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Strong Proquinoidal Acceptor Enables High-Performance
Ambipolar Organic Electrochemical Transistors

Xiran Pan, Zhibo Ren, Yiheng Chen, Yuting Zheng, Peiyun Li, Wenxi Sun, Jingcao Xu,
Ju-Peng Chen, Gao-Yang Ge, Qi Li, Zhiyuan Xiong, Zhi Zhang, Rong Zhu, Yu-Qing Zheng,

and Ting Lei*

Ambipolar organic electrochemical transistors (OECTs) can simplify
manufacturing processes and reduce device footprints, yet their performance
still lags behind their p-type and n-type counterparts due to limited molecular
design strategies. Here, incorporating strong proquinoidal building blocks
effectively addresses this challenge is demonstrated. Using a computational
acceptor screening approach, three TBDOPV-based polymers are designed
and synthesized: P(bgTBDOPV-T), P(bgTBDOPV-EDOT), and
P(bgTBDOPV-MeOT?2), all exhibiting ambipolar behavior across various donor
moieties. Remarkably, P(bgTBDOPV-EDOT) achieves record-high
figure-of-merit (uC*) values, reaching 268 F cm~' V=" s~ for p-type and

107 Fem~' V' s for n-type operations. Additionally, P(bgTBDOPV-EDOT)
exhibits low operation voltages (Vy, , = —0.55 V and Vy,, , = 0.32 V), with fast
response times (7, /7.4 = 0.48/0.36 ms for p-type and 0.41/0.41 ms for
n-type) and enhanced operational stability. Inverter devices based on

operate in aqueous environments.[! The
construction of p-n complementary logic
circuits enhances OECT functionality. In
biosensing, these circuits enable real-time,
high-sensitivity ion detection.’] In neural
interfaces, they amplify signals!® and im-
prove common-mode rejection.”] In neu-
romorphic electronics, they support several
neuronal characteristics like ion-modulated
spiking.l®! Building complementary n-type
and p-type circuits requires two separate
material patterning steps, increasing man-
ufacturing complexity and cost. Ambipolar
materials, which can transport both holes
and electrons, reduce manufacturing com-
plexity by enabling logic circuits with a
single polymer patterning step.l! Circuits

P(bgTBDOPV-EDOT) show high voltage gains of 173 V/V. Theoretical
calculations and data analysis confirm that strong proquinoidal acceptors
significantly enhance the delocalization of both positive and negative
polarons, offering an effective pathway for higher-performance ambipolar

OECT materials.

1. Introduction

Organic electrochemical transistors (OECTs) show significant
potential in biochemical sensors,!! neural interfaces,?! and
neuromorphic electronicsl®! due to their low operating volt-
age, high transduction, good biocompatibility, and capability to

built with ambipolar materials could po-
tentially deliver performance comparable to
traditional p-n complementary circuits.['?]
By utilizing cofacial vertical designs, am-
bipolar OECTs can reduce device foot-
prints and increase transistor density.[!"]
Recently, ambipolar OECT-based invert-
ers have demonstrated a voltage-regulated
dual mode: volatile receptor and nonvolatile synapse, highlight-
ing their potential for neuromorphic computing applications.[!?

However, the performance of ambipolar OECTs still lags far
behind that of the unipolar materials. Although blending n-
type and p-type materials has successfully achieved ambipolar
OECTs with a p-type uC* of 22.8 F cm™ V-! s7! and an n-type
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uC* of 11.8 F cm™! V=1 s71[13] blending often leads to phase
separation and non-uniform film morphologies, complicating
large-area fabrication. Single-component ambipolar materials of-
fer greater potential by simplifying processing and ensuring uni-
form films. Conventional wisdom suggests that a low LUMO
level promotes electron transport, while a high HOMO level
supports hole transport, making narrow-band gap polymers key
to ambipolar performance. Donor-acceptor (D-A) copolymers,
particularly NDI-based ones, are often used to achieve this, as
their orbital coupling narrows the bandgap, enabling both p-
type and n-type carrier injection.'*! However, few D-A copoly-
mers exhibit ambipolar behaviors in OECTS, and their perfor-
mance remains limited. DPP-based copolymers have achieved
relatively high uC* values!®!]; however, they typically require
higher operating voltages, leading to significant side reactions
and reduced device stability.!'>] Furthermore, these high oper-
ating voltages hinder the development of low-power electron-
ics. Recently, a BDOPV-based D-A polymer, DHF-gTT, achieved
more balanced properties.l'®! Nevertheless, these materials still
fall significantly short of their unipolar counterparts. To date,
issues such as low uC*, high operating voltage, and poor sta-
bility restrict the application of ambipolar OECTS, highlighting
the need for alternative design strategies to enhance ambipolar
performance.

In this work, we achieved high-performance ambipolar
OECTs by introducing a strong proquinoidal acceptor. Us-
ing density functional theory (DFT) calculations, we identi-
fied the thiophene-fused benzodifurandione-based oligo(p-
phenylenevinylene) (TBDOPV),l'”] a strong proquinoidal ac-
ceptor. We paired it with various donors to create ambipolar
OECT materials. Adjusting the electron-donating strength
of the donor moiety enabled us to fine-tune both p-type and
n-type performance. Notably, P(bgTBDOPV-EDOT) displayed
relatively balanced and stable p-type and n-type characteristics,
with a p-type uC* of 268 F cm™! V™! s7! and an n-type uC*
of 107 F cm™! V7! 571, which are both the state-of-art among
ambipolar OECT materials. Furthermore, we fabricated inverters
through a one-step polymer patterning process, achieving a max-
imum gain of 173 V/V. We demonstrate that the proquinoidal
building block effectively narrows the bandgap, and more
importantly, enhances the delocalization of both positive and
negative polarons, leading to high hole and electron mobilities
and outstanding ambipolar performance. Our work high-
lights the great potential of incorporating strong proquinoidal
building blocks for high-performance ambipolar material
design.

2. Results and Discussion

2.1. Polymer Synthesis and Characterization

As noted above, achieving ambipolarity requires the polymer to
have a high HOMO level and a low LUMO level, indicating a
narrow bandgap characteristic. Besides constructing D-A struc-
tures, enhancing the quinoidal character of z-conjugated systems
is also an effective approach to obtaining a narrow bandgap. In-
corporating proquinoidal building blocks can effectively enhance
the polymer’s quinoidal character. We used DFT calculations to
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select a strong proquinoidal building block. Polymers with strong
quinonoid resonance typically favor high-spin triplet states over
singlet states. The energy difference between the singlet and
triplet states, AEq; (AEgr = Eg — E), can be used for screen-
ing proquinoidal building blocks.'®! A larger AEg, signifies
a more favorable triplet state, reflecting stronger proquinoidal
features.['] Consequently, TBDOPV was chosen as the polymer’s
acceptor due to its minimal |A Eg| (Figure 1a), indicating a poten-
tially strong proquinoidal electronic structure in TBDOPV-based
copolymers (Figure 1b).

Figure 1c illustrates the synthetic routes for the three poly-
mers. TBDOPV has a rigid planar structure, leading to strong
intermolecular interactions and low solubility. To increase its
solubility, we introduced branched ethylene glycol side chains
(R) to TBDOPV. The R branches extend further from the core
to reduce the z-7 stacking distance, which may enhance charge
carrier mobility.?") By conjugating TBDOPV with three types
of donors, thiophene (T), 3,4-ethylenedioxythiophene (EDOT),
and 3,3'-dimethoxy-2,2’-bithiophene (MeOT2), we synthesized a
series of copolymers: P(bgTBDOPV-T), P(bgTBDOPV-EDOT),
and P(bgTBDOPV-MeOT2). The electron-donating ability
of these donors increases progressively. All polymers were
obtained via Pd-catalyzed Stille coupling reactions, purified
by Soxhlet extraction and finally collected by hexafluoroiso-
propanol (HFIP). The synthetic details can be found in the
Supporting Information. The molecular weights of the poly-
mers were evaluated by gel permeation chromatography
(GPC) using HFIP as the eluent: M,,/M, = 38.1/18.9 kDa for
P(bgTBDOPV-T), M, /M, = 47.2/23.4 kDa for P(bgTBDOPV-
EDOT), and M, /M, = 45.2/22.5 kDa for P(bgTBDOPV-MeOT2)
(Figure S1, Supporting Information). Based on the thermo-
gravimetric analysis (TGA) (Figures S2 and S3, Supporting
Information), the degradation temperatures at 5% weight loss
were found to be 263, 213, and 222 °C for P(bgTBDOPV-
T), P(bgTBDOPV-EDOT), and P(bgTBDOPV-MeOT2), re-
spectively, suggesting good thermal stability of the three
polymers.

The optoelectronic properties of the three polymers were char-
acterized by UV-vis-NIR absorption spectra and cyclic voltam-
metry (CV) (Figure 2a—c; Table S1, Supporting Information). All
polymers exhibited typical intramolecular charge transfer (ICT)
in the low-energy region (Figure 2a,b).2!l The maximum ab-
sorption peaks of P(bgTBDOPV-T), P(bgTBDOPV-EDOT), and
P(bgTBDOPV-MeOT2) gradually redshift (Figure 2a,b) due to
the increased donor electron density and enhanced ICT.[?2] The
maximum absorption peaks of all the polymer films blue-shifted
compared to their dilute solution state (Figure S4, Supporting
Information), largely due to the influence of the polar solvent,
which could stabilize the excited charge transfer states. The
measured ionization potentials (IP) and electron affinities (EA)
of P(bgTBDOPV-T), P(bgTBDOPV-EDOT), and P(bgTBDOPV-
MeOT2) are 5.18/4.26, 4.92/4.19, and 4.61/4.05 eV, respectively
(Figure 2c), with corresponding CV bandgaps of 0.92, 0.73, and
0.56 eV. These results indicate that a strong electron-donating
donor can raise energy levels and narrow the bandgap, con-
sistent with the DFT calculations (Figure S8a, Supporting In-
formation). All three polymers exhibit narrow bandgaps below
1 eV, demonstrating the potential of TBDOPV for ambipolar
materials.
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Figure 1. a) Calculated AEg; values of seven commonly used acceptors. b) Aromatic and quinoidal structures of the TBDOPV-based polymers.
c) Synthetic routes to the three polymers: P(bgTBDOPV-T), P(bgTBDOPV-EDOT), and P(bgTBDOPV-MeOT2). Conditions: (i) Pd(PPhs),, Cul, DMF/CB
for P(bgTBDOPV-T), P(bgTBDOPV-EDOT); Pd(PPh;), and o-xylene for P(bgTBDOPV-MeOT2).

2.2. OECT Device Fabrication and Characterization

All the OECT devices were fabricated by a photolithogra-
phy and perylene patterning method. The semiconducting
layer was deposited by spin-coating the HFIP solutions of
the three polymers (see Supporting Information for more
details). The following equation (Equation 1), based on the
Bernards’ model,/?’] was used to evaluate the performance
of polymers:

=

where g is the transconductance in the saturation regime; W,
L, and d are the channel width, length, and film thickness, re-
spectively; u denotes the charge carrier mobility; C* denotes the
capacitance of the channel per unit volume; Vi, is the thresh-
old voltage; and V is the voltage between the gate and source
electrodes.

=

)denC 1 (Vi = Ves) M)
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All three polymers displayed typical ambipolar characteristics
(Figure 3a—f, Table 1). P(bgTBDOPV-T), with its relatively weaker
donor, faced difficulty in anion injection, leading to a high p-type
threshold voltage (Vyy, ,) of —=0.72 V and poor p-type cycling sta-
bility (Figure S12¢, Supporting Information). These results in-
dicate that the thiophene segment is insufficient to maintain a
stable positively charged polaron. In comparison, P(bgTBDOPV-
EDOT) exhibited relatively balanced ambipolar performance with
p-type and n-type uC* of 268 and 107 F cm™! V7! 571, re-
spectively (Figure 3i). Meanwhile, P(bgTBDOPV-EDOT) showed
high g, om of 88.3 and 34.8 S cm™ for p-type and n-type,
respectively, demonstrating remarkable amplification ability as
a sensor. Among the three, MeOT2 is the most electron-rich
donor, making P(bgTBDOPV-MeOT2) have the lowest Vy, ,
of —0.29 V. P(bgTBDOPV-MeOT2) showed a p-type uC* of
234 Fem™ V7' s7! and a g, ,om Of 108 S cm™'. However,
the n-type performance of P(bgTBDOPV-MeOT2) is signifi-
cantly hindered by its strong donor, resulting in the lowest n-
type performance with a uC* value of 68.7 F cm™! V! g71,
Due to their high HOMO and low LUMO energy levels, both

© 2025 Wiley-VCH GmbH

85UB01 7 SUOLUIOD aA 11D 3[Rl dde ayy Aq peuenob ae sojoiie YO ‘85N JO Sonl 1oy Aleld18UIIUQ AB]IM UO (SUONIPUO-PUR-SUIB)LIOY A8 | 1M Afe.d1jBul [Uo//Scy) SUORIPUOD pue swie 1 8y} 88S *[5202/c0/50] uo ArlqiTauluo A(Im ‘YiesH Aiseaun Bubked Ad 9vT/Tr20g ewipe/z00T 0T/I0p/W0d A8 1M Aeiq 1 pul|uo psoueApe//Sdny WoJj papeojumod ‘0 ‘G60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a b 15 : c
P(bgTBDOPV-T) Film Solution

—— P(bgTBDOPV-EDOT 0.06
g 12f P(bg ) g 12f
e (bgTBDOPV-MeOT2) e
@ @
o £ w_— -
g £ nal 008 ///V
0 n
o L3 =2 N
© © 1= /k,/
3 g o6t o 0.00 e ==
N N 5 /
© ® o /
E £ oaf -0.03
(s} (o]
p=4 zZ

— 0.0 —>— ~0.06 -
500 1000 1500 2000 500 1000 1500 2000 10 -05 00 05 10 15

Wavelenghth (nm)

Wavelenghth (nm)

Potential (V vs Ag/AgCI)

Figure 2. Normalized UV-vis-NIR absorption spectra of three polymers in a) film and b) HFIP solution. c) CV curves of the polymers with Fc/Fct as the

external standard.

P(bgTBDOPV-EDOT) and P(bgTBDOPV-MeOT2) exhibited low
carrier injection barriers, resulting in reduced operating volt-
ages with both p-type and n-type |Vyy,| values below 0.6 V. This
advantage could reduce side reactions, enhance device stabil-
ity, and support the development of low-power-consumption
electronics.

The volumetric capacitance (C*) of polymers was measured
by electrochemical impedance spectroscopy (EIS) (Figure S5
and S6, Supporting Information). Compared with P(bgTBDOPV-
MeOT2), P(bgTBDOPV-EDOT) exhibited higher C* with p-type
and n-type values of 150 and 218 F cm~3. The hole/electron
mobility (4) was calculated based on uC* and C*. The electron
mobility of P(bgTBDOPV-EDOT) and P(bgTBDOPV-MeOT?2) is
0.45 and 0.37 cm? V7' 57!, respectively, representing high lev-
els among n-type OECTs. The hole mobility exceeds the electron
mobility, reaching 1.57 and 1.78 cm? V~! s7! for P(bgTBDOPV-
EDOT) and P(bgTBDOPV-MeOT2), respectively. The above ex-
periments demonstrate that using the strong proquinoidal TB-
DOPV acceptor and adjusting the donor structures can achieve
ambipolar OECT materials with excellent n-type and p-type
performance.

We further measured the transient response of the ambipo-
lar OECTs to evaluate the response times of three polymers.
(Figure 3g; S12a,b, Supporting Information). P(bgTBDOPV-
EDOT) and P(bgTBDOPV-MeOT?2) exhibited short response
times: 7., /7.4 = 0.48/0.36 ms (p-type) and 0.41/0.41 ms (n-
type) for P(bgTBDOPV-EDOT), and 0.49/0.37 ms (p-type) and
0.41/0.38 ms (n-type) for P(bgTBDOPV-MeOT?2). The fast re-

Table 1. OECT device performance of the three polymers.

sponse characteristics make these ambipolar OECTs promis-
ing for real-time high-speed sensing applications. We observed
comparable on and off speeds for both polymers. The results
were consistent across different devices, confirming their relia-
bility (Figure S18, Supporting Information). However, in most
accumulation-mode OECTS, the on speed is typically slower
than the off. We tentatively attributed such phenomena to their
minimal conformational changes during doping (Figure S16,
Supporting Information), which has been reported as the pri-
mary reason for the on speed being slower than the off.[?¢]
However, due to the complexity of the factors affecting the
OECT response, further studies are needed to elucidate the
mechanism.

Continuous pulses were applied to the gate to evaluate op-
erational stability during repeated switching (Figure 3h, Figure
S12¢,d, Supporting Information). After 200 on-off cycles over
400 s under ambient conditions, P(bgTBDOPV-EDOT) retained
81% (n-type) and 89% (p-type) of their initial on-current values,
while P(bgTBDOPV-MeOT?2) retained 90% for both n-type and p-
type. The relatively poor p-type stability of P(bgTBDOPV-EDOT)
is probably due to the weaker positive charge stabilization capa-
bility of EDOT compared to MeOT?2 (Figure S17, Supporting In-
formation).

Efficient logic circuits require both high-performance n-type
and p-type transistors. We used the above ambipolar polymers as
the channel material to construct inverter devices to demonstrate
the potential of using ambipolar materials in constructing logic
circuits (Figure S11, Supporting Information). An ideal inverter,

Type Gmnorm” [S cm™'] Vb V] uC [Fem™1v=1s71] ud [em=2 V157 C* [Fecm™3) Ton/Tof [MS]
P(bgTBDOPV-T) p 75.6 + 4.2 -0.72 349 + 23 3.46 101+6 0.99/0.44
n 279+ 16 0.26 84+6 0.62 136 +2 0.38/0.31
P(bgTBDOPV-EDOT) p 79.2 + 4.4 —0.55 235+ 16 1.57 150 + 5 0.48/0.36
n 31.0+24 0.32 98 +9 0.45 218 %1 0.41/0.41
P(bgTBDOPV- p 103 + 4 -0.28 219+ 11 1.78 12342 0.49/0.37
MeQOT2) n 19.4+0.6 0.46 62+3 0.37 167 + 1 0.41/0.38

*) The transconductance was normalized by the channel geometry. The W/L of all the devices is 100 um/10 um. All the OECT devices were operated in a 0.1 M NaCl aqueous

. b . . .
solution; )\/Th was determined by extrapolating the corresponding /s '/?

versus Vg plot; c),uC"“ was calculated according to Equation (1);

d
);4 was calculated from uC*

and the measured volumetric capacitance C*. Five devices were tested and analyzed for each polymer (sample size n = 5). The values indicated after the “+” represent the

standard deviation of the data.
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Figure 3. a—c) Transfer and d—f) output characteristics of OECTs based on P(bgTBDOPV-T), P(bgTBDOPV-EDOT), and P(bgTBDOPV-MeOT2). The
transfer curves for p- and n-type OECTs were measured under the conditions of Vg = —0.6 V and Vg = +0.6 V, respectively. g) Transient on/off curves
and h) operational stability of P(bgTBDOPV-EDOT)-based OECTs. On-state V(5 is the voltage at the maximum transconductance, while off-state Vs is
the voltage at the lowest current. The Vi for p- and n-type OECTs were —0.6 V and +0.6 V, respectively. The operational stability test was conducted for 200
cycles over 400 s. i) Comparison of n-type and p-type uC* values for P(bgTBDOPV-T), P(bgTBDOPV-EDOT), and P(gTBDOPV-MeOT2)-based OECTs
with other reported ambipolar OECTs.[>12-1424] Voltage transfer characteristics and gain of the complementary inverters based on j) P(bgTBDOPV-
EDOT) and k) P(bgTBDOPV-MeOT2). The scanning steps for the V,, are 0.5 mV. |) Summarized gain values of the inverters based on ambipolar OECTs

in various VDD.[9,12,13,14b,'|6,24,25]

with well-matched n-type and p-type performance, should ex-  cation of biological signals.[?’”] Due to the poor p-type stability
hibit a stable voltage transfer characteristic (VTC) with a switch-  of P(bgTBDOPV-T), the switching voltage of the inverter device
ing voltage at Vj,/2 and a sharp transition from Vj, to GND.  decreased over time, resulting in an unstable VIC (FigureS13,
This maximizes the noise margin (NM) and provides high gain ~ Supporting Information). In contrast, the inverter based on
during the sharp transition, enabling efficient on-site amplifi-  P(bgTBDOPV-EDOT) showed a stable VIC with a switching
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Figure 4. Molecular packing and morphology characterization. 2D-GIWAXS pattern of a) P(bgTBDOPV-T), b) P(bgTBDOPV-EDOT), and c)
P(bgTBDOPV-MeOT2). AFM height images of d) P(bgTBDOPV-T), e) P(bgTBDOPV-EDOT), and f) P(bgTBDOPV-MeOT2) film. The scale bars are

400 nm. The film thicknesses are 80 nm.

voltage slightly lower than Vpp/2, indicating much more
matched n-type and p-type performance. At Vi, = 0.8 V, the max-
imum gain at the output sharp transition reached 173 (Figure 3j).
P(bgITBDOPV-MeOT2) also demonstrated a stable VI'C. Due
to its better p-type performance and suppressed n-type perfor-
mance, the switching voltage is greater than V,,/2, with a lower
maximum gain of 157 (Figure 3k). Both P(bgTBDOPV-EDOT)
and P(bgTBDOPV-MeOT?2) exhibited the highest gain values
for ambipolar OECT-based inverters reported to date (Figure 3I;
Table S5, Supporting Information). Their stable VTCs and high
gains highlight their potential for logic circuits and biosignal
amplification. Notably, the low operating voltage characteris-
tics of P(bgTBDOPV-EDOT) and P(bgTBDOPV-MeOT?2) enable
the construction of inverters with stable VIC and high gains
even under low V;,, conditions. At Vi, = 0.6 V, P(bgTBDOPV-
EDOT) and P(bgTBDOPV-MeOT?2) achieved gains of 124 and
157, respectively. At Vpp, = 0.4 V, they reached 42 and 76
(Figure 31). This performance, which many other ambipolar ma-
terials cannot achieve, is desirable for low-power-consumption
electronics.

2.3. Film Microstructures

The molecular packing and film morphology significantly in-
fluence the performance of semiconducting polymers. Thus,
grazing incidence wide-angle X-ray scattering (GIWAXS) and
atomic force microscope (AFM) were employed to examine these
characteristics. P(bgTBDOPV-T) and P(bgTBDOPV-EDOT) dis-
played typical face-on molecular packing (Figure 4a,b). The
smaller lamellar distance (d,,,,) and increased lamellar coher-
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ence length (L_,,,) for P(bgTBDOPV-EDOT) suggest a more
compact lamellar packing compared to P(bgTBDOPV-T) (Table
S2, Supporting Information). Secondary bonding interactions
between the oxygen atom in the EDOT fragment and the
sulfur atom in the thiophene ring could enhance the conju-
gated backbone’s planarity, as confirmed by the relaxed poten-
tial energy surface (PES) scan calculations (Figure S8b, Sup-
porting Information). This increased planarity strengthens the
interchain interactions, improving the order and crystallinity
of P(bgTBDOPV-EDOT). Different from P(bgTBDOPV-T) and
P(bgTBDOPV-EDOT), P(bgTBDOPV-MeOT2) exhibited typical
edge-on molecular packing (Figure 4c) with the shortest z-7 dis-
tance (3.48 A), lamellar distance (22.9 A), and maximum co-
herence lengths in both directions (Table S2, Supporting In-
formation). We attribute the distinct packing and higher or-
der in P(bgTBDOPV-MeOT2) to the centrosymmetric struc-
ture of the MeOT2 donor!?®! The higher crystallinity may
have contributed to the superior OECT operational stability of
P(bgITBDOPV-EDOT) and P(bgTBDOPV-MeOT2) compared to
P(bgTBDOPV-T).*l As revealed in the AFM height images
(Figure 4d-f), all three polymer films showed very smooth sur-
faces, with root-mean-square (RMS) roughness values of 2.6, 3.3,
and 1.7 nm, respectively.

2.4. Understanding the Strong Proquinoidal Design
To understand the impact of proquinoidal building blocks in
constructing ambipolar OECTs, we compared several ambipolar

OECT materials: P(gNDI-gT2),['%] DHF-gTT,'*] P(bgTBDOPV-
EDOT), and P(bgTBDOPV-MeOT?2) (Figure 5a). All copolymers

© 2025 Wiley-VCH GmbH
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Figure 5. a) Chemical structures of four ambipolar polymers: P(gNDI-gT2), DHF-gTT, P(bgTBDOPV-EDOT), and P(bgTBDOPV-MeOT2). Different
side chains are represented by Ry4. P(gNDI-gT2) represents conventional D-A copolymer, DHF-gTT represents weak proquinoidal copolymer, while
P(bgTBDOPV-EDOT) and P(bgTBDOPV-MeQOT2) represent strong proquinoidal copolymers. b) BLAs and c) spin density distributions of four ambipo-
lar polymers in negatively and positively charged states. Methyl groups are used to replace complex side-chain structures to simplify calculations.

have similar thiophene-based donors with different acceptors—
NDI, BDOPV, and TBDOPV—which show progressively increas-
ing AEg. (Figure 1a), indicating enhanced proquinoidal charac-
teristics. Performance improves significantly as the proquinoidal
characteristics of the acceptors increase. The conventional D-
A copolymer P(gNDI-gT2) shows p-type and n-type uC* values
below 1 F cm™ V7! s7l. In contrast, the weak proquinoidal
copolymer DHF-gTT and its derivative DH-gTT achieve uC* val-
ues over 10 F cm™! V-1 s7! (Table S4, Supporting Information).
Our strong proquinoidal copolymers exhibited uC* exceeding
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100 F cm™! V7! s71. These findings underscore the substan-
tial impact of strong proquinoidal building blocks on the perfor-
mance of ambipolar OECTs, motivating us to explore their un-
derlying mechanisms.

Previous studies have shown that extensive polaron delo-
calization is crucial for achieving both high-performance p-
typel**l and n-typel?031] unipolar OECTs. In p-type materials,
polythiophene-based all-donor polymers like PEDOT??! achieve
high performance due to the alignment of the energy levels be-
tween adjacent segments, enabling widespread positive polaron

© 2025 Wiley-VCH GmbH
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delocalization. In n-type materials, all-acceptor polymers like
BBL® demonstrate good n-type performance and excellent
stability due to superior polaron delocalization. Incorporating
electron-withdrawing groups into the donor segments of D-A
copolymers to enhance negative polaron delocalization has be-
come a crucial strategy for improving the performance of n-type
materials.[23* Leveraging unipolar material characteristics, we
believe that enhancing the delocalization of both positive and
negative polarons is essential for high-performance ambipolar
OECT materials.

However, enhancing polaron delocalization poses challenges
in developing high-performance ambipolar OECTs. All-donor
and all-acceptor polymers typically exhibit large bandgaps, lead-
ing to either too-high or too-low energy levels of frontier orbitals
to allow the effective injection of only one type of charge car-
rier. Researchers have attempted to construct narrow bandgap
D-A copolymers!'* using highly electron-rich donors and highly
electron-deficient acceptors to enable the effective injection of
both charge carriers, like P(gNDI-gT2). However, this signifi-
cant energy level disparity results in positive polarons localizing
in donors and negative polarons in acceptors, impairing charge
transport. Strategies aimed at reducing the energy level differ-
ence to enhance polaron delocalization often increase bandgaps,
resulting in unipolar behavior. For instance, our previous work
demonstrated that introducing electron-withdrawing groups on
donors can convert p-type materials into n-type materials, but
without achieving ambipolarity.3!) This analysis underscores the
difficulty of reconciling narrow bandgaps with polaron delocal-
ization in ambipolar OECT material design.

In contrast, the proquinoidal building blocks offer distinct ad-
vantages in constructing ambipolar materials. First, it inherently
features a narrow bandgap (Figure S9, Supporting Information)
that facilitates the injection of both electrons and holes,**! which
also helps to reduce the operating voltages of ambipolar OECTs.
More importantly, proquinoidal building blocks significantly en-
hance polaron delocalization. Polarons delocalization relies on
the overlap of intramolecular and intermolecular wave functions
of HOMO/LUMO. On one hand, the resonance between the
quinoidal and aromatic forms promotes the intramolecular over-
laps of HOMO and LUMO wavefunctions, allowing for greater
delocalization of polarons within the molecule. On the other
hand, quinoidal and aromatic resonances reduce torsional angles
between adjacent segments and flatten the polymer backbone.
This not only aids in polaron delocalization across the conjugated
backbone but also enhances interchain z-z interactions, increas-
ing the overlap of intermolecular frontier orbitals.?®! Thus, the
proquinoidal building blocks can promote the delocalization of
both types of polarons while maintaining a narrow bandgap.

To validate these hypotheses, we conducted further DFT cal-
culations. We calculated the bond length alternations (BLAs) for
the ambipolar materials (Figure 5b; Figures S14 and S15, Sup-
porting Information). The results indicate that polymers with
strong proquinoidal acceptors, such as P(bgTBDOPV-EDOT)
and P(bgTBDOPV-MeOT2), exhibit the lowest BLA values in
both neutral and charged states, particularly when charged. The
low BLA of P(bgTBDOPV-EDOT) and P(bgTBDOPV-MeOT2)
in neutral states confirms the narrow bandgap characteristics
of these materials and demonstrates their strong quinoidal
character.l’’] Furthermore, the even lower BLA in charged states

Adv. Mater. 2025, 2417146

2417146 (8 of 10)

www.advmat.de

suggests a greater tendency to form delocalized polarons, indicat-
ing a high-mobility character.®®) Notably, P(bgTBDOPV-MeOT2)
exhibits a slightly higher BLA than P(bgTBDOPV-EDOT), which
explains its somewhat lower OECT performance.

As previously analyzed, achieving high ambipolar perfor-
mance requires promoting the delocalization of both p-type and
n-type polarons. Studies have shown that spin density distribu-
tion governs polaron delocalization.>% We calculated the spin
density distributions of the four polymers under their positively
and negatively charged states (Figure 5c). In NDI polymers, pos-
itive polarons localize on donors and negative polarons on accep-
tors. In weak proquinoidal copolymers (BDOPV), polarons delo-
calize within a single repeat unit, while in strong proquinoidal
copolymers (TBDOPV), both polarons delocalize over a broader
range. These results demonstrate our hypothesis that the pro-
quinoidal acceptors promote polarons delocalization, leading to
improved OECT performance.

3. Conclusion

In conclusion, we have demonstrated that strong proquinoidal
building blocks can enable narrow bandgaps and enhance
the delocalization of both positive and negative polarons, ef-
fectively addressing the polaron localization issues of typi-
cal conventional D-A ambipolar OECT materials. By incorpo-
rating the strong proquinoidal acceptor, TBDOPV, we devel-
oped three high-performance ambipolar OECT materials, with
P(bgTBDOPV-EDOT) exhibiting record-breaking performance,
achieving a p-type uC* of 268 F cm™ V! s7! and an n-type
uC* of 107 F cm™ V! 57!, The normalized transconductance
(8m.norm) Teached 88.3 and 34.8 S cm™, respectively. Addition-
ally, P(bgTBDOPV-EDOT) operated at low voltages, and exhibited
fast response times and excellent stability. As a channel material,
P(bgTBDOPV-EDOT) enabled inverter devices with a high gain
of 173 V/V and unprecedented capability to work under low volt-
ages. Despite these advancements, challenges remain. The n-type
regime performance lags behind the p-type regime, which is not
balanced; the threshold voltages for both regimes are relatively
large; and the device stability requires further improvement. Fu-
ture research should focus on designing more diverse and robust
proquinoidal building blocks and further exploring the structure-
property relationships to achieve high-performance, stable, well-
balanced ambipolar OECT materials. These advancements could
significantly expand the application scope of ambipolar OECTs in
next-generation electronics.

Supporting Information

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