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ABSTRACT 

Recent advances in high performance computing technology have enabled the implementation of 

computational materials science algorithms to examine the structure-property relations of a wide 

variety of materials. Fundamental insights gained from these studies can thus provide guidelines 

for the appropriate selection of materials (or combination of materials) for targeted engineering 

and technological applications. In this regard, this dissertation primarily focuses on using atomistic 

computational techniques for characterizing the vibrational properties of two distinct material-

systems, namely molten 𝑍𝑛𝐶𝑙2 and polymerized 𝐶60 solids, and thus gain new knowledge on their 

structure and thermophysical properties respectively. 

In the first study, ab initio methods were used to interpret the experimentally determined Raman 

spectrum of molten 𝑍𝑛𝐶𝑙2, thereby providing never before available insights on the short range 

structural ordering in 𝑍𝑛𝐶𝑙2, melts. In particular, using ab initio molecular dynamics (AIMD) the 

different structural motifs present in molten 𝑍𝑛𝐶𝑙2 were determined at 600K. The accuracy of the 

result was confirmed by the good agreement between the structural factors and radial distribution 

functions as determined from AIMD and neutron diffraction (ND) experiments. To study the 

Raman signatures of the 𝑍𝑛𝐶𝑙2 melt structures, appropriate solid-state 𝑍𝑛𝐶𝑙2 prototypes were 

chosen to represent the different observed structural motifs. The respective Raman signatures of 

the different prototypes were calculated from density functional perturbation theory (DFPT) within 

the density functional theory (DFT) framework. The identification of the respective Raman 

signatures provided the ability to accurately deconvolute the experimentally determined Raman 

spectrum at 600K as well as identify the relative population of the different short range ordering 

structures. The findings of this study has implications for optimizing the composition and 
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operating temperatures of 𝑍𝑛𝐶𝑙2 based salts (e.g. 𝐾𝐶𝑙 − 𝑁𝑎𝐶𝑙 − 𝑍𝑛𝐶𝑙2 − 𝐴𝑙𝐶𝑙3) for utilization 

as thermal storage fluids in concentrating solar power plants. 

 In the second study, classical molecular dynamics (MD) was used to compare and contrast 

phonon-driven thermophysical properties of polymerized and unpolymerized solid state 

polymorphs of 𝐶60. To achieve this, a newly parameterized interatomic potential was developed 

for accurately modeling the short range as well as long range interactions in the 𝐶60 solids. Using 

this potential, it was unambiguously shown that polymerized 𝐶60 polymorphs exhibit a two order 

of magnitude enhancement in the thermal conductivity and an order of magnitude change in the 

elastic stiffness. The significant increase in the thermal conductivity was correlated to the presence 

of new THz thermal phonon modes, characterized by larger mean free paths. In addition, it was 

also seen that the Debye temperature of the  𝐶60 structures was strongly dependent on the extent 

of polymerization. The new understanding obtained in this work provides valuable guidelines for 

the design and development of novel 𝐶60 based phononic metamaterials for applications as 

vibrational and thermal management systems. 
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CHAPTER 1 

INTRODUCTION 

Understanding and controlling materials’ thermal properties is critical for many technological 

applications. Such applications include thermal insulation, thermal interface materials, 

thermoelectrics and thermal energy storage. In electrical insulators, lattice vibrations govern the 

thermochemical properties (e.g. entropy, free energy) and thermophysical properties (e.g. specific 

heat, thermal conductivity, coefficient of thermal expansion), which together constitute the thermal 

properties of materials. The different modes of lattice vibrations are referred to as phonon modes 

and a comprehensive characterization of the underlying phononic properties is required to 

accurately describe the thermal properties of materials (especially electrical insulators). The 

phonon modes that arise in a crystalline material (or equivalently localized vibrational states in a 

disordered system) are intimately linked to the nature of interatomic bonding and the underlying 

atomic arrangement. A convenient method of examining the phononic properties is via atomistic 

simulations, which provides the ability to carry out a fundamental characterization of the thermal 

properties in terms of the underlying phonon modes.  

Generally speaking, atomistic simulations serve as virtual labs where theories and models can be 

tested. Further, they can work hand in hand with experimental techniques to address scientific 

questions. Another area where atomistic simulations can prove to be of great help is when 

experimental measurements are difficult due to inaccessible experimental conditions or difficulty 

in synthesis of materials. 

Atomistic simulations, as the name suggests, examine materials at the atomic scale. Classical 

molecular dynamics (MD) is a popular atomistic simulation technique; here, atomic dynamics are 
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dictated by an interaction potential that reflects the underlying electron-mediated bonding 

characteristics, without explicitly addressing the electronic degrees of freedom. The dynamics of 

atoms follow Newton’s equations of motions. By analyzing the collective trajectories of atoms (or 

molecules) within a statistical mechanics framework, the vibrational and thermal properties can be 

obtained.  

Quantum chemical methods such as Hartree-Fock (HF), post-HF and density functional theory 

(DFT) represent atomistic techniques where electronic degrees of freedom are explicitly 

addressed. In the literature, they are usually termed as ab initio or first-principles methods. ab 

initio molecular dynamics refers to methods where the dynamics of atoms are dictated by 

underlying electronic structure calculations. From a computation point of view, quantum chemical 

calculations are orders of magnitude more expensive than classical MD simulations. Thus, the 

choice of ab initio vs classical MD simulations is decided based on the availability of accurate 

interatomic potentials that can capture essential aspects of the underlying electronic structure 

properties, while being computationally tractable. However, if the evolution of the underlying 

electronic structure is paramount for the description of the relevant material behavior (e.g. bond 

breakage during material deformation, dynamic structural rearrangement) and if the contribution 

of the electronic degrees of freedom to thermal properties (e.g. electron contribution to thermal 

conductivity, electronic specific heat) has to be incorporated, ab initio methods are invoked or 

multiscale methods combining classical and quantum simulations are carried out. 

Leveraging the ability of MD (classical or ab initio) to model thermal properties, two technological 

problems are examined in this dissertation: 

I. The first study uses ab initio methods to identify and characterize experimentally observed 

Raman spectrum of liquid ZnCl2 liquids. The importance of this study is related to the 
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utilization of ZnCl2-based molten salts as thermal storage media in concentrating solar 

power (CSP) plants. In CSP applications, molten salts are the preferred media for efficient 

thermal storage and transport of thermal energy. So far, nitrate based salts (e.g. 

60NaNO3/40KNO3) have been the medium of choice [1], but are limited by their 

(relatively) low thermal stability (≤ 500 ℃), which adversely affects the efficiency of CSP 

power plants. Specifically, the efficiency of CSP plants increases significantly with 

increase in inlet fluid temperature as well the stability temperature of the heat transfer fluid. 

In this context, ZnCl2 based salts such as the NaCl-KCl-ZnCl2 ternary represent alternative 

thermal storage systems capable of demonstrating high temperature stability (~ 800 ℃). In 

addition to thermal stability, material properties such as thermal conductivity and viscosity 

also govern energy storage and conversion efficiency of CSP plants. A recent investigation 

has shown that the underlying covalent ZnCl2 network structure plays a significant role in 

controlling the thermal transport and viscosity of the NaCl-KCl-ZnCl2 molten salts [2]. 

However, fundamental insights into the structural evolution of the molten ZnCl2 network 

structure as a function of temperature is lacking. In this regard, and as an important first 

step in optimizing the thermal transport and viscosity of NaCl-KCl-ZnCl2 molten salts, ab 

initio simulations in conjunction with targeted experimental work is carried out to examine 

the structural and vibrational Raman spectra of pure ZnCl2 melts. Raman spectroscopy is 

well suited to study the vibrational properties of both molecules as well as condensed 

matter, which in turn can be used to shed light on the bonding and structural characteristics 

of the material under study. Thus in this study, Raman spectra for different structural motifs 

of ZnCl2  as obtained from first-principles calculations will be compared with 

experimentally determined Raman spectra to ascertain the network structure of ZnCl2 
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melts. Insights developed from this study can now be directly applied to understand the 

evolution in the ZnCl2 network structure in NaCl-KCl-ZnCl2 molten salts. 

 

II. In the second study, the role of polymerization on the thermophysical properties of 𝐶60 

solids is studied using classical MD simulations. While it is known that polymerized 𝐶60 

solids (see Fig. 1.1. for a list of polymerized 𝐶60 polymorphs) demonstrate a variety of 

bonding characteristics including weak secondary van der Waals interactions in addition 

to 𝑠𝑝2 and 𝑠𝑝3 bonds, the interplay between bonding and the thermophysical properties of 

the corresponding solid phases are not well studied. Thus this work, for the first time, 

endeavors to provides an atomisitic scale understanding of the thermophysical properties 

of polymerized 𝐶60 solids.   

 The 𝐶60 fullerene molecule is a closed cage structure composed of sp2 bonded carbon 

atoms arranged in the form of hexagonal and pentagonal rings. Chemically, C60 molecules 

are very reactive due to the presence of double bonds and can be reversibly reduced with 

up to six electrons per molecules. C60 molecules also form condensed phases, where 

individual molecules are bonded via van der Waals interactions. At ambient conditions,  

𝐶60 forms an FCC molecular solid. But, the high reactivity of the double bonds in 𝐶60 

makes them prone to polymerization when exposed to different stimulations such as 

pressure, electric field or photoexcitation. Specifically, under an external stimulus, a [2+2] 

cycloaddition reaction occurs leading to formation of bridging 𝑠𝑝3 bonds between adjacent 

𝐶60 molecules, at appropriate relative orientations of neighboring 𝐶60 molecules. Above 

270 K, solid state C60 undergoes a phase transition, where 𝐶60 molecules switch from 

ordered to disordered rotational states, leading to a much higher probability of 
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polymerization via intermolecular 𝑠𝑝3 bond formation. Another requirement for 

polymerization is close proximity (less than 2.4 Å) of the neighboring 𝐶60 molecules, which 

can be achieved at high pressures.  

Figure 1.1 depicts the different solid state polymorphs of 𝐶60, which can be classified as 1-

D vs 2-D vs 3-D based on the extent of polymerization [3].  Of particular importance to 

this work are the 2-D polymorphs namely the tetragonal (T) and rhombohedral (R) phases, 

where polymerized 𝐶60 sheets interact with neighboring sheets via van der Waals 

interactions. The T-phase and R-phase structures are characterized by four and six in-plane 

nearest neighbors respectively. A comprehensive examination of the structure-thermal 

properties relations of the T-phase and R-phase will afford important insights into the 

interplay between polymerization and ensuing phononic properties, and therefore possible 

enhancement of the respective thermophysical properties. Developing this understanding 

will provide valuable guidelines for the design of new 𝐶60based solid state devices for 

active and passive thermal management. On a related note, recent advances in reversible 

polymerization of 𝐶60 [4] can enable nonconventional applications relying on breaking 

time reversibility symmetry of 𝐶60 superlattices. Thus, nonconventional devices such as 

thermal rectifiers, vibration dampeners can be designed using this functionality.   
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Figure 1: P-T phase diagram of solid-state C60: At low-pressures, the low temperature simple 

cubic and high temperature FCC non-polymerized phases are seen. Further, increasing the 

temperature and pressure leads to formation of covalent bonds between neighboring 𝐶60 

molecules with the degree of polymerization increasing with both temperature and pressure.  

 

1.1 Objective and outline  

The primary objective of this thesis is to use atomistic simulation methods to enable a better 

understanding of the structure-thermal property relations of two technologically important 

materials. The first study will focus on analyzing ZnCl2 melts, which are important constituents in 

high temperature thermal transfer fluids. The second study will focus on polymerized 𝐶60 solids, 

which can serve as important building blocks  for designing structures with unconventional thermal 

properties.     
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The outline of the thesis is as follows: 

In Chapter 2, classical molecular dynamics (MD) methods will be discussed, with special attention 

devoted to calculating phononic properties as well as thermophysical properties of materials. 

Chapter 3 provides an overview of density functional theory (DFT) and ab initio molecular 

dynamics (AIMD), with a focus on obtaining spectroscopic properties. In Chapter 4 Raman 

spectroscopy and methods to obtain the spectrum from ab initio methods will be introduced. 

Chapter 5 will focus on investigating the structure of ZnCl2 melts by examining the corresponding 

Raman spectra using a combination of experiments and ab initio methods. Using classical 

molecular dynamics, phonon-derived thermophysical properties of polymerized 𝐶60 solids will be 

explored in Chapter 6, leading to gaining atomistic insights into the effect of polymerization on 

thermal proprieties of 𝐶60. Finally, Chapter 7 will conclude the dissertation and discuss future 

pathways to extend the findings of this dissertation.  

For the rest of this dissertation, classical molecular dynamics will be referred to as MD, while 

AIMD will be used to denote ab initio molecular dynamics. 

1.2 References 

[1] R.W. Bradshaw, N.P. Siegel, Molten Nitrate Salt Development For Thermal Energy 

Storage In Parabolic Trough Solar Power Systems, Proc. 2nd Int. Conf. Energy Sustain. 

(2008) 631–637. doi:10.1115/ES2008-54174. 

[2] V.R. Manga, S. Bringuier, J. Paul, S. Jayaraman, P. Lucas, P. Deymier, K. Muralidharan, 

Molecular dynamics simulations and thermodynamic modeling of NaCl-KCl-ZnCl2 

ternary system, Calphad Comput. Coupling Phase Diagrams Thermochem. 46 (2014) 

176–183. doi:10.1016/j.calphad.2014.04.004. 
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CHAPTER 2 

MOLECULAR DYNAMICS SIMULATIONS 

 

2.1 Overview 

 Molecular dynamics (MD) is an atomistic simulation technique for computing the 

thermochemical and thermophysical properties of a classical many body system. In typical MD 

simulations, a set of particles (atoms or molecules) representing the simulated system are made to 

interact, the interactions governed by an interatomic potential. Quantum effects are neglected and 

the nuclear motions of the constituent particles obey the laws of classical mechanics. Newton’s 

equation of motion is solved for the system at every MD time step, and one has complete 

information on the position, velocity, and acceleration of every atom in the system. An MD 

simulation can be carried out under a variety of constant thermodynamic conditions like total 

energy E, temperature T, pressure P, volume V, number of atoms N or chemical potential 𝜇.  

While thermal properties can be reliably extracted from MD, due precaution has to be taken while 

interpreting MD data. In particular, (i) electronic degrees of freedom are neglected, thus electronic 

contributions to thermal properties have to be included especially while dealing with electronic 

conductors; (ii) interatomic potentials, even when carefully parameterized with respect to first-

principles calculations, may lack the capability to accurately estimate the interatomic forces, 

especially when sampling far from equilibrium configurations; (iii) since MD treats atoms as 

classical particles, quantum effects are neglected. Consequently, phonon modes follow Maxwell-

Boltzmann statistics rather than Bose-Einstein statistics, and thus properties derived from MD can 
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prove to be reliable only if working at temperatures above the Debye temperature. Below, a more 

detailed discussion on MD is provided. 

2.2 Fundamentals of molecular dynamics 

An MD simulation requires the knowledge of initial atomic positions and velocities as well as 

the interatomic potential in order to commence. Using this information, Newton’s equations of 

motion (Eq. 2.1) can be integrated to deterministically identify the trajectories of all the atoms. 

𝐹𝑖(𝑡) = 𝑚𝑖𝑎𝑖(𝑡), 𝑖 = {1 … 𝑁} (2.1) 

where 𝐹𝑖  is the net force vector on the ith
 atom,  𝑎𝑖  is the acceleration, 𝑚𝑖  is the mass and 𝑁 is total 

number of atoms.   

The initial configuration of the system under study is generally generated based on the available 

crystallographic information. Initial velocities are assigned based on Maxwell-Boltzmann 

distributions such that the total kinetic energy obeys equipartition theorem. 

Vxi = [- 2kBTo/m ln(Rand1)]1/2 cos[2  Rand3]    

Vyi = [- 2kBTo/m ln(Rand1)]1/2 sin[2  Rand3]       (2.2) 

Vzi = [- 2kBTo/m ln(Rand2)]1/2 cos[2  Rand4]  

where  

Vxi, Vyi, Vzi are the components of the velocity of particle i, 

Rand1, Rand2, Rand3 and Rand4 are random numbers evenly distributed between 0 and 1, 

m is the mass of the particle i, 

To is the temperature corresponding to the velocity distribution, 

and kB is the Boltzmann 's constant. 
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Forces between the atoms at each time step depends on the relative positions of all the atoms and 

can be calculated from the underlying interatomic potential from the following equation: 

𝐹𝑖(𝑡) =  −∇ 𝑉(𝑟(𝑡)) (2.3) 

Where V is the interatomic function and r(t) is the position of all the atoms. 

Now that all the forces on all the atoms are known the new positions can be obtained using 

numerical integration. The position of atom 𝑖 as a function of time can be represented using a 

Taylor expansion: 

𝑟𝑖(𝑡 + ∆𝑡) =  𝑟𝑖(𝑡) + �̇�𝑖(𝑡)∆𝑡 +
1

2!
�̈�𝑖(𝑡)∆𝑡2 +

1

3!
𝑟𝑖(𝑡)∆𝑡3 + ⋯ (2.4) 

  Many numerical integration algorithms based on this Taylor expansion were proposed over time. 

One of the first methods was the Verlet algorithm [Verlet,1967]. This algorithm is based on adding  

𝑟𝑖(𝑡 − ∆𝑡) to 𝑟𝑖(𝑡 + ∆𝑡) to get: 

𝑟𝑖(𝑡 + ∆𝑡) = 2𝑟𝑖(𝑡) − 𝑟𝑖(𝑡 − ∆𝑡) +
𝐹𝑖(𝑡)

𝑚
∆𝑡2 (2.5) 

While this algorithm is excellent to advance the particles positions, it is not straightforward to 

update the velocities. The velocity Verlet algorithm solves this problem by advancing the velocity 

at the same instance using the following equation: 

𝑣(𝑡 + ∆𝑡) = 𝑣𝑖(𝑡) +
𝑎𝑖(𝑡) + 𝑎(𝑡 + ∆𝑡)

2
∆𝑡 (2.6) 

The step is proceeded by calculating the position and acceleration as follows: 
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𝑟𝑖(𝑡 + ∆𝑡) =  𝑟𝑖(𝑡) + �̇�𝑖(𝑡)∆𝑡 +
1

2!
�̈�𝑖(𝑡)∆𝑡2 (2.7) 

�̈�𝑖(𝑡) = −
1

𝑚
∇ 𝑉(𝑟(𝑡 + ∆𝑡)) (2.8) 

This algorithm can be shown to give the same trajectories as the original algorithm while providing 

the updated velocities and positions at the same time. Critical to the accuracy of MD simulation is 

the size of the time step ∆𝑡. A large time step can result in wrong trajectories and lack of energy 

conservation, which is signified by large jumps in the potential energy. On the other hand, very 

small time steps will limit the simulations in its ability to explore the available phase space, 

resulting in limited statistics. As a rule of thumb the time step ((~ 1𝑓𝑠) should be a fraction of the 

typical atomic vibration period to get all the thermodynamic properties resulted from atomic 

motion.  

Typically, for simulations of bulk materials and their properties, unwanted surface effects are removed by 

using periodic boundary conditions. Periodic boundary conditions are imposed so that each atom 

experiences the force it would have if the simulation box were translated in three dimensions, thereby 

circumventing the need to simulate large ensembles.      

 

2.3 Thermodynamic properties  

For a 3-D system containing N particles, the corresponding phase space containing the particle 

position and momenta has 6N dimensions. The thermodynamic state of the system as well as any 

system property (i.e. an experimental observable) can now be defined in terms of the positions and 

momenta of all the N particles as a function of time. As the system evolves in time and samples 

the phase space, the instantaneous value of the system property changes. However, assuming that 
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the system has sampled a large enough region of the phase space, the time average of the 

instantaneous values of any property A, can be obtained as follows:  

𝐴𝑜𝑏𝑠 =
1

𝑇
 ∑ 𝐴(𝑟(𝜏), 𝑣(𝜏))

𝑇

𝜏
(2.9) 

Where 𝐴 is the macroscopic property and 𝑇 is total time spanned by the simulation. 

MD naturally represents a microcanonical ensemble which is equivalent to an energy conserving 

isolated system. Under this (microcanonical) ensemble, the number of atoms, the volume of the 

system and the total energy of the system are conserved, and hence it is also called NVE ensemble. 

Representing other ensemble conditions (e.g. open systems, isothermal systems) requires 

modification to the Hamiltonian. The isothermal system can be simulated by having a canonical 

ensemble where the number of particles, the volume and the temperature (NVT) are fixed. This 

can be achieved by coupling the system to a bath. The Nose-Hoover thermostat is the most 

commonly used approach to simulate constant temperature ensembles. In this thermostat, the 

system is coupled to an imaginary reservoir with position (𝑠) , momentum (𝑝) and effective mass 

(𝑄). The system Hamiltonian then modified using the extra Hamiltonian (𝐻𝑒𝑥𝑡): 

𝐻𝑒𝑥𝑡 =
1

2
 ∑

𝜉2𝑄

2
+ 3𝑁𝑘𝐵𝑇 𝑙𝑛𝑠  (2.10) 

The first term represents the kinetic energy of the bath and the second term the potential energy. 

The system is coupled to the bath by scaling the respective equations of motion as: 

𝑑2𝑟𝑖

𝑑𝑡2
=

𝐹𝑖

𝑚𝑖
−

𝜉𝑑𝑟𝑖

𝑑𝑡
 

𝑑𝜉

𝑑𝑡
=

1

𝑄
(𝑇 − 𝑇0) (2.11) 
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A friction term (𝜉) is added to the velocity to produce the required temperature. This friction term 

should be carefully chosen to limit temperature fluctuation and allow the system to reach the 

required temperature at the same time. Another important ensemble is where the system pressure 

is controlled. Such ensemble is called an isothermal-isobaric ensemble (NPT) where the number 

of particles, the pressure and temperature are constant during the simulation. In this ensemble in 

addition to fixing the temperature as just discussed, the pressure should also be fixed. To achieve 

that the system is coupled to a ‘pressure bath’ similar to the Nose-Hoover thermostat. To enhance 

the equilibration of the temperature or pressure multiple stats can be coupled to produce a chain of 

thermostats or barostats. 

   

2.4 Phonon structure 

Vibrations in crystalline solids have to satisfy the periodicity of the lattice and hence can be 

modeled as plane waves. Periodic lattices extend to infinity, but there is a maximum wave number 

that can be supported by the system, which corresponds to the extent of the Brillouin zone (related 

to the inverse of lattice spacing). Under a harmonic approximation, the normal vibrational modes 

(referred to as phonons from here on), can be obtained as follows. Assuming a potential harmonic 

V that governs the motion of atoms, then the potential can be expanded as a Taylor series in 

position as follows: 

𝑉 = 𝑉0 +  ∑ ∑ (
𝜕𝑉

𝜕𝑢𝑖,𝛼
)

0

𝑢𝑖,𝛼 +
1

2
 ∑ ∑ (

𝜕2𝑉

𝜕𝑢𝑖,𝛼𝜕𝑢𝑗,𝛽
)

0

𝑢𝑖,𝛼 𝑢𝑗,𝛽 + ⋯ 

𝛼,𝛽𝑖,𝑗𝛼𝑖

(2.12) 

Here the first sum is over a pair of atoms (𝑖, 𝑗) and the second is over directions (𝛼, 𝛽). The 

displacement 𝑢𝑖 used here is the mass-weighted such that 𝑢𝑖 =  √𝑚𝑖 𝑅𝑖. The first term is the force 



28 
 

term and is equal to zero at equilibrium. The second order term is the highest order term within 

the harmonic approximation. Within this approximation, the second derivative of the potential 

represents the force constants 
𝜕2𝑉

𝜕𝑢𝑖,𝛼𝜕𝑢𝑗,𝛽
=  Φ𝛼,𝑖

β,j
. So, under the harmonic approximation the 

potential become: 

𝑉 = 𝑉0 +
1

2
 ∑ ∑ Φ𝛼,𝑖

β,j
𝑢𝑖,𝛼 𝑢𝑗,𝛽 

𝛼,𝛽𝑖,𝑗

(2.13) 

The forces corresponding to this potential is: 

𝐹 = −∇𝑉 = −∇ (
1

2
 ∑ ∑ Φ𝛼,𝑖

β,j
𝑢𝑖,𝛼 𝑢𝑗,𝛽 

𝛼,𝛽𝑖,𝑗

) (2.14) 

The Fourier transform of the force constants gives the dynamical matrix: 

𝐷𝛼,𝑖
𝛽,𝑗(𝑞) =  ∑ Φ𝛼,𝑖

β,j
𝑒𝑖𝑞𝑅𝑎

𝑎

 (2.15) 

Here the sum is over the unit cells (𝑎) that constitute the system. This dynamical matrix can be 

then used to solve for phonon frequencies (𝜔) and eigenvectors (q) as follows: 

𝐷𝛼,𝑖
𝛽,𝑗

𝑢𝑗,𝛽(𝑞) = 𝜔2𝑢𝑖,𝛼(𝑞) (2.16)   

We get nontrivial solutions only when (𝐷(𝑞) − 𝜔2𝐼) = 0). Solve this equation gives 3n (n is the 

number of atoms in the unit cell) branches with eigenvalues 𝜔𝑛(𝑞) for each wave vector q. The 

plot of 𝜔𝑛(𝑞) vs q gives the dispersion relation. From the dispersion relation, the phonon density 

of states (DOS), i.e. the number of phonons per unit frequency per unit volume can be obtained by 

integrating over the whole dispersion curve: 
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𝑔(𝜔) = ∫
𝑑𝑞

(2𝜋)3
𝛿(𝜔 − 𝜔(𝑞)) (2.17) 

Under the classical harmonic approximation, the DOS is equivalent to the velocity autocorrelation 

power spectrum (21). The velocity autocorrelation spectrum can be obtained from Eqn (2.18). 

〈�⃗�(𝜏)�⃗�(0)〉 =
1

𝑁𝜏
∑ ∑ 𝑣𝑖⃗⃗⃗ ⃗(𝑡 + 𝜏)

𝑁

𝑖

𝜏

𝑡
𝑣𝑖⃗⃗⃗ ⃗(𝑡) 

𝑍(𝜏) =
〈�⃗�(𝜏) ∙ �⃗�(0)〉

〈�⃗�(0) ∙ �⃗�(0)〉
 

𝑛(𝜔) = |∫ 𝑍(𝜏)𝑒𝑖𝜔𝜏𝑑𝜏
𝜏

0

|

2

 (2.18) 

Here 𝑣 is the velocity and 𝜏 is the time step. The autocorrelation function ⟨∙⟩ is averaged over 

multiple origins and then normalized to 〈�⃗�(0) ∙ �⃗�(0)〉 to get the normalized autocorrelation 𝑍(𝜏). 

Finally, the Fourier transform of 𝑍(𝜏) gives the density of states  𝑛(𝜔). 

2.5 Thermophysical properties  

The heat capacity (or specific heat) of any system is defined as the amount of energy required to 

increase the temperature of the system by one degree kelvin and can be obtained from MD taking 

the derivative of the enthalpy as function of temperature at constant pressure for Cp and the total 

energy as function of temperature at constant volume for Cv. If accurately representing the energy 

surface of the system, MD predicts the correct quantization of the vibration and gives the correct 

dispersion and DOS information. However, the neglect of statistical quantum effects and the 

equipartitioning of the energy according to the Maxwell-Boltzmann statistics result in populating 

the whole phonon modes causing the molar specific heat derived from MD to always satisfy the 

Dulong-Petit limit (~ 3R). As a result, below the Debye temperature we cannot use the formal 
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definition of heat capacity to evaluate it using MD simulations. Instead we can use the phonon 

density obtained from MD and populate them using the Bose-Einstein statistics to calculate the 

heat capacity as function of temperature using the following formula: 

𝐶𝑣 =  
ℎ2

𝑘𝐵𝑇2
∫ 𝜈2𝑔(𝜈)

𝑒
(

ℎ𝜈
𝑘𝐵𝑇

)

(𝑒
(

ℎ𝜈
𝑘𝐵𝑇

)
− 1)

2 𝑑𝜈
∞

0

 (2.19)
 

Here h is the planks constant. The coefficient of thermal expansion (CTE or 𝛼𝑉) is a consequence 

of anharmonicity in the potential experienced by atoms. In MD, a simple way of obtaining 𝛼𝑉 is 

to identify the evolution in system volume as a function of temperature. The equilibrium volume 

at every temperature can be obtained by carrying out NPT simulations at every temperature, where 

P is set to 1 bar.   

Thermal energy can be carried by electrons, phonons or photons. With insulating materials, the 

main mechanism of heat conduction is by phonons. Thermal conductivity 𝑘 is a measure of the 

ease of heat transfer within the material. Fourier’s law relates the heat flux 𝑞 to the gradient in the 

temperature ∇ 𝑇 through the materials thermal conductivity as: 

𝑞 = −𝑘 ∇ 𝑇 (2.20) 

Anharmonic effects also underlie the thermal conductivity of a material. When doing MD, the full 

anharmonicity is included naturally, if an appropriately parameterized potential is used. However, 

the values obtained from MD are only valid above the Debye temperature. While, in principle 

quantum corrections can be used to correct MD predictions, Turney et al. raised serious objections 

with regards to making such corrections [1].  
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When above the Debye temperature MD can be used to calculate the thermal conductivity directly 

using two methods. The first method, is similar to the experimental methods used for measuring 

thermal conductivity, and is achieved by inducing a thermal gradient across the material in a 

nonequilibrium molecular dynamics (NEMD) setup. However, since MD systems only span up to 

a few hundreds of nanometers at best, NEMD can result in thermally shocking the system leading 

to unrealistic results. The other method is derived using classical statistical thermodynamics based 

on the fluctuation-dissipation theorem and time correlation functions [2,3]. This theorem can be 

used to calculate the Raman spectrum and many transport properties including viscosity, self-

diffusion, and thermal conductivity. The thermal conductivity of materials is related to the heat 

current autocorrelation function at equilibrium. The heat current of materials with higher thermal 

conductivity will stay correlated for a longer time. The thermal conductivity is proportional to the 

integration of the heat current autocorrelation through the Green-Kubo formula as given below: 

𝜅 =
𝑉

3𝑘𝐵𝑇2
∫ 〈𝐽(0) ∙ 𝐽(𝑡)〉

∞

0

𝑑𝑡 (2.21) 

Where 𝑉 is the volume, 𝑇 is the temperature, 𝑘𝐵 is Boltzmann’s constant and 𝐽 is the heat current 

(𝑗 = 𝑞 𝑉) which is related to the derivative of the energy current as follows: 

𝐽 =
𝑑

𝑑𝑡
∑ 𝑟𝑖𝐸𝑖

𝑖

=  ∑ 𝐸𝑖𝑣𝑖

𝑖

+ ∑(𝐹𝑖𝑗 ∙ 𝑣𝑖)𝑟𝑖𝑗

𝑖,𝑗

 (2.22) 

Where 𝑟𝑖, 𝑣𝑖, 𝐸𝑖  are the position, velocity and energy of the 𝑖𝑡ℎ atom respectively. The first term in 

this equation is the heat current due to atomic movement i.e., advection. This term is negligible for 

thermal conduction in solids. The second term is the conduction term. This formalism gives the 

full thermal conductivity tensor. Due to fluctuations of temperature or pressure when simulating 
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ensembles other than the microcanonical ensemble, the NVE ensemble is recommended for 

equilibrium calculations.     

Other methods for obtaining thermal conductivity rely on the Boltzmann transport equation (BTE) 

[4]. At the microscopic level, the thermal conductive can be related the phonon properties within 

the relaxation time approximation using BTE yields using the following equation: 

𝑘 =  ∑ 𝐶𝑣,𝑖𝑣𝑔,𝑖𝜆𝑖

𝑖

 (2.23) 

Where 𝐶𝑣,𝑖, 𝑣𝑔,𝑖 𝑎𝑛𝑑 𝜆𝑖 are the heat capacity, group velocity and mean free path of each phonon 

mode `i`. 𝐶𝑣,𝑖, 𝑣𝑔,𝑖 𝑎𝑛𝑑 𝜆𝑖 can in principle be obtained from MD. Specifically, the group velocity 

can be found directly from the dispersion curve by taking the derivative of the frequency with 

respect to the wave vector 𝑣𝑔 =  
𝜕𝜔

𝜕𝑘
. Thus both modal heat capacity as well as the group velocity 

can be obtained from the harmonic approximation.  

Obtaining the mean free path of each mode requires the explicit consideration of anharmonicity of 

the system and is obtained as follows: the velocities and positions of the atoms (as obtained from 

an MD simulation) are projected on to the normal modes of vibrations, from which the total energy 

of each mode (i.e. kinetic plus potential energy) is obtained at every time step. From the 

autocorrelation of the mode energy, the phonon life times are obtained by fitting the respective 

autocorrelations to exponentials as a function of time. This technique is called the spectral energy 

density (SED) method and is gaining popularity for performing mode-by-mode analysis. More 

details about this method can be found in Ref [5].  

2.6 Interatomic potentials  
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The most critical aspect of an MD simulation is the choice of the interatomic potential. To 

ensure accuracy, the potentials should effectively capture the nature of interatomic bonding present 

in the system under study. Further, the functional form of the potential should be amenable for 

programming and at the very least, must be capable of reproducing equilibrium properties of the 

system (e.g. elastic moduli, density, thermal expansion). 

A simple interatomic potential is the Lennard-Jones (L-J) potential, which is given by the 

following function: 

𝑉(𝑟) =  −
𝐴

𝑟6
+

𝐵

𝑟12
 (2.24) 

In this form, A and B are fitting parameters. This potential is pairwise and does not include 

directional dependency. This model works well for noble gases that have closed shells. Atoms in 

noble gas interact as a result of fluctuations in electron density around the atoms which in turn 

induces a dipole moment in neighboring atoms. Such induced dipole-induced dipole interaction 

have an 𝑟−6 dependency, which represents the attractive part of the L-J potential. Here 𝑟 represents 

the interatomic separation distance. In addition, in the L-J potential, a 𝑟−12 term is included to 

empirically represent the repulsion between atoms due to the Pauli exclusion principle.  

Most materials require models with many-body effects to accurately simulate their properties. For 

example, in metallic systems, the delocalization of electrons has to be effectively captured. The 

embedded atom method (EAM) provides a ‘recipe’ for these purposes, by including a term that 

‘costs’ energy for embedding ions in the electron density background. The EAM functional form 

includes a functional of the electron density in addition to a pairwise term as given 

below:

 𝑉𝑖 =
1

2
∑ ∅(𝑟𝑖𝑗)𝑗≠𝑖 + 𝐹𝑖(∑ 𝜌𝑖(𝑟𝑖𝑗)𝑗≠𝑖 ) (2.25) 
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The first term represents pairwise interactions. The second term represents a functional of the 

electron density (𝜌𝑖) at a site i; here the electron density is approximated to be the sum of density 

contributions from neighboring sites (𝜌𝑖 = ∑ 𝜌𝑖(𝑟𝑖𝑗)𝑗≠𝑖 ). A common functional form for 𝐹𝑖 =

𝐴𝜌𝑖𝑙𝑛𝜌𝑖,  where A is a parameter determined from fitting to properties obtained from experiments 

or from first-principles. 

Another type of potential that accounts for many body interactions is the Tersoff potential . The 

Tersoff potential works best for covalently bonded materials. It contains terms that account for 

three-body interactions to represent directionally dependent bonding found in covalent materials. 

Tersoff is a short range potential and interactions are restricted to occur only between nearest 

neighbors. Nearest neighbors are identified based on the distance of separation between atoms. 

The functional form of Tersoff is given by [6]: 

𝐸 = ∑ 𝑓𝐶(𝑟𝑖𝑗)

𝑖>𝑗

[𝑉𝑅(𝑟𝑖𝑗) − 
𝑏𝑖𝑗 + 𝑏𝑖𝑗

2
 𝑉𝐴(𝑟𝑖𝑗)] (2.26) 

Here 𝑉𝑅 𝑎𝑛𝑑 𝑉𝐴 represent the repulsive and attractive interactions respectively. 𝑓𝐶  is a smoothing 

function used for preventing discontinuities when atoms move beyond a ‘cutoff’ distance. The 

attractive and repulsive parts are represented by exponential terms: 

𝑉𝑅(𝑟𝑖𝑗) = 𝐴 𝑒𝑥𝑝(−𝜆1𝑟𝑖𝑗) 

𝑉𝐴(𝑟𝑖𝑗) = 𝐵 𝑒𝑥𝑝(−𝜆2𝑟𝑖𝑗) (2.27)    

where 𝐴, 𝐵, 𝜆1 𝑎𝑛𝑑 𝜆2 are material specific parameters. The angular dependence of the potential is 

contained in 𝑏𝑖𝑗,  which modifies 𝑉𝐴. 𝑏𝑖𝑗 is a function of the bond angle (𝜃𝑖𝑗𝑘) between atoms i, j 

and k.  
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𝑏𝑖𝑗(𝑟𝑖𝑗, 𝑟𝑖𝑘, 𝜃𝑖𝑗𝑘) = (1 +  𝛽𝑛𝜒𝑖𝑗
𝑛 )

−1
2𝑛 

𝜒𝑖𝑗 =  ∑ 𝑓𝑐(𝑟𝑖𝑘)𝛾(𝜃𝑖𝑗𝑘) exp[𝜆3
𝑚(𝑟𝑖𝑗 − 𝑟𝑖𝑘)

𝑚
]

𝑘≠𝑖,𝑗

 

𝛾(𝜃𝑖𝑗𝑘) = 𝜈𝑖𝑗𝑘(1 +
𝑐2

𝑑2
−

𝑐2

𝑑2 + (𝑐𝑜𝑠𝜃 − 𝑐𝑜𝑠𝜃0)2
  (2.28) 

Where 𝜆3 𝑎𝑛𝑑 𝜃0 are fitting parameters that are material specific. The various parameters in the 

Tersoff potential are chosen to accurately model the equilibrium properties of the material under 

study.  

The Tersoff potential is of particular significance to this dissertation, as it is the potential of choice 

for modeling the 𝐶60 solids. In addition to the Tersoff functional form, an additional long range 

term was added to account for van der Waals interactions between neighboring 𝐶60 molecules. The 

potential consists of two wells corresponding to short and long range interactions as shown in 

Fig.2.1. More details are provided in section 6.3.1. The short range interaction represent the strong 

covalent bonding and the long range interaction the weak van der walls bonding. 

 

(a) 
(b) 
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Figure 2.1: Interatomic potential energy as a function of distance between two carbon atoms from (a) 

LCBOP potential with the inset representing the long range interaction; (b) Morse potential, fit to the long 

range part of the interaction.  
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CHAPTER 3 

DENSITY FUNCTIONAL THEORY 

 

3.1 Overview 

 The properties of materials are governed by the underlying electronic structure. While 

interatomic potentials can be carefully parameterized to capture essential electronic effects, the 

explicit treatment of the electronic degrees of freedom provides a more reliable, albeit 

computationally expensive framework for modeling the structure-property relations of materials.  

The physics describing the electronic degrees of freedom is obtained from the time-independent 

Schrödinger equation: 

�̂�𝜓 = 𝐸 𝜓 (3.1) 

Where �̂� is the full system Hamiltonian operator, 𝜓 is the wave function, 𝐸 is the energy of the 

system. Solving this many body equation is prohibitively expensive, while the complexity of the 

equation can be reduced by invoking the Born-Oppenheimer (B-O) approximation [1]; the B-O 

approximation recognizes that the ionic masses are orders of magnitude larger than the electron 

mass, which allows for the separation of the total wave function into a product of electronic and 

nuclei wave functions respectively: 

𝜓({𝑟𝑖}, {𝑅𝐼}) →   𝜓𝑒({𝑟𝑖}; {𝑅𝐼}) ⋅ 𝜓𝑛({𝑅𝐼}) (3.2) 

Here 𝜓𝑒 is the electronic wave function which depend parametrically on the nuclear positions.  

Thus, the electronic part of the wave function can be solved assuming a constant nuclei potential 
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(the external potential 𝑉𝑒𝑥𝑡) for a given nuclei configuration. We now simplify the notation by 

substituting (𝜓({𝑅𝐼} 𝑓𝑜𝑟 𝜓({𝑟𝑖}; {𝑅𝐼})). 

�̂�𝑒𝜓({𝑟𝑖}) = 𝐸 𝜓({𝑟𝑖}) (3.3𝑎) 

�̂�𝑒 = −
ℏ2

2𝑚
∑ ∇i

2

𝑛𝑒

𝑖

+ ∑ Vext(𝑟𝑖)

𝑛𝑒

𝑖

+ ∑ ∑ 𝑈(𝑟𝑖, 𝑟𝑗)

𝑗>1

𝑛𝑒

𝑖=1

   (3.3𝑏)       

This many body problem can be solved numerically using approximations such as the Hartree-

Fock (HF) approximation [2]. In this approximation electrons only interact with an effective mean 

field due to the other electrons. This simplifies the problem into solving N one electron equations, 

which are iteratively solved in a self-consistent fashion until convergence in the energy is achieved. 

𝜓(𝑟1, 𝑟2, 𝑟3, … , 𝑟𝑁) =  𝜓(𝑟1) ⋅  𝜓(𝑟2) ⋅  𝜓(𝑟3) … ⋅  𝜓(𝑟𝑁) (3.4) 

 In the HF approximation, only the electron exchange is considered and electron correlation effects 

are neglected. Post-HF methods take the electron correlation effects into account, and as a 

consequence, are computationally much more expensive. 

A more efficient way to solve the many body problem is by using the electron density as the 

underlying variable using the density functional theory (DFT) [3]. DFT is based on the fact that 

complete information of a system’s ground state properties can be uniquely found from the 

electron density (𝑛(𝑟)): 

𝑛(𝑟) = 2 ∑ 𝜓𝑖
∗(𝑟) ⋅  𝜓𝑖(𝑟)

𝑖

(3.5) 

This is a direct result of the Hohenberg and Kohn theorem that the ground state energy of the 

system is a unique functional of the electron density for a given external potential. In DFT, the 



39 
 

system’s ground state is achieved by minimizing the energy functional 𝐸[𝑛(𝑟)] with the constraint 

that the total number of electrons is fixed 𝑁[𝑛] =  ∫ 𝑛(𝑟) 𝑑3𝑟 = 𝑁. A practical implementation of 

DFT is the Kohn-Sham (KS) procedure, where the energy functional consists of the following 

terms: kinetic energy, electron-ion, electron-electron and ion-ion interactions. Beside these terms, 

there are extra contributions due to correlations and exchange, which are lumped into an exchange-

correlation functional 𝐸𝑥𝑐[𝑛(𝑟)]. In the KS method, Sham orbitals 𝜑𝑠 (functions) are introduced 

to make the solution of the DFT equations a linear algebra problem similar to the Hartree-Fock 

self-consistent field method. The kinetic energy in these orbitals can be written as < 𝜑𝑠|�̂�|𝜑𝑠 >=

< 𝜑𝑠|∇2|𝜑𝑠 >. The external potential can be represented by < 𝜑𝑠|𝑣(𝑟)|𝜑𝑠 >= ∑ <𝐼
𝐴=1

𝜑𝑠 |
𝑄𝐴

|𝑟𝑖𝐴|
| 𝜑𝑠 >. Electron-electron interaction consists of the Hartree term �̂�𝐻 representing the 

Coulomb repulsion and an exchange-correlation functional for the remainder interactions.  

In the KS-DFT implementation, the 𝐸𝑥𝑐[𝑛(𝑟)] term is not known exactly and different 

approximations are used to estimate it. The simplest approximation assumes that the local density 

contribution to this term is the same as the contribution corresponding to a homogeneous electron 

gas with the same density known as the jellium model. This method is called the local density 

approximation (LDA) and was first proposed by Kohn and Sham (1965) [4]. Using this 

assumption, the exchange-correlation is expressed as: 

𝐸𝑥𝑐[𝑛] = ∫𝜖𝑥𝑐(𝑛)|𝑛=𝑛(𝑟) 𝑛(𝑟)𝑑𝑟 (3.6) 

Here 𝜖𝑥𝑐(𝑛) is the corresponding homogeneous electron gas energy.  𝜖𝑥𝑐(𝑛) can be approximated 

using quantum Monte Carlo calculations [5]. LDA gives good results for weakly correlated 

materials like simple metals and semiconductors. More sophisticated exchange functionals are also 

available. Including the gradient of the density to the exchange-correlation functional yields the 
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generalized gradient approximation (GGA) [6]. There are many parameterizations of the GGA 

including the Perdew-Burke-Ernzerhof (PBE) and Perdew-Wang91 (PW91). Other exchange 

correlations mix part of the Hartree-Fock exchange with the local density correlation functionals 

and are called hybrid exchange correlation functionals; these include the Becke, 3-parameter, Lee-

Yang-Parr (B3LYP), Heyd-Scuseria-Ernzerhof (HSE), and M06 exchange-correlation functions 

[7,8].  

The solution of the KS-DFT equations requires a functional form for the basis sets to represent the 

KS orbitals; a popular choice is a set of plane wave functions. These have the advantage that the 

plane wave is independent of the position of the nuclei, as opposed to Gaussian and Slater-type 

functions which (typically used for molecular systems) are always referred to a given nucleus. 

However, when a plane wave basis is employed, the interaction of the electron with a nucleus has 

to be carefully addressed to avoid divergence in the attractive Coulomb interaction. 

Pseudopotentials provide a means of avoiding these divergences as well as help in including core 

electron effects in the calculations, without explicitly accounting for the core electrons. A good 

pseudopotential should have the following criteria:  

1. The eigenvalues produced by both the pseudopotential and all-electron problem should be 

the same.  

2. Beyond the core electrons cutoff 𝑅𝑐 the wavefunction resulted from the pseudopotential 

should agree with the all-electron one. 

3. Also, the logarithmic derivatives of both methods should agree at 𝑅𝑐.   

4. For all 𝑟 ≥  𝑅𝑐 the first derivative of the energy should agree. 

If the all electron core density is the same as the pseudopotential density, then the potential is 

called a norm-conserving pseudopotential [9]: 
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∫ |Ψ𝑃𝑃(𝑟)|
𝑟𝑐

0

 2 𝑑𝑟 =  ∫ |Ψ𝐴𝐸(𝑟)|
𝑟𝑐

0

 2 𝑑𝑟 (3.7) 

This will guarantee the accuracy of the core region total charge. For local functionals this also 

insures the equality of the normalized orbitals to the true orbitals. While norm-conserving 

pseudopenitentials produce accurate results, the require large number of Fourier components due 

to the lack of smoothness. Relaxing the requirement for conserving the core electron density leads 

to pseudopotentials that are called ultrasoft pseudopotentials [10], which reduces the size of the 

basis sets required to represent the electronic wavefunction. Currently, the most accurate and 

popular method for describing the core electrons is the projector-augmented wave (PAW) method 

[11,12]. In this method the PAW wave function is a sum of three terms. The first term represents 

the core contribution and obtained from projections of radial functions on to each atom centers in 

what is called intra-atomic sphere. In the second term, smooth plane waves are used for 

representing the valence part in the interstitial region. Finally, an overlapping term is added to 

ensure a smooth continuation between the core and the valence representations. 

Ψ𝑃𝐴𝑊 = Ψ𝑐𝑜𝑟𝑒 + Ψ𝑖𝑛𝑡𝑒𝑟 + Ψ𝑛𝑒𝑡 (3.8) 

This division allows PAW to treat the core localized electrons more accurately with atomic like 

functions and at the same time use plane waves for the delocalized electrons.   

3.2 Vibrational properties from ab initio calculations     

Lattice dynamics, which was introduced in section 2.4, describes a method of obtaining the normal 

modes of vibrations of a system. Specifically, in lattice dynamics as described in section 2.4, forces 

were found analytically from a potential energy function, which was then used to evaluate and 

diagonalize the dynamical matrix, which yielded the normal modes of vibrations. In first-principles 
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calculations, there are two popular methods that are used to obtain the normal modes. The first 

method is the finite displacement method [13]. In this method starting at a minimized energy 

configuration , the forces on the atoms of an N-atom supercell are calculated by applying a series 

of small displacements to each atom and evaluating the corresponding forces on all atoms. The 

forces 𝐹𝑗𝛽  corresponding to the displacement 𝑢𝑖𝛼 are then used to calculate the force constant 

Φ𝑖𝛼,𝑗𝛽 as follows:  

Φ𝑖𝛼,𝑗𝛽 =
𝜕𝐹𝑗𝛽

𝜕𝑢𝑖𝛼
 (3.9) 

which is then Fourier transformed to get the dynamical matrix. In the above equation 𝛼, 𝛽 

correspond to directions while, 𝑖, 𝑗 correspond to atom indices. 

The linear response method, which is based on the density functional perturbation theory (DFPT) 

is another popular ab initio technique for obtaining the normal vibrational modes of a system [14]. 

DFPT also enables the calculation of the Raman spectrum, which is obtained from the changes in 

the polarizability due to an applied electric field. Within DFPT, the derivative of the forces (𝐹𝑖) is 

used for calculating the Hessian; the eigenvalues of the Hessian are then used to determine the 

vibrational frequencies as given below: 

 

𝜕2𝐸(𝑅)

𝜕𝑅𝐼𝜕𝑅𝐽
≡  − 

𝜕𝐹𝐼

𝜕𝑅𝐽
=  ∫

𝜕𝑛𝑅(𝑟)

𝜕𝑅𝐽

𝜕𝑉𝑅(𝑟)

𝜕𝑅𝐼
𝑑𝑟 +  ∫ 𝑛𝑅(𝑟)

𝜕2𝑉𝑅(𝑟)

𝜕𝑅𝐼𝜕𝑅𝐽
𝑑𝑟 +

𝜕2𝐸𝑁(𝑅)

𝜕𝑅𝐼𝜕𝑅𝐽
  

det |
1

√𝑀𝐼𝑀𝐽

 
𝜕2𝐸(𝑅)

𝜕𝑅𝐼𝜕𝑅𝐽
− 𝜔2| = 0 (3.11) 
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Here 𝑅𝐼 , 𝑀𝐼 𝑎𝑛𝑑 𝐹𝐼 are the coordinate, mass and force on the 𝐼𝑡ℎ nucleus. 𝑉𝑅 𝑎𝑛𝑑 𝐸𝑁 are the 

electron-nucleus interaction and nuclei-nuclei electrostatic interaction respectively. 
𝜕𝑛𝑅(𝑟)

𝜕𝑅𝐽
 is the 

linear response of the ground state electron density to atomic displacement.  Finally, 𝜔 is the 

vibrational frequency.  The calculation of the Raman spectrum is more complicated and requires 

the response to the external electric field 𝐺𝑖 [15]: 

𝜕�̃�𝑖𝑗

𝜕𝑅𝑘
= −

𝜕3𝐸(𝑅)

𝜕𝐺𝑖𝜕𝐺𝑗𝜕𝑅𝑘
=

𝜕2𝐹𝑘(𝑅)

𝜕𝐺𝑖𝜕𝐺𝑗
 (3.12) 

Here  �̃�𝑖𝑗 is the components of the polarizability tensor. This can then be used to calculate the 

intensity as follows: 

𝐼𝑅𝑎𝑚𝑎𝑛 = 46 (
𝜕𝛼

𝜕𝑄
)

2

+ 7 (
𝜕𝛽

𝜕𝑄
)

2

= 45𝛼′2 + 7𝛽′2 

𝛼′ =
1

3
(�̃�′

𝑥𝑥 + �̃�′
𝑦𝑦 + �̃�′

𝑧𝑧)

𝛽′2 =
1

2
[(�̃�′

𝑥𝑥 − �̃�′
𝑦𝑦)

2
+ (�̃�′

𝑥𝑥 − �̃�′
𝑧𝑧)2 + (�̃�′

𝑦𝑦 − �̃�′
𝑧𝑧)

2
] + 6(�̃�′2

𝑥𝑦 + �̃�′2
𝑥𝑧 + �̃�′2

𝑦𝑧)(3.13)

 

Here 𝛼′is the derivative of the diagonal elements of the polarizability tensor with respect to the 

vibrational coordinate and 𝛽′ is the derivative of the nondiagonal elements. The derivative with 

respect to the normal mode can be found as follows: 

𝑑𝐴

𝑑𝑄𝑖
=  ∑

𝜕𝐴

𝜕𝑅𝑘
𝑋𝑘𝑖 

3𝑁

𝑘=1

(3.14) 

Here 𝐴 𝑎𝑛𝑑 𝑋𝑘𝑖are the property of interest and the element of the 𝑖𝑡ℎ eigenvector respectively.   
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CHAPTER 4 

Raman Spectroscopy  

 

4.1 Theory 

Electromagnetic (EM) field interaction with matter can either be elastic (e.g., Rayleigh 

scattering), where there is no frequency shift, or inelastic (e.g., Raman scattering) where the 

scattering includes electron-phonon coupling. Thus, a shift in the frequency of the incident light 

provides information on the vibrational modes of the material.  

EM interactions lead to an induced dipole moment within a material, which is related to the 

polarizability of the material as follows: 

�⃗⃗� = 𝛼 �⃗⃗� (4.1) 

where 𝑃 is the induced dipole moment vector,  𝛼 is the polarizability tensor and 𝐸 is the incident 

electric field vector. 

The scattering of EM waves by a material can be understood in terms of radiation emitted by the 

induced dipole moment. This emission can be due to the static polarizability (𝛼0) (elastic 

scattering) or the vibration modulated polarizability (inelastic scattering) (Eqn.4.2). 

𝛼 = 𝛼0 +  
𝜕𝛼

𝜕𝑄
𝑄 

𝑄 = 𝑄0 cos(𝜔𝑣𝑡) (4.2) 
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Where 𝑄 is the normal vibrational mode, 𝜔𝑣 is the frequency of the vibration and 𝑄0 is the 

maximum amplitude. When we substitute 4.2 into 4.1 we get: 

𝑃(𝑡) = 𝛼0𝐸0 cos(𝜔𝑡) + 
𝜕𝛼

𝜕𝑄
𝑄0𝐸0 cos(𝜔𝑡) cos(𝜔𝑣𝑡) 

𝑃(𝑡) =   𝛼0𝐸0 cos(𝜔𝑡) + 
𝜕𝛼

𝜕𝑄
𝑄0𝐸0 [cos((𝜔 − 𝜔𝑣) 𝑡) + cos((𝜔 + 𝜔𝑣) 𝑡)] (4.3) 

The first term corresponds to Rayleigh scattering, the second term represents Stokes Raman 

scattering, while the third term represents anti-Stokes Raman scattering. From this expression it is 

seen that Raman active modes are those that cause change in the polarizability of the material.  A 

schematic of the three scattering types is shown in Fig.4.1. In Stokes scattering, the material 

relaxes to an excited vibrational state and hence the frequency of the scattered light exhibits blue 

shift while the opposite is true for anti-Stokes scattering. A full Raman spectrum is a plot centered 

at the Rayleigh frequency (which is usually filtered) with positive peaks corresponding to Stokes 

scattering and negative peaks corresponding to anti-Stokes scattering. 
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Figure.4.1 Schematic of the energy diagram that including vibrational levels with electronic 

states. Rayleigh scattering does not include change in the vibrational levels while Stokes and 

anti-Stokes scattering correspond to relaxations to a higher and lower vibrational levels 

respectively.    

4.2 Ordered and disordered materials  

 Raman spectroscopy can be used to characterize solids, liquids, and gases. Crystalline solids have 

long range translational symmetry, and the selection rules depend on the space group of the 

material.  On the other extreme, gases have only short range ordering and the selection rules 

depends on the point group of the gas molecule(s). Liquids lack the translational symmetry of 

crystals but have an ordering intermediate between solid and gas phases, respectively. Raman 

spectra of crystalline solids are characterized by sharp peaks, unlike disorder phases where the 

spectra have broad peaks. The reason behind this originates from a conservation of momentum 

(a) (c) (b) 

Rayleigh 

Scattering 

Stokes 

Scattering 

Anti-Stokes 

Scattering 
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requirement in the crystalline phases. Fig.4.2 shows this conservation requirement in crystalline 

solids. 

 

Figure.4.2 The conservation of crystal momentum during Raman scattering from crystalline 

materials. ki and ks are the incident and scattered photons and q is the excited phonon.  

For the backscattering Raman spectroscopy configuration (𝜃 = 180) which is used for 

characterization of 𝑍𝑛𝐶𝑙2 melts, the equation become: 

𝑞2 = 𝑘𝑖
2 + 𝑘𝑠

2 − 2𝑘𝑖𝑘𝑠𝑐𝑜𝑠𝜃   →    𝑞 = 2𝑘𝑖    (4.4) 

where the approximation 𝑘𝑖 = 𝑘𝑠  is used. For characterizing the 𝑍𝑛𝐶𝑙2 melts, a green laser with a 

wavelength equaling 514.5 nm was used (see Chapter 5 for more details). The corresponding wave 

number of the produced phonon is therefore: 

 𝑞 = 2 𝑘𝑖 = 2
2𝜋

𝜆
= 2

2𝜋

514.5𝑛𝑚
= 2.4 × 105 𝑐𝑚−1 

k
i
 

Photon 

k
i 
= k

s
+q 
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The lattice parameter of ZnCl2 is 𝑎 = 5.4 Å so the edge of the Brillouin zone (BZ) is 
𝜋

𝑎
=

5.8 × 107𝑐𝑚−1. This shows us that because of the conservation of momentum requirement in 

crystalline solids, the only region that can be probed using Raman spectroscopy is for low values 

of the wave number (as compared to BZ edge), which corresponds to the center of the BZ, i.e. the 

Γ point. While there is still a limit on the largest k-value according to the lowest bond distance in 

disordered materials, the lack of translation symmetry increases available momentum states in the 

scattering process on the observed Raman spectrum allowing modes with wave vectors larger than 

the gamma point to be observed.   

4.3 Raman spectrum from ab initio methods 

Chapter 3 provided an introduction on using ab initio methods to obtain vibrational properties and 

the Raman spectra of materials. This section represents a continuation of the discussion in Chapter 

3. Vibrational modes that are Raman active demonstrate a change in polarizability when excited. 

From a modeling point of view, ab initio calculations for identifying Raman active modes in 

molecules can be carried out in a straight forward fashion; here, under harmonic approximation, 

the diagonalization of the mass-weighted Hessian matrix, followed by taking the derivative with 

respect to polarizability yields the Raman active modes [1,2]. For crystalline solids, the density 

functional perturbation theory (DFPT) is suited for modeling the Raman spectra [3]. On the other 

hand, obtaining the Raman spectrum of liquids requires a more nuanced approach as many 

structural units that comprise the liquid structure grow or diminish as a function of temperature. 

In this context, ab initio molecular dynamics (AIMD) simulations of liquids can be used to obtain 

the temperature dependent structural properties in terms of the population fraction of the structural 

building blocks. DFPT can then be used to obtain the Raman signatures of each of these building 

blocks, by carrying out an analysis of crystalline solids that are comprised solely of the 
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corresponding building blocks. The above described framework will be adopted to study the 

Raman spectra of the 𝑍𝑛𝐶𝑙2 melts in this dissertation. 

 

4.4 Raman spectrum of ZnCl2 melt 

The first study of 𝑍𝑛𝐶𝑙2 melt was by Salstrom et al. in 1935  [4]. This study was followed by many 

studies before and after the introduction of laser as the method of excitation to enhance the Raman 

signal [5–8]. It was evident from these studies that 𝑍𝑛𝐶𝑙2 melt contains (𝑍𝑛𝐶𝑙2)n polynuclear 

fragments such as, for example, corner sharing and edge sharing tetrahedra. However, the exact 

fraction as well as the different types of these structural units in the liquid is still under debate. As 

an attempt to further understand the short range ordering within the melt, Yannopoulos et al. [9]. 

deconvoluted the melt spectrum by using peaks from related solid structural models. In their work, 

they used the 𝑍𝑛𝐵𝑟2 crystalline solid to represent corner sharing tetrahedral structures in solid 

𝑍𝑛𝐶𝑙2 and the 𝐵𝑒𝐶𝑙2 crystalline solid to represent the evolution of the edge sharing tetrahedral 

structures, and scaled the obtained Raman signatures by a simple scaling factor √𝑀𝑥/𝑀𝑌 where x 

and y represent Cl and Br for 𝑍𝑛𝐵𝑟2 and Zn and Be for 𝐵𝑒𝐶𝑙2. In this work and as pointed out 

earlier, AIMD will be used for identifying structural units in the 𝑍𝑛𝐶𝑙2 melts as a function of 

temperature. However, in this work, no empirical scaling factors will be used, and particular 

attention will be paid to characterizing diverse local chemical enviroments namely Zn(0), Zn(1) and 

Zn(2)  as shown in Fig 4.3.  
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Figure.4.3 The three local environments of Zn atoms in ZnCl2 melt  

Three distinct solid prototypes corresponding to Zn(0), Zn(1) and Zn(2) namely  𝛿 − 𝑍𝑛𝐶𝑙2 (for Zn(0)) 

𝐺𝑒𝑆2 (for Zn(1)) and 𝐵𝑒𝐶𝑙2 (for Zn(2)) will be studied using the DFPT method to interpret the 

experimentally determined Raman spectra of 𝑍𝑛𝐶𝑙2 melts. The results are reported in Chapter 5.  
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ABSTRACT:  This chapter is published in the Journal of physical chemistry B under the same 

title DOI:10.1021/acs.jpcb.6b02452. The structure of molten ZnCl2 is investigated using a 

combination of computer simulation and experimental methods. Ab Initio Molecular Dynamics 

(AIMD) is used to model the structure of ZnCl2 at 600 K. The structure factors and pair distribution 

functions derived from AIMD show a good match with those previously measured by Neutron 

Diffraction (ND). In addition, Raman spectroscopy is used to investigate the structure of liquid 

ZnCl2 and identify the relative fractions of constituent structural units. In order to ascertain the 

assignment of each Raman mode, a series of ZnCl2 crystalline prototypes are modeled, and the 

corresponding Raman modes are derived from first principle calculations. Curve fitting of 

experimental Raman spectra using these mode assignments shows excellent agreement with both 

AIMD and ND. These results confirm the presence of significant fractions of edge-sharing 

tetrahedra in liquid ZnCl2. The presence of these structural motifs has a significant impact on the 
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fragility of this tetrahedral glass-forming liquid. The assignment of Raman bands present in molten 

ZnCl2 is revised and discussed in view of these results. 

5.1. INTRODUCTION 

The storage of solar energy in the form of heat using high-temperature fluids is a key approach in 

the development of efficient concentrated solar power plants. In that respect, molten salts have 

proven to be some of the most attractive media to store and transport thermal energy 1. In particular, 

ZnCl2-based salts have recently been the focus of regained interest for this application 2, 3. The key 

to the performance of these salts is their thermodynamic and transport properties. Understanding 

and predicting such properties relies on accurate structural information4.  

Glassy and molten ZnCl2 have been extensively studied because of their unique nature as a 

prototypical ionic network glass forming system 5-15. Unlike other 2-1 salts, ZnCl2 has low 

conductivity, high viscosity and tends to form glass easily 16-19. This is usually associated with the 

persistence of a tetrahedral network structure in the liquid, somewhat reminiscent of silica melt 6, 

7, 10. The structure of molten ZnCl2 has been studied using multiple techniques including Raman 

spectroscopy 7, 20-23, neutron diffraction (ND) 8, 10, 14 and EXAFS 24. All these techniques indeed 

indicate the predominance of tetrahedra consisting of Zn2+ ions surrounded by four Cl- ions. These 

ZnCl4 building blocks are then interconnected to form an extended network. However, it was 

recently suggested using both Raman 7 and ND 10, 14 that unlike silica melts (where all tetrahedra 

are corner-shared) the structure of ZnCl2 contains a significant fraction of edge-shared tetrahedra. 

These structural features are believed to have important consequences on the dynamical behavior 

of the molten salt 13. Hence, a detailed description of the melt structure is valuable, in particular 

regarding the ratio of edge- and corner-sharing units. The objective of this work is therefore to 
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study the structure of liquid ZnCl2 at 600 K using a combination of Ab Initio Molecular Dynamics 

(AIMD), first principles calculations and high-temperature Raman spectroscopy.  

Raman spectroscopy is a powerful method to explore the structure of solids and liquids. However 

one of its limitations lies in the uncertainty of the peak assignments required for curve fitting 

complex spectral features. In this study, we therefore use first principle calculations to determine 

the Raman active modes associated with different structural motifs in order to ascertain the validity 

of the peak assignment. We then curve fit the high-temperature spectra to obtain the fraction of 

each structural unit in order to characterize short-range order in liquid ZnCl2. Furthermore, we use 

a Density Functional Theory (DFT) based AIMD simulation to predict the molten salt structure. 

The AIMD results are shown to be in excellent agreement with experiment. 

5.2. METHODS 

5.2.1 Computational Methods 

5.2.1.1 Ab Initio MD of ZnCl2 melt 

Several classical molecular dynamic simulations of molten ZnCl2 have been previously attempted 

using a variety of potentials to describe ionic interactions 25-30. However, these models either failed 

to reproduce the experimental pair correlation functions or used unrealistic dispersion terms. 

Therefore, for a more accurate description of the ZnCl2 melt structure, we performed DFT based 

AIMD simulations.  

AIMD simulations were carried out with the Vienna Ab initio Simulation Package (VASP) 31, 32 

using the projector augmented wave (PAW) 33, 34 method with the Perdew-Burke-Ernzerhof 35 

exchange-correlation functional. The Newton equations of motion were calculated by using a 

Verlet algorithm, as implemented in VASP, with a time-step of 3 fs. A canonical ensemble with a 
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Nose thermostat is used to control the temperature, wherein the Nose mass – i.e., a parameter to 

control oscillations in temperature of the ensemble – is estimated using the vibrational frequency 

of molten ZnCl2.  

A cubic simulation cell with randomly placed Zn (36 atoms) and Cl (72 atoms) is initially 

equilibrated at 2000 K for 6 ps and is subsequently quenched to 600 K, using a quench rate of 1.8 

x 1014 K/s. The equilibrium volume of the cell corresponding to zero pressure at 600 K is obtained 

from a series of five high-accuracy calculations; employing a plane wave cutoff energy of 560 eV 

and a Monkhorst-Pack kmesh of 2x2x2 size. A final run to predict the liquid structure of ZnCl2 at 

the obtained equilibrium volume is carried out for 17.88 ps. All the runs, except the high-accuracy 

runs to predict the equilibrium volume, were carried out using a plane wave cutoff energy of 280 

eV and with a Gamma point kmesh of 1 x 1 x 1. The structural analysis of ZnCl2 liquids is 

performed by using the R.I.N.G.S code 36. 

5.2.1.2 First Principle Calculation of Raman Modes 

If the structure of the ZnCl2 melt is considered to be composed entirely of ZnCl4 tetrahedral units, 

only three distinct types of Zn local structural environments can be identified as depicted in Fig. 

5.1. The environments denoted Zn(0), Zn(1) and Zn(2) represent a tetrahedron that shares all corners 

but no edge, share one edge and shares two edges with other tetrahedra, respectively14. 
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Figure 5.1. The local environment of Zn atoms in liquid ZnCl2. 

In order to calculate the Raman mode for each of these environments, three tetrahedrally connected 

solid structural models were chosen to model the three types of connectivity. The structure types 

are δ-ZnCl2 (Pna21) 
37, BeCl2 (Ibam) 38 and GeS2 (P121/c1) 39 as depicted on Fig.2.2. The δ-ZnCl2 

structure consists of only corner-sharing tetrahedra and hence represents Zn(0). The BeCl2-type 

structure has only edge sharing tetrahedral units and is used to model Zn(2). The GeS2-type structure 

is a prototype of the mixed corner and edge-sharing tetrahedra which contains 50% Zn(0) and 50% 

Zn(1) units. For the Raman mode calculation, the δ-ZnCl2 structure was used “as is” but the 

hypothetical ZnCl2 structure corresponding to BeCl2 and GeS2 were modeled by first principle 

calculation. Zn was substituted for Be and Ge in BeCl2 and GeS2 respectively, and Cl was 

substituted for S in GeS2. The volume of the BeCl2 and GeS2-type unit cell was then altered such 

that the Zn-Cl distance was the same as the one in δ-ZnCl2. Another correction method was used 

to adjust the volume based on δ-ZnCl2 density. However density correction resulted in Zn-Cl 

shrinkage that was not physical for some structures. 
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Figure 5.2. Crystalline prototypes used to model the Raman modes of structural units present in 

the ZnCl2 liquid. 

For the Raman mode calculation, density functional theory (DFT) calculations were implemented 

within the plane-wave based CASTEP 40 code. Phonons and Raman activities were calculated 

using the density-functional perturbation theory method (DFPT) 41. Ion-valence electron 

interaction was described using Normconserving pseudopotentials42 as these are the only 

pseudopotentials adopted for DFPT calculation in CASTEP. To achieve high accuracy, 

generalized gradient approximation GGA-PBE  was used to describe correlation and exchange 

potentials. All calculations were performed with a 700 eV energy cutoff. Geometry optimization 

of the structures was done using several convergence parameters. The first one is that the change 

in total energy was less than 10-6 eV/atom. Other convergence parameters include a force per-atom 
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smaller than 10-3 eV/A and a maximum displacement of atoms less than 10-3 A. Phonon 

calculations were conducted with the same accuracy as the geometry optimization, and Raman 

calculations were done at the gamma point (q=0). Primitive unit cells were used for all the 

structures. The k-mesh for each structure was chosen to get the same level of accuracy. For δ-

ZnCl2 2x2x2 was used, 2x2x4 for BeCl2, 1x1x1 for ZnBr2 and 112 for GeS2. 

5.2.1.3 Convergence Test 

A convergence test was also performed in order to ensure, total energy and phonon convergence 

as a function of both cut-off energy and k-mesh. First, single point energy was calculated at 400 

eV with k-mesh ranging from 2x2x2 to 16x16x16. The difference in energy between 2x2x2 and 

16x16x16 was 1.76 meV per atom indicating good convergence for 2x2x2. Then, the energy 

convergence for 2x2x2 at different cut-off energy was also done where the difference between 

700eV and 900eV was 31.86 meV per atom. This is quite a large difference, but we used 700 eV 

in our calculations due to CPU limitation and because its effect on phonon density of states (PDOS) 

is not so large. 

The phonon convergence test was done as a function of both k-mesh and cut-off energy. First, 

phonon convergence at 700 eV with k-mesh ranging from 2x2x2 to 4x2x4 was performed and 

phonon convergence was evaluated by the difference between the major peaks as well as the 

highest frequency phonon positions. The difference between the 2x2x2 and 4x2x4 was about 1.5 

cm-1. Then phonon convergence was performed for 2x2x2 from 700eV to 900eV. The frequency 

difference between 700eV and 900eV was less than 2.5 cm-1, which validates the use of 700eV in 

our calculations. Hence, the error bar on Raman spectra is the sum of both differences which is 

4cm-1. 
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5.2.2 Experimental Method 

99.999% purity anhydrous ZnCl2 was purchased from Alfa Aesar and stored in a glove box under 

an argon atmosphere with <0.1 ppm H2O and O2 concentrations. The crystal structure of the sample 

was confirmed to be δ-ZnCl2 using X-Ray Diffraction performed in a quartz capillary sealed under 

argon to prevent contact with moisture. The melting point of high purity ZnCl2 was found to be 

588 K using differential scanning calorimetry. 

Raman measurements were collected using a Jobin-Yvon Horiba Lab Ram HR800 spectrometer 

with an inverted microscope. The spectra were collected using an argon ion laser (λex = 514.5 nm) 

in a backscattering configuration using a long working distance 10X objective (WD = 35 mm, NA 

= 0.28) and 1800 g/mm grating to give a beam spot size of 100 µm. The power of the laser was 

100 mW. The spectra integration time was 4 min, and an average of two spectra was collected. The 

Raman shift was measured from zero to 800 cm-1. This range encompasses the anticipated Raman 

signal of liquid ZnCl2 which extends up to less than 500 cm-1.   

A custom made heating stage was used for measuring Raman spectra of liquids up to 400 oC. It 

consisted of a heating block fitted with four symmetrically positioned heating cartridges for 

homogeneous heat distribution and a thermocouple for temperature control. The samples (4 g) 

were sealed in a glass vial (outer diameter was 16 mm with 2 mm thick walls) under vacuum and 

inserted in a tight fitted cylindrical opening along the vertical length of the heating block. The 

Raman signal was then collected through the 2 mm thick flat bottom of the vial with optical access 

afforded by a hole at the bottom of the heating block. The laser beam was first focused on the 

bottom of the glass vial (as confirmed by observation of the characteristic glass Raman spectrum). 

Repositioning of the objective allowed the focus to then be moved an estimated 2-3 mm into the 

melt volume. The final focus position was optimized by maximizing the δ-ZnCl2 Raman spectrum 
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intensity. The sample was allowed to equilibrate for 45 min before taking the measurement. All 

Raman spectra were baseline corrected and thermally reduced to account for the temperature 

dependence of the scattering intensity. 

5.3. RESULTS  

5.3.1 Computational  

5.3.1.1 Ab Initio MD of ZnCl2 melt at 600 K 

Figure 5.3 presents the total structure factor and partial structure factors SCl-Cl, SZn-Zn and SZn-Cl 

calculated from the AIMD simulations of ZnCl2 at 600 45 K. In order to assess the validity of the 

AIMD structural predictions, the structure factors are compared with experimental neutron 

diffraction data obtained by the isotopic substitution method and reverse monte carlo (RMC) 

modeling from Zeidler et al 10. These results indicate that the features of the theoretical structure 

factors are in good agreement with the experimental data. 

The partial pair distribution for Zn-Cl, Cl-Cl and Zn-Zn are also in good agreement with those 

derived from experimental ND (Fig. 5.4). In particular, the first peak of gZnCl(r) at rZnCl = 2.27 Å 

is consistent with the expected Zn-Cl bond distance in a ZnCl4 tetrahedron 37. Interestingly the Zn-

Zn pair correlation gZnZn(r) exhibits two peaks centered near 3.1 Å and 3.8 Å that is also present 

in the ND. Considering a Zn-Cl bond distance of 2.27 Å , the 3.8 Å peak is in agreement with the 

Zn-Zn distance expected between the central Zn ions in two adjacent corner-sharing tetrahedra 

while the 3.1 Å peak is consistent with the Zn-Zn distance expected between the central Zn ions 

in two adjacent edge-sharing tetrahedra 10. Furthermore, these peak assignments are consistent 

with the Zn-Zn distances for edge- and corner-sharing tetrahedra derived from the crystalline 

prototype depicted in Fig. 5.2 as will be discussed in section 5.3.1.2. 
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Figure 5.3. Total and partial structure factor (Zn-Cl, Zn-Zn, Cl-Cl) calculated from AIMD (black 

solid) and compared with experimental ND results from Zeidler et al. 9 (red line) and the 

corresponding RMC model (green dash). 
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Figure 5.4. Partial pair-distribution function for Zn-Cl, Cl-Cl and Zn-Zn calculated by AIMD 

(blue curve) and ND results from Zeidler at al. 9 obtained by Fourier transform of the structure 

factors of Fig.2.3. 

This structural interpretation is further supported by the bond angle distribution for Zn-Cl-Zn 

shown in Fig. 5.5. The bond angle shows a dual distribution centered near 84° and 112°. 

Considering a Zn-Cl distance of 2.27 Å, a Zn-Cl-Zn bond angle of 112° would result in a Zn-Zn 

distance of 3.76 Å which corresponds to the corner-sharing tetrahedra peak observed in gZnZn(r) at 

3.8 Å. Similarly, the Zn-Cl-Zn bond angle of 84° would result in a Zn-Zn distance of 3.05 Å which 

relates to the edge-sharing tetrahedra peak observed in gZnZn(r) at 3.1 Å. These bond angle 

assignments are also consistent with those for edge- and corner-sharing tetrahedra derived from 

the crystalline prototype depicted in Fig. 2 as will be discussed in section 5.3.1.2. 
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Figure 5.5. Bond angle distribution for Zn-Cl-Zn calculated from AIMD. The lines correspond 

to the bond angles calculated for the structure prototypes δ-ZnCl2 (blue), GeS2 (green) and BeCl2 

(red). 

Overall, the good match between the experimental and calculated structure factors and pair 

distribution functions lends credence to the structure derived from AIMD for ZnCl2. The presence 

of both corner- and edge-sharing tetrahedra is also consistent with other models for liquid ZnCl2 

15, 43. In order to visualize the structural motifs present in the network, a snapshot of the 108 atom 

model is plotted in Fig. 5.6. This structure reveals the three different types of connectivity predicted 

in Fig. 5.1, namely Zn(0), Zn(1) and Zn(2). In addition to these tetrahedral connectivities, we also 

observe a minor concentration of 3- and 5-fold coordinated Zn. The fractions of each type of 

connectivity at 600 K was as follows: 57(7)% Zn(0), 32(6)% Zn(1), 6(2)% Zn(2), 3(3)% 3-fold 

and 2(2)% 5-fold.  
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Figure 5.6. Snapshot of the liquid ZnCl2 at 600 K obtained by AIMD. The unit cell containing 108 

atoms reveals the presence of the three different local Zn environments: Zn(0), Zn(1) and Zn(2). 

5.3.1.2 Crystal Prototypes and First Principle Calculation of Raman Modes 

The three structure types depicted in Fig. 5.2 were used to gain insight on the three different Zn 

environments, Zn(0) (δ-ZnCl2), Zn(1) (GeS2) and Zn(2) (BeCl2). While the δ-ZnCl2 structure was 

used “as is” the hypothetical ZnCl2 structures corresponding to GeS2 and BeCl2 were modeled as 

described in section 5.2.2.1. In particular, these structure prototypes were used to calculate Raman 

modes, Zn-Zn distances, and bond angle distributions for each environment.  

As illustrated in Fig.5.5, the Zn-Cl-Zn bond angles derived from these structure prototypes are 

consistent with those found by AIMD simulations of the ZnCl2 liquid structure. δ-ZnCl2 has a 

single Zn-Cl-Zn bond angle of 110° corresponding to a pair of corner-sharing tetrahedra, while 

BeCl2 has a single bond angle at 80° corresponding to a pair of edge-sharing tetrahedra. GeS2 

instead has two corner-sharing tetrahedra angles near 100° and one edge-sharing tetrahedron angle 

at 82°. These Zn-Cl-Zn bond angles are consistent with the two bond angle distribution peaks 
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centered at 84° and 112° that are assigned to edge- and corner-sharing tetrahedra respectively (Fig. 

5.5). 

Similarly, the Zn-Zn bond distances derived from the structure prototypes are consistent with those 

derived from the partial pair distribution function calculated by AIMD. Figure 7 shows an enlarged 

view of the Zn-Zn pair distribution function gZnZn(r) along with the Zn-Zn bond distances for each 

structure prototype. Again the pair distribution function shows two peaks centered at 3.8 Å and 3.1 

Å assigned to corner- and edge-sharing tetrahedra respectively, which are consistent with the Zn-

Zn distances for corner-sharing tetrahedra of 3.85 Å and 3.6 Å found in δ-ZnCl2 and GeS2 

respectively, as well as the Zn-Zn distances for edge-sharing tetrahedra of 3.06 Å and 3.11 Å found 

in BeCl2 and GeS2 respectively. 

 

Figure 5.7. Close up of the pair-distribution function for Zn-Zn calculated by AIMD. The lines 

correspond to the Zn-Zn distances calculated for the structure prototypes δ-ZnCl2 (blue), GeS2 

(green) and BeCl2 (red). 
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Raman modes were then calculated by DFPT for each crystal prototype. Figure 5.8 shows the 

position and normalized intensity of all Raman modes for each structure type. The most intense 

modes for each structure were selected for further comparison with experimental spectra and a 

vector analysis was performed to determine their symmetry. 

 

Figure 5.8. Position and normalized intensity of Raman modes for the structure prototypes δ-

ZnCl2 (blue), GeS2 (green) and BeCl2 (red). 
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Figure 5.9 shows that the most intense Raman mode of δ-ZnCl2 at 225 cm-1 corresponds to a 

bending vibration of two corner-sharing tetrahedra. The most intense mode of BeCl2 at 274 cm-1 

corresponds to an edge-stretching vibration of two edge-sharing tetrahedra. The two modes of 

GeS2 at 237 cm-1 and 307 cm-1 show major contributions from the bending vibration of corner-

sharing tetrahedra and edge-stretching vibration of edge-sharing tetrahedra respectively. 

 

Figure 5.9. Vector analysis of the main Raman modes for the three structure prototypes. 

 

 



70 
 

2.3.2 Raman Spectroscopy 

Raman spectra were acquired for both δ-ZnCl2 at room temperature and liquid ZnCl2 at 600 K as 

depicted in Fig. 5.10. The main Raman mode around 230 cm-1 broadens considerably in the liquid 

state as previously observed 6, 7 In addition a side band around 310 cm-1 becomes clearly visible 

as pointed out by Yannopoulos et al.7. As expected for a crystalline solid, the main band of δ-ZnCl2 

is very sharp. This line is centered at 227 cm-1 which is in good agreement with the value of 225 

cm-1 found by first principles calculation for δ-ZnCl2 (Fig. 5.10). This good match substantiates 

the validity of the DFPT method for calculating reliable Raman shifts. 

 

Figure 5.10. Raman spectrum of δ-ZnCl2 at room temperature and liquid ZnCl2 at 600 K. The 

line indicates the position of the main Raman mode predicted by first principles calculations for 

δ-ZnCl2. 
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5.4. DISCUSSION 

5.4.1 Comparison of Experimental and Computational Results 

In order to perform a quantitative comparison of the structural model obtained by AIMD with that 

derived from Raman spectroscopy, the Raman spectrum collected at 600 K was analyzed using the 

mode assignment calculated by first principles using CASTEP in Fig. 5.8. After background 

removal and thermal reduction, curve fitting of the resulting spectrum was pursued, involving the 

use of Gaussian peaks whose center frequencies were associated with the primary vibrational 

resonances derived from the DFPT analysis. Goodness of fit was determined by examination of 

the residual error between the experimental and multi-Gaussian envelope function. Four major 

peaks were used in the fit, as dictated by the DFPT results (Figure 5.8). These included the corner-

sharing δ-ZnCl2 mode (peak 1) at 225 cm-1, the edge-sharing BeCl2-type mode (peak 2) at 274 cm-

1 and the two GeS2-type modes, one corner- (peak 3) 237 cm-1 and one edge-sharing (peak 4) at 

307 cm-1. Peak number designations are also provided in Figure 5.11. An additional peak centered 

near ~350 cm-1 was also used to account for the small fraction of non-tetrahedral Zn which arises 

from broken Cl bridges at higher temperature (peak 5). This assignment was made based on that 

suggested by Yannopoulos et al.7. The fraction of these 3-coordinated Zn is estimated at ~3 % from 

AIMD. During the fitting process, the peak positions were allowed to vary by 5 cm-1 in order to 

optimize agreement with the experimental spectrum. Peak widths were allowed to vary but not 

exceed the width of peak 1 (δ-ZnCl2). In addition, the ratio of peak 3 to peak 4 (GeS2-type) was 

fixed at the same ratio as that calculated in Fig. 8. The result of this curve fitting is shown in Fig. 

5.11. 
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Figure 5.11. Curve-fitting of the ZnCl2 Raman spectra at 600 K using the Raman modes 

calculated by first principle in Fig. 8. Curve numbering is detailed in the text. 

The percentages areas of each peak are given in Table 5.1. The percentage of δ-ZnCl2 is equal to 

25%. GeS2 percentage is equal to 62% (peak3 +peak4). Finally, BeCl2 is 11% and ZnCl3 is 5%. 

Peak areas were largely insensitive to changes in starting peak position parameters. These 

percentages can then be used to estimate the relative abundance of each Zn local environment. 

Peak 1 (δ-ZnCl2) corresponds to pure Zn(0), while peak 2 (BeCl2) corresponds to pure Zn(2). The 

percentages corresponding to the GeS2-type modes were quantified as follows. The unit cell of the 

GeS2 prototype crystal (Fig. 5.2) contains as many Zn(0) as Zn(1) hence, the total intensity of peak 

3 + peak 4 divided by 2 was used to quantify the fraction of each Zn type. This treatment requires 

that the structure contains a roughly equal number of Zn(1) and Zn(0) of the GeS2-type. This 

requirement is found to be satisfied a posteriori by compiling the fraction of various Zn 

environments found in the 108 atoms AIMD model. This calculation requires differentiating each 

Zn environment based on their first Zn neighbors. For example, a Zn(0) can share corners with all 

Zn(0), all Zn(1) or a combination of the two. Here we consider that Zn(0) sharing corners with 3 or 4 

other Zn(0) are similar and are assigned to peak 1. Similarly, Zn(0) sharing corners with 2 or more 
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Zn(1) are close to the GeS2-type motif and are assigned to peak 3. Then all Zn(1) are assigned to the 

GeS2-type peak 4 and all Zn(2) area assigned to the BeCl2-type peak 2. Hence the percentage of 

each Zn environment is calculated as follow: 

%Zn(0) = %Peak 1+%(0.5×Peak 3 + 0.5×Peak 4) 

%Zn(1) = %(0.5*Peak 3 + 0.5*Peak 4) 

%Zn(2) = %Peak 3 

Table 5.1: Percentage area of the five Raman peaks resulting from the curve fitting shown in Fig. 

5.11. Uncertainties calculated from multiple curve fitting attempts were less than 1%. 

 % Area 

Peak 1 25% 

Peak 2 8% 

Peak 3 51% 

Peak 4 11% 

Peak 5 5% 
 

The results of this calculation are reported in Table 5.2. It must be mentioned that the small fraction 

of 3-coordinated Zn was ignored in the calculation of the Raman and AIMD ratios in order to 

compare with the ND data reported by Zeidler at al. 14. Overall the results of Table 5.2 indicate a 

good quantitative agreement between ND, Raman and AIMD. This further supports the validity of 

the structure derived by AIMD. 

Table 5.2: Comparison of the relative fraction of Zn(0), Zn(1) and Zn(2) derived by Raman, AIMD 

and ND(from Zeidler et al. 14). 

 Raman AIMD ND 

Zn(0) 59% 60% 60% 

Zn(1) 32% 34% 30% 

Zn(2) 9% 6% 10% 

 

 



74 
 

5.4.2 Assignment of Raman Bands in Liquid ZnCl2 

The assignment of the main Raman band in tetrahedral MX2 systems has been interpreted in 

various ways44. Bell and Dean initially assigned the main Raman mode to a rocking motion of the 

X atom perpendicular to the X-M-X plane44. However, Galeener later interpreted it as the 

symmetric stretch of the X atom along a line bisecting the X-M-X angle45. For ZnCl2 this main 

mode has been broadly interpreted as a “totally symmetric stretching mode” of ZnCl4 tetrahedra22, 

23, 46 or specifically as an A1 breathing mode7. In that respect the vector analysis of δ-ZnCl2 shown 

in Fig. 9 indicate that the main mode at 225 cm-1 is associated with a motion of the Cl atom 

perpendicular to the Zn-Cl-Zn plane. This assignment is in good agreement with that initially 

proposed by Bell and Dean for MX2 tetrahedral systems44. This divergence in assignment most 

likely arises from the fact that many studies commonly use the factor group analysis to interpret 

the Raman modes of crystalline ZnCl2
6, 7. However, this analysis treats structural units as 

individual molecules in order to assign point group symmetries and to derive atomic motions47. 

But while this is an adequate approach for treating molecular solids, it would appear to be 

inadequate for solids showing strong network character such as ZnCl2. Overall our results agree 

well with that of Bell and Dean which were indeed derived from an extended three-dimensional 

model of silica44. Nevertheless, while the exact symmetry of the main Raman mode at 225 cm-1 

may be debated, there is no question that it is associated with the vibration of corner-sharing 

tetrahedra and therefore it can reliably be used as a mean of quantifying the relative abundance of 

this type of structural unit. 

The first principles calculations of Fig. 5.8 and the vector analysis of Fig. 5.9 also suggest some 

new assignments for Raman bands present in molten ZnCl2. The shoulder peaks arising near 

~275cm-1 and ~300 cm-1 at high temperature have initially been associated with an increasing 
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concentration of broken −Cl− bridges in the ZnCl2 network20, 22, 46. Irish and Young suggested the 

formation of individual ZnCl2, ZnCl3
- and ZnCl4

2- units20 while later studies assigned these modes 

to non-bridging Cl 22, 46 on the basis of the “split cell model” of Angel and Wong6. Cacciola et al. 

instead assigned these bands to a LO-TO splitting of the antisymmetric tetrahedral stretching 

mode23. Yannopoulos et al. were the first to suggest that the shoulder near ~300 cm-1 could instead 

be associated with BeCl2-type strips of edge-sharing tetrahedra7. They describe the melt structure 

as a mixture of chains of edge-sharing tetrahdra and clusters of corner sharing tetrahedral. Our 

results support the presence of edge-sharing tetrahdra but only in small chain fragments of 2-3 

units which are in turn fully integrated within the continuous network structure of the melt. This 

model requires the presence of a significant fraction of Zn(1) to link edge- and corner-sharing 

tetrahedral. We therefore suggest that two modes associated with edge-sharing tetrahedra are 

present, one BeCl2-type mode (Zn(2)) near 274 cm-1 and one GeS2-type mode (Zn(1)) near 306 cm-

1. The existence of significant concentrations of these edge-sharing tetrahedra in molten ZnCl2 has 

since been unambiguously demonstrated by ND10, 14. The present AIMD calculation also 

corroborates their existence. This further reinforces the validity of these Raman mode assignments.  

5.4.3 Edge-sharing Tetrahedra in Liquid ZnCl2 

The existence of edge-sharing units in tetrahedral network liquids is of significant importance as 

it appears to be affecting the transport properties of the melts. Indeed, molecular dynamic 

simulations of MX2 tetrahedral liquids have shown that the melt fragility increases with the number 

of edge-sharing motifs13. These predictions are also consistent with the temperature-dependent 

constraint model of Gupta and Mauro48 which correlates the number of topological degrees of 

freedom to the melt fragility. Indeed, a pair of edge-sharing tetrahedra generates 12 angular 

constraints compared to 14 for a pair of corner-sharing tetrahedra49, hence an increasing fraction 
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of edge-sharing tetrahedra will result in more structural degrees of freedom and consequently will 

lead to increased fragility. An investigation of the temperature dependence of edge-sharing 

tetrahedra concentration would therefore be of much interest and will be the subject of a future 

study. 

5.5 High temperature Raman spectroscopy 

As follow up on this work a paper is submitted for publication under the name (Structure of ZnCl2 

Melt Part II: Fragile-to-Strong Transition in a Tetrahedral Liquid) by Lucas et al. In this work the 

Raman spectrum of ZnCl2 as function of temperature from 100oC to 500oC was studied as shown 

in Figure 5.12.  

 

Figure 5.12. Normalized Raman spectra of liquid ZnCl2 as a function of temperature. The 

spectra cover the supercooled liquid range as well as the stable liquid above Tm. 
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As done for the 600 K the spectrum is deconvoluted using the Raman modes at 225 cm-1, 237 cm-

1, 274 cm-1 and 307 cm-1 with the same way of calculating the percentage of Zn(0),Zn(1) and Zn(2) 

as in section 5.4.1. Figure 5.13 shows the fitting of one low and one high temperature Raman 

spectrum using these peaks.  

 

Figure 5.13. Peak fitting of liquid ZnCl2 Raman spectra at 152°C and 500°C. 

 

The evolution of the different short-range environments as function of temperature is summarized 

in figure 5.14. From the plot it is clear that the population of Zn(1) and Zn(2) grows at the expanse 

of the population of Zn(0).    



78 
 

 

Figure 5.14. Evolution of the fraction of Zn(0), Zn(1) and Zn(2) structural units measured by 

Raman spectroscopy as a function of temperature. 

 

This indicates an increase of the edge-sharing as function of temperature and decrease of corner 

sharing. A summary of the fraction of the different short-range ordering as function of temperature 

from Raman spectroscopy and ND is given in table 5.3.  

Table 5.3: Comparison of the relative fraction of Zn(0), Zn(1) and Zn(2) derived by Raman, AIMD 

and ND (from Zeidler et al. 22) as a function of temperature. 

Temperature 

ND Raman 

Zn(0) Zn(1) Zn(2) Zn(0) Zn(1) Zn(2) 

600K 60% 30% 10% 59% 32% 9% 

700K 49% 31% 20% 52% 35% 13% 
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800K 42% 30% 28% - - - 

900K 42% 34% 24% - - - 

 

Both methods give the same trends for the rate on change of the three short-range ordering in the 

liquid. The number of both corner and edge sharing can be calculated using the following 

formals: 

𝐶𝑆 = 𝑍𝑛(0) +
𝑍𝑛(1)

2
 , 𝐸𝑆 = 𝑍𝑛(2) +

𝑍𝑛(1)

2
 (3.1) 

Using these formulas and the fractions of the short-range ordering in table 5.3 we see that the 

percentage of corner sharing dropped from 75% to 69.5% from 600K to 700K while the edge 

sharing increases from 25% to 30.5% in the temperature range.    
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Figure 5.15. Evolution of the ratio of corner- to edge-sharing tetrahedra as a f unction of 

temperature. The temperature is normalized by Tg for easy comparison with a fragility plot. 

 

Figure 5 shows the evolution of the ratio of the corner sharing to edge sharing as function of 

temperature. From this plot it can be seen that the conversion from CS to ES at higher temperature 

resulted in a higher enthalpy of reaction ΔH = 8.02 kJ/mol compared to the low temperature 

enthalpy of reaction of ΔH = 1.84 kJ/mol. 

5.6. CONCLUSIONS 

In this paper, the structure of liquid ZnCl2 at 600 K was investigated using a combination of 

experimental and ab initio numerical methods. Liquid structure information derived from AIMD 

was used to investigate short-range ordering. This structural information is shown to be in good 

agreement with isotopically substituted ND data previously published by Zeidler et al.10 and 

suggests the presence of both corner- and edge-sharing tetrahedra in the melt. The AIMD model 

was further validated by Raman spectroscopy. First, the Raman mode assignments were derived 

from three simulated prototypical structures for ZnCl2 using CASTEP and employed for the curve 

fitting of experimental spectra. This approach led to an excellent agreement between the fractions 

of structural motifs obtained by Raman, ND and AIMD. The structure of liquid ZnCl2 at 600 K 

was shown to be composed of a three-dimensional network of corner-sharing tetrahedra with a 

homogeneously distributed fraction of edge-sharing tetrahedra. Having such understanding of the 

structure and its evolution as a function of temperature will enable better prediction of thermal and 

transport properties such as the melt fragility. In the case of zinc chloride this information is crucial 

in predicting and designing thermal and transport properties of ZnCl2 based heat transfer fluids. 
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Abstract. This chapter is submitted for publication in CARBON journal under the same 

title. The ability to polymerize solid-state 𝑪𝟔𝟎 molecular crystals via intermolecular 

covalent bond formation provides controllable routes to obtaining structures with tunable 

mechanical and thermal properties. In this regard, using molecular dynamics simulations, 

fundamental insights into the interplay between degree of polymerization and the ensuing 

evolution in the thermophysical properties of 𝑪𝟔𝟎 polymorphs are obtained for the first 

time. In particular, it is unambiguously shown that 2-D polymerized 𝑪𝟔𝟎 polymorphs show 

a two order of magnitude enhancement in the thermal conductivity and one order of 

magnitude change in the elastic stiffness. The significant increase in the thermal 

conductivity is correlated to the presence of new THz thermal phonon modes, characterized 

by larger mean free paths. In addition, it is also seen that the Debye temperature of the 𝑪𝟔𝟎 

structures is strongly dependent on the extent of polymerization. The new understanding 
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obtained in this work provides valuable guidelines for the design and development of new 

𝑪𝟔𝟎 based phononic metamaterials for applications as vibrational and thermal management 

systems.   

 

6.1. Introduction 

Spherical fullerene molecules such as 𝑪𝟔𝟎 exhibit interesting chemical properties due to their 

curvature and icosahedral symmetry [1]. Consequently, 𝑪𝟔𝟎, an electron acceptor, readily 

undergoes a variety of addition, cycloaddition and polymerization reactions [2]. In its solid state 

form, 𝑪𝟔𝟎 forms an FCC molecular crystal at room temperature, which polymerizes by formation 

of covalent bonds between neighboring 𝑪𝟔𝟎 molecules, when subjected to pressure, electric field 

or radiation [2–5]. Interestingly, the degree of polymerization (1-D vs. 2-D vs. 3-D) is tunable, 

depending on the nature and intensity of the external stimulus. In addition, recent advances in 

solution based crystal engineering have resulted in obtaining solvent-intercalated crystalline 𝑪𝟔𝟎 

self-assemblies that demonstrate chemistry-driven tunable polymerization [6] While the structural 

characteristics of the  𝑪𝟔𝟎 polymers have been reasonably well studied [7], fundamental 

characterization of the thermophysical properties as a function of polymerization have not yet been 

systematically examined due to inherent difficulties in synthesizing pure phases. In this context, 

we carry out a detailed investigation on the interplay between polymerization and the resulting 

thermophysical properties using state of the art atomistic computational techniques. Given that the 

covalent bonding between 𝑪𝟔𝟎 molecules should enable signficant differences in the phonon 

derived properties of polymerized vs unpolymerized 𝑪𝟔𝟎 polymorphs, special attention is paid to 

understand the changes in thermal phonon properties and the consequent effects on the variations 

in specific heat, Debye temperature, and thermal transport of the corresponding 2-D polymeric 
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𝑪𝟔𝟎 structures. Lessons learned from this study will not only provide scientific insights into the 

interplay between extent of the polymerization and thermophysical properties, but with equal 

importance, provide fresh perspectives towards utlizing polymerized 𝑪𝟔𝟎 structures for targeted 

thermal management applications.  

 

6.2. Background 

The most stable solid state 𝑪𝟔𝟎 phase at ambient conditions is the unpolymerized FCC phase (𝑎 =

14.04 𝐴), while, the primary undoped polymeric 𝑪𝟔𝟎 phases crystallize in either rhombahedral (R-

phase) or tetragonal (T-phase) or orthorhombic (O-phase) structures. In the polymeric phases, the  

intermolecular bonding arises due to [2+2]-cycloaddition reactions [8] and is characterized by 

charge transfer between carbon double bonds in neighboring 6-fold 𝑪𝟔𝟎 faces. In the absence of 

electric and optical stimulus, 𝑪𝟔𝟎 polymerization requires both thermal and pressure activation, to 

ensure appropriate intermolecular orientation and separation. The O-phase consists of 1-D parallel 

chains of covalently bonded 𝑪𝟔𝟎 molecules, while, both T-phase and R-phase consist of 2-D planes 

of covalently bonded 𝑪𝟔𝟎 molecules as shown in Fig.6.1. For the T-phase, each molecule is bonded 

to four nearest neighbors molecules (𝑎 = 9.09 A, 𝑐 = 14.95 A), while in the R-phase, each 

molecule is bonded to six nearest neighbors  (𝑎 = 9.19 A, 𝑐 = 24.5 A).  
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Figure 6.1:  Structures of FCC, T-Phase and R-Phase (Top and side view) 

Understanding the vibrational spectra of both unpolymerized and polymerized phases is necessary 

to enable a fundamental characterization of the respective phonon derived thermophysical 

properties.  An important interrelationship between the different thermophysical properties is given 

in Eqn.1[9], linking the mode-by-mode contributions to the thermal conductivity (𝜿) of the 

material. For a given phonon frequency 𝝎, 𝒗𝒈, 𝒗𝒑, 𝒄𝒗, 𝝉𝒓 represent mode specific group velocity, 

phase velocity, heat capacity and life-time respectively, while 𝝎𝑳,𝒎𝒂𝒙 represents the maximum 

frequency that can be supported by the system. However, at high temperatures (relative to the 

Debye temperature) this equation is effectively reduced to Eqn.2[10], where 𝑪𝑽
𝝆

 is the volumetric 

heat capacity, 𝒗𝒔 represents the longitudinal speed of sound and 𝝀 is the effective mean free path 

of thermal phonons.  
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Past investigations have examined the vibrational properties of the FCC and the polymerized 

phases [9–15]. However, difficulties in producing pure phase polymerized structures and the 
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sensitivity of 𝑪𝟔𝟎 solids towards photo-polymerization introduce inherent uncertainties in the 

characterization of the 𝑪𝟔𝟎 solids’ vibrational properties.  Based on available literature,  the 

vibrational spectrum of the FCC phase can be characterized in terms of isolated intramolecular 

𝑪𝟔𝟎 peaks (8 − 60 𝑇𝐻𝑧) as well as additional lattice (intermolecular) modes up to 1.8 𝑇𝐻𝑧. For 

the polymerized phases, the underlying 𝑪𝟔𝟎 symmetry is broken due to polymerization, lifting the 

degeneracy of some high symmetry intramolecular modes; in addition, new vibrational modes  

attributed to the covalent intermolecular bonds also arise, as discussed in Ref. [15].   

In terms of thermophysical properties, the specific heat (𝑪𝑽) and Debye temperature (𝜽𝑫) of the 

FCC molecular crystal have been studied in more detail as compared to the polymerized phases 

[16–18]. There is considerable scatter in the reported values of the Debye temperature of the FCC 

phase (𝜽𝑫~ 37-100 K) as shown in [19], while the thermal conductivity (𝜿~ 0.4 W/m-K) [16] has 

not been extensively studied. The low 𝜽𝑫 and 𝜿 of the FCC phase are a consequence of the weak 

intermolecular interactions between non-bonded 𝑪𝟔𝟎 molecules. In addition, the reported values 

of 𝑪𝑽 at 300 K for the FCC phase ranges between 490-740 mJ/g/K [19].  Literature on the 

thermophysical properties of the polymerized phases is relatively sparse [20–24] and often 

uncertain as pointed out before. For example, based on available literature, the 𝜽𝑫for the 2-D 

polymerized phases is estimated to be anywhere between 42 K [24] to 215 K [20]. Further, thermal 

conductivity studies on the polymerized phases have been largely inconclusive due to large 

structural disorder associated with the synthesized polymeric structures [25–28]. 

As evident from this discussion, given the dearth of information on the polymerized 𝑪𝟔𝟎 phases 

and considerable  scatter in available literature associated with all three phases, there is a clear 

need for investigations to examine and characterize their thermophysical properties. Towards this 

end, using molecular dynamics (MD) simulations, the thermophysical properties of the molecular 
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crystal FCC phase will be compared and contrasted with 2-D polymerized T-phase and R-phase 

structures, leading to insights that underlie key differences in their respective behaviors. For these 

purposes, a new interatomic potential, capable of modeling the above phases is specifically 

developed. Atomistic computational methods provide reliable means of obtaining a fundamental 

characterization of structure-property relations of materials, without resorting to more expensive 

experimental characterization techniques. Further, key insights obtained from such methods can 

provide important guidelines for design and synthesis of appropriate 𝑪𝟔𝟎 structures for targeted 

technological applications.  

In the next section, we provide details on the computational methods adopted in this work. 

 

6.3. Models and methods 

While quantum chemical methods such as density functional theory (DFT) offer an accurate 

framework for examining properties of crystalline materials, the computational requirements 

renders the examination of the different 𝑪𝟔𝟎 polymorphs an expensive proposition. Classical 

molecular dynamics (MD) simulations provide a welcome compromise, if appropriate interatomic 

potentials are chosen. The choice of the potential as well as the adopted methods to evaluate the 

thermophysical properties is discussed below.  

 6.3.1 Interatomic potential Models 

To model the FCC phase, the potential should be capable of representing intramolecular 𝒔𝒑𝟐 

bonding as well as longer range van der Waal interactions, while for the polymerized phases, 

additional 𝒔𝒑𝟑 bonding has to be accounted for. A preliminary test of available potentials was 
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conducted, which included Tersoff [29], LCBOP, and Airebo [30,31] force-fields. However, none 

of these potentials were able to stabilize the room temperature T-phase and R-phase over extended 

MD-simulation timescales (~ ns). Thus, in this work, the Tersoff potential as parameterized in [29] 

was used to simulate the bonded interactions (𝒔𝒑𝟐, 𝒔𝒑𝟑), while the van der Waals interactions were 

simulated using a Morse potential (Eqn.4), which was fitted to the long-range part of the LCBOP 

potential [31]. Note that the long-range potential was restricted to interactions between atoms 

belonging to different molecules; if neighboring molecules were bonded (as is the case in 

polymerized structures), then the van der Waal interactions were turned off. The functional form 

of the potential is given in Eqn.4 and the corresponding parameters are given in Table 6.1.  

 

𝐸 = ∑ 𝑓𝐶(𝑟𝑖𝑗)

𝑖>𝑗

[𝑉𝑅(𝑟𝑖𝑗) − 
𝑏𝑖𝑗 + 𝑏𝑖𝑗

2
 𝑉𝐴(𝑟𝑖𝑗)] (3𝑎) 

𝑉𝑅(𝑟) =
𝐷0

𝑆 − 1
 𝑒𝑥𝑝[−𝛽√2𝑆(𝑟 − 𝑟0)], 𝑉𝐴(𝑟) =

𝑆𝐷0

𝑆 − 1
 𝑒𝑥𝑝 [−𝛽√

2

𝑆
(𝑟 − 𝑟0)]   (3𝑏) 

 

The Morse Potential is given by:    

𝐸 = 𝐷0[𝑒𝑥𝑝[−2𝛼(𝑟 − 𝑟0)] −  2𝑒𝑥𝑝[−𝛼(𝑟 − 𝑟0)]] (4) 

 

Table 6.1. Morse potential fitting parameters 

𝐷0(𝑒𝑉) 𝛼 (1/𝐴) 𝑟0(𝐴) 
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0.002467 1.502 3.852 

 

6.3.2 Simulation details  

The open-source Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [32] 

package was used as the primary MD simulation engine. All three systems (i.e., FCC, T-phase and 

R-phase) were initially energy-minimized at 0 K using the Polak-Ribiere [33] version of the 

conjugate gradient algorithm, which served as the initial structure for equilibration at 300 K and 1 

bar. Equilibration was achieved by subjecting the systems to isobaric-isothermal (NPT) and 

canonical (NVT) ensembles respectively for a total duration of 1 ns. MD simulations of the FCC 

phase used a timestep of 1 fs, while for the R-phase and the T-phases, the timestep was 0.1 fs. The 

size of the timestep was chosen to ensure energy conservation during NVE simulations, which 

were used for evaluating thermophysical properties. 

To obtain specific heat at constant volume (𝑪𝑽) and thermal conductivity (𝜿) at 300 K, each system 

was then subjected to an NVE ensemble for 10 ns, from which the velocity autocorrelation and 

thereby the vibrational density of states (DOS), as well as, the heat current autocorrelation function 

(HCAF) were obtained. Note that under the classical harmonic approximation, the DOS is 

equivalent to the velocity autocorrelation power spectrum, and given by the Fourier transform of 

the velocity autocorrelation function. 

Using the DOS (𝒈(𝝂)) and HCAF, 𝑪𝑽 and 𝜿 can be obtained according to Eqns.5 and 6. 

𝐶𝑣 =  
ℎ2

𝑘𝐵𝑇2
∫ 𝜈2𝑔(𝜈)

𝑒
(

ℎ𝜈
𝑘𝐵𝑇

)

(𝑒
(

ℎ𝜈
𝑘𝐵𝑇

)
− 1)

2 𝑑𝜈
∞

0

 (5)
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𝜅 =
𝑉

3𝑘𝐵𝑇2
∫ 〈𝐽(0) ∙ 𝐽(𝑡)〉

∞

0

𝑑𝑡 (6) 

 

In Eqn.6, which is based on the Green-Kubo formalism, 𝑽 is the volume of the simulation cell, 𝑻 

is the temperature, 𝒌𝑩 is Boltzmann’s constant and 𝒉 is Planck’s constant. Further, the evaluation 

of 𝑱, which represents the heat current (given in Eqn.7), enables the calculation of the HCAF 

(𝑱(𝟎). 𝑱(𝒕)). 𝑱(𝒕) is defined in terms of 𝒓𝒊, 𝑬𝒊, 𝒗𝒊, which represent the position, potential energy, 

velocity of the 𝒊𝒕𝒉 atom respectively, while 𝒓𝒊𝒋 and 𝑭𝒊𝒋 represent the interatomic distance and force 

between the 𝒊𝒕𝒉 and 𝒋𝒕𝒉 atoms. 

𝐽 =
𝑑

𝑑𝑡
∑ 𝑟𝑖𝐸𝑖

𝑖

=  ∑ 𝐸𝑖𝑣𝑖

𝑖

+ ∑(𝐹𝑖𝑗 ∙ 𝑣𝑖)𝑟𝑖𝑗

𝑖,𝑗

 (7) 

To ensure convergence in the estimation of 𝜿, a running average of 𝑱(𝒕) was performed for the 

entire duration of the simulation(s) of 10 ns. A careful study of the dependence of 𝜿 on the extent 

of the correlation time was carried out. It was seen that correlation times of 50 ps and 100 ps were 

required for the unpolymerized (FCC) and polymerized phases (T- and R-phase) repectively. The 

integral in Eqn.6 was evaluated using the trapezoidal rule. For each system, five different 

configurations, each with a different starting velocity distribution was used for providing stastical 

bounds on the estimated properties. A similar approach was undertaken to obtain the DOS and 𝑪𝑽.   

In addition to the 300 K equilibrated simulations, the 0 K energy minimized structures were 

subjected to uniform volume expansion and contraction (up to 5 % deformation). For each 

volumetric deformation configuration (V), the structure was energy minimized (at constant 

volume) and the corresponding energy vs. volume (E-V) curves were obtained and used as the 
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basis for obtaining 𝑪𝑽, the Debye temperature (𝜽𝑫) and the coefficient of thermal expanison (𝜶𝑻) 

as discussed below. The estimation of 𝑪𝑽 independently from Eqn.5 and the E-V curves, provide 

internally self-consistent validation of the adopted methods, while differences (if any) in the 

respective estimations can be used for understanding the contributions of the different degrees of 

freedom to 𝑪𝑽. 

The Birch-Murnaghan equation (Eqn.8) is invoked for fitting the E-V curves, with a, b, c, and d 

representing the fit parameters. 

𝑬(𝑽) = 𝒂 + 𝒃 𝑽−
𝟐
𝟑 + 𝒄 𝑽−

𝟒
𝟑 + 𝒅 𝑽−𝟐 (𝟖) 

The Debye temperature 𝜽𝑫  within the Debye-Gruneisen approach can be calculated from the 

properties obtained from the ground state equation of state (EOS) and in general is defined as 

follows [34,35],  

𝜃𝐷(𝑉) = 𝑠𝐴𝑉0

1
6 (

𝐵0

𝑀
)

1
2

(
𝑉0

𝑉
)

𝛾

 (9) 

where 𝜸 is the Gruneisen constant describing the anharmonic effects of the vibrating crystal lattice 

and can be approximated either based on Slater[36] or Dugdale and Macdonald [37] expressions 

as given by 𝛾 = [
(1+𝐵′

0)

2
− 𝑥] . Here x is an adjustable parameter and is 2/3 for high temperatures 

(greater than 𝜽𝑫) and 1 for low temperatures. In Eqn.9, 𝑨 is a constant equal to (6𝜋2)
1

3
ℎ

𝑘𝐵
=

231.04 , 𝑽 is volume/atom in Å3, 𝑩𝟎 is the bulk modulus in GPa and 𝑴 is the atomic weight. 𝑩𝟎,

𝑩𝟎
′

 and 𝑽𝟎 are obtained from Eqn.8, while the reported Debye temperature 𝜽𝑫 was evaluated for 

𝑉 = 𝑉0. 𝒔 is a scaling factor and is set to unity, based on a preliminary analysis for reproducing 

𝜽𝑫 for other carbon-based materials such as diamond and graphite.   
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Cv(T) and 𝜶𝑻, are evaluated from the Helmotz free energy 𝐹(𝑉, 𝑇) as follows; 

𝐹(𝑉, 𝑇) = 𝐹𝑣𝑖𝑏(𝑉, 𝑇) + 𝐸(𝑉) 

𝐹𝑣𝑖𝑏(𝑉, 𝑇) =  
9

8
 𝑘𝐵 Θ𝐷(𝑉) +  𝑘𝐵𝑇 {3 ln [1 − exp (−

𝛩𝐷

𝑇
)] − 𝐷 (

Θ𝐷

𝑇
)} (10) 

𝑆 = − (
𝜕𝐹

𝜕𝑇
)

𝑉
;  𝐶𝑉 = 𝑇 (

𝜕𝑆

𝜕𝑇
)

𝑉
;  𝛼𝑉 =

1

𝑉0
300 (

𝑑𝑉

𝑑𝑇
)

𝑉=𝑉𝑜
300

 

Finally, the 0 K energy minimized structures were also subjected to appropriate small strain 

deformations, to obtain the respective elastic stiffness tensors.  

6.4. RESULTS  

As a first step towards characterizing the interplay between polymerization and the thermophysical 

properties, the accuracy of the developed potential was examined with respect to predicting the 

lattice parameters of the three systems under study. As evident from Table 6.2, the potential 

captures the effects of polymerization and correctly predicts the relative differences in the lattice 

parameters of the three phases; however, the lattice parameters are overestimated by ~4% for the 

FCC phase and by approximately 1% for the polymerized phases.  

 

Table 6.2. Lattice parameters (a,c) and sheets separation distance of the of the FCC, T-phase and 

R-phase structures (Å). The experimental values are as reported in [38,39]. The calculated values 

correspond to the energy-minimized structures at 0 K and structures at 300 K and 1 bar.  

  Exp. Minimized At 300 K 
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FCC a 14.04 14.60 14.61 

T-phase 

a 9.09 9.23 9.24 

c 14.95 15.18 15.2 

Sheet separation 7.48 7.67 7.56 

R-phase 

a 9.19 9.28 9.29 

c 24.50 24.74 24.78 

Sheet separation 8.17 8.31 8.25 

Next, we turn our attention to the elastic moduli (Table 3); as expected, the extent of the 

polymerization leads to significant increase in the in-plane moduli (𝑪𝟏𝟏, 𝑪𝟐𝟐); in particular, the 

covalent intermolecular bonds in the polymerized structures lead to an order of magnitude (~20X) 

change in the modulus; further, the R-phase demonstrates a higher modulus than the T-phase, a 

direct consequence of the increased extent of polymerization. Interestingly, despite restricting 

polymerization to being in-plane, both the T-phase and R-phase demonstrate an increase in the out-

of-plane modulus (𝑪𝟑𝟑), which is correlated to a decrease in the out-of-plane inter-sheet 

separation. In particular, the formation of intermolecular covalent bonds leads to in-plane 

densification, which in turn allows a larger contribution from the van der Waal interactions 

between 𝑪𝟔𝟎 molecules in the out-of-plane direction. On a related note, the increase in modulus is 

also reflected in the resulting increase in the longitudinal speed of sound (𝒗𝒔), which is related to 

the moduli as follows: 𝒗𝒔 = √
𝑪

𝝆
, where 𝝆 is the mass density of the system. 
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The respective E-V curves for the three systems are given in Fig.6.2. It is clear that the polymerized 

structures demonstrate higher curvatures (and therefore higher bulk modulus); more importantly, 

it is seen that despite applying uniform volume deformation (expansion or contraction), after 

energy minimization at every deformation step, the intramolecular bond distances remain virtually 

unchanged and the volume changes are only reflected as changes in the intermolecular and inter-

sheet separation. Thus, the properties derived from the E-V curves correspond to those of the 

molecular solid, with the intramolecular and rotational degrees of freedom frozen out.  

 

Table 6.3. Elastic moduli (𝐶11, 𝐶22, 𝐶33, 𝐵0) and the corresponding speeds of sound (V) of the 

FCC, T-phase and R-phase structures. Note that the in-plane properties are different than the out-

of-plane properties for the polymerized phases.  

 FCC T-phase R-phase 

𝑪𝟏𝟏, 𝑪𝟐𝟐(𝑮𝑷𝒂) 11 201 228 

𝑽𝟏𝟏
𝒔𝒐𝒖𝒏𝒅, 𝑽𝟐𝟐

𝒔𝒐𝒖𝒏𝒅 (
𝒎

𝒔
) 2717 10415 11141 

𝑪𝟑𝟑(𝑮𝑷𝒂) 11 24 25 

𝑽𝟑𝟑
𝒔𝒐𝒖𝒏𝒅 (

𝒎

𝒔
) 2717 3613 3726 

𝑩𝟎(𝑮𝑷𝒂) 8.2 59.9 76.3 
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Figure 6.2: Energy per atom vs. relative volume for the FCC (solid), T-Phase (dash) and R-

Phase (dots) structures 

 

Table 6.4. Thermophysical properties (volumetric thermal expansion (𝛼𝑉), Debye temperature 

(𝜃𝐷), bulk modulus (𝐵0) and its derivative w.r.t pressure(𝐵0
′ ) of the FCC, T-phase and R-phase 

structures as obtained from the ground state equation of state (EOS) 

 FCC T-phase R-phase 

𝑩𝟎 8.2 59.9 76.3 

𝑩𝟎
′  15 4.6 5.4 

𝚯𝑫(K) 73 195 234 
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𝜶𝑽 (1/K) (10-6) 57.9 1.89 1.23 

 

The thermophysical properties as derived from the E-V curves are given in Table 6.4. Of most 

interest is the variation in 𝜽𝑫, as 𝜽𝑫 represents the Debye limit for the unpolymerized (FCC) and 

polymerized (T-phase and R-phase) molecular solids, above which all the intermolecular phonon 

modes are ‘activated’ and the molar specific heat (i.e.,  heat capacity of a mole of 𝑪𝟔𝟎 molecules) 

reaches the Dulong-Petit limit (for molecular solids). Importantly, Table 6.4 shows that the 

absence of polymerization correlates to a lower 𝜽𝑫 for the FCC phase, as compared to the 

polymerized phases. Of particular relevance is the fact that even for the polymerized structures, 

𝜽𝑫 is less than room temperature (300 K). Further, the reported 𝜽𝑫 for the FCC phase falls well 

within the bounds of the scatter in the reported literature values.   

Other relevant observations include the fact that 𝜶𝑻 for the FCC phase is much larger (30-40 X) 

than that of the polymerized phases, indicating that at 300 K, the extent of anharmonicity is much 

more significant for the FCC phase.  

To complement the predictions as obtained from the E-V curves, we now examine the DOS as 

estimated at 300 K for the three systems. The DOS explicitly captures both the temperature 

dependent intramolecular and intermolecular vibrations as well as contributions from the rotational 

degrees of freedom.  For comparison, the DOS of an isolated 𝑪𝟔𝟎 molecule is also given. 

Specifically, Figs. 6.3(a) and (b) depict the DOS for an isolated 𝑪𝟔𝟎 molecule and the FCC solid 

respectively, while Figs. 6.4(a) and (b) provide the DOS of the T-phase and R-phase respectively. 
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 For the isolated 𝑪𝟔𝟎 molecule, only 46 out of the 174 vibrational degrees of freedom are distinct 

because of the high symmetry. These 46 molecular modes extend from 9 to about 60 THz as shown 

in Fig. 6.3(a) and are attributed to localized intramolecular 𝒔𝒑𝟐 modes. In the case of the FCC 

phase, there is a gap in the DOS between 2-9 THz. A comparison with the DOS of the isolated 

molecule clearly shows that the lower end of the spectrum (i.e., < 2 THz) arises from the van der 

Waal intermolecular vibrations as well as molecular rotations. In contrast, for both T-phase and the 

R-phase, the band-gap characteristic of the FCC phase significantly shrinks, a direct consequence 

of the differences in the intermolecular bonding (i.e., van der Waal secondary bonding vs. covalent 

bonds).  Interestingly, a similar shrinking of the band-gap was also reported by Renker et al. [40] 

who studied the effect of Rb-doping as well as the 1-D polymeric solid. 

Using the DOS, 𝑪𝑽 (in mJ/g/K) of the three phases were evaluated according to Eqn.5 and the 

respective temperature dependence is shown in Fig. 6.5. We restrict our studies to 550 K, since it 

is known that the polymerized systems become unstable beyond 550 K [41,42]. The 𝑪𝑽 of all three 

phases at 300 K contain additional rotational (only for FCC) and 𝒔𝒑𝟐 contributions, and are 

therefore larger than the E-V estimated values.  

Next, using the DOS and E-V estimations in tandem, we isolated and identified the contributions 

of the different degrees of freedom (i.e., intramolecular vs. intermolecular vs. rotational) to the 

respective 𝑪𝑽 at 300 K. For the intermolecular contributions (derived from E-V), it is clear that the 

3R limit is reached much before 300 K. Thus at 300 K, the intermolecular contributions correspond 

to 34.7 mJ/g/K for the three phases. Further, an analysis of the rotations of the 𝑪𝟔𝟎 molecules in 

the FCC phase, showed that they were ‘fully activated’ at 300 K; thus the rotations provide another 

17.3 mJ/g/K (=
𝟑

𝟐
𝑹/𝒎𝒐𝒍) for the FCC phase. Obviously, rotations are suppressed in the 
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polymerized phases due to the covalent intermolecular bonding. Finally, the 𝒔𝒑𝟐 contributions 

were obtained by subtracting the above identified values from the total 𝑪𝑽 estimated from the DOS. 

Comparisons with experiments demonstrate the ability to closely match experimental data [19,22].  

In an effort to examine internal self-consistency, the contributions of the low frequency modes of 

the DOS to the specific heat were obtained by restricting the integral in Eqn.5 to only these modes. 

Reassuringly, the specific heats of the low-frequency modes (0-2 THz) corresponding to the FCC 

phase, as well as that of the polymeric phases (~0-7 THz) were consistent with the respective 

intermolecular contributions as obtained from the E-V curves. 

 

Figure 6.3: DOS of (a) one C60 molecule; (b) C60 FCC crystal up to the maximum supported 

frequency. 

 

a b 

Frequency(THz) Frequency(THz) 
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Figure 6.4: DOS of (a) T-phase; (b) R-phase for the low frequency range (1-10 THz). The inset 

is the total DOS up to the maximum supported frequency 

 

Figure 6.5: Specific heat capacity (𝐶𝑉) as a function of temperature as integrated from the DOS 

(Eqn.5) for the FCC (solid line), T-Phase (dash line) and R-Phase (dots line) structures.  

 

a b 

Frequency(THz) Frequency(THz) 



105 
 

Table 6.5. Intermolecular, intermolecular and rotational contributions to Heat capacity (Cv) 

(mJ/g.K) at 300K of the FCC, T-phase and R-phase structures   

 FCC T-phase R-phase 

Intramolecular 609.0 572.0 576.1 

Intermolecular 34.7 34.7 34.7 

rotation 17.3 NA NA 

Total 661.0 606.7 610.8 

The next and final step towards characterizing the thermophysical properties involves the 

examination of the respective thermal conductivities 𝜿. In this regard, the thermal conductivity of 

the three systems as evaluated from MD is given in Table 6.6. Care was taken to accurately 

evaluate 𝜿. Specifically, as seen in Figs. 6.3(a,b,c), the durations of the MD simulations were 

chosen to be sufficiently long to ensure convergence, and the reported 𝜿 values were averaged 

over the last three nanoseconds of each run.  As evident from Table 6.6, the effect of 

polymerization results in a two order of magnitude increase in the in-plane thermal conductivity 

of both T-phase and the R-phase. Also, the out of plane thermal conductivities were an order of 

magnitude larger than unpolymerized FCC phase, similar to the increase in the out-of-plane moduli 

of the polymerized phases.  

To understand the reasons underlying the significant increase in the in-plane thermal conductivity 

(𝜿𝟏𝟏, 𝜿𝟐𝟐), we invoke the respective DOS. As discussed earlier, fundamental differences in the 

DOS exist between the unpolymerized and polymerized phases as seen by the presence of 
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additional phonon modes between 2-7 THz, while the DOS look similar at other frequencies. Thus 

it can be discerned that the ‘new’ modes characteristic of the polymerized phases in the range 2-7 

THz are the primary heat energy carriers, and these thermal phonons underlie the significant 

increase in the in-plane thermal conductivity of the polymerized phases. Further, in the FCC phase, 

only the low-frequency THz modes (< 2 THz) can be considered as contributing towards thermal 

conductivity, since the higher frequency intramolecular modes (≥ 𝟕 𝑻𝑯𝒛) are localized within the 

𝑪𝟔𝟎 molecules. 

 

Thus, it can be summarized that the frequencies between 2-7 THz that arise solely due to strong 

intermolecular bonds enable the significant increase in 𝜿 of the polymerized phases. The 

Figure 6.6: Convergence of Thermal conductivity as a function of time as calculated using Green-

Kubo method of (a) C60 FCC crystal; (b) T-phase; (c) R-phase where the solid lines and the 

dashed lines represent the in-plane and out-of-plane thermal conductivities respectively. 

a 

b c 
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frequencies below 2 THz correspond to weaker van der Waal forces, which are the primary thermal 

phonon modes in the FCC phase. Frequencies greater than 9 THz arise due to 𝒔𝒑𝟐 intramolecular 

interactions, but do not transport thermal energy in 𝑪𝟔𝟎 solids. On a related note,  using Eqn.2 

(which is a valid approximation at 300 K given the respective 𝜽𝑫) in conjunction with 𝒗𝒔, 𝑪𝑽
𝝆
 and 

𝜿, an effective mean free path (𝝀𝒑) of the thermal phonons were estimated for the three phases; it 

was seen that 𝝀𝒑 for the T-phase and R-phase was 5.9 nm and 7.5 nm, indicating that the coherence 

length of typical thermal phonons in the polymers extend across multiple covalently bonded 

𝑪𝟔𝟎 molecules. On the other hand, for the FCC phase, 𝝀𝒑 was approximately 0.3 nm. 

 

Table 6.6. Thermal conductivity (W/mK) at 300 K of the FCC, T-phase and R-phases 

respectively. For the FCC structure, the reported value was averaged over the three directions (x, 

y, z),  while for the T-phase and R-phase the in-plane conductivity (k11 and k22) was averaged 

over the x and y directions. The errors in the table are the statistical errors. 

 FCC T-phase R-phase 

k11 0.26 ± 0.003 22.82 ± 0.33  

22.82 ± 0.33 

32.9 ± 0.74 

32.9 ± 0.74 k22 0.26 ± 0.003 

k33 0.26 ± 0.003 1.81 ± 0.07 7.66 ± 0.27 
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6.5. CONCLUSION and PERSPECTIVES 

In conclusion, using MD, we have rigorously examined the thermophysical properties of 𝐶60 

molecular crystals. In particular, we have paid attention to the role of polymerization on the 

properties of 2-D polymerized 𝐶60 molecular solids. It is clearly seen that the formation of primary 

bonds between 𝐶60 molecules significantly enhances both mechanical and thermal properties. The 

2-D polymerization of 𝐶60 introduces new delocalized THz phonon-modes that are chiefly 

responsible for heat conduction. The fact that there is a simultaneous orders of magnitude 

enhancements in both the thermal conductivity and mechanical modulus provides brand new 

avenues for adoption of 𝐶60 solids as acoustic and phononic metamaterials with on-demand 

tunable properties, enabling wide-ranging technologies for thermal and acoustics management. In 

particular, utilizing recent developments in obtaining reversibly polymerizable 𝐶60 structures [43], 

should enable the dynamic tunability of their vibrational properties, potentially leading to breaking 

of symmetry (e.g. time reversible symmetry). Thus, dynamically polymerizable 𝐶60superlattices 

can be suitably utilized for designing unconventional devices such as thermal rectifiers, tunable 

surface acoustic wave filters and vibration dampeners. Such applications will be examined in a 

future study. 
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CHAPTER 7 

 

CONCLUSIONS AND FUTURE WORK 

 

Using atomistic simulation techniques, fundamental insights into the vibrational properties of 

𝑍𝑛𝐶𝑙2 melts as well as polymerized 𝐶60 solids were obtained in this dissertation. 𝑍𝑛𝐶𝑙2-based 

salts are being actively considered as thermal energy storage fluids for concentrating solar 

applications. This is attributed to their outstanding thermal stability over a large range of 

temperature. The key to the performance of 𝑍𝑛𝐶𝑙2 molten salts is their underlying thermochemical 

and thermophysical properties and optimizing these properties, requires accurate information on 

the melt structure at typical temperatures of operation. While the 𝑍𝑛𝐶𝑙2 melt structure is known 

to consist of covalently bonded network of tetrahedral building blocks, the exact nature of the 

network structure is not well understood. Currently it is hypothesized  that the 𝑍𝑛𝐶𝑙2 melt contains 

a significant fraction of edge-shared tetrahedra in addition to corner-sharing tetrahedra. The 

relative amount of these structural features directly affects the underlying thermal conductivity and 

viscosity of the 𝑍𝑛𝐶𝑙2 melts and hence, a detailed description of the melt structure is valuable for 

characterizing and predicting the temperature dependent dynamical properties of 𝑍𝑛𝐶𝑙2 melts. 

Raman spectroscopy is a vibrational spectroscopy method that is used for studying the structure 

of solids and liquids. Typical Raman spectra consists of distinct peaks, which is used to discern 

the structural building blocks of solids and liquids. However one of its limitations lies in the 

uncertainty of the peak assignments to quantify structural features. In the context of 𝑍𝑛𝐶𝑙2 melts, 

quantifying the relative fraction of the corner sharing to edge sharing components solely based on 

experimentally determined Raman spectra has inherent uncertainties associated with appropriate 



114 
 

peak assignments. Thus, towards this end, using first principles calculations, characterization of 

the Raman active modes associated with different structural motifs was developed. Density 

functional theory (DFT) based ab initio molecular dynamics (AIMD) methods were used in 

tandem with density functional perturbation theory (DFPT) to develop a fully predictive model of 

the molten salt structure as well as the Raman spectra for the first time. The results obtained from 

the simulations had excellent agreement with neutron diffraction data in terms of structural factors 

and radial distribution functions, confirming the accuracy of the adopted DFT based methods. 

Further, based on simulation data, the experimental Raman spectra were analyzed; specifically, 

the structure of liquid 𝑍𝑛𝐶𝑙2 was shown to be composed of a three dimensional network of corner 

sharing tetrahedral with homogeneously distributed fraction of edge sharing tetrahedra. It was also 

seen that the concentration of the edge sharing component in the molten 𝑍𝑛𝐶𝑙2 increased as a 

function of temperature at the expense of corner sharing tetrahedra. The successful characterization 

of the Raman spectra and thus the structural features of 𝑍𝑛𝐶𝑙2 melts has profound implications for 

developing 𝑍𝑛𝐶𝑙2based formulations for high temperature, high stability thermal storage fluids.  

Specifically, 𝑍𝑛𝐶𝑙2  when combined with 𝐾𝐶𝑙 − 𝑁𝑎𝐶𝑙 is known to exhibit high stability over a 

wide range of temperature (150 − 800 ℃); the knowledge of the evolution of the covalent 

network structure of 𝑍𝑛𝐶𝑙2 as obtained from this work sets the stage for analyzing and predicting 

the thermal and transport properties of these ternary salts.  

Spherical fullerene molecules such as 𝑪𝟔𝟎 exhibit interesting chemical properties due to their 

curvature and icosahedral symmetry. Consequently, 𝑪𝟔𝟎, an electron acceptor, readily undergoes a 

variety of addition, cycloaddition and polymerization reactions. In its solid state form, 𝑪𝟔𝟎 forms 

an FCC molecular crystal at room temperature, which polymerizes by formation of covalent bonds 

between neighboring 𝑪𝟔𝟎 molecules, when subjected to pressure, electric field or radiation. 
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Interestingly, the degree of polymerization (1-D vs. 2-D vs. 3-D) is tunable, depending on the 

nature and intensity of the external stimulus. In addition, recent advances in solution based crystal 

engineering have resulted in obtaining solvent-intercalated crystalline 𝑪𝟔𝟎 self-assemblies that 

demonstrate chemistry-driven tunable polymerization.  

While the structural characteristics of the  𝑪𝟔𝟎 polymers have been reasonably well studied, 

fundamental characterization of the thermophysical properties as a function of polymerization 

have not yet been systematically examined due to inherent difficulties in synthesizing pure phases. 

In this context, a detailed investigation on the interplay between polymerization and the resulting 

thermophysical properties using classical molecular dynamics (MD) was carried out. A new 

interatomic potential capable of modeling both the intramolecular as well as intermolecular 

interactions in the 𝐶60 molecule was developed for these purposes. 

Given that the covalent bonding between 𝑪𝟔𝟎 molecules should enhance the phonon derived 

properties of polymerized vs unpolymerized 𝑪𝟔𝟎 polymorphs, special attention was paid to 

understand the changes in thermal phonon properties and the consequent effects on the variations 

in specific heat, Debye temperature, and thermal transport of corresponding 2-D polymeric 𝑪𝟔𝟎 

structures. The 2-D structures, namely the tetragonal phase (T-phase) and rhombahedral phase (R-

phase) consist of polymerized 2-D sheets of 𝐶60 molecules, with parallel sheets interacting via van 

der Waals forces. In the T-phase, each  𝐶60 molecule is covalently bonded to four in-plane 

molecules while in the R-phase, each 𝐶60 molecules is bonded to six nearest neighbors. 

The MD simulations showed that the formation of primary bonds between 𝐶60 molecules 

significantly enhanced both mechanical and thermal properties of the polymerized solids as 

compared to the unpolymerized molecular solid, which crystallizes in an FCC phase. The 2-D 
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polymerization of 𝐶60 introduces new delocalized THz phonon modes. These modes are 

responsible for enhanced heat conduction in the polymerized solids. Such enhancment leads to a 

two order of magnitude increase  in the heat conduction as compared to the unpolymerized solid.  

In addition, it was also seen that the Debye temperature of the  𝐶60 structures was strongly 

dependent on the extent of polymerization and increased with increasing polymerization. At 300 

K, the specific heat of the unpolymerized solid was greater than the unpolymerized structures, 

while the coefficient of thermal expansion of the unpolymerized phase was an order of magnitude 

greater than the polymerized structures. These observations were correlated to the strong in-plane 

intermolecular covalent bonds formed between 𝐶60 molecules.  

The fact that there is a simultaneous orders of magnitude enhancements in both the thermal 

conductivity and mechanical modulus provides brand new avenues for adoption of 𝐶60 solids as 

acoustic and phononic metamaterials with on-demand tunable properties, enabling wide ranging 

technologies for thermal and acoustics management. In particular, recent developments in 

obtaining reversibly polymerizable 𝐶60 structures can enable the dynamic tunability of their 

vibrational properties, potentially leading to breaking of symmetry (e.g., time reversal symmetry). 

Thus, dynamically polymerizable 𝐶60 superlattices can be suitably utilized for designing 

unconventional devices such as thermal rectifiers, tunable surface acoustic wave filters, and 

vibration dampeners. 
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APPENDIX A 

LIST OF SYMBOLS AND ACROYNMS 

ZnCl2  Zinc Chloride 

C60  Buckminsterfullerene 

MD   classical molecular dynamics 

HF  Hartree-Fock 

DFT  density functional theory  

CSP  concentrating solar power plant 

T-phase C60 polymerized tetragonal phase 

R-phase C60 polymerized rhombohedral phase 

AIMD  ab initio molecular dynamics 

NVE  microcanonical ensemble  

NPT  isothermal-isobaric ensemble  

NVT  canonical ensemble 

DOS  phonon density of states  

BTE  Boltzmann transport equation 

NEMD nonequilibrium molecular dynamics 

EAM  embedded atom method   

LCBOP long-range bond order potential  

LDA  local density approximation  

GGA  generalized gradient approximation  

B3LYP Becke, 3-parameter, Lee-Yang-Parr  
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PAW  projector augmented wave 

DFPT  density functional perturbation theory 

NMR  nuclear magnetic resonance 

ND  neutron diffraction  

VASP  Vienna Ab Initio Simulation Package 

LAMMPS Large-scale Atomic/Molecular Massively Parallel Simulator 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 


