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Organic mixed conductors are increasingly employed in electrochemical devices operating in 

aqueous solutions that leverage simultaneous transport of ions and electrons. Indeed, their 

mode of operation relies on changing their doping (oxidation) state by the migration of ions to 

compensate for electronic charges. Nevertheless, the structural and morphological changes 

that organic mixed conductors experience when ions and water penetrate the material are not 

fully understood. Through a combination of electrochemical, gravimetric, and structural 
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characterization, the effects of water and anions with a hydrophilic conjugated polymer are 

elucidated. Using a series of sodium-ion aqueous salts of varying anion size, hydration shells, 

and acidity, the links between the nature of the anion and the transport and structural 

properties of the polymer are systematically studied. Upon doping, ions intercalate in the 

crystallites, permanently modifying the lattice spacings, and residual water swells the film. 

The polymer, however, maintains electrochemical reversibility. The performance of 

electrochemical transistors reveals that doping with larger, less hydrated, anions increases 

their transconductance but decreases switching speed. This study highlights the complexity of 

electrolyte-mixed conductor interactions and advances materials design, emphasizing the 

coupled role of polymer and electrolyte (solvent and ion) in device performance. 

1. Introduction 

Organic mixed conductors (OMCs) are soft, often flexible, conjugated polymers attracting 

considerable interest for applications that leverage ionic/electronic transport and reversible 

electrochemical activity, such as energy storage,[1,2] neuromorphic devices,[3,4] electrochromic 

displays,[5] and bioelectronics.[6–10] The mode of operation of these devices relies on 

electrochemical redox reactions, where ions migrate in/out of the bulk of the OMC to 

compensate for electronic charges on the backbone, which are injected/extracted from an 

electrode. This process is colloquially called electrochemical doping. One such device is the 

organic electrochemical transistor (OECT), which has shown efficient transduction of ionic 

and biological signals into electronic ones.[6,11–15] For this reason, OECTs have become 

helpful tools to benchmark steady-state mixed conduction of materials and their interactions 

with electrolytes.[16] Whereas several models have been proposed to describe the operation of 

OECTs,[17–19] little is known about the fundamentals of ion injection and transport and the role 

of structure in OMCs; they are typically characterized in their as-cast (dry) state,[20–23] even 
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though during operation these materials interact with an electrolyte and, thus, are in a swollen 

state. 

The hydrophilic p-type doped conjugated polymer blend poly(3,4-

ethylenedioxythiophene): poly(styrenesulfonate), PEDOT:PSS, has generally been the system 

of choice for bioelectronic applications due to its commercial availability, chemical stability 

in aqueous environments, and high OECT transconductance.[24] Nevertheless, while 

PEDOT:PSS provides a platform for the implementation of OMCs into novel devices and 

applications, its complex microstructure and morphology hinder a more fundamental 

understanding of its ionic transport properties.[25] Over the past few years a series of intrinsic 

OMCs, both p-type and n-type, have been developed to operate OECTs in aqueous 

solutions.[20–23,26,27] Intrinsic OMCs are advantageous for biosensing because they are 

normally in their OFF state, thus consuming less power than self-doped OMCs, such as 

PEDOT:PSS. One approach for developing intrinsic OMCs compatible with aqueous 

electrolytes is to graft polar oligo-ethylene glycol side chains onto conjugated polymer 

backbones, by which ionic mobility in the solid state and polymer swelling in aqueous 

solutions are facilitated.[20,23,28–32] 

The polymer poly(2-(3,3′-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'-

bithiophen]-5-yl)thieno[3,2-b] thiophene), p(g2T-TT),[21] a polythiophene copolymer with 

grafted glycol side chains, exhibits superior OECT transconductance to PEDOT:PSS in 

aqueous conditions (0.1 M NaCl),[16,21] which has been attributed to a six-fold increase in 

volumetric charge capacitance while preserving a comparable hole mobility.[16,21,33] For 

further development of this new class of hydrophilic conjugated polymers, establishing 

structure-function relationships on their mixed operation will reveal novel synthetic and 

processing design rules. In contrast to the complex microstructure and morphology of 

PEDOT:PSS, the structure of homopolymers with grafted side chains resembles that of well-
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characterized conjugated polymers,[20–23] such as those used in organic solar cells and field 

effect transistors. As such, future studies that elucidate fundamental structure-function 

ion/electron transport properties in hydrophilic polymers can build upon the foundational 

knowledge developed in the field of organic electronics. 

A few studies have alluded to the role of mobile ions, and doping, on the 

microstructure and morphology of organic mixed conductors. Previous work has shown that 

the crystal structure, texture, or order of conjugated polymer films can be affected by 

electrochemical doping.[34–43] While significant work has been conducted on organic battery 

electrodes based on conjugated polymers (including porous nanostructures[44] and 

nanocomposites[45]), as well as polymer blends of conjugated polymers with polyelectrolytes 

(such as PEDOT:PSS[25,46]), these materials are largely seen as having separate electronic and 

ionic transport phases, which are intimately mixed in OMCs. To study the bulk interaction of 

ions and conjugated polymers, Guardado et al.[40] have recently carried out a complete 

structural study on the effect of ionic liquid gating on the crystallites of the archetypal 

semiconducting polymer poly(3-hexylthiophene) (P3HT). Their results reveal that 

bistriflimide anions (TFSI-) can be infiltrated into the crystallites under certain gating 

conditions (i.e. sufficiently high voltages at sufficiently low frequencies), producing 

permanent changes in the lattice spacing of the crystallites and their texture. Repeated 

injection of anions reduces the overall crystallinity of the film. Furthermore, Giridharagopal et 

al.[47] reported subnanometer swelling of P3HT films when gated with an aqueous electrolyte, 

showing an expansion of ~ 0.3 to 1 % in the film and rather heterogenous ion uptake. Stiffer 

areas of the film, corresponding to the ordered regions of the polymer, showed less swelling 

due to decreased ion uptake in comparison to softer areas of the film, which swell more. 

Recently, Flagg et al.[48] have observed in P3HT-based OECTs gated with aqueous electrolyte 

that anion type affects the electrical performance of the devices, where anion-dependent 
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doping and charge transport differences are attributed to the hydration state of the anions in 

the polymer. These studies evidence that ion infiltration into a hydrophobic semicrystalline 

polymer such as P3HT is a complex, electrolyte-dependent, heterogenous process.  

The pathway of ions in conjugated polymers with polar side chains and their 

interactions with the polymer, however, might be intrinsically different due to the hydrophilic 

nature of the side chains of these materials. In fact, in this new family of OMCs, ion uptake 

produces significant swelling (> 20 %)[20,21] at low offset voltages[33] and features 

comparatively fast electrochemical switching.[21] Early studies on conjugated poly(thiophene) 

systems with grafted glycolated side chains have shown that the electrochemical and optical 

properties of hydrophilic conjugated polymers can depend on the choice of the electrolyte.[29–

32] Nevertheless, relatively little is known about how ion and water uptake affect the structure 

and therefore transport properties of this new class of OMCs. 

We probe the structural and electrochemical response of a high-performance 

conjugated polymer with polar glycol side chains, p(g2T-TT), when interacting with aqueous 

electrolytes composed of sodium-ion salts with varying monovalent anions. To determine 

whether the mixed transport properties depend on the nature of the anion, we characterize 

OECTs gated with five electrolytes of equal molar concentration (0.1 M). We find increasing 

transconductance, but slower switching speeds, when gating the polymer with electrolytes 

where the anion has a larger crystallographic radius. Given the ability of the polymer to swell 

in aqueous electrolytes, we conduct structural characterization of polymer films in contact 

with various electrolytes and find that exposure to acidic solutions increases the rate of 

oxidation of the polymer in ambient conditions. Furthermore, to determine the conditions 

under which ions can intercalate in the ordered regions of the film, if at all, we conduct wide-

angle X-ray scattering (WAXS) of electrolyte-swollen and electrochemically doped polymer 

films. The WAXS results reveal that anions can intercalate between the glycol side chains in 
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the crystallites upon doping. After doping, the crystallites exhibit a permanent change to a 

distorted unit cell with expanded lamellar stacking and contracted π-stacking spacings. 

Finally, using electrochemical quartz crystal microbalance with dissipation monitoring 

(EQCM-D) we determine that the electrochemical behavior and state of hydration of the 

polymer are heavily dependent on the nature of electrolyte-polymer interactions. This study is 

amongst the first[29–32]  to conduct a multi-technique approach, involving electrochemical 

measurements, advanced structural characterization and electrochemical device physics, to 

elucidate fundamental structure-function properties in organic mixed conductors and the role 

of ion and water uptake in their electrical and structural behavior. The results presented herein 

elucidate the importance of developing a deeper understanding of the interactions between 

ions, water, and the polymer to establish fundamental principles for the design of organic 

mixed conductors. 

2. Results and Discussion 

2.1. Transistor Characteristics  

To study how the anion affects the electrical behavior of the polymer, OECTs prepared 

identically in air were gated using an Ag/AgCl pellet with five 0.1 M sodium-ion based 

aqueous electrolytes: NaF, NaCl, NaBr, NaBF4, and NaSbF6. These electrolytes exhibit 

differences in the size of the anion, both in its crystallographic and hydrated size (Supporting 

Information Table S1). In the concentration of interest in water (0.1 M) molecular anion-based 

electrolytes (NaBF4, and NaSbF6) are acidic (pH ~ 2.5) due to the hydrolysis of the anion[49–53] 

(Table 1). OECTs (Figure 1a) are three-terminal devices where an organic conducting or 

semiconducting material (channel) is patterned between two metal electrodes (drain and 

source). The channel is in contact with an electrolyte, in which an electrode (gate) is 

immersed.[33] The doping (oxidation) state of the channel is controlled by applying a voltage  
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Figure 1. (a) Molecular structure of p(g2T-TT) and schematic of the interactions with ions 

at the film level (top) during OECT (bottom) operation. Cations are shown in red and the 

various anions used in this study in green. A representative hydration shell surrounding the 

ions (in free electrolyte) is indicated in light blue. (b) Transfer characteristics (top) and 

transconductance (bottom) of identical OECTs gated with various electrolytes at VD = -0.4 

V. (c) Threshold voltage, (d) μC* product, and (e) source-drain resistivity in the absence of 

gate bias. Error bars correspond to one standard deviation from the measured average of at 

least four OECTs gated with the electrolytes in question. (f) OECT mobility as a function of 

overdrive voltage (VG – VT), and (g) volumetric capacitance as function of offset bias for 

devices operated in various electrolytes. 

Table 1. Electrolyte and OECT behavior properties. 

Electrolyte 
(0.1 M) 

pH Channel thickness 
[nm] 

VT [V] µC*                    
[F cm-1 V-1 s-1] 

fcutoff [Hz] f [Hz] a) 

NaF 6.7 80 ± 7 0.05 ± 0.01 268 ± 34 666 575 

NaCl 6.6 80 ± 7 0.03 ± 0.01 271 ± 35 579 553 

NaBr 6.8 90 ± 10 -0.03 ± 0.01 381 ± 42 465 342 

NaBF4 2.6 75 ± 8 0.28 ± 0.04 393 ± 52 448 456 

NaSbF6 2.5 80 ± 7 0.33 ± 0.03 458 ± 57 - b) 347 

a) f obtained from ID exponential rise time in response to a square shaped gate voltage pulse;  

b) The exponentially decaying transconductance response of OECTs gated with NaSbF6 does not 

allow for extracting fcutoff. 
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to the gate electrode (VG), while its conductance is probed by measuring the drain current (ID) 

when applying a voltage between the drain and source electrodes (VD). One figure of merit for 

OECTs designed to operate as ionic signal transducers is the transconductance (gm), shown in 

Equation (1), which is the derivative of the transfer curve (ID vs VG) in saturation mode. Since 

all the OECTs have identical aspect ratio (W/L = 10) and similar thicknesses (Table 1), the 

dependence of gm on the nature of the anion can be attributed to changes in hole mobility (μ), 

volumetric charge capacitance (C*), or overdrive voltage (VG – VT): 

𝑔𝑚 =  
𝜕𝐼𝐷

𝜕𝑉𝐺
 =

𝑊

𝐿
𝑑 𝜇𝐶∗ (𝑉𝑇 −  𝑉𝐺)        (1) 

The nature of the anion plays an important role in the transfer characteristics and 

transconductance of the OECTs, with a tendency for increasing gm with increasing 

crystallographic anion size (Figure 1b). Additional output and transfer characteristics of the 

devices are included in Supporting Information Figure S1. By fitting the transfer curves of at 

least four OECTs for each electrolyte, we extract the average parameters that define the DC 

mixed ionic/electronic response of the polymer: threshold voltage (VT) and μC* product. The 

latter term captures the steady-state ionic/electronic transport processes within the channel 

material of a device in operation.[16] As shown in Figure 1c, devices gated in acidic 

electrolytes (BF4
- and SbF6

-) exhibit a significant VT shift compared to those gated in pH 

neutral electrolytes (NaF, NaCl, NaBr) . In addition, the increase in gm with anion 

crystallographic size is consistent with the increase in μC* product (Figure 1d). Further 

characterization of the OECT channel in the absence of a gate bias (VG = 0 V) reveals that the 

anion plays a clear role in the source-drain resistivity (Figure 1e), decreasing in the presence 

of lower pH electrolytes due to an increased oxidation of the polymer.   

The effect of anion size on the operational frequency of OECTs can be characterized 

by conducting frequency dependent small signal transconductance measurements (Supporting 
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Information Figure S2). Table 1 includes the -3dB frequency cut-off, fcutoff (extracted as 1/√2 

of maximum transconductance), of the OECTs in question, demonstrating decreasing 

switching speed with increased anion crystallographic size. Similar dependence on anion size 

is also observed for the rise time (τ), extracted from a single exponential fit to the transient 

response of the drain current upon millisecond gate voltage pulses (Supporting Information 

Figure S3), such that f = (2π τ)-1 (Table 1). The frequency cut-off and extracted gate pulse 

frequency response agree when the OECT exhibits an ideal RC or R(R||C) behavior; i.e., when 

the small signal transconductance displays a flat-band transconductance regime. OECTs gated 

with NaSbF6 present an exponentially decaying transconductance at low operational 

frequencies (Supporting Information Figure S2e), such that their transient behavior deviates 

from the proposed RC or R(R||C) circuit and, thus, cannot be used to extract fcutoff. 

Decoupling the terms defining the slope of the transconductance, μ and C*, provides a 

way to understand why the nature of the anion modifies the mixed ionic/electronic transport 

behavior in p(g2T-TT). The presence of both ionic and electronic charges in the OECT 

channel hinders the ability to extract hole mobility using well-established procedures, such as 

extracting μ from the device transfer characteristics. Instead, the OECT mobility (μOECT) can 

be estimated using the measured hole transit time, as previously reported[16] (Figure 1f), and 

C* can be quantified by electrochemical impedance spectroscopy (EIS), as shown in Figure 

1g. The EIS results show that all the investigated electrolytes can penetrate and 

electrochemically dope the polymer, with larger crystallographic radius anions exhibiting 

higher peak volumetric capacitance at low frequencies. From the phase behavior in EIS, we 

can identify whether the film is dominated by a more resistive (0 < ϕ < -45 °) or capacitive (-

45° < ϕ < -90 °) character at peak capacitance (Supporting Information Figure S4). In this 

regard, all the electrolytes in question show capacitive behavior at low frequencies, but the 
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frequency cut-off between a predominantly capacitive or resistive character is affected by the 

nature of the anion. 

2.2 Characterization of Hydrated Polymer Films  

Previous reports have attributed to the hydrophilic nature of glycolated side chains the 

superior transconductance exhibited by several conjugated polymers with grafted glycol 

chains.[20–23] The ability of water molecules to form hydrogen bonds with ethylene glycol 

based materials[54] allows for swelling of p(g2T-TT) and facile ion penetration necessary for 

electrochemical doping.[21] Given that the nature of the anion, including its tendency to 

hydrolyze, affects the electrical response of the polymer upon swelling, such as source-drain 

resistivity and threshold voltage, we monitored relative changes in the optical absorption 

spectra over time when thin films are in contact with the electrolytes in question (Figure 2a,b 

and full optical spectra in Supporting Information Figure S5). Due to the low ionization 

potential (IP) of p(g2T-TT),[21] the polymer can become oxidized during processing in 

ambient conditions and initial spectra were taken while applying -0.4 V vs Ag/AgCl to the 

polymer film to ensure the polymer was fully reduced (dedoped) at the start of the 

measurement; the films were subsequently left at open circuit and changes in the absorption 

spectrum upon ion and water penetration into the polymer were monitored. In acidic 

electrolytes NaBF4 and NaSbF6, the π-π* absorption peak is nearly suppressed in a matter of 

minutes; simultaneously, the absorption of the polaronic species rises, suggesting the 

electrolytes in question enable doping (oxidation) of the polymer in ambient conditions and in 

the absence of an applied potential. Swelling with NaCl and NaBr produces minor changes in 

the absorption spectra over time, while swelling with NaF produces a partial decrease in the 

absorption of the π-π* absorption peak and an increase in the absorption of the polaronic 

species, revealing that the film is weakly doped. As a control measurement, swelling of the 

polymer with deionized water was conducted and produced no discernable changes in the 
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absorption spectrum (Supporting Information Figure S6). Thus, changes in the doping state of 

the polymer when in contact with the electrolytes in question are most significantly attributed 

to the hydrolyzing characteristics of the anion. 

The results of the spectral evolution upon swelling are consistent with the changes in 

source-drain resistivity detected in OECTs (Figure 1e): the resistivity decreases with further 

oxidation of the polymer. Additionally, acidic electrolytes with a tendency to dope the 

polymer in ambient conditions in the absence of external bias also exhibit differences in their 

threshold voltages (Figure 1c and Table 1). The VT of polymer films in contact with molecular 

anions (NaBF4 and NaSbF6) is positive and large when considering the electrochemical 

Figure 2. (a) Representative evolution with time of the UV-visible absorption spectrum 

(top) and changes in absorption relative to the reduced state (bottom) of a p(g2T-TT) film 

in contact with 0.1 M NaF in the presence of oxygen. In the top figure, black line denotes 

the UV-visible spectrum of the polymer in its reduced state. During charging, the UV-

visible spectrum was recorded every 35 s (lines shading from blue to beige) and after 2 

hours (gray line) of swelling. Vertical arrows denote evolution of spectral features of the 

polymer π-π* (653 nm) and polaron absorption (900 nm). (b) Evolution of the relative 

intensity of polaron (top) and π-π* (bottom) absorption of the polymer when in contact 

with electrolyte. Polymer films were ensured to be fully reduced and neutral by applying -

0.4 V vs Ag/AgCl.  At t = 0 s, the electrical circuit is opened and the oxidation of the 

polymer is monitored. Spectra are normalized to the peak absorption of the neutral 

spectra. Dashed lines are shown as a guide to the eye. (c) Mass uptake (top) of polymer 

films when immersed in water and various electrolytes obtained from QCM-D 

measurements. Swelling response time (T90, bottom), defined as the time it takes for the 

film to reach 90 % of its total swollen mass uptake mass, and dissipation of energy 

change measured at the 5th overtone (ΔD, bottom). 
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window of operation in water, due to the fact that no electrical driving force (VG ≤ 0) is 

necessary to dope the polymer film. Similarly, the onset of oxidation potential from cyclic 

voltammetry of p(g2T-TT) films electrically biased with these electrolytes is negative, 

indicating that the polymer is already oxidized at zero potential (Supporting Information 

Figure S7). As seen before, films swollen with NaF exhibit partial doping; in this case, VT 

shows a slight positive shift to ~ 0 V in comparison to electrolytes that do not seem to oxidize 

the polymer in ambient conditions in the absence of applied potential (NaCl and NaBr), which 

exhibit a VT ~ 0 V and positive onsets of oxidation potential. 

A previous study of PEDOT showed that in order to stabilize a neutral (undoped) state, 

the material must be kept in a reducing environment to maintain a low doping level, and 

exposing the sample to oxygen immediately oxidized the polymer.[55,56] Similarly, in an earlier 

study of PEDOT doped with PSS it was shown that once PEDOT:PSS is electrochemically 

reduced to the dedoped state in aqueous NaCl, it is readily re-oxidized chemically to the 

doped state by dissolved oxygen.[57] By monitoring the spectral evolution of two polymer 

films swollen in argon purged and non-purged NaCl and NaBF4 electrolytes, we observe that 

the oxidation of p(g2T-TT) in ambient conditions in the absence of an applied potential is 

indeed mediated by the presence of dissolved oxygen (Supporting Information Figure S8), 

where the choice of the salt plays an important role. It was reported that sodium salts such as 

sodium tetrafluoroborate (NaBF4) and hexafluoroantimonate (NaSbF6) can hydrolyze in water 

(see Supporting Information Equation S1 and S2), generating hydroxonium cations (H3O
+) 

and free fluoride anions (F-),[49–53]  resulting in a decrease of the pH value of the aqueous 

solution (Table 1). Several studies have documented that oxygen reduction reactions (ORRs) 

in PEDOT can occur in an acidic environment.[58–60] The oxidation of the polymer can be 

facilitated by a two- or four-electron process as shown in Supporting Information Equations 

S3 and S4, where one reaction product is hydrogen peroxide (H2O2) and the other is water 



 
 

13 

 

(H2O).[59] Whether the ORR in PEDOT occurs via a two- or four-electron process is beyond 

the scope of this study characterizing p(g2T-TT). We hypothesize that the oxidation of p(g2T-

TT) in ambient conditions in the absence of external bias and the kinetics of the oxidation are 

dictated by the concentration of H3O
+ and oxygen in solution as well as the doping state and 

swelling of the polymer. Equation (2) shows the proposed oxidation reaction, where the 

possible reaction products of the ORR are included in square brackets and the sodium-ion salt 

is denoted as NaX:  

𝑝(𝑔2𝑇 − 𝑇𝑇) + 𝐻3𝑂+ + 𝑂2 + 𝑁𝑎𝑋 ↔ 𝑝(𝑔2𝑇 − 𝑇𝑇)+{𝑋}− + 𝑁𝑎+ + [𝐻2𝑂2 , 𝐻2𝑂] (2) 

To elucidate the role of oxygen on the electrical behavior of p(g2T-TT), OECTs were 

fabricated and tested in a nitrogen environment, then the same devices were tested in air 

(Supporting Information Figure S9). Transfer curves of devices in nitrogen and air indicate 

that acidic electrolytes with a tendency to dope the polymer in the absence of external bias 

exhibit a VT shift towards higher gate voltages when gated in air (Supporting Information 

Table S2). It is also important to note that due to the hydrolysis of sodium salts such as NaBF4 

and NaSbF6, free F- anions are dissolved in the electrolyte at low concentrations (~ 2.5 to 3.2 

mM). While the response of the polymer might be affected by the presence of a secondary 

anionic species at a lower concentration in the electrolyte, little can be done to determine if 

there are incurring effects in the electrochemical response of the polymer. 

The role of the anion on the swelling characteristics of the polymer film can be further 

evaluated using quartz crystal microbalance with dissipation monitoring (QCM-D). Whereas 

oxidation of the polymer in ambient conditions will require ions to migrate into the polymer 

film to compensate for electronic charge carriers, increasing the mass of the polymer-coated 

QCM-D sensor, ion diffusion into the polymer might also bring along water due to the 

hydrophilic nature of the polymer and the hydrated state of the ions in the electrolyte 
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(Supporting Information Table S1). We conducted QCM-D measurements in three 

representative electrolytes (NaF, NaCl, and NaBF4), chosen due to their distinct effect on the 

structure and doping state of the polymer in air as seen from UV-visible absorption and OECT 

measurements. Figure 2c and Supporting Information Figure S10 compare the QCM-D 

swelling behavior of p(g2T-TT) in the electrolytes in question. While swelling the polymer 

with NaF (~ 11 %) and NaCl (~ 13 %) produces small mass uptake differences with respect to 

swelling with water (~ 11 %), contact with NaBF4 almost doubles the mass (~ 19 %). The 

dissipation of energy (ΔD) response allows for qualitative analysis of the viscoelastic response 

of the film. Changes in ΔD (Figure 2c) and spreading of the overtones (Supporting 

Information Figure S10) are the largest when swelling the film with NaF, suggesting that this 

film is softer. Swelling with NaCl and NaBF4, on the other hand, produces comparable ΔD 

values; their viscoelastic response suggests the films are more rigid (less viscoelastic). The 

swelling response time (T90), which describes the time it takes for the film to reach 90 % of 

its total swollen mass, can be extracted from the stabilized QCM-D signals and is directly 

related to mass uptake of the film. 

The unusually large swelling of the polymer in NaBF4 is attributed to a large amount 

of BF4
- anions diffusing into the polymer film. This effect can be explained by analyzing the 

effect of two distinct factors. On the one hand, a lower ΔD suggests that less water is 

integrated into the polymer film when immersed in this electrolyte, which is expected given 

the decreased solvation of BF4
- (Supporting Information Table S1). On the other hand, from 

the proposed oxidation reaction of the polymer in acid pH electrolytes in ambient conditions 

and in the absence of an applied potential, we expect a large number of BF4
- ions residing in 

the film: as the polymer reacts chemically with oxygen, BF4
- will diffuse into the polymer to 

compensate the positive charges (polarons) formed on the polymer backbones. 
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To characterize whether oxidation in ambient conditions in the absence of external 

bias and electrolyte swelling produce any structural changes in the microstructure of the 

polymer, we conducted WAXS measurements. While QCM-D allows for quantitative analysis 

of the bulk behavior of the film, entailing the effects of swelling in both ordered and 

disordered regions, WAXS solely probes the ordered regions of the polymer able to produce 

constructive scattering (i.e. crystallites). To this end, after immersing individual films in 

Figure 3. (a) 2D GIWAXS patterns of a p(g2T-TT) film in its pristine condition and 

swollen for 30 minutes in aqueous 0.1 M NaF, NaCl, and NaBF4. (b) High-resolution 

specular and (c) grazing-incidence X-ray diffraction scans for films in pristine condition 

and when in contact with various electrolytes in ambient conditions for 30 minutes. 

Dashed long lines correspond to the peak center of the pristine peak for the out-of-plane 

(100, 200) and in-plane (010) diffraction peaks. Dotted lines in the in-plane diffraction 

scans correspond to the backbone repeat distance of the polymer (001). (d) Statistically 

predominant lamellar (top) and π – π stacking distances (bottom) extracted from fitting 

the diffraction peak positions. For top figure, lattice spacings are calculated from (200) 

peak positions. In NaCl and NaBr, the predominant lattice spacings of two crystallite 

populations are included, where the approximate fraction of the minority population is 

indicated. Error bars correspond to propagated error from peak fitting and horizontal 

dashed gray lines correspond to lattice spacings of the polymer in its pristine, dry, 

condition. 
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electrolytes of equal salt concentration (0.1 M) and deionized water as a control, ex-situ 

WAXS scans were conducted on the films. The lattice spacing in the lamellar direction was 

calculated from the measured peak center positions of the diffraction peaks obtained from 

high-resolution specular scans. Similarly, the π-π lattice spacing was calculated from lineouts 

of the diffraction peaks obtained from the 2D grazing incidence wide-angle X-ray scattering 

(GIWAXS) patterns (Figure 3 and Supporting Information Figure S11). Changes in the lattice 

spacings of the polymer with electrolyte swelling reveal the critical role the nature of the 

anion plays in the microstructure. While the strong edge-on texture and backbone repeat 

distances of pristine p(g2T-TT) are maintained when the polymer is interacting with the 

electrolyte, except for water and NaF, all other electrolytes measured in this work produce 

changes in the structure of the ordered regions of the polymer when in contact with the 

electrolytes. Films in contact with aqueous solutions of NaBF4 and NaSbF6 show an 

expansion in the lamellar spacing and contraction in the π-π stacking direction. A change in 

orientation in reciprocal space of the π-π stacking peak position, visible in the GIWAXS 

patterns, suggests that the crystallites experience a unit cell distortion when the polymer 

becomes oxidized by oxygen. Contact with solutions of NaCl and NaBr salts also disrupts the 

structure of p(g2T-TT); in this case, two crystallite populations are visible in the in-plane and 

out-of-plane lineouts (Supporting Information Figure S12). Most of the crystallites exhibit 

lamellar and π-π stacking spacing distributions similar to the pristine structure, with a smaller 

fraction of crystallites showing spacing distributions similar to the ones present in the 

distorted unit cell. Finally, contact of the polymer with deionized water and an aqueous 

solution of NaF salts does not produce discernable changes in the crystallites. We also note 

that the lamellar spacing of the distorted unit cell exhibits a dependence with the 

crystallographic size of the anions. 

2.3. Structural Effects of Electrolyte Gating 
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We now focus our attention to the role the anion plays on the film microstructure upon 

biasing, or electrochemical doping. Understanding where the ions and water go and how they 

affect the film is of crucial importance to the design of conjugated polymers for mixed 

ionic/electronic applications. We begin our analysis by examining the effect of 

electrochemical doping and dedoping on the crystallites. Ex-situ WAXS scans were 

conducted on films gated with various electrolytes at +0.6 V and -0.5 V vs Ag/AgCl. In the 

former case (+0.6 V; doping) anions are driven into the polymer film and a compensating hole 

is injected from the underlying electrode to maintain charge neutrality, thus leaving the 

polymer in an oxidized (doped) state. In the latter case (-0.5 V; dedoping), the anions leave 

the film and holes are injected back into the electrode, leaving the polymer in its reduced 

Figure 4. (a) WAXS determination of lamellar (top) and π-π stacking distances (bottom) 

of films cycled once and 100 times and left in their doped (square) or de-doped (circle) 

condition, measured ex-situ.  In legend, ‘1x’ and ‘100x’ refer to films doped once or 100 

times, respectively, and the final state of the film is underlined. Dashed horizontal lines 

correspond to lattice spacings of the polymer in its pristine condition. Error bars 

correspond to the propagated error from peak fitting the diffraction peaks (200) and 

(010). (b) Spectroelectrochemical measurements monitoring the changes of absorbance 

with the electrolytes in question when an electrochemical potential vs Ag/AgCl is 

applied. Changes of the spectrum were monitored operando for the polaron peak at 900 

nm (top) and the π-π* absorption at 653 nm (bottom) using a spectroelectrochemistry 

chamber. Star symbols at ± 0.4 V denote the absorption spectra of the polymer films after 

100 cycles of electrochemical doping and dedoping, showing reversible doping of 

polymer films with various electrolytes. 
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(neutral or dedoped) state. While a negative offset bias could facilitate injection of cations 

(Na+) into the polymer film, the low-frequency capacitance of the polymer at high negative 

bias is on par with that of a gold electrode (Supporting Information Figure S13), suggesting 

that the capacitance in this regime is similar to that of an electric double layer and cations are 

not being injected into the polymer film. This is also in agreement with the low electron 

affinity, and therefore large reduction potential, of p(g2T-TT)[21] which lies outside of the 

electrochemical stability window of water. Since some electrolytes facilitate oxidation of the 

polymer in the presence of oxygen, all films were initially set to -0.5 V vs Ag/AgCl to ensure 

the polymer was initially dedoped. Films were cycled once with a 30 s pulse or for 100 cycles 

with 2 s pulses and left in their doped (+0.6 V) and dedoped (-0.5 V) states. After the doping 

procedure, films were rinsed in DI water to remove excess salt and dried with a nitrogen gun. 

Figure 4a summarizes the lattice spacings in the lamellar and π- π stacking directions, 

obtained from peak fits of the in-plane and out-of-plane diffraction patterns (Supporting 

Information Figure S14 and S15). As seen from the lattice spacings and GIWAXS patterns, 

regardless of the gating electrolyte, one doping cycle of 30 s is sufficient for the crystallites in 

the polymer to exhibit a distorted unit cell. This doping-induced unit cell distortion is 

equivalent to the one present in the electrolytes able to oxidize the polymer in ambient 

conditions in the absence of external bias. Electrochemical doping produces a permanent 

distortion in the lattice spacings, inducing an expansion in the lamellar direction and a 

contraction in the π-π direction. In films cycled only once, dedoping allows for quasi-

reversibility towards the unit cell of the pristine film upon dedoping. The lattice spacings of 

films cycled 100 times are identical, whether left in their doped or dedoped states, except for 

films gated with NaF, which still present partial, but reduced, quasi-reversibility. 

To evaluate the extent of electrochemical doping and its reversibility, we monitored 

the change in optical absorption of polymer films as a function of bias (Figure 4b, full spectral 
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changes in Supporting Information Figure S16). The onset of polaron formation; that is, the 

bias at which the relative absorption of the π-π* peak position decreases and the absorption of 

the polaronic species increases, varies according to the nature of the anion. Electrochemical 

doping with electrolytes exhibiting oxidation of the polymer in ambient conditions in the 

absence of external bias (NaBF4 and NaSbF6) show negative voltage onsets of polaron 

formation close to -0.2 V vs Ag/AgCl, as shown in Figure 4b. The remainder of electrolytes 

exhibit onsets of polaron formation closer to 0 V vs Ag/AgCl. Shifts in the optical onset of 

oxidation as well as the oxidation potential from cyclic voltammetry (Supporting Information 

Figure S7) are consistent with the trends in threshold voltage shifts seen in OECTs (Table 1). 

Despite differences in onset voltage, all electrolytes display electrochromic reversibility: 

cycling the film 100 times with 2s pulses of -0.4 V (dedoping) and 0.4 V (doping) vs Ag/AgCl 

produces no discernable differences in the spectra. 

Kawai et al. observed changes in the crystal structure of poly(3-alkylthiophene)s 

(P3ATs) upon electrochemical doping with BF4
- and AsF6

- salts in nitrobenzene. The 

expansion in the lamellar spacing was attributed to the anions being located between the alkyl 

chains. Electrochemical doping also produced a decrease in the π-π spacing, which was 

attributed to an increase in the interaction between the conjugation systems.[41,42] When 

polarons and bipolarons are generated on the conjugated system upon doping, the planarity of 

the conjugated backbone will likely increase[61] and stronger interactions between neighboring 

chains should result in a decrease in the π-π spacing. Additional studies on the structural 

effects of electrochemical doping of P3HT and PEDOT with ionic liquids have shown 

analogous results.[34,38–40,62] Our WAXS results reveal several insights about the way the 

crystallites interact with ions and water in the presence of a gate voltage. First, repeated 

electrochemical doping leads to a stable crystal structure with lattice spacings analogous to the 

distorted unit cell described above. The lattice spacings of the polymer are almost insensitive 



 
 

20 

 

to the electrochemical state of the film (doped or dedoped), highlighting the stability of the 

distorted unit cell structure regardless of the eventual oxidation state of the polymer. Second, 

the rather drastic lamellar expansion (~ 13 to 23 %) exhibited in the distorted unit cell 

confirms that, upon doping, anions do not just penetrate the film but also enter the crystallites, 

likely accumulating in the glycol side chain regions to compensate for electronic charges 

residing in the crystallites (polarons). In addition, due to the hydrophilic nature of the glycol 

side chain regions, we also expect water to accumulate in the lamellar spacing of the 

crystallites. Along with the lamellar expansion, the contraction in π-stacking spacing (~ 6 to 8 

%) must produce changes in the nature of the pz overlap by the π orbitals and, thus, may 

strongly influence any electronic properties requiring chain transport.[37] Third, upon doping, 

no new scattering features appear and no original peaks from the polymer crystal structure 

disappear, suggesting that the intercalated anions are not forming a new crystalline phase at 

our doping conditions but rather strain the original unit cell.[35–37] 

As shown in Figure 2 and 3, contact of the polymer with larger molecular anions that 

yield acidic electrolytes can produce changes in the microstructure of the crystallites and 

doping state of the polymer. Tashiro et al. have characterized the structural effects of iodine 

doping introduced in P3HT via two distinct mechanisms: iodine vapor doping and immersion 

of the film into KI-I2 aqueous solution. Both mechanisms produced the same structural 

changes, with anion intercalation between the alkyl side chains.[35] Given the similarities in 

crystal structure, lattice spacing, and doping state of electrochemically doped films and those 

in contact with acidic electrolytes able to oxidize the polymer in ambient conditions in the 

absence of external bias, we suggest that, in the absence of an applied bias, anions can also 

accumulate in the lamellar spacing of the crystallites and interact electrostatically with 

polarons on the polymer backbone. 
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2.4. Role of Ions and Water in the Doping Behavior of p(g2T-TT) 

While transport of gases in polymers has been successfully correlated with the size of the gas 

atom or molecule,[63] little is known about a suitable parameter for correlating the effect of ion 

size in the ionic transport properties of hydrated polymers.[64,65] In aqueous solutions, ions 

hydrate due to favorable interactions with polar water molecules. Within the first water shell 

surrounding the ions, water molecules are somewhat ordered through hydrogen bonding; as a 

result, the ion hydration increases the effective size of the ion relative to the crystallographic 

size of the ion.[64,66] The hydrated radius depends on the charge of the central ion and its 

crystallographic radius;[67] it also depends on the salt concentration, becoming smaller with 

increasing electrolyte concentration.[68] 

For ions of the same valence and at the same concentration in solution, such as the 

ones used in this study, the hydrated radius decreases as the crystallographic radius increases 

because the charge density is lower for larger ions. As a result, larger ions exhibit a hydration 

shell composed of a smaller number of water molecules. In Supporting Information Table S1, 

we include literature values of ionic radii of the species in question in their crystallographic 

and hydrated form. The effective size of an ion diffusing through a polymer will likely be 

found between the two extreme limits. The upper limit of the effective size is defined by the 

size of the fully hydrated ion in solution. The lower size limit is the case where the ion fully 

sheds its coordinating water molecules (i.e. hydration shell) and sorbs into the polymer due to 

favorable interactions with the polymer matrix.[64] 

To evaluate the role of water and ions in the gravimetric and viscoelastic response of 

the polymer, we use EQCM-D and examine the behavior of p(g2T-TT) upon electrochemical 

doping in three representative electrolytes (NaF, NaCl, and NaBF4). As shown in Figure 5a, a 

sequence of voltage pulses (60 s) of increasing offset doping bias (Voffset), from 0.1 to 0.7 V vs 
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open circuit voltage, were applied to the 

polymer to evaluate the bulk film response to 

anion injection. Dedoping pulses (120 s) 

after every doping pulse ensured that relative 

changes in mass and dissipation of energy 

produced by the offset voltage were 

monitored. For NaF, NaCl, and NaBF4, an 

increase in the doping voltage produces a 

linear increase in mass swelling (Figure 5b) 

and dissipation of energy (Supporting 

Information Figure S17), suggesting that an 

increased number of water molecules and 

ions are injected into the polymer with higher 

doping voltages. Dedoping of the polymer 

results in a decrease of mass due to the 

ejection of anions to compensate for the 

reduction of the polymer (Figure 5c). After 

several dedoping pulses, however, residual 

changes in the mass uptake (Figure 5c) and 

dissipation of energy (Supporting 

Information Figure S17) indicate that some 

amount of electrolyte is left behind hydrating 

the polymer. Thus, consistently with the 

effect of doping in the crystallites, the bulk 

of the polymer experiences permanent 

Figure 5. Relative changes in mass uptake in 

the polymer as determined from 

electrochemical quartz crystal microbalance 

with dissipation monitoring (EQCM-D) with 

various electrolytes. (a) Evolution with time 

of the offset voltage (Voffset) of the polymer-

coated EQCM-D sensor. Filled symbols 

denote the points at which the mass uptake 

upon doping is evaluated. Empty symbols 

denote the points at which retained mass 

upon dedoping of the polymer film is 

evaluated. Recordings were made once the 

mass change signal stabilized for each pulse. 

(b) Mass uptake of the polymer (%) upon 

application of various doping voltages and 

(c) retained mass in the polymer (%) upon 

application of dedoping voltages. Dashed 

lines denote the average retained mass after 

Voffset = 0.7 V and are included to illustrate 

that the retained mass in the polymer seems 

to be dependent on the highest applied Voffset. 

Changes in mass are calculated as the ratio 

between the mass uptake of the polymer 

upon doping or dedoping pulses and the 

initial mass of swollen polymer films. 
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structural changes upon doping. Literature regarding ion and water diffusion in glycolated 

polymer electrolytes, such as poly(ethylene) oxide (PEO), shows that these materials exhibit 

fast anionic diffusion but slow cationic diffusion due to the strong interactions between PEO 

and cations.[69,70] As a result, whereas the residual changes in mass and dissipation of energy 

support the increased hydration of the polymer after electrochemical doping, cations (Na+) 

interacting with the side chains, as well as additional water, and compensating anions may 

also remain in the hydrated polymer. 

The water uptake and dissipation of energy of the polymer are dependent on the water-

anion interactions. On the one hand, the anion with the largest hydration shell (Supporting 

Information Table S1), F-, exhibits the largest changes in the dissipation of energy and mass 

uptake upon doping, suggesting that F- anions entering the film are surrounded by a large 

water solvation shell. On the other hand, electrochemical doping with BF4
- anions produces 

significantly smaller changes in mass uptake and dissipation of energy, indicating that 

transport of these anions into the polymer occurs with a smaller water solvation shell. Cl- 

anions display a somewhat intermediate behavior. Therefore, the nature of water-anion 

interactions affects the hydration state of the polymer. When the polymer is electrochemically 

doped with NaF, the polymer is more hydrated and exhibits a softer viscoelastic response; 

when the electrolyte is NaBF4
-
, the polymer is less hydrated. The behavior exhibited by the 

three electrolytes used for EQCM-D measurements (NaF, NaCl, and NaBF4) follows the 

expected dependence of anion hydration with crystallographic radius (Supporting Information 

Table S1). 

The characterization of the effect of water and ion penetration into the polymer reveals 

further insights. Whereas hole mobility does not depend roughly on the nature of the anion 

(Figure 1f), anions with a smaller crystallographic radius exhibit lower peak volumetric 

capacitance (Figure 1g). We hypothesize that stronger anion-water interactions in smaller 
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anions and the corresponding energy penalty involved in trading some of their water solvation 

with a less favorable solvation by the polymer side chains will limit peak capacitance, 

therefore lowering the 𝜇𝐶∗ product of OECTs and negatively affecting the DC transistor 

characteristics. These results are in agreement with the anion-dependent doping behavior of 

P3HT when gated with aqueous electrolytes reported by Flagg et al.[48] The transient 

characteristics of OECTs made of p(g2T-TT) also show anion dependence: OECTs gated with 

anions with smaller crystallographic radii electrochemically dope the polymer faster, as 

shown in the frequency cut-off and rise time characteristics (Table 1). The response time of 

these devices should be limited by the rate of ionic charging of the bulk capacitor. Since the 

ionic strength of the electrolytes used in this study was maintained constant (0.1 M), 

differences in the RC time constant of the polymer are attributed to differences in the effective 

capacitance of the OECT channel. In p(g2T-TT), the resistance to ionic charging should be 

low due to the polar nature of the side chains, which facilitate significant swelling of the 

polymer with both ions and water (Figure 5) and low onsets of polaron formation (Figure 4b). 

In contrast, the resistance to ionic charging in P3HT with aqueous electrolytes should be high 

because doping in a hydrophobic polymer such as P3HT is a rather tortuous and slow process, 

as evidenced in the work of Flagg et al.[48] by slow doping kinetics ( > 50 s) in thin films (~ 

140 nm) and low degree of swelling ( 0.5 to 1.5 %). 

The high transconductance as well as fast and reversible electrochemical switching of 

p(g2T-TT) OECTs gated with aqueous electrolytes is accompanied by permanent changes in 

the morphology, microstructure, and hydration state of the polymer, which evidence the rather 

significant structural differences that OMCs can experience upon interacting with an 

electrolyte. A general hierarchy of interactions to describe the behavior of hydrated polymers 

with aqueous electrolytes has been proposed in order of decreasing energy: cation-anion > 

water-ion > water-polar = polar-polar = water-water > water-hydrophobic.[71] Under this 
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scheme, the energy penalty for water molecules to interact with the polar side chains of the 

polymer instead of with the ions, which will vary based on the strength of water-anion 

interactions, should not be significantly large. As our EQCM-D results show, ions penetrate 

the film in a hydrated state, however, to compensate for electronic charges in the backbone of 

the polymer upon doping, it is likely that anions either shed or reduce their hydration shell to 

electrostatically interact with the polymer and the shed water molecules interact with the 

glycol side chains. Therefore, the transport of ions in the polymer and the polymer 

capacitance are both the result of the competition between water and the glycolated side 

chains, both viewed as solvating species for the anion. 

3. Conclusion 

We have conducted a thorough study to explore the role of the anion on the electrical and 

structural response of a hydrophilic conjugated polymer exhibiting water, electron, and ion 

transport. Importantly, the investigated material represents a new class of organic mixed 

conductors of high performance and relevance for bioelectronics, energy storage, and 

neuromorphic devices. Electrical characterization of OECTs with various sodium salts as the 

supporting electrolyte indicates that anions with a larger crystallographic radius display 

increased transconductance but slower response times. Furthermore, molecular anions can 

hydrolyze in aqueous solutions, lowering the pH value significantly, which affects the rate of 

oxidation of the polymer in the presence of ambient oxygen and transistor characteristics such 

as threshold voltage and source-drain resistivity. Through a combination of structural and 

spectroelectrochemical measurements, we have determined that, while the polymer displays 

electrochemical reversibility, swelling with an electrolyte and electrochemical doping produce 

permanent changes in its microstructure and morphology, with compensating anions 

intercalating between the glycol side chains of the crystallites when there are electronic 

carriers in the backbone. With EQCM-D we have found that water is injected into the polymer 
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film along with the ions during doping, but the nature of the anion determines the hydration 

state of the polymer. We have also demonstrated that the film in its electrolyte-swollen, 

operating condition shows significant differences in its morphology, and crystal lattice 

spacings, which is the structure that governs transport relevant for electrochemical devices. 

This series of experiments elucidate several anion-dependent structure-property relationships 

which will help further developments on the rational design and understanding of this new 

family of conjugated polymers for mixed ionic/electronic transport applications. 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Electrochemical, gravimetric, and X-Ray characterization of organic mixed conductors 

reveal that structure and transport properties depend on the nature of the electrolyte’s 

ions. Morphological and microstructural changes in the polymer upon swelling and doping are 

investigated. Anions and water penetrate the bulk of the polymer and can intercalate in the 

crystallites. Smaller anions exhibit faster transistor switching but lower transconductance. 
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Figure 1. (a) Molecular structure of p(g2T-TT) and schematic of the interactions with ions at 

the film level (top) during OECT (bottom) operation. Cations are shown in red and the various 

anions used in this study in green. A representative hydration shell surrounding the ions (in 

free electrolyte) is indicated in light blue. (b) Transfer characteristics (top) and 

transconductance (bottom) of identical OECTs gated with various electrolytes at VD = -0.4 V. 

(c) Threshold voltage, (d) μC* product, and (e) source-drain resistivity in the absence of gate 

bias. Error bars correspond to one standard deviation from the measured average of at least 

four OECTs gated with the electrolytes in question. (f) OECT mobility as a function of 

overdrive voltage (VG – VT), and (g) volumetric capacitance as function of offset bias for 

devices operated in various electrolytes. 

Figure 2. (a) Representative evolution with time of the UV-visible absorption spectrum (top) 

and changes in absorption relative to the reduced state (bottom) of a p(g2T-TT) film in contact 

with 0.1 M NaF in the presence of oxygen. In the top figure, black line denotes the UV-visible 

spectrum of the polymer in its reduced state. During charging, the UV-visible spectrum was 

recorded every 35 s (lines shading from blue to beige) and after 2 hours (gray line) of 

swelling. Vertical arrows denote evolution of spectral features of the polymer π-π* (653 nm) 

and polaron absorption (900 nm). (b) Evolution of the relative intensity of polaron (top) and 

π-π* (bottom) absorption of the polymer when in contact with electrolyte. Polymer films were 

ensured to be fully reduced and neutral by applying -0.4 V vs Ag/AgCl.  At t = 0 s, the 

electrical circuit is opened and the oxidation of the polymer is monitored. Spectra are 

normalized to the peak absorption of the neutral spectra. Dashed lines are shown as a guide to 

the eye. (c) Mass uptake (top) of polymer films when immersed in water and various 

electrolytes obtained from QCM-D measurements. Swelling response time (T90, bottom), 

defined as the time it takes for the film to reach 90 % of its total swollen mass uptake mass, 

and dissipation of energy change measured at the 5th overtone (ΔD, bottom). 
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Figure 3. (a) 2D GIWAXS patterns of a p(g2T-TT) film in its pristine condition and swollen 

for 30 minutes in aqueous 0.1 M NaF, NaCl, and NaBF4. (b) High-resolution specular and (c) 

grazing-incidence X-ray diffraction scans for films in pristine condition and when in contact 

with various electrolytes in ambient conditions for 30 minutes. Dashed long lines correspond 

to the peak center of the pristine peak for the out-of-plane (100, 200) and in-plane (010) 

diffraction peaks. Dotted lines in the in-plane diffraction scans correspond to the backbone 

repeat distance of the polymer (001). (d) Statistically predominant lamellar (top) and π – π 

stacking distances (bottom) extracted from fitting the diffraction peak positions. For top 

figure, lattice spacings are calculated from (200) peak positions. In NaCl and NaBr, the 

predominant lattice spacings of two crystallite populations are included, where the 

approximate fraction of the minority population is indicated. Error bars correspond to 

propagated error from peak fitting and horizontal dashed gray lines correspond to lattice 

spacings of the polymer in its pristine, dry, condition. 

Figure 4. (a) WAXS determination of lamellar (top) and π-π stacking distances (bottom) of 

films cycled once and 100 times and left in their doped (square) or de-doped (circle) 

condition, measured ex-situ.  In legend, ‘1x’ and ‘100x’ refer to films doped once or 100 

times, respectively, and the final state of the film is underlined. Dashed horizontal lines 

correspond to lattice spacings of the polymer in its pristine condition. Error bars correspond to 

the propagated error from peak fitting the diffraction peaks (200) and (010). (b) 

Spectroelectrochemical measurements monitoring the changes of absorbance with the 

electrolytes in question when an electrochemical potential vs Ag/AgCl is applied. Changes of 

the spectrum were monitored operando for the polaron peak at 900 nm (top) and the π-π* 

absorption at 653 nm (bottom) using a spectroelectrochemistry chamber. Star symbols at ± 0.4 

V denote the absorption spectra of the polymer films after 100 cycles of electrochemical 

doping and dedoping, showing reversible doping of polymer films with various electrolytes. 
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Figure 5. Relative changes in mass uptake in the polymer as determined from electrochemical 

quartz crystal microbalance with dissipation monitoring (EQCM-D) with various electrolytes. 

(a) Evolution with time of the offset voltage (Voffset) of the polymer-coated EQCM-D sensor. 

Filled symbols denote the points at which the mass uptake upon doping is evaluated. Empty 

symbols denote the points at which retained mass upon dedoping of the polymer film is 

evaluated. Recordings were made once the mass change signal stabilized for each pulse. (b) 

Mass uptake of the polymer (%) upon application of various doping voltages and (c) retained 

mass in the polymer (%) upon application of dedoping voltages. Dashed lines denote the 

average retained mass after Voffset = 0.7 V and are included to illustrate that the retained mass 

in the polymer seems to be dependent on the highest applied Voffset. Changes in mass are 

calculated as the ratio between the mass uptake of the polymer upon doping or dedoping 

pulses and the initial mass of swollen polymer films. 
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1. Experimental Methods 

Materials: p(g2T-TT) was synthesized as described previously.[1] Salts of NaBF4 and NaSbF6 

were purchased from STREM chemicals, and NaF, NaCl and NaBr were purchased from 

Sigma Aldrich. Aqueous solutions of the salts mentioned above were prepared in ultrapure 

water (18.2 MΩ) and its concentration was corrected for ionic strength (100 m M ± 4 m M) 

with a sodium ion selective electrode (Mettler Toledo). The pH of 0.1 M electrolyte solutions 

was measured with a pH meter (Mettler Toledo). 

OECT fabrication: OECTs were fabricated according to the Parylene C lift-off method 

previously reported,[2,3] except that p(g2T-TT) was spun cast (1000 rpm, 60 s) before the 

sacrificial peel-off of Parylene C for the dry patterning process. p(g2T-TT) was dissolved in 

chloroform (5 mg mL-1) and stirred overnight (60 °C) and, prior to spin coating, filtered using 

a glass fiber filter of 0.45 µm porous diameter. 

OECT characterization: OECT characterization was performed on a National Instruments 

PXIe system (equipped with NI PXIe-4081 digital multimeters, NI PXIe-4143 SMU and a NI 

PXIe-6363 DAQ), using custom LabView software. A different set of 4 – 6 OECTs, all 

processed under the same conditions, was used to measure the electrical characteristics of 

p(g2T-TT) when gated with the electrolytes presented in this work, such that no cross-talk 

between salts occurred on the same device. All OECT measurements were performed using as 

the gate an Ag/AgCl pellet (Warner Instruments) quasi-reference electrode. The actual 

potential of the Ag/AgCl pellet was calibrated with reference to a standard Ag/AgCl reference 

electrode. Mobility (μOECT), OECT frequency dependence, drain transient behavior, and 

current-voltage characteristics were determined either on the same OECT channel or on 

comparable ones (i.e. same chip, equal channel dimensions, and same biasing conditions). 

Threshold voltage and μC* product of all OECTs were extracted from a fit of the linear 

portion of the √ID vs VG curves. The μOECT was estimated by extracting the hole transit time in 
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the OECT channel using a frequency dependence approach described in literature.[4,5] The 

source-drain resistivity of the channel was estimated by obtaining the source-drain resistance 

of the OECT from a linear fit of the drain current in the absence of a gate bias (VG = 0 V). The 

resistance was then normalized by channel geometry (W = 100 µm, L = 10 µm) and film 

thickness (Table 1). 

X-ray Characterization: Films for ex-situ X-ray scattering were prepared inside a N2 

glovebox (<1 ppm O2) by spin coating a solution of p(g2T-TT) in chloroform (10 mg mL-1) 

heated to 60 °C onto native oxide p+ silicon substrates at 600rpm for 15s, then 1000 rpm for 

60s. Spin coating was followed by brief drying (60s) on a hot plate at 60 °C and longer drying 

(4h) in N2 to remove residual solvent. Prior to coating, the solution was left stirring overnight 

at 60 °C and filtered using a 0.45 µm porous diameter glass fiber filter.  For samples 

electrically gated, a droplet of electrolyte (80 µL) was placed on a p(g2T-TT) film and an 

Ag/AgCl electrode was immersed in it. Following the voltage conditions discussed above, a 

voltage was applied across the Ag/AgCl and p+ silicon substrate electrodes. After the doping 

procedure, films were rinsed in DI water and dried using a N2 gun. 

Grazing incidence wide angle X-ray scattering (WAXS) was performed at the Stanford 

Synchrotron Radiation Lightsource (SSRL) on beam line 11-3 using an area detector 

(Rayonix MAR-225) and incident energy of 12.73 keV. The distance between sample and 

detector was 317.32 mm and it was calibrated using a LaB6 polycrystalline standard. The 

incidence angle (0.1 °) was slightly larger than the critical angle, ensuring that we sampled the 

full depth of the film. WAXS raw data was corrected for the geometric distortion introduced 

by a flat, plate detector, normalized by detector counts and film thickness (~ 180 nm), and 

reduced and analyzed using a combination of Nika 1D SAXS[6] and WAXStools[7] software 

packages in Igor Pro. High-resolution specular X-ray scattering with a point detector was 

performed at SSRL on beamline 2-1, with an incident photon energy of 12 keV. Two 
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mechanical slits (1 mm) and Soller slits (1 mrad) collimated the diffracted beam. Scattering 

data are presented in terms of scattering vector q = 4πsin(θ)/λ, where θ is half the scattering 

angle and λ is the wavelength of incident X-rays. The terms Qxy and Qz denote the component 

of scattering vector in-plane and out-of-plane with the substrate, respectively. All X-ray 

measurements were performed in a Helium environment to minimize air scattering and beam 

damage to samples. 

Electrochemical Characterization: Electrochemical measurements were performed using a 

BioLogic SP-300 or Metrohm Autolab PGSTAT128N using a standard Ag/AgCl reference 

electrode and a platinum mesh counter electrode. Cyclic voltammetry (CV) measurements 

were carried out at 100 mV s-1 scan rate in solutions of identical salt concentration (0.1 M). 

Electrochemical impedance spectroscopy (EIS) measurements were conducted to determine 

the electrochemical capacitance of the polymer on the electrolytes in question. Measurements 

were performed at a DC offset potential and a sinusoidal AC amplitude of 20 mV, spanning a 

frequency range from 10 kHz to 1 or 0.1 Hz. Once the spectra were recorded, they were fit to 

an equivalent software using native tool software (Metrohm Autolab NOVA or EC-Lab) or 

Python. Fits were performed using a Randle’s circuit, Rs(Rp||C), and resulted in good quality 

fits as shown in Supplementary Figure 4. The capacitance values were normalized by film 

volume to determine the volumetric capacitance (C*). 

QCM-D and EQCM-D analysis: QCM-D and EQCM-D measurements were performed using 

quartz crystal Ti/Au sensors (1 cm2 active area) and a Q-sense analyzer (QE 401) equipped 

with an electrochemistry module (QEC 401 Electrochemistry Module). All QCM-D parts and 

sensors were purchased from Biolin Scientific. Measurements to evaluate the response of the 

polymer to electrolyte uptake were performed as follows. First, the QCM-D response of a bare 

Au-coated sensor in the chamber with solution was measured as the reference. Second, the Au 

sensor was removed and a p(g2T-TT) thin film (~ 60 nm) was spun cast (1000 rpm, 60 s) over 
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the sensor from a chloroform solution (5 mg mL-1). The polymer-coated sensor was then re-

inserted into the QCM-D chamber and the changes in the frequency (Δf) and dissipation (ΔD) 

signals were stabilized in water. Third, an electrolyte solution was slowly pumped into the 

flow chamber at a rate of 50 μL min-1 and the diffusion of the electrolyte species into the 

polymer-coated sensor was monitored until the f and D signals were completely stabilized, as 

shown in Supporting Information Figure S10. Finally, for biasing of the film, the flow 

chamber was connected to a potentiostat (Autolab PGstat128) immediately after the 

stabilization of the signals without removing the sensors in between. The three-electrode setup 

was comprised of an Ag/AgCl reference electrode, a Pt counter electrode, and the polymer-

coated gold sensor as the working electrode. 

Changes in Δf and ΔD as a result of ion and water uptake of the polymer are related to 

the mass coupled to the sensor. Soft polymer films that swell in water can be approximated to 

behave like a Kelvin-Voigt element, such that they exhibit both viscous and elastic 

characteristics acting in parallel (viscoelastic). To calculate the mass changes in p(g2T-TT), 

experimental Δf and ΔD of three different overtones (3rd, 5th, and 7th, or 5th, 7th, and 9th) were 

fit with Q-Tools and D-Find software using a viscoelastic model and resulted in a good fit as 

shown in Supporting Information Figure S10 and S17. 

UV-visible absorption and spectroelectrochemistry: Spectroelectrochemical measurements 

were performed using a PGSTAT101 potentiostat in a three-electrode setup. The polymer was 

deposited on FTO-coated glass slides (spun cast from a 5 mg mL-1 solution in chloroform) 

which acted as the working electrode. The films were placed in a home-built measuring setup 

with optical windows, which were placed in a UV-1601 UV-VIS Shimadzu UV-Vis 

spectrometer. A Pt mesh was used as the counter electrode and an Ag/AgCl electrode as the 

reference electrode (3 M NaCl solution). A background measurement was taken with a clean 

FTO substrate. For steady state measurements, the indicated voltages were applied for 10 s 
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until the current stabilized prior to measuring of the spectrum. To avoid faradaic side reactions 

on the FTO surface, epoxy glue was applied to passivate the exposed areas which were not 

covered by the polymer. For degassing experiments, shown in Supporting Information Figure 

S8, the electrolyte was degassed for 15 min with argon before films were exposed to the 

electrolytes. The films were then reduced by applying 0.4 V for 30 s and then disconnected 

from the potentiostat while recording spectra. The measurements were not carried out in a 

glove box and the oxygen level in solution was most likely >100 ppm and, therefore, some 

degree of oxidation of the polymer by oxygen can still be observed (with lower oxidation rates 

compared to ambient conditions). 
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2. Supporting Tables 

 

Table S1. Measures of ion size (crystallographic and hydrated) and first shell ion-water 

coordination numbers of the species presented in this study.  

Ion Crystallographic radius 

[Å] 

Ion-water coordination 

number 

Hydrated radius 

[Å] 

F- 1.26 [8] 5.6 [9],  5 – 7 [10], 6.4 [11] 3.5 [9,12,13] 

Cl- 1.68 [8,14] 5 – 7 [10], 6.2 [11], 3.32 [12,15] 

Br- 1.90 [8,14] 5.9 [11] 3.30 [12,15] 

BF4
- 2.05 [14] 4 [16,17], 4 – 6 [18], 5.5 [19] 3.6 [19] 

SbF6
- 2.52 [8,14]  3.12[20] 

Na+ 0.95 [15] 5.2 [19] 3.58 [15,21] 

 

Table S2. Effect of dissolved oxygen on the OECT threshold voltage.  

Electrolyte (0.1 M) W/L VT in nitrogen [V] VT in air [V] 

NaF 10 0.058 0.068 

NaCl 10 0.039 0.034 

NaBF4 10 0.277 0.301 

NaSbF6 10 0.278 0.342 
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3. Supporting Equations 

 

Equations 

Hydrolysis of the salts: 

𝑁𝑎𝑆𝑏𝐹6 + 2𝐻2𝑂 → 𝑁𝑎𝑆𝑏𝐹5(𝑂𝐻−) + 𝐻3𝑂+ + 𝐹−      (S1) 

𝑁𝑎𝐵𝐹4 + 2𝐻2𝑂 → 𝑁𝑎𝐵𝐹3(𝑂𝐻−) + 𝐻3𝑂+ + 𝐹−      (S2) 

Oxygen reduction reactions: 

𝑂2 + 2𝐻3𝑂+ + 2𝑒− →  𝐻2𝑂2 + 2𝐻2𝑂  (two-electron process)    (S3) 

𝑂2 + 4𝐻3𝑂+ + 4𝑒− →  6𝐻2𝑂 (four-electron process)     (S4) 
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4. Supporting Figures 

 

Figure S1. Output curves (left column) and transfer and transconductance characteristics at 

VD = -0.4 V (right column) for OECTs shown in Figure 1 in main text. (a) NaF, (b) NaCl, (c) 

NaBr, (d) NaBF4, and (e) NaSbF6. 
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Figure S2. Small signal transconductance frequency response for OECTs gated with the 

different electrolytes (0.1 M) of this study. The devices were biased with a constant VD = -0.4 

V and DC VG offsets from 0.2 to -0.6 V vs Ag/AgCl pellet. A sinusoidal AC bias of ΔVG = 20 

mV was superposed to the DC signal. 

 

 

 

 

 

Figure S3. Transient response of the drain current (𝐼𝐷) of OECTs gated with the electrolytes 

in question to a 10 ms VG = -0.4 V pulse, for VD = -0.4 V. 
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Figure S4. Impedance (left column) and phase (middle column) from electrochemical 

impedance spectroscopy (EIS) of p(g2T-TT) with the electrolytes in question (0.1 M): a) NaF, 

b) NaCl, c) NaBr, d) NaBF4, and e) NaSbF6) at varying offset voltages (Voffset). Representative 

Bode plots (right column) for films at Voffset = 0 V. The modulus of the impedance, |Z| (blue 

circles), and phase, ϕ (red circles) are plotted as a function of frequency. The results were fit 

to a Randle’s circuit, Rs(Rp||C), where Rs is the electrolyte resistance, and Rp and C are the 

resistance and capacitance of the polymer film, respectively. Fits of the modulus of the 

impedance and phase are shown in black lines. 
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Figure S5. Relative changes in the absorption spectrum with time upon swelling p(g2T-TT) 

with 0.1 M (a) NaCl, (b) NaBr,(c) NaBF4, and (d) NaSbF6. 

 

 

 

 

Figure S6. Absorbance spectrum of p(g2T-TT) in its dry, as-cast condition, and upon 

swelling with deionized water. 
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Figure S7. Cyclic voltammetry measurements of p(g2T-TT) coated electrodes carried out in 

various 0.1 M aqueous electrolytes with scan rates of 100 mV s-1. (a) NaF, (b) NaCl, (c) NaBr, 

(d) NaBF4, and (e) NaSbF6. 
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Figure S8. Evolution of the relative intensity of polaron (top) and π-π* (bottom) absorption 

peaks during electrolyte swelling (NaCl and NaBF4) with electrolyte solutions exposed to air 

(circles) and previously degassed (squares). The electrolytes were degassed in argon outside 

of a dry box, and exclusion of oxygen was a challenge. Immediately after degassing, a 

polymer film was immersed in the electrolyte and the absorption spectra of the swollen 

polymer was monitored over time. 
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Figure S9. Transfer characteristics of OECTs (W/L = 10) measured in air and in a 

glovebox filled with nitrogen gas using O2-free electrolytes. A more rigorous study with 

controlled and minimal oxygen levels in the environment should be performed to further 

understand the role of oxygen and excess protons in the doping state of the polymer. 
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Figure S10. Raw frequency signal shifts (∆f, top) and dissipation of energy (∆D, middle) of 

the 3rd (green), 5th (orange), and 7th (blue) overtones, displayed as filled circles and the fits 

from the viscoelastic model are shown as dashed lines. Modelled mass uptake (bottom) of 

polymer-coated quartz crystal Ti/Au sensors upon electrolyte swelling using 0.1 M (a) NaF, 

(b) NaCl, and (c) NaBF4. Vertical red arrows denote the time at which the electrolyte is 

injected into the QCM-D chamber. 
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Figure S11. 2D GIWAXS patterns of p(g2T-TT) films swollen for 30 minutes in (a) 

deionized water, (b) 0.1 M NaBr, and (c) NaSbF6. 

 

 

 

 

 

Figure S12. Fits of the (200) and (010) peaks of the out-of-plane and in-plan scattering 

lineouts of the p(g2T-TT) films swollen with NaCl (a, b) and NaBr (c, d) shown in main text. 
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Figure S13. Areal capacitance at 1 Hz of a polymer-coated electrode and that of a bare gold 

electrode measured in 0.1 M NaCl. Upon applying a positive offset bias to favor p-type 

electrochemical doping via the injection of anions into the polymer film, the areal capacitance 

of the polymer-coated electrode significantly increases while the capacitance of the bare gold 

electrode stays almost constant. 
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Figure S14. 2D GIWAXS patterns of p(g2T-TT) films electrochemically doped/de-doped for 

one (30 s) and 100 (2 s) cycling pulses and left in their doped (+0.6 V) and dedoped (-0.5 V) 

conditions with 0.1 M NaF, NaCl, NaBr, NaBF4, and NaSbF6. 
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Figure S15. Out-of-plane (Qz) and in-plane (Qxy) lineouts of electrochemically doped and 

dedoped p(g2T-TT) films with 0.1 M (a) NaF, (b) NaCl, (c) NaBr, (d) NaBF4, and (e) 

NaSbF6. 
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Figure S16. Spectroelectrochemical measurements of p(g2T-TT) thin films. Relative changes 

in absorbance for the indicated voltage steps (ranging from -0.4 to 0.4 V with 0.1 V of voltage 

step) for p(g2T-TT) films electrochemically doped with 0.1 M (a) NaF, (b) NaCl. (c) NaBr, 

(d) NaBF4, and (e) NaSbF6. 
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Figure S17. Changes in the EQCM-D frequency (∆f) and dissipation (∆D) signals as well as 

modelled mass uptake of a Au/p(g2T-TT) working electrode when doped following the 

voltage routine shown in Figure 5a, using three different aqueous electrolytes of equal salt 

concentration (0.1 M). (a) NaF, (b) NaCl, (c) NaBF4. Measured ∆f and ∆D values of the 5th 

(green), 7th (orange), and 9th (blue) overtones are displayed as filled circles and the fits from 

the viscoelastic model are shown as dashed lines. 
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