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Abstract 

 
Organic electrochemical transistors (OECTs) are based on the doping of a semiconducting 

polymer by an electrolyte. Due to their ability to conjugate volumetric ion penetration with high 

hole mobility and charge density, polythiophenes bearing glycolated side chains have rapidly 

surged as the highest performing materials for OECTs; amongst them, p(g2T-TT) is amongst those 

with the highest figure of merit. While recent studies have shown how different doping anions tend 

to affect the polymer microstructure, only a handful of electrolytes have been tested in mixed 



conduction devices. Our work provides an atomistic picture of the p(g2T-TT) -electrolyte interface 

in the ‘off’ state of an OECT, expected to be dominated by cation-polymer interactions. Using a 

combination of molecular dynamics simulations and X-ray fluorescence, we show how different 

anions effectively tune the coordination and chelation of cations by glycolated polymers. At the 

same time, softer and hydrophobic anions such as TFSI and ClO4 are found to preferentially 

interact with the p(g2T-TT) phase, further enhancing polymer-cation coordination. Besides 

opening the way for a full study of electrolyte doping mechanisms in operating devices, our results 

suggest that tailoring the electrolyte for different applications and materials might be a viable 

strategy to tune the performance of mixed conducting devices. 

  

Introduction 

 
Organic electrochemical transistors (OECTs) are ionic-to-electronic transducers that rely on the 

ability of the organic active layer to transport both ions and electrons. These devices consist of an 

aqueous electrolyte in direct contact with a π-conjugated polymer channel. Upon an applied 

voltage, the ions are driven inside the polymer film (doping) and compensate excess mobile 

electronic charge density on the polymer backbone. This electrolyte gating results in lower 

operating voltages with respect to traditional field-effect transistors. Further, in OECTs the ion 

permeation involves the whole volume of the active layer yielding high signal amplification, but 

often slower response times.1  

The great interest in OECTs and, more broadly, in mixed transport is proportional to the variety 

of applications where these devices have disrupted the state-of-the-art: from bioelectronics2,3 and 

healthcare (neural interfaces, chemical and biological sensors4,5), to energy production6 and 

storage,7 to artificial synapses.8,9 These applications exploit the similarity between OECT 

operation and the way our cells send and receive signals, opening facile integration with biological 

substrates.  

At the heart of OECTs working principle is the active material, which is usually a π-conjugated 

polymer or polymer blend able to host or be chemically linked to charged groups.10 The greatest 

challenges of developing organic mixed ionic-electronic conductors (OMIECs) is the need to 

optimize the seemingly contrasting processes of electronic and ionic charge transport: while the 



factors governing electronic charge transport in conjugated polymers is now fairly well 

understood,11–13 little is known about how the presence of water and ions affects both the 

microstructure of the materials and its transport characteristics. On the other hand, although ion 

transport has been extensively studied in the context of capacitors and batteries, where it is one of 

the main governing processes, a systematic understanding of ion percolation in OMIECs is still in 

its infancy and limited to a few widespread materials.  

Currently, the most employed material for OECTs is the commercially available PEDOT:PSS, that 

combines the semiconductor PEDOT with the polyelectrolyte PSS. Despite the good device 

characteristics (such as high transconductance and switching frequency) and a demonstrated 

biocompatibility,14,15 there is significant room for design and systematic improvement of polymer 

semiconductors for OECTs.1 In recent years, the strategy of swapping the solubilizing alkyl chains 

of π-conjugated polythiophenes in favor of ethylene glycol (EG) side chains has proven a 

promising strategy to achieve a balance between water permeability, ion mobility and hole 

transport efficiency. Amongst these glycolated mixed conductors, p(g2T-TT) (Figure 1a) 

demonstrated the best overall figure of merit,16 achieving high currents at submillisecond time 

scales, high transconductance, and steep subthreshold switching.17,18  

However, despite the increasing library of OMIECs being tested in devices, comprehensive 

relationships between chemical modification, molecular and nanoscale morphology, extent of ion 

penetration and its impact on device characteristics are still largely missing. For this reason, a few 

studies aimed at elucidating the mechanism of ion conduction and ion uptake in hydrated p(g2T-

TT) films,19,20 as well as other glycolated polythiophenes, have been carried out. It has been 

observed that the polymer undergoes swelling when in contact with the electrolyte solution 

(passive uptake), and again when bias is applied (active uptake). The polymer swelling was found 

to depend on the ion size and the nature of the electrolyte, however the mass uptake from passive 

swelling remains around 10% (unlike for PEDOT:PSS where it can exceed 100%).21,22 It appears 

that the changes in π-π stacking and lamellar spacing upon doping are permanent, and the film 

microstructure is altered after the first doping cycle. This however does not affect performance, 

and the device operation is stable. This information suggests that some of the ions could be 

responsible for this ‘structural doping’ and might be strongly interacting with the EG side chains.19  



It should be noted that such systems likely exhibit a low degree of crystallinity, and since it has 

been shown that the presence of disordered domains is crucial for ion mobility,23 the available 

structural data – which only represent crystalline domains -  do not provide a complete picture of 

how ions interact with p(g2T-TT). Notably, swelling and ion uptake measurements of thin films 

can only offer an average estimate, since water penetration and swelling are expected to be strongly 

dependent on the local environment in a material characterized by a rich microstructure. For this 

reason, molecular dynamics (MD) simulations can prove a valuable tool to zoom in at the 

molecular-scale and probe, separately, polymer-electrolyte interfaces with different degrees of 

order.  

Perhaps one of the crucial understudied aspects regarding the microscopic behavior of OMIECs in 

devices is how the concentration and nature of the electrolyte affects OECT response and 

ultimately drives changes in the polymer microstructure. It is understood that during passive 

swelling cations interact with the polymer side chains, while upon doping the excess anions 

penetrating the polymer microstructure are expected to be more closely interacting with the 

polymer backbone, stabilizing polarons. In this respect, studies relating ion concentration, size and 

water uptake to the polymer morphology and performance have recently been reported;19,20,24 

however, only very few electrolytes have been investigated.  

In this study, we use molecular dynamics simulations and X-ray fluorescence spectroscopy to 

study p(g2T-TT)-electrolyte interfaces and obtain atomistic insight on polymer-electrolyte 

interactions. We investigate various salts, showing how moving along the Hofmeister series25 

affects the polymer-electrolyte interface. In particular, we show how different anions compete with 

the EG side chains for cation coordination and chelation. Our study is focused on the interfacial 

interactions between a pure polymer phase and an electrolyte phase; we have not attempted here 

to simulate the entire swelling process since, as we stated above, it is not straightforward to 

estimate the degree of swelling in polymer regions having different microstructure. Furthermore, 

the microsecond time scale accessible within classical MD simulations is not sufficient to observe 

polymer swelling.  

This study elucidates the impact of the electrolyte on the polymer film interfaces, and can be 

extended to the general class of π-conjugated polymers with EG side chains. Our simulations are 



performed in neutral conditions that mimic the ‘off’ state of an OECT, which undergoes passive 

swelling and electrolyte uptake. In general, our work is a necessary step towards the simulation of 

operando conditions, which would involve the presence of excess charges on the polymer 

backbone and an excess of anions, and further insight on the mutual interaction between them. A 

full description of the interaction between electronic and ionic charge carriers in a realistic 

environment is however beyond the current state of the art.  

In the following three sections we present results arising from our computational study of the 

p(g2T-TT)-water interface. We initially focus on the trends in cation-polymer coordination in 

different electrolytes as a function of their ionic radius, hydration sphere and water structuring 

properties. We then analyze the differences in polymer-water hydrogen bonds and polymer surface 

area as a function of the electrolyte. Next, we show the density and electrostatic potential profiles 

of the polymer-electrolyte interface, focusing on interactions between hydrophobic anions and 

p(g2T-TT). In the fourth section, we discuss the X-ray fluorescence study of p(g2T-TT) thin films 

soaked in various electrolytes; these measurements are interpreted using insight from the MD 

simulations, providing validation of the anion-enabled chelation observed in silico.  

 

Results and Discussion 

A planar interface between p(g2T-TT), water and various electrolytes (see Figure 1a) was built 

by interfacing a previously equilibrated bulk polymer periodic box and a water/electrolyte box 

along the z axis of the simulation cell (see Computational Methods for details). The polymer layer 

was obtained by annealing and equilibrating 20 coiled polymer bundles made of 16 repeating units 

each, to form a compact 2D film characterized by having the conjugated backbone π-stacking 

roughly parallel to the film plane, which could be described as an edge-on orientation. This entails 

that most of the solvent-exposed surface area is formed by side chains, while the backbone is 

largely buried inside the film (see Figure 1b and Computational Methods). 3D periodic boundary 

conditions apply, with the water-polymer interface along the z axis, and the pure polymer/pure 

water phases continuous along x and y. All electrolytes were added in 1M concentration. In the 

case of RbClO4, the formation of ionic clusters was observed during simulations carried out at 1M 



concentration. This phenomenon has been previously observed for ClO4 salts.26 To prevent this, 

the simulation was carried out in 0.5 M RbClO4, where the formation of clusters was not observed. 

 

Figure 1. a) Scheme showing the anions and cations studied in this work as a function of their characteristics, as well 

as the chemical structure of p(g2T-TT). b) Detail of the simulated interface between p(g2T-TT) and water. Side chains 

are shown as green spheres while the polymer backbone is shown as blue lines. 3D Periodic boundary conditions 

apply. 

Coordination and chelation of cations by p(g2T-TT) side chains 

In this section, we analyze how water and p(g2T-TT) compete for the coordination environment 

of Na+, K+ and Rb+; we then investigate how the nature of the counterion modulates these 

interactions. Figure 2 shows the radial distribution function (RDF) of each metal ion with respect 

to its counterion, EG oxygens and water. As expected, going down the alkali metals group, cation-

anion interactions start to dominate the first solvation shell. In the same way, the outer solvation 

shell is increasingly less structured for heavier cations, whose influence on the water ordering does 

not extend beyond the first solvation layer.  The same effect is seen when swapping harder anions 

for larger, more hydrophobic ones: BF4
-, ClO4

- and TFSI- can penetrate the first solvation shell of 

Na+ more effectively than halogens. Interestingly, TFSI- salts show lower RDF peaks with respect 

to other polyatomic anions (Figure 2a). These changes are accompanied by an increase in the 

metal-polymer peaks, denoting cation coordination to EG side chains at the expense of water which 

becomes less tightly bound; this is particularly evident if TFSI- is used as a counterion (Figure 
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2b). Overall, both the size/hardness of anions and cations play a role in tuning the extent of cation-

polymer interactions.  

 
Figure 2. Radial distribution function g(r) between M+ = Na+, K+ and Rb+ and: a) their negative counterions (X- = F-, 

Cl-, Br-, BF4
-, ClO4

-, TFSI-), b) EG side chains oxygens Op and c) water oxygens Ow. Curves have been vertically 

shifted for clarity. 

a)

b)

c)



 

We then took a closer look at the cation-polymer interactions, quantifying the fraction of cations 

coordinated to at least one oxygen from the p(g2T-TT) side chains for any given MD snapshot 

(Figure 3a). The probability jumps by over one order of magnitude when swapping a halogen salt 

with a TFSI- salt. This effect is also amplified by choosing a softer cation: as seen in Figure 2, Na+ 

is significantly less likely to shed water molecules from its coordination shell and allow the 

glycolated side chains to replace them; K+ and Rb+ instead show a higher propensity to swap their 

loosely bound water shell for p(g2T-TT).  

In order to distinguish between simple coordination and chelation, we analyzed how many side 

chain oxygen atoms were found within a 4Å radius from each metal ion. Figure 3b shows how 

softer counterions not only increase the overall probability of polymer coordination, but also 

promote chelation – defined as coordination by at least two EG oxygens. In the case of Na+ salts, 

chelation is almost absent when harder anions are present; in NaTFSI it is the prevalent kind of 

interaction. K+ and Rb+ salts show chelation even in the presence of fluoride, but polymer side 

chains can completely saturate their coordination sphere only if TFSI- is used as counterion. To 

conclude, diffuse and larger anions, having less solvating water, can more easily penetrate the first 

coordination shell of cations; this in turn makes cations available to chelating EG oxygens. 



 
Figure 3. a) Fraction of alkali metal ions coordinated to p(g2T-TT), defined as the number of ions having at 

least one EG oxygen within 4 Å, normalized by the total number of cations in the simulation box over 100 

simulation snapshots. b) Normalized frequency of coordination numbers for alkali ions, defined as the number 

of oxygen atoms from p(g2T-TT) within a 4 Å radius over 100 simulation snapshots. 

 

Water-polymer hydrogen bonds and p(g2T-TT) surface area 

Looking at the hydrogen bonds between the p(g2T-TT) side chains and the solvent can provide us 

with indirect information on the availability of the side chains at the interface. As expected, the 

average number of hydrogen bonds is roughly independent of the electrolyte, since all simulations 

have in common the initial polymer conformation (see Figure 4a). However, KTFSI and RbTFSI 

strongly deviate from the general picture: EG side chains are consistently less available to make 

hydrogen bonds, which is in line with the stronger chelation tendency discussed previously.  

Figure 4b reports the p(g2T-TT) solvent accessible surface area (SASA) for all studied electrolyte 

interfaces. Overall, the effect of the electrolyte on the surface area of the polymer appears generally 

b)

a)



modest, except when TFSI- is present. In presence of RbTFSI and KTFSI salts, p(g2T-TT) shows 

markedly higher <SASA> values. This observation, together with the sharp decrease in hydrogen 

bonds discussed earlier, confirms the increased interaction between polymer and electrolyte. We 

then examined the fraction of surface area corresponding to the EG side chain oxygen atoms 

(Figure 4c): the stacked histograms show the separate contributions from oxygens situated at 

different distances from the polymer backbone. All TFSI- salts show an increase in the exposed 

oxygen surface area, which concerns all but the oxygen closest to the backbone. These results are 

in line with the higher hydrophobicity of TFSI-, as well as with previous observations concerning 

the behavior of this and other hydrophobic, larger ions.27,28 Interestingly, when p(g2T-TT) is 

interfaced with NaTFSI salts, it shows only a modest decrease in the number of hydrogen bonds 

with water with respect to other Na salts, as well as a slightly lower side chain <SASAO> when 

compared to KTFSI or RbTFSI. This is related to the previously discussed lower coordination 

tendency of Na to p(g2T-TT) due to a strongly bound hydration shell, showing that harder cations 

can effectively modulate the anion-polymer interface.  

In summary, we have observed how the size and hardness of both cations and anions play a 

significant role in modulating the interactions between alkali metals and p(g2T-TT). In this 

context, the strongest effect is seen with TFSI- salts, in which metal-polymer chelation becomes 

strongly favored. This is not unexpected, given the size and charge density of this polyatomic 

anion. In the next section, we investigate how different anions directly affect the polymer interface 

by looking at the density and electrostatic potential profiles. 

 



 
Figure 4. a) Average number of hydrogen bonds between water and p(g2T-TT). b) Average solvent accessible surface 

area, <SASA>. Blue dots: Na+ salts; green diamonds: K+ salts; red squares: Rb+ salts. c) Breakdown of the contribution 

to the p(g2T-TT) SASA from side chain oxygen atoms, <SASAO>, where O1 is the oxygen closest to the backbone 

and O4 is the farthest. 

 

Density and electrostatic potential profiles at the water-p(g2T-TT) interface 

To probe the existence of specific anion-polymer interactions, we calculated the RDF between 

anions and either EG side chain oxygens or backbone sulfur atoms (Figure S1). Unlike halogens 

where no specific interactions or close contacts are present, larger anions like BF4
-, ClO4

- and 

TFSI- show a higher affinity with the polymer. The EG side chain-anion RDF increases with 

b)

c)

a)



increasing cation coordination, with peaks around 5 Å. For KTFSI and RbTFSI this RDF peak is 

almost unity; this result is consistent with the highest <SASAO> calculated for these systems. 

(Figure S1a). In the case of ClO4
-
 and TFSI-, the two most hydrophobic ions studied, the RDFs 

show the presence of close contacts with the exposed polymer backbone (Figure S1b). These are 

accompanied by corresponding peaks in the cation-sulfur RDF (Figure S1c).  

We then calculated the electrostatic potential profile across the simulation box, shown in Figure 

5a and Figure S2. The drop from higher to lower potential is identifiable as the interface region 

between p(g2T-TT) and water. The lower contrast between the two phases is observed both with 

softer cations (ie, KF and RbF vs NaF) and with larger anions, particularly TFSI-. The density 

profiles of all electrolytes and p(g2T-TT) in Figure 5b reveal how TFSI- tends to concentrate at 

the water-p(g2T-TT) interface. This is seen also for ClO4 salts, albeit to a lower extent (see also 

Figure S3). Interestingly, while with Rb+ and K+ the concentration of TFSI- is highest at the 

polymer interface, the presence of Na increases the solubility of TFSI- in water, as seen from the 

higher density in the water phase. This observation also matches the lowest drop in electrostatic 

potential seen for NaTFSI. Overall, the different behavior of TFSI- and ClO4
- can be explained 

considering the higher hydrophobicity of these anions. A closer look at the polymer-electrolyte 

close contacts for KTFSI and RbTFSI is shown in Figure S4. 

In summary, our MD simulations showed the importance of different anions in the modulation of 

polymer-electrolyte interactions. The use of large and softer anions not only enhances metal-

polymer chelation, but in some cases results in a modification of the polymer-water interface due 

to the marked hydrophobic character of species like TFSI-. In the next section, we discuss the 

experimental validation of these results carried out via X-ray fluorescence for a series of TFSI 

salts, with the aim of quantifying the TFSI-polymer interactions and TFSI-enhanced metal 

chelation. 

   



 

 
Figure 5. a) Change in electrostatic potential ∆V along the vertical axis z. The polymer phase, corresponding to the 

higher potential region, is on the right side.  Curves are vertically shifted for clarity. b) Density profile along the z axis 

of p(g2T-TT) (grey line), water (cyan dots) and anions (color gradient solid lines).  

   

X-ray fluorescence study of OECTs with Rb and K salts 

Quantifying the ion-polymer interactions in electrolyte infiltrated OMIECs presents a difficult 

experimental task. X-ray techniques provide one route to probe ion composition and local ion 

environment. Therefore, ex situ X-ray fluorescence and absorption measurements were carried out 

on electrolyte exposed films of p(g2T-TT). X-ray fluorescence (XRF) was carried out on neat films 

and films exposed to K+ and Rb+ based electrolytes, as shown in Figure 6 (the Na+ Kα peak energy 

of 1.04 keV was outside the energy range of the experimental apparatus, thus Na based salts where 

a)

b)



excluded). The TFSI- induced metal-polymer chelation was measurable as an increase in X-ray 

fluorescence (XRF) as more cations were expected to be entrained in TFSI-based electrolyte 

exposed films of p(g2T-TT), as compared to those exposed to metal-halogen electrolytes. Films 

of p(g2T-TT) ex situ exposed to 1M aqueous KCl, KBr, RbCl, and RbBr showed no evidence of 

retained cations (i.e. absence of resolvable K or Rb Kα peaks). Accounting for the noise floor of 

the X-ray detector, in the case of Rb+ this would imply a cation concentration of at most 0.005 

cations per heterocyclic sulfur. Conversely, films of p(g2T-TT) ex situ exposed to 1M aqueous 

KTFSI and RbTFSI showed a clear K and Rb Kα peaks, respectively, which matches the predicted 

anion-enabled chelation.  

Figure 6. XRF spectra of p(g2T-TT) films ex situ exposed to 1M aqueous solutions of a) KTFSI, KBr and KCl, and 

b) RbTFSI, RbBr and RbCl, each normalized to S Kα fluorescence. 

 

While the simulations do not account for charge on the polymer backbone, it is expected that 

p(g2T-TT) processed in ambient be oxidized to some degree. This is manifest in the XRF spectra 

of films exposed to KCl, KBr, RbCl, and RbBr which, while showing no measurable cation 

fluorescence, displayed fluorescence from anions (Cl- or Br-) presumably balancing positive 

charge on the partially oxidized p(g2T-TT). Similarly, the S Kα peak increased following exposure 

to KTFSI and RbTFSI. Due to the large separation in energies of S, Br, and Rb Kα peaks, these 

presented an ideal case to convert the qualitative spectral change to quantitative anion and cation 

compositional changes. Subtracting the XRF spectra collected before and after electrolyte 

exposure revealed a consistent 15 to 17% increase in S fluorescence, representing an entrained 
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anion concentration of one TFSI- per ~12.5 heterocyclic sulfurs or one TFSI- per ~3 repeat units. 

Known S, Br, and Rb composition samples were prepared and measured with XRF to produce 

compositional calibration curves. Samples exposed to KBr and RbBr displayed an uptake of 0.047 

and 0.048 Br- per heterocyclic sulfur, respectively.  This translates to around one Br- every five 

repeats unit for both KBr and RbBr exposed films. As mentioned above, this Br- is presumed to be 

balancing positive charge on the partially oxidized p(g2T-TT). 

Samples exposed to RbTFSI displayed an uptake of 0.051 Rb+ ions per heterocyclic sulfur and 

0.079 TFSI- per heterocyclic sulfur. The excess TFSI- is consistent with the halogen anion 

concentration present to counterbalance the positive charge on p(g2T-TT) due to its partially 

oxidized state. The oxidation of the polymer cannot explain the preferential uptake of Rb+ when 

the TFSI- anion is employed since both RbTFSI and RbBr show a similar anion uptake due to the 

partial p(g2T-TT) oxidation. Thus, it seems highly likely that the presence of Rb+ cations is due to 

the predicted TFSI- enabled cation-sidechain chelation. KCl, KBr, and KTFSI followed the same 

qualitative trends. The TFSI- enabled cation-sidechain chelation was observed to be reversible with 

no cation or anion XRF signal present after multiple soak and rinse cycles with DI water.  

Extended X-ray absorption fine structure (EXAFS) was carried out on p(g2T-TT) films exposed 

Rb+ based electrolytes. The high level of disorder, relative long length scales, and difficulties with 

contrast undermined the effectiveness of ex situ EXAFS. Ambient EXAFS at the Rb+ K edge 

lacked the resolution to confirm RDFs or discern changes in the Rb environment due to anion 

choice.  

 

Conclusion 

In summary, we have carried out both XRF and MD simulations on a series of p(g2T-TT)-

electrolyte interfaces. We have analyzed the effect of different counterions on the p(g2T-TT)-water 

interface, and their ability to modulate coordination and chelation of metal cations. We have shown 

how softer polyatomic anions, particularly TFSI- and ClO4
-, can enhance metal coordination and 

chelation by EG side chains. The higher hydrophobic character of TFSI- results in a tendency to 

concentrate at the p(g2T-TT) interface, increasing both the surface area of the polymer and the 



cation-side chain chelation. On the other hand, the use of smaller, harder cations such as Na+ can 

mitigate this effect by increasing the solubility of TFSI in water. These trends are consistent with 

the literature on PEO-water interfaces,29–32 and they may translate in significant differences in the 

context of operating OECTs. 

Our results can be directly compared to a working OECT in the ‘off’ state undergoing passive 

uptake. The trends observed in this work open new discussions and speculations on how the choice 

of the electrolyte might affect the device morphology and OECT operation, not only in the specific 

case of p(g2T-TT) but for the general family of glycolated polymers. In this respect, different salts 

could correspond to different doping/dedoping kinetics,33,34 or even modify the microstructure of 

the polymer, as already seen experimentally for p(g2T-TT). Overall, our data suggest that the 

choice of the electrolyte should be an important parameter when testing OECTs; this is particularly 

relevant for applications such as neuromorphic devices, batteries or supercapacitors that do not 

involve biological substrates, where strict boundaries of pH and biocompatibility do not apply.  

Finally, we highlight the importance of theory and simulations in investigating the dynamics and 

structure of mixed transport materials. MD simulations, coupled with ab-initio or semiempirical 

methods aimed at capturing polarization effects on the polymer electronic structure, will prove a 

robust tool to gain a general understanding of OMIECs and develop a theory of mixed transport 

able to guide the rational design of polymer mixed conductors. In this context, the simulations 

performed in this work will be the basis of further investigations on the doping kinetics of p(g2T-

TT), for which a rigorous theoretical model is still lacking. 

 

 

 

 

 

 



Computational methods 

Force field and software details. The general amber force field (GAFF)35 for p(g2T-TT) was 

reparameterized for the g2T-TT repeating unit, with RESP partial charges obtained at B3LYP/6-

31G* level. The torsional parameters for dihedrals between aromatic units were obtained from 

fitting B3LYP/6-31G*/MP2 potential energy surface scans. DFT and MP2 calculations were 

performed using GAMESS-US36 and ORCA.37 The water model SPC/E38 was chosen because of 

its proven reliability in high ionic strength environments.39 Force field parameters for BF4
40 and 

TFSI41 ions were taken from Agilio Padua’s GitHub repository;42 those for ClO4
43

 from Bryce’s 

Amber parameter database.44 The systems were prepared using PACKMOL45 and antechamber.46 

Molecular dynamics were performed using Amber16.47 The post-production analysis was 

performed using in-house Python code based on the MDAnalysis library.48,49  

System setup. A total of 20 polymer chains of 16 repeating units were simulated. The polymer 

film was built by merging two pre-annealed polymer bundles containing 10 chains each and 

annealing the system under 3D periodic boundary conditions at 500K until a stationary density 

was achieved. A layer of SPC/E water was then added to simulate a planar interface and the system 

was re-equilibrated at 298.15K for 100 ns. Finally, different alkali salts (cations: Na+, K+, Rb+; 

anions: F-, Cl-, Br-, BF4-, ClO4-, TFSI-) in 1 M concentration (0.5 M for RbClO4) were added to 

the pre-equilibrated interfaces and the resulting system was simulated for an additional 600 ns. 

The 20 polymer chains consisting of 16 repeating units each are oriented with the backbone parallel 

to the y axis; the water-polymer interface is along the z axis. 

 

Experimental Materials and Methods 

Potassium chloride (>99.0%), potassium bromide (>99.0%), potassium carbonate (99.8%), and 

rubidium carbonate (99.8%) were purchased from Sigma Aldrich; 

bis(trifluoromethane)sulfonimide (>99.0%) was purchased from TCI America; rubidum chloride 

(99.8%) and rubidium bromide (99.8%) were purchased from Alfa Aesar. Potassium 

bis(trifluoromethane)sulfonimide ad rubidium bis(trifluoromethane)sulfonimide were synthesized 

following a modified previously published method.50 Poly(2‐(3,3′‐bis(2‐(2‐(2‐



methoxyethoxy)ethoxy)ethoxy)‐[2,2′‐bithiophen]‐5‐yl)thieno[3,2‐b]thiophene) was synthesized 

following previously published methods.17  

Thin films samples of p(2T-TT) were drop cast in a saturated chloroform environment on 25 μm 

polyimide films from 5 mg/ml solutions in chloroform. Prior to drop casting, polyimide films were 

sonicated in acetone and isopropyl alcohol followed by a 10 min UV-ozone exposure. Prior to 

electrolyte exposure, films were soaked and rinsed with deionized (DI) water several times to 

remove any metal-halide impurities. Ex situ electrolyte exposure was performed by immersing the 

thin film samples in 1M aqueous salt solutions for 30 minutes. Following exposure, thin film 

samples were quickly rinsed with DI water to displace liquid electrolyte form the surface and 

blown dry with nitrogen flow. 

X-ray fluorescence spectra was collected with a Xenemetrix ED-XRF-measure unit with a 

Rhodium white light X-ray source. The energy range was set at 20 keV. In order to improve the 

signal-to-background ratio for light elements including S, Cl and K, a Titanium filter was placed 

between the X-ray source and sample to remove the Rh L lines. The measurement was carried out 

under vacuum with 300-second exposures. For the data analysis, peaks were simulated by single 

gaussian peaks to quantify their positions and areas. A calibration curve was constructed by 

measuring a series of known composition mixtures of thiourea and Rubidium salts spin-coated on 

25 μm polyimide films. EXAFS was carried out on the bending magnet beamline in Sector 5 

(DND-CAT) of the Advanced Photon Source at Argonne National Laboratory. 
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1. Analysis of Molecular Dynamics Simulations 
 

  

Figure S1. Radial distribution function g(r) of anions against a) the polymer backbone sulfur and 
b) the EG side chain oxygen. c) Radial distribution function g(r) of cations against the polymer 
backbone sulfur. 

a)

b)

c)
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Figure S2. Electrostatic potential profile across the simulation box, for Na (top), K (middle) and 
Rb (bottom) salts. The surface plots show an average of the cross section of the electrostatic 
potential in the xz plane. Higher values (green-yellow) correspond to the polymer phase, while 
lower values (blue) correspond to the solution phase. The color scale is the same for all plots (-20, 
20). 50 MD snapshots were averaged to obtain the potential profiles. 

 

 

 
Figure S3. Density profile along the z axis of p(g2T-TT) (grey line), water (cyan dots), M+ 
(black dots) and anions (solid lines). The water phase is wrapped to the center of the simulation 
box. 
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Figure S4. Snapshots from KTFSI (top) and RbTFSI MD simulations. Water molecules and 
hydrogen atoms are omitted; the p(g2T-TT) backbone is represented as a blue density surface. 
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2. X-Ray Fluorescence Spectra 
 
 

 
Figure S5. Individual XRF spectra of p(g2T-TT) films ex situ exposed to 1M aqueous solutions 
of KCl, KBr, KTFSI, RbCl, RbBr and RbTFSI, each normalized to S Kα fluorescence. 

 

3. Synthetic Details 
 
 
The TFSI salts were synthesized using a modified literature procedure1. Briefly, HTFSI (25 g, 
0.089 mol, 2.05 eq) was dissolved in methanol (50 mL) and added dropwise via an addition funnel 
over ~15 minutes to a suspension of the appropriate carbonate (1 eq) suspended in methanol (300 
mL) cooled in an ice bath under vigorous stirring. As the reaction proceeded, the suspension slowly 
cleared2 and the reaction was allowed to proceed overnight at RT. The resulting methanolic 
solution of the TFSI salt was filtered, and the solvent was removed via rotary evaporation, 
producing a colorless solid. The solid was recrystallized from methanol to give the final TFSI salts 
as white crystalline solids. The salt solution was neutral after recrystallization.   

                                                
1 Xue, L.; Padgett, C. W.; DesMarteau, D. D.; Pennington, W. T. Synthesis and Structures of Alkali Metal Salts of 
Bis[(Trifluoromethyl)Sulfonyllimide. Solid State Sci. 2002. 

2 When Rb2CO3 was used, the solution never fully cleared, likely due to some insoluble impurity in the commercial 
starting material. This was easily removed by filtration.  
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4. Nuclear Magnetic Resonance 
 

RbTFSI: 19F NMR (470 MHz; D2O): δ -76.63 

 

Figure S6. 19F NMR of RbTFSI. 

 

KTFSI: 19F NMR (470 MHz; D2O): δ -79.18 

 

 

Figure S7. 19F NMR of KTFSI. 
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