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ABSTRACT: Organic electrochemical transistors (OECTs) have shown great
potential in bioelectronics and neuromorphic computing. However, the low
performance of n-type OECTs impedes the construction of complementary-type
circuits for low-power-consumption logic circuits and high-performance sensing.
Compared with their p-type counterparts, the low electron mobility of n-type OECT
materials is the primary challenge, leading to low μC* and slow response speed.
Nevertheless, no successful method has been reported to address the issue. Here, we
find that the charge carrier mobility of n-type OECTs can be significantly enhanced by
redistributing the polarons on the polymer backbone. As a result, 1 order of magnitude
higher electron mobility is achieved in a new polymer, P(gPzDPP-CT2), with a
simultaneously enhanced μC* value and faster response speed. This work reveals the
important role of polaron distribution in enhancing the performance of n-type OECTs.

■ INTRODUCTION

Because of their low operation voltage, high transconductance,
and good biocompatibility, organic electrochemical transistors
(OECTs) have been successfully used in many areas, including
chemo/biosensors, bioelectronics, and neuromorphic comput-
ing.1−3 The past few years have witnessed the rapid
development of OECTs. Various materials and different device
structures have been exploited to improve the performance and
expand the applications of OECTs.4−6 Recently, thiophene-
based conjugated polymers and some donor−acceptor (D−A)-
conjugated polymers functionalized with ethylene glycol (EG)
side chains are used as p-type OECTs.7−10 They have shown
high performances with figure-of-merit values μC* over 200 F
cm−1 V−1 s−1,11,12 higher than conventional PEDOT:PSS-
based OECT devices.
Compared to the diverse p-type materials and their

outstanding performance, n-type OECTs lag far behind in
terms of both quantity and performance.13,14 Current n-type
OECT polymers are based on two types. One is D−A
polymers based on naphthalene diimide (NDI), including
P(gNDI-gT2) and P-90, the other is ladder-type polymers,
including BBL and PgNaN (Figure S1).15−18 The shortage and
poor performance of n-type polymers for OECTs obstruct the
development of complementary metal oxide semiconductor
(CMOS)-like integrated circuits. CMOS-like logic circuits can
show lower power consumption than those using only the
unipolar ones.13 Recent studies also proved that CMOS-like
OECT circuits could further improve the sensitivity of chemo/
biosensors.19 The enormous performance gap between p-type

and n-type polymers becomes one of the biggest obstacles for
the practical applications for OECT-based circuits.
To explore the potential approach to solve the low-

performance issue of n-type OECT materials, we summarized
the performance parameters of some n-type polymers used in
OECTs (Table S1).20 We found that although the volumetric
capacitance (C*) values of p- and n-type OECTs are at a
similar level (≥100 F cm−3), the charge carrier mobilities (μ)
of n-type OECT polymers (10−4−10−3 cm2 V−1 s−1) are
several orders of magnitude lower than those of their p-type
counterparts (10−1−101 cm2 V−1 s−1). In addition to μC*,
which determines transducer sensitivity, charge carrier mobility
also affects the response speed of the device. The switching
speed of OECTs is determined by two parts: electron transport
and ion transport. For a long time, low ion mobility limited the
speed of many electrochemical systems, making long response
time a major challenge for the practical applications of OECTs
for high-frequency signals. Recently, a type of internal ion-
gated organic electrochemical transistor has been devel-
oped.21,22 The shortened ion transport distance freed the p-
type OECT device from the limitation of ion transport, and the
new OECT device configuration fell into the hole/electron
mobility governed region. p-Type OECT materials usually
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have higher hole mobilities, while the much lower electron
mobilities in n-type polymers suggest that the low μ and slow
response issue is more serious for n-type OECTs.21 However,
polymers with similar backbone structures for organic field-
effect transistors (OFETs) exhibit much higher electron
mobility, which is comparable to the p-type ones.23 McCulloch
et al. proved that the polaron delocalization in p-type polymers

could impact the charge carrier mobilities.24 Guo et al.
improved the charge carrier mobilities of n-type OECTs
(∼10−2 cm2 V−1 s−1) using fused bithiophene building
blocks.25 To date, only a few works have focused on the
strategies to improve the charge carrier mobility of OECTs.
Thus, more polymer design approaches are needed to enhance
the charge carrier mobility in n-type OECTs.

Figure 1. Molecular design strategies for PzDPP polymers. (a) Molecular structures of P(gPzDPP-2T) and P(gPzDPP-CT2). (b) Calculated
energy level contrast of four bithiophene grafted with different substituent groups, H, Cl, F, and CN. 3,3′-Dicyano-2,2′-bithiophene has the lowest
energy level. (c) Side view of the optimized backbone structures of P(gPzDPP-2T) and P(gPzDPP-CT2).

Scheme 1. Synthetic Routes to the Side Chain and Both Polymers, P(gPzDPP-2T) and P(gPzDPP-CT2)a

aReagents and Conditions: (a) NaH, THF, 60 °C, 30 min; Add 1 at rt and Then at 65 °C for 12 h. (b) Pd/C, H2, Ethyl Acetate, rt, 3 Days. (c)
PPh3, DCM, CBr4, 12 h. (d) Na, FeCl3, tert-Amyl Alcohol, 115 °C, 16 h. (e) K2CO3, DMF, 12 h. (f) Conc. HCl, 1,4-Dioxane, rt, 4 h. (g) P2O5,
TBAB, Toluene, 90 °C, 4 h. (h) 5,5-Bis(trimethylstannyl)-3,3′-dicyano-2,2′-bithiophene or 5,5-Bis(trimethylstannyl)-2,2′-bithiophene, Pd(PPh3)4,
CuI, Toluene/NMP, 110 °C, 36 h.
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Here, we demonstrate that introducing electron-withdrawing
groups on the donor moiety of D−A polymers could make the
negative polaron more distributed on the donor moieties,
leading to more delocalized polarons and therefore enhanced
electron mobility. With this design, P(gPzDPP-CT2) exhibits a
high electron mobility of up to 1.9 × 10−2 cm2 V−1 s−1, 1 order
of magnitude higher than the reference polymer. This electron
mobility is among the highest in all of the n-type OECT
materials. The high electron mobility also leads to a high μC*
of 1.72 F cm−1 V−1 s−1 and short response times of 3.0/1.8 ms,
which are the shortest response times in n-type OECT
materials.

■ RESULTS AND DISCUSSION

Diketopyrrolopyrrole (DPP) is one of the most widely used
polymer building blocks in high-mobility conjugated poly-
mers.26 However, all OECT materials based on DPP are p-
type, including thiophene-flanked diketopyrrolopyrrole (DPP)
and more electron-deficient pyridine-flanked diketopyrrolo-
pyrrole (PyDPP).24,27,28 Therefore, we chose pyrazine-flanked
diketopyrrolopyrrole (PzDPP) as the building block because it
has the lowest lowest unoccupied molecular orbital (LUMO)
energy level among all reported DPP derivatives.29 We
presumed that after introducing electron-withdrawing groups
on the donor moiety, negative polarons would be more
distributed on the donor moiety, leading to polaron
redistribution. Based on this concept, density functional theory
(DFT) calculations were first performed for rational molecular
design. We found that the cyano (CN) group has the best
effect on reducing the LUMO energy level and also keeping
good backbone planarity among four commonly used
substituents, H, Cl, F, and CN (Figure 1b).30 The employment
of CN also improved the molecular backbone planarity with a
significantly reduced dihedral angle (Figure 1c). We chose the

donor units with the highest LUMO energy level (−H) and
the lowest LUMO energy level (−CN) to compare the effects
of substituents. We designed two PzDPP-based conjugated
polymers, namely, P(gPzDPP-2T) and P(gPzDPP-CT2)
(Figure 1a). We also designed a new branched ethylene glycol
(EG) side chain, which has a branching position far away from
the polymer backbone, because we have proved that this kind
of farther branched side chain can provide a closer π−π
stacking distance and higher charge carrier mobility.27

The synthesis of the new side chain (4) and the two
polymers are shown in Scheme 1 (see the Supporting
Information for more details). To simplify the synthesis and
improve the yield, a new synthetic route was designed for the
PzDPP monomer (8). Compared with the previous synthetic
procedure, we used di-tert-butyl succinate to replace di-iso-
propyl succinate.29 This method leads to crude compound 5
that mainly contains tert-amyl end groups. To obtain
intermediate 7, conc. HCl can be used to remove both alkyl
groups without using BBr3. This step greatly simplifies the
synthetic process, and the crude compound can be used for the
next step directly. Compound 7 was treated with phosphorus
pentoxide and tetrabutylammonium bromide to obtain the
bromo-substituted PzDPP (8) for polymerization. Both
polymers were obtained via a Pd-catalyzed Stille coupling
reaction between 8 and 5,5-bis(trimethylstannyl)-3,3′-dicyano-
2,2′-bithiophene or 5,5-bis(trimethylstannyl)-2,2′-bithiophene
in the presence of CuI as the cocatalyst. Both polymers were
purified by Soxhlet extraction and were finally collected by
chloroform. The polymers show high molecular weights over
60 kDa, which were evaluated by gel permeation chromatog-
raphy (GPC) using hexafluoroisopropanol (HFIP) as the
eluent.27 Both polymers exhibit good thermal stability with
high decomposition temperatures (Figure S2).

Figure 2. Spectroelectrochemistry and OECT device characterization of P(gPzDPP-2T) and P(gPzDPP-CT2). (a, b) Electrochemical absorption
spectra, and (c, d) transfer characteristics of P(gPzDPP-2T) and P(gPzDPP-CT2). W/L = 100/10 μm and VDS = 0.6 V. (e, f) Transient on/off
curves with VGS of 0−0.8 and 0−0.6 V for P(gPzDPP-2T) and P(gPzDPP-CT2), respectively. The electrochemical absorption spectra and OECT
devices were measured in a 0.1 M NaCl aqueous solution and the gate electrode is a AgCl/Ag pellet.
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The optoelectronic properties of both polymers were
evaluated using ultraviolet−visible−near-infrared (UV−vis−
NIR) absorption spectra and cyclic voltammetry (CV). The
maximum absorption peak of P(gPzDPP-CT2) in solution
shows an obvious blue shift (706 nm) and a larger band gap
(1.6 eV) relative to those of P(gPzDPP-T2) (730 nm, 1.65
eV), resulting from less charge transfer from the donor to the
acceptor because of the stronger electron-withdrawing
property of the CN group (Figure S3). The film spectra
show a red shift compared with the solution ones because of
polymer aggregation and do not show a significant change after
annealing. The measured LUMO energy level of P(gPzDPP-
CT2) is −4.19, 0.29 eV lower than that of P(gPzDPP-2T)
(Figure S4a, b), which is consistent with the absorption
spectroscopy and DFT calculation results (Table S2 and
Figure S5).
Continued CV sweep measurements of two polymers were

explored in 0.1 M NaCl as the electrolyte (Figure S4c, d). The
P(gPzDPP-CT2) film only shows a slight change after the
second cycle, while the reduction current decreased con-
tinuously for P(gPzDPP-2T), suggesting that P(gPzDPP-CT2)
has better electrochemical stability. Spectroelectrochemistry
was performed to investigate the electrochemical character-
istics of both polymers (Figure 2a,b). A negative voltage was
applied to the polymer film on the indium tin oxide (ITO)
glass. The applied voltage reduces the polymer and makes the
polymer negatively charged. Driven by the negative voltage,
sodium ions in the electrolyte penetrate into the polymer film
to keep the charge neutrality of the polymer film. The
electrochemical doping process generated polarons that show
absorption peaks in the long-wavelength region (Figure S6).
The absorption spectrum does not change compared to the
initial value before the voltage exceeds −0.5 V for P(gPzDPP-

2T). For P(gPzDPP-CT2), the spectra begin to change at −0.2
V, which implies its lower operation voltage. With the further
increase of bias voltage, the absorption bands (600−800 nm)
of the polymers decrease, and the polaron absorption bands
(900−1200 nm) increase.
The OECT devices were fabricated using a photolithog-

raphy and parylene patterning method.31 The polymers were
deposited using their chloroform solution (see the Supporting
Information for more details). To evaluate the performance of
an OECT material, the following equation based on the
Bernards model is often used (eq 1)32

μ= · · · *·| − |g W L d C V V( / ) ( )m th GS (1)

where W, L, and d are the channel width, length, and film
thickness, respectively, μ denotes the charge carrier mobility,
C* denotes the capacitance of the channel per unit volume,
and Vth is the threshold voltage.
Unlike other DPP-based polymers that only exhibited p-type

properties, both polymers show typical n-type charge transport
behaviors, suggesting that PzDPP is a good building block for
n-type OECTs (Figures 2c,d and S7). P(gPzDPP-CT2) shows
outstanding OECT performance, with a low Vth of 0.32 V and
a high μC* of 1.72 F cm−1 V−1 s−1. For P(gPzDPP-2T), a 10
times thicker film was prepared for a comparable IDS and gm
due to its much lower μC* of 0.22 F cm−1 V−1 s−1. Consistent
with the spectroelectrochemistry measurement, the Vth of
P(gPzDPP-2T) is larger (0.56 V) with a high operation voltage
(0.8 V). To further understand the performance differences of
the two polymers, the volumetric capacitance (C*) was
measured by the electrochemical impedance spectrum (EIS,
Figure S8). Similar to the electrochemical absorption spectra,
P(gPzDPP-2T) shows a low volumetric capacitance before a
voltage of −0.5 V, while the capacitance of P(gPzDPP-CT2)

Figure 3.Molecular packing and morphology characteristic of polymers. (a, b) Passive swelling and contact angle with 0.1 M NaCl, for P(gPzDPP-
2T) and P(gPzDPP-CT2) films. Swelling degrees are 39% for P(gPzDPP-2T) and 29% for P(gPzDPP-CT2). (c, d) 2D-GIWAXS patterns and (e,
f) AFM topography images. The scale bar is 400 nm.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.1c04037
Chem. Mater. 2022, 34, 864−872

867

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04037/suppl_file/cm1c04037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04037/suppl_file/cm1c04037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04037/suppl_file/cm1c04037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04037/suppl_file/cm1c04037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04037/suppl_file/cm1c04037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04037/suppl_file/cm1c04037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04037/suppl_file/cm1c04037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04037/suppl_file/cm1c04037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04037/suppl_file/cm1c04037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.1c04037/suppl_file/cm1c04037_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04037?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.1c04037?fig=fig3&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.1c04037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


gradually increases with the increase of voltage. The maximal
C* was extracted with average values of 134 F cm−3 for
P(gPzDPP-2T) and 91 F cm−3 for P(gPzDPP-CT2). Based on
the μC* and C* values, electron mobilities (μ) were calculated
to be 1.6 × 10−3 cm2 V−1 s−1 for P(gPzDPP-2T) and 1.9 ×
10−2 cm2 V−1 s−1 for P(gPzDPP-CT2). A 10-fold difference in
the electron mobility compensates for the deficiency of
capacitance and gains 7.8 times higher μC*. To evaluate the
response speed of both polymers, we tested the transient
characteristics of their OECT devices (Figure 2e,f). A 100 ms
pulse was applied to the gate electrode, and 0.6 V DC voltage
was applied to the drain electrode. The response time was
estimated by an exponential fitting of IDS. P(gPzDPP-CT2)
exhibits a shorter response time, with a τon of 3.0 ms and a τoff
of 1.8 ms. Besides, the devices of P(gPzDPP-2T) and
P(gPzDPP-CT2) show almost the same response time in

aqueous solutions with three different electrolytes, NaCl, KCl,
and NH4Cl, which is not proportional to the ion mobility of
the cations (Na+, K+, and NH4

+) reported in the literature.33

Therefore, we believe that ionic mobility has a slight effect on
the response speed of the devices in our work (Figures S9 and
S10). The high μ and fast response characteristics make
P(gPzDPP-CT2) a promising material for real-time high-speed
sensing applications. Both polymers show good stability with
current retention over ∼50% after 100 cycles and 2000 s
measurement in air (Figure S11).
Since hydrophilicity is important for ion injection in

OECTs,34 the contact angles of both films were tested.
P(gPzDPP-T2) films show an average contact angle of 63.49°,
almost 14° smaller than that of P(gPzDPP-CT2). In quartz
crystal microbalance with dissipation of energy (QCM-D)
measurements, P(gPzDPP-2T) films show 39% swelling during

Table 1. Summary of the OECT Performance and Molecular Packing Parameters of the Polymers

gm
a

(μS)
d

(nm)
Vth

b

(V)
μC*max

c

(F/cm V s)
μC*avg.

c

(F/cm V s)
μd

(cm2/V s)
C*

(F cm−3)
τon, τoff

e

(ms)
dlamellar
(Å)

dπ−π
(Å) Lc (Å) glam gπ−π

P(gPzDPP-
2T)

31.4 655 0.56 0.22 0.18 1.6 × 10−3 134 22.7, 10.1 25.96 3.38 77.67 0.22 0.15

P(gPzDPP-
CT2)

29.5 68 0.32 1.72 1.36 1.9 × 10−2 91 3.0, 1.8 24.83 3.43 49.93 0.27 0.15

aThe W/L of all devices is 100/10 μm. All of the OECT devices were operated in a 0.1 M NaCl aqueous solution. bVth was determined by
extrapolating the corresponding IDS

1/2 versus VGS plots.
cSix devices were tested and computed for each polymer. μC* was calculated according to

eq 1. dμ was calculated from μC* and the measured volumetric capacitance C*. eThe devices for τon and τoff measurement are independent of the
μC* measurement device.

Figure 4. DFT calculations for understanding the charge transport difference in both polymers. (a) Comparison of the relaxed potential energy
surface scans of the dihedral angles for the neutral and reduced monomers of P(gPzDPP-2T) and P(gPzDPP-CT2), respectively. (b) Comparison
of the bond length deviation of the polaron compared to the neutral state of the polymers. P(gPzDPP-CT2) shows a more delocalized polaron
distribution. (c) Spin density distribution of negatively charged P(gPzDPP-2T) and P(gPzDPP-CT2). The red circle markers highlight the major
differences in spin density. ΔG stands for the Gibbs free energy change from the neutral to reduced state.
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passive exposure to 0.1 M NaCl, but only 29% for P(gPzDPP-
CT2) (Figure 3a,b). This result is consistent with the contact
angle measurement, indicating that P(gPzDPP-T2) is more
hydrophilic. It is well studied that hydrophilic materials could
facilitate ion penetration, which in turn leads to higher
volumetric capacitance for OECTs.17,35 In a recent study,
researchers also found that the more hydrophilic n-type OECT
polymer with a smaller contact angle exhibited a larger
volumetric capacitance, which is consistent with our results.25

Therefore, the higher volumetric capacitance (C*) of
P(gPzDPP-T2) is largely due to its more hydrophilic film.
Grazing incidence wide-angle X-ray scattering (GIWAXS)

was employed to explore the molecular packing (Figures 3c,d
and S12). Both polymer films show mixed edge-on and face-on
molecular packings. Their lamellar and π−π stacking distances
are listed in Table 1. P(gPzDPP-2T) exhibits three out-of-
plane lamellar scattering peaks, (100), (200), and (300), and
has a larger coherent length (Lc) and lower paracrystalline
disorder (g) in the lamellar direction, suggesting its ordered
molecular packing and higher crystallinity. P(gPzDPP-CT2)
shows a very similar lamellar distance and slightly larger π−π
stacking distances because both polymers have similar
backbones and an identical side chain. Both polymer films
are smooth with small root-mean-square (RMS) roughness in
atomic force microscopy (AFM) height images (Figure 3e,f).
P(gPzDPP-2T) film shows large fibrous zones with higher
crystallinity, while P(gPzDPP-CT2) film exhibits a relatively
amorphous film, which is consistent with the GIWAXS results.
Therefore, the effects of surface roughness, passive swelling,
and molecular packing on mobility can be excluded. Thus, the
higher charge carrier mobility of P(gPzDPP-CT2) can not be
well explained by the film morphology and molecular packing.
To further investigate the reason for the high electron

mobility of P(gPzDPP-CT2), DFT calculations were per-
formed. We first performed relaxed potential energy surface
(PES) scans at the dihedral angles of the adjacent thiophene
units of both polymers (Figure 4a). Compared to the shallow
torsional barrier of the thiophene−thiophene (T−T) con-
nection in P(gPzDPP-2T), we found that the cyanothio-
phene−cyanothiophene (CT−CT) connection in P(gPzDPP-
CT2) exhibits a nearly three times higher barrier (Figure 4a).
More interestingly, the torsional barrier further increases
significantly when P(gPzDPP-CT2) is negatively charged,
while it remains low for the negatively charged P(gPzDPP-2T).
Therefore, the polymer becomes more planar and rigid after
introducing cyano groups, especially under reduced states. We
further calculated the Gibbs free energy change and the bond
length deviation from the neutral and reduced states for both
polymers (three oligomers). P(gPzDPP-CT2) shows a larger
Gibbs free energy change (−68.0 kcal/mol), suggesting it is
more stable under the reduced state. In addition, P(gPzDPP-
CT2) exhibits a longer and more dispersive bond length
deviation distribution, implying more delocalized polarons
(Figure 4b). This is further supported by the spin density
distribution shown in Figure 4c, where the polaron on
P(gPzDPP-CT2) is more delocalized. We found that the CN
groups make more negative charges distributed on the donor
moiety, especially on the S atom of the thiophene and CN
groups. The more equalized charge distribution elongates the
polaron delocalization length and makes the single bond at the
CT−CT connection with more double bond features, which
well explains the higher torsional barrier of the reduced state in
P(gPzDPP-CT2).

We would like to emphasize that in OECTs, the polymer
planarity under the reduced state is more important than that
under the neutral state because the polymer is highly charged
after electrolyte gating. Previous studies have suggested that
polymer packing order is not essential for high-mobility
conjugated polymers, especially for D−A polymers.36 How-
ever, the energetic disorder caused by the dihedral angle
distribution could have significant influences on charge carrier
mobilities.31 Since lots of counterions and water molecules
diffuse into the polymer film after gating, the energetic disorder
in OECTs is more severe because ions and water molecules
cause more structural and Coulombic disorder.37 After
introducing CN groups, the negative polaron distributes
more on the donor moiety, leading to better backbone
planarity and rigidity and thereby enhancing the polymer
tolerance to the counterion and water-induced disorder.
Furthermore, after regulating the negative polaron distribution,
the polarons become more delocalized on the polymer
backbone, which could also contribute to the higher charge
carrier mobility in P(gPzDPP-CT2).

■ CONCLUSIONS
In summary, we explored the low-performance issue in n-type
OECT polymers and found that the low electron mobility is
the major issue in limiting their OECT performance and the
device response speed. We demonstrate that introducing
strong electron-withdrawing groups on the donor moiety can
make the polarons more distributed on the donor, leading to
more stabilized polarons, enhanced backbone planarity and
rigidity, good tolerance to disorder, and finally higher charge
carrier mobility. The electron mobility of P(gPzDPP-CT2) in
the aqueous environment increased 10 times compared to that
of the reference polymer, resulting in a high μC* of 1.72 F
cm−1 V−1 s−1 and short response times of 3.0/1.8 ms. We
believe that our polaron regulating strategy could also benefit
other n-type OECT polymers, especially for those suffering
from the low electron mobility issue.

■ METHODS
Materials. The synthesis and characterization of the polymers and

the various synthetic intermediates are outlined in the Supporting
Information.

Spectroelectrochemistry. Spectroelectrochemistry was per-
formed with an ITO-coated glass slide (WE), which was spin-cast
with the polymer solution (3 × 10−3 M chloroform solution) at a
rotating speed of 500 rpm for 45 s. These polymer-coated ITO slides
were employed as the WE and immersed into a cuvette filled with a
0.1 M aqueous NaCl solution, followed by the use of a Pt mesh (CE)
and a AgCl/Ag pellet (RE). A PerkinElmer Lambda 750 UV−vis
spectrometer was used with the beam path passing through the
electrolyte-filled cuvette and polymer-coated ITO samples. A
background spectrum with cuvette/electrolyte/ITO was recorded
before a potential was applied to the cell. The potential was applied to
the WE for 5 s before the spectra were recorded and lasted for a
certain period of time until the completion of spectrum scanning.

OECT Fabrication and Characterization. OECT fabrication
included the deposition and patterning of metallic electrodes, the
parylene layer, and the polymer in the channel. In detail, silica
substrates were thoroughly cleaned by ultrasonication in acetone, DI
water, and isopropyl alcohol, followed by nitrogen blow drying and
brief oxygen plasma cleaning. Metal pads, interconnects, and source/
drain contacts were patterned; 5 nm of Cr and 35 nm of Au were
subsequently deposited, and then a lift-off process was carried out.
Metal interconnects and pads were insulated by depositing 1 μm of
parylene-C using a PDS 2010 Labcoater-2, with a 3-(trimethoxysilyl)-
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propyl methacrylate (A-174 Silane) adhesion promoter. A 2%
aqueous solution of an industrial cleaner (Micro-90) was
subsequently spun-coated to act as an antiadhesive for a second
sacrificial 1 μm parylene-C film, which was used to simultaneously
define the active channel area and to pattern the underlying parylene
layer. The samples were subsequently patterned with a 5 μm thick
layer of an AZ9260 photoresist and an AZ-400K developer. The
patterned areas were opened by reactive ion etching with O2 plasma
using an LCCP-6A reactive ion etcher (Leuven Instruments). The
polymer solution was spin-cast on the etched devices with different
rotating speeds depending on the desired film thickness. After a
peeling-off process of the second sacrificial parylene layer, the OECTs
were ready for measurement. The device characterization was
performed on a probe station using a Keithley 4200 SCS analyzer.
The AgCl/Ag pellet (Warner Instruments) was employed as the gate
electrode and immersed into a 0.1 M NaCl solution, which covered
the polymer film in the channel. The thickness of the film was
determined after a test in a dry state with a DEKTAK profilometer
(Bruker).
Electrochemical Impedance Spectra. Electrochemical impe-

dance spectra (EIS) were performed on the polymer-coated
electrodes on an electrochemical workstation SP-300 (BioLogic
Science Instruments). The polymer film covered on the electrodes
was patterned as squares with certain areas by the lithography
technique. These polymer-coated electrodes with a glass substrate
were employed as the working electrode (WE) and fully covered with
a 0.1 M NaCl solution, followed by the employment of the Pt mesh
(CE) and the AgCl/Ag pellet (RE) to establish a standard three-
electrode system. The capacitances of polymers on electrodes with
various sizes were obtained through the potential EIS method, with
setting the DC offset voltage as the maximum achievable doping for
each polymer. The AC amplitude of voltage in the form of a sine wave
on the WE was set as 10 mV (RMS) and the frequency was scanned
from 100 kHz to 10 Hz. The as-obtained Bode plots or Nyquist plots
were fitted to an equivalent circuit, namely, the Randles circuit Rs
(Rp||C), via software EC-Lab view. The thickness of the film was
determined after a test in a dry state with a DEKTAK profilometer
(Bruker).
Quartz Crystal Microbalance with Dissipation of Energy

(QCM-D) Measurements. QCM-D measurements were performed
using a Q-sense analyzer (QE401, Biolin Scientific). Passive swelling
measurements were performed as follows: First, the QCM-D response
of bare Au sensors was recorded in air, followed by injection of a 0.1
M NaCl solution into the chamber. The measurements were then
stopped when the f and D were stable, the sensors were removed, and
the polymer layers were spin-cast on the same sensors from solutions
in chloroform. The absolute f value for each polymer-coated sensor
was obtained both in air and in 0.1 M NaCl after the system was in
equilibrium. Then, using the function “stitched data” of Q-soft
software, the data for multiple overtones between the bare sensor and
the polymer-coated sensors were compared both in air and in the
electrolyte. Finally, the difference in the f values of the stitched data
was directly transformed to the mass absorbed by the polymer (m) in
both media, which was calculated by the Sauerbrey equation Δm =
−17.7/n·Δfn, where n is the overtone number. The fifth overtone was
used in this research. The thickness of the polymer was estimated with
a density of 1 g/cm3.
Contact Angle Measurements. Contact angle measurements

were performed using an optical contact angle measuring device based
on the pendant drop method (KRÜSS drop shape analyzer DSA30,
Germany). The polymers were spin-coated on SiO2 substrates, and
the electrolyte was 0.1 M NaCl.
DFT Calculations. Geometry optimization, molecular energy level

calculation, and relaxed potential energy surface scan were performed
at the B3LYP/6-311g(d,p) or wB97XD/6-311g(d,p) level using
Gaussian 16 and Gaussian View 6.31,38 The computation results were
visualized by Multiwfn39 and VMD.40 Using C* from EIS and lattice
parameters from GIWAXS, we can estimate that 3−4 segments share
one electron for P(gPzDPP-2T) and P(gPzDPP-CT2). Therefore, the
bond length deviation of the neutral and reduced states was calculated

for three segments. For absorption spectra calculation, td(nstates =
50) were used for the oligomers (n = 2).

AFM and GIWAXS Characterization. Atomic force microscopy
(AFM) measurements were performed with a Cypher atomic force
microscope (Asylum Research, Oxford Instruments). The surface
morphology was recorded with a scan rate of 1−2 Hz at the AC
mode. The GIWAXS experiment was performed on the Xenocs Xuess
2.0 beamline, with an incident X-ray angle of 0.2° and a wavelength of
1.54 Å. The scattered signal was collected using a PILATUS 1M
detector at a sample-to-detector distance of 150 mm. Data processing
was performed by Igor Pro software with Nika and WAXTools
packages. Coherence length (Lc) was calculated from the breadth
(Δq) of a diffraction peak: Lc = 0.89 × 2π/Δq.36,41 Paracrystalline
disorder was calculated from the center position (q0) and the breadth
(Δq) of a diffraction peak: g = (Δq/(2πq0))1/2.36,41
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