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1. Introduction

Effect of alkyl side chain length on microscopic
structures and mechanical properties of ionically-
functionalized block polymer-based thermoplastic
elastomersy

Kei Suzuki,? Takato Kajita, 2@ Mako Ota,® Yuki Nakama, €2 ® Yuki Tamura,”
Saki Kinoshita, (2 ® Daisuke Kato, 2 ® Ryoji Oda,® Sadaharu Hashimoto® and
Atsushi Noro () xa.cd

Recently, the demand for thermoplastic elastomers (TPEs) with high tensile strength and toughness has
grown. In this study, we synthesized ionically-functionalized polystyrene-b-polyisoprene-b-polystyrene
(i-SIS(n)) containing 7.1 mol% of monosodium succinate mono-alkyl amide units in the middle | block of
SIS and investigated the effects of the alkyl side chain length on the formation of microscopic ionic aggre-
gates and the mechanical properties, where n represents the carbon number of the alkyl side chains. Both
neat SIS and i-SIS(n) formed cylindrical structures, while the microscopic structures in i-SIS(n) exhibited
slightly smaller domain spacing and poor orientation of domains compared to those in neat SIS.
Furthermore, i-SIS(n) formed microscopic ionic aggregates, and the core dimensions of these aggregates
increased as the alkyl side chain length shortened. The relaxation behavior of i-SIS(n) was associated with
the disassembly/re-assembly of the ionic aggregates. The time scale of this relaxation behavior tended to
be longer for i-SIS(n) with the shorter alkyl side chains, suggesting that the ionic aggregates in i-SIS(n)
with shorter alkyl side chains were stronger than those in i-SIS(n) with longer alkyl side chains. These
results were attributed to the easier approach among ion pairs, facilitated by the reduced steric hindrance
associated with the shorter alkyl chain length. Moreover, the ionic aggregates acted as physical cross-
links, leading to superior tensile properties of i-SIS(n) compared to neat SIS. Additionally, the shorter alkyl
side chains contributed to greater toughness as compared to the longer alkyl side chains.

molten polymer B with a T, lower than room temperature
exhibit high stretchability at room temperature.®* This stretch-

The recent syntheses of multi-component polymers prepared
by combining different polymers at the molecular level have
met a diverse range of needs. A block polymer is a type of
multi-component polymer that consists of two or more poly-
mers covalently bonded together.”” In particular, ABA triblock
copolymers composed of a glassy polymer A with a glass tran-
sition temperature (Ty) higher than room temperature and a
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ability arises because the ABA triblock copolymers form a
polymer network, with the soft middle B chains bridging
between the isolated hard domains consisting of the terminal
A chains. Thus, the ABA triblock copolymers behave as elasto-
mers at room temperature. The entire block polymer melts
when heated above a T, of the hard A segment. Consequently,
block polymer-based elastomers exhibit excellent processabil-
ity and are referred to as thermoplastic elastomers (TPEs).
Typical block polymer-based TPEs include styrenic TPEs
(TPSs) such as polystyrene-b-polybutadiene-b-polystyrene (SBS)
and polystyrene-b-polyisoprene-b-polystyrene (SIS) triblock
copolymers.”® The development of SBS and SIS began with
the discovery of living anionic polymerization by Szwarc and
coworkers.'”'! SBS became commercially available as Kraton
through Shell Chemicals."*'®* Demand for TPSs, which exhi-
bits rubber elasticity without vulcanization and offers excellent
processability, continues to grow as a cost-effective alternative
to vulcanized rubbers.'® For instance, in automotive appli-

This journal is © The Royal Society of Chemistry 2025
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cations, TPS is used in weatherstripping for window frames,
instrument panels for control systems, and insulation for
hoses and wires within the engine compartment.

In recent years, as the applications of TPEs have expanded,
demand has grown for tough TPEs with high tensile strength
and toughness, which is an indicator of resistance to material
breakage. To enhance the toughness of block polymer-based
TPEs, researchers have attempted to introduce noncovalent
interactions, such as hydrogen bonding,'*?® metal-ligand
coordination,””*  ionic  interactions, host-guest
interactions,””™** and others into the polymer chain. Weiss
and coworkers synthesized block polymer-based TPEs with
ionic groups in the hard A terminal chains by sulfonating the
polystyrene blocks in a triblock copolymer.*> Long and co-
workers reported ABA triblock copolymer-based TPEs with
hydrogen bonding groups in the A terminal chain.*® On the
other hand, in 2015, we synthesized poly(4-vinylpyridine)-b-
poly(n-butyl acrylate-co-acrylamide)-b-poly(4-vinylpyridine), by
incorporating hydrogen-bonding groups in the middle block
chain that behaves as a soft segment at room temperature.*”"*?
Yoshie and coworkers also reported ABA triblock copolymer-
based TPEs composed of norbornene backbones with hydro-
gen-bonding groups.*® Additionally, Robertson and a coworker
have prepared styrenic ABA triblock copolymers with hydro-
gen-bonding groups in the acrylate middle block.>

We have also developed ionically-functionalized SIS (i-SIS)
containing ionic monosodium succinate mono-n-butyl amide
units in the middle I block.”*™>® With metal alkoxide, the i-SIS
was synthesized by neutralizing hydrogen-bonded SIS (h-SIS)
containing succinic acid mono-n-butyl amide units. The h-SIS
was synthesized by reacting normal butylamine with succinic
anhydride-incorporated SIS (s-SIS), which was synthesized by
introducing succinic anhydride units into the I block of SIS. In
the i-SIS films, microscopic ionic aggregates were formed due
to ionic interactions between carboxylate anions and metal
cations.>®*® These ionic aggregates acted as transient physical
cross-linking domains, increasing the apparent cross-link
density and resulting in higher stress.>® Meanwhile, the revers-
ible disassembly and re-assembly of the ionic aggregates
during elongation can dissipate the stress applied on the poly-
styrene hard domains, thereby maintaining high strain capa-
bility. Consequently, i-SIS exhibited excellent toughness.
Furthermore, i-SIS containing specific types of metal cations
exhibited higher impact resistance than glass fiber reinforced
plastics (GFRPs), which are typical high-strength materials. In
addition, we reported that peel strength and impact resistance
of cured adhesives were enhanced by mixing an epoxy resin
with h-SIS, compared to an adhesive without h-SIS.>”

In the monosodium succinate mono-n-butyl amide unit in
the i-SIS, the alkyl group positioned near the sodium carboxy-
late ion pair could introduce steric hindrance and affect the
ability of the sodium carboxylate ion pairs to interact. A
shorter alkyl chain could reduce steric hindrance, allowing the
ion pairs to more easily approach each other and to form
microscopic ionic aggregates composed of the ion pairs
(Fig. 1). Consequently, i-SIS with a shorter alkyl chain in the

34-41
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Fig. 1 (a) Chemical structure of i-SIS(n) and schematic molecular-level
illustrations of i-SIS with (b) short, and (c) long normal alkyl side chains
around ionic groups. The black short lines, pink curved lines, and green
short lines represent polystyrene, polyisoprene, and normal alkyl side
chains, respectively. The small blue and red spheres represent carboxy-
late anion and sodium cation, respectively. The regions composed of the
black short lines depict isolated glassy polystyrene domains, while the
blurred light blue spheres illustrate ionic aggregates.

monosodium succinate mono alkyl amide unit is expected to
exhibit superior mechanical properties compared to i-SIS with
a longer alkyl chain. However, the effects of the length of the
alkyl side chain on the mechanical properties have not been
evaluated, despite the importance of such an evaluation in
controlling the mechanical properties of i-SIS.

In this study, we have synthesized i-SIS with alkyl side
chains of varying lengths around the ionic groups (i-SIS(n)),
where n represents the carbon number of the alkyl side chains
(n =1, 4, 8, and 12). The i-SIS is synthesized by reacting s-SIS
with normal alkylamines of different carbon numbers to
convert succinic anhydride units into succinic acid mono alkyl
amide units, followed by neutralization with a metal alkoxide.
The effects of alkyl side chain length in the i-SIS(n) on the for-
mation of microscopic ion aggregates and mechanical pro-
perties are investigated.

2. Experimental
2.1 Materials

Neat SIS was synthesized via sequential living anionic polymer-
ization, followed by purification through reprecipitation. The
number-average molecular weight (M,,) and dispersity (M.,/My)
of neat SIS were determined to be 175k and 1.12, respectively,
by gel permeation chromatography (Fig. S1t), which was cali-
brated with polystyrene standards. The weight fraction of poly-
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styrene of neat SIS was determined to be 19 wt% by "H NMR.
Maleic anhydride, normal butylamine, normal octylamine,
and normal dodecylamine were purchased from TCI. A 2 mol
L™" tetrahydrofuran (THF) solution of methylamine was sup-
plied from Sigma-Aldrich. Sodium methoxide in methanol (ca.
5 mol L") was also supplied from TCI. Irgafos 168 and
Irganox 565 used as antioxidants were purchased from BASF.

2.2 Synthesis of ionically functionalized SIS

Scheme 1 shows synthetic scheme of i-SIS. The s-SIS was syn-
thesized according to our previous report,>"*>*” where the
molar fraction of succinic anhydride units in the polyisoprene
block of s-SIS was 7.1 mol% (see also the GPC chromatogram
of s-SIS in Fig. S17). A typical synthetic procedure for synthesiz-
ing h-SIS is as follows: s-SIS (approximately 4 g) was dissolved
in dried tetrahydrofuran (THF) (40 mL) under an argon gas
atmosphere. A normal alkylamine (methylamine, butylamine,
octylamine, or dodecylamine) (3-4 molar equivalents per suc-
cinic anhydride unit in s-SIS) was added to the solution, and
the mixture was stirred at 50 °C for 24 h. The product was then
reprecipitated using acetonitrile to yield succinic acid mono-
alkyl amide unit-incorporated SIS, designated as h-SIS(n),
where n represents the carbon number of the normal alkyl-
amine used, ie., the carbon number of the alkyl group
attached to the nitrogen atom of the amide group in h-SIS.

Finally, ionically-functionalized SIS, i-SIS(n), was syn-
thesized by neutralizing carboxy acid groups in h-SIS(n) with
sodium methoxide, following our previous report.>*> i-SIS(n)
films were prepared by a solution-casting method using a
mixed solvent of THF/methanol (9/1, wt/wt) with antioxidants
at 40 °C for 2 days, followed by vacuum drying at 40 °C for 2
days.

2.3 Characterizations

GPC measurements were carried out using an HPLC system
(HPLC pump: Shimadzu LC-20 AD; column oven: Shimadzu
CTO-204; refractive index (RI) detector: RID-20A; column: two
TSKgel GMHyg-M columns [Tosoh]) to determine the M, and
M, /M, of neat SIS and s-SIS, and to confirm whether any side
reactions, such as multimer formation or decomposition,
occurred during synthesis of s-SIS. The eluent solvent was
THF, and molecular weights were calibrated with polystyrene
standards.

"H NMR spectra were recorded using an AVANCE III HD
500 MHz NMR spectrometer (Bruker) to estimate the fraction

1. o{fo
2. CH3—€CH2tl;lH2
n=1,428,12

SIS

Scheme 1 Synthesis of i-SIS(n).
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of succinic anhydride and alkylamide units. Deuterated chloro-
form was used as a solvent.

Fourier transform infrared (FT-IR) spectroscopy of neat SIS,
s-SIS, h-SIS(n), and i-SIS(n) was performed using an FT/IR-6100
spectrometer (JASCO) at ambient temperature. Samples were
prepared on a potassium bromide plate using the drop-casting
method.

Differential scanning calorimetry (DSC) was performed
using a Q2000 calorimeter (TA Instruments) to determine glass
transition temperatures (T,s) of i-SIS(n). Measurements were
carried out over a temperature range from —70 to 125 °C at a
heating rate of 10 °C min™", under a nitrogen gas flow rate of
50 mL min~".

2.4 Measurements

Transmission electron microscopy (TEM) observation was
carried out to observe the nanostructures of the i-SIS(n) films
using an HT7700 electron microscope (Hitachi) operated at an
acceleration voltage of 100 kV. Ultrathin sections of samples
were prepared by embedding sample films in an epoxy resin,
followed by sectioning using a cryo-microtome method. The
sections were stained with osmium tetroxide (OsO,) vapor for
enhanced contrast.*>%>°

Small-angle X-ray scattering (SAXS) measurements were also
conducted using a NANOPIX diffractometer (Rigaku) to evalu-
ate the microscopic structure of the i-SIS(n) films. The wave-
length of the X-ray was 0.154 nm, and the camera length was
set to 1344 mm.*®**® To determine the dimension of ionic
aggregates in the i-SIS(n) films, we assumed that spherical
ionic aggregates were randomly dispersed and simulated the

SAXS patterns using the Yarusso-Cooper model®*®" expressed
by the following equations:
A 1
) = v gr) —gy 1)
p 1+ — 45(2qRCA)
Yp
4
V= ETCR13 (2)
4
Vca = ETCRCAS (3)
sin x — x cos x
B(x) = 3R X - XCosx (4)

x3

where A, v, Ry, and 2Rc, are a constant, the average sample
volume occupied by one particle of the ionic core, the radius
of the electron dense ionic core, and the closest approach dis-

This journal is © The Royal Society of Chemistry 2025
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tance between two aggregates composed of the ionic core and
the hydrocarbon shell, respectively.®*®> In this study, curve
fitting was performed using the relative scattering intensity
(Ire1(g))- When the fitting was performed on I, (g), rather than
on the absolute intensity (I(q)), the shape of the SAXS pattern
is determined by three parameters (R;, Rca, and vp). The coeffi-
cient Av,/v,, is treated as an adjustable parameter for intensity
scale. Therefore, the A value itself does not carry physical
meaning in this context.®>

To investigate the dynamic mechanical behavior of i-SIS(n),
dynamic mechanical shear measurements were performed
using an ARES-G2 shear rheometer (TA Instruments) equipped
with 8 mm diameter parallel plates. The measurements were
conducted within an angular frequency (w) range from 4.0 x
10* to 1.0 x 107> s7' at ambient temperature. Temperature
ramp tests were also performed from —50 to 130 °C at a
heating rate of 2 °C min~" under a 1% strain at an w of 1 57",

Tensile tests were also carried out at ambient temperature
with an approximately 10 mm initial specimen distance
between jigs using an AGS-X mechanical tester (Shimadzu) to
evaluate the mechanical properties of i-SIS(n). The elongation
rate was set at approximately 1.0 mm s, corresponding to an
initial strain rate (¢,) of 0.10 s™*.**°1>2 Test specimens with a
thickness of approximately 0.90 mm were prepared by punch-
ing the solution-casting films with a die conforming to the
standards of ISO 37:2017 Type 4 (JISK 6251:2017 Dumb-bell
Type 7). Tests were conducted at least three times for each
sample.

3. Results and discussion
3.1 Characterizations of h-SIS(n) and i-SIS(n)

3.1.1 NMR measurements. Using 'H NMR spectroscopy,
we estimated the incorporation fraction of functional groups
in h-SIS(n) and its precursor, s-SIS. Fig. 2 shows the "H NMR
spectra of s-SIS, h-SIS(1), h-SIS(4), h-SIS(8), and h-SIS(12),
along with the partial chemical structures present in the poly-
mers (see also the 'H NMR spectrum of neat SIS in Fig. S27).
The mole fraction of the succinic anhydride unit attached to
the I block in s-SIS was estimated to be 7.1 mol%, based on
the integral ratio of the peak at 4.5-5.4 ppm, originating from
the protons on the double bonds of the polyisoprene unit (d
and e), and the peak at 2.3-3.5 ppm, originating from the
three protons (h’ and i) on the succinic anhydride unit and
the one proton (g') on the carbon atom adjacent to the succi-
nic anhydride unit. In the spectrum of h-SIS(1), the peaks orig-
inating from the g’-i’ protons in the spectrum of s-SIS shifted
due to the reaction of the succinic anhydride unit with methyl-
amine. The progress of the acyl substitution reaction between
the succinic anhydride unit and methylamine was estimated
to be 94% conversion. This value was determined by compar-
ing the integral ratio of the peaks originating from the g'-i’
protons with the integral ratio of the peaks at 2.3-3.2 ppm
originating from the protons on the methine group (h),
methylene group (i), and methyl group adjacent to the nitro-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 'H NMR spectra of s-SIS, h-SIS(1), h-SIS(4), h-SIS(8) and h-SIS
(12), and chemical structures of polystyrene, poly(1,4-isoprene), poly
(3,4-isoprene), succinic anhydride incorporated-poly(1,4-isoprene), and
hydrogen bonding group-incorporated poly(1,4-isoprene), where
chemical structures of other isomers are omitted for simplicity.

gen atom (j), and the methine group (g) to which the succinic
acid monomethyl amide unit (-CH(COOH)-CH,-CONH-CH3;)
was attached.

'"H NMR spectroscopy for h-SIS(4) revealed the peaks
derived from the g'-i’ protons in the spectrum of s-SIS shifted
due to the reaction of the succinic anhydride unit with normal
butylamine, similar to changes observed in h-SIS(1). On the

Polym. Chem., 2025, 16, 2232-2243 | 2235
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other hand, the chemical shift of the peak originating from
the succinic acid mono alkyl amide unit differed from that of
h-SIS(1) since the nitrogen atom in the amide group was adja-
cent to a methylene group instead of a methyl group. Namely,
peaks originating from the protons on the methine group of
the succinic acid mono-n-butyl amide unit (h), the methylene
group adjacent to the carbonyl group (i), and the methine
group (g) adjacent to the succinic acid mono-n-butyl amide
unit appeared at 2.3-3.0 ppm. Peaks originating from the
protons on the methylene group adjacent to the nitrogen atom
of the succinic acid mono-n-butyl amide unit (k) appeared at
3.0-3.5 ppm, while a peak originating from the protons on the
methyl group of the succinic acid mono-n-butyl amide unit (1)
appeared at 0.8-1.0 ppm. A comparison of the integral ratio of
the peaks originating from the g'-i' protons with that of the
peaks originating from k protons revealed that the acyl substi-
tution reaction between the succinic anhydride unit and
n-butylamine progressed to over 99% conversion. The "H NMR
spectra of h-SIS(8) and h-SIS(12) were similar to that of h-SIS
(4). The acyl substitution reaction between the succinic
anhydride unit and the normal alkylamine progressed to 96%
conversion and over 99% for h-SIS(8) and h-SIS(12), respect-
ively, based on estimations performed in the same manner as
for h-SIS(4). In summary, more than 90% conversion of the
succinic anhydride units to amide unites were found in all
h-SIS(n).

3.1.2 FT-IR measurements. FT-IR spectroscopy was also
performed on neat SIS, s-SIS, h-SIS(1), and i-SIS(1) to confirm
the presence of hydrogen bonds and the progress of the reac-
tion. We measured the FT-IR spectra in the range of
1500-2000 cm™" (Fig. 3a), where absorption bands mainly
attributed to the stretching vibration of the carbonyl group
(C=0) appeared. We also measured the spectra in the range of
3100-3600 cm™" (Fig. 3b), where absorption bands primarily
derived from the stretching vibrations of the N-H in the amide
group and the O-H in the carboxyl group appeared.
Absorptions derived from the stretching vibration of C=0 in
the succinic anhydride unit appeared at 1790 and 1864 cm™*
in the s-SIS spectrum. In contrast, these absorptions dis-
appeared in the h-SIS(1) spectrum, where new absorptions
appeared around 1710-1730 cm™ ' and 1640 cm™, corres-
ponding to the C=O stretching vibrations of the carboxyl
group and amide group, respectively.'®?%°10%%* 1n addition,
the spectrum of h-SIS(1) showed broad absorption bands at
approximately 3230-3470 cm™’, corresponding to the O-H
stretching vibration of the hydrogen-bonded carboxyl group
and the N-H stretching vibration of the hydrogen-bonded
amide group. These absorption bands were not observed in
the s-SIS spectrum. The results indicated that the succinic
anhydride unit in s-SIS reacted with methylamine to form a
carboxyl group and an amide group in h-SIS(1). Additionally,
the FT-IR spectra in Fig. S31 revealed that other h-SIS(n) had
absorptions derived from carboxyl and amide groups, similar
to h-SIS(1).

In the FT-IR spectrum of i-SIS(1), the absorption band at
1710-1730 cm™" nearly disappeared, while a new absorption

2236 | Polym. Chem., 2025, 16, 2232-2243

View Article Online

Polymer Chemistry

—
QO
~

neat SIS

Abs. (a.u.)

h-SIS(1) /> T

i-SIS(1)

I 1 1 | 1 l L | 1

1800 1600
Wavenumber (cm)

2000

(b)
neat SIS

Abs. (a.u.)

1 1 1 | 1 1 1 | 1

3400 3200
Wavenumber (cm”')

3600

Fig. 3 FT-IR spectra of neat SIS (black dotted line), s-SIS (pink dashed
line), h-SIS(1) (orange dashed-dotted line), and i-SIS(1) (red solid line)
within the wavenumber ranges of (a) 1500 to 2000 cm™ and (b) 3100 to
3600 cm™.

band corresponding to the stretching vibration of the ionic
carboxylate group appeared around 1570 cm “*%%! In
addition, the absorption bands around 3230-3470 cm™*
observed in the spectrum of h-SIS(1) slightly shifted to approxi-
mately 3170-3500 cm™", indicating the conversion of the
carboxy group to the ionic carboxylate group and the success-
ful synthesis of i-SIS(1). The changes in the absorption are due
to the conversion of carboxy groups to ionic carboxylate groups
in i-SIS(1), confirming the successful synthesis of i-SIS(1). As
shown by the FT-IR spectra in Fig. S3,1 the other i-SIS(n) also
contained the carboxylate groups converted from the carboxy
groups in the h-SIS(n).

3.1.3 DSC measurements. DSC measurements were carried
out to examine the effect of alkyl side chain length on the T,
of the middle block in i-SIS(n). Fig. 4 presents DSC thermo-
grams of neat SIS, i-SIS(1), i-SIS(4), i-SIS(8), and i-SIS(12).
Table 1 summarizes the T, of the middle I block for each
polymer, as determined by the DSC measurements. It should
be noted that the T, of the S block was not clearly observed in

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 DSC thermograms of neat SIS (black dotted line), i-SIS(1) (red
solid line), i-SIS(4) (green dashed line), i-SIS(8) (blue dashed-dotted line),
and i-SIS(12) (purple dashed-two-dotted line). Arrows indicate the posi-
tions of T, of the middle block.

the DSC measurements, probably due to the small volume
fraction of the S block.?**>°® The Ty, of the I block in neat SIS
was —61 °C, while the T, values of the ionically-functionalized
I (i-I) block in i-SIS(n) ranged from —50 to —44 °C. Thus, the i-I
block in the i-SIS(n) exhibited a slightly higher T, compared to
the I block in neat SIS. This result suggests that the ionic inter-
actions in the i-I block of i-SIS(n) slightly restricted the seg-
mental motions of the polymer chains. A comparison of the
i-SIS samples with different alkyl side chain lengths showed
that the T, of i-SIS(n) with a shorter alkyl side chain was
slightly higher than that of i-SIS(n) with a longer alkyl side
chain. The higher steric hindrance originating from the longer
alkyl side chain probably masked the ionic interactions, result-
ing in reduced restriction of the segmental motions of the
middle polymer chains. Additionally, the longer alkyl chain
probably behaves like a plasticizer. The middle block of i-SIS
(n) consists of approximately 7 mol% functionalized isoprene
monomer units and 93 mol% isoprene monomer units. As a
result, the T, is predominantly influenced by unmodified
93 mol% isoprene monomer units, and the effect of the alkyl
chain length in the functionalized isoprene monomer units on
the Ty is relatively small.

Table 1 Properties of neat SIS and i-SIS(n)s
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3.2 Nanostructures of i-SIS(n)

To investigate the effect of the alkyl side chain length in i-SIS
(n) on the formation of phase-separated structures and micro-
scopic ionic aggregates, we used TEM observation and SAXS
measurements to analyze the nanostructures of neat SIS and
i-SIS(n) films. In typical TEM images of neat SIS, i-SIS(1), i-SIS
(4), i-SI1S(8), and i-SIS(12) films, the polystyrene phase appears
brighter while the polyisoprene and ionically-functionalized
polyisoprene phases appear darker due to staining with OsO,
(Fig. 5).%°%°° A cylindrical structure resulting from phase sep-
aration of the block polymer was observed in the TEM image
of the neat SIS film, with a domain spacing of approximately
30-40 nm. Although orientation of domains in i-SIS(n) was
poorer than that in the neat SIS film, we confirmed that all the
i-SIS(n) films formed cylindrical structures with the domain
spacings of approximately 30-40 nm, similar to those of the
neat SIS film.

We compared the SAXS profiles of neat SIS, i-SIS(1), i-SIS(4),
i-SIS(8), and i-SIS(12) films (Fig. 6). In the profile of neat SIS,
the first-order peak (q,) was found at the scattering vector (g =
4msin @/2) of 0.18 nm™". Distinct peaks were also observed at
relative g positions of approximately 3“2, 4*2 72 92 and
12 with respect to g,, indicating that the neat SIS film
formed a cylindrical phase-separated structure. The domain
spacing (D = (4/3)"* x 27/q,) was estimated to be 41 nm based
on the g; value (Table 1), which was roughly consistent with
the D estimated from the TEM image. In the profiles of i-SIS
(1), i-SIS(4), i-SIS(8), and i-SIS(12) films, g, was found at g =
0.20 nm™', which was slightly higher than that of neat SIS.
Peaks were also found at relative g positions of approximately
32 412 712 and 9'* with respect to g,. However, the higher-
order peaks were very broad, unlike those of neat SIS. These
results indicate that the i-SIS(1), i-SIS(4), i-SIS(8), and i-SIS(12)
films also formed cylindrical structures, with D values esti-
mated to be ~36 nm (Table 1), which is smaller than that of
the neat SIS films. The smaller domain spacing of i-SIS than
that of neat SIS was probably resulted from the formation of
the ionic aggregates within the matrix of i-SIS(n). Accordingly,
the difference in domain spacing between neat SIS and i-SIS(n)
basically arises from a result of thermodynamic effects.
Furthermore, the broad peaks also suggest that the orientation

Sample T,“(°C) D’(nm)  R,°(nm) Rea? (nm) v (mm®) By ¥ (MPa)  opa " (MP2) &P (<) WS (MJ m™?)
Neat SIS —61 41 — — — 3.5+£0.1 9.0 +£0.1 30+0.2 130+ 2

i-S1S(1) —44 36 1.1 + 0.002 2.2 £0.0008 71+£0.1 32+1.2 33+£1.5 16 +0.3 320 +£20
i-SIS(4) —45 36 0.87 + 0.002 1.9 £ 0.002 68 £ 0.2 27 £0.9 31+1.1 17+ 0.6 300 +£19
I-SIS(S) —48 36 0.79 £ 0.005 1.7 £ 0.002 52+0.3 15+ 0.8 23 +3.5 18 +2.2 240 + 60
i-SIS(12) =50 36 0.73 £ 0.02 1.5 +£0.006 36 £0.6 8.3+0.3 14+ 0.3 19+1.0 150+ 9

“Glass transition temperature of the middle block.  Domain spacing estimated from SAXS profiles. “ Radius of the ionic core in the ionic aggre-
gate determined by the Yarusso-Cooper model. ¢ Radius of the ionic aggregate, composed of the ionic core and the hydrocarbon shell, deter-
mined by the Yarusso-Cooper model. © Average sample volume occupied by one ionic core. / Average value estimated by measuring at least three
test specimens of the same sample, with the standard error of the mean provided for at least three measurements. ¢ Young’s modulus, estimated
from the slope within a tensile strain range from 0 to 10%. " Tensile strength. / Elongation at break.’ Tensile toughness, estimated from the inner

area of the stress—-strain curve.

This journal is © The Royal Society of Chemistry 2025
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(b)

Fig. 5 TEM images of (a) neat SIS, (b) i-SIS(1), (c) i-SIS(4), (d) i-SIS(8),
and (e) i-SIS(12).

neat SIS

Log Intensity (a.u.)

g (nm’)

Fig. 6 SAXS profiles of neat SIS (black plus marks), i-SIS(1) (red open
circles), i-SIS(4) (green open squares), i-SIS(8) (blue open triangles), and
i-SIS(12) (purple open diamonds). The light-colored solid lines over the
profiles of i-SIS(n) represent fitting curves based on the Yarusso—Cooper
model.
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of the cylindrical domains in i-SIS(n) was less pronounced
compared to that in neat SIS. These findings roughly agreed
with the results of TEM observations. It is indeed possible that
annealing at a temperature higher than order-disorder tran-
sition (ODT) leads to better structural organization.

Meanwhile, the SAXS profiles of i-SIS(1), i-SIS(4), i-SIS(8),
and i-SIS(12) films showed a broad peak at ¢ > 1 nm™", which
was not found in the SAXS profile of neat SIS (Fig. 6). This scat-
tering peak originates from microscopic ionic aggregates.
These ionic aggregates may have restricted molecular motions
during the preparation of the i-SIS(n) films, probably contri-
buting to the difference in the D value and the orientation of
the cylindrical structures between neat SIS and i-SIS(n). We
also performed curve fitting using the Yarusso and Cooper’s
model®™®" represented by eqn (1)-(4) for the peaks originating
from the ionic aggregates. The fitting curves are shown in
Fig. 6 and the fitting parameters are summarized in Table 1.
The radius of the ionic core in the ionic aggregate (R;)
decreased as the alkyl side chain length increased; specifically,
R, of i-SIS(1) was 1.1 nm, while that of i-SIS(12) was 0.73 nm.
The radius of the ionic aggregate composed of the ionic core
and the hydrocarbon shell (Rc,) as well as the average sample
volume occupied by one ionic core (v,) also decreased as the
alkyl side chain length increased, where the reciprocal of v,
corresponds to the number density of ionic aggregates in the
samples. According to Table 1, the number density of ionic
aggregates in i-SIS(n) with shorter alkyl side chains was lower
than that in i-SIS(n) with longer alkyl side chains. The larger
dimensions of the ionic aggregates in i-SIS(n) with shorter
alkyl side chains resulted from the easier approach of ion
pairs, facilitated by the reduced steric hindrance associated
with the shorter alkyl chain length.

3.3 Dynamic mechanical properties of i-SIS(n)

Dynamic mechanical measurements were carried out to inves-
tigate the effect of alkyl side chain length on the mechanical
properties of i-SIS(n). These measurements afforded infor-
mation for the storage moduli (G'), loss moduli (G”) and tan §
(=G"/G") acquired by dynamic frequency sweep tests for neat
SIS and i-SIS(n) films at room temperature (Fig. 7). G' of neat
SIS was nearly constant at ~0.8 MPa over the frequency range
of 1.0 x 107°-4.0 x 10> 5™, whereas G' of all i-SIS(n) samples
varied with frequency, being higher at higher frequencies.
Notably, G’ of i-SIS(n) exceeded that of neat SIS above 10° s™*.
This result was attributed to the higher apparent cross-link
density of i-SIS(n), caused by the formation of the microscopic
ionic aggregates. We observed almost identical G’ curves for
i-SIS(n), i-SIS(1), and i-SIS(4) with shorter alkyl side chains. In
contrast, G’ of i-SIS(8) with longer alkyl side chains was lower
than that of i-SIS(1) and that of i-SIS(4). Furthermore, i-SIS(12)
showed an even lower G’ than i-SIS(8). The smaller dimensions
of the ionic aggregates in i-SIS(n) with the longer alkyl side
chains resulted in the lower G’ observed for i-SIS(n) with the
longer alkyl side chains. In addition, the G’ values of i-SIS(8)
and i-SIS(12) were lower than that of neat SIS at the low fre-
quencies, likely because the ionic aggregates contributed mini-

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Frequency dependence of (a) storage moduli, G', (b) loss moduli,
G", and (c) tan § acquired by dynamic mechanical tests at room temp-
erature for neat SIS (black plus marks), i-SIS(1) (red open circles), i-SIS(4)
(green open squares), i-SIS(8) (blue open triangles), and i-SIS(12) (purple
open diamonds).

mally as physical cross-links in the low frequency region where
the ionic aggregates were fully relaxed, while the longer alkyl
side chains may have acted as plasticizers across all frequency
range.

We observed no peaks in the tané curves of neat SIS.
However, a peak derived from relaxation modes associated
with the association and dissociation of the ionic aggregates
appeared in the tan § curves of i-SIS(n). The tan § curve of i-SIS
(1) with a short alkyl side chain displayed a peak with a tan §
value of 0.40 at 4.0 x 107> s, The tan § curve of i-SIS(4) also

This journal is © The Royal Society of Chemistry 2025
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had a peak at 4.0 x 107> s™*, with a tan § peak of 0.46, which
was slightly higher than that of i-SIS(1). This outcome suggests
that the relaxation mode originating from the ionic aggregates
in i-SIS(1) and i-SIS(4) arose on almost the same time scale,
while the stress dissipation capability associated with the
relaxation mode was slightly higher in i-SIS(4) than in i-SIS(1).
In the tan§ curve of i-SIS(8) with a long alkyl side chain, we
observed a peak with tan § = 0.47 at a higher frequency of 6.3 x
107" s7' compared to those of i-SIS(1) and i-SIS(4).
Additionally, a peak with tand = 0.53 appeared at an even
higher frequency of 4.0 x 10° s in the tan § curve of i-SIS(12)
compared to that of i-SIS(8). These results indicate that the
relaxation mode originating from the ionic aggregates in i-SIS
(n) with the longer alkyl side chains is observed on a faster
time scale than in i-SIS(n) with the shorter alkyl side chain.
The fast relaxation observed in i-SIS(n) with the longer alkyl
side chain may reflect the reduced ability of ion pairs to
approach each other, caused by the higher steric hindrance of
the longer alkyl side chains.

To evaluate the temperature dependence of the dynamic
mechanical properties of i-SIS(n), we also performed the
dynamic mechanical measurements with a temperature ramp
at 1 s7" (Fig. 8). The G' curve of neat SIS exhibited a glass tran-
sition region from —50 to —40 °C, which originates from the T,
of the I block, and a constant rubbery plateau with G’ of ~0.8
MPa in the range of —40 to 80 °C. Above 80 °C, G’ of neat SIS
decreased due to the T, of the S block. Namely, neat SIS exhibi-
ted the typical viscoelastic behavior of TPEs. On the other
hand, in the tan § curve of i-SIS(1), a peak with a tan § value of
0.39 was observed around 56 °C, attributed to the relaxation
mode associated with the association and disassembly of ionic
aggregates in the ionically-functionalized I (i-I) block.
Additionally, the G’ value in the temperature range below
56 °C was several times higher than the plateau value of neat
SIS. i-SIS(4) also exhibited dynamic viscoelastic behavior
similar to that of i-SIS(1). However, the tan § peak value, attrib-
uted to the relaxation mode of the association and dissociation
of the ionic aggregates in i-SIS(4), was 0.44, which was higher
than that of i-SIS(1). This result was similar to the trend seen
in the dynamic frequency sweep tests shown in Fig. 7. In the
tan § curves of i-SIS(8) and i-SIS(12) with the longer alkyl side
chains, tan § peaks appeared at 26 °C and 18 °C, respectively,
indicating that the relaxation mode originating from the ionic
aggregates assembly/disassembly in i-SIS(8) and i-SIS(12) is
observed at lower temperatures than those in i-SIS(1) and i-SIS
(4). This observation is consistent with the results acquired by
the dynamic frequency sweep tests as shown in Fig. 7. The
relaxation behavior at the lower temperatures in i-SIS(n) with
longer alkyl side chain was also attributed to the reduced
ability of ion pairs to approach each other, caused by the
higher steric hindrance of the longer alkyl side chains.
Furthermore, the G’ values of i-SIS(8) and i-SIS(12) were lower
than that of neat SIS above 30 °C or 40 °C, respectively, prob-
ably because the ionic aggregates contributed minimally as
physical cross-links in the lower temperature region where the
ionic aggregates were fully relaxed, and the longer alkyl side
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Fig. 8 Temperature dependence of (a) G', (b) G", and (c) tan § acquired
by dynamic mechanical tests for neat SIS (black dotted line), i-SIS(1) (red
solid line), i-SIS(4) (green dashed line), i-SIS(8) (blue dashed-dotted line),
and i-SIS(12) (purple dashed-two-dotted line).

chains may have acted as plasticizers in all temperature range.
These results are also consistent with the results acquired by
the dynamic frequency sweep tests shown in Fig. 7.

3.4 Tensile properties of i-SIS(n)

We evaluated the tensile properties of the neat SIS and i-SIS(n)
films including stress-strain curves (Fig. 9) and related para-
meters derived from these curves (Table 1). These values were
obtained from at least three measurements, where the average
values and standard errors of Young’s modulus (Ey) and
tensile toughness (W) were estimated from the slope of the
stress—strain curve within the strain range of 0-10% and the
inner area under the stress-strain curve (Fig. 9), respectively.
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Fig. 9 Typical tensile stress—strain curves of neat SIS (black dotted
line), i-SIS(1) (red solid line), i-SIS(4) (green dashed line), i-SIS(8) (blue
dashed-dotted line), and i-SIS(12) (purple dashed-two-dotted line).

The values for Ey, tensile strength (o,.), elongation at break
(éb), and Wy for neat SIS were 3.5 MPa, 9.0 MPa, 30, and 130
M] m~>, respectively (Table 1). The Ey, omax, €b, and Wy values
for i-SIS(12), which has the longest alkyl side chains, were 8.3
MPa, 14 MPa, 19, and 150 MJ m™>, respectively. In other
words, while the ¢, of i-SIS(12) was approximately 0.63 times
that of neat SIS, the Ey and o,ax Of i-SIS(12) were 2.4 and 1.6
times higher than those of neat SIS, respectively.
Consequently, the Wy of i-SIS(12) was also 1.2 times greater
than that of neat SIS. As the alkyl side chain length shortened,
e slightly decreased, whereas Ey and onax significantly
increased, leading to a significant increase in Wr. Specifically,
i-SIS(1), with the shortest alkyl side chain length, exhibited an
&p of 16, which was 0.84 times that of i-SIS(12). In contrast, the
Ey and o4 Of i-SIS(1) were 32 MPa and 33 MPa, respectively,
representing 3.9 times and 2.4 times higher values compared
to i-SIS(12). Thus, the Wy of i-SIS(1) was also 320 MJ m™,
which was 2.1 times greater than that of i-SIS(12). The higher
Ey and oy,ax values of i-SIS(n) compared to neat SIS reflect the
presence of the ionic aggregates, which act as physical cross-
links within the rubber matrix of i-SIS(7). The ionic aggregates
in i-SIS(n) with the shorter alkyl side chains exhibited large
dimensions due to the easier approach among ion pairs, facili-
tated by the reduced steric hindrance associated with the
shorter chain length. These larger ionic aggregates, composed
of a greater number of ion pairs, generated strong ionic inter-
actions, thereby acting as robust physical cross-links.
Consequently, i-SIS(n) with the shorter alkyl side chains exhibi-
ted higher stress compared to i-SIS(n) with the longer alkyl
side chains. Meanwhile, the ionic aggregates exhibited
dynamic mechanical properties, characterized by stress dissi-
pation effects. There effects are attributed to the repeated dis-
assembly of the aggregates under applied forces and their reas-
sembly upon the removal of the forces. The higher stress
resulting from the shorter alkyl side chains in i-SIS(n) facili-
tated the easier pull-out of polymer chains from the poly-
styrene hard domains during elongation, leading to a reduced
ep. On the other hand, the reduced steric hindrance associated

This journal is © The Royal Society of Chemistry 2025
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with the shorter alkyl chain length facilitated the easier
approach among ion pairs, enabling more effective stress dissi-
pation. This mechanism suppressed the pull-out of polymer
chains from the polystyrene hard domains during elongation.
As a result of these opposing effects, i-SIS(n) with the shorter
alkyl side chain lengths did not break at small elongations,
and its ¢, remained relatively unchanged.

4. Conclusions

In this study, we synthesized ionic thermoplastic elastomers,
i-SIS(n), and investigated the effects of side alkyl chain length
on the formation of ionic aggregates and their mechanical pro-
perties. The s-SIS containing 7.1 mol% of succinic anhydride
units was synthesized from neat SIS. Subsequently, h-SIS(n),
which contained carboxy groups, amide groups, and alkyl side
chains with carbon numbers (n) of 1, 4, 8, and 12, was syn-
thesized via acyl substitution reaction of normal alkylamine
with the succinic anhydride units in s-SIS. The four i-SIS(n)
samples with different alkyl side chain lengths were prepared
by neutralizing the carboxyl groups in h-SIS(n) using sodium
methoxide. TEM observations and SAXS measurements
revealed that both neat SIS and all the i-SIS(n) films formed
cylindrical structures. However, i-SIS(n) exhibited slightly
smaller domain spacing and a less oriented periodic structure
compared to neat SIS. SAXS measurements confirmed that the
i-SIS(n) films formed microscopic ionic aggregates, with core
dimensions of 1.1 nm for i-SIS(1) and 0.73 nm for i-SIS(12).
The larger ionic aggregates in i-SIS(n) with shorter alkyl side
chains, compared to those with longer alkyl side chains, were
attributed to the easier approach among ion pairs, facilitated
by the reduced steric hindrance associated with the shorter
alkyl chain length.

Dynamic mechanical measurements revealed that i-SIS(n)
exhibited a relaxation mode associated with the disassembly/
re-assembly of the ionic aggregates. At room temperature, the
tan 6 curves of i-SIS(1) and i-SIS(12) showed peaks at 4.0 x 1073
s! and 4.0 x 10° s7*, respectively. The presence of these peaks
suggests that the relaxation mode associated with the ionic
aggregates in i-SIS(n) with the shorter alkyl side chains is
observed on a slower timescale compared to that in i-SIS(n)
with longer alkyl side chains. Consequently, the ionic aggre-
gates in i-SIS(n) with shorter alkyl side chains acted as robust
physical cross-links. Due to the effects of the ionic aggregates
as physical cross-links, i-SIS(n) demonstrated superior tensile
properties compared to neat SIS. For instance, i-SIS(12) exhibi-
ted a omax that was 2.4 times higher and a Wy that was 1.2
times larger than those of neat SIS. Furthermore, the 6,,,0x and
Wr of i-SIS(1), which has the shortest alkyl side chains, were
2.4 and 2.1 times greater, respectively, than those of i-SIS(12).
The excellent tensile properties of i-SIS(1) were attributed to
the easiest approach among ion pairs, facilitated by the
reduced steric hindrance associated with the shortest alkyl
chain length, and the significant stress dissipation effects
arising from the repeated disassembly and reassembly mecha-
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nism of the ionic aggregates. In the future, we will investigate
and report tensile properties of the polymers before ionization.
We will also investigate thermal degradation properties, hydro-
philic/hydrophobic nature, and the elastic recovery properties
of i-SIS(n). i-SIS with shorter alkyl side chains was found to
exhibit superior tensile properties compared to i-SIS with
longer alkyl side chains. Additionally, our findings suggest
that adjusting the alkyl side chain length enables the customi-
zation of various viscoelastic and tensile properties, making
these ionic TPEs suitable for a wide range of applications
across fields.
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