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Abstract. Organic electrochemical transistors (OECTs) are an emerging platform for bioelectronic
applications. Significant effort has been placed in designing advanced polymers that
simultaneously transport both charge and ions (i.e., macromolecules that are mixed conductors).
However, the considerations for mixed organic conductors are often different from the established
principles that are well-known in the solid-state organic electronics field; thus, the discovery of
new OECT macromolecular systems is highly desired. Here, we demonstrate a new materials
system by blending a radical polymer (i.e., a macromolecule with a nonconjugated backbone and
with stable open-shell sites at its pendant group) with a frequently used conjugated polymer.
Specifically, poly(4-glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl) (PTEO) was blended with
poly(3-hexylthiophene) (P3HT) to create thin films with distinct closed-shell and open-shell
domains. Importantly, the sharp and unique oxidation-reduction (redox) potential associated with
the radical moieties of the PTEO chain provided a distinct actuation feature to the blended films
that modulated the ionic transport of the OECT devices. In turn, this led to controlled regulation
of the doping of the P3HT phase in the composite film. By decoupling the ionic and electronic
transport into two distinct phases, and by using an ion transport phase with well-controlled redox
activity, never-before-seen performance for a P3HT-based OECT was observed. That is, at
loadings as low as 5% PTEO (by weight) OECTs achieved figure-of-merit (i.e., uC*) values > 150
FV 'em!'s™!, which places the performance on the same order as state-of-the-art conjugated
polymers despite the relatively common conjugated macromolecular moiety implemented. As
such, this effort presents a design platform by which to readily create tailored OECT response

through strategic macromolecular selection and polymer processing.



An increasing demand for effective diagnostics systems has propelled the development and
advancement of bioelectronic devices and biosensors.' Organic semiconductors that readily
allow for mixed electronic and ionic conduction have been major catalysts for progress in the
flexible and intrinsically stretchable biosensors community due to their low cost, biocompatibility,
and mechanically robust behavior relative to their inorganic counterparts.*® Specifically, organic
electrochemical transistors (OECTs) have garnered considerable attention as active sensing
components across various applications, including biomolecular sensors,”!? cellular sensors,'!!?
and neural interface devices.!*”!> The most oft-employed mixed conductor among conjugated
polymers is the blend of poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate)
(PEDOT:PSS). Many desirable qualities, including high conductivity, water processability, and
commercial availability, have motivated scientists and engineers to readily employ PEDOT:PSS
in multiple systems.>!6* Although there is still significant excitement surrounding PEDOT:PSS,
this polymer blend is not without a few shortcomings. For instance, PEDOT:PSS OECTs typically
operate in depletion mode, which means that a high (hole) current flows through the channel in
the absence of a gate bias. This can potentially raise concerns for its use in lab-on-a-chip
bioelectronics where form factors and energy storage unit (e.g., battery) dimensions are necessarily
restricted. PEDOT:PSS also has a Young’s modulus significantly higher than that of biological
tissue, which could limit future implantable bioelectronics application, although clever molecular
design strategies regarding the PSS moiety have addressed this concern to some degree.>>*® In
addition, PEDOT:PSS has a complex macromolecular structure that is altered in an ill-defined

manner through a variety of solvent processing techniques.?’=° As such, site-to-site variabilities

in its performance have been observed, and this limits its use as a model system in the pursuit of



expanding a general understanding of the underlying structure-property relationships involved in
OECTs.

To address this opportunity, different molecular design strategies have been developed for
alternative high-performance OECT active layers.>'* The majority of the design motifs and
principles employed in synthesizing OECT materials is inherited from related organic electronic
materials platforms, including the principles developed during the rise of polymers for organic
field-effect transistors (OFETs). Various backbone chemistries, including
propylenedioxythiophene  (ProDOT),**  diketopyrrolopyrrole (DPP),>>  isoindigo,’® and
naphthalene-1,4,5,8-tetracarboxylic-diimide (NDI),*”*® have led to the successful syntheses of
OECT materials. However, unlike in OFETs, where heavy focus is placed on the crystallinity of
OFET materials to improve the charge carrier mobility, the volumetric capacitance (C*) of the
film is paramount in improving the OECT performance to facilitate dopant ion injection.*>*
Therefore, functionalizing the conjugated backbones of these designer polymers with ethylene
glycol (EG) pendant groups is one of the most common and powerful design approaches to boost
their volumetric capacitance.’**° For instance, OECT materials made from poly(2-(3,3"-bis(2-(2-
(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'-bithiophen]-5-yl)thieno[3,2-b]thiophene) p(g2T-TT) and
its derivatives have exhibited figure-of-merit uC* [i.e., the product of charge mobility (p) and
volumetric capacitance (C*)] values > 500 F V 'ecm ™' s7'.*! In this way, much success has been
achieved in both elucidating the fundamental mechanism of operation and in application fronts
using these PEGylated conjugated polymers; however these design motifs are also limited in the
number of chemistries that have been evaluated.®

An alternative class of soft materials, radical polymers (i.e., macromolecules with

nonconjugated backbones and with stable open-shell groups at their pendant sites), have gained



increasing attention in organic electronics applications.**! The redox-active pendant groups of
radical polymers can be oxidized and/or reduced to form their closed-shell analogs (i.e., the ionic
species), enabling solid-state charge transport.’’~>> Their high theoretical capacities (>100 mAh
g ') and fast redox reactions have motivated the use of these materials as active components in
organic batteries.*>*"*6> To date, however, radical polymers have been rarely evaluated as the
main component in other organic electronics platforms aside from organic battery materials.
Among the limiting factors preventing radical polymers from being explored in other applications
is their generally low electrical conductivity.®® To this end, conjugated radical polymers (CRPs)
have been designed with an aim of improved electronic conductivity.®! Interestingly, when two
distinct redox active moieties with different potentials are present in the electrochemical system
an internal charge transfer between these chemistries is observed.’>%* The relative redox potential
of the conjugated backbone and the pendant radical dictate in which order these redox active
moieties are oxidized and reduced. The studies on CRPs suggest the potential usefulness of the
stable radicals as a voltage regulator with which to tune ion injection to a desired potential. One
particularly attractive way to introduce radical moieties is blending the two polymers to create
distinct polymer phases when they are cast as thin films. Blending two different polymers for
electronic conduction and ionic conduction allows facile decoupling of mixed conduction and
therefore can serve as a platform to understand the underlying structure-property relationship for
mixed conductors.>%® This strategy allows for strategic placement of the redox-active stable
radicals to the ion conducting pathway and, therefore, controlling the ion infiltration based on their
redox states.

Here, we incorporate a radical moiety into OECT active layers by blending poly(4-

glycidyloxy-2,2,6,6-tetramethylpiperidine-1-oxyl) (PTEO) as the primary ion conductor and



poly(3-hexylthiophene) (P3HT) as the primary charge conductor (Figure 1a). P3HT is an oft-used
polymeric semiconductor whose overall structure-property relations are well-developed. PTEO,
with a hydrophilic, poly(ethylene oxide)-like (PEO-like) backbone and pendant 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO) radicals (Scheme S1, Figure S1, and Figure S2), serves as
a pathway for hydrated ion transport that serves as a dopant for the P3HT phase. Electrochemical
analyses of the blend films revealed that ion injection into the blend film was indeed controlled by
the TEMPO redox profile. Specifically, the presence of the TEMPO moiety caused the threshold
voltage (V1) to shift during OECT operation. By tuning the composition of the blend, a high pC*
of 151 £ 7F V 'em!'s7! was achieved for the 5% PTEO (by weight) OECT, the highest reported
to date among P3HT-based OECTs and on the same order of magnitude as state-of-the-art OECT
materials working in an accumulation mode.>%%® Further increasing the PTEO weight loading
improved the response kinetics while decreasing the steady-state performance, suggesting that
polymer composition plays an important role in tuning the film morphology to tailor the two
metrics for a desired application. The complex internal transfer mechanism observed in the CRPs
was not observed in the blend films, suggesting that our approach may be extended to a variety of
conjugated polymers and radical polymers which can be synthesized in a rather straightforward
manner. Therefore, our findings motivate incorporation of redox-active radicals as a threshold
voltage regulator in designing next-generation, high-performance organic mixed conductors that
are independent of the chemistry of the conjugated polymer matrix.

To determine how the electrochemical activity of the polymeric film in aqueous media is
altered upon polymer blending, cyclic voltammetry (CV) measurements were acquired (Figure
la). We first evaluated pristine P3HT and PTEO films to compare their electrochemical activity

in aqueous media. A highly regioregular (i.e., > 90 % head-to-tail couplings) P3HT film showed



a trivial electrochemical activity where the activity is likely only at the electrolyte-polymer
interface. This is attributed to the relatively high crystallinity and the hydrophobic nature of the
semiconducting polymer, which inhibits penetration of highly hydrated chloride anions.®” On the
other hand, the PTEO thin film showed prominent redox peaks characteristic of the TEMPO
radicals with the oxidation peak located at +0.74 V (vs. Ag/AgCl).”%”! PTEO has a hydrophilic,
PEO-like backbone, which promotes the penetration of hydrated chloride anions into the polymer
film upon biasing.®” Next, we examined the interaction of the two redox sites in the blend films
(Figure S3). The characteristic peaks of the TEMPO radicals emerged at loadings as low as 2.5%
PTEO, by weight. As the PTEO loading was increased, another oxidation peak at +0.78 V (vs.
Ag/AgCl), corresponding to oxidation of P3HT, was also observed in the films of >30% PTEO
(by weight), which indicates improved ion injection through the PTEO phase and enhanced
electrochemical activity of the P3HT domains because of increased PTEO content in the thin films.
Notably, the TEMPO oxidation peaks were slightly shifted to a lower potential of +0.72 V. We
reason that the slight reduction in the TEMPO oxidation potential is associated with the improved
packing density of PTEO in the blended matrix. Cyclic voltammetry scans of the 80% PTEO (by
weight) blend film revealed splitting of the TEMPO oxidation peak into two distinct peaks at +0.71
V and +0.73 V, corresponding to TEMPO oxidation peaks in the blended matrix and in the PTEO-
rich domains, respectively (Figure S4). These findings support the idea that the TEMPO redox
sites present in the ion-conducting domain (i.e., the PTEO phase) can act as an ion injection trigger
to allow doping of the organic active layer for mixed conduction applications.
Spectroelectrochemical measurements of pristine P3HT (Figure 1b) and PTEO-containing
blend films (Figure 1c) further validate the role of PTEO in enhancing the electrochemical doping

of P3HT. Changes in the absorption profile upon biasing can be directly attributed to P3HT doping,



because the visible light absorption of PTEO thin films is extremely small relative to that of P3HT.
The absorbance of the P3HT films show maximum absorbances at 515 nm (Amax) and two slight
shoulders at 550 nm and 600 nm (Figure S5), consistent with previous reports.®>’? As the oxidation
potential applied to the film exceeds +0.5 V (vs Ag/AgCl), absorbance in the visible region
gradually decreases, while absorbance in the near infrared (NIR) wavelength regime increases,
indicating the loss of neutral segments within the polymer and the formation of polarons along the
macromolecular chain, respectively. These changes are represented in the form of a difference
spectrum with respect to the neutral polymer film for improved clarity. The small changes in the
absorbance spectra in Figure 1b confirm the low degree of doping, presumably confined to the

polymer-electrolyte interface for the pristine P3HT thin film.
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Figure 1. (a) Cyclic voltammetry of the P3HT-PTEO films of select blend ratios ranging from 0%
(P3HT, black) to 100% (PTEO, red) acquired at a scan rate of 25 mV s~ !. The voltammograms of
pristine P3HT and PTEO thin films are highlighted. The inset image shows chemical structures of
P3HT and PTEO. Absorbance changes recorded upon electrochemical biasing for (b) a neat P3HT
film and (c) a thin film containing equal weight fractions of P3HT and PTEO. The spectra are
plotted with the neutral polymer as the reference.

In contrast, blend films with equal proportions of P3HT and PTEO, exhibit enhanced
doping at similar potentials (Figure 1c). While little difference is observed between the onset
potential for P3HT doping in both neat and blend films, the blend films show increases in the

extent of electrochemical doping at each potential step once the doping threshold is surpassed.

Another key feature is the influence of the radical polymer on P3HT aggregation, as revealed from



the absorbance profile of the undoped P3HT-PTEO blend film. The presence of the polar PEO-
like chains of PTEO induces planarity of P3HT polymer chains and increases intra-chain exciton
coupling, as shown by the red-shifted absorbance spectrum and the high Ao.o/Ao-1 peak ratio,
respectively. Similar phenomena have been previously reported in P3HT and other conjugated
polymers blended with PEO-like polar polymers.”>”’® The red-shifted absorbance onset of the
torsionally ordered P3HT overlaps with the polaron band in the electrochemically doped-blend
films, obscuring clear distinction of the polaron band. These observations provide insights on the

effect of blending PTEO on the physicochemical and electrochemical properties of P3HT.
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Figure 2. (a) Representative forward and reverse output curves of the 5% PTEO (by weight) blend
OECT using 0.1 M NaCl aqueous electrolyte and a pellet-type Ag/AgCl reference electrode. The
voltage values correspond to the gate voltage values at which the measurements occurred. (b) The
transfer curve was recorded with Vp = —0.8 V. All measurements were taken with a scan rate of
10 mV s !. The red curve in panel (b) are the same data as the black curve of panel (b); however,
they are plotted on a loga rithmic axis to highlight the ON/OFF ratio of the OECT. The inset of
panel (b) shows an optical microscopic image of an OECT channel where the scale bar represents
100 pm.

Both output and transfer characterization measurements of the P3HT-PTEO blend
transistors showed large current modulation, whose magnitudes were consistent with OECT

accumulation mode operation (Figure 2). While the output current profile in the reverse sweep



resembled that of a typical electrolyte-gated organic field effect transistor (EGOFET) consisting
of a saturation region followed by a linear region, the forward sweep showed the current rise above
what would be considered a saturation regime current. The gate-source current (Ig) was recorded
to ensure that that this unusual profile was not the result of the leak current, and this was confirmed
with a much smaller magnitude of the I (Figure S6). Moreover, the location of this peak in the
forward sweep coincides with the oxidation of the TEMPO radical in the corresponding Ig curve
(Figure S7).

The threshold voltage (V) in the forward sweep also coincides with the oxidation onset of
TEMPO radical, giving rise to an extremely steep current modulation in the forward sweep with a
high ON/OFF ratio of ~10* (Figure 2b). As observed in the CV traces, while P3HT has a higher
oxidation peak potential than PTEO, typical current modulation starts to emerge at lower gate
voltages than observed for the blend.”” The incorporation of TEMPO moieties into the P3HT
channel, on the other hand, suppresses the current modulation at lower V. The recorded Ip below
the onset potential for the TEMPO radical oxidation (Vg = —0.7 V) was significantly lower than
that under Vg = —0.8 V. More importantly, the characteristic peak in the forward sweep was
absent. This serves as strong indication that the Vt is governed by the presence of a radical moiety,
and the presence of the redox-active radicals can act as a trigger for ion injection for mixed
conduction applications.

The effect of the blend composition on the OECT performance was probed by recording
transfer curves of P3BHT-PTEO blends over a range of PTEO loadings with the specific information
for each polymer blend composition summarized in Table S1. The figure-of-merit (uC*) was

extracted using the following equation derived from the Bernards Model.”®

L gm L 1 adlp

ue = wd (vg-vy) . wd (Vg—vy) Vg

(Equation 1)



Here, L, W, and d represent the active channel area dimensions: the channel length, width, and
thickness, respectively. The pnC* values were extracted and plotted against the blend composition

(Figure 3a). The figure of merit for the pristine P3HT OECT devices was 7.6 = 1.3 FV 'em s

on the same order of magnitude as previous reports.®” As the PTEO loading was varied, the pC*
slowly rose in magnitude until drastically increasing at a loading of 5%, by weight. The highest

uC* was observed at the 5% PTEO (by weight) blend, with a value of 151 £ 7FV lecm s,

which is the highest reported value for P3HT-containing OECTs.”>"*8% To further examine the
impact of the TEMO radicals, P3HT blended with quenched PTEO (i.e., PTEO-OH) was also
tested in the OECT setup (Figure S8 and Table S2). Here only a slight increase in to 13 £ 2.6
FV'lem's! was observed at 10% (by weight) PTEO-OH. The discrepancy in the metrics
suggests the redox activity TEMPO radicals increases the overall OECT performance. One
contributing factor in this drastic improvement was the difference between the operating Vg and
Vr of the blend active layer. The introduction of PTEO into the P3HT active layer shifted the
apparent Vr from —0.62 V (0%) to —0.72 V (7.5%) in the blended OECTs (Figure 3b). In contrast,
the apparent V1 converged to a lower value of —0.42 V for P3HT/PTEO-OH OECTs. We note
that the threshold voltage values determined from the transfer curves are slightly higher than the
onset potential of the corresponding blend films observed in the CV traces.%’ Although the Vr of
the blend film is rather high, this sharp onset is an appealing feature for transistor-type device
whose main function is to serve as a switch. As more PTEO was added to the blend, however, a
gradual reduction in the pC* was observed. This could be reasoned with the idea that the overall
hole mobility decreased in the blend film, and this outweighed the volumetric capacitance

contribution.
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Figure 3. (a) Calculated pC* as a function of PTEO loading as extracted from respective transfer
curves. The figure-of-merit peaked at 5% with the value of 151 £7 FV 'ecm!s!, followed by a
decaying plateau at moderate loadings. (b) A shift in the threshold voltage Vt was observed at
values as low as 2.5% PTEO (by weight) in the blend films, converging to about —0.72 V at
loadings of > 7.5% PTEO (by weight) in the thin film. The data were averaged over three separate
devices, and the error bars represent the values that are one standard deviation from that average
value.

The time-elapsed current responses of the blended OECTs were recorded by pulsing the
gate voltage and comparing the transient response to the normalized Ip response; these data
revealed that the response kinetics improved with an increasing PTEO weight loading (Figure 4a;

Full span of individual time-elapsed current responses are shown in Figure S9). At lower PTEO

loadings (i.e., at values < 7.5%, by weight), the Ip did not saturate at the end of the 200 s pulse.
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Conversely, when the amount of PTEO was increased, the normalized Ip achieved reached
saturation. Another consequence of blending was a significant reduction in the switching delay
from ~35 s for pristine P3HT to ~3 s for the blended device (Figure 4b) containing equal masses
of PTEO and P3HT. This improved kinetic response is attributed to the increase in the ion

percolating network (i.e., the PTEO weight loading), allowing higher flux of ions to dope P3HT

backbones.
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Figure 4. (a) Normalized transient responses with a Vg of —0.8 V sourced at t = 10 s for 200 s at
a constant Vp = —0.8 V of the thin films showed that increasing the PTEO loading improved the
overall transient kinetics of the blend OECTs. (b) The switching delay decreased inversely with
increasing PTEO loading.

To better correlate the inverse behavior regarding the steady-state performance and
transient responses of the blend OECTs, the topographies of the blend films were imaged using
atomic force micrography (AFM, Figure 5 and Figure S8). As commonly seen, P3HT nanofibrils
were observed in the pristine P3HT film (Figure 5a). When PTEO was blended with P3HT at 1%
and 2.5% loadings (by weight), P3HT nanofibrils were still observed, but these fibrils decreased

in both number and size as the PTEO blocked the crystallinity of the P3HT domains. In fact, these

fibrils were observed up to the 5% blend film (Figure 5b). Based on the effect of blend ratio on the

12



steady-state performance and the response kinetics, we put forward that the 5% blend represents
the threshold loading of PTEO to establish a percolating structure throughout the blend film
through which ions are transported easily to allow for doping of the P3HT. The decrease in uC*
at 7.5% and higher loadings can be explained with the emerging phase separation in the two
polymer domains (Figure 5¢). Because PTEO showed little in terms of electrical current when
swollen with aqueous electrolyte (Figure S10), the PTEO domain is primarily ionic conducting.
Thus, hole transport is predominantly governed by the P3HT domains. As more PTEO was
blended with P3HT, the PTEO domains grew both in number and size (Figure 5d). which would

disrupt the connectivity of the P3HT domains and the overall hole mobility.
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Figure 5. AFM topographical images of blend films at select PTEO loadings. Uniform distribution
of nanofibril networks characteristic of semicrystalline P3HT can be found in the (a) 0% (i.e.,
pristine P3HT) and (b) 5% PTEO blends. At loadings of (c) 7.5%, domains of PTEO (black)
emerged, and they grew at higher loadings, such as (d), which represents a film of 20% PTEO.
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In conclusion, the incorporation of an open-shell macromolecule into a common
conjugated model polymer demonstrated the potential advantage of incorporating redox-active
stable radicals into OECT devices in conjunction with conjugated polymers. Specifically, PTEO
operated as a handle by which to precisely control ion (i.e., dopant) injection at a distinct operating
voltage, and this resulted in a maximum steady-state performance where pC* was > 150 F cm™!
V~!'s7!. The redox activity of nitroxide radical groups dictated the threshold voltage of the overall
blend film at which current was modulated even at small loadings. Transient responses and
morphological characterization showed that there exists a trade-off between the steady-state
performance and the transient response of the blend OECTs as the loading was further increased.
The present strategy to blend a conjugated polymer semiconductor and an ionically conductive
radical polymer counterpart can be achieved via a variety of different chemistries. That is, in
theory, an ionically conductive, redox-active conjugated polymer could be designed and be used
in place of PTEO. However, the intrinsically amorphous nature of the nonconjugated, hydrophilic
backbone with redox-active TEMPO sites makes PTEO a particularly attractive macromolecular
candidate. Thus, we put forward that the incorporation of stable radicals offers a new archetype in
designing high-performance next-generation organic mixed conductors for OECT applications.
Supporting Information
Supporting information is available. Detailed experimental procedures; 'H NMR and EPR spectra
of the PTEO used in this work; cyclic voltammetry data; UV-Vis light absorption data; leakage
current evaluation data; performance of a PTEO-only OECT; tabular summary of PTEO-based
and PTEO-OH-based OECT device characteristics; full data regarding the normalized transient

response of the OECT systems; and AFM images of the PTEO-P3HT thin films.

14



Conflicts of Interest

The authors declare that there are no conflicts.
Acknowledgements

This work was primarily supported by the U.S. Department of Energy, Office of Science,
Basic Energy Sciences, under Award DE-SC0021967, and we gratefully thank the DOE for this
support. K.P. and J. M. are grateful for the financial support from an Ambilight research contract.

We thank Kangying Liu for many fruitful discussions.

15



References

(D
)
3)
4

)
(6)

(7)
(8)

©)

(10)

(1)
(12)

(13)

(14)

(15)

(16)

Turner, A. P. F. Biosensors: Sense and Sensibility. Chem. Soc. Rev. 2013, 42 (8), 3184—
3196.

Rivnay, J.; Owens, R. M.; Malliaras, G. G. The Rise of Organic Bioelectronics. Chem.
Mater. 2014, 26 (1), 679—685.

Zhang, M.; Lin, P.; Yang, M.; Yan, F. Fabrication of Organic Electrochemical Transistor
Arrays for Biosensing. Biochim. Biophys. Acta - Gen. Subj. 2013, 1830 (9), 4402—4406.
Rivnay, J.; Inal, S.; Collins, B. A.; Sessolo, M.; Stavrinidou, E.; Strakosas, X.; Tassone, C.;
Delongchamp, D. M.; Malliaras, G. G. Structural Control of Mixed Ionic and Electronic
Transport in Conducting Polymers. Nat. Commun. 2016, 7 (1), 1-9.

Inal, S.; Malliaras, G. G.; Rivnay, J. Benchmarking Organic Mixed Conductors for
Transistors. Nat. Commun. 2017, 8 (1), 1767.

Hansen, K. A.; Nerkar, J.; Thomas, K.; Bottle, S. E.; O’Mullane, A. P.; Talbot, P. C.; Blinco,
J. P. New Spin on Organic Radical Batteries-An Isoindoline Nitroxide-Based High-Voltage
Cathode Material. ACS Appl. Mater. Interfaces 2018, 10 (9), 7982—7988.

Fahlman, M.; Fabiano, S.; Gueskine, V.; Simon, D.; Berggren, M.; Crispin, X. Interfaces in
Organic Electronics. Nat. Rev. Mater. 2019, 4 (10), 627—650.

Chung, J.; Khot, A.; Savoie, B. M.; Boudouris, B. W. 100th Anniversary of Macromolecular
Science Viewpoint: Recent Advances and Opportunities for Mixed Ion and Charge
Conducting Polymers. ACS Macro Lett. 2020, 9 (5), 646—655.

Khodagholy, D.; Curto, V. F.; Fraser, K. J.; Gurfinkel, M.; Byrne, R.; Diamond, D.;
Malliaras, G. G.; Benito-Lopez, F.; Owens, R. M. Organic Electrochemical Transistor
Incorporating an Ionogel as a Solid State Electrolyte for Lactate Sensing. J. Mater. Chem.
2012, 22 (10), 4440-4443.

Parlak, O.; Keene, S. T.; Marais, A.; Curto, V. F.; Salleo, A. Molecularly Selective
Nanoporous Membrane-Based Wearable Organic Electrochemical Device for Noninvasive
Cortisol Sensing. Sci. Adv. 2018, 4 (7), eaar2904.

Kuhlbusch, T. A. J.; Asbach, C.; Fissan, H.; Gohler, D.; Stintz, M. Nanoparticle Exposure
at Nanotechnology Workplaces: A Review. Part. Fibre Toxicol. 2011, § (1), 22.

Leung, C. H.; Wu, K. J; Li, G.; Wu, C.; Ko, C. N.; Ma, D. L. Application of Label-Free
Techniques in Microfluidic for Biomolecules Detection and Circulating Tumor Cells
Analysis. TrAC - Trends Anal. Chem. 2019, 117, 78-83.

Williamson, A.; Ferro, M.; Leleux, P.; Ismailova, E.; Kaszas, A.; Doublet, T.; Quilichini,
P.; Rivnay, J.; Rozsa, B.; Katona, G.; et al. Localized Neuron Stimulation with Organic
Electrochemical Transistors on Delaminating Depth Probes. Adv. Mater. 2015, 27 (30),
4405-4410.

Gerasimov, J. Y.; Gabrielsson, R.; Forchheimer, R.; Stavrinidou, E.; Simon, D. T.;
Berggren, M.; Fabiano, S. An Evolvable Organic Electrochemical Transistor for
Neuromorphic Applications. Adv. Sci. 2019, 6 (7), 1801339.

Khodagholy, D.; Doublet, T.; Quilichini, P.; Gurfinkel, M.; Leleux, P.; Ghestem, A.;
Ismailova, E.; Hervé, T.; Sanaur, S.; Bernard, C.; et al. In Vivo Recordings of Brain Activity
Using Organic Transistors. Nat. Commun. 2013, 4 (1), 1-7.

Gualandi, I.; Tonelli, D.; Mariani, F.; Scavetta, E.; Marzocchi, M.; Fraboni, B. Selective
Detection of Dopamine with an All PEDOT:PSS Organic Electrochemical Transistor. Sci.

16



(17)

(18)

(19)

(20)

21

(22)

(23)

24)

(25)

(26)

27

(28)

(29)

(30)

€19

Rep. 2016, 6 (1), 1-10.

Stiitesky, S.; Markova, A.; Vitecek, J.; Safatikova, E.; Hrabal, M.; Kubag¢, L.; Kubala, L.;
Weiter, M.; Vala, M. Printing Inks of Electroactive Polymer PEDOT:PSS: The Study of
Biocompatibility, Stability, and Electrical Properties. J. Biomed. Mater. Res. - Part A 2018,
106 (4), 1121-1128.

Inal, S.; Rivnay, J.; Hofmann, A. I.; Uguz, I.; Mumtaz, M.; Katsigiannopoulos, D.; Brochon,
C.; Cloutet, E.; Hadziioannou, G.; Malliaras, G. G. Organic Electrochemical Transistors
Based on PEDOT with Different Anionic Polyelectrolyte Dopants. J. Polym. Sci. Part B
Polym. Phys. 2016, 54 (2), 147-151.

Khodagholy, D.; Gurfinkel, M.; Stavrinidou, E.; Leleux, P.; Herve, T.; Sanaur, S.;
Malliaras, G. G. High Speed and High Density Organic Electrochemical Transistor Arrays.
Appl. Phys. Lett. 2011, 99 (16), 227.

Rivnay, J.; Leleux, P.; Sessolo, M.; Khodagholy, D.; Hervé, T.; Fiocchi, M.; Malliaras, G.
G. Organic Electrochemical Transistors with Maximum Transconductance at Zero Gate
Bias. Adv. Mater. 2013, 25 (48), 7010-7014.

Bihar, E.; Deng, Y.; Miyake, T.; Saadaoui, M.; Malliaras, G. G.; Rolandi, M. A Disposable
Paper Breathalyzer with an Alcohol Sensing Organic Electrochemical Transistor. Sci. Rep.
2016, 6 (1), 1-6.

Nilsson, D.; Kugler, T.; Svensson, P. O.; Berggren, M. An All-Organic Sensor-Transistor
Based on a Novel Electrochemical Transducer Concept Printed Electrochemical Sensors on
Paper. Sensors Actuators, B Chem. 2002, 86 (2-3), 193—197.

Coppede, N.; Tarabella, G.; Villani, M.; Calestani, D.; lannotta, S.; Zappettini, A. Human
Stress Monitoring through an Organic Cotton-Fiber Biosensor. J. Mater. Chem. B 2014, 2
(34), 5620-5626.

Lin, P.; Yan, F.; Chan, H. L. W. Ion-Sensitive Properties of Organic Electrochemical
Transistors. ACS Appl. Mater. Interfaces 2010, 2 (6), 1637-1641.

ElMahmoudy, M.; Inal, S.; Charrier, A.; Uguz, 1.; Malliaras, G. G.; Sanaur, S. Tailoring the
Electrochemical and Mechanical Properties of PEDOT:PSS Films for Bioelectronics.
Macromol. Mater. Eng. 2017, 302 (5), 1600497.

Kayser, L. V.; Lipomi, D. J. Stretchable Conductive Polymers and Composites Based on
PEDOT and PEDOT:PSS. Adv. Mater. 2019, 31 (10), 1806133.

Pingree, L. S. C.; MacLeod, B. A.; Ginger, D. S. The Changing Face of PEDOT:PSS Films:
Substrate, Bias, and Processing Effects on Vertical Charge Transport. J. Phys. Chem. C
2008, 712 (21), 7922-7927.

Palumbiny, C. M.; Heller, C.; Schaffer, C. J.; Korstgens, V.; Santoro, G.; Roth, S. V.;
Miiller-Buschbaum, P. Molecular Reorientation and Structural Changes in Cosolvent-
Treated Highly Conductive PEDOT:PSS Electrodes for Flexible Indium Tin Oxide-Free
Organic Electronics. J. Phys. Chem. C 2014, 118 (25), 13598—-13606.

Ouyang, L.; Musumeci, C.; Jafari, M. J.; Ederth, T.; Ingands, O. Imaging the Phase
Separation between PEDOT and Polyelectrolytes during Processing of Highly Conductive
PEDOT:PSS Films. ACS Appl. Mater. Interfaces 2015, 7 (35), 19764—19773.

Zhang, S.; Kumar, P.; Nouas, A. S.; Fontaine, L.; Tang, H.; Cicoira, F. Solvent-Induced
Changes in PEDOT:PSS Films for Organic Electrochemical Transistors. APL Mater. 2015,
3 (1), 14911.

Nielsen, C. B.; Giovannitti, A.; Sbircea, D. T.; Bandiello, E.; Niazi, M. R.; Hanifi, D. A.;

17



(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

(40)

(41)

(42)

(43)

(44)

Sessolo, M.; Amassian, A.; Malliaras, G. G.; Rivnay, J.; et al. Molecular Design of
Semiconducting Polymers for High-Performance Organic Electrochemical Transistors. J.
Am. Chem. Soc. 2016, 138 (32), 10252—-10259.

Zeglio, E.; Inganids, O. Active Materials for Organic Electrochemical Transistors. Adv.
Mater. 2018, 30 (44), 1800941.

Rivnay, J.; Inal, S.; Salleo, A.; Owens, R. M.; Berggren, M.; Malliaras, G. G. Organic
Electrochemical Transistors. Nat. Rev. Mater. 2018, 3, 17086.

Savagian, L. R.; Osterholm, A. M.; Ponder Jr, J. F.; Barth, K. J.; Rivnay, J.; Reynolds, J. R.
Balancing Charge Storage and Mobility in an Oligo (Ether) Functionalized Dioxythiophene
Copolymer for Organic-and Aqueous-based Electrochemical Devices and Transistors. Adv.
Mater. 2018, 30 (50), 1804647.

Giovannitti, A.; Rashid, R. B.; Thiburce, Q.; Paulsen, B. D.; Cendra, C.; Thorley, K.; Moia,
D.; Mefford, J. T.; Hanifi, D.; Weiyuan, D.; et al. Energetic Control of Redox-Active
Polymers toward Safe Organic Bioelectronic Materials. Adv. Mater. 2020, 32 (16),
1908047.

Wang, Y.; Zeglio, E.; Liao, H.; Xu, J.; Liu, F.; Li, Z.; Maria, I. P.; Mawad, D.; Herland, A.;
Mcculloch, I.; et al. Hybrid Alkyl-Ethylene Glycol Side Chains Enhance Substrate
Adhesion and Operational Stability in Accumulation Mode Organic Electrochemical
Transistors. Chem. Mater. 2019, 31 (23), 9797-9806.

Sun, H.; Vagin, M.; Wang, S.; Crispin, X.; Forchheimer, R.; Berggren, M.; Fabiano, S.
Complementary Logic Circuits Based on High-Performance n-Type Organic
Electrochemical Transistors. Adv. Mater. 2018, 30 (9), 1704916.

Giovannitti, A.; Maria, 1. P.; Hanifi, D.; Donahue, M. J.; Bryant, D.; Barth, K. J.; Makdah,
B. E.; Savva, A.; Moia, D.; Zetek, M.; et al. The Role of the Side Chain on the Performance
of N-Type Conjugated Polymers in Aqueous Electrolytes. Chem. Mater. 2018, 30 (9),
2945-2953.

Giovannitti, A.; Sbircea, D. T.; Inal, S.; Nielsen, C. B.; Bandiello, E.; Hanifi, D. A.; Sessolo,
M.; Malliaras, G. G.; McCulloch, I.; Rivnay, J. Controlling the Mode of Operation of
Organic Transistors through Side-Chain Engineering. Proc. Natl. Acad. Sci. U. S. A. 2016,
113 (43), 12017-12022.

Moser, M.; Savagian, L. R.; Savva, A.; Matta, M.; Ponder, J. F.; Hidalgo, T. C.; Ohayon,
D.; Hallani, R.; Reisjalali, M.; Troisi, A.; et al. Ethylene Glycol-Based Side Chain Length
Engineering in Polythiophenes and Its Impact on Organic Electrochemical Transistor
Performance. Chem. Mater. 2020, 32 (15), 6618—6628.

Moser, M.; Hidalgo, T. C.; Surgailis, J.; Gladisch, J.; Ghosh, S.; Sheelamanthula, R.;
Thiburce, Q.; Giovannitti, A.; Salleo, A.; Gasparini, N.; et al. Side Chain Redistribution as
a Strategy to Boost Organic Electrochemical Transistor Performance and Stability. Adv.
Mater. 2020, 32 (37), 2002748.

Nakahara, K.; Oyaizu, K.; Nishide, H. Organic Radical Battery Approaching Practical Use.
Chem. Lett. 2011, 40 (3), 222-227.

Bobela, D. C.; Hughes, B. K.; Braunecker, W. A.; Kemper, T. W.; Larsen, R. E.; Gennett,
T. Close Packing of Nitroxide Radicals in Stable Organic Radical Polymeric Materials. J.
Phys. Chem. Lett. 2015, 6 (8), 1414-1419.

Rostro, L.; Wong, S. H.; Boudouris, B. W. Solid State Electrical Conductivity of Radical
Polymers as a Function of Pendant Group Oxidation State. Macromolecules 2014, 47 (11),
3713-37109.

18



(45)

(46)

(47)

(48)

(49)

(50)

(1)

(52)

(33)

(54)

(55)
(56)

(57)

(58)

(59)

(60)

(61)

Oyaizu, K.; Ando, Y.; Konishi, H.; Nishide, H. Nernstian Adsorbate-like Bulk Layer of
Organic Radical Polymers for High-Density Charge Storage Purposes. J. Am. Chem. Soc.
2008, 730 (44), 14459-14461.

Aqil, A.; Vlad, A.; Piedboeuf, M. L.; Aqil, M.; Job, N.; Melinte, S.; Detrembleur, C.;
Jérome, C. A New Design of Organic Radical Batteries (ORBs): Carbon Nanotube
Buckypaper Electrode Functionalized by Electrografting. Chem. Commun. 2015, 51 (45),
9301-9304.

Wilcox, D. A.; Agarkar, V.; Mukherjee, S.; Boudouris, B. W. Stable Radical Materials for
Energy Applications. Annu. Rev. Chem. Biomol. Eng. 2018, 9, 83—103.

Tan, Y.; Casetti, N. C.; Boudouris, B. W.; Savoie, B. M. Molecular Design Features for
Charge Transport in Nonconjugated Radical Polymers. J. Am. Chem. Soc. 2021, 143 (31),
11994-12002.

Sung, S. H.; Bajaj, N.; Rhoads, J. F.; Chiu, G. T.; Boudouris, B. W. Radical Polymers
Improve the Metal-Semiconductor Interface in Organic Field-Effect Transistors. Org.
Electron. 2016, 37, 148—154.

Leung, C.-H.; Wu, K.-J.; Li, G.; Wu, C.; Ko, C.-N.; Ma, D.-L. Application of Label-Free
Techniques in Microfluidic for Biomolecules Detection and Circulating Tumor Cells
Analysis. TrAC Trends Anal. Chem. 2019, 117, 78-83.

Mukherjee, S.; Boudouris, B. W. An Introduction to Radical Polymers. In Organic Radical
Polymers; Springer, 2017; pp 1-15.

Suga, T.; Takeuchi, S.; Nishide, H. Morphology-Driven Modulation of Charge Transport in
Radical/Ion-Containing, Self-Assembled Block Copolymer Platform. Adv. Mater. 2011, 23
(46), 5545-5549.

Suga, T.; Sakata, M.; Aoki, K.; Nishide, H. Synthesis of Pendant Radical- and Ion-
Containing Block Copolymers via Ring-Opening Metathesis Polymerization for Organic
Resistive Memory. ACS Macro Lett. 2014, 3 (8), 703-707.

Baradwaj, A. G.; Wong, S. H.; Laster, J. S.; Wingate, A. J.; Hay, M. E.; Boudouris, B. W.
Impact of the Addition of Redox-Active Salts on the Charge Transport Ability of Radical
Polymer Thin Films. Macromolecules 2016, 49 (13), 4784-4791.

Yu, I.; Jeon, D.; Boudouris, B.; Boudouris, B.; Joo, Y. Mixed Ionic and Electronic
Conduction in Radical Polymers. Macromolecules 2020, 53 (11), 4435-4441.

Janoschka, T.; Hager, M. D.; Schubert, U. S. Powering up the Future: Radical Polymers for
Battery Applications. Adv. Mater. 2012, 24 (48), 6397—64009.

Nishide, H.; Iwasa, S.; Pu, Y. J.; Suga, T.; Nakahara, K.; Satoh, M. Organic Radical Battery:
Nitroxide Polymers as a Cathode-Active Material. Electrochim. Acta 2004, 50 (2-3 SPEC.
ISS.), 827-831.

Tomlinson, E. P.; Hay, M. E.; Boudouris, B. W. Radical Polymers and Their Application to
Organic Electronic Devices. Macromolecules 2014, 47 (18), 6145—6158.

He, J.; Mukherjee, S.; Zhu, X.; You, L.; Boudouris, B. W.; Mei, J. Highly Transparent
Crosslinkable Radical Copolymer Thin Film as the Ion Storage Layer in Organic
Electrochromic Devices. ACS Appl. Mater. Interfaces 2018, 10 (22), 18956—18963.

Joo, Y.; Agarkar, V.; Sung, S. H.; Savoie, B. M.; Boudouris, B. W. A Nonconjugated
Radical Polymer Glass with High Electrical Conductivity. Science 2018, 359, 1391-1395.

Xie, Y.; Zhang, K.; Monteiro, M. J.; Jia, Z. Conjugated Nitroxide Radical Polymers:
Synthesis and Application in Flexible Energy Storage Devices. ACS Appl. Mater. Interfaces

19



(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)

(70)

(71)

(72)

(73)

(74)

(75)

(76)

2019, 11 (7), 7096-7103.

Li, F.; Gore, D. N.; Wang, S.; Lutkenhaus, J. L. Unusual Internal Electron Transfer in
Conjugated Radical Polymers. Angew. Chemie - Int. Ed. 2017, 56 (33), 9856-9859.

Li, F.; Wang, S.; Zhang, Y.; Lutkenhaus, J. L. Electrochemical Energy Storage in
Poly(Dithieno[3,2-b:2',3’-d]Pyrrole) Bearing Pendant Nitroxide Radicals. Chem. Mater.
2018, 30 (15), 5169-5174.

Wang, S.; Easley, A. D.; Thakur, R. M.; Ma, T.; Yun, J.; Zhang, Y.; Ober, C. K ;
Lutkenhaus, J. L. Quantifying Internal Charge Transfer and Mixed lon-Electron Transfer in
Conjugated Radical Polymers. Chem. Sci. 2020, 11 (36), 9962-9970.

Akkiraju, S.; Vergados, J.; Hoagland, L.; Lu, Z.; Anandan, V.; Boudouris, B. W. Design of
Mixed Electron-and Ion-Conducting Radical Polymer-Based Blends. Macromolecules
2021, 71, 5178-5186.

Frankenstein, H.; Stein, E.; Stolov, M.; Koifman Khristosov, M.; Freger, V.; Frey, G. L.
Blends of Polymer Semiconductor and Polymer Electrolyte for Mixed Ionic and Electronic
Conductivity. J. Mater. Chem. C 2021, 9, 7765-77717.

Keene, S. T.; van der Pol, T. P. A.; Zakhidov, D.; Weijtens, C. H. L.; Janssen, R. A. J.;
Salleo, A.; van de Burgt, Y. Enhancement-Mode PEDOT:PSS Organic Electrochemical
Transistors Using Molecular De-Doping. Adv. Mater. 2020, 32, 2000270.

Yamamoto, S.; Malliaras, G. G. Controlling the Neuromorphic Behavior of Organic
Electrochemical Transistors by Blending Mixed and Ion Conductors. ACS Appl. Electron.
Mater. 2020, 2 (7), 2224-2228.

Flagg, L. Q.; Bischak, C. G.; Onorato, J. W.; Rashid, R. B.; Luscombe, C. K.; Ginger, D. S.
Polymer Crystallinity Controls Water Uptake in Glycol Side-Chain Polymer Organic
Electrochemical Transistors. J. Am. Chem. Soc. 2019, 141 (10), 4345—4354.

Li, Y.; Ding, Z.; Li, J.; Wang, K.; Lu, T.; Pan, L. Novel Membrane-Free Hybrid Capacitive
Deionization with a Radical Polymer Anode for Stable Desalination. Desalination 2020,
481, 114379.

Liu, T.; Wei, X.; Nie, Z.; Sprenkle, V.; Wang, W. A Total Organic Aqueous Redox Flow
Battery Employing a Low Cost and Sustainable Methyl Viologen Anolyte and 4-HO-
TEMPO Catholyte. Adv. Energy Mater. 2016, 6 (3), 1501449.

Flagg, L. Q.; Giridharagopal, R.; Guo, J.; Ginger, D. S. Anion-Dependent Doping and
Charge Transport in Organic Electrochemical Transistors. Chem. Mater. 2018, 30 (15),
5380-53809.

Hellmann, C.; Paquin, F.; Treat, N. D.; Bruno, A.; Reynolds, L. X.; Haque, S. A.; Stavrinou,
P. N.; Silva, C.; Stingelin, N. Controlling the Interaction of Light with Polymer
Semiconductors. Adv. Mater. 2013, 25 (35), 4906—4911.

Kim, T.; Im, J. H.; Choi, H. S.; Yang, S. J.; Kim, S. W.; Park, C. R. Preparation and
Photoluminescence (PL) Performance of a Nanoweb of P3HT Nanofibers with Diameters
below 100 Nm. J. Mater. Chem. 2011, 21 (37), 14231-14239.

Zhao, K.; Ding, Z.; Xue, L.; Han, Y. Crystallization-Induced Phase Segregation Based on
Double-Crystalline Blends of Poly(3-Hexylthiophene) and Polyethylene Glycolsa.
Macromol. Rapid Commun. 2010, 31 (6), 532-538.

Dyson, M. J.; Lariou, E.; Martin, J.; Li, R.; Erothu, H.; Wantz, G.; Topham, P. D.; Dautel,
0. J.; Hayes, S. C.; Stavrinou, P. N.; et al. Managing Local Order in Conjugated Polymer
Blends via Polarity Contrast. Chem. Mater. 2019, 31 (17), 6540—6547.

20



(77) Parmeggiani, M.; Verna, A.; Ballesio, A.; Cocuzza, M.; Piatti, E.; Fra, V.; Pirri, C. F.;
Marasso, S. L. P3HT Processing Study for In-Liquid EGOFET Biosensors: Effects of the
Solvent and the Surface. Sensors (Switzerland) 2019, 19 (20), 4497.

(78) Bernards, D. A.; Malliaras, G. G. Steady-State and Transient Behavior of Organic
Electrochemical Transistors. Adv. Funct. Mater. 2007, 17 (17), 3538-3544.

(79) Nightingale, J.; Pitsalidis, C.; Pappa, A. M.; Tan, E.; Stewart, K.; Owens, R. M.; Kim, J. S.
Small Molecule Additive for Low-Power Accumulation Mode Organic Electrochemical
Transistors. J. Mater. Chem. C 2020, § (26), 8846—8855.

(80) Romele, P.; Ghittorelli, M.; Kovacs-Vajna, Z. M.; Torricelli, F. Ion Buffering and Interface
Charge Enable High Performance Electronics with Organic Electrochemical Transistors.
Nat. Commun. 2019, 10 (1), 1-11.

21



For Table of Contents Use Only

Radical Polymer Blends Enable High
Performance OECTs

22



