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Tailoring dual cross-linked polymer-ionic liquid
composites by blending co-crystallizable polymers
for stretchable electronics+
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Facile adjustment of the behavior of dual cross-linked polymer-ionic liquid composites (PICs) for
stretchable electronics was achieved via solution blending of two copolymers having the same
monomer pairs. Two poly(docosyl acrylate-r-tert-butyl acrylate) (poly(A22-r-tBA)) copolymers with
different molar ratios were synthesized and solution-cast with ionic liquids (ILs) to fabricate ternary PICs.
The phase behavior and the thermal and structural properties of the composites were investigated by
varying the mixing ratio, providing insights into the cross-linking mechanisms. The observed changes
enabled systematic modulation of the stretchability, thermal stability, and self-healing capability of PICs,
which are crucial attributes of wearable devices. Mechanically tough and conductive PICs were utilized
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1. Introduction

Wearable electronics are poised to become mobile assistants,
doctors, and constant companions for humans through the
development of personalized electronic devices. For effective
communication, these devices need to be conformally attached
to human bodies. Considering the inherent difference in the
mechanical properties between conventional, rigid electronics
and soft, curvilinear human bodies, various methods have been
devised to achieve stretchable and flexible electronic devices.!
Electronic conductivity is generally imparted by hybridizing the
conductive components of various structures (e.g., Ag nano-
wires, carbon nanotubes, serpentine Au) with soft matrices or
substrates. On the other hand, hydrogels and ion gels (or ionic
liquid (IL) composites), which are network structures swollen
with water and ILs, respectively, have been employed for soft
electronics owing to their unique characteristics, encompassing
intrinsic malleability and conformality to any given shape. ILs
in the substrates are characterized by low vapor pressure and
thermal/chemical stability. Furthermore, ILs impart ionic
conductivity to the composites, making them applicable in
various wearable applications such as sensors and light-
emitting devices.”> Moreover, the mechanical and other
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in fabricating strain sensors capable of detecting human motion.

functional properties of the composites can be readily tuned by
adjusting the IL content and the type of network cross-linking.

Various semicrystalline polymers have been employed as
network scaffolds in the fabrication of polymer-IL composites
(PICs). Examples include poly(vinylidene fluoride-co-hexa-
fluoropropylene) (P(VDF-co-HFP)),> polyamide,” and poly-
caprolactone.’ The crystalline domains formed by the backbone
chains constitute the physical cross-links, and the properties of
the composite are determined by the crystalline morphology
and the degree of crystallinity. Furthermore, interactions
among side chains in comb-shaped polymers provide access to
a wide spectrum of properties that significantly differ from
those of linear polymers.® The crystallization of long alkyl side
chains and their applications have been extensively studied.
Jordan et al. studied the dependence of side-chain crystalliza-
tion on the content and chemical structure of randomly inter-
spersed amorphous co-units in copolymers.” A progressive
decline in the crystallinity was observed as the number of
incorporated amorphous units increased, which agreed with
the trend observed in the copolymers with crystallizable main
chains. However, the level of suppression was found to be much
more gradual compared to main-chain crystallization, allowing
the copolymers to retain their crystallinity over a wide range of
compositions. The crystallization behavior of copolymers con-
taining alkyl (meth)acrylates has been utilized in various
applications. Wrigley and coworkers reported that crystallizable
alkyl side chains in copolymers are capable of co-crystallizing
with compounds having similar chemical structures, and this
ability has enabled the common use of such copolymers as
pour-point depressants in oils.® Hattori et al. studied the
microphase segregation in bulk random copolymers with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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octadecyl pendants and observed nanostructures with a domain
spacing of 5-6 nm.® Notably, the size and morphology were
independent of the chain length. This differs from the phase
behavior typically exhibited by linear block copolymers in bulk
and thin-film states.'®'* Osada and Matsuda observed a shape
memory effect in octadecyl acrylate-based hydrogels.”> The
shape of a deformed gel was fixed through the reversible
formation of crystalline aggregates, and the original shape of
the gel was restored upon raising the temperature. The feasi-
bility of introducing additional cross-links upon temperature
variation has enabled the development of triple-shape materials
with alkyl (meth)acrylates.*

Considering the wide spectrum of PIC applications, it would
be desirable to devise general methods of tailoring the proper-
ties to individual applications, highlighting the need for facile
adjustment of the material properties. Physical blending is
a general method used to tune the properties of known poly-
mers. This process poses significant commercial implications
for the plastics industry.** The widespread interest in physical
blending is due in part to the fact that the process employs
polymers prepared via established synthetic methods, while the
new chemical structures obtained via a synthetic approach may
as well be implemented to adjust the properties. Physical
blending of existing materials is also anticipated to significantly
reduce the time and effort required for developing PICs. It is
important to note that there are only a limited number of
previous studies on solution-blended PICs,">"” and this scarcity
is primarily due to the challenges in achieving homogeneous
mixtures. Polymer blends exhibit the intrinsic tendency to
undergo phase segregation due to their large molecular
weights,'® leading to performance deterioration. Therefore, it is
generally important to achieve homogeneity in blended PICs,
while phase segregation can sometimes be beneficial for
performance enhancement in PICs.'**°

A second network or cross-linking is often introduced to
attain a double network or dual cross-linked network to over-
come the limitations of a single network. One common issue
with network structure is the trade-off relationship, where an
enhancement in one property often entails the loss of another
property. The introduction of the second network can generate
synergistic effects or incorporate new functionalities that are
not attainable with a single network. For example, dual cross-
linking based on strong and weak hydrogen bonding caused
the supramolecular network to exhibit exceptional mechanical
properties, while the single networks based on each type of
hydrogen bonding performed significantly worse.** A significant
enhancement in mechanical properties was attained via
a double-network structure consisting of interpenetrated rigid
and soft networks.??** Although the double-network structure is
generally realized via two-step sequential polymerization,
simple solution-blending may be used to incorporate multiple
network precursors and cross-linking mechanisms. For
example, poly(ethylene oxide) (PEO) homopolymers and tri-
block copolymers of PEO and poly(propylene oxide) (PPO) were
solution-cast to fabricate self-standing PICs.” The dual-
dynamic network in PICs imparted mechanical toughness and
enabled nearly complete self-healing within 2 min at room
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temperature. Similarly, the hydrogen bonding within the
mixtures of poly(vinylpyrrolidone) (PVP) and semicrystalline
poly(vinyl alcohol) (PVA) polymers contributed to the formation
of self-healable PICs.’* Double-network PICs were obtained by
blending methacrylate copolymers and semicrystalline P(VDF-
co-HFP)."” The thermal reversibility associated with the Diels-
Alder reaction and crystallization was utilized to achieve ther-
mally induced self-healing at 100 °C. However, only limited
studies on co-crystallizable materials in ion gels or composites
have been reported. Furthermore, examples of polymer blends
that comprise polymers with different contents of the same
moieties (i.e., the same monomeric pair) are even more limited
in PICs, despite their potential simplicity and efficiency
compared to other blends.

In this study, mechanically tough and dual cross-linked PICs
are prepared via solution blending of ILs and two poly(docosyl
acrylate-r-tert-butyl acrylate) (poly(A22-r-tBA)) random copoly-
mers that differ only in their compositions. While each poly-
meric precursor features a different cross-linking mechanism,
the network in the blended system is characterized by enhanced
crystallization due to potential intermolecular interactions.
Previous studies suggest that the network structure and physi-
cochemical properties of PICs derived from poly(A22-r-tBA) vary
significantly with the polymeric composition.”*** When the
composition of A22 is 10 mol% or less, the reversible associa-
tion of the A22 side chains forms cross-links in the composites,
rendering it self-healable at room temperature. Meanwhile,
network formation is mainly afforded by crystallization when
the A22 composition is higher than 20 mol%, and the high
crystallinity causes the specimens to fracture in a brittle manner
during uniaxial tensile experiments. This difference suggests
that the same docosyl side groups can contribute to two distinct
cross-linking mechanisms. In this work, poly(A22-r-tBA) copol-
ymers with different mechanical behavior (A22 composition =
8, 28 mol%) are solution-blended with ILs to fabricate ternary
PICs. The blended system exhibits conditional miscibility. The
phase and thermal behavior are investigated by adjusting the
mixing ratios. Despite the marginal compositional window of
the homogeneous states, the tunability of the thermal, struc-
tural, and mechanical properties of the resulting composites is
demonstrated. We further explore the capability for self-healing
and the application of PICs to strain sensors.

2. Experimental

2.1. Materials

Docosyl acrylate (A22, >95%, TCI chemicals) was dissolved in
dichloromethane (>99.5%, Daejung Chemicals) and passed
through an alumina column (neutral, Sigma-Aldrich) prior to
use. tert-Butyl acrylate (¢BA, >98%, Sigma-Aldrich) was passed
through the same column prior to use. N,N'-Azobisisobutyr-
onitrile (AIBN, 99%, Daejung Chemicals) was recrystallized
using methanol and dried in a vacuum oven for 24 h. Toluene
(HPLC grade, Daejung Chemicals), methanol (HPLC grade,
Daejung Chemicals), chloroform (HPLC grade, Ducksan
Chemicals), tetrahydrofuran (THF, HPLC grade, J. T. Baker®), 1-
ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide
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([EMI][TFSI], >98%, Sigma-Aldrich), and methylene blue
hydrate (>70%, TCI Chemicals) were used as received. Unless
otherwise specified, other chemicals were purchased from
general vendors and used as received.

2.2. Polymer synthesis

Poly(docosyl acrylate-r-tert-butyl acrylate) (poly(A22-r-tBA))
random copolymers were synthesized via free radical polymer-
ization. The monomers (A22 and ¢BA, total 200 mmol), AIBN
(1.8 mmol), and toluene (70 mL) were added to a round-bottom
flask with a magnetic stirring bar. The round-bottom flask was
degassed via Ar bubbling, and the polymerization was carried
out at 80 °C for 24 h. The resultant polymer solution was
precipitated into methanol. The precipitated polymer was
recovered and dried in a vacuum oven for 48 h. The resulting
polymer was designated as TA-X, where X represents the feed
ratio of A22 in mol%. In this study, TA-10 and TA-30 were used
in fabricating PICs.

2.3. Preparation of polymer-IL composite (PIC)

Desired amounts of TA-10 and TA-30 (6 g in total) were added to
a round-bottom flask, followed by the addition of [EMI|[TFSI|
(14 g) and chloroform (42 g). The mixture was subsequently
stirred at 50 °C for 3 h. The mixture was poured into a Petri dish
(20 cm in diameter) and dried in a desiccator at room temper-
ature. The resultant ternary composites are designated as PIC-#,
where # represents the weight percentage (wt%) of TA-10 in the
polymeric precursors. For example, PIC-80 represents the
composite, in which the polymer components consist of 80 wt%
TA-10 and 20 wt% TA-30.

2.4. Characterization

The mole fraction of the synthesized polymers was analyzed by
utilizing nuclear magnetic resonance (‘H-NMR) (Avance 400
MHz, Bruker) using chloroform-d as a solvent. The molecular
weight and dispersity (P) were obtained via size-exclusion
chromatography (SEC) (Ultimate 3000, Thermo Scientific) with
tetrahydrofuran (THF) as the mobile phase at a flow rate of 1
mL min . The results from the chromatography were analyzed
based on polystyrene standards (SM-105, Shodex, 1.3-2600 kg
mol™"). The crystalline structures of the composites were
investigated using X-ray diffraction (XRD) (X'Pert powder
diffractometer, PANalytical) over the range of 10°-80° with Cu
Ko radiation (wavelength = 0.154 nm) at room temperature. To
further gain insights into the structure of the specimens, small
angle X-ray scattering (SAXS) (Rigaku SmartLab, A = 0.154 nm)
was performed at room temperature. Differential scanning
calorimetry (DSC) (Jade, PerkinElmer) was conducted over the
temperature range of —40 to 80 °C (£10 °C min~') under
nitrogen flow. Thermogravimetric analysis (TGA) (Q50, TA
Instrument) was carried out under nitrogen flow at a heating
rate of 10 °C min~*. The mechanical properties of the mixtures
were analyzed at a strain rate of 5 mm min~" using a universal
testing machine (UTM) (AGS-X STD, Shimadzu). The mechan-
ical toughness was calculated based on the area under the
stress—strain curves. The temperature of the scratched
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specimens was maintained constant by using a heating stage
(TMS 94, Linkam Scientific Instruments), and the self-healing
behavior of the samples was monitored using an optical
microscope (Optiphot-2 Pol, Nikon). The morphology of speci-
mens was studied using scanning electron microscopy (SEM) (S-
4300, Hitachi) equipped with energy dispersive X-ray spectros-
copy (EDS). The optical transparency of the mixtures was eval-
uated by acquiring transmittance spectra over the wavelength
range of 300-800 nm using an ultraviolet-visible spectrometer
(Lambda 900, PerkinElmer). Electrical impedance spectroscopy
(EIS) (SP-200, Bio-Logic) was utilized to measure the ionic
conductivity of the composites (in the metal/mixture/metal
structure) over the frequency range of 10 Hz to 3 MHz and to
test the feasibility of sensor operation.

3. Results and discussion

3.1. Polymer synthesis and preparation of polymer-ionic
liquid composites

ILs exhibit a wide range of solvating characteristics.>® Poly(-
methyl)acrylate is a representative example that exhibits
miscibility with [EMI|[TFSI].>” The degree of phase separation of
poly(meth)acrylates in ILs varies based on the length of the alkyl
side chains, a behavior induced by numerous types of interac-
tions. For example, the phase behavior of poly(n-butyl methac-
rylate) was rationalized based on the specific orientation of ILs
around the side chains and the microphase segregation due to
the alkyl chains.?® Poly(tert-butyl acrylate) homopolymers (P¢BA,
TA-0) in [EMI|[TFSI] formed homogeneous solutions for all
compositions at room temperature, and ¢tBA was employed as
the IL-philic component in the TA-X random copolymers. In
contrast, the macrophase separation was observed in the
mixtures of poly(docosyl acrylate) homopolymers (TA-100) and
[EMI|[TFSI], rendering A22 the IL-phobic unit.

Two copolymers of poly(A22-r-tert-butyl acrylate) (TA-10, TA-
30) with different compositions (A22 feed amounts = 10,
30 mol%) were synthesized via free radical polymerization
(Table 1, Fig. S1 and S21). Based on "H-NMR analysis (Fig. S17),
the actual content of A22 in TA-10 and TA-30 was 9 and
28 mol%, respectively, indicating that the resultant copolymers
possibly have a near-statistical sequence. The analyzed
composition is consistent with the TGA data (Fig. S31). Mixtures
of TA-10, TA-30, [EMI][TFSI], and chloroform were solvent-cast
and dried to form ternary PICs. The fabricated composites are
denoted as PIC-#, where # represents the weight percentage

Table 1 Characteristics of copolymers used for the preparation of
polymer-IL composites (PICs)

Fas®  Fal’ M (kgmol™) Pf T’ (°C)  X° (%)
TA-10 0.09 0.09 28.0 2.8 —_ 4.2
TA-30 0.28 0.28 29.6 3.0 47.3 75.7

“ Mole fraction of A22 (Fay,) in copolymers, measured by "H-NMR.
b Determined by TGA. ° Number average molecular weight (M) and
dispersity (D) of copolymers, determined by SEC (THF). “ Melting
temperature (Tp,). ¢ Crystallinity (x), measured by DSC.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Characteristics of Ternary PICs

TA-10 : TA-30% (Wt%) IL content? (wt%) T’ (°C) X (%) x? (%)
PIC-0 0:100 17.5 £ 1.7 47.3 75.2 —
PIC-80 80:20 20.2 + 1.1 44.1 37.3 30.7
PIC-90 90:10 213 £ 1.5 44.0 30.4 19.1
PIC-95 95:5 232 £ 1.5 43.8 21.9 12.2
PIC-100 100:0 33.0 £ 1.1 — 4.4 —

“ Weight percentage of copolymers used in fabricating PICs.  Tonic liquid (IL) content of PICs, calculated from TGA data.  Determined by DSC.
4 Theoretical weight-averaged values of x for PICs, calculated based on x of PIC-0 and PIC-100.

(Wt%) of TA-10 in the polymeric precursors (Table 2). The IL
loading may affect the crystallinity and mechanical properties
of the composites; however, the IL content in the specimens
containing the two copolymers was similar (ca. 20 wt%) (Fig. S4
for TGA results). A minor decrease in IL loading was observed
with increasing TA-30 content.

3.2. Miscibility of blended polymer-IL composites

The macrophase separation developed in solvent-cast PICs was
studied using optical microscopy (Fig. S51).> While the crys-
tallinity of TA-10 and TA-30 differed significantly (Table 1 and
Fig. S61), a critical limit above which the system remained
homogeneous was identified. The films of PICs with high TA-10
loadings (=80%) were smooth and homogeneous (Fig. 1a), and
this homogeneity was retained even after thermal annealing at
65 °C for 24 h (Fig. S51). Fig. 1b shows the quantitative trans-
mission data for these clear films. The transmittance declined
with increasing TA-30 content, possibly owing to an increase in
the crystalline regions that scatter light. The effect of the
copolymer composition on the crystallinity of PICs is discussed
in the next section. The other composites (PIC-#, 10 = # = 70)
exhibited separated regions with distinct optical clarities. "H-
NMR spectral analysis of the different regions confirmed that
the polymeric component in each region corresponded to the
precursors (either TA-10 or TA-30), indicating a nearly exclusive
phase separation.
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(a) Photographs of polymer-IL composite (PIC) films (thickness = 0.3 mm). (b) Transmittance of PICs at a wavelength of 400 nm (black dot)

The polymer blends of TA-10 and TA-30 without ILs also
showed similar and consistent phase behavior (Fig. S71). The
binary blends containing over 80% TA-10 had a uniform and
clear appearance. A similar asymmetric dependence of the
phase segregation on the composition has previously been re-
ported for crystallizable mixtures of linear and branched
poly(ethylene)s (LPE and BPE).** In this prior study, macro-
scopic homogeneity was observed for high LPE contents,
whereas phase separation was favored for blends with low LPE
contents. The phase behavior of blends comprising chemically
similar and crystallizable units may be complex, as crystalliza-
tion develops during solidification.** The phase separation and
crystallization behavior of PE blends depend on the blend
composition, the architecture of the precursors (e.g., degree of
branching), and the processing conditions (e.g., isothermal
crystallization temperature, rate of cooling). The subtlety asso-
ciated with the phase separation is noted as it has been reported
to occur over a wide range of length scales and arrangements.
The phase separation may involve the formation of clusters on
molecular scales,* or each species in a mixture can undergo
separate crystallization without complete macrophase segrega-
tion.*"** The effect of incorporating crystallizable units into the
side chain was studied with poly(n-alkyl acrylate) homopoly-
mers and copolymers.>* This preceding study showed that
phase segregation generally occurs when the components of the
mixtures exhibit different crystallization behaviors (i.e., amor-
phous vs. semicrystalline). Moreover, homogeneous mixing in
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and 600 nm (blue triangle). (c) Vial tilt test results after thermal annealing at 40 °C for 36 h.
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Fig. 2 (a) DSC thermograms (second heating at 10 °C min™) and (b)
XRD profiles of PICs.

poly(n-alkyl acrylate) homopolymer blends occurs when the
difference in the side chain length is less than 2-4 methylene
units.

Given that wearable devices are physically attached to the
human body, PIC needs to retain its mechanical integrity at
normal human body temperature (=37 °C). Based on this
criterion, the ambient temperature selected for the tilt test was
40 °C (Fig. 1c and S8t). PIC-100 started to flow after 9 h at the
elevated temperature but remained tilted at room temperature,
consistent with the results of a previous study.* In contrast, the
blended specimens (PIC-80, PIC-90, and PIC-95) did not show
any sign of flow even after 36 h at 40 °C. The enhancement in
the thermal stability via the incorporation of TA-30 in PICs is
attributable to the crystalline domains in TA-30 that maintain
cross-links at the specified temperature. The result obtained
with PIC-95 suggests that a TA-30 loading of only 5 wt% is
sufficient to arrest the dynamics, allowing the specimen to
retain its given shape.

3.3. Thermal and structural properties

The crystalline behavior of PICs was studied using DSC (Fig. 2a).
Compared to the indistinct peak observed for PIC-100, a prom-
inent melting peak was observed at 47.3 °C for PIC-0. The
crystallinities (x) of PIC-100 and PIC-0 are 4.4% and 75.2%
(Table 2), respectively, similar to those of their respective poly-
mer precursors (TA-10, TA-30) (Fig. S61). The definition of
crystallinity x used in this study is based on the previous
publication by Jordan and coworkers, and x reflects the ratio of
crystallized A22 units with respect to all A22 units.” While the
introduction of ILs is expected to increase crystallinity owing to
improved polymer mobility, the previously reported effect of
water on semicrystalline hydrogels suggests that ILs can also
have the opposite effect and inhibit ordering.*® The character-
istic features in the endotherm traces of PIC-100 and PIC-0 were
retained to some degree in the blended specimens (PIC-80, PIC-
90, and PIC-95), whereas the peak intensities and widths
differed to various degrees. The peaks identified near 44 °C in
the profiles of PIC-80, PIC-90, and PIC-95 appear to originate
from PIC-0, given that the positions changed negligibly as the
precursor ratio varied. The broadening of the melting peaks
shown in Fig. 2a has been typically observed when the related
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crystalline units are diluted by amorphous units.” This feature
indicates a wider distribution of crystal sizes.

Based on the DSC results, the crystallinity x increased
systematically in the composites with higher incorporation of
highly crystalline TA-30 (Table 2). Notably, PIC-80, PIC-90, and
PIC-95 exhibited y values of 37.3%, 30.4%, and 21.9%, respec-
tively, considering only 20, 10, and 5 wt% of TA-30 in the
composites. As mentioned in the introduction section, the
capability to maintain the periodic arrangement despite a large
amount of the amorphous unit can be ascribed to the side-chain
architecture. The theoretical crystallinities of the blended
systems, which were calculated as the weight-averaged y values
of PIC-0 and PIC-100, are presented in Table 2 and are
compared to the experimental values. Interestingly, the
measured crystallinity values of blended PICs were higher than
the theoretical values, suggestive of interactions between the
two copolymers comprising the networks. Enhanced crystal-
linity has previously been observed for mixtures with side-chain
architecture and was attributed to co-crystallization involving
the alkyl side chains.?*® For example, the hexagonal packing of
n-octadecyl side chains in copolymers is enhanced by co-
crystallization with small amounts of n-octadecanoic acid
additives.*® Synergistic crystallization was also observed in
polymers that undergo crystallization via the main chains; the
DSC thermograms and scattering profiles obtained for the
mixtures of PEs and poly(ethylene-co-vinyl acetate) copolymers
deviate from the theoretical values, ascribable to co-crystalli-
zation.*® SEM analysis was conducted to investigate the interior
morphology of the samples. The cross-sectional images of PICs
in Fig. S9F corroborate the presence of crystalline domains
dispersed within the amorphous regions. EDS analysis was
conducted to identify the distributions of ILs. The EDS mapping
images of C, F, and S presented in Fig. S10t indicate that the
crystalline domains, consisting of A22 components, are
depleted of ILS for all PIC specimens. On the other hand, ILs are
homogeneously distributed in the amorphous regions.

XRD was used to investigate the atomic arrangements in the
crystalline unit cells (Fig. 2b). All the specimens exhibited
scattering at 26 = 18°, attributable to amorphous halo.**® The
XRD peak at 26 = 22° has been commonly associated with
hexagonal packing of the alkyl pendants in the side-chain
architecture.®®® The intensity of the peak at 20 = 22°
increased gradually with higher TA-30 loading, which is
consistent with the DSC thermograms in Fig. 2a. The observa-
tion of the inflections in the spectra of all the samples suggests
the formation of the same arrangements despite the blending of
ILs and two copolymers. According to previous studies, addi-
tives in semicrystalline networks may have mixed impacts on
the crystalline structure and layered packing.***” The SAXS
results presented in Fig. S11} suggest the formation of lamellar
domains driven by A22 side chains.

3.4. Mechanical properties, self-healing, and sensor
operation

The mechanical properties of the PIC systems were studied
through uniaxial tensile measurements. The stretchability of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Stress—strain curves of (a) pristine and (b—d) self-healed PIC samples. Self-healing was conducted at room temperature for 6 h (green),

24 h (red), and at 65 °C for 2 h (blue).

PICs changed systematically with variations in the precursor
mixing ratio (Fig. 3a and Table S1t). PIC-0 fractured in a brittle
manner (strain at break = 20%, Fig. S127), whereas the strain at
break for PIC-80, PIC-90, and PIC-95 was 1300, 2100, and
2400%, respectively. Although the stretchability of PIC-80, PIC-
90, and PIC-95 was less than that of PIC-100, the mechanical
toughness was mostly retained for the PIC systems (10.9-13.0
M] m~?), comparable to that of PIC-100 (14.0 MJ m >, Fig. S127).
The crystalline domains in PICs are anticipated to act as strong
bonds while the nano-associations function as weak bonds; the
combination of these cross-linking mechanisms may contribute
to the high mechanical toughness observed in PICs.*

Self-healing refers to the restoration of the functional and
mechanical properties of a material. Various methods of
achieving self-healing have been intensively studied for pro-
longing the lifetime of products. Self-healing in macromole-
cules requires the polymeric diffusion across the damaged
interface, allowing chain rearrangement and bond reformation.
A previous study suggested that the width of the mixed region
needs to reach approximately 100 nm to achieve a high degree
of healing.®® Notably, Forrest and coworkers fabricated poly-
styrenes with a stepped-film geometry and found that the local
dynamics near the damaged region differed from those in the
bulk.* They monitored the evolution of the surface topography
and reported the formation of a thin layer at the top, exhibiting
liquid-like behavior. The depressed glass transition tempera-
ture at the polymer-air interface enhances the segmental
mobility and facilitates the healing process in the vicinity of the
fractured regions.

The self-healing capability of PIC-80, PIC-90, and PIC-95 was
evaluated by first cutting the specimens in half with a razor
blade. The sliced specimens were placed in molds within a few
minutes after cutting. The mechanical properties were evalu-
ated via uniaxial extension as a function of the contact duration
(Fig. 3b-d). The self-healing efficiency, 7, is expressed as the
ratio of the toughness of the self-healed samples to that of the
pristine samples. Autonomous self-healing refers to the repair
process without an external input, such as heat or light. PIC-80
and PIC-90, characterized by a crystallinity of x > 30%, exhibited
a low degree of autonomous repairability at room temperature
(efficiency 7 < 40%, Fig. 3 and Table S11). The sliced specimens
could adhere to each other to some extent but were readily
fractured at the damaged regions upon applying stress. On the

© 2024 The Author(s). Published by the Royal Society of Chemistry

other hand, the degree of self-healing for PIC-95 increased
progressively over time, reaching n = 75% after 24 h. Notably,
the efficiency, n, for PICs did not improve significantly for
contact durations longer than 24 h.

The autonomous self-healing ability of PICs at room
temperature is attributed to the reversible association of A22 in
TA-10, as suggested in our previous work.”® The associative
nature of side chains in specific media has been studied by
Terashima and coworkers.” In their report, amphiphilic
random copolymers comprising hydrophobic side chains
associated to form micelles in water, which were utilized in
achieving network structures in hydrogels. The self-healing
capability stems from the chain-exchange property of the
micelles, which enables the reversible formation of physical
cross-links. In the PIC system, the mechanical slicing mainly
involves the breaking of weak associates by A22, while the
covalent bonds are preserved in general. The dynamics associ-
ated with A22 were evaluated based on the DSC analysis of TA-05
(Fig. S131). The result suggests that the glass transition
temperature associated with the A22 units is low, and the core
dynamics required for A22 reaggregation are not expected to
hinder the self-healing process. Upon contact, self-healing
proceeds mostly via re-association of the fractured associates
(Fig. S147).

The complete reversibility of the physical cross-linking in
PIC-80, PIC-90, and PIC-95 was examined by reprocessing the
fractured specimens at elevated temperatures. It is not
surprising to observe the limited role played by crystallization in
the repair process when contact between the sliced specimens
occurs below the melting temperature. This is evidenced by the
decline in the self-healing capability of PICs with TA-30 incor-
poration, as described above. Notably, the addition of only
10 wt% TA-30 significantly compromised the self-healing
capability at room temperature. Raising the temperature
above the melting temperature (T, = 44 °C for PIC-80, PIC-90,
and PIC-95) removed the restrictions on self-healing imposed by
the crystalline domains. Reprocessed PICs were obtained by
compression molding of the fractured specimens at 65 °C, and
the recovery of the mechanical properties was evaluated by
comparing the toughness of the reprocessed samples to that of
the original samples. The similarity between the stress-strain
curves of all the reprocessed and pristine samples (Fig. 3)
suggests effective reformation of the cross-links due to the
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Fig.4 Dyed and non-dyed PIC-95 specimens (a) before and (b) after self-healing (RT, 24 h). (c) Self-healed PIC-95 withstood a weight of 50 g. (d
and e) Optical microscope images of scratched PIC-80, PIC-90, and PIC-95 monitored after (d) 24 h at RT and (e) 30 s at 65 °C. The scale bars

correspond to 100 pm.

enhanced mobility of the polymeric segments (n = 100%). Even
PIC-80 and PIC-90, which show limited self-healing capabilities
at room temperature, exhibited complete recovery of mechan-
ical properties.

The self-healing capability of PICs was further examined by
mending dyed specimens and subjecting the films to scratch
tests. Dyed and undyed strips of PICs were put together with
their respective counterparts for 24 h at room temperature
(Fig. 4a—c and S157). The PIC-95 specimen was able to withstand
a weight of 50 g, whereas the healed PIC-80 sample with low 7
fractured readily when a weight was suspended from it. An
optical microscope was used to monitor the evolution of
scratches in the PIC films over time (Fig. 4d and e). The speci-
mens stored at room temperature exhibited a limited degree of
healing; the damaged region in PIC-80 remained nearly
unchanged even after 24 h. In contrast, the gap caused by the
scratch closed considerably in PIC-90 and PIC-95, although full
recovery was not achieved within 24 h (Fig. 4d and S16%). A
significant enhancement in the self-healing ability was
observed at an elevated temperature (65 °C); for all specimens,
the scratches nearly disappeared within 30 s (Fig. 4e and S177).
This behavior is consistent with the results of the uniaxial
tensile measurement presented in Fig. 3.

The incorporation of ILs confers ionic conductivity to PICs.
To assess the electrochemical properties of PICs in this study,
the impedance was measured as a function of the frequency via
electrochemical impedance spectroscopy (EIS). Fig. 5 shows the
Nyquist plots of PICs, indicating positive slopes (see Fig. S187
for Z' and Phase Z vs. frequency). The high-frequency limits of
the real part Z' in the Nyquist plots were extrapolated, and the
sample dimensions were used to calculate the ionic conduc-
tivities. PIC-80, PIC-90, and PIC-95 exhibited average ionic
conductivities of 0.56, 0.40, and 0.35 mS cm™ ", respectively.

Strain sensors convert mechanical deformation into elec-
trical signals by monitoring the corresponding change in the
resistance across the specimens. They are expected to play an

36028 | RSC Adv, 2024, 14, 36022-36030

integral role in health monitoring, human motion detection,
and soft robotics. One of the well-known methods to fabricate
stretchable strain sensors is to incorporate conductive compo-
nents of various structures into soft polymer matrices." In
addition to sensitivity and transparency, mechanical toughness
is also considered an important aspect of strain sensors, sub-
jected to the repetitive mechanical motions. Strain sensors also
need to maintain the mechanical integrity and functionality
over time. PICs have been also utilized in strain sensors as well
as other stretchable electronics devices, such as transistors,
energy storage devices, and actuators.” To explore their poten-
tial application as strain sensors, a mechanical deformation
representing human motion was applied to the fabricated
composites. The corresponding changes in the resistance of the
composites were monitored, and their relationships with the
degree of mechanical deformation were investigated. Fig. 6a
shows the PIC-95 strip attached to a finger, and Fig. 6b shows

204 A A PIC-80
= PIC-90
. e PIC-95
151 A
—~~ A
10 A...
N ey
Ao N
5- %..l
ATd— )
=1 a
0 r T r .
0 5 10 15 20
Z' (kQ)

Fig. 5 Nyquist plots of PICs. The inset shows the equivalent circuit
model utilized in the extrapolation. R1 and Q1 correspond to the bulk
resistance and constant phase element of the composite, respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra05968a

Open Access Article. Published on 11 November 2024. Downloaded on 2/23/2026 11:33:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

C

)—nmw
—
e
>-
>._
>
s._
[

ﬂ A MM\J
AL

Cycle Number

(c) (d)
20 1% 3% 5% 304 —PIC-95 after 1 week
20
10
;o\ 15 . :2;§ —— PIC-95 after 2 weeks
~ o
< SRALALLAALA
@ 10 o 38 T=—Pic-05 after Sweeks
< 20
< 10
5 g§ —— PIC-95 after 4 weeks
g M L
3 A
0 0

0 3 6 9 12 15

le N
Time (s) Cyce umber

Fig. 6 (a) Photographs of the PIC-95 strain sensor attached to a finger
before and after bending. (b) Relative resistance changes for PICs
during repeated bending and extension of the finger. (c) AR/Ry as
a function of the imposed tensile strains for PIC-95. (d) Operation of
the PIC-95 strain sensor over 4 weeks.

the relative resistance change (AR/R,) upon repetitive finger
bending. R, represents the resistance across the undeformed
specimen. All the samples exhibited responses that closely re-
flected the motion of the finger. The resistance output was
linearly related to the strain, which was applied at controlled
levels using a motorized stage (Fig. 6¢c and S19t). The gauge
factor (GF), derived from the slope of the AR/R, vs. strain plot,
provides the measure of the sensitivity of strain sensors. The GF
values for PICs, estimated based on the linear dependence, were
in the range of 2.66-3.06 (Table S27). The comparison between
this work and previous studies (Table S3 and Fig. S207)
demonstrates that PIC-95 exhibits a significantly higher
toughness value compared to other strains sensors, while the
gauge factors are comparable. The stability of the strain sensors
was studied by observation of their behavior during aging.
Compared to the as-fabricated specimens, after four weeks of
storage at room temperature, no notable difference was
observed in the properties of the sensors employing the PIC
samples (Fig. 6d and S217).

4. Conclusion

Dual cross-linked PICs consisting of two poly(docosyl acrylate-r-
tert-butyl acrylate) copolymers of different compositions (TA-10
and TA-30) and ILs were successfully fabricated. Most previous
dual cross-linked PICs are based on different physical/chemical
interactions, and their fabrication often requires a series of
experimental steps. In contrast, this study utilized simple
solution-blending of copolymers with the same monomer pairs.
Notably, the side-chain architecture allowed the copolymers to
adopt two different cross-linking mechanisms (crystallization

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and reversible association), leading to dual cross-linking in the
ternary composites. Interestingly, the overall crystallinity of
PICs was higher than the weighted averages of the precursor
crystallinities, suggestive of additional interactions such as co-
crystallization. The composites adopted homogeneous states
over a range of mixing ratios (TA-10 : TA-30 = 80:20,90: 10, 95 :
5), whereas the macrophase segregation was observed for the
other mixtures. Despite the narrow compositional window for
miscibility, the composites exhibited a wide spectrum of
material performance. The enhancement in the thermal
stability of PICs at 40 °C was achieved by incorporating small
amounts of TA30. The stretchability increased significantly
from 1300% to 2400% while retaining a mechanical toughness
of ca. 11-13 MJ] m ™. The autonomous self-healing efficiency at
room temperature over 24 h ranged from 25% to 75%, whereas
the mechanical properties were completely recovered after
thermal annealing at 65 °C for 2 h. PICs show potential utility in
stretchable electronics, particularly as strain sensors, owing to
their high ionic conductivities (0.35-0.56 mS cm ™) and robust
mechanical properties. The present findings demonstrate that
the properties of composites can be precisely tuned via the
simple methodology of blending co-crystallizable copolymers
with ILs. These results highlight the versatility and effectiveness
of this approach in developing advanced materials for various
next-generation wearable electronic devices.
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