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A low-swelling polymeric mixed conductor operating in aqueous electrolytes
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[bookmark: _Hlk54791705]Organic mixed conductors find use in batteries, bioelectronics technologies, neuromorphic computing and sensing. While great progress has been achieved, polymer-based mixed conductors frequently experience significant volumetric changes during ion uptake/rejection, i.e., during doping/de-doping, charging/discharging. Although ion dynamics may be enhanced in expanded networks, these volumetric changes can have undesirable consequences, e.g., negatively affecting hole/electron conduction and severely shortening device lifetime. Here, we present a new material poly[3-(6-hydroxy)hexylthiophene] (P3HHT) able to transport ions and electrons/holes, as tested in electrochemical absorption spectroscopy and organic electro-chemical transistors, that exhibits low swelling, attributed to the hydroxylated alkyl side-chain functionalization. P3HHT displays a thickness change upon passive swelling of only +2.5 %, compared to +90 % observed for the ubiquitous PEDOT:PSS, and (+10 to +15) % for polymers such as poly(2-(3,3'-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'-bithiophen]-5-yl)thieno[3,2-b]thiophene) (p(g2T-TT)). Applying a bias pulse during swelling, this discrepancy becomes even more pronounced, with the thickness of P3HHT films changing by <10 % while the one of p(g2T-TT) structures increases by (+75 to +80) %. Importantly, the initial P3HHT film thickness is essentially restored after de-doping while p(g2T-TT) remains substantially swollen. We, thus, expand the materials-design toolbox for the creation of low-swelling soft mixed conductors with tailored properties and applications in bioelectronics and beyond. 

The demand for soft mixed conductors, e.g., for use in batteries [1] and organic bioelectronics device platforms [2] has led to numerous strategies for the rational chemical design of materials able to transduce ionic into electronic currents and vice versa[3]. One important feature that these materials must possess is the ability to take up ions. However, efficient ion uptake/flow is often accompanied by an intrinsic volumetric expansion of the active material, rendered more pronounced in case excess solvent is also incorporated into the material during ion uptake. Such an expansion/shrinkage can compromise mechanical integrity during cycling, limiting device stability as was shown for batteries[4] as well as for bioelectronics devices[5, 6] — and pronounced volumetric changes associated with ion insertion/intercalation have been recognized as one of the major limitation in lithium ion-based technologies[7]. 
Chemical design may assist in modulating the interplay between swelling-induced enhanced ion dynamics and undesirable effects on stability. In the bioelectronics area, targeted structures typically contain -conjugated backbones to provide for good electronic charge transport; while flexible, often polar, side chains are used, to assist with ion diffusion, to introduce solubility/processability and to aid with the materials’ compatibility with biological environments. More specifically, one promising approach has relied on functionalizing conducting [8] and semiconducting[9, 10, 11] polymer backbones with hydrophilic substituents, such as glycolated side chains. This functionalization has proven to be extremely versatile, leading to materials that allowed successful fabrication of p-type[10], n-type and ambipolar[11] organic electrochemical transistors (OECT)s. However, oligo(ethylene glycol) (and similar) side chains render materials purification difficult; they also can lead to structural disorder such as backbone torsion – both effects that can limit electron/hole transport [12]. Moreover, introduction of oligo(ethylene glycol) side chains frequently results in high sensitivity of important thermal phase transitions to environmental conditions (e.g., humidity). To give an example, the glass transition temperature, Tg, of poly[3-tetra(ethylene glycol)thiophene] — a material comprised of a polythiophene backbone and oligo(ethylene glycol) side chains —  is notably affected by exposure to a humid environment[13]. In turn, the torsional backbone order and, hence, optoelectronic features significantly vary with temperature[13]. Structural[14] and mechanical properties also will be affected, rendering systematic establishment of structure/property relations intricate. In this communication, we demonstrate that in poly[3-(6-hydroxy)hexyl thiophene] (P3HHT; see inset in Figure 1a for chemical structure), hydroxylated alkyl side chains introduce mixed conduction when operated with aqueous electrolytes, as work on random copolymers of poly(3-hexyl thiophene) (P3HT) and P3HHT already indicated[15], but without excessive swelling and/or unwanted plasticizing effects observed in materials with oligoethylene-glycol side chains[13, 16, 17, 18]. The synthetic procedure and chemical characterization of the P3HHT are given in the Supplementary Information (Scheme S1, Figure S1-8).
In order to assess the swelling behavior of P3HHT upon exposure to aqueous electrolytes, we first characterized the volumetric change upon continuously flowing an aqueous solution of 0.1 mol/L KCl over P3HHT films, making a comparison to a reference sample in air (ambient relative humidity of (30 to 40) %) using Quartz Crystal Microbalance with Dissipation monitoring (QCM-D). Initially, no electrical bias was applied to obtain insights into the “passive” swelling behavior of P3HHT (Figure 1b). We employed (92 ± 4) nm thick films, and deduced changes in mass uptake from the measured frequencies, f, utilizing the Sauerbrey equation and converted these into thickness changes (see Supplementary Information for more details). KCl electrolyte solutions were used for these measurements as this allowed relatively straight-forward comparison with literature data[19]. 
Reassuringly, based on the deduced mass uptake of the P3HHT film/KCl electrolyte systems, we infer a very minor thickness change (+2.4 %) of the polymer and, in turn, a nearly negligible volumetric change, assuming that the cross-sectional area is not affected by swelling in the configuration used for this material because we used films ‘pinned’ to a substrate (Figure 1c). This minute change is in contrast to the behavior of poly(2-(3,3′-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2'-bithiophen]-5-yl)thieno[3,2-b]thiophene) (p(g2T-TT)), for which a volumetric (thickness) change of at least (+10 to +15) % was calculated under these conditions (see Figure 1b, QCM-D section of SI for multiple harmonics data, Figure S9, and modeling approach). The contrast is even stronger with respect to cross-linked poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS), which swells by 85 % in the same scenario[20]. Since P3HHT displays a similar surface hydrophilicity as, e.g., PEDOT:PSS, deduced from water contact-angle measurements (Figure S10), our initial “passive” swelling data suggests that P3HHT may feature a lower bulk hydrophilicity compared to PEDOT:PSS — and, likely, compared to p(g2T-TT) and other conjugated polymers with highly polar side-chain functionalization. While comparison with materials other than p(g2T-TT) is rendered challenging as often different electrolytes and conditions were used in the literature, a passive swelling behavior as low as found for P3HHT was reported only for poly[6-(thiophen-3-yl)hexane-1-sulfonate tetramethylammonium]-co-poly(3-hexyl thiophene) (PTHS-TMA+-co-P3HT) comprising a large fraction of P3HT (77 mol%; i.e., a relatively apolar material that does not allow significant OECT operation). PTHS-TMA+-co-P3HT copolymers of low P3HT content featured similar behavior as p(g2T-TT)[21]; while poly(7-glycol-naphthalene-1,4,5,8-tetracarboxylic-diimide-bis-thiophene)[22] (i.e., p(gNDI-T2)) seems to passively swell more than PEDOT:PSS (values extracted from literature are reported in Table S1 in the SI).
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Figure 1 a) Chemical structures of P3HHT, left, and p(g2T-TT), right. b) 7th Harmonic of QCM-D data obtained on P3HHT films with respect to a bare gold sensor reference. Passive swelling leads to negligible differences between the dry and wet state of a 90 nm P3HHT film (bold lines) while QCM-D data for a 50 nm film of p(g2T-TT) (thin lines) shows a more noticeable increase in frequency variation. c) Sauerbrey-derived thickness from the 7th harmonic of the QCM-D for P3HHT in the wet and dry state (solid and dotted lines, respectively; further details are given in the SI). 

We proceeded to investigate the electrolyte uptake behavior of both P3HHT and p(g2T-TT), using again QCM-D but this time with a set-up equipped with an electrochemical module (e-QCM-D) to apply, in a pulsed fashion, a bias of 0.6 V, which leads to ion/electrolyte injection into the bulk of the film structures (Figure 2). A few observations can be immediately made. We can infer from the small change in the oscillation frequency upon application of a voltage bias that P3HHT undergoes a small mass uptake upon electrolyte exposure/application of a bias pulse (Figure 2a,b). This is very different for p(g2T-TT), where we observe a notable difference in frequency, f, in the presence/absence of an electric field, indicating a significant mass uptake upon application of the 0.6 V bias [Note that the frequency of the e-QCM-D oscillations changes when the mass on the sensor changes[23]; further details are given in the e-QCM-D section of the SI, in addition to frequency and dissipation data for multiple harmonics are given in Figure S11 and S12).] 
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Figure 2 Comparison of e-QCM-D data for P3HHT and p(g2T-TT) upon application of a bias pulse of ∆V = 0.6 V showing minor changes in a) frequency and b) dissipation variation for P3HHT with respect to p(g2T-TT). c) By fitting the frequency and dissipation data over multiple harmonics of the QCM, the mass uptake was calculated, from which a volumetric change can be deduced (see Supplementary Information for details). Notably different responses for the two polymers are found. Coupling e-QCM-D results with electrical data recorded simultaneously, contributions to mass uptake from ions and water injected during application of a bias can be obtained, given here in dashed-dotted lines and dashed lines, respectively.

Additional information can be obtained from the dissipation of the signal ― a measure of energy loss during sensor oscillation that reflects the softness of the sample[23]. We record relatively small changes in dissipation for P3HHT compared to p(g2T-TT), suggesting that swollen films of P3HHT are mechanically stiffer than p(g2T-TT). This implies that P3HTT not only takes up less electrolyte (as deduced from the smaller change in frequency), but also appears less plasticized by the electrolyte solution.

Encouraged by our ‘active-swelling’ results, we went on and quantified the mass uptake in presence of an electrolyte solution and upon application of a 0.6 V bias, using multiple harmonics of the QCM resonance frequency and dissipation, and taking into account the energy losses during vibrations, assuming the same density for both polymers. Remarkably, while we infer from the high mass uptake of p(g2T-TT) an expansion in thickness by (+75 to +80) % in this scenario, we calculate the thickness of P3HHT films to only increase by less than +10 % (around +9 %; Figure 2c). Moreover, upon removal of the electrical bias, P3HHT almost fully restores its initial thickness as attested by the minor change in QCM-D frequency (∆f ≈ -10 Hz) between its initial state and after the bias is removed, which translates to a +1.8 % thickness increase. In contrast, p(g2T-TT) remains substantially swollen, around (+30 to +35) % of its initial thickness (∆f ≈ -110 Hz). This difference seems to predominantly result from water retention after the electric field is switched “OFF”. Indeed, separating the contribution of anions and water by combining e-QCM-D data with simultaneously recorded electrical data (see SI Figure S13 for details), we identify the remaining thickness change of P3HHT after bias removal to be due to the fact that 20 % of overall water molecules are trapped in the films, but essentially no ions.  In p(g2T-TT), 45 % of the water molecules remain in the system as well as some ions (Figure 2c, right panel), explaining why, after the electrical field is switched “OFF”, this material keeps its mechanical softness, typical for plasticized material, while P3HHT mostly recovers its materials stiffness, as already alluded to above (Figure 2b). 
Intriguingly, the different swelling behavior between P3HHT and p(g2-TT) cannot be explained entirely by the significantly higher ion injection into p(g2T-TT) at -0.6 V. Comparison of the total mass uptake indicates that, for P3HHT, each injected Cl- is accompanied by 7 water molecules, while for p(g2T-TT), it is 15 H2O molecules for each Cl-. At a lower bias of 0.2 V, where we approximately achieve the same accumulated charge in both polymer films (see Figure S14 in SI), the ratio of H2O molecules for each Cl- increases for p(g2T-TT) to 20. This experimental evidence demonstrates that p(g2T-TT) absorbs more water than P3HHT regardless of the bias that is applied, and it further highlights that p(g2T-TT) consistently retains more solvent molecules after the bias is removed. This observation may explain the electrochemical stability of P3HHT structures when subjected to repeated doping over increasing voltage ranges up to 0.75 V (see Figure S15). We hypothesize that this behavior is linked to the lower density of polar sites per repeat unit of P3HHT that can interact with water molecules, compared to those of p(g2T-TT). While water retention in polymers depends on many factors, water-polymer interactions can be expected to be one of the main driving forces. The framework of a proposed hierarchy of interactions (cation–anion > water–ion > water–polar = polar–polar = water–water > water–hydrophobic)[24], thereby, helps to understand the concert of competing forces acting in these complex systems and the propensity of a material to absorb and retain water molecules. 
Important for its usage in devices such as OECTs, the ion uptake during application of a positive bias results in chemical doping of P3HHT. We used electrochemical absorption spectroscopy[25, 26], which is a commonly used method in the organic mixed conductor field[9,14-17] for the purpose of tracking ion uptake/doping (details on this methodology are given in the Supplementary Information). Data obtained using an 0.1 mol/L KCl solution as electrolyte and a similar measurement geometry as employed for the e-QMC-D experiments, reveals bleaching of the ground-state absorption centered around 550 nm upon application of a 0.75 V-bias while, simultaneously, an increase of the polaron band (centered around 800 nm), characteristic for doped thiophene-based polymers, is observed (see Figure 3a). In agreement with our e-QMC-D data, upon removal of the bias, the same ground state absorption is restored (Figure 3b), indicating nearly complete de-doping, without the need to apply a negative bias.
This favorable behavior, in addition to the fact that the OH-functionalization seems not to affect the hole mobility of materials as measured in a thin-film transistor (TFT) using P(3HT-3HHT) copolymers (see Supplementary Information Figure S16), has a direct impact on OECT device performance (Figure 3). For instance, the ease with which the material can be de-doped, as evidenced with our electrochemical spectroscopy measurements, leads to consistently low “OFF”-currents (see transfer characteristics displayed in Figure 3c). As a consequence, a high “ON”/”OFF” ratio of 104, i.e., a pronounced difference between the “ON” and “OFF” current, is realized, which is on par/on the higher end of reported “ON”/”OFF” ratios 

Figure 3 a) Time evolution of P3HHT absorption recorded upon application of 0.75 V bias. b) Absorption intensity at 560 nm normalized at t = 0 s versus time. c) Transfer loop characteristics of an unpatterned device (W = 100 µm, L = 10 µm) at varying sweep rates. d) Forward output characteristics of the same device using a Vds-scan rate of 0.5 V/s, while the gate voltage varied between (+0.1 to -0.7) V with voltage steps of 0.05 V. e) Scaling of transconductance at 0.6 Vg, gm, with channel dimensions using data obtained from simple, unpatterned devices (black squares) and patterned, insulated devices (red, empty circles; see details of channel dimensions and devices in SI). f) Bandwidth measurement of a patterned OECT (W = 100 µm, L = 10 µm) at Vds = -0.6 V showing the half-power point to be at 75 Hz.

reported in literature on p-type devices [9, 10, 21]. Very clean output characteristics were also recorded (Figure 3d). [Note: In case ion flow in- and out- of the polymers is very slow when compared to the gate voltage sweeping times, and/or ions remain in the active OECT layer even when the gate voltage is removed, a higher “OFF”-current would be observed, similar to TFTs when the active layer is slightly doped[27] and free charges remain present when the device is switched “OFF”. Gate leakage can contribute to a high “OFF”-current as well, but we generally observed low gate currents, Ig, in the 1 nA-regime. This effect was further limited by using in some cases insulated, patterned devices (see OECT section of the SI for details on device fabrication)]
A large set of devices of different geometries (different channel lengths, L; channel widths, W; and thickness d; see Figure S17 in the SI for details), including two sets of insulated, patterned, small-channel devices with two different thicknesses, d (see Figure S18), and simple, unpatterned devices, allowed us to extract the figure of merit often used to compare OECT device performance[28], that is µ·C*, where µ is the OECT mobility and C* the volumetric capacitance, by plotting the transconductances, gm =  , deduced from the transfer characteristics, against  (Vth is the threshold voltage, Vg is the gate voltage). We obtain µ·C*(OECT) to be (35 ± 2) F·cm-1·V-1·s-1 (Figure 3e) which is only slightly lower to what is reported for PEDOT:PSS, (47 ± 2) F·cm-1·V-1·s-1, but at the benefit of drastically lower volumetric expansion/retraction upon swelling.
The above discussion shows that P3HHT can be easily integrated in devices such as OECTs, leading to clean device characteristics that scale with device geometry (channel length, channel width; patterned vs. unpatterned) and come at par with devices fabricated, e.g., with the widely available PEDOT:PSS. Patterned devices also allowed us to perform accurate bandwidths measurements (Figure 3f) to obtain the cut-off frequency of such OECTs. This enables estimation of their time response. We extract a cut-off frequency of 75 Hz. This is somewhat slower than what is measured for, e.g., p(g2T-TT). Yet, the lower swellability and, thus, the expected minimized structural changes to the film by water accumulation, could render P3HHT and its derivatives attractive for sensing applications, e.g., for tracking of biological signals [29, 30]. Indeed, preliminary OECT stability measurements suggest that P3HHT-based devices are only minimally affected by immersion in water over multiple days (see Figure S19), contrary to commonly processed PEDOT:PSS[5].  
In conclusion, despite the plethora of possible chemical structures that can be designed and synthesized, so far, focus has been on the ubiquitous PEDOT:PSS and its derivatives, as well as common semiconducting polymers used in the organic thin-film transistor field, substituted with polar side chains such as oligoethylene-glycol moieties. We showed here that hydroxyl-alkyl functionalization provides an interesting, alternative side-chain option – especially if low swelling (i.e., small volumetric changes) upon doping is required. We attribute the low swelling behavior of P3HHT compared to glycolated organic mixed conductors to the fact that hydroxyl alkyl side-chains offers less sites available for water-polymer interactions, especially when compared to fully glycolated side-chain polymers such as p(g2T-TT). The OH-functionalization also has other benefits. It hardly affects the typical molecular packing; when compared to P3HT, only an increase in the lamellar stacking distance due to the slightly longer side-chain length is found (see structural characterization section in SI and GIWAXS data reported in Figure S20). As a consequence, electronic charge transport as assessed in TFTs is not negatively impacted by the OH-functionalization. Use of hydroxyl-alkyl side chains also leads to a higher melting temperature (290 °C; see Figure S21 for DSC thermogram) compared to, e.g., regio-regular P3HT of similar molar mass displays, (240 to 260) °C [31, 32, 33], promising a somewhat higher temperature stability. The benefits come at an expense. In order to minimize the hysteresis between forward and backwards scans when measuring OECT transfer characteristics, relatively slow sweeping rates of 0.25 V·s-1 (compared to p(g2T-TT) [10]) are needed. In addition, the figure of merit of µ·C* (OECT) deduced for P3HHT, while rather comparable to PEDOT:PSS, is lower than for materials such as p(g2T-TT) for which a µ·C* (OECT) of (240±90) F·cm-1·V-1·s-1 is reported[28]. Yet, the large error of the µ·C* (OECT) values reported for p(g2T-TT) indicates potential issues with accurately determining this figure of merit for this material, possibly resulting from, among other things, its variations in glass transition temperature (due to, e.g., different plasticizing degrees, which will affect mass transport) and its generally strong dependence of properties on the environment. Clearly the use of hydroxyl-alkyl functionalization will expand future materials design options, especially when such side chains are combined with backbones with a better electronic charge-transport capability, such as the one used in p(g2T-TT)[34]. Considering that the synthetic pathway is relatively straight-forward, requiring only a protection/de-protection step and enabling synthesis of highly regioregular materials because the oxygen atom is well distanced from the aromatic moiety of the monomer and, thus, does not affect its reactivity during polymerization, our work promises an alternative chemical design tool towards more reliable mixed conducting structures. This is achieved via materials that undergo lower volumetric changes upon doping/de-doping cycles (as suggested by the high electrochemical stability of P3HHT structures when subjected to repeated cycling over increasing voltage ranges up to 0.75 V that we observe; see Figure S15), that display a smaller environmental sensitivity and feature higher thermal transition temperatures, while hole transport seems not to be affected, as thin-film transistor measurements show (Figure S16), likely because the OH-functionalization does not affect molecular packing nor the edge-on orientation often found for thiophene-based polymers[35], as already alluded to above. We thus conclude that hydroxyl-alkyl functionalization leads to model systems that can assist to systematically establish relevant structure/property interrelations with respect to the fundamental requirements that organic materials need to fulfill to sustain ion flow/electrical conduction without adverse side effects such as excessive swelling.
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