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Lithium-sulfur (Li/S) batteries are emerging as a next-generation energy storage technology due

DOI: 00.0000/XXXXXXXXXX

to their high theoretical energy density and cost-effectiveness. m-conjugated organosulfur polymers,

such as poly(4-(thiophene-3-yl)benzenethiol) (PTBT), have shown promise in overcoming challenges
such as the polysulfide shuttle effect by providing a conductive framework and enabling sulfur copoly-

merization. In these cathodes, cation-7 interactions significantly influence Li* diffusion and storage

properties in -conjugated cathodes, but classical OPLS-AA force fields fail to capture these effects.
This study employs a bottom-up approach based on density functional theory (DFT) to optimize the
nonbonded interaction parameters (OPLS-AA/corr.), particularly for the LiT-7 interactions with the
PTBT polymer. Following prior work, we used an ion-induced dipole potential to model the cation-7
interactions. The impact of the solvent on the PTBT monomers was examined by computing the
potential of mean force (PMF) between PTBT monomers and Li™ ions in both explicit and implicit
solvents using the Boltzmann inversion of probability distributions close to room temperature. In

the implicit solvent case, the magnitude of the binding free energy decreased with increasing dielec-

tric constant, as the dominant electrostatics scaled with the dielectric constant. In contrast, in the

explicit solvent case, considering the mixtures of organic solvent DME and DOL, the binding free
energy shows minimal dependence on solvent composition due to the competing interaction of TBT
and Li™ with the solvent molecules. However, increasing salt concentration decreases the binding
free energy due to Debye-Hiickel screening effects. In general, this work suggests that the optimized
parameters can be widely used in the simulation of polymers in electrolytes for the Li/S battery to

enhance the representation of cation-7 interactions for a fixed charge force field.

1 Introduction

The lithium-sulfur (Li/S) battery is a promising electrochemical
storage system due to its high theoretical energy density and
cost-effectiveness™™, However, several challenges hinder its prac-
tical applications, including the electronic and ionic insulating
nature of both sulfur and the discharge product lithium sulfide
(Li;S), the formation and shuttling of dissolved lithium polysul-
fides species between the anode and the cathode, and compli-
cated compositional and structural changes. To address these is-
sues, the scientific community has proposed several strategies,
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including (i) developing novel cathodes®, anodes, binders, and
electrolytes; and (ii) advancing the understanding of Li/S re-
dox chemistries#>. One promising approach involves the con-
finement of the polysulfides directly via the covalent bonding
to the cathode host material. Due to its ability to (i) sup-
press the polysulfide effect and (ii) reduce the volumetric expan-
sion/contraction during charge/discharge, conjugated organosul-
fur polymers are notable candidates for high-performance Li/S
batteries®.

Poly(4-(thiophene-3-yl) benzenethiol) (PTBT) is a flexible con-
jugated organosulfur-based polymer envisioned as a potential
candidate to be used as a carbon-additive-free cathode in Li/S
batteries”?. In PTBT, the polythiophene main chain forms a
highly conducting framework. In contrast, the benzenethiol side
chain facilitates copolymerization with sulfur chains, resulting in
the crosslinked organosulfur polymer (S/PTBT). According to our
previous study®, among the two possible unique structures - HH-
TT and HT-HT (H: head, T: tail) - we considered the HT-HT struc-
ture because it is predominantly found in the experimental stud-
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ies, as also supported by the simulation results. The monomeric
unit of PTBT, 4-(thiophene-3-yl)benzenethiol (TBT), consists of
a benzenethiol group and a thiophene group. These structural
features contribute to its electronic properties, as TBT contains
a total five 7—bonds: two from the thiophene group and three
from the benzenethiol group. These 7—bonds arise from the un-
hybridized p-orbitals on each carbon atom, which are parallel to
each other and overlap side-by-side. This overlap creates a de-
localized m—electron system above and below the plane of the
rings. These m—electron systems can interact with the lithium
ions from the electrolytes, through the non-bonded cation—x in-
teractionstOLL,

Recently, it was shown, using a combination of experimental
techniques and numerical methods such as molecular dynam-
ics (MD) and density functional theory (DFT) applied to equiv-
alent polymer systems, that cation—x interactions can, in addi-
tion to being critical for the diffusion of Li*-ions, enhance the
lithium storage property2 and facilitate lithium ions to stay into
the polymer network!3. However, the cation—n interaction, an
ion-induced dipole-type interaction, is not explicitly included in
conventional non-polarizable fixed-charge force fields. Therefore,
the binding energy of ions to aromatic molecules is usually un-
derestimated in force-field approaches compared to DFT predic-
tions14718. To overcome this issue, different routes were explored
to introduce ion-induced dipole in classical force fields’®*22. For
instance, Huang et al.“!' employed an empirical approach to cal-
culate cation-r interaction energies in proteins. In that approach,
the interaction energy between a cation and a n-bonded molecule
is represented by an empirical equation with six free parameters,
which depend on two variables: the distance r and the orienta-
tion angle 6. Then, the free parameters are optimized based on
the benchmark calculations from B3LYP/6-311+G(d,p) theory. In
another study, for metal ions, Li et al.2? proposed to model the
ion-induced dipole by enriching the force field functional form
with an electrostatic ion-induced dipole —Cfi" / rfj term, where cY s
which represents the interaction strength, is a fitting parameter
for the interactions between specific sites i and j. Such a cor-
rection for the ion-induced dipole (ID) interaction leading to a
Lennard-Jones plus a correction term (LJ-ID) accurately captures
the binding energy obtained from DFT calculations. Following
that study, for protein-ligand systems, Turupsu et al.1# corrected
the force field for the cation-z interactions by using the LJ-ID.
Differently, for protein-ligand systems, Liu et al. used the non-
bonded FIX (NBFIX) feature of the CHARMM force field to cap-
ture the cation-r interaction. They selectively optimized the LJ
parameters for specific atom pairs, while all other LJ parameters
are obtained from standard combining rules. They referenced the
quantum mechanical/molecular mechanics (QM/MM) potential
energy of mean force data in an aqueous solution to refine the
NBFIX parameters.

In our study, we used LJ-ID, similar to Li et al., to capture the
interaction strength of the binding energy profiles. Additionally,
the van der Waals diameters for specific atom pairs were con-
sidered as free parameters, similar to Liu et al., since the LJ-ID
alone could not accurately capture the location of the minimum
binding energy in the previous studyl®. The consideration of van
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der Waals diameters is justified since the pairwise additive force
fields with basic combination rules do not represent polarization,
charge transfer, and covalent bonding effects1>2325 However,
in contrast to their study, Liu et al., we did not alter the inter-
action strength parameter € of the LJ. Therefore, in addition to
Cf{ , the van der Waals diameters o;; are considered as fitting pa-
rameters for the interactions between sites i and j to accurately
capture both the strength and location of the minimum binding
energy. For parameterization, we introduced a novel approach
compared to previous studies, which were mostly limited to a
specific one-dimensional bottom-up approach. Instead, a two-
dimensional (2D) bottom-up approach is applied, where the 2D
binding energy landscape between the molecules and Li*-ion is
calculated in the gas phase using DFT, and used as a reference for
the fitting of the force field needed in all-atom MD simulations.
This binding energy landscapes not only reveals the global mini-
mum of the binding energy but also highlights potential pathways
for ion hopping.

This study aims (i) to enrich the existing classical force field
to accurately capture the cation-z interaction in the gas phase,
and (ii) to examine the effects of the cation-zm interaction in
the solvated environment. With the optimized parameters in
hand, we estimate the binding behavior of Li* ions and TBT and
TriTBT (an oligomer of three TBT molecules) systems in solu-
tions and compare these results with those obtained in the gas
phase. We consider two solvation models in the MD: the "implicit
solvent model", and the "explicit solvent model". The implicit
solvent model represents the solvent as a continuum through
the dielectric constant, while the explicit solvent model includes
discrete solvent molecules. For the solution, dioxolane (DOL)
and dimethoxyethane (DME) are used as solvents, and lithium
bis(trifluoromethane)sulfonimide (LiTFSI) is used as salt. LiTFSI
contains Li™ cation and TFSI~ anion.

This paper is organized as follows: In Section 2, we provide
a detailed description of the methods, including the gas-phase
density functional theory and molecular statics (MS) calculations
setup, parameterization strategy, and verification procedure. This
section also covers the implicit and explicit solvation models in
classical MD and the procedures used to estimate the binding
free energy in the solution environment. We then present and
discuss the binding (free) energies and optimized parameters for
benzene, benzenethiol, and thiophene in the gas phase, and "free
TBT monomer", and "PTBT constituent monomer" both in the gas
phase and the solvated environments in Section 3. Finally, Sec-
tion 4 contains our concluding remarks.

2 Methods

Density functional theory and molecular statics (MS) were per-
formed to parametrize and validate the force field, and molecular
dynamics was performed to simulate cation-7 interactions in the
solvated environment close to room temperature. GAMESS2¢ and
LAMMPS2Z were used for DFT, and MS and MD, respectively. In
both MS and MD, force fields for TBT and TriTBT were taken from
our previous studiesZ<,
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Fig. 1 lllustrations of the ions, solvent molecules, and TBT monomer
involved in our simulation study. Panels (a) and (b) depict the organic
solvent molecules 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME),
respectively. Panel (c) shows the lithium ion (LiT), while panel (d)
presents bis(trifluoromethane)sulfonimide (TFSI~). Panel (e) illustrates
the cation—7 interaction state for a 4-(thiophene-3-yl)benezenethiol
(TBT) with a lithium-ion Li*™ when the benzene ring is planar with z=0
plane, and the plane thiophene ring makes angle, 6 = 34.31° with the
z=0 plane. The minimum distance between the benzene ring of TBT
and Li* ion is zpin = 1.84 A. Panel () illustrates the cation—7 interaction
state of the same TBT molecule when the thiophene ring is placed at
z=0 plane, and the plane of the benzene ring makes an angle 6 =34.31°
with the z =0 plane. In this configuration, the minimum distance be-
tween the thiophene ring and Li™ ion is zmi, = 2.0 A.

2.1 Gas phase:
statics

Density functional theory and molecular

All reference binding energies for parameterization were calcu-
lated in the gas phase using DFT. The optimized geometries
and binding energies of the systems were obtained using the
B3LYP/6—311++G(d,p) level of theory with Grimm’s dispersion
corrections“® and with consideration of counterpoise correction
for basis set superpositions errors (BSSE)22. The BSSE correc-
tions were considered to ensure the accuracy of the calculated
binding energies by accounting for artificial stabilization arising
from basis set limitations. The B3LYP functional®? has been
widely used for studying cation—x interactions due to its bal-
ance between accuracy and computational efficiency2Z3L, Differ-
ent exchange-correlation functions rescale the binding energy by
10-15%%2; however, the qualitative shape of the binding energy
profiles is not altered by the choice of the exchange-correlation
functional form3, Therefore, we did not modify these functions
to calculate the open parameters. Previous studies have demon-
strated that higher-level exchange-correlation functions, such as
©0B97X—D/6—311++G(d,p), produce results that are compara-
ble to those obtained with B3LYP/6—311++G(d,p). However,
B3LYP/6—311++G(d,p) is less computationally demanding 1231
making it an ideal choice for calculating interaction energies
for numerous configurations. Therefore, we opted to use the
B3LYP/6—311++G(d,p) level of theory for all our calculations.

View Article Online
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The binding energy calculation procedure is discussed in the pa-
rameterization strategy and verification section.

The gas phase simulations were performed in MS by consider-
ing a large simulation box without periodic boundary conditions.
Due to the non-periodic boundaries, long-range interactions were
considered by employing a high cutoff radius of approximately 5
nm for the Coulombic interactions. The cut-off radius for LJ in-
teractions was set at 1 nm. Uncorrected (OPLS-AA) and corrected
(OPLS-AA/corr.) force field parameters are provided in the Elec-
tronic Supporting Information (ESI). Energy minimization was
carried out using a conjugate gradient algorithm. Relative en-
ergy and force of 1074 and 10~ kcal/mol/A, respectively, were
used for the convergence criteria.

2.2 Parameterization Strategy and Verification

The modified total non-bonded interaction between a cation, i,
and an atom from an aromatic molecule, j, is expressed as a sum
of three terms given by:

12 6 ij
Ufj(rij):q;71 +4¢;; (%—g) _%7 @))
g g Ty, i

where ¢; and ¢; are the partial charges of atoms i and j, respec-
tively, and r;; is the distance between them. For the LJ parame-
ters, o;; represents the distance at which the interaction potential
between sites i and j reaches zero, while ¢&;; denotes the potential
depth. The coefficient Cii controls the strength of the cation—x
interaction. In the above equation, the first term represents the
Coulombic interaction, the second term is the 12-6 LJ potential,
and the third term accounts for the ion-induced dipole interac-
tion. Unless specified otherwise, the ¢;; and o;; are obtained from
the geometric combination rules,

and

€j = \/€i€jj Gij = /i G- 2)

For the parameterization of the potential, we fitted the bind-
ing energy landscape obtained from MS, AEws(x,y,zmin) (see
Eq. [4), with the reference binding energy obtained from DFT,
AEDpr(X,y,zmin) (see Eq. , by tuning some of the interactions
between carbon/sulfur from the aromatic molecule and Li™.

In particular, we treated the interaction between carbon atoms
(CX, where X = CA/CW/CS - carbon atoms based on their bond-
ing environments) and LiT, and between sulfur (S) atoms and
LiT as free parameters. Therefore, we optimized Ciihcx/ S and
OLi+_cx/s- For benzene and benzenethiol, we optimized "CA"
atom type of carbon (see Fig. S1(a) for benzene and Fig. S1(b)
for benzenethiol). For thiophene, we optimized "CS", "CW", and
"S" atom types (see Fig. S1(c)). For both the free-standing TBT
monomer ("Free TBT monomer") and the TBT monomer as it ex-
ists within the PTBT polymer ("PTBT constituent monomer") we
optimized "CA", "CS", "CW", and "S" atom types (see Fig. S1(d)).

To calculate the binding energy profile in DFT, the aromatic
molecule (mol) was first optimized and fixed in the z =0
plane. Then, the single-point energy of the aromatic molecule,
Emol(x,¥,0), was calculated. Subsequently to optimize the aro-
matic molecule and Li™ complex, a single Li* ion was positioned
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at various imaginary grid points across the x-y plane at a distance
of z =3 A, while the aromatic molecule remained fixed in the
z =0 plane. The imaginary grid points were spaced at intervals
of 0.1 A, ensuring fine sampling. The scanning region covered
the maximum width and breadth of the aromatic molecule, thus
exploring the entire spatial extent of the molecule.

The LiT ion was allowed to optimize its position along
the z-coordinate only. At the optimized position, zy,, the
single-point energy of the aromatic molecule and LiT complex,
EL i+ +mol (X, ¥, Zmin ), Was calculated. The binding energy landscape
in DFT, AEppr (X, Y, Zmin), i defined as follows,

AEDFT (%, Zmin) = ELi+ 4mol (%, Zmin) = Emol (%,¥,0) — ELi+ (X, Y, Zmin)

€))]

where Ep;+(x,y,zmin) i the potential energy of the Lit

ion. In the gas phase, the self-energy contribution is zero,

Ep;i+(%,Y,2Zmin) = 0. Thus, the binding energy in the MS calcula-
tions, AEwms (X, Y, Zmin), 1S given by,

AEMS (x7y7 Zmin) = ELi++m01 (ana Zmin) - Emol (x7)’~, 0)7 (4)

To obtain the free parameters, Cﬁlj and o;;, we minimized the
objective function L, given by:

View Article Online
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2.3 Simulations of the solution phase at room Temperature
To analyze the effects of the DFT parameterization in the solution
phase, we calculated the free energy profiles (as a function of
radial distance) between groups of the oligomers and the Li* ion
in classical MD at 7T = 300 K. Specifically, we examined TBT and
2 TBTs in the implicit solvent model, and TBT and TriTBT in the
explicit solvent model.

The TBT monomer was chosen to investigate the free energy
profiles in solution, from which the energetic part of the binding
energy was directly compared to the binding energy obtained in
the gas phase. In contrast, 2 TBTs were selected to determine
whether any sandwiched structure forms and to assess whether
cation—7 interactions can prevent the formation of these struc-
tures, which might enhance the Li* transport through the poly-
mer network!33% Finally, TriTBT, a simple oligomer consisting
of three TBT monomers, was chosen to apply the force field cor-
rection from the "PTBT constituent monomer".

The non-bonded interactions were treated by a combination of
LJ-ID and electrostatics potentials, with the electrostatics interac-
tions being decomposed in short- and long-range contributions.
The LJ-ID and the short-range Coulomb potentials were truncated
at 1 and 0.8 nm, respectively. The long-range electrostatic inter-
actions were evaluated with the particle-particle-particle-mesh
(PPPM) method with a desired relative error in forces of 104
keal/(mol A). All bonds and angles were constructed with har-
monic potentials, and the OPLS style was considered for dihe-

&)

where n is the number of points considered to fit the energy

landscape. The zin—ms and zyin—prr correspond to the optimized

distances between the z = 0 plane and Li* ion, obtained from the
MS and DFT methods, respectively.

For the analysis of the effect of the choice of grid points used
to fit the energy surface o;; and Cij , we employed two distinct
sets of surrounding points around the energy minimum. In the
first set (setup-A), we considered n = 9 points, consisting of the
energy minimum and 8 surrounding grid points that were dis-
tributed symmetrically in its vicinity. In the second set (setup-B),
we expanded the grid to include n = 25 points, comprising the
energy minimum and 24 surrounding points.

The 2D binding energy landscapes were used to fit the poten-
tial. To validate the parameterization method, we calculated the
binding energy profile along a path perpendicular to the molec-
ular plane using the optimized parameters. This path is aligned
along the z-direction and centered at (xmin, Ymin), Where xpni, and
Ymin Tepresent the position of the minimum binding energy in the
x-y plane. The point (xpin, ymin) Was determined from the 2D bind-
ing energy landscape. The distance z was systematically varied
from z =0 to z =6 A in increments of 0.1 A. At each point along
this path, the binding energy was calculated using DFT and MS.
For the calculations in the MS framework, both corrected and un-
corrected force fields were considered. For all the systems, we
estimated the value of the binding energy, AE(zmin), by identify-
ing the global minimum of the binding energy profile at zj.

4] Journal Name, [year], [vol.],

3

drals. The SHAKE algorithm was employed for all hydrogen bond
constraints.

System Salt TBT | Dielectric constant
Lit | TFSI™ £

I'a/b/c 1 1 1 10.6/8.0/6.0

II'a/b/c | 1 1 2 10.6/8.0/6.0

Table 1 Composition of the investigated systems with implicit solvent,
categorized by salt environment and dielectric constant. For systems I
and Il/, one TBT and two TBT (2 TBTs) were considered, respectively,
for three different dielectric constants: (a) &€ = 10.6 (pure DME), (b)
€ =28.0 (DME: DOL (1:1)), and (c) € =6.0 (pure DOL). The superscript
i represents the implicit solvent environment.

2.3.1 Implicit solvent

The main idea of the simulation of implicit solvent with constant
dielectric constants is to demonstrate how a simple dielectric en-
vironment, as well as the entropy contribution, affect the binding
energy at finite temperature compared to gas-phase, rather than
to precisely model the binding energy between TBT and Tri-TBT
in the continuous dielectric medium. It hence provides an in-
sightful intermediate step between 0 K DFT calculations and full
(explicit solvent) 300 K force-field simulations.

The implicit solvent model treats the solvent as a continuous,
homogeneous, and isotropic medium characterized by a static di-
electric constant, €22, Due to the clustering effect of Li* and
TFSI~ ions® (see Fig. S4), our study focuses on varying the di-
electric constant within two simplified systems: (I') a single TBT
with one LiTFSI, and (II') 2 TBTs with one LiTFSI, where super-
script i represents the implicit solvent environment. We examined
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three dielectric constants of 10.6, 6.0, and 8.0, representative of
DME, DOL, and a mixture of DME and DOL3Z(see Table[1). The
force field for Lit and TFSI~ ions are based on Dang et al.®8 and
Lopes et al.B? respectively.

Simulations were performed in the canonical ensemble where
the temperature was maintained by a Langevin thermostat4? us-
ing a damping parameter of 100 fs. Since the origin of the correc-
tion term —Cf{ / rj‘j is electrostatics, hence, for our continuous, ho-
mogeneous, and isotropic dielectric medium, the correction term
is scaled by the respective dielectric constant of the medium, &.

System Salt Solvent Solvent composition
Li" [ TFSI” | DME | DOL x

Can: 0.5 M

I‘a 25 25 500 0 0.00

‘b 43 43 450 | 550 0.55

I‘c 20 20 0 500 1.00
Calt® 1.0M

IIa 62 62 500 0 0.00

1I°b 99 99 450 550 0.55

II°c 46 46 0 500 1.00
Car: 1.5 M

lI°a 116 116 500 0 0.00

1°b 168 168 450 | 550 0.55

I°c 83 83 0 500 1.00

Table 2 Composition of the investigated systems with explicit solvent,
categorized by salt concentrations and solvent compositions. Each sys-
tem includes TBT and TriTBT oligomers. System ¢, 11, and IlI° cor-
respond to salt concentrations Cg; = 0.5, 1.0, and 1.5 M, respec-
tively, where a, b, and c represent the solvent composition x = 0.00,
x=0.55, and x = 1.00, respectively. The superscript e represents the ex-
plicit solvent environment. The solvent composition is represented by
x = NpoL/(NpoL + Npme), where x varies between 0 and 1.

2.3.2 Explicit solvent

Like implicit solvents, we considered three different explicit sol-
vent compositions. The solvent composition is expressed us-
ing the molar fraction, x, of DOL in the solvent, defined as
X = NDOL/ (NDOL +NDME): where NpoL and NpME correspond
to the number of DOL and DME molecules, respectively. The val-
ues of x considered are 0.00 (pure DME) (a), 0.55 (b), and 1.00
(pure DOL) (c). In addition, we have considered three different
salt concentrations, Csy: 0.5 (19), 1.0 (II?), and 1.5 M (II1¢), and
two different sizes of oligomers: TBT and TriTBT (see Table ,
where superscript e represents the explicit solvent environment.

Force fields for DME, DOL, and LiTFSI, were taken from Park
et al.®7, which accurately reproduce experimental values for den-
sity, the conductivity of the bulk electrolytes, and diffusion coeffi-
cients for Lit and TFSI~ across various electrolyte concentrations.
In contrast to the implicit solvent model, the correction term ij
is not scaled by the dielectric constant as all solvent molecules are
explicitly resolved.

The production simulations were performed in the NPT ensem-
ble at constant pressure P and constant temperature 7 of 1 bar
and 300 K, respectively, in a cubic box with periodic boundary
conditions. The timestep was fixed at 2 fs. The temperature was
maintained by a Berendsen thermostat with a time constant of
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0.1 ps. The pressure was controlled by a Nose-Hoover barostat
with a coupling constant of 0.5 ps.

2.4 Free energy in solution

For estimating the free energy in solution, we simulated the sys-
tem at a finite temperature, thus accounting for both the internal
energy and the entropic contributions. As a result, the calculated
energy is referred to as the free energy rather than the binding
energy, and its minimum is identified as the binding free energy.

The overall free energy between the oligomers and the Li* ion
was determined without following any specific pathways. We in-
stead performed an extensive sampling of the systems to obtain
well-converged radial density profiles (RDPs), p;;(r), between the
center of mass (COM) of oligomer i and ion j as a function of
their distance r. To have a well-defined reference value of the free
energy, the RDPs were normalized by the bulk density, py, defin-
ing the dimensionless distribution function g;;(r) = pi;(r)/po. The
bulk density was estimated from the density profile near the
boundaries of the simulation box, where the profile converges
and significant fluctuations are absent. The free energy, AF;;(r),
as a function of distance, also called the potential of mean force
(PMF) along the radial direction, was then obtained using a stan-
dard Boltzmann inversion:

AF;j(r) = —kgTIn(g;j(r)). ©

A significantly negative AF;;(r) close to the oligomer indicates
the binding and adsorption of groups j to i. For large distances
r, the PMF goes to zero because of the normalization. We then
estimate the binding free energy, AF (rmin), by locating the global
minimum of the PMF at the corresponding distance rpy;,.

3 Results and discussion

3.1 Binding energy profiles in the gas phase
3.1.1 Benzene, Benzenethiol, and Thiophene

In Fig. we present the binding energy surfaces from
B3LYP/6—311++G(d,p) (a), OPLS-AA (b), and OPLS-AA/corr.
(c). In (a), DFT calculations reveal a strong cation-z interac-
tion, with binding energy peaking centrally due to the electron-
rich m-system attracting the LiT ion. In contrast, the uncorrected
OPLS-AA force field in (b) fails to capture this strong interaction,
reflecting a weaker electrostatic effect. Furthermore, this discrep-
ancy arises because the original OPLS-AA force field has not ex-
plicitly accounted for the cation-7 interaction in the development
of force field parameters. The corrected OPLS-AA/corr., which
explicitly considered the cation-r interaction, result in (c) aligns
more closely with the DFT findings, showing enhanced binding
not only at the benzene center but also in the near-field region.
This highlights the effectiveness of the correction methods used.
However, the far-field region, with OPLS-AA/corr., is not well cap-
tured. This is because, during the fitting procedure, we did not
include all points equidistantly across the entire spatial range of
the molecule. Including all points would put too little weight on
during fitting the global minimum and the surrounding region -
which is crucial for cation-r interaction.
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Table 3 Binding energies (AE(zmin)) in kcal/mol and equilibrium distances (zmin) in A for various m—systems, including benzene, thiophene, ben-

zenethiol, "Free TBT monomer", and "PTBT constituent monomer".
B3LYP/6—311++G(d,p), OPLS-AA, and OPLS-AA with corrections (OPLS-AA/corr.).

These values were obtained using different computational approaches:

For the "Free TBT monomer" and "PTBT constituent

monomer", the energy profiles are divided into three distinct zones: Zone-1, Zone-2, and Zone-3 (see Fig. a) and Fig. a)). AE (Zmin) and zmip are

reported for each zone.

B3LYP/6—311++G(d,p) OPLS-AA OPLS-AA/corr.
7T-system AE (Zmin) Zmin AE(Zmin) Zmin AE (Zmin) Zmin
Benzene —38.12 1.84 -27.83 1.57 —38.28 1.84
Thiophene —36.15 1.94 —18.87 1.72 3595 1.94
Benzenethiol —-37.92 1.86 —-22.14 1.64 —38.00 1.86
"Free TBT monomer"

Zone-1 —41.13 1.84 —29.63 1.55 —41.58  1.86
Zone-2 —-37.77 1.97 —30.15 1.75 —38.50 2.00
Zone-3 -39.82 2.00 —34.93 1.62 -39.46 2.01
"PTBT constituent monomer"

Zone-1 —41.66 1.82 —-26.54  1.55 —-42.42  1.81
Zone-2 —38.63 1.99 —19.54 1.88 —40.18 1.96
Zone-3 —42.68 2.00 —14.94 2.04 —42.41 1.98

To validate the corrected OPLS/corr. force field, we first
investigated the interaction between benzene and Li* using
B3LYP/6—311++G(d,p) (dash-dot line in Fig. d)). Our calcu-
lations revealed a minimum binding energy of —38.12 kcal/mol at
a distance of 1.84 A. The finding is in agreement with previously
reported studies, which have found values —36.12 kcal/mol
at a distance 1.84 A for B3LYP/6—311++G(d,p) 41l
—35.35 keal/mol for B3LYP/6—31G+ +(d,p)4?, —38.10 kcal/mol
for B3LYP/6—31G(d,p)*| and —38.18 kcal/mol for
©B97X—-D/6—311++G(d,p) at a distance 1.9 A4 An ex-
perimental binding energy of —38.30 kcal/mol further supports
our findingZ. In contrast, with the OPLS-AA force field, the bind-
ing energy is —27.83 kcal/mol at a distance of 1.57 A (dashed line
in Fig. d)). This comparison reveals a substantial difference of
more than 10 kcal/mol energy and a shift of 0.27 A in the binding
distance. Using the optimized OPLS-AA/corr. parameters, as a
prediction, we accurately captured the magnitude and location of
the binding energy concerning the B3LYP/6-311+ +G(d,p) level.
Furthermore, the long-range behavior of the binding energy
profile along the specific path was also well captured, except
for deviations of 1-2 kcal/mol. However, for the short-range
region, this prediction indicated an overly stiff potential. This
deviation is reasonable since the model is parameterized using
2D binding energy landscapes, where each point corresponds to
the minimum energy and the minimum distance between the
conjugated molecule and the Li™ ion, rather than being based on
a distance-dependent binding energy profile.

The quality of the fitting was tested by increasing the number of
points (setup-A vs. setup-B). While setup-A leads to a minimum
binding energy of —38.28 kcal/mol at 1.84 A with L, = 0.0043,
a minimum binding energy of —38.67 kcal/mol at 1.84 A with
L, = 0.0086 was obtained with setup-B. Though the fitting with
setup-B captures the surrounding region more accurately, it devi-
ated slightly from minimum energy and L,. So setup-A was cho-
sen to balance accuracy and computational efficiency. Detailed
parameters for Cij and o;; for both setups are reported in ESI
(see Table S1).
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Fig. 2 Two-dimensional representation of the binding energy land-
scape between a benzene molecule and a Li* ion from (a) DFT
(B3LYP/6—311++G(d,p)), (b) MS without corrections (OPLS-AA), and
(c) MS with corrections (OPLS-AA/corr.). The x- and y- axes correspond
to spatial positions, while the intensity of the plot (represented by a mesh)
illustrates the binding energy, AE(x,y,zmin) (in kcal/mol) between the two
entities. The binding energy was calculated at various positions, with the
z-coordinate allowed to relax for each point. The blue point represents
the location of the minimum energy. (d) Predicted binding energy curves,
AE (Xin, Ymin, 2), for separation of the benzene-Lit complex shown with
B3LYP/6—311++G(d,p) (dash-dot line) functional, OPLS-AA (dashed
line), and OPLS-AA with corrections (OPLS-AA/corr.) (solid black line).

Similar to benzene, we observed significant binding energy
discrepancies for benzenethiol (15 kcal/mol) and thiophene
(19 kcal/mol) when comparing the OPLS-AA force field with the
B3LYP/6—311++G(d,p) theory (see Table. As a result, we ap-
plied a similar correction approach for these molecules (see ESI,
Fig. S2(a-c) for thiophene and Fig. S3(a-c) for benzenethiol). For
benzenethiol, ’CA type carbons were used as a free parameter,
excluding 'SH’ since it lies outside the n-system, while for thio-
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phene, '"CW’, ’CS’, and 'S’ atoms were included as they are within
the m-conjugation. The refined parameters and minimum binding
energies of benzenethiol and thiophene are reported in Table
and Table [3} respectively. In the case of benzenethiol, the bind-
ing energy is consistent with the calculated binding energy for
benzene. In addition, both the minimum binding energy and its
location obtained for thiophene align well with a previous study,
which reported a binding energy of -37.34 kcal/mol43. Minimum
binding energy and its location are summarized in Table

Overall, the optimized force field parameters successfully im-
proved the accuracy of the binding energy profiles at the equilib-
rium distances, demonstrating the effectiveness of our approach
in capturing the cation—r interactions. Given that our model per-
forms well for small molecules, we aim to extend its application
to larger molecules such as "Free TBT monomer" and "PTBT con-
stituent monomer".

B3LYP/6-311+(d,p) OPLS-AA OPLS-AA/corr.

y (Al

IR
b | == ors-aa

—— OPLS-AA/corT.

— - B3LYP/6-311++G(d,p)

AE(Xmin, Ymin, 2) [Kcal/mol]

z[A]

Fig. 3 Binding energy landscapes of "Free TBT monomer" and a Li*
ion calculated using (a) DFT with B3LYP/6—3114++G(d,p), (b) MS with
OPLS-AA force field, and (c) MS with updated OPLS-AA/corr. force
field. The binding energy is presented in kcal/mol, with the z-coordinate
allowed to be relaxed for each point of the landscape. The landscapes
are divided into three zones: Zone-1, Zone-2, and Zone-3, as indicated
by blue dashed lines (see panel (a)). The color intensity represents the
magnitude of the binding energy, with blue points marking the minimum
energy locations. Predicted binding energy curves for (d) Zone-1, (e)
Zone-2, and (f) Zone-3 are shown for B3LYP/6—311++G(d,p) (dash-
dot lines), OPLS-AA (dashed lines), and OPLS-AA/corr.(solid lines).

3.1.2 '"Free TBT monomer"

In the structure of the TBT monomer, thiophene serves as the
backbone, while benzenethiol acts as a side chainZ"244, Unlike
the small organic molecules, TBT is non-planar with a 34.31° an-
gle between the planes of the benzenethiol and thiophene. There-
fore, we aligned benzenethiol in x —y plane and oriented thio-
phene at 34.31° angle relative to the x—y plane (see Fig.[I](e)).

View Article Online
DOI: 10.1039/D4CP04484C

Upon closer look, we identified the local minimum in each
region and inferred the presence of energy maximum between
Zone-1 and Zone-2, as well as between Zone-2 and Zone-3, as
depicted in Fig. [3(a). These maxima could represent pathways
for Li* ion hopping. Now comparing the DFT binding energy pro-
file with that obtained from the OPLS-AA force field (see b)),
discrepancies emerged in order of 5—10 kcal/mol. Compared to
the binding energy surface obtained by DFT for which the lowest
and highest minimum binding energies were found in Zone-1 and
Zone-2, respectively, the OPLS-AA force field predicted the low-
est and highest minimum binding energies in Zone-3 and Zone-1,
respectively. A similar observation concerning the location of the
minimum binding energies in each zone is valid as well. To rec-
tify these disparities, we applied corrections to the o;_r;, and
C‘ifLi* parameters, where i represents "CA," "CW," "CS," and "S"
atom types. The resulting parameters are reported in Table In-
corporating these corrections into the uncorrected force field pro-
duced an updated binding energy profile, OPLS-AA/corr., as illus-
trated in Fig. [Bc). As a result of the fitting procedure, the lowest
and highest minimum binding energies are located in Zone-1 and
Zone-2, respectively, in agreement with the DFT prediction. In ad-
dition, the location of the minimum binding energy in each zone
along the z-axis is correctly captured by OPLS-AA/corr. Further-
more, the binding energy surface not only captures the minimum
binding energy but also provides an accurate representation of
the surrounding binding energy landscape. However, since only
a few points (9 for each zone) around the minimum were consid-
ered for fitting the energy profile, we are unable to capture the
profile away from the minima, as observed in Fig. [3(c).

For a quantitative comparison and also for validation, we cal-
culated the binding energy profiles perpendicular to the mini-
mum energy plane for each TBT zone using the updated pa-
rameters (Fig. (d) and (e)), with results summarized in Ta-
ble Compared to individual systems, binding energies sig-
nificantly increased in the TBT structure due to cooperative ef-
fects. Zone-1 shows an increase to —41.13 kcal/mol, compared to
—37.92 kcal/mol in the standalone benzenethiol (see Fig. d)).
Similarly, Zone-3’s binding energy rose to —37.77 kcal/mol from
—36.15 kcal/mol in isolated thiophene (see Fig. f)). This en-
hancement aligns with prior studies®24> where larger alkyl sub-
stituents or ring expansions were shown to increase binding en-
ergies due to enhanced dispersion and electrostatic interactions.

Although the validation of the binding energy with experimen-
tal data was performed for the benzene-Li* complex, the individ-
ual binding affinities for TBT and its oligomer with Li* are not
currently available in the literature, which limits the validation of
the force field with regards experimental data. However, the cor-
rected force field is validated by calculating the binding energy
profiles - which were not included in the fitting database - with
OPLS-AA/corr. parameters along a specific pathway and compar-
ing those to their DFT counterparts.

3.1.3 "PTBT constituent monomer"

To accurately develop a force field for the PTBT polymer and
effectively capture cation—rx interactions, we parameterized the
force field specifically for the "PTBT constituent monomer." The
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Fig. 4 Binding energy landscapes of the "PTBT constituent monomer"
and a Lit ion calculated using (a) DFT profile with B3LYP/6-
3114++G(d,p) for CH3-TBT-CH3 molecule, (b) MS with OPLS-AA force
field, and (c) MS with updated OPLS-AA/corr. force field. Similar to the
""free TBT monomer" (refer to Fig. , the z-coordinate was minimized
at different x,y points to determine the binding energy. The profiles are
categorized into three zones: Zone-1, Zone-2, and Zone-3 (see panel
(a)), with color intensity representing the magnitude of the binding en-
ergy. Blue points indicate the locations of minimum energy. Predicted
binding energy curves AE(Xmin,Ymin,2z) for (d) Zone-1, (e) Zone-2, and
(f) Zone-3, are displayed for B3LYP/6-311++G(d,p) (dash-dot lines),
OPLS-AA (dashed lines), and OPLS-AA/corr. (solid lines).

charge distribution of the "Free TBT monomer" differs signifi-
cantly from that of the "PTBT constituent monomer"”Z, making
it unsuitable to directly apply the parameters calculated for the
former. Consequently, we parameterized the o;; and Cf‘j values
for the "PTBT constituent monomer" in a manner similar to the
approach used for the "Free TBT monomer."

Accurately simulating the binding behavior of PTBT polymer
presented the challenge of accounting for various planes and ori-
entations, that complicated a straightforward two-dimensional
representation. To overcome this, the hydrogen atoms at the o-
positions (2, 5) of the thiophene ring were replaced by methyl
groups (-CHj), as described by Schiitze et al.. Consequently,
we adopted a CH3-TBT-CHj reference structure within our DFT
framework. The CH3;—TBT—CHj structure, while maintaining
neutrality, effectively mimics the adjacent aromatics carbons
bonded to the thiophene, offering a more representative model of
the PTBT polymer. However, for the molecular dynamics simula-
tions, the force field parameters for such a system are unknown.
Therefore, we have used the "PTBT constituent monomer" (see
Fig. b)), identified as a neutral unit in our previous studyZ, as
the system to compare with the CH; —TBT—CH3; reference system.
Like TBT, the CH3;—TBT—CHj3 molecule is not a planar structure.
First, we relaxed the molecule with B3LYP/6-311G+ +(d,p) level
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theory. In the relaxed structure, the benzenethiol molecule makes
46.82° angle with CHj-thiophene-CH3 molecule. Therefore, we
placed the benzenethiol molecule in the x—y plane, with the CH3-
thiophene-CHj; molecule oriented at a 46.82° angle relative to the
x—y plane. In this orientation, the left CH3 group is away from
the x—y plane, and the right CH3 group is towards the x—y plane.

Initially, we employed the B3LYP/6—311++G(d,p) func-
tional form to calculate the 2D binding energy landscape for
CH3;—TBT—CHs, as depicted in Fig. [4[(a). The overall binding
energy profile is quite similar to that of the "Free TBT monomer"
(Fig. a)), except for the region near the CHz. As the left CHj
molecule extends out of the x —y plane, it results in a positive
binding energy due to the repulsion between the Li™ ion and hy-
drogen atoms from the CH; group. However, this repulsion does
not affect our parameterization calculation, as we considered only
the points close to the minimum binding energy.

For the MS force field simulations, we calculated the energy
profiles for the "PTBT constituent monomer", using both OPLS-AA
and OPLS-AA/corr. force fields. The energy profile for OPLS-AA
(Fig. [4(b)) significantly differs from the DFT profile, especially
in the Zone-2 and Zone-3 regions. Consequently, the binding
energies in Zone-2 and Zone-3 decrease from —30.15 kcal/mol
and —34.93 kcal/mol (as observed in "Free TBT monomer") to
—19.54 kcal/mol and —14.94 kcal/mol, respectively. This differ-
ence is due to the different charge distribution in Zone-3.

Similar to the "Free TBT monomer" case, we applied the cor-
rections to the "CA", "CW", "CS" and "S" atom types as reported
in Table. |4} These corrections significantly improved the binding
energy landscape, ensuring it closely resembles the DFT-derived
binding energy landscape. The effectiveness of our approach is
evident when comparing Fig. [d{(a) with Fig. [4[(c), showcasing a
notable consistency between the two energy landscapes.

Fig. d), (e), and (f) illustrate the binding energy profiles
along the axis perpendicular to the plane of the "PTBT constituent
monomer" in different zones, comparing results from the OPLS-
AA, OPLS-AA/corr., and B3LYP/6—311++4G(d,p) methods. The
"PTBT constituent monomer" is not completely planar, as the ben-
zene and thiophene rings lie in different planes. For these calcu-
lations, the molecule was rotated such that the z = 0 plane aligns
with the specific zone. In Fig. [4(d), the z-axis is perpendicular
to the plane of the benzene ring for Zone-1. In Fig. [(e) and
Fig.[4(D), the z-axis is perpendicular to the benzene ring in Zone-
2 and the thiophene ring in Zone-3, respectively.

In each zone, the binding energies obtained using the
OPLS-AA method deviate significantly from the reference
B3LYP/6—311++G(d,p) method. The OPLS-AA/corr. method
shows a significant improvement in aligning both the magnitude
and location of the minimum energy points. These improve-
ments highlight that with the parameterization method, we can
not only capture the binding energy and its location for the small
molecule, but we can also apply the parametrization strategy for
complex molecules.
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n-system type atom cy o) L,
Benzene
CA Lit 104.69 2.69 0.0043
Thiophene
CwW Lit 161.81 2.71 0.004
CS Lit 161.81 2.71 0.004
S Lit 190.24 2.76  0.004
Benzenethiol
CA Lit 139.92 2.70 0.001
"Free TBT monomer"
CA Lit 65.28 2.80 0.05
CW Lit 68.09 2.87 0.05
CS Lit 68.09 2.87 0.05
S Lit 78.28  2.76 0.05
"PTBT constituent monomer"
CA Lit 59.78  2.67 0.02
CW Lit 114.88 2.72 0.02
CS Lit 114.88 2.72 0.02
S Lit 110.26 2.65 0.02

Table 4 The table presents the optimized Cf{ (in keal - A* / mol), o;;
(in A), and the objective function L, (see Eq. [B) for different 7-systems
including benzene, thiophene, benzenethiol, "Free TBT monomer", and
"PTBT constituent monomer". CA, CW, CS, and S are the atom types
based on the OPLS-AA nomenclature (for more details see Fig. S1)

3.2 Free energy profiles in solvated environments

To investigate the cation-z interactions in solution, we employed
two solvent models: implicit and explicit. Comprehensive details
of the systems, computational setups, and methodologies are out-

lined in Sections[2.3.1]and [2.3.2]
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Fig. 5 Free energy profiles (AFrgr_;+(y)) as a function of distance (r)
for (a) Sys. I' a/b/c (a single TBT monomer with one LiTFSI salt) and
(b) Sys. 1l (2 TBTs with one LiTFSI salt) at three different dielectric
constants. Each profile is block-averaged over 500 ns intervals, with
three lines representing different dielectric constants: green (¢ = 6.0),
blue (¢ =8.0), and black (¢ =10.6). Shaded regions indicate the standard
deviation from the block averages. The free energy profiles are calculated
using radial density profiles. Insets display the corresponding LiT™ RDPs
relative to the center of mass of the TBT oligomers.

3.2.1 Implicit solvent

We initially investigated the interaction between a single TBT
oligomer and a single salt molecule (I’ a/b/c). Then, we extended
our study to explore the interaction between two TBT molecules
and a single salt molecule (I a/b/c) (see Table .

Physical Chemistry Chemical Physics

View Article Online
DOI: 10.1039/D4CP04484C

System AF (Fmin) "'min AF (rmin)  Tmin AF (Fmin) "'min
£=10.6 (a) e=28.0(b) £=6.0 (c)

TBT(1") —3.51 2.81 —4.63 2.76 —5.85 2.66

2 TBTs(II') -3.95 2.86 —-5.31 2.86 —6.67 2.86

Table 5 Calculated binding free energies (AF (rmin)) in kcal/mol and their
corresponding distances (rpiy) in A for systems TBT (1) and 2 TBTs (11
in implicit solvent, under three different dielectric constants: € =10.6 (a),
€=238.0 (b), and € =6.0 (c). For further details see Table

Sys. I a/b/c: one TBT with one LiTFSI salt
We examined the interaction between a single TBT molecule and
one LiTFSI salt pair under three different dielectric constants, € =
10.6, 8.0, and 6.0. The correction term, Cij , is scaled with the
dielectric constant. As a consequence, one would expect that the
energetic contribution to the free energy between the Li* ion and
the TBT system is given by the binding energy calculated in the
gas phase scaled by the dielectric constant.

To calculate the free energy between the TBT monomer and
LiT, we first computed the RDPs between the COM of the TBT
monomer and the Li™ ion (see inset of Fig. a)). The RDPs pro-
vide insights into the spatial distribution of Li* ions around the
monomer’s COM. For all dielectric constants, only the first co-
ordination shell is visible in the RDPs. Beyond this point, the
RDPs decrease with the distance and converge to a bulk value.
The maximum of the first coordination shell is located between
2.66 A to 2.81 A. As the dielectric constant decreases, the loca-
tion of the maximum shifts to shorter distances, indicating an in-
crease in the interaction strength between the TBT monomer and
LiT ion. Furthermore, the magnitude of the first peak increases as
the dielectric constant of the medium decreases, suggesting that
the Li* ion experiences stronger binding with the TBT monomer
in a medium with lower dielectric constants.

The free energy profiles are shown in Fig. [5|(a). The profiles
exhibit a similar shape to the energy profiles obtained in the gas
phase, as presented in Fig.[3]and Fig.[4 Assummarized in Table[5]
the global minimum of the free energy decreases with the lower-
ing of the dielectric constant. Furthermore, since the binding free
energy remains negative around the minimum, the ability of the
LiT ion to bind to TBT is conserved while scaling the correction
terms of the interatomic potential by the dielectric constant.

We now argue that the free energies obtained in the implicit
solvent are consistent with the 0 K binding energies calculated in
the gas phase, provided the dielectric screening, as well as ther-
mal (entropic) effects, are accounted for. Since the energetic con-
tribution to the free energy in the solvated case is dominated by
the electrostatic interactions, one can estimate the energetic con-
tribution to the free energy by a simple electrostatic screening of
the binding energy in the gas phase. For instance, considering
AE =~ —40 kcal/mol for TBT in the gas phase and &€ = 6.0, the en-
ergetic contribution to the free energy in the implicit solvent is
approximately AE /e = —6.6 kcal/mol. Furthermore, the transla-
tional entropy of a particle in a large (box) volume V is reduced
by kgln(vo/V) when particles move from V into a small volume
vo. If one considers the rough order of vy ~ 1 nm? as the volume of
the first solvation shell, the entropy is reduced by approximately
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—1.9kcal/mol.

By combining the energetic contribution with the entropy loss,
the binding free in the solution phase is about -4.7 kcal/mol,
which is in good agreement with the calculated value of AF =
—5.8 kcal/mol obtained in the implicit solvent. The same rea-
soning can be applied for € = 8.0 and € = 10.6, resulting in bind-
ing free energies of -3.0 kcal/mol and -1.8 kcal/mol for € = 8.0
and € = 10.6, respectively, which compare well with the simu-
lated value (AF = —4.6 kcal/mol and -3.5 kcal/mol for € = 6.0
and € = 8.0, respectively).

Sys. I a/b/c: two TBTs with one LiTFSI salt
We also investigated the effect of implicit solvation on the inter-
action between 2 TBTs and a single Li* ion. Similar to system I
a/b/c, we calculated the radial density profile between the COM
of each TBT and the Li™ ion. The reported RDP is an average over
the two individual RDPs calculated for the COMs of the two TBTs.

The RDPs, as shown in the inset of Fig. [5|(b), closely resemble
those obtained with the Sys. I' setup (inset of Fig. a)). The
primary difference is an increased peak height of the first solva-
tion shell in the Sys. I’ setup, indicating a stronger interaction.
This enhancement suggests that the Li™ ion binds more strongly
in the Sys. II' setup, as it can simultaneously interact with both
TBTs, thereby strengthening its binding ability compared to the
Sys. I'. Therefore the binding free energies per TBT monomer
for Sys. II' setup (2 TBT) are higher than the Sys. I setup (1
TBT) (Fig. a)). Also, the minimum of the free energy decreases
with decreasing the dielectric constant as summarized in Table
These results confirm that Li™-7 interactions are stronger than
the 7 — 7 interactions, causing Li™ ion to insert itself between the
© — 7 bonds of benzene-benzene and thiophene-thiophene':3.

In summary, the magnitude of the binding free energy in the
implicit solvent is consistent with the magnitude of the binding
energy in the gas phase considering the dielectric screening of
the medium as well as entropic effects. Moreover, the magnitude
of the binding free energy can be tuned by altering the dielectric
constant of the medium, providing a means to control and tune
the interaction strength between the TBT monomer and Li* ion.
However, a direct comparison of the predicted binding free ener-
gies for TBT and its oligomer in solution to the experiment is very
difficult, because the latter is hard to measure. In the future, we
plan to connect to well-controlled experiments, e.g., simple ad-
sorption of the Li* ions at the TBT or PTBT cathode - in a dilute
polymer solution or dense electrodes® - with which one could
estimate the binding energies.

The distribution of the anion (TFSI~) around the TBT and 2
TBTs setup, shown in the ESI (Fig. S7), is similar to that of Li™
but with lower magnitude. The peak in the anion distribution
occurs at approximately 5 A from the center of mass (COM) of
TBT, further away than for LiT, indicating a weaker interaction
in comparison to the cation-x interaction and the formation of a
significant dipolar salt ion-pair structure.

3.2.2 Explicit solvent

We first examined the interaction between TBT and TriTBT
oligomers for three solvent compositions with a fixed salt con-
centration (I¢ a/b/c, II¢ a/b/c, and I1I¢ a/b/c). Then, we explored
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the interactions for different salt concentrations while keeping the
solvent composition constant ((I°a, I°a, III°a), (I°b, II°b, III°b),
and (I¢c, II¢c, ITI°c)) (see Table[2)).

Sys. I¢ a/b/c, II° a/b/c, and III¢ a/b/c: TBT and TriTBT in
different solvent compositions with fixed salt concentration
The free energy profiles, AFipp;:+(r), between Li* ions and TBT
as well as the RDPs, grpp;+(r), are given in Fig. a) for a fixed
salt concentration of 1.5 M (TBT - III¢ a/b/c) and varying solvent
composition (see Fig. S5(a) and S6(a) of the ESI for different salt
concentration). The same information is plotted in Fig. [7|(c) for
the interaction between TriTBT and Li™ ions.

The analysis of the RDPs uncovered the presence of two binding
sites located at approximately 2.52 A and 3.03 A relative to the
TBT’s COM. These binding sites are associated with the benzene
and thiophene components of the TBT molecule as revealed by
the gas-phase analysis. By integrating the RDPs up to the first sol-
vation shell, the coordination number of Li* ions binding to the
TBT molecule increases with the solvent composition shift from
pure DME to pure DOL (increasing x), as exemplified in Fig. @
Such a trend is similar to what is already reported for the implicit
solvent environment. The analysis of the MD trajectories further
revealed that while the LiT ions constantly switch between the
binding sites, the presence of the first solvation shell prevents
them from going away from the TBT molecule. Similarly, Li*
ions from the bulk cannot penetrate the first solvation layer of the
solvent molecule and thus bind to the TBT molecule. As a conse-
quence, there is a depletion of salt in the first solvation layer of
solvent molecules corresponding to a high energy barrier for Li™
to escape from the vicinity of the TBT molecule. Notably, this en-
ergy barrier is modified by approximately 10% when the solvent
composition shifts from pure DME to pure DOL. Away from the
TBT molecule, the RDPs smoothly converge to a bulk value.

Finally, we report binding free energies from the global min-
ima in Table[6] Unlike the binding free energy obtained for the
implicit solvent that revealed a dependency on solvent composi-
tion, no significant variation in binding free energy with changes
in solvent composition, independently of the salt concentration,
was found for the explicit solvent. A part of this discrepancy may
be attributed to the radial dependency of the dielectric constant
relative to the TBT’s center of mass (COM) in the explicit solvent,
in contrast to the uniform dielectric constants assumed in the im-
plicit model. The radial dependency arises from the complex in-
terplay between TBT, Li™, and solvent molecules. As reported
by Chanbum et al.2Z, Li* interacts more strongly with DME than
with DOL, while our previous work” shows that TBT interacts
more strongly with DOL than with DME. This indicates a com-
petition between TBT and Li* for solvent interactions. However,
a detailed quantification of the radial dielectric profile near TBT
lies beyond the scope of this study and may be worth studying in
future investigations©.

When considering TriTBT, although the binding free energy is
independent of the solvent composition, and independently of the
salt concentration, the free energy profiles have significant differ-
ences compared to the ones obtained for TBT. Assuming the bind-
ing energy surface in the solvated environment is the same as in
the gas phase, a total of 18 binding sites (6 per TBT monomer)
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Fig. 6 Visualization of the molecular system with explicit solvent for three different solvent compositions, (a) x =0.00 (pure DME), (b) x=0.55, and
(c) x=1.00 (pure DOL) for salt concentration, Cgy = 1.5 M (l11¢). The red balls and sticks represent DOL molecules, the yellow balls and sticks are
DME molecules, the blue balls and sticks are TFSI~, the sky blue particles represent Li*, and the molecule in the center is the TBT molecule.

are possible for TriTBT, which can be reduced to 12 due to sym-
metry. The analysis of the RDPs for TriTBT revealed the presence
of only 5 — 6 peaks distributed uniformly between 2 A and 10 A
from the TriTBT’s COM (see Fig. [7[(©)). Additionally, due to the
hopping of Li™ ions between different binding sites, the RDPs for
TriTBT exhibit broader distributions compared to the TBT case.
This hopping behavior results in a more distributed energy land-
scape. Although TriTBT also presents an energy barrier, it is lower
than that observed for TBT. Specifically, the energy barrier is re-
duced for the pure DOL case (x = 1.00) (Fig. S6(b) and (d)), as
already observed in TBT since the first solvation layer is less com-
pact around the TriTBT than the one around TBT. Furthermore,
the free energy profile up to the maximum barrier displays a step-
like formation, allowing Li™ ions to jump from one binding site
to another and eventually escape the energy barrier. This finding
suggests that such a mechanism in a large polymer structure can
facilitate LiT ion transport, potentially enhancing battery perfor-
mance.

In summary, for the explicit solvent system at a fixed salt con-
centration, no significant difference in binding free energy be-
tween Li*™ and TBT/TriTBT is observed with varying solvent com-
position. This can be attributed to the competing interactions be-
tween TBT, Lit, and solvent moleculesZ37, However, compared
to the implicit solvent model, a steep energy barrier is observed in
the explicit solvent system, likely due to the competition between
cation-7 interactions and the solvation structure.

Sys. (I‘a, II¢a, III°a), (I°b, II°b, II°b), and (I°c, II¢c, III°C):
TBT and TriTBT in different salt concentrations with fixed sol-
vent composition
To investigate the effect of varying salt concentration on the bind-
ing behavior of TBT and TriBT oligomers, we fixed the solvent
composition at x = 0.55 (I°b, II°b, III°b) and analyzed the sys-
tems across three different salt concentration: 0.5, 1.0, and 1.5
M. First, we calculated the RDPs for TBT (see inset Fig. b))
and TriTBT (see inset Fig. d)) for three different salt concentra-
tions: 0.5 M (dashed line), 1.0 M (solid line), and 1.5 M (dash-
dotted line). For both cases, as the salt concentration increases,
the height of the first maximum peak decreases. This reduction
in peak height should be attributed to the increased electrostatic
Debye-Hiickel screening due to the higher concentration of LiT

x=0.55

Csait =0.5M
—— Csait=1.0M
—'— Csat = 1.5M

AFrgT— Li*(r) [Kcal/mol]

grrireT - Li+(r) / y

AFrriter - 1i+(r) [Kcal/mol]

0 10 [
T L A
200 5 10 15 20
r (4]

Fig. 7 Free energy profiles (AF,_;+(r)) and radial distribution functions
(g;_i+(r)) where i = TBT or TriTBT, under varying solvent composition
from x=10.00 (pure DME) to x =1.00 (pure DOL), and salt concentrations
Csae = 0.5, 1.0, and 1.5 M. Different colors represent the varying solvent
composition: black (x=0.00), blue (x=0.55), and green (x=1.00). Dif-
ferent line styles represent the varying salt concentration: dashed line
(Csar=0.5 M), solid line (Csuu=1.0 M), and dash-dotted line (Cguu=1.5
M). Each profile is block-averaged over 100 ns intervals. Shaded regions
indicate the standard deviation from the block averages. Panels (a) and
(c) display free energy profiles for TBT and TriTBT with varying solvent
composition at a fixed salt concentration of Cgy = 1.5 M. Panels (b) and
(d) show free energy profiles for TBT and TriTBT with varying salt con-
centrations at a fixed solvent composition, x =0.55. In (d), five distinct
binding sites from TriTBT are labeled as the 1st, 2nd, 3rd, 4th, and 5th
peaks, indicating specific interaction sites for Lit. The corresponding
RDPs concerning the COM of the oligomers are shown in the insets.

ions. When more salt is added to the solution, the additional Li*
ions and corresponding anions create an ionic atmosphere that
screens the electrostatic interactions between the Li™ ions and
the conjugated m-system of the polymer. A similar trend was ob-
served for x =0.00 (see inset of Fig. S5(b) and S5(d)) and x =1.00
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System AF (rmin)  Tmin AF (Fmin) "'min AF (rmin)  Tmin
Csalt x=0.00 (a) x=0.55 (b) x=1.00 (c)
TBT
0.5 M (I°) —2.80 2.78 —2.94 2.78 —-3.14 3.03
1.0 M (I1°) —2.11 2.78 —2.20 3.03 —2.60 3.03
1.5 M (II1°) —1.85 3.03 —1.91 3.03 —2.30 3.03
TriTBT
0.5 M (I°) —2.62 2.52 —2.53 3.02 -3.35 2.78
1.0 M (I1°) —2.01 2.52 —-2.22 2.52 —2.26 3.54
1.5 M (II1°) —1.66 1.63 —1.90 2.52 —1.95 2.27

Table 6 Calculated minimum free energies (AF(rmin)) and correspond-
ing distances (rpin) for different systems under explicit solvent models.
The results are presented for three solvent compositions: x = 0.00 (pure
DME), x=0.55, and x =1.00 (pure DOL). Systems I¢, II¢, and 11l corre-
spond to salt concentrations of 0.5, 1.0, and 1.5 M, respectively, applied
for both TBT and TriTBT. For further details see Table

(see inset of Fig. S6(b) and S6(d)).

The magnitude of the binding free energy decreases with in-
creasing salt concentration, as shown in Fig. b) for TBT and
Fig. [/(d) for TriTBT. This indicates that, due to the screening
effect, Li™ ions bind loosely to the oligomer as the salt concen-
tration increases. For the TBT case, we found the lowest binding
free energy to be —2.94 kcal/mol at a salt concentration of 0.5 M,
while for the TriTBT case, it was —2.53 kcal/mol.

Interestingly, in the case of x = 1.00 (DOL only) (see Fig. S6(b)
and Fig. S6(d)), the energy barriers are significantly lower for all
salt concentrations compared to other solvent compositions, in
both TBT and TriTBT cases. This observation is consistent with
a previous study, which showed that in pure DME and pure DOL
solutions, Li* ions bind more closely and strongly to DME than to
DOL®Z, As a result, in the presence of DOL, Li* ions are pushed
towards the oligomer, and due to cation-7 interactions, they are
strongly attracted towards the oligomer, leading to significantly
lower energy barriers compared to other solvent compositions.

In summary, for the explicit solvent systems at a fixed sol-
vent composition, the magnitude of the binding free energy de-
creases as the salt concentration increases, with a difference of
1-1.5 kcal/mol observed between 0.5 M and 1.5 M salt concen-
trations. Overall, these observations indicate that the binding and
transport properties of Li* ions in the TBT and TriTBT oligomer
are influenced by both solvent compositions and salt concentra-
tions, providing valuable insights for optimizing electrolyte com-
positions in battery applications.

Conclusions

Incorporating cation-z interactions into classical fixed-charge
force fields has historically posed challenges1#4748, To address
this, we adopted the methodologies of Li et al.2%4% for incorporat-
ing ion-induced dipole interactions into the LJ potential to model
cation-7 interactions, which we refer to as the LJ-ID potential.
Using this approach, we optimized the free parameters of the in-
duced dipole interactions through a unique bottom-up strategy.
This process began with the calculation of the reference binding
energy landscape using DFT theory. We then optimized the free
parameters of the LJ-ID potential by comparing the MS simulation
binding energies with DFT results.
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To verify our bottom-up parameterization method, we first ap-
plied it to simple systems, including benzene, thiophene, and ben-
zenethiol. After successfully parameterizing the cation-7 interac-
tions for these systems, we extended our model to more complex
systems, such as the "Free TBT monomer" and the "PTBT con-
stituent monomer". With this bottom-up approach, we can pa-
rameterize not only the simple organic molecules but also poly-
mer monomers. Additionally, this model seamlessly integrated
with the fixed-charge OPLS-AA force field. However, the limita-
tion of the optimized force field is that it might not be fully trans-
ferable to all configurations and geometries. As a fixed-charge
non-polarizable force field, it is efficient and can be used for up-
scaling to larger systems. However, as the parameters are based
on minimal energy conditions in the gas phase, inaccuracies may
occur for dense and highly stressed polymers. For systems close to
the benchmark, it is expected that the OPLS-AA/corr. force field
will perform better than the uncorrected one.

To analyze the parametrization in the solution phase, we cal-
culated the binding free energies of TBT and its oligomers with
LiT in both implicit and explicit solvent environments. For the
implicit solvent model, the magnitude of the binding free energy
decreases with increasing dielectric constant in both the single
TBT and two TBT setups. This indicates that the binding free
energy can be tuned by altering the dielectric constant of the
medium. Such tunability allows for the adjustment of binding
affinity based on the desired solvent environment, offering flexi-
bility in optimizing interactions for battery applications.

Furthermore for a single TBT setup, with a simplistic model, we
estimated the entropy loss due to the binding and calculated the
binding free energy by considering the energetic contribution as
the dielectric scaled binding energy in gas phase. The binding free
energies from the simulation and calculated values were in good
agreement. This agreement suggests that using this simplified
model and knowledge of binding energy in gas phase, we can
estimate the binding free energy in the case of the implicit solvent
model. Additionally, in the case of a simple system involving two
TBT molecules and a single Li* ion, we found out that the cation-
7 interaction hinders the m-7 stacking, and therefore facilitates
the formation of z-cation-7 structures.

In the explicit solvent simulations, we investigated three sol-
vent compositions and three salt concentrations for both TBT and
TriTBT oligomers. At a fixed salt concentration, variations in sol-
vent composition resulted in only minor changes in binding free
energy, attributed to the competing interactions among TBT, Li*,
and solvent moleculesZ3Z, In contrast, increasing the salt concen-
tration consistently reduced the binding free energy, likely due to
Debye-Hiickel screening effects.

By incorporating the ion-induced dipole interaction through
the fCij / rj‘j term, we successfully capture cation-m interactions
within a classical fixed-charge force field. To further optimize
force fields, one of the modern solutions could involve creating
a hybrid machine learning (ML) potential by coupling a tradi-
tional molecular mechanics (MM) force field with a ML potential
— similar to the ML/MM method”%>1! analogous to the QM/MM
approach®2, In this scenario, the ML potential would numerically
model the cation-r interaction for both short and the long ranges,
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rather than a predefined functional form, while the remaining
interaction would be calculated using the traditional MM force
field, such as OPLS-AA. Nevertheless, the advancement allows
for accurate simulations of structure and transport in complex
cathode systems, such as polymer networks (PTBT and S/PTBT)
and electrolytes for Li/S battery materials. Of interest is also
the electrode-electrolyte interface to better understand interfa-
cial electrostatic, adsorption, and diffusion behavior=34, Fur-
thermore, with the same electrolyte system, one may use the op-
timized force field for a covalent organic framework (COF) struc-
ture2, which has a similar kind of molecular environment to that
of the TBT molecule>°.
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Abbreviations

Li/S lithium-sulfur

PTBT poly(4-(Thiophene-3-yl)benzenethiol)
S/PTBT PTBT polymer with sulfur chain
TBT 4-(Thiophene-3-yl)benzenethiol

TriTBT an oligomer with 3-TBT monomer
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DOL 1,3-Dioxolane

DME 1,2-Dimethoxyethane

LiTFSI lithium bis(trifluoromethane)sulfonimide

DFT density functional theory

MD molecular dynamics

MS molecular statics

NPT isothermal-isobaric ensemble

LJ 12—6 Lennard—Jones potential

LJ-ID LJ - ion-induced dipole interactions

OPLS-AA all-atom optimized potentials for liquid simulations
OPLS-AA/corr. OPLS-AA with potential with correction.
RDPs radial density profiles

PMF potential of mean force

B3LYP Becke, 3-parameter, Lee-Yang—Parr

6-311++G(d,p) Triple-split valence basis set with diffuse and
polarization functions.

BSSE Basis set superpositions errors

PPPM Particle-particle-particle-mesh
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