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Abstract: Electronic devices often demand high reliability and longevity, but they also contribute significantly to electronic
waste. Physically transient electronics have thus emerged as a promising alternative in future electronics, particularly in
wearable and implantable bioelectronics. In these applications, memristive materials have gained significant attention
for their potential to realize neuromorphic systems that offer energy-efficient, hardware-based parallel processing. By
integrating memristive capabilities with transient behavior, this study bridges these two cutting-edge fields, creating
materials that not only enable advanced computing but also dissociate sustainably. Additionally, we leverage the unique
features of soft materials for their tunability, biocompatibility, and cost-effectiveness, which collectively enhance this
integration. In this work, we first illustrate molecular engineering strategy on a radical polymer. We then proceed to two-
terminal devices therefrom, which exhibit exceptional memory performance of >10° on/off ratio, >10* s state retention,
and stability over 250 DC sweep cycles. A flexible, optically transparent, and physically transient crossbar arrays are
also developed, which maintain the performance through >3,000 bending cycles and fully dissociate in water at room
temperature. This work represents an advancement toward a biorealistic platform with substantial multifunctionality,
making it readily translatable to future wearable and implantable neuromorphic devices.

J

Introduction and target-specific transience.[**!°] Importantly, they align
well with the emerging flexible and wearable electronics!'-14!
and are expected to be compatible with future bioelectronics

in general.

Electronic devices provide substantial utility and convenience
in modern society. In particular, the demand for reliable and

long-lasting devices has deeply motivated both industry and
academia in the pursuit of next-generation electronics.'=!
Yet, device longevity is not always the best solution; ! For
example, persistent electronic wastes (e-wastes) and plastics
are causing serious environmental problems, posing global
concerns for wildlife and public health.[8] Physically transient
electronics, where all or part of the device can dissociate
or degrade on demand, therefore present significant future
opportunities as per their green chemistry, cost-effectiveness,

Memristive materials have emerged as a promising candi-
date for realizing hardware-based neuromorphic computing
systems, offering minimal energy consumption through mas-
sive parallelism in data processing.['>'°] Among these, organic
memristive materials provide additional advantages, including
molecular tunability, material compliance, lightweight proper-
ties, and cost-effectiveness.'7'8] Moreover, their inherent bio-
compatibility facilitates seamless integration into biological
systems with minimal personal or electrical disturbance.[®!’]

[¥] Dr.J. Ko™, D. Kim, Dr. Y. Joo
Functional Composite Materials Research Center, Korea Institute of
Science and Technology, Jeonbuk 55324, Republic of Korea
E-mail: yjoo0727 @kist.re.kr

Dr. S. Kim™, T. Lim, Dr. S. Cho

Extreme Materials Research Center, Korea Institute of Science and
Technology, Seoul 02792, Republic of Korea

E-mail: scho@kist.re.kr

D. Kim

School of Materials Science and Engineering, Gwangju Institute of
Science and Technology, Gwangju 61005, Republic of Korea

S.Jin, Dr. Y. Jeong

Center for Advanced Biomolecular Recognition, Biomedical

Research Division, Korea Institute of Science and Technology, Seoul
02792, Republic of Korea

Angew. Chem. Int. Ed. 2025, 64, 202422826 (1 of 10)

S. Jin

Department of Chemistry, Hanyang University, Seoul 04763,
Republic of Korea

Dr. Y. Jeong

Department of HY-KIST Bio-convergence, Hanyang University, Seoul
04763, Republic of Korea

Dr. Y. Joo, Dr. S. Cho

Department of Nanoscience and Technology, KIST School, Korea
University of Science and Technology, Seoul 02792, Republic of Korea

[*] Both authors contributed equally to this work.

J Additional supporting information can be found online in the
g8

Supporting Information section

0 © 2025 The Author(s). Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH


mailto:yjoo0727@kist.re.kr
mailto:scho@kist.re.kr
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202422826&domain=pdf&date_stamp=2025-05-12

GDCh
A -

These characteristics collectively enable the development
of “soft” biorealistic architectures, such as human body-
computer integration or implantable neuromorphic devices.

While the aforementioned features of an advanced form
of biorealistic systems present substantial technological and
societal impacts, their practical realization has rarely been
achieved or successfully reproduced to date.[*1%2°] These
systems, in particular, hold significant promise in areas such
as (1) patient-friendly medical diagnostics and personalized
therapy, (2) environmental sustainability and e-waste reduc-
tion, and (3) next-generation human-machine interfaces.[*]
A key challenge lies in developing a versatile material
platform capable of integrating these multifunctionalities into
one; Such material platform should ideally possess: (i) high
electrical performance and tunability (or memristivity), (ii)
controlled (bio-) degradability or target specific (physical)
transience, (iii) mechanical compliance or processability with
minimal operational disturbance, (iv) and cost-effectiveness
in terms of both the data processing and the device
fabrication, preferably all at the same time.

Among these challenges, achieving both high device
performance and functionality has been particularly difficult
due to the general trade-off between the two.'”) This
has particularly been the case for memory architectures
equipped with the physical transience. For example, they have
often adopted biomaterials as active layers that are neither
intrinsically memristive nor electrically active.???] In such
cases, memristivity was imparted from other device compo-
nents, such as electrochemical metallization of electrodes.
Alternatively, some incorporated metallic nanoparticles as
additives to enable the memory function.[?*! In contrast,
the devices based on inorganic memristors have typically
exhibited limited physical transience and biocompatibility.[*]
Overall, the current state of soft bioelectronics importantly
calls for a novel material platform that effectively break
through the aforementioned limitations.

In our previous work, we demonstrated that a nonconju-
gated open-shell polymer (i.e., radical polymer) is intrinsically
memristive and capable of replicating synaptic cooperativity
observed in biological systems.[**] Notably, the nonconjugated
nature of the radical polymer allows for additional degree of
freedom to the molecular engineering, potentially providing
researchers with a vast library of tunable functionalities that
are not easily achievable in conjugated organics or inorganic
memristive materials.”! As a logical next step toward
molecular engineering that bridges the two intimate fields of
research, we demonstrate that equipping this system with on-
demand physical transience enables the development of an
advanced computing platform with target-specific transience
and environmental sustainability.

In this work, we present a nonconjugated radical polymer
capable of memristive function and controlled dissociation
as a single-component material for the realization of the
soft biorealistic systems. Specifically, we first outline the
synthetic strategies employed to enable systematic molecular
engineering of a prototype radical polymer. We then conduct
a detailed investigation on the physical and electrical proper-
ties of the memristive device therefrom. Notably, we report
exceptional memory performance including an on/off ratio

Angew. Chem. Int. Ed. 2025, 64, 202422826 (2 of 10)

Research Article

Angewandte
intematianalEdition’y Chemie

of >10%, state retention exceeding 10* seconds, and device
stability after more than 250 DC sweep cycles. The crossbar
array displayed high optical transparency, flexibility, and the
physical transience at device performance well exceeding
other transient memristors reported so far. Furthermore, the
array demonstrated stable device operation through over
3000 bending cycles and displayed a full dissociation under
mild conditions in pure water at room temperature. We
believe our work demonstrates an advanced soft biorealistic
platform, which can readily be adapted into wearable and
implantable neuromorphic devices in various form factors.

Results and Discussion

The radical polymer used in this study, designed
to be both intrinsically memristive and physically
transient, is a nitroxide-based radical polymer derivative,
poly(e-caprolactone 2,2,6,6-tetramethylpiperidin-1-yl) (PCL-
TEMPO) (Figure 1). The polymer is conductive due to
the carrier hopping between active radical sites.[>>?°] The
pendant radical exhibits intrinsic memristivity from its
variable redox states (and thus the conductance states).[*]
The caprolactone linkage in the main chain enables on-
demand physical transience of the polymer. Additionally,
the nonconjugated hydrocarbon backbone imparts overall
flexibility and optical transparency to the polymer (Figure 1,
top panel).[?7?8] The polymer can serve as an active layer
in a two-terminal device (i.e., resistor), where distinct
conductance states are achieved in a nonvolatile manner
to store information bits. Notably, a crossbar-type array of
such devices can naturally enable a neuromorphic computing
architecture, allowing for the realization of a hardware-based
biorealistic system.[”] Such soft neuromorphic system has
immediate applications in implantable neuromorphic devices,
where memory performance, optical transparency, flexibility,
and the physical transience are required at the same time
(Figure 1, bottom panel).

Synthesis of PCL-TEMPO

The nonconjugated nature of a radical polymer allows
for facile molecular engineering to achieve specific end-
use properties. For example, in our previous work, we
incorporated ethylene oxide into the backbone of a radical
polymer, significantly enhancing its ionic conductivity and,
consequently, its mixed conductivity by up to three orders
of magnitude.*! Our focus here centers on the synthetic
tunability, flexibility, biocompatibility, and potential phys-
ical transience of polycaprolactones (PCLs), which, while
functioning orthogonally, synergistically enable a transient
memristor when combined with the intrinsic memristivity of
a radical polymer.

The synthesis of PCL-TEMPO proceeds through the
ring-opening of an e-caprolactone derivative, followed by
the click attachment of a radical moiety (TEMPO, 2,2,6,6-
tetramethylpiperidin-1-yl) as a pendant unit (Figure 2a). The
monomer, 2-bromo-caprolactone (hereafter referred to as
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Figure 1. Schematic illustration of a nonconjugated polymer-based high-performance transient memory.

CL-Br) was used to incorporate the caprolactone linkage
throughout the main chain and equip the resulting poly-
mer with a redox-active unit. Thio-MTEMPO (1-methoxy-
2,2,6,6-tetramethylpiperidin-4-yl 3-mercaptopropanoate) and
CL-Br were prepared according to literature procedures,
as described in Supporting Information (Scheme S1) with
'H and BC NMR analysis (Figures S1 to $9).[2%31 The
polymeric intermediate (hereafter referred to as PCL-Br)
was obtained as a linear homopolymer with a low dispersity
(P) value of 1.12 and a number-averaged molecular weight
(M,) of 8.8 kDa. Specifically, the reaction occurred in the
presence of benzyl alcohol (BnOH) as an initiator, and
stannous octoate (Sn(Oct),) as a catalyst (feed ratio, [CL-
Br]:[BnOH]:[Sn(Oct),] = 55:1:0.17, 130 °C, 3 h). The degree
of polymerization (D P) was determined by 'H NMR, yielding
an integral ratio of 43 (Figure 2b, between the methylene
protons at 2.07 (e) and 3.66 (d end) ppm).

To introduce a stable radical moiety in the biodegradable
polymer backbone, PCL-Br was functionalized with thio-
MTEMPO in DMF via thio-bromo click reaction at room
temperature using triethylamine (Et;N) as a catalyst.[*!] Thio-
MTEMPO with a protected radical group was prepared to
prevent undesired interaction between the nitroxide and thiol
groups as the click reaction is typically radical-mediated
(Figure S1). 'H NMR spectrum of PCL-Br (Figure 2b)
showed that the peak at 4.19 ppm (¢ and d), which was
assigned to the methine proton adjacent to the Br and methy-
lene protons adjacent to the O atom, respectively. After the
protected radical moieties were attached to PCL-Br (here-
after referred to as PCL-MTEMPO), the methine proton
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adjacent to Br group showed an NMR shift to 3.23 ppm (¢’)
via formation of thioether bond. The newly appeared peaks
at 5.17, 3.60, 2.85, 2.56,1.81, 1.58, 1.21, and 1.17 ppm were
attributed to the protons of thio-MTEMPO (Figure 2c). In 3C
NMR spectra (Figure S9), the peak at 45.73 ppm of the carbon
adjacent to the Br group in PCL-Br was shifted to 46.67 ppm
after the converting to thioether bond in PCL-MTEMPO. In
the 'H NMR spectrum of PCL-MTEMPO, the integral ratio
of peaks ¢’ and j was 1:2, confirming that thio-MTEMPO was
completely introduced to the PCL-Br as a pendant group.
The profiles of size exclusion chromatography (SEC) also
demonstrated the successful functionalization, showing an
M, of 14.5 kDa, with the P of 1.24 (Figure S10). PCL-
MTEMPO was then oxidized with meta-chloroperoxybenzoic
acid (mCPBA) in anhydrous methylene chloride to generate
PCL-TEMPO. 'H NMR spectrum (Figure 2d) confirmed
that the methyl group on the nitroxide in PCL-MTEMPO
was removed by observing disappearance of a sharp peak
(i) at 3.6 ppm, representing complete conversion to the
active radical moiety. Line broadening indicates the presence
of a stable nitroxide radical, which interacts with nearby
nuclear spins and accelerates the relaxation.[*?] The nitroxide
group in PCL-TEMPO can assume variable redox states,
with the representatives being a neutral nitroxide (NO) and
its oxidized form (oxoammonium, NO*).[?>31] With Fourier
transform infrared (FTIR) spectroscopy, we investigated on
the redox states, based on the distinct absorption of the
oxoammonium species at 1540 cm~".[>>33] In our case, no peak
was detected from 1500 to 1600 cm™' as shown in Figure 2e,
confirming that PCL-TEMPO contains negligible amounts

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

25U SUOLULIOD SAIRBID) 3|0t (dde 8Ly A pouen0B e OILE YO ‘88N JO SN o) AIRIGI T UIIUO ABJIA UO (SLOIPUOD-PUE-SWLBILIOD™AB |IM ARG 1[BU1UO//Sd1Y) SUONIPUOD PUE SIS | 341 39S *[5202/90/08] U0 ARIGIT SUIIUO AD1IA B1IRYRUEIL00D AQ 928225202 @1Ue/Z00T OT/I0p/L00 Aa| 1M AReIqjpu 1 |uo//SdNy LWOJ) papeojumod ‘.z ‘SZ0Z ‘ELLETZST



a)

Research Article

©/\°(J°%e\'/\/°?“h| @/\OGOHC;T/\/O);H
j

b 0O e f : °§Ik ; ss
Gty o — N

Angewandte

intemationalEdition’;, ChEMie

(/2]

/

d(end) o
PCL-Br PCL-MTEMPO PCL-TEMPO
b)
5 CHCL (4 fq
CH.Cl, 74 72 =
b d(end) DMF
5.0 45 40 i35 ' ' ' 5 no0
c)

5.0 45 40 35

3.0 25 2.0 15

Chemical shift (ppm)

In

Intensity (a.u.)

|l
1 !

—— PCL-TEMPO
— — 4-hydroxy TEMPO

0) 1318, 1127 f
—re =0 stretching

y 2951
<. C-H stretchin
3
c 1730
-’é C-O stretching
2
2 | —— PCL-TEMPO

— PCL-MTEMPO

—— PCL-Br

3500 3100 1600 1200

Wavenumber (cm™1)

800 3460 3480 3500 3520 3540

Magnetic Field (G)

Figure 2. Synthesis of PCL-TEMPO. a) Scheme for the synthesis of PCL-TEMPO: (i) thio-MTEMPO, Et;N, DMF, RT, and 4 h, and (ii) mCPBA, DCM,
0°C to RT, and 4 h. b)-d) "H NMR spectra (CDCl3, 400 MHz) of (b) PCL-Br, (c) PCL-MTEMPO, and (d) PCL-TEMPO. e) FTIR spectra of the reaction
products, and f) ESR spectra of PCL-TEMPO (solid line) and 4-hydroxy TEMPO (dashed line) in solution.

of cation species and remains as the neutral form. Another
issues associated with the synthesis is the conversion of the
sulfide group into sulfone or sulfoxide, at oxidative reaction
conditions.’'**] The 'H NMR spectrum (Figure 2d) showed
that the methine proton (¢”) adjacent to the sulfone and the «-
position was shifted from 3.23 to 3.61 ppm, and the methylene
proton (j') adjacent to other side of the sulfone was shifted
from 2.85 to 3.61 ppm. The FTIR spectrum of PCL-TEMPO
confirmed the presence of characteristic sulfone peaks at 1318
and 1127 cm~!, but no sulfoxide peak at 1018 cm~! as shown
in Figure 2e. As a final product, PCL-TEMPO displayed an
increased M, of 12.4 kDa, and a P of 1.12 (Table S1). The
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presence of active radicals was confirmed through electron
spin resonance (ESR) analysis, which indicated redox pairs
that provide the system with distinct conductance states
(Figure 2f). Overall, PCL-TEMPO displayed good solubility
in organic solvents including DMF, THF, DCM, and acetone,
which is advantageous in the device fabrication that ensues.

Thermal Properties of PCL-TEMPO

Building on the successful synthesis of PCL-TEMPO, we
conducted a detailed investigation of its thermal property.
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This aspect is critical for device fabrication and its perfor-
mance, essential considerations for practical applications in
soft electronics. Specifically, since the physical state of the
polymer associated with the glass transition temperature (7)
can influence the quality of the active layer significantly,>!
it is often desirable to consider an additional fine-tuning
of the thermal properties. For example, it can be simply
achieved through appropriate molecular engineering strategy
of controlling the molecular weight of the polymer.

First, thermal stability of PCL-TEMPO and its precursor
polymers were studied by thermogravimetric analysis (TGA,
Figure S10). The decomposition temperatures at 5 wt%
weight loss of the synthesized PCL-Br, PCL-MTEMPO,
and PCL-TEMPO were observed at 238, 216, and 166 °C,
respectively. The decomposition temperature (7y3) of PCL-
MTEMPO was lower than that of PCL-Br due to the lower
bond dissociation energy of C-S (259 kJ mol!) than that
of C-Br (276 kJ mol!).3°1 The T, of PCL-TEMPO was
lowered than that of PCL-MTEMPO due to the presence
of sulfone linkage. The T, for PCL-Br, PCL-MTEMPO, and
PCL-TEMPO were observed at —37.3, —9.7, and 50.9 °C,
respectively. PCL-Br showed higher T, value but no melting
point (71,), when compared to conventional (semicrystalline)
PCL that typically displays 7, of —62 °C and the T}, of 5 -
65 °C.[3-%1 This is due to the electron withdrawing nature of
the bromine, which causes the dipole interaction that results in
stronger intermolecular forces than that of PCL. We observed
that the 7, of PCL-MTEMPO increased compared to that of
PCL-Br, which is attributed to the bulkiness of MTEMPO
that increases overall molecular weight of the polymer and
the free volume.[***?] Here, the molecular weight is related
to the T, by the Fox-Flory relation.[***! After the oxidation,
PCL-TEMPO features nitroxides and sulfone groups with
its much higher T, value. The nitroxide can act as an
acceptor of the hydrogen bond, resulting in hydrogen bonded
networks.[**] The sulfone groups are more rigid compared
to sulfides, also leading to the higher 7, value. As higher
T, can improve the uniformity of an organic film, that of
PCL-TEMPO is expected to achieve generally lower device-
to-device variability compared to that of the prototype device
(in our previous work). Overall, the unique set of physical
properties exhibited by PCL-TEMPO strongly indicates its
potential toward biointerfaces and bioelectronics.

Memory Performance of PCL-TEMPO

Based on the successful synthesis and stable thermal proper-
ties of PCL-TEMPO, we now explore the intrinsic memory
performance of PCL-TEMPO based devices. As mentioned
earlier, the successful implementation of PCL-TEMPO in
hardware-based biorealistic systems requires its intrinsic
memristivity. To test this possibility, we first constructed
metal-insulator-metal (MIM) devices using PCL-TEMPO as
the active layer, for both dot and crossbar arrays. We utilized
gold, copper, and molybdenum as electrodes (30 nm bottom
and 50 nm top electrodes), where consistent active layer thick-
ness of 100 nm was applied unless otherwise noted. Regarding
electrode selection, we observed similar resistive switching
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behavior across all electrode combinations, consistent with
our previous work.[2*] However, we recommend using an
asymmetric configuration of gold and copper as it provides
the most stable resistive switching characteristics presumably
due to the favorable energy level alignment (absence of elec-
trochemical metallization is thoroughly investigated below).
While the electrode dependence in resistive switching can
be a nontrivial issue, a detailed investigation is beyond the
scope of this work and is deferred to our ongoing research.
For the device area, the dot arrays were tested with areas of
50 x 50, 100 x 100, and 200 x 200 pm?, while a fixed area of
50 x 50 um? was used for the crossbar arrays (further device
fabrication details are given in the Experimental Section).
Figure 3a summarizes the typical I-V sweep of the PCL-
TEMPO based MIM device. Measurements were performed
in voltage sweeping mode at ambient conditions (i.e., room
temperature without applied vacuum). We found that the
device exhibited I-V curves typical of bipolar resistive switch-
ing, with a clear distinction between high resistance states
(HRS) and low resistance states (LRS), abrupt transitions
between them, and a polarity reversal between the SET
and RESET processes. The DC voltage sweep was highly
reliable and repeatable, with SET and RESET voltages (Vsgr
and Vggser) occurring at approximately 2.0 V and —0.5 V
for both device types. Overall, the device demonstrated an
impressive on/off ratio exceeding 10°, and it maintained
stable performance after more than 250 DC sweep cycles
(Figure 3b). In addition, the device exhibited remarkable
state retention characteristics that lasts over 10* seconds
(Figure 3c).

For comparison, we tested control devices composed of a
PCL active layer (i.e., without TEMPO moiety) with varying
(i) thickness and (ii) electrode combinations. Specifically,
no switching events were observed in devices with either a
thinner active layer (50 nm) or an Au (bottom) / Cu (top)
electrode configuration even when subjected to an extended
applied voltage (Figure S11). Note the operation voltage
could be adjusted down to less than 1 V by appropriate
device engineering (e.g., tuning of the active layer thickness)
(Figure S12). Furthermore, we tested whether the LRS
current is externally limited by the measurement setup,
where we found no significant change in LRS current across
compliance current (CC) values ranging from 1073 to 107° A
per order of magnitude (Figure S13). Last, we present a case
study of a 50 nm-thick PCL-TEMPO device, where the low-
lying LRS current enabled stable resistive switching with no
application of CC, without causing permanent damage to the
device (Figure S14). Overall, these additional experiments
strongly support the molecular origin of the resistive switching
in the PCL-TEMPO device system. We also note that the
electrical characteristics of PCL-TEMPO is highly competi-
tive to a class of inorganic transient memristors, and greatly
surpasses those of organic memristors reported previously
(see below).['1 As a result, these characteristics highlight the
potential of PCL-TEMPO in advanced soft bioelectronics,
offering highly stable and reliable performance in terms of
both device operation and the material itself.

For further investigation on the origin of the intrinsic
memristivity exhibited by PCL-TEMPO, we analyzed the
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Figure 3. Memory performance of PCL-TEMPO. a) |-V curves of PCL-TEMPO based MIM device exhibiting reliable switching performance. b) Cycling
test displaying on/off ratio >10° over >250 cycles. c) Retention test displaying stable device operation for >10* s. d) and e) Mechanistic analysis on
the conduction behaviors of PCL-TEMPO device at (d) LRS, and (e) HRS. f) Cyclic voltammogram of 0.1 mM PCL-TEMPO in acetonitrile, with 0.1 M
tetrabutylammonium hexafluorophosphate as an electrolyte. g) Temperature dependence of the LRS in a PCL-TEMPO based device. The inset shows
a typical resistance—temperature relationship observed in metals (Au in this case). h) and i) Color map images of resistance distribution from |-V

curves of 64 memory cells at (h) LRS and (i) HRS.

double logarithmic I-V curves of a typical switching cycle
(Figure 3d,e). Three distinct charge conduction regimes were
identified at both HRS and LRS: (i) Ohmic conduction
(I«V), (ii) square law dependence (IxV?), and (iii) regions
of steep current increase (Iox<V* with o > 2). This indicates the
space-charge limited conduction (SCLC) dominates both con-
ductance states, and thus rules out the possibility of resistive
switching caused by metallic filament formation that typically
shows Ohmic conduction across the voltage sweep.[*4]
Additionally, to investigate the origin of the bistability
observed in the I-V measurements, cyclic voltammetry (CV)
was performed. Figure 3f shows a typical voltammogram of
0.1 mM PCL-TEMPO in acetonitrile, in the presence of 0.1 M
tetrabutylammonium hexafluorophosphate. The voltammo-
gram closely aligned with those of small-molecule nitroxides
reported in the literature,[*] displaying reversible and stable
redox kinetics within a given voltage window. Specifically,
oxidation peaks were observed at ~ 0.7 V (vs. Ag/AgCl), and
reduction peaks occurred at ~ —1 V (vs. Ag/AgCl). Further,
we examined the temperature dependence of the LRS current

Angew. Chem. Int. Ed. 2025, 64, 202422826 (6 of 10)

as radical polymers typically exhibit a systematic decrease
in resistance with increasing temperature.[>>2°] This behavior
contrasts sharply with resistive switching devices based on
the electrochemical metallization mechanism, which gener-
ally show linear increase in the resistance as temperature
increases. Following the LRS resistance test, we observed
a systematic decrease in resistance in PCL-TEMPO based
devices as temperature increases, further corroborating the
molecular origin of our device system (Figure 3g). Although
the experimental evidence on the molecular origin of the
resistive switching observed in our system is self-supporting,
we refer readers to our previous efforts on prototype
radical polymer-based resistive switching devices.[*!] Lastly, as
device yield and variability remain critical challenges in both
inorganic and organic memristive systems, we conducted a
statistical analysis of our 8 x 8 crossbar array (Figure 3h.,i).
Our results revealed a remarkably high device yield but
significant device-to-device variability in both HRS and
LRS currents. We anticipate that future studies and further
optimization of the device fabrication process will help
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Figure 4. Designer features of PCL-TEMPO toward soft bioelectronics. a)—c) Flexibility test of PCL-TEMPO-based device: (a) Fatigue, (b) performance
retention at bending, and c) |-V cycles after the fatigue test. d) Photos highlighting the optical transparency of PCL-TEMPO based device. Inset
displays an individual crossbar array with each device in the array assumes an area of 50 x 50 ym?Z. e) Cell viability test on a PCL-TEMPO thin film. f)
On-demand physical transience test of the device during 72 h of exposure to DI water at room temperature.

minimize this variability, which we aim to address in our
ongoing research. Overall, the mechanistic studies, together
with electrochemical measurements, confirm that the intrinsic
memristivity of PCL-TEMPO that can be utilized in soft
biorealistic systems.

Designer Features of PCL-TEMPO Toward Soft Bioelectronics

The successful application of our polymer in bioelectronics
and advanced biorealistic systems hinges on the precise
tailoring of its structural and functional properties to meet the
demands of practical, real-world applications. Key attributes
include: (i) optical transparency and (ii) biocompatibility,
essential for seamless integration with biological tissues
and wearable technologies; (iii) mechanical compliance or
flexibility, which allows the polymer to withstand various
biomechanical stresses encountered during routine activities,
and (iv) on-demand physical transience, which not only
enhances the sustainability of the material but also permits
the programmed dissociation or degradation of devices post-
use, such as in the case of temporary implants.[*!"] Figure 4
illustrates these designer features, of a PCL-TEMPO based
crossbar-type device on a biodegradable substrate, poly(lactic
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acid) (PLA). The fabricated device assumed identical active
layer thickness to the dot arrays (in Figure 3), where molyb-
denum electrodes were utilized to represent more holistic
view on the physical transience of the device (Figure 1).
Note that the molybdenum was chosen for its characteristic
dissolution in water over extended period time.l'’! The device
was highly thin (~20 pm) and flexible (Figure 4a—c) and
exhibited optical transparency (Figure 4d). Importantly, we
found that replacing the electrode and the substrate materials
with molybdenum or PLA did not significantly affect the
memory performance. The device displayed no obvious
cytotoxicity as we conducted a cell viability test to assess its
potential for various biointerfaces (Figure 4e). Specifically,
the test was performed using mouse normal fibroblast cell
lines (L929) to evaluate the toxicity of PCL-TEMPO. A
range of sample concentrations (0 to 100 pug mL™') was
tested, and no significant cytotoxicity was observed across all
concentrations. As briefly mentioned above, the device also
displayed retention of its performance on iterative cycles of
real-life mechanical stresses, such as bending. In particular, we
observed that the device displayed no significant deterioration
in its memory performance over >3000 bending cycles, at a
bending radius of 4.5 mm (Figure 4a). Note the device was
also stably operable at constant bending strain (Figure 4b)
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Table 1: Comparison of device performance metrics with previous literature (Reproduced from [ with permission from the Royal Society of
Chemistry).[10]

Forming On/off Retention Dissociation/ Flexibility (bending Switching
Active layer process Ratio Cycle time (s) degradation method radius) mechanism Ref.
Silk fibroin Required >10° 100 >8 x 10* Buffer solution Down to 10 mm Extrinsic [27]
Silk fibroin Required >102 30 >3 x 10° DI water Qualitative Extrinsic [49]
Silk fibroin Required >10? 50 >10* DI water - Extrinsic [50]
Egg albumen - >102 120 >10* DI water - Extrinsic [57]
Keratin Required >10° 100 >10* DI water - Extrinsic [22]
Gelatin Not required ~10? 100 >10* DI water Down to 10 mm Extrinsic [52]
Soya protein - ~10° - >10° DI water Qualitative Intrinsic [53]
Glucose Required =10 100 >10* DI water Down to 15 mm Extrinsic [54]
Glucose - ~10 100 >10* DI water - Extrinsic [55]
Chitosan Required >100 60 >10* DI water Down to 5 mm Extrinsic [23]
Cellulose Required >107 20 >10* Natural soil - Extrinsic [56]
Pectin Not required ~25 500 >10* DI water Down to 5 mm Extrinsic [57]
Lactose - >10 100 >5 x 10° DI water - Extrinsic [58]
PVP N >10° - >10* DI water Down to 10 mm Intrinsic [59]
PCL-TEMPO Not required ~ >10° >250 (DC)  >10* DI water Down to 4.5 mm Intrinsic
(This work)

and maintained its stable I-V cycles after the fatigue test
(Figure 4c). Lastly, the device exhibited substantial on-
demand physical transience, at a very mild environmental
condition of applying DI water (Figure 4f). Specifically, the
device displayed its disappearance before 72 h of exposure
to the water at room temperature. Note that these features
are also expected to be adjustable by dedicated device
engineering, as with the device metrics such as switching
voltage (see above). These designer features of PCL-TEMPO
based memory device are expected to contribute significantly
to the practical implementation in biomedical and related
areas of applications.

Given the unique design features of PCL-TEMPO based
devices, further consideration of their practical applica-
tions is worthwhile. While the physical transience of these
devices in physiological environments is highly advantageous
for implantable neuromorphic systems (for example, by
eliminating the need for post-surgical removal), it may
not be suitable for long-term implantation or wearable
applications that require delayed or no degradation under
physiological conditions. To address these concerns, we
demonstrate that appropriate packaging or passivation strate-
gies can significantly extend the functional lifespan of our
system. Specifically, we show that passivation with PCL
and poly(dimethylsiloxane) (PDMS) can either (i) substan-
tially delay or (ii) completely prevent device dissociation
in physiological environments (Figure S15; see details in
the Experimental Section). An important point to clarify
is the origin of the physical transience observed in our
device system. We find that it is more accurately described
as the physical dissociation of PCL-TEMPO rather than
its chemical degradation into monomeric units. However,
prolonged exposure of the dissociated polymer chains in
physiologically relevant environments would eventually lead
to chemical degradation, justifying the concept depicted in
Figure 1.[9] Furthermore, the increased surface area of the
thin-film PCL-TEMPO and the dissolution of the electrode
may also accelerate this process. To support this claim, we
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monitored the dissolution of PCL-TEMPO in water using
'"H NMR analysis over time (Figure S16). Notably, this
distinction in the origin of physical transience does not
affect the classification of our device as physically transient,
in line with transient memristors reported elsewhere.['] In
practical applications, there may be scenarios where rapid
chemical degradation of the device is required. To explore
this, we conducted an accelerated chemical degradation test
under relatively mild conditions of an acid or a base at
elevated temperature (Figure S17). Under these conditions,
PCL-TEMPO fully degraded into water-soluble monomers
of PCL and hydroxylated TEMPO (Figure 1). Another key
consideration is the potential cytotoxicity of TEMPO during
device degradation. However, an approximate calculation
indicates that the total PCL-TEMPO content in a single
crossbar device is only ~5 pg, which is significantly below
established cytotoxicity thresholds (Figure 4e¢). Notably, the
active layer comprises only a small mass fraction (< 0.5%)
of the entire device, further minimizing any potential toxicity
concerns. Lastly, assessing potential performance degradation
due to humidity is crucial for the practical operation of
PCL-TEMPO based memristive devices as the molecular
structure of PCL-TEMPO could facilitate ion solubiliza-
tion and partial dissolution under high relative humidity
(RH).*l To investigate this, we evaluated the retention
characteristics of the device at various humidity levels (20%,
40%, 60%, 80%, and 90%) (Figure S18). While a minor
change in the HRS current was observed, consistent with our
previous work,” no significant performance deterioration
was detected across all tested humidity levels. Furthermore,
we found that the passivation strategy discussed earlier
effectively mitigates humidity-induced variations, with PDMS
passivation significantly reducing HRS current fluctuations,
even at 90% relative humidity (Figure S19).

Overall, to emphasize the exceptional memory perfor-
mance and on-demand degradability of the PCL-TEMPO
based device, we directly compared its metrics with other
classes of physically transient memristive devices (Table 1).[1]
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Compared to reported organic memristive devices, our device
demonstrated exceptional performance, including no need
for a forming process, low operating voltage, a large resis-
tance window, high endurance cycles, long retention time,
and no need for specific chemical agents for the physical
transience. Also, while not explicitly addressed in Table 1,
we summarize the key advantages of this work over our
previous study on the prototype radical polymer. First, this
study presents the first explicit demonstration of physical
transience and mechanical compliance in radical polymer-
based memristors, confirming stable memristive performance
across various substrates and device configurations. Second,
it achieves a notable improvement in device yield, partially
addressing a longstanding challenge in organic memristors
and representing a significant step toward their practical
implementation. Third, this work indicates the versatility
and generalizability of our molecular engineering strategy,
which can be extended to a broader class of synthetic and
biopolymers with an expanded functional window (e.g., self-
healing and light responsiveness). Notably, we are currently
developing various multifunctional memristive devices based
on polycarbonates and polypeptides, which will be discussed
in detail in our forthcoming studies.

Conclusion

In this work, we presented a nonconjugated polymer
derivative with intrinsic memristivity, which enabled high-
performance soft memory with on-demand physical tran-
sience. The inherent memory function of the base mate-
rial resulted in an exceptional resistance window, superior
endurance cycles, and extended retention times for an
organic memristive material. A biocompatible variant of the
prototype device exhibited complete dissociation under mild
environmental conditions, while maintaining excellent per-
formance compared to both dissociable and nondissociable
organic memristive devices. This work represents the first
instance of unconventional soft materials integrated into
transient memristive devices, highlighting their potential to be
readily adapted for future applications in soft bioelectronics
and biorealistic systems.
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