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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., µC*) values > 150 

F V−1 cm−1 s−1, 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. 
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 An increasing demand for effective diagnostics systems has propelled the development and 

advancement of bioelectronic devices and biosensors.1–3 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.4–8 Specifically, organic 

electrochemical transistors (OECTs) have garnered considerable attention as active sensing 

components across various applications, including biomolecular sensors,9,10 cellular sensors,11,12 

and neural interface devices.13–15 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.3,16–24 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.25,26 In 

addition, PEDOT:PSS has a complex macromolecular structure that is altered in an ill-defined 

manner through a variety of solvent processing techniques.27–30 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 
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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.31–33 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),34 diketopyrrolopyrrole (DPP),35 isoindigo,36 and 

naphthalene-1,4,5,8-tetracarboxylic-diimide (NDI),37,38 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.4,5,39 

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.34,40 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 μC* [i.e., the product of charge mobility (μ) and 

volumetric capacitance (C*)] values > 500 F V−1 cm−1 s−1.41 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.8 

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 
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increasing attention in organic electronics applications.42–51 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.52–55 Their high theoretical capacities (>100 mAh 

g−1) and fast redox reactions have motivated the use of these materials as active components in 

organic batteries.42,47,56–59 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.60 To this end, conjugated radical polymers (CRPs) 

have been designed with an aim of improved electronic conductivity.61 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.62–64 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.65–68 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 
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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 (VT) to shift during OECT operation. By tuning the composition of the blend, a high µC* 

of 151 ± 7 F V−1 cm−1 s−1 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.5,66,69 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 

1a). 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 
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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.69 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).70,71 PTEO has a hydrophilic, 

PEO-like backbone, which promotes the penetration of hydrated chloride anions into the polymer 

film upon biasing.69 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, 
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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 (λmax) and two slight 

shoulders at 550 nm and 600 nm (Figure S5), consistent with previous reports.69,72 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. 

 
 
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−1. 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 
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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 A0-0/A0-1 peak ratio, 

respectively. Similar phenomena have been previously reported in P3HT and other conjugated 

polymers blended with PEO-like polar polymers.73–76 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. 

 
 
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 VD = –0.8 V. All measurements were taken with a scan rate of 
10 mV s−1. 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 µm. 

 
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 
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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 IG (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 (VT) 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 ~104 (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.77 The incorporation of TEMPO moieties into the P3HT 

channel, on the other hand, suppresses the current modulation at lower VG. The recorded ID 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 P3HT-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 (μC*) was 

extracted using the following equation derived from the Bernards Model.78 

𝜇𝜇𝐶𝐶∗ =  𝐿𝐿
𝑊𝑊𝑊𝑊

𝑔𝑔𝑚𝑚
�𝑉𝑉𝑔𝑔−𝑉𝑉𝑇𝑇�

=  𝐿𝐿
𝑊𝑊𝑊𝑊

1
�𝑉𝑉𝑔𝑔−𝑉𝑉𝑇𝑇�

𝜕𝜕𝜕𝜕𝐷𝐷
𝜕𝜕𝑉𝑉𝐺𝐺

  (Equation 1) 
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Here, L, W, and d represent the active channel area dimensions: the channel length, width, and 

thickness, respectively. The μC* 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 F V−1 cm−1 s−1, 

on the same order of magnitude as previous reports.69 As the PTEO loading was varied, the μC* 

slowly rose in magnitude until drastically increasing at a loading of 5%, by weight. The highest 

μC* was observed at the 5% PTEO (by weight) blend, with a value of 151 ± 7 F V−1 cm−1 s−1, 

which is the highest reported value for P3HT-containing OECTs.72,79,80 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 

F V−1 cm−1 s−1 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 

VT of the blend active layer. The introduction of PTEO into the P3HT active layer shifted the 

apparent VT from −0.62 V (0%) to −0.72 V (7.5%) in the blended OECTs (Figure 3b). In contrast, 

the apparent VT  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.69 Although the VT 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 μC* 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 μC* 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  F V−1 cm−1 s−1, 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 ID 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 ID 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 ID 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. 

 
Figure 4. (a) Normalized transient responses with a VG of −0.8 V sourced at t = 10 s for 200 s at 
a constant VD = −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 
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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 μC* 

at 7.5% and higher loadings can be explained with the emerging phase separation in the two 

polymer domains (Figure 5c). 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. 

 
 

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 μC* was > 150 F cm–1 

V–1 s–1. 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; 1H 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. 
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