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Abstract

Effect of counter-anion on the properties and morphology of aliphatic poly(oxytetramethylene) ionenes was investigated, and the
relationship between the properties and morphology was elucidated. The ionenes possess elastic properties at low elongations whereas they
predominantly exhibit a plastic deformation at high elongations. The morphology of the ionenes was analysed in the nanometer scale by
fitting a cascade model for randomly branched f-functional polycondensates incorporated in Debye—Bueche random-two-phase model and
the interference term by the interdomain interaction on their small-angle X-ray scattering profiles. The size of ionic domains and distance
between the domains were smaller and shorter in the ionene with bromide counter-anion than those in the ionene with chloride counter-anion,
respectively. The formation of crystallite of poly(oxytetramethylene) (POTM) segments was detected in the ionene with chloride counter-
anion at room temperature. These characteristics of aliphatic POTM ionenes gave the difference in their mechanical and thermal properties.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

A new type of physical networks like a thermoplastic
elastomer has been developed and widely used as an
elastomer with high performance and high function [1]. The
physically aggregated phases, such as glass phase and
crystalline phase, of physical networks cooperatively
function as quasi crosslinking sites and fillers, when they
are microphase-separated from the amorphous matrix. In the
case of ionomers, the ionic segments aggregate in the
polymer matrix to induce the microphase separation, which
can also result in the network formation. Since the
properties of physically crosslinked elastomers depend on
their spatial morphologies in general, it is necessary to study
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the relationship between the properties and morphology in
detail.

There are several useful methods available to investigate
the morphology of polymers such as a transmission electron
microscopy (TEM), atomic force microscopy (AFM) and
X-ray scattering [2—7]. These methods have been developed
significantly in the last decade. The microscopy gives us a
direct imaging of the morphology to the angstrom scale
and often supports the results of morphological analysis
by other techniques. In the field of X-ray scattering, on
the other hand, a recent progress of synchrotron radiation
has expanded the study on the polymer morphology. For
example, a small-angle X-ray scattering (SAXS) by a
synchrotron radiation is capable to quickly and dynamically
reveal the spatial correlation in the scattering system on a
scale from 10 to 1000 A. These methods are complementa-
rily utilised for the morphological study in polymer science.

To date, many studies on the morphology of physically
crosslinked elastomers by SAXS have been reported [2-7].
Recently, we have carried out the SAXS measurements to
investigate the morphology of several physically cross-
linked elastomers which we made [8—11], on the basis of
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a cascade model for randomly branched f-functional
polycondensates incorporated in the Debye-Bueche
random-two-phase model and the interference term by the
interdomain interaction [12—17]. The new model assumed a
most probable spatial distribution of crosslinking domains
in the morphology of physically crosslinked elastomers
[8—11], which was consisting of the amorphous matrix and
the aggregated domains. Here, the domains constituted
quasi crosslinks and were distributed over the amorphous
polymer matrix in such a way that the space correlation was
described by a tree-like network. The repulsive interaction
was also considered to exist between the domains. This new
model could successfully account for the wide range of
SAXS profile of our physically crosslinked elastomers,
including the upturn of the scattering intensity toward zero
angle, little full interpretation on which has been provided.
Namely, the cascade model for gel formation was found to
give the smart explanation for the sharp upturn of the
scattering intensity toward zero-angle of physically cross-
linked elastomers. Especially, this analytical method was
useful for the samples, whose morphology was difficult to
be appeared by microscopic observations.

In this paper, the effect of counter-anion on the
morphologies of aliphatic poly(oxytetramethylene) ionenes
(IP) is investigated and the relationship between the
morphologies and properties is elucidated on the basis of
our proposed model described above. The chemical
structure of IPs is illustrated in Fig. 1. The samples with
Cl™ and Br~ are abbreviated as IP-Cl and IP-Br,
respectively Since a living poly(oxytetramethylene)
(POTM) can be reacted with nucleophiles to give various
kinds of macromolecules such as amphiphilic and ionic
linear polymers, star polymers, graft polymers and net-
works, the many studies on the ring-opening polymerization
of tetrahydrofuran (THF) and characterization of the
obtained macromolecules have been reported [8-11,
18-33]. However, the relationship between the properties
and morphology of POTM ionenes has not been well
understood, although the ionenes showed excellent mech-
anical properties. Thus, it will be emphasised in this article
that the counter-anion of aliphatic POTM ionenes influences
their morphology and consequently their properties, by
using the results of differential scanning calorimetry (DSC),
SAXS, wide-angle X-ray diffraction (WAXD), dynamic
mechanical analysis (DMA) and tensile measurement.

HoC X~
—{(CH2CH.CH.CH20)-CH2CHaCHzCHo~ N1,
HsC
X: Cl or Br

Fig. 1. Chemical structure of IP-Cl and IP-Br.

2. Experimental
2.1. Materials

Aliphatic POTM ionenes with chloride anions and
bromide anions were synthesised by cationic living
polymerization of THF using (CF5;S0,),0 (0.23 mol/l) as
an initiator at 0 °C under dry nitrogen atmosphere for 5 min,
followed by chain-extension reaction by adding six times
amounts of N,N’-dimethylaminotrimethylsilane relative to
the concentration of the initiator at 0 °C [33]. The yield was
16%. The exchanges of counter-anion of the ionene from
CF;SOj5 to halide anions were conducted by pouring the
THF/methanol (1/1) mixed solution of the polymer to 0.5N-
sodium chloride or 0.5N-sodium bromide aqueous solutions
at room temperature (r.t.), respectively, and the procedure
was repeated four times. The polymers were purified by the
precipitation method from the methanol solution to water
and followed by dialysis in water for ca. 30 h using
Cellulose Dialyzer Tubing VT351 (Nacalai Tesque, Inc.,
Japan, cut-off 3500). This procedure was repeated three
times and the polymers were dried at 30 °C under the
reduced pressure.

The chemical structures of IP-Cl and IP-Br were
confirmed by 'H-NMR and '*C-NMR on a Fourier-trans-
form high resolution NMR spectrometer JEOL GX-400
(Nippon Denshi Co.) in CDCl; with tetramethylsilane at r.t.
IP-Cl: 'H-NMR; 6: 1.62 ppm (methylene protons of
—CH,CH,CH,CH,0-), ¢: 3.41 ppm (methylene protons
of -CH,CH,CH,CH,0-), §: 3.33 ppm (methyl protons
of -NT(CH;),-). PC-NMR; 6: 26.24, 26.43, 26.62,
26.67 ppm (methylene carbons of -CH,CH,CH,CH,0-), ¢:
70.21, 70.30, 70.41, 70.50, 70.61 ppm (methylene carbons
of -CH,CH,CH,CH,0-), 6: 69.19 ppm (methylene carbons
of -OCH,CH,CH,CH,-N*(CH3),-), 6: 29.61 ppm (meth-
ylene carbons of —OCHZCH2CH2CH2—N+(CH3)2—), 0:
19.97 ppm (methylene carbons of —OCH,CH,CH,CH,—
N7*(CH;3),-), 6: 63.59 ppm (methylene carbons of
—~OCH,CH,CH,CH,-N " (CH3),-), 6: 50.96 ppm (methyl
carbons of -NT(CH;),-). IP-Br: '"H-NMR; &: 1.62 ppm
(methylene protons of -CH,CH,CH,CH,0-), o:
3.41 ppm (methylene protons of —-CH,CH,CH,CH,0-),
0: 3.33 ppm (methyl protons of -N T(CH;3),-).

IR measurement of the ionenes was also carried out on an
infrared spectrometer FTIR-4100 (Shimadzu Co.). IR (thin
films prepared by casting from the chloroform solutions at
30°C): IP-Cl: »(CH,) 2855, 2938 cm™ ', »(C—O-C)
1113cm ™', 6(CH) 1368 cm™'. IP-Br: »(CH,) 2859,
2938 cm ™', »(C-O-C) 1111 cm™ ", 6(CH) 1368 cm ™.

Molecular weight between the ionic units was measured
by a quantitative analysis using an inversion recovery
method in 'H-NMR. IP-CI: 2380, IP-Br: 2480. The
molecular weights between the ionic units were also
evaluated by an elemental analysis. IP-Cl: 2340, IP-Br:
2250. Both values were almost in good agreement for IP-Cl
and IP-Br, respectively. The elemental analysis of the
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ionenes was conducted at the Elemental Analysis Center of
Kyoto University. IP-CI. Anal. Calcd C; 65.87, H; 11.14, N;
0.59, CI; 1.49. Found: C; 63.66, H; 11.25, N; 0.59 CI; 1.34.
IP-Br. Anal. Calcd C; 64.76, H; 10.92, N; 0.60, Br; 3.42.
Found: C; 63.27, H; 11.27, N; 0.60 Br; 2.93. From the data
of nitrogen contents, the degrees of exchange reaction of
counter-anion for IP-Cl and IP-Br were estimated to be 90
and 86%, respectively.

The reduced viscosity (ns/c) of the ionenes was
measured with an Ubbelohde viscometer at 30 °C in a
thermostatic bath. The ionenes were dissolved in 0.IN
methanol solution of ammonium chloride and ammonium
bromide for IP-Cl and IP-Br, respectively. n4,/c is plotted as
a function of concentration (c) and the intrinsic viscosity
was determined. Here, 1y, = (7 — 19)/19, where 1 and 7,
represent the viscosity of the solution and solvent,
respectively. The intrinsic viscosity of IP-Cl and IP-Br
were 0.58 and 0.55 dl/g, respectively. In our previous paper,
the weight average molecular weight (M,,) of IP-Br, whose
intrinsic viscosity was 0.44 dl/g in 0.1N methanol solution
of ammonium bromide at 30 °C, was measured to be
48,000 g/mol by a light scattering measurement [33].
Although the M, of IP-Cl and IP-Br studied here was not
measured, it was estimated to be larger than 48,000 g/mol.

2.2. Preparation of IP-Cl and IP-Br films

The films of IP-Cl and IP-Br were prepared by casting
their 5% chloroform solutions on Teflon molds at 30 °C and
were dried under a reduced pressure at 30 °C. The thickness
of the films was ca. 1 mm. The sample films were subjected
to the measurements after annealing at 40 °C for 12 h under
vacuum and followed by standing for one day under dry
atmosphere.

2.3. Differential scanning 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.

2.4. Dynamic mechanical analysis

The temperature dispersions of dynamic shear modulus
(G) and loss tangent (tan 6) of the polymer film were
measured on a dynamic mechanical analyzer (DVE-4V
Rheospectra of Rheology Co., Ltd., Japan). The sample
dimension was 5 mm X5 mm X ca. 1 mm. The strain mode
was used and the heating rate was 2 °C/min. The frequency
was 10 Hz.

2.5. Tensile measurement

Tensile test was carried out using a Tensile Tester TOM
100D (Shinko Tsushin Kogyo Co. Ltd.) on ring-shaped dry

samples at 25°C. The extension speed was set to be
100 mm/min.

2.6. Small-angle X-ray scattering measurement

SAXS measurement was carried out with the SAXES
optics installed at BL-10C of the Photon Factory, Tsukuba,
Japan [34], where an incident X-ray from synchrotron was
monochromatised to the wavelength of the X-ray (4)=
1.488 A with a double-crystal monochrometer and focused
to the cell position 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 ;\) 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 thermostated sample folder.

2.7. Wide-angle X-ray diffraction analysis

WAXD measurement was carried out at r.t. using a
rotating-anode X-ray generator (Rigaku-Denki, RU-300)
operated at 40kV and 240 mA. Cu Ko X-ray beams
monochromatised with a graphite monochrometer 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 utilised.

3. Basic formulation

Gelation in general has been described in terms of
multifunctional reaction in the classic Flory—Stockmayer
(FS) model [35]. Although many models were proposed to
improve our understanding on gelation mechanism, the FS
model has an advantage in its simplicity to specify the
gelling system explicitly with two parameters (i.e., the
functionality (f) and the fraction of reacted functional
groups «) and defines a gel point uniquely. The model was
also applied to calculate the scattering profile from the
gelling system within the framework of the cascade process
[16,17,36-38].

The cascade theory for random f-functional polyconden-
sates [12] was extended to calculate the scattering intensity
as a function of the magnitude of the scattering vector (q) for
the gelling system [13,14]. Since the scattering intensity
(I(g)) was given for the system where the scattering units
were dispersed as [39]
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Iq) =Y A sin(gry)lg; (1)

i=1 j=1

when A; denoted the scattering amplitude of the ith
scattering unit, and r; was the distance between the ith
and jth units.

The scattering intensity from random f-functional poly-
condensates was calculated from Eq. (1) as [40]

I(q) = A%(@)(1 + ap)/[1 — (f — Dad] 2)

d= exp(—b2q2/6) 3

Here « was the fraction of reacted functional groups, and b*
was the mean-square distance between two nearest units.
The magnitude of the scattering vector was defined in term
of the wavelength of an incident beam (4) and the scattering
angle (0) as

g = 47/ X)sin(6/2) 4)

Eq. (2) involved three parameters, «, f and b. However, in
reality (f—1)a<1 up to the gel point and ® <1, so that
a® < 1. In these conditions, Eq. (2) was determined by two
parameters,b and (f— 1)a.

Eq. (2) implied that the scattering amplitude was
assumed to be common for all scattering units distributed
randomly in the system, so that Az(q) corresponded to the
particle scattering factor of the scattering unit. A%(q)=1 for
a point-like scattering unit as originally derived [36]. The
divergence of the scattering intensity at ¢ — 0 was expected
upon gelation from Eq. (2), which was also confirmed
experimentally.

In the case of physically crosslinked elastomers, the
model is considered to be composed of the small
heterogeneous domains, which are distributed over the
space (polymer matrix) in a random fashion, specified by
the cascade process [8]. The small heterogeneous domains
constitute the quasi crosslinks, which correspond to the
scattering units in the model. Since random association
forms the heterogeneous domains, the segment distribution
in the domains is supposed to be represented by the Debye—
Bueche correlation function. Thus, Eq. (2) is rewritten for
the model of the heterogeneous domains forming the
cascade network as

I(q) = Ip (@)1 + a®)/[1 — (f — Dad] ®)

Here f denotes the average number of ties from a single
heterogeneous domain. b* in Eq. (5) corresponds to the
mean-square distance between the nearest-neighbour het-
erogeneous domains. When the interdomain interaction is
taken into account, Eq. (5) is further modified as

I(q) = [Ip (@)1 + a®)/[1 — (f — Dad]]S(q) (6)

where S(q) denotes the interference term caused by the
interdomain interaction.
The interdomain interaction is represented by the

repulsion between domains. Since the heterogeneous
domains undergo thermal motion in the rubbery state, the
interaction is averaged over the distribution of domain sizes
and thermal motion. Thus, the interdomain interaction
potential could be represented by a Gaussian type, and
consequently the interference term is written as

S(g) = 1/[1 — C exp(—&2¢P)] 7

where £ is the correlation length specifying the range of
interaction, and C is a constant depending on the
concentration, the second virial coefficient and the weight
average molecular weight.

4. Results and discussion

4.1. Mechanical properties of IP-Cl and IP-Br

Fig. 2 shows the stress—strain curves of IP-Cl and IP-Br
films. Both films displayed very small stresses at low
elongations and rises of stress at high elongations. The
residual strain of these ionenes became large with the
increase of strain. For example, the residual strain after
100% stretching was very small, whereas that after 300%
stretching was ca. 20%. Since the stress of these ionenes was
increased by a strain-induced crystallization of POTM
segments, the residual strain became large at high
elongations due to the plastic deformation of POTM
crystalline phases of the ionenes. Generally, physically
crosslinked elastomers such as a thermoplastic elastomer
show both elastic and plastic deformations during stretch-
ing. Therefore, IP-Cl and IP-Br were classified as a
physically crosslinked elastomers. Comparing the tensile
properties of the samples, the abrupt increase of stress up to
ca. 30 MPa was observed at ca. 800% elongation for IP-Br
film, which suggests that the stress-induced crystallization
of POTM segments of IP-Br was more significantly
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Fig. 2. Stress—strain curves of IP-Cl and IP-Br at 25 °C.
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promoted than that of IP-Cl. The different characteristics of
these films were also appeared in their dynamic mechanical
properties.

Fig. 3 shows the temperature dispersions of G’ of these
ionene films. In both samples, the drops of G’ ascribed to the
glass transition of amorphous POTM phase, the melting of
POTM crystalline phase and the dissociation of ionic
aggregates were clearly detected during heating from
—120°C. However, the G’ of IP-Br above the glass
transition was larger than that of IP-Cl, and the flatter
rubbery plateau region was clearly observed in the former
than in the latter. Additionally, the physically aggregated
ionic domains of IP-Br, which function as crosslinking sites,
were more stable against the dynamic motion of DMA
under heating than those of IP-Cl. These differences suggest
that the morphologies of IP-Cl and IP-Br were not same.
Since their molecular weights between the ionic units and
intrinsic viscosities of IP-Cl and IP-Br were similar,
respectively, the difference in the chemical structures
between IP-Cl and IP-Br is considered to influence their
mechanical properties. Namely, a kind of counter-anion of
the ionenes is predicted to affect the formation of their
higher-order structures, which gave the characteristic
feature on their mechanical properties shown in Figs. 2
and 3.

4.2. Thermal properties of IP-Cl and IP-Br

The distinct feature of these ionenes was also detected in
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Fig. 3. Temperature dispersions of G’ and tan é for IP-Cl and IP-Br.
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Fig. 4. DSC curves of IP-Cl and IP-Br measured from r.t. to 270 °C.

thermal properties. Figs. 4 and 5 show the DSC curves of the
sample films. The former displays the results of heating
process from r.t. to 270 °C and the latter does those of cycle
measurement from — 120 to 150 °C. As shown in Fig. 4, the
melting peak of POTM crystalline phase was not detected in
IP-Br during heating from r.t., whereas it was clearly
appeared at 29.4°C for IP-Cl. Additionally, the phase
transition temperature of the dissociation of ionic segment
domains (7},;) was found to be higher and broader in IP-Br
than in IP-Cl. These observations suggest that the ionic
segments of the former aggregated more tightly and stably
than those of the latter. Consequently, the ionic domains
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Fig. 5. DSC curves of IP-Cl and IP-Br measured repeatedly from — 120 to
150 °C.
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seem to have prevented the crystallization of POTM
segments in IP-Br at r.t. The difference in the thermal
stability of ionic domains for the samples was in good
agreement with those detected by DMA.

These thermal characteristics of the ionenes also
appeared in the cycle measurement of DSC. As shown in
Fig. 5, the amorphous POTM phase of IP-Br was
recrystallised at ca. —20 °C during first heating of 10 °C/
min, whereas that was not detected in IP-CL. It was
attributable to the presence of much amorphous phase in
IP-Br at r.t., which was also resulted in lower T, lower Ty,
and smaller heat of fusion in the melting (AT,,) of IP-Br than
those of IP-Cl. In the rapid cooling process by pouring
liquid nitrogen by hand, the amorphous POTM of IP-Br was
hardly crystallised due to the presences of ionic domains,
and followed by recrystallising the POTM amorphous phase
during heating at 10 °C/min. Therefore, the melting peak at
16.6 °C is ascribed to the melting of newly formed POTM
crystalline phase by recrystallisation.

On the other hand, the recrystallisation process was not
detected for IP-Br in the cooling process from 150 °C,
whereas the clear recrystallisation peak was appeared at
—35.7 °C in the DSC curve of IP-Cl under the cooling from
150 °C. This difference suggests that the presence of ionic
domains in the IP-Br matrix prevented the recrystallisation
of POTM segments under cooling condition of this study.
These results also suggest the difference in the higher-order
structures of these ionenes, especially in the formations of
ionic domains and crystalline phases in the matrixes.

4.3. Morphology of IP-Cl and IP-Br

The results of DMA, DSC and tensile test indistinctly
give us the image of morphologies for IP-Cl and IP-Br, but
the detail on their morphology such a size of ionic domain
and distance between the ionic domains in the POTM matrix
was not clear. Additionally, our TEM and AFM were not
useful for these samples to observe their morphologies.
Thus, the films of IP-Cl and IP-Br were subjected to the
SAXS measurement for their morphological study, and the
obtained SAXS profiles were analysed by our proposed
method for physically crosslinked elastomers [8—11].

In Fig. 6, the observed SAXS profiles at r.t. from IP-Cl
and IP-Br are illustrated, where one broad scattering peak
was appeared in each film. This means that there existed no
well-ordered morphology, such as lamellae, hexagonally
close-packed cylinders and simple cubic packed spheres,
which can be identified from the relative peak positions in
the SAXS profile. Then, each profile from the ionenes was
analysed using Eq. (6), that is, in term of the cascade model
incorporated in the Debye—Bueche term and the interaction
term, according to the method of our previous reports
[8-11]. As shown in this figure, good fittings were achieved
in all g regions between the observed SAXS data and
calculated scattering profiles based on Eq. (6). Here, the
model is described by a set of structural parameters; the size
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Fig. 6. Observed SAXS profiles (O) of IP-Cl and IP-Br at 25 °C and the
calculated profiles based on Eq. (6) (solid lines).

of the physically aggregated ionic domains (a), the average
distance between the centers of neighbouring aggregated
ionic domains (b) and their interaction distance (£). Table 1
summarises the values of structural parameters, which
yielded the best fitting profiles to respective observed SAXS
data. Here, the product of a and (f—1) was found to be
almost 1 in both samples, which means that these ionenes
were in the vicinity of the gel point at r.t. from the viewpoint
of the cascade model. Schematically, the morphologies of
IP-CI and IP-Br are displayed in Fig. 7 using these structural
parameters shown in Table 1 and the results of DSC. The
higher-ordered structure of IP-Br was concluded to be
composed of the amorphous POTM segments matrix and
ionic segments domains, whereas that of IP-Cl was
composed of three phases, i.e., the amorphous POTM
segments matrix, POTM crystalline phase and ionic
segments domains.

The presence of crystallites in IP-Cl was supported by
WAXD measurements as shown in Fig. 8, where a
diffraction ring and amorphous hallow were detected at

Table 1

Structural parameters determined by SAXS at 25 °C

Sample code aA) b (A) £ (A) (f—Da
IP-Cl 21.0 61.3 234 1.00
IP-Br 15.4 54.7 24.8 0.96
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Fig. 7. Schematic morphologies of IP-Cl and IP-Br at 25 °C.

r.t. However, the diffraction ring was not so clear, which
means the crystalline phase of PI-Cl was not so stacked.
Since no scattering peak due to the POTM crystalline phase
was also detected in SAXS at r.t. for IP-Cl, the crystalline
phase of IP-Cl is considered to be composed of POTM
crystallites. The WAXD of IP-Br, on the other hand, showed
only amorphous hallow at r.t. These observations were also
in good agreement with the DSC results.

4.4. Relationship between the properties and morphology of
aliphatic POTM ionenes

The SAXS analysis based on the cascade model for

randomly branched f-functional polycondensates incorpor-
ated in the Debye—Bueche random-two-phase model and the
interference term by the interdomain interaction brought
about useful results to discuss the relationship between the
properties and morphology of the ionenes. Namely, the
smaller size of ionic domain and shorter distance between
the ionic domains in IP-Br than in IP-Cl at r.t. were clearly
appeared in the nanometer scale as shown in Table 1. These
observations mean that the crosslinking density of IP-Br
was larger than that of IP-Cl. The smaller ionic domains
dispersed in IP-Br matrix with a higher crosslinking density
in the amorphous POTM matrix compared with IP-Cl,
which gave characteristics of mechanical properties to IP-Br
film: the G’ above 30 °C was larger, the rubbery plateau
regions were flatter and the stress at r.t. was higher in IP-Br
than in IP-Cl, although the POTM crystallites existed in
IP-Cl at r.t.

In this SAXS analysis, the correlation length of
interaction between the ionic domains (£) was also
evaluated. Since the & should in principle serve as a
measure for the distance over which the interaction between
domains extends, the mechanical properties of the aliphatic
POTM ionenes may be related with this contribution. The &
of both ionenes was similar with each other, but the
difference between the value of 2X£& and b was smaller in
IP-Br than in IP-Cl. This may suggest that the interaction
between the ionic domains of IP-Br was stronger than that of
IP-Cl, which brought about the high performance on the
mechanical properties for IP-Br.

Naturally, the properties of ionenes are also significantly
influenced by the degree of microphase separation between
the ionic segments and POTM segments. From the results of
DSC and DMA, the good microphase separation between
the ionic segments and POTM segments was qualitatively
detected in both IP-Cl and IP-Br. Since the T, and tan 6 peak
corresponding to the T, of IP-Br were lower and shaper than
those of IP-Cl, respectively, the microphase separation of
IP-Br seems to occur more clearly than IP-Cl. This point

IP-Cl1

IP-Br

Fig. 8. WAXD patterns of IP-Cl and IP-Br at r.t.
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may be one of the reasons for IP-Br to show the better
mechanical properties than IP-CI.

It is worth noting that the stress-induced crystallization
of POTM segments was promoted in IP-Br. The mor-
phology of these ionenes during stretching should be
significantly changed. Thus, we will investigate their
morphology under stretching in near future.

5. Conclusions

Aliphatic POTM ionenes with chloride anions and
bromide anions were synthesised, and the effect of
counter-anion on their properties and morphology was
investigated by tensile measurement, DSC, DMA, WAXD
and SAXS. The ionenes were classified as physically
crosslinked elastomers. The nano-scale structure of ionenes
was appeared by SAXS using a cascade model for randomly
branched f-functional polycondensates incorporated in
Debye-Bueche random-two-phase model and the interfer-
ence term by the interdomain interaction. The smaller size
of ionic domain and shorter distance between the ionic
domains in IP-Br than in IP-Cl at r.t. gave characteristics of
mechanical properties to IP-Br film: the G’ above r.t. was
larger, the rubbery plateau regions were flatter and the stress
at r.t. was higher in IP-Br than in IP-Cl. The analytical
method based on the cascade theory for physically
crosslinked elastomers is concluded to be one of the
powerful techniques for evaluation of the morphology of
ionic elastomers, especially when a direct observation by
TEM and AMF cannot be conducted. The morphological
change of the ionenes during stretching is our next subject
and will be reported in elsewhere.
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