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Backbone Tailoring Enables High-Performance and Stable
n-Type Organic Mixed lonic-Electronic Conductors for

Synaptic Simulation and Biosensor

Wanli Yang, Suxiang Ma, Sergio Gdmez-Valenzuela, Sang Young Jeong, Jin-Woo Lee,
Haihui Cai, Rongjin Zhu, Bin Liu, Han Young Woo, Bumjoon J. Kim, Shu-Jen Wang,

Paddy Kwok Leung Chan, Xugang Guo, and Kui Feng*

High-performance and stable n-type organic mixed ionic-electronic
conductors (OMIECs) are crucial for advancing organic electrochemical
transistors (OECTs)-based low-power complementary circuits and biosensors,
yet their development remains a great challenge. Herein, the study presents a
series of donor-acceptor polymers incorporating bithiophene (BTI) and fused
BTI derivatives with varying conjugation backbone lengths as acceptors. The
mid-size fused BTl dimer enables polymer PBTI2g-DTCN with simultaneously
improved ion-uptake capability, film structural order, and ion/electron trans-
port capability. Consequently, an impressive electron mobility of 0.84 cm? V'
s~ and a record figure-of-merit (£C*) 0f 287.8 Fcm~"' V' s! are achieved for
PBTI2g-DTCN-based n-type conventional OECT in accumulation mode, while
the vertical OECTs (VOECTSs) attain a state-of-the-art area-normalized transcon-
ductance (g,, ,) of 71.8 uS pm=? with remarkable operational stability. Through
finely manipulating the channel components, the vOECTs demonstrate dual-
mode operation, switching between non-volatile and volatile states. In non-
volatile mode, vVOECT-based artificial synapses with excellent ambient stability
enable dynamic learning and are employed in convolutional neural networks
for image recognition. In volatile mode, they excel in biosensing, monitoring
electrocardiography and electromyography signals. These remarkable results
demonstrate that backbone tailoring is a powerful strategy for developing
high-performance n-type OMIECs for synaptic and sensor applications.

spanning from biochemical sensing!'
to analogue neuromorphic computing
(571 as well as low-voltage amplifiers and
circuits.®!!l This versatility stems from
their volumetric capacitances and unique
coupling of ionic and electronic charge car-
riers in an organic mixed ionic-electronic
conductor (OMIEC).["?l So far, major
progress has been achieved for p-type
OECTs with a sizable figure-of-merit uC*
(charge transport mobility, u; volumetric-
normalized capacitance, C*) exceeding
500 F cm™! V-1 g~1[213-16] However, the
development of n-type counterparts lags
greatly behind, with the uC* values typically
below 200 F cm™! V-1 g71I[7-20] Notable
examples of n-type OECT materials in-
clude amide-functionalized (hetero)arene-
based polymers, 212 imide-functionalized
(hetero)arene-based polymers,26-311  and
ladder-type  polymers.?351  Although
the C* values of these n-type polymers
are on par with those of p-type coun-
terparts, their mobility values typically
range from 0.01 to 0.1 cm? V7! s71, sig-
nificantly lower than those of p-type ones
(>1.0 cm? V71 s71).] This mismatch in

1. Introduction

Organic electrochemical transistors (OECTs) form the founda-
tion of numerous emerging organic bioelectronic technologies,

performance between p-type and n-type OECTS limits the devel-
opment of low-power complementary devices, artificial synapses,
and biosensors.[**-38] Therefore, it is critical to develop new n-
type polymers with improved charge mobility while maintaining
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Figure 1. a) Molecular structures of PBTI1g-DTCN, PBTI2g-DTCN, and PBTI3g-DTCN. b) FMO alignment of three polymers. UV-vis—NIR spectroelec-
trochemical measurements of ¢) PBTI1g-DTCN, d) PBTI2g-DTCN, and €) PBTI3g-DTCN thin films in 0.1 M NaCl aqueous solution at different reduction
voltages against Ag/Ag* reference. f) 2D-GIWAXS line-cut profiles along the in-plane and out-of-plane directions. 2D-GIWAXS images of g) PBTI1g-
DTCN, h) PBTI2g-DTCN, and i) PBTI3g-DTCN thin films fabricated by spin-coating.

a high ion-uptake/transport capability to advance bioelectronic
applications.

Adapting proven approaches in organic thin-film transistors
(OTFTs), such as fine-tuning the z-conjugated backbone, devel-
oping new building blocks, optimizing side chains, and min-
imizing device contact resistance,3%* is an available strategy
for accessing n-type OECT materials with high mobility. Among
them, fine-tuning z-conjugated backbone, known for its abil-
ity to access high-mobility n-type OTFTs, presents a promis-
ing avenue for accessing high-performance n-type OECTs.[*]
Ladder-type bithiophene imide (BTI) derivatives (BTIn) with
controllable conjugation lengths have demonstrated consider-
able success in constructing n-type polymers with controllable
conjugation backbones, thus achieving impressive OTFT elec-
tron mobility (u, orpr >3 cm? V7! s71).%41 To investigate how
conjugated backbone extension influenced the molecular topol-
ogy and electronic structure in BTIn, we performed density func-
tional theory (DFT) calculations. It was found that the lowest un-
occupied molecular orbital (LUMO) energy levels gradually de-
crease with the z-conjugation extension of the BTT series, and the
calculated backbone geometries demonstrated good coplanarity
for them (Figure S1, Supporting Information). In the calculated
electrostatic (ESP) potential surface diagram, BTI2 and BTI3
display pronounced negative charge densities between neigh-
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boring BTI units, indicating increased electron-deficient charac-
ters as the backbone extends in BTIn. Non-covalent interaction
analysis exhibited small steric hindrance between thiophenes in
three blocks (Figure S2, Supporting Information), which con-
tributes to a favorable planar conformation. Therefore, BTI2 and
BTI3, characterized by stronger electron deficiency and longer
r-conjugated frameworks compared with BTI1, are promis-
ing building blocks for constructing high-performance n-type
OMIECs.

Given these appealing properties, we design and synthe-
size three new donor-acceptor (D-A) OMIECs, PBTI1g-DTCN,
PBTI2g-DTCN, and PBTI3g-DTCN (Figure 1a), based on BTIn
installing branched oligo(ethylene glycol)-type polar side chains
as electron-deficient blocks and dicyanated bithiophene (DTCN)
as the co-unit. We utilized DTCN as a co-unit due to its strong
electron-withdrawing character and good coplanarity.*] Among
them, the mid-sized BTI2-based PBTI2g-DTCN simultaneously
shows the most desirable properties for n-type OMIECs, includ-
ing low frontier molecular orbital (FMO) energy levels (LUMO
and highest occupied molecular orbital (HOMO) energy lev-
els), good electrochemical dopability, and distinct structural
order compared to the other two polymers. As a result, PBTI2g-
DTCN delivers a record uC* of 287.8 F cm™ V! s7! in n-
type conventional OECTs (cOECTs) with accumulation mode,
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and a high area-normalized transconductance (g, ,) of 71.8 uS
pm~2 in vertical OECTs (VOECTS) with excellent operational
stability by blending with a photocurable polymer(cinnamate-
cellulose polymer, Cin-Cell). Via mass ratio adjustments of the
channel components, the vOECT-based artificial synapses are
capable of both volatile and non-volatile operations, thus re-
alizing sensing, memory, and processing for energy-efficient
bioelectronics.

2. Results and Discussion

2.1. Synthesis of Polymers

The synthesis of dibrominated monomers BTI1g-2Br and
BTI2g-2Br was prepared by following previously reported pro-
tocols in the literature.314¢] The synthetic route to brominated
monomer BTI3g-2Br is depicted in Scheme Sla (Support-
ing Information). Compound 1M was first reacted with
3-(2-(2-methoxyethoxy)ethoxy)-2-((2-(2-methoxyethoxy)ethoxy)
methyl)propan-1-amine to yield BT13g, which was subsequently
brominated using Br, in the presence of a catalytic amount of
FeCl, to afford dibrominated monomer BT13g-2Br. All the di-
brominated monomers were confirmed by 'H/!3C nuclear mag-
netic resonance (NMR) spectroscopy and high-resolution mass
spectrometry. These monomers were then subjected to polymer-
ization with distannylated co-monomer DTCN-2Sn via a typical
Stille coupling to yield PBTI1g-DTCN, PBTI2g-DTCN, and
PBTI3g-DTCN (Scheme S1b, Supporting Information). All
three polymers showed excellent solubility in chloroform and
hexafluoroisopropanol, and their chemical structures were
confirmed by 'H NMR spectroscopy and elemental analysis.
Based on standard gel permeation chromatography (GPC)
using hexafluoroisopropanol as eluent (Figure S3, Supporting
Information), the molecular weight (M, )/polydispersity (D) of
PBTI1g-DTCN, PBTI2g-DTCN, and PBTI3g-DTCN were esti-
mated to be 89.5 KDa /2.36, 58.7 KDa /2.18, and 57.6 KDa/1.56,
respectively. To demonstrate the reproducibility of our poly-
merization process, we have prepared two additional batches of
PBTI2g-DTCN under identical Stille polymerization conditions
(Figure S4, Supporting Information). Good consistency is
found in their M,/D values across the three batches, which
are 58.7 KDa /2.18, 59.6 kDa/1.38, and 52.3 kDa/1.42 (Table
S1, Supporting Information), respectively, thus highlighting
the reproducibility of our polymerization methodology. For
investigating the residual Sn and Pd contamination during
the purification process, we performed inductively coupled
plasma mass spectrometry measurements. The results show
that both Sn and Pd concentrations in all three polymers are
below 1 ppm (Pd<0.02 ppm; Sn<0.7 ppm), which are well
within the acceptable ranges for electronic device applica-
tions (Table S2, Supporting Information). Thermogravimetric
analysis (Figure S5, Supporting Information) shows their
high decomposition temperatures of >320 °C, and fur-
ther differential scanning calorimetry scans (Figure S6,
Supporting Information) exhibit no visible thermal tran-
sitions for these polymers in the temperature range of
50-250 °C, underscoring their adequacy for OECT device
applications.
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2.2. Optical and Electronic Properties

The optical properties of three polymers were investigated us-
ing ultraviolet-visible (UV-vis) absorption spectroscopy. First, we
measured the absorption properties of three monomers to eluci-
date the conjugated backbone length effects among the BTI se-
ries. As shown in Figure S7 (Supporting Information), the max-
imum absorption peaks (4,,,,*"s) in solution exhibit a gradual
bathochromic shift with increasing conjugated lengths. Among
the monomers, BT12g-2Br shows the most pronounced vibronic
shoulder and a significant red shift when transitioning from so-
lution to film, indicating stronger self-aggregation behaviour of
BTI2. As expected, three resulting polymers exhibit substantially
red-shifted absorption relative to their corresponding monomers
(Figure S8, Supporting Information). The 4, *™ values are 520,
604, and 612 nm for PBTI1g-DTCN, PBTI2g-DTCN, and PBT13g-
DTCN, respectively. The variable-temperature UV-vis absorption
showed that the z—z" absorption peaks of PBTI2g-DTCN and
PBTI3g-DTCN were gradually blenched as temperature increases
(Figure S9, Supporting Information), demonstrating strong pre-
aggregation characters in solution. A notable bathochromic shift
of 15-20 nm is observed for three polymers as transitioning
from solution to film, attributed to denser molecular packing and
increased aggregation in the solid state. Compared to PBTI1g-
DTCN, both PBTI2g-DTCN and PBTI3g-DTCN exhibit distinc-
tive vibronic shoulder peaks in both solution and film states,
demonstrating that the extended conjugation length in electron-
deficient building blocks can enhance molecular packing and ag-
gregation in polymers.

Based on reduction/oxidation onsets of cyclic voltammetry
(CV) curves (Figure 1b; Figure S10, Supporting Information),
the E ymo/Enomo levels are calculated to be —3.54/-5.59 eV
for PBTI1g-DTCN, —3.87/-5.55 eV for PBTI2g-DTCN, and
—3.92/-5.62 eV for PBTI3g-DTCN (Table S1, Supporting Infor-
mation). From PBTT1g-DTCN to PBTI3g-DTCN, the E ., levels
gradually decrease, indicating effective LUMO suppression by ex-
tending the backbone of the electron-deficient building blocks.
Ultraviolet photoemission spectroscopy (UPS) and inverse pho-
toemission spectroscopy (IPES) measurements were also used
to study the FMO energy levels for three polymers (Figure S11,
Supporting Information). The obtained HOMO/LUMO levels, by
UPS/IPES methods, are —3.38/-5.45 eV, —3.65/—5.43 eV, and
—3.70/-5.52 eV for PBTI1g-DTCN, PBT12g-DTCN, and PBTI3g-
DTCN (Table S3, Supporting Information), respectively. These re-
sults are in good agreement with those from CV measurements,
both showing a gradual decrease in their LUMO levels with an
increase in the BTI monomer size of the polymers. DFT calcu-
lations show the same energy level trends obtained from CV re-
sults (Figures S12 and S13, Supporting Information). Optimized
molecular geometries reveal that PBTI2g-DTCN and PBTI3g-
DTCN exhibit a higher degree of backbone coplanarity with di-
hedral angles typically less than 10° between BT12/BTI3 and the
neighbouring DTCN units compared to PBTI1g-DTCN. These
encouraging findings of PBTI2g-DTCN and PBTI3g-DTCN are
expected to access higher electron mobility in both n-type OTFTs
and OECTs.

Ultraviolet-visible-near infrared (UV-vis—NIR) spectroelectro-
chemistry measurements were employed to explore the electro-
chemical doping properties of three polymers. As illustrated in
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Figure 1c—e and Figure S14 (Supporting Information), increas-
ing the potentials leads to a gradual decrease in absorption at
short wavelengths for all three polymers, accompanied by the ap-
pearance of a new absorption band in the NIR region, demon-
strating the formation of polarons and/or bipolarons. Notably,
the neutral absorptions of PBTI2g-DTCN and PBTI2g-DTCN are
almost completely bleached at the highest reduction potential
of -1V, indicative of a highly n-doped state with a promoted
electron density in the doped film. By contrast, only a limited
reduction of absorption intensities in the neutral absorption is
observed for the PBTI1g-DTCN film against the high reduc-
tion voltage, suggesting a lower electron density in the doped
film. This originates not only from the higher-lying LUMOs of
PBTI1g-DTCN but also from the reduced ion-uptake capability
as evidenced by electrochemical impedance spectroscopy (EIS)
measurements. As shown in Figures S15-S17 (Supporting Infor-
mation), PBT12g-DTCN and PBTI3g-DTCN films efficiently up-
take ions from aqueous electrolyte, exhibiting large C* values of
325.4 and 368.8 F cm 3, respectively, higher than that of PBTT1g-
DTCN film (283.3 F cm™?), because of the increasing density of
polar side chains. Besides, water contact angle measurements in-
dicate a stronger hydrophilicity for PBTI2g-DTCN and PBTI3g-
DTCN films, with contact angle (9) values of 68° and 77°, respec-
tively (Figure S18, Supporting Information), compared to 101°
for PBTI1g-DTCN. This demonstrates the superior wettability of
PBTI2g-DTCN and PBTI3g-DTCN films. The enhanced electro-
chemical dopability of PBTI2g-DTCN and PBTI3g-DTCN posi-
tions them as advantageous candidates for applications in n-type
OECTs.

2.3. Charge Transport and Film Morphology Characteristics

The charge transport properties of the polymers were inves-
tigated using top-gate/bottom-contact OTFTs with a device ar-
chitecture of glass/Au/polymer/CYTOP/Al. PBTI2g-DTCN and
PBTI3g-DTCN demonstrated unipolar n-type performance with
OTFT electron mobilities (. orprs) of 0.043 and 0.0009 cm? V!
s71 (Figures S19 and S20, Supporting Information), respectively.
The substantially improved g, orprs of PBTI2g-DTCN can be at-
tributed to its higher degree of coplanarity and well-ordered film
morphology (vide infra). Unfortunately, PBTI1g-DTCN exhibits
no discernible n-type OTFT characteristics, likely due to the fac-
tors of its high-lying LUMO and the limited conjugation of the
BTI1 unit. The superior electron mobility of PBT12g-DTCN ren-
ders it more favorable for developing high-performance n-type
OECTs.

To investigate molecular packing and film morphology, atomic
force microscopy (AFM) and 2D grazing incidence wide-angle X-
ray scattering (2D-GIWAXS) characterizations were performed.
AFM height images (Figure S21, Supporting Information) show
that PBTI2g-DTCN exhibits a root-mean-square (RMS) rough-
ness of 2.43 nm, higher than that of PBTI1g-DTCN (1.45 nm)
and PBTI3g-DTCN (1.82 nm). The 2D-GIWAXS characteriza-
tion further (Figure 1f) revealed the densely packed charac-
ter of PBTI2g-DTCN than PBTI1g-DTCN and PBTI3g-DTCN.
All three polymers adopt a predominant face-on orientation,
with a pronounced lamellar stacking peak (100) along the in-
plane (IP) direction and a strong z-z stacking peak (010) along
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the out-of-plane (OOP) direction.*’] While all the polymers
exhibit clear lamellar stacking peaks in the OOP direction, par-
ticularly PBTI2g-DTCN, which even shows a distinct second-
order lamellar reflection, the intensity of their z-x stacking sig-
nals in the OOP direction is significantly stronger than that of
the lamellar peaks. This trend, together with the observation
of very weak z-z stacking in the IP direction, indicates that
all three polymers adopt a predominantly face-on orientation
in their molecular packing. The calculated lamellar/z—x stack-
ing distances are 22.0/3.72 A for PBTI1g-DTCN, 21.4/3.61 A for
PBTI2g-DTCN, and 22.2/3.62 A for PBTI3g-DTCN (Table S5,
Supporting Information). The tighter z-z stacking of PBTI2g-
DTCN should facilitate intermolecular charge hopping. Using
the Scherrer equation,!*®) the coherence lengths (CCL,,, and
CCLyq9) of PBTI2g-DTCN are calculated to be 98.5 and 168
A, respectively, significantly larger than those of PBTI1g-DTCN
(53.5 and 125 A) and PBTI3g-DTCN (78.7 and 126 A), indicating
higher crystallinity of PBT12g-DTCN. This superior crystallinity
and stronger intermolecular interactions of PBT12g-DTCN con-
tribute to its more efficient charge transport in OTFTs and OECTs
(vide infra).

2.4. OECT Performance and Device Stability

The electrochemical performance of three polymers was first
characterized using cOECT in a planar structure (Figure 2a).
Figure 2b and Figure S22 (Supporting Information) illustrate
that the three polymers exhibit typical n-type accumulation be-
haviors upon biasing positive potentials with minimal hysteresis
in both transfer and output curves. The average threshold volt-
age (Vy,) values are 0.83, 0.77, and 0.72 V for PBTI1g-DTCN,
PBTI2g-DTCN, and PBTI3g-DTCN (Table 1), respectively, corre-
sponding to the progressively lowered LUMO levels. The high-
est geometry normalized transconductance (g, ,.o.,,) and uC*for
PBTI1g-DTCN-based devices are calculated to be 1.51 S cm™!
and 9.81 F cm™ V! 57!, respectively. To our delight, PBTI2g-
DTCN exhibits a significantly enhanced uC* of 287.8 F cm ™! V!
s71, which is the record value of n-type polymers for accumula-
tion OECTs and far exceeds those of the state-of-the-art n-type
polymers (Figure 2c; Table S4, Supporting Information). In con-
trast, a lower uC* of 59.2 F cm™! V™! s7! was obtained for the
PBTI3g-DTCN-based OECTS. By slightly adjusting the monomer
stoichiometry in the Stille coupling reaction, three additional
batches of PBTI2g-DTCN were obtained with the Mn/D values of
26.3kDa/1.31 (PBTI2g-DTCN-1), 33.5 kDa/1.37 (PBTI2g-DTCN-
2), and 50.2 kDa/1.66 (PBTI12g-DTCN-3) as shown in Figure S23
(Supporting Information). When evaluated in cOECTs, we ob-
served a slight increase in their average uC* from 223.1 to 236.6
and 252.4 F cm™! V~! 7! when the molecular weight increases
(Table S6, Figures S24 and S25, Supporting Information). The
highest performance in PBTI2g-DTCN-3 is a synergetic effect of
high volumetric capacitance and charge mobility. More impor-
tantly, the uC* performance of all three PBT12g-DTCN polymers
is still much higher than PBTI1g-DTCN/ PBTI3g-DTCN, regard-
less of their molecular weights. Thus, the chemical structure of
the polymers is indeed the dominant factor governing their per-
formance, whereas the molecular weight merely serves as a con-
tributing factor to fine-tune it.
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Figure 2. a) Schematic illustration of the cOECT device structure. b) Transfer curves of cOECTs of three polymers. c) A comparison between the uC* and
U, oect Values of PBTI2g-DTCN and the representative n-type polymers reported in the accumulation OECTs. d) The C* and , ogcr regimes of three
polymers. e) On- and off- time constant of cOECTs based on three polymers. f) Operational stability under sequential square wave gate voltage (V, =

0.8V, V4 =0.6 V). g) Evolution of g, and uC* of the optimized PBTI2g-DTCN-based cOECTs in the ambient environment for over 250 h storage.

Based on C* measurements obtained from EIS, the maxi-
mum g, opcrS are calculated to be 0.04, 0.84, and 0.19 cm?
V-1 s71 for PBTI1g-DTCN, PBTI2g-DTCN, and PBTI3g-DTCN,
respectively. PBTI2g-DTCN demonstrates over 5 times higher
U, ogcr than BTI1- and BTI3-based analogues (Figure 2d). No-
tably, these y, ogcr values obtained from OECTs are much higher
than y, orpr values extracted from OTFTs in OMIECs. This dif-
ference arises from the high polarity of the ethylene glycol side
chains, which could induce charge transport traps at the semicon-
ductor/dielectric interfacel*’) and greatly hinder the charge trans-
port in OTFTs. However, the OECT device operates through a
rather different bulk transport mechanism, also at a much higher
charge carrier density than OTFTs.[?] As a result, charge transport
traps are effectively filled under OECT operating conditions, en-
abling OECTSs to deliver higher device currents and thus higher
charge transport mobility than OTFTs.

This outstanding mobility of PBTI2g-DTCN is attributed to
its highly ordered polymer chain packing and superior electro-
chemical doping capability, as confirmed by GIWAXS and UV-
vis—NIR spectroelectrochemical results. Following the exponen-
tial fitting of the drain current (I,) versus the switching time,
the estimated time constants for the on/off states, denoted as
Ton/Tosey Were determined to be 2610/218 ms, 163/21 ms, and

447/99 ms for the PBTI1g-DTCN-, PBTI2g-DTCN-, and PBTI3g-
DTCN-based devices, respectively (Figure 2e). These values sug-
gestthat PBT12g-DTCN exhibits the most rapid doping/dedoping
kinetics. Long-term operational stability of the cOECTs was car-
ried out under pulse mode of gate voltage. All three cOECTs ex-
hibit good stability with the current (I;) maintaining ~80% for
PBTI1g-DTCN, 93% for PBTI12g-DTCN, and 76% for PBTI3g-
DTCN after a total test period of 2000 s (Figure 2f; Figure S26,
Supporting Information). Moreover, the PBTI2g-DTCN device
can retain ~78.7% of its initial uC* value even after 10 days of
storage in the ambient environment (Figure 2g).

Compared to cOECTs, vertical OECTs (VOECTS) show dis-
tinct advantages through their vertical architecture and special-
ized electrode design, including an ultra-short channel length
and an impermeable top contact (Figure 3a; Figure S27, Sup-
porting Information).[3”5% This design prevents direct elec-
trolyte contact, making it highly suitable for flexible and im-
plantable monitors that require high transconductance and long-
term operational stability. To fabricate vOECTs, we used the high-
performing PBTI2g-DTCN blended with a redox-inert photocur-
able polymer (Cin-Cell, Figure S28, Supporting Information) in
an 8:3 mass ratio as an ion-permeable channel. In vOECTS, a
high area-normalized transconductance (g, ,) of n-type PBTI2g-

Table 1. cOECT performance parameters of three polymers reported in this study.

Polymer Zmnorm ) [Sem™] d® [nm] Vin 9 V] C'[Fem™] Heoecr @ [em? V=1 s71] uC* [Fem™'vls™] lonjoff
PBTI1g-DTCN 1.51(1.47 + 0.04) 4842 0.83 +0.02 2833 0.04(0.03 + 0.004) 9.81(8.60 + 1.20) 108
PBTI2g-DTCN 60.2(58.9+ 5.25) 4512 0.76 + 0.03 325.4 0.84(0.75 + 0.10) 287.8(274.1 + 14.2) 108
PBTI3g-DTCN 16.9(15.5 + 2.97) 4141 0.72 +0.03 368.8 0.19(0.15 + 0.037) 59.2(56.0 + 13.6) 108

? Their maximum values with the average values and the standard dewatlond%lven in parentheses. Five samples were tested for each OMIEC. )Average thickness calculated

by profilometer. 9 Extracted from the x-intercept of the 1,°2-V,, linear fitting.

Calculated from OECT-measured uC* and EIS-measured C* value. © Extracted using saturation

regime equation: g, = WTd X UC* X (Vg = Vi), where g, W, L, d, V,, and Vy, are the peak transconductance, channel width, channel length, film thickness, the applied gate

voltage, and threshold voltage, respectively. W = 100 um, L = 10 um.
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Figure 3. a) Schematic illustration of VOECT device structure. b) Transfer and transconductance characteristics of vOECTs based on PBTI2g-DTCN
blended with Cin-Cell. ¢) Evolution of g, the optimized vOECTs in the ambient environment for over 2800 h storage. d) Transfer curves of PBTI2g-
DTCN-based vOECTs operating in dual mode with different PBTI2g-DTCN: Cin-Cell blending ratios. e) 2D-GIWAXS patterns of PBTI2g-DTCN: Cin-Cell
blends in the film state with the mass ratio of 8:3 and f) the corresponding line-cut profiles of pristine and blending films prepared by drop-casting in
different mass ratios along the out-of-plane and in-plane directions. g) RSoXS characterization of the pristine and blending films in different mass ratios.

DTCN was calculated to be 71.8 pS pm~2. The leakage current
is negligible (< 0.1% channel current) under normal operation
(Figure 3b; Table 2). Additionally, its p-type counterpart g4T2-
T2 in a 6:4 blending ratio with Cin-Cell was used for comple-
mentary circuits, achieving an average g, , of 24.8 uS ym=2. The
n- and p-type OMIECs exhibit comparable C* (Figure S29, Sup-
porting Information), with the absolute sum of their Vy s being
~0.25 V. This feature suggests their suitability for constructing
vertical logic circuits with both high performance and low power
usage. More importantly, the vOECT based on PBTI2g-DTCN ex-
hibited excellent stability, with g, maintaining 93.4% of its ini-

tial values even after 2800 h of air storage (Figure 3c), under-
scoring its strong potential for long-term applications. The ex-
ceptional operational stability of the vOECTSs is attributed to both
the device encapsulation strategy and the polymer morphology.
On the one hand, the vertical OECT configuration can inherently
enhance device stability: the top electrode serves as a rigid protec-
tive cap that suppresses film delamination and minimizes inter-
facial degradation during ion injection/extraction.[!l On the other
hand, the blended polymer: Cin-Cell active layer contributes to
additional structural robustness. The blend suppresses polymer
dissolution and morphological relaxation, thereby maintaining

Table 2. Summary of the vVOECT performance for PBTI2g-DTCN and g4T2-T2 in volatile mode.

Polymer d [nm] Va M Vin M C'[Fem™] gm? [MS] Zma® [S um~] lonjoff
PBTI2g-DTCN 209 +0.008 0.6 0.50 + 0.008 506.9 64.6(64.2 + 3.7) 71.8(713 £ 4.11) 108
g4T2-T2 364 +0.012 —0.4 —0.25 + 0.003 178.3 2.25(2.15 + 1.5) 25.0(24.8 + 1.66) 10¢

?) Their maximum values with the average values and standard deviation given in parentheses. Five samples were tested for each OMIEC.

)gm is normalized by the electro-

chemically active area A (W x L, W = L = 30 um). For vOECT, the channel area is W x d.
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the integrity of the conduction pathways even after extended ex-
posure to air.

Through material and device characterizations, we estab-
lished structure-property correlations for this series of polymers.
Among the three polymers, PBTI2g-DTCN displays relatively low
LUMO levels, high volumetric capacitance, and more impor-
tantly, good electron mobility, which all contribute to its excellent
uC* performance. Specifically, the low LUMO level of PBTI2g-
DTCN over PBTI1g-DTCN comes from its extended polymer
backbone conjugation length, enabled by the enhanced delocal-
ization in longer BT12 monomer over BTI1 monomer. The high
volumetric capacitance of PBTI2g-DTCN not only comes from
its high side chain density and good hydrophilicity for efficient
ion uptake process, but also comes from its good dopability as a
result of low LUMO level. The key advantage of PBTI2g-DTCN
over PBTI3g-DTCN/PBTI1g-DTCN is its high electron mobil-
ity, which comes from its superior structural order compared to
the other two polymers. Higher crystallinity in PBTI2g-DTCN
film is revealed by GIWAXS measurement, in both z-stacking
and lamellar-stacking directions, than in PBTI3g-DTCN/PBTI1g-
DTCN films. This would greatly facilitate the inter-chain charge
transport process in PBT12g-DTCN, while the intra-chain charge
transport process is benefited by its rigid planar backbone struc-
ture, all contributing to the remarkable electron mobility of
PBTI2g-DTCN.

2.5. Design Strategies for Dual-Mode OECTs

While the incorporation of Cin-Cell in vOECTS has significantly
enhanced the ionic doping and dedoping process, it is often
overlooked that adjusting the amount of Cin-Cell can also fine-
tune the device’s operation mode.l*”] Many n-type polymers re-
ported to date exhibit volatile characteristics,!?!31°1%2] but there
is still a shortage of materials suitable for non-volatile opera-
tion. This limitation stems from the complexity of transition-
ing between volatile and non-volatile states, which requires so-
phisticated processing techniques to prevent counterions from
neutralizing trapped ions in the channel immediately after the
removal of reduction voltage (for n-type channel materials), all
while maintaining C* and ion mobility.[2!]

To achieve dual operation modes, we prepared a device ar-
chitecture featuring a deep channel to homogenize the electric
field and optimize the depth-to-length ratio (W/d > 150). This
approach mitigates C* and ion mobility losses, thereby enhanc-
ing multi-modal sensitivity. By fine-tuning the mass ratio of Cin-
Cell, we can regulate the crystallization dynamics, enabling a
smooth shift between non-volatile and volatile states (Figure 3d;
Figures S30-S32, Supporting Information). According to the 2D-
GIWAXS characterization (Figure 3e,f; Figure S33 and Table
S7, Supporting Information), increasing the mass ratio of
Cin-Cell leads to larger CCL,,, values, indicating a more ho-
mogeneous phase within the blended film, as confirmed by res-
onant soft X-ray scattering (RSoXS) analysis (Figure 3g). The
crystalline regions of the PBTI2g-DTCN provide robust charge
transport pathways, while the Cin-Cell additive creates amor-
phous zones that buffer volumetric swelling and trap ions,
preventing structural fatigue and maintaining consistent ion-
electron coupling over time. This phase-separated microstruc-
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ture not only supports efficient ion-electron coupling but also
resists degradation in ambient conditions. As the mass ratio of
PBTI2g-DTCN: Cin-Cell blend increases from 30:1 to 20:1, to 9:2,
and finally, to 8:3, the microstructure of the blending material
gradually stabilizes, expanding lateral charge injection and accel-
erating charge/discharge processes. The escalating RMS rough-
ness of the films, transitioning from a blend ratio of 10:1 to 8:3,
as observed in the height images, may explain the improved ef-
fectiveness of lateral doping (Figure S34, Supporting Informa-
tion). For efficient non-volatile functioning, a channel material
microstructure that reduces ionic compensation is essential. A
10:1 blending ratio yields the optimal microstructure for this
purpose. Furthermore, the selection of gate electrode types—
whether polarized or non-polarized—significantly impacts the
processing that prevents counterions compensation. Ag/AgCl, as
anon-polarizable electrode, facilitates faradic current through re-
actions with ions in the electrolyte. This process minimizes volt-
age drops at the electrode-electrolyte interface (Figure S35, Sup-
porting Information). In contrast, a polarizable Au electrode pre-
vents faradic current and creates larger voltage drops when bi-
ased. Therefore, we chose a polarizable Au gate to inhibit counte-
rion compensation during the ionic dedoping process, ensuring
effective non-volatile operation.

2.6. Synaptic Plasticity Tuning of Non-Volatility

The n-type PBTI2g-DTCN demonstrates excellent potential as a
channel material for organic electrochemical neuronal synapses
(OENS) owing to its non-volatile characteristic, which is en-
hanced by blending with Cin-Cell at a low mass ratio (PBTI2g-
DTCN: Cin-Cell = 10:1). By mimicking neuronal synapse signals
both in vivo and in vitro, the V, with square waves of varying
frequency, amplitude, and direct current (DC) offset is modu-
lated using a semiconductor analyzer 4200. Short-term voltage-
dependent plasticity (SVDP) is observed in an artificial synapse
(Figure 4a), where single pulses between 1.2 and 2.3 V elicited dif-
ferent responses. With presynaptic voltage (V) over 1.5V, non-
volatile behavior of the artificial synapses emerges with spikes
lasting over 5 s. In contrast, at V. = 1.2V, signals dissipate
in just 0.3 s. By adjusting the pulse duration while maintaining
constant amplitude, we observe spike-timing-dependent plastic-
ity (STDP). As depicted in Figure 4b, an excitatory postsynaptic
current (EPSC) induced by a 1.5 s pulse failed to return to its
initial value for over 10 s, whereas shorter pulse durations led
to quicker signal dissipation. This behavior, which signifies the
transition from short-term plasticity (STP) to long-term plastic-
ity (LTP), highlights the importance of stimulation that is both
sufficiently strong and of adequate duration for the formation
of robust memories in the human brain. Next, we assess the
retention capacity of the OENS with a grounded gate, which is
vital for large-scale neural networks. The conductance of OENS
is switched between five distinct analog states, with a dynamic
range exceeding 1000 (Figure S36, Supporting Information). Re-
markably, each state remains stable for over 600 s in ambient
air. This performance is comparable to that of state-of-the-art het-
erostructures using phase-change random-access memory.l*!
Shorter pulse intervals hinder effective ionic relaxation.
Sequentially, we investigated pulse modulation at distinct

© 2025 Wiley-VCH GmbH
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OENS with different . ranging from 0.1t0 1.5°s, Vg = 0.2V, V.o = 2.0 V.. ) Dynamic filtering characteristics and d) learning behavior simulation based
on OENS. e) EPSC responses of PBTI2g-DTCN-based OENS under a single pulse in the ambient environment for over 40 days. f) Separability of PBTI2g-
DTCN-based OENS. Seven 4-bit binary digits are illustrated, along with the corresponding square pulse trains that are defined within four timeframes.
g) Schematic processing of CNN for simulating the classification accuracy of handwritten digit MNIST dataset. h) The outcomes of backpropagation
training forimage datasets comprising 8x8 pixel images (small digits), 28x28 pixel images (large digits), and Sandia file classification datasets predicated

on experimental data from LTDP.

frequencies to attain dynamic filtering for efficient signal pro-
cessing (Figure 4c). By applying a sequence of ten consecutive
pulses (V.. = 2V, t,,. = 0.08 s) with adjustable intervals (At,,.),
the EPSC magnitude exhibited a frequency-dependent increase
as the pulse frequency was raised from 6.9 to 11.5 Hz, indicat-
ing that the OENS can work as a dynamic filter similar to bio-
logical synapses.l**>*l Further, we examined paired-pulse facilita-
tion (PPF) by applying two consecutive pulses (2.5 V, t,,, = 0.1s)
at varying At ranging from 0.005 s to 3.0 s (Figure S37, Sup-
porting Information). The PPF index, defined as the ratio of the
first accumulated EPSC (A, ) to the pristine one (A,) (Figure S38,
Supporting Information), is a benchmark used to assess synaptic
gain and plasticity. PBTI2g-DTCN-based OENS shows superior
tunability to paired pulses than earlier research,>*¢ reaching the
highest PPF index of 240% at At,,, = 0.005 s and progressively de-
creasing to 105% with increasing At,,.. This PPF response curve
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fits the formula: PPF index = K, *exp(—At/t,) + K,*exp(At/z,)
+Y,, where Y, represents the PPF ratio converging to 100%, K,
and K, are the weights of the paired-pulse facilitation process,
and 7, and 7, are the characteristic relaxation times of the ion
in the bulk and channel layer. For PBTI2g-DTCN-based OENS,
7, and 7, were calculated to be 0.013 and 0.14 s, respectively,
aligning well with the behavior of biological synapses. To sim-
ulate the learning process in neural networks, we investigated
long-term depression and potentiation (LTDP) within the OENS
by applying 40 potentiation stimuli (V,,, = 2V, t,,, = 0.024 s,

At = 0.006 s) and 40 depression stimuli (V. =p—0.5 V, by =
0.024 s, At = 0.006 s), constituting a single cycle of learning
and forgetting (Figure 4d). The channel current increased pro-
gressively with each pulse, reaching an EPSC of %20 pA during
the first learning phase of 1.25 s. In the 4th learning cycle, the

EPSCreached the same level in just 0.63 s, illustrating the impact

© 2025 Wiley-VCH GmbH
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of repetitive learning on memory retention. The OENS demon-
strated 40 distinct multilevel conductance states. The nonlinear-
ity (NL) parameters were extracted as NL, = 0.61 for LTP and NL
=1.38 for LTD, and the symmetry value was calculated to be 12.4
(Figure S39, Supporting Information). The device exhibits rela-
tively symmetric LTP/LTD behavior, demonstrating its suitability
for applications demanding precise and balanced synaptic emu-
lation.

To assess real-world practicality, we also evaluated the long-
term stability of PBTI2g-DTCN-based synapses without encap-
sulation under ambient conditions. After storage for 40 days
(Figure 4e), the device maintained good stability with the voltage
spike retaining 92.37% of its initial amplitude. Furthermore, we
evaluated the system’s capability to handle binary arithmetic op-
erations by applying seven distinct pulse sequences (1111, 0111,
1011, 1101, 1010, 1001, 0001) and recorded the corresponding
output signals (Figure 4f). The analysis reveals that the delayed
pulse timing and the increased number of high-level pulses “1”
generate stronger output signals, unveiling the system’s potential
for logical signal differentiation and neuromorphic computing.

Convolutional neural networks (CNNs), as a significant branch
of deep learning, provide powerful tools for image recognition
and processing.>8] Based on the experimental data of LTDP,
we developed a three-layer network (Figure 4g; Figure S40, Sup-
porting Information) to conduct backpropagation training on var-
ious image datasets. We evaluated the analog performance of
the CNN across the Sandia file classification datasets from the
MNIST database. Figure 4h demonstrates that after 30 train-
ing epochs, the PBTI2g-DTCN-based device achieved high accu-
racy rates close to the theoretical optimum, specifically 90.9% for
small digits, 97.2% for large digits, and 97.6% for file types. The
model’s exceptional recognition accuracy suggests its capacity to
identify minute feature variations, robustness against noise and
outliers, and potential as a candidate in versatile neuromorphic
computing systems.

2.7. Biosensor in Volatile Mode

Owing to the high transconductance and enhanced stability of
the PBTI2g-DTCN: Cin-Cell-based vOECTs with a mass ratio of
8:3 in volatile operation, the capability for in situ and real-time
bio-signal detection of PBT12g-DTCN is assessed through the as-
sembly of complementary inverters (Figure 5a; Figure S41, Sup-
porting Information) with its p-type counterpart g4T2-T2 which
is also mixed with Cin-Cell in a mass ratio of 6:4. The highest
gain value of 188 V V~! was achieved under a supply voltage
(V4q) of 0.8 V with the input voltage (V,,) sweeping from 0.6 to
1.15 V of a single vertical inverter (Figure 5b), while the high-
est gain value for conventional inverter was 70 V V~! under a
V44 of 1.2 V (Figure S42a, Supporting Information). For the op-
erational stability of vertical inverters, continuous square wave
signals (high level: 0.7 V; low level: 0.5 V) were applied as V,,,
simulating fluctuation of signals within the amplified region. Af-
ter 2000 s, the inverter retained 92% of its initial output voltage
(V) (Figure 5¢). The vertical inverter architecture demonstrates
signal amplification capabilities within the 1-20 Hz frequency
range (Figure S43, Supporting Information). This limited opera-
tional bandwidth stems from intrinsically slow redox processes,
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including ion diffusion and bulk electrochemical charging of the
polymer, which dominate the OECT’s RC time constant and thus
set the ultimate speed limit for these bioelectronic devices. Next,
the inverter was used to amplify the electrocardiogram (ECG) sig-
nals. To record the signals, two adhesive medical electrodes were
placed on the lower region of the left chest and the upper region
of the right chest to provide V;, with an external power supply
biased to the inverter’s maximum gain point. The principal and
distinct P-QRS-T waveforms in ECG were detected by vertical in-
verters (Figure 5f), exhibiting a maximum peak-to-peak ampli-
tude of 40 mV, nearly 20 times greater than the signals recorded
by inverters utilizing cOECTs (Figure S42b, Supporting Informa-
tion).

Additionally, a flexible probe was developed to detect elec-
tromyogram (EMG) signals (Figure 5d,e). The cOECT and
vOECT detectors were fabricated on the polyethylene terephtha-
late substrate using thermal evaporation and encapsulated by a
polydimethylsiloxane layer with an opening for detection. vOECT
detectors demonstrated enhanced clarity in resolving muscle ten-
sion signals, whereas cOECT-based EMG recordings exhibited
significant signal attenuation (Figure 5f; Figure S42b, Supporting
Information). This disparity also highlights the superior signal fi-
delity of vOECT technology in dynamic biomechanical monitor-
ing applications. Moreover, an array of 81 inverters was mono-
lithically organized in a 9 x 9 grid on flexible substrates featur-
ing a vertical traverse structure (Figure 5g,h). Randomly selected
performance metrics from inverters across the arrays exhibit no-
table uniformity, averaging a g, , of 71.74 pS um= for the n-
type OECT part, and a gain value of 143.2 V V! for inverters
(Figure 5i; Figure S44, Supporting Information).’*) The devia-
tions in these metrics are all under 10%, attributed to the uniform
phase distribution within the blended films. Based on high gain
and excellent uniformity, the common gate of the inverter arrays
was attached to the underside of leaves, using a typical grounded
platinum rod inserted into the soil (Figure 5j). This setup was
employed to monitor cellular respiration activities in the absence
of light, including phenomena like depolarization, action poten-
tials, and hyperpolarization as depicted in Figure S45 (Support-
ing Information). Additionally, it captured the current response
to illumination switching, as illustrated in Figure 5k. The en-
ergy consumption of this system was remarkably low, at less than
3 X 1077 W, approximately two orders of magnitude lower than
current OECT detectors.[®]

In pursuit of advancing the integration of complementary cir-
cuits utilizing PBTI12g-DTCN and g4T2-T2-based vOECTSs, a suite
of logical circuits encompassing NAND, NOR, rectifier, and five-
stage ring oscillator was engineered in volatile operation. The
associated optical imagery and electrical measurements are pre-
sented in Figure S46 (Supporting Information). Both NAND and
NOR logic gates function within a voltage range of 0 to 0.8 V,
delineating the transition between logic states “0” and “1”. For
the NAND gate, the output is logic “0” if and only if all inputs
(Vin.a and V, ;) are logic “1”. In all other cases, the output is logic
“1”. Conversely, the NOR gate outputs a logic “1” when all inputs
(Viga and V. ;) are logic “0”. In all other cases, the output is logic
“0”. The rectifier converts the alternating voltage (—0.4 to 0.4 V)
in a single direction with half of the input voltage amplitude. In
the case of the five-stage ring oscillator, the output signals vary
between 0 and 0.8 V at a frequency of 9.7 Hz, which corresponds

© 2025 Wiley-VCH GmbH
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Figure 5. a) Illustration of a vertical inverter. b) Representative voltage output characteristic of a vertical inverter and voltage gain based on g4T2-T2
and PBTI2g-DTCN. c) Operational stability of the dynamic response of the vertical inverter based on g4T2-T2 and PBTI2g-DTCN. d) Schematic of the
flexible sensors developed by cOECT and vOECT. ) Schematic illustration of in vitro recording for ECG and EMG. f) ECG and EMG signals monitored
by amplified vOECT inverters. g) Optical images of inverter arrays comprising PBTI2g-DTCN and g4T2-T2 vOECTs. h) Circuit schematic of 9 x 9 vOECT
active-matrix arrays based on vertical inverters. i) Voltage gain distribution of 22 randomly selected inverters in the 9 x 9 vertical traverse arrays gated
by solid-state ion-gel and an Ag/AgCl electrode on vertical inverters. j) An optical picture shows a vOECT array that is attached to the back of a leaf.
k) Recorded current as a function of time in the switching of illumination with an action potential (Vg = 0.6 V) upon triggering the leaves.

to a propagation delay of 10.3 ms for each inverter stage. These
logic circuits based on PBTI2g-DTCN and g4T2-T2 demonstrate
their broad application potential in information processing.

3. Conclusion

To conclude, we have developed three BTI-based n-type OMIECs
with distinctive imide group numbers in their backbones for
OECT application. Compared to smaller-BTI-based PBTI1g-
DTCN and larger-BTI3-based PBTI3g-DTCN, the mid-size BT12-
based PBTI2g-DTCN showed a high degree of backbone pla-
narity, superior wettability, ordered packing, improved film crys-
tallinity, and enhanced electron mobility. As a consequence, we
achieved a remarkable u, opcp of 0.84 cm? V™! s71, greatly larger
than both of PBTI1g-DTCN and PBTI3g-DTCN. This results in
the record g, ,om Of 60.2 S cm™ and uC* of 287.8 F cm™ V!
s71 for PBTI2g-DTCN in n-type accumulation cOECTs and a re-
markable g, , of 71.8 uS pm=* in vOECTs with exceptional op-
eration and storage stability. Interestingly, the vVOECT exhibits
dual-mode operation by component modulation, enabling both
volatile and non-volatile states. This capability is leveraged to re-
alize dynamic learning and memory functions, emulating CNN

Adv. Mater. 2025, 12070
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for image recognition and flexible biosensing, offering enhanced
sensitivity for capturing electrocardiographic and electromyo-
graphic signals. This characteristic facilitates their incorporation
into comprehensive biological signal monitoring systems.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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