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ABSTRACT  

Heteroatom substitution is a powerful tool to tune the intra- and intermolecular structure of 

conjugated polymers, as well as their resulting optoelectronic and electrochemical properties. A 

series of oligoethylene glycol bithiophene chalcogenophene polymers (p(g3T2-X)) with 

systematically varied furan, thiophene, selenophene, and tellurophene comonomer have been 

synthesized for mixed ionic-electronic conducting applications. Their microstructure has been 

thoroughly characterized ex situ and in situ with X-ray scattering, and their mixed conducting 

properties have been probed in electrochemical transistor testbeds. Chalcogenophene heteroatom 

choice was found to clearly dictate polymer microstructure (crystallite dimensionality and 

orientation) and tune mixed conducting properties. Proceeding down Group 16, from O to Se 

systematically directed the molecular ordering of 2-D polymer crystallites from face-on (O) to 

mixed (S) to edge-on (Se) orientations, with Te driving the polymer to form well oriented edge-on 

3-D crystallites. Heteroatom dictated crystallite quality and orientation tuned relative ionic 

transport by two orders of magnitude. Hole mobility (μhole) and mixed conducting figure of merit 

(μC*) were each tuned over an order of magnitude depending on heteroatom choice, with the Te 

containing polymer reaching μhole = 3.60 cm2V-1s-1 and μC* = 483 Fcm-1V-1s-1, due to improved 

molecular ordering. Insights from this polymer series highlight target microstructures for enhanced 

mixed conduction in future conjugated polymers. 
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INTRODUCTION 

Organic mixed ionic-electronic conductors (OMIECs) bring together ionophilic functionality with 

extended π-conjugation to produce materials that efficiently transport and couple ionic and 

electronic charge.1 As a burgeoning class of electroactive materials, OMIECs have wide 

applicability across energy storage,2 actuator,3 electrochromic,4 light emitting,5 neuromorphic,6,7 

bioelectronic,8 and catalytic applications.9,10 OMIECs are such an attractive materials class 

because of the opportunity to leverage their nearly infinite synthetic tunability to control the 

resulting material structure and properties. As an outgrowth of the larger field of organic 

electronics, OMIEC development has advanced rapidly by leveraging the many lessons learned in 

developing materials for organic field effect transistors, light emitting diodes, and photovoltaic 

devices. Considering just a subclass of OMIECs, conjugated polymers with oligoethylene glycol 

side chains, side-chain engineering (varying length, branching, regiochemistry, distribution, etc.) 

has become the most common route to control mixed conducting properties.11–13 With respect to 

the conjugated backbone, comonomer selection,14–16 halogenation,17,18 cyano functionalization,19 

and conformational locking20 have all been investigated.  

Nearly universal to these materials is the incorporation of conjugated heterocycles, 

typically thiophene, into the polymer backbone. Despite the ubiquity of thiophene, relatively few 

studies of OMIECs incorporating other chalcogenophenes have been reported.21–24 Thiophene base 

chemistries are well established and incorporating other chalcogenophenes can present synthetic 

hurdles, especially for tellurophene (due to solubility and reactivity differences).25  Nonetheless, 

substituting chalcogenophene heteroatoms are promising routes to tune frontier molecular orbital 
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levels, backbone planarity, and intermolecular interactions.26  For these reasons, chalcogenophene 

heteroatom substitution applied to traditional organic field effect and photovoltaic devices has led 

to improved electronic charge transport and optical absorption, respectively.27 Thus with OMIECs 

in mind, we have synthesized and investigated a series of alternating copolymers consisting of an 

oligoethylene glycol substituted bithiophene unit and an unsubstituted chalcogenophene unit 

(p(g3T2-X)), which has been systematically varied with furan (p(g3T2-O)), thiophene (p(g3T2-

S)), selenophene (p(g3T2-Se)), and tellurophene (p(g3T2-Te)), as seen in Figure 1a. While our 

naming scheme emphasizes the substituted heteroatom, the all thiophene analogue (p(g3T2-S)) 

has elsewhere in the literature been referred to variously as g2T-T,28 p(g2T-T),29  and p(g3T2-T).12  

All polymers in the series showed ion uptake and transport, and p-type semiconducting behavior 

where electrochemical oxidation induced mobile hole carriers leading to efficient electronic charge 

transport. 

 



 

 5 

Figure 1. (a) Chemical structures, and (b) solution (CHCl3) and (c) thin film UV-Vis absorption 

spectra of p(g3T2-O), p(g3T2-S), p(g3T2-Se), and p(g3T2-Te). 

 

The optoelectronic properties of the polymer series were investigated with spectroscopic 

and electrochemical means, revealing LUMO stabilization and band-gap narrowing (Figure 

1b&c). The microstructure of the polymer series was thoroughly characterized with ex situ and in 

situ grazing incidence X-ray scattering (GIWAXS), revealing the outsized influence that 

heteroatom choice plays in determining polymer ordering. Heteroatom choice was found to 

determine crystallite dimensionality and orientation, with the heaviest heteroatom investigated 

(Te) driving the formation of well oriented edge-on 3-D crystallites. Mixed conducting properties 
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were studied in organic electrochemical transistor (OECT) testbeds, where the doping state of 

p(g3T2-X) thin films in contact with aqueous electrolytes was controlled electrochemically, and 

the resulting electronic transport behavior was measured.  Electronic transport was found to be 

highly correlated with polymer microstructure, with the best ordered p(g3T2-Te) showing an 

excellent OECT figure of merit, the product of the carrier mobility (μhole) and the volumetric 

capacitance (C*), (μhole x C* = 483 Fcm-1V-1s-1) with a low threshold voltage (VT = 0.04 V), and 

very sharp device turn on (S.S. = 44.3 ± 2.0 mV/decade), all a significant improvement over the 

more common all thiophene analogue. Further, ionic transport in p(g3T2-X) films in contact with 

aqueous electrolyte was probed across the polymer series and was found to be extremely sensitive 

to the heteroatom induced crystallite orientation. The heteroatom influence on stability was also 

investigated. Combined, our work establishes the utility of chalcogenophene heteroatom 

substitution as a route to control the structure and properties of OMIECs. Further, the systematic 

nature of this study revealed the structural features associated with enhanced electronic and ionic 

transport, which ought to be targeted by synthetic and/or processing means in future OMIEC 

materials research. 

 

EXPERIMENTAL SECTION  

Polymer synthesis. The polymer series was prepared via Stille polymerization using 

conventional conditions and purified by soxhlet extraction. Details on reagents, monomer 

synthesis, and polymerization conditions can be found in the Supporting Information.  

Polymer characterization. UV-vis absorption spectra were measured under ambient 

conditions on a UV-1800 Shimadzu UV Spectrophotometer. Solution UV-vis absorption 
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spectroscopy was conducted on chloroform solutions with a polymer concentration of 0.008 mg 

mL-1. 1H-NMR spectra were recorded on a Bruker AV-400 UltraShield spectrometer (400 MHz 

for 1H) at 298 K and using chloroform-d (CDCl3) as solvent, unless otherwise stated. Chemical 

shifts (δ) are expressed in parts per million (ppm) downfield from tetramethylsilane (TMS) and 

are referenced to chloroform (δH 7.26 and δC 77.16). Coupling constants (J) are expressed in Hertz 

(Hz) and multiplicities are indicated as singlet (s), doublet (d), triplet (t), quartet (q) or multiplet 

(m). Gel permeation chromatography (GPC)  was  measured  using  a  PLgel  10  μm  Mixed-B  

column  on  an  Agilent  Technologies  1260 Infinity system with DMF as the mobile phase at 80 

°C.  

Electrochemistry. Cyclic voltammetry was performed employing an Autolab 

PGSTAT101 with a standard three-electrode configuration, including polymer coated ITO glass 

slides as the working electrode, a platinum wire as the counter electrode and a Ag/AgCl wire 

electrode as the reference electrode. The supporting electrolyte employed was either a 100 mМ 

tetrabutylammonium hexafluorophosphate (TBAPF6) in acetonitrile solution or a 100 mМ sodium 

chloride (NaCl) in distilled water solution and scan speeds were 100 mV s-1.  

Organic Electrochemical Transistor. OECT fabrication and testing 

OECT test chips were prepared following microfabrication techniques previously reported.30 

OECT channels (L = 10 μm, W = 100 μm) were fabricated by spin-coating from chloroform (5 mg 

mL-1, except pg3T2-Te which was 2.5 mg mL-1) at 1500 rpm for 60 seconds onto OECT test chips 

at room temperature, followed by patterning via peeling a sacrificial parylene layer, and a rinse in 

deionized water. OECTs were gated with aqueous 100 mM NaCl using a Ag/AgCl pellet as the 

faradaic gate electrode (https://doi.org/10.1063/1.3491216). Electrical characterization (output, 

transfer curves, cycling stability, frequency dependent gain) of the OECTs were carried out using 
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an Ivium Technologies bipotentiostat. Capacitance was measured via electrochemical impedance 

spectroscopy (EIS) using the same potentiostat on 600 x 600 μm2 planar gold electrodes. 

Ex-situ grazing-incidence wide-angle X-ray scattering. 2-D GIWAXS sample films 

were spun from polymer solutions (5 mg mL-1 in chloroform) on polished Si wafer substrates 

(University Wafer). Scattering was carried out at the Advanced Photon Source at Argonne 

National Laboratory on beam line 8- ID-E at room temperature under vacuum or He atmosphere 

with 10.92 keV (λ = 1.135 Å) synchrotron radiation, with a 0.14° incident angle, and measured 

with a Pilatus 1M hybrid pixel array detector during 30 second exposures. Data analysis was 

carried out with GIXSGUI Matlab toolbox31  and with custom curve fitting software. d-spacings 

were extracted from peak centers of pseudo-Voigt peak fits and coherence lengths were extracted 

from the fit FWHM. 

In-situ grazing-incidence wide-angle X-ray scattering. In-situ GIWAXS samples were 

drop-casted onto glass slides coated with a sacrificial PVA layer. Films were float transferred in a 

water bath onto Au coated porous steel frits (Idex, 20 μm pore size).32 Scattering was carried out 

at the Stanford Synchrotron Radiation Lightsource at beamline 10-2. In-situ/operando scattering 

was carried out analogous to a previously reported setup, under hydrated He with 15.861 keV and 

13.474 keV synchrotron radiation for pg3T2-Te and pg3T2-S, respectively, with a ~0.2º incident 

angle. An Ag/AgCl electrode was used as the reference electrode, bias was applied via a Ivium 

Technologies potentiostat. 

 

RESULTS AND DISCUSSION 
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Polymer Synthesis and Characterization. Monomers were prepared as previously 

described in the literature, with additional details available in the Supporting Information.13,24,33–

35 Polymerization of p(g3T2-O) and p(g3T2-S) have been previously reported.24,28  Polymerization 

of p(g3T2-Se) and p(g3T2-Te) of was achieved by employing analogous conditions as for p(g3T2-

O) and p(g3T2-S), the details of which can be found in the Supporting Information. 

Table 1. Polymer Properties 

Polymer Mn 

(kg/mol) 
Ð 
 

λmax,soln 
(nm) 

λmax,film 
(nm) 

Egap,opt,sol
n. 

(eV)b 

Egap,opt,film 
(eV)c 

Eox,org 
(V vs Ag/AgCl)d 

Eox,qq 
(V vs Ag/AgCl)d 

p(g3T2-O) 26.2 1.4 535 575 2.32 1.83 -0.03 -0.05 

p(g3T2-S) 25.1 2.5 568 604 2.18 1.71 -0.12 -0.19 

p(g3T2-Se) 15.3 1.6 604 630 2.05 1.64 -0.05 -0.13 

p(g3T2-Te) --a --a 686 670 1.81 1.53 -0.12 -0.14 

aMolar mass of p(g3T2-Te) could not be determined accurately due to its insolubility in DMF and 

its insufficient refractive index contrast in an alternative eluent (CHCl3) in which p(g3T2-Te) is 

soluble. bEstimated from the absorption onset of the solution phase UV-Vis. . cEstimated from the 

absorption onset of the thin film UV-Vis. dEstimated from the onset of oxidation from cyclic 

voltammograms. 

 

The polymer series was characterized by size exclusion chromatography, UV-Vis 

absorption spectroscopy, cyclic voltammetry, and spectroelectrochemistry, Table 1 and Figures 

1b&c and S1-3. The increased heteroatom electronegativity descending group 16 correlated with 

decreased optical bandgap (Egap,opt), in total narrowing 0.5 eV in solution and 0.3 eV in thin films 

from p(g3T2-O) to p(g3T2-Te). The electrochemical oxidation onsets (reflecting the HOMO level 
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position) did not follow a similar trend, and only varied 0.1 V vs Ag/AgCl (in organic electrolyte 

which gave the clearest oxidation onsets, Figures S2). This indicated that the primary effect of 

heteroatom substitution on electronic structure was LUMO stabilization, in keeping with previous 

studies.36,37 It is expected that the decreased aromaticity of furan, selenophene, and tellurophene 

with respect to thiophene would introduce more quinoidal nature, inducing more backbone 

planarity, and likely enhance intermolecular interactions (aggregation).26 This is evidenced in the 

solution absorption spectra (Figure 1b), where p(g3T2-O), p(g3T2-Se), and p(g3T2-Te) all show 

a vibronic shoulder/peak that is absent in the more aromatic p(g3T2-S), reflecting the formation 

of photophysical aggregates in solution (Figure 1b). Such preaggregation is likely more 

pronounced in p(g3T2-Te), which shows limited solubility (£ 2.5 mg/ml in CHCl3) and likely 

affects resultant thin film microstructure. However, in the solid state (thin film), p(g3T2-S) 

displays a vibronic shoulder, similar to the rest of the series (Figure 1c). Spectroelectrochemistry 

revealed similar behavior across the p(g3T2-X) series. Upon electrochemical oxidation the neutral 

π-π* absorption is successively quenched and higher wavelength (lower energy) absorption, 

indicative of (multi)polaronic species,38,39 successively grows as charge density in the film 

increased with increased oxidative potential, Figure S3. 
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Figure 2. 2-D GIWAXS patterns (qr-qz maps of scattered X-ray intensity) of (a) p(g3T2-O), (b) 

p(g3T2-S), (d) p(g3T2-Se) and (e) p(g3T2-Te) spin coated thin films, as well as (c) in-plane (qr) 

and (f) out-of-plane (qz) line cuts of scattered X-ray intensity. Note the mixed-index scattering 

feature in panel (e) centered around qz ~ 0.95 Å-1 and qr ~ 1.2 Å-1. 

 

Chalcogenophene Heteroatom Dependent Microstructure. Thin film microstructure 

across the series was probed with grazing incidence wide angle X-ray scattering (GIWAXS), as 

seen in Figure 2, revealing two general types of intermolecular ordering: one having moderately 

oriented 2-D crystallites with extensive ordering in the side-chain lamellar and π-stack directions; 

and a second having a well oriented 3-D crystallites with extensive ordering in the side-chain 

lamellar, π-stack, and polymer backbone directions. 
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p(g3T2-O), p(g3T2-S), and p(g3T2-Se) thin films all displayed a similar crystallite 

structure with characteristic lamellar (h00) and π-stack (0k0) scattering, Figure 2c & f. Across 

these three polymers, both lamellar and π-stack scattering manifest as relatively narrow arcs within 

the 2-D scattering patterns (Figure 2 a,b&e) indicating a rather narrow distribution of crystallite 

orientations.40 Backbone peaks (00l) were absent, suggesting that these three polymers lack 

significant periodic structure along the direction of the conjugated backbone. This is perhaps due 

to chain bending/twisting or the absence of any ordered co-facial registration between chains (i.e. 

π-stacked chains can slide along one another with no preference in registration between substituted 

bi-thiophenes and unsubstituted chalcogenophenes). Thus, the GIWAXS patterns indicate that 

ordered-domains (crystallites) are limited to two dimensions (π-stack and lamellar).  These 

moderately textured 2-D crystallites, irrespective of face- or edge-on texture, are herein referred 

to simply as the 2-D crystallites, Figure 3c. Notably, in these 2-D crystallites the only direction 

along which electronic charge transport can occur that displays coherent ordering is the direction 

of the inter-chain π-stacking (as opposed to along the conjugated polymer backbone which is 

absent).  
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Figure 3. Illustrations of the orientation of (a) p(g3T2-S) and (b) p(g3T2-Te) crystallites within 

OECT channels (not drawn to scale), as well as dimensionality and coherence lengths of (c) the 

p(g3T2-S) 2-D crystallites and (d) the p(g3T2-Te) well oriented 3-D crystallites. 

 

In p(g3T2-O), the predominantly in-plane lamellar and out-of-plane π-stack scattering 

(Figure 2a) indicates the 2-D crystallites largely have face-on orientation (with π-stacking 

perpendicular to the substrate), though with some distribution of orientation angles about perfectly 

face-on. Conversely in p(g3T2-Se), the predominantly in-plane π-stack and out-of-plane lamellar 

scattering (Figure 2d) indicates the 2-D crystallites largely have edge-on orientation (with 

lamellar-stacking perpendicular to the substrate), also with some distribution of orientation angles 

about perfectly edge-on. p(g3T2-S) presents an intermediate case showing distinct π-stack and 

lamellar scattering both in-plane and out-of-plane (Figure 2b), indicating a relative equal mix of 
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face- and edge-on 2-D crystallites, both with some distribution of orientation angles about 

perfectly edge- or face-on. Such chalcogenophene heteroatom directed crystallite orientation was 

not wholly unexpected as it has been observed before in other systems.41,42  

The p(g3T2-Te) GIWAXS presents a distinct case. The out-of-plane lamellar scattering is stronger 

than previous three polymers (with clear three orders of scattering peaks), and manifests not as 

arcs of scattered intensity, but instead as nearly perfectly round spots indicating well oriented 

crystallites with little variation about perfectly edge-on orientation, Figure 2e.40 This is further 

bolstered by the presence of in-plane π-stack and backbone scattering features (Figure 2f) 

presenting as vertical rods with little radial or arc-like bend (Figure 2e). In-plane backbone 

scattering is consistent with a mix of two polymorphs with distinct co-facial registrations 

analogous to the behavior observed in N2200 (termed Form I or Form II polymorphs) and 

benzothiadiazole co-polymers (termed segregated or mixed polymorphs).43–45 One co-facial 

registration is comprised of substituted bi-thiophene units aligned with adjacent substituted bi-

thiophene units, and unsubstituted chalcogenophenes aligned with adjacent unsubstituted 

chalcogenophenes, leading to (00l) peaks with a d-spacing (12.0 Å) which is comparable to the 

expected polymer repeat unit length (12.8 Å). The second co-facial registration is comprised of 

substituted bi-thiophene units aligned with adjacent unsubstituted chalcogenophene units and vice 

versa, leading to a halving of the unit cell, and (00l’) peaks with a d-spacing (6.04 Å). The presence 

of Te appears to induce co-facial registration (both Form I and Form II). However, the stronger 

Te-Te interactions, arising from tellurium’s metalloid character,26 seem to increase the extent of 

ordering (as estimated by coherence length, Table S1) of Form I, where tellurophene is π-stacked 

with tellurophene.  
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While there are scattering peaks arising from ordering along the lamellar, π-stack, and 

backbone directions, the presence of mixed index scattering peaks (in- and out-of-plane) (Figure 

2e,f) give strong evidence that these three dimensions of inter-chain ordering coexist in single 3-

D crystallites.46 These well oriented edge-on 3-D crystallites (Figure 3d) notably display coherent 

ordering in both directions of electronic transport (along the π-stacks and along the conjugated 

backbone), with the most extensive coherent ordering occurring along the direction of the 

polymer’s conjugated backbone. While previous work has shown that tellurophene incorporation 

increased the intensity of X-ray scattering (i.e. more crystallites) of donor-acceptor copolymers,37 

this heteroatom dependent transition from a 2-D to 3-D crystallites has apparently not been 

observed before.  

Intermolecular d-spacings and coherence lengths of inter-molecular ordering in each 

direction were calculated from peak fits from in- and out-of-plane line cuts (Table S1).40 In the 2-

D crystallites, lamellar d-spacings were ~17 Å out-of-plane and 18-20 Å in-plane. Lamellar 

coherence lengths were similar, ranging from 90 to 105 Å, reflecting six to seven chains separated 

by their oligo ethylene glycol sidechains layered coherently as to give rise to X-ray scattering.  The 

d-spacings in the π-stack were similar (between 3.5 and 3.6 Å) across the three polymers displaying 

2-D crystallites. However, π-stack coherence lengths varied across polymer and orientation, being 

lowest in p(g3T2-Se) at 30 Å (~10 in-plane π-stacked chains), followed by 41 Å (~12 out-of-plane 

π-stacked chains) in p(g3T2-O). These were exceeded by both the in- and out-of-plane π-stack 

coherences lengths in p(g3T2-S) at 51 Å (~15 in-plane π-stacked chains) and 43 Å (~13 out-of-

plane π-stacked chains), respectively. 

The well oriented 3-D crystallites that manifest in p(g3T2-Te), showed a tighter lamellar 

d-spacing (14.4 Å), but an expanded π-stack d-spacing (3.91Å), in comparison with the less 
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oriented 2-D crystallites. Additionally, compared to the 2-D crystallites, the lamellar and π-stack 

coherence lengths were somewhat diminished, being 61 Å (~5 lamellar stacked chains) and 21 Å 

(~6 π-stacked chains), respectively. However, whereas the 2-D crystallites exhibited no backbone 

scattering (and thus no coherence lengths), the p(g3T2-Te) (001) backbone coherence length was 

186 Å, reflecting a coherent ordering spanning ~45 heterocyclic rings down the polymer backbone. 

Summarizing these structural findings, when varying the unsubstituted chalcogenophene 

heteroatom; p(g3T2-O), p(g3T2-S), and p(g3T2-Se) present similar 2-D crystallites where the π-

stacking direction is the only direction of coherent molecular ordering present in which electronic 

transport is expected to occur. Descending down group 16 (O, S, Se), the orientation is tuned from 

face-on (O), to a mix of face- and edge-on (S), to edge-on (Se), where the mixed orientation 

p(g3T2-S) displays the largest extents of π-stack coherence. Descending further down group 16 to 

Te, the p(g3T2-Te) manifests distinct well edge-on oriented 3-D crystallites, of markedly 

improved crystallite quality, where coherent molecular ordering is present in both the π-stacking 

and backbone directions, and along the backbone is the charge transport direction with the most 

extensive ordering. These structural trends are correlated with mixed ionic-electronic conducting 

transport behavior below, but two further approaches were taken to better understand the origins 

and persistence of these 2-D and 3-D crystallites. 
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Figure 4. Out-of-plane (qz) line cuts of scattered X-ray intensity of dropcast films of (a) p(g3T2-

S) and (b) p(g3T2-Te) films, as well as (c) in-plane (qr) line cuts highlighting π-stacking of p(g3T2-

Te) films, in the dry as-cast state, and in situ during electrolyte exposure, electrochemical de-

doping (reduction to neutral), and electrochemical doping (oxidation). 

 

In Situ Microstructure. First, a comparison of GIWAXS of drop-cast films of p(g3T2-S) 

and p(g3T2-Te) was carried out, Figure 4. It is theorized that the slower solvent evaporation (in 

comparison to spin-coating) might allow for improved ordering.46 In the case of drop-cast p(g3T2-

S), the original spin-coated 2-D crystallites were present (with a d-spacing of 20.1 Å) in an addition 

to a second polymorph with narrower lamellar d-spacings (15.2 Å), Figure 4a. However, no 

backbone or mixed index scattering was apparent, and the arc-like shape of the scattering indicated 

significant distribution of crystallite orientations, Figure S4a. The drop-cast p(g3T2-Te) displayed 

a complex mix of lamellar scattering features reflecting two polymorphs with distinct d-spacings: 

a stronger set of peaks (three orders) with a d-spacing of 20 Å and a weaker set of shoulders (two 

orders) with a d-spacing of ~27 Å, Figure 4b. Both of these d-spacings were considerably larger 

than that of spin-coated p(g3T2-Te), due either to side chain extension, or in the case of the largest 
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lamellar d-spacings a possible unit cell doubling in the direction of the lamellar stacking. While 

the lamellar d-spacings were expanded with respect to the spin-coated films, the π-stack d-spacing 

was significantly tightened (3.53 Å), Figure 4c. Despite these d-spacing differences, the drop-cast 

films’ lamellar scattering in the p(g3T2-Te) maintained a round spot shape, indicating well 

oriented crystallites, Figure S4e. Further, backbone and mixed-index peaks were present indicating 

3-D crystallites, in keeping with the spin-coated structure.  

These drop-cast films were amenable to in situ scattering during electrolyte exposure and 

electrochemical cycling using a frit-based cell previously reported.32 Upon electrolyte exposure 

both films underwent a transformation to a single crystallite structure, Figure 4a&b. In the case of 

p(g3T2-S), the scattering from crystallites with tighter lamellar spacing disappeared, and a single 

population of crystallites with a lamellar d-spacing of 21.8 Å persisted. In p(g3T2-Te), a single 

population of crystallites with a lamellar d-spacing of 26.1 Å persisted. Electrochemical cycling 

between doped (oxidized) and de-doped (reduced to neutral) states modestly modulated the 

lamellar spacings of both films (0.3 Å), Figure 4a&b. The p(g3T2-S) π-stack d-spacing was 

unaffected by electrolyte exposure and electrochemical cycling, the p(g3T2-Te) π-stack (010) 

scattering was systematically influenced, having enhanced scattering and tightest d-spacing in the 

doped (oxidized) state, Figure 4c. Importantly, even after electrolyte exposure and electrochemical 

cycling p(g3T2-Te) lamellar scattering maintained a round spot shape (Figure Sf-h), reflecting the 

presence of well oriented edge-on crystallites, indicating that the distinct crystallite differences 

observed ex situ persist in actual device operating conditions. In summary, though drop-casting 

could introduce distinct populations of polymorphs, these coexisting polymorphs were 

insufficiently stable, and disappeared upon electrolyte exposure, leaving only the original (similar 
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to spin-coated) 2-D crystallites or well oriented 3-D crystallites that were stable during electrolyte 

exposure and electrochemical cycling.  

Side-Chain Length Dependent Microstructure. The final approach sought to better 

understand the balance of side-chain and π-stack interactions in dictating crystallite structure by 

comparing the series at hand with analogous polymers with oligoethylene glycol side chains 

extended by one glycol repeat unit. Thus p(g4T2-O), p(g4T2-Se), and p(g4T2-Te) where 

synthesized and investigated with ex situ GIWAXS, Figure 5. Scattering peaks were fit to extract 

both d-spacings and coherence lengths, Table S2. p(g4T2-S) has been previously synthesized, 

investigated with GIWAXS, and reported elsewhere.12 It was theorized that longer side chains 

would strengthen the effect of side chain ordering (which is less sensitive to chalcogenophene 

heteroatom) in determining ultimate crystallite ordering, perhaps over and against π-stack ordering 

(which is more sensitive to chalcogenophene heteroatom).  
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Figure 5. 2-D GIWAXS patterns (qr-qz maps of scattered X-ray intensity) of (a) p(g4T2-O), (b) 

p(g4T2-Se), and (c) p(g4T2-Te) spin coated thin films, as well as (d) in-plane (qr) and (e) out-of-

plane (qz) line cuts of scattered X-ray intensity. 

 

In the case of p(g4T2-O), the lengthened g4 side chain did seem to diminish the effect of 

the furan that drove p(g3T2-O) to adopt a majority face-on orientation. Instead, the p(g4T2-O) 

showed a mix of edge- and face-on crystallite orientations (Figure 5a), very similar to the p(g3T2-

S) microstructure (Figure 2b), and consistent with the 2-D crystallites. Line cut analysis revealed 

that the d-spacings and coherence lengths were in keeping with the above 3g 2-D crystallites, with 

an increased lamellar spacing reflecting a longer oligoethylene glycol side chain. Thus, for 2-D 
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crystallite p(gXT2-O) polymers, longer side chains attenuated the heteroatom effect on crystallite 

orientation. 

In the case of p(g4T2-Se), the lengthened g4 side chain gave rise to the coexistence of 

polymorphs of both moderately edge- and face-on oriented 2-D crystallites, with well edge-on 

oriented 3-D crystallites, Figure 5b. This was evidenced by the presence of in- and out-of-plane 

lamellar scattering arcs (consistent with the 2-D crystallites in face- and edge-on orientations) 

(Figure 5b,d&e); as well as strong round out-of-plane lamellar spots, out-of-plane mixed index 

scattering, (Figure 5b) and in-plane backbone scattering (Figure 5e) (all consistent with the well 

oriented edge-on 3-D crystallites). This coexistence of the two polymorphs is most clearly seen in 

the out-of-plane line cuts, Figure 5e. Thus, similar to the case of p(g4T2-O), extending the side-

chain length in p(g4T2-Se) attenuates the heteroatom preference for a particular crystallite 

orientation (edge-on), but also attenuates the heteroatom preference for the 2-D crystallites, 

allowing the formation of the 3-D well oriented edge-on crystallites. 

Extending the side-chain length in p(g4T2-Te) attenuates the heteroatom preference for the 

well oriented edge-on 3-D crystallites, allowing the formation of 2-D crystallites with a majority 

edge-on orientation, Figure 5c. This is evidenced by the presence of strong round out-of-plane 

lamellar spots, out-of-plane mixed index scattering, (Figure 5c) and in-plane backbone scattering 

(Figure 5e) (all consistent with the well oriented edge-on 3-D crystallites); as well as out-of-plane 

lamellar scattering arcs (consistent with the 2-D crystallites), though with a narrower radial spread 

than p(g4T2-Se), indicating a narrower distribution of edge-on 2-D crystallites. Again, this 

coexistence of polymorphs is most clearly seen in the in-plane line cuts, Figure 5e. Line cut 

analysis of p(g4T2-Se) and p(g4T2-Te) revealed that the d-spacings and coherence lengths were 

roughly in keeping with the respective 3g polymers, with an increased lamellar spacing reflecting 
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a longer oligoethylene glycol side chain, and decreased backbone coherence compared to the 3g 

polymers. Considering both the 3g and 4g heteroatom series, it became apparent that through 

selection of side-chain length and chalcogenophene heteroatom, the selection of moderately 

oriented 2-D or well oriented edge-on 3-D crystallites, the selection in- or out-of-plane crystallite 

orientation, and combinations there-in, can be rationally targeted.  

 

  

Figure 6. Representative (a) transfer curves, (b) gate voltage dependent transconductance, and (c) 

average μC* of OECTs with p(g3T2-O), p(g3T2-S), p(g3T2-Se), and p(g3T2-Te) channels 

operated in the saturation regime. 

 

Electronic Transport. In order to investigate the effect of chalcogenophene heteroatom 

choice on electronic transport, OECTs were fabricated incorporating spin-coated transistor 

channels of p(g3T2-O), p(g3T2-S), p(g3T2-Se), and p(g3T2-Te). All materials other than p(g3T2-

O), which drops out of saturation beyond -0.6 V, showed clear transistor behavior with output 

characteristics showing drain voltage dependent saturation, Figure S5. Transfer curves were 

collected in order to extract threshold voltage (VT), subthreshold slope (S.S.), and gate 
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transconductance (gm) (Figure 6a&b and S7a). Saturated hole mobility (μhole) and OECT figure of 

merit μC*, the product of carrier mobility and volumetric capacitance (C*), were calculated from 

gm, following equation (1) for accumulation mode devices, 

𝑔! = "#
$
𝜇𝐶∗(𝑉& − 𝑉') (1) 

where channel width (W) and length (L) were determined by the lithographically patterned source 

and drain electrodes, channel depth (d) was measured by profilometry, VG was the applied gate 

voltage (Figure 6c). 

 

Table 2. OECT parameters and material figures of merit. 

Polymer HOMOaq,est
. (eV)a 

-VT 
(V)b 

S.S. 
(mV/dec.) 

gm,max,norm. 
(S cm-1)c 

C* 
(Fcm-
3)d 

μhole 
(cm2V-1s-
1)e 

μhole x C* 
(Fcm-1V-1s-

1) 

μC*@gm,max 
(Fcm-1V-1s-1)f 

p(g3T2-O) 4.58 0.218 ± 0.002 106.8 ± 2.4 14 ± 5 170 ± 15 0.21 ± 0.03 38 ± 5 29 ± 5 

p(g3T2-S) 4.44 0.155 ± 0.003 72.9 ± 3.3 122 ± 43 208 ± 30 1.38 ± 0.17 288 ± 55 223 ± 56 

p(g3T2-Se) 4.50 0.178 ± 0.008 ~95g 33 ± 17 99 ± 5 0.92 ± 0.22 91 ± 22 64 ± 18 

p(g3T2-Te) 4.49 0.037 ± 0.003 44.3 ± 2.0 214 ± 159 134 ±15 3.60 ± 1.92 483 ± 266 462 ± 264 

aEstimated from the oxidation onset in aqueous media assuming the EAg/AgCl = 4.626 eV below 

vacuum level. bExtracted from the zero current intercept of the linear region of Id1/2 vs Vg plots 

(Figure S7c) in OECTs with a Ag/AgCl pellet functioning as the faradaic gate electrode. 

cMaximum slope of the saturated transfer curve normalized by device dimensions (Wd/L). 

dAverage volumetric capacitance beyond threshold voltage determined by electrochemical 

impedance spectroscopy. eCalculated from the slope of Id1/2 vs Vg plots (Figure S7c). fCalculated 

from the maximum transconductance (Figure S7b). g High off currents inhibited an accurate S.S. 
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determination of p(g3T2-Se), with the minimum S.S. reaching ~95 mV/decade. Reported 

uncertainties are one standard deviation, with n = 6 devices. 

 

 C* was assessed via electrochemical impedance spectroscopy, Figure S6. While there was 

some variation in C*, the μhole variation was larger such that the μC* closely tracked μhole. Overall, 

OECT performance (Table 2) did not follow the optoelectronic trends (reflecting intramolecular 

structure, Table 1), but instead followed the structural trends (reflecting intermolecular structure). 

While these materials assuredly have large amorphous fractions, OMIEC electronic transport is 

often highly correlated with crystalline microstructure,47,48 and here the comparison of the 

crystallite microstructure and electronic charge transport reveals instructive correlations. μhole and 

μC* were highest in p(g3T2-Te) with the well oriented 3-D crystallites which had the best quality 

of crystallite ordering. Amongst the polymers displaying the 2-D crystallites, μhole and μC* was 

maximized in the mixed face- and edge-on p(g3T2-S), with the majority face-on p(g3T2-O) and 

majority edge-on p(g3T2-Se) both showing poorer electronic transport. The structural rationale 

followed that a three dimensionally ordered polymer, such as p(g3T2-Te), with extensive ordering 

in both the backbone and π-stack directions (along which electronic charge can transport) would 

be expected to have better charge transport than a similar two dimensionally ordered polymers. In 

fact, the p(g3T2-Te) μhole (3.60 ± 1.92 cm2V-1s-1) and μC* (483 ± 266 Fcm-1V-1s-1) place it amongst 

the top performing polymeric p-type accumulation mode OECT channel materials.49   

Since OECTs undergo volumetric doping and three-dimensional electronic charge 

transport, polymers that exhibit ordering along the π-stack direction (but not along the backbone 

direction) might be presumed to have the best electronic charge transport in films with π-stack 
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crystallites showing both in- and out-of-plane orientations, followed by films with only in-plane 

π-stacking (which is consonant with macroscopic in-plane transport between the source and drain 

electrodes), and finally the worst charge transport would be expected in films with only out-of-

plane π-stacking (which is orthogonal to the macroscopic in-plane charge transport between the 

source and drain electrode). In fact, this is exactly the structure-transport relationship observed 

amongst the polymers exhibiting the 2-D crystallites, with μhole and μC* following the trend 

p(g3T2-S) > p(g3T2-Se) > p(g3T2-O). The three-dimensional nature of charge transport in OECTs 

makes them distinct from two dimensional devices, such as organic field effect transistors, in 

which chalcogenophene homopolymers show a steady order-of-magnitude field effect mobility 

enhancement as the heteroatom is substituted from sulfur, to selenium, to tellurium.50  

Considering the OECT turn-on behavior, VT lagged considerably behind EOX,aq., by 0.18 V 

p(g3T2-Te) up to 0.35 V for p(g3T2-S), indicating that significant charge accumulation precedes 

appreciable channel conductance. Further, as the electrochemical potentials are directly relatable 

to frontier molecular orbital energy levels, it was found that VT was not correlated with the polymer 

HOMO levels, Table 2. Instead, device VT depended strongly on subthreshold behavior (i.e. how 

strongly the device turns on from the insulating state). Subthreshold slope (S.S.), measured in mV 

of gate voltage per decade increase in drain current, was extracted from semi-log transfer curves 

(Figure S8). S.S. followed the overall structure-transport trends with p(g3T2-Te) < p(g3T2-S) < 

p(g3T2-Se) < p(g3T2-O) (a low S.S. indicates a better performing device). The low S.S. of p(g3T2-

Te) (44.3 ± 2.0 mV/decade) was ascribed to the well-ordered microstructure of its well oriented 3-

D crystallites, as improved ordering likely decreases trap density and narrows the electronic 

density of states.51–53 Such a low S.S. should not be interpreted as breaking the room temperature 

thermodynamic limit of S.S. found in field effect devices (60 mV/decade at 300K). OECTs are not 
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field effect devices and do not necessarily follow the same fundamental device physics. In OECTs, 

charge density can be modulated by up to 1021 holes cm-3 through electrochemical doping.54 

Concomitantly, carrier mobility (which may actually decrease upon initial doping)55 can span four 

orders of magnitude, resulting in over seven orders of magnitude of channel conductance 

modulation over less than a single volt of applied electrochemical potential.56–58 This is 

compounded by the use of faradaic gate electrodes (such as Ag/AgCl employed here), where the 

stable electrode potential minimizes potential drop at the gate-electrolyte interface,59  further 

minimizing the applied gate potential required to modulate electrochemical doping and electronic 

conductivity. Thus, it is conceivable that OECT S.S. reach values less than 60 mV/decade, and in 

fact previous studies have shown electrochemically modulated conductivities with variations 

below 50 mV/decade.55  Such potentially steep subthreshold behavior makes already low voltage 

OECTs even more attractive for low power electronics.  

Summarizing the electronic transport results, well oriented 3-D crystallites present in 

p(g3T2-Te) correlated with improved OECT behavior according to all metrics (μhole, μC*, VT, S.S.), 

revealing the relative benefits of a well ordered OMIEC. Otherwise, in less ideal 2-D ordered 

polymers, a mix of edge- and face-on oriented crystallites is required to maximize electronic 

transport.  
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Figure 7. OECT (a) drain current stability during cycling VG from 0 to -0.5 V in saturation, (b) 

frequency dependent gate transconductance with a 10 mV AC oscillation and a VG offset of -0.5 

V, (c) and ratio of actual OECT roll-off frequency and theoretical cut-off frequency indicating the 

degree to which ionic transport limits OECT operation. 

 

Electrochemical Stability. Chalcogenophene heteroatom substitution was expected to 

affect chemical reactivity and thus OECT device stability, with furan and tellurophene expected 

to be particularly susceptible to degradation.26,60 Issues of OECT stability are increased in 

bioelectronic applications where aqueous electrolytes including dissolved oxygen are used, and 

ambient air and light may be present. To assess polymer stability in OECT applications, devices 

were repetitively cycled in saturation while the drain currents were monitored, Figure 7a. After 

450 cycles out to a VG of -0.5 V, p(g3T2-O) and p(g3T2-S) OECTs showed no degradation in 

maximum drain current, with VT and gate voltage dependent gm being identical before and after 

cycling, Figure S9a&b.  While cycling, p(g3T2-Se) OECT maximum drain current appeared to 

initially drop and then stabilize (plateau) at 87% of the initial maximum drain current, while 

p(g3T2-Te) maximum drain current dropped to 78% of the initial value without stabilizing, with 
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both showing a decrease in the gate voltage dependent gm while VT remained unchanged, Figure 

S9c.  

OECTs were then subjected to a successive round of 450 cycles, but now out to a larger 

VG of -0.7 V, still in saturation, Figure S9e-h. Again, p(g3T2-S) OECTs showed no degradation in 

maximum drain current, with VT and gate voltage dependent gm being identical before and after 

cycling, Figure S9f.  The previous stabilization of p(g3T2-Se) when cycled to a VG of -0.5 V 

persisted when further cycled to a VG of -0.7 V, as the maximum drain current was nearly constant, 

Figure S9g. However, this masked a subtle decrease in both voltage dependent gm and VT which 

counteracted each other such that peak drain current dropped only slightly (<5%). With further 

cycling to a VG of -0.7 V, p(g3T2-O) maximum drain current dropped an additional 35% without 

stabilizing, showing a further decrease in the gate voltage dependent gm while VT remained 

unchanged, Figure S9e. p(g3T2-Te) OECTs where quite unstable under these conditions, with 

drain currents rapidly degraded after just a few cycles to a VG of -0.7 V.  

Overall, OECTs followed the stability trend of p(g3T2-S) > p(g3T2-Se) > p(g3T2-O) > 

p(g3T2-Te). Interestingly, electrochemical cycling of p(g3T2-Te) with in situ GIWAXS under 

inert and ambient conditions revealed no structural degradation to accompany electronic transport 

degradation, indicating that the loss of electrical conductivity arose from sources other than a large 

scale microstructural disruption. These OECT stability issues are not insurmountable as previous 

studies have shown that electrode modification, alternative biasing schemes, and electrolyte 

interlayer can slow OECT degradation, even in furan containing polymers.24,61  

Ionic Transport.  In order to assess the ease of ion transport in these mixed conducting 

polymers, frequency dependent OECT measurements of OECT gm were carried out to assess the 
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degree to which ionic transport limits OECT functioning, Figures 7b&c and S10. Given that 

OECTs incorporating mixed conducting channel materials, the frequency dependent OECT 

behavior is dependent on device geometry, electronic transport, and ionic transport. If electronic 

transport alone is the rate limiting transport, then the OECT cut-off frequency (fT), where the 

current gain drops to unity, can be calculated from equation (2) below, 

𝑓' =
(!"#$	|	(,%-,&)	|

/$'
 (2) 

where L is the OECT channel length. For an explanation of the derivation and device geometry 

considerations see the Supporting Information. Because of difficulties accurately measuring where 

the current gain reaches unity, the readily assessed roll-off frequency fR where gm falls below 90% 

of its low frequency value was instead extracted (assuming a RC-like 20 dB/decade roll off, fR 

should be ~0.5 fT). However, none of the materials produced OECTs where the measured roll-off 

frequency approached the theoretical electronic limited cut-off frequency. Instead, it became 

apparent that ionic transport limited the upper limit of device operating frequency.  

To quantify the degree to which ionic transport limited OECT high frequency behavior, 

the measured fR was divided by the theoretical fT, Figure 7c. p(g3T2-O) most closely approached 

the theoretical limit (fR / fT  = 0.06), however p(g3T2-S) was an order of magnitude lower (fR / fT  

= 6.5 x 10-3), and p(g3T2-Se) was a further order of magnitude lower (fR / fT  = 8 x 10-4), indicating 

ionic transport was drastically slowed with heavier and heavier chalcogenophene heteroatom. It is 

not expected that direct ion-heteroatom interactions would give rise to such a drastic tuning of 

ionic transport, and previous studies have reported minimal dependence of ionic transport on 

chalcogenophene heteroatom.21 Thus, it is presumed that these large differences in ionic transport 

have a microstructural origin.  
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Considering the geometry of OECTs, the primary ionic transport direction was 

perpendicular into the OMIEC channel, through thin film thickness. In p(g3T2-O) based OECTs, 

crystallites are majority face-on oriented with π-stacks perpendicular to the substrate, thus the 

ionophilic oligoethylene glycol side chain lamellae are oriented such that they present as 

nanoscopic ionophilic channels oriented into the film thickness through which ions may 

preferentially travel, Figure S10e. Conversely, in p(g3T2-Se) based OECTs, crystallites are 

majority edge-on oriented with π-stacks parallel to the substrate. This presents alternating layers 

of ionophobic π-stacking and ionophilic oligoethylene glycol side chain lamellae that must be 

traversed by ions transporting through film thickness, Figure S10f. This in part may explain why 

ion transport in p(g3T2-Se) is suppressed by two orders of magnitude with respect to the rather 

facile ion transport in p(g3T2-O).  

p(g3T2-S), containing a mix of face- and edge-on crystallites presents a middle case of 

some face-on ordering that is potentially advantageous to ionic transport (and some is edge-on 

ordering that is potentially disadvantageous to ionic transport), which is reflected in fR / fT  which 

is ~1/10 the value of p(g3T2-O) but ~10 times that of p(g3T2-Se). The frequency dependent gm of 

p(g3T2-Te) gave a fR / fT  = 6.5 x 10-3, similar to that of p(g3T2-S), but much better than p(g3T2-

Se) which shares a majority edge-on orientation. This would imply that moderately edge-on 

oriented 2-D crystallites are more detrimental to ionic transport in OECTs than the well oriented 

edge-on 3-D crystallites. While this rationale considers only the crystallite effects, disregarding 

the amorphous domains, crystallinity has previously been observed to greatly effect ion 

transport.48,62 In summary, across the polymer series, as with electronic transport, microstructure 

seems key in determining ionic transport. But as is often the case for mixed conductors, 

microstructural control of ionic and electronic transport presents a balancing act (if not an outright 
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competition),63 with the microstructure maximizing ionic transport also suppressing electronic 

transport and vice versa. 

 

CONCLUSION 

A series of oligoethylene glycol substituted bithiophene chalcogenophene alternating copolymers 

were synthesized and investigated for mixed conducting applications. Chalcogenophene 

heteroatom was found to have a profound effect on polymer microstructure, tuning 2-D π-stacked 

crystallites from face- to edge-on when the chalcogenophene heteroatom was varied from O to S 

to Se. In the case of the heaviest/largest chalcogenophene heteroatom investigated, Te, distinct 

well oriented 3-D crystallites were induced that had extensive ordering along the direction of the 

conjugated backbone (that was absent in the O, S, and Se polymers). The degree to which the 

heteroatom determined the microstructure was dependent on the side-chain length, with longer 

side-chains attenuating the heteroatom effects. In situ structural studies revealed that the 

heteroatom dependent difference in crystallite ordering persisted even in device relevant 

conditions when these polymer films were infiltrated with electrolyte and electrochemically doped. 

 Mixed conducting properties were found to be strongly correlated with thin film 

microstructure. The distinct well oriented 3-D ordering of p(g3T2-Te) produced OECTs with high 

figures of merit (μhole = 3.60 cm2V-1s-1 and μ x C* = 483 Fcm-1V-1s-1), low threshold voltage (VT = 

0.04 V), and very sharp device turn on (S.S. = 44 mV/decade), reflecting efficient electronic charge 

transport and likely a narrow density and low trap density.64,65 Ionic transport was found to be 

dependent on the alignment of the ionophilic inter-lamellar spaces with respect to the direction of 

ionic transport.  
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Aside from producing well-ordered high performance OMIECs through heteroatom 

substitution, learning from these heteroatom effects provides rational structural targets for high 

performing OMIECs and OECTs. Beyond heteroatom substitution (which brings with it issues of 

material and device stability), these microstructures that benefit mixed conduction are likely 

achievable through alternate means, such as solution preaggregation,66 film post-processing,47 or 

film/fiber strain alignment.67 Thus, this study both maps a new route for microstructural control of 

OMIECs, but also provides direction for future synthetic, structural, and processing studies.  
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