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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 nonbonding 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:
1
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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, 𝑟𝑖(𝑡) is the position of ith ion at time t, 𝑉 is the
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
(𝜎𝐺𝐾) were estimated using the slope between two points of (t) at t1=10 ns and t2=100 ns:
1Σ(t2) - Σ(t1)
𝑡2 ― 𝑡1 ,

𝜎𝐺𝐾 = 6
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where GK represents Green-Kubo formula. Note that in the simulated time window, (t) is not linear with
time but sub-diffusive, i.e., (t) ~𝑡𝑏 with an exponent b ≈ 0.8-0.9, indicating that the ionic correlations do
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
𝑒2
[𝑟𝐷𝐿𝑖 + (1 + 𝑟)𝐷𝐵𝐹4 + 𝐷𝑁],
𝜎𝑁𝐸 =
𝑁
𝑘𝐵𝑇 〈𝑉〉 𝑚𝑜𝑛𝑜𝑚𝑒𝑟
where D is ion self-diffusion coefficient (Li, BF4, or N), 𝑁𝑚𝑜𝑛𝑜𝑚𝑒𝑟 is the total number of monomers, and r
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:
1𝑀𝑆𝐷(𝑡2) ― 𝑀𝑆𝐷(𝑡1)

.
D=6
(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(0)
𝐻(𝑡) =
,
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 1/𝑏𝐻
,
𝐴𝐻

( )

was estimated using a fit to a stretched exponential function: 𝐻(𝑡) ≈ 𝐴𝐻exp[ ― (𝑡/𝜏𝐻)𝑏𝐻]. All the
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: 𝑃𝑝𝑒𝑟𝑐 = 〈𝑝〉, where 𝑝 = 1 if the largest cluster
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
4

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.
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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

 (ns)

([LiBF4]/[monomer])

DLi

DBF4

(Å2/ns)

(Å2/ns)

tLi

DN

NE

GK

(Å2/ns)

(S/m)

(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

 (ns)

([LiBF4]/[monomer])

DLi

DBF4

(Å2/ns)

(Å2/ns)

tLi

DN

NE (S/m)

GK (S/m)

(Å2/ns)

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.

r=[salt]/[monomer]
0.2
0.4
0.6

# of LiBF4
32
64
96

Salt concentration in mol/L
amorphous crystalline
0.07
0.06
0.13
0.09
0.19
0.12

Relative concentration
amorphous crystalline
1
1
1.9
1.5
2.7
2
8

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-(6bromohexyl)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
10

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

𝑡+ =

𝐷+
𝐷+ + 𝐷―

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:

[

( )]

2

𝐼(𝐺) = 𝐼(0)exp ― 𝐺2𝐷 𝛾2𝛿 ∆ ―

𝛿
3

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

DLi

DBF4

([LiBF4]/[monomer])

(Å2/ns)

(Å2/ns)

1.0

0.0145

0.0101

tLi
0.59
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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

1
𝑅𝑖𝑛𝑡#1

1

1

= 𝑅𝑖 + 𝑅𝑒. When the electronic resistance is significantly higher than Ri, the

1
𝑅𝑒

term is negligible,

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 SP200 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) Temperaturedependent 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 P3HTIM with NOBF4 and LiBF4 e) Integrated GIWAXS patterns for each case
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