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Organic Electrochemical Transistors

High Performance Organic Mixed Ionic-Electronic Polymeric
Conductor with Stability to Autoclave Sterilization

Hailiang Liao, Achilleas Savva, Adam V. Marsh, Yu-Ying Yang, Hendrik Faber,
Martina Rimmele, Matteo Sanviti, Renqian Zhou, Abdul-Hamid Emwas, Jaime Martín,
Thomas D. Anthopoulos, and Martin Heeney*

Abstract: We present a series of newly developed
donor-acceptor (D-A) polymers designed specifically for
organic electrochemical transistors (OECTs) synthesized
by a straightforward route. All polymers exhibited
accumulation mode behavior in OECT devices, and
tuning of the donor comonomer resulted in a three-
order-of-magnitude increase in transconductance. The
best polymer gFBT-g2T, exhibited normalized peak
transconductance (gm,norm) of 298�10.4 Scm� 1 with a
corresponding product of charge-carrier mobility and
volumetric capacitance, μC*, of 847FV� 1 cm� 1 s� 1 and a
μ of 5.76 cm2V� 1 s� 1, amongst the highest reported to
date. Furthermore, gFBT-g2T exhibited exceptional
temperature stability, maintaining the outstanding elec-
trochemical performance even after undergoing a
standard (autoclave) high pressure steam sterilization
procedure. Steam treatment was also found to promote
film porosity, with the formation of circular 200–400 nm
voids. These results demonstrate the potential of gFBT-
g2T in p-type accumulation mode OECTs, and pave the
way for the use in implantable bioelectronics for medical
applications.

Introduction

Organic electrochemical transistors (OECTs) have emerged
as a forefront technology at the intersection of organic

electronics and bioelectronics due to low operational
voltages, biocompatibility, and ease of integration with
biological systems.[1] These features offer a versatile plat-
form for interfacing organic semiconductors with biological
systems.[1a–d] Over the past few years, the development of
OECTs has witnessed significant strides, propelled by
advancements in materials science, device engineering, and
a deeper understanding of the electrochemical processes
governing their operation.[2]

The inception of OECTs was rooted in the pursuit of
electronic devices that could seamlessly interface with bio-
logical entities, transcending the limitations posed by
conventional rigid devices.[3] These transistors, leveraging
organic semiconductors and electrolyte interfaces, provide
an ideal bridge between the electronic and ionic worlds.[4]

The inherent biocompatibility and soft nature of organic
materials make OECTs particularly well-suited for applica-
tions ranging from bioelectronics to medical diagnostics.[5] In
bioelectronics, OECTs are employed for interfacing with
biological systems, such as detecting biomolecules or mon-
itoring physiological signals.[1c] Their ability to operate in
aqueous environments makes them particularly suitable for
bio-sensing applications.[1b,6] Furthermore, OECTs are uti-
lized in sensors for detecting gases, ions, and other analytes,
showcasing their adaptability in chemical sensing
diagnostics.[7] Their compatibility with flexible substrates
enables the development of comfortable wearables and
implantable devices.[1b,7b,8]

One critical aspect influencing the practical utility of
OECTs in biomedical applications is their stability under
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challenging environmental conditions, particularly at ele-
vated temperatures.[9] For any implantable medical devices,
sterilization will be essential and OECTs should ideally
endure the autoclaving process without compromising their
electrical performance. Achieving stability under such con-
ditions is critical for ensuring the reliability and longevity of
OECT-based technologies in the demanding field of
biomedicine.[10] Thus far of the many OECT active materials
reported, only poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate), (PEDOT:PSS) has demonstrated
stability to the standard autoclave sterilization
procedure.[10–11] However, PEDOT:PSS devices operate in
depletion mode, that is they are ON under zero gate bias
and require a continually applied gate voltage to maintain
an OFF state, which leads to high power consumption and is
undesirable in many cases.[5] As such there has been much
effort to develop alternative materials which can operate as
accumulation mode devices,[9c,12] but to the best of our
knowledge, none of these have demonstrated stability to the
demanding high temperature and humidity conditions of
autoclave sterilization.

In our search for higher performing accumulation mode
materials for OECTs, we were drawn to donor-acceptor (D-
A) conjugated polymers. These polymers are formed from
the combination of donating (D) and electron-accepting (A)
units, which allows for readily control of the band gap and
energy levels. The use of such polymers has been highly
successful in organic electronic devices such as thin film
transistors, solar cells and photodetectors.[13] More recently
they have been demonstrated as promising candidates for
the active layer of OECTs,[14] where adjustment of the D
and A monomers leads to fine-tuning of the energy levels,
contributing to the improvement of electrochemical stability
in OECTs by avoidance of undesirable redox side-
reactions.[15] The OECT performance of D-A polymers is
also strongly influenced by the nature of the sidechain,
which has great impact on their electrochemical
properties.[16] The amorphous and crystalline states of the
polymer can be balanced by adjusting the length and nature
of the glycolated side chains, further ensuring optimal ion
and electron mixed conduction.[1a,12b,16]

An attractive acceptor unit for OECT polymers is
benzo[c][1,2,5]thiadiazole (BT), which combines high elec-
tron affinity with excellent stability.[17] Copolymers of BT
with extended electron-rich donor segments have already
demonstrated some promise in OECT devices.[12a,18] Here we
report the facile incorporation of a branched ethylene glycol
sidechain onto a fluorinated BT precursor (gFBT) by
nucleophilic substitution, and its subsequent copolymerisa-
tion with a range of simple donor comonomers based on
thiophene (T), bithiophene (2T), thieno[3,2-b]thiophene
(TT) and glycolated bithiophene (g2T). The branched glycol
chain was choosen to ensure all polymers exhibited good
solubility and the energy levels were tuned by the nature of
the comonomer. OECT performance was found to be
strongly influenced by the choice of comonomer, with
polymers containing g2T exhibiting the best performance.
Thus gFBT-g2T exhibited a three-order-of-magnitude high-
er normalized transconductance (gm,norm=298�10.4 Scm� 1)

compared to gFBT-2T, with a corresponding product of
charge-carrier mobility (μ) and volumetric capacitance μC*
of 847 FV� 1 cm� 1 s� 1, the highest among all D-A polymer
materials reported to date,[14b] and a μ of 5.76 cm2V� 1 s� 1,
which is comparable with state-of-the-art materials.[19] In
contrast, gFBT-3g2T with longer side chains in the donor
unit, exhibited a lower gm,norm of 43.5�1.4 Scm� 1 and a μC*
of 202 FV� 1 cm� 1 s� 1. More importantly, gFBT-g2T was
found to exhibit exceptionally high temperature stability,
with OECTs made from gFBT-g2T maintaining excellent
electrochemical performance after undergoing the standard
autoclave steam sterilization procedure at 121 °C for 20 mi-
nutes. The enhanced stability of our OECT material has the
potential to facilitate its application in biomedicine, opening
doors for the development of more robust and reliable
medical devices.

Results and Discussion

The synthesis route to the series of novel D-A polymers is
illustrated in Scheme 1 and detailed in the Supporting
Information. Our starting point was the readily available
acceptor 4,7-dibromo-5,6-difluorobenzo[c][1,2,5]thiadiazole
(2FBT), which was functionalized by nucleophilic substitu-
tion with a branched alcohol in good yield, using our
previously reported conditions, to afford gFBT (NMR
characterization data in Figures S1–S3).[20] A long branched
glycol side chain was chosen to ensure sufficient polymer
solubility and enhance ion penetration/transport
capacity.[20–21] With the starting monomer gFBT in hand,
three conjugated polymers were rapidly produced by Stille
polymerization with the donor monomers (2,5-bis(trimeth-
ylstannyl)thiophene (T), 2,5-bis(trimethylstannyl)thieno[3,2-
b]thiophene) (TT) and 5,5’-bis(trimethylstannyl)-2,2-bithio-
phene (2T). Based on our initial OECT device screening
which identified gFBT-2T as higher performing compared to
gFBT-TT and gFBT-T (see below), two further polymers
were prepared by copolymerization with methoxy-substi-
tuted bithiophene (g2T) and triethyleneglycol-substituted
bithiophene (3g2T) moieties to fine-tune the photophysical
and electrochemical properties of the resulting polymers.
Introduction of the electron donating ether groups onto the
bithiophene was expected to reduce the ionisation potential
of the polymers, which can help to reduce the turn-on
voltage for OECT devices. Short (methoxy, g) and long
(triethyleneglycol, 3 g) sidechains on the bithiophene were
investigated to help decouple the role of the electron
donating effect oxygen from the additional ion uptake
expected from the longer 3 g sidechain. A head-to-head
arrangement of the alkoxy groups, which is known to adopt
a coplanar arrangement, was chosen to avoid any undesir-
able steric interactions with the adjacent gFBT group and
facilitate backbone planarity.[22] We note that introduction
of ether groups onto the T or TT co-monomers would result
in their close proximity to the gFBT group with possible
detrimental steric twisting.

All polymers were purified by non-solvent washing,
following by extraction into chloroform. All polymers were

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2025, 64, e202416288 (2 of 11) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202416288 by T

u D
elft, W

iley O
nline L

ibrary on [28/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



soluble in chloroform, facilitating straightforward solution
processing at room temperature. 1H NMR was used to
confirm the polymer structures. Most of the polymers
exhibited the broad, poorly resolved peaks typical of
conjugated polymers (Figures S4–S8). However, gBT-3g2T
exhibited a well-resolved spectrum, with all environments
clearly apparent. Indeed, even the fluorine environment was
observable as a singlet peak in the 19F NMR spectrum
(Figure S9). The improved resolution is likely related to the
higher glycol sidechain density and improved solubility/
reduced aggregation that this confers. Their molecular
weights were determined using analytical gel permeation
chromatography (GPC) with chloroform as the solvent
(Table 1). Although there is some variance across the series,
they are all in the high weight regime and exhibited good
film-forming properties. We note that on the basis of initial
OECT device data, a final preparative (Prep) GPC purifica-
tion was employed for gFBT-g2T and gFBT-3g2T to reduce
the Pd content in the polymers and enhance their OECT
performance, with the resultant molecular weights being
126.8 kDa and 88.3 kDa.[23] All polymers demonstrated
similar thermal stability, with thermal decomposition tem-

peratures exceeding 300 °C, as determined by thermogravi-
metric analysis (TGA) (Figure S10).

The normalized ultraviolet–visible-near infrared (UV–
Vis-NIR) absorption spectra of polymer thin films are
depicted in Figure S11a and summarized in Table 1. gFBT-
T, gFBT-TT, and gFBT-2T exhibited similar absorption
profiles with the maximum absorption peaks (λmax,film)
located at 673, 687, and 682 nm, respectively. For gFBT-g2T
and gFBT-3g2T, inclusion of the electron donating alkoxy
groups onto the bithiophene units induced significant red-
shifts in the λmax,film to 819 and 805 nm, respectively, giving
them broader absorption peaks and narrower band gaps.
The absorption onsets of gFBT-T, gFBT-TT, gFBT-2T,
gFBT-g2T and gFBT-3g2T were found to be 742, 771, 774,
953 and 930 nm, respectively, corresponding to optical band
gaps (Eg,opt) of 1.67, 1.60, 1.60, 1.30 and 1.33 eV.

[24]

The ionization potential of the polymer films was
measured using a photoelectron spectroscopy in air (PESA)
technique, and the values used to estimate the highest
occupied molecular orbital (HOMO) energy. The lowest
unoccupied molecular orbital (LUMO) was calculated by
adding the optical band gap, and the values are summarized
in Table 1. The series of polymers undergoes a stepwise

Scheme 1. Synthesis route to target monomer and polymers. Reaction conditions (i) NaH, tetrahydrofuran, reflux overnight (1.8 g, Yield=75%).
(ii) Pd2(dba)3CHCl3, P(o-tol)3, toluene, 110 °C, 1–6 hours.

Table 1: Optical and electronic properties.

Polymers λmax, film [nm] λonset, film [nm] Eg,opt [eV]
[a] EHOMO [eV][b] ELUMO [eV][c] Mn [kDa]/Ð[d]

gFBT-T 673 742 1.67 � 5.22 � 3.55 115.1/2.77
gFBT-TT 687 771 1.60 � 5.14 � 3.54 64.8/2.97
gFBT-2T 682 774 1.60 � 5.04 � 3.44 33.5/4.24
gFBT-g2T[e] 819 953 1.30 � 4.60 � 3.30 126.8/3.58
gFBT-3g2T[e] 805 930 1.33 � 4.76 � 3.43 88.3/1.55

[a] Derived from the absorption onset of polymer film (Eg,opt=1240/λonset,film). [b] EHOMO was estimated by photoelectron spectroscopy in air. Error
is �0.05 eV. [c] ELUMO was calculated by the equation ELUMO=EHOMO+Eg,opt. [d] GPC calculated number average molecular weight (Mn) and
dispersity (Đ) by GPC against polystyrene standards. [e] Data after preparative GPC.
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change in HOMO energy levels due to variations in the
donor unit‘s structure and side-chain modifications, chang-
ing from � 5.22 eV (gFBT-T) to � 4.60 eV (gFBT-g2T).
Amongst the polymers, gFBT-g2T possessed the HOMO
energy level closest to vacuum, making it more prone to
oxidation and indicating a higher susceptibility to electro-
chemical doping in an aqueous electrolyte.[25] Cyclic voltam-
metry (CV) measurements of the polymer films in 0.1 M
NaCl aqueous solution exhibited a similar trend to PESA in
onset potential (Figure S11b). During the voltage cycling
process, the overall current density for gFBT-T and
gFBT-TT was very low, with slightly higher current density
observed for gFBT-2T. The introduction of the ether side
chains in the donor units resulted in significant improve-
ments in the polymer‘s CV current, and notably, the shorter
side chains in gFBT-g2T demonstrated even higher current
density, suggesting higher ion penetration and a greater
charge storage ability.[16]

Within the polymer series, gFBT-g2T and gFBT-3g2T
demonstrated lower oxidation potentials and higher CV
current density, which are both associated with higher
OECT performance, making them the primary focus of our
discussion. Spectroelectrochemical measurements were per-
formed in 0.1 M NaCl aqueous electrolyte to investigate the
polymers’ doping mechanism.[12b] The electrochromic re-
sponses when the applied bias moved from � 0.2 to 0.7 V
under ambient conditions for gFBT-g2T and gFBT-3g2T are
shown in Figure 1a and b. The same measurements on
gFBT-T, gFBT-TT, and gFBT-2T showed no apparent
absorption changes (Figure 1c), indicating the markedly
weak ion-doping capability of these three polymers. As a
comparison, Figure 1c shows the absolute changes in

absorption for all five polymers, where this is clearly
discernable. Returning to gFBT-g2T and gFBT-3g2T, the
intensity of the π–π* absorption band gradually decreased
around 800 nm with the concomitant appearance of a new
absorption band from 900 to 1200 nm, assigned to polaron
absorption.[26] It was observed that the polaronic absorption
of gFBT-g2T emerges at 0.1 V, preceding the polaronic
absorption of gFBT-3g2T (at 0.2 V). When the bias voltage
was below 0.4 V, the polaronic absorption of gFBT-g2T was
notably higher than that of gFBT-3g2T (Figure 1c). Sub-
sequently, upon applying further bias to 0.6 V, the polaronic
absorption intensities of both gFBT-g2T and gFBT-3g2T
films became equal. However, the polaron absorption of
gFBT-g2T reached saturation and remained stable, whereas
gFBT-3g2T showed a minor decrease at 0.7 V. Throughout
the bias voltage variation, the changes in the π–π*
absorption peak intensity of gFBT-3g2T were more pro-
nounced than those of gFBT-g2T. However, the intensity
and stability of the doped polaron peaks were inferior in
gFBT-3g2T, which could be attributed to its lower electro-
chemical redox stability during the oxidation-reduction
process. This is in agreement with observations from X-ray
diffraction on the thin-film, see below, which suggest greater
disruption to the crystalline regions for gFBT-3g2T upon
doping. Furthermore, the hydrophilicity was raised by
grafting longer EG side chain, which was supported by
contact angle measurements (Figure S12). The water contact
angles were 72.7° and 66.6° for gFBT-g2T and gFBT-3g2T,
respectively. Higher hydrophilicity can facilitate ion pene-
tration into the film, but it is a balance since excessive
swelling can disrupt crystallinity and charge transport
pathways.[16]

Figure 1. (a) Potential-dependent UV–Vis-NIR polymer film absorption spectra of gFBT-g2T, and (b)gFBT-3g2T. (c) Absolute changes in polaron
absorption and π–π* absorption of the films versus applied bias. 20–200 mVs� 1 scan rate dependence CV of (d) gFBT-g2T, and (e) gFBT-3g2T in
0.1 M aqueous NaCl solution. (f) Peak currents versus scan rates for gFBT-g2T and gFBT-3g2T, with the inset displaying peak currents against the
square roots of scan rates.
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To investigate the volumetric penetration of counterions
into polymer thin films, we collected scan rate dependent
CV data from � 0.2 V to 0.7 V in 0.1 M NaCl aqueous
electrolyte (Figure 1d–f).[18a] As shown in Figure 1f, a clear
dependence of current on scan rate was observed, suggesting
counterion penetration throughout the bulk of the film.
However, plotting the square route of voltage against
current density (Figure 1f, inset), did not follow the linear
relationship observed in diffusion-controlled thin film
oxidation following the Randles–Sevcik equation.[18,27]

Rather, gFBT-g2T and gFBT-3g2T showed a superlinear
relationship between current density and square root of scan
rate, which we speculate might relate to the fluorine on the
acceptor unit helping to overcome the kinetic limitations
and boosting charge/discharge cycling properties.[28] Notably,
gFBT-g2T and gFBT-3g2T still exhibited the same curve
relationship when we increased the scan rate to 1000 mV/s
(Figure S13).

OECT devices were fabricated to evaluate the mixed
ionic and electronic transport characteristics of these novel
D-A polymers. The output and transfer characteristics of
the OECTs are shown in Figure 2 and Figure S14, and the
corresponding data is summarized in Table 2. All polymers
behaved as p-type accumulation mode OECTs. The OECT
device data of the polymer series exhibited similar trends to
the CV current. The transfer curve currents for gFBT-T and
gFBT-TT were extremely low, resulting in very small values
for their normalized peak transconductances (gm,norm) of
0.021�3.5×10� 4 and 0.086�8.7×10� 3 Scm� 1 respectively, and
products of charge-carrier mobility and volumetric capaci-
tance (μC*) of 0.243 and 1.15 FV� 1 cm� 1 s� 1. The channel
current for gFBT-2T showed a certain degree of
enhancement, with higher gm,norm of 0.30�2.5×10� 2 Scm� 1

and a corresponding μC* of 4.03 FV� 1 cm� 1 s� 1. In all cases,
the threshold voltage (VTh, Figure S16) for the devices were
all exceedingly high (� 0.71, � 0.67, � 0.62 V), which could be
attributed to the low swelling of the films, their low ionic

Figure 2. OECTs output curves of (a) gFBT-g2T, and (d) gFBT-3g2T at stepped VG from 0 to � 0.7 V in 0.1 V intervals. Transfer and transconductance
curves of (b) gFBT-g2T, and (e) gFBT-3g2T at VD= � 0.6 V. (100 consecutive saturation transfer curves measured from OECT channels made of
(c) gFBT-g2T, and (f) gFBT-3g2T. All OECT channels studied were 100 μm in length and 10 μm in width and biased at VD= � 0.6 V in a 0.1 M NaCl
aqueous solution in ambient conditions.

Table 2: Summary of the characteristics of OECTs.

Polymer d
[nm]

VTh

[V][a]
gm,norm

[S cm� 1][b]
μC*
[F V� 1 cm� 1 s� 1][c]

C*
[F cm� 3][d]

μ
[cm2 V� 1 s� 1][e]

τon
[ms]

τoff
[ms]

gFBT-T 28.4�2.7 � 0.71 0.021�3.5×10� 4 0.24(0.24�4) ×10� 3 25�2 0.0097 99 55
gFBT-TT 32.6�3.1 � 0.67 0.086�8.7×10� 3 1.15(1.07�0.11) 31�3 0.037 102 55
gFBT-2T 28.5 �1.8 � 0.62 0.30�2.5×10� 2 4.03(3.81�0.31) 133�8 0.030 70 38
gFBT-g2T 32.9�1.7 � 0.33 298�10.4 847 (826�28.8) 147�10 5.76 19 10
gFBT-3g2T 40.1�4.0 � 0.47 43.5�1.4 202(198�6.4) 292�14 0.69 23 9

[a] Values determined by extrapolating the corresponding ID
1/2–VG plots. [b] The average transconductance values normalized by the channel

geometry. [c] Maximum and average data calculated from the equation: gm=WdL� 1μC*(VTh� VG). [d] Data deduced from EIS plots. [e] Data
obtained from the μC* and the volumetric capacitance C*.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2025, 64, e202416288 (5 of 11) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202416288 by T

u D
elft, W

iley O
nline L

ibrary on [28/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



conductivity and high HOMO levels, necessitating a high
bias voltage for film oxidation.[29]

The introduction of methoxy or glycolated side chains to
the donor units, resulted in a significant improvement in
device performance and a marked decrease in threshold
voltage. The gm,norm of gFBT-g2T increased by three orders
of magnitude (298�10.4 Scm� 1) compared to gFBT-2T,
with a corresponding μC* of 847 FV� 1 cm� 1 s� 1, which is the
highest among all D-A polymer materials reported to date,
to the best of our knowledge (see Table S1). In comparison,
gFBT-3g2T, with longer donor unit side chains, showed
reduced performance with gm,norm of 43.5�1.4 Scm� 1, and a
lower μC* of 202 FV� 1 cm� 1 s� 1. These results are in agree-
ment with other studies showing that longer glycolated side
chains do not necessarily provide an advantage in OECT
device performance.[12b,18b] Typically there is a balance
between glycolated sidechains beneficially enhancing ion
transport and sidechains leading to excessive film swelling
during the electrochemical doping process, reducing the
crystallinity of the film and consequently impacting the
charge transport capability of the film.[1a,16,30] Therefore,
balancing the coupled transport capabilities of ions and
holes in our polymer design was crucial for optimizing
OECT performance. It is worth noting that the VTh of
gFBT-g2T was � 0.33 V, which was lower than that of gFBT-
3g2T (� 0.47 V) with longer donor unit glycolated side
chains. The shift in the device VTh for these polymers,
ranging from � 0.71 V to � 0.33 V, is correlated with their
onsets of polaronic absorption (Figure 1c), a lower potential
for the transition from a neutral state to a polaronic state
indicated a lower threshold voltage.[31] The device data
discussed were recorded for both polymers after purification
by passage through a preparative GPC, in accordance with
literature reports.[23] We note that this resulted in an
improvement in the maximum device current and trans-
conductance of approximately 25% compared to the un-
purified polymers (see Figure S15).

To better understand the volumetric doping process of
these polymer thin films, electrochemical impedance spec-
troscopy (EIS) measurements were performed to evaluate
their volumetric capacitances (C*) (Figure S17, S18).
gFBT-T and gFBT-TT exhibited closely similar low C* (25�
2 and 31�3 Fcm� 3) values, while gFBT-2T showed a
significant increase in C* (133�8 Fcm� 3). With the intro-
duction of methoxy groups to the donor unit, the capaci-
tance of gFBT-g2T increased modestly to 147�10 Fcm� 3.
Changing to the longer glycolated side chains of gFBT-3g2T
resulted in a large increase in C* to 292�14 Fcm� 3, likely
due to increased ion uptake. Based on the μC* and C*
values, the charge mobilities of polymers could be calculated
and summarized in Table 2. gFBT-g2T possessed the highest
μ value (5.76 cm2V� 1 s� 1) among these polymers, which was
comparable with state-of-the-art materials.[14b,19]

The decay time constants for the ON (τon) and OFF (τoff)
processes were extracted by fitting the temporal response
curve with the exponential decay equation ID(t)= ID,0+

A×exp(� t/τ) (Figure S19 and S20).[21] The τon/τoff values of
these polymers were summarized in Table 2. The response
times of devices based on gFBT-T, gFBT-TT, and gFBT-2T

were relatively slow. However, after introducing glycolated
side chains to the donor unit, the enhanced ion-doping
capability effectively improved the response speed of the
devices. The τon/τoff values were estimated to be 19/10, and
23/9 ms for gFBT-g2T and gFBT-3g2T.

To investigate the stability of the materials during device
operation, we conducted repetitive tests of the saturated
transfer curves for gFBT-g2T and gFBT-3g2T over 100
cycles. It was observed that the transfer curve current for
gFBT-g2T was nearly unchanged, with the curves after 100
cycles almost overlapping the initial transfer curve, demon-
strating promising device stability. However, the current for
gFBT-3g2T decreased appreciably, with the maximum
current after 100 cycles being only about 20% of the initial
value, indicating poorer stability. The long-term operational
stabilities of polymers were also investigated by monitoring
the variation of drain current upon applying successive pulse
bias (pulse length=5 s) (Figure S21). Among the tested
polymers, only gFBT-g2T exhibited good long-term opera-
tional stability with pulse bias between 0 and � 0.5 V,
maintaining 70% of its maximum current after 60 minutes
of 720 on-off cycles.

To further investigate the ability of gFBT-g2T to with-
stand the harsh sterilization conditions required for applica-
tions in the clinic, we designed a series of tests. Firstly, we
explored the stability of the films of gFBT-g2T and gFBT-
3g2T during extended annealing time under nitrogen
conditions. Thus, OECT devices were exposed to continuous
heating at 100 °C for a duration of 120 minutes within a
glovebox, and the electrical characteristics of the OECTs
were measured before the annealing process, at various
intermediate time points during annealing and after the
completion of annealing, each measurement being per-
formed at room temperature outside the glovebox. As
shown in Figure 3a, the devices of gFBT-g2T retained
excellent electronic properties (as high as 99% of the
original current and transconductance) under extended
annealing time. Whereas the saturation current of gFBT-
3g2T dropped to 83% after annealing for 10 minutes, and
continued to decrease steadily upon extended annealing,
dropping to 51% of the initial value after 120 minutes. We
further investigated the temperature response with variable
temperature annealing, starting from 50 °C, with increments
of 25 °C, and testing in air after annealing for 10 minutes at
each temperature. Interestingly, whilst gFBT-g2T managed
to maintain 98% of the saturation current and trans-
conductance of the initial values after annealing at 125 °C,
gFBT-3g2T retained less than 25% of these values, and
showed a decrease even after annealing at 50 °C (Figure 3b).
The above tests demonstrated the exceptional thermal
stability of gFBT-g2T under nitrogen conditions, while the
devices of gFBT-3g2T couldn’t survive under high temper-
ature conditions. Moving to ambient atmosphere, gFBT-g2T
devices continued to show impressive performance, with the
current and transconductance retaining 84% of their initial
values after annealing for 30 minutes (Figure 3c).

To investigate performance under typical sterilization
procedures, we initially immersed devices of gFBT-g2T into
boiling water at 100 °C under atmospheric pressure for half
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an hour. As shown in Figure 3c, the devices still maintained
over 98% of the initial current and 94% of the initial
transconductance. The improved performance compared to
annealed films in air is possibly due to water reducing the
local oxygen content, preventing oxidative degradation of
the film. It is worth emphasizing that, unlike other organic
based devices that required encapsulation by parylene
before immersion into boiling water,[32] direct immersion of
gFBT-g2T devices into boiling water did not result in the
detachment of the channel film, indicating the strong
adhesion of the gFBT-g2T film to glass (Figure 3c, inset
images). This is likely due to the hydrogen bonding
interactions of the polar and hydrophilic sidechains of
gFBT-g2T with the surface silanols present on the glass
surface. Strong adhesion of the conjugated polymer to the
underlying substrate is also a critical parameter for long-
lived recordings in biological settings.[33]

Since gFBT-g2T maintained film integrity and stable
device current after soaking in boiling water, we finally
investigated the standard sterilization procedure in an
autoclave, exposing devices to pressurized steam at a
temperature of 121 °C for 20 minutes.[10] Remarkably the
devices of gFBT-g2T not only survived, but also exhibited a
slight increase in the channel current and transconductance
(Figure 3d), which might imply that the film microstructure

of gFBT-g2T underwent an additional improvement under
the high temperature and pressure conditions. To the best of
our knowledge, gFBT-g2T currently stands out as the sole
single component conjugated polymer exhibiting stability
after high pressure steam sterilization procedure aside from
the composite PEDOT:PSS.[10–11]

To probe the reasons for the different stability profiles,
we initially performed, differential scanning calorimetry
(DSC) tests on gFBT-g2T and gFBT-3g2T. However,
neither polymer exhibited any discernible melting nor
crystallization peaks (Figure S10), despite X-ray scattering
measurements indicating the presence of crystalline regions.
This behavior is not unusual for conjugated polymers, which
due to their rigid nature often exhibit melting temperature
above their degradation and transitions with small enthalpy
changes.[34] We therefore used a spectroscopic technique,
which assesses changes in the UV–vis absorption spectrum
following sequential thermal annealing by a deviation
metric.[35] As illustrated in Figure 3e, a Tg can be estimated
by the intersection of linear fits of the deviation metric. This
suggests that the Tg of gFBT-3g2T (68 °C) is lower than
gFBT-g2T (85 °C). Whilst this difference does not fully
explain the different temperature stability observed, it is
also noticeable that the deviation metric change for gFBT-
3g2T was more pronounced. In contrast, the absorption

Figure 3. The stability of the saturated current and transconductance (measured from the slope of ID vs Vg) for gFBT-g2T and gFBT-3g2T after
different annealing times at 100 °C in (a) nitrogen condition, and (b) after different annealing temperatures, each temperature involving a 10 mins
annealing in N2. (c) Device stability of the saturated current and transconductance for gFBT-g2T after different annealing times exposed in air at
100 °C (upper panel) and immersed into boiling water in air (lower panel), the inset images show the optical images of the same channel before
and after being immersed in boiling water for 30 minutes. (d) The stability of the saturated current and transconductance for gFBT-g2T before and
after the standard autoclave sterilization. (e) Thin-film absorption spectra of gFBT-g2T (upper panel) and gFBT-3g2T (middle panel) for the
annealing temperatures indicated, and evolution of the deviation metric as a function of annealing temperature (lower panel).

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2025, 64, e202416288 (7 of 11) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202416288 by T

u D
elft, W

iley O
nline L

ibrary on [28/01/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



profile of gFBT-g2T showed negligible deviation metric
variations around 100 °C. Thus, we conclude that the lower
Tg of gFBT-3g2T is a contributory factor to the lower
temperature stability observed.

To gain a more comprehensive understanding of the
high performance and high temperature stability of gFBT-
g2T, we conducted atomic force microscopy (AFM) meas-
urements on films of gFBT-g2T and gFBT-3g2T. We
compared the surface morphology changes in the polymer
films under different conditions, including their pristine
state, after thermal annealing in air and after the autoclave
sterilization. As depicted in Figure 4a, the pristine films of
both gFBT-g2T and gFBT-3g2T exhibited a very smooth
surface with root mean square roughness (Rq) values of
around 0.6 nm. However, the film surface of gFBT-g2T
displayed a uniform and dense fibrous pattern, while gFBT-
3g2T showed only some shallow patterns. After annealing in
air for half an hour, the Rq value of gFBT-g2T (0.65 nm)
were almost unchanged, and the fibrous pattern became
finer. While, gFBT-3g2T showed a slight decrease in Rq

value (0.47 nm) with no significant change in surface
morphology. After autoclave sterilization, both films of
gFBT-g2T and gFBT-3g2T underwent substantial changes,
with the films becoming porous. As shown in Figure 4 and
S22, gFBT-g2T formed randomly distributed pores of
approximately 200–400 nm, which the majority of pores
appearing circular. Voids also appeared in the gFBT-3g2T
film, but they are less well-defined, with a larger distribution
of sizes and non-circular shape. The roughness of both films
increased, to Rq 3.19 nm and Rq=3.41 nm, for gFBT-g2T
and gFBT-3g2T respectively. The formation of such pores is
reminiscent of the formation of porosity during the casting
of films in high humidity, in which the condensation of water
onto the cooling surface leads to droplet formation. Sub-
sequent water evaporation leads to porous structures in a
so-called ‘breath figure’ process.[36] Such as process has been
observed during the spin-coating of conjugated polymer
films, and has been correlated to improved OECT device
performance.[25,37] Solvent vapour annealing has also been
shown to lead to mesoporous polymers, via solvent swelling

Figure 4. (a) AFM images of gFBT-g2T and gFBT-3g2T films in three states: pristine, annealed in air at 100 °C for 30 minutes and autoclaved, the
image size is 1×1 micron. (b) Grazing incidence wide-angle X-ray scattering (GIWAXS) line-cut profiles of the gFBT-g2T and (c) gFBT-3g2T films in
the in-plane and out-of-plane directions.
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and subsequent phase separation through spinodal
decomposition.[38] We believe a similar process is occurring
in the current case, as the films are heated above Tg, swelling
occurs via water absorption, followed by phase separation
during extended annealing.

To analyze the microstructural features of the polymer
films in the same three states, we collected the grazing
incidence wide-angle X-ray scattering (GIWAXS) of the
films (Figure 4b, c, Figure S23, S24 and Table S2). From the
line-cut profiles of gFBT-g2T, it can be observed that the
crystalline state of the pristine film and air-annealed film
remained relatively unchanged. Scattering profiles suggested
a face-on orientation, with broad out-of-plane (010) peaks at
qz=17.3 nm� 1 corresponding to a π–π stacking distance of
0.36 nm with diffraction peaks (100) at qxy=2.19 nm� 1

corresponding to a d-spacing of 2.86 nm along the in-plane
direction. In contrast, the film of gFBT-3g2T exhibited some
changes in the solid-state microstructure between the
pristine and the air-annealed films. Although the out-of-
plane (100) and (010) peak positions remained constant,
both at 3.24 and 16.6 nm� 1 (corresponding to a d-spacing of
1.93 nm and a π–π stacking distance of 0.37 nm), the
intensity of the (001) peak in the in-plane direction (qxy=

2.76 nm� 1, corresponding to a unit chain length of 2.27 nm)
was increased after air annealing. The large lamellar d-
spacing differences between the two polymers indicates that
the intermolecular packing of gFBT-g2T is more disordered,
which is more conducive to the interchain ions transport to
some extent. After autoclave sterilization, gFBT-g2T
showed no significant changes in the peak intensity, but
showed a certain shift in the position of the out-of-plane
(010) peak, with a qz=17.7 nm� 1 corresponding to a π–π
stacking distance of 0.35 nm. In the in-plane direction, the
position and intensity of the (100) peak remain unchanged.
The denser π–π stacking distance agrees with the enhanced
performance after the autoclave sterilization process. Mean-
while, gFBT-3g2T didn’t exhibit significant changes after
autoclaving.

To further investigate the effects of ion doping and de-
doping on the crystalline state of the films, we conducted
GIWAXS tests on the pristine, doped, and de-doped states
films of gFBT-g2T and gFBT-3g2T (Figure S25, S26 and
Table S3). For the gFBT-g2T film, the electrochemical
doping and de-doping processes did not affect the in-plane
direction stacking, with the lamellar diffraction peak (100)
unchanged. In the out-of-plane direction, a new (001) peak
appeared after electrochemical doping, while the π–π (010)
peak remained unchanged. Following further electrochem-
ical de-doping process of the film, the new (001) peak
disappeared, and the (010) peak showed only a slight
decrease in intensity, indicating the electrochemical doping
and de-doping processes did not affect the crystalline
regions of gFBT-g2T. For the gFBT-3g2T film, in the in-
plane direction, the (001) peak disappeared after doping and
reappeared after the de-doping process, but with signifi-
cantly reduced intensity. In the out-of-plane direction, after
doping, the intensities of both the (100) peak and π–π (010)
peak decreased. Following electrochemical de-doping, the
(010) peak almost vanished, suggesting significant changes

of the crystalline regions of the gFBT-3g2T film. These
observations support the observation that gFBT-g2T is more
stable than gFBT-3g2T during the electrochemical doping
and de-doping processes.

Conclusion

We presented a series of novel D-A polymers prepared with
an easily accessible synthesis route. We systematically
studied the polymers’ photophysical, electrochemical, and
morphological properties along with molecular packing and
electron transport behavior by optical spectroscopy, cyclic
voltammetry, atomic force microscopy, and GIWAXS
techniques. Introducing alkoxy side chains in the donor unit
reduced the ionisation potential, and significantly enhanced
the polymer‘s ion transport capability, making them more
susceptible to doping. The transition from gFBT-2T to
gFBT-g2T resulted in a three-order-of-magnitude increase
in OECTs performance yielding a gm,norm of 298 (�
10.4) Scm� 1, with a corresponding μC* of 847 FV� 1 cm� 1 s� 1,
due to the high μ of 5.76 cm2V� 1 s� 1. These values are among
the highest among D-A polymer materials reported to date
for accumulation mode devices. In contrast, gFBT-3g2T with
longer side chains in the donor unit, exhibited a gm,norm of
43.5�1.4 Scm� 1 and a μC* of 202 FV� 1 cm� 1 s� 1, attributed
to its lower ion-electron coupled transport capability. More
importantly, gFBT-g2T exhibited exceptional high temper-
ature stability, which not only maintained the device current
and transconductance after high temperature annealing in
nitrogen but also retained 84% of the initial saturated
current and transconductance after half an hour of air
annealing. Impressively, immersing the gFBT-g2T OECTs
in boiling water for half an hour results to only 2%
reduction of the initial channel current and approx 6% drop
in its transconductance. After undergoing a standard
autoclave steam sterilization procedure for 20 minutes, the
films became porous and the device not only maintained
high current and transconductance but also showed a slight
improvement. We believe that gFBT-g2T is a promising p-
type semiconductor for accumulation mode OECTs with
potential for reliable and safe use in implantable bioelec-
tronics among numerous other medical applications.
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