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CHAPTER 1

Introduction

Computer simulation has become an indispensable part of different disciplines of modern
scientific research and technological advancements. By providing a new extent of under-
standing of various scientific phenomena, these simulation techniques have proven their
potential as exciting investigation tools as necessary as the conventional experimental and
theoretical approaches. Numerical simulations not only bridge the theoretical and exper-
imental understanding of any physical phenomena but also help to carry out scientific
research in extreme conditions that are not feasible in the laboratory. Due to different
computational techniques’ success, these studies have established an interdisciplinary re-
search method named computational physics or computational materials science. Diverse
areas of study, including biology, chemistry, mathematics, physics, and even medicine,
and engineering, usually are being carried out through this approach [1, 2, 3, 4, 5, 6, 7].
Generally, two sorts of simulations techniques are considered for three purposes which
are understanding, exploration, and prediction. Among these, equation-based simula-
tion techniques are typically used in material or physical sciences. On the other hand,
agent-based simulations are used in the context of behavioural or social science. From the
materials science perspective, these techniques play an increasingly crucial role. These
techniques helped to improve different experimental conditions to a greater extent and
design novel materials. These simulation techniques not only improve other experimental
conditions but also help to get rid of rough, experimental conditions, reduce produc-
tion time by guiding experiments, product quality, productivity, and accurate feedback

information for guiding production [8, 9, 10, 11, 12]. The application of computer simula-
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tion technology is widely used in material microstructure, heat treatment, corrosion and

protection, materials design, etc.

1.1 Different types of simulation techniques

Various systems in materials science show different characteristics in different time and
length scales. The involvement of these multiple scales makes it more fascinating to have
a proper understanding of processes associated with these systems. Some of these pro-
cesses, occurring at a lower scale, are found to govern the system’s behaviour at several
scales. The study of this notion in materials science is known as structure-property cor-
relation study, where the present microscopic interactions determine materials behaviour
at continuum level [13, 14, 15]. Due to the complexity of multiple scales involved, a single
physical or computational model is not enough to explain materials behaviour using one
unified method. As a result, different simulation techniques usually are being used. The
first-ever scientific simulation techniques developed as well as implemented were Monte
Carlo (MC), and Molecular Dynamics (MD) methods, fully rooted in classical physics
[16, 17, 18]. Other simulation models, such as multiscale simulation models and cou-
ple modelling methods, were developed to overcome the problems associated with these
techniques. These methods can involve MD, quantum mechanics, or both. In the case
of mesoscopic scale, continuum theory-based methods are used, like finite element meth-
ods (FEM) [19, 20, 21]. In this connection, quantum mechanics-based density functional

theory (DFT) has shown its importance in predicting the properties of materials.

1.2 Importance of Density Functional Theory

DFT has played an important role in computing and predicting crystalline properties of
solids accurately at the electronic scale by helping create the high-throughput (HT) cal-
culation frameworks. This kind of study of materials properties is only possible through
sophisticated experiments.[22] Till now, these DFT computations have produced a large
number of data sets related to the properties of materials. These data sets, obtained from
various sophisticated experiments [23] as well as simulations guided to a new scientific
paradigm known as data-driven science, followed by experiment, theory in addition to
computational simulation. In the case of materials science, this sort of study has shown a
tremendous impact by accelerating the design or discovery of novel materials with desired
properties and hence, known to start a newly emerging field of materials informatics.[24,
25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48|.
This advancement of computational materials science has mainly been possible because
of the rapid improvement of computational capabilities along with the accomplishment of
DFT.

DFT based ab initio methods are considered as the most potent computational tools
for obtaining an accurate understanding of material systems containing many electrons.

Along with different practical systems like atoms, molecules, clusters, amorphous sys-
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tems, consideration of translational symmetry through Bloch’s theorem [49] allowed DFT
to study other extended systems like solid crystals, surfaces, etc. Since its first implemen-
tation, the evolution of DFT from constrained computational capabilities of producing
approximate understanding to more accurate results has made it a robust predictive
method commonly used in various applications such as drug designing, material design-
ing related to water spitting, solar cell etc. This DFT application landscape is vast,
consisting of various features and applicable for a wide variety of systems. Many tech-
nics, generally known as the post-Kohn-Sham (KS) approaches, have been considered for
overcoming different DF'T deficiencies. Among these, time-dependent density functional
theory (TDDFT) [50, 51, 52| was proposed to study excited states, Dynamical Mean
Field Theory (DMFT) [55, 56] and the Hubbard U parameter [53, 54] were considered
to tackle systems related strongly correlated electrons and for exciton dynamics, the GW
approximation [57, 58] was proposed. In conclusion, DFT is considered a well-established
theory currently available to study the electronic structure of materials.

In addition to studying various systems from atoms[59], molecules[60, 61], 0-D system[64,
65, 66] arrangement to extended systems like 1-D[67, 68, 69, 70, 71, 72, 73], 2-D[74],
surface[62], 3-D crystals and defects[63], the use of DFT can also be applied to understand
various properties such as structural[75], thermal[78, 79, 80], electronic/transport[76, 77],
optical[82], electron-phonon[81], magnetic[84, 85, 86], catalytic[83], topological[87, 88, 89|
and many more. The use of DFT calculations in geology and the earth sciences have the
ability to simulate conditions in the Earth’s interior. Successful application of DFT could
be observed in a wide range of materials science research. The structure and optoelectronic
property relationship of organic compounds is well understood through this approach. For
designing novel photovoltaic donor material, DF'T has benefited researchers to a great ex-
tent by providing information that is inaccessible experimentally. This kind of Organic
Semiconductors (OSC) research has clearly shown the power of DFT in understanding
and predicting essential properties of organic materials. In the case of energy-related
materials, successful prediction of important properties through DFT studies is worth
mentioning as these predictions were subsequently found to be verified experimentally.
Computational designing of potent materials related to lithium-ion batteries, hydrogen
storage and production, superconductors, thermoelectric, and photovoltaic indicates the
significance of DFT. The importance of DFT studies can also be seen in other applica-
tions along with renewable energy applications, including magnetic materials, multiferroic
materials, etc. To fill the knowledge gap associated with new as well as exciting novel
materials in different research areas, these computational techniques are found to be very
useful. These materials also enable various technological advancements, which help over-
come different social challenges. Moreover, it has been estimated that this development of
novel materials enables nearly 67 % of growth in the computation field. This development

also powers the transformation of other industries, such as energy storage[90].
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Storage of energy in materials can be obtained in so many ways, which are in terms of
electrical, electromagnetic, biological, electrochemical, to chemical energy form. Among
these, capacitor, superconducting, magnetic energy storage is known for electrical and
electromagnetic energy storage, rechargeable batteries are known for electrochemical en-
ergy storage, hydrogen storage and energetic materials are known for chemical energy
storage. So, the prediction of novel materials in these fields can help in different tech-
nological advancements associated with energy storage. Experimental as well as DFT
studies have confirmed the importance of transition-metal oxide (TMO) semiconductors

as electrochemical and energetic materials as chemical energy storage materials.

1.3 DFT and transition metal oxides

TMOs constitute a significant class of materials by showing the properties of insula-
tors, semiconductors, conductors and superconductors. These materials are also known
for their interesting piezoelectric, ferroelectric, antiferroelectric, and magnetic properties.
These compounds are considered as essential minerals as well as the significant part of
rocks [91]. These compounds are known to show various technological aspects due to their
potential use in devices related to energy conversion, particularly in photoelectrochem-
istry, photocatalysis, and photovoltaics[92, 93, 94, 95]. As these materials are relatively
abundant with low-production costs and stable in an aggressive chemical environment
or ultraviolet (UV) light, they are attractive candidates for considerably large-scale ap-
plications. Different properties of these materials, such as structural, elastic, energetic,
and magnetic properties, have been studied and understood thoroughly using numerous
investigations[96, 97, 98, 99, 100, 101, 102, 103]. Though, the proper behaviour of the elec-
tronic structure of these materials is not entirely understood yet within the theoretically
existing models. Partially filled d-states, considerable effects of correlation, open-shell
character, and spin configuration variation in a restricted-energy range made these mate-
rials more exciting and challenging electronic systems to understand.

Strongly correlated electronic systems are well known for their rich physics and offer
unique optical, transport, and magnetic properties. To assess the usefulness of TMO-
related compounds in conversion devices related to solar energy, exact and effective tech-
nics are needed for determining band-gap and band-edge positions. Information about
these parameters helps in the rough screening of potential materials for efficient photo-
catalysts or photoelectrodes. Electronic band structure calculation of these materials are
found to be very demanding due to the presence of strong interactions in highly local-
ized d-electrons[104]. This leads to errors in calculating band-gap energies with normal
DFT functional. However, similar schemes successfully predict the structural proper-
ties, stability and other properties of molecules and solids. This suggests a considerable
constraint of DF'T in predicting an accurate picture of the electronic band structure for
strongly correlated electrons[105, 106, 107]. To overcome this limitation, hybrid DFT
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functionals[108, 109, 110, 111, 112] were used extensively for reducing the error associ-
ated to self-interaction. This is usually achieved by adding non-local exact Hartree-Fock
(HF) exchange with local or semi-local exchange contribution.

DFT+ U approach, which uses the intra-atomic effective coulomb parameter (U), has
shown its potential to be a more economically alternative approach in this connection[113,
114, 115, 116, 117]. Among all these techniques, computationally expensive GW approxi-
mation can also be considered, which is known as the most accurate method for calculat-
ing electronic band structure to date[118; 119]. Among other less expensive computation
techniques, use of HSE06 XC functional[111, 112] and the TB-mBJ XC[120] potential
can also be used in this purpose. Along with all these developments, it usually is being
mentioned that the most encouraging theoretical method regarding the analysis of the cat-
alytic process is DFT. Due to the ability to change the states of oxidation and hence form
or break bonds with reactants, oxides of transition metals are used broadly as catalysts.
In case of selective oxidation of alcohols [122, 123] or hydrocarbons [121], nitric oxide
reduction[124, 125], the sulfur dioxide oxidation[126], and the splitting of water, photo-
chemically or electrochemically, for producing oxygen and hydrogen[127, 128], use of these
metal oxides worth mentioning. This kind of materials form an important class known
as reducible transition metal oxides (RTMOs). Among various TMOs, binary TMOs are
rigorously investigated strongly correlated systems[129, 130, 131, 132, 133, 134, 135, 136,
137, 138, 139, 140, 141, 142, 143, 144, 145]. In this regard, understanding of photocat-
alytic properties of sensitized and doped TiOy can be mentioned[146, 147, 148, 149, 150].
Among other noteworthy studies, recent reports on Mn-doped rutile TiO5 band structure[151]
and the nucleation, and associated adsorption of TM clusters on (101) plane of anatase
TiO4[152, 153] are of specific interest. Another interesting use of DFT calculation is
to compute energy levels and charge state of hydrogen situated in interstitial space of
oxides ZnO, CdO, HfO,, TiOs, ZrO,, SrTiOs, SrZrOsz, PbTiO3 and ZrSiO4[154, 155].
DFT calculations have also been used to other complex crystalline solids such as HCP
iron [156, 157], ternary PbTiO3 perovskites [158, 159, 160] and ABO, type materials.
Among different transition metal oxides, the influence of catalytic behaviour of vanadium
oxide in numerous heterogeneous processes related to the industrial application is worth-
mentioning. The fundamental character of group 7 elements in the periodic table is the
availability of high-spin d-states of electrons followed by the oxidation in an appropri-
ate weak field. Manganese has shown its specific significance among these elements as
this TM can be found to take part in the photosynthesis process. In this connection,
the study of possible reaction pathways of alkylidenes MOy(CHsy)(CHj) related to group
7 elements with ethylene by Haunschild et al. is noteworthy[161] where M stands for
Re, Tc, and Mn. Proper understanding of CH4 dissociation through DFT calculation on
Ru(0001), Tc(0001), PA(111), Cu(111), Pt(111), and three surfaces of crystalline PdO are
well known. Also, the C-C bond formation mechanism has been studied through DFT
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on Fe, Re, Ru, Rh, and Co[162, 163]. In this connection, studies of different properties
of ABOy, type ternary transition metal oxides are found to be significantly less. This has
motivated us to study other crystalline properties of ABO, type transition metal oxides,

especially those related to group 7 transition metals.

1.4 DFT and Energetic materials

Along with TMOs, we have also studied the crystalline properties of energetic materials
(EMs) in this work. EMs are defined as considerable amounts of controllable chemical
energy storage systems. These materials show their importance in pyrotechnics, propel-
lants, fuels, and explosives. This class of materials are mainly divided into primary and
secondary EMs[164, 165]. Primary explosives are known to detonate with relatively lower
perturbation in the shock or heat form. On the other hand, secondary EMs are more pow-
erful and require a more vital impulse for detonation initiation. As a result, primary EMs
are usually used to trigger the detonation initiation of powerful secondary EMs. Organic
molecules typically form secondary explosives. These EMs can be obtained in molecu-
lar liquids or solids under normal conditions. Example of some typical secondary EMs
are nitromethane[169], Cyclotrimethylene trinitramine (RDX)[168], Cyclotetramethylene
tetranitramine (HMX)[167], and Pentaerythritol tetranitrate (PETN)[166], etc.

The main feature of these EMs is their detonation ability which is nothing but the pro-
cess of combustion at a much faster rate. Consequently, this creates a shockwave that
travels at supersonic speed. These self-sustaining chemical reactions release a tremen-
dous amount of gaseous products along with high temperature and pressure, resulting
in the effect of destruction. Hence, these materials are very much useful for the com-
mercial purpose of reconstruction and in warfare. Studies of these EMs are mainly con-
cerned to find new materials with less sensitivity and high density in addition to low
toxicity[170, 171, 172, 173, 174, 175]. The sensitivity of such materials depends on a
lot of parameters that can release the stored chemical energy from these materials by
initiating the detonation process, and these various means of stimuli could be electro-
static discharge, friction, heat, impact, shock, etc.[175, 176, 177, 178, 179, 180]. As a
consequence, less sensitive EMs could be very useful with reduced risk of handling as
well as transportation. Which eventually reduces the cost associated with these mate-
rials. The main drawback of designing insensitive EMs is the incomplete understanding
of the associated microscopic phenomena, which eventually initiates detonation. In this
consideration, simulation and modelling can help to understand these phenomena of det-
onation initiation at lower length and time scales. The first-principles calculation plays
a significant role in this connection by predicting the precise Equation of States (EOS)
for EMs. As these materials are highly reactive in nature, this kind of study reduces
the damage as well as the cost associated with the experiment. As these materials are

basically molecular solids, the incorporation of van der Waals (vdW) corrected schemes
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to DFT is very necessary|[181, 182, 183, 184, 185, 186]. This kind of study also helps to
understand such materials’ anisotropic behaviour under compression.

Among different simulations of EMs, hydrostatic compression study of PETN through
DFT calculations are worth mentioning[187, 188]. Among other investigations, the hy-
drostatic pressure study of HMX is also well reported. A similar DFT study on RDX
can also be obtained from literature[189]. In this connection, the large unit cell of EMs
is prohibitive in carrying out thorough DFT calculations. In contrast to the large crystal
cell of RDX, the small size of the unit of solid nitromethane’s (NM) crystal cell has given
DFT calculations a significant advantage over different types of calculations. A large
number of calculations have been reported related to NM, which is commonly considered
as a prototype EM[190, 191, 192]. This sort of simulation technique not only helps us to
understand the stiffness of EMs but also provides information about directional sensitiv-
ity through the elastic properties of such materials. Further, understanding of electronic
band structure and electronic bandgap under compression can give information about the
initiation of detonation. These initial estimations can furnish helpful guidelines regarding
the selection of appropriate methods for investigating various chemical as well as physical
properties of EMs.

Proper understanding of these EMs has clearly shown the importance of the NO, group
in such materials. In this consideration, it has been observed that a proper balance of
different functional groups present in these materials can help to achieve high perfor-
mance with less sensitivity. The use of the heterocyclic group instead of the NO, group
has also shown tremendous impact in this regard. This has motivated us to carry out a
structure-property correlation study of EMs with different molecular structures. In this
study, we have considered prototype NM based, cage structure-based and heterocyclic

structure-based EMs for a comparative understanding of such materials.

1.5 Thesis Organization

This thesis provides the microscopic understanding of structural, elastic, electronic and
[-point vibrational properties of EMs along with structural, I'-point vibrational prop-
erties and IR spectra of ABO, type transition metal oxides (T1TcO4 and TIReOy). All
calculations are done at 0 K as DFT is valid at 0 K (ground state). The whole thesis
is organized into seven chapters, including this introduction chapter, theoretical details,
four chapters with computationally obtained results regarding this thesis work, and a
conclusion chapter. A brief description of the contents in the chapters is given below.
Chapter 1

This chapter gives the general introduction of computational simulations along with the
importance and success of DFT in predicting different properties of materials for various
applications. Then this discussion is followed by the use of DFT for predicting energy-

storing material and the significance of transition metal oxides and energetic solids. Later,
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the organization of thesis chapters with a brief description is presented.

Chapter 2

This chapter provides a brief description of basic knowledge of DF'T and associated meth-
ods involved in this thesis work. A brief discussion about different approximations, pseu-
dopotential approach, projector augmented wave (PAW) method, linear augmented plane
wave (LAPW) method along with vdW corrected DET has been provided.

Chapter 3

This chapter deals with a comparative study of crystalline properties of thallium based
pertechnetate and perrhenate. The crystal structure of the orthorhombic phase of T1TcOy,
the low- and room-temperature phases, along with the previously reported hypothetical
phase of TIReOy,, have been considered in this study. After providing the importance
and motivation behind selecting these materials for a thorough DFT study, experimen-
tally obtained basic crystal structure information of these materials have been used as
the input. The plane-wave pseudo-potential formalism (PW-PP) has been considered for
getting the correct theoretical ground-state crystal structures. In order to obtain more
accurate results for ground-state structural parameters, van der Waals (vdW) corrected
DFT along with standard DFT functionals has also been considered. The importance of
DFT total energy calculation has been verified in this chapter by predicting the correct
ground state structure of TIReOy4. After getting the exact theoretical ground-state crystal
structure, density functional perturbation theory (DFPT) calculation has been performed
for computing Born Effective Charge (BEC) values as well as the vibrational properties
of these materials. BEC values provide knowledge about the bonding nature present in
these materials. This chapter also provides knowledge about the IR spectra and associ-
ated important vibrational modes of these materials.

Chapter 4

Crystalline properties of nitromethane related di- and trinitromethane based energetic
salts have been discussed in this chapter. As the structure-properties correlation is linked
with electronic structure and different interactions present in these materials, a lot of
information can be obtained from such studies, which help in designing potential new
energetic materials. Here, we have attempted to understand different properties of dini-
tromethane based potassium dinitromethane (KDNM) and trinitromethane based for-
mamidinium nitroformate (FNF), methylhydrazinium nitroformate (MHNF), and potas-
sium nitroformate (KNF). Along with available experimental reports, our comparative
theoretical study on these materials will provide a deep insight about such materials and
help to design well desired energetic materials.

Here we have performed PW-PP method based DFT calculations for obtaining a proper
theoretical understanding of different properties of studied materials. In addition with
standard exchange-correlation functional like (GGA) and (LDA), we have also considered

various schemes of vdW corrected methods to obtain accurate structural properties. As
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a next step, a high-pressure study has been performed on FNF, MHNF and KNF to un-
derstand the pressure variation of structural parameters. Calculated pressure coefficient
values of lattice parameters help us to understand the compressibility of these crystals.
After a detailed understanding of the structural properties of studied materials, knowl-
edge about these materials’ elastic properties can help us to have a deep insight into
the present intermolecular interactions in these materials. Elastic properties of energetic
materials are correlated to their sensitivity towards explosion as they are linked with the
intermolecular interactions present in such materials. Information about these properties
also helps us to have a proper understanding of the mechanical stability of such materi-
als. Keeping this in mind, we have considered the stress-strain method to calculate the
elastic constant of studied materials. Linear response theory-based DFPT implemented
in CASTEP code has been considered for calculating the born effective charge tensor of
our studied materials, allowing us to know more about vibrational and optical properties.
This quantity also helps us to predict the presence of different bonding in these materials.
IR spectra of these materials have also been computed. Pressure variation of IR spectra
of nitroformate based materials provides more insight into these materials.

Chapter 5

This chapter presents a thorough understanding of the crystalline properties of potential
cage-structured EM octanitrocubane (ONC). After providing basic information about the
importance of cage-structured materials compared to non-caged compounds, a detailed
understanding of ONC has been given here. Though many molecular level theoretical
studies have been performed on this material to date, rigorous analysis of the crystalline
properties has not been done yet, indicating this study’s significance.

The structural, elastic and zone-centred vibrational frequencies of ONC have been eval-
uated through the projector augmented wave (PAW) formalism. On the other hand, the
full-potential LAPW approach has been used for calculating the electronic and optical
properties of this material. The vdW corrected DFT schemes initially have addressed
the structural properties of layered ONC. After obtaining the most accurate ground-state
structural parameters, a high-pressure study has been considered to understand differ-
ent crystallographic axes’ compressibility properly. We have also computed the elastic
properties of this material to understand the sensitivity of ONC regarding shock initiated
detonation. After that, BEC values of the constituent elements of ONC and the I'-point
phonon frequencies along with the TB-mBJ bandgap of ONC have been reported. And
finally, optical properties calculated with TB-mBJ potential of studied material were pro-
vided in this chapter.

Chapter 6

This chapter gives a clear idea about the solid-state structure-property correlation of
heterocyclic furazan based EMs 4,4'-Bis(nitramino)azofurazan, known as DNAF and

Bis(nitrofurazano)furazan, known as BNFF-1. As a first step, the significance of the
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heterocyclic group over the conventional use of EMs have been discussed. Then men-
tioning the earlier reports and importance of furazan based EMs, a brief discussion for
our studied materials has been provided. A complete structure-property relation study
on these compounds is given after furnishing the significance and motivation behind con-
sidering these materials. To obtain the different properties of these materials, the PAW
approach has been considered. A thorough understanding of bond angles and lengths
of DNAF, especially intra-, intermolecular hydrogen bonds of this compound, has also
been presented along with lattice parameters and unit cell volume. After obtaining these
materials’ ground state structural parameters, a pressure variation study has been per-
formed to understand the compressibility nature of different structural parameters. The
understanding of present intermolecular interactions in DNAF has also been supported
by a Hirshfeld surface analysis study. As it is a well-known fact that DFT always un-
derestimates the bandgap, the electronic band structure of DNAF and BNFF-1 has been
studied using GW approximation and TB-mBJ potential, respectively.

Chapter 7

This chapter summarizes the whole thesis work where the conclusion of our study has
been focused. The future scope and possible expansion of this current work have been
included at the end this thesis.

10
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CHAPTER 2

Theoretical methods and their Implementation

Details of theoretical methods and their implementations involved in computing different
material properties associated with this thesis work have been discussed in this chapter.
A brief history of solving the many-body problem through the wave function approach has
been discussed, followed by the DFT approach. Along with the central concept of the DF'T
approach, different approximations for considering electronic exchange-correlation contri-
butions, like the local density as well as the generalized gradient approximations, are dis-
cussed. Details about the implementation of DF'T through different packages and schemes
related to this thesis work have been mentioned after that. Other essential concepts, such
as basis set and pseudopotential (PP), associated with these packages for DFT calculations
were also explained. After discussing the implementation of standard DFT calculation,
semi-empirical dispersion corrected DF'T has been presented. Analysis of elastic properties
through the stress-strain method is discussed briefly. Linear response theory-based den-
sity functional perturbation theory (DFPT), used for calculating lattice dynamical prop-
erties and IR spectra of studied materials, was discussed after that. In the end, different
approaches have been discussed regarding the calculation of the correct electronic band

structure of materials.
2.1 Many-body problem through wave function

approach
The very basic concept of solving many-body problem quantum mechanically is based

on the single-particle Schréodinger equation. Though the structure of the equation looks
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2. Theoretical methods and their Implementation

simple for a single particle and solution can be easily obtained, a solution for a many-body
particle system using the same equation will become more complicated. This complex and
challenging nature of the equation arises due to the complicated form of the wave function
and the presence of interaction between particles of the system. From the materials
perspective, this situation can be compared with the much more straightforward solution
of the hydrogen atom with the solution of more complicated systems such as atoms with
higher atomic numbers, molecules and extended systems like solid. The generalized form

of the many-body Hamiltonian in this connection is

R*vV: 1 Z2e?
H__22M+2%:|Ri—Rj| o)
7 2.1
h2V2 1 Ze?
_Z Z|1“k;—1“l| %;|rk_Ri|

Here the mass of the k' electron and the mass of the i*® nucleus have been denoted by
m;, and M;, respectively. The position vector of the k' electron and the i ion have been
marked using ry and R;. The atomic number is denoted by Z. The Hamiltonian operator
H , generally described by the summation of any system’s potential and kinetic energy
operators, consists of 5 terms for a many-body system. The kinetic energy operator
for nuclei or ions (Ty) and for electrons (T.) can be expressed by the first and third
terms of Equation 2.1, respectively. On the other hand, 2nd and 4th terms denote the
potential energy related to Coulomb repulsion of nuclear-nuclear (Vyy) and electron-
electron (V,.) interaction. The last term of the equation denotes the attractive Coulomb
potential related to the nuclear-electron interaction (Vy.). As the solution of the above
equation gets more complicated for the system with a higher number of electrons, different

approximations are being used to simplify the Hamiltonian operator.

2.1.1 Born-Oppenheimer Approximation

For reducing the complex nature of the many-body Hamiltonian operator, Born-Oppenheimer
approximation [1] is normally being considered first to simplify the Hamiltonian by sepa-
rating nuclear and electronic contribution. As a result of the considerable mass difference

between electrons and nuclei, the many-body Hamiltonian can be expressed as

ﬁ2V2 1
f=-2 erk—m Z\rk—m 22)

2mk

2.1.2 Hartree Approximation

Though the complexity of the given complex Hamiltonian is reduced by the Born-Oppenheimer
approximation up to some extent, it is still complex. This complexity comes from electron-
electron interaction. The approximation for minimising this kind of complexity to obtain

the solution of the Schrédinger wave equation of a system was given by Hartree. Accord-

ing to this approximation, [2] expression of many-body system’s wave function becomes
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2. Theoretical methods and their Implementation

N
\IJ(I‘l(Tl,I'QO'Q, ...... 7I'NO'N) = H¢z<rzaz) (23)

Where ¢’s and r’s denotes the spin and the space coordinates, respectively. Using this
Hartree approximation, one can say that the position of other electrons controls the
potential in which certain electrons perceive. As a result, single-particle averaged potential
can be used for the approximated potential of the studied system.
_y )P i (2.4)
j#i |r% rj|
Here, 1;(r;) means the wave function of a single-particle (solution of wave equation associ-
ated to single-particle) and the Hartree potential is denoted by V. Now the Schrodinger

equation can be written as
=2
k

This simplification leads to a set of separable equations. Though a self-consistent itera-

V3

ka

+ Veat + Vi (1) ]10i (1) = €4(x;) (2.5)

tive process is still required to obtain the solution of these equations more due to their
non-linear nature. As no two electrons are allowed to acquire the same quantum state
according to the exclusion principle of Pauli, antisymmetric nature should be followed
by the wave function of any system. Interchange electron coordinates in the above wave
function show that this antisymmetric nature could not be found. In order to solve this
kind of problem Hartree-Fock [3] theory comes into the picture.

2.1.3 Hartree-Fock Approximation

Though the many-body wave function is normally written as the product of constituent
particle’s wave function in the Hartree method, the same is expressed as the slater de-
terminants of the wave function of constituent particles in the Hartree-Fock approach|[3].

According to this method, the wave function can have the form as

7/J1(I‘101) ¢1(I'202) - ¢1(I'NUN)

1 ¢2(I'101) 1/12(1'202) - ¢2(rNUN)

o (2.6)

U(rioq,...,ryoN) =
Yn(rio1) Yn(roe) . . Un(ryow)
Here, the total electron number of the many-body system is denoted by N. This slater
determinant is nothing but the linear combination of Hartree products given in Equa-
tion 2.3. The Hartree-Fork equation that follows from the energy minimization can be
expressed as

[_Qi_znv2 + Vewr + Vi (x;)20i(r;)
(2.7)

= S, [ ) = )
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The last term associated with the left side of the Equation 2.7 is due to the Hartree-Fock
wave function. Interaction between electrons with the same spin is involved in this term,
known as the exchange term. Due to the antisymmetric nature of the wave function, a
specific type of interaction is also present between the electrons. This kind of interaction
is called the correlation interaction. The energy difference between the Hartree-Fock limit

and the exact energy is usually considered the correlation energy.

2.2 Thomas-Fermi Theory
Nearly at the same time as Hartree(1927-1928), Thomas and Fermi[10, 11] proposed a
different line of thought. They suggested considering the main variable of the many-body
system as the total electron density instead of the many-body wave function. Using this
concept, they evaluated the total energy of the system. To obtain the system’s total
energy, different contributions such as the kinetic, electrostatic interaction potential and
external potential energy parts have been taken from homogeneous electron gas. The
main idea of this study was to obtain similar quantities related to the inhomogeneous
system.

Balpl = [ px)calo(m)a’r (2.8)
The « contribution to the energy density is given by e,[p(r)]. Here, the parameter «
denotes the kinetic, electrostatic and external contribution. This calculation has been
done locally for the assumed density value at each point of space. The famous local
density approximation was proposed for the first time during this time. The functional
dependence of energy density and the total energy on the density of electrons has been
indicated by the square brackets. This electron density is dependent on the Fermi energy

(er) in the case of homogeneous gas, and the relation is given by

1 2m

3 3
= Q(ﬁ)%% (2.9)

p

Therefore the expression of the kinetic energy density is as follows

tlo) = = ——(37%)7 p5 (2.10)
So the LDA kinetic energy is

Trp = Ok/p(r)%d?’r, (2.11)

with C} = 2.871 hartree (unit of energy). The implementation of exchange into the
above equation can be achieved using Slater’s expression in the homogeneous electron gas
case. After consideration of exchange, this theory is known as the Thomas-Fermi-Dirac
(TFD). Application of local approximation for the homogenous system of electron gas can

also help to incorporate the contribution of correlation, which was proposed by Wigner.
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Replacement of these approximations into the typical expression of the energy for an

inhomogeneous electron gas system leads to the energy expression related to TFD:
5 1 !
Ereplp) = Ck/p(r)§d3r+ /,o(r)vext(r)d3r+ 2//10(:)_10(;'|>d37“d37",

|
—C’X/p(r)%d?’r

Here Cx denotes the exchange constant. From the above expression, it can be clearly

(2.12)

seen that the Erpp is mainly dependent on the electronic density. This made us conclude
that this quantity is functional. Now one needs to find suitable density p(r) for which
Erpplp] is going to be minimized by assuming some variational principle intuitively. In
such a case, we have to consider the condition that the total electron number of the system
should be equal to the full charge of the system: [ p(r)dr = N. This sort of variation is
related to a function, density p(r), instead of a parameter. Due to this, the minimization
scheme tries to obtain a function in the 3-D space that provides the minimized stationary

energy state for density variations.

2.3 Density Functional Theory(DFT)

Density Functional Theory is very useful for handling the aforementioned many-body
system differently. This is basically a quantum mechanical computational method used
for investigating the electronic structure-property (principally the ground state) of many
electron systems. The fundamental concept of DFT [4, 5, 6, 7, 8, 9] is to represent an
interacting electronic system in terms of its density instead of its associated wave function.
This theory is found to be very useful for obtaining various properties of materials by
solving the many-electron problem using different functionals, generally referred to as the
function of a function. The electron density of the system, which is mainly dependent on
the spatial coordinates, play a crucial role in this connection.

Although the Thomas-Fermi model provides its first conceptual roots, the existence of

DFT has mainly been possible due to the Hohenerg-Hohn theorems[12]:

The Hohenberg—Kohn theorems can adequately describe the many-electron system in an

external potential.

Theorem 1. The external potential, hence the total energy, is a unique functional of the

electron density.

Theorem 2. The functional that delivers the ground-state energy of the system provides

the minimized energy if and only if the input density is the actual ground-state density.

The expression for the main variable of DFT, which is particle density n(r), can be written

in terms of the wave function as

n(r) = N/d3r2/d3r3.../d?’rN\IJ*(r,rQ,...,rN)\If(r,rQ,...,rN). (2.13)
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Here W is the normalized total wave function of the system. In another way, we can say
that we can calculate the ground state wave function Wy(ry, ..., rxy) of any system from its

corresponding ground state density ng(r). This tells us ¥y is a unique functional of ny.
\IIO = \Ijo[n()] (214)

From this, we can also predict that the expectation value of any observable in the ground
state is a functional of ng. This is also true for the system’s energy in the ground state.

The expression of the ground state energy in this connection can be written as
Eo = E[ng] = (Wo[no)|T + V + U|¥o[ne]) (2.15)

Here we can write the contribution from the external potential using the density ng of the

ground state. In general, this contribution can be expressed concerning the density, n as
Vin] = / V(t)n(r)dr (2.16)

Though the Uln] and T[n] functionals are referred to as the universal functionals, the
VIn] functional is considered as non-universal as it depends on the system which we are
studying. If we account for a system for which V is specified, then the functional E[n] has

to be minimised concerning n(r) where E[n| can be expressed as
E[n] = Tn] + Un] + / V(t)n(r)dr (2.17)

Here we have to assume that the expressions for U[n] and T[n| are reliable. After min-
imizing the above functional successfully, we can get the density ng and other desired
observables associated with the ground state. The Lagrange undermined multiplier ap-
proach is found to be very useful for solving the minimization problem. First of all, we
have to take an energy functional, which does not contain energy term related electron-

electron interaction,

E,[n] = (¥, [n]|T + V| ¥ [n]) (2.18)

Here 7' is related to kinetic energy, and V. is associated with the effective external poten-
tial. Now the Kohn-Sham [13] equations related to the auxiliary non-interacting system
can be solved where the equation is given as

72

[—%Vz + Va(r)]i(r) = €¢i(r) (2.19)

After solving this, we will get ¢; and from which we will be able to get the density n(r)
related to the actual many-body system. Now the single-particle effective potential can

be expressed more explicitly as

‘/s = an:t + VH + ch[ns(r)] (220)
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where
e?n,(r')

Ve —
" r—r'|

d*r’ (2.21)

is called the Hartree term, which represents the Coulomb repulsion and the potential
Vxc[ns(r)] is known to be related to the exchange-correlation part associated with electron-
electron interaction. The Hartree and the exchange-correlation terms are dependent on
n(r) and, as a consequence, depends on v;, which also in tern depends on V;. As a result,
a self-consistent approach has to be considered to obtain the solution of the Kohn-Sham
equation[13]. Due to this fact, these steps have to be followed. Firstly an initial guess
of density n(r) has to be considered, and then the corresponding V; has to be evaluated.
After this, the Kohn-Sham equation has to be solved using those values for the ;. As a
next step, these steps have to perform followed by the calculation of new density. These

steps need to continue until convergence is reached.

2.4 Approximations

In the above approach, Hartree term includes the long-range interaction, and the TIn]
functional contains kinetic energy. This also tells that the energy regarding the exchange-
correlation part can be considered somewhat local functional of the electron density. As a
result, E'xc can be expressed as Exc = [ exco([n], r)n(r)dr. Here exc is the single particle
energy which is dependent on n(r) close to r. Now it is quite reasonable to approximate
exc([n],r) locally by an energy functional of a system of constant density (n(r) =n =
constant) for a slowly varying n(r). Instead of finding exc([n],r) related to any shape
on n(r) it will be enough to have exc([n],r) associated to a series of constant density, n,
which is known as the basic idea of the LDA or Local Density Approximation [14]. Taking
also into account the gradient of the density would be a way to improve LDA. Realization
of the use of other general functions related to n(r) and Vn(r) helped in achieving this
major breakthrough. Which led to the new approximation known as GGA or Generalized

Gradient Approximation [15] and can be expressed as E{%4[n] = [ f(n(r), Vnr)dr.

2.5 Some basic parameters
Different basic essential parameters, such as basis set and pseudopotential (PP) associ-
ated with these computational techniques for carrying out DFT calculations, have been

explained here.

2.5.1 Basis set

The basis set in density-functional theory or Hartree-Fock method is usually referred to
as a set of basis functions used to represent electronic wave function. The main advantage
of using a basis set in such calculations is to turn related partial differential equations into
suitable algebraic equations, which in turn help in the computer implementation. Among
various choices of basis sets, using a linear combination of atomic orbitals is commonplace

in the community related to quantum chemistry. In contrast, the solid-state community
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Figure. 2.1 DFT Algorithm

typically uses the plane-wave basis set.

In the case of extended systems like crystalline solids, the electronic wave function spans
over the entire crystal. Hence, the required basis set is also infinite for expanding the
Kohn-Sham orbital. But as the crystalline solids are known to follow periodic boundary
conditions, Bloch’s theorem helps connect the electronic properties in an infinite periodic
system with the electrons in a unit cell. According to this theorem, the single-particle

solution in a periodic potential, which is U(r)=U(r+R), will have the form of
oi(k, 1) = e u;(k, ) (2.22)
Here u;(k,r) = w;(k,r + R). This implies

¢i(k,r + R) = ¢;(k, R)e™R (2.23)
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By substituting this in the central equation of Kohn-Sham DF'T, a new eigenvalue equation
can be obtained regarding each given k. So, an electronic state is being occupied by each
electron with a definite wave vector k. Consequently, the problem of getting a solution
for an extended system containing infinite electrons becomes the problem related to finite
electronic bands but at the infinite k-points of a single unit cell in reciprocal space. This,
in principle, leads to calculations of unlimited numbers due to the contribution of occupied
states for each k-point to electronic potential. The wave function at closed k-points will
almost be identical. As a result, the wave functions around some particular k-point of a
small region in reciprocal space can be replaced with the wave function at that k-point.
This solves the problem of infinite k-points to finite k-points. In order to solve the Kohn-
Sham equations numerically, well-defined basis sets are normally being used for expanding
these Kohn-Sham orbitals. As already mentioned previously, the plane-wave basis set is
typically considered for crystalline materials. Expansion of Kohn-Sham orbitals ¢;(k,r)
through plane-wave basis set is as follows
1

VV

Here the lattice vector in reciprocal space and the expansion coefficient are defined by G’

oi(k,r) = eik'rui(k, r) = Z CLKJFGQZ'(KJFG)P (2.24)
G

and Ck, g, respectively. In principle, one should use an infinite basis set for expanding
these Kohn-Sham orbitals, u;(k,r). Though in practice, truncation of infinite basis set is
possible by including only plane waves with less kinetic energies compared to a defined
cut-off

;\K + G|? < Beut—ofy (2.25)

The calculated energy of any system will show some error because of the improper plane-
wave basis set truncation. So, one can systematically reduce the magnitude of the error
by using a larger energy cut-off value. In practice, the cut-off energy increment should be

allowed until the required tolerance of the calculated total energy.

2.5.2 Pseudopotential

Pseudopotential, which is also known as effective potential in physics, usually is being
used to simplify the description of a complex system. This approximation helps to find
an effective potential for an atom by replacing its all-electron potential or full potential.
As most of the physical properties of any chemical compound are less dependent on core
electrons and mainly dependent on valence electrons, the core electronic states are elimi-
nated in this approach and pseudo-wavefunction with fewer nodes is used to describe the
chemically active valence electrons. This allows the practical use of plane-wave basis sets
as few Fourier modes are enough to describe the pseudo-wavefunctions. From the imple-
mentation perspective, two main drawbacks are considered for expanding all the electrons’
Kohn-Sham wave function through a plane-wave basis set. Among these, the first one is

considered rapid oscillation of wave function of valence electrons near the core region for
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maintaining the orthogonality to the wave functions of core electrons. The second one is
the accurate description of the deep potential near nuclei. Due to these two factors, many
plane-wave basis sets are required to expand the Kohn-Sham wave functions of all the
electrons, especially near nuclei. So the use of pseudopotential for describing electron-ion
interaction reduces the electron number of the system. Also, a reduced plane-wave basis
set size is needed to explain the much softer as well as smoother pseudo valence wave func-
tions. In turn, this helps to perform faster calculations and consider the bigger system.
Though pseudopotential replaces the all-electron potential with a smoother one near the

core region, it provides the actual valence charge density outside of the core region. De-
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Figure. 2.2 Pseudopotential and pseudo wave-function

pending on different parameters, different types of pseudopotential schemes are available
for practical applications. Pseudopotentials with larger cut-off radius are softer, which are
easily convergent but less transferable. In the case of norm-conserving pseudopotentials,
a relatively large number of plane waves are required for more accurate results. This is
associated with the fact that a considerable energy cut-off value is needed for such kind
of pseudopotential. On the other hand, ultra-soft pseudopotentials are known for specific
relaxed requirements. Consequently, a much smaller plane-wave basis set is needed for

the convergence and is much faster than norm-conserving pseudopotentials.

2.6 Implementation of DFT through different

approaches
Implementation of DFT calculation through different schemes associated with this thesis

work has been discussed here.
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2.6.1 CAmbridge Sequential Total Energy Package

Cambridge Sequential Total Energy Package or CASTEP is basically designed for the
quantum mechanical study of solid-state materials. This package mainly uses the plane-
wave pseudopotential method to execute density functional theory-based calculations to
explore crystalline materials’ different properties. Among these properties, analysis of
structural properties, elastic properties, electronic band structure, the partial and total
density of states as well as the optical properties of solid materials are worth mentioning.
Along with these, vibrational properties such as the zone-centred phonon frequencies, the
complete phonon dispersion, the phonon density of states and the associated thermody-
namic properties can also be calculated with the help of linear response theory or finite
displacement technique implemented in this code. A brief discussion about different tasks
performed using this code has been provided here. As a first step, a theoretical equilib-
rium crystal structure can be obtained by performing the Geometry Optimization task.
This task is based on the reduction of the magnitude of the forces and stresses obtained
at each step of calculations to a specific convergence tolerance limit. After obtaining the
optimized crystal structure, electronic eigenvalues along different high symmetry Brillouin
zone points can be calculated using the properties task. Using a fine Monkhorst-Pack grid
and non-self consistent calculation, these electronic eigenvalues for both the conduction as
well as the valence bands can be calculated, which produces the density of states and the
electronic band structure. This code can also determine the electron charge density differ-
ence in any structure. Application of volume conserving finite strain technique through
this code can also help find the elastic constants and associated mechanical properties
of materials. Optical properties can also be calculated along with the density of states
and the electronic band structure of studied materials. The linear response theory imple-
mented in this code helps obtain the second derivative of total energy concerning atomic
displacement. It hence helps in calculating the dynamical matrix for a set of g-vectors.
The force constant matrix can be obtained from the dynamical matrices using Fourier
transformation. This can be further useful to get the vibrational frequencies, IR and

Raman modes.

2.6.2 PAW Method and its implementation

The Projector Augmented Wave (PAW)[16] formalism has shown tremendous success now-
a-days for implementing Density Functional Theory. The basic concept of this method is
based on the generalization of the ultrasoft-pseudopotential in addition to the linearized
augmented plane-wave (LAPW) formalism. This method is highly efficient for more
excellent computational performance. The valence wave functions are required to be
orthogonal to core states which lead to the rapid oscillations of valence wave function
near ion cores. This sort of situation is very problematic because it requires many Fourier

components to describe the wave functions accurately. The PAW approach addresses
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this issue by transforming these oscillatory wave functions to smooth wave functions.
These smooth wave functions are more convenient in computation, providing a direction
for calculating properties related to all-electron wave functions. This method is quite
similar to changing the Heisenberg picture from the Schrodinger picture. Concept of
pseudo-potential dates from the 1930s, when Fermi and Hellmann proposed the solution
mechanism of the Schrodinger equation regarding the valence electrons orthogonal to the
core electronic states. The extension of this concept offers the development of different
pseudopotential schemes from ‘norm-conserving’[17] to ultra-soft[18, 19, 20] and finally
to the PAW formalism[16]. The PAW formalism, which Blochl introduces, is based on
the projector functions that map complex wave functions onto ‘pseudo’ wave functions.
Using this approach, the modelling of core electrons is being considered by neglecting
these electrons but by considering the difference between the ‘true’ wave function and the

obtained pseudo-wave function. The expression of the Schrédinger equation becomes
T*H1U = Er*r¥ (2.26)

Where ¥ is the pseudo wave function, 7 is the transformation operator that connects the
exact (¥) and the pseudo (¥) wave function. To determine the "pseudo’ wave functions,
the Schrodinger equation is being solved first in DFT, and then projectors enable us to
obtain the exact density. The high performance of this formalism has already been estab-
lished for studying systems like molecules, solids ad surfaces. This kind of method where
energy- and potential-independent wave functions are used is mainly used in packages
such as GAPW, CP-PAW, VASP [21], ABINIT, NWCHEM, PWPAW, ESPRESSO [22],

ete.
2.6.3 Full Potential Linearized Augmented Plane Wave
(FP-LAPW) method

The Khon-Sham equation can also be solved without separating the core and the valence
electronic wave function, as discussed in the pseudopotential method. In such an ap-
proach, all electrons are considered in an explicit way for the computation and are known
as the all-electron method. Among these methods, the most accurate electronic struc-
ture calculation approach is known as the linearized augmented plane-wave or LAPW
method. This approach basically divides the whole unit cell into the interstitial and non-
overlapped atomic sphere regions. Non-overlapping atomic sphere with radius R uses the
wave function as the multiplication of spherical harmonics Y, (r) with radial functions

linear combination.
Grn = Y _[Atmentu(t, E)) + B gt (r, Ey)] Vi (r) (2.27)
Ilm

Here, the radial part solution with the energy E; has been denoted by w(r, E;). This
is typically chosen at the midpoint of the corresponding band of [-like characters. The
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derivative of the radial part with respect to energy at E; energy denotes the potential’s
spherical part, u;(r, £;), inside the sphere. The linear combination of the radial and its
energy derivative function is used to obtain the linearized radial wave function inside the
sphere, which can be achieved by numerically integrating the radial part of the function
using a radial mesh. The coefficients of the Equation 2.27, A;,, and By,,, are known as
functions of k,,. The k,, can also be represented by k+K,,. Where K,, refers to the lattice
vectors in reciprocal space, k is known as the wave vector regarding the first Brillouin
zone. This wave vector k can be determined using the condition that the corresponding
basis function should match for functions of the inside sphere with each plane wave of the
interstitial region. The expansion of the plane wave in the interstitial area is used as
G = ;ae

The augmentation of every plane wave is achieved using an atomic-like function for each

tknr (2.28)

atomic sphere. In accordance with the linear variational approach, the Kohn-Sham so-
lutions can be expanded in terms of combined basis set regarding the linear augmented

plane waves.

Uk =) Cain (2.29)

Here the coefficients, c,, can be determined using the Rayleigh-Ritz variational principle
method. A cutoff parameter of R,,;K; .. = 6 to 9 controls the convergence related to
this basis set. Here R,,; defines the radius of the smallest atomic sphere in the unit cell,

whereas K, is related to the magnitude regarding the largest K vector.

2.7 Semi-empirical dispersion correction

After the implementation of standard DFT calculation, semi-empirical dispersion cor-
rected DFT has been presented. The main drawback of standard DFT is the inability
to capture dispersion correction or van der Waals interaction using semi-local density
functional. The inclusion of this correction using non-local correlation functional to the
total energy is considered a significant development of DFT calculation. A cheap and
straightforward solution to this problem has been achieved by incorporating an empirical
potential in the form of —Cgs/R®. Here, the coefficient Cg denotes the pairwise atomic
parameter. This approach is referred to as the dispersion-corrected DFT or the DFT-D
method and provides an alternative path of dispersion correction without using the non-
local correlation functional. DFT-D2 scheme is known as the oldest scheme in this regard

and uses —% pairwise atomic term for the empirical dispersion potential.

C'
dzsp —S56 Z Z 6 AB damp(RAB) (230)

A B<A AB

At short range, this function is damped, where R% diverges, via

d(-2AB_ 4

F22 (Rag) = [1+ ¢ “Toas V)t (2.31)
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This also helps avoid double-counting effects related to electron correlation, as the cor-
relation of short- to medium-range has been incorporated using the density functional.
Here, quantity Ry 4p denotes the van der Waals radii sum of atoms A and B, whereas d
is used for an additional parameter. The atomic coefficient Cg 4 is known as the primary
parameter, and the geometric means of these parameters provides the pairwise parameters
used in Equation 2.30.

Co.a5 = (Co,4Co,5)* (2.32)

The expression of the DFT-D2 total energy is

Eprr-p2 = Exs—prr + Bl (2.33)

2.8 Approaches used for calculating materials

properties
Stress-Strain approach
In order to calculate elastic constants of materials accurately, two approaches usually
are being used: energy-strain and stress-strain approach. Among these methods, the
stress-strain process depends on using lesser strain sets with more accurate calculations
of stresses. This leads to the need for a higher energy cut-off with a denser k-mess.
This method is usually preferred instead of its expensive computational nature due to
its straightforward implementation. In this regard, the elastic tensor is evaluated by
obtaining the stress tensor related to several distorted crystal structures and the strain-
stress relationship. Considering the fixed lattice parameters, internal coordinates have
been optimized in each run. The accuracy of obtained elastic constant values depends
significantly on the achieved convergence of each distorted crystal structure.
Density functional perturbation theory (DFPT)
DFPT or linear response method is considered the most desired approach for calculating
lattice dynamics of materials through ab initio calculation. Analytical computation of
the second order derivative of the total energy concerning a certain perturbation is known
to be provided by this method. Based on the type of perturbation, different properties
of materials are being evaluated. The phonon frequencies and the associated dynamical
matrix can be obtained from the perturbation of ionic positions. The force constants
matrix is obtained using the differentiation of Hellmann-Feynman forces for each atom
regarding ionic coordinates. This procedure clearly explains that the force constants
matrix is dependent on the electronic charge density at its ground-state and its linear
response related to an atomic distortion. As the formalism of density functional theory
maintains the variational principle, the second-order energy change is dependent on the
first-order change of the electronic charge density. The formalism of DFT and DFPT
is found to be very much similar to each other in this respect. As DFT equations can

be solved by implementing total energy minimization. Solution of DFPT problem can
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also be achieved by reducing the second-order perturbation of total energy, known to
be associated to the first-order density, potential and wavefunction change, and can be

implemented through

1 0 0
E(Q)ZZ[<‘I’()|H(O Q1T + (OO0 + (0 VO )]
(52 1 0) 11 (2) 147, (0) (2:54)
2 (5n kn

Electronic band structure correction methods

In the end, different approaches have been discussed in order to calculate the more ac-
curate electronic band structure of studied materials. Tran-Blaha-modified Becke-
Johnson (TB-mBJ) potential

There are various approaches for calculating the exact experimental bandgap of any ma-
terial that lies inside or outside the framework of KS formalism. The Becke and Johnson

potential (BJ) is a computationally less expensive semilocal method within the KS frame-

vl (r) = vl (r) + i\/g ;‘; ((1;)) (2.35)

The self-consistent implementation of this BJ exchange potential into wien2k code has

work.

provided the platform for calculating nearly exact bandgap of periodic solids. However,
this potential improves LDA or GGA bandgap the improvement was diminished. This

limitation of BJ potential can be removed by using the modified version of this potential,

TB-mJ.
vg 57 (1) = ol (r) + (3¢ — 2) \/7 (2.36)
6\ po(r

This could be achieved by introducing a parameter that changes the relative contribution

of terms of BJ potential.

- L p)] )2
c-oz—i—ﬁ(vce” /ce“ ) dr) (2.37)

As this TB-mBJ potential cannot be written as a functional derivative, this potential
cannot be considered for force calculation and is the main drawback.

GW approximation

The significant underestimation in the DF'T band gap is attributed to the fact that quasi-
particle excitations are being neglected in such calculations. In this connection, eigen-
value correction of the Kohn-Sham states can be obtained by implementing the Green
function techniques along with the GW approximation related to electronic self-energy,
3 = —ihGWT. This X contains all many-body effects of correlation and exchange beyond

the Hartree potential and considers all the dynamic processes related to many-electron
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system. The proper understanding of this GW approximation can be obtained from the

qusiparticle equation which is expressed as

(T + Vit + Vi) () + / drs(r,v',w = Ep)om () = Emedme(t)  (2.38)

Here, the kinetic energy, the external potential of the nuclei, and the Hartree potential
have been denoted by T, V.., and Vy, respectively. E,; and ¢, denote the quasiparticle
energies and the associated states. In this regard, it can be said that the many-body self-
energy > has replaced the exchange-correlation potential of DF'T in the above equation.
As this self-energy ¥ is dependent on the the Green’s function G, the screened Coulomb
interaction W, the irreducible polarizability x, and the irreducible vertex function I'; a
self-consistent procedure should be used. These functions can be obtained using Hedin

equations and are given as follows:

G(1,2) = Go(1,2) + [ d(3,4)Go(1,3) 32(3,4)G(4,2) (2.39)

(1,2) :/d(3,4)G(1,3)G(4,1)F(3,4; 2) (2.40)

W(1,2) = V(1,2) + /d(3,4)V(1,3)X(3,4)W(4, 2) (2.41)

£(1,2) = [d3 G136, 2490 (1) (2.42)

(1,2;3) = 8(1,2)5(1,3) + /d(4,5,6, 7)%@(4,6)@7, 5I06,7:3)  (243)

The bare Coulomb interaction has been denoted through V and the numbers have been
used to denote position and time such as 1 = (rq,¢1),2 = (ra,t2),.... Though these
equations are known to be exact, approximations are required for solving real systems.
This can be achieved by using the bare vertex instead the vertex function and is known

as the GW approximation.
I'(1,2;3) = 6(1,2)d(1,3) (2.44)
This leads to the reduced equations for polarizability and self-energy

x(1,2) = G(1,2)G(2,1) (2.45)

3(1,2) = G(1,2)W (2, 1) (2.46)

In this approximation, the Green’s function and the screened potential are normally con-

sidered. However, these equations are practically solved in reciprocal space

Weer (q,w) = [bear — Xaer (a4, w)Vae (@) Vae (q) (2.47)
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Gea(a,w) = [bae — Y (4, 0)Go (@) ' Go (@) (2.48)
GG’

Principally these equations have to be solved in a self-consistent way and the non-
interacting Green’s function G(°) can be obtained in the first iteration.
#(0) (0)
Go(r’ I_l7 CU) — Z ¢nk (r)¢nk (r ) (249)

Here ¢§f}j and ES’,Q are one-electron orbital set and the corresponding energies. As a next
step, x(9 is obtained, followed by W and X, This tells that a first guess of one-
electron eigen-system is required for GW calculations, which is normally taken from a
preceding DFT calculation. Principally, all steps should be repeated by updating the
Green’s function using the Dyson equation in each iteration till the self-consistency is
reached.
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CHAPTER 3

Crystalline properties of transition metal oxides

A comparative study of crystalline properties of transition metal oxides thallium pertech-
netate and perrhenate has been presented. The structural and vibrational properties along
with IR and Raman frequencies of these materials are mainly discussed. DF'T total en-
erqy calculation has been found to be wvery helpful for finding the correct ground state
structure of TIReQy. Inclusion of vdW correction to the standard DFT calculation is
found to improve the agreement with the obtained structural and vibrational properties
for both materials. Born effective charge values provide knowledge about the bonding na-
ture present in these materials. Calculations of zone-center phonon frequencies for both
materials are mainly found to be divided into three regions following the usual trend of
ABOy type materials. The most substantial infrared peak is associated with the internal
asymmetric stretching of BO,, whereas the strongest Raman peak is associated with the

internal symmetric stretching of BOj.

3.1 Introduction

ABO, type ternary transition metal oxides where A and B cations can be found in mul-
tivalent states are known to crystallize in various crystalline structures. Due to this kind
of structural malleability present in these materials, a diverse range of electronic as well
as physical properties along with a wide variety of applications of these compounds are
well known. As a result, study of these materials has obtained utmost interest from Earth
Science [1], Material Science [2, 3, 4] and also from fundamental physics point of view [5].

In this connection, silicates, arsenates, phosphate, chromates and vanadates are normally
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3. Structural and vibrational properties of transition metal oxides

found in zircon type structure [6] whereas phosphates and arsenates are found in quartz
type of structures [7]. Germanates, molybdates, tungstates and periodates are found in
isomorphic to scheelite [8] and molybdates, tungstates and tantalates are found in wol-
framite structure [9]. Other important type of structures is monazite [12], M-fergusonite,
which is monoclinic distorted scheelite [10] and pseudo scheelite, which is orthorhombic
distorted scheelite [11] structure. These oxides have shown wide range of applications as
scintillators (CAWO, and PbWQ,), phosphors (ZrGeO, and HfGeOy), good laser-host
materials (BaWOy,, YVO, and GdTaO,) and in battery use (CaMoO, and StWOQy) [13].
These sorts of materials have also found their use as nuclear waste storage processes as
well as in photocatalysis applications [14, 15, 16, 17, 18]. Oxides of Ru and Os with scheel-
ite structure, d' electron configuration and with TM cations in distorted tetrahedron are
mainly known for special interest related to magnetic properties. These sorts of systems
provide a great deal of information in between spin, spin-orbit coupling and crystal field
present in those systems [19, 20, 21]. Along with these diverse technological applications,
these materials are also known for showing pressure-induced structural transformation
and hence exist in different polymorphic phases [13, 14]. A combined study using quan-
tum chemistry-based computer simulation along with proper crystal-chemistry arguments
has shown fruitful for having a proper understanding of high-pressure behaviour of these
materials [22, 23]. In this connection, the main goal of this chapter is to provide a de-
tailed knowledge of the structure-property correlation of pertechnetates and perrhenates
by means of quantum chemistry-based density functional theory calculation. These fam-
ilies of ABOy type transition metal oxides are a less studied class of materials, and this
kind of study on pertechnetates and perrhenates will contribute to the understanding in-
fluence of cation substitution on the structural properties of ABO, type materials [23, 24].
Among synthesized elements, technetium (Tc) is known for being the first-ever synthe-
sized transition metal which is the lightest element and shows radioactivity. Instead of its
main involvement in nuclear processes, application of this element can also be found as
a corrosion inhibitor in the steel industry, as environmental water tracer [25, 26] and as
low-temperature superconductor [27]. Understanding of heavy element solar production
can also be obtained from the presence of this element in a variety star spectrum [28, 29].
By providing the knowledge of oxyanion formation in between rhenium and chromium
transition metals, it fills the knowledge gap of transition metals which is very important
in terms of chemistry point [30]. Though this element is known as synthesized, *Tc is
known to be the natural, most abundant and common isotope of its 21 isotopes which
is an appreciable by-product in uranium and plutonium fission reaction. This isotope is
also known to form a daughter product from its metastable isomer ™ Tc, which found its
important place in radiopharmaceutical [31]. Though the half-life of **™Tc is 6h, half-life
of PTc is nearly 2.1x10° years with 0.29 MeV B4, energy. Hence being a weak beta

emitter, "Tc is found to be a major source of radioactivity in spent nuclear materials
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3. Structural and vibrational properties of transition metal ozides

[32, 33]. Oxidation state 7%, among other states ranging from 1~ to 7 state, is found
to be responsible for the formation of pertechnetate anion (TcOy ), which is a dominant
form of this element in an oxidizing environment. This form is known to adsorb onto
the mineral surface and shows high mobility in aqueous solution and hence considered
as significant environmental hazard by posing challenges regarding the management of
this nuclear waste. This is the sole reason for carrying out research in solution rather
than solid phase. First isolated Tc oxides were seen to crystallize in tetragonal scheel-
ite type CaWO, crystal structure with I4; /a space group [34, 36] (NH,;TcO4, KTcOy
and AgTcO,4) and orthorhombic structure with space group Pnma (CsTcO,) [37, 38].
Though the study on RbTcOy is very less except from the context of alkali pertechne-
tates, it has been confirmed to crystallize in tetragonal structure [39, 40, 41, 42]. Due to
its link with Tc volatility at the time of vitrification, more attention has been received
by CsTcO,4 [43, 44]. Also, reports regarding temperature-induced phase transition of
CsTcOy4 and T1TcO4 from orthorhombic to tetragonal phase can be seen in literature [45].
Alkali-metal pertechnetate salts are reported to be isomorphic with analogous rhenium
salts [46] and reported chemical properties for both these oxides are found to be very
similar. AReQOy type perrhenates (A = alkali metal, silver, thallium or ammonium) crys-
tallize in scheelite or pseudo-scheelite structure and are famous for showing temperature
or pressure-induced phase transition in these materials [47]. Among these perrhenates,
thallium perrhenate has obtained special attention for its high pressure structural as well
as an electronic phase transition. A great amount of study based on electron diffraction
[48], X-ray diffraction (XRD) [49, 50], Raman spectroscopy [51, 52] and x-ray near-edge
absorption spectroscopy [53] have already been carried out on this material which con-
firms that it crystallizes in pseudo scheelite structure at normal conditions [47]. These
studies reveal that this material undergoes temperature-induced phase transition at 200
and 400 K [49, 54] and pressure-induced phase transition at 0.5, 1.9 and 9.7 GPa [52, 55].
A colour change of this material is caused by the last pressure-dependent phase tran-
sition at 9.7 GPa [52]. Though an electronic transition mechanism has been proposed
regarding this phenomenon, very less information is available till now of properties of
this material [51, 52, 53]. In case of T1TcO, also, multiple characterization techniques,
including X-ray absorption spectroscopy (XAS), Raman spectroscopy, and X-ray diffrac-
tion (XRD), have been used to determine the chemistry of ®Tc in technetium-bearing
glasses [56, 57, 58, 59, 60, 61, 62, 63]. Recently, KTcO, and NaTcOy,, two other common
Tc standards, have been used in Raman analysis of Tc-doped glasses to investigate ion
exchange between pertechnetate species in glass [57]. Another significant use of alkali
pertechnetates is the application of KTcO,4 as a common initial material in synthesizing
Tc-based radiopharmaceuticals. A lot of modern study of the structure along with local-
ized chemistry of solid sodium, potassium, rubidium, and caesium pertechnetates have

been performed, using X-ray absorption spectroscopy (XAS), extended Xray absorption
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fine structure (EXAFS) analysis, including Tc K-edge X-ray absorption near-edge spec-
troscopy (XANES), high-resolution Raman spectroscopy, neutron diffraction (ND), and
9Tc solid-state nuclear magnetic resonance (NMR). The Raman spectra of pertechnetate
(TcOy) in solution have been made by various studies [64, 65, 66, 67, 68, 69]. However,
there have been few reports of the Raman spectrum of KTcO, [66, 70, 71] and only one
of NaTcOy [72]. Although these earlier reported experimental results provide a lot of
information about these materials, extensive research on these materials is not yet done.
Such as the crystal and vibrational properties of TIReO4 and almost all crystalline prop-
erties of T1TcO4 have still not been evaluated correctly. At the same time, the lack of
theoretical studies of these compounds makes it very difficult to interpret the available
experimental results. In this connection, a systematic density functional theory based the-
oretical study can provide a deep insight into the physical properties of these compounds
(73, 74, 75, 76, 77]. As this kind of theoretical study has not been reported till now for
studied materials, we think it is timely to carry out the theoretical calculation on these
materials. In order to execute our theoretical study, basic crystal structure information
of these materials have been used as the input in our calculation. After obtaining the
correct theoretical ground-state crystal structure, we have performed other calculations
for getting other properties of these materials.

This chapter has been arranged as: computational details involved in this study are
discussed in the next section. After that, the structural and dynamical properties are

presented and discussed. Finally, the conclusions of this study are presented.

3.2 Computational Details

Density Functional Theory (DFT) [78, 79, 80] based plane-wave pseudo-potential ap-
proach (PW-PP) implemented in the CASTEP code [81, 82] has been considered to exe-
cute the theoretical study of structural property as well as vibrational properties of T1TcO4
and TIReOy,. In addition, with local density approximation (LDA) [83] and generalized
gradient approximation (GGA) [84, 85] for treating electronic exchange-correlation inter-
action, van der Waals (vdW) interaction has also been considered through TS scheme [86]
which is well-known for incorporating polarizability of inter-atomic bonds for obtaining
correct structural parameters [84, 86]. The structural properties of T1TcO,4 have been cal-
culated using ultra-soft pseudo-potential with 600 eV energy cut-off and k-points spacing
of 0.02 A=! with k-grids of 7x7x3. Convergence criteria for obtaining its ground state
structure were set to < 0.01 €V A~! as force minimization criterion and < 5x107¢ eV
as energy minimization criterion on each atom. In case of TIReOy, the norm-conserving
pseudo-potential method (NC-PP) have been implemented through the Monkhorst-Pack
scheme, where 800 eV energy cut-off is used throughout the calculations. Brillouin
zone sampling for this material was done using Monkhorst-Pack scheme [87] with the

k-point spacing of 0.03 A~! and with k-grids of 2x3x6 for the monoclinic, 6x6x3 for
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the tetragonal and 6x6x3 for the hypothetical orthorhombic TIReO, structures. Sim-
ilar convergence criteria as T1TcO4 have been implemented for obtaining ground-state
structure. Geometry optimization of these structures have been obtained using Broy-
den—Fletcher-Goldfarb—Shanno (BFGS) algorithm [88]. After obtaining the exact theo-
retical ground-state crystal structure of these materials, density functional perturbation
theory (DFPT) based on linear response theory was used to compute the Born effective
charge (BEC) tensor and zone-centered phonon frequencies of the orthorhombic T1TcOy4

and the low- and room-temperature phases of TIReOy.

3.3 Results and Discussion

3.3.1 Comparative understanding of structural property of
TIReO, and T1TcO,

TIReO4 was initially reported to crystallize in orthorhombic pseudo-scheelite type struc-
ture under ambient condition with Pnma space group [11, 50]. Our recent report[100]
has shown that it actually crystallizes in monoclinic crystal structure with P2; /¢ space
group at room temperature rather than orthorhombic structure which supports the find-
ings of Rogner and Range [8]. This study on TIReO, has also shown that it transforms
to tetragonal crystal structure with 1/, /a space group at high and low temperature. The
schematical representation of these structures are given in the Figure 3.1. Here, tetrago-
nal TIReO4 at 50 K, monoclinic TIReO4 at 290 K and tetragonal TIReO4 at 450 K were
shown by Figure 3.1a, 3.1c and 3.1d, respectively. Figure 3.1b represents the earlier pro-
posed orthorhombic crystal structure of TIReO4. The only common feature among these
structures is that the T1 coordination polyhedra are connected by isolated ReQ, tetra-
hedra. The temperature effect on these tetrahedra is significantly less as they are rigid.
Also, distortion can be seen in these units, with an average distance between Re and O
atoms being near to 1.66 A. Table 3.1 represents structural information of these phases
from our reported result as well as earlier reports for orthorhombic phase [11]. The pos-
sible reason regarding mis-assignment of crystal structure of TIReO, in case of previous
reports could be as follows [11, 24, 90]. The orthorhombic structure of the earlier studies
is known to be symmetrized version of our monoclinic structure. Actually, this structure
is isomorphic to CsReQOy crystal structure [89]. A relation related to group-subgroup can
be seen in between these structures where monoclinic (P2, /¢) TIReO, forms a subgroup
of Pnma orthorhombic structure. In this connection, one can find that a and ¢ unit-
cell parameters of the orthorhombic structure are identical to b and ¢ parameters of the
monoclinic structure. It can also be seen that the unit-cell parameter a of monoclinic
TIReOy4 found to be three times with respect to the unit-cell b parameter of orthorhombic
structure and monoclinic angle § is nearly equal to 90°. So monoclinic structure can
be considered as superstructure of orthorhombic structure and can be obtained using a

klassengleiche subgroup transformation by multiplying orthorhombic unit-cell parameter
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Figure. 3.1 Crystal structure of TIReOy in different conditions. (a) denotes the crystal
alignment of TIReO, at 50 K (Tetragonal), (b) shows the hypothetical orthorhombic
arrangement of TIReOy as reported in Ref.[11], (¢) Shows the monoclinic crystal
arrangement observed at room temperature and (d) depicts the tetragonal arrangement
of TIReO, at 450 K.

b with 3 and subsequent breaking of symmetry by means of translationengleighe trans-
formation. This reduces symmetry to monoclinic from orthorhombic structure P2 /¢ C
Pnma. Due to this reason, common Bragg peaks could have been seen for both structures
leading to misidentification of room temperature crystal structure in previously reported
low-resolution diffraction studies. These kinds of experimental discrepancies are known to
be well addressed through DFT based theoretical study. That is the sole reason to perform
total-energy DFT calculations for having a deep insight about this material. The effect
of different exchange-correlation functional along with van der Waals (vdW) interaction
have been tested initially for both these before mentioned structures of TIReO, at room
temperature. The energy difference between these structures is found to be 93.52 meV
using LDA functional where monoclinic crystal structure shows more favourable energeti-
cally than previously reported orthorhombic structure. In a similar way, GGA functional
PBE and vdW corrected PBE + TS methods also support the fact obtained from LDA
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Table 3.1 Refined structural parameters for TIReO4 at 50, 290 and 450 K. The values

previously reported for the proposed orthorhombic structure, taken from Ref.[11] are

also shown. The numbering scheme of the various cations correspond to the values given
by Chay et al.[89]

Orthorhombic

Pnma

Parameters
Space group
Atoms/cell 24
fu./cell 4

a (A) 5.62
b (A) 5.79
13.30

432.92
T (0.025,0.75,0.127)

Rel (0.038,0.25,0.380)

(0.822,0.25,0.084)
(0.856,0.25,0.474)
(0.012,0.515,0.686)

50 K phase
If1/a
24
4
5.79
5.79
12.87

430.99
(0.0,0.25,0.125)
(0.247,0.627,0.480)
(0.414,0.373,0.497)
(0.0,0.25,0.625)
(0.418,0.625,-0.001)
(0.084,0.615,0.027)
(0.119,0.036,0.201)

290 K phase
P2, /c
72
12
17.40
13.31
5.63
90.169
1304.06
(0.079,0.372,0.472)

(0.251,0.375,-0.017)

(0.281,0.456,-0.223)
(0.211,0.436,0.215)
(0.186,0.301,-0.154)
(0.324,0.302,0.038)

(0.3815,0.5531,0.230)

(0.451,0.550,-0.236)
(0.487,0.705,0.109)
(0.347,0.703,-0.110)
(0.173,0.668,-0.004)
(0.006,0.690,-0.062)
(0.075,0.582,0.323)
(0.082,0.508,-0.139)

450 K phase
I41/a
24
4
5.78
5.78
13.40

447.34
(0.0,0.25,0.625)

(0.0,0.25,0.125)

(0.088,0.025,0.198 )

functional except the different energy differences of these structures, which are 59.9 meV
from PBE and 24.63 meV from PBE + TS. Our calculations using DFT validated our

Table 3.2 Calculated total energy per formula unit (in eV) of the previously proposed

orthorhombic and experimentally observed monoclinic structures of TIReOy.

Orthorhombic
LDA -3364.23198
PBE -3369.91988
PBE+TS  -3371.11530

Monoclinic
-3364.32550
-3369.97978
-3371.13993

XRD experiments and also provided well described structural details. As it is well known
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that temperature cannot be included in the DFT calculation, we have not considered the
second transition from monoclinic to the tetragonal structure. Though it can be well
speculated that the high symmetry tetragonal phase could be possible by entropic effect
at high temperature [91, 92]. Structural parameters obtained from our calculations have
been given in Tables 3.3 and 3.4. The main limitation known for normal LDA and GGA

functionals is to produce underestimated and overestimated structural parameters.

Table 3.3 Calculated structural properties of low-temperature tetragonal phase of
TIReO,4 with different functionals.

Tetragonal TIReO, (50 K phase)

Parameters LDA GGA GGA+TS Experimental
a (A) 5.65 5.94 5.77 5.787
b (A) 5.65 5.94 5.77 5.787
c (A) 12.05 13.22 12.90 12.872
Volume (A?) 384.60 466.64 429.98 431.00
TI(x,y,2) (0.0,0.25,0.625) (0.0,0.25,0.625) (0.0,0.25,0.625) (0.0,0.25,0.625)

Re(x,y.2) (0.0,0.25,0.125) (0.0,0.25,0.125) (0.0,0.25,0.125) (0.0,0.25,0.125)
O(x.yz)  (0.138,0.034,0.208) (0.117,0.037,0.201) (0.115,0.027,0.203) (0.119,0.036,0.201)

Table 3.4 Calculated structural properties of room-temperature monoclinic phase of
TIReO, with different functionals.

Monoclinic TIReOy4 (290 K phase)
Parameters LDA GGA GGA+TS Experimental

a(A) 16.855  17.765  17.446 17.396
b(A) 12431  13.460  13.009 13.313
c (A) 5475  5.841 5.644 5.631
B (°) 90.851  90.726  90.117 90.169
Volume (A%) 1147.09 1396.65  1280.82 1304.06

Obtained underestimated structural parameters are found in a comparable range with
reported other similar oxides [10]. So, to obtain the correct structural parameters of
this material, vdW corrected TS scheme along with PBE functional has been considered,
which is found to produce theoretical results of structural parameters of this material in
good agreement with experimentally reported results. Though one can think of including
spin-orbit coupling contribution energy for obtaining more accurate structural parameters
due to the presence of Re atom in the system, it has been observed that the SOC does
not affect much in the case of structural properties for similar compounds [93]. Instead,
this kind of effect contribute more to electronic band structure and associated electronic

and optical properties. As a result, we have not considered the SOC effect in calculating
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the structural properties of this material.

In the case of T1TcQOy, also we did not consider the SOC effect for calculating structural
parameters due to the above-mentioned reason. Unlike TIReOy4, T1TcO, does not report
to have any structural discrepancies, and it is found to crystallize in orthorhombic Pnam
crystal structure which is similar to CsTcO4 but different from other mostly crystallized
pertechnetate compounds crystallized in CaWQO, type scheelite structure. Figure 3.2
shows the crystal structure of TITcOy in different orientation. Initially, the experimental
crystal structural details have been considered as the input parameter for our calculations
where we have considered LDA and GGA functional like TIReOy4 to incorporate exchange-
correlation interaction. Similar to TIReO, calculations, incorporation van der Waals
interaction has also been considered for this material. Structural parameters for T1TcO4
obtained from our calculations at ambient condition and using various schemes along
with experimental results are given in Table 3.5. The results provided in this table clearly
shows the expected trend of underestimation and overestimation of structural parameters
obtained using LDA and GGA functionals, respectively. Incorporation of van der Waals
correction with GGA shows a decrease in volume error, on the other hand it is found to
be increased with LDA functional. From all possible use of functional, the combination
of PBE functional and TS scheme shows the more accurate structural properties of this
material like TIReO,.

(a) (b)

Figure. 3.2 Crystal structure of T1TcO, in xz-plane (a) and in yz-pane (b)

3.3.2 Born effective charge (BEC) of TIReO, and T1TcO, and

bonding nature
The Born effective charge (BEC) is known as a very useful rudimentary quantity which
provides a profound understanding of material properties particularly related to vibra-
tional as well as optical properties of such material. Mainly the coupling between lattice
displacement and electrostatic field is defined by this quantity. Computation of this quan-
tity was done using the linear response method established in the CASTEP code for the

above-mentioned materials. This calculation is found to satisfy well known acoustic sum
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Table 3.5 Ground state structural details of TITcO, with different functional as well as

with other van der Waals corrected schemes and experimental data:

Expt. LDA  LDA+OBS PBE PBE4+TS PW91 PW914+0BS
Space Group  Pnma

atoms 24
fau./cell 4
a (in A) 5.49536 5.19 5.12 5.76 5.51 5.75 5.64
b (in A) 5.74218 5.62 5.61 5.94 5.86 5.93 5.88
¢ (in A) 13.4505  12.92 12.85 13.73 12.98 13.67 13.60
Vol (in A3) 424.75  377.24 369.13 469.31 419.01 465.46 451.31
Error % -11.19% -13.10% +10.49%  -1.35%  +9.59% +6.25%

rule: 3o, Z; .. = 0. Results of this calculation are given in the Table 3.6, 3.7 and 3.8. All
components of BEC for O1 atoms in the low-temperature phase of TIReO4 show non-zero
values, whereas off-diagonal components except Zj, and Z3, for T1 and Re atoms show no
contribution. The result present in these tables clearly shows a nearly doubled BEC of T1
atom compared to their nominal charge. A large reduction of xx, yy and zz components
of BECs from their nominal charge of Re atom can also be observed. It is also found
that Z7, = 73, # 73 relation is true for T1 and Re of TIReO,. In the case of monoclinic
TIReOy, all components of BEC for all elements are found to be present. Instead of the
presence of small differences, the BEC value of crystallographically different Tl and Re
atoms in monoclinic crystal matches quite well to that the values obtained for tetragonal
structure, and this shows that the charge transfer between different present atoms did

not take place during the transition [52]. The presence of the mixed ionic and covalent

Table 3.6 Calculated BECs of T1, Re and O atoms in low-temperature tetragonal phase

of TIReOy.

Atoms Tonic 77 75 134
TI1 1 1.93 1.93 2.07
Rel 7 3.36 3.36 3.33
01 -2 -0.94 -1.71 -1.35

character of bonding is pretty much evident in studied crystals as the same can be sug-
gested from the deviation of BEC’s of constituting elements from their nominal charges.
Normally covalent character of any bond is interpreted as charge transfer due to atomic
displacement of those considered bonds [94, 95]. In this context, a notable amount of
deviation in BEC of all present elements of TIReO, from their nominal charge helps us
to make a conclusion that both the TIReO4 phases possess appreciable covalent nature.

A huge reduction of the nominal charge of Re atom in ReO4 anion confirms the strong
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covalent character of this block. However, the presence of a smaller reduction of the
nominal charge of oxygen atoms introduces ionicity in this block. The earlier comment
is supported by the fact the off-diagonal elements of oxygen atoms are present. Also, the
nearly doubled value of BEC of Tl atoms signals towards a possible hybridization of T1

and nearby oxygen atoms.

Table 3.7 Calculated BECs of Tl, Re and O atoms in room-temperature monoclinic
phase of TIReOy.

Atoms Tonic Z7 Lo Zis
T11 1 2.08 1.98 1.89
T12 1 1.90 2.16 1.88
T13 1 1.89 2.08 1.90
Rel 7 3.28 3.22 3.33
Re2 7 3.32 3.40 3.44
Re3 7 3.20 3.03 2.92
011 -2 -0.81 -1.55 -1.67
012 -2 -0.97 -1.17 -1.73
013 -2 -1.61 -1.40 -0.91
014 -2 -1.83 -1.29 -0.85
021 -2 -0.98 -1.32 -1.68
022 -2 -0.96 -1.40 -1.67
023 -2 -1.69 -1.31 -0.97
024 -2 -1.68 -1.39 -1.03
031 -2 -2.07 -1.14 -0.66
032 -2 -1.81 -1.28 -0.78
033 -2 -0.74 -0.78 -2.39
034 -2 -0.53 -1.85 -1.02

Table 3.8 Calculated BECs of T1, Tc and O atoms in orthorhombic crystalline phase of

TITcOy.

Atoms Tonic 75 Lo 733
01 -2 -0.63 -2.01 -1.23
02 -2 -2.43 -0.56 -0.82
03 -2 -0.97 -0.33 -1.69
Tc 7 2.78 2.96 2.78
Tl 1 1.87 1.95 2.19

A similar trend can also be observed in the case of BEC values of T1TcO,4, where the
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T1 atom shows a nearly doubled value of BEC with respect to its nominal charge. A
significant amount of reduction of charge from its nominal charge can be seen for the
Tc atom. In this case a large deviation of BEC of Tc can be observed from its nominal
charge in comparison to the Re atom of TIReO, indicates a more covalent nature of TcOy
block than ReO,4 unit. Also, the highly anisotropic nature of BEC of this material can be
found, which shows the relation Zj, # Z3, # 73, for all present elements of T1TcO,. In
comparison to T1 atoms of TIReOy, T1 atoms of T1TcO4 shows the higher value of BEC
and hence can be considered to have more hybridization of TI by its neighbouring oxygen
atoms, which is well anticipated as this TcO, anion is known to adsorb onto the mineral

surface and shows high mobility in aqueous solution.

3.3.3 Vibrational properties of TIReO, and T1TcOy,

Optimized crystal structures with vdW corrected PBE + TS scheme were used for calcu-
lating zone-centered phonon frequencies together with IR and Raman frequencies of these
studied materials. In this consideration, linear response theory realized through den-
sity functional perturbation theory (DFPT) has been used. As the primitive unit cells of
tetragonal and monoclinic phases of TIReO,4 and orthorhombic crystal cell of T1TcO,4 con-
tain 12, 72, and 24 numbers of atoms, a sum of 36, 216 and 72 number of I'-point phonon
frequencies can be obtained for these respective materials. Among these frequencies, three
modes are acoustic, and the rest are optical in nature which are further IR active, Raman
active and silent modes. In case of low-temperature tetragonal phase of TIReO,, these
modes are as follows: E, and A, (IR-active modes); B, E; and A, (Raman-active modes)
and B, (silent modes). In between these modes, 15 modes are corresponding to lattice
vibration related external modes whereas 18 modes are related to the internal vibrations
of ReO, unit. Irreducible representation of this material is denoted as I' = 5E,, + 5A,, +
5B, + 5E, + 3A, + 3B, where E, and E, are double degenerate modes. For monoclinic
TIReOy, I' = 54A,, + 54B, + 54A, + 54B, is the irreducible representation and acoustic
modes are denoted by A, and 2B,. The total number of optical modes for this material
is 213, and out of these modes, the number of external modes is 91 while the rest are
connected with internal modes. Among present modes of this material, IR active modes
are denoted by A, and B, while Raman active modes are distinguished by A, and B,.
Available modes in orthorhombic T1TcOy are By, Bay, Bs, (IR-active), A, (silent) and A,
By, Bay, Bs, (Raman active) and the irreducible representation of gamma point phonon
modes is expressed as ' = 11 By, + 7 By, + 11 B3, + 7 A, + 11 A, + 7By, + 11 By,
+ 7 Bg,. After consideration of phonon degeneracy, possible Raman-active modes for
low-temperature tetragonal TIReO, is thirteen. Among these modes, only eight modes
have been reported to be detected [49] till now without symmetry assignment of these
modes due to un-polarized configuration used in those experiments. Table 3.9 contains
our calculated Raman frequencies of low temperature tetragonal TIReO, compared with

reported literature values [49]. The difference between calculated and measured frequen-
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cies is found to be less than 6%. Overestimation of our calculated frequencies, especially in
the high-frequency range for internal modes of ReQy is typical for DFT calculations [96].
So, phonon frequencies obtained from our calculations can be thought of as well-predicted

for those modes which were not reported yet.

Table 3.9 Calculated Raman-active modes of low-temperature tetragonal phase of
TIReO4. The mode assignment, symmetry and frequencies are reported. Frequencies are
compared with experiment at 90K. [Rot. = Rotation, Trans. = Translational, Rock. =

Rocking, Wagg.= Wagging, Twist. = Twisting, Sci. = Scissoring, Asym. Str. =
Asymmetric stretching and Sym. Str. = Symmetric Stretching]

Symmetry Assignment Frequency (cm™!) Exp. Frequency (cm™1)[49]
B, Trans. of (T1, ReOy) 28.81
E, Trans. of only T1 atoms 42.36 40
B, Trans. of (T1, ReOy) 61.37
E, Rot. of ReOy 63.97 63
A, Rot. of ReOy 102.8
E, Rot. of ReOy 110.04
B, Sci. in ReOy 310.92
Ay Sci. in ReOy 319.21 324
E, Wagg., Rock. in ReOy 328 332
B, Sci., Twist. in ReOy 335.93 341
E, Asym. Str. of Re-O bonds 929.29 878
B, Asym. Str. of Re-O bonds 941.83 891
A, Sym. Str. of all bonds in ReO, 1000.61 957

Along with the prediction of these new modes of this material, assignment of these modes
is also possible from our calculations. Besides predicting unknown Raman modes, we
have reported IR-active modes of the tetragonal phase of TIReO4. Results regarding IR
modes of this material can be obtained in Table 3.10 and can be used as a reference
for future experiments. Corresponding results for room temperature monoclinic phase
of TIReO4 have been provided in Tables 3.11 and 3.12. Table 3.12 particularly contains
Raman frequencies as well as the assignment of these modes. These calculated Raman
frequencies are found to match well with the experimental Raman frequencies reported

in our recent report[100].
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Table 3.10 Calculated IR-active modes of low-temperature tetragonal phase of TIReOy,.
The mode assignment, symmetry and frequencies are reported. [Rot. = Rotation,
Trans. = Translational, Rock. = Rocking, Wagg.= Wagging, Twist. = Twisting, Sci. =

Scissoring, Asym. Str. = Asymmetric stretching and Sym. Str. = Symmetric

Stretching]
Symmetry Mode Frequency (cm™1) Assignment
A, IR 45.42 Trans. of Tl and ReOy in opposite direction
E. IR 45.81 Trans. of Tl and ReOy4 in opposite direction
E. IR 64.94 Rot. of ReOy
B, Silent 144.65 Rot. of ReOy
A, IR 284.96 Sci. in ReQOy
E., IR 293.88 Wagg., Rock. in ReOy
B. Silent 335.12 Wagg., Rock. in ReOy
A, IR 344.65 Twist., Sci. in ReOy
A, IR 934.33 Sym. Str. of Re-O bond
E. IR 936.76 Asym. Str. of Re-O bond
B. Silent 1002.34 Sym. Str. of all bonds in ReOy4

Table 3.11 Calculated IR-active modes of room-temperature monoclinic phase of
TIReOy4. The mode assignment, symmetry and frequencies are reported. [Rot. =
Rotation, Trans. = Translational, Rock. = Rocking, Wagg.= Wagging, Twist. =
Twisting, Sci. = Scissoring, Asym. Str. = Asymmetric stretching and Sym. Str. =
Symmetric Stretching]

Sym. | Frequency (cm™') | Assignment of Modes

A, 19.13 Different combination of Trans. of Tl and ReOy,
along y axis

B, 22.43 Different combination of Trans. of T1 and ReOy4
along z axis

A, 27.51 Different combination of Trans. of T1 and ReOy,

A, 31.38 Trans. of Tl and ReO4 opposite direction

B, 32.37 Rock. in ReOy

A, 32.98 Trans. of Tl and ReOy in opposite direction

B, 36.53 Trans. of Tl and ReOy in opposite direction

A, 38.02 Trans. of Tl and ReQOy in opposite direction

A, 41.02 Trans. of T1 in opposite direction, Rock. in ReOy

B. 41.29 Trans. of T1 in opposite direction, Rot. in ReOy

B. 42.19 Trans. of T1 in opposite direction, Rot. in ReOy

Continued on next page
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Table 3.11 — Continued from previous page
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Frequency (cm™!) | Assignment of Modes
43.44 Trans. of T1 and ReOy
45.36 Trans. of ReO4, Rot. of ReOy
46.37 Trans. of Tl and ReOy
47.1 Rock., Rot. in ReOy
50 Trans. of T1 and ReOy4
50.89 Trans. of T1, Rock., Rot. In ReOy,
52.53 Trans. of T1 in opposite and ReO, in same direc-
tion
53.75 Trans. of Tl and ReOy in opposite direction
53.84 Trans. of T1, Rock. in ReOy
56.57 Trans. of Tl and ReO, in opposite direction
56.76 Trans. of Tl and ReOy in opposite direction
58.64 Trans. of Tl and ReO, in same direction
59.22 Trans. of ReOy in opposite direction
60.61 Trans. of Tl and ReQOy in opposite direction
62.71 Trans. ReO, in opposite direction
63.16 Trans. of Tl and ReOy in opposite direction
66.31 Trans. of ReO, in opposite direction
67.38 Trans. of T1 in opposite and ReO,4 in same direc-
tion
67.79 Trans. of ReO, in opposite direction
68.31 Trans. of Tl and ReOy in opposite direction
68.98 Trans. of ReOy in opposite direction
69.99 Trans. of ReO, in same direction
73.47 Rot. of ReOy
75.55 Trans. of ReO4 in same direction
80 Rot. of ReOy,
82.05 Rot. of ReOy
85.08 Rot. of ReOy
87.46 Rot. of ReOy
96.53 Rock., Wagg. in ReOy
97.21 Rot. of ReOy
105.84 Rot. of ReOy
110.82 Rot. of ReOy
112.31 Rot. of ReOy,
115.52 Rock. in ReOy,

Continued on next page
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Table 3.11 — Continued from previous page

Sym. | Frequency (cm™') | Assignment of Modes
A, 117.37 Rot., Rock. in ReOy
A, 119.86 Rock. in ReOy
B, 120.86 Rock., Rot. in ReO4
A, 131.78 Rock., Wagg. in ReOy
A, 143.55 Twist. in ReOy
A, 147.28 Twist. in ReOy
A, 287.39 Wagg. in ReOy
A, 289.61 Rock., Sci. in ReOy
B. 289.84 Rock., Wagg. in ReOy
B. 290.96 Sci. in ReOy
B, 293.73 Rock., Wagg. in ReOy
A, 294.22 Sci., Rock., Wagg. in ReOy4
A, 295.48 Sci., Rock., Wagg. in ReOy
B. 298.46 Sci., Rock., Wagg. in ReOy
B, 301.77 Wagg. in ReOy
B. 310.63 Sci. in ReOy
B, 314.12 Sci. in ReO,
A, 314.14 Sci. in ReOy
B. 316.63 Sci. in ReOy
A, 317.29 Sci. in ReOy
A, 318.56 Sci., Wagg. in ReOy
B, 319.99 Sci. in ReOy
B. 324.52 Sci., Twist. in ReOy
A, 326.01 Sci., Twist. in ReOy
B, 327.82 Sci. in ReOy
B. 328.75 Sci., Twist. in ReOy
Ay 329.02 Sci., Wagg. in ReOy
Ay 332.24 Sci., Wagg. in ReO,
B. 334.2 Sci., Wagg., Twist. in ReOy
A, 334.23 Sci., Twist. in ReOy
B. 337 Sci., Wagg. in ReO,
Ay 340.68 Twist. in ReOy
A, 340.77 Twist. in ReOy
B, 341.78 Twist. in ReOy
A, 343.3 Twist. in ReOy
Ay 344.59 Twist. in ReOy

Continued on next page
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Table 3.11 — Continued from previous page
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927.86
929.16
931.11
933.0
934.03
934.2
935.5
936.16
937.07
937.85
940.6
941.26
946.07
949.55
955.12
967.17
978.05
980.46
1002.16
1003.04
1004.53
1004.91
1007.98
1009.18

Asym. Str. of Re-O bond
Asym. Str. of Re-O bond
Sym., Asym. Str. of Re-O bond
Asym. Str. of Re-O bond
Asym. Str. of Re-O bond
Asym. Str. of Re-O bond
Asym. Str. of Re-O bond
Sym., Asym. Str. of Re-O bond
Asym. Str. of Re-O bond
Sym., Asym. Str. of Re-O bond
Sym., Asym. Str. of Re-O bond
Asym. Str. of Re-O bond
Asym. Str. of Re-O bond

Sym. Str. of Re-O bond

Asym. Str. of Re-O bond
Sym., Asym. Str. of Re-O bond
Sym., Asym. Str. of Re-O bond
Sym., Asym. Str. of Re-O bond
Sym. Str. of Re-O bond

Sym. Str. of Re-O bond

Sym. Str. of Re-O bond

Sym. Str. of Re-O bond

Sym. Str. of Re-O bond

Sym. Str. of Re-O bond

Table 3.12 Calculated Raman-active modes of room-temperature phase of TIReOy.
The mode assignment, symmetry and frequencies are reported. [Rot. = Rotation,
Trans. = Translational, Rock. = Rocking, Wagg.= Wagging, Twist. = Twisting, Sci.

Scissoring, Asym. Str. = Asymmetric stretching and Sym. Str. = Symmetric

Stretching]
Sym. | Frequency (cm™!) Assignment of Modes
A, 20.36 Trans. of T1 and ReOy4 along z axis
A, 22.72 Trans. of T1 and ReOy4 along x axis

Continued on next page
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Table 3.12 — Continued from previous page

Sym. | Frequency (cm™!) Assignment of Modes
By 23.9 Trans. of T1 and ReOy4 along y axis
By 31.65 Trans. of Tl and ReQOy in opposite direction
A, 32.22 Trans. of Tl and ReOy in opposite direction
By 36.6 Trans. of T1, Rot. Of ReOy4
Ay 37.12 Trans. of T1 and ReOy4
A, 38.88 Trans. of Tl and ReOy4
A, 41.01 Trans. of Tl and ReOy
By 41.27 Trans. of T1 in opposite and ReOy4 in same direction
B, 42.35 Trans. of T1 in opposite direction, Rock. in ReOy,
A, 43.02 Trans. of T1 in opposite direction, Rock. in ReOy
A, 44.18 Trans. of Tl in opposite direction
A, 44 .98 Trans. of Tl and ReOy
B, 45.17 Trans. of T1 in opposite direction
B, 47 Trans. of TI in same direction and Rock. in ReOy
By 48.51 Trans. of Tl and ReQOy in opposite direction
By 49.97 Trans. of T1, Rock., Rot. in ReOy4
A, 52.3 Trans. of Tl and ReOy in opposite direction
B, 53.3 Trans. of T1 and ReOy4
A, 54.58 Trans. of Tl and ReOy
A, 55.68 Trans. of T1 and ReOy4, Rock. in ReOy,
By 56.18 Trans. of Tl and ReO, in same direction
By 757.58 Trans. of Tl and ReOy in opposite direction
A, 59.6 Trans. of Tl and ReOy in opposite direction
By 60.64 Rock. in ReOy
B, 63.1 Trans. of T1 and ReQOy4, Rock. in ReOy4
A, 63.59 Trans. of T1 and ReQOy, Rock., Rot. in ReOy4
B, 64.46 Trans. of T1 and ReOy4
A, 64.75 Trans. of T1 and ReOy4, Rock., Rot. in ReOy4
A, 66.89 Trans. of ReOy
B, 69.56 Trans. of ReOy
A, 70.63 Rot. in ReOy
By 71.39 Trans. of ReOy
A, 71.52 Rot., Rock. in ReOy,
B, 72.68 Rot. of ReOy4
A, 79.82 Rot. of ReOy,
B, 79.99 Rot. of ReOy,

Continued on next page
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Table 3.12 — Continued from previous page

Sym. | Frequency (cm™!) Assignment of Modes
A, 82.41 Rot. of ReO,
A, 96.62 Rot. of ReOy
A, 97.75 Rot. of ReOy,
B, 98.42 Rot. of ReOy,
B, 100.96 Rot. of ReOy
A, 101.88 Rot. of ReOy
A, 105.03 Twist. in ReOy
A, 111.04 Rot. of ReOy4
B, 114.04 Rot. of ReOy,
A, 114.99 Twist. in ReOy
A, 121.14 Rock. in ReOy
B, 122.72 Rot. of ReOy4
B, 126.89 Rock., Twist. in ReOy
By 130.34 Rock. in ReO,
By 135.25 Rock., Wagg. in ReOy4
By 140.57 Rock. in ReOy
A, 289.94 Rock., Wagg. in ReOy4
B, 290.73 Sci. in ReOy
A, 293.08 Sci. in ReOy
By 293.89 Sci. in ReOy
A, 300.29 Sci., Rock., Wagg. in ReOy,
A, 303.79 Wagg. in ReOy
By 308.25 Sci. in ReOy
A, 308.73 Sci. in ReOy
A, 312.8 Sci. in ReOy
A, 314.73 Sci. in ReOy
B, 315.74 Sci. in ReOy
B, 316.72 Sci. in ReOy
A, 318.64 Sci., Wagg. in ReOy
A, 320.59 Sci. in ReOy
B, 322.59 Sci. in ReOy
A, 325.23 Sci., Wagg. in ReOy
By 325.35 Sci. in ReOy
B, 327.15 Sci. in ReOy
By 328.01 Sci., Wagg. in ReOy
A, 328.08 Sci., Twist. in ReOy

Continued on next page
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Table 3.12 — Continued from previous page

Sym. | Frequency (cm™!) Assignment of Modes
By 330.53 Sci., Wagg. in ReOy
A, 330.94 Sci., Wagg. in ReOy
B, 333.06 Sci., Wagg. in ReOy
By 334.16 Sci., Wagg., Twist. in ReOy4
A, 334.73 Sci. in ReOy
B, 336.76 Twist. in ReOy
A, 337.35 Sci., Wagging in ReOy
A, 338.48 Sci., Wagg. in ReOy
B, 343.84 Twist. in ReOy
B, 345.41 Twist. in ReOy
By 928.55 Asym. Str. of Re-O bond
A, 929.61 Asym. Str. of Re-O bond
By 931.11 Asym. Str. of Re-O bond
A, 932.15 Asym. Str. of Re-O bond
B, 932.27 Asym. Str. of Re-O bond
B, 933.2 Asym. Str. of Re-O bond
A, 935.36 Asym. Str. of Re-O bond
B, 935.66 Asym. Str. of Re-O bond
By 936.85 Sym., Asym. Str. of Re-O bond
A, 938.3 Asym. Str. of Re-O bond
A, 941.78 Asym. Str. of Re-O bond
A, 944.66 Asym. Str. of Re-O bond
By 946.79 Asym. Str. of Re-O bond
A, 949.22 Sym., Asym. Str. of Re-O bond
B, 952.16 Sym., Asym. Str. of Re-O bond
B, 963.35 Asym. Str. of Re-O bond
A, 973.35 Asym. Str. of Re-O bond
A, 981.69 Asym. Str. of Re-O bond
A, 1001.59 Sym. Str. of all bonds in ReOy
B, 1002.83 Sym. Str. of all bonds in ReOy,
A, 1004.49 Sym. Str. of all bonds in ReOy4
By 1004.98 Sym. Str. of all bonds in ReOy
By 1006.78 Sym. Str. of all bonds in ReO4
A, 1007.02 Sym. Str. of all bonds in ReOy
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A common feature that is typical for scheelite oxides could be observed for all these
studied materials, as the Raman frequencies are mainly divided into three regions with
phonon gaps [89]. Below 150 cm ™! frequencies are mainly obtained due to external modes
present in these compounds where ReO4 unit act as rigid block and movement of TI
atoms and ReOy, block as a whole unit is involved in such modes. Because of the heavy
mass of these two units of studied compounds and as the vibrational frequencies are
inversely proportional to the square root of mass, the involvement of these units in the
low-frequency range is quite logical. Participation of Re-O bonds of ReOy4 rigid units
in wagging, rocking, scissoring, and twisting can be observed in the middle frequency

range from 300 to 350 cm~!.

The high-frequency range is mainly obtained due to the
internal stretching present in ReO,4 block, where oxygen atoms are found to show the main
movement. As the Re-O bonds are the shortest bonds present in these materials, restoring
forces related to stretching modes should show the largest value. Raman active modes are
considered to arise due to change in polarizability. Our calculated vibrational frequencies
along with our reported experimental Raman spectra of TIReO4[100] helps us to obtain
the high-intensity Raman mode of low-temperature tetragonal phase of TIReO,, which is
obtained at 1000.61 cm™! due to symmetric stretching present in ReOy. In the case of the
monoclinic phase, the high-intensity mode can be obtained at 1001.59 cm™!. From this
report it can also be noted that the intensity of high-intensity Raman mode at 1000.61
cm ™! is nearly five times the second high-intensity modes present in tetragonal TIReO,.
This kind of property is quite common for scheelite-type materials [96] and is normally
being considered for developing Raman lasers [97]. Another interesting observation is
that internal symmetric stretching A, mode has a measured frequency of 957 cm™!. This
frequency agrees within 2% with the values observed for the same mode in AgReOy,
CsReOy4, KReOy4, and RbReOy4 [55, 98]. The reason behind not obtaining all modes
experimentally in earlier reported experiments could be the near degeneracy of frequencies
for the tetragonal phase. In this context, the use of polarized Raman scattering could help
for identifying all present modes of this material. Along with Raman frequencies of this
material, we have also calculated the IR spectra of this material which was not reported
earlier, and in this connection, our predicted results can guide future experimental study
of IR spectra. IR modes of the low-temperature phase of TIReO, obtained from our study
have been provided in Table 3.10. The same for the monoclinic phase has been given in
Table 3.11. The IR spectra of both the phases are shown in Figure 3.3. As the monoclinic
phase contains a larger atomic contribution than the tetragonal phase, we can observe
an overall higher value of intensity for the monoclinic phase. IR peaks of the monoclinic
phase are found to be larger compared to the tetragonal phase. It can also be noticed
that the most intense peak for both the structures arises due to the internal stretching
modes of ReO4. The distribution of these IR modes also follows a similar trend as that of

Raman modes for these materials. Particularly, external vibration related modes can be
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Figure. 3.3 Calculated IR spectrum of tetragonal and monoclinic phase of TIReO, in

two different frequency ranges.
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Figure. 3.4 Calculated IR spectrum of orthorhombic T1TcO, divided in two different

frequency ranges.
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observed below 150 cm ™!, internal modes associated with the stretching of bonds in ReOy

1 and other internal vibrational modes linked with

can be found to see above 920 cm™
wagging, scissoring, rocking and twisting present in ReO,4 block can be observed from 270
to 350 cm™!. Obtained IR spectrum of these materials matches quite well with another
scheelite type perrhenate structure AgReO, [99].

Figure 3.4 and 3.5 clearly depict the IR and Raman spectrum of TITcOy, respectively.
Though Figure 3.4 is mainly divided into two regions, this figure clearly indicates that IR
frequency distribution can be further subdivided into different regions. Frequencies below
130 ecm ™! are mainly due to rotation, translation of Tl atom and pertechnetate group. The
intensity of the frequencies from 277 to 326 cm™! is very less, which is mainly attributed to
rocking, wagging, scissoring, twisting present in the pertechnetate group. The region from
926 to 986 cm ! is mainly due to the stretching of Te-O bond in TcO, group. The highest
intensity IR peaks in this high-frequency range are found due to the asymmetric stretching

of the Tec-O bond. Figure 3.5 shows mainly three regions of the Raman spectra. Among
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Figure. 3.5 Calculated Raman spectrum of orthorhombic T1TcOy,.

these, the first region below 200 cm™!

is mainly due to the translational and rotational
motion of different blocks in this material. The second region from 200 to 400 cm™!
is attributed due to wagging, rocking, scissoring of pertechnetate block, and the high-
frequency region is due to the presence of stretching in Tc-O bonds. The High-intensity
Raman peak of this material is obtained due to the symmetric stretching of the Te-O
bond where O3 type of atoms are involved which is similar for high-intensity IR mode.
An interesting point between the IR spectra of TIReO4 and TITcO4 could be noticed as
the lower intensity value of the middle region of TITcO,4 compared to TIReO4. On the
contrary, a reasonable intensity value of this middle region could be seen for the Raman
spectra of T1Tcy. This indicates that T1TcO, is more polarizable compared to TIReOy
which is found to be consistent with the BEC values of these materials. Figure 3.6, 3.7 and

3.8 depict a high intensity IR and Raman modes of T1TcO,4 and two phases of TIReOy,
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respectively.

(a) (b)

Figure. 3.6 High intensity IR mode (shown in a) and Raman mode (shown in b) of
T1TcOy.

()

Figure. 3.7 Lattice vibration of tetragonal TIReO,4 corresponding to high intensity IR

modes at (a) 936.76, (b) second high intensity Raman mode at 929.29 and (c) high

intensity Raman modes at 1000.61 cm™.
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Figure. 3.8 Lattice vibration of monoclinic TIReO,4 corresponding to (a) high intensity
IR mode at 937.85 cm™! and other significant Raman modes at (b) 1001.59, (c) 41.27
and (d) 1002.83 cm™!.

Table 3.13 Calculated zone-centered vibrational phonon frequencies of orthorhombic
T1TcOy4. The mode assignment, symmetry and frequencies are reported. [Rot.
Rotation, Trans. = Translational, Rock. = Rocking, Wagg.= Wagging, Twist.

Twisting, Sci. = Scissoring, Asym. Str. = Asymmetric stretching and Sym. Str.
Symmetric Stretching]

Frequency (cm™!) | Symmetry | Mode Assignment
18.09 By Raman Rot.
32.36 By Raman Trans.
35.25 A, Silent Trans.

Continued on next page
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Table 3.13 — Continued from previous page

Frequency (cm™!) | Symmetry | Mode Assignment
40.97 A Raman Trans.
41.29 Bsg Raman Trans. of Tl 4+ Rot. of TcOy
42.87 Bo, IR Rot.
43.70 B, IR Trans.
48.76 Bs. IR Trans. of T1 + Rot. of TcOy
49.45 A Raman Trans. of Tl
51.14 Bag Raman Trans. of T1 + Rot. of TcOy
52.80 A, Silent Trans. of T1 + Rot. of TcOy
59.81 By Raman Trans.
60.54 Bi, IR Trans.
67.18 Bs. IR Trans. of Tl 4+ Rot. of TcOy
70.35 B, IR Trans.
70.66 Ay Raman Trans.
80.43 Bs, Raman Trans. of T1 + Rot. of TcOy
80.48 B3, IR Rot. of TcOy4
88.42 A, Silent Rot. of TcO,
89.12 By, Raman Rot. of TcO,
89.49 Bi. IR Trans. of T1 + Rot. of TcOy
91.32 Big Raman Trans.
92.30 Bsg Raman Rot. of TcOy
93.97 Ba, Raman Rot. of TcO,
95.89 By Raman Trans. of TcOy
99.89 A, Silent Rot. of TcOy
102.11 A, Raman Rot. of TcO,
110.22 A, Raman Trans. of TcOy
110.75 Bs, IR Rot. of TcO,
113.04 Ba, IR Rot. of TcO,
114.75 Big Raman Rot. of TcOy
116.89 Bag Raman Rot. of TcOy
122.62 B, IR Rot. of TcO,
277.58 Bou IR Wagg. and Rock. in TcOy
278.36 Big Raman Twist. and Sci. in TcOy
281.35 A, Silent Wagg. and Twist. in TcOy
286.46 A, Raman Wagg. and Sci. in TcOy
288.13 Bs. IR Wagg. and Sci. in TcOy
289.59 Bay IR Twist. in TcOy

Continued on next page
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Table 3.13 — Continued from previous page

Frequency (cm™!) | Symmetry | Mode Assignment
294.59 Bay Raman Twist. in TcOy
297.76 B1. IR Sci. in TcOy
299.57 A, Raman Sci. in TeOy
300.52 A, Silent Twist. in TcOy
301.26 Bog Raman Wagg. and Sci. in TcOy
305.80 Bag Raman Sci. in TeOy
308.31 B3, IR Wagg. and Sci. in TcOy
310.37 B1. IR Sci. in TeOy
320.09 By, IR Sci. in TeOy
320.67 B3, IR Sci. in TcOy
321.86 A, Raman Sci. in TcOy
322.72 Bog Raman Sci. in TcOy
323.86 Bay Raman Wagg. and Rock. in TcOy
325.18 By Raman Wagg. and Rock. in TcOy
926.07 A, Silent Asym. Str. in TcOy
927.61 Ba, Raman Asym. Str. in TcOy
934.15 A, Raman Str. of Tc-O bonds
935.65 Bs, IR Str. of Te-O bonds
936.47 Bi, IR Str. of Te-O bonds
038.31 Bs, IR Asym. Str. of Tc-O bonds
939.72 By Raman Str. of Te-O bonds
939.89 Big Raman Asym. Str. of Te-O bonds
947.05 By, IR Sym. Str. of Te-O bonds
948.83 A, Raman Sym. Str. of Tc-O bonds
953.27 Bs, IR Sym. Str. of Tc-O bonds
956.99 By Raman Sym. Str. of Te-O bonds
961.72 A, Raman Str. of Te-O bonds
965.91 By Raman | Asym. and Sym. Str. of Tc-O bonds
968.63 Bi. IR Str. of Te-O bonds
985.80 Bs, IR Str. of Te-O bonds

3.4 Conclusions

In conclusion, we have carried out a thorough density functional theory study of struc-

tural, vibrational and associated IR and Raman frequencies of ABO, type transition metal
oxides TIReO,4 and T1TcOy. In the case of TIReOy, our calculation has been supported by
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experimental results. DF'T total energy calculation of low-temperature tetragonal, room-
temperature monoclinic and hypothetical orthorhombic phases shows that our experi-
mentally predicted room-temperature monoclinic phase is energetically more favourable
than the earlier proposed orthorhombic structure of TIReO4. Our DFT calculations fa-
cilitate the assignment of all the vibrational properties of the low- and room-temperature
phases of TIReO,. Calculated BECs show the presence of a mixed-valence character of
bonds in both phases. Calculated phonon frequencies allow the assignment of the Raman
modes, the determination of the frequencies of mode undetected in experiments, and the
identification of the atomic movement associated with each mode. We have obtained
the same information for IR and silent modes for the tetragonal phase. The vibrations
of TIReO4 can be divided into external and internal modes of the ReO, tetrahedron as
discussed above. There is a very strong high-frequency mode which we have assigned to
the internal stretching vibration of the ReO, tetrahedron. This is the first time all the
vibration modes of both phases of TIReO4 have been properly assigned. Experimentally
obtained Raman spectrum of room-temperature TIReO, is discussed in comparison with
the Raman frequencies of the room- and low-temperature phases, showing that the assig-
nation of external and internal modes is maintained in the room-temperature structure
in spite of the increase of the number of modes due to the symmetry decrease caused
by the temperature-driven transition. In case of T1TcOy, the structural properties with
various exchange-correlation functional have been addressed. After obtaining the ground
state structure with the PBE+TS scheme, we have performed the calculation of zone-
centered vibrational properties along with understanding of IR and Raman spectra which
shows a similar trend like ABO,4 type material. Here we have also addressed the bonding
nature of this material from born effective charge (BEC), which tells that this material
is ionically bonded with T1 and TcO4 block whereas TcO4 block is covalently bonded.
Among different types of O atoms, the contribution of O3 atom is found to be prominent

in high-intensity IR and Raman modes.

68



References

[1] G. Voicu, M. Bardoux and R. Stevenson, Ore Geol. Rev. 18, 211 (2001).
[2] A. Brenier, G.H. Jia and C.Y. Tu, J. Phys.: Condens. Matter 16, 9103 (2004).

[3] M. Kobayashi, M. Ishii, Y. Usuki and H. Yahagi, Nucl. Instrum. Methods Phys. Res. A 333,
429 (1993).

[4] M. Nikl et al, J. Appl. Phys. 91, 5041 (2002).

[5] N. Faure, C. Borel, M. Couchaud, G. Basset, R. Templier and C. Wyon, Appl. Phys. B 63, 593
(1996).

[6] H.P. Scott, Q. Williams and E. Knittle, Phys. Rev. Lett. 88, 015506 (2002).
[7] Y. Le Page and G. Donnay, Acta Crystallogr. B 32, 2456 (1976).

[8] P. Rogner and K.J. Range, Z. Anorg. Allg. Chem. 619, 1017 (1993).

[9] D. Errandonea and J. Ruiz-Fuertes, Crystals 8, 71 (2018).

[10] D. Errandonea, A. Munoz, P. Rodriguez-Hernandez, O. Gomis, S.N. Achary, C. Popescu, S.J.
Patwe and A.K. Tyagi, Inorg. Chem. 55, 4958 (2016).

[11] J. Beintema, Z. Kristallogr. 97, 300 (1937).

[12] D. Errandonea, J. Chem. Sci. 131, 83 (2019).

[13] D. Errandonea and F.J. Manjon, Prog. Mater. Sci. 53, 711 (2008).
[14] D. Errandonea and A.B. Garg, Prog. Mater. Sci. 97, 123 (2018).

[15] P.K. Jharapla, E.N. Rao and G. Vaitheeswaran, J. Phys.: Condens. Matter 30, 475402 (2018).

69



References

[16]

[17]

[37]

S. Mondal, S. Appalakondaiah and G. Vaitheeswaran, J. Appl. Phys. 119, 085702 (2016).

G. Shwetha, V. Kanchana, K.R. Babu, G. Vaitheeswaran and M.C. Valsakumar, J. Phys. Chem.
C 118, 4325 (2014).

G. Shwetha, V. Kanchana and G. Vaitheeswaran, Mater. Chem. Phys. 163, 376 (2015).

S. Injac, A.K.L. Yuen, M. Avdeev, F. Orlandi and B.J. Kennedy, Phys. Chem. Chem. Phys.
21(14), 7261 (2019).

C.A. Marjerrison, C. Mauws, A.Z. Sharrna, C.R. Wiebe, S. Derakhshan, C. Boyer, B.D. Gaulin
and J.E. Greedan, Inorg. Chem. 55(24), 12897 (2016).

J. Yamaura and Z. Hiroi, Phys. Rev. B: Condens. Matter Mater. Phys. 99(15), 155113 (2019).
O. Fukunaga and S. Yamaoka, Phys. Chem. Miner. 5, 167 (1979).

A. Jayaraman, B. Batlogg and L.G. Van Uitert, Phys. Rev. B 31, 5423 (1985).

A. Jayaraman, B. Batlogg and L.G. Van Uitert, Phys. Rev. B 28, 4774 (1983).

G.H. Cartledge, Br. Corros. J. 1 (8), 293-302 (1966).

E. Holm, Radiochim. Acta 63, 57-62 (1993).

T. Ishida and H. Mazaki, Phys. Rev. B: Condens. Matter Mater. Phys. 20, 131-138 (1979).
LR. Little-Marenin, S.J. Little, Observations. Astron. J. 84, 1374-1383 (1979).

S. Goriely, World Scientific: Singapore, pp 326-336 (2013).

R.D.W. Kemmitt and R.D. Peacock, The chemistry of manganese, technetium, and rhenium:

Pergamon texts in inorganic chemistry; Elsevier: New York, (2013).

E.V. Johnstone, M.A. Yates, F. Poineau, A.P. Sattelberger and K.R. Czerwinski, J. Chem.
Educ. 94 (3), 320-326 (2017).

E. Deutsch, K. Libson, S. Jurisson, L.F. Lindoy, Ed.; John Wiley Sons, Inc.: New York, pp
75-139 (1983).

V.I. Spitsin, I.L. Rosenfeld, V.P. Persiantseva, N.N. Zamoshnikova and A.F. Kuzina, Corrosion
21, 211-221 (1965).

R. Faggiani, R.J. Gillespie, C.J.L. Lock, J. Poce, Acta Crystallogr., Sect. B: Struct. Crystallogr.
Cryst. Chem. 36 (2), 231-233 (1980).

B. Krebs and K.D. Hasse, Acta Crystallogr., Sect. B:Struct. Crystallogr. Cryst. Chem. 32,
1334-1337 (1976).

M.J. Sarsfield, A.D. Sutton, F.R. Livens, I. May and R.J. Taylor, Acta Crystallogr., Sect.
C:Cryst. Struct. Com. 59, 145-146 (2003).

B.J. McDonald and G.J. Tyson, Acta Crystallogr. 15, 87 (1962).

70



References

[38]
[39]

[40]

G. Meyer and R. Hoppe, Z. Anorg. Allg. Chem. 420 (1), 40-50 (1976).
C. Keller and B. Kanellakopulos, In Radiochimica Acta 1, 107 (1963).

J. Weaver, C.Z. Soderquist, N.M. Washton, A.S. Lipton, P.L. Gassman, W.W. Lukens, A.A.
Kruger, N.A. Wall and J.S. McCloy, Inorg. Chem. 56 (5), 2533-2544 (2017).

V.P. Tarasov, S.A. Petrushin, V.I. Privalov, K.E. German, S.V. Kryuchkov, Y.A. Buslaev,
Koord. Khim. 12, 1227-1236 (1986).

L. Errico, G. Darriba, M. Renteria, Z. Tang, H. Emmerich and S. Cottenier, Phys. Rev. B:
Condens. Matter Mater. Phys. 77, 195118 (2008).

H. Migge, MRS Online Proc. Libr. 176, 411-417 (1989).

J.G. Darab and P.A. Smith, Chem. Mater. 8, 1004-1021 (1996).

B. Kanellakopulos, J. Inorg. Nucl. Chem. 28 (3), 813-816 (1966).

G.E. Boyd, J. Chem. Educ. 36 (1), 3 (1959).

K. Ulbricht and H. Kriegsmann, Z. Anorg. Allg. Chem. 358, 193 (1968).

N.M. Roddatis, S.M. Tolmachev, V.V. Ugarov and N.G. Rambidi, J. Struct. Chem. 15, 591
(1974).

A. Jayaraman, G.A. Kourouklis, R.M. Fleming and L.G. Van Uitert, Phys. Rev. B 37, 664
(1988).

L.C. Ming, A. Jayaraman, S.R. Shieh and Y.H. Kim, Phys. Rev. B 51, 12100 (1995).
J.M. Ablett, J.P. Rueff, S.R. Shieh, C.C. Kao and S. Wang, Phys. Rev. B 92, 014113 (2015).
A. Jayaraman, G.A. Kourouklis and L.G. Van Uitert, Phys. Rev. B 36, 8547 (1987).

J.M. Ablett, C.C. Kao, S.R. Shieh, H.K. Mao, M. Croft and T.A. Tyson, High Press. Res. 23,
471 (2003).

D. de Waal and W. Kiefer, Z. Anorg. Allg. Chem. 630, 127 (2004).

A. Jayaraman, G.A. Kourouklis, L.G. Van Uitert, W.H. Grodkiewicz and R.G. Maines, Physica
A 156, 325 (1989).

J.G. Darab and P.A. Smith, Chem Mater 8(5), 1004-1021 (1996).

P.L. Gassman, J.S. McCloy, C.Z. Soderquist and M.J. Schweiger, J Raman Spectrosc 45(1),
139-147 (2014).

D.S. Kim, C.Z. Soderquist, J.P. Icenhower, B.P. McGrail, R.D. Scheele, B.K. McNamara, L.M.
Bagaasen, M.J. Schweiger, J.V. Crum, J.D. Yeager, J. Matyas, L.P. Darnell, H.T. Schaef, A.T.
Owen, A.E. Kozelisky, L.A. Snow and M.J. Steele, Pacific Northwest National Laboratory,
Richland (2005).

71



References

[59] L.S. Muller, D.A. McKeown and I.L. Pegg, Procedia Mater Sci 7, 53-59 (2014).

[60] I.S. Muller, C. Viragh, H. Gan, K.S. Matlack and I.L. Pegg, Hyperfine Interact 191(1-3),
347-354 (2009).

[61] D.K. Shuh, W. Lukens and C.J. Burns, Lawrence Berkeley National Laboratory, Berkeley
(2003).

[62] D.A. McKeown, A.C. Buechele, W.W. Lukens, D.K. Shuh and I.L. Pegg, Environ Sci Technol
41, 431-436 (2007).

[63] D.A. McKeown, A.C. Buechele, W.W. Lukens, D.K. Shuh and I.L. Pegg, Radiochim Acta 95(5),
275280 (2007).

[64] N. Weinstock and H. Schulze, J. Chem. Phys. 59, 5063 (1973).
[65] H.H. Eysel and B. Kanellakopulos, J. Raman Spectrosc. 24, 119 (1993).
[66] R.H. Busey and O.L. Keller,Jr., J. Chem. Phys. 41, 215 (1964).

[67) D.A. McKeown, A.C. Buechele, W.W. Lukens, D.K. Shuh and I.L. Pegg, Radiochim. Acta 95,
275 (2007).

[68] L.J. Basile, J.R. Ferraro, P. LaBonville, M.C. Wall, Coord. Chem. Rev. 11, 21 (1973).

[69] M.V. Mikelsons and T.C. Pinkerton, Appl. Radiat. Isot. 38, 569 (1987).

[70] A. Miiller and W. Rittner, Spectrochim. Acta A. 23, 1831 (1967).

[71] M.J. Sarsfield, A.D. Sutton, F.R. Livens, I. May, R.J. Taylor, Acta Crystallogr. C 59, 145 (2003).

[72] K.I. Petrov, A.F. Kuzina, N.I. Dolgorukova, Y.M. Golovin and V.I. Spitsyn, Dokl. Akad. Nauk
SSSR 206, 909 (1972).

[73] D. Errandonea, A. Munoz, P. Rodriguez-Hernandez, J.E. Proctor, F. Sapina and M. Bettinelli,
Inorg. Chem. 54, 7524-35 (2015).

[74] P. Botella, S. Lopez-Moreno, D. Errandonea, F.J. Manjon, J.A. Sans, D. Vie and A. Vomiero,
J. Phys.: Condens. Matter 32, 385403 (2020).

[75] D. Dash, C.K. Pandey, S. Chaudhary and S.K. Tripathy, Multidiscip. Model. Mater. Struct. 15,
306-16 (2019).

[76] D. Dash, C.K. Pandey, S. Chaudhury and S.K. Tripathy, Chin. Phys. B 27, 017102 (2018).
[77] D. Dash, C.K. Pandey, S. Chaudhury and S.K. Tripathy, Sci. Iranica 26, 1951 (2019).

[78] P. Hohenberg and W. Kohn, Phys Rev B 136 (3B), B864 (1964).

[79] W. Kohn and L.J. Sham, Phys. Rev. 140 (4A), 1133 (1965).

[80] N.D. Woods, M.C. Payne and P.J. Hasnip, J. Phys: Cond. Matt. 31, 45 (2019).

[81] M.C. Payne, M.P. Teter, D.C. Allan, T.A. Arias and J.D. Joannopoulos, Rev. Modern Physics

72



References

64 (4), 1045-1097 (1992).

[82] M.D. Segall, P.J.D. Lindan, M.J. Probert, C.J. Pickard, P.J. Hasnip, S.J. Clark and M.C.
Payne, J. Phys: Cond. Matt. 14 (11), 2717-2744 (2002).

[83] D.M. Ceperley and B.J. Alder, Phys. Rev. Lett. 45, 566 (1980).

[84] J.P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).

[85] J.P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).
[86] A. Tkatchenko and M. Scheffler, Phys. Rev. Lett. 102, 073005 (2009).

[87] H.J. Monkhorst and J.D. Pack, Phys. Rev. B 13, 5188 (1976).

[88] T.H. Fischer and J. Almlof, J. Phys. Chem. 96, 9768 (1992).

[89] C. Chay, M. Avdeev, H.E.A. Brand, S. Injac, T.A. Whittle and B.J. Kennedy, Dalton Trans.
48, 17524 (2019).

[90] B. Kanellakopulos, J. Inorg. Nucl. Chem. 28, 813 (1966).

[91] C. Cazorla and D. Errandonea, Phys. Rev. Lett. 113, 235902 (2014).

[92] A.K. Sagotra, D. Errandonea and C. Cazorla, Nat. Commun. 8, 963 (2017).

93] L. Kyvala and D. Legut, Phys. Rev. B 101, 075117 (2020).

[94] M. Posternak, R. Resta and A. Baldereschi, Phys. Rev. B 50, 8911 (1994).

[95] W. Zhong, R.D. Kingsmith and D. Vanderbilt, Phys. Rev. Lett. 72, 3618 (1994).

[96] F.J. Manjon, D. Errandonea, N. Garro, J. Pellicer-Porres, P. Rodriguez-Hernandez, S. Radescu,
J. Lopez-Solano, A. Mujica and A Munoz, Phys. Rev. B 74, 144111 (2006).

[97] A.Z. Grasyuk, Sov. J. Quantum Electron. 4, 269 (1974).
[98] J.W. Otto, J.K. Vassiliou, R.F. Porter and A.L. Ruoff, Phys. Rev. B 44, 9223 (1991).
[99] L. Burtsch and C. Feldmann, Z. Anorg. Allg. Chem. 643, 789 (2017).

[100] S. Mondal, G. Vaitheeswaran, Brendan J Kennedy, Clarissa Chay, Sean Injac and Daniel Er-
randonea, J. Phys.: Condens. Matter 33, 065403 (2021).

73






CHAPTER 4

Structure-property correlation study of nitromethane

related energetic materials

A detailed theoretical understanding about the crystalline properties of mitromethane re-
lated di- and trinitromethane based energetic salts have been discussed in this chapter.
In this connection, dinitromethane based potassium dinitromethane (KDNM) and trini-
tromethane based potassium nitroformate (KNF), methylhydrazinium nitroformate (MHNF),
and formamidinium nitroformate (FNF) compounds have been considered. As a first step,
the structural properties of these studied materials were tested with different dispersion
corrected schemes along with standard DF'T pseudopotentials. Though the structural prop-
erties of KNF with PBE + TS scheme were found to match well with experimental values,
obtained values of these parameters for other studied materials are found in good agree-
ment with the dispersion corrected method of Grimme. Pressure variation study of these
parameters for nitroformate related compounds reveal the compressibility nature of these
crystals. Mechanical stability, as well as the directional sensitivity of these materials,
was understood through the calculation of elastic constants. Studies of I'-point vibrational
frequencies as well as the IR spectrum of these materials have also been discussed in this
work. In the case of KDNM, though the high-frequency IR peak arises due to CH bond
stretching, the high-intensity peak is found due to rocking of CH bond along with the asym-
metric stretching of NO bonds at 1194.50 ecm™. On the other hand, the high-intensity
IR peak of KNF arises due to the asymmetric stretching of NO bond and the asymmetric
stretching of NH bond found to be the main factor for such peaks in MHNF and FNF.
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4. Structure-property correlation study of nitromethane related energetic materials

4.1 Introduction

Energetic materials are normally known for their complex molecular and crystal struc-
tures. The very important component of these materials is known as nitro group due to
its excellent energetic contribution to such materials. Among the nitro-based energetic
materials, nitromethane is known as the simplest organic and yet powerful (secondary)
energetic material. This material is widely being used as explosive [1, 2, 3, 4, 5], as mono-
propellant which can be stored and as an additive fuel in combustion engines [6, 7, 8, 9]
due to its low toxicity and environment-friendly nature. These applications are mainly
attributed to safe handling due to its insensitive nature, but still the detonation per-
formance of this material matches quite well with RDX. Nitromethane can be found in
the liquid phase at room temperature and transforms to crystalline phase either at low
temperature and ambient pressure [10] or at room temperature and at 0.3 GPa [11]. This
material is found in orthorhombic crystal structure with P2; 22, space group and four
formula units at 4.2 K [10]. The simple molecular and crystal structure of this mate-
rial, in comparison to other complex energetic materials, made this material a prototype
energetic material. Extensive experimental [12, 13, 14, 15, 16] and theoretical studies
(17,18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32| have been carried out on this
material to have a proper understanding of reaction or initiation mechanism of energetic
materials [6, 28]. The study of poly-nitro compounds, in which one carbon atom is at-
tached with many nitro groups, has also found particular interest. In this connection, a
report on a detailed understanding of IR and Raman spectra of poly-nitroalkanes is worth
mentioning [33]. This kind of study helps to understand different properties of mono- and
poly-nitro compounds comparatively, which on the other hand, helps us to find more effi-
cient energetic materials. As a result, knowledge of different important properties of di-,
tri- and tetra- nitromethane is also important to have a complete understanding of such
kinds of materials. In this connection, Tafipolsky et al. [34] reported ab initio results
regarding the structural and vibrational properties of di- as well as of tri- nitromethane.
Dinitromethane is known to have very low thermal stability [35] whereas trinitromethane
is a low explosive that decomposes at 298 K and detonates easily by friction or impact.
Report of a dangerous explosion at the time of preparation of sodium trinitromethanide
salt can be seen in literature [36]. On the other hand, tetranitromethane (TNM) can
serve as a powerful explosive while mixed with nitrobenzene, which is also known for its
well-characterized oxidant nature. The structural properties along with the vibrational
frequencies of poly-nitromethanes have theoretically been reported by Vladimiroff [37]
and Tafipolsky et al. [34]. Though dinitromethane shows less thermal stability, its salts
are known to possess different properties. For example, potassium and ammonium salts of
dinitromethane show different storage properties, such as different decomposition temper-
atures of 220 C and 105-110 C, respectively [38]. Potassium dinitromethane [KCH(NOy)s]
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salt was prepared by Villiers [39], for the first time, in 1884. In this method, potassium
bromonitromethane was reduced with hydrogen sulfide, which resulted in very low yield
of the desired product. Later, in 1951, Feuer and co-workers [40] have synthesized this
salt from chloronitromethane via Ter Meer reaction in 23% overall yield. Grakauska and
coworkers [38] in 1978, prepared KDNM in slightly improved yield (33%) starting from
methyl-dinitroacetic acid. Recently, Latypov and coworkers [41] reported a three-step
methodology for the synthesis of KDNM, starting from barbituric acid, which afforded
the final product via dinitrobarbituric acid in 33% (4 steps) and 50% (3 steps) overall
yield, respectively. More recently, Kang-zhen and coworkers [42] have synthesized KDNM
from FOX-7 in four steps in 32% overall yield. Though both the sodium and potassium
dinitromethane salts can be stored at ambient temperature for months, the ammonium
dinitromethane salt can be found to decompose spontaneously at an appreciable rate.
Also, a recent report on guanidinium dinitromethanide shows that it possesses good
thermal stability with exceptionally low sensitivity towards mechanical stimuli among
earlier known salts of dinitromethane which are phenylhydrazinium dinitromethanide,
[43] guanidinium dinitromethanide, [44] 1-ethyl-3-methylimidazolinium dinitromethanide
[45] diethylammonium dinitromethanide, [46] tetracthylammonium dinitromethanide, [47]
and piperidinium dinitromethanide [48]. Furthermore, due to the ability to respond in
non-linear optics, particularly in second-harmonic generation, organic salts, which are
non-centrosymmetric, show utmost importance in the development of novel hybrid ma-
terials useful for frequency modulation and data storage applications [49]. In search of
convenient candidates in this area, the presence of extended H-bonding and delocalized
p-electrons are one of the qualifications which help to cause Y-aromaticity in -CN and
-NOg groups [50]. Nitroform or trinitromethane is also a well-known polynitro compound
and has been studied from the end of the eighteenth-century [51]. Though initially it was
thought of as a useful explosive or explosive oxidant due to the presence of high nitrogen
and oxygen contents, the main issues with this compound are its low decomposition tem-
perature of 298 K and strong acidity. On the other hand, nitroformate salts have been
studied widely [52, 53, 54, 55, 56, 57, 58, 59, 60, 61| which show a great deal of interest
with high detonation performances and as eco-friendly oxidizers. In this connection, hy-
drazinium nitroformate is known as a promising replacement of ammonium perchlorate
(AP), which is normally being used as solid rocket propellant [62, 63, 64, 65] and have dis-
advantages of having low energy, high mechanical sensitivity, and high average molecular
weight of burning gas [66, 67]. In order to find improved specific impulse-based propel-
lants, nitroformate salts can play a crucial role which is also advantageous over strongly
hygroscopic ammonium dinitramide (ADN) [68, 69]. Along with hydrazinium nitrofor-
mate, ammonium nitroformate also shows good energetic properties with crystal density
above 1.85 gem?, and oxygen balance above 10% [61, 70]. Friction as well as impact

sensitivity of guanidinium nitroformate were found to be better than TNT [71] and RDX
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[72]. At the same time, it is comparable to RDX energetically. A wide variety of nitrofor-
mate salts have been reported in the literature. Heterocyclic nitroformate salts were also
studied which can be used as potential energetic materials [58, 61, 62, 73, 74, 75, 76, 77].
Among other nitroformate salts, potassium nitroformate, [53] sodium nitroformate, [78]
silver nitroformate, melaminium nitroformate, [79] formamidinium nitroformate [80] and
derivatives of HNF were well mentioned in literature. On the other hand, the nitramino
group (-NHNO,) [71] is known to reduce this unwanted interaction and at the same time
provides hydrogen bonding. This, in turn, reduces sensitivity and enhances detonation
performances by forming closed crystal packing and hence increasing density as well as
better oxygen balance [81]. This hydrogen bond-forming capability of the nitramino group
is found to be unique for the formation of different energetic salts with desired properties
[82]. A perfect combination of strong H-bonds and energetic groups is also known as
an important criterion in order to obtain desired properties of energetic materials [83].
Though the use of a single nitramino group has been observed to provide low sensitivity
along with low detonation performance,[84] addition of more -NHNO, group is known to
provide good detonation properties, but less stability, specifically for dinitramino com-
pounds [85, 86]. Among other nitrogen-based groups, azido and N-oxide groups are worth
mentioning. With enhanced nitrogen content, the azido group increases the heat of for-
mation of associated energetic material by 300 to 350 kJ mol~! [87]. The main drawbacks
of using this group are high sensitivity toward heat, impact and friction stimuli [88, 89].
The use of N-oxide, on the other hand, provide good oxygen balance and high density with
low molecular stability and lower heat of formation [90, 91]. As it can be seen that the
contribution of different groups is positive as well as negative in finding high performing
and low sensitive energetic materials, a proper combination is very much important for
designing perspective. In this context, poly-nitro compounds show high exothermicity
of combustion, better density and high detonation process with good oxygen balance.
Nitro-based materials are also important in space due to withstanding ability of high
temperature and low-pressure [92]. Besides showing its good oxidizing properties, ni-
tro group-based materials form nitrogen gas upon decomposition and hence increase the
power of explosion [93]. Some worth-mentioning members of nitro-based energetic mate-
rials are TNT, RDX, HMX, and CL-20. Understanding of different energetic properties of
such materials through computational methods shows advantageous over dangerous ex-
periments involved with these materials. As the structure-properties correlation is linked
with electronic structure and different interactions present in these materials, a lot of
information can be found out from such studies, which help in designing potential new
energetic materials [94, 95, 96, 97, 98, 99]. Also, as the HNF precursor hydrazine hydrate
is known as carcinogenic, an attempt has been made to design nitroformate based benign
energetic salts [62]. In this connection, a great deal of information can be obtained from

a theoretical understanding of such materials. So as significantly fewer theoretical studies
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have been found on such materials, we have attempted to understand different proper-
ties of di- and trinitromethane-based materials by conducting a comparative theoretical
study. In this regard, we have considered potassium dinitromethane (KDNM), formami-
dinium nitroformate (FNF), methylhydrazinium nitroformate (MHNF) and potassium
nitroformate (KNF) as our studied materials. FNF is reported to be an insensitive RDX
replacement [101]. Synthesis [100] as well as characterization of MHNF through element
analysis, IR spectroscopy, impact sensitivity, and thermal gravimetric analysis have been
reported earlier [94]. Reports on crystal structure, sensitivity, NMR, vibrational, and
mass spectra of KNF can also be found in literature [60]. Along with these reports, our
comparative theoretic study on these materials will provide a deep insight into such ma-
terials and help us to design well desired energetic materials. This chapter is organized as
follows: computational details have been discussed in the next section. Then the result
and discussion of this study have been presented. In the end, the conclusion of this study

is drawn.

4.2 Computational Details

Plane-wave pseudo-potential (PW-PP) method based DFT [102, 103, 104] study has been
performed in this work for obtaining a proper theoretical understanding of structural
along with the vibrational properties of KDNM. Cambridge Serial Total Energy Pack-
age (CASTEP) [105, 106] code has been employed in this consideration. The exchange-
correlation contribution has been incorporated through generalized gradient approxima-
tion (GGA) [107, 108] and local density approximation (LDA) [109]. Among these ap-
proximations, GGA has been implemented through PBE and PW91 schemes. In order to
calculate different lattice parameters of our studied materials accurately, different vdW
corrected schemes such as LDA4+OBS, PW91+0BS, PBE+D2 and PBE+TS have been
considered. Though the implementation of these schemes is nearly similar, the T'S scheme
uses polarizability of bonds present in materials along with the contribution of chemical
composition [110]. On the other hand, OBS and Grimme schemes are mainly dependent on
chemical compositions. Norm-conserving pseudo-potential with 900 eV for KDNM, 1000
eV for FNF, 950 eV for KNF and 900 eV for MHNF were considered as the plane wave
energy cutoff. Brillouin zone sampling of these materials was obtained using Monkhorst-
Pack scheme [111]. In this regard, a K-points spacing of 0.04 A~! with k-grids of 6x4x3
for KDNM, 0.04 A~! with k-grids of 4x4x3 for FNF, a K-points spacing of 0.03 A~ with
k-grids of 5x4x4 for KNF and a K-points spacing of 0.03 A=' with k-grids of 4x4x3 for
MHNF have been considered. For obtaining geometry optimization of our studied ma-
terials, we have used Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm [112]. Other
different convergence criteria involved in our calculation for obtaining optimized crystal
structures are force minimization (< 0.01 ¢V /A) and energy minimization (< 5x107¢ eV)

on each atom. After obtaining detailed structural information from a normal DFT study,
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density functional perturbation theory (DFPT), which is based on linear response theory,
has been employed to calculate the vibrational properties of this material. Involved va-
lence electrons of constituting atoms are as follows: H (1s'), C (2s?2p?), N (2s*2p?) and
O (2s%2p*) and K (3s?3pS4s!).

4.3 Results and Discussion

4.3.1 Structural properties

Among our studied materials, KDNM crystallizes in a triclinic crystal structure with P-1
space group and with a very high-density value of 2.14 gm/cm?. The dinitromethane
(DNM) (CH(NOsg)3), which is known to consist of 2 -NOy group attached with one C
atom bonded with potassium ion K* to form this salt. The number of molecular for-
mula units and the total number of atoms associated with a single unit cell of KDNM
is 2 and 18. In the case of formate based materials, the common building block of our
studied materials, nitroformate (C(NOg)s), is known to form with a single carbon atom
and 3 -NO, group attached to it. Along with the nitroformate group, the molecular for-
mula of FNF, MHNF and KNF are associated with CH(NHs)s, CH3(NHs), and K ion,
respectively. The molecular formula unit and number of atoms in the unit cell of these
crystalline materials are 2, 4 and 4 and 32, 80 and 44, respectively. Among these stud-
ied materials, FNF is found to crystalize in triclinic crystal structure with space group
P-1. The other two materials KNF and MHNF crystallize in monoclinic crystal structure
with space group P21/N. Images of the crystal structure of KDNM oriented in different
directions have also been depicted in Figure 4.1. Crystal structures of FNF, MHNF and
KNF have been depicted in Figure 4.2. After obtaining a thorough knowledge about

(a) (b)

Figure. 4.1 Crystal structure of KDNM in different orientations (a depicts
perpendicular to XZ plane and b depicts perpendicular to ZY plane).

the structural properties of these materials from experimental data, a detailed density

30



4. Structure-property correlation study of nitromethane related energetic materials

functional theory (DFT) study has been performed on these materials to have a deep
insight into different properties associated with the studied materials. As a first step, the
effect of various exchange-correlation potentials along with the effect of van der Waals
interactions was tested for obtaining exact ground state structural properties. Calculated
structural parameters of our studied materials shown in Table 4.1-4.4 clearly indicate a
usual trend of the LDA and GGA functionals, respectively, with underestimated and over-
estimated values. Consideration of different vdW corrected schemes in combination with
GGA functionals are found to reduce the error. Though the vdW corrected scheme of
OBS with LDA functional is found to deviate more from the result, found only using LDA
functional for KDNM. In general, DFT calculations with the inclusion of vdW schemes
produce results that are found to be in good accord with experimental structural parame-
ters. Among these schemes, obtained DFT results of KDNM, FNF and MHNF using PBE
functional and in combination with vdW corrected Grimme method are found to match
well with available experimental data. Whereas, dispersion corrected TS scheme produces
very promising results regarding structural parameters of KNF. Due to this reason, these
respective schemes have been considered further to investigate other crystalline properties

of our studied materials.  As a next step, a high-pressure study has been performed on

Table 4.1 Ground state structural details of KDNM with different norm-conserving
exchange-correlation functional as well as with different van der Waals corrected

schemes along with experimental results.

Expt. LDA LDA+OBS PBE PBE+D2 PBE+TS PW91 PW914+0BS
Space Group  P?
No of atoms 18

fu./cell 2
a(inA) 447 422 3.95 473 4.36 385  4.74 4.37
b(nA) 696 6.73 6.68 751 7.0 717 754 7.28
c (in A) 784 7.74 .77 7.92 7.99 8.26 7.91 7.94
a(®) 70.54 70.42 68.59 71.68 70.98 66.58 71.67 69.66
B(°) 88.62 88.52 88.21 88.21 88.55 87.46 88.21 88.91
~(°) 76.55 77.90 80.75 72.68 77.35 80.02 72.45 76.13
Vol (in A‘s) 223.25 202.22 188.35 254.15  227.61 205.94  254.85 229.41
AV(%) -9.42 -15.63  +13.84 +1.95 -7.75  414.16 +2.76

FNF, MHNF and KNF to understand the pressure variation of structural parameters. In
this connection, hydrostatic pressure up to 3 GPa in steps of 1 GPa has been applied on
these structures. Pressure dependence of lattice parameters and volume of our studied
materials are well depicted in Figure 4.3. Calculated pressure coefficient values of lattice
parameters for FNF crystal are obtained as 0.76x10™* GPa~!, 1.18x1072 GPa~! and
2.72x1072 GPa™! for crystallographic a-, b- and c- directions, respectively. On the other
hand, these corresponding values are 1.01x1072 Gpa~!, 8.56x 1073 GPa~! and 9.54x 1073
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Figure. 4.2 Crystal structure of Formamidinium Nitroformate (a), Methylhydrazinium

Nitroformate (b) and Potassium Nitroformate (c)

GPa~! for MHNF and 5.97x1073 GPa™!, 8.81x1073 GPa~! and 8.17x1073 GPa™! for
KNF crystals. Variation of volume of these crystals are found as 3.44x1072 GPa™! for
FNF, 3.18x1072 GPa~! for MHNF and 2.27x1072 GPa~! for KNF, respectively. These
values clearly suggest that the FNF is more and KNF is less compressible. In case of FNF
crystal, the order of compressibility of crystallographic a-direction is very less compared to
the other two axes. In contrast, the crystallographic c-axis is found to be more compress-
ible. This obtained pressure coefficient value of MHNF also indicates that this material
is more compressible along a-directions and less compressible along b axis. Though the
order of these pressure coefficient values of KNF crystals is found to be the same but the
compressibility of KNF crystal is more along b-crystallographic directions and less along

a-axis. The same value of the order of pressure coefficients also indicates that KNF is
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Table 4.2 Ground state structural details of FNF with different norm-conserving

exchange-correlation functional as well as with different van der Waals corrected

Space Group

No of atoms
fu./cell
a (in A)
b (in A)
c (in A)

(%)
Vol(in A?)
AV(%)

schemes along with experimental results.

Expt.

P1

36

2
6.76  6.58
737 7.16
8.06  7.87
98.98 97.91

100.32 100.43
109.95 111.60
361.30 330.51

-8.52

6.54

6.91

7.52
95.47
100.31
112.85
302.55
-16.26

7.19

7.92

9.38
104.93
105.78
104.62
465.74
+28.91

6.71

7.50

8.30
100.22
100.12
110.54
372.08
+2.98

6.80
7.60
8.27
100.47
99.54
110.35
381.69
-5.64

7.22

8.03

9.63
106.53
106.54
103.57
481.50
+33.27

LDA LDA+OBS PBE PBE+D2 PBE+TS PW91 PW91+0BS

6.64
7.60
8.35
101.90
99.63
109.45
376.10
+4.10

Table 4.3 Ground state structural details of MHNF with different norm-conserving

exchange-correlation functional as well as with different van der Waals corrected

schemes along with experimental results.

Space Group P21/N

No of atoms
fau./cell
a(in A)
b(in A)
c(in A)

B
Vol(in A?)
AV (%)

Expt.

80

4
8.50 8.15
9.21 8.96
10.37  10.05

108.35 110.03
770.73 689.81
-10.50

7.87

8.82

9.75
112.36
626.27
-18.74

LDA LDA+OBS PBE

9.01
9.34
11.09
105.24
901.26
+16.94

PBE+D2 PBE+TS

8.56
9.22
10.43
108.55
779.62
+1.15

8.58
9.27
10.56
107.83
800.08
-3.81

PWOI1

9.01
9.32
11.20
105.21
906.46
+17.61

PW91+0BS

8.40

9.23
10.33
109.27
756.03
+1.91

less anisotropic. On the other hand, the deviation of this order of FNF crystal shows its

more anisotropic nature. These values also indicate the presence of strong intermolecular

interactions in KNF and weak intermolecular interactions in FNF.

4.3.2 Elastic properties

After a detailed understanding of the structural properties of studied materials, knowl-

edge about the elastic properties of these materials can help us to have a deep insight into

the present intermolecular interactions in these materials. Elastic properties of energetic

materials are known to be correlated to their sensitivity towards explosion as they are

linked with the intermolecular interactions present in such materials. Information about

these properties also helps us to have a proper understanding about the mechanical stabil-
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Table 4.4 Ground state structural details of KNF with different norm-conserving
exchange-correlation functional as well as with different van der Waals corrected

schemes along with experimental results.

Expt. LDA LDA+OBS PBE PBE+D2 PBE+TS PW91 PW91+0BS
Space Group P21/N
No of atoms 44

fu./cell 4
amA) 754 742 T.32 782 765 761 7.83 7.74
b(in A) 8.04 7.82 7.74 8.59 8.25 8.04 8.61 8.30
clind) 903 874 859 9.61  9.12 912 9.65 9.34
B(°) 99.33 100.06 100.80 97.46 99.06 103.69  96.94 98.70
Vol(in A%)  540.36 499.68  477.83 639.72  568.86 042.24  645.46 593.49
AV(%) -7.53 -11.57 +18.39  +5.27 +0.35  +19.45 +9.83

ity of such materials. Keeping this in mind, we have considered the stress-strain method
to calculate the elastic constant of studied materials. As KDNM and FNF crystallize
in triclinic symmetry and MHNF and KNF crystalize in monoclinic symmetry, a sum of
21 and 13 independent components of elastic constant tensor were obtained respectively.
The value of these components is given in the Table 4.5-4.7.

Table 4.5 Ground state independent elastic constant tensor components of KDNM (in

GPa).
C11 C12 C13 Cl4 C15 C16
34.15 16.60 18.82 -0.22 0.99 -13.66
C21 C22 C23 C24 C25 C26
- 20.89 9.42 0.38 -1.30 -6.95
C31 C32 C33 C34 C35 C36
- - 70.02 1.68 0.96 1.60
C41 C42 C43 C44 C45 C46
- - - 4.77 -3.94 -0.24
Cs1 C52 C53 Ch4 C55 C56
- - - - 17.06 -0.18
C61 C62 C63 C64 C65 C66
14.39

Though a direct comparison between these elastic constant components of triclinic and
monoclinic crystals cannot be drawn due to their different symmetry, the mechanical
stability of these compounds is confirmed. The ordering of the elastic constants along the
principal axis for FNF is C22>C11>C33, whereas the ordering of these components for
KDNM is C33>C11>C22. This tells that FNF is more sensitive along z-direction and
KDNM is more sensitive along y-crystallographic direction due to shock. In case of MHNF
and KNF| this ordering is as follows: C22>C33>C11 for MHNF and C11>C22>C33 for
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Figure. 4.3 Pressure variation of lattice parameters and volume of Formamidinium
Nitroformate (a), Methylhydrazinium Nitroformate (b) and Potassium Nitroformate (c)

crystal structures. Pressure variation of volume has been shown in (d).

KNF'. This indicates that the directional shock sensitivity is less along crystallographic
y-direction for FNF and MHNF and x-direction for KNF. On the other hand, FNF and
KNF are found to be more sensitive along the z-direction, and MHNF is more sensitive
along the x-direction. The high bulk modulus value of KNF also indicates its less sensitive
nature compared to other studied materials. The calculated polycrystalline bulk modulus
of KDNM is found to be 19.17 GPa which is similar to the bulk modulus value of AP
(19.69 GPa) [113]. The bulk modulus value of KDNM is relatively large when compared
to solid nitromethane (10.32 GPa) [114]. It is interesting to note that the bulk modulus
value of KDNM is of the same order as ADN (18.48 GPa) [115] and KDN (20.9 GPa) [116].
This clearly indicates that the bulk modulus value of the above-mentioned oxidizers is

similar. After obtaining elastic properties of these materials at 0 GPa, pressure variation
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Table 4.6 Ground state independent elastic constant tensor components of FNF (in

GPa).
Cl11 C12 C13 Cl14 C15 Cl16
37.23 14.11 18.09 -3.06 15.25 -3.39
C21 C22 C23 C24 C25 C26
- 42.70 11.54 9.22 0.55 -5.85
C31 C32 C33 C34 C35 C36
- 22.33 4.56 10.85 6.83
C41 C42 C43 C44 C45 C46
- - 13.32 2.39 7.60
C51 Ch2 C53 Cs4 C55 C56
- - - 19.17 4.09
C61 C62 C63 C64 C65 C66
- - - - 13.88

Table 4.7 Ground state independent elastic constant tensor components of MHNF and
KNF (in GPa).

Cl1 (€22 (C33 (C44 G Ce66 Cl12 C13 Ci15 (C23 (C25 (C35 (46
MHNF 30.45 56.45 33,54 777 10.04 475 715 588 -3.17 1331 -224 -2.71 -1.92
KNF 5559 40.64 39.27 16.63 16.51 16.73 1837 15.36 -4.21 16.35 1.63 -1.46 -0.16

Table 4.8 Obtained value of the Bulk, Shear and Young’s Modulus and Poison’s Ratio

of studied materials.

Bulk Modulus(GPa)  Shear Modulus(GPa)  Young’s Modulus(GPa)  Poison’s Ratio

KDNM 19.17 9.44 24.34 0.29
FNF 17.42 8.55 22.05 0.29
MHNF 17.94 9.44 24.08 0.28
KNF 25.85 15.41 38.56 0.25

of elastic properties of nitroformate based energetic materials has also been studied. A

clear indication of increment of these values with respect to pressure can be observed from
Figure 4.4.

4.3.3 Born effective charge and Vibrational properties

Coupling of electrostatic field and displacement of the lattice is known to be described
by born effective charge tensor of any material. This quantity allows us to have more
knowledge about vibration as well as optical properties. Linear response theory-based
DFPT implemented in CASTEP code has been considered for calculating this quantity
of our studied materials. The convergence of related calculation satisfies the acoustic sum
rule. Calculated BEC of all the elements of studied materials are given in Table 4.9-4.12.
A significant amount of reduction of charge from its nominal charge can be seen for every

element of these compounds except the K atom of KDNM and KNF, where an increment
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Figure. 4.4 Pressure variation of Bulk, Shear, Young’s Modulus (shown in a) and
Poison’s ratio (shown in b) of KNF, MHNF, and FNF. (Solid lines, Dashed lines, and
dotted lines used in (a) indicate KNF, MHNF, and FNF, respectively).

in the BEC can be observed. This made us to interpret that an ionic bonding can be seen
between the di- and trinitromethane groups with the K atom, whereas every element in
the di- and trinitromethane are covalently bonded with little presence of ionicity. Other
elements present in CH(NHs)s and CH3(NH;), groups are also found to bonded covalently
in these respective groups.

Table 4.9 Calculated BECs of K, C, N, H and O atoms of KDNM

Atoms Ionic 77 759 Zis
H 1 0.47 0.31 0.00
C 4 -0.25 -0.13 -2.03
N1 -3 1.60 0.69 2.85
N2 -3 1.60 0.71 3.25
01 -2 -1.44 -0.68 -0.80
02 -2 -0.84 -0.71 -2.11
03 -2 -0.99 -0.68 -1.83
04 -2 -1.42 -0.69 -0.90
K 1 1.26 1.17 1.57

Optimized crystal structure of KDNM, FNF and MHNF with the van der Waals cor-
rected Grimme method and of KNF with TS scheme have been considered for obtaining
gamma-point phonon frequencies and associated mode symmetry of these materials. Lin-
ear response theory-based density functional perturbation theory (DFPT) approach has

been considered in this connection. A sum of 54, 108, 240 and 132 I'-point phonon modes
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Table 4.10 Calculated BECs of C, N, H and O atoms in FNF

Atoms Ionic 77, 75, Zis
H1 1 0.41 0.93 0.57
H2 1 0.85 0.27 0.56
H3 1 0.15 0.26 0.24
H4 1 0.54 0.76 0.31
H5 1 0.81 0.20 0.56
C1 4 -0.73 -0.41 -0.82
C2 4 0.53 2.15 0.40
N1 -3 1.92 1.79 1.42
N2 -3 1.23 1.53 1.58
N3 -3 1.65 2.13 1.30
N4 -3 -0.91 -1.55 -0.61
N5 -3 -0.66 -1.51 -0.68
01 -2 -1.30 -1.01 -0.69
02 -2 -0.92 -1.37 -0.85
03 -2 -0.91 -0.68 -0.80
04 -2 -0.58 -1.01 -0.98
05 -2 -1.47 -0.78 -1.02
06 -2 -0.61 -1.71 -0.48

was obtained from these calculations for KDNM (contains 36 atoms), FNF (contains 36
atoms), MHNF (contains 80 atoms) and KNF (contains 44 atoms) crystal. Out of these
many modes, the first three modes are acoustic, and the rest modes are optical in nature.
These optical modes are further known as IR-active and Raman active depending on their
symmetry. The irreducible representation of I'-point phonon modes of these materials can
be expressed as:

Pxpnm = 27T Ay + 2T Ay

Ipnvep =54 A, +54 A,

I'yvane =60 A, + 60 B, + 60 A, + 60 B,

Ienrep =33 A, +33B, +33A;, + 33 B,

A proper description of these modes of our studied materials is given in Tables 4.13-4.16.
Along with these I'-point modes, the study of the IR spectrum of these materials has also
been presented in this chapter. Figure 4.5-4.8 clearly depicts the IR spectrum of KDNM,
FNF, MHNF and KNF mainly divided into three regions (except KNF) for the better

understanding.
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Table 4.11 Calculated BECs of C, N, H and O atoms in MHNF

Atoms Tonic Z7 L3 Zis
H1 1 0.11 0.02 0.13
H2 1 0.10 0.23 0.06
H3 1 0.08 0.04 0.16
H4 1 0.40 0.93 0.32
H5 1 0.15 1.29 0.41
H6 1 0.32 0.28 0.40
H7 1 0.29 0.31 0.33
C1 4 -0.10 -1.85 0.01
C2 4 0.23 0.04 0.07
N1 -3 -0.07 -0.79 -0.14
N2 -3 -0.52 -0.48 -0.32
N3 -3 2.2 0.37 1.84
N4 -3 0.48 2.82 1.84
N5 -3 0.40 2.99 1.81
O1 -2 -0.49 -1.94 -0.80
02 -2 -0.40 -0.77 -1.64
03 -2 -0.45 -0.76 -1.68
04 -2 -0.36 -2.11 -0.86
05 -2 -1.39 -0.31 -0.80
06 -2 -1.00 -0.34 -1.15

Table 4.12 Calculated BECs of K, C, N and O atoms of KNF

Atoms Tonic 77, L3 7,
C 4 -1.18 -0.77 -0.95
N1 -3 2.37 0.54 2.20
N2 -3 1.34 1.66 2.08
N3 -3 2.88 2.18 0.10
01 -2 -1.80 -0.36 -0.59
02 -2 -0.79 -0.67 -1.43
03 -2 -0.63 -0.62 -1.70
04 -2 -1.75 -0.79 -0.32
05 -2 -1.16 -0.96 -0.53
06 -2 -0.72 -1.53 -0.27
K 1 1.44 1.32 1.42
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Table 4.13 Calculated zone centered vibrational phonon frequencies of triclinic KDNM.
Frequencies, associated symmetry along with the assignment of these modes are
reported. [Trans. = Translational, Rot. = Rotation, Rock. = Rocking, Twist. =

Twisting, Wagg.= Wagging, Sci. = Scissoring, Sym. Str. = Symmetric Stretching and
Asym. Str. = Asymmetric stretching, |

Frequency (cm™!) | Symmetry | Mode Assignment
69.54 A, IR Rot.
71.81 A, Raman Trans.
76.49 A Raman Trans.
93.99 A Raman Rot.
94.99 A, IR Rot.
98.11 A, IR Rot.
105.17 A Raman Rot.
113.63 Ay IR Rot.
118.53 A, Raman Rot.
131.60 A, Raman Rot. + Twist. in NO,
136.61 A Raman Rot. + Twist. in NO,
137.20 A, IR Rot. + Twist. in NO,

+ trans. of K atoms

145.54 A, Raman Trans. + Twist. in NO,
149.03 A, Raman Rot. + Twist. in NO,
153.11 A, IR Twist. in NO,
165.21 A Raman Trans. + Twist. in NO,
178.22 A, IR Trans. + Twist. in NO,
202.83 A, Raman Twist. in ONCH
212.68 A, IR Twist. in ONCH
278.84 A Raman Rock. of NOy
280.92 A, IR Rock. of NO,y
418.87 A, IR Rot. of CHNy + Rock. of NOy
421.93 Ay Raman | Rot. of CHNy + Rock. of NO,
459.28 A, Raman Sci. of ONCNO and NO,
461.34 A, IR Sci. of ONCNO and NO,
707.51 A, Raman Wagg. of CH bond
709.66 A, IR Trans. of CHN, + Sci. in NO,
712.27 A Raman | Wagg. of CH bond + Sci. in NOy
717.75 Ay IR Wagg. of CN bond and NO,
719.57 Ay IR Twist. of NCH

Continued on next page
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Frequency (cm™!) | Symmetry | Mode Assignment
720.08 A Raman Twist. of CNy
731.76 A, Raman Wagg. of CH
741.32 A, IR Wagg. of CH
765.91 A Raman Wagg. of CH and Sci. in NOy
766.44 A, IR Wagg. of CH and Sci. in NO,
974.13 A, IR Str. of NO and NC bonds
980.63 A, Raman Str. of NO and NC bonds
1064.59 A, IR Rock. of CH + Str. of NO bonds
1074.05 A Raman | Rock. of CH + Str. of NO bonds
1194.50 A, IR Rock. of CH + Asym. Str. of
NO bonds
1207.28 A, Raman Rock. of CH + Asym. Str. of
NO bonds
1305.10 A, IR Str. of NO and NC bonds
1306.24 A, Raman | Rock. of CH + Str. of NO bonds
1318.83 A, IR Rock. of CH + str. of NO bonds
1350.75 A, Raman | Asym. Str. of CN bonds + str.
of NO bonds
1396.90 A, IR Rock. of CH bond 4+ Asym. Str.
of ONC bonds
1408.07 Ay IR Rock. of CH + Asym. Str. of
NOg + str. of CN bond
1411.18 A Raman Sym. Str. of CN bonds
1413.32 A, Raman Rock. of CH + Asym. Str. of
CNO bonds
3132.98 Ay Raman Str. of CH bond in opposite
direction
3139.55 A, IR Str. of CH bond in same
direction
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Table 4.14 Calculated zone centered vibrational phonon frequencies of triclinic FNF.
The mode assignment, symmetry and frequencies are reported. Rot. = Rotation, Trans.
= Translational, Rock. = Rocking, Wagg.= Wagging, Twist. = Twisting, Sci. =

Scissoring, Asym. Str. = Asymmetric stretching and Sym. Str. = Symmetric

Stretching.
Frequency (cm™!) | Symmetry | Mode Assignment
40.92 A, Raman Rot.
53.39 A, IR Rot.
57.24 A, Raman Rot.
61.32 A Raman Rot.
73.80 A, IR Rot.
74.06 A, Raman Rot.
77.09 A, IR Rot.
78.13 A Raman Rot.
82.16 A Raman Rot. + Twist. in NOg
85.80 A, IR Rot. of CHNH, + Twist. in NO,
86.39 A Raman Rot. of CHNOg + Twist. in NO,
92.74 A, IR Rot.
95.91 A Raman Rot. of CHNO; + Twist. in NOg
105.99 A, IR Rot. of CHNO; + Twist. in NOs
108.54 A, Raman Rot. of CHNO, + Twist. and Rock.
in NOy

109.16 A, Raman Rot. of CHNH,
117.78 A Raman Trans. of CHNO,
118.17 A, IR Rot. of CHNH, + Twist. in NO,
127.84 A Raman Trans. of CHNH, + Twist. in NOy
130.39 A, IR Rot. of CHNHy + Twist. of NO,
133.09 A, Raman Rot. of CHNH,
134.07 A, IR Rot. of CHNH, + Twist. of NOy
142.35 A, IR Rot. of CHNH,
145.14 A, Raman Rot. of CHNH;y + Rock. of NO,

+ Out of plane Trans. of C atoms
150.41 A, IR Rot. of CHNH; + Rock. and Wagg. of

NOjy 4 Out of plane Trans. of C atoms

161.20 A, IR Trans. of CHNH,; + Wagg. of NO,
162.00 A Raman Rot. of CHNH; + Wagg. in NO,
222.92 A Raman | Rot. of CHNH; 4+ Rock. and Wagg.

Continued on next page
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Frequency (cm™!) | Symmetry | Mode Assignment
of NO,
223.89 Ay IR Rot. of CHNH, + Rock. and Wagg.
of NOy
242.18 A, IR Rot. of CHNH; (OOP) + Rock.
of NOy + Sci. of CN
244.15 A, Raman Rot. of CHNH; (OOP) + Rock.
of NOg + Sci. of CN
266.16 A, Raman Rot. of CHNH, (OOP)
272.04 A, IR Rot. of CHNH; (OOP)
405.29 A, Raman Sci. of NOy + Str. of CN
405.51 A, IR Sci. of NOy 4 Str. of CN
417.75 A, IR Sci. of NOy + Str. of CN
418.09 A Raman Sci. of NOy + Str. of CN
460.05 A, Raman Sci. of NO bonds
461.59 A, IR Sci. of NO bonds
518.03 A, Raman | Rock. of NOy + Trans. of CNy (OOP)
518.15 A, IR Rock. of NOy + Trans. of CNy (OOP)
542.16 A, IR Rock. of NH; + Sci. of CN,
543.94 A Raman Rock. of NHy 4+ Sci. of CNy
641.26 A, Raman | Wagg. of NHy + Vib. of N atoms OOP
of NOy unit
641.98 Ay IR Sci. and Wagg. of NO,
643.79 A, Raman Wagg. of NHy and NO,
650.46 A, IR Wagg. and Twist. of NH,
694.59 A, IR Wagg. of NHy and Twist. of CN,
in CNO,
696.57 A, Raman Twist. of CNy in CNO,
703.97 Ay IR Wagg. and Twist. of NHy + Wagg.
of CNy in CNO,
705.90 A, Raman Wagg. and Twist. of NHy + Wagg.
of CNy in CNO,
706.16 A, IR Wagg. of NHy and CNy in CNO,y
721.64 A, Raman Twist. of NHy + Wagg. of CN,
in CNO,
734.00 A, IR Twist. of NH,
749.73 A Raman | Wagg. and Twist. in CHNH, + Sci.

Continued on next page
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Frequency (cm™1)

Assignment

751.71

751.88

760.59

762.72

809.00
816.67
835.78

836.13

1051.35
1053.23
1056.40
1061.01
1103.92
1104.23
1113.38
1114.35
1121.06

1128.78

1261.35

1268.18

1305.11

1317.08

1320.55
1322.16

Symmetry | Mode
A Raman
A, IR
A Raman
A, IR
A, IR
A, Raman
A, IR
A Raman
A, Raman
A, IR
A, IR
A Raman
A, IR
A, Raman
A Raman
A, IR
A, IR
Ay Raman
A Raman
A, IR
A, IR
A, Raman
A, Raman
A, IR

of NOy in CNO,
Wagg. of NHy +
Sci. of NOy in CNOs
Wagg. and Twist. of NHy +
Sci. of NO,
Wagg. of NHy 4 Sci. of
NO, and CNy
Wagg. of NHy 4 Sci. of
NO, and CNy
Twist. of NH,

Twist. of NHy + Wagg. of CN
Twist. of NHy + Sci. of NO,
+ Str. of CN in CNOy
Twist. of NHy + Sci. of NO,
+ Str. of CN in CNO,
Twist. of NHy; and CH in CHNH
Twist. of NHy; and CH in CHNH
Rock. of NHy; and CH in CHNH,
Rock. of NHy and CH in CHNH,
Str. of CN in CNO,

Str. of CN in CNO,

Rock. of NHy + Str. in CNO,
Rock. of NHy + Str. in NOs
Rock. of NHy + Str. of CN in
CHNH,

Rock. of NHy + Str. of CN
in CHNH2 + Str. of NO,
Str. of CN and NO4 in CNO»
Str. of CN and NO, in CNO»
Rock. of CH and NH in CHNH,
+ Asym. Str. of NCN in CNO,
Rock. of CH in CHNH, +
Asym. Str. of NCN in CNO,
Asym. Str. of ONO in CNO,
Rock. of CH and NH in CHNH,
+ Asym. Str. of ONO in CNO,

Continued on next page
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Frequency (cm™!) | Symmetry | Mode Assignment
1323.50 Ay IR Rock. of CH in CHNH, +
Asym. Str. of ONO in CNO,
1336.78 A, Raman Rock. of CH in CHNH, +
Asym. Str. of ONCNO in CNO,
1339.16 A Raman Rock. of CH in CHNH, +
Asym. Str. of ONO in CNO,
1341.48 A, IR Rock. of CH in CHNH, +
Asym. Str. of ONO in CNO,
1389.94 A, IR Sci. in CHNH,
1395.18 A, Raman Sci. in CHNHy + Asym. Str. of
ONO in CNOq
1402.65 A, Raman Rock. and Sci. in CHNH, +
Asym. Str. of ONCNO in CNO,
1414.29 A, IR Rock. and Sci. in CHNH, +
Asym. Str. of ONCNO in CNO,
1464.27 A, Raman Sci. of HNH in CHNH, +
Asym. Str. of ONO in CNO,
1464.97 A, IR Asym. Str. of ONO in CNO,
1555.12 A Raman Sci. of NHsy
1555.83 A, IR Sci. of NHy
1620.82 A, IR Sci. of NH,
1621.31 A Raman Sci. of NHy
1692.31 A, IR Sci. of NHy 4+ Asym. Str. of
NCN in CHNH;
1699.69 A, Raman Sci. of NHy 4+ Asym. Str. of
NCN in CHNH,
3156.16 A, Raman Str. of CH + Sym. Str. of NH,
3157.97 A, IR Str. of CH 4+ Sym. Str. of NH,
3173.66 A, Raman Sym. Str. of NH and CH bonds
3179.23 A, IR Sym. Str. of NH and CH bonds
3278.51 Ay IR Sym. Str. of NH bonds
3280.62 A, Raman Sym. Str. of NH bonds
3286.53 A, IR Asym. Str. of NHy bonds
3287.00 A, Raman Asym. Str. of NHs bonds
3393.41 A Raman Asym. Str. of NHs bonds
3399.71 A IR Asym. Str. of NHy bonds

S
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Table 4.15 Calculated zone centered vibrational phonon frequencies of MHNF. The
mode assignment, symmetry and frequencies are reported. Rot. = Rotation, Trans. =
Translational, Rock. = Rocking, Wagg.= Wagging, Twist. = Twisting, Sci. =
Scissoring, Asym. Str. = Asymmetric stretching and Sym. Str. = Symmetric
Stretching, OOP = out of plane.

Freq. (cm™!) | Sym. | Mode Assignment
44.08 A, | Raman Rot.
45.20 A, IR Rot.
47.15 By Raman Trans.
48.57 B. IR Trans.
55.08 Ay IR Rot.
56.60 A, | Raman Trans. of C(NOz); + Rot. of CNoH;
60.55 A, IR Rot. in both the components
63.19 By Raman Rot. + Trans.
66.64 A, | Raman Trans. of C(NOz)s + Rot. of CNoH7;
67.11 By Raman Trans.
68.39 B. IR Rot.
68.90 By Raman Rot. of CNy;H;
70.38 B. IR Rot.
74.02 A, IR Rot. of CNyH7,
78.82 A, Raman Trans. and Rock. of NHy in CNyH~
84.20 B. IR Rot.
84.28 B, Raman Trans. of CNyH7 + Rot. of C(NOy);
84.91 A, | Raman Rot.
85.53 B. IR Rock. of NHy in CNyH7
88.27 By Raman Rot.
89.07 A, IR Rot. in C(NOg)3 + Trans. in CNyH7
94.70 A, IR Rot. in CNyH7 4+ Twist. in C(NOy)3
95.00 B, | Raman Rot. in CNyH7 + Twist. in C(NOg);
95.16 B, IR Rot. in CNoH7 + Twist. in C(NOy)3
97.11 A, | Raman Trans. + Twist. in C(NOy);3
97.57 A, IR Trans. of CNyH; + Twist. of NO;y in

C(NO2)3
104.92 By Raman Trans. of CNoH; + Twist. of NOy in
C(NO»)3

105.99 A Raman Rot. of CNyH; + Twist. of NOg in

Continued on next page
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Freq. (cm™!) | Sym. | Mode Assignment

C(NO2)3

108.95 A, IR Trans. of CNyH; + Twist. of NOy in
C(NO»)3

109.21 A Raman Trans. of CNyH; + Twist. of NO; in
C(NO2)3

111.16 B. IR Rot. in CNyH; 4+ Twist. of NO, in
C(NO»)3

117.43 B. IR Rot. in CNoH; + Twist. of NOy in
C(NO2)3

117.59 A, Raman Rock. of NHy in CNyH; + Twist. of

N02 in C(NOQ)g

117.70 By Raman Rot. in CNoH; + Twist. of NO5 in
C(NO2)3

121.10 A, Raman Rock. in CNyH; + Twist. of NO, in
C(NOy)3

123.69 A, IR Rot. in CNyH; 4+ Twist. of NO, in
C(NO2)3

125.38 A, Raman Rot. in CNoH; + Twist. of NO, in
C(NO2)3

128.09 By Raman Rot. in CNyH; 4+ Twist. of NO, in
C(NO»)3

128.29 B. IR Rot. in CNoH; + Twist. of NO, in
C(NO2)3

133.37 A, IR Rot. in CNyH; 4+ Twist. of NO, in
C(NO»)3

140.32 A, IR Rot. in CNyH~; 4+ Twist. of NO, and

Rot. of CNO; in C(NOy);3

140.33 B. IR Rot. in CNyH; 4+ Twist. of NO, in
C(NO»)3

141.50 A, IR Rot. in CNoH; + Twist. of NO, in
C(NO2)3

143.10 A, | Raman Twist. of NOy in C(NOg)3

145.00 By Raman Rot. in CNyH; 4+ Twist. of NO, in
C(NO»)3

147.68 B, Raman Rot. in CNoH; + Twist. of NOy in
C(NO2)3

Continued on next page
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Freq. (cm™!) | Sym. | Mode Assignment
148.47 B, IR Rot. in CNyH; + Twist. of NO, in
C(NO2)3
160.92 B, Raman Rot. in CNyH; 4+ Rot. of CNO, and
Wagg. of NOy in C(NOg);
163.15 A Raman Rot. in CNyH; + Rot. of CNO, and
wagging of NOy in C(NOg)3
165.00 A, IR Rot. in CNyH; 4+ Rot. of CNO, and
Wagg. of NOg in C(NOg);
170.68 B, Raman Trans. of CNyH; + Rot. of CHj in
CNyH; + Twist. of NOy in C(NOy)3
171.21 B. IR Rot. of CNyH7; + Twist. of NOy in
C(NO»)3
172.54 B, IR Rot. in CNoH7 4+ Rot. of CNOs,
Wagg. and Twist. of NOy in C(NOg)3
173.05 A, | Raman | Rot. in CNyH7 4 Trans. of ¢ atoms and
Twist. of NOy in C(NOy)3
174.65 A, IR Trans. of CNyH; + Rot. of CH3 in CN3H;,
+ Twist. of NOg in C(NOy);
191.17 A, Raman Rot. of CNyH;
191.95 By Raman Rot. of CNyH;
193.04 B. IR Rot. of CNyH; + Wagg. of NO, in
C(NO2)3
193.24 A, IR Rot. of CNyH7
198.65 By Raman Rot. in CNyH
211.09 A, Raman | Rot. of CHs and Rock. of NH, in CNyH7
+ Rock. and Wagg. of NOy in C(NOg);
227.23 A, IR Rot. of CH3 in CNyH7 + Sci. of
CNs in C(NO»)3
227.59 B. IR Rot. of CH3 in CNyH; + Sci. of
CN; in C(NOy)3
229.37 A, Raman Rot. of CHs in CNyH7; + Sci. of
CNy in C(NOy)3
232.33 A, IR Rot. of CH3, Rock. of NH5 in
CNyH7 4 Sci. of CNy in C(NO»);3
233.70 A Raman Rot. of CHs in CNyH7; + Sci. of

CN2 in C(NOQ)g

Continued on next page
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Freq. (cm™!) | Sym. | Mode Assignment
234.43 B, Raman Rot. of CH3 in CNyH7 + Sci. of
CNy in C(NOy)3
236.63 B. IR Rot. of CH3, Rock. of NH5 in
CNyH7 + Sci. of CNy in C(NOy)3
243.16 B, Raman Rot. of CH3 in CNyH7
262.78 B. IR Rot. of CHj3, Rock. of NH; in oppo.
Dir. in CNyH7
263.33 A, IR Rot. of CHj3, Rock. of NHj in oppo.
Dir. in CNyH~
279.44 B, Raman Rot. of CHjs, Rock. of NHy in oppo.
Dir. in CNyH7
282.71 A, | Raman Rot. of CH3 4+ Rock. of NH, in oppo.
Dir. in CNyH;
354.18 A, Raman Rot. of CH3 and Rock. of two NHj in
oppo. Dir. in CNyH;
356.61 By Raman Rot. of CH3 and Rock. of two NHs in
oppo. Dir. in CNyH;
369.74 A, IR Rot. of CH3 and Rock. of two NHj in
oppo. Dir. in CNyH;
370.81 B. IR Rot. of CHs and Rock. of two NH5 in
oppo. Dir. in CNyH~
400.90 B, IR Str. of CN bond in C(NOg);
401.57 A, IR Str. of CN bond in C(NO3);
401.80 B, | Raman Str. of CN bond in C(NOg)3
402.06 A, | Raman Str. of CN bond in C(NO3);
406.08 A, | Raman Rock. of NOjy in C(NOy)3
406.11 A, IR Rock. of NOg and CNj in
C(NOy)3 and NHy in CNoH;,
407.64 B. IR Rock. of NOy and CNsy in
C(NOy)3 and NHy in CNoH;
408.25 B, Raman Rock. of NOg and CNj in
C(NO2)3
420.08 By Raman Sci. of NNC in CNyH~
422.84 A, Raman Sci. of NNC in CN,yH-
431.07 B. IR Sci. of NNC in CN,yH-
434.04 A, IR Sci. of NNC in CNoH5

Continued on next page

99



4. Structure-property correlation study of nitromethane related energetic materials

Table 4.15 — Continued from previous page

Freq. (cm™!) | Sym. | Mode Assignment
462.17 A, | Raman Sci. of CNO in C(NO3);
463.71 A, IR Sci. of NNC in CNyH; and CNO
in C(NO3)3
464.96 B. IR Sci. of NNC in CNyH; and CNO
in C(NOg);
465.01 B, | Raman Sci. of CNO in C(NO3);
522.51 A, IR Rock. of NOy and Vib. of other
CN;y (OOP) in C(NO3)3
522.52 B, IR Rock. of NOgy and Vib. of other
CN, (OOP) in C(NOg)3
522.98 A, Raman Rock. of NOy and Vib. of other
CN;y (OOP) in C(NO3)3
523.18 By Raman Rock. of NOy and Vib. of other
CNy (OOP) in C(NOg)3
643.03 B. IR Wagg. of NO,, Sci. of NO, and
CNjy in C(NO»)s3
643.08 B, Raman Wagg. of NO,, Sci. of NOy and
CNy in C(NOy)3
643.11 A, IR Wagg. of NO,, Sci. of NOy and
CN; in C(NOy)3
643.24 A, | Raman Wagg. of NO,, Sci. of NOy and
CNy in C(NOy)3
698.01 B, | Raman Wagg. of NOy and Twist. of CNy
in C(NOy)3
698.02 B. IR Wagg. of NOy and Twist. of CNy
in C(NOg);3
698.06 A, | Raman Wagg. of NOy and Twist. of CNy
in C(NOy)3
698.19 A, IR Wagg. of NO, and Twist. of CNy
in C(NOg);3
711.42 B. IR Wagg. of NOy, CNy and Vib. of
C (OP) in C(NO»)3
712.00 A, IR Wagg. of NO,, CNy and Vib. of
C (OP) in C(NOy)3
712.60 A, | Raman Wagg. of NOy, CNy and Vib. of
C (OP) in C(NO»)3

Continued on next page
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Freq. (cm™!) | Sym. | Mode Assignment
712.83 B, | Raman Wagg. of NOy, CNy and Vib. of
C (OP) in C(NO»)3
745.22 B. IR Twist. of CHy in CHs + Rock. of

NH; in CNyH; + Wagg., Sci. of
NO; + Sci. of CNy in C(NO3)3
745.26 B, Raman Twist. of CHy in CH3 + Rock. of
NH; in CNyH; + Wagg., Sci. of
NOy + Sci. of CNy in C(NOy)3
745.36 A, IR Twist. of CHy in CH3 4+ Rock. of
NH, in CNoH7; + Wagg., Sci. of
NO, + Sci. of CNy in C(NOy)3
745.82 A, Raman Twist. of CHy in CH3 + Rock. of
NH; in CNyH; + Wagg., Sci. of
NO; + Sci. of CNy in C(NO3)3

757.22 A, | Raman Sci. of NOg and CNy in C(NO»)3
757.82 B, IR Sci. of NOy and CNy in C(NOy)3
758.47 A, IR Sci. of NOy and CNy in C(NOy)3
758.78 B, | Raman Sci. of NOg and CNy in C(NOg)3
831.92 A, | Raman | Sci. of NOy and Str. of CN in C(NOy);
832.15 B, | Raman | Sci. of NOy and Str. of CN in C(NOy);
832.28 B, IR Sci. of NOy and Str. of CN in C(NOy)3 +
Sci. of NHy in CNoH
832.56 A, IR Sci. of NOg and Str. of CN in C(NO3)3
863.00 A, Raman | Sci. of CNH, Rock. of CH3, NHy in CNyH,
863.78 By Raman | Sci. of CNH, Rock. of CH3z, NH5y in CNyH
867.16 A, IR Sci. of CNH and Str. of CN and NN bond
+ Wagg. of NH, in CNyH;
868.05 B. IR Sci. of CNH and Str. of CN and NN bond
+ Wagg. of NHy in CNyH7
873.36 A, IR Rock. of CH; in CH3, NH, in CNyH;
875.47 B. IR Rock. of CH; in CH3, NH, in CNyH;
881.88 By Raman Rock. of CHy in CHs3, NHy in CNyH7
882.97 A, Raman Rock. of CHy in CH3, NH5 in CNyH7
985.98 B. IR Asym. Str. of CNN, Rock. of CHg,
Wagg. of NHy in CNyH7
986.51 B, Raman Asym. Str. of CNN, Rock. of CHs,

Continued on next page
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Freq. (cm™!) | Sym. | Mode Assignment
Wagg. of NHy in CNyH7
987.13 A, | Raman Asym. Str. of CNN, Rock. of CHs,
Wagg. of NHy in CNyH~
989.28 A, IR Asym. Str. of CNN, Rock. of CHs,
Wagg. of NHy in CNyH7
1068.32 A, | Raman | Rock. of CHs + Wagg. of NH, in CNyH7
1071.53 B, | Raman | Rock. of CHs + Wagg. of NH; in CNyH7
1074.36 B, IR Rock. of CH3z + Wagg. of NH, in CN,yH7
1075.05 A, IR Rock. of CH3 + Wagg. of NH, in CNyH;
1101.27 B. IR Str. of CN bond in C(NO3);
1101.32 A, | Raman Str. of CN bond in C(NO3);
1101.57 A, IR Str. of CN bond in C(NOg)3
1101.75 B, | Raman Str. of CN bond in C(NOs);
+ Twist. of NHy in CNyH-
1108.64 B. IR Twist. of CHy in CH3 and
NH, in CNyH7
1108.69 A, IR Twist. of CH, in CH3 and
NH, in CNyH7
1110.44 A, Raman Twist. of CHy in CH3 and
NH, in CNyH7
1110.47 B, Raman Twist. of CH, in CH3 and
NH, in CNyH7
1113.18 A, Raman Rock. of NHy in CNyH7 +
Sym. Str. of NO bonds in C(NOy)3
1117.68 By Raman Rock. of NHy in CNyH; + Sym. Str.
of NO bonds in C(NOg)3
1117.98 A, IR Twist. of NHy and CHy in CNoH
+ Sym. Str. of NO bonds in C(NOg)3
1122.44 B. IR Twist. of NH, and CHy in CNyH;,
+ Sym. Str. of NO bonds in C(NO,);
1212.33 A, IR Wagg. of NHy, Rock. of CHjg,
Sci. of NNC in CN,yH;
1214.22 A, | Raman Wagg. of NH,, Rock. of CHs,
Sci. of NNC in CNyH~
1214.89 B, | Raman Wagg of NHs, Rock. of CHjg,
Sci. of NNC in CN,yH;5
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Freq. (cm™!) | Sym. | Mode Assignment
1215.93 B, IR Wagg. of NHy, Rock. of CHj,
Sci. of NNC in CN,yH7
1259.39 A, IR Wagg. of NHy, Rock. of CH3 in CNyH~
+ Str. of CN bond in C(NOy)3
1259.70 A, | Raman | Wagg. of NHy, Rock. of CH3 in CNyH7
+ Str. of CN bond in C(NOy)3
1264.59 B. IR Wagg. of NHy, Rock. of CH3 in CNyH~
+ Str. of CN bond in C(NOy)3
1265.37 B, Raman Twist. of NHy, CH of CH3 in CNyH7
+ Str. of CN bond in C(NOy)3
1273.44 A, Raman | Twist. of NHy + Rock. of CH3 in CNoH~
1278.22 B. IR Twist. of NHy + Rock. of CH3 in CNyH
1281.28 A, IR Twist. of NHy + Rock. of CH3 in CNoH
1282.71 B, Raman | Twist. of NHy 4+ Rock. of CHs in CNyHj7
1309.04 B. IR Twist. of NHy + Wagg. of CHz in CNyH;
+ Str. of CN and NO bonds in C(NOs)3
1311.67 A, IR Twist. of NHy + Sci. of CH bonds
of CH3 in CNyH; + Str. of
CN and NO bonds in C(NOy)3
1312.06 By Raman Twist., Wagg. of NH, in CNyH~
+ Str. of CN,; NO bonds in C(NO,);
1312.79 A, Raman Twist., Sci. of NHy 4+ Sci. of CH of
CHj3 in CNyH7; + Asym. Str. of
CN, NO bonds in C(NOy)3
1317.89 A, IR Twist. of NHy 4 Sci. of CH in CH3 +
Asym. Str. of CN, NO bonds in C(NO,);
1320.48 A, | Raman | Twist. of NH, + Wagg. of CH in CH; +
Asym. Str. of CN, NO bonds in C(NO; )3
1323.63 B. IR Twist. of NHy 4 Sci. of CH in CH3 +
Asym. Str. of CN, NO bonds in C(NO,);
1326.36 B, | Raman | Twist. of NHy; + Wagg. of CH in CH3 +
Asym. Str. of CN, NO bonds in C(NO,);3
1340.13 A, | Raman | Twist. of NHy; + Rock. in CH3 + Asym.
Str. of CN, NO bonds in C(NOy);
1344.00 B, | Raman Twist., Wagg. of NHy + Sci. of CH; +
Asym. Str. of CN, NO bonds in C(NO3)3
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Freq. (cm™!) | Sym. | Mode Assignment
1348.94 A, IR Twist. of NHy 4+ Sci. of CH3 +
Asym. Str. of CN, NO bonds in C(NOy)3
1350.63 B. IR Twist., Wagg. of NHy + Sci. of CH; +
Asym. Str. of CN, NO bonds in C(NO,);
1379.55 B, IR Twist., Wagg. of NHy + Sci. of CHs +
Asym. Str. of CN, NO bonds in C(NOy)3
1379.77 A, | Raman Twist., Wagg. of NHy + Sci. of CHj
in CNyH~
1382.31 B, | Raman Twist., Wagg. of NHy + Sci. of CHj
in CNoH~
1383.71 A, IR Twist., Wagg. of NHy + Sci. of CHj
in CNyH~
1387.72 A, | Raman Wagg. of NHy + Sci. of CHy
1387.75 B, Raman Sci. of CHj
1388.13 B. IR Sci. of CHj
1390.32 A, IR Wagg. of NHy + Sci. of CHj
1410.82 B, IR Twist., Wagg. of NHy + Sci. of CHz +
Asym. Str. of NO bonds in C(NO3)3
1415.99 B, | Raman Twist., Wagg. of NHy + Sci. of CHs +
Asym. Str. of NO bonds in C(NOy)s
1420.33 A, Raman Sci. of CH3 4+ Asym. Str. of
NO bonds in C(NO,)3
1420.89 A, IR Twist. of NHy 4+ Sci. of CH3 +
Asym. Str. of NO bonds in C(NO3);
1424.81 By Raman Sci. of CHsz in CNyH
1424.83 B. IR Twist. of NHy + Sci. of CHj
1425.67 A, IR Twist. of NHy 4+ Sci. of CH3 +
Asym. Str. of NO bonds in C(NO3);
1426.63 A, Raman Twist. of NHy + Sci. of CHjy
1431.05 A, IR Twist. of NHy + Sci. of CHj
1438.72 B. IR Twist. of NHy + Sci. of CHjy
1441.32 A, | Raman Twist., Wagg. of NHy + Sci. of CHj
1442.55 By Raman Twist., Wagg. of NHy + Sci. of CHj
1451.48 A, IR Twist. of NHy + Sci. of CHz +
Asym. Str. of NO bonds in C(NOy)3
1458.28 B, IR Twist. of NHy 4+ Sci. of CH3 +
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Asym. Str. of NO bonds in C(NO3)3
1460.09 A, Raman Twist. of NHy 4 Sci. of CH3 +
Asym. Str. of NO bonds in C(NOy)3
1460.60 B, Raman Twist. of NHy + Sci. of CHjy
1467.15 A, | Raman Twist. of NHy 4+ Sci. of CH3 +
Asym. Str. of NO bonds in C(NOg);
1469.54 B. IR Twist. of NHy in CNyH7, Asym.
Str. of NO bonds in C(NO,);
1475.65 B, Raman Twist. of NHy and Sci. of CHs +
Asym. Str. of NO bonds in C(NO3)3
1476.22 A, IR Twist. of NHy + Sci. of CHs +
Asym. Str. of NO bonds in C(NOy)3
1588.98 B. IR Sci. of NHy in CNyH~
1589.74 A, IR Sci. of NHy in CNyH
1594.30 A, Raman Sci. of NHy in CNyH-
1595.93 By Raman Sci. of NHy in CNyH-,
1618.51 A, Raman Sci. of NHy in CNoH
1624.86 A, IR Sci. of NHy in CNyH7
1632.15 B. IR Sci. of NHy in CNyH7
1632.73 By Raman Sci. of NHy in CNyH-
2962.17 B. IR Str. of NH + Sym. Str. of CH in CNyH~
2963.74 A, Raman | Str. of NH + Sym. Str. of CH in CNyH;
2964.52 A, IR Str. of NH + Sym. Str. of CH in CNyH,
2971.45 By Raman | Str. of NH 4+ Sym. Str. of CH in CNyH;
2995.04 By Raman | Str. of NH + Sym. Str. of CH in CNyH~
2995.12 A Raman | Str. of NH + Sym. Str. of CH in CNyH~
2995.37 A, IR Str. of NH + Sym. Str. of CH in CNyH;
2995.63 B. IR Str. of NH 4+ Sym. Str. of CH in CNyH;
3100.11 A, | Raman | Str. of NH + Asym. Str. of CH in CNyH7
3100.28 By Raman | Str. of NH 4+ Asym. Str. of CH in CNyH~
3102.32 A, IR Str. of NH 4+ Asym. Str. of CH in CNyH~
3102.50 B. IR Str. of NH + Asym. Str. of CH in CNyH~
3114.38 A, | Raman | Str. of NH + Asym. Str. of CH in CNyH7
3114.44 B, Raman | Str. of NH + Asym. Str. of CH in CNyH;
3114.89 B, IR Str. of NH 4+ Asym. Str. of CH in CNyH7
3114.97 A IR Sym. Str. of NH +

S
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Asym. Str. of CH in CNyH7
3119.84 A, | Raman | Str. of NH + Asym. Str. of CH in CNyH7
3119.95 B, Raman | Str. of NH 4+ Asym. Str. of CH in CNyH;
3127.52 A, IR Str. of NH + Asym. Str. of CH in CN,yH;
3128.60 B. IR Str. of NH 4+ Asym. Str. of CH in CNyH7
3291.44 B. IR Sym. Str. of NH in CNyH;
3292.01 A, IR Sym. Str. of NH in CNyH;
3292.57 A, Raman Sym. Str. of NH in CN,yH7
3292.78 B, Raman Sym. Str. of NH in CNyH7
3369.30 B. IR Asym. Str. of NH in CNyH~
3369.38 A, | Raman Asym. Str. of NH in CNyH;
3370.48 B, IR Asym. Str. of NH in CNyH7
3370.79 B, Raman Asym. Str. of NH in CN,yH,

Table 4.16 Calculated zone centered vibrational phonon frequencies of KNF. The mode
assignment, symmetry and frequencies are reported. Rot. = Rotation, Trans. =
Translational, Rock. = Rocking, Wagg.= Wagging, Twist. = Twisting, Sci. =
Scissoring, Asym. Str. = Asymmetric stretching and Sym. Str. = Symmetric
Stretching, OOP = out of plane.

Freq. (cm™!) | Sym Mode Assignment
40.52 B. IR Trans.
43.29 A, Raman Rot.
45.97 A, IR Rot.
55.76 B, Raman Rot.
56.06 A Raman Trans.
57.73 A, IR Rot.
64.18 By Raman Trans.
66.98 A, IR Rot. (OOP)
69.13 B. IR C(NO3)3 Rot. + K atom Trans.
69.77 By Raman Trans.
72.25 A, IR Trans.
72.71 A Raman Trans.
81.86 A, Raman Trans.
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84.27 B. IR C(NO3)3 Rot. + K atom Trans.
84.53 B, Raman C(NOg2); Rot. + K atom Trans.
94.16 B, Raman C(NO32)3 Rot. + K atom Trans.
96.40 A, IR C(NO3)3 Rot. + K atom Trans.
96.64 B. IR Rot. of NOy (OOP) + K atom Trans.
97.02 A Raman Trans.
100.87 B, IR C(NO3)3 Rot. (OOP) + K atom Trans.
104.14 A, Raman C(NO3)s Rot. (OOP) + K atom Trans.
106.35 B, Raman Trans.
107.47 A, IR Twist. of NOy + Trans. K
108.68 A, Raman Twist. of NOy + Trans. K
111.98 B, Raman C(NOy)3 Rot. (OOP) + Trans. K
115.90 B, IR C(NOg2)3 Rot. (OOP) + Trans. K
116.86 A, IR Trans.
120.87 B, IR Trans., Twist. in C(NOy)3
+ Trans. K atoms

123.92 B, Raman Twist. of NOy + Trans. K
125.08 A, IR Twist. of NOy + Trans. K
130.61 A, Raman Trans., Twist. in C(NOy)3

+Trans. K
134.41 A, Raman Twist. of NOy
134.97 B, Raman Trans., Twist. in C(NOy)3

+ Trans. K
136.53 A, IR C(NO3)s Rot. (OOP)+ Trans. K
141.86 B. IR Trans.
142.41 A, Raman Twist., Rock. in C(NOy)3

+ Trans. K
146.36 A, IR C(NOy); Rot. (OOP) + Trans. K
148.84 B, IR Twist. in C(NOg)3 + Trans. K
152.92 By Raman Trans.
158.54 B, IR Twist. of NO,
161.83 B, Raman Twist. of NOy 4+ Trans. K
165.23 A, IR Twist. of NO,
167.67 A, Raman Twist. of NOy + Trans. of K
172.50 B, Raman Twist. of NOy + Trans. of K
175.32 A Raman Twist. of NOy + Trans. of K

<
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220.68 A, IR Trans. of C atoms OOP
225.55 A, Raman Trans. of C atoms OOP
225.82 B, IR Trans. of C atoms OOP
233.71 B, Raman Trans. of C atoms OOP
255.23 A, IR Rock. of NO,
259.51 B. IR Rock. of NO,
260.20 By Raman Rock. of NO,
264.09 A, Raman Rock., Trans. in C(NOy)3
268.37 B, Raman Rock. of NO,, Sci. of CN
270.67 B, IR Rock. of NO,, Sci. of CN
273.22 A, Raman Rock. of NO,, Sci. of CN
274.34 A, IR Rock. of NOs, Sci. of CN
389.81 B, IR Rock. of NO,y +
Trans. of C atoms OOP
392.14 Ay IR Rock. of NOy +
Trans. of C atoms OOP
393.30 A, Raman Rock. of NOy +
Trans. of C atoms OOP
394.55 B, Raman Rock. of NOy +
Trans. of C atoms OOP
432.27 B, Raman Str. of CN bonds
432.36 A, IR Str. of CN bonds
433.26 B, IR Str. of CN bonds
433.65 A, Raman Str. of CN bonds
448.53 A, IR Str. of CN bonds
449.00 B, IR Str. of CN bonds
449.17 A Raman Str. of CN bonds
450.14 By Raman Str. of CN bonds
462.32 By Raman Str. of CN bonds + Rock. of
NOy + Trans. of C atoms OOP
466.07 B, IR Str. of CN bonds + Rock. of
NO, + Trans. of C atoms OOP
469.20 A, IR Str. of CN bonds 4+ Rock. of
NOy + Trans of C atoms OOP
469.29 A Raman Str. of CN bonds + Rock. of

NOy + Trans. of C atoms OOP

Continued on next page

108




4. Structure-property correlation study of nitromethane related energetic materials

Table 4.16 — Continued from previous page

Freq. (cm™!) | Sym. Mode Assignment
684.26 B. IR OOP Rot. of CN3 + Wagg.
and Sci. in NO,
686.26 B, Raman OOP Rot. of CN3 + Wagg.
and Sci. in NOgy
686.53 A, Raman OOP Rot. of CN3 + Wagg.
and Sci. in NOs
686.59 A, IR OOP Rot. of CN3 + Wagg.
and Sci. in NOy
701.22 A Raman Twist. of CNy + Wagg. of NO,
701.84 B, Raman Twist. of CNy + Wagg. of NO,
704.27 A, IR Twist. of CNy + Wagg. of NO,
706.27 B. IR Twist. of CNy + Wagg. of NO,
726.21 B, IR Trans. of C atoms OOP +
Wagg. of CN and NOy
726.72 A, IR Trans. of C atoms OOP +
Wagg. of CN and NO,
729.05 A, Raman Trans. of C atoms OOP +
Wagg. of CN and NOy
731.07 B, Raman Trans. of C atoms OOP +
Wagg. of CN and NOy
762.91 Ay IR Sci. of NOy + Wagg. of CN, NO,
763.01 A Raman Sci. of NOy + Wagg. of CN, NO,
763.98 B. IR Sci. of NOy + Wagg. of CN, NO,
764.08 By Raman Sci. of NOy + Wagg. of CN, NO,
768.65 B. IR Sci. of NO,
770.96 Ay Raman Sci. of NO,
771.55 A, IR Sci. of NOy and CNy
771.70 By Raman Sci. of NOy and CNy
854.04 A, IR Sci. of NOy + Str. of CN
855.03 A, Raman Sci. of NOy + Str. of CN
855.62 B, Raman Sci. of NOy + Str. of CN
855.99 B. IR Sci. of NOy + Str. of CN
1124.10 A, Raman Sym. Str. of NOg
1134.40 B, IR Sym. Str. of NO,
1134.52 Ay IR Sym. Str. of NOy
1135.25 B, Raman Sym. Str. of NO,
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1136.35 A, IR Sym. Str. of NOy + Asym.
Str. of CNy
1136.74 A, Raman Sym. Str. of NOy + Asym.
Str. of CN,y
1136.95 B, IR Sym. Str. of NOy + Asym.
Str. of CN,
1137.66 By Raman Sym. Str. of NOy and CNy
1204.90 A, Raman Sym. Str. of NOy + Str.
of CN bond
1206.20 A, IR Sym. Str. of NOy + Asym.
Str. of CNy
1206.25 B. IR Sym. Str. of NOy + Asym.
Str. of CNy
1222.25 B, Raman Sym. Str. of NOy 4+ Sym. and
Asym. Str. of CNy
1226.40 A, Raman Asym. Str. of CN,
1245.84 B. IR Asym. Str. of CNy
1253.68 B, Raman Asym. Str. of CNy
1255.19 A, IR Asym. Str. of CN,
1339.21 A, IR Sym. Str. of CNy +
Str. of NO bonds
1342.47 B, IR Sym. Str. of CNy and NO, +
Str. of NO bonds
1344.60 A, Raman Sym. Str. of CN bonds + Str. of
NO bonds
1344.69 A, IR Asym. Str. of NO bonds
1345.58 B, Raman Sym. Str. of CN + Str. of
NO bonds
1352.25 B. IR Asym. Str. of NO,
1365.45 By Raman Asym. Str. of NO,
1367.72 A Raman Asym. Str. of NOy
1408.10 B. IR Asym. Str. of NO,
1410.77 A, Raman Asym. Str. of NOy + Sci. of CNy
1429.58 A, IR Asym. Str. of NOy + Sci. of CNy
1429.61 B, Raman Asym. Str. of NOy 4 Sci. of CNy
1451.26 B, Raman Asym. Str. of NOy 4 Sci. of CNy
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1452.02 A Raman Asym. Str. of NOy 4+ Sci. of CNy
1455.11 A, IR Asym. Str. of NOy + Sci. of CNy
1466.88 B, IR Asym. Str. of NOy + Sci. of CNy

Though Figure 4.5 is mainly divided into three regions, this figure clearly indicates that
the IR frequency distribution of KDNM can further be subdivided into different regions.
Frequencies below 300 cm™! mainly arise as a result of rotation, translation and twisting
of NO, group. The intensity of the frequencies from 400 to 600 cm™! is significantly less,
which is mainly attributed to the rocking of the NOs group. The region from 600 to 700
cm™ ! is due to wagging of CH bond along with scissoring of NOy group. Stretching of
NO and NC bonds are found to be the main reason for IR frequencies between 900 to
1000 cm~!. Figure 4.5b shows mainly six peaks among which, the first peak at 1064.59
ecm~! is due to rocking of CH bond in association with the stretching of NO bonds. The
2nd peak, which is the highest intensity IR peak of the studied material, found at 1194.50
cm ™! is because of the rocking of CH bond along with the asymmetric stretching of NO
bonds. Figure 4.9 very well depicts this mode for better understanding. 3rd and 4th
peaks are found at 1305.10 and at 1318.83 cm ™!, which are due to stretching of NO and
NC bonds and rocking of CH along with stretching of NO bond. Rocking of CH bond in
addition to asymmetric stretching of ONC bonds and NO, and stretching of CN bonds are
responsible for 5th and 6th peaks, which can be found at 1396.90 and 1408.07 cm~!. As
it is well known that the frequency associated with CH bond stretching will be at higher
frequencies due to less mass of H atom, the high-frequency peak is found at 3139.55 cm™!.
Depiction of this mode can be seen in Figure 4.9b. Figure 4.6, 4.7 and 4.8 clearly depicts
the IR spectrum of FNF, MHNF and KNF, respectively. This IR spectrum of FNF and
MHNF are mainly divided into three regions and KNF divided into two regions for a
better understanding of these spectrum. These figures also show the pressure variation of
the IR spectrum of these studied materials. As shown in Figure 4.6, low-frequency peaks
of FNF below 272.04 cm™! mainly arise due to rotation and translation. Peaks between
400 to 550 em~! are mainly arise due to scissoring and rocking in NOy and CN bonds.
Wagging and twisting of NO, NH and CN bonds provide the main contribution in the IR
peaks in the frequency region 640 to 1130 cm™'. IR peaks of FNF in between 1260 to
1700 ecm ™! frequency range are found due to stretching of CN bonds, rocking of CH and

NH bonds and scissoring of NH, group.

The high-frequency IR spectrum of FNF (shown in Figure 4.6¢) is mainly contributed due
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Figure. 4.5 Calculated IR spectrum of triclinic KDNM in three different frequency
ranges (a denotes frequency range from 0 to 1000 cm™!, b denotes 1010 to 1440 cm™!
frequency range and c depicts the frequency range from 3114 to 3168 cm™1).

to the symmetric and asymmetric stretching of NH and CH bonds present in the material.
High-intensity IR peak of this material is found due to the asymmetric stretching of NH
bonds. The effect of pressure on the IR spectrum of FNF has also been studied in this
work and shown in the same figure with different colours indicating different pressure.
Basically, a blue shift can be observed for the low-frequency IR peaks. Though the high-
intensity IR peak initially shows a redshift up to 2 GPa, it shows a blue shift for 3 GPa.
In case of MHNF (shown in Figure 4.7), the low-frequency range is due to rotation,
translation, twisting and rocking up to 283 cm~!. In the frequency range from 350 to 524
cm ™!, the contribution of rocking, scissoring and stretching of NO and CN bonds to the
IR peaks is predominant. Wagging of NO, scissoring and twisting of NO and CN bonds

1

show the main contribution in the frequency range from 643 to 759 cm™". Scissoring

112



4. Structure-property correlation study of nitromethane related energetic materials

— 0GPa B — 0GPa
— 1GPa 2500 — 1GPa
- 1

=
2
I
w
()
g

= 2000

o
~
=
T

[

o

=3

=3

1

w

x

=l
T

Z 1000

g .Y .

200 200 600 800 1000 ] 1200 1350 1500 1650
-1 -1
Wavenumber (cm ) Wavenumber (cm )

(a) (b)

Intensity (arb.unit)
Intensity (arb. unit)

— 0GPa
5000~ — 1GPa
2 GPa
B — 3GPa

4000
3000~

2000

e

3200 3300 3400 3500
Wavenumber (cm’ )

(c)

Intensity (arb. unit)

=]

Figure. 4.6 Calculated IR spectrum of triclinic FNF in three different frequency ranges.

and stretching of NO and CN bonds along with the rocking of CH and NH bonds in the

l'is prominent. IR peaks in 985 to 990 cm™! frequency

frequency range 831 to 883 cm™
range is mainly due to the asymmetric stretching of CN bonds and rocking of CH and

wagging of NH bonds.

In the frequency range from 1068 to 1123 em ™!, rocking, wagging, twisting of CH and NH
bonds and stretching of CN and NO bonds can be observed. IR peaks of MHNF from
1212 to 1477 cm™! are found because of the wagging, rocking and twisting of NH and
CH bonds along with scissoring of CN and CH bonds and asymmetric stretching of CN
and NO bonds present in this material. A prominent presence of scissoring of NH bond
in the 1588 to 1633 cm™! frequency range can be observed. IR peaks of this material in
the high-frequency range from 2962 to 3371 cm™! are found mainly due to the scissoring
of NH bonds and symmetric and asymmetric stretching of NH and CH bonds. Pressure

variation study of the IR spectrum of this material clearly indicates the blue shift of the

113



4. Structure-property correlation study of nitromethane related energetic materials

[ — ocra 3780
1400 — ; 8;3 L
a -
%; | — 3GPa g 3240 I
= 1050 = 2700
= S i
5 - 5 2160F
S S
B 700} =S|
= = 16201
5t 5 T
= S 1080}
= 350 = i
B 5401
200 400 600 800 1000 1120 1260 1400 1540
-1 -1
Wavenumber (cm ) Wavenumber (cm )
(a) (b)
10000

— 0GPa

B — 1GPa

2GPa

8000 — 3GPa

6000~

4000

Intensity (arb. unit)

2000

2970 3060 3503240 3330
Wavenumber (cm’ )

(c)

Figure. 4.7 Calculated IR spectrum of MHNF in three different frequency ranges.

whole spectrum throughout the frequency range except high-frequency IR peaks. These
two peaks above 3240 cm ™!, which are found due to symmetric and asymmetric stretching
of NH bonds, show redshift indicating the strengthening of H-bonding.

Figure 4.8 depicts the IR spectrum of KNF at 0 GPa as well as at high pressure up to
3 GPa in steps of 1 GPa. The absence of lighter elements like H atom in this material
will confirm that IR peaks above 3000 cm™! cannot be seen for KNF, and the whole
IR spectrum is divided into two regions. Low-frequency peaks below 300cm™! are found
for the rotation, translation, twisting and rocking. Rocking of NO and stretching of CN
bonds are the main reason for the IR peaks of FNF in the frequency range from 380 to
470 ecm ™!, Wagging, twisting and scissoring of NO, CN bonds and stretching of CN bonds
between 684 to 856 cm™! are main contributor in IR peaks. Symmetric and asymmetric
stretching of NO and CN bonds shows the main contribution in the IR peaks of KNF

above 1124 cm™!. Pressure variation of this IR spectrum clearly shows a blue shift over
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Figure. 4.8 Calculated IR spectrum of KNF in two different frequency ranges.

(a) (b)

Figure. 4.9 High intensity IR mode of KDNM at 1194.50 cm-1 (a) and high frequency
IR mode of KDNM at 3139.55 cm-1 (b).
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all frequency range except IR peaks from 700 to 800 cm™*.

E

(b)

Figure. 4.10 High intensity IR modes of (a) FNF, (b) KNF and (c) MHNF.

4.4 Conclusions

In conclusion, we can say that we have performed a thorough density functional theory
study of di- and trinitromethane based energetic materials KDNM, FNF, MHNF and
KNF. Understanding structural properties with different functionals tells the importance
of van der Waals interaction in calculating the other properties of these materials. Ob-
tained ground state structural parameters with varying combinations of functional and
dispersion corrected schemes show that the dispersion corrected Grimme along with PBE
pseudopotential works well for KDNM, FNF and MHNF. On the other hand, PBE +
TS scheme provide structural parameters of KNF, which match well with experimental
details. The pressure variation study clearly indicates that the KNF is less and FNF is

more compressible in the studied pressure range. This also helps us to understand that the
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presence of intermolecular interactions in KNF is stronger compared to FNF. The study
of elastic properties of these materials also supports this statement by providing higher
value of bulk modulus for KNF and less for FNF. Proper understanding of these elas-
tic constants along different crystallographic directions indicates that the FNF and KNF
crystal is more sensitive along the z-direction, whereas the MHNF and KDNM crystals
are more sensitive along x-direction and y-direction, respectively. Study of Born effective
charge of these materials tells the presence of ionic bonding in KNF and KDNM crystals.
On the contrary, more covalent bonding is found to be present in FNF and MHNF crys-
tals. The study of vibrational properties provides knowledge about different vibration
modes and the importance of stretching NO bonds in KDNM. In case of nitroformate-
based materials, this study at 0 GPa as well as at high pressure indicates a blue shift for
whole IR peaks except high-frequency peaks of FNF and MHNF, which are mainly due

to symmetric and asymmetric stretching of NH bonds present in these compounds.
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CHAPTER b

Understanding of structure-property correlation study of

cage-structured energetic materials

We present a thorough density functional theory (DFT) based computational study of
crystalline properties of cubane caged potential energetic material octonirocubane (ONC).
As ezpected for a layered molecular solid, van der Waals (vdW) corrections are inevitable
and the same has been incorporated to capture the ground state properties more accurately.
Study of Born effective charge (BEC) and zone centered phonon frequencies using density
functional perturbation theory (DFPT) reveals the important role of N2, N4 type nitrogen
and associated oxygen atoms in contributing to the high-intensity Infrared (IR) modes.
From the calculated electronic band structure, we can conclude that ONC' is an insulator
with a bandgap of 5.31 eV. The optical properties of ONC are found to be nearly isotropic

in low energy regions in spite of a strong anisotropic crystal structure.

5.1 Introduction

Towards the finding of novel high energy density materials (HEDMs), an enhanced inter-
est can be seen in nitrogen-based materials, such as homonuclear polynitrogen compounds
[1] and poly-nitro compounds. Nitro groups in such materials are especially known for
providing sufficient oxygen during the process of combustion and hence considered as
very special energetic groups. Moreover, incorporation of these groups makes energetic
materials less vulnerable against external stimuli such as temperature or pressure [2].
Recent studies on highly nitrated cage hydrocarbons found great attention over normal

poly-nitro compounds because of their compact structure, large strain energy, and pos-
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itive oxygen balance [3, 4, 5, 6, 7, 8]. Normally it is seen that the density of any cage
compound with compact structure is higher than its other non-caged analogs. Further-
more, large strain energy in these compounds can be responsible for their high heat
of formation (HOF) over conventional energetic materials like 1,3,5,7-tetranitro-1,3,5,7-
tetraazacyclooctane (HMX) or hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). As a result,
these compounds become potential energetic materials with positive HOF, large density,
outstanding detonation performance, and good thermal stability [9, 10, 11, 12, 13]. Among
these cage-based explosives, most familiar energetic materials are 2,4,6,8,10,12-hexanitro-
2,4,6,8,10,12-hexaazaisowurtzitane (CL-20), octanitrocubane (ONC) and 2,4,6,8,9,10-hexa
-nitrohexaazaadamantane (HNHAA) [3, 14, 15, 16]. Based on the skeleton of caged struc-
ture of isowurtzitane, cubane, adamantane [17, 18, 19, 20, 21, 22, 23, 24, 25, 26] and
prismane, [27, 28] other new caged energetic materials are developed. Though these types
of materials are known for their good energetic properties associated with low sensitivity,
they are very difficult to synthesize due to the complexity involved in these materials.
Also, the presence of more nitro groups makes them susceptible to external stimuli. In
this connection, the successful synthesis of polynitro cubane’s such as tetra-, penta-,
hexa-, hepta-, and octanitrocubane has gained considerable interest as ONC shows high
explosive properties than well-established high energy material CL-20 [29]. Theoretical
study by Zhang et al. on ONC also confirms the high performance of ONC with high
detonation velocity (~10 km/s) and high detonation pressure (~50 GPa) of ONC [30].
Cubane cage of this material is known to possess a high HOF of 622.1 kJ/mol along with
a density of 1.29 g/cm?® and is thermally stable with decomposition temperature > 220
°C [31, 32]. The strain energy associated with ONC is reported to be 1101.03 kJ/mol
which is quite higher than other caged structures [33]. ONC is also well known for its
molecular symmetry which has been achieved by the replacement of hydrogen atom from
platonic hydrocarbon with -NOy substitution. It is also reported to lose its three-fold
symmetry at each corner of the cubane cage. To date, a lot of studies based on theoret-
ical approaches have been performed on this material. The study of interaction between
the -NOy groups in this material has also been reported [34]. Kortus et al. reported
electronic structure as well as the vibrational properties of ONC with the all-electron
Gaussian orbital-based density functional theory calculation [35]. High heat of formation
(HOF) of ONC has been evaluated by the Benson’s group activity method which has
also been predicted accurately using corrected Parametric Method 3 (PM3) [36, 37]. The
semi-empirical molecular orbital (MO) methods have been used by Owens to study the
decomposition of ONC [38]. A recent computational study on ONC also reveals informa-
tion about its IR spectra, thermodynamic properties, detonation properties and pyrolysis
mechanism at different levels [39]. Although it is well known that the molecule is the
main key of any explosive material, but the exact performance of any energetic material

will only depend on its solid-state environment in the crystalline form. The main focus
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of this work is to study the crystalline properties of ONC through the ab-initio approach.
Here we have addressed the structural properties as well as the elastic properties of this
material to have a better understanding of the impact sensitivity of this material. This
work also reports about the zone centered phonon frequencies along with the born effec-
tive charge (BEC) of this material and as the bandgap of any energetic material plays a
vital role for electrical discharge related detonation, a more accurate value of bandgap of
this material has been calculated using well known TB-mBJ potential [40]. This chapter
is organized as follows: the next section is attributed to molecular and crystal structure
with computational details involved in this study. After that, the result and discussion

related to this study has been considered and finally, the conclusion of this work is drawn.

5.2 Structural details of ONC and the

Computational Details
The molecular structure of ONC shown in Figure 5.1a contains 8 -NO, groups, each at-
tached to each corner of its strained cubane cage. The skeleton of the cubane (CgHg) cage
shaped as cube formed by carbon atoms at each corner of this cube and one hydrogen atom
is associated with each carbon atom. So, each carbon atom at the corner of this cubane
is bound with its three neighbour corner carbon atoms, and internuclear angles of C-C-C
are nearly 90°. Which is a huge deviation from normal tetravalent angle 109.5°results
from the sp3-hybridized carbons [29]. This deviation is very expensive energetically, and
the structure is strained by about 166 kcal/mol corresponding to a substantial weaken-
ing of its bonds. These deformed bond angles make cubane a potential compound for
storing energy where each strained bond is considered as a potential site for energy stor-
age. Though this cubane is known to be a meta-stable compound, it can form molecular
crystalline solid at room temperature with 1.29 g/cm?® density and melting point of 130
°C. These cubane based polynitrocubanes are formed by replacing one or more hydrogen
atoms from the cubane structure by -NOy groups. Among these polynitrocubanes, ONC
is the one in which all the hydrogens are replaced by -NOy groups. Basically, one ONC
molecule is made up of 4 types of carbon atoms, four types of nitrogen atoms and eight
types of oxygen atoms. Among these atoms, the 2nd and 4th types of atoms are arranged
in the opposite edges of the cubane, whereas the 1st and 3rd types of atoms are arranged
diagonally in this cubane cage. Each type of nitrogen atom in the -NOs group contains
further two types of oxygen atoms, such as type A and type B. A complicated arrange-
ment of these ONC molecules in the crystalline form is shown in the Figure 5.1(b)-(d).
Crystalline be-plane, shown in Figure 5.1d clearly depicts that the type 2 and type 4
atoms are aligned along the c-axis of the crystal and opposite edges of the ONC molecule.
Crystallographic ac-plane, which has been shown in Figure 5.1b shows that type 1 and 3
atoms are arranged diagonally in the molecule and type 3 and 1 atoms are aligned along

the crystallographic c-axis. It is also noted that 4 ONC molecules will be found in a unit
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cell of the crystal structure of ONC which is monoclinic. A primitive crystal structure
of ONC has been considered for all the calculations in this study. This primitive cell
contains 2 ONC molecules in it. Different alignment of this crystal perpendicular to a-,
b-, and c- axis clearly indicate a presence of layer along the c-axis. Figure 5.1b indicates
that B type of oxygen atoms form nearest layers along this crystallographic axis. This
initial inspection of crystal structure suggests the presence of van der Waals interaction in
this material, which led us to consider vdW corrected DFT calculation for this material.
For calculating different crystalline properties of ONC, ab-initio simulations have been
carried out considering the above-mentioned structural details as input parameters. In
this respect, two approaches have been used, which are projector augmented wave (PAW)

and full-potential linear
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Figure. 5.1 Molecular structure (shown in a) and crystal structure of ONC aligned in

different crystallographic directions.

augmented plane wave (FP-LAPPW) method. Among these two methods, FP-LAPW is

considered for calculating electronic and optical properties, whereas the rest of the prop-
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5. Structure-property correlation study of cage-structured energetic materials

erties discussed in this article have been computed through the PAW method. Density
functional theory (DFT) [41, 42] based PAW method implemented in Vienna ab-initio
simulation package [43] is considered in this work. The generalized gradient approxima-
tion (GGA) [44] was used to treat electron-electron interactions. The Broyden-Fletcher-
Goldgarb-Shanno (BFGS) minimization scheme [45] has been used for structural relax-
ation. The convergence criteria for structural optimization of ONC crystal structure were
performed with a kinetic energy cutoff of 600 eV and we have used Monkhorst Packing [46]
as (4x3x3) for gamma centered grid. The valence electronic configurations of the atoms
considered here are as follows: C: [2s?2p?], N: [2522p?®], and O: [2s?2p?]. The self-consistent
energy convergence was set to 1x1078 eV /atom. The convergence criterion for the max-
imal force between atoms was set to 0.01 eV/A. While calculating the elastic constants,
this maximal residual force was set to 1x107* eV/ A. Knowing the presence of a promi-
nent effect of van der Waals interaction in this material, two vdW-corrected methods have
been considered to get the correct ground state structure which are Grimme or D2 and
Tkatchenko-Scheffler (TS) methods. The basic difference between these two methods is
that the TS method considers a correction due to polarizability of the inter-atomic bonds,
whereas the Grimme method does not [47]. Calculation of electronic band structure, the
density of states and optical properties have been accomplished using the FP-LAPW im-
plemented in WIEN2k [48]. Exchange-correlation interaction has been treated through
the GGA scheme. It is well known that normal DFT calculation with standard LDA and
GGA functional always underestimate bandgap with respect to the experimental value.
In this regard, the Tran-Blaha modified Beche-Johnson density functional (TB-mBJ) [40]
which includes the kinetic energy density to improve bandgap has been considered. Cal-
culated bandgap with this functional for semiconductors and insulators are reported to
match nearly accurately with experimental results [49, 50]. Threshold energy of -6 Ry
has been considered as separation energy between core and valence electrons. In order
to have the proper size of the basis set, a cut off of RK,,,, has been chosen to 7 and the
value of G,,q, is considered 14. A set of 500 and 5000 k points are used for calculating
the electronic band structure and optical properties of this material. For calculating the
electronic band structure, K-path in the irreducible first Brillouin zone is L-M-A-I"-Z-V.

5.3 Results and Discussion
5.3.1 Structural properties of ONC

Crystalline properties of any material mainly depend on two factors which are the com-
position of the material and the arrangement of these compositions in the crystal. It is
quite obvious that different properties can be achieved with the different arrangements
or with different crystal structures with the same composing elements. According to the
above-mentioned facts, we have considered the study of ground-state structural properties

of ONC. In this connection, we have calculated the lattice parameters, volume and asso-
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ciated bond lengths of this material at the ambient condition as well as under pressure.
As mentioned in the previous section and shown in Figure 5.1, the consideration of van

der Waals corrected DF'T calculation in this study is very clear.

Table 5.1 Calculated ground state structural parameters such as lattice parameters,
angle and volume of ONC (with and without van der Waals correction) along with

experimental results.

Parameters Expt PBE D2 TS TS-HI
a(in A) 12.78 13.11 12.78 12.84 12.84
b(in A) 8.84 9.05 8.72 8.77 8.84
c(in A) 13.92 14.43 13.72 13.91 13.98

B(°) 98.03 97.99 98.05 98.05 97.98

Vol(in AS) 1558.17  1695.86 1514.95 1551.00 1571.67

AV (%) +8.84 -2.77 -0.46 +0.87

It has been a well-established concept in DFT calculation that LDA functional will al-
ways underestimate calculated lattice parameters and volume, whereas PBE functional
will overestimate. Van der Waals corrected TS, TS-HI, and D2 method of Grimme have
been used along with normal PBE functionals in this consideration. Our calculated lattice
parameters and volume at equilibrium with PBE functional as well as with van der Waals
corrected TS, T'S-HI and D2 methods are given in Table 5.1. These results close to exper-
imental values justify the well speculative idea of considering van der Waals interaction
from the first look of crystal structure shown in Figure 5.1. Among these vdW-corrected
methods, TS is found to be more accurate in calculating the structural parameters than
other vdW methods and which is the reason it has been considered for carrying out fur-
ther calculations on ONC to get different properties of this material. As a next step, the
pressure variation study of lattice parameters and volume has been addressed to have
a proper idea about the compressibility and other related structural properties of this
material. In this regard, a hydrostatic pressure up to 5 GPa in steps of 0.5 GPa has
been applied to the optimized crystal structure at ambient condition. Results related
to this high-pressure calculation have been depicted in Figure 5.2. Pressure variation of
lattice parameters shown in Figure 5.2 indicates that the crystallographic c-axis is more
compressible than the other two axes which is quite obvious and also can be anticipated
from the Figure 5.1. The presence of layers along the c-axis explains the existence of weak
intermolecular interaction in this direction which in turn leads to the above anticipation.

The order of compressibility of different lattice parameters is as follows: ¢ > b > a.

After having a proper understanding of the compressibility nature of different crystal-
lographic axis, the pressure-volume data has been considered for calculating the bulk

modulus and its pressure derivative. For this reason, the third-order Birch-Murnaghan
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Figure. 5.2 Pressure variation of lattice parameters (shown in a) and volume (shown in

b) of ONC.

equation of states (BM-EOS) [52] has been used to fit the pressure-volume data and bulk
modulus and its pressure derivative are calculated. The calculated bulk modulus and the
derivative of this quantity with respect to pressure are 12.19 GPa and 8.78, respectively.
These values indicate high compressibility along with the increased stiffness nature of
ONC. A similar trend of result for bulk modulus and its pressure derivative of similar
kind of secondary energetic material has also been found in literature [53, 54, 55, 56, 57|

in support of our calculated bulk modulus and its pressure derivative.

5.3.2 Elastic properties

Knowledge of elastic properties of any material is known to be linked with the interac-
tions present in that material and at the same time, these present interactions are also
responsible for mechanical energy transfer in a material. This phenomenon in energetic
materials is related to the detonation initiation mechanism of such kind of materials. The
initiation of the detonation process is mainly dependent on the constituting composition
of the molecule and the interaction present in the material. This fact is further supported
by the experimental work done by Dick on the directional dependency of shock-initiated
sensitivity of energetic material pentaerithrytol tetranitrate (PETN) [58]. This directional
dependence is related to the strength of interactions present in the material which in turn
is related to the elastic constants of the material. Hence elastic constants of energetic
material are very useful parameters for predicting the directional sensitivity of that ma-
terial. In this regard, the lowest sensitivity of energetic material PETN is reported along

the a-axis of this material whereas the stiffest elastic constant of this material is also the

C11.

In this connection, a stress-strain method has been applied on ONC crystal to obtain the
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Table 5.2 Comparison of experimental value of elastic constants Cij of well-known
energetic material RDX and -HMX and calculated Cij of ONC at the optimized

volume. Unit of elastic constants is in GPa.

Cyj Ci1 C12 C13 Ci15 (€22 (€23 (€25 (€33 (€35 (C44 C46 C55 C66
ONC 2212 88 849 1.89 1887 245 -1.62 15.67 043 576 -1.22 744 6.19
RDX  36.67 1.38 1.67 - 2567 917 - 21.64 - 11.99 - 272 7.6

B-HMX 18.41 6.37 10.50 -1.1 1441 6.42 0.83 1244 1.08 4.77 275 4.77 4.46

elastic constant values of this material so that a proper idea about the sensitivity of this
material can be predicted qualitatively. In order to accomplish this qualitative study of the
sensitivity of ONC due to shock, a comparative study has been carried out with similar
kind of well-known secondary energetic materials such as orthorhombic cyclotrimethy-
lene trinitramine (RDX) [59] and monoclinic cyclotetramethylene tetranitamine S-HMX
[60] and the related elastic constant values are tabulated in Table 5.2. Though a direct
comparison is not possible between orthorhombic RDX and monoclinic ONC, a lot of
information can be predicted speculatively. These tabulated results clearly show a much
lower value of C11, C22 and C33 of ONC than RDX but slightly higher than S-HMX.
Elastic constants C25 and C46 of ONC are found to be negative but these constants are
also found to satisfy the Born’s stability criteria regarding the monoclinic structure and
this confirms the mechanical stability of this material. Ordering of these elastic constants
along the principal directions is as follows: C11 > C22 > (C33. Bulk modulus calculated
from this elastic constant calculation is also found to agree with the bulk modulus found
from 3rd order BM-EOS. Though a much lower value in the principle elastic constants of
ONC can be seen compared to RDX, C12 and C13 values of ONC are found to be higher
than the corresponding values of RDX. As the elastic constants of S-HMX are smaller
than those of RDX, previous studies on elastic constants relevance to detonation [59]
suggest a highly sensitive nature of S-HMX than RDX to detonation which is initiated
by shock-wave. Higher value of elastic constants C12, C13 of S-HMX suggests that the
sensitivity due to shear deformation along crystallographic b- and c-direction of RDX will
be higher than S-HMX and the high sensitivity of RDX along c-direction has also been
correlated with the less value of C33 of RDX. Considering these well-established facts,
the sensitivity of ONC can be predicted qualitatively to be higher than RDX but lower
than S-HMX. Directional dependence of sensitivity along the c-axis is high whereas lower
in magnitude along the a-axis. It can also be mentioned that the b- and c-axis are not

vulnerable to the specific shear deformation like RDX.

5.3.3 Born effective charges (BECs) and vibrational properties
To have a better understanding of the vibrational and optical properties of any material,
Born effective charge is a very useful fundamental quantity. The quantity itself defines

coupling of electrostatic field with the displacement of the lattice. In this study linear
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response method implemented in VASP has been used for the purpose of computing BEC’s
of ONC. All diagonal Born effective charge values for C, N and O atoms of ONC have been
presented in Table 5.3 and 5.4. The convergence of this calculation is found to satisfy the
acoustic sum rule which is >, Z; ;; = 0. It is well known that the less deviation of BEC
of any atom from its ionic charge concludes the presence of ionic bond around that atom.
Whereas the reduced value of BEC implies the delocalization of charges along the present
bonds and hence the presence of covalent bond around that atom. From this point of
view, we can easily say that carbon atoms in ONC are covalently bonded in cubane cage
as carbon atoms in ONC show a significant reduction in BEC value. On the contrary,
an increment on BEC for N and O atoms can be seen from their nominal charges. This
observation helps us to conclude that all the bonds between carbon atoms are covalent in
nature but the bonding character of N and O atoms within NO2 is a mixture of ionic and

covalent. It can also be seen that BEC tensor is having a criterion on its elements which
is 73y #75y #7153,

Table 5.3 Calculated BECs of C and N atoms of ONC.

Atoms Tonic 7Z7, 7%, Zis
C1 4 0.01650 0.23561 -0.37395
C’1 4 -0.12886 0.10142 -0.45482
C2 4 0.31715 0.35306 0.44478
C2 4 0.27426 0.49773 0.39910
C3 4 -0.32030 -0.19577 0.60929
C’3 4 -0.16422 -0.33328 0.58420
C4 4 0.40899 -0.43264 -0.31906
C4 4 0.35904 -0.42949 -0.30283
N1 -3 1.40624 0.44294 2.65368
N’1 -3 1.48314 0.73419 2.66233
N2 -3 0.45173 0.37392 1.60388
N2 -3 0.46808 0.09162 1.72558
N3 -3 1.37328 1.03755 0.80332
N’3 -3 1.15415 1.24020 0.74871
N4 -3 0.44775 1.74449 0.68435
N4 -3 0.41172 1.79506 0.59940

As it is well known that the strength of the polarizability of any material is correlated to
the deviation of BECs of the constituent elements of that material, results given in Table
5.3 and 5.4 tell that the constituent oxygen atoms of ONC are responsible for making this

material more polarizable.

A further study of directional dependence of the strength of polarizability indicates a less
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Table 5.4 Calculated BECs of oxygen atoms of ONC.

Atoms Ionic 77, 7%, Zis

O1A -2 -0.72252 -0.08438 -1.00057
O’'1A -2 -0.73242 -0.15432 -0.99939
O1B -2 -0.52104 -0.56047 -1.40683
O’'1B -2 -0.49529 -0.70854 -1.39354
02A -2 -0.45482 -0.6541 -0.68332
02A -2 -0.44382 -0.57664 -0.7151
02B -2 -0.34741 -0.0747 -0.98198
0O2B -2 -0.39164 0.07973 -1.05834
O3A -2 -0.83319 -0.90013 -0.33493
O’3A -2 -0.75967 -0.9265 -0.33471
03B -2 -0.31399 -0.47629 -0.63676
O’3B -2 -0.25105 -0.57926 -0.61086
O4A -2 -0.44159 -0.33843 -0.2515
O’4A -2 -0.44381 -0.34056 -0.21977
04B -2 -0.39841 -0.46809 -0.74386
0’4B -2 -0.40797 -0.49394 -0.69649

and mixed deviation of BECs of C1, C2, C3 and C4 type of atoms in different directions.
N1 and N2 atoms show a similar order of deviation of BECs such as ¢ > a > b but N3 and
N4 type of nitrogen atoms show similar order as b > a > c. In the case of oxygen atoms,
less deviation can be seen along the c-axis whereas O1B, O2A, O3B, and O4B atoms
show high deviation along a-axis and other types of oxygen atoms show high deviation
along b-axis. Atomic vibrations in a periodic solid can be considered as the standing
elastic waves which are equivalent to normal modes of vibrations. In this connection, if
N atoms in a primitive unit cell are vibrating in 3D space, 3N degrees of freedom have to
be considered and this will give 3N vibrational modes for the system. This phonon is the
quantization of these vibrational modes and is known as quasi-particles that follow Bose-
Einstein statistics. These vibrational modes in a periodic crystal can further be divided
in two ways. When the atomic displacement vectors are in same phase, it gives acoustic
modes and when they are in out of phase, such kinds of vibrations are called optical
modes. For 3D periodic solid, we will have three acoustic modes, and 3N-3 modes will
be optical. These optical modes are further involved in the IR and Raman spectra of the
material. The reason for IR activity in any material is induced dipole moment due to the
change in the atomic positions and the reason for Raman activity is the induced dipole
moment due to deformation of the electron shell which is related to the polarizability

tensor. These normal phonon modes are also related to the irreducible representation of
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the point group of the material.

Table 5.5 Calculated vibrational frequencies of ONC. (All the frequencies are given in

(cm™)).
A, A, B, B,
40.2144  687.2089 | 7.1733  687.6215 | 40.6496 646.4334 | 5.5119 6452871
54.7118  751.4861 | 44.7771  750.6956 | 47.1942  685.362 | 4.0405  683.7639
69.8720  759.694 | 74.9180  757.8374 | 481158  752.8252 | 34.7256  753.8019
85.4648  766.7309 | 79.0017  766.56 | 69.4056  762.7501 | 68.3323  763.1618
96.4849  807.7717 | 86.1550  809.721 | 77.9637  766.4615 | 72.9598  766.3322
101.1518  829.7617 | 102.3837  831.1221 | 90.5060  790.7901 | 84.0760  784.0059
107.608  883.1611 | 103.3379 8822596 | 95.6214  831.8212 | 85.8747  832.4619
1147376 890.976 | 112.6625 891.0082 | 100.8112  844.4865 | 100.9558  839.6992
131.9189  898.0246 | 116.4877 898.1112 | 112.388  884.6569 | 111.4515 886.1531
140.9194  963.0654 | 132.161  966.6455 | 125.5883  898.0166 | 117.3405 898.3411
152.7888  973.8654 | 141.1286 974.4535 | 138.9551 972.0067 | 132.3287  972.7964
158.9598  1019.344 | 161.4222  1016.68 | 144.5368 1006.689 | 140.6656  1007.44
169.2401  1121.23 | 168.7692 1124.065 | 147.665  1118.726 | 145.0218 1121.529
251.1474 1128548 | 249.4351 1130.364 | 153.5745 1143.974 | 150.5989  1142.409
266.983 11482 | 264.2749 1148.203 | 244.9989 1146.702 | 244.6874  1145.041
272.2505  1160.258 | 269.4734 1162.212 | 257.8432 1161.807 | 256.3302  1164.402
291.7749  1301.744 | 288.9441 1298.076 | 270.0034 1296.497 | 266.3985 1294.154
357.0169  1313.719 | 353.1964  1309.987 | 296.1439  1304.836 | 293.443  1304.622
366.6732  1314.285 | 363.6425 1312.968 | 353.3716 1318.523 | 351.6591  1315.58
380.216  1339.125 | 379.7907 1337.297 | 363.2657 1328.132 | 361.6926 1321.124
464.4417  1591.114 | 464.284  1597.843 | 428.226  1574.847 | 427.5711 1583.273
546.7315  1602.09 | 546.4778 1608.505 | 467.8925 1602.339 | 467.992  1590.689
622.7525  1627.637 | 620.3693 1627.069 | 547.1336  1609.792 | 545.5406  1621.535
633.8634  1669.657 | 633.4594 1679.368 | 619.6753 1620.208 | 619.5216 1627.114

It is well accepted that these ground-state vibrational modes provide a lot of information

regarding the interaction present in any material. Along with this information, knowledge

of IR and Raman spectra can help us to have a deep insight about our concerned material.

In this connection, we have not only done the analysis of BECs for ONC but also calculated

the zone center phonon frequencies using density functional perturbation theory (DFPT)

within the framework of harmonic approximation. As ONC has 64 atoms in a primitive

unit cell, we have found 192 zone centre phonon modes. It can be seen that the mechanical

representation of these vibrational modes is as follows:

M = 48A, + 48A,, + 48B, + 48B,

All the phonon frequencies related to different representations are given in Table 5.5.
Among these modes, A, + 2B, are acoustic modes and the rest 48A, +47A, + 48B,
+46B,, are optical whereas 47A, + 468, modes are IR active modes and 48A, + 48B,
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modes are Raman active modes. As the assignment of all these 192 modes are extremely
difficult and the BEC calculations show N2, N4 and oxygen O2A atoms play a crucial
role in BEC, vibrational modes related to these atoms can be considered to contribute
mainly to the vibrational properties of ONC. It is quite obvious that a direct comparison
cannot be drawn in between the earlier reported IR active modes by Kortus et al. with the
presented result in this work as the previous report is based on molecular level calculation,
whereas our calculation considers crystalline ONC along with van der Waals interaction.
This consideration gives the reliability of our calculation compared to earlier reported
vibrational modes. Report by Kortus et al. shows that the highest frequency of IR active
mode is found at 1591 cm~! whereas our result shows it at 1679.37 cm™'. As no other
report or experimental results are available on this property of ONC, our calculation

shows its importance in this concern.

5.3.4 Electronic band structure

Information about the exact bandgap of any energetic material is very important as
this parameter is associated with the electric discharge phenomenon and the consequent
detonation of such material. In this regard, the use of TB-mBJ potential along with the
normal GGA functional has proven to produce nearly the exact bandgap of any material
with less computational time whereas standard LDA or GGA functionals are always known
to underestimate the bandgap. As a result, the electronic band structure of monoclinic
ONC is computed using full-potential linear augmented plane wave method with normal
GGA functional as well as with the addition of TB-mBJ potential has been calculated
which has been shown in Figure 5.3a. The bandgap without TB-mBJ potential is 3.09
eV while the bandgap after the incorporation of TB-mBJ potential has shown a large
increment with a value of 5.31 eV. This band structure is showing an indirect nature of
bandgap with valence band top (VBT) at V and conduction band bottom (CBB) at I
It can also be seen from the Figure 5.3a that these bands are less dispersed and flat in

nature.

In this consideration, no report can be found regarding the bandgap of this material except
the HOMO-LUMO gap of 3.25 eV by Kortus et al. [35] which is near to the bandgap
found in this work for bulk ONC with GGA functional. From this result, the importance
of the incorporation of TB-mBJ potential in this work can easily be understood. Along
with the electronic band structure of ONC, the total and partial density of states (DOS)
of this material have also been considered in this study. This DOS and PDOS of ONC
are shown in Figure 5.3b. A sum of 16 inequivalent atoms has been considered in this
concern. It can easily be seen from this DOS that a strong covalent bonding is present
in between all carbon atoms in the cage. This also indicates the presence of a mixture
of covalent and ionic bonding with nitrogen and corresponding carbon atoms. In case of

nitrogen and oxygen atoms a slight deviation in overlapping in the DOS can be seen which
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Figure. 5.3 Electronic band structure (shown in a: black and red colour denote band

structure without and with TB-mBJ potential) and density of states [shown in b: solid

and dashed line represent partial density of states without and with TB-mBJ potential
(black: atomic, red: s-electronic and green: p-electronic contributions) whereas total
DOS without and with TB-mBJ is represented by black and red colour, respectively]

along with the contributing inequivalent atoms of atoms of ONC.

indicates the presence of ionic nature in the bond associated with these atoms. Though
the density of states using normal GGA functional clearly shows that the valence band
near Fermi level is mainly composed of carbon and oxygen contribution, the inclusion
of TB-mBJ potential shows a shift of density of states of carbon atoms towards more
negative energy leaving the fact that the main contribution near the Fermi level is due to
the oxygen atoms. The main contribution in the bottom of the conduction band is found
due to O4 type oxygen atoms. Calculation of BEC has also shown a large deviation in
02 and O4 types of oxygen atoms which helps us to understand the importance of O2

and O4 types of oxygen atoms in this material.

5.3.5 Optical properties

The optical properties of ONC have been studied with more accurate TB-mBJ potential
in addition to normal GGA functional which is implemented in the FP-LAPW method.
Calculated complex dielectric function, absorption spectra, refractive index, reflection
spectra and energy loss function spectra with respect to photon energy have been shown
in Figure 5.4 and 5.5. In order to calculate the optical properties, knowledge of dielectric

function is very important. In this connection, the imaginary part of the dielectric function
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can be evaluated with the help of the equation 5.1.

Eg(w)

/ PEY| < Gelply > PO(E. — B, — hw) (5.1)

27rhm w?

Where 1, and v, denote the conduction and valence band wave functions, respectively,
p denotes the momentum operator and photon frequency is denoted by w. In general,
the dielectric function is denoted as €(q,w) where q and w indicate momentum trans-
fer in photon-electron interaction and the photon energy transfer, respectively. But as
we are considering negligible momentum transfer from initial to final state according to
electric-dipole approximation, q = 0 in these calculations. Though this dielectric function
€(w) is contributed by intra- and interband transitions, interband transitions are mainly
considered in these calculations as intraband transitions are important for metals. As it
is well known that the contribution of the indirect interband transitions which involve
phonon scattering to €(w) is small compared to direct interband transitions, [61] we have
considered only direct interband transitions. By integrating all possible transitions from
occupied to unoccupied states with fixed k-vector over Brillouin zone, direct interband
contribution to imaginary dielectric function ey(w) can be calculated within the random
phase approximation [62] which has been shown in equation 5.1. For obtaining the full
information about the dielectric function, Kramers-Kronig transformation is found to be

useful which is normally used to extract the real dielectric function.

e(w) =1+ P/OO aw ,dw (5.2)

2

Here P denotes the principal value of the integral. Knowledge of imaginary and real
dielectric functions helps to calculate other optical properties such as reflectivity R(w),
refractivity n(w), energy-loss function L(w) etc. The relation to obtaining the reflectivity
R(w) is as follows

(Yew) 1),
Rw) = |—F—— 2.3
(w) I( e(w)+1)| (5.3)

In case of energy-loss function L(w), the relation is

(€2(w) P

L) = o+ awr

Refractivity function n(w) can be expressed as
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Figure. 5.4 Optical properties of ONC. (a) dielectric function (upper panel shows € (w)

and lower panel shows e3(w)), (b) absorption spectra and (c) refractive index.

The real and imaginary dielectric function shown in Figure 5.4a (upper panel and lower
panel, respectively) show optical anisotropy, especially in the high energy range. Static di-
electric constant along different directions follows as: zz (high) > xx (medium) > yy (low).
Static values of €;(w) for xx, yy and zz directions are 2.33, 2.26 and 2.36, respectively,
which are nearly equal and show optically isotropic behaviour in the low energy range.
The fluctuation of the real part of dielectric function can be found high at 6 eV which
leads to the high value of imaginary parts of dielectric functions. In both the cases, c-axis
show higher optical activity compared to other axes. In order to calculate the absorption
spectra of this material, this imaginary part of the dielectric constant has been evaluated

from the real part of the dielectric function with the help of the Kramers-Kroning relation.
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Figure. 5.5 Optical properties of ONC: (a) reflectivity and (b) energy loss function.

Absorption spectra of ONC depicted in Figure 5.4b clearly show that the first absorption
peak is in the xx-direction at nearly 5.2 eV photon energy. Though this absorption spectra
shows nearly isotropic nature in the low energy region it becomes anisotropic in the high
energy range. All the high-intensity absorption peaks can be seen in the zz-direction which
indicates the importance of oxygen atoms (specially B type of oxygen atoms) aligned in
this direction. Static value of n(w) along different direction are as follows: 1.54 (nzz) >
1.53 (nxx) > 1.51 (nyy) whereas the static value of R(w) along different directions are
as follows: 0.045 (nzz) > 0.044 (nxx) > 0.041 (nyy). The reflectivity is shown in Figure
5.5a in three crystallographic directions which indicates that the value of this parameter
is always high along the c-axis. Similarly, energy loss function L(w) of this material has
been studied in this work which is related to the energy loss of electrons while travelling
inside a material. The value of this parameter along the c-axis is found to be higher

compared to other axes.

5.4 Conclusions

In summary, we have optimized the monoclinic structure of novel high energetic material
octanitrocubane (ONC) with normal PBE functional as well as with van der Waals cor-
rected DFT to obtain the ground state structural as well as elastic properties of ONC. van
der Waals corrected T'S method is found to be more suitable for producing experimental
results. Lattice parameter ‘¢’ of this material is found to be more compressible than the
other two axes which had been anticipated from the study of the crystal structure. The
calculated bulk modulus is found to be 12.19 GPa which is similar to other secondary
energetic materials. The study of elastic constants of this material reveals that the c-axis

is more sensitive, and the a-axis is less sensitive to shock initiation. Also, this material is
more sensitive than RDX but less sensitive than f-HMX. Analysis of BECs of ONC tells
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the presence of mixed ionic and covalent bonding among nitrogen (N2, N4) and oxygen
(O2A) atoms. After that, zone centred phonon frequencies of this material have been
evaluated in this study, and 192 vibrational frequencies of ONC have been reported. In
the end, the bandgap of this material has been calculated using well-known semi-local
TB-mBJ potential and found to be 5.31 eV. The density of state shows a presence of
strong covalent bonding in the carbon cage of this material. In the low energy range,
optical isotropy can be seen, which becomes anisotropic at high energy. An extensive
study of structural, elastic, vibrational, electronic and optical properties clearly indicates
the involvement of 2- and 4-type of atoms in different properties of this material which

are arranged in be-plane of the material.
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CHAPTER 6

Understanding of structure-property correlation of

heterocyclic energetic materials

This chapter presents a theoretical insight about the structure-property correlation of het-
erocyclic furazan based energetic materials 4,4 -Bis(nitramino)azofurazan (DNAF) and
Bis(nitrofurazano)furazan (BNFF-1). Obtained ground state structural parameters of
these materials using dispersion corrected schemes are found to match well with experi-
mental data. Pressure variation study of structural properties clearly indicates that DNAF
is highly compressible along the b-axis, while the c-axis of BNFF-1 is more compressible.
Pressure variation of unit cell volume of these crystals also helps us to evaluate their
corresponding bulk modulus and pressure derivative of the bulk modulus. The variation of
the intramolecular bond lengths of DNAF with pressure shows that the bond between the
nitrogen atoms in the nitramine group is more compressible than other bonds. The study
of elastic constants and related properties of these materials has also been carried out to
know the impact and frictional sensitivity. In the end, electronic band structure calcula-
tion has been performed as the information about this quantity has been found to be very

useful due to its correlation with the photodecomposition process of energetic materials.

6.1 Introduction
A recent trend in the development of modern high energy materials has been achieved by
replacing the traditional method of using nitro group with nitrogen-rich heterocycles [1].

Indeed, heterocycles are found to be more efficient than the multiple uses of nitro groups as
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6. Structure-property correlation study of heterocyclic energetic materials

the presence of excessive nitro groups may increase the risk of handling such materials [2].
Also, as desired properties of energetic materials can be achieved to a greater extent with
these nitrogen-rich heterocyclic compounds, these compounds are considered as a good
substitute for widely used nitroether-, nitramine-, and nitroaromatic-based compounds
[3]. Among those different heterocycles, tetrazoles, triazoles, pyrazoles, imidazoles, oxa-
diazoles, furazan, furoxan, etc., are normally used [4, 5] in modern energetic materials.
These materials possess important energetic properties such as positive oxygen balance
(OB), high heat of formation (HOF) and high density. The presence of different bonding
between nitrogen, carbon and oxygen atoms in these structures are the main reason for
these attributes [6]. Also, the ring-strain energy stored in these materials improves their
detonation properties [7] and helps to achieve better thermal stability. Earlier studies have
shown that the furazan and tetrazole structures are more efficient in comparison to the
other heterocyclic structures in high energetic materials [8]. In this connection, the use of
furazan group instead of the nitro group has shown an increment in density by 0.06-0.088
g/cm?® in HOF by 200 kJ/mol, and in detonation velocity by 300 ms™!, respectively [9].
This has brought interest in the community to look forward to finding furazan based en-
ergetic materials [10]. These properties, which are making furazan a potential candidate
of interest, are due to the presence of two doubly bonded carbon and nitrogen atoms and
two singly bonded nitrogen and oxygen atoms in the ring [11, 12]. It is also found that the
enhancement of detonation parameters with less sensitivity can be achieved by the use of
azo moiety as it includes a larger endothermic HOF in energetic materials [13]. In addition
to the azo moiety, better detonation properties can be achieved by using different energy-
rich functional groups such as nitro (-NO,), nitrato (-ONOs), nitramine (-NNO,), and
azido (-Nj3) in heterocyclic furazan based energetic materials [14]. A better structural
modification can also be expected from —-NHNO, functionality along with the furazan
ring to have an advanced energetic anion [15]. The importance of this nitramine group
for attaining the desired performance cannot be denied according to present knowledge
on energetic material [16] as the nitro and amino groups present in the same molecule can
generate extensive intra- and intermolecular hydrogen bonding, reducing their sensitivity.
Though hydrogen bonding is a major factor for determining the sensitivity of energetic
materials, a lot more other parameters related to these materials are also involved in the
complex process of detonation. Dependence of impact sensitivity on bandgap narrowing,
stored energy content, crystal habit and the quantification of these parameters are well
explained by Bondarchuk [17]. A recent report by Shreeve et al. [18] on the synthesis of
DNAF in the nitraminofurazan group mentioned its great detonation performances. Also,
based on these furazan and furoxan heterocyclic rings, Bis(nitrofurazano)furoxan (BNFF)
was first synthesized by Zhang et al. [19]. This material shows good performance but
high sensitivity towards shock-wave due to its active coordination oxygen of furoxan ring.
As a result, Zhang et al. synthesized bis(nitrofurazano)furazan (BNFF-1) [20] to achieve
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less sensitivity along with high performance. Though these materials have shown their
potential to become high energy materials, studies on these materials are still very scarce.
In this connection, a complete structure-property relation study on these materials can
help us to have a thorough understanding of such materials. Therefore, an initiative has
been taken in this work to understand the structure-property relation of these materials
through density functional theory calculations. Here the structural properties along with
the elastic and electronic properties of the crystalline phase have been addressed. Two
well-known energetic materials RDX [21], and f-HMX [22] have been considered for the
comparison of elastic constants to understand the sensitivity of these materials. The ar-
rangement of this chapter is as follows: the crystal structure and computational details
are presented in the next section. Then, our results and corresponding discussions on

these materials are given, and our conclusions for this study are drawn.

6.2 Crystal structure and computational Details

To have a preliminary idea about different interactions present in these materials, crys-
tal structure in different orientations as well as the molecular structure are presented.
Shreeve et al. [18] has shown that DNAF exists in monoclinic structure with P2, /c
space group where associated molecules are made up of two furazan, two nitramine and
one azo building blocks. It can be easily visualised from Figure 6.1a, that the presence
of intramolecular hydrogen bonding between the nitramine hydrogen atom and the azo
nitrogen atom ((N(8)-H(6))/(N(8)-H(6"))) contributes significantly to the structural sta-
bility of this molecule. The arrangement of this molecule in the crystal structure is clearly
shown in Figure 6.1b, ¢ and d with different orientations. The presence of different inter-
molecular interactions in this material can be explained from these orientations. Stacking
of these molecules along a-axis can be seen from the Figure 6.1b, whereas the presence of
intermolecular hydrogen bonding along c-axis is depicted in both Figure 6.1b and c. The
hydrogen atom of nitramine group and its nearest nitrogen atom of the furazan group of
other molecules form this intermolecular hydrogen bonding. Except these interactions,
the role of intramolecular azo bond is found to be prominent in between different layers
of this material. Figure 6.1d depicts a zigzag arrangement of these molecules in ab-plane
which tells about the presence of edge-to-face and face-to-face stacking interaction in this
material. This figure also confirms the absence of intermolecular hydrogen bonding in this
plane which in turn predicts that the effect of inclusion of van der Waals interaction will
be more for lattice parameter a and b than lattice parameter c. In case of BNFF-1, three
furazan groups along with two nitro groups can be seen in the molecular structure shown
in Figure 6.2a. The crystal structure of this compound depicted in Figure 6.2b clearly
shows the presence of stacking interactions in this material. To obtain different properties
of these materials, Vienna Ab-initio Simulation Package (VASP) [23] has been used. This

package implements density functional theory [24, 25] within the projector augmented
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wave (PAW) [26] method. The treatment of electron-electron interactions is considered
with the generalized gradient approximation (GGA) [27] and the method of Grimme
28] and T'S scheme have been used to include missing vdW corrections. The structure
optimization has been done using the Broyden-Fletcher-Goldgarb-Shanno (BFGS) [29]
minimization scheme. This TS correction scheme will include the correct polarizability of
the inter-atomic bonds over Grimme [30]. To ensure a sufficient convergence, the Brillouin
zone integration using a Monkhorst-Pack grid [31] was done with a I-centered (5x6x6)
grid for DNAF and with a grid of (3x2x1) for BNFF-1. While the plane wave energy
cutoff was set to 600 eV for both the materials. The valence electronic configurations used
in these calculations are C: [2s?2p?], N: [2s?2p?], O: [2s?2p?] and H: [1s']. The convergence
criteria for this calculation were set accordingly: energy convergence = 1x107® eV /atom,
maximal residual force = 0.01 eV /A. In case of calculating the elastic constants, this max-
imal residual force was set to 1x10~* eV /A for DNAF and to 1x10~3 ¢V /A for BNFF-1.
The used K-path for band structure calculation of BNFF-1 crystal is: [-Z-T-Y-S-X-U-R.

Figure. 6.1 Molecular structure (shown in a) and Crystal structure of

4.4'-Bis(nitramino)azofurazan shown in (b) be plane, (¢) ca plane and (d) ab plane.

In order to have a precise band structure of DNAF use of the GW approximation [32, 33,
34, 35, 36, 37] has been considered which is implemented in VASP. The convergence of our
calculations was reached when 220 states were used to sum over bands for polarizability as

well as for self-energy formulas and in order to calculate polarizability matrices a cut-off

148



6. Structure-property correlation study of heterocyclic energetic materials

Figure. 6.2 Molecular structure (a) and crystal structure (b) of BNFF-1 in yz plane.

up to 150 eV has been considered. To understand intermolecular interaction in DNAF,
hirshfeld surface with its fingerprint at ambient pressure as well as at high pressure have
been calculated using CrystalExplorer [38]. Hisrhfeld surface is based on the electron dis-
tribution of the promolecule (ppromotecute (7)) Which is considered to be the sum of spherical
atoms for molecule and the procrystal (pprocrystar(r)) Which is the corresponding sum over
the crystal and is defined using an implicit weight function w(r) = 0.5 [39, 40]. Here w(r)

is expressed as:

w(?ﬁ) — Ppromolecule (61)

Pprocrystal
Distance information of external (d.) and internal atoms (d;) to the surface is summarized
in a 2-D histogram and is called the fingerprint plot of the surface. This kind of fingerprint

provides the relative contribution of different intermolecular interactions [40, 41].

6.3 Results and Discussion

6.3.1 Structural properties

The structure of a material is intimately linked to its properties and vice versa. In this
section, we present a thorough study of the different structural parameters like lattice
parameters and unit cell volume of these materials at ambient and at high pressure. A
thorough understanding of different bond angles and bond lengths associated with DNAF
and especially intra-, intermolecular hydrogen bonds of this compound have also been
presented. The structures shown in Figure 6.1 clearly depicts the presence of layers in
DNAF, therefore we can expect a prominent effect of van der Waals interactions. Our

calculated lattice parameters, angles, volume at equilibrium using the PBE functional
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and the van der Waals corrected D2 and TS methods are presented in Table 6.1. As
expected, the PBE functional is overestimating significantly the lattice parameters and
volume, while the results obtained with the D2 and T'S methods are found to be close to
the experimental values. In the following, we have used exclusively the D2 method since
this method is reproducing more closely the experimental values than the T'S method for

this particular compound.

Table 6.1 Calculated structural parameters of monoclinic crystal DNAF at 0 GPa
along with previously reported result (see in Ref. [18]).

Parameters Expt. PBE D2 TS
a(in A) 5.63 6.13 5.69 5.75
b(in A) 9.12 9.55 9.06 9.26
c(in A) 9.55 9.93 9.60 9.59

B(°) 97.91 101.18 98.78 98.77

Vol(in A3) 485.52 570.69 488.95 504.65

AV(%) +17.54 +0.71 +3.94

The calculated ground state lattice parameters of BNFF-1 are given in Table 6.2. The
deviation in optimized lattice parameters and volume of BNFF-1 with PBE (~5%, >10%)
and GO6 (~1%,~2%), TS (~0.5%, ~1%) confirms the importance of van der Waals
correction to normal DFT calculation for this material. However, the results given in
Table 6.2 clearly explain that the TS method is more suitable than Grimme(D2) [30]
for calculating the structural properties of BNFF-1. Since the same damping function
is used in both dispersion correction methods, the obtained difference in the structural
optimization can be attributed to the fact that TS scheme accounts for the effect of
hybridization states on the bond polarizability for calculating the dispersion coefficients.
Hence, all further calculations are performed on TS equilibrium BNFF-1 structure. After
obtaining the ground state structural parameters of these materials, a pressure variation
study has been performed on these materials to understand the compressibility nature of

different structural parameters.

The pressure variation of volume and lattice parameters of DNAF are shown in Figure
6.3, and clearly depicts that the lattice parameter b is more compressible than the other
two lattice parameters. The calculated coefficients of pressure for a, b, and c lattice
parameters are 11.930, 13.037 and 7.307 GPa~!x 1073, respectively. These values indicate
that the ordering of compressibility of the lattice parameters follows b > a > c¢. Bulk
modulus as well as its derivative with respect to pressure have been calculated from
the pressure-volume curve. Third-order Birch Murnaghan equation of state (EOS) [43]
has been employed in this process. Our calculated bulk modulus value for DNAF is

15 GPa, whereas its derivative related pressure is found to be 10.54. Though the high
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Table 6.2 Calculated structural parameters of orthorhombic BNFF-1 at 0 GPa with
and without van der Waals corrected DFT.

Parameters Expt.a PBE D2 TS
a(in A) 7.149 7.497 7.131 7.190
b(in A) 9.789 10.250 9.702 9.82
c(in A) 15.284 15.899 15.204 15.325

Vol(in A?) 1069.63 1221.67 1051.85 1083.00
AV(%) +14.2 1.7 +1.2

compressibility of this compound can be confirmed from its low bulk modulus value,
higher pressure derivative value of bulk modulus indicates stiff quality of this crystalline
material with increasing pressure. A previous study on similar kind of C-H-N-O based
energetic materials by Appalakondaiah et al. [44] supports our result, while the known
experimental values for energetic materials such as f-HMX (12.4 GPa (10.4) [45], 21.0
GPa (7.4) [46]), TATB (15.7 GPa (8.0) [47]), and TAG-MNT (14.6 GPa (4.8) [48]) are in

a similar range.
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Figure. 6.3 Pressure variation of lattice parameters (showed in a) and Pressure
variation of the volume (showed in b) of DNAF.

In order to obtain the single-crystal bulk modulus value of BNFF-1, we calculated the
equation of state (EOS) in 0-5 GPa range with 0.5 GPa step size. The corresponding vari-
ations in the lattice parameters and volume with respect to applied pressure are shown in
Figure 6.4. It can be clearly seen from the Figure 6.4, that the c axis is more compressible
than other two axes. The calculated first-order pressure coefficient for lattice parameters
a, b, care 12.87, 11.51 and 14.63 GPa~! x 103 respectively, indicating the ordering of com-

pressibility as ¢ > a > b. The pressure versus volume curve is fitted to the third-order
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Figure. 6.4 Variation of lattice parameters (a, b, ¢ in A), volume (A%) with respect to
pressure at PBE+ TS level of BNFF-1.

birch murnaghan equation of states to calculate bulk modulus and pressure derivative.
Resulted bulk modulus value (11.43 GPa) is in the range of the secondary energetic ma-
terials and its high-pressure derivative value (8.17) shows its more compressible nature.
As mentioned earlier in this section, an analysis of intra- and intermolecular bonding of
DNAF has also been carried out in this work to support the result found from the unit
cell parameter calculation. Along with intramolecular bonds between carbon, nitrogen,
hydrogen and oxygen atoms present in the crystal, intermolecular hydrogen bonding has
also been considered in our analysis for its major contribution to the cohesion of crystal
structure. Obtained values of intramolecular bonds with different functionals at equilib-
rium is presented in Table 6.3. As expected, the prominent effect of the vdW correction
cannot be seen for these bonding. To have a proper understanding of the pressure effect on
intramolecular bonds, evaluation of these bond lengths is considered up to 5 GPa, where
0.5 GPa is the size of each step. Fig. 5 shows this evaluation result which clearly depicts
high compressible nature of N-N bond of the amine group than the other intramolecular
bonds. Our calculated intermolecular distances at equilibrium are reported in Table 6.4.
Here, N(2A)-N(6B) denotes the nearest intermolecular distance for face-to-face stacking,
whereas N(7A)-C(4B) and N(7A)-N(5B) are the distances to consider for edge-to-face
stacking, while N(2A)-H(6B) corresponds to intermolecular hydrogen bonding. It is clear
from these data that the vdW interactions take a significant role in the strength of the

interatomic distances and therefore in the cohesion of the crystal.

The effect of pressure on intermolecular hydrogen bonding has also been studied here.
Figure 6.6 shows the pressure variation of intermolecular nearest distances related to hy-

drogen bonding. From this figure, it can be seen that N6-H6 which is donor hydrogen
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6. Structure-property correlation study of heterocyclic energetic materials

Table 6.3 Intramolecular bond lengths calculated with GGA and different vdW

corrections along with reported experimental value (see in Ref. [18]).

Intramolecular bonding Expt. PBE D2 TS
N(8)-N(8)(in A) 1.26 1.27 1.27 1.27
N(8)-C(4) (in A) 1.40 1.38 1.38 1.38
C(4)-C(3) (in A) 1.44 1.45 1.45 1.45
C(4)-N(5) (in A) 1.31 1.32 1.32 1.32
C(3)-N(2) (in A) 1.31 1.32 1.32 1.32
N(5)-O(1) (in A) 1.35 1.35 1.35 1.34
N(2)-O(1) (in A) 1.40 1.41 1.40 1.40
C(3)-N(6) (in A) 1.38 1.37 1.37 1.37
N(6)-N(7) (in A) 1.38 1.40 1.39 1.39
N(6)-H(6) (in A) 0.82 1.03 1.04 1.03
N(7)-0(2) (in A) 1.22 1.23 1.23 1.23
N(7)-O(3) (in A) 1.22 1.23 1.23 1.23
H(6)-N(8) (in A) 2.43 2.30 2.31 2.31

Table 6.4 Intermolecular distances of nearest atoms with GGA and different vdW

functionals along with experimental data(see in Ref. [18]).

Intermolecular bonding Expt. PBE D2 TS
N(2A)-H(6B)(in A) 2.21 2.23 2.05 2.08
N(2A)-N(6B)(in A) 2.96 3.08 2.95 2.96
N(6B)-H(6B)-N(2A) 147.9 139.4 143.0 141.5

N(6A)-H(6A)-N(8'A) 112.0 114.3 112.8 112.6
N(7A)-C(4B)(in A) 3.56 3.88 3.55 3.65
N(7A)-N(5B)(in A) 3.18 3.53 3.17 3.24

bond (D-H), is not varying with pressure whereas the N(2A)-H(6B) intermolecular dis-
tance which is acting as acceptor hydrogen bond (H-A), is decreasing with pressure. Also,
the intramolecular hydrogen bond (N(8)-H(6)) is slightly decreasing with pressure. This
decrease of the H-A bond length corresponds to densification of the intermolecular hy-
drogen bonding network and consequently leads to strengthening intermolecular bonding.
Though the previous discussion is mainly concerned about the intra- and intermolecular
bond lengths and provides a good description of intramolecular interactions, it cannot
explain intermolecular interactions in a proper way. Hirshfeld surface analysis has been
considered in this respect to have more insight into intermolecular interactions present in

this material.
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6. Structure-property correlation study of heterocyclic energetic materials

This study has been done at 0 GPa as well as at high pressure up to 5 GPa in steps of 1
GPa to understand the pressure effect on these interactions. The hirshfeld surfaces and

the corresponding fingerprints of the material are given in Figures 6.7-6.15.
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Figure. 6.7 Hirshfeld surface (a) and finger print (b) of the intermolecular interaction
of DNAF at 0 GPa.
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Figure. 6.8 Contribution of O-H intermolecular interactions in DNAF at 0 GPa shown
through Hirshfeld surface (a) and finger print (b).
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Figure. 6.9 Contribution of N-H intermolecular interactions in DNAF at 0 GPa shown
through Hirshfeld surface (a) and finger print (b).
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Figure. 6.10 Contribution of O—C intermolecular interactions in DNAF at 0 GPa
shown through Hirshfeld surface (a) and finger print (b).
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Figure. 6.11 Contribution of C-N intermolecular interactions in DNAF at 0 GPa
shown through Hirshfeld surface (a) and finger print (b).
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Figure. 6.12 Contribution of O-N intermolecular interactions in DNAF at 0 GPa
shown through Hirshfeld surface (a) and finger print (b).
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Figure. 6.13 Contribution of O—O intermolecular interactions in DNAF at 0 GPa
shown through Hirshfeld surface (a) and finger print (b).

de

5!-'5

2.4

P
9 . .a-_lei:‘__

2.0

1.8

1.6 ; Ris

1.4 12

“Figl

1.2

1.0

d;

10 12 14 16 18 20 22 24
(a) (b)

Figure. 6.14 Contribution of N-N intermolecular interactions in DNAF at 0 GPa
shown through Hirshfeld surface (a) and finger print (b).
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Figure. 6.15 Hirshfeld surface (a) and finger print (b) of the intermolecular interaction
of DNAF at 5 GPa.

It is clear from the hirshfeld surfaces shown in Figures 6.7a and 6.15a that as the pressure
increases, blue regions are decreasing and the red regions are increasing, indicating the
shortening of the intermolecular distances. This result is quite obvious as the application
of pressure is considered to achieve the denser packing of the crystal. More information
regarding different interactions can be obtained from the fingerprint plots associated to
different interactions. A pair of spikes, seen in the fingerprint plot 6.9b, represents the
hydrogen bonding interaction present in the crystal and the de distance of these spikes
are becoming shorter with elevated pressure. These fingerprints with increased pressure
also depict no variation of the shape of the fingerprints indicating similar intermolecu-
lar interaction up to 5 GPa. Percentage of different interactions and variation of these

interactions with pressure have also been calculated and shown in Figure 6.16.

Results at 0 GPa clearly shows that the significant contribution in the intermolecular
interactions is due to O-N, O-O, N-N, C-O, H-O, and H-N interactions. Among these
interactions N-N and H-N interactions are found to increase with pressure whereas other
interactions are found to decrease. Increasing nature of H-N interactions supports the
strengthening of intermolecular hydrogen bonding in the material. It can also be seen
that, though the contribution from C-N interaction at 0 GPa is very less, it is increas-
ing with pressure. Along with the calculation of percentage area study due to different
intermolecular interactions, study of hirshfeld surface at high pressure, shown in Figure

6.15 clearly depicts the increment of red coloured concave area around nitrogen atom of
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Figure. 6.16 Pressure variation of percentage contribution on Hirshfeld surface of

different intermolecular interaction present in the crystal.

furazan ring and the red coloured area at the end of the nitro group of the nitramine

group. This concludes the presence of stacking interaction in the crystal.

6.3.2 Elastic properties

The study of elastic constants is instrumental to understanding interactions taking place
in different directions of a crystal. These interactions are the main reason for the transfer
of mechanical energy in between different lattice points which in turn is the reason to
initiate the decomposition reaction and then leads to the subsequent detonation. It is
known that the understanding of the whole detonation process is quite difficult compared
to the detonation initiation. This detonation initiation is considered as a collective prop-
erty of energetic materials which depends mainly on three parameters: intermolecular
interactions, molecular arrangements, and the composition of the molecule. Studies have
shown that the strength of these interactions between different molecules can be observed
on the macroscopic properties of the material. In this respect, a detailed study on pen-
taerithrytol tetranitrate (PETN) [49] by Dick proved the strong directional dependent
nature of shock sensitivity to detonation. As this directional dependence is due to the
strength of the lattice interactions in different directions, shock sensitivity can be corre-
lated with the elastic constants of the material and sensitivity of such materials can be
predicted through these elastic constants. Indeed, this is the behaviour of the PETN high
energy material, where the lowest sensitivity is found to be along the crystallographic ‘a’
axis with its stiffest elastic constant being C11. Using the stress-strain method, differ-
ent elastic constant values for monoclinic DNAF and orthorhombic BNFF-1 have been
obtained (see Table 6.5) and compared them with the elastic constants of cyclotrimethy-
lene trinitramine (RDX) and cyclotetramethylene tetranitamine (S-HMX) found from
Brillouin scattering spectroscopy. The elastic constants of RDX and S-HMX, which are
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secondary energetic materials, are considered to compare the sensitivity of studied ma-
terials with respect to RDX and S-HMX. As RDX is an orthorhombic system, a direct
comparison between DNAF and RDX is not possible but some observation could be done
based on the prominent elastic constants. The elastic constants of DNAF are similar in
magnitude to the values found for RDX but with different ordering. Although C35 is
found here to be negative but of small magnitude, Born’s stability criteria for this mono-
clinic structure confirms the mechanical stability of the material [50]. A similar situation
was found earlier for monoclinic LiN3 [51]. The decreasing elastic constant ordering along
principal directions is C33 > (C22 > C11. Also, the elastic constant calculation shows a
lowering in bulk modulus value to 10 GPa compared to the value found from pressure-
volume data using Birch-Murnaghan EOS. Values of C11, C22, and C33 elastic constants
of RDX shown in Table 6.5 are significantly higher than the corresponding values of (-
HMX but similar to those of DNAF. However, the highest elastic constant value of DNAF
along z-axis (C33) is large compared to the highest elastic constant value of RDX along
x-axis (C11) and the values of C12 and C13 are also sizeably different. As the elastic
constants of f~-HMX are smaller than those of RDX, previous studies on elastic constant’s
relevance to detonation [49] suggest a high sensitive nature of S-HMX than RDX to det-
onation which is initiated by shock-wave. Higher value of elastic constants C12, C13 of
B-HMX suggests that RDX will be more affected than S-HMX due to shear deformation
along crystallographic b- and c-direction and the high sensitivity of RDX along c-direction
has also been correlated with the less value of C33 than C33 of RDX. According to this
knowledge, we can infer in a qualitative way that the sensitivity of DNAF is nearly equal
to RDX and less than S-HMX. Directional dependence of sensitivity along a-axis is high
whereas lower in magnitude along the c-axis. It can also be said that the b and c-axis are
not susceptible to the specific shear deformation like RDX. The result, shown in Table 6.5
also confirms that the least sensitive c-direction of DNAF is even less compared to least
sensitive a-direction of RDX, which is making this material a potential candidate for its

future use as a secondary energetic material.

Table 6.5 Comparisons between elastic constants of DNAF, BNFF-1 and from Brillouin
scattering spectroscopy for RDX (see in Ref. [21]) and S-HMX (see in Ref. [22]).

Elastic Constants ~ C11 C12 C13 C15 C22 c23  C25 C33 C35 C44 C46 C55  C66

DNAF 19.18 13.82 6.88 1.70 20.72 10.22 394 36.84 -0.58 835 3.68 8.02 14.76

BNFF-1 30.03 16.51  8.28 - 27.03 8.6 - 33.53 - 3.16 - 5.06 533
RDX 36.67  1.38 1.67 25.67  9.17 21.64 11.99 2.72 7.6

B-HMX 1841 637 1050 -1.1 1441 642 083 1244 1.08 477 275 477 446

As BNFF-1 crystallizes in orthorhombic structure, we found 9 independent elastic con-
stants and they are tabulated in Table 6.5. The calculated elastic constants satisfy the
Born’s stability criteria for orthorhombic crystal structure hence BNFF-1 is mechanically
stable. The BNFF-1 is found to show different mechanical stiffness as follows C33 > C11
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> (C22. The elastic constants results tell that BNFF-1 is stiffer in y, z directions than
RDX except in x-direction. The overall bulk modulus values inform that BNFF-1 show
similar hardness as RDX (B=11.99 GPa) [21] and hence both possess similar mechanical
sensitivity. Further, the calculated Hills [52] polycrystalline bulk modulus is found to be

17.46 GPa. This difference could be due to the force minimization criteria.

6.3.3 Electronic band structure

In order to understand the electronic contribution of different atoms in a material, elec-
tronic band structure calculation is normally being performed. It is known that a valence
to conduction band transition of an electron can easily be correlated to the electronic
bandgap of any material. In this connection, a low bandgap helps in the initiation of the
decomposition reaction and consequently the detonation process of the energetic material
[53]. This in turn indicates the importance of knowing proper bandgap of energetic ma-
terials. However, the value of the bandgap of the presently studied materials is unknown,
both theoretically and experimentally. At the same time, density functional theory in the
generalized gradient approximation tends to underestimate the bandgap, and therefore
cannot be used for this purpose. In this connection, electronic band structure of DNAF
and BNFF-1 has been studied using GW approximation [29, 30] and TB-mBJ potential,
respectively.
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Figure. 6.17 Electronic band structure of DNAF (a) and BNFF-1 (D).

The GW approximation is known for obtaining a reliable description of electronic band
structure and bandgap of any studied material and our results regarding DNAF is pre-
sented in Figure 6.17a. The effect of the GW correction is seen by a significant opening
of the bandgap in comparison with the results obtained with GGA (the top of the valence
bands at the GGA and GW levels have been superposed to each other). Though a I-point
direct bandgap nature is found for both the approximations, the bandgap value of 4.9 eV
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from GW approximation is really higher than the value of 1.9 eV found from normal
GGA. However, since the dispersion present in the last valence and first conduction band
is limited, this direct bandgap is very close in energy to other direct and indirect transi-
tions. This large bandgap value (4.9 eV) confirms that electrons cannot easily be excited
to the conduction bands, which makes this material a potential candidate as energetic
material by increasing its electric discharge sensitivity. In connection with BNFF-1, when
compared to conventional PBE functional, the TB-mBJ potential is known to reproduce
experimental band gaps with less computational cost when compared to different hybrid
functional [54]. Using the recently implemented TB-mBJ potential using the PAW method
in VASP code, we have calculated the electronic bandgap of BNFF-1 for the PBE+TS
optimized structure. The calculated band gap for BNFF-1 with GGA and TB-mBJ are
3.02 and 4.35 eV, respectively. The preliminary electronic band structure along I'-Z-T-Y-
S-X-U-R k-path in the first Brillouin zone using GGA functional depicted in Figure 6.17b
for reference, which indicates a direct bandgap of BNFF-1 along I'-I" point. The bands
near the Fermi level in the valance band and conduction band are found to be flat, hence

BNFF-1 is an optically active material.

6.4 Conclusions

To conclude, we have studied the high energy material 4,4’-Bis(nitramino) azofurazan and
BNFF-1 with density functional theory. The structural properties are well described with
the vdW corrected methods of Grimme for DNAF and with the TS scheme for BNFF-1.
The compressibility of DNAF and BNFF-1 is found to be high along b axis and ¢ axis,
respectively. Hirshfeld surface analysis has shown a clear presence of strong intermolecu-
lar hydrogen bonding in DNAF. Also, a detailed description of the sensitivity of studied
materials along different directions have been evaluated from the elastic constant’s calcu-
lation and the comparison with the elastic constants of well-established energetic material
has given us the confirmation about the sensitivity of these materials in a qualitative way
which shows that the sensitivity of DNAF is nearly equal to that of RDX but lower than
that of S-HMX. Finally, the quasiparticle bandgap and TB-mBJ bandgap for DNAF and
BNFF-1 show that the obtained value is much larger than the one found with GGA and
confirms the low sensitivity due to electron transfer and subsequent decomposition for

these compounds.
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Conclusions

7.1 Summary and Conclusions

In conclusion, we have carried out a thorough density functional theory study of transition
metal oxides and energetic materials with different molecular structures.

In case of transition metal oxides, we studied mainly the structural, vibrational and associ-
ated IR and Raman frequencies of ABOy type transition metal oxides T1TcO,4 and TIReOy.
In case of T1TcQy, first the structural properties with various exchange-correlation func-
tional have been addressed. After obtaining the ground state structure with the PBE4TS
scheme, we have performed the zone-centered vibrational properties calculation along with
understanding of IR and Raman spectra which shows a similar trend like ABO, type ma-
terial. Here we have also addressed the bonding nature of this material from born effective
charge (BEC) which tells that this material is ionically bonded with Tl and TcO,4 block
whereas TcOy block is covalently bonded. Among different types of O atoms, contribu-
tion of O3 atom is found to be prominent in high-intensity IR and Raman modes. In case
of TIReOy, our obtained results are found to be consistent with our recently reported
experimental results. DF'T total energy calculation of low-temperature tetragonal, room-
temperature monoclinic and hypothetical orthorhombic phases shows that our experimen-
tally predicted room-temperature monoclinic phase is energetically more favourable than
the earlier proposed orthorhombic structure of TIReO4. Our DFT calculations facilitate
the assignment of all the vibrational properties of the low- and room-temperature phases

of TIReO,. Calculated BECs show the presence of a mixed-valence character of bonds in
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both phases. Calculated phonon frequencies allow the assignment of the Raman modes,
the determination of the frequencies of mode undetected in experiments, and the identi-
fication of the atomic movement associated with each mode. We have obtained the same
information for IR and silent modes for the tetragonal phase. The vibrations of TIReO,
are found to be divided into external and internal modes of the ReO, tetrahedron. The
strong high-frequency mode is assigned to the internal stretching vibration of the ReO,
tetrahedron. This is the first time all the vibration modes of both phases of TIReO4 have
been properly assigned. Our reported experimental Raman spectrum of room-temperature
T1ReQy is discussed in comparison with the calculated Raman frequencies of the room-
and low-temperature phases, showing that the assignation of external and internal modes
is maintained in the room-temperature structure in spite of the increase of the number of
modes due to the symmetry decrease caused by the temperature-driven transition.

In case of di- and trinitromethane based energetic materials KDNM, FNF, MHNF and
KNF, all the structural properties with different functionals and vdW schemes have been
calculated initially. Obtained ground state structural parameters with different combina-
tions of functional and dispersion corrected schemes show that the dispersion corrected
Grimme along with PBE pseudopotential works well for KDNM, FNF and MHNF. On the
other hand, PBE + TS scheme provide structural parameters of KNF which match well
with experimental details. Pressure variation study of NF based salts clearly indicates
that the KNF is less and FNF is more compressible in the studied pressure range. This
also helps us to understand that the presence of intermolecular interactions in KNF is
stronger compared to FNF. The study of elastic properties of these materials also sup-
ports this statement by providing higher value of bulk modulus for KNF and less for FNF.
Proper understanding of these elastic constants along different crystallographic directions
indicates that the FNF and KNF crystal is more sensitive along the z-direction, whereas
the MHNF and KDNM crystals are more sensitive along x-direction and y-direction, re-
spectively. Study of Born effective charge of these materials tells the presence of ionic
bonding in KNF and KDNM crystals. On the contrary more covalent bonding is found
to be present in FNF and MHNF crystals. The study of vibrational properties provides
the knowledge about different modes of vibration and the importance of stretching NO
bonds in KDNM. In case of NF-based materials, this study at 0 GPa as well as at high
pressure indicates a blue shift for whole IR peaks except high-frequency peaks of FNF
and MHNF, which are mainly due to symmetric and asymmetric stretching of NH bonds
present in these compounds.

In case of cage structured energetic material, octanitrocubane (ONC) the ground state
structural as well as elastic properties with normal PBE functional in addition with van
der Waals corrected TS scheme have been obtained. Lattice parameter ’¢’ of this material
is found to be more compressible than the other two axes which had been anticipated from
the study of the crystal structure. The calculated bulk modulus is found to be 12.19 GPa
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which is similar to other secondary energetic materials. The study of elastic constants of
this material reveals that the c-axis is more sensitive and a-axis is less sensitive to shock
initiation. Also, this material is more sensitive than RDX but less sensitive than f-HMX.
Analysis of BECs of ONC tells the presence of mixed ionic and covalent bonding among
nitrogen (N2, N4) and oxygen (O2A) atoms. After that, zone centred phonon frequencies
of this material have been evaluated in this study, and 192 vibrational frequencies of ONC
have been reported. In the end, the bandgap of this material has been calculated using
well-known semi-local TB-mBJ potential and found to be 5.31 eV. The density of state
shows a presence of strong covalent bonding in the carbon cage of this material. In the
low energy range, optical isotropy can be seen which becomes anisotropic at high energy.
An extensive study of structural, elastic, vibrational, electronic and optical properties
clearly indicates the involvement of 2- and 4-type of atoms in different properties of this
material which are arranged in be-plane of the material.

In case of heterocyclic based materials, we have studied 4,4’-Bis(nitramino) azofurazan
and BNFF-1. The structural properties are well described with the vdW corrected meth-
ods of Grimme for DNAF and with the TS scheme for BNFF-1. The compressibility of
DNAF and BNFF-1 is found to be high along b axis and ¢ axis, respectively. Hirshfeld
surface analysis has shown a clear presence of strong intermolecular hydrogen bonding in
DNAF. Also, a detailed description of the sensitivity of studied materials along different
directions have been evaluated from the elastic constant’s calculation and the comparison
with the elastic constants of well-established energetic material has given us the confir-
mation about the sensitivity of these materials in a qualitative way which shows that
the sensitivity of DNAF is nearly equal to that of RDX but lower than that of S-HMX.
Finally, the quasiparticle bandgap and TB-mBJ bandgap for DNAF and BNFF-1 show
that the obtained value is much larger than the one found with GGA and confirms the low

sensitivity due to electron transfer and subsequent decomposition for these compounds.

7.2 Future Work

We have mainly restricted our study to ground state crystalline properties studied mate-
rials. This can be further expanded to the high-pressure study of studied materials as this
kind of study will provide more knowledge about the different properties of such materials.
In this connection, the pressure-induced phase transition study of TIReO,4 will provide a
deep insight and help to understand the microscopic phenomena related to this transfor-
mation. High-pressure behaviour of the bandgap value of energetic materials can provide

the understanding about metallization and hence the detonation of such materials.
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