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ABSTRACT: A novel ionene elastomer (DPI) consisting of 2,2'-bipyridinium units and poly(oxytetra-
methylene) (POTM) segments was synthesized by cationic polymerization of tetrahydrofuran followed
by termination using 2,2'-bipyridine. The molecular mass between the ionic sites was ca. 10 000 g/mol.
The DPI film displayed a high tensile strength up to 34 MPa and 540% elongation at break at 25 °C.
The higher-order structure of the DPI film was investigated by thermal and dynamic mechanical analyses
and by wide-angle X-ray diffraction and small-angle X-ray scattering (SAXS) measurements. The DPI
film had a microphase-separated structure consisting of three phases of the POTM amorphous matrix,
the POTM crystalline domain and the ionic domain at room temperature. The POTM crystalline domain
was lamellar, and its spacing was ca. 270 A. A new model was proposed to successfully account for the
upturn of the scattering intensity toward zero angle in the SAXS profile of DPI at 65 °C, where two
phases of the POTM amorphous matrix and the ionic domain were present. Namely, the cascade model
for randomly branched f-functional polycondensates was adapted, where the inhomogeneous ionic domains
consist of scattering points in a tree-like network. Each domain is described by the Debye—Bueche
random-two-phase model, and the repulsive interaction takes place between the ionic domains. The size
of the ionic domains was evaluated to be ca. 12 A, and the mean interaction distance between the ionic
domains was ca. 39 A from the fitting of the model calculation to the observed SAXS profile. The system
was in the vicinity of a gel point in terms of the cascade model, where the ionic domain serves as a

physical cross-linking point.

Introduction

The introduction of ionic sites to polymer chains is
known to change drastically the properties and the
morphology of mother polymers in the field of polymer
science. Among ionic polymers, the “ionomer” is re-
ferred to as the copolymers consisting of hydrophobic
polymer segments and a small fraction of ionic sites.
Generally, the ionic content of the ionomers is less than
ca. 15 mol %. The physical properties of ionomers as
high-performance materials have been extensively re-
searched over the last few decades in the academic as
well as the industrial fields.1~7 Especially, the ionomer
has attracted much attention as a thermoplastic elas-
tomer.57

“lonene”, on the other hand, is classified as a cationic
polymer, and some with lower cationic sites are included
in the category of ionomer.2 A living cationic polymer-
ization produces the poly(oxytetramethylene) (POTM)
ionenes from tetrahydrofuran (THF), and several stud-
ies revealed its unique physical properties.®2> For
example, the ionene elastomer was synthesized from
dimethylamino-terminated POTM and dihalides by the
Menschutkin reaction, and the effect of counteranion
on its mechanical properties and water vapor perme-
ability was investigated.®~12 The studies on the thermal
reversibility!® and the plasticization415 of the POTM
ionenes were also carried out for wide industrial ap-
plications. As the POTM ionene is a tailor-made mate-
rial, various polymers can be prepared by changing a
kind of amine for the termination reaction of polymer-
ization of THF. Moreover, chain extension of bifunc-
tional living POTM chains by o,w-tertiary diamines
affords a very direct and efficient pathway toward
POTM ionenes, since quaternization of tertiary amines
of high basicity and low steric hindrance by POTM
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oxonium end groups is a very fast, selective, and
guantitative process.’® Viologen-type POTM ionenes
were synthesized by one-pot synthesis,1217.18 and the
electrochromic,!® photochromic,'”-1° and photomechani-
cal behaviors?® of resulting ionenes as functional elas-
tomers were reported.

In this study, a new ionene elastomer was prepared
according to Scheme 1, and the relationship between
the physical properties and morphology was investi-
gated. Especially, the effect of the crystalline phase of
POTM segments on the mechanical properties was
discussed because little research has been done on the
crystallinity of POTM ionenes. Small-angle X-ray scat-
tering (SAXS) was applied to analyze the morphology
of the ionene quantitatively. This is because many
reports have been directed toward a full understanding
of the morphology of ionomers and several models have
been proposed to account for the morphology of ionomers
from the results of SAXS measurements.?126-28 Re-
views of the works in this area are given in some
articles.2® Among several models, the combined modi-
fied Yarusso and Debye—Bueche model?® was conceded
to be adequate for the explanation of all ranges in the
SAXS profile. However, we considered that it still
remains to interpret the SAXS profile for the morphol-
ogy of ionomers consisting of the amorphous matrix and
the ionic aggregate. Thus, two alternative models are
proposed to accurately fit the SAXS profile of the ionene
elastomer prepared in this study. The Debye—Bueche
random-two-phase model?® and the cascade model for
randomly branched f-functional polycondensates3°3! are
used separately and/or combined. To obtain the mor-
phology consisting of the amorphous POTM matrix and
the ionic aggregate, the sample was heated at 65 °C and
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the SAXS measurement was carried out at this tem-
perature.

Experimental Section

Reagents. Commercial THF was distilled three times over
metallic sodium. Trifluoromethanesulfonic acid anhydride
((CF3S0,),0) was prepared from the acid (CF3SOsH, from
Nacalai tesque) by distilling on P,Os,° just before use for the
polymerization. 2,2'-Bipyridine was commercial origin and
was purified by recrystallization from the petroleum ether
solution. The solvents used in this study were purified by the
conventional methods.

Synthesis of DPI. Scheme 1 shows the synthetic route of
poly(oxytetramethylene) ionene (DPI) with 2,2'-bipyridinium
units. Cationic living polymerization of THF (50 mL) was
carried out by (CF3S0,),0 (1.1 mL, 0.130 mol/L) at 0 °C under
dry nitrogen for 10 min. The termination reaction was
conducted at 0 °C for 60 min by adding the THF solution of
2,2'-bipyridine (1.12 g) whose molar amount was equivalent
to the initiator.*>¥” The resulting polymer was purified by
reprecipitation from THF to water several times. The yield
of DPI was ca. 39%. The exchange of counteranion in DPI
from trifluoromethanesulfonate to chloride was conducted by
pouring a 10% methanol solution of DPI into a 0.5 N sodium
chloride aqueous solution three times at room temperature (rt).
As a reference sample for DPI, a methoxy-terminated POTM
(MT-PT) was also prepared by cationic polymerization of THF
at 0 °C for 1 h and termination using a large excess of
anhydrous methanol. The molecular mass and polydispersity
of MT-PT were 19 000 g/mol and 1.9, respectively, which were
evaluated by size-exclusion chromatography (SEC).

Molecular Characterization of DPIl. The 'H NMR
spectrum was recorded on a Fourier transform high-resolution
NMR spectrometer JEOL GX-400 (Nippon Denshi Co.) in CDs-
OD at 23 °C. Absorptions of two methylene groups of POTM
chains (a and b) and protons of the bipyridinium ring (c, d, e,
and f) are observed as shown in Figure 1. Signals indicative
of side reaction are absent. FT-IR measurement was carried
out on an infrared spectrometer FTIR-4100 (Shimadzu Corp.).
IR (thin film): »(CH,) 2870, 2940 cm~%; »(CN of bipyridinium
ring) + 6(CH) 1373 cm™%; »(C—0O—C) 1116 cm™?; §(CH of the
bipyridinium ring) 746 cm™1.

SEC was conducted by using a Toso HLC-802UR high-
performance liquid chromatograph with TSK-GEL TYPE GMH
4 column (polystyrene standards; solvent, THF; 40 °C). An
elemental analysis was conducted at the Elemental Analysis
Center of Kyoto University. Anal. Calcd for CzssHs04062N;1-
Clogs: C, 66.24; H, 10.94; O, 21.65; N, 0.31; ClI, 0.77. Found:
C, 65.48; H, 10.90; O, 21.55; N, 0.31; Cl, 0.65. From these
results, the exchanged amount of counteranion from CF3SO3~
to Cl~ was evaluated to be ca. 85%. The reduced viscosity was
measured with an Ubbelohde viscometer at 30 + 0.1 °C in a
thermostated bath. The ionenes dissolved in chloroform and
methanol. The reduced viscosity (#s,/C) is plotted as a function
of concentration (C (g/dL)). #nsp = (7 — 10)/n0 ,where 1 and 7o
represent the viscosity of the solution and solvent, respectively.

Film Preparation. The film was prepared from its 3%
chloroform solution by casting onto a Teflon mold at 50 °C and
was subjected to drying under a reduced pressure. The
thickness of the film was ca. 1 mm.

Dynamic Mechanical Analysis. The temperature disper-
sions of the dynamic modulus (E') and loss tangent (tan d) of

™ aqueous solution
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the polymer film were measured on a dynamic mechanical
analyzer (DVE-V4 Rheospectra of Rheology Co., Ltd., Japan).
The sample dimension was 15 mm x 5 mm x ca. 1 mm. The
strain mode was used and the heating rate was 2 °C/min. The
frequency was 10 Hz.

Tensile Test. Tensile measurement was carried out using
a Tensile Tester TOM 200D (Shinko Thushin Kogyo Co. Ltd.)
on ring-shaped dry samples at 25 °C. The extension speed
was set to be 100 mm/min.

Differential Scanning Calorimetry. Differential scan-
ning calorimetry (DSC) measurement was carried out on a
Rigaku Thermoflex DSC-8230 under nitrogen. The sweep rate
of temperature was 10 °C/min. The sample loaded was ca. 10
mg and the temperature range was —120 to +150 °C.

Thermogravimetric Analysis. The thermal stability of
the ionene was studied on a thermogravimetric analyzer
(Rigaku Co. Thermoflex No. 8002) at a heating rate of 10 °C/
min in air.

Wide-Angle X-ray Diffraction. Wide-angle X-ray diffrac-
tion (WAXD)?% measurement was carried out using a rotating-
anode X-ray generator (Rigaku-Denki, RU-300) operated at 40
kV and 240 mA. CuKa X-ray beams monochromatized with
a graphite monochromator were shone onto the specimen
through a pinhole collimator of 0.5 mm in diameter. As an
X-ray detector, the IP system (MAC Science, DIP-220) was
utilized.

Small-Angle X-ray Scattering. SAXS measurement was
carried out with the SAXES optics installed at BL-10C of the
photon Factory, Tsukuba, Japan,® where an incident X-ray
from synchrotron radiation was monochromatized to the
wavelength of the X-ray (1) = 1.488 A with a double-crystal
monochromator and then focused to the focal point with a bent
focusing mirror. The scattered X-ray was detected by the one-
dimensional position sensitive proportional counter of an
effective length 160 mm positioned at the distance of about
1.0 m from the sample holder. The SAXS intensities were
accumulated for an appropriate period of time to attain a
sufficient S/N ratio. The exact camera distance was calibrated
by using the diffraction peaks of the collagen fiber (the long
period = 670 A) at the sixth, ninth, and eleventh orders. Data
were collected on a CAMAC system controlled by a NEC PC
9801 RX. The scattered intensities were corrected with respect
to the variation of the incident X-ray flux by monitoring the
beam with an ionizing chamber placed in front of the ther-
mostated sample folder.

Transmission Electron Microscopy. An ultrathin film
of DPI was prepared by using a microtome (LKB 4800 A
ULTROTOME) in liquid nitrogen of LKB14800 CRYOKIT. The
specimen was placed on a copper grid, which was coated with
Folmbar and evaporated carbon in advance. Then, the speci-
men was exposed to the vapor of RuO,. It was well dried under
a vacuum, and the microscopic image was observed with a
transmission electron microscope (JEOL JEM-100U). The
accelerating voltage used here was 80 kV.

Results and Discussion

Synthesis of DPI1. The chemical structure of DPI
was confirmed from the *H NMR spectrum (Figure 1)
and FT-IR spectrum of DPI. The molecular mass of the
nonionic spacer was estimated as ca. 10 000 g/mol from
the integral curve of the 'H NMR. By elemental
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Figure 1. 'H NMR spectra of DPI.
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Figure 2. DSC curve of the DPI film.

analysis, the molecular mass of the POTM segment
between the ionic sites was estimated as 10 700 g/mol,
which is consistent with the 'H NMR result. DPI was
soluble in methanol, chloroform, THF, or benzyl alcohol
and was not soluble in acetone, hexane, N,N’-dimeth-
ylformamide, or water. The viscosity of the methanol
solution of DPI displayed the behavior of typical polymer
electrolytes; i.e., the viscosity increased much with the
decrease of the DPI concentration in the lower concen-
tration region in methanol, whereas the viscosity of DPI
in chloroform decreased continuously with the decrease
of the DPI concentration, which is normally observed
in nonelectrolytic polymers. The intrinsic viscosity of
DPI in chloroform was estimated to be 2.23 dL/g. From
the comparison of the intrinsic viscosity of DPI with that
of MT-PT (0.28 dL/g), the chain extension reaction
between 2,2'-bipyridine and POTM living dications was
concluded to progress well under the present reaction
conditions.

Thermal Properties of the DPI Film. A DPI film,
whose thickness was ca. 1 mm, was prepared by casting
the chloroform solution of DPI. The film was optically
clear and light-brown. The DSC curve of the DPI film
is illustrated in Figure 2. The glass transition temper-
ature (T,) of the POTM amorphous phase was detected
at ca. —79 °C, and the large endothermic peak due to
the melting of the POTM crystalline phase appeared at
ca. 42 °C. An additional peak was observed at ca. 125
°C, which could be attributed to the melting or the
softening of ionic domains. The heat of fusion of the
phase transition peak of the ionic domains was ca. 0.95
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Figure 3. Temperature dependence of WAXD profiles of
theDPI film.

cal/g. The observed transition temperatures of the
POTM segments were very similar to those of MT-PT,
whose T4 and melting temperature (Tr,) were ca. —81
°C and ca. 43 °C, respectively. As the DPI film was
optically clear at rt, the microphase separation seems
to have taken place at rt, where the amorphous POTM
segments, the crystalline phase of POTM segments, and
the ionic aggregated domains are suggested to be
present by DSC.

WAXD measurements revealed the crystallization of
POTM segments more clearly. The profiles of the
WAXD pattern of the DPI film are shown in Figure 3.
In the profile measured at 25 °C, the diffraction peaks
were clearly detected at the scattering angles of 20.0°
and 24.6°. A weak scattering ring was observed at
37.6°. The angles of these peaks are found to consistent
with those (19.9°, 24.0°, 37.6°) reported in the refer-
ence3* and with those (19.8°, 24.4°, 37.7°) observed from
a commercial hydroxyl-terminated POTM (the molecu-
lar mass is ca. 2000 g/mol). Therefore, the scattering
peaks of the DPI film at 20.0°, 24.6°, and 37.6° are
attributed to the (020), (110), and (130) reflections of
the POTM crystals, respectively. These reflections
disappeared at a temperature higher than 50 °C, as
shown in Figure 3, suggesting that the POTM crystal
melts at around 50 °C. This phenomenon was also
confirmed by the polarized microscopic observation
under crossed Nicol prisms, where the anisotropy due
to the crystalline phase of POTM segments at 25 °C was
lost at 50 °C to become isotropic. Thus, the POTM
phase was amorphous at temperature regions higher
than 50 °C.

Interestingly, the decomposition temperature of DPI
was higher than that of MT-PT. The temperatures of
5 wt % loss and 10 wt % loss for DPI were ca. 344 °C
and ca. 350 °C, whereas those of MT-PT were ca. 283
°C and ca. 312 °C, respectively. The reason is not yet
clear, but it may be due to the higher molecular mass
of DPI than of MT-PT.

Mechanical Properties of the DPI Film. The
stress—strain curve of the DPI film at 25 °C is il-
lustrated in Figure 4. The modulus remains low until
ca. 300% elongation, and its rapid increase was observed
at a higher elongation than 300%. The tensile strength
at break was 34.4 MPa, and the elongation at break was
540%. The large increase of the modulus at higher
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Figure 4. Stress—strain curve of the DPI film at 25 °C.
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Figure 5. Temperature dependence of E' and tan ¢ of the
DPI film.

strains could be ascribed to the strain-induced further
crystallization of the POTM segments. The ionic sites
are assumed to function as physical cross-linking sites
in analogy with similar tensile behaviors observed in
many ionomers and ionenes. Additionally, the crystal-
line region of POTM segments much influences the
mechanical properties of this DPI film. Compared with
the reported 100% modulus of the ionene with POTM
soft segment whose molecular mass was ca. 2000 g/mol
and 4,4'-bipyridinium,?! the 100% modulus of the DPI
film was about 3 times larger. This difference is
explained by the reinforcement effect of the POTM
crystalline domain on the tensile properties of DPI.
The temperature dispersions of E' and tan 6 are
shown in Figure 5. The Ty and the Ty, of the POTM
segments were detected at ca. —74 °C and ca. 20 °C,
respectively. The rubbery plateau appeared after the
decrease of the E' around T, and continues to ca. 130
°C, which corresponds to the softening point of DPI. In
the rubbery plateau region, the domains composed of
the aggregated ionic units of DPI functioned as physical
cross-linking sites. Thus, the softening corresponds to
the phase transition of the ionic domains, which was
also confirmed by DSC. E' at 25 °C was 6.8 x 108 dyn/
cm?, and E' at 65 °C was 4.4 x 107 dyn/cm2. This
difference is accounted for by the melting of the crystal-
line region of POTM segments. The crystalline region
is considered to act as an effective reinforcing filler.
Morphology of the DPI Film. The DSC and the
dynamic mechanical analysis (DMA) results indicate
that the DPI film prepared in this study consists of three
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Figure 6. Observed SAXS profiles from the DPI film and the
MT-PT film at rt and 65 °C: (O) DPI at rt; (®) DPI at 65 °C;
(+) MT-PT at rt; (x) MT-PT at 65 °C.

phases at rt. To elucidate the morphology of the DPI
film in more detail, SAXS was observed from the DPI
film at rt and at 65 °C, respectively. As a reference,
MT-PT, which has no ionic sites, was also subjected to
the SAXS measurements. The SAXS profiles are il-
lustrated in Figure 6. By heating, the SAXS peaks
disappeared from the MT-PT film, whereas a single
broad peak remained at 65 °C in the DPI film. The
broad peak at 65 °C is considered to be due to the ionic
domains in the amorphous POTM matrix.

SAXS has been applied to analyze the morphology of
ionomers, and several morphological models have been
presented to explain their typical SAXS profiles. Here,
the typical SAXS profile from ionomers is characterized
by a single peak with a Bragg spacing of 20—100 A and
a strong upturn in the intensity at near-zero angle.
However, no proposed models22 afforded a consistent
description to the characteristics of the typical SAXS
profile from ionomers till 1988. Cooper et al.?® have
succeeded in fitting the SAXS profile from a nickel-
neutralized sulfonated polystyrene with a modified
Yarusso—Cooper model combined with the Debye—
Bueche random-two-phase model.?® In all fairness,
however, Cooper et al. conceded that the Debye—Bueche
model was not the only possible explanation for the
upturn of the SAXS profile at the scattering vector (q)
— 0 in their publication. Thus, an alternative model
was proposed in this study to describe quantitatively
the SAXS profile from the ionic domains in the amor-
phous polymer matrix.

At 65 °C. As shown in Figure 6, a single broad peak
was observed in the SAXS profile of the DPI film at 65
°C. Generally, in the case of a polymer containing ionic
sites, the scattering intensity (1(q)) as a function of g is
expressed in terms of the product of the scattering from
the polymer chain itself (P(q)) and the interference due
to the repulsive interaction between the ionic domains
formed in the polymer matrix (S(q)).

I(@) ~ P(q) S(a) 1
g = 4 sin(6/2)/A 2

where 1 is the wavelength of X-ray and 6 is the
scattering angle. S(q) is approximately given as

S(q) ~ /(1 + ¢ exp(—£°9%)) (3)
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Figure 7. Observed SAXS profile (O) from the DPI film at
65 °C and the SAXS profile fitted by using the linear sum of
P(g) S(q) (eq 1), where P(q) is Debye—Bueche type (eq 5), S(q)
is eq 3, and the excess scattering represented by Debye—
Bueche type (one-dot line). Here the P(q) is indicated by a
dotted line, and P(q) S(q), by solid line.

which assumes a Gaussian type interaction potential
specified by the correlation length (§). Here, c is an
adjustable parameter to take into account the strength
of interaction. Two approaches were attempted in this
study to reproduce the SAXS profile of the DPI film at
65 °C in terms of eq 1. Two morphological models are
considered, and the preference will be discussed.

In model I, the Debye—Bueche random-two-phase
model?® was employed to formulate P(q) in eq 1. The
inhomogeneous structure consisting of two phases with
a smooth boundary is specified by the following correla-
tion function with the correlation length (a).

y(r) ~ exp(—r/a) (4)

y(r) represents the distance correlation between any
two points separated by a distance (r), where “a” is a
measure of the extent of the inhomogeneity. By Fourier
transformation of the correlation function, a scattering
intensity is calculated as

I(@)pg ~ U1 + a°g?)? (®)

The correlation length is estimated by fitting this
scattering function directly to the experimental data.
Assuming two inhomogeneous domains specified by the
respective correlation length in the Debye—Bueche
formula (eq 4), the observed SAXS profile is fitted to
the sum of egs 1 and 5 when P(q) in eq 1 is assumed to
be given by eq 5. Smaller heterogeneous domains are
considered to be composed of ion clusters and yield the
SAXS profile described by eq 1, as shown by a solid line
in Figure 7. The total composed profile is shown by a
one-dot line in Figure 7. Although the calculated profile
reproduces well the observed trend especially in the
region of g > 0.05 A1, it fails to cope with the inflection
at lower q region (g = 0.02 ~ 0.03 A-1) (see Figure 7).
Here the second Debye—Bueche component was intro-
duced in order to take account of the upturn scattering
at g — 0. Larger heterogeneous domains could be
constituted of “pseudocrystalline” domains, which are
depicted to have no crystalline structure yielding WAXD
peaks at high temperatures, but form a crystalline
phase at lower temperatures. It is also interpreted as
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the high-density region remaining that is not completely
melted and has a low enough mobility to prevent
electrostatic interactions from taking place.3>3 Namely,
no electrostatic interaction is expected between the
larger heterogeneous component, so that the S(q) factor
was not taken into account in this region. By using
model I, the larger domain is specified by the hetero-
geneous structure of ca. 200 A in size, while the smaller
domain is as small as 15 A. Cooper et al.?8 discussed
the zero-angle scattering related to the neutralizing
cation of the polystyrene ionomer. They speculated that
the zero-angle scattering was due to an inhomogeneous
distribution of isolated ionic groups in the matrix and
applied the Debye—Bueche random-two-phase model to
the data. In this study, however, the chloride anion was
not assumed to be isolated in the POTM matrix.

An alternative model (model I1) is based on the
cascade process for randomly branched f-functional
polycondensates.3%31 The model is composed of the
small heterogeneous domains formed by ion clusters,
which are distributed over the space (polymer matrix)
in a random fashion described by the cascade process.
The cascade process for randomly branched f-functional
polycondensates yields a tree-like network, where each
node (scattering unit) is constituted of ion clusters. The
scattering intensity for the simple cascade model is
calculated as

1@c~ 1+ ag)[l — (f— 1)ag] (6)

where ¢ = exp(—b?g?/6), a is the extent of reaction, f is
the number of the functional group, i.e., the functional-
ity of cross-linking, and b? corresponds to the mean-
square distance between adjacent scattering units. The
scattering units are assumed to be point-like in eq 6.
The shape upturn of the scattering intensity at g — 0
is expected upon gelation from eq 6, which was also
confirmed experimentally. An ionomer can be consid-
ered as a kind of physical network when the cross-
linking points are supposed to be composed of ion
clusters. The heterogeneous domains of ion clusters are
tied with neutral polymeric chains and form a network.
When the cascade model for randomly branched f-
functional polycondensates is applied, the scattering
units should be replaced with the heterogeneous do-
mains specified by the Debye—Bueche correlation func-
tion. Thus, eq 6 is rewritten for the model of the
heterogeneous domains forming the cascade network as

I(@) ~ 1(@)p-s(1 + ag)/[1 — (f — 1)ag] ()

Here f denotes the average number of ties from one
heterogeneous domain. When the electrostatic repul-
sion is taken into account, eq 7 is further modified as

1(@) ~ [1(@)p-s(1 + ag)/[1 — (f — 1)ag]IS(a) (8)

The observed SAXS profile from DPI at 65 °C was
analyzed in terms of the cascade model. As shown in
Figure 8, a good fitting was achieved in all q regions
between the observed SAXS data and the values calcu-
lated according to eq 8. From the parameters obtained
by the best fitting, the size of the ionic domains and
their interaction distance were estimated to be ca. 12
A and ca. 39 A, respectively. It is interesting to note
that the DPI film is suggested to be in the vicinity of
the gel point from the viewpoint of the cascade model,
because the product of a and (f — 1) was found to be
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Figure 8. Observed SAXS profile (O) from the DPI film at
65 °C and the SAXS profile (solid line) fitted by using the
modified cascade model with the interaction effect (eq 8). Here

the dotted line denotes the profile without the interaction
effect.

POTM chain
Figure 9. Morphology of the DPI film at 65 °C.

almost 1.3 The possible model of the morphology for
the DPI film at 65 °C is illustrated in Figure 9.

Assuming the Gaussian network, the molecular weight
of the interval chain between cross-links, i.e., ionic
domains (M), can be estimated approximately from the
elastic modulus of the DPI film at 65 °C with the aid of
the classical theory of rubber elasticity.3”

E = 3pRT/M, 9)

where E and p denote the dynamic modulus and the
polymer density, respectively. The value of 0.98238 was
adopted for p. The M, of the DPI film at 65 °C was
estimated to be 2010 using the following equation.23.25.39
The end to end distance (L) of POTM (N monomeric
units) segments connecting neighboring ionic domains
was calculated from

L= [CmNZniliz]l’Z (10)

where the parameter |; is related to the i th bond
length: I(C—C) =153 A, I(C—0)=1.43A. The POTM
characteristic ratio (C.) taken from the literature is
5.8.3940 The distance between the ionic domains cal-
culated by eq 9 was ca. 38 A and was almost identical
with that (ca. 39 A) by SAXS measurement. This result
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Figure 10. Observed SAXS profile (O) from the DPI film at
rt and the SAXS profile (wide solid line) calculated by eq 7
with the three peaks (solid line) added in terms of the
Gaussian function. Here the dotted line is calculated without
adding peaks.

strongly supported model Il to be pertinent for a
detailed analysis of the DPI's morphology at 65 °C.

A good agreement in the interdomain distance evalu-
ated by two independent methods indicates that no
chain extension effect is observed on the POTM seg-
ments. As pointed out by Feng and Wilkes,?® the
expansion of the POTM chain in similar ionene poly-
mers becomes more marked with the decrease of the
molecular mass of a POTM soft segment. However, this
phenomenon was observed for the ionene with POTM
molecular mass under ca. 5000 g/mol. In this study,
the molecular mass between ionic sites was ca. 10 000
g/mol, which would be large enough to maintain the
unperturbed conformation, as observed as a chain
conformation between the ionic domains.

At Room Temperature. The SAXS profiles of DPI and
MT-PT at rt are shown in Figure 6. The Bragg spacings
(d) were calculated from the position of the scattering
peaks (fpeak) by using following equation.

d= 27T/qpeak (11)

The Bragg spacings for the DPI film and the MT-PT
film were estimated as ca. 270 A and ca. 190 A,
respectively, which reflect the long range ordering of the
POTM crystalline phase.

The SAXS profile of DPI at rt was analyzed further
in terms of the morphological model developed to be
consistent with the observed results at 65 °C. At rt,
the crystallization will take place in the POTM phase,
for which the ionic domains remain practically un-
changed. Thus, the SAXS profile of DPI at rt is
suppressed to be composed of the contributions from
ionic domains and crystalline phases. The scattering
from the ionic domain can be dealt with as considered
in the previous section except for the electrostatic
repulsion, which will be shielded by the crystalline
phases. Applying eq 7 for the contribution from the
ionic domains (a dotted line in Figure 10), the contribu-
tion from the crystalline phases emerges, as shown by
dots in Figure 10. Since the crystalline phase is not well
organized, the structural fluctuation is taken into
account by assuming the broadening of the diffraction
peak in terms of the Gaussian function. The fitted
results are shown by three thin solid peaks at g = 0.21,
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Figure 11. TEM photograph of the DPI film at rt.

0.42, and 0.82 A1, respectively. The total composite
scattering profile (a thick solid line in Figure 10)
represents well the observed SAXS data. The ratio of
these peak intensities was 1/2/4, which suggests that
the POTM crystalline phase has a lamellar structure.
Generally, the SAXS profile from the lamellar structure
has four peaks whose intensity ratio is 1/2/3/4. How-
ever, the SAXS profile composed of three peaks with the
ratio of 1/2/4 (where the third peak is missing) was also
observed and analyzed as a lamella in the study on
triblock copolymers.#

The presence of the lamellar structure was confirmed
by the transmission electron microscopy (TEM) observa-
tion. The TEM photograph in Figure 11 clearly shows
the lamellar structure. The distance between the
lamellae is estimated to be ca. 260 A, which is almost
equal to that (ca. 270 A) evaluated by SAXS measure-
ment. The lamellae are visualized as dispersed con-
tinuously in the matrix. No information on the ionic
aggregates at rt could be obtained by TEM. However,
the ionic sites should be an important factor to give the
characteristic morphology of DPI at rt, as suggested in
the results of tensile properties.

Conclusion

A novel ionene elastomer (DPI) was synthesized by
cationic polymerization of THF followed by termination
using 2,2'-bipyridine. Thus, DPI consisted of 2,2'-
bipyridinium units and POTM segments. The molecu-
lar mass between the ionic sites was ca. 10 000 g/mol.
The DPI film, which was prepared by casting the
chloroform solution of DPI, displayed a high tensile
strength up to 34 MPa and 540% elongation at break
at 25 °C. The higher-order structure of the DPI film
was investigated by thermal and dynamic mechanical
analyses and by WAXD and SAXS measurements. This
POTM ionene was found to have a microphase-separat-
ed structure consisting of three phases of the POTM
amorphous matrix, the POTM crystalline domain, and
the ionic domain at rt. The POTM crystalline domain
was lamellar, and its spacing was ca. 270 A, which was
evaluated by SAXS.

Two alternative models were proposed to account for
the upturn of the scattering intensity toward zero angle
in the SAXS profile of DPI at 65 °C. Since no crystalline
phase is present at 65 °C, DPI is considered to consist
of two phases of the POTM amorphous matrix and the
ionic domain. The SAXS profile of DPI at 65 °C is thus
dominated by the ionic domains of high electron density
due to the contrast. In model I, we consider two distinct
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inhomogeneous domains specified by the Debye—Bueche
correlation function (eq 4). A smaller inhomogeneous
domain is an ionic domain composed of ion clusters,
whereas a larger inhomogeneous domain is supposed
to represent the incompletely melted POTM crystalline
phase. The ionic domains interact electrostatically with
each other, revealing the influence peak in the SAXS
profile. The size of the smaller domain (the ionic
domain) is ca. 15 A and that of the larger domain is
estimated as ca. 200 A from the fitting of the model
calculation with the observed SAXS profile.

The cascade model for randomly branched f-functional
polycondensates was adapted for model Il, where the
inhomogeneous ionic domains consist of the scattering
points in the tree-like network. Each domain is de-
scribed by the Debye—Bueche random-two-phase model,
and the repulsive interaction takes place between the
ionic domains. The size of the ionic domains was
evaluated to be ca. 12 A and the mean interaction
distance between the ionic domains was ca. 39 A from
the fitting of the model calculation to the observed SAXS
profile. No large inhomogeneous domain is necessary
to account for the upturn of the scattering intensity
toward zero angle in this model (model I1). Here ionic
domains are distributed over the amorphous polymer
matrix in such a way that the space correlation is
described by the tree-like network formulated according
to the cascade model for randomly branched f-functional
polycondensates. It is also interesting note that the
system is in the vicinity of a gel point in terms of the
cascade model, where the ionic domain serves as a
physical cross-linking point. A better fitting with the
observed SAXS profile indicates that model Il is more
probable to describe the morphology of DPI. However,
it should be emphasized that no direct proof is available
to discard the large inhomogeneous domain in model 1.
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