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lon conductive polymers have garnered significant global attention due to their multifunctionality
in diverse applications, such as batteries, electroactive soft robotics, and sensors. Overall, this
approach has significant potential to improve the functionality of sensors in various applications.

To create ionic liquid-based gels and porous polymers, the Pl incorporated
an ionic liquid as a solvent into the thiol-ene network of thiol-based multifunctional monomers and
acrylate crosslinkers via a one-step polymerization process. This approach enabled precise
manipulation of polymerization conditions and solvents, resulting in the careful design of gels and
porous polymers with tailored properties. Utilizing fused filament fabrication (FFF) technology, the

Pl improved capabilities in creating precise and iIntricate molds with excellent dimensional
accuracy. Diversifying the printing methods underscores our commitment to innovation and continuous
improvement.Overall, this plan aligns with our objective of advancing manufacturing processes
through innovation. The developed materials exhibited excellent piezo-capacitive sensing
characteristics, allowing them to detect mechanical pressure and convert it into electrical signals.
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Research Background

Network polymers have achieved a significant integration of concepts from physics,
chemistry, and materials science, leading to substantial advancements in the properties
of gels and functional materials. A diverse array of polymeric materials, including
physical gels, ionogels/ionic gels, and aerogels, have been developed for various
applications across numerous fields. Notably, porous polymers incorporating ionic
groups within their polymer networks hold considerable potential for applications in
electrochemistry and the energy sector. One of the most promising methods for imparting
ionic conductivity to polymers involves the inclusion of an ionic liquid (IL)-based
solvent during the reaction process or the use of a polymerizable IL as a monomeric
unit. ILs are salts composed of weakly coordinated ions, which enables these solvents
to remain in a liquid state below 100 ° C or even at room temperature. These ILs
exhibit several desirable properties, including non-volatility, non-flammability, a
wide electrochemical window, high thermal stability, and high ionic conductivity,
making them attractive candidates for use in gel polymer electrolytes and batteries.
In previous study, we have developed various types of cross-linked gels and porous
polymers with different reaction mechanisms and molecular designs, demonstrating the
feasibility of synthesizing gels with uniform, controlled mesh sizes and tailored
internal network structures. The thiol-ene reaction, in particular, allows for such
customizable chemistry through a robust yet straightforward, rapid, and facile
technique that is applicable to both fundamental research and practical implementation
in polymer chemistry. Thiol-ene radical reactions have recently been expanded to a
variety of synthetic processes, encompassing basic chemical synthesis, polymeric
material modification, and the fabrication of a wide range of polymeric materials. We
have explored the developments of conducting porous polymers for ionotronic sensors.

Research objectives

The utilization of 1ionic liquids (ILs) in thiol-ene polymerization has been
demonstrated to be highly effective and feasible in recent studies. However, there
remains a significant opportunity to develop a diverse range of polymeric materials
with tailored properties .

In our previous research, we synthesized and fabricated a series of ionic gels via a
thiol-ene reaction within an IL-based solvent system, and characterized their
mechanical, conductive, and thermal properties . Building on this foundation, we aim
to develop a novel ion-conducting polymeric structure utilizing the thiol-ene reaction.
Our approach involves using a diallyl compound with an IL structure as a linker molecule,
combined with a multifunctional thiol compound as a joint molecule, within a solvent
system containing lithium ions. The selected multifunctional thiol monomers, including
tris[(3-mercaptopropionyloxy)-ethyl]-isocyanurate (TEMPIC), pentaerythritol
tetrakis(3-mercaptopropionate) (PEMP), and dipentaerythritol hexakis(3-
mercaptopionate) (DPMP), are employed to introduce structural variations in the polymer
network. This allows us to investigate how these structural differences impact the
mechanical and conductive behaviors of the polymers.

The objective of this research is to develop 3D printable, ion-conducting sensors.
This involves the systematic synthesis and characterization of the physicochemical
properties of the joint-linker type porous polymers, focusing on understanding their
mechanical, conductive, thermal and morphological behaviors. Our goal is to create a
new class of polymeric materials that are not only ionically conductive but also
suitable for 3D printing applications, thus paving the way for advanced sensor
technologies.

Experimental Methods
Infrared spectra were acquired using a Jasco FTIR (Fourier transform infrared) 410
Plus Spectrometer in transmission mode over the wavenumber range of 400-3500 cm—1.
Mechanical characterization of the ionic gels was performed using a STA-1150 testing
machine (Orientec Co., Ltd., Japan). The sample gels for the compression tests were
shaped into a cube with a side length of 10 mm, and the crosshead speed during



compression was kept constant at 0.50 mm min—1. All tests were carried out at room
temperature.

Thermogravimetric analysis (TGA) of the samples were conducted using open aluminum
pans on a thermogravimetry/differential thermal analyzer, TG-DTA2020SA, from room
temperature to 500 °© C at a heating rate of 10 ° C min—1 under argon atmosphere.

The conductivity of the ionic porous polymers was measured within the frequency range
4 Hz-1 MHz and determined by using a HIOKI 3532-80 chemical impedance analyzer. The
ionic gels were prepared in a constant volume cylindrical cell with stainless steel
blocking electrodes and a Teflon spacer. Gel samples were sandwiched between mirror-
finish stainless-steel electrodes, sealed in a Teflon container, and subjected to
impedance measurements. The measurements were taken at controlled temperatures from 20
to 80 ° C in an Espec SU-220 temperature-controlled chamber three times. The samples
were thermally equilibrated at each temperature for at least 1 h prior to the
measurements.

The sensing characteristics the porous polymers were studied under compression mode
and capacitance was measured to investigate the piezoresistive sensing characteristics.

Result and Discussion

Porous polymers synthesized in IL showed distinct morphology having interconnected
globular networks in three dimensions. Although their morphological stucttr did not
depend on the monomer types significantly. Figure 1 shows the morphology of porous
polymers containing TEMPIC and DPMP monomers in EMI TFSI ionic liquids.
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Figure 1 SEM images of porous polymers TEMPIC-NDDA and DPMP-NDDA (right) in 80% EMI TFSI

IL medium

The thermal and mechanical properties of the synthesized gels showed high thermal
stability and favorable mechanical stiffness with 20-40% stretchability under 50N force.
In order to investigate the piezo-capacitive sensing characteristics the porous
polymers TEMPIC-NDDA-EMITFSI (80% IL)were placed under the compression gauge and using
a LCR meter and mechanical analyzer their force-dependent capacitance was determined
(Figure 2).
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Figure 2 Force dependent capacitance measurement set up

0.00E+00

0
-50
-100
-150
-200
-250
-300
-350
-400
-450
-500

Force (mN)

0

-100

-200

-300

Displacement («cm)

-500

o

0 20

40 60
Time (s)

20 40 60 80 100
0 20 40 60 80 10

0

0

100

Capacitance (F)

5.00E-10

4.00E-10

3.00E-10

2.00E-10

1.00E-10

0.00E+00

Force (mN)

Displacement[um]

-500

-1000
-1500
-2000
-2500
-3000
-3500
-4000
-4500

-500

-1000

-1500

-2000

100 200 300 400

100 200 300 400

100 200 300 400
Time (s)

Figure 3 Piezo-capacitive sensing test (left under 0.5/s and right 2mm/s compression rate)

The lonic liquid incorporated porous polymers TEMPIC-NDDA showed showed highly

stable piezo-capacitive sensing characteristics after 50 cycles without any noticeable

distortion. These gels were 3D printed using LCD resin 3D printer with good resolution.

Thus the synthesized porous polymers showed potential application in the field of

designable ionotronic sensors
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