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ABSTRACT   

Mechanical breathing of organic mixed ionic-electronic conductors (OMIECs) is a 

structural response upon redox reactions. The breathing strain is often in the range of a few 

percentages to a few hundred percentages in different OMIECs operated in different chemical 

environments. Such mechanical activation needs to be tailored such as to be maximized in 

actuators and to be minimized in increasing the device reliability. We perform atomistic modeling 

to understand the molecular mechanism of mechanical swelling of OMIECs immersed in various 

electrolytes and at different oxidation states. We study poly(3,4-propylenedioxythiophene) 

(PProDOT) which is widely used in organic electrochromic devices as a model system and 

compare its swelling behavior in electrolytes of different salt concentrations, solvents, and anions. 

PProDOT deforms more in the electrolyte of a lower salt concentration and larger anions. Mass 

transport of the electrolyte, especially the organic solvent, is dominant in regulating mechanical 

swelling of PProDOT compared to the electrostatic interactions. We examine the evolution of the 

microstructural features and local bonding environments associated with the mixed conduction 

upon oxidation. We calculate the diffusion coefficients of the cation, anions, and solvents in the 

mixture of PProDOT and the electrolyte, which inform the swelling kinetics of PProDOT and the 

solvation structure in the electrolyte. The results are further validated by different self-aggregated 

PProDOT configurations and modeling protocols. The finding is in good agreement with the 

experiments and provides fundamental understanding of the molecular motifs underpinning the 

breathing strain in OMIECs.  
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Introduction  

Organic mixed ionic-electronic conductors (OMIECs) are now widely explored in organic 

electrochromic devices (OECDs),1–3 organic electrochemical transistors (OECTs),4–6 energy 

storage devices,7,8 biomedical sensors,9,10 and dynamic microfiltration systems11,12 due to their key 

feature of mixed conduction of ions and electrons/holes. Compared to the inorganic counterpart, 

organic mixed conductors have the advantages of material versatility, flexibility in synthesis, 

biocompatibility, and low cost,4,13–15 and therefore they have attracted intensive interest in recent 

years. In OMIECs, electrons and holes are conducted in the polymer network with concurrent 

injection of counterions from the electrolyte to maintain the charge neutrality. This process is also 

often associated with absorption of the solvent into the OMIECs.16,17 Polymers respond to the 

injected charge carriers and solvent by rearranging the chain microstructure.18,19 Likewise, the 

conduction process is reversed when a backward sweep of voltage is applied. This cyclic process 

is accompanied by injection and ejection of compensating charge carriers and solvent. OMIECs 

respond to the mass transport and local electrostatic interactions of charged species by mechanical 

breathing – a macroscopic and repetitive volume change in the course of doping and dedoping 

processes.20,21 The breathing strain can be utilized for actuation22–24 or microfiltration,11,12 in which 

the mechanical swelling is desired to be maximized for a large range of motion or a broad size 

selectivity. Nevertheless, when OMIECs are integrated into devices such as OECDs, they are often 

bonded on top of a current-collector substrate which is mechanically inactive.25,26 Mechanical 

activation of the polymer induces mismatch between the OMIECs film and the substrate and 

causes large stresses at the interface, which result in a variety of mechanical damage such as 

channel cracks, wrinkling, and delamination of OMIECs.20,27 The mechanical disintegration 

disrupts charge conduction across the interface between the film and the substrate and significantly 
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compromises the reliability and durability of OMIECs-based devices. In this application, 

mechanical breathing is a detrimental factor and is desired to be minimized. Besides, electrolyte 

infiltration brings about irreversible morphological changes of OMIECs, and further changes the 

charge transport properties. For instance, in OECTs, moderate electrolyte uptake and associated 

strain activation are required for a high transconductance and a fast-switching speed.28,29 

Therefore, mechanical swelling of OMIECs in such applications needs to be optimized. Overall, 

mechanical breathing is a structural response to the redox reactions in OMIECs and its amplitude 

should be carefully tailored in the respective applications to achieve enhanced performance and 

prolonged operational lifespan.  

Previous studies suggested multiple strategies to tailor the mechanical breathing of 

OMIECs used for actuators, microfilters, and OECTs in aqueous environment, including adjusting 

the film thickness,18,21 heat treatment,30 and side chain engineering.3,31,32 For instance, swapping 

the alkyl side chain by the hydrophilic ethylene glycol side chain can boost water uptake of 

OMIECs.33,34 Besides, tuning the side chain length allows for different degrees of mechanical 

swelling.12 Notably, the mechanical response of OMIECs is dependent on the choice of the 

electrolyte. Hara et al. found that the electrochemical strain of polypyrrole (PPy) is positively 

correlated to the size of anions (PF6
- > BF4

- > Cl-) in the electrolyte for conducting polymer 

actuators.22 Savva et al. measured the swelling volume of poly(2-(3,3’-bis(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)-[2,2’-bithiophen]-5-yl)thieno[3,2-b] thiophene) (p(g2T-TT)) 

OECTs in NaCl aqueous solution via electrochemical quartz crystal microbalance with dissipation 

monitoring (EQCM-D), and observed a larger mechanical swelling of p(g2T-TT) in the electrolyte 

of lower salt concentrations due to the larger hydration shell of Cl-.28 Similar dependence of 

mechanical swelling on anion hydration was reported in other studies.35  
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Despite the importance of mechanical activation in OMIECs, theoretical understanding of 

the breathing strain in response to the mass transport and local electrostatic interactions in the 

polymer network remains limited. More specifically, there have been few systematic studies on 

mechanical breathing of OMIECs in different organic electrolytes.21 Different from aqueous 

electrolytes where anions hydrated with water diffuse into the polymer, in organic electrolytes 

such as lithium salt electrolytes, Li ions are dissociated by the organic solvent at the electrolyte-

polymer interface whilst anions are injected into (p-type) OMIECs. We measured breathing strains 

of poly(3,4-propylenedioxythiophene) (PProDOT) immersed in a variety of organic electrolytes 

using in-situ nanoindentation experiments.20,21 We found that the swelling strain is in the range of 

12%-25% depending on the specific salt concentrations, organic solvents, and anions. In this work, 

we conduct theoretical modeling using all-atom molecular dynamics (MD) simulations to 

understand the molecular mechanism of mechanical breathing in OMIECs at different oxidation 

states and in different electrolyte environments. We use poly(3,3-bis(2-ethylhexyloxymethyl)-3,4-

dihydro-2H-thieno[3,4-b][1,4]dioxepine) (PProDOT-(OEtHx)2), which is widely used in OECDs, 

as a model system (for simplicity, PProDOT-(OEtHx)2 will be referred to as PProDOT hereafter, 

similarly, ProDOT-(OEtHx)2 will be referred to as ProDOT). We construct the PProDOT 

molecular structure and analyze its structural features at the dry pristine state as the reference. 

Upon doping within a given organic electrolyte, we measure the swelling volume of PProDOT and 

evaluate the evolution of the chain microstructure. We differentiate the contributions of mass 

transport and electrostatic interactions to the overall strain actuation. We then focus on the 

interactions between PProDOT and the electrolyte of different anions, salt concentrations, and 

organic solvents. We compare the swelling behaviors of PProDOT soaked in 0.2 molar (M) and 

1.0 M LiClO4 in propylene carbonate (PC), 1.0 M LiBF4, LiPF6, and LiTFSI in PC, and 1.0 M 
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LiPF6 in ethylene carbonate/diethyl carbonate (EC/DEC). The influence of the salt molarity, 

organic solvent, and anion is evaluated through the swelling volume measurement and evolution 

of the morphological characteristics and local bonding environment of the polymer network. We 

further determine the diffusion coefficients of the cation, anions, and solvents in the mixture of 

PProDOT and the electrolyte, which inform the swelling kinetics of PProDOT and the solvation 

structure in the electrolyte. The modeling results of mechanical swelling of PProDOT and the 

transport properties of the electrolyte are placed in parallel with our prior experimental 

measurements, and they find good agreement. In addition, the results are validated using different 

self-aggregated PProDOT configurations and different placements of the transport species. The 

modeling is conducted under extended equilibration process up to 50 ns and repeated thermal 

annealing. Extensive structural characteristics, including the X-ray diffraction (XRD) patterns, 

end-to-end distances of PProDOT chains, and local coordination environments are analyzed to 

confirm the reproducibility of the modeling results. Details are described in the following 

Methodology section. This work focuses on the fundamental understanding of the molecular 

motifs underpinning the breathing strain of conducting polymers and provides a theoretical 

guidance on the selection of the electrolyte in regulating the mechanical response of OMIECs. 

 

Methodology 

Force field parameters and modeling programs: The general Amber force field 

(GAFF)36 is employed to describe the bonding and non-bonding interactions in PProDOT. The 

effectiveness of GAFF to reproduce the morphological features of conjugated polymers, including 

the π-π stacking and lamellar stacking, has been demonstrated by previous literature.31,37,38 

Gaussian1639 is employed for the geometric optimization, calculating the vibrational frequency of 
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ProDOT, and determining electrostatic potential (ESP) derived partial charges40 of PProDOT at 

oxidized states using wb97xd/6-31G(d) functional and basis set. Spin multiplicity of the ground 

state of PProDOT at each oxidation level is determined following a prior density functional theory 

(DFT) study on poly(3,4-ethylenedioxythiophene) (PEDOT) with the same functional and basis 

set. 41 

GAFF-compatible force field parameters are taken for Li+, BF4
-, ClO4

-, PF6
-, TFSI-, PC, 

EC, and DEC. 42–45 The initial configurations for both self-aggregated PProDOT and its swelling 

behavior within the electrolyte are built in Packmol.46 MD simulations are conducted using Large-

scale Atomic/Molecular Massively Parallel Simulator (LAMMPS).47 Antechamber48 and fftool49 

are utilized to compile the topology-related input files for LAMMPS. Three-dimensional (3D) 

periodic boundary conditions (PBCs) are applied for all the MD simulations. Long-range 

electrostatic interactions are computed using the particle-particle particle-mesh (PPPM) method50 

and the cutoff distance is set as 12 Å. The dielectric constant for PProDOT and the damping 

parameter for Langevin dynamics are selected according to the previous literature.11 Various 

analyses including XRD patterns, radial distribution function (RDF) profiles, cumulative 

coordination numbers (CNs), and mean square displacements (MSDs) are calculated in LAMMPS. 

Other data post processing is performed in customized MATLAB codes and visualization is 

conducted using OVITO.51 

Self-aggregated PProDOT: A PProDOT chain is composed of 12 ProDOT monomers, a 

length deemed sufficient for simulating the mechanical response. This choice is further elaborated 

in the Results and Discussion. Larger polymer chain models consisting of more monomers would 

make the computation prohibitively expensive. Initially, 50 charge neutral PProDOT chains are 

randomly positioned without overlap in a simulation box of the size of 120×120×120 Å3, followed 
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by energy minimization via the conjugate gradient (CG) algorithm. We prepare three different 

initial configurations, namely configuration 1, 2, and 3. Subsequently, all the three configurations 

are relaxed under the isothermal–isobaric (NPT) ensemble at 303 K and 1.0 atm for 5 ns. To help 

overcome energy barriers of structural relaxation and escape from local minima, thermal annealing 

is applied. More specifically, the temperature increases from 303 K to 503 K over 3 ns, is held at 

503 K for 10 ns, and then decreases from 503 K to 303 K in 5 ns. Despite the lack of direct 

experimental measurement of the glass transition temperature (Tg) of PProDOT, Tg of 

PEDOT:PSS was reported between 333 K and 343 K and its decomposition temperature is 573 

K.52 A thermal annealing temperature of 503 K is widely used in MD simulations of other 

conjugated polymers, such as p(g2T-TT) and p(g2T2).11,12 Here we adopt the same annealing 

temperature of 503 K. Configuration 1 is finally held for equilibration at 303 K and 1.0 atm under 

NPT ensemble for 10 ns. The same equilibration at 303 K and 1.0 atm under NPT ensemble but 

up to 50 ns is conducted for configuration 2. In configuration 3, a repeated thermal annealing using 

the same temperature profile is applied, and then followed by equilibration at 303 K and 1.0 atm 

under NPT ensemble for 50 ns. Throughout the thermal annealing and equilibration, the implicit 

solvent effect is considered via Langevin dynamics to speed up the conformational sampling of 

PProDOT.53 The converged structural characteristics, including the XRD patterns, coordination 

numbers, and the end-to-end distances, show that the three configurations reach the equilibrium 

state following the thermal annealing and equilibration processes as shown in Figure S1. The 

average mass density of the self-aggregated PProDOT is 1.017 g/cm3.  

Mechanical swelling upon doping: The generated self-aggregated PProDOT (configuration 1) is 

immersed in different electrolytes to compare its swelling behavior. For ease of reference, Table 

S1 summarizes the modeling system consisting of 0.2 M and 1.0 M LiClO4 in PC, 1.0 M LiBF4, 
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LiPF6, and LiTFSI in PC, and 1.0 M LiPF6 in EC/DEC with 1:1 volume ratio. The mixing is 

accomplished by surrounding PProDOT by 15000 organic solvent molecules, 1275 Li+ and 1275 

anions for 1.0 M electrolytes, and 275 Li+ and 275 anions for 0.2 M electrolyte within a larger 

simulation box of the size of 140×140×140 Å3. Energy minimization is performed via the CG 

algorithm, followed by equilibration under NPT ensemble at 303 K and 1.0 atm for 10 ns. To 

mimic the doping process of PProDOT, charges corresponding to the specific oxidation state are 

updated for PProDOT, while an equivalent number of anions are randomly placed in the 

surrounding electrolyte. For PProDOT, 1 additional hole on each 12-monomer chain corresponds 

to the oxidation level of 8%, likewise, 2, 3, and 4 additional holes correspond to the oxidation 

levels of 16%, 25%, and 33%, respectively. Finally, the system is equilibrated under NPT 

ensemble at 303 K and 1.0 atm for 10 ns. Both experimental studies and first-principle calculations 

have demonstrated that the oxidation level of pristine PEDOT reaches 33% upon doping,54–56 

which has been adopted for other conjugated polymers such as poly-[3,3’-bis(2-(2-(2-

methoxyethoxy)ethoxy)ethoxy)-2,2’-bithiophene] (p(gT2)).11,12 In the modeling, we assume the 

upper limit of 33% for PProDOT oxidation. To validate the equilibration protocol and 

reproducibility of the simulation results, we repeat the modeling using self-aggregated PProDOT 

models of distinct initial configurations and an extended equilibration time. Specifically, 

configuration 2 is immersed in 0.2 M and 1.0 M LiClO4 in PC, with different placements of initial 

positions of salt and organic solvents compared to those in configuration 1. Afterwards, the models 

are equilibrated under NPT ensemble at 303 K and 1.0 atm up to 20 ns. The comparison is included 

in the Supporting Information and will be discussed later. 

 

Results and Discussion  
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The upper panel in Figure 1a shows the chemical structure of ProDOT. The lower panel 

shows the optimized unit through DFT modeling and highlights the non-planarity of ProDOT, with 

the branched side chain (the R groups in the chemical structure) extending out of the π-conjugated 

plane – a feature ascribed to the propylene bridge.57 Based on the ProDOT, the PProDOT chain is 

built consisting of 12 monomers. The rationalization of the choice of 12 monomers per chain is as 

follows. First, a previous study obtained comparable computed XRD patterns of PEDOT with the 

chain lengths of 3, 6, 12, and 18 monomer units, which agree well with the experimental data. 

Thus, the authors concluded that the morphology of PEDOT is not dependent on the chain length.37 

Second, since our modeling examines multiple oxidized states of PProDOT, a precise description 

of the corresponding electronic structures is crucial. A prior DFT calculation showed that a 12-

monomer chain enables a sufficient description of the electronic structure of PEDOT at oxidation 

levels ranging from 0% to 50%.41 Additionally, the bulky branched alkyl side chain on PProDOT 

is for better solubility without a significant influence on its electronic structure.3,32  Therefore, it is 

reasonable to assume that a 12-monomer PProDOT chain adequately describes the electronic 

structures over the oxidation levels examined in this study. Figure 1b displays the self-aggregated 

PProDOT (configuration 1). The structure is unwrapped over the PBCs using OVITO according 

to the periodic image information output in the trajectory file. Grazing-incidence small-angle X-

ray scattering (GIWAXS) showed that PProDOT is structurally isotropic.57 Therefore, we generate 

the self-aggregated PProDOT with randomly placed polymer chains. Figure 1c displays the self-

aggregated PProDOT soaked in the electrolyte environment.  
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Figure 1. Material and model. (a) Upper panel: the chemical structure of ProDOT-(OEtHx)2; Lower panel: 

the unit of ProDOT-(OEtHx)2 after structural optimization. ProDOT is non-planar, and the side chains (R 

groups) extend out of the π-conjugated plane due to the propylene bridge. (b) The self-aggregated PProDOT 

model consists of 50 chains and each chain contains 12 monomers. (c) The self-aggregated PProDOT 

soaked in the electrolyte containing cations (magenta), anions (blue), and solvents (cyan). 1/8 of the 

simulation box at the upper left corner is hidden for better illustration of the relative positions between 

PProDOT and the electrolyte. 

The structural characterization of PProDOT is elaborated as follows. We note that, owing 

to the nearly identical structural characteristics of self-aggregated PProDOT generated from 

different initial configurations (Figure S1), the following discussion is based on equilibrated 

configuration 1 of the PProDOT model. The left panel of Figure 2 presents the calculated XRD 

pattern of PProDOT (black line) where the broad peaks indicate an amorphous nature of the 

morphology. Furthermore, the XRD patterns of the thiophene groups (red line) and the remaining 

atoms (blue line) in PProDOT are separately computed where the peak centers are identified. 

Following 𝑑 =
λ

2sin𝜃
,58 the distance 𝑑 associated with the diffraction angle 2θ is calculated. λ is 

the wavelength of the incident beam, which is 1.541 Å for Cu Kα radiation.59 The peak (I) in the 

XRD pattern of the thiophene groups centers around 24o, corresponding to the distance 𝑑 of 3.7 

Å. As seen from the representative snapshot of the molecular structure (left top in the right panel 

of Figure 2), this diffraction peak is attributed to the distances between the end carbon atoms of 

dihedral angles in the thiophene groups. This observation is part of the features of a ‘straight’ chain 

configuration, which can be understood by the persistence length. Earlier studies showed that the 

persistence length of a 12-monomer PEDOT chain extends to nearly 12 monomer units around 
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300 K.60 It is also interesting to note that the diffraction peaks such as (I) are often associated with 

the π − π  stacking in other π -conjugated polymers including PEDOT and glycolated 

polythiophenes.12,29,38,61,62 However, π − π stacking is barely observed in PProDOT. This result 

agrees with the GIWAXS measurement.57,63 As shown in Figure 1a, the protrusion of the branched 

side chains from the π-conjugated plane prevents PProDOT forming π − π stacking, instead it 

results in an open and less dense structure. Moreover, the lamellar stacking in the GIWAXS 

measurement57 is not observed in the calculated XRD pattern. A prior study stressed the 

importance of the substrates in the formation of lamellar stacking in PEDOT.64 Since the GIWAXS 

experiment was conducted for PProDOT bonded to a substrate, while the generated PProDOT in 

this work is a free-standing film, this difference might explains the absence of lamellar stacking in 

the self-aggregated PProDOT. 

 

Figure 2. Structural characterization of the self-aggregated PProDOT. Left panel: calculated XRD patterns 

of PProDOT (black), the thiophene groups (red), and the remaining atoms (blue) in PProDOT. The broad 

diffraction peaks indicate an amorphous morphology. Four broad peaks are labeled as (I), (II), (III), and 

(IV) and their corresponding atomic distances are illustrated in the right panel. Right panel: snapshots of 

representative molecular structures with marked atomic distances contributing to the diffraction peaks. The 

inset figures are schematics where the grey block represents ProDOT and R represents the side chain. The 
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peak (I) is attributed to the distance between the end carbon atoms of dihedral angles in the thiophene 

groups. No specific atom pairs are designated to the peaks (II), (III), and (IV). Nevertheless, (II) mainly 

corresponds to the distance between the intrachain atoms, (III) is related to the distance between both inter- 

and intra- chain atoms, and (IV) is mainly associated with the distance between interchain atoms. 

 For the remaining atoms in PProDOT, three broad peaks in the diffraction pattern are 

labeled as (II), (III) and (IV), which center at  ~19.3o, ~13.5o, and ~8.3o, and correspond to the 

distances of ~4.6 Å, ~6.5 Å, and ~10.5 Å, respectively. The right panel of Figure 2 shows the 

representative snapshots of the molecular structure where the distances are annotated. Schematic 

diagrams of the MD snapshots enclosed by grey dashed boxes are also included for better 

illustration, where ProDOT is represented by the dark grey blocks, and R designates the side group. 

In addition, the R groups connected to the same ProDOT unit are marked in the same color. Upon 

screening the distance over all atom pairs besides the thiophene groups in PProDOT, it is found 

that, unlike the peak (I), no specific atom pairs are designated to the peaks (II)-(IV). The peak (II) 

is mainly associated with the distance between the intrachain atoms (60%), while (III) correlates 

to the distance between both the intrachain and interchain atoms (46% and 54%, respectively), and 

(IV) primarily originates from the distance between the interchain atoms (71%). In the following 

discussion on mechanical swelling, the position and intensity changes in these four peaks will help 

identify the morphological evolution of PProDOT upon doping. 

 After validating the structure characteristics, the self-aggregated PProDOT is immersed 

into the electrolyte to examine its structural response and mechanical swelling (Figure 1c). Prior 

experiments showed little electrochemical conditioning in PProDOT in the cyclic redox reactions 

owing to its open molecular structure.20,21 Therefore, the swelling behavior of the dry pristine 

PProDOT in the liquid electrolyte during the initial oxidation is representative to its breathing 

activation over cycles. For the conjugated polymers of strong electrochemical conditioning, it is 

necessary to invoke multiple cycles to reach a stable structural response. 
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Mechanical swelling upon doping: We calculate the swelling volume, defined as the 

change of molecular volume divided by the initial volume at the dry pristine state, of PProDOT at 

various oxidation states (i.e., 0%, 8%, 16%, 25%, and 33%), and examine the underlying 

microstructural mechanism. In addition, we analyze the evolution of the solvation structure and 

the transport property of the electrolytes to provide insight on the kinetics. Figure 3a-e show the 

final equilibrated states of PProDOT in 1.0 M LiClO4 in PC at each oxidation level, demonstrating 

the gradual volumetric expansion upon oxidation. For better visualization, Li+ and ClO4
- are not 

shown in the MD snapshots. Given the irregular shape of the PProDOT model, determining the 

exact volume of the molecular structure enclosing all the edges and corners is difficult. This makes 

a quantitative measure of the post-absorption swelling of PProDOT challenging. Here we 

introduce a reference box within the polymer network, whose size is determined by the number 

density profile, for ease of calculating the swelling volume. As described earlier, the self-

aggregated PProDOT is first unwrapped across the periodic boundaries, and then placed in a larger 

box of the size of 140×140×140 Å3, where the center of mass of PProDOT coincides with the 

center of the box. The density profiles of PProDOT along the x, y, and z directions are plotted as 

shown between Figure 3a and b with the coordinate defined in Figure 3a. Along each direction the 

number density reaches a plateau from -20 Å to 20 Å, as marked by the maroon dashed box, 

highlighting the densest segment of the PProDOT model. The dense segment is then used to 

determine the boundaries of the reference box shown in Figure 3a. Subsequently, after the swelling 

of PProDOT reaches equilibrium at a given oxidation level, the volume of the electrolyte absorbed 

into the reference box is calculated using the Zeo++ code.65 The ratio between the volume of the 

absorbed electrolyte and the volume of the initial reference box (remaining constant at all oxidation 

states) represents the swelling volume which is plotted in Figure 3f. The inset MD snapshots only 
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show the absorbed species of ClO4
- anions, Li+ cations, and PC solvent in the reference box and 

PProDOT is hidden for better visualization. 

 

Figure 3. PProDOT swelling in the electrolyte composed of 1.0 M LiClO4 in the PC solvent at different 

oxidation levels. (a-e) Snapshots of PProDOT at the equilibrium state of the oxidation level of 0%, 8%, 

16%, 25%, and 33%, respectively, demonstrating a gradual increase of volume upon oxidation. The ions 

(Li+ and ClO4
-) are not shown for better illustration. (f) Swelling volume of PProDOT relative to the pristine 

dry state. Inset are the snapshots of the reference box, as illustrated in (a), for the volume calculation. The 

box is selected based on the number density profile of the self-aggregated PProDOT along the x, y, and z 

directions. In these inset snapshots, only the absorbed species including ClO4
- (blue), Li+ (magenta), and 

PC (cyan) are shown to demonstrate mass transport of the electrolyte into PProDOT. 

 During the electrolyte absorption, PProDOT chains rearrange to accommodate the injected 

electrolyte. To understand the mechanical swelling, we analyze the microstructural evolution of 

PProDOT and inter/intrachain changes. The left panel in Figure 4a presents the normalized average 

end-to-end distance of PProDOT chains at each oxidation level. The end-to-end distance is 

calculated by the distance between the two end hydrogen atoms on the two terminal thiophene 

groups in a PProDOT chain as shown in the inset of Figure 4a. The average end-to-end distance 

of self-aggregated PProDOT chains is used as the reference for normalization. The error bars are 

calculated by dividing the standard deviation by the average end-to-end distance of the 50 

PProDOT chains. The average end-to-end distance of self-aggregated PProDOT chains is 44.5 Å, 
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close to the contour length of 47.23 Å, which denotes the relatively straight chain configuration. 

This feature is described with the XRD pattern in Figure 2 and is understood by the persistence 

length as discussed earlier. In the charge neutral state (0%), the passive swelling of the dry 

PProDOT in the liquid electrolyte is limited and PProDOT chains extend very little. As PProDOT 

are oxidized, despite the active absorption of the charged species and the organic solvent, extension 

of the chain length remains negligible. This is due to the straight and rigid chain configuration as 

well as the fact that the absorbed electrolyte primarily resides in the flexible sidechain domain, 

which will be discussed in detail in Figure 4b. To facilitate visualization of the microstructure, the 

PProDOT chains are extracted and demonstrated in the right panel of Figure 4a by hiding the 

surrounding electrolyte in the model and unwrapping atoms across the periodic boundaries in the 

charge neutral (0%) and oxidized (33%) states. Besides, the remaining atoms except the thiophene 

groups in PProDOT are greyed out. Hence, the chain configurations can be seen and compared in 

the two oxidation states.  
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Figure 4. Structural characterization of PProDOT upon oxidation from 0% to 33% with 1.0 M LiClO4 in 

PC. (a) Left panel: normalized average end-to-end distance of PProDOT chains. The inset figure 

demonstrates the end-to-end distance which is calculated between the two end hydrogen atoms in the two 

terminal thiophene groups of a PProDOT chain. The side chains are not shown for better illustration. The 

average end-to-end distance of self-aggregated PProDOT chains in the pristine dry state is used as the 

reference value for normalization. Error bars are calculated from the standard deviation of the 50 chains 

divided by the average value. Right panel: MD snapshots of PProDOT at the oxidation level of 0% and 

33%. The molecular chains mostly retain their rigid configuration upon oxidation. (b) Left panel: Calculated 

XRD patterns of the thiophene groups and the remaining atoms in PProDOT. The structural features 

associated with the diffraction peaks are discussed in Figure 2. Right panel: Zoomed-in view of XRD 

patterns. (c) Differential coordination numbers of the centers of mass (COMs) of the thiophene groups and 

the remaining atoms in PProDOT. 

Figure 4b shows the calculated XRD patterns of the thiophene groups and the remaining 

atoms in PProDOT. At different oxidation states of PProDOT, the XRD patterns of the thiophene 

groups are nearly identical, indicating little change of the distances between the end carbon atoms 

of dihedral angles. This is also consistent with the end-to-end distance of PProDOT chains shown 

in Figure 4a. In contrast, the XRD patterns of the remaining atoms show apparent changes. More 

specifically, the peaks around 8.3° and 13.5° become progressively more intense upon oxidation. 
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This suggests more atom pairs of large intrachain and interchain distances. Meanwhile, the peak 

around 19.3° shifts towards a smaller diffraction angle 2𝜃 and the peak intensity diminishes, which 

implies larger intrachain distance and less atom pairs with small intrachain distances. The shifts in 

diffraction peaks are attributed to the swelling of PProDOT. The observations also corroborate 

with the absorption of the electrolyte predominantly in the flexible sidechain domain. Further 

evidence of the morphological evolution is provided by the differential CNs of the centers of mass 

(COMs) of the thiophene groups and the remaining atoms in PProDOT (Figure 4c). The COMs of 

the thiophene groups or remaining atoms from the same chain have been excluded in the 

calculation. Therefore, Figure 4c only represents the interchain information without counting for 

the intrachain changes. The peak shift of the CNs towards a larger radial distance and the reduced 

peak intensity of the CNs both indicate the increased interchain distances among the PProDOT 

network to accommodate the oxidation and absorption of the electrolyte. 

After determining the swelling volume and examining the morphological characterizations, 

we aim to study the swelling mechanism. Several intertwined factors contribute to the volume 

change of PProDOT upon oxidation, including (I) volume expansion caused by electrostatic 

repulsion among the positively charged PProDOT chains, (II) volume shrinkage induced by 

electrostatic attraction between PProDOT and the compensating anions and also the screened 

electrostatic repulsion among PProDOT chains due to the anions, (III) volume expansion due to 

the mass transport of anions into PProDOT without counting for the electrostatic interactions, and 

(IV) volume expansion induced by the absorption of the organic solvent. Since the long-range 

Coulombic interactions are computed with the PPPM method and 3D PBCs, charge neutrality of 

the system must be preserved all the time, making the examination of the factor (I) in solely 

oxidized PProDOT unfeasible. Compensating anions, apart from those in the electrolyte, are 
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necessary to balance the positive charges in PProDOT during oxidation. Here we prepare two 

model systems against the self-aggregated PProDOT to differentiate the contributions of 

electrostatic interactions and mass transport to the mechanical swelling. The first model system 

includes oxidized PProDOT (33%) and 200 surrounding BF4
- anions, and the second one contains 

oxidized PProDOT (33%) with 1.0 M LiBF4 in PC and additional 200 surrounding BF4
- anions. 

BF4
- is chosen for its smallest ionic radius among the anions we study in this work. Overall, the 

system of oxidized PProDOT (33%) with BF4
- considers the contributions of factors (I)-(III) to the 

volume change of PProDOT, while the system of oxidized PProDOT (33%) with 1.0 M LiBF4 in 

PC and extra BF4
- considers all the four contributing factors especially the mass transport of the 

solvent. After equilibration of the systems for 10 ns, the cumulative CNs between the PProDOT 

atoms are calculated and shown in Figure 5a. Compared to the self-aggregated PProDOT, the 

volume of oxidized PProDOT (33%) increases by 5.1 % in the presence of BF4
- anions, and the 

CNs profiles are nearly overlapping. However, when the mass transport of the solvent is enabled, 

volume expansion reaches 21.3%, accompanied by a considerable reduction of the CNs. Therefore, 

the key mechanism that drives the mechanical swelling of PProDOT is the absorption of the 

electrolyte, especially the mass exchange of the organic solvent, compared to the local electrostatic 

interactions of the charged species. This indicates that mechanical activation of the conducting 

polymers in solid-state devices, such as solid-state OECDs in commercial use, can be largely 

suppressed where the flow of the organic solvent is prohibited.  
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Figure 5. Comparative studies of the swelling mechanism. (a) Cumulative CNs between the PProDOT 

atoms in self-aggregated pristine PProDOT, oxidized PProDOT (33%) with 200 charge-compensating BF4
- 

anions, and oxidized PProDOT (33%) in the electrolyte of 1.0 M LiBF4 in PC with additional 200 BF4
- 

anions. Inset shows MD snapshots of self-aggregated PProDOT and its oxidized state with BF4
-. (b) 

Cumulative CNs between carbonyl O (Oc) in PC and PProDOT. Inset figures show the charge neutral (0%) 

and oxidized (33%) PProDOT and neighboring PC molecules (within 3.0 Å to PProDOT).  

To further demonstrate the electrolyte absorption into the polymer network, we calculate 

the cumulative CNs between the carbonyl oxygen (Oc) atoms in PC and PProDOT (Figure 5b), as 

well as those between O in ClO4
- and PProDOT (Figure S2). The increase in the CNs is the direct 

evidence of electrolyte penetration as PProDOT is oxidized. The visualization is provided by the 

inset figures, which show the MD snapshots of the charge neutral (0%) and oxidized (33%) 

PProDOT and the PC molecules (cyan color) within 3.0 Å to PProDOT. Similarly, the inset figures 

in Figure S2 show the MD snapshots of the charge neutral (0%) and oxidized (33%) PProDOT 

and ClO4
- within 3.5 Å to PProDOT. All other electrolyte species have been hidden, and the cross 

sections of the sliced simulation boxes are used to demonstrate the penetration of PC and ClO4
- 

into PProDOT. We note that the cutoff distances of 3.0 Å and 3.5 Å are arbitrarily chosen for the 

illustration purpose. They do not represent any physical bonding distances in the system and are 

simply used to demonstrate the neighboring environment of PProDOT with the organic solvent 

and anions.  
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We explore the transport property of the cation, anion, and organic solvent in the mixture 

of PProDOT with the electrolyte as well as the evolution of the solvation structure within the 

electrolyte to understand the kinetics behind the mechanical swelling. Starting from the 

energetically optimized configuration, the system is allowed to dynamically equilibrate at 303 K 

for 10 ns, which induces substantial mixing of the constituent species. The random walking is far 

beyond the local elementary hopping. We calculate the mean square displacements (MSDs) by the 

definition MSD=⟨|𝑟𝑖(𝑡) − 𝑟𝑖(0)|2⟩, where 𝑟𝑖(𝑡) is the position of the species i at the time t, 𝑟𝑖(0) 

is the position in the initial configuration, and ⟨ ⟩ represents an average over the ensemble. Figure 

6a shows the MSDs of Li+, ClO4
-, and the solvent PC against time when PProDOT is at the 

oxidized state (33%). A linear relationship is observed after the initial equilibration period for all 

the three species, which indicates diffusion dominated kinetics. The MSDs between 4 ns and 10 

ns are used for linear fitting, which are shown in grey lines with their analytical expressions as 

well as the coefficients of determination (R2). Subsequently, diffusion coefficients are calculated 

using the Einstein relation 
21
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= .66 Figure 6b summarizes the diffusion 

coefficients of the cation, anion, and solvent when PProDOT is at each oxidation state. In the 

charge neutral state of PProDOT, the diffusion coefficients agree well with those reported in the 

electrolytes.67 The diffusion coefficient of Li+ is the smallest due to the bulk and stable solvation 

shell, followed by ClO4
- and PC. As PProDOT is oxidized, the diffusion coefficients of ClO4

- and 

PC slightly decrease with a minor fluctuation at the oxidation level of 8%. This decreasing trend 

is attributed to the electrostatic attraction between the negatively charged ClO4
- and Oc in PC and 

the positively charged PProDOT. Even though the positive charges are primarily located on the 

backbone of PProDOT upon oxidation,7,11,68–70 ClO4
- and PC preferentially accumulate in the 

flexible side chain regions as discussed earlier. Given the relatively open structure of PProDOT, 
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the influence of electrostatic attractions on the diffusion coefficients of ClO4
- and PC is not 

significant. More interestingly, the diffusion coefficients of Li+ and ClO4
- appear to converge at 

the end of oxidation. This is an outcome of the mass transport of PC into PProDOT, which in turn 

leads to the solvent consumption in the solvation shell of Li+ and formation of the contact ion pairs 

between Li+ and ClO4
-. This feature can be validated by analysis on the solvation structure in the 

electrolyte. Figure 6c shows the RDF and cumulative CNs between Li+ and Oc in PC. The inset 

provides an enlarged view of the CNs highlighted in light cyan. At the charge neutral state of 

PProDOT, the first peak in RDF is located at 2.675 Å, larger than the reported value of ~2 Å in 

the pure electrolyte.71,72 Besides, the first solvation shell around Li+ extended to 4 Å with the CN 

being 3.5 that is below the literature value of 4~6.73–75 These discrepancies are mainly due to the 

presence of PProDOT in the model. Unlike pure electrolyte, PProDOT disrupts the continuity of 

the solvation structure. For instance, the charge neutral PProDOT is surrounded by PC (as shown 

in the inset of Figure 5b) which reduces the availability of PC to dissociate Li+. In addition, the 

dielectric constant makes a difference. In LAMMPS, one dielectric constant is set for the multi-

component system, and its value is taken as 5 primarily due to the PProDOT. This value is well 

below 64.92 which is the dielectric constant for PC at 25 °C.76,77 Therefore, the ability of PC to 

dissociate Li+ is reduced in the simulation, resulting in the larger separation between Li+ and Oc 

in PC, less PC in the first solvation shell of Li+, and more contact ion pairs. A prior study reported 

a decrease in the CN between Li+ and the solvent from 4 in PC to 3.3 in DEC with the dielectric 

constant of 2.8 at 25 °C.78 Upon oxidation of PProDOT, the position of the first peak in RDF 

remains unchanged but the peak density reduces. Meanwhile, the CN decreases from 3.5 to 2.9 

due to the absorption of PC into PProDOT at the expense of the reduced coordination with Li+.  

 



 23 

 

Figure 6. Transport kinetics. (a) MSDs of ClO4
-, Li+, and PC with respect to time when PProDOT is at the 

oxidized state (33%). MSDs between 4 ns to 10 ns are used for linear fitting. (b) Diffusion coefficients of 

ClO4
-, Li+, and PC calculated from the MSDs. (c) RDF and cumulative CNs between Li+ and Oc in PC. 

Inset is the enlarged figure of the CNs shaded in light cyan. (d) RDF and cumulative CNs between Li+ and 

O in ClO4
-. 

To validate the increased number of contact ion pairs in the mixture of PProDOT and 

electrolyte, the RDF and cumulative CNs between Li+ and O in ClO4
- are illustrated in Figure 6d. 

In the pure electrolyte of 1.0 M LiPF6 in EC, two peaks were observed in the RDF between Li+ 

and P in PF6
- with a large intensity of the second peak, suggesting a prevalence of solvent separated 

ion pairs compared to the contact ion pairs.79 In comparison, at the charge neutral state of 

PProDOT, the first peak in RDF is more pronounced, indicating an abundance of contact ion pairs. 

This is ascribed to the presence of PProDOT and/or the dielectric constant as discussed above. 

When PProDOT is oxidized, the peak intensity in RDF increases and so do CNs, demonstrating 

the formation of more contact ion pairs. This is again due to the reduced coordination of Li+ with 
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PC, driven by the mass transport of PC into PProDOT, providing more Li+ to the contact ion pairs 

with ClO4
-. 

Dependence on the salt concentration in the electrolyte: Thus far, we have presented 

the studies of mechanical swelling of PProDOT, its microstructural characteristics at different 

oxidation states, the swelling mechanism, and transport kinetics behind the mechanical response 

of PProDOT in a representative electrolyte. In the following we will take the same approach to 

systematically study a variety of electrolytes and explore the underlying molecular mechanism.  

We first examine the effects of the salt concentration, wherein PProDOT is immersed in 0.2 M 

and 1.0 M LiClO4 in PC. Figure S3 shows the final equilibrated states of PProDOT at the oxidation 

level of 33% in the two electrolytes. Apparently, PProDOT soaked in the electrolyte of 0.2 M salt 

concentration exhibits a larger mechanical swelling compared to the case of 1.0 M counterpart. 

The swelling volumes of PProDOT are shown in Figure 7a using the same methodology described 

in Figure 3. The comparison of the modeling result with the prior experimental result of in-situ 

nanoindentation is also included. The inset MD snapshots show more electrolyte penetration into 

the PProDOT network with the 0.2 M salt concentration. We note that in in-situ nanoindentation 

measurements, the swelling volume is influenced by factors apart from the salt concentration, such 

as the film thickness and the voltage profile including the hold time at the peak voltage and the 

potential scan rate.21 These factors are not considered in the simulation which may contribute to 

the discrepancy in their comparison. 
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Figure 7. Effects of salt concentration. (a) Comparison of the swelling volumes of PProDOT with LiClO4 

in PC at two different salt concentrations. The inset snapshots only show the absorbed electrolyte including 

ClO4
- (blue), Li+ (magenta), and PC (cyan) in the reference box of PProDOT where the swelling volume is 

determined. (b) Comparison of the cumulative CNs between Oc in PC and PProDOT upon oxidation with 

two different salt concentrations. Inset figures show the cross-section view of oxidized PProDOT and 

neighboring PC (within 3.0 Å to PProDOT). (c) Diffusion coefficients of PC, ClO4
-, and Li+ with two 

different salt concentrations when PProDOT is at the charge neutral (0%) and oxidized (33%) states. Binary 

(molecular) diffusion coefficients of LiClO4 in PC at 298 K measured by the Moiré pattern method67 are 

plotted for comparison, which shows good agreement. 

  

The structural characteristics are demonstrated by the calculated XRD patterns and 

differential CN profiles (Figure S4). The XRD patterns of the thiophene groups (upper panel of 

Figure S4a) are nearly identical in the electrolytes of the two different salt concentrations at the 

same oxidation states (0% and 33%). For the remaining atoms, upon oxidation of PProDOT, the 

diffraction peak around 19.3° diminishes, while the peaks around 8.3° and 13.5° intensify in both 

electrolytes. This behavior is consistent with the earlier discussion about the oxidation induced 

morphological change of the chain structure. More interestingly, at the charge neutral state of 

PProDOT, the XRD patterns of the remaining atoms in both electrolytes are comparable, however, 

at the oxidized state (33%), the reduction in the peak intensity around 19.3° as well as the increase 

around 8.3° and 13.5° are more pronounced in the lower-concentration electrolyte. This is a result 

of the larger volume swelling of PProDOT with 0.2 M salt concentration. Figure S4b shows that, 

after the passive swelling of PProDOT (0%), both the differential CNs of COMs of the thiophene 

groups and the remaining atoms in PProDOT are similar in the two electrolytes, however, the CN 
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profiles in the dilute electrolyte show more significant shift toward a larger radial distance upon 

oxidation of PProDOT which accommodates the mechanical swelling.  

As we have pinpointed the swelling mechanism of the conducting polymer primarily due 

to the absorption of the organic solvent at the doped states, we calculate the cumulative CNs 

between Oc in PC and PProDOT, Figure 7b, to demonstrate the mass transport of electrolyte into 

the polymer. The CNs profiles are comparable after the passive swelling of PProDOT (0%) in the 

two electrolytes. The counts at a given radial distance significantly increase as PProDOT is 

oxidized, while the change is more pronounced in the dilute electrolyte environment showing more 

mass absorption of PC into PProDOT. The inset MD snapshots in Figure 7b provide additional 

visualization of the neighboring environment between PProDOT and the organic solvent, where 

the PProDOT at the oxidation level of 33% and PC within 3.0 Å to PProDOT are shown. Similar 

characteristics are evident in the cumulative CNs between O in ClO4
- and PProDOT (Figure S5), 

demonstrating more penetration of ClO4
- into PProDOT in the dilute electrolyte environment.  

The effects of the salt concentration on mechanical activation of PProDOT upon oxidation 

can be understood from the analysis of the solvation structure in the electrolyte. Figure S6a 

presents the RDF and cumulative CNs between Li+ and Oc in PC. When PProDOT is at the charge 

neutral state (0%), the peaks in RDF are of the same position in the two electrolytes, yet the one 

for the dilute concentration is higher than the other one. This pattern shows a higher population of 

PC around Li+ in the lower-concentration electrolyte. Meanwhile, the CN of the Li+ solvation shell 

in the electrolyte of 0.2 M salt is 5.4, larger than 3.5 for the 1.0 M case. The results in RDF and 

CNs agree well with the literature report for pure electrolytes, where a bulkier solvation shell 

around Li+ was observed in dilute electrolyte.79,80 Upon oxidation of PProDOT (33%), the 

intensities of RDF peaks reduce, while the CN decreases to 4.5 and 2.9 in 0.2 M and 1.0 M salt 
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concentration cases, respectively. The reduction results from the mass conduction of PC into 

PProDOT. The difference in the mechanical swelling of PProDOT might be related to more free 

PC molecules in the dilute electrolyte, which is 15000-275×5.4=13515 in the model, compared to 

the 1.0 M case (15000-1275×3.5=10537.5), contributing to the volume change of the polymer. 

This is also evident in the reduction of the CNs. The CN of the solvation shell decreases by 0.9 in 

the lower-concentration electrolyte while it decreases by 0.6 in the 1.0 M case, indicating more 

mass exchange of the solvent into PProDOT. Figure S6b shows the RDF and cumulative CNs 

between Li+ and O in ClO4
-. Similarly, the CN is smaller in the dilute electrolyte at the charge 

neutral state due to the bulkier solvation shell of Li+ surrounded by the PC molecules leaving less 

coordination with ClO4
-. The RDF peak intensities show an opposite trend primarily due to the 

different average bulk densities in the two electrolytes.  

The diffusion coefficients of the cation, anion, and organic solvent at two different 

oxidation states of PProDOT are shown in Figure 7c. At the charge neutral state (0%), the diffusion 

coefficients of PC, ClO4
-, and Li+ follow the same decreasing order in the dilute electrolyte that is 

consistent with the 1.0 M case as discussed in Figure 6b. Overall, the diffusion coefficients of the 

three mobile species are larger in the electrolyte of 0.2 M salt concentration than the 1.0 M 

counterpart. The same observation was reported in pure electrolytes due to the lower viscosity in 

the dilute electrolyte.79,81  The effect of oxidation on the transport properties was discussed in 

Figure 6b where the diffusion coefficients of ClO4
- and PC slightly decreased, while the diffusion 

coefficients of Li+ and ClO4
- tend to converge.  

To validate the modeling protocol and ensure the reproducibility of the simulation results, 

we use a PProDOT model of distinct initial configuration, place the ions and solvents at different 

initial positions when the polymer is soaked in the electrolyte, and extend the equilibration time 
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from 10 ns to 20 ns, to study the effect of salt concentration. The structural characteristic of 

PProDOT, the swelling volume, the coordination analysis, and the diffusion coefficients in the two 

electrolytes are presented in Figure S4 and described in the supporting information.  

Dependence on the organic solvent: Next, we examine the dependence of the mechanical 

swelling on the choice of the organic solvent by immersing PProDOT in 1.0 M LiPF6 in PC and 

EC/DEC. Figure S8 shows the final equilibrated states of PProDOT at the oxidation level of 33% 

in the two electrolytes. Unlike the dependence on salt concentration, it is difficult to visually see 

the difference of the volume changes of PProDOT. Following the same calculation method, Figure 

8a shows the swelling volumes as well as their comparison with the experimental results. The 

volume change achieves over 20% in both the electrolyte environments, and PProDOT in PC 

swells 3.4% more than that with the EC/DEC solvent. This observation is substantiated by the 

slightly smaller CNs between the PProDOT atoms in the PC electrolyte at the oxidized state 

(Figure S9a). Overall, the modeling results are in good agreement with the in-situ nanoindentation 

experiments. The structural features of PProDOT characterized by the XRD patterns and 

differential CNs (Figure S9b and c) are comparable in the two electrolytes.  
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Figure 8. Effects of the organic solvent. (a) Comparison of the swelling volumes of PProDOT with 1.0 M 

LiPF6 in PC and in 1.0 M EC/DEC. Inset figures show the absorbed electrolyte, including PF6
- (blue), Li+ 

(magenta), and PC (cyan) in the reference box of PProDOT where the swelling volume is determined. (b) 

Cumulative CNs between Oc in the solvent and PProDOT. Inset shows the MD snapshots of absorbed EC 

and DEC molecules in PProDOT at the oxidized state (33%). (c) Diffusion coefficients of Li+, PF6
-, and the 

organic solvents. Experimental data from the NMR measurements of 1.0 M LiPF6 in PC82 and 1.0 M LiPF6 

in EC/DEC (1.5:1 mol%) at 303 K80 are plotted for comparison. EC/DEC = 1:1 vol. % is equivalent to 

EC/DEC = 1.8:1 mol% (d) RDF and cumulative CNs between Li+ and Oc in the organic solvents. Inset 

shows the enlarged CNs shaded in light cyan. 

Figure 8b presents the cumulative CNs between Oc in the solvent and PProDOT. After the 

passive swelling of PProDOT (0%), the CN between Oc in DEC and PProDOT is the largest, 

followed by Oc in PC and EC with PProDOT. Upon oxidation, the CN between Oc in PC and 

PProDOT becomes the largest, followed by EC, while the CN between Oc in DEC and PProDOT 

increases marginally. Such changes of the coordination environments are due to the absorption of 
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PC and EC into PProDOT, although the slight variation between DEC and PProDOT does not 

imply little mass transport of DEC into PProDOT or insignificant contribution of DEC to the 

mechanical swelling of PProDOT. In fact, the inset MD snapshots in Figure 8b, representing the 

neighboring environment between PProDOT at the oxidized state and EC/DEC which are within 

3.0 Å to PProDOT, show otherwise. Clearly, DEC molecules penetrate the PProDOT network just 

like EC does. More discussions will be given after the analysis of the solvation structure in Figure 

8d. The difference between the mechanical swelling of PProDOT in the two electrolytes might be 

understood in terms of the molar volume of the solvents, which is the ratio of the molar mass to 

the density. The molar volume of PC (140.7 cm3/mol) is between that of EC (110.7 cm3/mol) and 

DEC (201.2 cm3/mol). As EC and DEC co-intercalate into PProDOT, this might cause the slightly 

smaller swelling volume of the polymer in the EC/DEC electrolyte.  

Figure 8c shows the diffusion coefficients of the organic solvents, PF6
-, and Li+. At the 

charge neutral state (0%), the diffusion coefficients are of the same order of magnitude as reported 

in pure electrolytes.80,82 Moreover, the diffusion coefficients of EC and DEC are close due to 

solvent-solvent interactions, and the diffusion coefficient of Li+ in EC/DEC is higher than that in 

PC.82 Due to the smaller size and stronger solvation affinity of EC relative to PC, the effective 

radius of Li+ first solvation shell is smaller in EC/DEC, which favors Li+ transport.72 As PProDOT 

is oxidized (33%), similar trend is observed which was discussed in Figure 6b and Figure 7c. 

Moreover, the diffusion coefficient of EC appears to decrease more than that of DEC.  

Figure 8d presents the RDF and cumulative CNs between Li+ and Oc in the organic 

solvents. The inset is the enlarged view of the CNs shaded in light cyan. At the charge neutral state 

(0%), the intensity of the first peak in RDF follows the order of EC > PC > DEC. Additionally, 

the CN for the first solvation shell of Li+ reaches the plateau more quickly in EC than in PC. These 
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observations collectively suggest a stronger solvation affinity of Li+ with EC compared to PC as 

mentioned earlier. The partial charges of Oc in EC, PC, and DEC are -0.454 e, -0.437 e, and -0.540 

e, respectively, providing a justification of the solvation affinity. Moreover, if 4 Å is taken as the 

effective radius of the first solvation shell, the CN between Li+ and PC, EC, and DEC is 4.5, 3.7, 

and 1.0, respectively. This finding is consistent with previous studies on pure electrolytes, where 

the CN between Li+ and PC is in the range of 4 to 6, and that between Li+ and EC/DEC is 3/1.83–

85 Less coordination between Li+ and DEC stems from the steric hinderance posed by the linear 

carbonate DEC.86,87 Upon oxidation of PProDOT (33%), the position of the first peak in RDF 

remains unchanged, but the intensity diminishes. Concurrently, the CN between Li+ and PC and 

EC decreases to 3.5 and 3.4, respectively. The decrease is due to the mass exchange of PC and EC 

into PProDOT at the expense of their coordination with Li+. The CN between Li+ and DEC remains 

about the same, because of the abundance of free DEC in the electrolyte. As we have seen the 

marginal increase of the CN between DEC and PProDOT upon oxidation in Figure 8b, this 

observation is also due to the substantial presence of DEC around PProDOT at the pristine state 

(0%). Figure S10 demonstrates the RDF and cumulative CNs between PF6
- and PProDOT, 

showing the mass transport of anions into PProDOT. The RDF and cumulative CNs between Li+ 

and PF6
- are presented in Figure S11. At the pristine charge neutral state (0%), the RDF and CN 

are larger in the PC solvent compared to the EC/DEC case. As discussed in Figure 8d where EC 

shows a stronger solvation affinity, it leaves less coordination of Li+ with PF6
- for contact ion pairs. 

This result is in line with the previous observations. 

Dependence on the anion: Finally, we explore the effects of the anion on the mechanical 

swelling of the polymer, where PProDOT is immersed in the electrolytes of 1.0 M LiBF4, LiClO4, 

LiPF6, and LiTFSI in PC. Figure S12 shows the final equilibrated states of PProDOT at the 
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oxidized state (33%) in the four electrolytes. Figure 9a summarizes the modeling results in parallel 

with the experimental measurements. The swelling volumes are close to those obtained from in-

situ nano indentation tests, and the dependence on the anion size is also consistent considering the 

error bar in experiments. Moreover, the swelling volume of PProDOT in 1.0 M LiTFSI in PC is in 

great agreement with the value of 30% reported for PProDOT-Hx2 in the same electrolyte 

measured by optical ellipsometry.88 The volume change of PProDOT is roughly proportional to 

the radius of the anion, following the order of BF4
- < ClO4

- < PF6
- < TFSI-, although an exception 

is observed in the ClO4
- case in which the swelling volume is slightly larger than that of PF6

-. This 

discrepancy is likely due to the force field parameters. In our modeling, the GAFF compatibility 

and proper descriptions of the structural and transport properties are the two key factors for the 

choice of the force field parameters for the electrolytes. Under this consideration, unfortunately, 

there is no established database encompassing all the needed force field parameters for this work. 

Therefore, we choose them for the four anions from different literatures as described in the 

Methodology part. A systematic study of the force field parameterization warrants a separate study 

and is beyond the scope of this work. The uncertainty of the force field parameters likely causes a 

slight discrepancy in the cross comparison. Besides, the choice of the reference box within the 

polymer network can also cause slight variation of the computational results. Nevertheless, our 

approach and the process in determining the mechanical response of the conducting polymer are 

well validated by the quantitative comparison with the experimental result and cross checking with 

literature on the structural characteristics of the polymer, solvation structure in the electrolyte, and 

the transport properties of the mobile species. The morphological change of PProDOT in the four 

electrolytes is presented in Figure S13. Figure S13a shows the cumulative CNs between PProDOT 

atoms at the oxidized state (33%). The curves are nearly overlapping, consistent with the 



 33 

comparable swelling volumes of PProDOT in the four electrolytes. Seen from the enlarged view 

of the CNs in the inset, the CN reduces when mechanical swelling becomes larger. Similarly, the 

XRD patterns (Figure S13b) and the differential CN profiles (Figure S13c) are all comparable at 

the oxidized state, showing a similar mechanical response of PProDOT in the electrolytes of four 

different anions. This observation is also consistent with the previous discussion on the swelling 

mechanism, where the mass transport of the electrolyte and particularly the organic solvent plays 

a predominant role. Since the organic solvent is identical in the four electrolytes, the variation of 

the swelling volume of PProDOT is insignificant and mainly comes from the absorption of anions 

of different sizes. The contribution of TFSI- is more pronounced compared to other anions because 

of its large size. As shown in Figure S14a, the CN between TFSI- and PProDOT is the largest, 

while the CN between PC and PProDOT with 1.0 M LiTFSI in PC becomes the smallest. The plots 

demonstrate that anions and the solvent contribute differently to the volume change of the polymer 

in the four electrolytes. The MD snapshots in the inset of Figure 9a further show the visualization 

of the absorbed mobile species in the PProDOT network. 

 

Figure 9. Effects of the anion. (a) Comparison of the swelling volumes of PProDOT with 1.0 M LiBF4, 

LiClO4, LiPF6, and LiTFSI in PC. Inset figures show the absorbed electrolyte, including the anion (blue), 

Li+ (magenta), and PC (cyan) in the reference box of PProDOT where the swelling volume is determined. 



 34 

(b) Diffusion coefficients of Li+, PC, and the anion in the four electrolytes when PProDOT is at the charge 

neutral (0%) and oxidized states (33%). 

The solvation structure analysis is included in Figure S15. At the charge neutral state (0%), 

the first peaks in the RDF between Li+ and Oc in PC are located at the same position, and the 

corresponding CNs are 3.2, 3.5, 4.6, and 4.2 in the electrolytes of LiBF4, LiClO4, LiPF6, and 

LiTFSI, respectively. In the RDF between Li+ and anions (F in BF4
-, O in ClO4

-, F in PF6
-, and O 

in TFSI-, Figure S15b), the first peak position follows the order of BF4
- < ClO4

- < PF6
- ≅ TFSI-, 

with nearly equivalent CNs in the first three electrolytes but a lower value in the LiTFSI case. Prior 

studies on pure electrolytes compared the solvation structures between 1.0 M LiBF4 and LiPF6 in 

PC.80 It was found that the first peak in the RDF between Li+ and Oc in PC were at the same 

position, but the CN between Li+ and Oc in PC for the LiPF6 electrolyte showed a larger number 

(3.72) compared to LiBF4 case (2.66). Meanwhile, the interaction between Li+ and PF6
- was weaker 

than that between Li+ and BF4
-. In other words, the first peak location of the RDF between Li+ and 

the anion was larger in the LiPF6 electrolyte. Our simulation results are consistent with the previous 

reports in the pure electrolytes. For the intermediate size of ClO4
- between BF4

- and PF6
-, the 

interaction between Li+ and Oc in PC as well as anion would fall in between. A prior DFT study 

showed more negative binding energy between Li+ and TFSI- than that between Li+ and PF6
- in 

the EC solvent, implying a stronger interaction between Li+ and the anion in the LiTFSI 

electrolyte.89 This result is different from our finding. The difference might stem from the scaling 

(scaling factor of 0.8) of partial charges of TFSI- and Li+ for better description of their transport 

properties in the LiTFSI electrolyte.44 This scaling factor also explains the larger diffusion 

coefficients of the LiTFSI electrolyte as shown in Figure 9b. After PProDOT is oxidized (33%), 

the CNs between Li+ and Oc in PC reduce to 2.55, 2.91, 3.56, and 4.03 in the electrolytes of LiBF4, 

LiClO4, LiPF6, and LiTFSI, respectively. Meanwhile, the CN between Li+ and anions increases in 
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the first three electrolytes but decreases in the LiTFSI case, which also indicates significant 

absorption of TFSI- into the polymer network and its contribution to the mechanical swelling. 

Lastly, Figure 9b summarizes the diffusion coefficients of the four electrolytes. There is a 

tendency for the diffusion coefficients of Li+ and anions to converge due to the formation of contact 

ion pairs as discussed before. 

 

Conclusions 

In summary, this work presents an extensive study on the molecular mechanism of 

mechanical swelling of conducting polymers in various liquid electrolyte environments. The 

swelling volumes are quantitatively determined, and further understood through the detailed 

analysis on the structural characteristics of the polymer network, the solvation structure in the 

electrolyte, and the transport properties of the mobile species when the polymer is at different 

oxidation states. Through calibration of the model systems, we conclude that the mechanical 

swelling of PProDOT is primarily contributed by the mass transport of the liquid electrolyte and 

particularly by the absorption of the organic solvent. We then focus on the effects of the 

electrolytes on the mechanical response of conducting polymers by changing the salt 

concentration, organic solvent, and anion. Larger deformation of PProDOT is found in the dilute 

electrolyte as a result of the abundance of the solvent. The mechanical swelling also shows a 

positive correlation with the size of anions. Through the plots of the RDFs and CNs, the dynamics 

of the neighboring environment between the polymer chains, anions, cation, and solvents is 

revealed in detail when the polymer transits from the pristine charge neutral state to the oxidized 

state. In addition, we find that the diffusion coefficients of the cation, anions, and solvents decrease 

marginally upon oxidation of the polymer due to the open structure of PProDOT, while the 
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diffusion coefficients of Li+ and anions tend to converge due to the formation of contact ion pairs. 

This theoretical modeling provides fundamental understanding on the molecular motifs behind the 

mechanical breathing of organic mixed conductors and offer useful guideline in the design of the 

electrolyte in regulating the mechanical response of conducting polymers in many applications. 

 

Supporting Information. Additional simulation results, including morphological 

characterizations, solvation structures, and transport properties are included in the Supporting 

Information. 
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