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lonogels possess an inherent conductivity, flexibility and outstanding mechanical properties. They have
attracted increased attention because of their potential as mechanical transductors, flexible devices and
artificial skins for modern electronics. However, the use of reported ionogels is limited to mild conditions
with weak performance under thermal fluctuation. We prepared a novel polyimide ionogel by a facile one-
step solvent displacement method using the ionic liquid (IL) [BMIm][BF4] to replace the native organic
solvent in the polyimide organic gel. The resultant Pl jonogel maintained excellent mechanical properties
(tensile strength ~7.1 MPa and elongation at break ~320%), and high thermostability, and exhibited high
jonic conductivity (1.9-5.2 mS cm Y and a linear temperature dependence on conductivity. As a strain
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sensor, the polyimide ionogel provided high sensitivity, long-term durability and stability in a wide thermal
range (60 to 180 "C). The polyimide ionogels provide an opportunity for the preparation of stress
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Introduction

Strain sensors that provide repeatable electronic signals that
respond to mechanical deformations can be used in sports,
robotics, health monitors and intelligent industrial controls." ™
Significant effort has been devoted to fabricating strain sensors
with high sensitivity and excellent flexibility. The core aspect of
the strain sensor is the development of deformation-responsive
conductive materials. The usual practice is to embed electro-
active nanomaterials, such as silver nanoparticles, carbon
nanotubes and graphene derivatives, in a polymeric matrix."*™
Polydimethylsiloxane and polyurethane are the most commonly
used substrates. Although these systems work well at room
temperature, their performance, including their mechanical
properties and repeatability, is influenced significantly by the
environmental temperature,” which limits their application in
some areas, especially in the industrial and aerospace fields.
Ionogels, which are a type of soft material, possess unique
features, such as ionic conductivity, environmental stability
and flexibility, and they have gained increasing interest in a
wide range of electronic applications, including electrolytes,
dielectric elastomer transducers and flexible electronics.™

School of Chemical Science and Engineering, Tongji University, Shanghai, 200092,
P. R. China. E-mail: 16155@tongji.edu.cn

+ Electronic supplementary information (ESI) available. See DOI: 10.1039/
€9tc02719j

This journal is © The Royal Socicty of Chemislry ¢ 019

sensors for high- and low-temperature applications.

Therefore, they should be an ideal candidate for use as stress
sensors. Tonogels are fabricated by incorporating electrolytes into
polymeric matrices, such as p()lyacrylamide,11'12 poly(ethylene
oxide),">"* polyvinyl alcohol (PVA),'™'® chitosan,'”'® and P(2-
acrylamido-2-methylpropane sulfonic acid) (PAMPS)."" Because
they are restricted by the thermal stability of the polymer
matrices and solvent evaporation of the incorporated electro-
Iytes (water solution), the operating temperature of ionogels is
limited to a relatively narrow range below 100 "C.'*™* For
example, PAMPS-based double network ionogels that were
designed by Liu and co-workers showed a high ionic conductivity
(1.7-2.4 S m ' at 25 'C); however, their end-use temperature
cannot exceed 100 “C.'° A tough ionogel derived from BMIMCl/
CS/PHEMA, which was reported by Wang and co-workers, can be
used only at room temperature because of the presence of
water.>® Despite their high ionic conductivity, these ionogels
have a weak mechanical strength (fracture tensile stress <1 MPa)
and a narrow operating temperature, which restricts their applica-
tions. Developments in artificial intelligence, smart robots and
relative accessories are required to enable them to function in
harsh environments for industrial data collection or even space-
exploration missions. To the best of our knowledge, no report
exists on stress sensors that are based on gels for use in extreme
environments.

Polyimides (PIs) are used extensively in the aerospace and
clectronics industries because of their high thermal stability,
excellent mechanical properties and chemical resistance.”*
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A highly sensitive and stress-direction-recognizing
asterisk-shaped carbon nanotube strain sensor

To recognize the direction of an applied external stress, thereby
overcoming some of the shortcomings of established sensors,
asterisk-shaped CNT sensing electrodes are rationally designed
and applied to omni-directionally detectable strain sensors.
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A Eacile Method to Fabricate Tough Hydrogel with Ultra-Wide
Adjustable Stiffness, Stress, and Fast Recoverability . . . 1469

A facile method to fabricate dual physically cross-linked hydrogels with ultra-wide range
adjustable Young's modulus (0.08-45.6 MPa), tensile stress (0.7-6.9 MPa), toughness
(3.3-23.1 MJ-m™3), and fast recoverability is presented. The hydrogel was developed viaa
one-pot bulk copolymerization of N-vinyl-2-pyrrolidone {NVP), acrylic acid (AAc), and
stearyl methylacrylate (SMA) without any added surfactant. Published online
19 September 2018

Newayemedhin A. Tegegne, Zelalem Abdissa,
Wendimagegn Mammo, Mats R. Andersson,
Derck Schiettwein, and Heinrich Schwoerer

Ultrafast Excited State Dynamics of a Bithiophene-lsoindigo
Copolymer Obtained by Direct Arylation Polycondensation and
its Application in Indium Tin Oxide-Free Solar Cells 175

Organic solar cells have advantages of cheaper fabrication and flexibility over Si-based
cells. Understanding the fundamental kinetics pertaining to exciton and charge dynamics
in organic solar cells is important for improving their performance. A polymer, P2Tl, is
studied for solar cell application. Its charge dynamics are studied with time resolution of
10~"2 s. Published online 8 October 2018
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ABSTRACT: In this article, we report a synergistic strategy to develop
dual physically cross-linked tough hydrogels via one-pot bulk copo-
lymerization of N-vinyl-2-pyrrolidone, acrylic acid, and stearyl methy-
lacrylate (SMA) without any adscititious surfactant. Due to synergic
effects of hydrogen bonding and hydrophobic association, the
resulted dual physically cross-linked hydrogels (DP Gel) with ultra-
wide range adjustable Young's modulus (0.08-45.6 MPa), tensile
stress (0.7-6.9 MPa), and toughness (3.3-23.1 MJ m~3). Stretching to
300%, DP Gel exhibited fast recoverability that remained ~95% of

INTRODUCTION A hydrogel is a three-dimensional hydrophilic
polymer network entrapping a high-content of water, which
could keep a certain shape in water. Hydrogels as soft-wet
materials could response to complex environments, which
have promising applications in tissue engineering,l soft
robot,? flexible electronics, and sensors.” > However, there are
several problems such as low mechanical properties and bad
fatigue resistance hindering the wide application of hydrogel.
Over the past decades, many hydrogels with various network
structures have been designed to fabricate tough hydrogels,
such as slide-ring hydrogels,® nanocomposite hydrogels,7 dou-
ble network hydrogels,8'9 tetra-PEG hydrogels,m and macro-
molecular microsphere composite hydrogels."!  However,
these strategies for fabricating tough hydrogels usually
depend on the complex molecular design and chemical modifi-
cation, and most of these hydrogels need multistep to
fabricate.

Hydrophobic association and hydrogen bonding widely exist
in nature, such as phospholipid bilayer of cells, hydrogen
bonding in DNA. As a result, skin, muscle, and blood vessels
have a good trade-off between stiffness and extensibility.'?
These inspired us to take advantage of hydrophobic associa-
tion and hydrogen bonding. Up to now, several strategies

initial dissipated energy after resting in 60 °C for 3 min. Finally, scan-
ning electron microscopy revealed that the microstructure of hydro-
gel changed from phase separation structure to micro phase
separation as SMA added, which accounted for excellent perfor-
mance of DP Gel. © 2018 Wiley Periodicals, Inc. J. Polym. Sci., Part
B: Polym. Phys. 2018, 56, 1469-1474

KEYWORDS: hydrogen bonds; hydrophobic association; mechani-
cal properties; tough hydrogels

were applied to design hydrophobically associated hydro-
gels. One mechanism was based on amphiphilic polymeric
surfactants (DGI, dodecyl glyceryl itaconate), which could
form PDGI/PAAm lamellar hydrogel.'* Lamellar bilayers
serve as reversible sacrificial bonds, exhibiting large hystere-
sis as an energy dissipation mechanism.'*"'® Another mecha-
nism was based on micellar copolymerization, such as
surfactant-assistant micellar copolymerization.!””**  How-
ever, large numbers of surfactants are added to maintain the
solubility of the hydrophobic monomer in aqueous media
leading to weak and soft hydrophobically associated hydro-
gels. To further improve the mechanical properties, a novel
surfmer was copolymerized with acrylamide without any
adscititious surfactant.?® In addition, hydrophobic monomer
was induced into hydrogel by copolymerizing acrylic acid
(AAc) and stearyl acrylate in ethanol.?! To some extent, the
mechanical properties were improved. Although there was a
limit in the choice of the monomer and the preparation pro-
cess was complex.

Here, we developed a dual physically cross-linked tough
hydrogel via one-pot bulk copolymerization of N-vinyl-
2-pyrrolidone (NVP), AAc, and stearyl methylacrylate (SMA)
without any adscititious surfactant. The choice of this

Additional Supporting Information may be found in the online version of this article.

© 2018 Wiley Periodicals, Inc.
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