on
the SAXS of Na-SPS ionomers.?? The initial increase
in the ionic peak may be due to thermal expansion and/
or enhanced chain mobility above (T)s-cssps that allows
more ionic groups to diffuse into the aggregates. The
decrease in intensity above 163 °C indicates some
dissociation of the ionic aggregates, but this is incon-
sequential compared with what occurs in the 8.7Zn-
SSEBS(CM) ionomer.

The ionic structure in both M-SPS and M-SSEBS is
more persistant in the two alkali salts, Nat and Cs™,
than in the Zn?* salt, which indicates that the ion—
dipole interactions of the latter are more temperature
sensitive. As a result, sufficient dissociation of the ionic
aggregates occurred in the Zn-SSEBS to allow reorgan-
ization of the block microstructure at elevated temper-
atures, while this was not observed for either alkali salt
block copolymer ionomer. In addition, comparison of
Figures 4 and 9 indicates that the ionic structure in the
Na salt is more robust than that in the Cs salt. This is
a consequence of the weakening of the ion—dipole
interaction by the larger cation.

Effect of Sulfonation Level. T4 was relatively
insensitive to the sulfonation level for the SSEBS block
copolymer ionomers. When the sulfonation level was
changed from 3 to 12 mol %, T4 only varied between
230 and 250 °C.

The development of ionic interactions within the
5-SPS should increase the immiscibility of the two
blocks of the copolymer. The energy required for a block
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Figure 6. Temperature-resolved SAXS profiles for the block microstructure of solution-cast 12Zn-SSEBS obtained while heating

from 50 to 250 °C.
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Figure 7. Experimental values of @(7)/Q(50) as a function
of temperature for solution-cast (®) and compression-molded
(O) 12Zn-SSEBS. The arrows denote the glass transition
temperature of the 5-SPS (lower temperature) and the meso-
phase—mesophase transition (upper temperature).

phase transition is likely to increase as the concentra-
tion of ionic aggregates, i.e., physical cross-links, in-
creases, and as a result, the block transition tempera-
tures were expected to increase as the sulfonation level
increased.

When the sulfonation level is relatively low, the
temperature of the block ODT, T,q, may be lower than
T4. Inthat case, the ODT will occur as soon as the ionic
aggregates dissociate. This is demonstrated by the
SAXS data for 3Zn-SSEBS in Figure 10. The scattering
maximum characteristic of the block microstructure
persists only to T4 (ca. 230 °C). No mesophase—
mesophase transition was observed for 3Zn-SSEBS,
because of the coincidence of T and Ty.

For a higher sulfonation level, 8.7Zn-SSEBS, a meso-
phase—mesophase transition from an ellipsoidal to a
lamellar microstructure occurred just above Ty at 240
°C (Figure 11). The mesophase transition is evident
from the emergence of a second-order maximum in the
scattering pattern at a g of twice that of the first-order
maximum. Also apparent in Figure 11 is the reduction
of the scattering intensity above Ty, which indicates that
phase mixing also began after the ionic aggregates
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Figure 8. Temperature-resolved SAXS patterns for the ionic
microstructure of compression-molded 8.7Zn-SSEBS obtained
while heating from 90 to 250 °C.

dissociated. It is normal for the extent of microphase
mixing in a block copolymer to increase as the ODT is
approached. T4, however, was not observed for 8.7Zn-
SSEBS; the data in Figure 11 indicate the block micro-
phase persisted to at least 300 °C.

For the highest sulfonation level studied, 18Zn-
SSEBS, the SAXS patterns below (Tg)s.znsps and Ty
exhibited a shoulder on the high-q side of the primary
scattering peak (Figure 12). This result indicates that
at low temperature the equilibrium block texture for the
higher sulfonation level was already lamellar, though
the texture was not well developed. The shoulder
became more distinct above (Tg)p.znsps, but the most
significant changes in the scattering pattern occurred
above T3 {(ca. 250 °C). In addition to the clear resolution
of a second maximum above T4, the scattering intensity
increased. This is in marked contrast to the decrease
that was observed above T4 for 8.7Zn-SSEBS. The
increase of the scattering intensity indicates that ad-
ditional microphase separation of the block morphology
occurred, rather than phase mixing. These results may
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Figure 9. Temperature-resolved SAXS patterns for the block
microstructure of compression-molded 12Cs-SSEBS obtained
while heating from 110 to 300 °C.
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Figure 10. Temperature-resolved SAXS patterns for the block
microstructure of compression-molded 3Zn-SSEBS obtained
while heating from 123 to 267 °C.
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Figure 11. Temperature-resolved SAXS patterns for the block
microstructure of compression-molded 8.7Zn-SSEBS obtained
while heating from 60 to 300 °C.

be explained by the high melt viscosity that develops
due to ionic association. The high viscosity impedes
facile formation of the block microstructure during
compression molding. Clearly, no block phase transi-
tions, phase mixing, or additional microphase separation
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can occur until the ionic aggregates dissociate, i.e., until
the physical cross-link network formed from ionic as-
sociations becomes sufficiently weak to allow reorgani-
zation of the block chains. The impediment to chain
motion resulting from the ionic interactions becomes
more severe as the ionic group concentration increases.

Figure 13 shows that when the heated 18Zn-SSEBS
sample was cooled back to room temperature, no further
changes in the scattering pattern were observed. This
result further confirms that the changes in the scatter-
ing shown in Figure 12 arose from the development of
a nonequilibrium morphology during compression mold-
ing and not from a thermodynamic transition.

Conclusions

M-SSEBS block copolymer ionomers exhibit two
separate microphase structures: a block texture and
ionic aggregates within the polystyrene-rich domains,
An ionic aggregate dissociation transition was observed
for the free acid derivative and the Zn salts. That
finding represents the first time a thermally-induced
order—disorder transition has been experimentally ob-
served for an ionomer. In some cases, a mesophase to
mesophase transition from an ellipsoidal to a lamellar
block microstructure and/or an order—disorder transi-
tion of the block microphase separation were observed
above the ionic aggregate dissociation temperature, T3.
T4 was relatively insensitive to the sulfonation level but
was a function of the cation used. For H-SSEBS, T3 ~
175 °C, and for Zn-SSEBS, T3 ~ 235—250 °C. The ionic
aggregates in the alkali-metal-neutralized ionomers
were thermally stable to at least 300 °C, and no
microphase transitions were observed for those iono-
mers.

Thermally-induced transitions of the block micro-
structure were strongly dependent on the sulfonation
level of the ionomer. At low sulfonation levels (3 mol
% of the styrene blocks), the temperature of the order—
disorder transition, T.4, coincided with T3, and no
mesophase—mesophase transition was observed. For an
intermediate sulfonation level (8.7 mol %), a mesophase
transition from an ellipsoidal to a lamellar microstruc-
ture and partial mixing of the block microphases oc-
curred above Ty. In that case, To,q > T4 and the block
copolymer ODT was not observed. For the highest
sulfonation level studied (18 mol %), a highly ordered
microstructure was exceedingly difficult to obtain by
compression molding. 18Zn-SSEBS had a poorly de-
veloped lamellar microstructure at room temperature,
which became more organized by thermal annealing as
motion of the block chains was allowed, first above the
T of the sulfonated polystyrene block and, again, above
Ty. The latter transition was clearly more important
with regard to chain mobility and reorganization of the
microstructure. Moreover, for 18Zn-SSEBS T > T4
and no evidence of the order—disorder transition was
observed below the degradation temperature of the
polymer.

Although the results described in this paper are not
inclusive, it is clear that the introduction of a strong
associative interaction within one of the blocks of a block
copolymer has a considerable influence on the thermo-
dynamic transitions and the microstructure texture of
the block copolymer. Similarly, confining an ionomer
to the restricted geometry of a block copolymer perturbs
the thermodynamics of its microphase separation. In
this case, a suppression of the aggregate dissociation
temperature was observed.
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Figure 12. Temperature-resolved SAXS patterns for the block microstructure of compression-molded 18Zn-SSEBS obtained

while heating from 60 to 300 °C.
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Figure 13. Temperature-resolved SAXS patterns for the block microstructure of compression-molded 18Zn-SSEBS obtained

while cooling from 300 to 60 °C.

We are not aware of any other experimental or
theoretical treatments of the temperature dependence
of the microstructure of block copolymer ionomers,
though a study by Russell et al.*! on the microstructure
of block copolymers formed via ionic interactions be-
tween telechelic oligomers is particularly notable with
respect to the current paper. In that paper, the authors
proposed phase diagrams that include the ODT of the
block copolymer, the dissociation temperature of the
ionic interactions, and an upper critical solution tem-
perature of the blend. They discuss the interdepend-
ence of the three transitions and note that macrophase
mixing of the oligomers cannot occur until T4 (T} in their
paper) is exceeded. Although Russell et al. present no
experimental confirmation of their proposed phase
diagrams, the data presented here for the block copoly-
mer ionomers are in many ways consistent with the
ideas contained in ref 41.

Theories of block copolymers!!‘? predict that the
microphase texture may change reversibly with tem-

perature. This has been experimentally confirmed in
a recent report by Hajduk et al.l® Sakurai et al.l7 also
reported a thermally-induced morphology transition for
a block copolymer, but in that case, the transition was
a consequence of freezing-in a nonequilibrium micro-
structure during sample preparation and, therefore, the
transition was irreversible. Although it remains to be
confirmed that the mesophase—mesophase transition
reported here truly represents a reversible, thermo-
dynamic event, the samples were compression-molded,
which makes it unlikely that they possessed nonequi-
librium textures as achieved by Sakurai et al.l” when
they cast a block copolymer film from a selective solvent.

Our results suggest that the temperature sensitivity
of intermolecular interactions, which probably affect the
segregation power of the block copolymer, may perturb
the thermodynamics of the block copolymer such that
the equilibrium textures are affected and mesophase
transitions become more pronounced. This may be a
useful result in terms of controlling the morphology of
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block copolymers, at least in the case of styrenic block
copolymers where the sulfonation chemistry is especially
facile. Currently, our research is directed at a more
complete understanding of these phenomena. We have
prepared a series of di- and triblock copolymer ionomers
where both the block composition and the sulfonation
level are varied. Rheological and SAXS studies will be
reported in a future paper.
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