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Abstract

The optimization of lithium-—sulfur batteries highly depends on the
exploration of novel cathode materials. This thesis focuses on the devel-
opment of sulfur/carbon co-polymers as a promising class of cathodes
to replace crystalline sulfur. These co—polymers offer a flexible atomic
structure and a potential for high reversible capacity. In particular, we
dive into the investigation of poly(sulfur-n-1,3—diisopropenylbenzene)
(S/DIB). Our exploration begins with a comprehensive analysis of the
atomic structure of sulfur-n-1,3-diisopropenylbenzene co-polymers,
using density—functional theory calculations. The primary goal was
understanding the local structural properties, with a focus on identifying
the optimal sulfur chain length (S, with n = 1---8) bridging two DIB
units. Our findings reveal a preference for shorter sulfur chains n ~ 4 in
DIB-S,,-DIB co-polymers. Subsequently, we complement our findings
with ab initio Raman spectroscopy simulations and experimental Raman
measurements. This combined approach facilitates the identification
and characterization of various sulfur/carbon co—polymers with distinct
sulfur contents. We demonstrate that S/DIB co—polymers featuring
short and long sulfur chains exhibit distinguishable Raman activity in
the 400-500 cm™ range, providing crucial insights into their structural
composition. Significantly, the results presented herein apply to the fully
charged state of the cathode. Furthermore, we extend our investigation to
explain the discharge state of the battery, focusing on the transformation
of sulfur co-polymer cathode materials upon lithiation. Specifically, we
explore how sulfur chains evolve during lithiation and perform the same
ab initio Raman spectroscopy methodology for their characterization.

Keywords: Li-Sbatteries, Polymer, Sulfur Cathodes, Quantum Chemistry,
Spectroscopy
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Introduction

Jabir Ibn Hayyan (721 AD, Persia), also known as Geber in the Western
world, who is often regarded as the father of chemistry, believed, "The
essential requirement in understanding of chemistry is the diligent en-
gagement in practical work and the conduct of experiments. Those who
refrain from such practical endeavors will never attain even the slightest
degree of mastery.”* Today, in the 21st century, we are in an era where
computer modeling and computational frameworks have revolutionized
our understanding of fundamental phenomena without stepping into
the laboratory. I, personally, as a chemist who has experienced both
worlds, believe that these two sides of chemical science complement one
another and also one should be critical on both ends.

Chemistry guides us to address fundamental questions about the world,
ranging from the properties of substances like water to more complex
ones. Quantum chemistry, in particular, empowers us to uncover the un-
derlying reasons behind various phenomena. With quantum chemistry;,
we dive deep into each phenomenon, unraveling its atomic properties by
studying its smallest constituents, such as electrons.

Theoretical chemistry is a field whose foundation is based on quantum
mechanics. In this field the primary focus is around properties at the
atomistic level. Therefore, it’s useful to categorize theses properties into:
structural, dynamics, and spectroscopic features.®

Computational chemistry being young in the sense that no technology
in human history has developed at this pace that digital computers have
over the last four decades, enabling us to address one of the greatest
challenges of our century: the pursuit of green and renewable energy
sources. Among all, Lithium Sulfur (Li-S) batteries emerging as promis-
ing competitor to fulfill this dream.

1.1 Lithium Sulfur Batteries

As oil production is anticipated to decline and the number of vehicles,
along with their environmental impact, continues to rise worldwide,
a shift in the transportation system becomes increasingly inevitable
in our carbon-oriented world. The increasing demand for safe, cost-
effective, high-energy-density, and long-lasting rechargeable batteries
emphasizes the urgency to meet environmental requirements for energy
storage systems compatible with renewable sources.”® Among the most

4 Newman, Promethean ambitions: alchemy
and the quest to perfect nature, 2019.

5 Mata et al., “Benchmarking quantum
chemical methods: Are we heading in the
right direction?,” 2017.

6 Cramer, Essentials of computational
chemistry: theories and models, 2013.

7 Winter et al., “What are batteries, fuel
cells, and supercapacitors?,” 2004.

8 Bruce, “Energy storage beyond the
horizon: Rechargeable lithium batteries,”
2008.
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promising candidates for energy storage devices is the lithium-sulfur
cells. Lithium-sulfur (Li-S) cells have the potential to have substantially
higher energy density, up to 2500 W.h.kg™!, in comparison to Li ion ones
(180 mA.h.g™!). The cell in its simplest configuration consists of sulphur
as the positive electrode (Cathode) and lithium as the negative electrode
(Anode),”? Figure 1.1.
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Figure 1.1: Schematic of a Li-S cell. (Created by the author).

The overall electrochemical reaction during charge and discharge is
shown in the following reaction:

Sg + 16Li* + 16e~ = 8LirS (1.1)

Despite its considerable advantages, were mentioned earlier, the
sulfur cathode in Li-S cells face several challenges that hinder their
widespread application. These challenges include:

a) Formation of an insulating layer consisting of insoluble Li>S; and
Li,S structures on the sulfur cathode during discharge cycles. This results
in poor utilization of the active material'l.

b) Dissolution of Li-polysulfides (Li>S;, 2 < n < 8) into the electrolyte
before full reduction to Li,S, leading to irreversible capacity fade!!.

c) Migration of Li-polysulfides to the anode (shuttle effect), their
reaction with anode surface, and the eventual formation of an insulating
layer of Li>S; and Li,S around the anode. This layer prevents the diffusion
of Li* ions into the electrolyte!?/11.

d) Volume expansion in the sulfur cathode upon reaction with Li*
due to different densities between a-sulfur (2.07 g cm~3) and Li,S (1.66
g cm™2). This not only results in weakened electrical contacts with the
conductive substrate but also safety concerns!!.

To address these challenges, advancements in materials design, including
the development of new electrolytes and protective films for the lithium
anode, have been previously introduced.’®” Nevertheless, the main
problem still remains at the cathode, where the sulfur compounds are

9 Rauh et al., “A lithium/dissolved sulfur
battery with an organic electrolyte,” 1979.

10 Shim et al., “The lithium /sulfur
rechargeable cell: effects of electrode
composition and solvent on cell
performance,” 2002.

11 Seh et al., “Designing high-energy
lithium-sulfur batteries,” 2016.

12 Liang ef al., “A highly efficient
polysulfide mediator for lithium-sulfur
batteries,” 2015.

13 Shin et al., “Characterization of
N-methyl-N-butylpyrrolidinium bis
(trifluoromethanesulfonyl)
imide-LiTFSI-tetra (ethylene glycol)
dimethyl ether mixtures as a Li metal cell
electrolyte,” 2008.

14 Yuan et al., “Improved dischargeability
and reversibility of sulfur cathode in a
novel ionic liquid electrolyte,” 2006.

15 Ryu et al., “Discharge behavior of
lithium /sulfur cell with TEGDME based
electrolyte at low temperature,” 2006.

16 Wang et al., “Sulfur-mesoporous
carbon composites in conjunction with a
novel ionic liquid electrolyte for lithium
rechargeable batteries,” 2008.

17 Chung et al., “Lithium phosphorous
oxynitride as a passive layer for anodes in
lithium secondary batteries,” 2004.
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dissolving into the electrolyte, which lead to performance issues in the
battery.

1.2 Polymeric Sulfur Cathode

Organic materials present a remarkable opportunity for advancing cur-
rent energy storage systems. They can be incorporated into the sulfur
cathode to improve conductivity, increase active material usage, and
prevent dissolution. Among these, sulfur-rich copolymers derived from
poly(sulfur-random-1,3-diisopropenylbenzene) (S5-r-DIB) have recently
emerged as cathode materials. It is typically synthesized through inverse
vulcanization!®, these co-polymer have demonstrated improved capacity
retention and battery lifetime!®. Moreover, the structural flexibility of
polymeric cathodes can effectively overcome the volume expansion which
occurs during lithiation.2%?! Li-S batteries using poly(S-r-DIB) copoly-
mers as the active cathode material function similarly to traditional Li-S
batteries that use Sg. The main difference is that during discharge, poly(S-
r-DIB) copolymers form soluble organosulfur compounds (thiolated DIB
units).

1.2.1 Inverse Vulcanization

In 2013, Pyun 218 and co-workers introduced a technique known as
inverse vulcanization, allowing for the direct copolymerization of molten
elemental sulfur with vinylic comonomers. The poly(S-r-DIB) copolymers
are produced via inverse vulcanization, involving the direct dissolution
and copolymerization of DIB within liquid sulfur. This process essentially
comprises a bulk copolymerization of molten sulfur and DIB (solvent-
free), carried out at around 185 °C, allowing for the free radical ring-
opening polymerization (ROP) of Sg (see Figure 1.2). This process leads
to the formation of a highly cross-linked polymer network. At a current
of 0.1C, displays a 1100 mA h g™! specific capacity on the first cycle and,
importantly, retains 74.8% capacity after 100 cycles.'

18 Simmonds et al., “Inverse
vulcanization of elemental sulfur to
prepare polymeric electrode materials for
Li-S batteries,” 2014.

19 Jiet al., “Advances in Li-S batteries,”
2010.

20 Chung et al., “The use of elemental
sulfur as an alternative feedstock for
polymeric materials Nat,” 2013.

21 Schon et al., “The rise of organic
electrode materials for energy storage,”
2016.



Introduction 4

Ring Opening Polymerization . : . )
T=185°C P N N N N
. aQ o

Inverse Vulcanization

T=185 °C
DIB
s
Ny /
5 - e “"‘».V.:;:: = N, 9

Poly(Sulfur-random-1,3-Diisopropenylbenzene)copolumer

Figure 1.2: Synthetic scheme for the inverse vulcanization process yielding poly(sulfur-
random-1,3-diisopropenylbenzene) copolymers. (Created by the author based on lab
work and samples personally synthesized).

However, a complete understanding of the redox mechanisms for

these materials remains unknown, primarily because of the challenges
associated with characterizing the amorphous structures of polymer
cathodes and identifying individual ionic species.
In this thesis, our goal is to gain a deeper understanding of the structure
of poly(S-r-DIB) copolymers, followed by investigating their discharge
mechanism in the presence of Li ions. We aim to achieve this goal by
employing a combination of density-functional theory-based calculations,
ab-initio molecular dynamics simulations, and characterizing the Raman
spectra of these copolymers.

1.3 Spectroscopy

Spectroscopy is a field of science that explores the interaction between
external electromagnetic radiation and matter as a function of wavelength
or frequency in order to extract valuable insights about the composi-
tion, structure, and properties of matter.> In many cases, experimental
spectroscopic measurements of materials such as NMR, IR, and Raman
spectroscopy can be complemented by simulations using computational
methods. This dual approach recognizes as a bridge between experi-
mental and computational techniques, enabling a more comprehensive
analysis of the fundamental aspects of a spectrum.

Each type of spectroscopy, such as electronic, X-ray, photoelectron, and
vibrational spectroscopy, offers unique insights into the structure and
properties of materials and molecules, making them essential tools
across various scientific fields. Among these, vibrational spectroscopy
is particularly valuable for studying the vibrational states of molecules,
providing detailed information about molecular structure, bonding,

22 Press, The Oxford American College
Dictionary, 2002.


https://books.google.com/books?vid=ISBN9780399144158
https://books.google.com/books?vid=ISBN9780399144158
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and dynamics. By measuring the absorption or scattering of light at
different frequencies, vibrational spectroscopy reveals important details
about functional groups within a molecule and their interactions with
the surrounding environment. Its ability to provide precise molecular
fingerprints, coupled with non-destructive and versatile analysis across
various states of matter, makes vibrational spectroscopy a preferred
choice in many applications. Techniques like infrared (IR) and Raman
spectroscopy are commonly used within this area.??

In this thesis, specifically, Raman spectroscopy is employed as a key to
enhance our understanding of poly(S-r-DIB) structures, by combining
experimental measurements with ab initio molecular dynamics simula-
tions.

A deeper exploration of the theory behind Raman spectroscopy and the
methods which is used in this thesis for its simulation can be found in
Chapter 2.

1.4 Thesis Outline

This doctoral research contains a series of investigations united by a
common theme: the combination of density functional theory (DFT)
and ab initio molecular dynamics (MD) simulations to explore novel
sulfur-based cathode materials designed for advanced Lithium-Sulfur
(Li-S) batteries. One project was carried out in collaboration with the
experimental Raman laboratory led by Prof. Michael Bron at the Martin
Luther University of Halle-Wittenberg, allowing for a direct comparison
between theoretical and experimental results. Additionally, another
collaboration was established with the Electrochemical Energy Storage
department at Helmholtz-Zentrum Berlin fiir Materialien und Energie,
Dr. Sebastian Risse’s group, further enabling the integration of theo-
retical models with experimental data. The core of this thesis is based
on the publications from this research, which have been published in
international journals and are fully reproduced herein as a fundamental
component of this work.

This cumulative thesis is structured as follows. Following the introduc-
tory section, in Chapter 2 we look into a comprehensive exploration of
the theoretical frameworks, bases of the methods employed throughout
this research. Chapter 3 provides an overview of the research conducted
and presents the significant findings. Finally, Chapters 4-6 contain
complete reproductions of the three published papers in peer—reviewed
journals'=3. At the End, Chapter 7, we are presenting the conclusion of
the thesis work.

23 Smith et al., Modern Raman
spectroscopy: a practical approach, 2019.

1 Kiani et al., “On the Structure of
Sulfur/1, 3-Diisopropenylbenzene
Co-Polymer Cathodes for Li-S Batteries:
Insights from Density-Functional Theory
Calculations,” 2022.

2 Kiani et al., “Characterization of
sulfur/carbon copolymer cathodes for
Li-S batteries: a combined experimental
and ab initio Raman spectroscopy study,”
2023.

3 Kiani et al., “Ab Initio Simulation of
Raman Fingerprints of Sulfur/Carbon
Copolymer Cathodes During Discharge
of Li-S Batteries, .






Theoretical Framework

This chapter is dedicated to a discussion of the theoretical background
of the methods used in this work.

2.1 Molecular Dynamics

Molecular Dynamics (MD) is a numerical simulation method to solve
the classical many-body problem, specifically the movement of particles
in time, which interact via a potential. The solution is derived through
the numerical integration of the (Newtonian) equations of motion. In
simpler terms, molecular dynamics explores the model and movements of
particles (atoms) by solving classical equations of motion. This valuable
technique has application in a wide spectrum, ranging from crystalline
and amorphous solids to liquids and solutions.

2.1.1 Classical vs. Ab Initio Molecular Dynamics

Since we would like to probe a system, the obvious approach is to start
from the equations of motion. Neglecting quantum effects, Newton’s
second law explains the motion of a I particle as follow:

miRi(t) = Fi(t) = =VV(Rq(t), Ra(t), . .., Rn (1)), 2.1)

Here, m| represents the mass of the particle I, and Ry(f) denotes its
spatial coordinates at time ¢. V represents the system’s potential as a
function of the spatial coordinates of all N particles. The forces F;(t)
acting on the particles can be derived as the gradient of the potential
V. There are various approaches to calculate forces Fy(t), resulting
in different types of MD simulations. Classical MD involves dividing
the energy of a molecular system into various contributions, and these
contributions are parameterized based on nuclear positions. Following
this approach, the total energy of a system and consequently, the forces
are derived as the sum of individual contributions. This approach is
computationally efficient, enabling the calculation of several thousand
atoms up to hundreds of nanoseconds.

An alternative method for calculating forces on atomic nuclei involves
an approximate solution of the Schrédinger equation. This approach,
known as ab initio Molecular Dynamics (AIMD), is computationally more
expensive. This method limits the system size to several hundred atoms
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and the time scale to usually less than one nanosecond. Although AIMD
investigates smaller systems, it offers powerful predictive capabilities as
forces are derived from an electronic structure method. In classical MD
simulations, forces are based on previously parameterized processes,
optimized for specific compound classes and properties, making them
less transferable to other compound classes.

2.1.2 Numerical Integration of the Equations of Motion

The equation of motion (Eq (2.1)), describes a group of connected second-
order partial differential equations. There are different approaches to
solve these kind of equations. The common approach is to use finite-
difference integration, but not all algorithms fulfilling conditions like
time-reversibility and conservation of energy and momentum. The
Verlet algorithm is an appropriate method for numerically integrating
the equations of motion.

The Verlet algorithm
We start by Taylor expansion, extending up to the second order, for the
position of a particle at the time t + At:

dr;(t) 1 dzrl(t)
i Mt

By using Newton’s second law, we can replace the acceleration
according to:

ri(t + At) = ri(t) + (2.2)

dn(t) ,, , Fit)

dt 2m;

The velocity term in equation (2.3) can be excluded by introducing a
similar expression for r;(f — At):

ri(t + At) ~ ri(t) + At? (2.3)

dr; F;(t
ri(t — Af) ~ ri(t) — —l At + %}Atz (2.4)
Summation of equation (2.3) and (2.4), results in:

ri(t + Ab) ~ 2ri(t) — 1i(t — At) + ——2 F; (t)

AP (2.5)

Equation 2.5 is the Verlet algorithm . Starting from an initial state,
equation (2.3) can create a set of coordinates at the time At. These
coordinates can be further used along a trajectory of an arbitary length
using equation (2.5). The Verlet algorithm can not explicitly compute
velocities. Velocities are obtained through post-processing of particle
positions in the trajectory, as:

@ _ ri(t + At) —ri(t — At)

vil) =7 2AL 26)

24 Verlet, “Computer” experiments" on
classical fluids. II. Equilibrium
correlation functions,” 1968.
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The Velocity-Verlet algorithm

The velocity-Verlet algorithm addresses the disadvantage of the Verlet
algorithm and provides explicit formulae for both positions and velocities.
It starts from the time reversibility of Newton’s equations of motion and
perform a Taylor expansion of r;(t + At) from a time step —At as follows:

. 24,
dr;(t + At)At N 1d7r(t + At)
dt 2 dr?
Combining this equation with equation (2.3), results in:

ri(t) ~ ri(t + At) — A? (2.7)

vi(t + At) = vi(t) + (2.8)

Fi(t) + Fi(t + At
(GRLIETGPY
1

The velocity-Verlet algorithm is formed by combining equations (2.3)
and (2.8). It allows the simultaneous updating of positions and velocities,
offering direct access to these values. This is particularly useful when
implementing constant temperature algorithms.

Controlling the Temperature: Thermostats

The simulation procedure described, involves initiating a system with N
particles in a fixed volume V where energy remains a constant, results in
an NVE ensemble. However, it is often necessary to sample from different
ensembles, such as the constant temperature (NVT) or constant pressure
(NPT) ensemble, to reflect experimental conditions. In order to maintain
constant temperature and pressure instead of energy, thermostats?28
and barostats®-3! are employed, respectively. While various schemes
exist in the literature, this thesis employs Canonical Sampling through
Velocity Rescaling (CSVR) thermostat?” for obtaining results.

The CSVR thermostat controls the temperature of a system by adjusting
the velocities of particles at each simulation step using a rescaling factor,
«, which depends on the system’s kinetic energy.

a=4l= (2.9)

where K is the system’s current kinetic energy and K; refers to the
target kinetic energy drawn randomly from the kinetic energy distri-
bution. However, if the velocities are rescaled too directly, it can cause
large fluctuations, which can disturb the system’s natural behavior. To
minimize this effect, the rescaling is applied gradually over several steps,
which smooths the process:

KK dW
Nf vz’
where 7 is a coupling constant, N refers to the number of degrees of

freedom and dW is Wiener noise. By the assumption of ergodicity, this
thermostat has been shown to accurately reproduce the NVT ensemble.?’

dK = (K - K)% +2 (2.10)

25 Marx et al., Ab initio molecular dynamics:
basic theory and advanced methods, 2009.

26 Andersen, “Molecular dynamics
simulations at constant pressure and/or
temperature,” 1980.

27 Nosé, “A molecular dynamics method
for simulations in the canonical
ensemble,” 1984.

28 Hoover, “Canonical dynamics:
Equilibrium phase-space distributions,”
1985.

29 Bussi et al., “Canonical sampling
through velocity rescaling,” 2007.

30 Parrinello et al., “Crystal structure and
pair potentials: A molecular-dynamics
study,” 1980.

31 Parrinello ef al., “Polymorphic
transitions in single crystals: A new
molecular dynamics method,” 1981.
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2.1.3 Ab Initio Molecular Dynamics (AIMD)

The efficiency of molecular dynamics simulations is primarily limited
by the selected level of theory used to calculate atomic forces. Using
pre-parametrized potentials for force calculations makes classical molec-
ular dynamics a cost-effective option. In contrast, ab initio molecular
dynamics (AIMD) is significantly more computationally demanding,
due to solving the Schrédinger equation at each time step.

This thesis will employ AIMD due to the requirement for a more realistic
representation of the electronic structure. Specifically, AIMD is chosen
for its ability to accurately describe covalent bonds and as a result their
associated vibrational modes to calculate Raman Spectra for the struc-
tures. This method will be further discussed in this chapter.

We use the term AIMD to refer to Born-Oppenheimer Molecular Dy-
namics (MD). In Born-Oppenheimer MD, the static electronic structure
problem is solved within each MD step, with the nuclear positions held
fixed at a given moment in time (Eq (2.12)). The nuclei move using
classical equations of motion, and we calculate the forces by finding the
gradient of the potential determined from solving the electronic structure
problem. The electronic part of the total force on the atom is determined
using Equation (2.11).

MiR;(t) = =V ming, {{¥o, HyWo)} + Fun (2.11)

A,¥, = EgWy (2.12)
In equation (2.12), H,; denotes the electronic Hamiltonian, W, denotes
the ground state wave function, and Ey denotes the ground state energy.

2.2 Electronic Structure

Electronic structure methods are employed to compute various prop-
erties of a many-body system®?, based on the fundamental principles
of quantum physics. The comprehensive description of a many-body
particle system relies on its many-body wave function. Assuming negli-
gible relativistic effects and time-independent external potentials, the
many-body wave function can be derived from the stationary many-body
Schrodinger equation:

AY = EY (2.13)

Here, the time-independent Hamiltonian (H) is defined as:

32 McQuarrie, Quantum chemistry, 2008.
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(2.14)
The indices i and j denote electrons, while A and B represent atomic

nuclei. M; signifies nuclear masses, and R 4 and 7; stand for nuclear and
electron positions, respectively, with Z 4 referring to the atomic number.
Also, Equation (2.14) is presented in atomic units, where e, i, m, and
4meg are considered to be equal to one.

The Hamiltonian H can be separated into contributions from the electron
(1) and the nuclear (T},) kinetic energy operators, the electron-electron
repulsion (Vee), the nucleus-nucleus repulsion (Vnn), and the electron-
nucleus interaction (V,,,).

Here, we will use this Hamiltonian to solve the electronic structure
problem in a Born-Oppenheimer Molecular Dynamics given by equa-
tion (2.11). Practically, the precise quantum mechanical analysis of a
many-body system is only possible for very small systems. The Born-
Oppenheimer approximation simplifies the problem by expressing the
complete many-body wave function W(r, R) as the product of an electronic
wave function W,(r, {R}) and a nuclear wave function ¢,,.(R),

\I/(r, R) = \Pel(rr {R})ﬂbnuc(R) (215)

Here, r represents the degrees of freedom of the electronic subsystem,

and R denotes the degrees of freedom of the nuclear subsystem. As
implied by equation (2.15), the states of electrons and nuclei can be treated
independently. This allows for the calculation of the electronic wave
function concerning fixed nuclear positions, denoted by the parametric
dependence of W,(r, {R}) on the nuclear coordinates R. The Born-
Oppenheimer approximation is theoretically justified by the significant
mass difference of approximately three orders of magnitude between
nuclei and electrons. Consequently, the electrons readily adjust to the
positions of the slowly moving cores, behaving as if they are completely
relaxed at any moment during atomic movement.
Instead of dealing with the entire many-body wave function, the many-
body problem can be simplified to one involving electrons moving in
an external field generated by stationary nuclei. The corresponding
time-independent Hamiltonian for this simplified problem is given by:

M M
-+ Z Z (2.16)

i=1 A=1 Ti

) N NN
A=) 5V Z}Z

i=1 i

with:

I:Iel\yel = Ee1Wer (2-17)
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From this point onward, our focus will be on the electronic component
of the total Hamiltonian. Various methods have been developed for the
construction of approximate solutions of the equation (Eq (2.17)). A wave-
function based (Hartree-Fock) and a density based (Density Functional
Theory) approach®. This thesis employs the Density Functional Theory
(DFT) approach. In the subsequent sections, we mainly explore into this
method.

2.2.1 Density Functional Theory

The computational demands of Hartree-Fock (HF) based methods in-
crease significantly for large systems due to the requirement of calculating
the many-body wave function. An alternative approach that reduces
computational complexity is to utilize the electronic charge density in-
stead of the wave function. This approach reduces the spatial variables
from 3N to only 3 for an N-electron system. Density functional theory
(DFT) employs the electron density as a fundamental quantity, allowing
for more efficient computations compared to HF-based methods and
enabling the investigation of larger systems. In DFT, the physical and
chemical properties, such as the total energy, are expressed as functionals
of the electronic charge density, which can be calculated as,

p(r) = NZZ/ / |\If(r1,a1;r2,02;...;rN,aledrl...drN_l.
01 ON

(2.18)

Over the past decades, advancements in DFT-based methods have

made it a widely used tool for studying various systems, including

molecules, clusters, liquids, and solids. The concept of using electron

density as a central quantity in materials modeling originated from the
Thomas-Fermi model.

Hohenberg-Kohn Theorems

The foundations of modern Density Functional Theory (DFT) are based
on the theorems formulated by Hohenberg and Kohn. The first theorem
states that the electronic ground state contains all the necessary infor-
mation in its electronic density. In other words, there is a one-to-one
correspondence between the external potentials v.,¢(r) and the ground-
state density po(r). This allows the external potential to be expressed as a
unique functional of the ground-state density v[po](r), up to an arbitrary
additive constant.

The second theorem states that the ground-state energy can be ob-
tained using the Rayleigh-Ritz variational principle}, where the exact
ground-state density pp minimizes the total energy functionalE,,[p],

E,lpl = Eo Yo (2.19)
and E,[p] = Ep if and only if p = po.

33 Ritz, “Uber eine neue Methode zur
Losung gewisser Variationsprobleme der
mathematischen Physik.,” 1909.
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The Hohenberg-Kohn theorem was formulated for systems that can
be described by a real physical potential, known as v-representable
systems. Determining whether a given density is v-representable or
not is generally a challenging task. However, the Levy-Lieb constrained
search formalism offers a solution to this problem. Levy and Lieb343°
introduced a functional similar to that of Hohenberg and Kohn but with
a less restrictive condition on the density, known as N-representability.
An electron density is considered N-representable if it originates from
an N-electron antisymmetric wave function. This condition ensures the
applicability of density functional theory (DFT).

Theoretically, the total-energy E[p] can be expressed as a sum of kinetic
energy functional T[p] and the functionals of energy resulting from
electron-electron and electron-nuclei interaction,

Elp] = T[p] + Eenlp] + Eecelp] (2.20)

This concept provides an accurate representation of the total energy
of a system. However, the expression of its functional is not known.
One particular problem is formulating the kinetic energy in terms of the
electron density. To address this issue, Kohn-Sham Density Functional
Theory (DFT) can be employed.

Kohn-Sham DFT

According to the Kohn-Sham (KS) approach, we can determine the
electronic ground state density. Kohn and Sham proposed the use of
a non-interacting reference system consisting of KS orbitals ¢,,. These
orbitals are chosen in such a way that the electron density of the Kohn-
Sham auxiliary system, denoted as pks, equals the ground state density
po obtained from the fully interacting wave function,

polx) = prs(r) = I (GRS () 9K (x) (2.21)

By replacing the many-body system with a system of N non-interacting
electrons, we can express the total-energy functional within the frame-
work of Kohn-Sham Density Functional Theory (KS-DFT) as follows:

ExsT{OK" Y] = Y (0K°, -5 V20K%) +Ealp] + Enlp] + Exlp]  (222)

T[{¢n}]

T:[{¢X5}] denotes kinetic energy functional. T;[{¢X5}] represents
an explicit function of the Kohn-Sham framework, while it serves as
an implicit functional of the density orbitals T;[p] = T,[{¢X°[p]}]. The
notation [{¢X°}] represents the functional dependence on the set of
occupied orbitals. In equation (2.22), E..[p] denotes the functional
accounting for the repulsion between the nuclei and electrons,

34 Levy, “Universal variational
functionals of electron densities,
first-order density matrices, and natural
spin-orbitals and solution of the
v-representability problem,” 1979.

35 Lieb, “Density functionals for
Coulomb systems,” 2002.
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Een[p]://ven(r)p(r)d3r (2.23)

The functional arising from electron-electron interaction can be de-
composed into contributions from the classical Hartree potential (Vy),
the energy functional (Eg[p]), and the exchange-correlation functional

(Exclp)),

Eeelp] = Enlp] + Exclp / / pwp(r') POPE) v dr + Exc[p] (224

|r— 1|

= %//vH(r)p(r)d3r'd3r+Exc[p] (2.25)

The exchange-correlation functional E,.[p] contains the difference be-
tween the independent-electron system and the real system of interacting
electrons. We can define it as follows:

Exel{@n’ 1] = Tlp] = Tl{¢n " + Eelp] - Enlp]l ~ (226)

An exact expression of the exchange-correlation functional would
enable the calculation of exact ground-state energies. However, the
precise form of E,[p] is currently unknown, leading to significant efforts
in finding efficient approximations to it. Numerous approximations have
been developed, spanning from basic local density approximations based
on the homogeneous electron gas to more sophisticated generalized
gradient approximations and hybrid functionals that incorporate exact
Hartree-Fock exchange.
It is important to note that the variational principle, which guarantees
the minimum of the energy with respect to ground-state energies and
densities, may not hold true for approximated energy functionals. How-
ever, despite this limitation, the variational principle is still applied in
practice for current state-of-the-art approximated energy functionals.
The resulting electron density obtained through these approximations is
considered an approximation for the true ground-state density, serving
as a useful approach for practical applications.
Differentiation of equation (2.22) with respect to the ¢pX5 eventually leads
to the Kohn-Sham (KS) equations:

hZ
_EVZ + Vye(r) + V(1) + vye(r) +q§f15 = emqbﬁs, (2.27)

Hks
where the Kohn-Sham potential, vis, is:

VKS (1‘) = Vne(r) +VH (I‘) + ch(r) (2.28)

Similar to the Hartree-Fock equations, the KS equations must be
solved in a self-consistent manner because the Kohn-Sham potential vs
represents an effective potential that depends on the density itself.
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2.3 Maximally localized Wannier functions

The electronic ground state of a periodic system is commonly expressed
using extended Bloch orbitals. An alternative representation using
localized "Wannier functions", introduced by Gregory Wannier in 1937,
offers a different perspective. Since 1997, methods have been devised
to iteratively transform the extended Bloch orbitals obtained from first-
principles calculations into a distinctive set of maximally localized

Wannier functions?®.

2.3.1 Bloch functions and Wannier functions

It is usually common to use periodic boundary conditions in electronic-
structure calculations to investigate perfect crystals. This approach can
also be extended to periodic supercells, facilitating the study of non-
periodic systems like liquids, interfaces, and defects. The one-particle
effective Hamiltonian H commuts with the lattice-translation operator T,
which allows for the use of Bloch orbitals, |,x), as common eigenstates:

[H,Tr] = 0 = k(1) = tr(r)e™®, (2.29)

where 1,,,(r) has the periodicity of the Hamiltonian.

In a simplified model, we focus on p-like orbitals centered on each atom.
We assume that this band is isolated, meaning it maintains a gap from
the bands both below and above at all k. Due to the varying envelope
functions, e*", of Bloch functions at different k, it is anticipated that a
localized "wave packet’ can be constructed by combining Bloch functions
from different k. To achieve a localized wave packet in real space, a broad
superposition in k space is needed. However, since k is in the periodic
Brillouin zone, the most effective approach is to assign equal amplitudes
throughout the Brillouin zone. This allows us to construct:

14
wo(r) = W /BZ dkiux(r), (2.30)

Here, V represents the volume of the real-space primitive cell, and
the integral is over the entire Brillouin Zone (BZ). Equation (2.30) can
represent the Wannier function (WF) located in the reference unit cell.
In general, we can introduce a phase factor, e’kR into the integrand of
Eq. (2.30) where R is a real-space lattice vector. This operation translates
the real-space Wannier function by R, giving rise to additional Wannier
functions such as w; and w,. Changing it to Dirac bra-ket notation and
introducing the notation R, to denote the Wannier function w;r in the
cell R associated with band 1, Wannier functions can be constructed as
follows:

_ vV _ik.R
Ri) = o fB ke, 231)

It can be demonstrated that the |R,) form an orthonormal set, and
that two Wannier functions |R,) and |R},) undergo a transformation into

36 Marzari et al., “Maximally localized
Wannier functions: Theory and
applications,” 2012.
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each other under translation by the lattice vector R — R’. Equation (2.31)
represents a Fourier transform, and its inverse transform will be:

Yuy = > e RIR,).

R

(2.32)

Equations (2.31) and (2.32) represent a unitary transformation con-
necting Bloch and Wannier states. Therefore, both approaches describe
an equally valid description of the band subspace. For instance, the
charge density, obtained by summing the squares of either the Bloch
functions |¢,,x) or the Wannier functions |R,), is identical. The similarity
between the Bloch and Wannier representations becomes clear when we
express the band projection operator P in both representations:

/ Ak| Ui (k| = Z IRu)(Ral-
BZ R

Therefore, Wannier functions are a good way to show the space
covered by a Bloch band in a crystal. They are localized but still contain
the same information as the Bloch functions.

Vv
"=

(2.33)

2.3.2 Wannier Polarizability method

The critical factor in calculating a system’s vibrational spectrum is its
dipole moment. This dipole moment can be explicitly computed by utiliz-
ing maximally localized Wannier functions *°(MLWFs). MLWFs are a
special type of Wannier function that provides a localized representation
of the electronic structure in periodic systems. MLWFs are constructed
by applying a unitary transformation to minimize the spatial spread of
the Wannier functions, making them highly localized in real space.?’”
These functions assist in breaking down the total electronic density into
smaller, localized fragments. Besides, recent studies have shown that
changes in a molecule’s polarizability are directly related to the volume
of its electronic cloud in a linear manner#’. Since electronic properties
play a crucial role in determining polarizability, we can assume that the
overall isotropic polarizability of the system can be found by adding up
the polarizabilities of individual Wannier functions. The polarizability
assigned to the nth MLWF is expressed as follows:

A, =S5, (2.34)

where S, is the spread of the nth MLWF and A, is its associated po-
larizability*!~*3. Based on Wannier function definition in equation (2.31),
it is defined by:
S§=>,5:= D (Rul?IRa) = (RulrIR:)?), (2.35)
n n
and f is a proportionality constant, which its optimized value for

Wannier Polarizability (WP) method is f = 0.90. Therefore, the average
polarizability of the system can be expressed as:

37 Marzari et al., “Maximally localized
generalized Wannier functions for
composite energy bands,” 1997.

38 Resta, “Quantum-mechanical position
operator in extended systems,” 1998.

39 Resta et al., Theory of polarization: a
modern approach, 2007.

40 Murray et al., “Relationships of critical
constants and boiling points to computed
molecular surface properties,” 1993.

41 Partovi-Azar et al., “Evidence for the
existence of Li 2 S 2 clusters in
lithium—sulfur batteries: ab initio Raman
spectroscopy simulation,” 2015.

42 Partovi-Azar et al., “Efficient
“On-the-Fly” calculation of Raman
Spectra from Ab-Initio molecular
dynamics: Application to
hydrophobic/hydrophilic solutes in bulk
water,” 2015.

43 Partovi-Azar, “Efficient method for
estimating the dynamics of the full
polarizability tensor during ab initio
molecular dynamics simulations,” 2023.
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1 1 Nwr ‘3 Nwr
A = — A = — = — 3
A=3TrlAl =3 Z An=13 Z s3 (2.36)

This method enable us to calculate Raman spectra "on-the-fly" during
AIMD simulations. This means that by calculating the spreads of each
Wannier function and summing them up according to Equation (2.36), the
average polarizability will be obtained. Consequently, one can determine
the isotropic Raman spectrum at finite temperature by computing the

autocorrelation between the polarizabilities of the system43 ,

o (v) o Cyrarv) /O dte> (A(OVA(®)).ar, 2.37)

Here, o(v) is the intensity of the isotropic Raman scattering as a
function of the frequency, v, while (...) is statistical average in classical
mechanics.

2.4 Raman Spectroscopy

In 1923, Smekal* introduced the idea of inelastic light scattering, a
concept that was observed through the experiments conducted by C.
V. Raman and K. S. Krishnan in 1928%. This discovery, now known as
Raman spectroscopy, earned Raman the Nobel Prize in Physics in 1930.
In spectroscopy, we often use frequency v or wavenumber w instead of
wavelength A when discussing the interaction of radiation with molecules.
This is because we are typically interested in the energy aspect. These
scales are linearly related to energy, and their relationships are provided
below:

C
A== (2.38)
AE
v 1
=l== 2.4
W i (2.40)

Equations (2.38) to (2.40) indicate that energy is inversely propor-
tional to wavelength.
When light interacts with matter, its photons can undergo absorption,
scattering, or simply pass through the material without interaction. If an
incident photon’s energy matches the energy gap between a molecule’s
ground state and an excited state, absorption occurs, leading to the
molecule transitioning to a higher energy state. Alternatively, photons
can interact with molecules and scatter without requiring energy align-
ment with specific molecular energy levels®.
When a light source radiates to a sample, a portion of the light scatters in
various directions. Most of this scattered light has the same wavelength

44 Smekal, “Zur Quantentheorie der
Streuung und Dispersion,” 1925.

45 Graves et al., “Practical raman
spectroscopy,” 1989.
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A as the incident light, constituting elastic scattering. Rayleigh scattering
is another term for elastic scattering. This interaction doesn't alter the
energy state of the molecule, resulting in the scattered photon having the
same wavelength A as the incident photon. In a Raman spectrometer, it’s
necessary to filter out the Rayleigh scattered light from the collected light
to ensure the visibility of Raman signals. However, a small fraction of the
scattered light engages with the matter in a manner that involves the ex-
change of small energy quantities, known as inelastic scattering. Raman
spectroscopy relies on the inelastic light scattering within a substance,
where incident light transfer energy to molecular vibrations. This energy
exchange leads to a modification in the frequency v and wavelength A of
the scattered light. Elastic scattering in Raman spectroscopy is divided
into two categories: Stokes and Anti-Stokes scattering. Stokes Raman
scattering is the inelastic scattering process where energy is transferred
from light to a molecular vibration, resulting in a scattered photon with
lower energy and a longer wavelength than the incident photon. The
energy transferred must precisely match the amount needed to excite
a molecular vibration, making the composition of the scattered light
unique to each molecule, like a fingerprint. While Stokes scattering is
the most commonly utilized process for obtaining a Raman spectrum, it
is much less likely to occur compared to Rayleigh scattering. Anti-Stokes
Raman scattering involves the transfer of a specific amount of energy
from a molecular vibration to the photon. The scattered photon has
higher energy and a shorter wavelength than the incident photon. This
process is less likely than Stokes scattering and is rarely used in Raman
spectroscopy. Information from anti-Stokes scattered light is mostly
equivalent to that from Stokes scattered light, and only specialized appli-

cations may require measuring both scattering processes

H |4 1
i Raman Shift| | |Raman Shift/}|
il(ann-stokes) i | (stokes)
{ |

S

23,4645

, Figure

2.1.

Virtual
levels

v

0

Raman Scattering Rayleigh Scattering Raman Scattering

(anti-stokes)

(stokes)

Figure 2.1: Diagram of the Raman scattering processes. (Created by the author).

In Raman scattering, light interacts with a molecule, causing a tem-

23 Smith et al., Modern Raman
spectroscopy: a practical approach, 2019.

46 Hollas, Modern spectroscopy, 2004.
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porary polarization of the electron clouds around the nuclei, forming a
short-lived "virtual state." This state is unstable, and the photon is quickly
re-emitted. Raman spectroscopy identifies changes in a molecule’s polar-
izability, focusing on vibrations where the polarizability alters during
movement (known as Raman-active vibrations). Polarizability indicates
how easily a molecule’s electron cloud can be distorted, often influenced
by changes in cloud size. For instance, symmetric stretching vibrations
can lead to an increase in the local electron cloud size.
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3.1 Onthe Structure of Sulfur/1,3-Diisopropenylbenzene
Co-Polymer Cathodes for Li-S Batteries: In-
sights from Density-Functional Theory Cal-
culations

In this work the local bonding between 1,3-diisopropenylbenzene and
sulfur chains has been investigated utilizing density functional theory
calculations combined with classical molecular dynamics simulations.
Here, the goal was to study the structure of poly(S-co-DIB) co-polymers,
specifically, the most favorable length of a sulfur chain connecting two
DIBs.

The importance of this investigation goes far beyond the interest of only
computational methods, as understanding the structure of these sulfur-
based co-polymers is crucial for energy-storage systems, particularly
lithium-sulfur (Li-S) batteries. The chosen co-polymer, sulfur,-1,3-
diisopropenylbenzen, represents an alternative cathode material for Li-S
batteries. Recent evidence shows this sulfur co-polymer significantly
improve the life cycle of Li-S batteries, as well as withstanding volumetric
expansion of the cathodes during discharge.

Density functional theory (DFT) through the CP2K software package
was used to perform all the structural optimizations. In some stages of
this study, classical molecular dynamics (MD) simulations were carried
out to improve structural sampling of the molecular structures.

In order to investigate how the sulfur chains and organic groups might
affect the total stability of the mentioned sulfur co-polymer, we started
with basic structures and gradually added chemical branches to reach
the target ones. The procedure is depicted in figure 3.1.

Analysis demonstrated that short sulfur chains ~4 connecting carbonic
groups with similar structure as DIB are preferable to form. Moreover,
The stability of the co-polymer mostly depends on the length of the
sulfur chain instead of its connection to different carbon types in the
isopropenyl group, figure 3.2.

Another important finding of this study proved that a thermodynamically
preferred structure of this sulfur co-polymer should contain 38 wt % of
1,3-diisopropenylbenzene. Among other benefits, this finding suggests

21
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the enhancement of the electrical conductivity of the cathode due to
the considerable amount of carbonic groups. The inverse vulcanization
process is a usual synthesis method to produce this compound.
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Figure 3.1: A schematic showing the steps taken in the present work from a simple
(--+ S—CH—CH,-S,,—~CH»—CH>-S: - - ) structure to the final (- --S-DIB-S,,-DIB-S- - -)
structure. The groups which are added at each step are highlighted in red.
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Figure 3.2: DFT energies as a function of number of sulfur atoms in the middle chain,
n. Data shown in black circles, red triangles, and blue squares correspond to AA, AB,
and BB connections between the middle sulfur chain and the DIBs. The energies are
referenced with respect to the energy of the sample with (c, n) =(BB,4).

3.2 Characterization of sulfur/carbon copoly-
mer cathodes for Li-S batteries: a combined
experimental and ab initio Raman spec-
troscopy study

This work combines computational and experimental methods. It was
done in collaboration with the Bron research group from the chem-
istry department of Martin Luther university. It is a continuation of
the previous work on the structure of sulfur/1,3-diisopropenylbenzene
co-polymer, but here, the focus was on the spectroscopical features of
this co-polymer. The main concern was to identify structures with differ-
ent sulfur chain lengths. Raman Spectroscopy is a powerful analytical
technique used in chemistry to identify molecules, chemical bonds, and
intermolecular interactions. It relies on the unique Raman signals pro-
duced by functional groups and substances, which are often referred to
as chemical fingerprints. By analyzing the Raman spectra of compounds
with different sulfur chain lengths, it is possible to identify differences in
the vibrational modes and thus distinguish between different structures.
For example, longer sulfur chains may exhibit different vibrational modes
compared to shorter chains, leading to differences in the Raman spectra.
The importance of this work relates to its direct application in the identi-
fication and characterization of sulfur co-polymers with different sulfur
contents, particularly, in Operando Raman measurements of cathode in
lithium-sulfur (Li-S) batteries.

The approach is based on ab initio Raman spectroscopy simulations
combined with experimental Raman measurements. To simulate Raman
spectra, we use the Wannier polarizability method, which is an efficient
computational technique. The method assumes that the molecular polar-
izability changes linearly with the volume of the molecule, and instead
of determining atomic volumes, it considers the volume of the Wannier
functions. The total mean polarizability is expressed as a sum over the
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polarizability assigned to each Wannier function in the system which are
functions of the Wannier orbital volumes and Wannier spread.

The synthesis of sulfur/1,3-diisopropenylebenzene was done through
the utilization of inverse vulcanization procedure.To vary the length
of the sulfur chains, S/DIB samples were synthesized with different
weight percentages of DIB, specifically 20, 25, 30, 40, and 50 wt %, which
corresponded to average chain lengths of 11, 8, 6, 4, and 3 sulfur atoms,
respectively. In order to confirm the presence of the connection between
S chains and DIB molecules, we used liquid-state NMR spectroscopy.
By using a combination of quantum-chemical calculations and experi-
mental Raman spectroscopy, we can identify a particular spectral activity
that allows for discrimination between shorter and longer sulfur chains in
the copolymer. We found that the Raman-active S-S stretching vibration
at about 450 cm™! was absent in the Raman spectra of shorter sulfur
chains, figure 3.3. In addition, we highlight the importance of synthesis
strategies that facilitate the formation of S/DIB copolymers with short
sulfur chains in a controllable way. As a result, by facilitating the forma-
tion of S/DIB copolymers with short sulfur chains, stable cycling for a
greater number of cycles can be achieved due to the hindered formation
of higher-order Li-polysulfides. All in all, by using Raman spectroscopy,
it is possible to investigate the structural properties of S/DIB copolymers
to provide a way to probe the presence and formation of short or long
sulfur chains.
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Figure 3.3: Calculated Raman Spectra of (a) DIB-S4-DIB and (b) DIB-Sg-DIB in vacuum.
Also shown in (a) and (b) are the computed Raman spectra of isolated S4 and Sg chains
(black curve). Partial Raman spectra arising from sulfur chains within DIB-S4-DIB and
DIB-5g—DIB systems are shown in red curves.

A comparison between experimental Raman spectra of S/DIB copoly-
mers with different weight percentages of DIB is presented in Figure 3.4.
Our theoretical results were supported by experimental measurements,
which indicated that Raman activity at around 473, cm™1 becomes less
intense as the mass fraction of DIB increases.
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Figure 3.4: Measured Raman spectra of S/DIB copolymers with different wt % of DIB.

3.3 Toward Ab initio Simulation of Operando
Raman Spectroscopy: Application to Sul-
fur/Carbon Copolymer Cathodes in Li-S Bat-
teries

This work continues previous research on the S/DIB co-polymer cathode
material for Li-S batteries. Initially, we identified the optimal structure !,
followed by its Raman characterization 2. The primary focus here is to
examine its Raman characterization during consecutive reaction with
Lithium during discharge, facilitating Operando Raman analysis. This
work represents the first attempt to compute operando Raman spectra
using quantum-chemical calculations. It provides a comprehensive
guideline for understanding Raman spectral changes of various elec-
trodes during discharge. The approach aligns with the previous study
and the procedures outlined in Chapter 2, involving state—of-the-art
finite-temperature ab initio Raman spectroscopy simulations combined
with experimental Raman measurements, utilizing the Wannier Polariz-
ability method.
Sulfur-1,3—diisopropenylbenzene (S/DIB) copolymers, which consist of
a network of DIB molecules linked by sulfur chains, have demonstrated
effective performance as cathode materials in Li-S batteries. Despite this,
their structural complexity and flexibility have made it challenging to
fully understand their atomistic structural evolution during the discharge
reactions. Figure 3.5 illustrates the detailed Raman spectral changes
during the reaction with lithium, focusing on the frequency range of
0-1200 cm™! for S/DIB copolymers with short and long sulfur chains,
specifically S4 and Sg.

Our observations indicate that S/DIB copolymers with both short
and long sulfur chains exhibit similar Raman characteristics at the full
discharge state (100% depth of discharge). Additionally, the Raman

1 Kiani et al., “On the Structure of
Sulfur/1, 3-Diisopropenylbenzene
Co-Polymer Cathodes for Li-S Batteries:
Insights from Density-Functional Theory
Calculations,” 2022.

2 Kiani et al., “Characterization of
sulfur/carbon copolymer cathodes for
Li-S batteries: a combined experimental
and ab initio Raman spectroscopy study,”
2023.
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Figure 3.5: Computed Raman spectra of different stage of Lithiation for (a) DIB-Liy; S4—
DIB, (b) DIB-Li;; Sg—DIB, molecules in vacuum. The black curves represent the computed
Raman spectra of the entire molecules, while the red curves represents the partial Raman
spectra of (a) LigSyq within the DIB-LigS4—DIB molecule and (b) Lij4Sg within the DIB-
Li14Sg—DIB molecule.

activities around 200 cm ™! during the discharge process can differentiate
between short and long sulfur chains. The band near 200 cm™! is exclu-
sively present in fully discharged S/DIB copolymers with short sulfur
chains. Conversely, we detected significant activity in the 200-250 cm™!
range from 14% to 100% depth of discharge in copolymers with long
sulfur chains.

Additionally, we have noted that the formation of lithium-sulfur struc-
tures may have significant implications. Specifically, the frequency range
associated with C-H stretching vibrations widens as the depth of dis-
charge increases. Figure 3.6 demonstrates the expansion of the C-H
stretching bandwidth during the discharge process for both short (S4) and
long (Sg) sulfur chains. This broadening suggests that the incorporation
of lithium and its subsequent interaction with sulfur atoms impacts the
vibrations of C—-H bonds, leading to non-identical oscillators.

Our theoretical predictions align well with experimental Raman
measurements conducted on coin cells at various stages of discharge.
Figure 3.7 shows the ex-situ Raman spectra measured for the synthesized
SDIB10 sample, corresponding to an average sulfur chain length of 22
sulfur atoms. All intensities are normalized relative to the carbon D band
at approximately 1350 cm™!. The spectra represent different discharge
depths: 0% (black), 66% (red), and 100% (blue). Despite variations in
sulfur chain lengths, these spectra can be qualitatively compared with
those of long sulfur chains (Sg), as shown in figure 3.5(b). Notably, in
addition to contributions from the S/DIB copolymer, the experimental
spectra also feature signals from the electrolyte, carbon black, and binder
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Figure 3.6: C-H stretching bandwidth as a function of depth of discharge for DIB-S4-DIB
(circles) and DIB-Sg—DIB (squares).

materials. Therefore, the comparison between theory and experiment
here remains primarily qualitative.
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Figure 3.7: Experimental Raman measurement on SDIB10. DOD stands for depth of
discharge.
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On the Structure of Sulfur/1,3-Diisopropenylbenzene Co-
Polymer Cathodes for Li-S Batteries: Insights from Density-
Functional Theory Calculations

Rana Kiani,” Daniel Sebastiani,” and Pouya Partovi-Azar*”

Sulfur co-polymers have recently drawn considerable attention
as alternative cathode materials for lithium-sulfur batteries,
thanks to their flexible atomic structure and the ability to
provide high reversible capacity. Here, we report on the atomic
structure of sulfur/1,3-diisopropenylbenzene co-polymers (poly
(S-co-DIB)) based on the insights obtained from density-func-
tional theory calculations. The focus is set on studying the local
structural properties, namely the favorable sulfur chain length
(S, with n = 1 - - - 8) connecting two DIBs. In order to investigate
the effects of the organic groups and sulfur chains separately,
we perform series of atomic structure optimizations. We start
from simple organic groups connected via sulfur chains and

1. Introduction

With the ever growing global demand for energy, the quest for
finding more efficient energy-storage systems has become
more and more intensive. Recently, lithium-sulfur (Li-S) bat-
teries have shown a superior performance over lithium-ion
batteries in terms of the energy density."? Additionally,
abundance of the constituents makes the Li—S a promising
candidate for the next-generation energy-storage devices.
However, irreversible capacity fade observed in the Li—S
batteries through cycling have so far prevented them from
being used in electric devices.”! This is mainly due to the
formation of Li-polysulfides during the discharge which could
consume the active material and lead to a shuttle effect.””
Another problem which has hindered the commercial produc-
tion of the Li—S batteries is the volumetric expansion of the
sulfur cathode upon lithiation which can detach the electrode
from the current collectors and even bring about safety
issues.>67!

In this regard, polymeric materials have been widely
proposed and investigated as alternative cathodes for Li—S
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gradually change the structure of the organic groups until we
reach a structure in which two DIB molecules are attached via
sulfur chains. Additionally, to increase the structural sampling,
we perform temperature-assisted minimum-energy structure
search on slightly simpler model systems. We find that in DIB-
S,-DIB co-polymers, shorter sulfur chains with n~4 are
preferred, where the stabilization is mostly brought about by
the sulfur chains rather than the organic groups. The presented
results, corresponding to the fully charged state of the cathode
in the thermodynamic limit, have direct applications in the field
of lithium-sulfur batteries with sulfur-polymer cathodes.

batteries.®' In particular, sulfur/carbon co-polymers, usually

synthesized through an inverse vulcanization process, have
recently attracted much attention.”'® As sulfur cathode materi-
als, they are not only able to withstand the volumetric
expansion of the cathode during discharge, thanks to their
structural flexibility, but they also have demonstrated a
promising performance in improving the cycle life of Li—S
batteries. Recently, sulfur/1,3-diisopropenylbenzene co-poly-
mers (poly(S-co-DIB)) have been shown to substantially immobi-
lize the Li-polysulfides during lithiation of the cathode.'®'” It
has been shown that the improved cyclability stems from the
organic moieties which act as anchors that fixate the Li-
polysulfides to the polymeric network and, therefore, prevent
them from diffusing into the electrolyte."” However, the redox
mechanisms of these materials are still not fully known. This is
due to the difficulty in characterizing amorphous polymer
cathode structures and identifying individual ionic species.

In this work, with the aim to gather insights onto the
structure of poly(S-co-DIB) co-polymers, we combine density-
functional theory-based calculations together with classical
molecular dynamics simulations to study the local bonding
between DIB and sulfur chains. We aim at finding the most
favorable length of a sulfur chain connecting two DIBs and
further use these information to gather insights onto the bulk
structure of the whole poly(S-co-DIB).

2. Methodology

A 1,3-diisopropenylbenzene (DIB) molecule is shown in Fig-
ure 1(a). Through the inverse vulcanization process to synthe-
size poly(S-co-DIB) co-polymers, the non-aromatic double C=C

© 2021 The Authors. ChemPhysChem published by Wiley-VCH GmbH
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bonds almost completely turn into single bonds resulting in
two sp® hybridized carbon atoms (Figure 1(b))."

To be able to gather insights into the structure of poly(S-co-
DIB) co-polymers, we concentrate on their local structure with
the aim to find the most favorable length of the sulfur chains
which form the poly(S-co-DIB) network. There are two factors
which play important roles in thermodynamic stabilization of
the DIB-S,-DIB structures, namely the sulfur chain connecting
the two DIBs and the interaction between the DIBs. In order to
decompose these effects, first we start from a very simple
compound as a product of the reaction 1 in which two CH,
molecules react with a polymeric sulfur chain consisting of a
large number of sulfur atoms (here, 40 in total) with the
terminal sulfur atoms saturated with hydrogen atoms to
prevent radical effects.

We change n from 1 to 8 while keeping the total number of
sulfur atoms constant. The large total number of sulfur atoms
are considered here to avoid finite-size effects. Afterwards,
chemical branches are gradually added to the two C,H, groups
in the product structures until the structures of two DIBs are
reached. To this end, first the hydrogen atoms bonded to C-S,
are both replaced with a methyl group. In a next step, we
replace the other hydrogens bonded to the same carbons with
methyl groups as well. In next steps, two benzene rings are
added to the structure and finally, the obtained structure is
further modified to reach the target (--S-DIB-S,-DIB-S-),
n=1-.-8 structures. The above steps are schematically shown
in Figure 2. In order to focus mainly on the effect of the
additional carbon groups, at each step we start the structural
optimization from the optimized structures obtained in the last
step. Additionally, in order to further avoid the effects of
structural flexibility of sulfur side chains we also perform
structural optimizations under periodic boundary conditions.

All structural optimizations are carried out at density-func-
tional theory (DFT) level using the CP2 K software package."® A
DZVP-MOLOPT basis set,"® along with Perdew-Burke-Ernzerhof
(PBE)®*"  exchange-correlation energy functional and Geo-

ChemPhysChem 2022, 23, €202100519 (2 of 5)
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Figure 2. A schematic showing the steps taken in the present work from a
simple (--S—CH,—CH,—S,—CH,—CH,—S-~) structure to the final (--S-DIB-S,-DIB-
S-) structure. The groups which are added at each step are highlighted in
red.

decker-Teter-Hutter (GTH) pseudopotentials®? are employed.

Moreover, for the long-range dispersion interactions, the semi-
empirical DFT-D3 method® is used. The synthesis of poly(S-co-
DIB) co-polymers is a solvent-free process and the DIBs are
added to the molten sulfur after ring-opening polymerization."®
Therefore, all calculations in this work are performed in
vacuum.

Moreover, to have a better structural sampling we adapt a
temperature-assisted minimum-energy structure search on
simpler structures consisting of two DIB molecules and a
connecting S chain only, namely DIB-S,-DIB. The initial config-
urations are selected based on possible ways a sulfur chain can
attach to two DIB molecules. There are two connection
possibilities; (A) the S chain directly connects to the doubly
bonded carbon, and (B) it connects to the DIB via a methyl
group (Figure 1(b)). The former results in a carbon atom which
is covalently bonded to four non-hydrogen atoms. Here, they
are referred to as “quaternary” carbons, C,, and are shown in
Figure 1(b). As a result, three possible connections are consid-
ered, i.e. ¢ =AA, AB, BB. In order to find candidates for the
lowest-energy structure of DIB-S,-DIB, n = 1 - - 8, with different
connections ¢, first for each (c,n) 10 ns classical molecular
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dynamics (MD) simulations at 300 K using General Amber Force
Field (GAFF)®¥ as implemented in the GULP code®?" are
carried out. The atomic charges are calculated using the RESP
method at DFT® |evel employing the sphere sampling of the
fitting points for molecular structures® together with the
REPEAT method.B” A time step of 0.5fs is considered in all
simulations while the temperature is controlled using a Nosé-
Hoover thermostat.®'*? For each (c,n), 10 uncorrelated snap-
shots are extracted from the MD trajectories roughly every 1 ns,
resulting in total 240 sample structures. DFT-based geometry
optimizations are then performed for all these structures.

3. Results and discussion

As mentioned above, in order to investigate how the sulfur chains
and organic groups affect the total stability of poly(S-co-DIB) co-
polymers, we gradually change the organic moieties towards the
target structure (--S-DIB-S,-DIB-S-) (see Figure 2). The optimized
structures and the respective DFT energies are shown in Fig-
ure 3(a)—(l) (the energies are referenced with respect to n =4 in
all cases) Here, we use the DFT energies since the entropic
contribution to the free energy is found to be very small in the
samples considered here (please see the Sl). Figure 3(a) shows the
lowest energy structure of S;—C,H,—S,—CGH,~S,5 with n = 4. The
total number of sulfur atoms in all samples in Figure 3 is constant
(i.e. 40). Therefore, the total DFT energies can be directly
considered as a stability measure. Here, the middle sulfur chains
with n = 4,8 show the lowest energies. Explicit check for n = 9 in
the case of S,—C,H,—S,—C,H,—S,5 reveals less favorable structures
for longer middle chains with n > 8. To see whether n = 4, 8 truly
represent the most favorable number of sulfur atoms on the
middle sulfur chain, we slightly modify the structures in the
following way: while the total number of S atoms in the middle
chain is kept fixed, the carbon groups from both sides are equally
moved in one direction by several bonds. Afterwards, the
structures are re-optimized. We see that in such a modification,

@~

n = 4 still remains to be the most favorable number of S atoms
for the middle chain. However, small structural changes around
n = 8 lead to structures with higher energies (please see the Sl for
more detail). The results in Figure 3 also indicate that the stability
of the poly(S-co-DIB) is mainly brought about by the sulfur middle
chains rather than the interaction between the organic groups.
Therefore, although the interaction between the two DIBs could
be different when different carbons engage in their connection to
the middle sulfur chain (Figure 1(b)), as will be shown later, the
local connection of the middle S chain to the DIBs could only play
a minor role in specifying the length of the middle S chain, n.

To study electronic contributions to the thermodynamic
stability of DIB-S,-DIB systems, we decompose the total energy
of all (-S-DIB-S,-DIB-S--) systems (Figure 3(k) and (I)) into
nuclear and electronic parts. Our specific inspection reveals
that, within the electronic part, only the exchange-correlation
and the dispersion (also a correlation effect) contributions
approximately follow the same trend as the total energy (see
the SlI). Therefore, we conclude that the electronic properties
play an important role in the thermodynamic stability of the
DIB-S,-DIB and these effects are mostly of quantum mechanical
nature.

In a next step, in order to minimize the effects correspond-
ing to the geometrical flexibility of sulfur side chains on the
energies of the (--S-DIB-S,-DIB-S-) structures, we consider
periodic samples. An optimized structure for (--S-DIB-S,-DIB-S--)
is shown in Figure 4(a). The corresponding energies are
presented in Figure 4(b). Here, we also study the possible effect
of different connections between the middle sulfur chain and
the DIBs, namely ¢ =AA, AB, and BB. The unit cell size is set to
30 Ax63 Ax30 A, the structure lies along the y-axis, and each
side chain consists of 22 sulfur atoms. The cell sides along the
x- and z-axes together with the unit cell angles are kept fixed.
They are long enough to ensure a negligible interaction
between the atoms in the unit cell and those in the cell replicas.
The cell size along y-axis was obtained after a full (atomic
coordinates and cell parameters) optimization of an isolated

Figure 3. (a) Optimized structures of S,.—C,H,—S,—C;H,~S;s, n = 4. (b) Corresponding DFT energies for the optimized structures S,,—C,H,—S,—C,H,~S;5 with
n = 1...8. The energies are referenced with respect to n = 4 in all cases. (c)-(I) show the same for the optimized structures obtained by step-wise modifications
shown in Figure 2. The gray circles show the energies for n =8 samples. However, these samples do not represent stable structures (see text).
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Figure 4. (a) The optimized periodic structure of (--S-DIB-S,-DIB-S-) with 4
sulfur atoms in the middle chain. The unit cell is shown in blue. (b) DFT
energies as a function of number of sulfur atoms in the middle chain, n. Data
shown in black circles, red triangles, and blue squares correspond to AA, AB,
and BB connections between the middle sulfur chain and the DIBs. The
energies are referenced with respect to the energy of the sample with

(c,n) =(BB,4).

sulfur chain consisting of 48 atoms. The target pressure was set
to 0.1 GPa. As can be seen in Figure 4(b), the structures with
n =4 again show lowest energies (apart from (c,n) =(AA,8)
which shows a comparable energy to (AA,4)). Additionally,
different connections between the middle sulfur chain and the
DIBs do not appear to have a considerable effect on the stability
of the samples. n = 4 approximately corresponds to a poly(S-
co-DIB) network with an average DIB mass fraction of ~38 wt%.
This mass fractions nearly correspond to the S-DIB-40 samples
studied in Refs.[16,17]. The predicted sulfur chain lengths in
the present work perfectly match the experimental assignments
using "C NMR chemical shifts"” and electrochemical
measurements"® (n ~ 3, 4). Therefore, with the poly(S-co-DIB)
co-polymers as cathode materials for Li—S batteries, the
formation of higher-order Li-polysulfides could considerably be
hindered during the discharge due to the preferred shorter
sulfur chains in the cathode structure. In fact, this has been
previously shown through electrochemical measurements that
the poly(S-co-DIB) co-polymers with comparable DIB mass
fraction exhibit an almost plateau-free voltage curve as a
function of the state of discharge at high voltages.'"”
However, low mass fraction of the active material could lead to
a limited cathode capacity.

Finally, in order to enhance the structural sampling and
further assess the results obtained from the geometry optimiza-
tions above, we perform a temperature-assisted minimum-
energy structure search (for details see Sec. 2) on slightly
simpler samples of DIB-S,-DIB without sulfur side chains. To this
end, we consider the following hypothetical reaction,

1
DIB S, — DIB + 5 (n —1)S; — DIB — S, — DIB 2

which would correspond to a situation where an infinitely large
reservoir of Sg molecules with zero chemical potential is
available for the DIB molecules. Moreover, here we also study
the effect of different connections between the middle sulfur
chain and the DIBs. Based on the above reaction, we define the
formation energy per sulfur atom for each DIB-S,-DIB structures
with a given connection ¢, as

ChemPhysChem 2022, 23, €202100519 (4 of 5)

N em 1 3 :
Ef(cfmz =n {Et(gt ) - 8 (n— 1)E£c§t) - E’E;t1):| ) (3)

where E,; denotes the total DFT energy. E,(Ss) represents an
average energy for a typical S molecule. Additionally, with the
above definition for the formation energy, we assume that the
reaction always takes place with the elemental sulfur, Sz as
suggested experimentally for inverse vulcanization."® The
formation energy defined in Eq.3 is considered here as a
measure for thermodynamic stability of DIB-S,-DIB structures
with respect to n = 1. The formation energies per sulfur atom
for the lowest-energy structures are shown in Figure 5. The
dashed lines in the figure which connect the data points for
n =1 and n = 2 are guides to the eye. The standard deviation
of the E” calculated for the ten structures for each (c,n) are
displayed in the figure as error bars. For all connections ¢, the
sulfur chains with n > 1 show lower formation energies than
n = 1. Moreover, shorter sulfur chains (2 < n < 4) are found to
be somewhat more favorable, in agreement with the results in
Figures 3 and 4. In this range, all connections show comparable
formation energies. However, DIB-S,-DIB structures where the
sulfur chain connects to the quaternary carbons of DIBs (c =
AA) exhibit slightly lower formation energies. To further validate
the results in Figure 5, we additionally re-optimize DIB-S,-DIB
structures with AB connection through temperature-assisted
minimum-energy search at an elevated temperature, namely
500 K. The minimum-energy structure is again found to be the
one with n = 3 confirming the previous results above.

4. Conclusions

In summary, we have used density-functional theory calculation
to study the local bonding between sulfur chains and the

0.10 T T T T T T T T
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Figure 5. The formation energies of DIB-S,-DIB systems with different
connections between the sulfur chain and the DIBs. The data points
correspond to the formation energies calculated for the lowest-energy
structures obtained after the simulated quenching. The error bars are the
standard deviations of the formation energies calculated for all 10
uncorrelated snapshots taken from the classical MD trajectories. The dashed
lines connecting the curves to the corresponding reference points, n =1,
serve as guides to the eye.
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In concluding this research, I performed all simulations and analyses
using the methodology developed by Dr. Pouya Partovi-Azar. Addi-
tionally, with the guidance of Mara Alqaisi, I synthesized the sulfur
co-polymer. Experimental Raman measurements were conducted by
Dr. Matthias Steimecke in Prof. Dr. Michael Bron’s laboratory. This
work was supervised by Dr. Pouya Partovi-Azar and Prof. Dr. Daniel
Sebastiani.
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experimental and ab initio Raman spectroscopy
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Optimization of lithium—sulfur batteries highly depends on exploring and characterizing new cathode
materials. Sulfur/carbon copolymers have recently attracted much attention as an alternative class of
cathodes to replace crystalline sulfur. In particular, poly(sulfur-n-1,3-diisopropenylbenzene) (S/DIB) has
been under considerable experimental and theoretical investigations, promising a good performance in
mitigating the so-called shuttle effect. Here, combining ab initio Raman spectroscopy simulations with
experimental measurements, we show that S/DIB copolymers containing short and long sulfur chains are
distinguishable based on their Raman activity in 400-500 cm™. This frequency range corresponds to
S-S stretching vibrations and is only observed in the Raman spectra of those copolymers with longer
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Introduction

Lithium-sulfur (Li-S) batteries are considered as one of the
candidates for next-generation energy-storage devices. Despite
their very high specific energy, commercialization of Li-S
batteries is negatively affected by few drawbacks, such as irre-
versible capacity fade and volumetric expansion of the crystal-
line sulfur during the discharge. Recently, a huge amount of
studies has been concentrated on using polymeric sulfur cath-
odes to overcome these problems. In particular, sulfur/carbon
copolymers such as poly(sulfur-n-1,3-diisopropenylbenzene)
(S/DIB) have attracted much attention. Thanks to a straightfor-
ward synthesis procedure,"”” S/DIB copolymers could be
produced in large quantities relatively easily. In addition, it has
been demonstrated that S/DIB copolymers show a promising
performance in alleviating the shuttle effect and therefore, can
result in a stable cycling performance of a Li-S battery.**
Nevertheless, to this day neither the lithiation mechanism of
S/DIB copolymer cathodes has been entirely resolved at an
atomistic level, nor their structural evolution during the
discharge has been fully understood. A first step towards
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+ Electronic supplementary information (ESI) available: Further remarks on
Raman spectroscopy simulations and measurements, structural analysis using
'H NMR spectroscopy of the S/DIB copolymers. See DOIL
https://doi.org/10.1039/d3ra02980h
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sulfur chains. The results reported in this study have direct applications in
characterization of general sulfur/carbon copolymers with different sulfur contents.

identification and

understanding the discharge mechanism of the S/DIB copoly-
mers is to decipher their structural properties at the fully
charged state of the battery, where no lithiation reaction has
occurred. It has been recently found that short S,, chains (n = 4)
show a higher formation probability compared to other sulfur
chain lengths. It has also been observed that the stability of S/
DIB copolymers is brought about by the formation of short S
chains.® In addition, short S chains have been predicted®” and
reported®® to be more favorable in other sulfur/carbon copol-
ymer materials involving organic groups interconnected via
sulfur chains. The formation of Li-polysulfides during discharge
has been shown to be largely hindered in S/DIB copolymer
cathode involving short S chains and therefore, they exhibit
a much better performance in terms of cycle life. It has been
argued that even copolymers involving longer S chains (lower
organic mass fraction), would show a tendency towards around
40% mass fraction (SDIB40) and shorter sulfur chains after
cycling.” Therefore, a strategy for the synthesis of S/DIB copol-
ymers as well as their structural modification is highly
called for, in which the formation of S, chains with short
lengths (n = 4) has the highest probability.

However, in order to reach this goal first it must be under-
stood how physical and chemical properties of S/DIB copoly-
mers involving short and long sulfur chains are different. For
example, vibrational spectroscopic signatures of “local” DIB-S,-
DIB structures and their contribution to the total spectra of S/
DIB copolymer are not yet known. Moreover, up to now any
estimation on the sulfur chain length distribution in S/DIB

© 2023 The Author(s). Published by the Royal Society of Chemistry
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systems have been based on the sulfur (or DIB) mass fraction
used in the synthesis process.'*** Therefore, a question which
remains to be answered is whether it is possible to distinguish
between short and long sulfur chains in sulfur/carbon
copolymers.

In this article, we address the above question by combining
experimental Raman spectroscopy measurements with ab initio
Raman spectroscopy simulations at room temperature. Raman
spectroscopy is a powerful tool for analyzing sulfur-containing
materials due to strongly polarizable S-S covalent bonds. It is
particularly suitable for in situ experiments, providing valuable
insights on structural modifications during reactions and has
been successfully used to study the lithiation mechanism of
sulfur cathodes in Li-S batteries.*™¢ In this article, we focus on
S/DIB copolymer cathodes at the fully charged state of the
battery, meaning the point at which there is no ongoing reac-
tion with lithium and the cathode material only contains the
sulfur/carbon copolymer. In the next section, we introduce our
computational and experimental methods as well as the
synthesis procedure. This will be followed by presentation of the
results and concluding remarks.

Methodology
Computational details

As it has been shown earlier,” DIB molecules are preferably
connected via short sulfur chains (n = 4). Here, we consider
DIB-S,-DIB and DIB-Sg-DIB as target molecules in vacuum,
representing local structures of poly(sulfur-n-1,3-diisoprope-
nylbenzene) containing short and long S chains, respectively.
The connection of the sulfur chains and the DIB molecules are
assumed to be via a quaternary carbon. For the sake of
comparison, we also consider gas-phase S, and Sg chains with
terminal sulfur atoms saturated with hydrogens. Additionally,
sulfur-free  1,3-diisopropenylbenzene 1,3-diisopro-
pylbenzene molecule are studied.

Following our previous work,”> a temperature-assisted
minimum-energy structure search is carried out: first, clas-
sical molecular dynamics (MD) simulations at 300 K using
General Amber Force Field (GAFF)"” as implemented in the
GULP code'* is performed for 10 ns in canonical ensemble.
The atomic charges are calculated using the RESP method*' at
density functional theory (DFT) level employing the sphere
sampling of the fitting points for molecular structures
together with the REPEAT method.”® A time step of 0.5 fs is
considered in all simulations while the temperature is
controlled by a Nosé-Hoover thermostat.>*** For each system,
10 uncorrelated snapshots were extracted from the classical MD
trajectories, roughly every 1 ns. Afterwards, minimum-energy
structures are obtained through geometry optimizations at
DFT level.

All DFT calculations are performed using the CP2K/
QUICKSTEP software package® in conjunction with a DZVP-
MOLOPT basis set,> as well as Perdew-Burke-Ernzerhof
(PBE)*® exchange-correlation energy functional and Geodecker-
Teter-Hutter (GTH) pseudopotentials.>** The semi-empirical
DFT-D3 (ref. 31) method is used to correct for the long-range

and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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dispersion interactions. All calculations in this work are per-
formed in vacuum.

The efficient Wannier polarizability method is used to
simulate Raman spectra.*** In this method, the mean polariz-
ability is expressed as a sum of isotropic polarizabilities

attributed to each Wannier function in the system,

A=4/ SNZM S;%, where S; are the Wannier spreads and the pro-
i=1

portionality constant is obtained to be § =0.9. Such an

expression for the mean polarizability also allows for the

decomposition of the total Raman spectra into local contribu-

tions*® and provides a straightforward way for the assignment of

Raman peaks (see ESIT).

All Raman spectra are obtained by performing 20 ps ab initio
molecular dynamics (AIMD) simulations in the canonical
ensemble to achieve equilibrium at 300 K, followed by 80 ps
AIMD simulations in the micro-canonical ensemble to remove
thermostat effects and sample the polarizabilities. A time step
of 1 fs is used in these simulations and polarizabilities are
sampled every 5 fs. The AIMD simulations are also performed
using the CP2K software with the same simulation setup as
mentioned earlier. Power spectra have been calculated using
the TRAVIS program.****> The power spectra are normalized in
a way that the sum of partial spectra gives the total power
spectrum.

Material and synthesis

The S/DIB samples are synthesized with different weight
percentages of DIB, namely 20, 25, 30, 40, and 50 wt%, following
the method presented in ref. 36 and 37. Elemental solid sulfur
(99.5%, Sigma Aldrich) is used without further treatment. Sulfur
in the powder form is heated to 185 °C using a thermostated oil
bath under the fume hood until a clear yellowish molten sulfur
is formed. DIB (97%, Sigma Aldrich) is passed through an
activated, basic aluminum oxide column to remove 4-tert-
Butylcatechol (TBC) as a stabilizer. Afterwards, pure DIB is
directly added through a syringe to the molten sulfur. The
mixture is stirred by a magnetic stir bar for 10 minutes at 185 °C
to enhance the ring-opening polymerization of sulfur and to
obtain chemically stable copolymers. Afterward, each sample is
placed in a vacuum oven for approximately 15 minutes at 176 °C
to complete the reaction and reduce the amount of remaining
monomers. Then, they are cooled down to room temperature.
Within a few minutes, this results in a vitrified red polymer. We
assume that the sulfur content remains nearly unchanged after
the heating process since the synthesis involves heating at
temperatures below the boiling point of sulfur. Additionally, the
inverse vulcanization is a solvent-free synthesis procedure. This
also ensures that the sulfur content is not altered during the
synthesis process due to solvent evaporation. Elemental anal-
ysis on S/DIB samples also confirms the above conclusion
(please see the ESIt). The samples are further investigated using
NMR spectroscopy in order to confirm the formation of desired
copolymers. Since low solubility of the S/DIB copolymers in
organic solvents is a challenging factor, here we grind the
samples using a mortar to increase sample surface, and then

RSC Adv, 2023,13, 27756-27763 | 27757
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dissolve them in deuterated chloroform (CDCl;) and place them
in ultrasonication water bath to accelerate their solubility. "H
NMR is carried out afterwards. Further information is provided
in the ESL.{

Instrumentation and methods

NMR spectra are recorded using Varian Gemini 400 MHz NMR
spectrometer. Deuterated chloroform is used as solvent.
Chemical shifts are given in parts per million (ppm). MestRe-
Nova 14.2.1-27684 is used for spectra interpretation and
analysis.

Raman spectra of all samples are recorded by a confocal
Raman microscope setup (inVia, Renishaw) consisting of
a 532 nm laser as excitation source, notch filter, a turnable
grating (1800 lines mm "), a CCD camera and a light micro-
scope (Leica, DMI2500). The microscope is equipped with
a x100 objective (Leica) to focus the laser spot (ca. 1 um) on the
sample as well as to collect the scattered Raman light. Before
the measurements, the instrument is calibrated to a band at
520.4 cm™ " of a polycrystalline silicon disk. All samples are
prepared onto a glass slide and several single spectra are
recorded between 100-2000 cm ™. In all cases, the laser power is
adjusted to 0.1 mW and each sample spot illuminated for 10 s.
Several spectra are recorded at various positions at the samples
to ensure homogeneity.

Results and discussion

First, we start by calculating ab initio Raman spectra of a 1,3-
diisopropenylbenzene (DIB) and a 1,3-diisopropylbenzene
molecule at 300 K in vacuum. The Raman spectra are shown in
Fig. 1a and b, respectively.

The Raman spectra presented here agree well with the
previous studies,*** with an overall mean relative error of about
10% in dominant peak positions. In comparison to the Raman
spectrum of 1,3-diisopropenylbenzene in Fig. 1a, 1,3-diisopro-
pylbenzene shows similar Raman activities [Fig. 1b], the main
difference being the activities around 1560 and 1640 cm "
related to the C=C stretching vibration in propenyl groups. The

Raman activities in the range of 650-1500 cm ™' are mainly

View Article Online
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dominated by aromatic ring vibrations, while the activities
around 3000 cm ™" arise from C-H stretching vibrations in both
Fig. 1a and b.** Another difference in the Raman spectra pre-
sented in Fig. 1a and b is the activity at ~450 cm™*. This peak
corresponds to a CH; vibration in the propyl group in 1,3-dii-
sopropylbenzene*' and is much less intensive in 1,3-diisopro-
penylbenzene spectrum (see ESIT).

Calculated Raman spectra of a DIB-S,-DIB and a DIB-Sg-DIB
at 300 K are shown in Fig. 2a and b in blue curves, respectively.
For comparison, Raman spectra of isolated S, and Sg chains,
where the terminal S atoms are saturated with hydrogens, are
also calculated. These spectra are shown in black curves in
Fig. 2a and b, respectively. The red curves in Fig. 2a and b show
partial Raman spectra corresponding to the vibrations of S, and
Sg chains within DIB-S,-DIB and DIB-Sg-DIB structures.

Comparison between the spectra shown in black and red
curves in Fig. 2a indicates that the characteristic vibrations of S,
chain are almost fully suppressed in DIB-S,-DIB due to the
presence of DIB molecules. In particular, despite S-S bonds
being present, Raman activities at ~165 cm ' and 400-
500 cm ', which are assigned to $-S-S deformation and S-S
stretching vibrations in free S, chain respectively (see ESI), are
absent in the partial spectrum of S, in DIB-S,-DIB. However in
Fig. 2b, although Raman activities below 200 cm " are absent in
the partial spectrum of Sg chain within DIB-Sg-DIB, a Raman
peak corresponding to the characteristic S-S stretching vibra-
tion at 455 cm ™' is seen. Moreover, this activity appears to
mainly arise from the Sy chain between two DIBs [red curve in
Fig. 2b].

To further assess the above observation, we calculate power
spectra of the same systems [Fig. 2¢ and d]. In Fig. 2c, a peak is
observed at around 450 cm " in the power spectrum of DIB-S,-
DIB system (blue curve). Note that there is no activity around
450 cm ™' in the partial power spectrum of the S, chain within
DIB-S,-DIB in Fig. 2c¢ shown in dotted red curve. As mentioned
earlier, this activity corresponds to a Raman-active CH; vibra-
tion in 1,3-diisopropylbenzene [Fig. 1b]. This vibration becomes
Raman inactive in DIB-S,-DIB as no Raman activity is observed
around its corresponding frequency in Fig. 2a. This could be
due to the fact that the change in the total polarizability due to
this vibration is minimal in a DIB-S,-DIB molecule. Moreover,

(a)
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Fig. 1 Calculated Raman spectra of (a) 1,3-diisopropenylbenzene (DIB) and (b) a 1,3-diisopropylbenzene in vacuum. Corresponding atomic

structures are also shown in the insets.
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Fig.2 Calculated Raman spectra of (a) DIB-S4-DIB and (b) DIB-Sg-DIB in vacuum. Also shown in (a) and (b) are the computed Raman spectra of
isolated S and Sg chains (black curves). Partial Raman spectra arising from sulfur chains within DIB-S4-DIB and DIB-Sg-DIB systems are shown in
red curves. (c) and (d) show the computed power spectra of DIB-S4-DIB and DIB-Sg-DIB, respectively (blue curves). Power spectra of isolated S,4
and Sg chains are shown in black, while partial power spectra of sulfur chains are shown in red curves. Minimum-energy structures of isolated S4
and Sg chains as well as those of DIB-S4-DIB and DIB-Sg-DIB molecules are shown also in the lower panel.

in contrast to the partial power spectrum of the isolated S,
chain, almost no activity is observed in the partial power spec-
trum of the S, chain within DIB-S,-DIB in 400-450 cm ' and
below 250 cm " in Fig. 2c. However, although the low-frequency
vibrations of the partial Sg chain within DIB-Sg-DIB are insig-
nificant, the peak corresponding to the characteristic S-S
stretching vibration at 455 cm ™" is clearly visible [red curve in
Fig. 2d].

Fig. 3 shows how the Raman peaks corresponding to the S-S
stretching vibrations change as the S chain becomes longer.

In the case of S, chain, both peaks attributed to the
symmetric and antisymmetric S-S stretching are nearly absent.
As the chain length increases to six sulfur atoms in DIB-S¢-DIB,
the Raman peak corresponding to the antisymmetric vibration
appears, whereas that attributed to the symmetric stretching
remains unnoticeable. As the S chain length further increases to
Sg, both symmetric and antisymmetric peaks become distinct.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Calculated partial Raman spectra of S4, Sg, and Sg chainsin DIB-
S4-DIB, DIB-Sg-DIB, and DIB-Sg-DIB systems.
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Based on the above observations, we conclude that in S/DIB
copolymers consisting of short S chains, the total Raman
spectrum is fully dominated by the Raman activities of the
organic molecules. However, in S/DIB copolymers involving
longer S chains, Raman activities arising from the symmetric
and antisymmetric S-S stretching vibrations in 400-500 cm ™"
are found to be present. The observed effect has to do with the
fact that polarizability of a typical S-S bond in a short S chain
becomes strongly affected by the DIB molecules. The charac-
teristic frequency for S-S stretching vibration is clearly reflected
in the time-dependent variations of the spread of Wannier
functions centered along S-S bonds (Fig. S1 in ESI{). Here, in
order to identify differences between these time-dependent
variations in short and long S chains, we calculate the auto-
correlation function of the polarizability (expressed as A = §* in
the Wannier polarizability method) attributed to a typical S-S
bond in free S, and Sg chains, as well as that in DIB-S,-DIB and
DIB-Ss-DIB molecules.

Fig. 4 shows the autocorrelation functions of S-S bond
polarizabilities, Cax(2), in free S, chains (black curves) and DIB-
S,-DIB (red curves) for (a) n = 4, and (b) n = 8. Although Ca,
decays much slower in the case of free S, chain compared to
DIB-S,-DIB [Fig. 4a], its values for the free Sg chain and DIB-Sg-
DIB are comparable. Therefore, we conclude that the presence
of massive DIB molecules leads to S-S bond polarizabilities in S/
DIB copolymers containing short S chains which decline much
faster than those in free S chains. However, this is not the case
when the S chains are longer, and the periodic patterns in the
time evolution of a typical S-S bond polarizability are found to
be comparable to those in free S chains with the same length.

The observed difference in the Raman spectra can be used to
distinguish between short and long sulfur chains in S/DIB
copolymers, for example in the synthesis process or during
cycling of the battery. To validate the above theoretical
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observation, first five S/DIB copolymers are synthesized with
different mass fractions of DIB (and consequently varying S
chain lengths) using inverse vulcanization.>*® Here, we refer to
them as SDIBw in which w is the wt% of DIB, namely 20, 25, 30,
40, and 50%. These mass fractions correspond stoichiometri-
cally to average chain lengths of 11, 8, 6, 4, and 3 sulfur atoms,
respectively. Presence of the connection between S chains and
DIB molecules is confirmed in all synthesized samples by
liquid-state NMR spectroscopy while crystal formation is ruled
out by X-ray diffraction measurements (see ESIT). In a second
step, Raman spectra of the synthesized sulfur copolymers are
measured. Fig. 5 shows a comparison between experimental
Raman spectra of S/DIB copolymers with different wt% of DIB.

The intensities are normalized with respect to that of the
peak at ~1000 cm™ " in SDIB20 sample. This peak is present in
all Raman spectra and corresponds to an aromatic ring vibra-
tion. The Raman peak for the characteristic S-S stretching is

SDIB20 SDIB23 SDIB30 SDIB40 SDIBSD

all intensity {arb, u.)

A y " "
gt | E . o R e it e M | SSRTIGRRE g SR
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Fig. 5 Measured Raman
different wt% of DIB.
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Fig.4 Autocorrelation functions of S-S bond polarizabilities in free S,, chains (black curves) and DIB-S,,-DIB (red curves) for (a) n =4, and (b) n =

8.
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observed at 473 cm™', which is about 4% higher than the
theoretically predicted value. The presence of peaks in 1560-
1640 cm ' region indicates partially unsaturated propenyl
groups. It is observed that these peaks become more intensive
with increasing w. This is in agreement with our NMR
measurements (see ESIt), where the residual C=C bonds are
confirmed by the presence of NMR peaks in the range of 5.0-
5.5 ppm. Nevertheless, the observed NMR peaks at chemical
shift of 2.2 ppm ensure the formation of C-S bonds in all
samples. The C-S bond formation is also seen in the calculated
Raman spectrum of DIB-Sg-DIB in 560-575 cm ™ ' range [Fig. 2b].
In agreement with our theoretical prediction, the experimental
measurements show that as the mass fraction of DIB increases
(or similarly, as the average S chain length decreases), the
Raman activity at around 473 cm ™' becomes less intensive. In
a recent in operando FTIR study during discharge,*” it has also
been observed that the characteristic S-S stretching vibration is
absent in S/DIB copolymers containing short S, chains (n < 4)
throughout discharge. However, this peak evolves as a function
of cell voltage in S/DIB copolymers with longer chains, clearly
indicating the formation of different Li-polysulfides. In addi-
tion, in Fig. 5 we observe Raman activities at ~165-200 cm "
assigned to the sulfur chain deformation and S-S-S bending
[see Fig. 2a and b], which gradually disappear with
increasing wt% of DIB (shorter sulfur chains).

The Raman spectra of samples with more than 50 wt% DIB
should effectively be identical to that of DIB molecules, as the
only possible sulfur vibration, that is S-S stretching, is observed
to be fully suppressed by the carbon moieties. Moreover, NMR
analysis shows ¢ = 5.0-5.5 ppm, indicating the presence of
unreacted propenyl groups in 1,3-diisopropenylbenzene as
a monomer (see ESIt). It is therefore expected that at DIB mass
fractions above 50%, Raman spectroscopic signatures of 1,3-
diisopropenylbenzene monomers above 600 cm ' become
more prominent (Fig. 1 and S27).

Conclusions

We have studied Raman spectra of sulfur/organic copolymers,
which are presently discussed as interesting candidates for
cathode materials for Li-S batteries, with a particular focus on
the spectral response to variations of the length of the sulfur
segments. In particular, sulfur/1,3-
diisopropenylbenzene (S/DIB) copolymers, which have recently
shown a promising performance in mitigating the shuttle effect
during discharge.

The comparison of quantum-chemical calculations of Raman
signals with corresponding experimental spectra shows that
there is a particular spectroscopic fingerprint at about 450 cm ™"
which allows for discriminating between shorter S,, chains (n =
4) and longer ones (n > 4) in the copolymers at the fully charged
state of the battery. This fingerprint, which corresponds to the
Raman-active S-S stretching vibration, is absent in the Raman
spectra of shorter sulfur chains. We attribute this effect to the
confinement of shorter sulfur chains by the organic parts of the
copolymer, which leads to a suppression of the net polarizability
change during the vibrational motion.

we have chosen

© 2023 The Author(s). Published by the Royal Society of Chemistry
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It has been demonstrated that formation of short sulfur
chains connecting DIB molecules are thermodynamically more
favorable.® As a result, the initial reactions primarily occur with
the shorter sulfur chains, leading to a shuttle effect reduction. It
has also been observed experimentally that formation of higher-
order Li-polysulfides which can dissolve in the electrolyte is
largely hindered during discharge in S/DIB copolymers con-
taining short sulfur chains.* Therefore, a stable cycling for 1500
cycles has been reported.* This clearly emphasizes the need for
a strategy for the synthesis of S/DIB copolymers with control-
lable S chain lengths. The present study shows that Raman
spectroscopy is a powerful tool to investigate structural prop-
erties of S/DIB copolymers and provides a way to probe the
presence and formation of short or long sulfur chains by
focusing on the frequency range attributed to the characteristic
S-S vibration.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors gratefully acknowledge DFG funding via projects
PA3141/3 (Project number 420536636) and PA3141/5 (Project
number 446879138). This research was also financially sup-
ported by the European Social Fund (ESF) and the State of
Saxony-Anhalt through the graduate school AgriPoly. The
computations have been mostly performed on a Bull Cluster at
the Center for Information Services and High Performance
Computing (ZIH) at TU Dresden via the project ‘p_oligothio-
phenes’. We also gratefully thank Wolfgang Binder for the
synthesis supervision, Karsten Busse for the XRD measure-
ments, and Matthias Vogt for elemental analyses.

References

1 S. Evers and L. F. Nazar, New approaches for high energy
density lithium-sulfur battery cathodes, Acc. Chem. Res.,
2013, 46, 1135-1143.

2 X. Ji and L. F. Nazar, Advances in Li-S batteries, J. Mater.
Chem., 2010, 20, 9821-9826.

3 A. G. Simmonds, J. J. Griebel, J. Park, K. R. Kim, W. J. Chung,
V. P. Oleshko, J. Kim, E. T. Kim, R. S. Glass, C. L. Soles, et al.,
Inverse vulcanization of elemental sulfur to prepare
polymeric electrode materials for Li-S batteries, ACS Macro
Lett., 2014, 3, 229-232.

4 A. Hoefling, D. T. Nguyen, P. Partovi-Azar, D. Sebastiani,
P. Theato, S.-W. Song and Y. J. Lee, Mechanism for the
Stable Performance of Sulfur-Copolymer Cathode in
Lithium-Sulfur Battery Studied by Solid-State NMR
Spectroscopy, Chem. Mater., 2018, 30, 2915-2923.

5 R. Kiani, D. Sebastiani and P. Partovi-Azar, On the Structure
of Sulfur/1, 3-Diisopropenylbenzene Co-Polymer Cathodes
for Li-S Batteries: Insights from Density-Functional Theory
Calculations, ChemPhysChem, 2022, 23, €202100519.

RSC Adv, 2023, 13, 27756-27763 | 27761



Open Access Article. Published on 18 September 2023. Downloaded on 9/19/2023 8:58:26 AM.

This articleis licensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(<)

RSC Advances

6 Y. Schiitze, R. de Oliveira Silva, J. Ning, J. Rappich, Y. Lu,
V. G. Ruiz, A. Bande and ]J. Dzubiella, Combined first-
principles statistical mechanics approach to sulfur
structure in organic cathode hosts for polymer based
lithium-sulfur (Li-S) batteries, Phys. Chem. Chem. Phys.,
2021, 23, 26709-26720.

7 Y. Schiitze, D. Gayen, K. Palczynski, R. de Oliveira Silva,
Y. Lu, M. Tovar, P. Partovi-Azar, A. Bande and ]J. Dzubiella,
How Regiochemistry Influences Aggregation Behavior and
Charge Transport in Conjugated Organosulfur Polymer
Cathodes for Lithium-Sulfur Batteries, ACS Nano, 2023,
17(8), 7889-7900.

8 R. Zou, W. Liu and F. Ran, Sulfur-containing polymer
cathode materials: From energy storage mechanism to
energy density, InfoMat, 2022, €12319.

9 S. Park, S.-J. Kim, Y.-E. Sung, K. Char and J. G. Son, Short-
chain polyselenosulfide copolymers as cathode materials
for lithium-sulfur batteries, ACS Appl. Mater. Interfaces,
2019, 11, 45785-45795.

10 S. Diez, A. Hoefling, P. Theato and W. Pauer, Mechanical and
electrical properties of sulfur-containing polymeric
materials prepared via inverse vulcanization, Polymers,
2017, 9, 59.

11 F. Zhao, Y. Li and W. Feng, Recent Advances in Applying
Vulcanization/Inverse Vulcanization Methods to Achieve
High-Performance Sulfur-Containing Polymer Cathode
Materials for Li-S Batteries, Small Methods, 2018, 2, 1800156.

12 A. S. M. Ghumman, M. M. Nasef, M. R. Shamsuddin and
A. Abbasi, Evaluation of properties of sulfur-based
polymers obtained by inverse vulcanization: Techniques
and challenges, Polym. Polym. Compos., 2021, 29, 1333-1352.

13 M. Hagen, P. Schiffels, M. Hammer, S. Dorfler, J. Tibke,
M. Hoffmann, H. Althues and S. Kaskel, In-situ Raman
investigation of polysulfide formation in Li-S cells, J.
Electrochem. Soc., 2013, 160, A1205.

14 H.-L. Wu, L. A. Huff and A. A. Gewirth, In situ Raman
spectroscopy of sulfur speciation in lithium-sulfur
batteries, ACS Appl. Mater. Interfaces, 2015, 7, 1709-1719.

15 P. Partovi-Azar, T. D. Kithne and P. Kaghazchi, Evidence for
the existence of Li 2 S 2 clusters in lithium-sulfur batteries:
ab initio Raman spectroscopy simulation, Phys. Chem. Chem.
Phys., 2015, 17, 22009-22014.

16 D. Blanchard and M. Slagter, operando Raman and optical
study of lithium polysulfides dissolution in lithium-sulfur
cells with carrageenan binder, JPhys Energy, 2021, 3, 044003.

17 J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman and
D. A. Case, Development and testing of a general amber
force field, J. Comput. Chem., 2004, 25, 1157-1174.

18 J. D. Gale, Empirical potential derivation for ionic materials,
Philos. Mag. B, 1996, 73, 3-19.

19 J. D. G. U. L. P. Gale, A computer program for the symmetry-
adapted simulation of solids, J. Chem. Soc., Faraday Trans.,
1997, 93, 629-637.

20 J. D. Gale and A. L. Rohl, The general utility lattice program
(GULP), Mol. Simul., 2003, 29, 291-341.

21 C. I Bayly, P. Cieplak, W. Cornell and P. A. Kollman, A well-
behaved electrostatic potential based method using charge

27762 | RSC Adv, 2023, 13, 27756-27763

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

View Article Online

Paper

restraints for deriving atomic charges: the RESP model, J.
Phys. Chem., 1993, 97, 10269-10280.

D. Golze, J. Hutter and M. Iannuzzi, Wetting of water on
hexagonal boron nitride@ Rh (111): a QM/MM model
based on atomic charges derived for nano-structured
substrates, Phys. Chem. Chem. Phys., 2015, 17, 14307-14316.
C. Campafia, B. Mussard and T. K. Woo, Electrostatic
potential derived atomic charges for periodic systems
using a modified error functional, . Chem. Theory Comput.,
2009, 5, 2866-2878.

S. Nosé, A unified formulation of the constant temperature
molecular dynamics methods, J. Chem. Phys., 1984, 81,
511-519.

W. G. Hoover, Canonical dynamics: Equilibrium phase-
space distributions, Phys. Rev. A, 1985, 31, 1695.

T. D. Kihne, M. Iannuzzi, M. Del Ben, V. V. Rybkin,
P. Seewald, F. Stein, T. Laino, R. Z. Khaliullin, O. Schiitt,
F. Schiffmann, et al,, CP2K: An electronic structure and
molecular dynamics software package-Quickstep: Efficient
and accurate electronic structure calculations, J. Chem.
Phys., 2020, 152, 194103.

J. VandeVondele and J. Hutter, Gaussian basis sets for
accurate calculations on molecular systems in gas and
condensed phases, J. Chem. Phys., 2007, 127, 114105.

J. P. Perdew, K. Burke and M. Ernzerhof, Generalized
gradient approximation made simple, Phys. Rev. Lett.,
1996, 77, 3865.

S. Goedecker, M. Teter and J. Hutter, Separable dual-space
Gaussian pseudopotentials, Phys. Rev. B: Condens. Matter
Mater. Phys., 1996, 54, 1703.

M. Krack, Pseudopotentials for H to Kr optimized for
gradient-corrected exchange-correlation functionals, Theor.
Chem. Acc., 2005, 114, 145-152.

S. Grimme, J. Antony, S. Ehrlich and H. Krieg, A consistent
and accurate ab initio parametrization of density
functional dispersion correction (DFT-D) for the 94
elements H-Pu, J. Chem. Phys., 2010, 132, 154104.

P. Partovi-Azar and T. D. Kihne, Efficient “On-the-Fly”
calculation of Raman Spectra from Ab-Initio molecular
dynamics: Application to hydrophobic/hydrophilic solutes
in bulk water, J. Comput. Chem., 2015, 36, 2188-2192.

P. Partovi-Azar and T. D. Kiihne, Full Assignment of Ab-Initio
Raman Spectra at Finite Temperatures Using Wannier
Polarizabilities: Application to Cyclohexane Molecule in
Gas Phase, Micromachines, 2021, 12, 1212.

M. Brehm and B. Kirchner, TRAVIS-a free analyzer and
visualizer for Monte Carlo and molecular dynamics
trajectories, J. Chem. Inf. Model., 2011, 51(8), 2007-2023.

M. Brehm, M. Thomas, S. Gehrke and B. Kirchner, TRAVIS—
A free analyzer for trajectories from molecular simulation, J.
Chem. Phys., 2020, 152, 164105.

W. ]J. Chung, J. ]J. Griebel, E. T. Kim, H. Yoon,
A. G. Simmonds, H. J. Ji, P. T. Dirlam, R. S. Glass, J. J. Wie,
N. A. Nguyen, et al.,, The use of elemental sulfur as an
alternative feedstock for polymeric materials, Nat. Chem.,
2013, 5, 518-524.

© 2023 The Author(s). Published by the Royal Society of Chemistry



Open Access Article. Published on 18 September 2023. Downloaded on 9/19/2023 8:58:26 AM.

This articleis licensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

(<)

Paper

37 A. ]. Berndt, J. Hwang, M. D. Islam, A. Sihn, A. M. Urbas,
Z. Ku, S. ]J. Lee, D. A. Czaplewski, M. Dong, Q. Shao, et al.,
Poly (sulfur-random-(1, 3-diisopropenylbenzene)) based
mid-wavelength infrared polarizer: optical property
experimental and theoretical analysis, Polymer, 2019, 176,
118-126.

38 John Wiley & Sons, I. SpectraBase, SpectraBase Compound
ID=IkqI6N7AyhO SpectraBase Spectrum ID=JDXWPt9E2QD,
2022, https://spectrabase.com/spectrum/JDXWPt9E2Qb.

39 John Wiley & Sons, I. SpectraBase; SpectraBase Compound
ID=IrmpzL3iJ1K SpectraBase Spectrum ID=1uL70Za5Ssu,
2022, https://spectrabase.com/spectrum/1uL70Za5Ssu.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

40 D. Lin-Vien, N. B. Colthup, W. G. Fateley and J. G. Grasselli,
The handbook of infrared and Raman characteristic frequencies
of organic molecules, Elsevier, 1991.

41 J. Plaickner, E. Speiser, S. Chandola, N. Esser and
D. K. Singh, Adsorption of toluene-3, 4-dithiol on silver
islands  investigated by surface-enhanced Raman
spectroscopy, J. Raman Spectrosc., 2020, 51, 788-794.

42 A. Rafie, R. Pereira, A. A. Shamsabadi and V. Kalra, In
Operando FTIR Study on the Effect of Sulfur Chain Length
in Sulfur Copolymer-Based Li-S Batteries, J. Phys. Chem. C,
2022, 126, 12327-12338.

RSC Adv., 2023, 13, 27756-27763 | 27763



Paper IlI: Toward Ab initio Simulation of
Operando Raman Spectroscopy: Application to
Sulfur/Carbon Copolymer Cathodes in Li-S
Batteries

Rana Kiani, Huiying Sheng, Timo Held, Oliver Lohmann, Sebastian
Risse, Daniel Sebastiani, and Pouya Partovi-Azar.

Toward Ab initio Simulation of Operando Raman Spectroscopy: Appli-
cation to Sulfur/Carbon Copolymer Cathodes in Li-S Batteries.
ChemPhysChem 2024, e202400681.

In concluding this research, I performed all simulations and analyses,
utilizing the methodology developed by Dr. Pouya Partovi-Azar. Timo
Held carried out the structural analysis. Huiying Sheng synthesized
the S/DIB co-polymer. Under the guidance of Oliver Lohmann, the
experimental Raman measurements were performed in Dr. Sebastian
Risse’s group at Helmholtz-Zentrum Berlin for Materials and Energy.
This work was supervised by Dr. Pouya Partovi-Azar and Prof. Dr.
Daniel Sebastiani.

I'hereby confirm that the use of this article is compliant with all publishing
agreements.

47






ChemPhysChem

10.1002/cphc. 202400681
WILEY-VCH

Ab Initio Simulation of Raman Fingerprints of
Sulfur/Carbon Copolymer Cathodes During
Discharge of Li-S Batteries

Rana Kiani,®! Huiying Sheng,”l Timo Held,[ Oliver Lohmann, Sebastian
Risse,/’l Daniel Sebastiani,?l Pouya Partovi-Azar

Sulfur/carbon copolymers have emerged as promising al-
ternatives for conventional crystalline sulfur cathodes for
lithium-sulfur batteries. Among these, sulfur-n—1,3—
diisopropenylbenzene (S/DIB) copolymers, which present
a 3D network of DIB molecules interconnected via sulfur
chains, have particularly shown a good performance and,
therefore, have been under intensive experimental and the-
oretical investigations. However, their structural complexity
and flexibility have hindered a clear understanding of their
structural evolution during redox reactions at an atomistic
level. Here, by performing state-of-the-art ab initio molec-
ular dynamics-based Raman spectroscopy simulations, we
investigate the spectral fingerprints of S/DIB copolymers
arising from local structures during consecutive reactions
with lithium. We discuss in detail Raman spectral changes
in particular frequency ranges which are common in S/DIB
copolymers having short sulfur chains and those consisting
of longer ones. We also highlight those distinctive spectro-
scopic fingerprints specific to local S/DIB structures con-
taining only short or long sulfur chains. This distinction
could serve to help distinguish between them experimentally
during discharge. Our theoretically predicted results are in a
good agreement with experimental Raman measurements on
coin cells at different discharge stages. This work represents,
for the first time, an attempt to compute Raman fingerprints
of sulfur/carbon copolymer cathodes during battery opera-
tion including quantum-chemical and finite-temperature ef-
fects, and provides a guideline for Raman spectral changes
of arbitrary electrodes during discharge.

Introduction

The remarkable theoretical specific capacity of elemental
sulfur (~ 1675 mA h/g), its eco-friendly nature, and
its abundance make lithium-sulfur (Li-S) batteries an
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attractive alternative to current lithium-ion batteries. %
Nevertheless, their cycle life has so far been limited due to
certain drawbacks. A notable challenge is the formation
of long-chain, soluble lithium poly-sulfides during the
discharge and their shuttling through the conventional
electrolytes,[3’4] which leads to a depletion of the active
material and formation of an insulating layer around the
anode. All these processes result in an irreversible capacity
fade in Li-S batteries. > 8! To tackle these issues, numerous
studies have focused on structural optimization of sulfur
cathodes including utilization of sulfur/carbon copolymers.
In order to synthesize S/C copolymers, many researchers
have employed the inverse vulcanization reaction as a facile
synthesis method which provides a straightforward way
for controlling sulfur content. Among others, sulfur-n-
1,3-diisopropenylbenzene (S/DIB) copolymer has shown a
promising performance as an active cathode material for
Li-S batteries. [*19

Structural characterization of S/DIB copolymers has
been the subject of several studies so far.'®3l For
example, similar to other S/C copolymers involving
sulfur chains, 2% thermodynamically preferred S/DIB
structures consist of short S, chains, n ~4.'% The shorter
sulfur chains are expected to result in a hindrance in the
formation of higher-order Li-poly-sulfides and consequently
a stable cycling of 1500 cycles has been reported. (21]
Despite qualitative descriptions of the discharge mechanism
of S/DIB copolymer cathodes, 1021
their structural evolution during the lithiation reactions
is still lacking. Such an insight can lead to morphology
optimization of sulfur/carbon copolymers toward more
efficient cathodes.

an atomistic view on

In this study, we aim to address the structural evolu-
tion of S/DIB copolymers during discharge by performing
finite-temperature Raman spectroscopy simulations, com-
bining quantum-chemical calculations with ab initio molec-
ular dynamics simulations on model S/DIB systems. Here,
we study the lithiation reactions of DIB-S,,—DIB with two
different sulfur chain lengths, namely n = 4 and 8, and focus
on Raman spectroscopic fingerprints of the final structures
at different stages of discharge. The huge computational ef-
fort of such an investigation is substantially reduced by the
efficient Wannier polarizability method for the estimation
of the dynamics of polarizability tensors during ab initio
molecular dynamics simulations, 2272 fully bypassing the
time-consuming linear response calculations. We demon-
strate common spectroscopic trends occurring during dis-
charge of Li-S batteries based on S/DIB copolymer cath-
odes involving both short and long sulfur chains. Moreover,

This article is protected by copyright. All rights reserved.
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we predict spectroscopic fingerprints during discharge spe-
cific to the copolymers having short sulfur chains or those
consisting of long ones. Our theoretical predictions are val-
idated against Raman spectroscopy measurements on coin
cells at different discharge states. These findings serve as an
important step towards simulation of contributions from the
local copolymer cathode structures to the Raman spectrum
during discharge and will contribute to the advancement
of material analysis and, thereby, can lead to an enhanced
performance of Li-S batteries.

Computational Details

We consider DIB-S,,—DIB as target molecules in vacuum as
a local structure of poly(sulfur-n-1,3-diisopropenylbenzene),
where n = 4 and 8, representing local structures of the
S/DIB copolymers consisting of short and long sulfur chains,
respectively. In S/DIB copolymers, the terminal sulfur
atoms forming C—S bonds are usually referred to as organic
sulfur atoms. The C—-S bonds remain stable during reac-
tions with lithium, [10] resulting in lithium-saturated chains
where the number of lithium atoms reacting with the sulfur
chain is twice the number of sulfur atoms minus two. There-
fore, consecutive lithiation reactions of S/DIB copolymers
are described here by

DIB-S,-DIB + m Li" + m e~ — DIB-Li,,S,—DIB, (1)
m=2,4,...,2n — 2.

In our computations, we treat the LiT and e™ pair as
a single lithium atom. The initial structures are prepared
by adding Li atoms along the S chain at distinct positions.
These structures then go through atomic coordinate opti-
mizations. In total, about 360 initial structures and op-
timizations are carried out. At each lithiation step, the
lowest-energy product structure is considered as a candidate
for the actual lithiation product. As indicated in Eq. (1), we
continue with sequential lithiation reactions until the satu-
ration of the sulfur chain with lithium atoms is achieved. For
simplicity, we specifically consider even numbers of lithium
atoms in each reaction.

All  coordinate optimizations are performed at
density-functional ~theory (DFT) level wusing the
CP2K/QUICKSTEP software package 261 in conjunc-
tion with a DZVP-MOLOPT basis set?"l, as well as
Perdew-Burke-Ernzerhof (PBE)!?®!  exchange-correlation
energy functional and Geodecker Teter-Hutter (GTH)
pseudopotentials. (29301 The semi-empirical DFT-D3[31]
method is also used to correct for the long-range dispersion
interactions.

After identifying the minimum-energy structure at each
lithiation step, we study its structural stability by car-
rying out a 20ps DFT-based ab initio molecular dynam-
ics (AIMD) simulation in the canonical ensemble (NVT),
specifically a canonical sampling through velocity rescaling
(CSVR) thermostat 2 with a time constant of 10.0fs, at an
elevated temperature of 500 K. In rare cases where an un-
explored structure is formed at the elevated temperature,
new geometry optimization is performed and the energy is
compared to the previously found product structure at the
corresponding lithiation step. In a following step, another
round of AIMD simulations is performed on the structurally
stable products for 20 ps in the NVT ensemble to achieve
equilibrium at 300 K. This is followed by 20ps of AIMD
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simulations in the micro-canonical ensemble (NVE) to sam-
ple the polarizabilities needed for the simulation of Raman
spectra. A time step of 1fs is used in the AIMD simula-
tions, while the polarizabilities are sampled every 5fs. The
AIMD simulations are also performed using the CP2K soft-
ware with the same simulation setup as mentioned earlier.

The Raman spectroscopy simulations are performed us-
ing the efficient Wannier polarizability method. (22-25] s
method allows for a very efficient estimation of the dynamics
of the polarizability, which can be about 1000 times faster
compared to the conventional approaches, for example those
based on linear response theory.[?®) Such an efficiency can
allow for performing ab initio Raman spectroscopy simu-
lations on many intermediate electrode structures during
battery operation.

The interaction energies are corrected for the basis set
superposition error based on the counterpoise correction of
Boys and Bernardi. [33]

In a lithium-sulfur battery sporting an S/DIB copolymer
as cathode, reactions occur at the interface between the elec-
trolyte and the three dimensional network of the copolymer.
As such, only those local S/DIB structures are exposed to
the electrolyte which happen to be on the surface. There-
fore, adding a solvent to the molecular systems considered
here for the local structures, where the solvent fully sur-
rounds the molecules, might not be fully realistic. Never-
theless, we check the effect of solvent around Li-saturated
DIB-LigS4—DIB using an implicit solvent model. (34] We find
that the change in the bond lengths remain below 3% (please
see the Supplementary Information). Moreover, as will be
discussed later, the agreement between the calculated and
experimental spectra is found to be remarkable. This en-
sures that, although the effect of the electrolyte cannot be
completely neglected, in the frequency range of sulfur ac-
tivity (below 1100 cm™!), the observed Raman peaks and
their evolution mostly arise from the Li-S structures which
emerge during discharge. Therefore, all calculations in this
work are performed in vacuum.

Results and Discussion

During structure optimizations and AIMD simulations at
500K and 300K, we do not observe any C—S bond break-
ing, irrespective of the sulfur chain length and the depth of
discharge. However, we see a gradual breaking of S—S bonds
in the course of discharge. This implies that the organic sul-
fur atoms play an important role in keeping the emerging
lithium-sulfur structures connected to the organic groups
via C—S bonds. This has also been argued earlier to be one
of the factors contributing to the good electrochemical per-
formance of S/DIB copolymers by anchoring the emerging
lithium-sulfur structures to the organic groups.'® In fact,
here we find the interaction energies between the lithium-
sulfur structures and the organic groups (DIB molecules to-
gether with organic sulfur atoms) at 100% depth of dis-
charge to be about 1.4 times as high as a typical C—S cova-
lent bond (Ec.s ~7.26V)P both in DIB-LigS4—DIB and
DIB-Li;4Ss—DIB.

Calculated room-temperature ab initio Raman spectra of
DIB-S4—DIB and DIB-Sg—DIB molecules at different stages
of discharge are shown in Fig. 1 and Fig. 2, respectively. The
corresponding lithiated structures are also shown in the in-
sets. By decomposing the total Raman spectra into local
contributions, 2329 we find that among all Raman activi-

This article is protected by copyright. All rights reserved.

858017 SUOWIWOD SAIERID 3(dedl|dde auy Aq peussnob ke sspoiie YO ‘8sn Jo se|n. 1o} Akeld 1 Taul|uQ As|1AA UO (SUORIPUGD-pUe-SWs 00" A3 IMAeIqipul|uo//Sd)Y) SUORIPUD puB SWiB | 8u1 88S {[20Z/TT/70] Lo AriqITauluQ A8 ‘SEISIBAIN JByinT Uik A-fed Aq T890020Z 0Udo/Z00T 0T/I0p/wW00 A8 |mAke.q 1 putuoadoune-A1is Iwsyo//:sdny wouy papeojumoq ‘el ‘Ty9/6erT



ChemPhysChem

ties spanning 0-3300 cm ™" range, the signals in 0-1200 cm ™!
predominantly arise from the emerging lithium-sulfur struc-
ture between two DIB molecules [Fig. 1(a), panel (IV) and
Fig. 2(a), panel (VIII)]. The observed signals in the higher
frequency range (1200-3300 cm™') mostly correspond to vi-
brations of the DIB molecules (see Fig.S1 in the Supple-
mentary Information). Here, we particularly focus on the
activities arising from lithium-sulfur structures.

Short Sulfur Chains

The Raman spectra obtained for the DIB-S4—DIB struc-
ture [Fig. 1(a), panel (I)] agrees well with earlier investiga-
tions. *®l The activities observed at around 100cm™! and
350cm ™! in Fig.1(a), panel(I), are attributed to Si chain
deformations in the DIB-S4—DIB structure. However, as
seen in Fig. 1(a), these activities become unnoticeable upon
reaction with lithium due to the breaking of S—S bonds along
the chain. Based on our observation, as the copolymer is dis-
charged to around 33% [Fig. 1(a), panel (II)], the S4 chain
splits at the mid-bond, resulting in the formation of two
shorter So chains. As the lithiation continues, another sul-
fur bond is broken [Fig. 1(a), panel (IIT)]. The same pattern
is observed until the final lithiation stage, where no S-S co-
valent bond is present anymore [Fig. 1(a), panel (IV)]. Ad-
ditionally, the lithiation reactions appear to be reversible.
The reversibility of the reactions is particularly checked by
removing two lithium atoms from the optimized DIB-LisS4—
DIB structure [Fig. 1(a), panel (III)] followed by an atomic
coordinate optimization on the resulting structure. We ob-
serve a restoration of a broken S-S bond leading to a DIB—
Li»S4—DIB structure, similar to the one shown in Fig. 1(a),
panel (II).

At 100% depth of discharge, where the system contains
the highest possible number of lithium atoms, a notable
Raman activity is observed around 200cm™", as shown in
Fig. 1(a), panel (IV). This activity can be attributed to the
lithium-sulfur structure. (3%

Moreover, in agreement with previous studies?® where
the Raman activities in the range of 350-500cm™' have
predominantly been attributed to lithium—sulfur structure,
our results reveal a gradual increase in Raman activities
within the 400-500 cm ™! range as more lithium atoms react
with sulfur [Fig. 1(a)]. In the range of 480-580 cm™?, specif-
ically at 520cm™!, a broad Raman activity is observed as
the depth of discharge reaches 100%, which should also arise
from the formation of the lithium-sulfur structure. %

Based on partial Raman analysis, the activity at
~575cm™" can be assigned to the C-S bond stretching [see
Fig. S5 in the Supplementary Information]. (3] In agreement
with our observation, it has been shown before (21 that this
peak gets slightly blue-shifted during the discharge.

The activity in about 650, 710, 790, 870, and 900cm ™!
Raman shifts can be due to collective Raman-active vibra-
tions of lithium-sulfur structures and the DIB groups. These
vibrations are observed in all lithiated samples of DIB-S4—
DIB and DIB—Ss—DIB. This also holds for the activities seen
around 1100 cm™" (see Fig. 1(a), panel (IV) and the Supple-
mentary Information).

The vibrational mode around 1000 cm™" is a strong indi-
cator of a benzene ring breathing vibration in all systems.
Here, we observe that the intensity of this mode fluctuates
non-monotonically with the depth of discharge. As will be
discussed later, the intensity of this band could be heavily

[23

1
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affected by the presence of binder material and/or carbon
black.

Furthermore, we observe that the formation of lithium-
sulfur structures could have a far-reaching effect. For ex-
ample, as shown in Fig.1(b), we see that the frequency
range attributed to the C—H stretching vibrations becomes
broader as a function of the depth of discharge. For clarity,
the intensities are scaled up ten times compared to Fig. 1(a).
A redshift is seen in the frequency of the dominant peak
at ~3065cm™! [Fig. 1(b), panel (I)] towards ~3048 cm™*
[Fig. 1(b), panel (IV)] in the course of discharge. The de-
composition of the spectra reveals that the observed redshift
corresponds to the weakening of the C—H bonds proximal to
the lithiation center (see Fig.S2 in the Supplementary In-
formation).

Long Sulfur Chains

The calculated Raman spectra of a DIB-Li,,Ss—DIB
molecule at different stages of discharge are presented in
Fig.2(a), panels (I)-(VIII). The Raman spectrum of DIB—
Ss—DIB structure [Fig. 2(a), panel (I)] agrees well with our
previous investigations on S/DIB copolymers with long sul-
fur chains. *® In the range of 100-180 cm™!, two prominent
peaks are observed. In our previous study, these activities in
copolymers with longer sulfur chains have been attributed
to sulfur chain deformation and S—-S—S bending, and they
gradually decline with increasing weight percentage of DIB.

At a discharge state of approximately 14% [Fig.2(a),
panel (IT)], we observe a structure with one broken S-S
bond, resulting in two shorter chains, namely S3 and Ss.
As lithiation continues, an additional sulfur bond is bro-
ken [Fig.2(a), panel (III)]. Similar to the case of DIB-S4—
DIB, this pattern continues during further lithiations up
to the final stage of discharge, where there is no S-S co-
valent bond remaining in DIB-Li14Ss—DIB [Fig. 2(a), panel
(VIII)]. Here, we also observe that S-S bond breaking can
be reversible as well.

Upon splitting of the Sg chain in DIB-Ss—DIB at early
stages of discharge [Fig.,2(a), panel (II)], we observe rather
intensive Raman activities in the range of 100-250cm™!,
resembling those previously observed in free (isolated) Sa4
and Sg chains. '3 This shows that the S/DIB copolymer
cathode should involve quasi-free S chains at low depths
of discharge. Here, these activities are attributed to S—S—
S bending within the S5 unit of DIB-Li»Ss-DIB (see Fig.
S3 and S4 in the Supplementary Information for further
details).

As the system gets further lithiated, a significant Ra-
man activity is observed at around 200cm™' [Fig.2(a),
panels (II)-(VIII)]. Similar to the case of DIB-Li,,S4—DIB
[Fig.1(a)|, this activity can generally be assigned to the
emerging lithium-sulfur structure.

Similarly, Raman activities in the 320-400 and 420-
600cm ™' ranges arise from the lithium-sulfur structure.
These activities become more noticeable with increasing
number of lithium atoms. At 100% depth of discharge
|Fig.2(a), panel (VIII)], the dominant Raman activity in
320-400 cm ™! range coincides with the characteristic Ra-
man activity of LisS solid. (371

The Raman activity around 450cm~' predominantly
originates from S-S stretching vibration in longer sulfur
chains. As previously discussed, '] this activity is a key fac-
tor in distinguishing between long and short sulfur chains.
The activity at ~450cm ™! is found to be absent at 100%
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Figure 1. Computed Raman spectra for (1) DIB-S4—DIB, (Il) DIB-Li2S4—DIB, (lIl) DIB-Li4S4+—DIB, and (IV) DIB-LigS4—DIB molecules
in vacuum. (a) Spectra in the range of 0-1200 cm ~! and (b) Spectra in the range of 2950-3150 cm 1. The black curves represent the
computed Raman spectra of the entire DIB—Li,;, S4—DIB molecule, while the red curve represents the partial Raman spectra of LigS4 within
the DIB-LigS4—DIB molecule. The intensities in 2950-3150 cm ~! in (b) are multiplied by a factor of ten for clasity. The purple, yellow,
black, and white colors in the atomic structures indicate lithium, sulfur, carbon, and hydrogen atoms, respectively.
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Figure 2. Computed Raman spectra for (I) DIB-Sg—DIB, (Il) DIB-Li»Sg-DIB, (lll) DIB-LisSg—DIB, (IV) DIB-LigSs—DIB, (V) DIB-
LigSg—DIB, (VI) DIB-Li19Sg—DIB, (VII) DIB-Li;12Sg—DIB, and (VIIl) DIB-Li14Sg—DIB molecules in vacuum. (a) Spectra in the range of
0-1200 cm ~! and (b) Spectra in the range of 29503150 cm ~1. The black curves represent the computed Raman spectra of the entire
DIB-Li,, Sg—DIB molecule, while the red curve represents the partial Raman spectra of Lij4Sg within DIB-Li;4Ss—DIB molecule. The
intensities in (b) are multiplied by a factor of ten for clarity. The atomic colouring scheme is the same as Fig. 1.
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depth of discharge as there is no S—S covalent bond present
in the DIB-Li;4S4—DIB molecule anymore. Instead, a broad
activity emerges at 100% depth of discharge at 470-550 cm™*
which seems to come almost entirely from the formed
lithium-sulfur structure [see the red curve in Fig. 2(a), panel
(VIII)]. However, our analysis based on partial Raman spec-
trum of the Sg chain within DIB-Sg—DIB shows that the
activity at ~480cm™"' should partially arise from the DIB
molecules as well. It is worth noting that this activity arising
from the organic molecules should be present at all stages
of discharge.

Similar to the case of DIB-S4;—DIB, the activity at
~575cm ™" can be attributed to the C-S bond stretching
[see Fig. S5 in the Supplementary Information|.*3 In qual-
itative agreement with previous studies,®*! this peak un-
dergoes a blueshift from ~575cm™! to ~585cm™" during
discharge.

The activity in the 600-900 cm ™! range can also be at-
tributed to collective Raman-active vibrations of sulfur (ei-
ther lithiated or otherwise) and the organic groups. As
in the case of DIB-S4—DIB, the activities seen around
1100 cm ™! should also arise from similar coupled Li-S/DIB
vibrations (see the Supplementary Information).

We also observe a similar behavior in the C—H stretching
frequency range as in DIB-S;—DIB. As shown in Fig. 2(b),
the frequency range associated with C-H stretching
bandwidth broadens with increasing depth of discharge.
However, in the case of DIB-Sg-DIB, no meaningful
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Figure 3. C-H stretching bandwidth as a function of depth of
discharge for DIB-S4—DIB (circles) and DIB-Sg—DIB (squares).

frequency shift is observed. Figure3 illustrates how the
C-H stretching bandwidth increases during the discharge
process for both sulfur chain lengths (S4 and Sg). This
broadening indicates that the introduction of lithium into
the system and hence its interaction with sulfur atoms
affects C-H bonds vibrations, resulting in nonidentical
oscillators (see Fig. S2 in the Supplementary Information
for partial Raman analysis).

Comparing panel (IV) in Fig.1(a) with panel (VIII) in
Fig.2(a), we observe that S/DIB copolymers containing
short chains and those having long ones show similar Raman
features at 100% depth of discharge. The main difference is
that the bands are broader in the case of DIB—Sg—DIB. This
is due to the fact that in lithiated DIB—Sg—DIB structure,
the number of nonidentical oscillators with Raman activi-
ties at certain frequency ranges are higher than that in the
DIB-S4—DIB system in the same frequency ranges. How-
ever, the Raman activity at ~450cm™" corresponding to
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the S-S stretching mode could still serve as a fingerprint for
distinguishing between local copolymer structures consist-
ing of short and those having long sulfur chains. Although
the corresponding band shows an insignificant intensity at
0% depth of discharge in DIB-S4—DIB |[Fig. 1(a), panel (I)],
it exhibits an intensive band in DIB-Sg—DIB from 0% up to
86% depth of discharge |Fig. 2(a), panels (I)-(VII)]. At 100%
depth of discharge, where no S—S covalent bond is present,
the intensity of this band becomes negligibly small in both
DIB-LigS4+—DIB and DIB-Li14Ss—DIB structures. In addi-
tion to this band, the Raman activities at ~200 cm™" during
discharge can also be used to distinguish between short and
long sulfur chains. While the band at ~200cm ™! only ap-
pears at fully discharged DIB-S4—DIB |Fig. 1(a)], our results
show a rather intensive activity in 200-250 cm ™' range at
14% to 100% depth of discharge of DIB-Ss—DIB [Fig. 2(a),
panels (II)-(VI)].

Comparison with Raman Measurements

Figure4 shows the ex-situ measured Raman spectra of the
synthesized SDIB10 sample which corresponds to an aver-
age sulfur chain length of 22 sulfur atoms. All the intensi-
ties are normalized with respect to the carbon D band at
~1350 cm™!. The spectra are obtained at different depths of
discharge, namely %0 (black), %66 (red), and 100% (blue).
Despite differing sulfur chain lengths, these spectra can be

— 0%DOD —— 66%DOD —— 100% DOD

AJU\»/\VV«M
M»»A»\/\N/\/A\J/

200 300 400 500 600 700 800 900 1000 1100 1200
Wave Number (cm™1)

Normalized Raman Intensity (arb. u.)

Figure 4. Experimental Raman measurement on SDIB10. DOD
stands for depth of discharge.

qualitatively compared with those presented in Fig. 2(a) for
DIB-Sg—-DIB. It is worth noting that apart from activities
coming from the S/DIB copolymer, those from the elec-
trolyte, carbon black, and binder material are also present
in the experimental spectra.

Although the relative intensities in the spectrum corre-
sponding to 0% depth of discharge in Fig.4 (black curve)
do not fully match with those in panel (I) of Fig.2(a), the
peak positions agree well. As discussed earlier, the activity
at around 200 cm ™! in Fig. 4 should come from sulfur chain
deformation at early stages of discharge. The collective
vibrations in the lithium-sulfur structure toward the end of
discharge also have an activity around the same frequency.
The activity in 300-400cm™! in the black curve in Fig.4
(0% depth of discharge) can also be attributed to sulfur
chain deformation, as has been revealed in our previous
study. (¥ This activity, similar to the one at ~200cm™*
also arises from lithium-sulfur vibrations at higher depths of
discharge [Fig. 2(a), panel (VIII)]. As discussed earlier, the
activity at ~450cm™' can be assigned to S-S stretching,
the one at ~500cm™! to DIB vibrations, ~560cm™! to
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C-S stretching, and finally those at ~650cm™" to coupled
(lithium-)sulfur/DIB vibrations. These assignments can
be further justified based on the fact that, for example,
the peak at ~450cm™?! is found to become unnoticeable
at 100% depth of discharge (blue curve), while the ones
at ~500cm™!, ~560cm~!, and ~650cm™~! are found at
all stages of discharge. A clear broad activity is observed
in Fig.4 in 450-500cm™' range. Our calculations show
that this broad activity arises mostly from the emerging
lithium-sulfur structure and is found to occur in a compa-
rable frequency range, namely 470-550 cm ™.

It should be noted here that although the spectral fin-
gerprints of the local structures and their evolution dur-
ing discharge are well predicted in our calculations, an in
situ/operando Raman spectrum of a realistic S/DIB copoly-
mer cathode should, in general, be calculated by adding
the local contributions weighted by their formation ener-
gies. [12,19] However, as demonstrated here, the spectral evo-
lution of the cathode during discharge occurs at around the
same frequencies, namely ~200cm™', 300-400cm~", and
~450 cm™?, irrespective of the sulfur chain length in the
local structures. The same behavior could be expected in
local S/DIB structures containing intermediate sulfur chain
lengths. Therefore, the cathode contribution to the Raman
spectrum in the frequency range of sulfur activity computed
through the weighted sum of local contributions should ap-
pear approximately similar to any individual contribution.

Conclusions

In summary, we have investigated the spectral evolution
of sulfur/1,3-diisopropenylbenzene (S/DIB) copolymers as
a function of depth of discharge by performing ab initio
finite-temperature Raman spectroscopy simulations. The
focus has been set on the spectroscopic fingerprints arising
from local S/DIB structures containing low and high sul-
fur content, corresponding to short and long sulfur chains,
respectively. This study, represents an important step to-
ward quantum-chemical simulation of Raman spectroscopy
based on ab initio molecular dynamics simulations on bat-
tery electrodes during operation. This has been facilitated
by using the Wannier polarizability method 2272 to effi-
ciently estimate the polarizability dynamics in many inter-
mediate lithiated structures.

Our current study dives deeper into understanding of the
complex discharge mechanism of S/DIB copolymer cath-
odes. We have observed that local S/DIB structures con-
taining short and those consisting of long sulfur chains show
similar Raman features at 100% depth of discharge. How-
ever, we have found frequency ranges in which short- and
long-sulfur chain containing local structures have distinctive
Raman activities during discharge. For example, the Ra-
man activity at ~450cm™" (S-S stretching) can serve as a
fingerprint for distinguishing between local copolymer struc-
tures consisting of short and those having long sulfur chains.
Although the corresponding band shows an insignificant in-
tensity at early to mid stages of discharge in structures with
short sulfur chains, it shows an intensive band from 0% up
to 86% depth of discharge in those containing long sulfur
chains. At 100% depth of discharge, where no S-S covalent
bond is present, the intensity of this band can become neg-
ligibly small irrespective of the sulfur chain length in the
local copolymer structure. In addition to this, the Raman
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activities at ~200cm™' during the discharge can also be
used to distinguish between short and long sulfur chains.
The band at ~200cm™" only appears at fully lithiated lo-
cal S/DIB structures with short sulfur chains. However, we
have found a rather intensive activity in 200-250 cm ™! range
from 14% to 100% depth of discharge of those local copoly-
mer structures consisting of long sulfur chains. These the-
oretical predictions have been validated against ex-situ Ra-
man measurements on S/DIB cathodes at different stages of
discharge and provide practical insights into designing and
characterizing sulfur/carbon copolymers cathode materials.

Supporting Information

Supporting Information is available on Raman peak assign-
ments based on partial Raman analysis, solvent effects, and
lithiation reaction energies.

Experimental

Materials and Synthesis
Chemicals

All reagents, namely sulfur (>99.5%, Sigma-Aldrich),
1,3-diisopropenylbenzene (DIB, 97%, TCI), sodium car-
boxymethyl cellulose (CMC, MW 250,000, Sigma-Aldrich),
polyacrylic acid (PAA, MW 450,000, Sigma-Aldrich), elec-
trolyte (purchased from E-lyte) consisting of lithium
bis(trifluoromethane)sulfonimide and 2 wt% lithium nitrate
in a 1:1 v/v mixture of 1,3-dioxolane and 1,2-dimethoxy
ethane, metallic lithium chips (99.95%, China Energy
Lithium), polypropylene separator (Celgard-2700), and car-
bon black (super p, Macklin) are used directly.

Synthesis of SDIB10

SDIB10 is synthesized using the previously reported
method. 191113381 10 wt% sulfur is added into a glass vial
equipped with a magnetic stir bar and heated to 130°C in
a thermostated oil bath. DIB is added to the fully molten
sulfur using a syringe and stirred for 10 minutes to achieve
a homogeneous mixture.

SDIB10 Cathode Preparation

The synthesized S/DIB is further heated to 185 °C for 8-10
minutes, which results in vitrification of the mixture. The
product is then cooled down to room temperature. The
obtained product is mixed with carbon black and binder
mixture of CMC/PAA (1/1 w/w) in a mass ratio of 75:20:5
in water. The slurry is then ball milled and blade cast onto
carbon coated aluminum foil. The areal mass loading of
sulfur inside the electrode is around 3 mg/cm?. After getting
completely dried, the prepared electrode is cut into disks
with 12 mm diameters to be used as cathode in a coin cell.

Instrumentation and Measurements

The prepared cathodes are assembled into CR2032 coin cells
with electrolyte, a polypropylene separator, and a lithium
foil anode in an argon filled glove box. Cells are tested in a
VMP3 potentiostats from 0.8-3.0V at 0.1 C for 4 cycles. A
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renishaw QONTOR instrument with a 532nm laser is em-
ployed for the ez-situ Raman spectroscopy in the range from
0-4000 cm ™! with a resampling interval of 1cm™!. Cycled
cathodes at 0%, 66%, and 100% depth of discharge and a
cathode without cycling are measured.
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Conclusions

In this doctoral research, I conducted studies focused on the sulfur-1,3-
diisopropenylbenzene (S/DIB) cathode material for Li-S batteries, which
has recently demonstrated promise in reducing the shuttle effect during
discharge. My investigations employed quantum chemical calculations
using Density Functional Theory (DFT) and ab initio finite-temperature
Raman spectroscopy simulations with the Wannier Polarizability method.
In this work, I began by investigating the local structure of the sulfur
copolymer to determine the optimal number of sulfur atoms required to
connect two DIB molecules. Following this, I characterized these struc-
tures through Raman spectroscopy simulations, which were supported
by experimental synthesis of the sulfur copolymer and corresponding
Raman measurements. Finally, I introduced lithium into the system to
further explore the structural behavior during the battery’s discharge
process.

In the first study, I employed density—functional theory calculations
to examine the local bonding in S/DIB copolymer. I discovered that
sulfur chains consisting of four atoms are more likely to form between
diisopropenylbenzene molecules, contributing to the stabilization of the
polymer network. This suggests that short sulfur chains are favorable in
similar sulfur/carbon copolymers. Additionally, I found no significant
preference for the sulfur chain connection to different carbon types in
the isopropenyl groups. My findings indicate that a thermodynamically
preferred structure of S/DIB copolymers should contain approximately
38 wt% diisopropenylbenzene. This implies that despite a lower initial
cathode capacity, S/DIB copolymer with around 38 wt% diisopropenyl-
benzene can maintain their capacity over more cycles. Furthermore, a
higher carbon content can potentially enhance the electrical conductivity
of the cathode.

In the second study, I investigated the Raman spectra of S/DIB copoly-
mer, previously explored, with a focus on how the length of sulfur
segments affects the spectral response. By comparing quantum-chemical
calculations of Raman signals with experimental spectra, I identified a
specific spectroscopic fingerprint at around 450 cm™!. This fingerprint,
corresponding to the Raman-active S-S stretching vibration, is key to
distinguishing between shorter sulfur chains (n < 4) and longer ones
(n > 4) in the fully charged state of the battery. Notably, this feature is
absent in the Raman spectra of shorter sulfur chains, which we attribute
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to the confinement of these chains by the organic components of the
copolymer. This confinement suppresses the net polarizability change
during vibrational motion.

In the third study, I go further to examine the spectral evolution of S/DIB
copolymer during discharge using ab initio finite-temperature Raman
spectroscopy simulations. I focused on the spectroscopic fingerprints of
local S/DIB structures with varying sulfur content to better understand
the complex discharge mechanisms of S/DIB copolymer cathodes. My
findings reveal that while S/DIB copolymers with short and long sulfur
chains exhibit similar Raman features at full discharge, they display dis-
tinct Raman activities in specific frequency ranges during the discharge
process. For instance, the Raman activity at 450 cm™! (S-S stretching)
serves as a key identifier, showing intense bands in long sulfur chains
from 0% to 86% depth of discharge, but becoming negligible at 100% dis-
charge. Additionally, the Raman activity around 200 cm™! distinguishes
fully discharged S/DIB copolymers with short sulfur chains, whereas
long sulfur chains exhibit significant activity in the 200-250 cm™! range
from 14% to 100% discharge. These theoretical predictions have been
validated by ex-situ Raman measurements, offering practical insights for
designing and characterizing sulfur/carbon copolymer cathode materi-
als.

The findings from my PhD research will assist future battery scientists in
selecting the optimal sulfur content for synthesizing cathode materials
with superior performance. Additionally, by conducting operando Ra-
man spectroscopy and characterizing the cathode structure at each stage
of the discharge process, this work provides valuable insights into the
structural evolution of the material, enabling more informed decisions
in battery design and development.
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