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Abstract 

Conduction of ions and charge (electrons) often follow distinct materials design rules, presenting a 
significant challenge for the development of homogeneous materials that are good at both. The fundamental 
interactions that dictate ionic and electronic conduction in mixed conductors are still unclear. Here, we 
characterize the ionic and electronic conduction of a class of mixed polymeric conductors in which ionic 
liquid groups are tethered to an electron conducting conjugated polymer backbone. A model conjugated 
polymeric ionic liquid, poly{3-[6’-(N-methylimidazolium)hexyl]thiophene}BF4

– (P3HT-IM), is 
synthesized and shown to have significant long range ordering. Chemical oxidation of the polymer results 
in a room temperature electronic conductivity of 10–2 S cm–1. The polymer is also capable of dissolving Li+ 
salt up to a concentration of rsalt = 1 [moles of salt]/[moles of monomer]. The polymer displays a monotonic 
increase in ionic conductivity with salt concentration, reaching a maximum room temperature ionic 
conductivity of 10–5 S cm–1 at the highest concentration of rsalt = 1. Notably, this is among the first studies 
to characterize both the ionic and electronic conductivity of an ionic liquid functionalized conjugated 
polymer upon the addition of oxidant and salt.  All-atom molecular dynamics simulations indicate that the 
imidazolium side chains promote the formation of a percolated network of solvation sites at high salt 
concentrations, which facilitates ion transport. Pulsed-Field Gradient NMR diffusivity measurements and 
MD indicate a lithium transference number around 0.5, suggesting that the percolated solvation network 
promotes lithium transport in a way that is unique from many ion conducting systems. These results suggest 
that the addition of diffuse, ionic liquid-like groups to a conjugated polymer backbone serves as an effective 
design approach to facilitate simultaneous lithium-ion conduction and electronic conduction in the absence 
of solvent. 
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Introduction 

Simultaneous ion and electron conduction is essential in all electrochemical devices and is particularly 
important for applications in energy storage and conversion.1,2 Rational design of mixed conducting 
organic materials is challenging because ion and electron conducting materials follow different design 
rules.3 Ion transport in polymers is generally correlated to segmental motion and is optimized in polar 
rubbery materials1,4,5 while electron transport often relies on structural alignment in highly ordered 
polymeric systems.2,3,6,7 Conjugated polymers are particularly promising in the field of mixed conductors 
because  their electronic, ionic, and structural properties can be readily tuned through conventional 
synthetic design strategies.3 

Ion conductivity in polymeric systems is dependent on the concentration and mobility of ions, which are 
related to the polarity and the segmental dynamics of the polymer.6 For a given concentration of added 
salt, the mobile ion concentration depends on the extent of salt dissociation, which is affected by the local 
dielectric environment, the interactions between anions and cations, and interactions between the polymer 
and the ions.4,6,8 Inclusion of highly polar functional groups and increasing the size and polarizability of 
ionic groups serves to increase the dielectric constant, weaken electrostatic interactions, and promote ion 
dissociation.8–11 Additionally, the mobility of ions generally depends on the dynamics of the polymer 
system as solvation sites rearrange to create a conduction pathway.12–14 For polymers above their glass 
transition temperature (Tg), the ionic mobility is often tied to the segmental dynamics of the polymer 
which is related to the distance from Tg.12–14 However, ion dynamics are also affected by the nature of 
ion–ion and polymer–ion associations, where ion solvation sites and ion coordinating groups, which help 
ions dissociate, can decrease ion dynamics.6,13 

Paradoxically, ionic aggregation can lead to higher ionic conductivity if aggregates percolate through the 
material.12,15–17 Ion transport in many polymeric systems can be characterized by transport through a 
transient network of solvation sites,18–21 where the mobility of ions is, in part, connected to the density and 
connectivity of solvation sites.18 Local ion transport in aggregated domains is postulated to be higher in 
some systems due to the close proximity of solvation sites.12,16,17,22,23 In this case, the ionic mobility is 
related to the extent to which aggregates form continuous domains through the material.12,15–17 

In contrast to ion conduction, electron transport in semicrystalline conjugated polymers is often related to 
the degree of long-range order in the polymer and the degree of ionization.7,24,25 Electronic conductivity is 
directly proportional to the carrier density and the electronic mobility.7,24,26–28 The carrier density in 
conjugated polymers is commonly modulated via the introduction of a reductant (in the case of a n-type 
material) or an oxidant (in the case of a p-type material).29–36 In the case of a p-type conjugated polymer, 
the polymer backbone undergoes electron exchange with the oxidant, resulting in the formation of an ion 
pair between the charge carrier on the polymer backbone and the ionized oxidant.37–39 The mobility of the 
charge carriers depends on a number of structural and molecular factors. Generally, for semicrystalline 
conjugated polymers, crystalline domains are dispersed in an amorphous matrix.40 Charge transport 
predominates in ordered regions, where co-facially stacked conjugated backbones have strong π-orbital 
interactions.40 As a result, a general heuristic to increase electronic conductivity in semicrystalline 
conjugated polymers is to increase the degree of crystallinity and long-range order, however, the 
relationship between structural order and mobility is not well-defined.25,28,41,42 

The incorporation of ion-conducting moieties into conjugated polymers serves as a route to provide 
conduction pathways for both ions and electrons. Optimization of ionic and electronic conduction in 
conjugated polymers requires a system with both highly ordered domains and polar domains with high 
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segmental mobility. Conjugated polymers with oligoethylene glycol side chains have shown both high 
ionic conductivity (≈10-4 S cm–1) upon lithium salt addition and evidence of long-range order.43–45 The 
addition of ionic moieties, such as sulfonate groups, to a conjugated polymer backbone promotes ion 
transport and ion injection in electrochemical devices.45–52 These systems have also been used to improve 
the performance of bioelectronics due to their water solubility and ion conductivity.2,50,51  

Ionic liquid moieties can be covalently tethered to a conjugated polymer backbone to enable ion 
conduction without the presence of solvent, which is particularly important for solvent-free 
electrochemical devices.1,2,53 Mixed conducting conjugated materials are commonly employed as 
protective coatings and binders for cathode materials in batteries due to their easy processability and 
facile ion and electron transport in the presence of liquid electrolyte.18,54–58 Increasing interest in solvent-
free battery construction, however, has created a demand for materials that can conduct both ions and 
electrons without the presence of solvent.18,19,56,57 Conjugated polymers with ionic liquid-like side chains, 
in which an ionic liquid group is covalently tethered to the polymer backbone, have considerable promise 
in the field of solvent-free mixed conduction.59,60 Large, polarizable ionic side-chain moieties serve to 
weaken ionic associations and increase ion dynamics without the presence of solvent, while the 
conjugated backbone imparts electron conductivity.61,62 Polythiophenes with imidazolium side chains 
have shown intrinsic ionic conductivity up to 10-4 S cm–1 in the neat state, while also showing evidence of 
significant long-range order in scattering studies.60,63 While Ionic liquid functionalized conjugated 
polymers show potential as solvent-free mixed ion and electron conductors, to this point there have been 
few studies that investigate lithium-ion conduction in ionic liquid functionalized conjugated polymers. 
Furthermore, very few studies have characterized mixed conduction in conjugated systems upon 
simultaneous salt addition and oxidant addition.  

Herein, the ionic and electronic transport properties of an ionic liquid functionalized conjugated polymer 
are investigated as a function of salt and oxidant addition. A semicrystalline polythiophene based system 
with imidazolium covalently tethered to the polymer backbone was developed as a model mixed 
conductor. The addition of both salt and oxidant to the polymer induces mobile ionic and electronic 
carriers without significantly disrupting the crystalline structure of the polymer, resulting in a 
simultaneous increase in the ionic and electronic conductivity. Surprisingly, the polymer solvates added 
salt up to a concentration of rsalt = 1 [mole of salt]/[mole of monomer] and displays a monotonic increase 
in ionic conductivity with salt concentration. MD simulations and PFG NMR diffusion measurements 
suggest that a percolating network of solvation sites forms at high concentrations, which facilitates 
lithium-ion conduction over a wide range of salt concentrations.  

Results and Discussion 

I. System Design 



4 
 

  

Figure 1: a) Schematic structure of the thiophene-based conjugated polymeric ionic liquid used in this 
study b) Azimuthally integrated GIWAXS profile for neat P3HT-IM. c) Illustration of the polymer model 
used in MD simulations. d) MD snapshot of the simulation box used for the crystalline polymer. 

A semicrystalline polythiophene-based conjugated polymer with ionic side chains was developed as a 
model mixed ion and electron conductor (Figure 1a). Polythiophene serves as an ideal model conjugated 
polymer backbone because it belongs to a well-studied class of semicrystalline conjugated polymers with 
reasonable mobility and long-range order. To promote ion solvation, the polymer was synthesized with 
ionic liquid like groups covalently tethered to the polymer backbone. An ionic liquid like cationic 
imidazolium group was selected as the covalently tethered ion group because the diffuse, polarizable 
charge on the imidazolium fosters weak physical associations between ions. The structure and the 
transport properties of the polymer will also be influenced by the counterion to the pendent imidazolium 
group. Larger, polarizable counterions lead to weaker ionic associations and faster segmental dynamics 
due to the increase in free volume, however, the resulting increase in the side-chain volume fraction also 
disrupts long range ordering.59 UV-vis spectroscopy reveals information about the degree of aggregation 
of the polymer as a function of counterion chemistry (Figure S12). Absorption peaks in UV-vis indicated 
a decrease in ordered structure as the ion size increased (Figure S12). Tetrafluoroborate (BF4

–) was 
chosen as a model counterion for mixed conduction studies because the intermediate size imparts a low Tg 
(20°C) in the amorphous domain of the polymer (Figure S13) while still allowing for a high degree of 
long-range order in the crystalline domains. Complete counterion exchange from a bromine counterion to 
the desired counterion was confirmed using quantitative XPS analysis. The resulting polymer, Poly{3-[6’-
(N-methylimidazolium)hexyl]thiophene}BF4

– (P3HT-IM) is shown in Figure 1a. A high degree of 
semicrystalline order is evident in the grazing incidence wide angle X-ray scattering (GIWAXS) patterns 
for drop cast films of P3HT-IM shown in Figure 1b. A series of peaks starting with a first order peak at q 
= 0.247 Å-1 and higher order peaks at integer multiples indicate a lamellar side chain stacking structure, 
while a peak at q=1.674 Å-1 corresponds to π-π stacking.18,19,63–65  

II. Inducing ionic and electronic carriers 
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Figure 2: a) UV-vis spectra as a function of NOBF6 oxidant addition. b) Integrated GIWAXS patterns for 
neat P3HT-IM and P3HT-IM with added LiBF4 (rsalt = 1.0) 

The addition of LiBF4 and NOBF4 to P3HT-IM introduces ionic and electronic carriers, respectively, 
without significantly perturbing the long-range ordering. To induce mobile electronic carriers and 
increase the electrical conductivity, an oxidant was added to P3HT-IM in solution state before casting. 
Nitrosonium tetrafluoroborate (NOBF4) serves as a model oxidant because upon oxidizing the polymer, 
NO is released as a gas. This leaves BF4

– as the counterion to the electronic carrier, which ensures that all 
mobile anions in the sample are the same. Optical spectra shown in Figure 2a have signatures which 
demonstrate that the polymer is ionized by NOBF4. The appearance of a broad absorption below 1.9 eV 
as NOBF4 is added to the polymer, corresponds to polaronic charge carriers in the film. This is 
accompanied by the loss of the spectral signature for the neutral polymer, centered around 2.3 eV. These 
optical signatures indicate that mobile electronic charge carriers are induced in the P3HT-IM sample upon 
the addition of NOBF4 oxidant.66,67 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) studies indicate that the addition of lithium 
salt to the polymer causes some disruption to the crystallinity, however, the polymer still retains 
crystalline order. (Figure 2b). Dropcast samples of P3HT-IM show scattering features indicative of 
crystalline ordering. Since the samples are relatively thick (≈ 5 μm), no substrate-induced texturing is 
observed. Small peaks at q = 1 Å-1 and q = 2 Å-1 appear in both the neat polymer and the polymer with 
added salt, likely corresponding to a crystalline impurity in the sample. For the neat polymer sample, a 
series of peaks at low q correspond to side-chain stacking, with a first order reflection at q = 0.247 Å-1 (d 
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= 2.54 nm), and two higher order peaks at integer multiples of the first peak (q = 0.504 Å-1 and q = 0.754 
Å-1). This is indicative of a lamellar structure with domains comprised of the π-stacked conjugated 
backbone and the side chains.59,60 Note that the charge side groups are nanophase-separated from the 
thiophene backbone, and confined to a lamellar domain. As a result, it is likely that added salt will 
partition into the more polar side-chain stacking region. A peak at q = 1.674 Å-1 (indicated by the arrow in 
Figure 2b) corresponds to π-stacking of the thiophene backbone,59,60 while the amorphous halo around 
q = 1.5 Å-1 likely corresponds to disordered π-stacks in the amorphous regions of the film. Ionic 
aggregation in polymers with ionic liquid side chains often results in a broad reflection in this region as 
well.11,15,16 Lithium tetrafluoroborate (LiBF4) salt was added as the mobile ionic component, and 
scattering patterns for the polymer with added salt are shown in Figure 2b. For samples with the highest 
concentration of added salt (rsalt = 1.0), both π-stacking peaks and side-chain stacking peaks are still 
present. Lamellar stacking peaks appear at (q = 0.240 Å-1, q = 0.497 Å-1 and q = 0.741 Å-1), indicating 
only a small increase in the alky stacking distance. As expected, some peak broadening is observed as the 
added salt introduces defects/disorder to the crystalline structure. A decrease in intensity of the first order 
side chain stacking peak is also observed, however, this is likely not an indication of the degree of 
crystallinity because the 2nd and 3rd order peak still have similar intensities when compared to the neat 
polymer. Rather, this is likely an indication that the drop cast film is not flat, and the tilted surface results 
in a decrease in low angle scattering.  While the addition of salt expectedly results in a decrease in 
crystallinity, these scattering studies indicate that samples with added salt retain semicrystalline order.  

III. Mixed ionic and electronic conductivity 

 

Figure 3: a) Electronic conductivity as a function of NOBF4 oxidant addition. The electronic conductivity 
of the polymer with both NOBF4 and LiBF4 is indicated by the red x.  b) Ionic conductivity as a function 
of lithium salt addition at room temperature c) Ionic conductivity as a function of temperature for P3HT-
IM with different added salt concentrations, where r is the ratio of the moles of salt to the moles of 
monomer. 

The electronic conductivity and the ionic conductivity of P3HT-IM can be simultaneously tuned through 
the addition of salt and oxidant.  Upon oxidation of the thiophene backbone via electron exchange with 
NO, both ionic charge carriers (mobile BF4

– counterions) and electronic charge carriers are present in the 
polymer. To measure the electronic conductivity, DC conductivity measurements were performed on the 
sample (see Figure S15 for more details). The electronic conductivity (𝜎!"!#$%&'(#) of the polymer is 
plotted as a function of oxidant concentration in Figure 3a. As expected, the electronic conductivity 
increases with oxidant concentration up to roxidant = 0.6 (roxidant = [NOBF4]/[monomer]) as the electronic 
carrier concentration increases. 𝜎!"!#$%&'(# reaches a maximum of 4.45 x 10-3 S/cm at roxidant = 0.8. This 
electronic conductivity is lower than that of analogous oxidized alkyl substituted conjugated polymers in 
literature such as vapor doped P3HT thin films (𝜎!"!#$%&'(# ≈ 101 S/cm).68 However, conjugated polymers 
with ionic side chains often show lower conductivities, likely because ionic groups can perturb crystalline 
ordering. For example, the conductivity of conjugated polymers such as PEDOT,69 P3HT,70 and 
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PCPDTBT51 with sulfonate side chains has been found to be in the range of 10-4 to 10-1 S/cm after oxidant 
addition. While this conductivity is low for many applications in organic electronic devices, it is 
significant for applications in battery electrode binder materials. Electrochemically doped conjugated 
polymers with electronic conductivities in the range of 10-3 to 10-1 S/cm have been shown to dramatically 
increase the performance of NCA electrodes when employed as battery binders.18 As the oxidant 
concentration is increased beyond roxidant = 0.8, 𝜎!"!#$%&'(# decreases. This behavior is observed in many 
conjugated polymer systems26 and is attributed to “over charging” of the thiophene backbone at high 
ionization levels, in which the HOMO level becomes empty, preventing charge hopping along the 
backbone.26,71,72 To show that both salt and oxidant can be added to the polymer to independently tune the 
ionic and electronic conductivity, LiBF4 and NOBF4 were added simultaneously, both at a concentration 
of r = 0.8 (r = [additive]/[monomer]). As suggested by the peak broadening in the GIWAXS (Figure 2b), 
LiBF4 does affect the crystalline order of the polymer at high concentrations, which in turn affects the 
electronic conduction pathways in the polymer. Peak broadening is observed in samples with added 
NOBF4, and to an even greater extent in samples with both NOBF4 and LiBF4 (Figure S17), however, all 
samples show clear π-π and alkyl stacking. This accounts for the decrease in electronic conductivity for 
the polymer with both NOBF4 and LiBF4 when compared to the electrical conductivity with only NOBF4 
added (Figure 3a).  To understand the dynamics of ions in the polymer, electrochemical impedance 
spectroscopy (EIS) was performed on the bulk polymer with added oxidant. An equivalent circuit was fit 
to the Nyquist plot which accounts for the ionic resistance, the electronic resistance, and the contact 
resistance (see Figure S14 for more details on Nyquist plot fitting). The ionic conductivity of P3HT-IM, 
shown in black in Figure 3a, increases with oxidant addition because the oxidant introduces mobile 
anions in the polymer which are associated with holes on the thiophene backbone. Since the electronic 
signal overwhelms the ionic signal in the Nyquist plot at higher oxidation levels, the ionic conductivity 
was not measured beyond an oxidant concentration of roxidant = 0.1. 

P3HT-IM is capable of solvating and transporting LiBF4 over a wide range of salt concentrations. The 
lack of diffraction peaks specific to crystalline LiBF4 in GIWAXS patterns for P3HT-IM with added salt 
(Figure 2b) suggests that salt does not precipitate out of the polymer, and thus the salt is well solvated by 
the polymer even at high concentrations (rsalt=1.0). At this concentration, the sample is roughly 22% salt 
by mass, which is comparable to many lithium conducting systems in the literature. By comparison, 
poly(ethyleneoxide) (PEO) generally shows salt precipitation beyond a salt concentration of rsalt=0.2 (≈62 
% salt by mass for LiTFSI).6,73,74 Ionic liquids such as EMIM TFSI can solvate salt beyond concentrations 
of rsalt=0.4 (≈50% salt for LiTFSI in EMIM TFSI).75–78 Since the addition of salt alone, without NOBF4 
addition, does not introduce a significant number of electronic charge carriers to the polymer, only ionic 
charge carriers are present in significant concentrations following LiBF4 addition. EIS was used to 
understand ion transport in the bulk polymer with added salt (see Figure S14 for more details on EIS 
measurements and analysis). Surprisingly, the ionic conductivity of the polymer shows a monotonic 
increase up to the highest salt concentration of rsalt = 1.0 (Figure 3b). By contrast, most polymeric ion 
conductors with ion coordinating groups are incapable of solvating salt at concentrations higher than 
rsalt = 0.5,6,12,13,15,16,79–81 and often show a maximum in conductivity at intermediate salt concentrations 
(generally rsalt = 0.1 to rsalt = 0.2) due to salt aggregation and physical cross-linking.4,79,82,83 P3HT-IM 
displays ionic conductivities between 10-8 to 10-6 S/cm depending on salt addition. These ionic 
conductivity values are similar to that of many polymeric ionic liquids with added lithium salt at lower 
concentrations (rsalt = 0.02 to rsalt = 0.2).12 It is also worth noting the stark jump in conductivity observed 
at rsalt = 0.6. This suggests that there is a structural/mechanistic change in the system beyond this salt 
concentration that aids ion transport, the mechanism of which can be investigated in detail via diffusion 
measurements and MD simulations.  



8 
 

IV. MD simulation 

Molecular dynamics (MD) simulations were performed to provide mechanistic insights on ion solvation 
and transport in both crystalline and amorphous phases of P3HT-IM (Figure 1c). For simulations of the 
crystalline domains of the polymer, the crystalline structure of the polymer remained stable as a stacked 
configuration characteristic of most thiophene based polymers, in which clear π-π stacking and lamellar 
alkyl spacing were observed (Figure 1d).  This agrees with the structural features observed 
experimentally via GIWAXS (Figure 2). Addition of salt to the simulation enables a detailed 
characterization of the solvation environment for both Li+ and BF4

– in the polymer (see Figure S6, S7 and 
our previous work20 for detailed analysis on Li+ ion solvation environment characterization). For MD 
simulations of the crystalline polymer, both Li+ and BF4

– ions segregate in the confined lamellar regions 
formed by the charged side chains (Figure S1). At low salt concentrations, a fraction of Li+ in the system 
is solvated (in part) by thiophene while most ions are coordinated by three BF4

– counterions. At high salt 
concentrations Li+ ions are almost exclusively coordinated by four BF4

– counterions (Figure 4b and 4d). 
A similar analysis for BF4

– reveals that BF4
– is solvated by the imidazolium and Li+ ions. As the salt 

concentration is increased, the imidazolium contributes less to BF4
– solvation, and the counterion 

becomes coordinated by up to two lithium ions in its first solvation shell (Figure 4a and 4c). This 
suggests that the mobility of BF4 ions upon adding LiBF4 salt may not be significantly affected by the 
presence of tethered imidazolium groups, since the BF4 ions become increasingly detached from the 
imidazolium as the salt concentration increases. Overall, the observed shift in the nature of Li+ and BF4

– 
solvation with salt concentration indicates that the solvation structures are becoming more independent 
from the polymer backbone, where mobile ions are mainly interacting with other mobile ions of opposite 
charge.  

 

Figure 4: MD simulation results for the ion solvation environment in crystalline P3HT-IM polymers at 
different salt concentrations at 300 K (detailed analysis is reported in the SI) a) Snapshots of 
representative BF4

– solvation environments in P3HT-IM and c) their abundance as a function of salt 
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concentration b) Snapshots of representative Li+ solvation environments in P3HT-IM and d) their 
abundance as a function of salt concentration 

Ion-solvation structures in P3HT-IM become more interconnected as the salt concentration is increased. 
Ion transport in the polymer network is, in part, dependent on the distance between solvation sites.18,20,21 
Accordingly, the density and connectivity of solvation environments in the polymer influences the ion 
dynamics. The spatial distribution of Li+ solvation in MD simulations is illustrated in Figure 5a and 5b 
for the amorphous polymer and Figure S2 for the crystalline polymer. At low salt concentrations, Li+ 
solvation sites are dispersed in the polymer matrix and are characterized by localized ion-pairs between 
Li+ and BF4

–. At high salt concentrations, however, the ion solvation sites form transient interconnected 
networks, percolating throughout the simulation box (Figure 5c and see SI for the details).  In the 
amorphous phase, pendent imidazolium side chains stabilize a percolated solvation network throughout 
the amorphous domain. In the crystalline P3HT-IM polymer, these percolating solvation networks are 
planar and confined to the inter sidechain region, which is delimited by high dielectric sheets formed by 
the charged imidazolium groups (Figure S1). The segregation of ions in these confined regions is more 
energetically favorable than a uniform distribution throughout the lattice which would destabilize the π-π 
stacking. This mechanism is supported by GIWAXS experiments which found that π-π stacking remains 
intact upon the addition of salt even at the highest concentration, indicating that the salt is predominantly 
located in the inter-side-chain stacking region. These percolating structures also likely contribute to the 
ability of the polymer to solvate LiBF4 salt at higher concentrations when compared to many common ion 
conducting polymers.  

 

Figure 5: Simulation results for ion solvation and transport in the amorphous P3HT-IM polymer at 
400 K. a) Dispersed localized ion pairs of Li+ and BF4

– at low salt concentration (rsalt = 0.2) b) Percolating 
network of Li+ and BF4

– at high salt concentration (rsalt = 0.8).  c) Probability, Pperc, that the largest ionic 
network in the amorphous P3HT-IM polymer percolates the simulation box at several salt concentrations. 
d) Calculated diffusion coefficients for Li+ and BF4

– as a function of salt concentration in both the 
amorphous (open symbols) and crystalline polymer (solid symbols) at 400K. The color code for a) and b) 
is as follows: Red spheres represent Li+; blue spheres represent BF4

–; and yellow surfaces represent 
imidazolium groups; green lines connect neighboring Li+ and BF4

– within 4 Å. Calculated ion 
concentrations and total ion and monomer counts for each simulation can be found in Table S3 
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The increased ion network interconnectivity at high salt concentrations leads to faster ion dynamics. Long 
MD trajectories (50 to 100 ns) were used to monitor the dynamics of ions in the polymer and understand 
how the change in the ion network connectivity affects ion transport. The average contact duration 
between Li+ and BF4

– is plotted in Figure S2f for the amorphous polymer and Figure S2c for the 
crystalline polymer. This reveals that the average contact duration between ions is shorter at higher salt 
concentrations, which suggests that the formation of a percolated solvation network decreases the time 
scale of ion-ion interaction and thereby increases ion mobility. In this system, ion transport can be 
characterized by a hopping motion between solvation sites in a transient network. The increased 
proximity and connectivity of the solvation network at high salt concentrations aids ion hopping 
dynamics, leading to a lower average contact duration.23,84 This supports the monotonic increase in ion 
conductivity observed in experimental impedance measurements (Figure 3). The discontinuous change in 
conductivity observed in the experiment at around rsalt = 0.6 could be understood as a transition into the 
percolating regime. Figure 5c shows the calculated probability, Pperc, that an ionic network will percolate 
the entire simulation box at various salt concentrations. These calculations reveal a jump in Pperc between 
rsalt=0.4 and rsalt=0.6, which corresponds with the jump in the ionic conductivity measured via impedance 
spectroscopy (Figure 3b), indicating that the formation of percolated solvation networks increases ion 
transport.  

Experimentally measured ion dynamics align closely with ion dynamics in MD simulations. To further 
investigate ion transport, mean squared displacements (MSD) for both Li+ and BF4

– were calculated in the 
MD simulation to estimate the diffusivity of different ion species over a range of salt concentrations 
(Figure S3). A jump in the diffusion constants for both ions is observed at intermediate salt 
concentrations for both the crystalline and amorphous simulations (Figure 5d), in agreement with the 
experimentally measured jump in conductivity shown in Figure 3. Furthermore, the calculated 
diffusivities of Li+ and BF4

– are similar over the entire range of salt concentrations (Tables S1 and S2) 
with a transference number of approximately 0.5. To further corroborate the ion dynamics observed in 
MD simulations with the experimental polymer system, pulsed-field-gradient (PFG) NMR was used to 
measure the self-diffusion coefficients of 7Li and 19F in P3HT-IM upon salt addition at a concentration of 
rsalt = 1.0. The measured self-diffusion coefficients were .0145 Å2/ns for 7Li and .0101 Å2/ns for 19F at 
353K. As detailed in the Supporting Information, this results in a lithium transference of tLi = 0.59, 
which is in close agreement with the transference numbers found in MD simulations (Table S1 and S2). 
In contrast, lithium transference numbers in polymers with ion coordinating groups, such as PEO, PAN, 
and PVA, generally display transference numbers between 0.1 to 0.336. This suggests that the ion 
transport mechanism in P3HT-IM deviates from that of standard ion-conducting polymers and further 
supports the formation of a percolating ionic network as the main mechanism for ion transport.  The 
agreement between PFG NMR, conductivity, and MD simulations on the trend in ion diffusivity and 
transference number in P3HT-IM supports the ion transport mechanism observed in simulations. 

Conclusion 

The ionic and electronic conductivity of Poly{3-[6’-(N-methylimidazolium)hexyl]thiophene}BF4
– 

(P3HT-IM) are dependent on a range of inter-related structural and chemical factors. In the neat state, the 
polymer shows evidence of crystalline order with scattering features indicative of π–π stacking and side-
chain stacking. The addition of salt induces some structural disorder; however, the polymer still shows 
scattering features indicative of crystalline ordering, even at high concentrations (rsalt = 1). This long-
range ordering facilitates electron transport, and upon oxidant addition, the polymer displays electronic 
conductivity up to 10-2 S cm–1. P3HT-IM is also capable of solvating LiBF4 salt up to a concentration of 
rsalt = 1, as evidenced by the lack of peaks for the crystalline salt in scattering studies. Surprisingly, the 
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polymer displays a monotonic increase in ionic conductivity up to this concentration. This work provides 
new insight into both the electronic and ionic transport properties of a solvent-free conjugated polymeric 
ionic liquid as a function of oxidant and salt addition. MD simulations indicate that ion solvation and 
conduction at high salt concentrations is enabled by the formation of a percolated network of solvation 
sites at high salt concentrations, which facilitates ion transport. Furthermore, experimental PFG NMR 
diffusivity measurements and MD calculations indicate a lithium transference number of approximately 
0.5, suggesting that the percolated solvation network promotes lithium transport in a way that is unique 
from many ion conducting systems. These results suggest that the addition of diffuse ionic liquid like 
groups to a conjugated polymer backbone serves as an effective design approach to facilitate 
simultaneous lithium-ion conduction and electronic conduction in the absence of solvent, which has 
significant utility in the field of cathode binders and cathode coatings for solvent-free lithium-ion 
batteries.  

Experimental Methods 

I. Molecular dynamics  

All-atom molecular dynamics simulations were carried out to provide molecular-level mechanistic insights 
into ion solvation and ion transport. Simulations for P3HT polymers with charged imidazolium side chains 
were carried out in both crystalline and amorphous phases. Initial configurations of crystalline polymers 
were generated by stacking 16 straight polymer chains into two separate adjacent stackings (8x2 grid), 
where each chain consisted of 10 monomers. A BF4

- counterion was added in the proximity of each 
imidazolium+ moiety to balance the positive charge. Additionally, an equal number of Li+ and BF4

- ions 
were added in random positions in the simulation box to study the effects of salt concentration. The Li-free 
polymer (r = 0) was equilibrated for 5 ns. The additional salt was added in gradually, 32 ion pairs at a time 
(r = 0.2), and at every stage the simulation was equilibrated for an additional 1 ns. Amorphous polymers at 
each salt concentration were prepared by annealing the crystalline polymers at a higher temperature of 600 
K for at least 2 ns, followed by an additional 10 ns equilibration at 400 K. 

The OPLS force field,85 a non-polarizable and all-atom model, was used to describe the potential energy 
functions of all molecules. Interactions between atoms were described using both electrostatic and Lennard-
Jones (LJ) interactions. The cross terms of LJ interaction were obtained using the geometric mixing rule. 
Intramolecular interactions were described using harmonic potential energy functions for bonds and angles, 
and the sum of cosine functions for dihedral and improper angles. Bonding and non-bonding coefficients 
were obtained using the online generator LibParGen.86 To incorporate the effects of polarizability for ionic 
species, all atomic charges were multiplied by a constant scalar (0.7) as previously suggested in the MD 
literature.87,88 All simulations were conducted using the LAMMPS simulation package.89 

In all cases during both equilibration and production runs, the MD trajectories were integrated using the 
velocity-Verlet algorithm with a timestep of 1 fs. Both LJ and Coulomb interactions were cut at 12 Å, and 
particle-particle particle-mesh Ewald summation90 was used to compute Coulomb interactions beyond the 
cutoff distance. Periodic boundary conditions (PBC) were applied for both crystalline and amorphous 
polymers.  The Nosé-Hoover thermostat (100 fs relaxation) and the Nosé-Hoover barostat (1000 fs 
relaxation) were applied in all simulations to control the temperature (300 K or 400 K) and the pressure (1 
atm). All transport properties reported here were averaged using simulation trajectories over at least 80 ns 
after at least 20 ns long equilibration. Charge mean-squared displacement calculations are detailed in the 
SI. 
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To quantify the percolation transition of the ionic network as a function of salt concentration, we 
construct a graph whose nodes are Li ions and B atoms of BF4 ions. Edges between the nodes are defined 
if the distance between Li and B is less than 4 Å. We use NetworkX (https://networkx.org) to find the 
largest cluster in the graph. We define the largest cluster to percolate the simulation box if the longest 
distance between two Li ions in the cluster is larger than the simulation box size. In this calculation, all 
the Li ions in the cluster are in the primitive simulation cell, and the longest distance is calculated without 
periodic boundary conditions applied. Then, the probability of forming a percolating ionic network, Pperc, 
is calculated: 𝑃)!%# = 〈𝑝〉, where 𝑝 = 1 if the largest cluster percolates the simulation box, or 0 otherwise. 
 
Solvation environments (SE) of the Li+ and BF4

- were studied in the crystalline phase, using the Solvation 
Environment Classification (SEC) machine learning approach published in our recent work.20 The 
molecular environments visited by the ions were characterized using atom-specific cumulative distribution 
functions (CDFs) calculated with respect to the center of the ion (Li atom for the cation and B atom for the 
anion). These CDFs (averaged over 10 ps) were concatenated into feature vectors which were embedded in 
two-dimensional latent space and classified into specific SEs based on the similarity of molecular 
environments using SEC. Multiple short sample trajectories were used to allow for sufficient sampling of 
the SEs. The same number of feature vectors (Ntraj × Nions = 9600) was obtained at each salt concentration 
by adjusting the number of sampling trajectories to compensate for the varying number of ions. The 
characterization of SEs resulting from the classification was obtained by inspecting average CDFs, ion 
binding energy (the non-bonding energy contribution of the force field) and characteristic atomic 
configurations sampled from each environment. 

II. Synthetic methods 

Poly[3-(6’-bromohexyl)thiophene] (P3BrHT) was synthesized according to previous literature.61,62 An 
oven-dried Schlenk flask containing 2,5 dibromo-3-(6-bromohexyl)thiophene was placed under vacuum 
for 2 hours. Dry, degassed THF was added via syringe and the mixture was sparged with Nitrogen. 
Isopropylmagnesium chloride was added dropwise and the mixture was stirred for 1 h at ambient 
temperature under Nitrogen. The desired amount of Ni(dppp)Cl2 was added via syringe. The 
polymerization was stirred for 1 h at 60°C and quenched by rapid addition of 5 N HCl, and precipitated into 
methanol. The polymer was purified by washing in a Soxhlet apparatus with methanol, ethyl acetate, and 
hexanes before extraction with THF. The product was concentrated under vacuum, redissolved in a small 
amount of THF, and precipitated into rapidly stirring, cold methanol. The isolated product, a purple solid, 
was dried at 65◦C under vacuum to remove any remaining solvent.  
 
Poly{3-[6’-(N-methylimidazolium)hexyl]thiophene} was post-functionalized through an amine 
quaternization reaction. The polymer was first dissolved in THF. 1 methylimidazole (10 eq.) was added to 
the solution in ambient conditions. The solution was then stirred for 24 h under reflux. After 12 h, some 
polymer precipitate was observed int eh flask. A small amount of methanol was added to fully dissolve the 
resulting polymer and the solution was stirred for an additional 24 hours to help achieve quantitative 
conversion. The polymers were then dialyzed using 10 kDa cutoff dialysis membranes against a mixture of 
methanol and THF, with the dialysate replaced every 12 h. The resulting polymer was then mixed with 10 
molar equivalents of LiBF4 and stirred at 50°C in methanol and acetonitrile followed by dialysis for 48h in 
a 50:50 mixture of methanol and acetonitrile and an additional 48h dialysis in acetonitrile. The isolated 
product was obtained as a red solid after removing the solvent under reduced pressure. Complete counterion 
exchange from a bromine counterion to the desired counterion was confirmed using quantitative XPS 
analysis, following procedures from our previous work.91  
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V. Pulsed Field Gradient NMR measurements 

Pulsed Field Gradient (PFG) NMR measures the self-diffusion coefficients of any NMR active nuclei. 7Li 
and 19F are both NMR active, and correlate to the cation and anion in our system, respectively. Operating 
under the assumptions of Dilute Solution Theory, the lithium transference number (tLi+) can be calculated, 

as shown in the following equation: 𝑡! =
"*

"*!"+
	  

The PFG NMR sample was prepared at a molar salt concentration of r=1.0 in the same manner as 
described for the AC Impendence samples. Here, dropcasting was performed into a quartz trough that 
facilitated approximately 100 mg of material to be loaded into the center of the standard 5mm NMR tube. 
All sample preparation was done in a nitrogen glovebox, and the NMR tubes were sealed before removal 
from the glovebox to maintain an oxygen and water free environment during measurement. 

Measurements were performed on a 300 MHz Bruker Avance III super-wide-bore spectrometer with a 
Bruker DIFF50 diffusion probe with replaceable 10 mm radio- frequency (RF) inserts for 7Li and 19F. 
Due to signal noise and slow diffusion times at room temperature, measurements were performed at 80 C 
on both 19F and 7Li nuclei. A stimulated echo pulse sequence was used to conserve signal from relatively 
short T2 values, and the attenuation of the intensity (I) was fit to equation: 𝐼(𝐺) =
𝐼(0)ex p 1−𝐺,𝐷	𝛾,𝛿, 6∆ − -

.
89	 

Where G is the magnetic field gradient strength, I(0) is the intensity of the magnetization when G=0,  γ is 
the gyromagnetic ratio, δ is the gradient pulse duration, Δ is the interval between gradient pulses, and D is 
the self-diffusion coefficient. 

VI. Impedance Measurements for ionic conductivity 

P3HT-IM was prepared by dissolving the polymer in acetonitrile and casting onto a ¼ inch indium tin oxide 
(ITO) substrate with a circular well in a 150 μm Kapton spacer. LiBF4 salt and NOBF4 were added to the 
acetonitrile at the specified concentrations prior to casting. The samples were dried under high vac for 24 
hours and enclosed with a second ITO substrate. A biologic SP-200 potentiostat was used to perform 
impedance measurements.  

To distinguish the ionic and electronic contributions to the signal, an equivalent circuit was fit to the Nyquist 
plot which accounts for the ionic resistance, the electronic resistance, and the contact resistance. This was 
used to determine the ionic conductivity (for electronic conductivity measurements, see section VII). An 
equivalent circuit consisting of constant phase elements and resistors was utilized. A mixed conducting 
model circuit was used with a purely resistive component in parallel with an ionic component (a resistor 
and a constant phase element in series) to account for the electronic and ionic conduction of P3HT-IM. 
Since the electronic resistance is relatively high for samples with only LiBF4 added, an equivalent circuit 
without Re could also be appropriate here. However, we found that the equivalent circuit in Figure S14 
provided a better fit for all data. Furthermore, a pure ion conducting equivalent circuit without the Re 
component should give nearly equivalent ionic resistance values compared to the mixed conducting circuit 
with Re when the Re is significantly higher than Ri. From the model circuit in Figure S14, the resistance 
Rint#1 at the intercept of the first semicircle with the Z’ axis for each Nyquist plot can roughly be expressed 
as /

0!"##%
= /

0!
+ /

0&
. When the electronic resistance is significantly higher than Ri, the /

0&
 term is negligible, 

and thus the intercept of the first semicircle accurately represents the ionic resistance.  

VII. Electronic conductivity measurements (DC) 
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P3HT-IM was prepared for electronic conductivity measurements by dissolving the polymer in acetonitrile 
and casting onto a ¼ inch indium tin oxide (ITO) substrate with a circular well in a 150 μm Kapton spacer. 
LiBF4 salt and NOBF4 were added to the acetonitrile at the specified concentrations prior to casting. The 
samples were dried under high vac for 24 hours and enclosed with a second ITO substrate. A biologic SP-
200 potentiostat was used to perform DC conductivity measurements. Here, the voltage was increased in a 
stepwise manner. The voltage was held for 2.5 minutes at each voltage step to allow the ionic current to 
relax. This ensured that the measured current was solely from electronic conduction. The plateau current at 
each voltage value was then plotted vs. voltage (as shown in Figure S15e), the slope of the line was used 
to determine the electronic resistance.  
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I. Molecular dynamics 

Molecular dynamics model. All-atom molecular dynamics simulations were carried out to provide 
molecular-level mechanistic insights into ion solvation and ion transport. Simulations for P3HT polymers 
with charged imidazolium side chains were carried out in both crystalline and amorphous phases. Initial 
configurations of crystalline polymers were generated by stacking 16 straight polymer chains into two 
separate adjacent stackings (8x2 grid), where each chain consisted of 10 monomers. A BF4

- counterion was 
added in the proximity of each imidazolium+ moiety to balance the positive charge. Additionally, an equal 
number of Li+ and BF4

- ions were added in random positions in the simulation box to study the effects of 
salt concentration. The Li-free polymer (r = 0) was equilibrated for 5 ns. The additional salt was added in 
gradually, 32 ion pairs at a time (r = 0.2), and at every stage the simulation was equilibrated for an additional 
1 ns. Amorphous polymers at each salt concentration were prepared by annealing the crystalline polymers 
at a higher temperature of 600 K for at least 2 ns, followed by an additional 10 ns equilibration at 400 K.

The OPLS force field,1 a non-polarizable and all-atom model, was used to describe the potential 
energy functions of all molecules. Interactions between atoms were described using both electrostatic and 
Lennard-Jones (LJ) interactions. The cross terms of LJ interaction were obtained using the geometric 
mixing rule. Intramolecular interactions were described using harmonic potential energy functions for 
bonds and angles, and the sum of cosine functions for dihedral and improper angles. Bonding and non-
bonding coefficients were obtained using the online generator LibParGen.2 To incorporate the effects of 
polarizability for ionic species, all atomic charges were multiplied by a constant scalar (0.7) as previously 
suggested in the MD literature.3,4 All simulations were conducted using the LAMMPS simulation package.5

In all cases during both equilibration and production runs, the MD trajectories were integrated using 
the velocity-Verlet algorithm with a timestep of 1 fs. Both LJ and Coulomb interactions were cut at 12 Å, 
and particle-particle particle-mesh Ewald summation6 was used to compute Coulomb interactions beyond 
the cutoff distance. Periodic boundary conditions (PBC) were applied for both crystalline and amorphous 
polymers.  The Nosé-Hoover thermostat (100 fs relaxation) and the Nosé-Hoover barostat (1000 fs 
relaxation) were applied in all simulations to control the temperature (300 K or 400 K) and the pressure (1 
atm). All transport properties reported here were averaged using simulation trajectories over at least 80 ns 
after at least 20 ns long equilibration. 

Calculation of Ion-Transport Properties. Charge mean-squared displacement, (t), is calculated 
via the Einstein relation7 as follows:

Σ(t) =
1

𝑘𝐵𝑇 〈𝑉〉

𝑁

∑
𝑖 = 1

𝑁

∑
𝑗 = 1

𝑧𝑖𝑧𝑗〈[𝑟𝑖(𝑡) ― 𝑟𝑖(0)][𝑟𝑗(𝑡) ― 𝑟𝑗(0)]𝛿(|𝑟𝑖(0) ―  𝑟𝑗(0)| ― 𝑟𝑐𝑢𝑡)〉

where N is the total number of ions including Li cations, BF4 anions, and nitrogen atoms of imidazolium 
pendants, zi  (either +1 e or -1 e) is the charge of ith ion,  is the position of ith ion at time t,  is the 𝑟𝑖(𝑡) 𝑉
volume of a system, and  represents the ensemble average. For faster computation, we consider only 〈 ∙∙∙ 〉
ion pairs within a cut-off distance, rcut (=8 Å), at an initial time. This (t) is a collective property that takes           
all correlations into account, whose slope with respect to time is the ionic conductivity. The ion conductivity 
( ) were estimated using the slope between two points of (t) at t1=10 ns and t2=100 ns:𝜎𝐺𝐾

,𝜎𝐺𝐾 =
1
6

Σ(t2) - Σ(t1)
𝑡2 ― 𝑡1



3

where GK represents Green-Kubo formula. Note that in the simulated time window, (t) is not linear with 
time but sub-diffusive, i.e.,  with an exponent b 0.8-0.9, indicating that the ionic correlations do (t) ~𝑡𝑏 ≈
not fully decay on timescales less than 100 ns, regardless of salt concentration.  Use of different values of 
time for t1 and t2 did not qualitatively change these findings. When all correlations (off-diagonal terms) 
are negligible, it becomes the same as the Nernst-Einstein (NE) equation:8

𝜎𝑁𝐸 =
𝑒2

𝑘𝐵𝑇 〈𝑉〉𝑁𝑚𝑜𝑛𝑜𝑚𝑒𝑟[𝑟𝐷𝐿𝑖 + (1 + 𝑟)𝐷𝐵𝐹4 + 𝐷𝑁],

where D is ion self-diffusion coefficient (Li, BF4, or N), is the total number of monomers, and r 𝑁𝑚𝑜𝑛𝑜𝑚𝑒𝑟 
is the number ratio of LiBF4 to the monomers. The ion self-diffusion coefficients (D) were estimated using 
the slope between two points of mean-squared displacement as for :𝜎𝐺𝐾

.D =
1
6

𝑀𝑆𝐷(𝑡2) ― 𝑀𝑆𝐷(𝑡1)
(𝑡2 ― 𝑡1)

Lithium transference number (tLi) is calculated using diffusion coefficients of the ions without taking 
other correlations into account except for self-correlations9: . 𝑡𝐿𝑖 = 𝑡𝐷𝐿𝑖/(𝐷𝐿𝑖 + 𝐷𝐵𝐹4)
Contact duration, H(t), is calculated for a pair of Li and BF4 as follows:

𝐻(𝑡) = 〈ℎ(𝑡)ℎ(0)
ℎ(0)ℎ(0)〉,

where h(t) = 1 if a pair of Li and BF4 is within 4 Å at time t, or h(t) = 0, otherwise, based on the first 
plateau in the cumulative distribution of BF4 around a central Li in Fig. S 5. The average contact duration,

 ,𝜏 = 𝜏𝐻( 𝑒
𝐴𝐻)1/𝑏𝐻

was estimated using a fit to a stretched exponential function:  . All the 𝐻(𝑡) ≈ 𝐴𝐻exp[ ― (𝑡/𝜏𝐻)𝑏𝐻]
transport coefficients for ionic species in both amorphous and crystalline polymers are given in Table S1 
and S2.
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Percolating behavior of the ionic network. To quantify the percolation transition of the ionic 
network as a function of salt concentration, we construct a graph whose nodes are Li ions and B atoms of 
BF4 ions. Edges between the nodes are defined if the distance between Li and B is less than 4 Å. We use 
NetworkX (https://networkx.org) to find the largest cluster in the graph. We define the largest cluster to 
percolate the simulation box if the longest distance between two Li ions in the cluster is larger than the 
simulation box size. In this calculation, all the Li ions in the cluster are in the primitive simulation cell, 
and the longest distance is calculated without periodic boundary conditions applied. Then, the probability 
of forming a percolating ionic network, Pperc, is calculated: , where  if the largest cluster 𝑃𝑝𝑒𝑟𝑐 = 〈𝑝〉 𝑝 = 1
percolates the simulation box, or 0 otherwise.

Figure S1: MD snapshots for the crystalline polymers at r=0.2 (left) and r=0.8 (right). The color code is 
as follows: Red spheres represent Li; blue spheres represent BF4; yellow spheres represent imidazolium 
nitrogen atoms; grey spheres represent sulfur atoms of thiophene rings; and green lines connect 
neighboring Li and BF4 within 4 Å.

Figure S2: Simulation results for ion solvation and transport in the polymer with added LiBF4 salt. 
Figures a) through c) show results for the crystalline P3HT-IM polymers at 400 K. Planar view of a 30 Å 
thin lamellar region at (a) r=0.2 and (b) r=0.8. (c) Li-BF4 contact duration. The color code for (a) and (b) 
is as follows: Red spheres represent Li; blue spheres represent BF4; yellow spheres represent imidazolium 
groups; and green lines connect neighboring Li and BF4 within 4 Å. Figures d) through f) show 

https://networkx.org
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simulation results for ion solvation and transport in the amorphous P3HT-IM polymer at 400 K. d) 
Dispersed localized ion pairs of Li+ and BF4– at low salt concentration (r = 0.2) e) Percolating network 
of Li+ and BF4– at high salt concentration (r = 0.8).  f) Contact duration between Li and BF4– at several 
salt concentrations.

Figure S3: Mean-squared displacement of ions in the amorphous (left column a) and c)) and the 
crystalline (right column b) and d)) polymers at several salt concentrations.

Figure S4: Charge mean-squared displacement, GK(t), in the amorphous (left) and the crystalline (right) 
polymers.



6

Figure S5: Li solvation by BF4 in the amorphous polymers as a function of interatomic distance between 
Li and B.

Table S1: Transport coefficients in the amorphous polymers at 400 K

r 

([LiBF4]/[monomer])

 (ns) DLi 

(Å2/ns)

DBF4 

(Å2/ns)

tLi DN 

(Å2/ns)

NE 

(S/m)

GK 

(S/m)

0.8 1.7 (1) 1.7 (1) 1.8 (1) 0.49 0.09 (1) 0.64 (3) 0.39 (1)

0.6 2.7 (2) 1.4 (1) 1.4 (1) 0.5 0.13 (1) 0.35 (2) 0.28 (1)

0.4 5.9 (5) 0.76 (1) 0.76 (1) 0.5 0.09 (1) 0.25 (2) 0.17 (1)

0.2 10 (2) 0.65 (1) 0.74 (1) 0.47 0.07 (1) 0.09 (1) 0.11 (1)

Table S2: Transport coefficients in the crystalline polymers at 400 K

r 

([LiBF4]/[monomer])

 (ns) DLi 

(Å2/ns)

DBF4 

(Å2/ns)

tLi DN 

(Å2/ns)

NE (S/m) GK (S/m)

0.8 1.1 (1) 3.4 (1) 2.6 (2) 0.57 0.07 (1) 0.44 (2) 0.30 (1)

0.6 1.2 (1) 1.7 (1) 1.8 (1) 0.49 0.08 (1) 0.24 (1) 0.26 (1)

0.4 1.8 (2) 1.8 (1) 1.4 (1) 0.56 0.03 (1) 0.17 (1) 0.22 (1)

0.2 4 (1) 0.9 (1) 0.6 (1) 0.6 0.03 (1) 0.08 (1) 0.10 (1)
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Solvation environments (SE) of the Li+ and BF4
- were studied in the crystalline phase, using the Solvation 

Environment Classification (SEC) machine learning approach published in our recent work.10 The 
molecular environments visited by the ions were characterized using atom-specific cumulative distribution 
functions (CDFs) calculated with respect to the center of the ion (Li atom for the cation and B atom for the 
anion). These CDFs (averaged over 10 ps) were concatenated into feature vectors which were embedded in 
two-dimensional latent space and classified into specific SEs based on the similarity of molecular 
environments using SEC. Multiple short sample trajectories were used to allow for sufficient sampling of 
the SEs. The same number of feature vectors (Ntraj × Nions = 9600) was obtained at each salt concentration 
by adjusting the number of sampling trajectories to compensate for the varying number of ions. The 
characterization of SEs resulting from the classification was obtained by inspecting average CDFs, ion 
binding energy (the non-bonding energy contribution of the force field) and characteristic atomic 
configurations sampled from each environment (main text).

Figure S6: Latent space representation of Li SEs at different salt concentrations. 
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Figure S7: Latent space representation of BF4 SEs at different salt concentrations.

 
Figure S8: Ion binding energy distribution specific to each SE: Li (left) and BF4 (right).

Table S3: Calculated LiBF4 concentration and total number of LiBF4 in the simulation for each value of 
rsalt. All simulations were run under constant pressure conditions with a total of 160 monomer units. 

Salt concentration in mol/L Relative concentration
r=[salt]/[monomer] # of LiBF4 amorphous crystalline amorphous crystalline
0.2 32 0.07 0.06 1 1
0.4 64 0.13 0.09 1.9 1.5
0.6 96 0.19 0.12 2.7 2
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0.8 128 0.24 0.17 3.6 2
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II. Experimental methods

Figure S9: Synthesis of P3BrHT and post-polymerization functionalization to
form P3HT-IM Br

Synthesis of Poly[3-(6’-bromohexyl)thiophene] (P3BrHT) Dibromo-3-(6-bromohexyl)thiophene was 
synthesized according to previous literature.11,12 An oven-dried Schlenk flask containing 2,5 dibromo-3-(6-
bromohexyl)thiophene was placed under vacuum for 2 hours. Dry, degassed THF was added via syringe 
and the mixture was sparged with Nitrogen. Isopropylmagnesium chloride was added dropwise and the 
mixture was stirred for 1 h at ambient temperature under Nitrogen. The desired amount of Ni(dppp)Cl2 was 
added via syringe. The polymerization was stirred for 1 h at 60◦C and quenched by rapid addition of 5 N 
HCl, and precipitated into methanol. The polymer was purified by washing in a Soxhlet apparatus with 
methanol, ethyl acetate, and hexanes before extraction with THF. The product was concentrated under 
vacuum, redissolved in a small amount of THF, and precipitated into rapidly stirring, cold methanol. The 
isolated product, a purple solid, was dried at 65◦C under vacuum to remove any remaining solvent.
1H NMR (600 MHz, CDCl3) δ 7.18 − 6.92 (m, 1nH), 3.53 − 3.37 (m, 2nH), 2.93 − 2.55 (m,
2nH), 2.04 − 1.81 (m, 2nH), 1.80 − 1.58 (m, 2nH), 1.57 − 1.30 (m, 4nH)
SEC (CHCl3, 35◦C) Mn: 14251 g/mol, Mw: 21086 g/mol, Ð: 1.48

Synthesis of Poly{3-[6’-(N-methylimidazolium)hexyl]thiophene}
The P3BrHT polymer was post-functionalized through an amine quaternization reaction. The polymer was 
first dissolved in THF. 1 methylimidazole (10 eq.) was added to the solution in ambient conditions. The 
solution was then stirred for 24 h under reflux. After 12 h, some polymer precipitate was observed int eh 
flask. A small amount of methanol was added to fully dissolve the resulting polymer and the solution was 
stirred for an additional 24 hours to help achieve quantitative conversion. The polymers were then dialyzed 
using 10 kDa cutoff dialysis membranes against a mixture of methanol and THF, with the dialysate replaced 
every 12 h. The resulting polymer was then mixed with 10 molar equivalents of LiBF4 and stirred at 50°C 
in methanol and acetonitrile followed by dialysis for 48h in a 50:50 mixture of methanol and acetonitrile 
and an additional 48h dialysis in acetonitrile. The isolated product was obtained as a red solid after removing 
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the solvent under reduced pressure. Complete counterion exchange from a bromine counterion to the 
desired counterion was confirmed using quantitative XPS analysis, following procedures from our previous 
work.13 1H NMR (600 MHz, CD3CN) δ 8.50 (s, 1nH), 7.39-7.34 (m, 2nH), 4.14 (m,2nH), 3.83 (s, 3nH), 
2.85 (m, 2H), 1.87 (m, 2nH), 1.71 (m, 2nH), 1.48 (m, 2nH), 1.39 (m, 2nH)
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Figure S10: Gel permeation chromatography data for P3BrHT. Molecular weight determination was 
performed using a polystyrene standard. 

Figure S11: Solution state NMR spectra for a) 3BrHT brominated, b) P3BrHT, and c) P3HT-IM
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III. Selection of the optimum counterion for mixed conductivity

UV-vis measurements were performed by spin casting the polymer onto quartz substrates. UV-vis spectra 
were fit using a model developed by Spano et al14,15 to determine the 0-0 to 0-1 absorbance ratio. 

Figure S12: a) Chemical structure of (poly{3-[6′-(N-methylimidazolium)-hexyl]thiophene}, P3HT-IM. b) 
Optical spectra show the absorbance of P3HT-IM with different counterion species. c)  Fit of P3HT spectra. 
The fitted intensity of the 0-0 and 0-1 transitions were compared for P3HT-IM with different counterions 
to determine which system had the most ordered aggregate structure
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IV. Glass transition measurements via dynamic scanning calorimetry

Polymer samples were cast as described above into standard aluminum pans. The samples were sealed and 
characterized with a PerkinElmer DSC 8000 to measure the glass transition temperature (Tg) on second 
heating at 20 °C min−1 using the onset method.

Figure S13: Glass transition temperature of P3HT-IM with both LiBF4 and NOBF4 additives measured via 
DSC
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V. Pulsed Field Gradient NMR measurements

Pulsed Field Gradient (PFG) NMR measures the self-diffusion coefficients of any NMR active nuclei. 7Li 
and 19F are both NMR active, and correlate to the cation and anion in our system, respectively. Operating 
under the assumptions of Dilute Solution Theory, the lithium transference number (tLi+) can be calculated, 
as shown in the following equation 

The PFG NMR sample was prepared at a molar salt concentration of r=1.0 in the same manner as 
described for the AC Impendence samples. Here, dropcasting was performed into a quartz trough that 
facilitated approximately 100 mg of material to be loaded into the center of the standard 5mm NMR tube. 
All sample preparation was done in a nitrogen glovebox, and the NMR tubes were sealed before removal 
from the glovebox to maintain an oxygen and water free environment during measurement.

Measurements were performed on a 300 MHz Bruker Avance III super-wide-bore spectrometer with a 
Bruker DIFF50 diffusion probe with replaceable 10 mm radio- frequency (RF) inserts for 7Li and 19F. 
Due to signal noise and slow diffusion times at room temperature, measurements were performed at 80 C 
on both 19F and 7Li nuclei. A stimulated echo pulse sequence was used to conserve signal from relatively 
short T2 values, and the attenuation of the intensity (I) was fit to equation:

Where G is the magnetic field gradient strength, I(0) is the intensity of the magnetization when G=0,  γ is 
the gyromagnetic ratio, δ is the gradient pulse duration, Δ is the interval between gradient pulses, and D is 
the self-diffusion coefficient.

Table S4: Experimentally measured diffusion coefficients measured at 80 C using PFG NMR

r 

([LiBF4]/[monomer])

DLi 

(Å2/ns)

DBF4 

(Å2/ns)

tLi

1.0 0.0145 0.0101 0.59

𝑡 + =
𝐷 +

𝐷 + + 𝐷 ―

𝐼(𝐺) = 𝐼(0)exp [ ― 𝐺2𝐷 𝛾2𝛿2(∆ ―
𝛿
3)]
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VI. Impedance Measurements for ionic conductivity

P3HT-IM was prepared by dissolving the polymer in acetonitrile and casting onto a ¼ inch indium tin oxide 
(ITO) substrate with a circular well in a 150 μm Kapton spacer. LiBF4 salt and NOBF4 were added to the 
acetonitrile at the specified concentrations prior to casting. The samples were dried under high vac for 24 
hours and enclosed with a second ITO substrate. A biologic SP-200 potentiostat was used to perform 
impedance measurements. 

To distinguish the ionic and electronic contributions to the signal, an equivalent circuit was fit to the Nyquist 
plot which accounts for the ionic resistance, the electronic resistance, and the contact resistance. This was 
used to determine the ionic conductivity (for electronic conductivity measurements, see section VII). An 
equivalent circuit consisting of constant phase elements and resistors was utilized. A mixed conducting 
model circuit was used with a purely resistive component in parallel with an ionic component (a resistor 
and a constant phase element in series) to account for the electronic and ionic conduction of P3HT-IM. 
Since the electronic resistance is relatively high for samples with only LiBF4 added, an equivalent circuit 
without Re could also be appropriate here. However, we found that the equivalent circuit in Figure S14 
provided a better fit for all data. Furthermore, a pure ion conducting equivalent circuit without the Re 
component should give nearly equivalent ionic resistance values compared to the mixed conducting circuit 
with Re when the Re is significantly higher than Ri. From the model circuit in Figure S14, the resistance 
Rint#1 at the intercept of the first semicircle with the Z’ axis for each Nyquist plot can roughly be expressed 
as . When the electronic resistance is significantly higher than Ri, the  term is negligible, 

1
𝑅𝑖𝑛𝑡#1

=
1
𝑅𝑖

+
1

𝑅𝑒

1
𝑅𝑒

and thus the intercept of the first semicircle accurately represents the ionic resistance. 

Figure S14: a) and b) Raw Nyquist plots measured for P3HT-IM doped with LiBF4 salt. Example fits of 
Nyquist plots are shown in c) through e) The equivalent circuit model used to fit the Nyquist plots is shown 
in f)
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VII. Electronic conductivity measurements (DC)

P3HT-IM was prepared for electronic conductivity measurements by dissolving the polymer in acetonitrile 
and casting onto a ¼ inch indium tin oxide (ITO) substrate with a circular well in a 150 μm Kapton spacer. 
LiBF4 salt and NOBF4 were added to the acetonitrile at the specified concentrations prior to casting. The 
samples were dried under high vac for 24 hours and enclosed with a second ITO substrate. A biologic SP-
200 potentiostat was used to perform DC conductivity measurements. Here, the voltage was increased in a 
stepwise manner. The voltage was held for 2.5 minutes at each voltage step to allow the ionic current to 
relax. This ensured that the measured current was solely from electronic conduction. The plateau current at 
each voltage value was then plotted vs. voltage (as shown in Figure S15e), the slope of the line was used 
to determine the electronic resistance. 

Figure S15: a) Example Nyquist plot measured for LiBF4 salt doped sample at a molar ratio of r=0.8 along 
with b) DC conductivity measurements used to measure the electric conductivity. c) Example Nyquist plot 
measured for NOBF4 doped sample at a molar ratio of r=0.8 along with d) and e) the DC conductivity 
measurement used to determine the electronic conductivity. 
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VIII. Temperature dependent ionic and electronic conductivity

Figure S16: a) Temperature-dependent ionic conductivity for P3HT-IM doped with LiBF4 b) Temperature-
dependent electronic conductivity for P3HT-IM doped with NOBF4.
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IX. GIWAXS of P3HT-IM with oxidant and salt addition

Figure S17: a) GIWAXS pattern for neat P3HT-IM b) GIWAXS pattern for P3HT-IM doped with LiBF4 
at a molar ratio of r=1.0. c) GIWAXS pattern for P3HT-IM with NOBF4 d) GIWAXS pattern for P3HT-
IM with NOBF4 and LiBF4 e) Integrated GIWAXS patterns for each case



20

References

(1) Jorgensen, W. L.; Tirado-Rives, J. Potential Energy Functions for Atomic-Level Simulations of 
Water and Organic and Biomolecular Systems. Proc. Natl. Acad. Sci. U. S. A. 2005, 102 (19), 
6665–6670.

(2) Dodda, L. S.; De Vaca, I. C.; Tirado-Rives, J.; Jorgensen, W. L. LigParGen Web Server: An 
Automatic OPLS-AA Parameter Generator for Organic Ligands. Nucleic Acids Res. 2017, 45 
(W1), W331–W336.

(3) Molinari, N.; Mailoa, J. P.; Kozinsky, B. General Trend of a Negative Li Effective Charge in Ionic 
Liquid Electrolytes. J. Phys. Chem. Lett. 2019, 10 (10), 2313–2319.

(4) Leontyev, I.; Stuchebrukhov, A. Accounting for Electronic Polarization in Non-Polarizable Force 
Fields. Phys. Chem. Chem. Phys. 2011, 13 (7), 2613–2626.

(5) Plimpton, S. Short-Range Molecular Dynamics. J. Comput. Phys. 1997, 117 (6), 1–42.

(6) Hockney, R. W.; Eastwood, J. W. Computer Simulation Using Particles; CRC Press, 1988.

(7) Allen, M. P.; Tildeley, D. J. Computer Simulation of Liquids; 2011; Vol. 135.

(8) France-Lanord, A.; Grossman, J. C. Correlations from Ion Pairing and the Nernst-Einstein 
Equation. Phys. Rev. Lett. 2019, 122 (13), 136001.

(9) Fong, K. D.; Self, J.; McCloskey, B. D.; Persson, K. A. Ion Correlations and Their Impact on 
Transport in Polymer-Based Electrolytes. Macromolecules 2021.

(10) Magdău, I.-B.; Thomas F. Miller, I. Machine Learning Solvation Environments in Conductive 
Polymers: Application to ProDOT-2Hex with Solvent Swelling. Macromolecules 2021, 54 (7), 
3377–3387.

(11) Danielsen, S. P. O.; Nguyen, T. Q.; Fredrickson, G. H.; Segalman, R. A. Complexation of a 
Conjugated Polyelectrolyte and Impact on Optoelectronic Properties. ACS Macro Lett. 2019, 8 (1), 
88–94.

(12) Danielsen, S. P. O.; Davidson, E. C.; Fredrickson, G. H.; Segalman, R. A. Absence of Electrostatic 
Rigidity in Conjugated Polyelectrolytes with Pendant Charges. ACS Macro Lett. 2019, 8 (9), 
1147–1152.

(13) Danielsen, S. P. O.; Nguyen, T. Q.; Fredrickson, G. H.; Segalman, R. A. Complexation of a 
Conjugated Polyelectrolyte and Impact on Optoelectronic Properties. ACS Macro Lett. 2019, 8 (1), 
88–94.

(14) Spano, F. C.; Silva, C. H- and J-Aggregate Behavior in Polymeric Semiconductors. Annu. Rev. 
Phys. Chem. 2014, 65 (1), 477–500.

(15) Spano, F. C. Absorption in Regio-Regular Poly(3-Hexyl)Thiophene Thin Films: Fermi 
Resonances, Interband Coupling and Disorder. Chem. Phys. 2006, 325 (1), 22–35.




