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ABSTRACT: Organic mixed ionic—electronic conductors jonic and electronic
(OMIECs) are being explored in applications such as bioelec-
tronics, biosensors, energy conversion and storage, and optoelec-
tronics. OMIECs are largely composed of conjugated polymers
that couple ionic and electronic transport in their structure as well
as synthetic flexibility. Despite extensive research, previous studies
have mainly focused on either enhancing ion conduction or
enabling synthetic modification. This limited the number of
OMIECs that excel in both domains. Here, a series of OMIECs
based on functionalized poly(3,4-ethylenedioxythiophene)
(PEDOT) copolymers that combine efficient ion/electron trans-
port with the versatility of post-functionalization were developed.
EDOT monomers bearing sulfonic (EDOTS) and carboxylic acid
(EDOTCOOH) groups were electrochemically copolymerized in different ratios on oxygen plasma-treated conductive substrates.
The plasma treatment enabled the synthesis of copolymers containing high ratios of EDOTS (up to 68%), otherwise not possible
with untreated substrates. This flexibility in synthesis resulted in the fabrication of copolymers with tunable properties in terms of
conductivity (2—0.0019 S/cm) and ion/electron transport, for example, as revealed by their volumetric capacitances (122—11 F/
cm®). The importance of the organic nature of the OMIECs that are amenable to synthetic modification was also demonstrated.
EDOTCOOH was successfully post-functionalized without influencing the ionic and electronic transport of the copolymers. This
opens a new way to tailor the properties of the OMIECs to specific applications, especially in the field of bioelectronics.

KEYWORDS: PEDOT, self-acid-doping, copolymer, mixed ionic—electronic conductor, OMIEC

1. INTRODUCTION enable post-functionalization. We show that copolymerization
offers flexibility in chemical composition and tunability of
properties.

In an OMIEC, electronic conductivity is provided by the
doped conjugated backbone of the polymer, while ionic
conductivity is provided either by a polar group in the
backbone or an ionized or polar entity blended or chemically
linked to the polymer backbone.’ The most prominent
OMIEC is poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS), where PSS is a negatively
charged polyelectrolyte blended with PEDOT, resulting in its
doping. The polar polymer electrolyte poly(ethylene oxide)
(PEO) has been blended with conjugated polymers such as
poly(3-hexylthiophene) (P3HT)® and poly[2-methoxy-5-(2'-

Organic mixed ionic—electronic conductors (OMIECs), of
which conjugated polymers are the most prevalent, couple
ionic and electronic transport within their bulk, a characteristic
that makes them relevant to a range of applications includin
bioelectronics,' biosensors,” and neuromorphic computing.”
Their organic nature is a key feature not only for providing a
high free volume that facilitates the diffusion of ionic species in
and out of the bulk of the material but also for enabling
synthetic modification to tailor their properties. This has been
recently demonstrated by the development of an azide-
functionalized PEDOT homopolymer® that could be surface
modified with proteins and enzymes without losing its high
performance as an OMIEC in an organic electrochemical
transistor (OECT) that relies on ion injection from the
electrolyte. However, most of the literature on the develop- Received:  February 26, 2024
ment and optimization of OMIECs focuses on only one of Revised: ~ May 9, 2024
these two features: tuning ion conduction or synthetic and Accepted: May 15, 2024
post-functionalization. Here, we present a design strategy for

OMIEC copolymers that combines both characteristics:

efficient ion/electron transport with chemical handles that
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ethylhexyloxy)-1,4-phenylenevinylene],” enabling ionic trans-
port in addition to their intrinsic electronic transport. An
alternative to blending is to copolymerize a polyelectrolyte or a
polymer electrolyte with the conjugated polymer forming
OMIEC block copolymers such as P3HT-b-PEO® and P3HT-
b-PSS.” Homopolymers of sulfonic-modified PEDOT'*'" and
glycol-">" or sulfonic-modified polythiophene'* are examples
of OMIECs in which the conjugated polymer has been
modified with side chains that are ionized or polar in nature,
aiding ion solvation. More recently, OMIEC copolymers based
on ionized and nonionized conjugated precursors have been
developed, such as copolymers of sulfonated thiophene with 3-
hexylthiophene (PTHS-co-P3HT)"® or sulfonated EDOT with
nonfunctionalized EDOT (PEDOTS-co-PEDOT).'*'” Other
strategies to tune ionic conductivity include the use of small-
size additives such as zonyl or dimethyl sulfoxide,"® as well as
changing environmental conditions such as humidity.'”*’
These approaches have been shown to be effective in
enhancing the ion transport of the conjugated polymer without
impacting its electronic conductivity. However, while harness-
ing and optimizing the mixed ionic/electronic transport in the
OMIEC is critical, it is equally important to take advantage of
the versatile nature of its components, which, if chosen
carefully, can enable post-modification to tailor the properties
of the OMIEC for a particular application. This is no more
relevant than in the case of bioelectronics, where surface
engineering is often required to enhance integration of the
device at the biotic interface. For example, an implantable
bioelectronic device should feature an antifouling surface that
reduces protein adsorption and minimizes the inflammatory
response, thus, ensuring its electronic longevity. Zwitterionic
moieties tethered on the surface of the implant have been
shown to be an effective antifouling strategy.”’ Similarly, an
OMIEC used in regenerative medicine applications would
benefit from cell adhesion sites that promote cell integration
and proliferation.”” In sensing applications such as biomolecule
or electrochemical detection where an OECT device
configuration plays a role,” surface engineering is applied to
prevent nonspecific binding and enhance the selectivity and
specificity of the sensor.”” Post-functionalization of the
conjugated polymer rather than its precursor monomer is
favorable owing to the large size of biological molecules, such
as proteins, that can impede the polymerization process. Also,
these biological moieties are commonly sensitive to the harsh
conditions of the polymerization conditions.”*
Polyelectrolytes such as PSS or polymer electrolytes such as
PEO do not provide chemical handles for post-modification.
Similarly, modifying the conjugated polymer itself with ionized
or glycolated side chains does not enable synthetic flexibility
and neither does its copolymerization with polymers that bear
no functional groups. Blending the conjugated polymer with an
insulating polymer that bear functional groups such as
carboxymethylated dextran® or poly(vinyl alcohol)* has
been demonstrated to be an effective strategy for the covalent
functionalization of the conductive surface;”” however, the
long-term physical stability of the composite needs to be
considered as it is likely that the blended polymer can leach
out as swelling occurs over time. Homopolymers based on
thiophene or EDOT monomers bearing reactive functional
groups such as maleimide,”® boronic acid,” azide,* hydrox-
y,*"* and carboxylic groups®”** have been successfully
synthesized. While these synthetic designs enable post-
functionalization of the reactive functional groups,24 homo-

polymers do not permit flexibility in tuning the material’s
properties. A solution to this would be an organic semi-
conductor copolymer that bears reactive functional groups for
post-functionalization and polar/ionized groups for enhanced
ion transport. Functional monomers have been used in the
synthesis of conjugated copolymers, with examples including
copolymerization of EDOT with EDOT bearing a carboxylic
group™ or a thioacetate.””*” However, these copolymers lack
the ionized or polar component that enhances the ion
conductivity in the OMIEC.

We were the first to demonstrate the synthesis of an
electropolymerized PEDOT-based copolymer bearing equi-
molar ratios of EDOT monomers modified with uncapped
ionized sulfonate groups (EDOTS) and reactive carboxylic
acid functional groups (EDOTCOOH).”® We showed that
electropolymerization is a straightforward time-efficient
synthetic method to produce a copolymer that is stable and
electroactive in an aqueous electrolyte, with significantly
enhanced ion and electron conductivity compared to a
homopolymer composed only of EDOTCOOH. A similar
copolymer based on EDOTS and EDOT bearing a reactive
hydroxysuccinimide group was then synthesized by direct
(hetero)arylation polymerization, resulting in a copolymer
(PEDOT-NHS) that is conductive and could be post-
functionalized with gelatin.”® These studies demonstrated
that copolymerization of monomers functionalized with
ionized and reactive functional groups is a valid synthetic
strategy for the development of OMIECs with efficient
electron and ion transport, while capitalizing on their potential
for post-functionalization.

Here, we present a series of OMIEC copolymers with varied
ratios of EDOTS and EDOTCOOH synthesized on oxygen-
plasma-treated conductive substrates. We show that the plasma
treatment enables the synthesis of copolymers with increased
ratios of EDOTS in comparison to EDOTCOOH, ensuring
that the copolymer films do not delaminate and thus facilitate
electrochemical characterization. This was not feasible in our
previous work that was based on untreated working electro-
des.*® Films with increased EDOTS ratios in the copolymer
synthesized on untreated substrates delaminated under
electrochemical characterization. We adopt electrochemical
polymerization for the synthesis of the copolymers due to the
simplicity of this technique that requires no catalyst or organic
solvents, is time efficient with the reaction completed in a few
minutes, and affords the fabrication of the copolymer film
directly on the required substrate, eliminating further
processing steps. We show that oxygen plasma treatment of
the conductive substrates enables the electropolymerization of
copolymers with varied chemical composition. We also
demonstrate that by controlling the chemical composition of
the copolymers, properties of the OMIECs such as
morphology, conductivity, and ion and electron transport can
be varied and improved compared to our previously reported
poly(EDOTS-co-EDOTCOOH). Finally, we surface-function-
alize the copolymers, taking advantage of the tethered
carboxylic groups, and show that post-functionalization does
not affect the electrochemical properties of the OMIEC. The
field has been dominated with material designs focused on
homopolymers that either excel as efficient ion/electron
conductors or functional materials that enable post-modifica-
tion. Similarly, blending of the OMIEC with insulating
polymers bearing functional side groups for post-modification
has been equally important to achieve tailored bioelectronic
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Figure 1. (A) Chemical structure of the copolymer poly(EDOTS-co-EDOTCOOH). (B) Scheme illustrating the ionic/electronic transport
mechanism in the copolymer films when in contact with an electrolyte and under an applied voltage. (C) Labels of copolymer films synthesized
with varying monomer feed ratios and % of EDOTS in the copolymer films quantified from the XPS data.

surfaces. Our design of conjugated copolymers that integrate
efficient ionic/electronic transport and post-functionalization
and can be synthesized in a time-efficient, one-step procedure
with tuned chemical compositions is a key advance for tailoring
bioelectronics to various bioapplications.

2. EXPERIMENTAL SECTION

2.1. Materials. 3-[(2,3-Dihydrothieno[3,4-b][1,4] dioxin-2-yl)-
methoxy] propanoic acid (EDOTCOOH)**** and sodium 4-[(2,3-
dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy]butane-1-sulfonate
(EDOTS)'® were synthesized according to the literature. Sodium
hydroxide (NaOH), hydrochloric acid (HCI), lithium perchlorate
(LiClO,), 2-(N-morpholino)ethanesulfonic acid (MES buffer), N-
hydroxysuccinimide (NHS), 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide (EDC), N-(3-aminopropyl)-2-methylacrylamide hydro-
chloride (1:1) (APMA), sodium hydrogen carbonate (NaHCOj),
phosphate-buffered saline (PBS) tablets, sodium chloride (NaCl),
ammonium hydroxide (NH,OH), and hydrogen peroxide (H,0,)
were purchased from Sigma-Aldrich and used with no further
purification.

2.2. Electropolymerization of Copolymer Films. Different
formulations with varied feed ratios of EDOTS to EDOTCOOH
(Figure 1 and Table S1) were prepared by electropolymerization on a
plasma-treated indium tin oxide (ITO)-coated substrate, an
interdigitated microelectrode (IDME, Micrux Technologies, length
L =10 pm, width w = SO cm), or a single channel device having two
gold electrodes (length L = 30 y#m, width w = 1 mm). Prior to use, the
substrates were cleaned using a mixture of ammonium hydroxide,
hydrogen peroxide, and water (NH,OH/H,0,/deionized water =
1:1:5) for 5 min at 80 °C*' and then treated with oxygen plasma
(Diener Femto Model 4) for 6 min at 80 W. In a typical procedure to
synthesize co-PEDOT-1 as an example, EDOTCOOH (0.048 mmol)
was added to 2 mL of 0.2 M NaOH. The mixture was vortexed for S
min to ensure EDOTCOOH was fully dissolved, followed by the
addition of 2 mL of 0.2 M HCI to neutralize the excess of NaOH.
EDOTS (0.192 mmol) and LiClO, (42.6 mg, 0.4 mmol) were then
added to the EDOTCOOH solution, and the mixture was vortexed to
fully dissolve the compounds. The pH of the solution was adjusted to
2 by adding 0.2 mL of 0.2 M HCI. The solution was then transferred
to a glass Petri dish for the electrosynthesis of the copolymers by
performing cyclic voltammetry (CV) under a voltage ranging from
—0.6 V to +1.1 V, with a scan rate of 50 mV/s for S cycles
(PGSTAT204 Autolab potentiostat). The reference and auxiliary
electrodes used were an Ag/AgCl electrode and a platinum pad (10 X
12 X 1 mm), respectively. The working electrode was an ITO
substrate for growing films used for X-ray photoelectron spectroscopy

(XPS), contact angle spectroscopy, atomic force microscopy (AFM),
CV, in situ spectroelectrochemistry, and electrochemical impedance
spectroscopy. The IDME substrate was the working electrode used for
growing the films to be characterized as channel materials in an
OECT. The single-channel device was used as the working electrode
for producing films for recording the current—voltage (I-V) curves.
After electropolymerization, the working electrodes were taken out of
the electrolyte solution and soaked in deionized water for 5 s to
remove any excess electrolyte or unreacted monomers from the films.
The onset potential (E, ) for each formulation was calculated from
the intersection of two tangent lines drawn at maximum and
minimum currents.

2.3. Structural and Surface Morphology Characterization.
2.3.1. X-ray Photoelectron Spectroscopy. XPS was used to
determine the ratio of the two monomers, EDOTS and
EDOTCOOH, in each copolymer film. A Thermo Scientific
ESCALAB250Xi X-ray photoelectron spectrometer was used with
AIK,, X-rays (Eplmmn = 1486.7 eV) and a 90° photoelectron takeoff
angle. The spectra were recorded under a 100 eV pass energy between
0 and 1350 eV, and the elements (C 1s, O 1s, and S 2p) were
measured with a 20 eV pass energy. The parameters of the elements
for the spectrometer included C 1s (284.8 eV) for the binding energy
(BE) for adventitious hydrocarbon, Cu 2p® (932.6 eV), Ag 3d° (368.2
eV), and Au 4f (84.0 eV). XPS peaks were deconvoluted using
Origin software with Gaussian mode peak assignments. Assignments
of the peaks are reported in Table S2. Quantitative analysis was
performed on the S 2p spectra to calculate the % of EDOTS in the
copolymers. The area under the curve corresponding to the sulfonic
groups tethered on EDOTS was divided by the sum of the areas
corresponding to the sulfur of the thiophene ring (neutral sulfur,
oxidized sulfur, and sulfone).

2.3.2. Contact Angle. The surface wettability of the copolymer
films was assessed by using a contact angle goniometer (Ossila
Instruments) equipped with a camera. A drop of deionized water was
dispensed vertically on the surface of the copolymer films and was left
for 60 s before images were acquired. The contact angle (6,) was
determined by the Ossila software. To account for changes in
roughness between the copolymer films, the contact angle of the
rough surface (6,,) was calculated using the Wenzel equation: cos 6,,
= r cos O, where r is the roughness factor, defined as the ratio of the
actual area divided by the projected area, with both areas calculated
from the AFM images.

2.3.3. Atomic Force Microscopy. The surface morphology of the
electropolymerized films was imaged using AFM (NanoWizard II;
JPK Instruments AG Berlin, Germany) via an intermittent contact
mode. Images of 50 X 50 pm regions were captured using silicon
cantilevers at a scan rate of 0.5 Hz with a nominal spring constant of
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32 N/m and a resonant frequency of 367 kHz (Type ACT, AppNano,
Mountain View, CA, USA). The images were captured at a resolution
of 512 X 512 pixels, where each pixel represented a height profile
measurement. Post-analysis was performed using JPK data processing
software. A total of 262,144 data points were collected from each of
the co-PEDOT samples and analyzed to generate the Gaussian
distributions, which depicted the range of height profiles within each
sample. The random and Gaussian height profiles provided insights
into the surface morphology of the co-PEDOT films, enabling
visualization and characterization of their topographical features.

2.4, Optical, Electrochemical, and OECT Characterization.
2.4.1. In Situ Spectroelectrochemistry. This method was performed
to probe the optoelectronic properties of the copolymers synthesized
on the ITO substrates using a UV—vis—NIR spectrometer (Lambda
1050, PerkinElmer) with wavelengths ranging from 350 to 900 nm.
First, the optical absorbance of each copolymer film was recorded
immediately after synthesis. The copolymer films (used as working
electrodes) were then positioned in a cuvette filled with 0.1 M NaCl
aqueous electrolyte and containing a saturated Ag/AgCl reference
electrode and a platinum wire as the counter electrode. The three-
electrode setup was connected to an Ivium potentiostat used to apply
potentials ranging from —0.4 to +0.8 V in incremental steps of +0.1 V.
The applied voltage was held for 30 s, and then the absorption spectra
were recorded while maintaining the films under the applied potential.

2.4.2. Cyclic Voltammetry. The electroactivity of the copolymer
films was characterized by performing CV ranging from —0.4 to +0.8
V in 0.1 M NaCl electrolyte using an Ivium potentiostat with the
three-electrode system.

2.4.3. Electrochemical Impedance Spectrometry. EIS was
performed to investigate ion diffusion in the polymer films as a
function of frequency and applied potential. The EIS was recorded
using a three-electrode setup linked to an Ivium potentiostat. The
measurements were performed at two potentials, —0.4 and +0.4 V,
between 10" and 10° Hz with an AC potential of 10 mV. The value
of the capacitance was noted at 107" Hz and normalized by the
dimensions of the film (width, length, and thickness) to obtain the
volumetric capacitance (C*). The thickness (d) was measured for dry
films by using a 3D Keyence Laser Microscope. A scratch was made in
the middle of the film. After leveling, the height difference between
the film and the substrate across the scratch was measured to obtain
the film thickness, calculated by taking the average value of 3 different
measured areas.

2.4.4. Current—Voltage (I-V) Curves. The I-V curves of dry
copolymer films synthesized on single-channel devices were recorded
using a Keithley 2401 source-measure unit by sweeping the potential
between —0.4 and +0.4 V and measuring the current. The resistance R
was then determined from the slope of V versus I according to Ohm’s
law. The conductivity ¢ was calculated according to the following

equation: o = ﬁ.

2.4.5. OECT Characterization. Transfer and output curves of
copolymer films grown on IDME substrates were recorded in 0.1 M
NaCl solution using a saturated Ag/AgCl reference electrode as the
gate electrode and a pair of Keithley 2401 source-measure units.
Maximum transconductance g, threshold voltage Viy, Ion/Iogr
ratio, and pC*, where y is the charge carrier mobility, were extracted
from the transfer curves following the literature and briefly outlined in
the Supporting Information.*

2.5. Post-functionalization. Copolymer films on ITO, co-
PEDOT-1, -2, -3, -4, and -5, were immersed in 1 mL of 0.1 M
MES buffer solution (pH = 6.5) containing 0.1 M EDC and 02 M
NHS for 1 h to activate the carboxylic groups. Films were then
transferred to a vial containing 1 mL of 0.1 M APMA prepared in
sodium hydrogen carbonate solution pH = 8.5 for 1 h. Copolymer
films serving as controls were soaked in MES bufter without EDC and
NHS for 1 h, followed by their incubation in 0.1 M APMA solution.
Eliminating the activation step of the carboxylic group with NHS and
EDC allows us to test for electrostatic interactions that might occur
between the ionized nature side groups on the copolymers and the
protonated nature of APMA. All copolymers’ films were then washed

by soaking in PBS (0.1 M, pH = 7.4) for 15 min, and this step was
repeated three times. Subsequently, the films were air-dried overnight,
and XPS was employed to characterize the nitrogen content. CV, EIS,
and OECT characterization were performed on surface-functionalized
co-PEDOT-2 (co-PEDOT-2f) to investigate the effect of post-
functionalization on electrochemical performance.

2.6. Statistical Analysis. Data are presented as an average =+
standard deviation. One-way ANOVA was used to analyze the data,
with values of p < 0.0S considered significant.

3. RESULTS AND DISCUSSION

Stable functionalized PEDOT-based copolymers with varying
contents of the ionized EDOTS (68—24%) were successfully
synthesized. This was made possible by the oxygen plasma
treatment that we applied here on the conductive substrates
prior to electropolymerization. The surface of plasma-treated
ITO has been shown to have improved polarity due to the
introduction of oxygen and removal of hydrocarbon con-
taminants.”> A polar surface will enhance the adhesion of the
two monomers EDOTCOOH and EDOTS, facilitating the
synthesis of copolymers with variable composition. This
resulted in the development of OMIECs with demonstrated
efficient ion/electron transport and versatility of post-
functionalization.

3.1. Electropolymerization of Copolymer Films. We
successfully synthesized OMIEC copolymers with tunable
chemical compositions by potentiodynamic electropolymeriza-
tion of the two monomers, EDOTS and EDOTCOOH, in
different molar ratios (Figure 1 and Table S1).

We observed during polymerization an increase in the
current as the number of scanning cycles increased, indicating
that a polymer was growing on the plasma-treated ITO
substrate (Figure SIA—E). This was also confirmed by visual
inspection, whereby a continuous dark blue film could be seen
on the working electrodes for all feed ratios. The E,, of the
polymerization shows a decrease in value with the decreasing
proportion of EDOTS, varying from 0.97 + 0.01 V for co-
PEDOT-1 to 0.93 + 0.02 V for co-PEDOT-S (Figure S1F).
We have previously shown that EDOTCOOH has an
improved interfacial contact with the ITO electrode due to
the adsorption of the carboxylic groups to its surface.”® This in
turn leads to a lower E,, for the copolymers with higher
ratios of EDOTCOOH." Furthermore, all synthesized
copolymers remained stable and adhered on the substrate
during characterization, in contrast to our previous protocol
that used nontreated conductive substrates limiting the
synthesis of stable copolymers with no more than 45%
EDOTS.™

3.2. Structural and Surface Morphology Character-
ization. We used XPS to determine the ratio of the sulfonic to
carboxylic acid groups in each copolymer formulation. Analysis
of the S 2p spectra of all five copolymers (Figure S2 and Table
S2) revealed peaks related to the sulfur in the thiophene ring
that we have assigned as a neutral sulfur [163.9 eV (S 2p;/,)
and 165.0 eV (S 2p,,,)] and an electron-deficient sulfur [165.3
eV (S 2ps,) and 166.5 eV (S 2p;/,)]." The electron-deficient
sulfur indicates that the copolymers are partially doped, despite
the fact that the films were subjected to —0.4 V at the end of
the potentiodynamic electrosynthesis. We attribute this to self-
acid-doping introduced by the EDOTS monomer bearing a
sulfonic acid group.”® However, oxygen doping of electro-
polymerized PEDOT:Cl reduced at —0.5 and —0.9 V has been
demonstrated upon exposure to air,”’ with the authors
speculating that electron transfer occurs from the reduced
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Figure 3. (A) Conductivity of dry copolymer films presented on a log scale (p < 0.0001). (B) Cyclic voltammograms of the copolymer films under
a scan rate of SO mV/s versus a saturated Ag/AgCl reference electrode in 0.1 M NaCl solution. (C) Impedance magnitude versus frequency plots
under +0.4 V voltage versus a saturated Ag/AgCl electrode in 0.1 M NaCl solution. (D) Volumetric capacitance (C*) extracted from the Bode

plots at +0.4 V and 0.1 Hz (p < 0.0001).

PEDOT to oxygen, forming intermediate superoxide counter-
ions. Considering that our copolymer films were at —0.4 V at
the end of the synthesis, oxygen doping could not be ruled out.
A small peak of low intensity (<3.5%) appeared at 168.05 (S
2ps,) and 169.25 eV (S 2p,,,), which we assign to a sulfone
that might have resulted from overoxidation of the films during
the electropolymerization procedure.”**’ The sulfonic groups
of EDOTS were observed at 168.35 eV (S 2p;/,) and 169.55
eV (S 2py;) in all five copolymers (Figure S2). Our
quantitative analysis of the sulfur environment reveals that
the % of EDOTS in the copolymers decreases from 68.2% for
co-PEDOT-1 to 24.1% for co-PEDOT-5 in accordance with

the monomer feed ratio (Figure 1C). The XPS data confirms
that we can successfully synthesize PEDOT-based copolymers
with tailored chemical composition by simply varying the ratio
of EDOTS to EDOTCOOH monomer.

As would be expected, varying the ratio of the sulfonic to
carboxylic groups in the copolymer films had an impact on
their hydrophilicity, as revealed by the contact angle (Figure
2). The measurements were conducted on films immediately
after synthesis, which were partially oxidized, as shown in their
UV—vis spectra (Figure S4). The contact angle 0,, calculated
according to the Wenzel model (Figure 2 and Table S3) was
the lowest for co-PEDOT-1, indicating the very hydrophilic

https://doi.org/10.1021/acsami.4c03229
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c03229?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c03229?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c03229?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c03229?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c03229?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c03229?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c03229?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c03229?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c03229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

nature of the copolymer containing significant % of sulfonic
acid groups. As the sulfonic-modified monomer ratio was
decreased, the hydrophilicity of the films decreased, with co-
PEDOT-S exhibiting the highest contact angle.

We then characterized the copolymer films using AFM to
probe the effect of varying the chemical composition on the
films’ morphology (Figure 2). The 2D micrographs reveal a
drastic change in the morphology between the copolymers. co-
PEDOT-1 and -2 had a smooth homogeneous surface marked
with few localized areas of elevated heights (~2 ym) and
significant width (~8 um) (Figure 2A,B). As the ratio of
EDOTS decreased in the copolymer, these areas became
smaller but more numerous (Figure 2C—E). This trend is in
line with the height histograms of the whole sample area (50 X
50 um?), where co-PEDOT-3, -4, and -5 films have smaller
features than co-PEDOT-1 and -2 (Figure S3). We attribute
these changes in morphology to the EDOTCOOH portion of
the copolymer. We know from our previous study that
EDOTCOOH adheres better than EDOTS to the working
electrode, as was shown by a prewave in its first voltammogram
during the synthesis.”® In co-PEDOT-1 and -2 that have higher
amounts of EDOTS than EDOTCOOH, adhesion of
EDOTCOOH might have been limited to confined areas of
the electrode surface, resulting in its localized nucleation and
growth, which appear as few wide and bright spots. As the ratio
of EDOTCOOH was significantly increased in the feed ratio, a
more uniform adhesion of the monomer was expected to occur
on the electrode surface, thereby resulting in a more
homogeneous growth, accounting for the less wide but more
dense bright spots in the micrographs (Figure 2C—E). It might
be inferred from these micrographs that the electrosynthesis of
co-PEDOT-1 and -2 might have resulted in a “block
copolymer”, but as the EDOTCOOH ratio is increased, a
random copolymer is formed.

3.3. Optical and Electrochemical Properties. We
recorded the electronic spectra of the electropolymerized
films following the synthesis. All copolymers were in a doped
state, as indicated by the increased absorption in the region
extending above 600 nm (dash lines in Figure S4), indicative of
polaron formation in the polymers. These peaks confirm that
the copolymers are partially doped, likely caused by oxygen
doping and self-acid-doping imparted by the sulfonic acid side
groups.%’47

The electropolymerized copolymers exhibited a conductive
nature without adding any external dopants (Figure 3A). The
conductivities of co-PEDOT-1, and -2 were 2.14 + 0.4S5 and
1.10 # 0.05 S/cm, respectively. These values are comparable to
other sulfonated PEDOT analogues.’”*>°" As the sulfonic acid
ratio decreased in co-PEDOT-3, -4, and -5, we note a
significant decrease in the films’ conductivity (Figure 3A).
However, the conductivity of co-PEDOT-4 (1.99 X 107> +
0.01 X 107%S/ cm) was an order of magnitude higher than our
previously published PEDOT copolymer with similar
composition and ratios of EDOTS and EDOTCOOH but
electropolymerized on untreated plasma ITO substrates.’®
This significant improvement in conductivity can be attributed
to the plasma treatment of the surface prior to electro-
polymerization. The doped nature of the copolymer films
observed in the UV—vis spectra and the conductivity
measurements agree with the XPS data that revealed the
presence of an electron deficient sulfur (Figure S2).

We then tested whether the copolymers could switch
between oxidation states in response to the applied potentials

(Figure S4). Subject to —0.4 V, we observe a new absorption
peak at ~550 nm that corresponds to m—z* transitions,
indicating that the copolymers are converting to a neutral state.
However, absorption remains high at wavelengths >700 nm,
confirming that the copolymers are only partially reduced at
this voltage. Incremental increases of the applied voltages from
—0.3 to +0.8 V revert the neutral fraction of the copolymers to
an oxidized state, as demonstrated by the gradual decrease of
the 7—7* transition peak and the increase in the absorption
>600 nm corresponding to polaron formation (Figure S4).
Their electroactivity in aqueous electrolytes was further shown
by CV (Figure 3B). Copolymers with higher ratios of sulfonic
acid groups (co-PEDOT-1, -2, and -3) exhibit higher current
density and capacitance in comparison to copolymers with
increased ratios of carboxylic groups (co-PEDOT-4 and -S).
We then performed EIS measurements to further probe the
extent of ion penetration and changes in the copolymers’
oxidation states when subjected to applied potentials in
aqueous electrolytes. Switching the potential from —0.4 to
+0.4 V results in a significant decrease in the impedance of all
copolymer films in the low frequency regime (<10 Hz, Figure
SS). This indicates that charge carriers are formed at +0.4 V,
which in turn results in the diffusion of counterions inside the
film. Comparing the impedance spectra of the copolymers at
+0.4 V reveals that varying the ratio of the sulfonic acid to the
carboxylic acid groups alters the electric characteristics of the
copolymers (Figure 3C). The impedance spectrum of co-
PEDOT-1 shows a resistive behavior in the mid-to-high
frequency range (10—10° Hz) and a capacitive behavior in the
low frequency range (<100 Hz), typical of PEDOT coated
electrodes.’”>®> However, we identified three regions in the
impedance spectra as the ratio of carboxylic groups increased
in the copolymer: Region I—high frequency (>10° Hz)—
resistive region, Region II—mid frequency range ( 1-10° Hz),
and Region III—low frequency (<1 Hz)—capacitive region.
No significant change in impedance is observed in regions I
and III, with all five copolymers exhibiting a frequency-
independent resistive behavior in Region I or a frequency-
dependent capacitive behavior in Region IIL.>* The impedance
spectra vary mostly between the copolymers in Region II, i.e., f
~ 1 to 10> Hz. We observe impedance and phase features
(Figure SS) typical of those observed in the assessment of
barrier models where the ion movement is impeded.””>> The
impedance gradually increases in this region, with the increase
being more pronounced as the ratio of carboxylic groups in the
copolymers varied from 32 to 76%. We also observe a plateau
region becoming very apparent for co-PEDOT-4 and -§,
indicating a more significant impediment to the ion flux in
these materials. We extracted and calculated from the EIS data
the volumetric capacitance C* of the copolymers at +0.4 V as a
function of its sulfonic group content (Figure 3D and Table
S4). C* decreases significantly from 121 + 12 F/cm? for co-
PEDOT-1 (containing 68% sulfonic acid groups) toll +6F/
cm® for co-PEDOT-S (containing 24% sulfonic acid groups).
Of note, the C* values of co-PEDOT-1 and -2 are significantly
higher than other reported conjugated polyelectrolyte
copolymers such as those based on sulfonic-modified
thiophene copolymerized with 3-hexylthiophene, in which
the sulfonate group was counterbalanced with ammonium
cation to enable the chemical synthesis of the copolymer."
However, decreasing the content of the sulfonic groups to
lower than 50% impacted the ion transport capability of the
copolymer films as revealed by the significantly decreased

https://doi.org/10.1021/acsami.4c03229
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—-XXX


https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c03229/suppl_file/am4c03229_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c03229?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

H* or Na*
A) SOy
% Surface functionalization of co-PEDOT \
HN—Y,
(o]
o e
/_2 COOH 30sNa HaN
o o g U b SO,H NH
NS R"= pu—e O;r*vi
s Jh o%{
_—
ot EO APMA

!

C-R"

S
B) Activated -COOH C) < 45l D) -16
. Non-activated -COOH E - R -
M) < | N N N 4
€ 1.24 | -124
5 E _ _
g 2 061 / t 8 22
=) 2 = =
= © O -] L]
c (=] 4 4110
2 : -
£ r S 0.6+

T T T T T 5-12— L—— ~ ° : _ K

404 402 400 398 396 025 0 02 05 075 06 04 -02 0 02 04 06

Binding Energy (eV)

E (V vs. Ag/AgCl)

V (V) vs. Ag/AgCI
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0.6 V in 0.1 M NaCl solution and using a saturated Ag/AgCl as the gate

values of the C* (Figure 3D) (one-way ANOVA, p < 0.0001).
This is likely due to the electron transport being less efficient
in these copolymers, as revealed by their decreased
conductivity values (Figure 3A), which in turn will imply less
available charge carriers to attract counterions in the films.
Furthermore, the morphology of conjugated polymer films
influences ion diffusion within the bulk."”***” Our AFM
images revealed significant differences in the films’ morphology
as a function of the EDOTS content, which might also explain
why ionic transport varied between the copolymers.

3.4. OECT Properties. The conductivity of the copolymer
films and their evident electrochemical performance in an
aqueous electrolyte support their utility as bioelectrodes or
organic conductors in bioapplications. Similarly, their notice-
able volumetric capacitances point toward their potential
application as active channel materials in OECT devices. To
this end, we evaluated their device performance by directly
electropolymerizing copolymers on commercial IDMEs. Our
synthetic protocols resulted in copolymer films that bridged all
of the electrodes of the IDME. Figure S6 presents illustrative
examples of the transfer and transconductance curves of each
copolymer. Output curves and device parameters extracted
from these data are presented in Figure S7 and Table S4,
respectively. All five copolymer films exhibited transistor
characteristics, as would be expected from their hydrophilic
nature revealed by the contact angle measurements (Figure 2
and Table S3) and their volumetric capacitances that confirm
efficient mixed ion-electron transport (Figure 3D). The OECT
devices were not fully OFF at zero voltage, indicating that the
devices operate in hybrid accumulation-depletion mode. The
copolymers displayed good signal-to-noise ratio as demon-

strated by the high Iny/Iogs ratio measured for all copolymers.
Furthermore, Ion/Iogr significantly varied with the content of
the sulfonic groups (one-way ANOVA, p = 0.0002). Similarly,
the maximum transconductance normalized by the film
thickness g..nom revealed a decreasing trend between the
copolymers as the ratio of ionized sulfonate groups decreased
in their chemical composition (one-way ANOVA, p = 0.0138).
We calculated the charge carrier mobility ¢ from the plot of
\/ I, versus Vi (details in the Supporting Information, Table
S4). We observed an increasing trend in mobility as the
sulfonic groups in the copolymers decreased (one-way
ANOVA, p = 0.0464). As we inferred from the AFM
micrographs, co-PEDOT-1 and -2 likely have a “blocky”
architecture, which, in turn, will influence the backbone
mobility. On the other hand, co-PEDOT-3, -4, and -S had a
more homogeneous surface topography that we attribute to the
formation of a random copolymer, whereby the mobility might
have been improved as a result.

Device characteristics are highly dependent on the channel
width and length, single- or multielectrode devices, and the
thickness of the channel material. In a recent review article, for
instance, Inal and coauthors** highlighted the importance of
accurate measurement of the thickness, accounting for the type
of conductive substrates the channel material is deposited on.
Furthermore, there is variation in how device parameters are
reported such as how Vi, is determined or g, normalized.
Additionally, consideration should be made to the polymer-
ization process used to synthesize the active channel material;
for instance, electrochemical properties vary between a
PEDOT backbone produced by chemical or electropolymeri-
zation.”® When examining PEDOT-based OECTs in which the
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PEDOT channel was prepared by electropolymerization,
reported volumetric capacitances range from 150 to 226 F/
cm®,*? mobilities from 107 to 1 ecm?/V.s,°"°" Ion/Iogr from
180 to >10,000,°* and Vi, from 0.2 to 0.79 V.**" While
broadly our OECT characteristics are within these ranges, a
comprehensive comparison to other published OECT devices
is challenging and has limited reliability. We therefore focused
our discussion on comparing the copolymers within our study
having the same device geometry and consistent measurement
techniques. Our device characterizations confirm that the
copolymers can serve effectively as tunable p-type channel
materials with noticeable amplification performance. Of note,
our copolymers served as channel materials in their ionized
form, in contrast to the many other sulfonic-modified
conjugated polymers that require capping with ammonium
cations prior to OECT testing to prevent their dissolution in
aqueous electrolytes,'”!!1#19:3964766

3.5. Post-functionalization and Electrochemical Prop-
erties. Our synthetic design of the copolymers as OMIECs
was driven by the introduction of not only ionically conductive
entities but also chemical handles that provide post-
functionalization capabilities of the synthesized polymers. We
used APMA that has an amine group as a model chemical
compound to react with the carboxylic groups activated with
EDC and NHS in the copolymers (Figure 4A).

We also soaked the copolymers in a solution of APMA
without activation of the carboxylic groups to test for ionic
interactions. Qualitative analysis of the XPS survey scan reveals
the presence of the element nitrogen in all copolymers. Figures
4B and S8 show the N 1s spectra before and after activation of
the carboxylic group. We observe that all copolymers
contained nitrogen after treatment with APMA; however,
samples in which the carboxylic groups were activated using
EDC/NHS exhibit higher intensities, suggesting successful
chemical functionalization of our copolymers. We attribute the
presence of nitrogen in copolymers without activation to
electrostatic interactions between the positively charged
APMA and the negatively charged sulfonic and carboxylic
groups. The pH of the reaction was 8.5, at which both the
sulfonate and carboxylic groups were ionized. Similarly, based
on the reported pK, value of APMA (~9),"” the amine groups
will be protonated, enabling the ionic interactions observed.

Among the 5 copolymers characterized in this study, co-
PEDOT-2 exhibited optimal electrochemical performance in
terms of its electroactivity, volumetric capacitance, and
normalized transconductance. Consequently, we chose to
characterize the electrochemical performance of co-PEDOT-
2 modified with APMA, co-PEDOT-2f, to establish that
surface functionalization does not impede its role as an
OMIEC. CV (Figure 4C) and electrochemical impedance
spectroscopy (Figure S9) confirmed that the copolymer retains
its electroactivity post-functionalization. Similarly, the perform-
ance of co-PEDOT-2f as a channel material was not affected by
the functionalization; the output drain current and the
transconductance of co-PEDOT-2f were of comparable values
to those of co-PEDOT-2 (Figure 4D and Table S4). This
confirms that our design strategy of a copolymer that combines
both ionic/electronic conductivity with post-functionalization
is a viable approach to develop OMIECs with tailored
properties.

4. CONCLUSIONS

We presented a synthetic strategy for the development of
OMIECs that enabled ion—electron conduction with post-
functionalization. By oxygen plasma treatment of the
conductive substrates, we were successful in synthesizing a
novel series of functional PEDOT-based copolymers, using
different feed ratios of EDOTS and EDOTCOOH. This was
not previously possible with untreated substrates, which
limited the synthesis of stable copolymers with no more than
45% EDOTS in their composition. We utilized electro-
polymerization in an aqueous electrolyte, demonstrating that
the copolymers can be obtained using a time-efficient synthetic
technique with ease of fabrication immediately on the targeted
substrate. Of significance is the physical stability of the
copolymers in water-based media, despite the high content of
the ionized EDOTS, for example, in co-PEDOT-1 and -2. This
in turn resulted in tuning of the copolymers’ conductivities,
attributed to self-acid-doping provided by the sulfonic groups.
Additionally, plasma treatment of the substrate appears to
enhance the conductivity of the copolymer having a similar
composition to our previously reported copolymer on
untreated substrates. This is likely due to changes in polymer
chain packing that require dedicated studies to confirm. The
improved conductivity is key for their bioapplications, such as
passive electrodes or active OECT devices, highlighting a
versatile utility of the copolymers. Our characterization
included morphology studies as well as an in-depth analysis
of all electrochemical properties, enabling us to show the
tunability of the copolymers’ properties; future studies should
focus on investigating the electronic stability of copolymer-
based bioelectrodes or OECT devices in response to
continuous or intermittent cycling to probe their longevity.
Additionally, our synthetic design not only enabled efficient
ion/electron transport but also offered the versatility of post-
functionalization without impacting electrochemical perform-
ance. Designing conjugated copolymers, as opposed to
homopolymers, facilitates the development of materials with
more than one functionality, which is critical to tailor the
properties of the OMIECs so they meet specific requirements
of the many bioelectronic applications.
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nate; EIS, electrochemical impedance spectrometry; E ..
onset potential of the monomer; HCI, hydrochloric acid;
H,0,, hydrogen peroxide; IDME, interdigitated microelec-
trode; ITO, indium tin oxide; I-V, current—voltage; L, length;
LiClO,, lithium perchlorate; MES buffer, 2-(N-morpholino)-
ethanesulfonic acid; NaCl, sodium chloride; NaHCOj;, sodium
hydrogen carbonate; NaOH, sodium hydroxide; NH,OH,
ammonium hydroxide; NHS, N-hydroxysuccinimide; OECT,
organic electrochemical transistor; OMIECs, organic mixed
ionic—electronic conductors; PBS, phosphate-buffered saline;
PEDOT, poly(3,4-ethylenedioxythiophene); PEDOT:PSS,
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate);
PEO, poly(ethylene oxide); P3HT, poly(3-hexylthiophene); w,
width; XPS, X-ray photoelectron spectroscopy
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