Energetic control of redox-active polymers towards safe organic bioelectronic materials

Alexander Giovannitti*, Reem B. Rashid, Quentin Thiburce, Bryan D. Paulsen, Camila
Cendra, Karl Thorley, Davide Moia, J. Tyler Mefford, David Hanifi, Du Weiyuan,
Maximilian Moser, Alberto Salleo, Jenny Nelson, lain McCulloch, and Jonathan Rivnay

Dr. Alexander Giovannitti, Dr. Karl Thorley, Maximilian Moser, Prof. lain McCulloch
Department of Chemistry, Imperial College London, London, SW7 2AZ, UK.
Corresponding author: agl9@stanford.edu

Dr. Alexander Giovannitti, Dr. Davide Moia, Prof. Jenny Nelson
Department of Physics, Imperial College London, London, SW7 2AZ, UK

Dr. Du Weiyuan, Prof. lain McCulloch
King Abdullah University of Science and Technology (KAUST), Physical Sciences and Engineering
Division, KAUST Solar Center (KSC), Thuwal 23955-6900, Saudi Arabia

Reem R. Rashid, Dr Bryan D. Paulsen, Prof. Jonathan Rivnay

Simpson Querrey Institute, Northwestern University, Chicago, lllinois 60611, United States
Department of Biomedical Engineering, Northwestern University, 2145 Sheridan Road, Evanston,
lllinois 60208, United States

Dr. Alexander Giovannitti, Camila Cendra, Dr. Quentin Thiburce, David Hanifi, Dr. J. Tyler Mefford
and Prof. Alberto Salleo
Department of Materials Science and Engineering, Stanford University, CA 94305, USA

Keywords: donor-acceptor copolymer, organic-mixed-ionic-electronic-conductor, electrochemical
transistor, oxygen reduction reaction, bioelectronics


mailto:ag19@stanford.edu

Abstract

Avoiding faradaic side reactions during the operation of electrochemical devices is important to
enhance the device stability, to achieve low power consumption, and to prevent the formation of
reactive side-products. This is particularly important for bioelectronic devices which are designed to
operate in biological systems. While redox-active materials based on conducting and semiconducting
polymers represent an exciting class of materials for bioelectronic devices, they are susceptible to
electrochemical side-reactions with molecular oxygen during device operation. We show that
electrochemical side reactions with molecular oxygen occur during OECT operation using high
performance, state-of-the-art OECT materials. Depending on the choice of the active material, such
reactions yield hydrogen peroxide (H,0,), a reactive side-product, which may be harmful to the local
biological environment and may also accelerate device degradation. We report a design strategy for
the development of redox-active organic semiconductors based on donor-acceptor copolymers that
prevent the formation of H,O, during device operation. This study elucidates the previously
overlooked side-reactions between redox-active conjugated polymers and molecular oxygen in
electrochemical devices for bioelectronics, which is critical for the operation of electrolyte-gated

devices in application-relevant environments.

Introduction

Organic semiconductors with polar side-chains have been identified as a promising class of materials
for the field of bioelectronics. These materials, also called organic mixed ionic/electronic conductors
(OMIECs), can exchange ions with aqueous electrolytes when electronic charge carriers are injected,
transported, and stored in the bulk of the material.l! Recent developments of OMIECs based on
redox-active conjugated polymers!?® and novel device concepts®® have opened up new pathways
for bioelectronic devices including integrated circuits for electroencephalogram (EEG) monitoring!®

or low-power voltage amplifiers based on organic electrochemical transistors (OECTs)!**. Specifically,

the OECT has drawn significant attention in the field of organic bioelectronics. It operates by



electrochemically modulating the conductivity of a redox-active channel material with an electrolyte
that is often aqueous, through the application of a gate bias!*?. The electrochemical charging of
OMIECs can be described as a capacitive faradaic charging process, meaning that the OMIEC
undergoes a change in its oxidation state through an electron transfer with the contact (current
collector), while ions from the electrolyte penetrate inside the channel material to compensate the
charge carriers on the polymer backbone electrostatically with no change in the inserted ion’s
oxidation state.[*3) OECTs can be operated in either depletion or enhancement mode, depending on
the choice of channel (and gate) materials. Depletion-mode devices are initially in their conductive,
charged state, under zero gate bias and their conductivity can be decreased by performing
electrochemical discharging reactions (de-doping), while enhancement-mode devices begin in an
intrinsically low conductivity state and become conductive during electrochemical charging reactions
(doping). The latter has the advantage of dissipating less static power when the device is not
operated*¥, due to low OFF currents — which must be minimized as much as possible. One figure of
merit for OECTs is their transconductance gm = d/p/0Vs, Where Ip is the drain current and Vg is the
gate voltage. The g, accounts for the product of the volumetric capacitance and the mobility of the
OMIEC and defines how efficiently the transistor can transduce signals. It depends on the width (W),

length (L) and thickness (d) of the transistor’s channel where the normalized transconductance
L . . . .
Imnorm = Imyg 1S often reported to benchmark OECT materials, accounting for volumetric

charging of the channel.[**

The conducting polymer poly(3,4-ethylenedioxythiophene)poly(styrene-sulfonate) PEDOT:PSS
exhibits high performance in depletion-mode OECTs!*®! and is the most commonly used material in
organic bioelectronics. Recently, efficient OMIECs were developed for enhancement-mode OECTs,
which, for the first time, exceeded the performance of PEDOT:PSS®!. This was achieved by polymer
backbone and side-chain engineering to improve electronic and ionic charge transport>3. So far,

chemical design strategies for enhancement-mode OECT materials focused mostly on the design of



polymer backbones with low ionization potentials (IPs)!?, resulting in turn-on voltages around 0V
vs. a Ag/AgCl pellet electrode in 0.1 M NaCl aqueous solution, with few studies reporting on the

electrochemical redox-stability of the materials during operation.!*>”]

Electrochemical redox stability of OMIECs is accomplished when reversible capacitive faradaic
charging and discharging reactions occur in the absence of non-capacitive faradaic side-reactions
between the OMIEC and the electrolyte (e.g. solvent molecules or ions). The products of such
side-reactions may modify the chemical composition of the OMIEC and affect the performance of
electrochemical devices.[*® So far, little attention has been paid to non-capacitive faradaic reactions
in ambient, oxygen-containing aqueous electrolytes. One example of a non-capacitive faradaic
reaction is the electron-transfer reaction from the OMIEC to molecular oxygen, also described as the
oxygen reduction reaction (ORR). In the absence of an applied potential and mass transport or ohmic
effects, a chemical reaction is expected to occur spontaneously when the chemical potential of the
products is lower than the reactants, showing the importance of the relationship between the
energy levels of the OMIECs and the products of the ORR.' The rate of the reaction is thus
dependent on both the IP of the OMIEC and, if protons are involved in the reaction, the pH of the

solution.

The ORR yields either H,0, (two-electron process)?” or water (H,0) (four-electron process)?%??, as
well as charging (oxidation) of the OMIEC that acts as the catalyst. The four-electron reaction (0, +
2H,0 +4e~ - 40H~, E°=1.23V vs. reversible hydrogen electrode (RHE), pH=>7) is
thermodynamically favorable over the two-electron reaction (0, + H,0 + 2e™ - HO; + OH™ ,
E®=0.76 V vs. RHE, pH > 7 ) as shown in Figure 1. However, for some classes of materials, including
organic molecules!?®), the reduction of oxygen can proceed through different pathways which may
terminate at the production of dissolved H,0, instead of the complete reduction to water. The
electrochemical overpotential for the ORR is the additional voltage beyond the equilibrium voltage

required to drive the reaction at a given rate. The equilibrium potential is a function of temperature



and concentrations of reactants and products (based on the Nernst equation) while the
electrochemical overpotential is a function of mass transport, ohmic effects, and electron transfer

kinetics related to the interaction strengths of reactants and products with the electrode surface.?%.

Formation of H,0,during device operation is a concern when operating in biological environments
since corrosive damage to the device materials, or lipid peroxidation can occur.?>?”! The key factor
determining which mechanism preferentially occurs during the ORR is the interaction strength of the
hydrogen peroxide intermediate (H.O, or HO;) with the electrode surface. If the peroxide
intermediate binds weakly to the electrode surface, as observed for metal-free organic
molecules?>?82] the rate of desorption is higher than the electro-reduction of peroxide and the
reaction terminates at the 2-electron pathway. If peroxide binds strongly, the electro-reduction of
peroxide is expected to occur faster than desorption and the reaction terminates at the 4-electron
pathway. In this regard, the rate for the ORR of organic molecules was reported to depend on the
non-carbon heteroatom composition of the polymer and the pH of the electrolyte. When the
reaction proceeds via the 4-electron process, a strong pH dependence was observed??, while a low
pH dependence is observed for the 2-electron process.?® We note that the role of heteroatom
doping in directing the pathway is still unclear, but many works suggest nitrogen functionalities as

important for the 4-electron reduction.!?

This work focuses on the implementation of design rules for OMIECs for electrochemical devices
such as OECTs to prevent the ORR and hence the formation of H,0, during device operation. We
develop OMIECs based on donor-acceptor copolymers that have large IPs to shift the operational
voltages of the OECT such that no ORR occurs in ambient conditions in pH neutral aqueous
electrolytes (Figure 1). Specifically, we show the importance of functionalizing the donor unit of the
copolymer with electron-donating groups to enhance the electrochemical redox stability of donor-
acceptor copolymers in aqueous electrolytes. The proposed design strategy is important for the

future development of safe organic bioelectronic devices for in-vivo implementation, and for other



devices such as OECT-based sensors where unintended H,O, formation could limit the accurate

detection of analytes.

Optoelectronic and electrochemical properties of the donor-acceptor copolymers

Copolymers based on pyridine-flanked diketopyrrolopyrrole (PyDPP) with bithiophene (T2) or
3,3’-methoxybithiophene (MeOT2) (Figure 2a) were synthesized by a Stille polymerization technique
where the choice of the comonomer affects the optoelectronic and electronic properties of the
copolymers. The bithiophene glycolated copolymer (p(gPyDPP-T2)) has an IP of 5.3 eV as measured
by photoelectron spectroscopy in air (PESA) and 5.5 eV when measured by cyclic voltammetry (CV)
(Figure S10, Supporting Information). Employing the MeOT2 wunit as the comonomer
(p(gPyDPP-MeQT2)) lowered the IP to 5.0 eV as measured by both PESA and CV. An increase of the
HOMO energy level was also observed by density functional theory (DFT) calculations (tuned
wB97XD/6-31G*) for short oligomers of PyDPP-T2 and PyDPP-MeOT2 resulting in the calculated
HOMO energy levels of 5.36 and 4.92 eV, respectively, which compares well to the experimental IP
values. Both copolymers have good solubility in chloroform, enabling facile processing from solution,
and thin-films of the copolymers are insoluble in aqueous electrolytes. Mass spectrometry indicates
the formation of several repeat units for both copolymers (FigureS7 and S9, Supporting
Information), while gel permeation chromatography was inconclusive, indicating unrealistically high
molecular weights most likely due to aggregation of the copolymers in solution. Details about the
synthesis and characterization of the copolymers are given in Sections 2-4, Supporting Information.
The thin-film microstructure of the copolymers in their dry, as-cast conditions was studied by grazing
incidence wide-angle X-ray scattering (GIWAXS) measurements. The copolymers show similar edge-
on texture and m-stacking distances (3.49 A for p(gPyDPP-MeOT2) and 3.46 A p(gPyDPP-T2)), while
the lamellar spacing increases from 16.87 A p(gPyDPP-T2) to 19.19 A p(gPyDPP-MeOT2), most likely
due to comonomer substitution as well as the attachment of a longer side-chain on the PyDPP unit
to increase the solubility of the copolymer in organic solvents (Figure S12 and Table S2, Supporting

Information).



To study the electrochemical redox reactions of the copolymers in aqueous electrolytes, cyclic
voltammetry (CV) measurements and spectroelectrochemical measurements were carried out on
thin polymer films in aqueous solution. Figure2b presents the CV measurements of
p(gPyDPP-MeOT2) in 0.1 M aqueous NaCl solution. p(gPyDPP-MeQOT2) has an oxidation onset
potential of 0.3V vs. Ag/AgCl and shows high redox stability during 50 charging and discharging
cycles between OV and 0.7V vs. Ag/AgCl in aqueous electrolytes. Due to the large IP of
p(gPyDPP-T2), the oxidation onset is shifted to higher potentials, measured to be 0.75 V vs. Ag/AgCl
(Figure S12a, Supporting Information). Compared to the MeOT2 copolymer, the T2 copolymer
displays a low electrochemical redox stability in water-based electrolytes (Figure S13, Supporting
Information), making the polymer impractical for applications in electrochemical devices. Since the
donor-acceptor copolymers have large electron affinities (EA) (Table S1, Supporting Information),
they can also be reduced and charged with electrons. The copolymers show reversible
electrochemical reduction reactions with a reduction onset of — 0.65 V vs Ag/AgCl for p(gPyDPP-T2)

and —0.75 V vs Ag/AgCl for p(gPyDPP-MeOT2) (Figure S12, Supporting Information).

To study the charging of polymer thin-films in aqueous electrolytes, we carried out
spectroelectrochemical measurements for both copolymers (Figure 2c and Figure S12d, Supporting
Information). This technique is most useful for studying the charging and discharging of OMIECs
where bias-dependent changes of the absorption spectrum can be related to the degree of charging,
providing information about polaron and bipolaron formation.®3% It is also applicable to identify
degradation processes during electrochemical charging/discharging of OMIECs, where irreversible
changes of the absorption spectrum can be related to chemical degradation.’®! As shown in
Figure 2c, the ground state absorption peak of p(gPyDPP-MeOT2) decreases upon oxidation of the
copolymer while a new absorption peak appears for the hole polaron with a similar absorption
spectrum as was previously reported for oxidized DPP copolymer analogs %32, Electrochemically
reversible polaron formation up to 0.7V vs Ag/AgCl is observed for p(gPyDPP-MeOQOT2). Applying

higher potentials reveals bipolaron formation, corresponding to the charging of the polymer repeat



units with two electrical charges, detected by a shift of the isosbestic point observed for the polaron
formation as well as an increase of the absorption peak at low energy (> 850 nm) (Figure S14d,
Supporting Information). Continuous charging of the copolymer to the bipolaron state results in
chemical degradation (Figure S14f, Supporting Information). Due to the low electrochemical redox
stability of p(gPyDPP-T2), reversible polaron formation is only observed at a low degree of charging
(between 0.75V and 0.85V vs Ag/AgCl, Figure 2d), while charging to higher positive potentials

results in degradation instead of bipolaron formation (Figure S13b, Supporting Information).

One explanation for the lower redox stability of p(gPyDPP-T2) compared to p(gPyDPP-MeOQOT2) is
revealed by comparing the orbital and charge distribution along the polymer chain (Figure S15,
Supporting Information). The MeOT2-unit provides more localization of the wavefunction for the
hole polaron than the T2-unit, and is therefore expected to stabilize the hole polaron further and
thus increase the redox stability of the copolymer, as we have previously shown for other donor-

(18 - Additionally, the substitution of the hydrogen atoms in the 3- and

acceptor copolymers
3’-positions of the T2 unit to methoxy-groups (MeOT2 unit) can further shield the backbone from

unintended reactions during electrochemical charging (polaron and bipolaron formation).

To give insights into the degradation mechanism during electrochemical charging of the copolymers
in aqueous electrolytes, we carried out additional spectroelectrochemical measurements and
monitored changes of the Fourier-transform infrared (FT-IR) spectra of the copolymers after
applying potentials at which irreversible electrochemical redox reactions occur (Section 11,
Supporting Information). For both copolymers, significant changes of the FT-IR spectrum were
observed, most pronounced for the C=0 stretching vibration of the DPP-core at 1663 cm™
(p(gPyDPP-T2)) and 1654 cm™ (p(gPyDPP-MeOT2)). Additional surface characterizations by X-ray
photoelectron spectroscopy (XPS) of pristine and electrochemically-degraded polymer films revealed
changes of the N-C=0O bond of the DPP unit (Section 12, Supporting Information), indicating

degradation of the DPP unit.



Performance of p(gPyDPP-MeOT2) in OECTs

Due to the superior electrochemical redox stability of p(gPyDPP-MeQOT2) in aqueous electrolytes
compared to the p(gPyDPP-T2) copolymer, we analyzed the performance of the former in p-type
enhancement-mode OECTs and compared it to state-of-the-art materials for aqueous electrolyte-
gated p-type OECTs, PEDOT:PSS and p(g2T-TT). Figures 3a-b present the output and transfer curves
of the p(gPyDPP-MeOT2) OECT where almost no hysteresis is observed. The OECT turns on at gate
potentials Vs<—0.35V with an on/off ratio >10°. The device has a normalized peak
transconductance (gm, norm) of 19.5S cm™ +/— 2.5 S cm™ (averaged over three devices) at Vg =—
0.7 V. To compare the performance of p(gPyDPP-MeOT2) to state-of-the-art OECT materials, we
measured the hole mobility (un) of p(gPyDPP-MeOT2) in frequency-dependent OECT bandwidth
measurements®¥ as well as the volumetric capacitance (C*) by electrochemical impedance
spectroscopy (EIS). We recorded a hole mobility of 0.030 +/—0.007 cm? V! s (averaged over three
devices) at gate potentials of Vs =—0.7 V, which is comparable to mobility values reported for other
PyDPP copolymers tested in OFETsE*. The volumetric capacitance of p(gPyDPP-MeOT2) is 60 F cm™
at an offset potential of 0.7 V vs. Ag/AgCl (Figure S24, Supporting Information), which is on par with
values reported for other donor-acceptor copolymers with glycol side-chains®®. gm nom Of
p(gPyDPP-MeOT2) OECTs is comparable to other p-type OECTs based on benzodithiophene (BDT)
copolymers®? or propylenedioxythiophene (ProDOT) copolymers® but is lower in performance
compared to state-of-the-art polymers such as p(g2T-TT)® or PEDOT:PSS!*®), mostly due to lower

values for both un and C*.[*%!

The glycol side chains attached to the backbone enable fast ion transport, resulting in OECT transient
response times Ton =0.77 ms and torr = 0.46 ms, respectively (Figure S21, Supporting Information).
Frequency-dependent transconductance measurements show a cut-off of the device > 100 Hz
(Figure S22, Supporting Information), which is of relevance to many electrophysiological processes
and can be further improved by downscaling the device dimensions. Devices based on

p(gPyDPP-MeOT2) showed good stability under long-term pulsed cycling and continuous charging



conditions, as presented in Figure 3c and Figure S23, Supporting Information. As shown in Figure 3c,
no or little change in the ON current is observed after 400 cycles when applying Vs =— 0.5V, while a
decrease of 8 % and 16 % is observed with Vs = — 0.6 V and — 0.7 V, respectively. To highlight the
importance of backbone engineering for donor-acceptor polymers, we also tested the polymer
p(gPyDPP-T2) in an OECT and observed low device stability during pulsed-cycling tests (Figure S20,

Supporting Information).

Faradaic side reactions of OMIECs in ambient conditions

The advantages of current state-of-the-art polymers for aqueous electrolyte-gated OECT materials
such as p(g2T-TT)®! or PEDOT:PSS!*63! are many-fold, including low operational voltages of the
OECTs, as well as a high hole mobility and volumetric capacitance, resulting in a high
transconductance. However, when operating these materials in electrochemical devices in ambient
conditions, faradaic non-capacitive side-reactions can occur with molecular oxygen that result in the
formation of either H,0; or H,0. The formation of H,0, would affect the performance of the device
and could cause harm to biological systems.

To examine the role of the ORR during electrochemical redox reactions of the polymers in ambient
conditions and to find out if H,0, or H,0O is formed predominantly, we carried out a set of
experiments for PEDOT:PSS and p(g2T-TT), as well as the herein reported p(gPyDPP-MeOQT2). First,
the ORR was studied by probing the polymer’s reactivity towards oxygen. We monitored the
oxidation of the polymer by UV-Vis absorption spectroscopy with polymer thin-films immersed in
aqueous electrolytes in ambient conditions. For the already oxidized polymers PEDOT:PSS and
p(g2T-TT), which accumulate hole polarons due to the ORR when handling the polymers in air or due
to potential chemical side-reactions during the synthesis, a potential of — 0.6 V (PEDOT:PSS) or —
0.5V (p(g2T-TT)) vs. Ag/AgCl was applied to discharge the polymers before monitoring the ORR in
open-circuit voltage (OCV) conditions. As shown in Figure 4a, PEDOT:PSS oxidizes rapidly in oxygen-
containing aqueous electrolytes and achieves a high degree of charging in less than 10 min, including
bipolaron formation. A spontaneous ORR was also observed for p(g2T-TT), albeit at a slower

10



charging rate and to a lower degree of charging as compared to PEDOT:PSS (Section 15, Supporting
Information). In comparison, p(gPyDPP-MeOQT2) showed no spectral changes, as shown in Figure 4b
and Figures S27, Supporting Information, demonstrating that the copolymer does not undergo ORR
in ambient conditions. In order to probe how the oxygen concentration affects the charging rates
during ORR with the polymer, we performed additional measurements in aqueous electrolytes with
reduced oxygen concentration and observed slower charging rates for both PEDOT:PSS and
p(gT2-TT) (Figures S25c and S26¢, Supporting Information). That finding shows that de-doped thin
films of PEDOT:PSS and p(g2T-TT) undergo spontaneous ORR when immersed in 0.1 M NaCl aqueous
solutions in ambient conditions. Since the rate of the ORR highly depends on the pH, we lowered the
pH value of the electrolyte and as expected, observed faster charging as well as oxidation to a higher
degree of charging for p(g2T-TT) (Figure S28a, Supporting Information), while p(gPyDPP-MeQOT2)
does not become oxidized at low pH (Figure S28d, Supporting Information). This result emphasizes
the low activity of p(gPyDPP-MeOT2) towards a spontaneous electron transfer to molecular oxygen.

We hypothesize that the IPs of the polymers, and therefore their oxidation potentials with respect to
the reference electrode in 0.1 M NaCl aqueous solution, determine whether or not the polymers can
become oxidized by oxygen to form H,0, (Figure 1). To show this relationship, we measured the
oxidation potentials of the polymers by CV in aqueous electrolytes and related them to the potential
recorded for ORR on a platinum (Pt) electrode, which is known to be an efficient catalyst for ORR. As
shown in Figure 4c, the ORR on Pt electrodes occurs at potentials < 0.2 V vs. Ag/AgCl in 0.1 M NaCl
aqueous solution. PEDOT:PSS has the lowest oxidation potential of the polymer series (— 0.8 Vvs
Ag/AgCl), followed by p(g2T-TT) (- 0.2 V vs. Ag/AgCl) and p(gPyDPP-MeOT2) (0.3 V vs. Ag/AgCl). The
large overlap of the cyclic voltammograms measured for PEDOT:PSS and p(g2T-TT) compared to the
one measured for ORR on the Pt electrode suggests that an electron-transfer to oxygen is more
likely for these polymers than for p(gPyDPP-MeOT2), which shows no or little overlap. A similar
trend was also reported for chemical doping of organic semiconductors, showing that the IP of

conjugated polymers determines how many charge carriers are transferred from a polymer to the
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dopant.B® For the chemical doping of DPP-based donor-acceptor copolymers with IP > 5.2 eV,
specially designed dopants with large electron affinities (EA) are required to achieve a high degree of
charging.®”! To properly quantify the relative likelihood of the oxidation reactions of the polymers,
the thermodynamic driving forces could be worked out, e.g., using DFT calculations!?*3® if the
precise reaction mechanism were known. While the polyanion PSS™ in PEDOT:PSS might affect the
rate of oxidation, since it is known to be a good proton conductor®®, we believe that the rapid
oxidation of PEDOT:PSS arises from its high-lying HOMO.

To verify whether the ORR predominantly yield H,O, (two-electron process) or H,O (four-electron
process), we carried out rotating ring-disk electrode (RRDE) measurements“! in oxygen-containing
aqueous electrolytes (Section 19, Supporting Information) in 0.1 M aqueous NaCl solution. The RRDE
experiment enables the detection of redox-active species at the ring electrode, that are formed
during the ORR at the polymer-coated disk electrode. The measurements indicate that at potentials
< —0.2V vs. Ag/AgCl, both PEDOT:PSS and p(g2T-TT) predominantly form H,0, (and water) while
p(gPyDPP-MeOT2) would form mostly H,O (Figure S40, Supporting Information).To further illustrate
that the ORR yields H,0,, we employed an enzymatic reaction, that is highly selective for the
detection of H,0,*Y and tested the electrolytes that are used for charging and discharging of the
polymers for H,0,. We observed H,0, formation for PEDOT:PSS and p(g2T-TT)), whereas no H,0,

formation is observed for p(gPyDPP-MeOT2) (Figures S42 and S43, Supporting Information).

To show the impact of the ORR and H,0, formation during OECT operation, we recorded the transfer
curves of OECTs of PEDOT:PSS, p(g2T-TT) and p(gPyDPP-MeQOT2) and compared the OFF currents of
the devices (Figure 4d). The OFF current of p(gPyDPP-MeOQT?2) is two orders of magnitude lower than
that of PEDOT:PSS or p(g2T-TT). The OFF currents of PEDOT:PSS and p(g2T-TT) can be decreased by
lowering the oxygen concentration in the electrolyte (decreasing the ORR as shown in Figure S36,
Supporting Information) which also lowers the gate current of the OECTs (Figure S38, Supporting
Information). To quantify how much H,0, is formed, we measure the gate current during pulsed
cycling experiments while varying Vb, Vs and AVs (Section 17, Supporting Information). For

12



PEDOT:PSS and p(g2T-TT), during continuous device operation under Vs > 0.2 V vs. Ag/AgCl in 0.1 M
NaCl aqueous solution, we observed an increase of the injected charge per cycle (obtained by
integrating the area-normalized gate current transient response for each gate pulse) proportional to
Vb. We also monitored the drain current and observed largest device degradation at potentials at
which polymers are in their discharged, low conductivity state (Figures S30-S32, Supporting
Information). In comparison, the change in injected charge per cycle for p(gPyDPP-MeQT2) is
marginal, as expected, due to the absence of ORR during device operation (Figure S35, Supporting
Information). The findings highlight that H,0, formation needs to be avoided to avoid device

degradation during long-term measurements.

Finally, we carried out OECT measurements in 0.1 M NaCl aqueous solution with high and low
oxygen concentrations (Figure 5) and monitored changes of the OFF current in OECTs at OCV
conditions after de-doping the polymer by applying a gate potential. For PEDOT:PSS and p(g2T-TT), a
spontaneous turn-on of the device is observed with a faster rise of Ip for PEDOT:PSS compared to
p(g2T-TT) (Figures 5a-b), while p(PyDPP-MeQT2) remains in its low conductive state (Figure 5c). This
further supports the hypothesis that p(PyDPP-MeOT2) does not become oxidized in ambient

conditions and hence does not form H,0; during device operation.

The findings highlight the importance of designing redox-active polymers that have a high
performance in OECTs while keeping non-capacitive faradaic side-reactions to a minimum to avoid
the formation of reactive side-products such as H,0,. This can be achieved by designing OMIECs with
IP > 4.9 eV, minimizing chemical and electrochemical side reactions in ambient conditions. While the
energy levels of the polymers are important to prevent ORR, the rate of the reaction could also be
lowered by designing materials that have large overpotentials for the ORR. If OMIECs are required to
develop OECTs with low turn-on voltage vs. Ag/AgCl (e.g. p(g2T-TT)), research efforts should be
undertaken to redirect the pathway for ORR to H,0 formation instead of H,0,. The findings of this

work are also relevant for other applications including energy storage devices, non-volatile
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memories or sensor devices where undesired oxidation of the active materials and H,0, formation
can affect the retention of the charge!®, modify the charge of a memory statel*?, increase device

degradation or possibly interfere with the sensing mechanism of biosensors.

Conclusions

In this work, we elucidate electrochemical side-reactions of state-of-the-art p-type OECT materials
and show that the materials can undergo an ORR during device operation and form the detrimental
side-product H,0,. We explore polymer backbones that result in the formation of organic
semiconductors with large IPs to avoid ORRs. We show that the engineering of the polymer
backbone is important for achieving high electrochemical redox stability in aqueous electrolytes and
demonstrate that donor-acceptor polymers are an interesting class of materials for the field of
bioelectronics. Although the copolymer displays a lower electronic charge carrier mobility in OECTs
compared to state-of-the-art polymers, we believe that the presented chemical design strategy is a
viable route for developing next-generation bioelectronic materials, especially for real-life
applications where hazardous side-products will need to be avoided and low OFF currents of devices

are desired.
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The supporting information contains the synthesis and characterization of p(gPyDPP-MeQOT2) and

p(gPyDPP-T2), electrochemical characterization, spectroelectrochemical measurements, DFT
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Figure 1. a) Schematic relating the energy levels of the OMIECs, using the IPs of the neutral OMEICs,
to the standard electrode potentials for the ORRs with i) two-electron ORR reaction (0, + 2H' +
2e” > H,0,, E°=0.70V vs. RHE, pH=7-11.7 , E=~0.1V vs. Ag/AgCl, for pH = 7) and ii)
four-electron ORR reaction (0, + 2H,0 + 4e~ - 40H~, E°=1.23 V vs. RHE, pH=7, E=~0.6 V vs.
Ag/AgCl, for pH = 7). Although the four-electron reaction is thermodynamically more favorable than
the two-electron reaction, the rate for the reaction can be low due to the slow kinetics of the
reactions. n represents the free energy difference between the reactants and the reaction products
(na for the H,0, pathway and n; for the H,O pathway) and the sign of n determines whether the
reaction is exergonic (n > 0) or endergonic (n < 0). The two-electron ORR (product H,03) is
endergonic for OMIECs with IPs > 4.9 eV (oxidation onsets at potentials > 0.15 V vs Ag/AgCl, pH = 7)
and hence prevent the OMIEC from undergoing ORR that form H,0,. We note that the mechanism of
the ORR is more complicated than described in the simplified picture and can proceed via several

intermediates.??
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Figure 2. Characterization of the copolymers. a) Chemical structure of the copolymers p(gPyDPP-T2)

and p(gPyDPP-MeQT2). b) CV measurements of p(gPyDPP-MeQOT2) deposited on ITO-coated glass

substrates with a scan rate (v) of 50 mV/s in 0.1 M NaCl vs. Ag/AgCl, showing 50 scans. c)

Spectroelectrochemical measurements of p(gPyDPP-MeOT2) during the charging of the film with

voltage steps of 0.05V from 0.3V to 0.7V vs. Ag/AgCl. d) Electrochemical redox stability of

p(gPyDPP-T2) and p(gPyDPP-MeQT2), plotting changes of the absorption spectrum (Amax) during the

charging of the polymers to 1.0V vs. Ag/AgCl in 0.1 M NaCl aqueous solution. Additional

information is provided in section 9 of the Supporting Information.
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Figure 3. OECT performance of p(gPyDPP-MeOT2) in 0.1 M NaCl aqueous electrolyte in ambient
conditions with W =100 um, L=10pum, and d =120 nm. a) Output curve (Vo= 0 V to — 0.7 V,
AVs=0.05V, v=0.1V s?), b) transfer curve (Vo =— 0.4V, v=0.1V s?) (including the gate currents
(Figure S37)) and c) stability pulsing experiment by applying alternating the gate potentials between
V=0V and (i) Vo=-0.5V, (ii) Ve=—0.6V or (iii) Vo= - 0.7V (with Vp = — 0.4V) with a pulse
duration of 2 s. The device was operated for 25 minutes, where Ip is highlighted at the beginning and
the end of the experiment (additional long-term stability measurements are provided in Figure S23,

Supporting Information).
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Figure 4. Spectroelectrochemical and electrochemical measurements of the polymer series.
Monitoring changes of the absorption spectrum (oxidation of the polymer due to ORRs) for a)
PEDOT:PSS after discharging the polymer at — 0.6 V vs. Ag/AgCl for 100 s and switching to OCV
conditions and b) p(gPyDPP-MeOT2) after applying 0V vs. Ag/AgCl for 100 s and switching to OCV
conditions (note, the polymer has no redox states at 0V as shown in Figures 2b-c). c) Cyclic
voltammograms of PEDOT:PSS, p(g2T-TT), p(gPyDPP-MeOT2) using a rotating-disk electrode rotating
at 1600 RPM at low oxygen concentration vs. Ag/AgCl (Figure S39b, Supporting Information, for CV
measurement performed at saturated oxygen concentration) and monitoring the ORR at a rotating
Pt ring-electrode at saturated oxygen concentration in 0.1 M NaCl aqueous solution vs. Ag/AgCl
(v=5mV s?). d) Transfer curve of OECTs showing PEDOT:PSS (Vb =-0.1V, v=1V s, p(g2T-T)
(\b=—-0.3V, v=1Vs?), p(gPyDPPMeOT2) (Vp=— 0.2V, v=1V s?!) with 0.1 M NaCl in ambient

conditions. W =100 um and L = 10 um for all devices.
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Figure 5. OECT performance in ambient and inert conditions. a) OECT performance of PEDOT:PSS,
applying gate potentials of Vo =0V or Vs =0.7 V for 60 s (with Vo = — 0.5 V) before switching to OCV
ambient conditions (red line), in agreement with results reported
mance of pg2T-TT, applying gate potentials of Vs=— 0.4V or
Vs =0.4V for 60s (with Vp = — 0.5 V) before switching to OCV in inert conditions (black line) and
ambient conditions (red line). c) OECT performance of p(gPyDPP-MeOT2) in ambient conditions,

0.7V for 60 s or Vg=0V (with Vp = — 0.2 V) before switching to
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Faradaic side-reactions of redox-active materials, that can produce harmful side products, should be
minimized when employed in bioelectronic devices for studying biological systems. This work sheds
light on side reactions with molecular oxygen in state-of-the-art materials for electrochemical
transistors, forming hydrogen peroxide (H.0,), and provides design rules towards high-performance

materials that prevent adverse reactions by tailoring the energy levels of the redox-active material.

Faradaic side-reactions of redox-active materials, that can produce harmful side-products, should be
minimized when employed in bioelectronic devices for studying biological systems. This work sheds
light on side-reactions with oxygen in state-of-the-art materials for electrochemical transistors,
forming hydrogen peroxide (H,0;), and provides design rules towards high-performance materials

that prevent adverse reactions by tailoring the energy levels of the redox-active material.
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