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ABSTRACT

Molecular simulation plays a variety of roles in accelerating the development of
energy materials, from providing a fundamental understanding of molecular pro-
cesses to predicting their performance spanning a wide range of chemical space. In
this thesis, we present molecular simulation studies of charge transport both in bulk
energy materials and at their interfaces to provide molecular principles for advanced
rechargeable batteries in part I and electricity generation using a metal nanofilm
from water motion in part II.

In part I, we discuss ion transport and interfacial electron transfer in polymeric bat-
terymaterials, both of which are closely associated with battery operation. As a bulk
electrolyte and a solid electrolyte interphase (SEI), polymeric materials often benefit
rechargeable batteries, allowing for enhanced safety and increased energy density.
Firstly, we propose a unique mechanism of lithium-ion transport in polymer-based
electrolytes, including conjugated polymers with an imidazolium sidechain and
polyborane-based single-ion conductors, which utilizes the formation of a percolat-
ing ion network to facilitate lithium ion transport. Secondly, we discuss interfacial
ion solvation structure and dynamics that are closely related to interfacial electron-
transfer kinetics. Simulations provide molecular insights into how a functional SEI
passivates a metal electrode, thereby accelerating materials discovery such as an
artificial SEI of self-assembled monolayers.

In part II, we present molecular principles of energy conversion from a flow of
ionic solution to electricity using metal nanolayers. The energy conversion emerges
at a water-solid interface and requires a boundary of an electrical double layer at
which ion adsorption and desorption occur along with the flow. We discuss charge
induction mechanisms related to a heterolayered structure of a metal nanolayer and
investigate factors that affect energy conversion efficiency in two different modes of
operation, namely a flow cell and a wavetank.
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C h a p t e r 1

BRIEF OVERVIEW AND MOTIVATION

This thesis is a result of pursuing fundamental understandings of molecular pro-
cesses using simulations in collaboration with experiments to provide design rules
for energy storage and conversion materials to accelerate their discovery and devel-
opment. To meet the energy demand of the modern lifestyle while reducing the use
of fossil fuel and thereby reducing greenhouse gas emissions and air pollution, we
need to harvest clean, renewable energies as much as possible such as solar, wind,
and hydro energy [75]. The intermittent nature of renewable energy sources requires
a large-scale energy storage system that operates in a safe way [154]. Furthermore,
battery technology is at the heart of our modern life, from small personal electronics
to electric transportation [179]. Herein, for developing advanced rechargeable bat-
teries, we discuss the necessity of solid polymer electrolytes that effectively transport
ions and a polymeric thin film layer that provides enhanced stability of a battery
interface. Regarding clean energy harvesting, we discuss an emerging technique
called "hydrovoltaics" to generate electricity from water kinetic energy, utilizing a
water-solid interface instead of a turbine.

Stabilizing their interfacial is a great challenge to build better rechargeable batteries
for large-scale energy grid systems and electric vehicles [175, 197, 122, 54, 182,
178, 105, 53]. In commercially widely used lithium-ion batteries, liquid electrolytes
shuttle ions between a carbon anode and a metal oxide cathode, while electrons are
transferred through an external wire. While a liquid electrolyte efficiently transports
the ions with an excellent ion solubility, electrolyte decomposition at the electrode
interface could lead to significantly limited lifespans, severe safety concerns, or
battery failures if not controlled. Further, lithium electrodeposition also sometimes
becomes dendritic, which could short-circuit a battery, penetrating a separator.
The interfacial safety issues become even more severe with a lithium metal anode;
despite its lightweight and high reactivity, its practical use is quite limited due to
the thermal runaway, and the dendrite formation [197, 105]. Therefore, the ultimate
design principle for the electrolyte is an effective ion conductor with tremendous
interfacial stability not to compromise the electrochemical performance or safety.

One of the ways to provide enhanced interfacial stability is to replace the liquid
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electrolyte with solid-state polymeric materials [105, 216, 196]. We note that this
thesis does not include the discussion of solid-state inorganic materials. The solid
polymer electrolytes (SPEs) have been known to be effective in suppressing the
dendritic growth of lithium deposits with high modulus and good adhesion. Their
easy processing also enables higher energy density with the decreased package
volume. However, the major downside of SPEs is that their ion conductivity is more
than two orders of magnitude lower than their liquid counterparts; the practically
useful ionic conductivities (on the order of 1 mS cm�1) are obtained only at elevated
temperatures [144, 116]. Thus, designing fast ion-conducting SPEs is a grand
challenge for building better batteries.

One of the best-performing SPEs is polyethylene oxide (PEO) since its development
in the 1970s [143, 145, 144, 116]. In a molecular picture, electron-rich oxygen
provides local regions for metal ions to sit on, which is a major driving force of
lithium salt solubility in this low dielectric polymer. Strong ion-polymer interaction
strongly couples ion transport to polymer segmental relaxation, resulting in slower
cation transport than anion. Further, physical crosslinks between cations and PEO
chains severely limit the number of available free cations, hindering the leading to
the maximum ion conductivity at a pretty low salt concentration.

An excellent polymeric ionic-conductor should be flexible with reduced glass transi-
tion temperature and decreased crystallinity to facilitate intersegmental ion hopping
[216, 196]. SPEs also need to simultaneously facilitate ion-pair dissociation and
exhibit minimal resistance to ion motion. However, in the most liquid and solid
electrolytes, free ion concentration and ion mobility compete with each other, which
challenges the development of a better SPE. For example, on the one hand, ion
mobility is likely to be enhanced with a chemical moiety to decrease ion-polymer
interaction, yet salt solubility should be severely decreased. On the other hand,
the number of free ions could be increased with a chemical moiety to increase
ion-polymer interaction, yet the ion mobility should be significantly decreased.

This thesis firstly presents a salt-concentrating approach as an effective design
strategy for polymer-based electrolytes. In essence, we suggest a structure-dynamics
relationship to support an enhanced ionic conductivity in concentrated regimes;
spatially extended ionic aggregates could provide continuous pathways for ions to
travel efficiently.

Developing a better battery requires molecular understandings of ion solvation and
transport at an electrified interface. The battery interface is quite complex due to
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the presence of a thin film called a solid electrolyte interphase (SEI) that forms due
to immediate and spontaneous electrolyte degradations [132, 29, 5, 142, 184, 24].
An SEI is structurally and chemically heterogeneous, including organic, inorganic,
and even polymeric components; the heterogeneities further complicate interfacial
molecular processes by increasing the complexity of the ion-transport and electron-
leakage pathways, potentially resulting in an unstable battery interface. A functional
SEI should passivate an electrode by conducting active species yet blocking electron
conduction. As a result, further detrimental side reactions and the dendrite formation
could be alleviated.

A useful SEI should also regularize lithium electroplating, mitigating dendrite
growth [105]. All the five steps in lithium electroreduction affect the final mor-
phology of lithium deposit: bulk ion transfer, desolvation of the ions at the battery
interface, surface adsorption, charge transfer, and surface diffusion to the deposition
site [105]. For instance, limited bulk lithium transfer could break electrical neutral-
ity, building a local space charge at an anode interface that potentially leads to the
dendritic growth of lithium deposits. As it is discussed above, the dendrite growth
worsens at a metallic anode, and regularizing lithium plating is a key challenge to
revive a lithium metal anode.

This thesis secondly discusses the molecular processes at a metal anode interface,
including a thin polymeric SEI layer that forms from electrolyte decomposition and
an artificial organic SEI layer from deposition of sacrificial additives. One of the
merits of our interface simulation studies is that the image-charge effect is included
by using a polarizable metal electrode, which significantly affects ion adsorption
behaviors and ion-ion interaction in the vicinity of a metal electrode. Factors
that govern lithium electroreduction at the metal/SEI are investigated to provide
fundamental understanding of how polymeric materials could benefit the battery
interface, mitigating the dendrite growth and design rules for sacrificial additives to
form a functionally useful SEI.

In regards to energy conversion, we are interested in harvesting hydro energy that
has a vast potential to provide clean electricity; for instance, more than 50 percent
of the U.S. population lives within 50 miles of coastlines [1]. Water is an abundant
energy source, covering �70 % of the Earth’s surface, whose energy evolves into a
rich variety of forms that dominate the energy transfer occurring in various natural
phenomena through the hydrological cycle on Earth [213, 214]. According to the
Energy Department, wave energy resources along U.S. coastlines range between
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approximately 900 and 1,230 terawatt-hours (TWh) per year [1]; one TWh per year
can power approximately 90,000 homes.

Converting hydro energy to electricity goes back to the late nineteenth century [186,
213]. Quincke found that electricity is generated when a pressure gradient drives a
flow of aqueous electrolytes through a narrow channel. Energy harvesting is a result
of direct interaction between water and solid, transporting preferentially populated
ions at the interface. For instance, most oxides are negatively charged, so they
preferentially populate cations over anions at their surface in order to balance charge
neutrality [109]. The aqueous region where the local charge neutrality is broken is
called an electrical double layer (EDL). Thus, cations (in this example) are favorably
transferred along with a pressure gradient, which will drive an electrode reaction
due to the ion concentration gradient, if an external wire is connected. If not, a
potential gradient is built across the channel to balance the concentration gradient,
called streaming potential. Thus, this classical electrokinetic effect converts water
kinetic energy to electricity, utilizing an EDL at a water-solid interface. However,
its practical application is quite limited due to the low energy conversion efficiency
of the steaming potential (only around �3 % in practice and �12 % in theory) [70,
181].

Recently, many other ways, similar to classical electrokinetics, have been developed
to harvest hydro energy to generate electric energy, utilizing a solid surface in contact
with water to generate electricity instead of a turbine [174, 213]. The advantages of
these emerging techniques called "hydrovoltaic" technology include their relatively
high conversion efficiency (reported up to 30%) and their operation in variousmodes
[128, 130]. Successful hydrovoltaic materials include low-dimensional nanometer-
thin carbon materials such as graphene and doped graphenes [206, 205, 202, 176]
and silicon-based semiconducting nanofilms [128, 130].

Hydrovoltaics requires an EDL boundary, while both classical electrokinetics and
the newly developed methods utilize an EDL at a solid-water interface [213]. One
example is amoving droplet of ionicwater in contact with a graphene substrate [205].
In this case, a water-air boundary corresponds to an EDL boundary. Electricity
generation is not free since no energy is harvested when the droplet is still. Once the
droplet moves, the interfacial ions adsorb and desorb at the EDL boundaries along
with the moving droplet, which is a vital process in hydrovolatics. Furthermore,
a hydrovoltaic material should conduct electrons, while classical electrokinetics
only need a solid substrate for ion adsorption. The adsorbed cations polarize the
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graphene, inducing electrons at the interface to be transferred along with the flow.
In this regard, we need to investigate molecular processes at a solid-water interface
to advance our understanding of the electricity generation mechanisms and enhance
the transduction efficiency.

This thesis presents electricity generation using our newly developed metal nanolay-
ers as a the hydrovoltaic material, which exhibits the transduction as effective as
previous successful (semi-)conducting materials. Our combined efforts of theory
and experiment have been devoted to unveiling the energy conversion mechanisms
in various operating modes and rationalizing design rules found in experiments by
connecting microscopic variables at a molecular level to macroscopic outputs at a
device level.
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C h a p t e r 2

INTRODUCTION

Molecular simulation is a powerful tool to build and advance our understanding of
molecular processes of energymaterials and even predict their performance spanning
a wide range of chemical space. This thesis utilizes molecular simulations to build
molecular principles of charge transport in energy materials, thereby accelerating
their development for storage and conversion applications.

Part I focuses on simulations of lithium-ion transport in bulk polymer-based elec-
trolytes, factors for electron transfer kinetics at thin polymeric film/metal interfaces,
and fluoride-ion solvation structure and dynamics in a self-assembled monolayer at
a metal anode.

We begin by discussing lithium-ion transport mechanisms in solvent-free polymer-
based electrolytes. In Chapter 3, we suggest a unique lithium-ion transport mecha-
nism associated with the morphological feature of ion aggregates in a model mixed
polymeric conductor with an ionic liquid pendant. The solvent-free polymer is
a positively charged single-ion conductor with an imidazolium pendant. Ions in
such a mixed conductor diffuse in an ordered region, which is complicated by the
presence of the ordered region that is responsible for electron or hole transport. We
found simulations support experimental results that ionic conductivity of the mixed
conductor monotonically increases up to exceptionally high salt concentrations. We
rationalized this intriguing result by connecting ion transport mechanism and the
morphology of ion aggregates: A percolating ion network facilitates lithium-ion
transport by providing connected pathways to travel, whose formation is stabilized
by the presence of the charged imidazolium pendant.

In Chapter 4, we continue to discuss the connection between the formation of a
spatially extended ion aggregate and enhanced lithium-ion transport in recently de-
veloped polyborane-based electrolytes. The polyborane single-ion conductor has a
negatively charged borane moiety that electrostatically attracts lithium ions, forming
ion aggregates. We found that at high butyllithium concentrations, a percolating ion
network facilitates lithium-ion transport via local reorganization of the borane sites,
while lithium diffusion is localized in small ion clusters at low concentrations.

We then discuss ion solvation and transport in a solid electrolyte interphase (SEI)
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at electrified interfaces. As it is well known, enhancing interfacial stability is a key
challenge in the development of next-generation rechargeable batteries for large-
scale energy grid systems and for electrical vehicles [175, 197, 122, 182, 178,
105, 53, 59]. A functional SEI stabilizes the electrochemical interface by allowing
for facile ion transport, yet blocking electron transport. One of the computational
novelties in this thesis is that a polarizable metal electrode is incorporated in our
models to investigate the effect of applied potential with the image-charge interaction
included.

In Chapter 5, we investigate factors that affect interfacial electron-transfer kinetics,
including lithium-ion solvation structures and solvent reorganization as a function of
applied electrode potential, at an SEI/metal interface. Linear ether homopolymers
are studied as a chemically and structurally well-defined proxy for polymeric SEIs,
along with the ethereal molecular solvents. Interfacial ion solvation at the metal
anode is strikingly dependent on chain connectivity, solvation environment, and the
magnitude of the applied electrode potential, resulting in very different electron-
transfer kinetics for lithium electroreduction. Nevertheless, the linear-response
assumptions of the Marcus theory for electron transfer are found to be robust in both
polymeric and molecular SEIs.

In Chapter 6, we suggest design rules for a self-assembled monolayer (SAM) layer
as an artificial SEI to passivate a metal anode by investigating fluoride-ion solvation
structure and dynamics. The molecular recipe for sacrificial additives for the SAM
layer includes great film formation ability, high fluoride-ion solubility, poor sol-
vent penetration, and fast (de-)fluorination. The static results of atomic-resolution
simulations suggest that both fluorinated and U�CH2 moieties are necessary for a
functional SAM molecule, as in bis(2,2,2-trifluoroethyl) ether solvent that enables
facile fluoride-ion shuttle at room temperature. We found the structure-dynamics
relationship in fluoride-ion SAM solvation, connecting the kinetics with several
distinct fluoride-ion SAM solvation states. Further, a sizable free-energy barrier at
a SAM/electrolyte boundary suggests that a better choice of its end group of a SAM
molecule, which faces towards the boundary, could enhance the fluoride-ion shuttle
across the SAM.

Part II focuses on simulations of molecular principles for energy conversion pro-
cesses fromwater kinetic energy to electricity using metal nanolayers. Such "hydro-
voltaic" energy conversion is primarily enabled by ion adsorption and desorption in
an electrical double layer at a liquid-solid interface, subsequently inducing electrons
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in a solid substrate [213].

In Chapter 7, we discuss molecular processes of electrical current generation using
metal nanolayerswith a flowof alternating salinity gradients, including charge induc-
tion, salinity boundary dynamics, and functional mechanisms. Themetal nanolayers
are heterostructured [43, 14] with a metal covered by a few nanometers thin thermal
oxide over-layer, both of which are involved in the energy conversion process. The
interface of the heterostructure is even dendritic, implying potential complications
in further optimizations. Experiments suggested additional design rules for func-
tional nanolayers: (i) a redox-active oxide overlayer, and (ii) a nanometer-thin metal
layer below, whose thickness is comparable to electron mean-free path. We present
simulation approaches to rationalize the design rules observed in experiments by
providing molecular understanding, constructing connections between microscopic
variables to device-level observables.

In Chapter 8, we continue to discuss electricity generation mechanisms of the metal
nanolayers that operate in a wavetank filled with ocean water mimic. We suggest a
mechanism that involves a momentary non-equilibrium state at an air:water:oxide
junction to generate a potential difference across ametal nanolayer. With a combined
effort of experiment and computation, the scalability of the energy conversion is
investigated with the nanofilm’s thickness and its footprint based on predictions
from the waving potential model. Additional factors, including metal elements
and substrate, are also investigated to optimize energy conversion efficiency. With
their scalable nature and ease of making, the metal nanolayers are appealing as
cost-effective alternatives for real-life applications in harvesting ocean wave energy.

Lastly, in Chapter 9, we discuss molecular insights from atomistic simulations
into the structure and dynamics of electrical double layers (EDLs). In particular,
their responses to an abrupt salinity transition of ionic solutions over fused silica
at constant bulk solution pH are investigated. The response of Stern and diffuse
layers, disentangled using heterodyne-detected second harmonic generation (HD-
SHG) measurements, is found not necessarily concerted, but depends on how big
the ionic strength jump is. Simulation suggests that specific interaction between
sodium ions and the silica surface plays a prominent role in decoupled kinetics of
two EDL layers, recapitulating the results of HD-SHG. Molecular understandings
of the responses at electrified interfaces to external stimuli will advance materials
design for energy transducers such as metal nanolayers.
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PART I. ION SOLVATION AND TRANSPORT AT BULK AND
ELECTRIFIED INTERFACES FOR ENERGY STORAGE

APPLICATIONS
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C h a p t e r 3

FACILITATED LITHIUM-ION TRANSPORT IN IONIC LIQUID
FUNCTIONALIZED CONJUGATED POLYMERS AT HIGH

SALT CONCENTRATIONS

3.1 Abstract
This chapter discusses the ionic conduction of model mixed polymeric conduc-
tors in which ionic liquid groups are tethered to an electron-conducting conjugated
polymer backbone. Ion transport in such a mixed-conducting material is compli-
cated by the presence of both ordered and disordered regions that follow distinct
materials design rules. The model conjugated polymeric ionic liquid, poly3-[6’-(N-
methylimidazolium)hexyl]thiopheneBF�4 (P3HT-IM) is capable of dissolving Li‚

salt up to a concentration of A = 1 [moles of salt]/[moles of monomer]. Surpris-
ingly, the polymer displays a monotonic increase in ionic conductivity with salt
concentration, reaching a maximum ionic conductivity of 10�5 S cm�1 at the high-
est concentration of A = 1. We propose a lithium-ion conduction mechanism that
utilizes an ionic network of which the imidazolium side chains promote formation
using all-atom molecular dynamics simulations. The percolated ion network facil-
itates ion transport, decoupled from polymer segmental dynamics up to unusually
high salt concentrations. The result suggests that the morphological features of
ion aggregates and ion conduction is crucial to determine ion conductivity at high
salt concentrations, which needs to be considered in the design of such a mixed-
conducting polymer.

Data and content in this chapter have been published as Ref. [146]. The author par-
ticipated in conducting simulations of amorphous polymers, discussing the results
of ion solvation and transport in the polymers, and preparing a draft.

3.2 Introduction
Simultaneous ion and electron conduction is essential in all electrochemical devices
and is particularly important for applications in energy storage, and conversion
[152, 131]. The rational design of mixed conducting organic materials is challeng-
ing because ion and electron conducting materials follow different design rules. Ion
transport in polymers is generally correlated to segmental motion and is optimized
in polar rubbery materials [145, 143, 169, 17], while electron transport often re-
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lies on structural alignment in highly ordered polymeric systems [152, 131, 124].
Conjugated polymers are particularly promising in the field of mixed conductors
because their electronic, ionic, and structural properties can be readily tuned through
conventional synthetic design strategies [159, 52, 160].

Incorporating ion-conducting moieties into conjugated polymers serves as a route
to provide conduction pathways for both ions and electrons. Optimizing ionic and
electronic conduction in conjugated polymers requires a system with both highly
ordered and polar domains with high segmental mobility. Conjugated polymers
with oligoethylene glycol side chains have shown both high ionic conductivity
(�10�4 S cm�1) upon lithium salt addition and evidence of long-range order [161].
The addition of ionic moieties, such as sulfonate groups, to a conjugated polymer
backbone promotes ion transport and ion injection in electrochemical devices [25].

Ionic liquid moieties can be tethered to a conjugated polymer backbone to enable
ion conduction without the presence of a solvent, which is particularly important
for solvent-free electrochemical devices [159, 34, 156, 160]. Mixed conducting
conjugated materials are commonly employed as protective coatings and binders
for cathode materials in batteries due to their easy processability and facile ion
and electron transport in the presence of liquid electrolyte [90, 36]. However,
increasing interest in solvent-free battery construction has created a demand for
materials that can conduct both ions and electrons without the presence of a solvent.
Conjugated polymers with ionic liquid-like side chains have considerable promise
in the field of solvent-free mixed conduction. Large, polarizable ionic side-chain
moieties serve to weaken ionic associations and increase ion dynamics without the
presence of a solvent, while the conjugated backbone imparts electron conductivity
[160]. Polythiophenes with imidazolium side chains have shown intrinsic ionic
conductivity up to 10�4 S cm�1 in the neat state, while also showing evidence of
significant long-range order in scattering studies [138, 139].

Ion conductivity in polymer electrolytes is dependent on the concentration and
mobility of ions, which are related to the polarity and the segmental dynamics of the
polymer [145, 143, 52, 169, 17]. For a given concentration of added salt, the mobile
ion concentration depends on the extent of salt dissociation, which is affected by
the local dielectric environment, the interactions between anions and cations, and
interactions between the polymer and the ions [160]. Introducing of highly polar
functional groups or increasing the size and polarizability of ionic groups serves to
increase the dielectric constant, weaken electrostatic interactions, and promote ion
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dissociation [159, 156, 65]. Additionally, the mobility of ions generally depends
on the dynamics of the polymer system as solvation sites rearrange to create a
conduction pathway [145, 143, 190]. For polymers above their glass transition
temperature (Tg), the ionic mobility is often tied to the segmental dynamics of
the polymer, which is related to the distance from Tg. However, ion dynamics
are also affected by the nature of ion-ion and polymer–ion associations, where ion
solvation sites and ion coordinating groups, which help ions dissociate, can slow
ion dynamics.

Ion aggregation counterintuitively can lead to higher ionic conductivity if aggregates
percolate through the material [212, 30, 18, 126, 20]. Ion transport in many
polymeric systems can be characterized by transport through a transient network
of solvation sites, where the mobility of ions is partly connected to the density
and connectivity of solvation sites. Local ion transport in aggregated domains is
postulated to be higher in some systems due to the proximity of solvation sites.
In this case, the ionic mobility is related to the extent to which aggregates form
continuous domains through the material.

This chapter presents ionic transportmechanisms in a semicrystalline polythiophene-
based system with ionic side chains, enabling simultaneous ionic and electronic
conduction through the addition of salt. Surprisingly, the polymer solvates added
salt up to a concentration of A = 1 [mole of salt]/[mole of monomer], and dis-
plays a monotonic increase in conductivity with salt concentration. MD simulations
suggest that a percolating network of solvation sites forms at high concentrations,
facilitating lithium-ion conduction over a wide range of salt concentrations. This
unique ion conduction mechanism provides a guiding principle to optimize such a
mixed-conducting polymer further.

3.3 Computational Methods
Molecular dynamics simulations
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 gener-
ated 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.
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Additionally, an equal number of Li‚ and BF4
� ions was added in random positions

in the simulation box to study the effects of salt concentration. The Li-free polymer
(A = 0) was equilibrated for 5 ns. The additional salt was added in gradually, 32 ion
pairs at a time (A = 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.

Figure 3.1: MD snapshots for the crystalline polymers at A = 0�2 (left) and A = 0�8
(right). The color code is as follows: red spheres represent Li cations; blue spheres
represent BF4 anions; yellow surfaces represent imidazolium nitrogen atoms; grey
spheres represent sulfur atoms of thiophene rings; and green lines connect neigh-
boring Li and BF4 within 4 Å.

The OPLS force field [79, 80], 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. In-
tramolecular interactions were described using harmonic potential energy functions
for bonds and angles, and the sum of cosine functions for dihedral and improper
angles. Bonding and non-bonding coefficients were obtained using the online gen-
erator LibParGen [41]. To incorporate the effects of polarizability for ionic species,
all atomic charges were multiplied by a constant scalar (0.7) as previously suggested
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in the MD literature [117, 93]. All simulations were conducted using the LAMMPS
simulation package [140].

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 summation [72] 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, �„C”, is calculated via the Einstein relation [4,
50, 47, 46, 49] as follows:

�„C” = 1
:�) h+i

=

#Õ
8=1

#Õ
9=1

I8I 9 h»A8 „C”�A8 „0”… »A 9 „C”�A 9 „0”…X„ jA8 „0”�A 9 „0” j�A2DC”i�

(3.1)
where # is the total number of ions including Li cations, BF4 anions, and nitrogen
atoms of imidazolium pendants, I8 (either +1 4 or -1 4) is the charge of 8C� ion, fiA8 „C”
is the position of 8C� ion at time C, + is the volume of a system, and h� � � i represents
the ensemble average. For faster computation, we consider only ion pairs within a
cut-off distance, A2DC (=8 Å), at an initial time.This cut-off distance is determined
by radial distribution of BF4 around a Li ion (Fig. 3.7). This �„C” is a collective
property that takes all correlations into account, whose slope with respect to time is
the ionic conductivity. The ion conductivity „f� ” were estimated using the slope
between two points of �„C” at C1 = 10 ns and C2 = 100 ns:

f� =
1
6
�„t2” � �„t1”

C2 � C1
� (3.2)

where GK represents Green-Kubo formula. Note that in the simulated time window,
�„C” is not linear with time but sub-diffusive, i.e., �„C” C1 with an exponent 1�0�98�
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 C1 and
C2 did not qualitatively change these findings. When all correlations (off-diagonal
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terms) are negligible, it becomes the same as the Nernst-Einstein (NE) equation [47,
46, 49]:

f#� =
42

:�) h+i
#<>=><4A

�
A�!8 ‚ „1 ‚ A”���4 ‚ �#

�
� (3.3)

where � is ion self-diffusion coefficient (Li, BF4, or N), #<>=><4A is the total
number of monomers, and A is the number ratio of LiBF4 to the monomers.
The ion self-diffusion coefficients (�) were estimated using the slope between
two points of mean-squared displacement as for f� : � = 1

6
"(� „C2”�"(� „C1”

„C2�C1” .
Lithium transference number (C!8) is calculated using diffusion coefficients of the
ions, without taking other correlations into account except for self-correlations:
C!8 = �!8�„�!8‚���4”. Contact duration, � „C”, is calculated for a pair of Li and
BF4 as follows: � „C” = h�„C”�„0”i�h�„0”�„0”i, where �„C” = 1 if a pair of Li and
BF4 is within 4 Åat time C, or �„C” = 0, otherwise, based on the first plateau in the
cumulative distribution of BF4 around a central Li in Fig. 3.7. The average contact

duration, g = g�

�
4
��

�1�1�
, was estimated using a fit to a stretched exponential

function: � „C” � ��4G? »� „C�g�”1� ….

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, %?4A2, is calculated:
%?4A2 = h?i, where ? = 1 if the largest cluster percolates the simulation box, or 0
otherwise.

3.4 Results and Discussion
P3HT-IM polymers with BF4 counterions
A semicrystalline polythiophene-based conjugated polymer with ionic side chains
was developed as a model mixed ion and electron conductor. Polythiophene serves
as an ideal model conjugated polymer backbone because it belongs to a well-studied
class of semicrystalline conjugated polymers with reasonable mobility and long-
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Figure 3.2: Chemical structure and structural characterization of P3HT-IM. (a)
Schematic structure of the thiophene-based conjugated polymeric ionic liquid used
in this study. (b) Azimuthally integrated GIWAXS patterns for neat P3HT-IM. (c)
Illustration of the polymer model used in MD simulations. (d) MD snapshot of the
simulation box used for the crystalline polymer.

range order. To promote ion solvation, cationic imidazolium group was tethered to
the polythiophene polymers onwhich diffuse, polarizable charge is expected to foster
weak physical associations between ions. Tetrafluoroborate (BF4

�) was chosen as a
model counterion formixed conduction studies because the intermediate size imparts
a low Tg (20oC) in the amorphous domain of the polymer, while still allowing for a
high degree of long-range order in the crystalline domains.

The resulting P3HT-IM polymer is shown in Fig 3.2a. A high degree of semicrys-
talline order is evident in the grazing incidence wide angle X-ray scattering (GI-
WAXS) patterns for drop cast films of P3HT-IM shown in Fig. 3.2b. A series of
peaks starting with a first order peak at @ = 0�247 Å�1 and higher order peaks at
integer multiples indicate a lamellar side chain stacking structure, while a peak at
@ = 1�674 Å�1 corresponds to c � c stacking [90, 36].

Experimental results: Monotonic increase in ionic conductivity of P3HT-IM
polymers upon LiBF4 addition at significant concentrations
The ionic conductivity and electronic conductivity of P3HT-IM can be simultane-
ously or independently tuned through the addition of salt and oxidative dopants.
Here, we confine our interest only to the ionic transport behaviors of the P3HT-IM
polymers.

P3HT-IM is capable of solvating and transporting LiBF4 over a wide range of
salt concentrations. That is supported by the lack of diffraction peaks specific to
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Figure 3.3: Experimental results for the P3HT-IM polymers upon LiBF4 salt addi-
tion. (a) Integrated GIWAXS patterns for neat P3HT-IM and P3HT-IM with added
LiBF4 salt at A = 1, where A is the ratio of the moles of salt to the moles of monomer.
(b) Ionic conductivity as a function of lithium salt addition at room temperature.

crystalline LiBF4 in GIWAXS patterns for P3HT-IM with added salt (Fig. 3.3a).
Further, the polymer retains some crystalline order after the addition of lithium salt,
even though the peak broadening in the GIWAXS suggests that LiBF4 does affect the
crystalline order of the polymer at high concentrations, which could in turn affects
the electronic conduction pathways in the polymer. Notably, at this concentration
(A = 1), the sample is roughly 22% salt by mass.

Ionic conductivity of the polymer with LiBF4 addition was measured by electro-
chemical impedance spectroscopy (EIS). Nyquist plot shows a single semicircle with
a capacitive tail, which suggests that there are only ionic charge carriers present in
the P3HT-IM polymers without electronic dopants at significant LiBF4 concen-
trations. Surprisingly, the ionic conductivity of the polymer shows a monotonic
increase up to the highest salt concentration of A = 1 (Fig. 3.3c). By contrast, most
polymeric ion conductors with ion coordinating groups are incapable of solvating
salt at concentrations higher than A = 0�5, and often show a maximum in conduc-
tivity at intermediate salt concentrations (generally A = 0�1 to A = 0�2) due to salt
aggregation and physical cross-linking [145, 143, 190, 52, 169, 17]. It is also worth
noting the stark jump in the conductivity observed at A � 0�6. This suggests that
there is a structural/mechanistic change in the system beyond this salt concentration
that aids ion transport, the mechanism of which can be investigated in detail via MD
simulations.
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MD simulation results: Formation of ionic network as a primary mechanism
of ion conduction

Figure 3.4: MD simulation results for the ion solvation environment [112] in crys-
talline P3HT-IM polymers at different salt concentrations at 300 K. (a) Snapshots
of representative BF4

� solvation environments in P3HT-IM and (b) their abundance
as a function of salt concentration. (c) Snapshots of representative Li‚ solvation en-
vironments in P3HT-IM and (d) their abundance as a function of salt concentration.

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

� in the poly-
mer (Fig. 3.4). For MD simulations of the crystalline polymer, both Li‚ and BF4

�

ions segregate in the confined lamellar regions formed by the charged side chains
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(Fig. 3.1). At low salt concentrations, a fraction of Li‚ ions in the system is solvated
(in part) by thiophene while most ions are coordinated by three BF4

� counterions.
At high salt concentrations, Li‚ ions are almost exclusively coordinated by four
BF4

� counterions. A similar analysis for BF4
� reveals that BF4

� is solvated by
the imidazolium pendants and Li‚ ions. As the salt concentration is increased, the
imidazolium contributes less to BF4

� solvation, and the excess BF4
� counterions

become coordinated by up to two Li‚ ions in its first solvation shell. Overall, the ob-
served shift in the nature of Li‚ and BF4

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

Ion-solvation structures in P3HT-IM become more interconnected and decouple
from polymer chains as the salt concentration is increased. Ion transport in the
polymer network is partly dependent on the distance between solvation sites [145,
143, 190]. Accordingly, the density and connectivity of solvation environments in
the polymer influences the ion dynamics. The spatial distribution of Li‚ solvation
in MD simulations is illustrated in Fig. 3.5(a-d) for both amorphous and crystalline
polymers. At low salt concentrations, Li‚ solvation sites are dispersed in the polymer
matrix and are characterized by localized ion-pairs between Li‚ and BF4

�. At high
salt concentrations, however, the ion solvation sites form transient interconnected
domains, being decoupled from polymer chains. Instead of being "featureless"
aggregates, the ionic domains organize a spatially extended network, percolating
the simulation box (Fig. 3.5e). The formation of this ionic network is promoted
by the charged imidazolium sidechains in both crystalline and amorphous domains.
In the amorphous phase, pendant imidazolium side chains stabilize a percolated
solvation network throughout the amorphous domain. In the crystalline P3HT-IM
polymer, these percolating solvation networks are planar and confined to the inter
sidechain region (Fig. 3.4), which is delimited by high dielectric sheets formed by
the charged imidazolium groups. The segregation of ions in these confined regions is
more energetically favorable than a uniform distribution throughout the lattice which
would destabilize the c � c stacking. This mechanism is supported by GIWAXS
experiments which found that c� c stacking remains intact upon the addition of salt
even at the highest concentration, indicating that the salt is predominantly located
in the inter-side-chain stacking region.

The increased ion network interconnectivity at high salt concentrations leads to faster
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Figure 3.5: Simulation results for ion solvation in the amorphous (a-b) and crystalline
(c-d) P3HT-IM polymers at 400 K. (a,c) Dispersed localized ion pairs of Li‚ and
BF4

� at low salt concentration (A = 0�2) (b,d) Percolating network of Li‚ and BF4
�

at high salt concentration (A = 0�8). (e) Probability, %?4A2, that the largest ionic
network in the amorphous P3HT-IMpolymer percolates the simulation box at several
salt concentrations. The color code in (a-d) is as follows: red spheres represent Li‚;
blue spheres represent BF4

�; and yellow surfaces represent imidazolium groups;
green lines connect neighboring Li‚ within 4 Å.
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Figure 3.6: Simulation results for ion network and transport in both amorphous and
crystalline P3HT-IM polymers at 400 K. Li-BF4 contact duration in (a) amorphous
and (b) crystalline polymers. (c) Calculated diffusion coefficients for Li‚ and BF4

�

as a function of salt concentration in the amorphous (solid symbols) and crystalline
polymer (open symbols).

ion dynamics. Long MD trajectories were used to monitor the dynamics of ions in
the polymer and understand how the change in the ion network connectivity affects
ion transport. The average contact duration between Li‚ and BF4

� ions is plotted
in Fig. 3.6(a-b) for the amorphous and crystalline polymers. This reveals that the
average contact duration between ions is shorter at higher salt concentrations, which
suggests that the formation of a percolated solvation network decreases the time
scale of ion-ion interaction. In this system, ion transport can be characterized by a
hopping motion between solvation sites via partner exchange in a transient network.
The increased proximity and connectivity of the solvation network at high salt
concentrations facilitate partner exchange and thereby aid ion hopping dynamics
[212, 30, 18, 126]. This supports the monotonic increase in ion conductivity
observed in experimental impedance measurements (Fig. 3.3c). The discontinuous
change in conductivity observed in the experiment at around A = 0�6 could be
understood as a transition into the percolating regime (Fig. 3.5e).

Experimentallymeasured ion dynamics aligns closelywith ion dynamics inMDsim-
ulations. To further investigate ion transport, mean square displacements (MSD)
for both Li‚ and BF4

� (Fig. 3.8) were calculated in the MD simulation to estimate
the diffusivity of different ion species over a range of salt concentrations. A jump in
the diffusion constants for both ions is observed at intermediate salt concentrations
for both the crystalline and amorphous simulations (Fig. 3.6(c)), in agreement with
the experimentally measured jump in conductivity shown in Fig. 3.3. Furthermore,
the calculated diffusivities of Li‚ and BF4

� are similar over the entire range of salt
concentrations (Tables 3.1) with a transference number of approximately 0.5. To
further corroborate the ion dynamics observed in MD simulations with the exper-
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Amorphous polymers
A g (ns) �!8 ���4 C!8 �# f#� f� 
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)

Crystalline polymers
A g (ns) �!8 ���4 C!8 �# f#� f� 
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)

Table 3.1: Computed ion-transport coefficients in the P3HT-IM polymers at various
A ([LiBF4]/[monomer]) at 400 K. Diffusion coefficients (�) are in unites of Å2/ns.
Ionic conductivities (f) are in unites of S/m. Statistical errors of the final digit are
indicated in parentheses.

imental polymer system, pulsed-field-gradient (PFG) NMR was used to measure
the self-diffusion coefficients of 7Li and 19F in P3HT-IM upon salt addition at a
concentration of A = 1. The measured self-diffusion coefficients were 0.0145 Å2/ns
for 7Li and 0.0101 Å2/ns for 19F at 353 K. This results in a lithium transference of
C!8 = 0�59, which is in close agreement with the transference numbers found in MD
simulations. In contrast, polymer electrolytes with ion coordinating groups, such as
PEO, PAN, and PVA, generally display transference numbers between 0.1 to 0.337
[169]. This suggests that the ion transport mechanism in P3HT-IM deviates from
that of standard ion-conducting polymers and further supports the formation of a
percolating ionic network as the primary mechanism for ion transport.

3.5 Conclusion
P3HT-IM serves as an effective solvent-free mixed ion and electron conducting
model system in which the ionic and electronic charge carrier concentration can be
modulated through the addition of salt. The polymer shows evidence of significant
c � c stacking and side-chain stacking, even after the addition of salt at high
concentrations (A = 1); this long-range ordering facilitates electron transport. P3HT-
IM solvates LiBF4 salt up to a concentration of A = 1, as evidenced by the lack
of peaks for the crystalline salt in scattering studies. Surprisingly, the polymer
displays a monotonic increase in ionic conductivity up to this concentration. MD
simulations indicate that this is enabled by the formation of a percolated network of



23

solvation sites at high salt concentrations, which facilitates ion transport via facile
partner exchange. Furthermore, ion diffusivities from both MD simulations and
PFG NMR measurement indicate a lithium transference number of approximately
0.5, supporting that the percolated solvation network promotes lithium transport in
a way that is unique from many ion-conducting polymers where ion transport is
strongly coupled to polymer segmental dynamics. These results suggest that the
addition of diffuse ionic-liquid-like groups to a conjugated polymer backbone serves
as an effective design approach to facilitate simultaneous lithium-ion conduction and
electronic conduction in the absence of solvent, which has significant utility in the
field of cathode binders and cathode coatings for solvent-free lithium-ion batteries.

3.6 Appendix

Figure 3.7: Li solvation by BF4 in the amorphous polymers as a function of inter-
atomic distance between Li and B.
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Figure 3.8: Mean-square displacement of ions in the amorphous (left column) and
the crystalline (right column) polymers at several salt concentrations.

Figure 3.9: Charge mean-squared displacement, �� „C”, in the amorphous (left)
and the crystalline (right) polymers.
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C h a p t e r 4

LITHIUM-ION TRANSPORT IN POLYBORANE-BASED
ELECTROLYTES

4.1 Abstract

In Chapter 3, we discuss how the formation of a percolating ion network facili-

tates ion transport decoupled from polymer segmental dynamics. The unique ion

conduction mechanism enables monotonically increased ionic conductivity up to

exceptionally high lithium salt concentrations.

In this chapter, we discuss an ion transport mechanism in recently developed

polyborane-based electrolytes that utilize the formation of a spatially extended

ion network to facilitate lithium-ion transport. Herein, as a proof-of-concept, we

discuss simulation results of the lithium-ion conduction mechanism in butylated

polydiethylboranes (poly-b2EtB) at various salt concentrations. The electrolyte is

accessible through the modi�cation of polybutadiene (an abundant polyole�n) by

introducing dialkylborane moieties to the backbone through hydroboration. By

adding butyllithium or methyllithium into a polyborane, an ionically conductive

polymer �lm is created. The negatively charged boron moiety enables lithium-ion

solvation in this solvent-free single-ion conducting polymer electrolyte.

All-atom simulations show that lithium ions in the solvent-free poly-b2EtB are

transported mainly by a partner exchange mechanism. With increasing salt con-

centration, the exchange rate increases to accelerate lithium-ion conduction, even

with the increased viscosity. Simulations suggest that the enhanced lithium-ion

transport at high salt concentration is associated with the formation of a percolating

ion network that allows for frequent partner exchanges, while lithium-ion motion is

spatially localized in small ion aggregates at low salt concentrations. Furthermore,

an additional increase in lithium-ion conduction is found possible by the addition

of an ethereal co-solvent. The added tetrahydrofuran (THF) co-solvent is found to

further facilitate lithium-ion conductivity by participating in lithium-ion solvation

and reducing the overall viscosity.
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4.2 Introduction

Solid polymer electrolytes (SPEs) are considered promising for increasing the safety

of battery technologies. They exhibit better contact with a metal electrode and

better thermodynamic stability than their liquid counterparts. However, their low

ion transport has been a central obstacle to practical implementation, despite their

better safety and cycling stability [116]. For example, lithium-doped polyethylene

oxide (PEO), a canonical SPE, exhibits ionic conductivity between10� 5 to 10� 8

S cm� 1 at ambient temperatures [144, 123], while practical applications require

¡ 10� 3 S cm� 1 that PEO could achieve only at elevated temperatures.

Semi-crystalline PEOs show their maximum ion conductivity at a low salt concen-

tration relative to their salt solubility limit due to the increased viscosity with more

salts added. The primary drawback is related to the strong lithium-polymer inter-

action via Lewis-basic oxygen moiety, di�erently from loosely coordinated anions.

With increasing salt concentration, more physical crosslinking between lithium and

oxygen moiety elevates the viscosity substantially. Together with ion pairs, the

increased viscosity decreases ion conductivity; lithium-ion di�usion is more sup-

pressed than anion di�usion due to the strong interaction with the PEO, leading

to a low lithium transference number substantially less than 0.5. Since this issue

originates from the Lewis-basic ether oxygen itself, other PEO-based architectures

su�er the similarly limited ion conduction [190].

Achieving high lithium conductivity by tailoring the strength of the polymer-ion

interaction is still challenging [116]. Lithium ion is freer from polymer segments

with a weaker polymer-ion interaction, so lithium di�usion is enhanced. However,

at the same time, decreased polymer-ion interaction lowers the dielectric constant

of the polymer backbone, so the salt solubility is reduced with less mobile lithium

ions. Thus, the �nal ion conductivity is a delicate balance between two competing

e�ects, which is hard to predict.

Recent computational work [157] suggested to invert ion solvation environment by

using a Lewis-acidic boron moiety, as opposed to a Lewis-basic moiety such as

ether group. A Lewis-acidic SPE interacts more favorably with anions than lithium

cations, increasing lithium mobility relative to that of the anion. Further, salt solubil-

ity is not necessarily deteriorated thanks to the favorable polymer-anion interaction.

Thus, in principle, the inverted ion solvation environment facilitates lithium-ion

transport with weak interaction with the polymer host, yet not compromising ion

solubility thanks to the strong interaction between the polymer host and anions.
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Another strategy to facilitate ion transport is utilizing salt-concentrated polymer

electrolytes such as polycarbonates [180], phenylsulfonate-based single-ion con-

ductor [126], and conjugate polymers with a charged pendant [146] in Chapter 3.

The concentrated polymer-based electrolytes often exhibit decoupled ion transport

from polymer segmental dynamics [17] that is associated with the self-assembled

continuous morphologies of ion aggregates. One instance is a phenylsulfonate-based

single-ion conductor (p5PhSA-X) [126]. The ions were found to nanophase separate

from the polymer backbone, forming ionic aggregates, owing to the polarity di�er-

ence between the ionic groups and the hydrocarbon backbone. The morphological

features of the ion aggregates, such as stringy, ribbon-like, planar, and isotropic

clusters, result in di�erent ion transport mechanisms: percolating aggregates allow

for long-range ion di�usion, while isolated aggregates hinder ion di�usion due to

the slower reorganization processes such as merging, breaking-up, or di�usion. The

morphology is also found speci�c to mobile ions, thereby leading to ion-speci�c

transport. Therefore, the p5PhSA-X provides continuous morphologies of ion ag-

gregates, leading to a percolating ion network to e�ectively transport mobile ions.

Further, the ion conductivity follows Arrhenius temperature dependence instead

of Vogel�Fulcher�Tammann dependence, suggesting that the ion transport is de-

coupled from polymer segmental relaxation; this is consistent with the mechanism

that ions di�use through the connected pathways in the percolating ion aggregates.

This decoupled ion transport presents an opportunity for more mechanically robust

polymer-based electrolytes, not compromising ion conductivity.

This chapter presents the ion conduction mechanism in a novel, single-ion con-

ducting, polyborane-based electrolyte. The electrolyte is synthesized by modifying

polybutadiene through hydroboration of dialkylborane moieties to its backbone.

Then, butyllithium is added to the polyborane. The ion-conducting polymer �lm

exhibits geometry-normalized ion conductivities approaching10� 7 S cm� 1 at 50>C,

measured by electrochemical impedance spectroscopy (EIS). EIS-measured conduc-

tivity follows Arrhenius temperature dependence, suggesting that the ion conduc-

tion is decoupled from segmental relaxation of the polyborane-based electrolytes.

Atomic-resolution simulations provide molecular insights into the ion conduction

mechanisms in the solvent-free butylated polydiethylboranes (poly-b2EtB). Simu-

lated poly-b2EtBs exhibit enhanced lithium-ion transport, associated with the for-

mation of a percolating ion network with frequent exchange of partner anions at

high salt concentrations, which is similar to the mechanism introduced in Chapter 3.

It is also found that the added tetrahydrofuran further increases the ion conductivity
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via both reduced viscosity and change in the ion solvation environment.

4.3 Simulation Model and Method

Molecular dynamics simulations

Figure 4.1: Mechanism for synthesis of polyborane-based electrolytes.

All-atom molecular dynamics simulations for polyboraned-based polymers with

butyllithium (BuLi) salts are carried out. An ether-free single-ion conducting

polymer can be synthesized by hydroboration of polybutadiene with a variety of

dialkylboranes, followed by the subsequent addition of an organolithium reagent to

provide lithium ions (Fig. 4.1). Our simulation model assumes that the butyl reagent

reacts with a random boron site quickly, resulting in a random copolymer with both

neutral and negatively charged boron moieties. We employ a single linear polymer

chain of length 128 units for a butylated polydiethylborane (poly-b2EtB). Hence,

the multi-chain e�ect is excluded. Randomly chosen borane moieties are butylated

according to the molar ratio of the butyllithium to the borane moiety. After a short

equilibration (1 ns) of the Li-free polymer, the equal amount of lithium ions to

butylated borane sites are added in a random position in a simulation box. Thus,

charge neutrality is kept in all simulations. Then, another equilibration is run at

least for 5 ns.

The OPLS force �eld [79, 80, 41], a non-polarizable and all-atom model, was used

to describe the potential energy functions of all molecules; details are given in

Section 3.3. To incorporate the e�ects of polarizability for ionic species, atomic

charges of the butylated borane moiety were multiplied by a constant scalar (0.7) as

previously suggested [93, 47]. All simulations were conducted using the LAMMPS

simulation package [140].

In all cases during both equilibration and production runs, the MD trajectories were

integrated using the velocity-Verlet algorithm with a timestep of 2 fs; rigid-body

constraints for all carbon-hydrogen bonds were enforced using the SHAKE algorithm

[155] Both LJ and Coulomb interactions were cut at 12 Å, and particle-particle

particle-mesh Ewald summation [72] was used to compute Coulomb interactions
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beyond the cuto� distance. Periodic boundary conditions (PBC) were applied along

all dimensions. The Nosé-Hoover thermostat (100 fs relaxation) and the Nosé-

Hoover barostat (1000 fs relaxation) were applied in all simulations to control the

temperature (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.

4.4 Results and Discussion

Experimental results for ion conductivity

Figure 4.2: EIS-measured ionic conductivity (f ) of poly-b9BBN at
' B0;C=[9BBN]/[BuLi]=8 at various temperatures. Inset displays chemical details
of poly-9BBN before the reaction with BuLi. Experiments were conducted by
Fernando Villafuerte.

Fig. 4.1 displays a synthetic scheme of polyborane single-ion conductors (poly-

b9BBN), based on the hydroboration of polybutadiene and the commercially avail-

able 9-borabicylo(3.3.1)nonane (9BBN). Note that high levels (>95%) of hydrobo-

ration were achieved using linear polybutadiene of low molecular weight (1800 g

mol� 1). Further, the butylation reaction with BuLi was con�rmed by NMR. Salt

concentration can be controlled by the moles of BuLi, and the poly-b9BBN has

more charged borane moieties with an increasing concentration of BuLi.

Fig. 4.2 shows that the polyborane-based electrolytes do conduct lithium ions de-

spite their low ionic conductivity; the temperature dependence of ionic conductivity
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Cell f 0 (S/cm) � 0 (kJ/mol) ' 2

v-37-ss6 4.6 64.8 0.73
v-37-ss7 3.7 51.7 0.92
v-37-ss8 8.1 55.0 0.99
v-54-ss1 13 66.3 0.99

Table 4.1: Fitting results of ionic conductivity (f ) in Fig. 4.2 using the Arrhenius
relation: f ¹) º = f 0 exp

�
� � 0• ')

�
. ' 2 is the coe�cient of determination.

(f ) of poly-b9BBN measured via electrochemical impedance spectroscopy (EIS)

is displayed. The molar ratio (' B0;C) of 9BBN monomers to BuLi salts is 8. It is

immediately clear that in the range of temperature, the experimentally measured

f follows Arrhenius dependence on temperature () ): f ¹) º = f 0 exp
�

� � 0• ')
�
,

where � 0 is the activation energy, and' is the gas constant (Table 4.1). The

Arrhenius-type dependence is considered a signature of ion transport decoupled

from polymer segmental dynamics [143]. On the other hand, in semicrystalline

PEO, lithium di�usion is strongly coupled to structural relaxation of polymer seg-

ments, so the conductivity follows the Vogel-Tammann-Fulcher (VFT) equation:

f ¹) º = f 0 exp
�

� � 0• ' ¹) � ) 0º
�
, where) 0 is called equilibrium glass transition

temperature. The VFT behavior is commonly observed in disordered and glassy

materials. Notably, there are two groups of cells with two di�erent� 0. This

suggests that there are some heterogeneities in polymer synthesis due to the fast

butylation reaction in particular. More controlled synthesis processes are required

for systematic investigations.

Computational results

Using atomic-resolution simulations, we study lithium transport in bulk, dry buty-

lated polydiethylborane (poly-b2EtB). In reality, crosslinking between two nearby

borane sites results in stable diborane structures, signi�cantly increasing the viscos-

ity and hindering ion transport. In simulations, the crosslinking e�ect is, however,

not considered.

Herein, we discuss lithium ion transport via the formation of an ion network, be-

ing decoupled from polymer segmental dynamics. Further, we discuss how the

decoupled ion transport enables high ion conduction at exceptionally high salt con-

centrations, as opposed to other Lewis-basic polymer electrolytes such as PEO.
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Figure 4.3: Lithium ion solvation in bulk Poly-b2EtB. Left panel: a simulation
snapshot at' B0;C=[2EtB]/[BuLi]=8. The color code is the following: Yellow spheres
represent lithium ions; red sticks represent ethyl side chains for a butylated boron
moiety; and pink sticks represent butyl side chains for a butylated boron moiety.
Here, all the other atoms of polymer backbone and neutral boron moieties are not
drawn for the clarity. Right panel: Cumulative distribution of hydrogens for a
lithium ion. Blue line is for hydrogens of the carbon of a butyl side chain next to a
butylated boron. Red line is for hydrogens of the carbon of a ethyl side chain next
to a butylated boron. Green line is for hydrogens of the end carbon of a ethyl side
chain of a butylated boron.

Lithium ion solvation

Fig. 4.3 displays lithium ion solvation in a butylated polydiethylborane (poly-b2EtB)

at' B0;C=[2EtB]/[BuLi]=8. It clearly shows that the negatively charged borane moiety

is mainly responsible for lithium-ion solvation via attractive electrostatic interaction.

The neutral borane moiety or hydrocarbon backbone (absent in Fig. 4.3) are found

less interacting with lithium ions. Cumulative distribution of hydrogens in the

charged borane moiety shows that four hydrogens on average solvate a lithium-ion

within 3 Å. Noticeably, a lithium-ion in poly-b2EtB is shared by two or three charged

borane moieties instead of forming a neutral ion pair with single butylated borane.

Ion transport in poly-b2EtB

Fig. 4.4 displays ion transport in poly-b2EtB. Surprisingly, calculated ionic conduc-

tivity monotonically increases with increasing salt concentration up to the ratio=2.

The volume-corrected charge mean-square displacement (MSD),� ¹Cº, takes all the

correlations into account, whose slope with respect to time is the ionic conduc-
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Figure 4.4: Ion transport in Poly-b2EtB. (a) Volume-corrected collective charge
mean-square displacement,� ¹Cº, as a function of time,C. The ratio is the molar
ratio of 2EtB to BuLi, so the increasing ratio decreases the lithium concentration.
(b) Mean-square displacement (MSD) of lithium ion. (c) MSD of carbon in a butyl
moiety. (d) Lithium-boron contact duration,� 20¹Cº.

tivity. Two factors a�ect the increased ionic conductivity, including an increasing

number of charge carriers and enhanced ion di�usivity that is an intensive quantity.

Fig. 4.4B shows that lithium di�usion is faster at higher salt concentrations; it is

quite unexpected based on the conventional wisdom on the turnover behavior in ionic

conductivity as a function of salt concentration. For example, ionic conductivity in

PEO electrolytes initially increases with more salts added. However, after a certain

point, it decreases due to the increased viscosity with more physical crosslinking

between polymer segments via lithium ions. It turns out that the viscosity of our

poly-b2EtB does increase with increasing salt concentration; MSD of carbon atoms

in the butyl borane moiety (Fig. 4.4C) is a proxy of the inverse of the viscosity.

Thus, the poly-b2EtBs e�ectively transport lithium ions even at high salt concen-

trations thanks to (i) more lithium ions and (ii) enhanced lithium di�usivity, despite

the increased overall viscosity. Fig. 4.4D supports the decreased lithium-borane
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contact duration with increasing salt concentration, which can facilitate lithium-ion

transport with more short-lived correlations.

The unexpected ion conductivity trend (Fig. 4.4A) with salt loading can be explained

by the partner exchange mechanism in Chapter 3. As is shown in Fig. 4.3, a lithium-

ion is solvated by more than one butylated borane moieties, and they form an

ionic cluster embedded in a polymer matrix, in which the lithium-ion di�uses by

exchanging one of its borane partners. The lithium ion is not likely to di�use with

the same borane solvation shell (i.e., a vehicular mode) since borane di�usion is

massively suppressed due to slow polymer segmental dynamics. In this mechanism,

the facile partner exchange only requires a local structural relaxation instead of

an extensive structural reorganization of a polymer matrix. The partner exchange

mechanism further accelerates long-range lithium-ion transport in a large cluster

that provides more connectivity. This is discussed below with how the morphology

of the ion cluster changes with salt loading.

Formation of a percolating ion network

Fig. 4.6 displays ion clusters at various salt concentrations. At low salt concen-

trations (e.g., R=16), the ion aggregates form a small cluster localized in space.

In a �nite ion cluster, a lithium-ion di�uses via partner exchange. However, the

cluster itself should di�use for long-range ion transport by structural reorganization

of the polymer matrix. Slow polymer segmental dynamics retards the ion conduc-

tion. The e�ective charge conducted via the cluster di�usion is even quite limited;

for instance, a neutral ion cluster composed of two lithium ions and two butylated

borane sites transports practically "zero" charge. On the other hand, at high salt

concentrations (e.g., R=2), the ion aggregates form a three-dimensional spatially

extended network. In the ionic network, lithium ions can travel at both short and

long length scale without any signi�cant reorganization of the polymer matrix; only

local reorientation of the butylated borane moieties is required to transport lithium

ions. After a threshold, an ion network percolates a simulation box, which further

facilitates lithium ion transport. This could be related to the notable increase in

lithium MSD at R=2 (Fig.4.4B).

The formation of a percolating ion network can explain the increasing ion conduc-

tivity with increasing salt concentration (Fig. 4.4). In conventional Lewis-basic

polymer electrolytes such as PEO, lithium ion solvation and transport are strongly

coupled to polymer segments. Thus, the physical crosslinks between ions and
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Figure 4.5: Ion aggregates at various salt concentrations, where R=[2EtB]/[BuLi].
The color code is the same as in Fig. 4.3.
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polymer segments signi�cantly increase the viscosity at high salt concentrations.

Together with massive ion pairs, the increased viscosity results in substantial sup-

pression in ion conduction. On the other hand, the polyborane-based polymers

provide the spatially extended ion network at high salt concentration. The percolat-

ing ion network enables ion transport decoupled from polymer segmental relaxation,

yet collective relaxation of the ions dominates their transport. The decoupled ion

transport in the percolating ion aggregates allows for circumventing the shortcoming

of the coupled ion transport, resulting in the enhanced ion conduction at high salt

concentrations.

Addition of ethereal co-solvent for further enhanced ion conductivity

Figure 4.6: E�ect of THF co-solvent on ion conductivity of poly-b2EtB at' B0;C=8
with various equivalent concentration of THF to BuLi. (a) Volume-corrected col-
lective charge mean-square displacement,� ¹Cº, as a function of time,C. The ratio
is the molar ratio of 2EtB to BuLi, so the increasing ratio decreases the lithium
concentration. (b) Mean-square displacement (MSD) of carbon in a butyl moiety.
(c) Lithium-boron contact duration,� 20¹Cº.

To further facilitate ion conductivity, molecular co-solvent is often added to dry

polymer electrolytes, resulting in gel polymer electrolytes [48]. Here, we mix

tetrahydrofuran (THF), one of the ethereal solvents, with dry poly-b2EtB at two

di�erent THF concentrations. Fig. 4.6 clearly shows the substantial enhancement in

ion conductivity with the addition of THF co-solvent. Low molecular-weight THF

co-solvent decreases the solution viscosity (Fig. 4.6B). The reduced viscosity leads

to the short-lived cation-anion contact duration (Fig. 4.6C) as well as the enhanced

lithium-ion mobility. Further, Lewis-basic oxygen of THF complicates lithium-

ion solvation environments, participating in lithium-ion solvation; THF competes

with the borane moiety in the polymer. With more THF co-solvents, lithium ions

become freer from the borane moiety, facilitating the partner exchange; at high THF

concentrations (e.g. [THF]/[BuLi]=4), ion transport exhibits more character of the
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vehicular-type mode. For further optimization of the gel polymer electrolytes, other

co-solvents of di�erent chemical moiety, such as benzene or �uorinated benzene

moieties, should be investigated at various combinations of' B0;Cand co-solvent

concentration.

4.5 Conclusion

In this work, we study lithium-ion transport mechanisms in novel polyborane-based

single-ion conductors. The dry poly-b9BBN �lm exhibits geometry-normalized

ion conductivities approaching10� 7 S cm� 1 at 50oC, measured by electrochemi-

cal impedance spectroscopy (EIS), implying some heterogeneities in synthesized

�lms. Despite the potential heterogeneities, the Arrhenius temperature dependence

suggests that the ion transport is largely decoupled from polymer segmental motion.

Using atomic-resolution simulations, we propose unique ion conduction mecha-

nisms in the solvent-free poly-b2EtB, similar to the one suggested in Chapter 3. The

monotonic increase in ionic conductivity is found in simulated poly-b2EtB up to

exceptionally high lithium concentrations. The morphological changes of the ion ag-

gregates are clearly shown as a function of lithium concentration: the ion clusters are

localized in space in dilute poly-b2EtBs, yet the ion aggregates are interconnected

and percolate a simulation box in concentrated poly-b2EtBs. The percolating ion

aggregates provide connected pathways for lithium ions to travel without any large-

scale reorganization of the polymeric medium, leading to short-lived cation-anion

contact duration. In contrast, lithium-ion transport is likely limited by slow struc-

tural reorganization of the ion clusters. Therefore, the formation of a percolating

ion network facilitates lithium-ion transport via facile anion-partner exchange.

Further, the addition of THF co-solvent also accelerates lithium-ion conductivity

via reduced viscosity. However, the gradual change in lithium transport mechanism

is observed with more THF added, from partner exchange to vehicular mode, as

more THF co-solvents participate in lithium-ion solvation. This co-solvent e�ect

seems to require more systematic investigations, particularly at electri�ed interfaces

for safe battery applications.
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C h a p t e r 5

INTERFACIAL ION SOLVATION AND ELECTRON TRANSFER
IN SOLID ELECTROLYTE INTERPHASE

5.1 Abstract

In this chapter, we investigate electron transfer to lithium ions at the interface be-

tween a platinum metal anode and a solid polymer electrolyte, as a chemically

and structurally well-de�ned model for redox processes in the solid electrolyte

interphase of battery electrodes. Studied electrolytes include LiTFSI (lithium

bis(tri�uoromethane)sulfonimide) salts in polyethylene oxide and poly(diethylene

oxide-alt-oxymethylene), as well as in the associated liquid electrolytes 1,2-dimethoxyethane

and tetraglyme. Atomic-resolution simulations are performed with constant-potential

polarizable electrodes to characterize interfacial electron-transfer kinetics, including

lithium-ion solvation structures and solvent reorganization e�ects as a function of

applied electrode potential. The linear-response assumptions of the Marcus theory

for electron transfer are found to be robust in these systems, yet ion-solvation be-

havior at the anode interface is strikingly dependent on chain connectivity, solvation

environment, and the magnitude of the applied electrode potential, resulting in very

di�erent electron-transfer kinetics for lithium electroreduction.

Data and content in this chapter have been published as Ref. [86].

5.2 Introduction

Interfacial stability is essential for cycling performance and longevity of rechargeable

batteries [175, 197, 122, 182, 178, 105, 53, 59]. For example, lithium-ion battery

(LIB) and lithum-metal battery (LMB) interfaces involve various competitive elec-

trochemical reactions, including the electroreduction of non-aqueous electrolytes

and salts [197, 122, 137]. These processes result in a structurally and chemically

heterogeneous thin �lm on the electrode surface called the solid electrolyte inter-

phase (SEI)[132, 29, 5, 142, 184, 24, 208, 97], which is a complicated mix of

organic, inorganic, and polymeric components. A functionally useful SEI passi-

vates the electrode, conducting ions yet providing electronic insulation to mitigate

detrimental electrolyte degradation that leads to battery aging and failure.

Polymeric components in the SEI have been shown to play a role in electrode
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passivation, including polyether [10, 88, 217, 31], polyvinylene carbonate [170,

215], polycarbonate [218, 98], and polyole�n species [6]. These systems present

diverse environments for ion solvation that may be expected to substantially e�ect

the mechanisms and kinetics of interfacial electron transfer [153, 151, 74, 45, 115,

185, 89, 133, 19, 108]; for example, recent work in molecular liquids has shown

that hydrogen bond networks and ion-solvation properties [103, 194, 102, 104]

lead to non-trivial interfacial phenomena such as heterogenous charge separation

or collective water exchange [104, 85]. However, relatively little is known about

ion solvation and electron transfer (ET) in the SEI, which is complicated by the

intrinsic heterogeneity and complexity of this material. To address this challenge,

we introduce polymer melts as well-de�ned chemical models for the SEI, enabling

mechanistic investigation of ET at the polymer/electrode interface as a proxy for the

realistic battery electrode.

In this chapter, molecular dynamics (MD) simulations for atomic-resolution mod-

els are performed with constant-potential polarizable electrodes to study factors

that govern lithium electroreduction at a polymer/metal interface. Linear ether ho-

mopolymer electrolytes are considered as chemically and structurally well-de�ned

models for the SEI, including poly(ethylene oxide) (PEO) and poly(diethylene oxide-

alt-oxymethylene), P(2EO-MO). Previous work indicates that polyethers are formed

in the SEI via either in-situ or ex-situ polymerization of 1,3-dioxolane (DOL), lead-

ing to enhanced cycling stability [10, 88, 217]. Associated liquid ether electrolytes,

1,2-dimethoxyethane (DME) and tetraglyme (G4), are also investigated to explore

the degree to which polymerization alters the local monomer interactions with regard

to properties that are relevant for electron transfer.

Figure 5.1: Chemical structures of the ethereal molecular electrolytes (DME and
G4) and polymer electrolytes (PEO and P(2EO-MO)).
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5.3 Methods and Calculation Details

We consider a model system that is comprised of two metal electrodes and an

electrolyte of LiTFSI salt in either polymer or molecular liquid solvent (Fig. 5.1). The

electrodes are modeled using the pristine (111) surface of face-centered cubic (FCC)

platinum (Fig. 5.2). Below, we describe the computational details of the interaction

potentials, MD simulations, calculated vertical ionization energies, calculated free

energy curves associated with an electrochemical ET, and calculated normalized

local density of ions and electrolytes. All simulations are conducted using the

LAMMPS simulation package [140], and all force �eld parameters used in this

study are provided in Ref. [190].

Figure 5.2: Simulation snapshot and electrode-charge polarization. (a) A simulation
snapshot including PEO, Li¸ ions, TFSI� ions, Li0 atoms, and model electrodes.
The grey strand represents a single PEO chain. Purple spheres represent Li¸ ions
while yellow ones do neutral Li0 atoms. TFSI� ions are drawn in green. The two
slabs are pristine, polarizable model electrodes held with the bias potential�	 = 0
V. Color for the electrode atoms is associated with their induced charges between
-0.01 (blue) and +0.01 (red). (b) Electrode-charge polarization on the innermost
layer of the anode in (a).

Force �eld details and the constant-potential method

The TraPPE-UA force �eld [172, 190, 198], a non-polarizable and united-atom

model, is used to describe the potential energy functions of the polymers and

molecular liquids. The LiTFSI salt is described using the non-polarizable force

�eld of Lopez et al. [107]. Unlike fully polarizable force-�eld models or ab initio

calculations, the model employed here carries �xed point charges for atoms, except

for the polarizable electrode atoms. Among all atoms of electrolytes and salts, we

employ the standard Lorentz-Berthelot mixing rule for the TraPPE-UA force �eld,


