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Introduction

Energetic Materials (EMs) cover a wide range of substances that can react to re-
lease a large amount of energy upon external stimulus such as heat, shock, impact,
spark, etc. The development of EMs began around the thirteenth century with
the formulation and use of gunpowder, which is also known as a black powder.
EMs were initially used for fireworks (entertainment), but their power in the
realm of armed conflict was also identified. Energetic materials include explo-
sives, propellants and pyrotechnics that are widely used for a variety of civilian
and military applications [[I-3]. Explosives are further classified as primary and
secondary explosives: the former are low-performing and highly sensitive com-
pounds [4, 5], which leads to a very fast detonation to deflagration transition by
producing a shock wave that is capable of initiating less sensitive and more power-
ful secondary explosive [6]. Primary explosives are used in blasting caps, primers,
detonators and initiators, whereas the secondary explosives are used as projectiles
in warheads. Secondary explosives are further divided into two categories: Low
Performance Energetic Materials (LPEMs) and High Energy Density Materials
(HEDMs). The purpose of LPEMs is to produce possible lowest sensitivity by
sacrificing a small amount of performance, while the HEDMs are designed to
produce relatively high performance. Propellants do not detonate but undergo
rapid combustion leading to deflagration by releasing a significant volume of gas
to generate relatively high pressure and temperatures, which are sufficient to raise,
accelerate and move objects like missiles, projectiles, rockets, etc. [/-9]. Propel-
lants are mainly divided into rocket and gun propellants: the former is either
liquid or solid that acts as a propulsion system, whereas a gun propellant consists

of both fuel and oxidizer. To further enhance the power of propellants, double



2 1.1. ENERGY-SAFETY CONTRADICTION OF EM’S

and triple based propellants containing one or more energetic components are
developed based on nitroglycerin and nitroguanidine composition. Pyrotechnics
undergo self-contained and self-sustained exothermic chemical reactions to gener-
ate defined visual and acoustic effects (fire, smoke, heat, light, sound, explosion
or gas emission) [[10-14]. Pyrotechnics are primarily classified into light-emitting,
smoke generating and heat-generating pyrotechnics. The light-emitting pyrotech-
nics are used as fireworks, illumination (infrared and visible) and decoy flares.
Smoke generating pyrotechnics are used for signaling and camouflage purposes.
The heat-generating pyrotechnics are used as incendiary compositions, detonators

and priming charges.

1.1 Energy—safety contradiction of EM’s

In the field of EMs, energy may refer to multiple indices, such as power, detona-
tion pressure, detonation velocity, reaction heat (heat of detonation or combus-
tion) and so forth. The safety is generally evaluated by different kinds of sensi-
tivities and is explained through the style of stimulation. The sensitivities are the
degrees of an EM in response to different styles of external stimuli: higher sen-
sitivity indicates lower safety [[15, 16]. Therefore, both energy and safety are the
most important parameters to tune the properties of EMs, as the energy refers to
their performance and the safety assures their applicability. However, the contro-
versial drama between energy and safety placed a great challenge on developing
energetic materials with desired properties. It is generally known as energy-safety
contradiction [[17]. For example, CL-20 [[18] and ONC [[19] contains high perfor-
mance than any other energetic materials, but the presence of more nitro groups
and their sensitivity make the synthesis more expensive and strenuous. On the
other hand, FOX-7 [20] is the best insensitive energetic material than the well-
known TNT, but it possesses only 70% of the heat of detonation than the most
widely used RDX and HMX [21]. Thus, an improved explosive should achieve
an optimum balance between these two inherently contradicting objectives, im-
plying a challenge to create highly energetic and low sensitive explosives. This is

the major reason for less number of energetic materials in practical applications,
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even though a large number of explosives are synthesized every year.

Typically, the response of an energetic material against an external stimulus can
be referred to as low sensitivity and is governed by its physicochemical properties,
multiscale structures, the live stimulation styles and the measurement conditions.
Among these parameters, molecular and crystal structures (multiscale structures)
are crucial in improving the safety of energetic materials from the point of view
of the intrinsic qualities. At the level of molecule, the energy-safety contradiction
is inherent; while, it can largely be alleviated at the higher level of crystal, i.e., to
facilitate reduced sensitivity by improving crystal packing. In fact, it is essential
to know what type of packing structure makes the ignition of energetic materi-
als efficient or inefficient after impact. In other words, the energetic materials
with a packing structure of ready shear sliding facilitate low impact sensitivity, in
combination with high molecular stability. Generally, as shown in figure [L.1, the
crystal packing is classified using four types of m - stacking: (1) face-to-face type:
all molecular planes in crystal are parallel to one another, (2) crossing type and (3)
wavelike type: All the molecular planes in crystal are either parallel or not par-
allel to two planes. If there is an inter-molecular crossing along these two planes,
the crystal belongs to the crossing type; otherwise, it belongs to the wavelike
type; and (4) mixing type: this type of stacking is different from the other three
types of stacking. Among all the types, the perfect face-to-face crystal stacking,
constructed with strong intra- and intermolecular hydrogen bonding, is highly
desirable for impact insensitive EMs as it can efficiently buffer against external
stimuli, facilitating low mechanical sensitivity. On the other hand, enhancing
the detonation performance is still a primary challenge. Traditional explosives
such as RDX, TNT and CL-20 gain their energy from the oxidation of a carbon
backbone by oxidizing groups present in the same molecule. An explosive with
a denser backbone generally tends to improve the density and detonation per-
formance, while cleverly incorporating numerous explosophores (e.g., N3, NO,
and ONO,) into the same energetic backbone also improves both. For instance,
CL-20 possess highest energy than RDX and TNT since it contains dense strained
backbone compared to the heterocyclic backbone of RDX and the benzene back-
bone of TNT. Meanwhile, the modern HEDMs derive most of their energy from
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Figure 1.1: Four types of w- stacking in energetic materials.

a combination of positive heats of formation rather than the oxidation of carbon
backbone in traditional explosives. In recent years, fully nitrated heterocycles
have shown enormous potential and emerged as eco-friendly EMs [22, 23]. The
compatibility between backbones and explosophores has been thoroughly ana-
lyzed by studying the essential energetic features of the fully nitrated heterocycles
[24, 25]. Specifically, five-membered azole moieties with high nitrogen content
are widely used as energetic frameworks because of their decent balance between
molecular stability and energetic performance, strikingly highlighting the unique-
ness in the world of energetic materials [26, 27]. In addition, the introduction of
oxygen atom on these fully nitrated heterocycles improves the oxygen balance

and also enhances the density and balance the sensitivity [28, 29].

1.2 Role of hydrogen bonding in EM’s

Most of the energetic solids are molecular crystals that are held together by inter-
molecular interactions, especially hydrogen bonding. The interactions between
hydrogen and other atoms have found multiple applications in physical and chem-
ical science [30, B1]. By smartly incorporating the energetic groups as proton ac-
ceptors, one can expect a strong hydrogen bonding networks that are crucial for
the construction of high energy density materials [32-34]. The improved intra-
and intermolecular interactions can tightly pack the crystal and thereby reduc-
ing the volume, which in turn enhances the density and stability of the EMs
[35]. Therefore, multiple hydrogen bond interactions are highly efficient strat-

egy to improve the performance and stability of explosives. For instance, the
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density of 1,3,5-triamino-2,4,6-trinitrobenzene (TATB, 1.937 g cm™) is remark-
ably higher that of 1,3,5-trinitrobenzene (TAB, 1.676 g cm ™) [36], which is pri-
marily originating from additional amino-functionalization by virtue of strong

hydrogen bonding interactions [37-39] (see figure [L.2).

| 1

NO, i NO; i

HoN NH,;

1
O,N NO
O,N NO, 2 2
NH,
1,3,5-trinitrobenzene 1,3,5-triamino-2,4,6-trinitrobenzene
(TAB) (TATB)
p=1.676 g cr™ p=1.937 g em’

Figure 1.2: Molecular structures of 1,3,5-trinitrobenzene (TAB) and 1,3,5-
triamino-2,4,6-trinitrobenzene (TATB).

In designing improved explosives, a key goal is to achieve an optimum bal-
ance between two inherently contradictory objectives: a high level of detona-
tion performance and low sensitivity to accidental initiation of detonation. Apart
from energetic co-crystals and metal-organic frameworks, another interesting ap-
proach to design powerful EMs is through the formulation of energetic ionic salts
(EIS). The combination of their inherent individual explosive properties and un-
usual chemical structures yields a unique class of EIS with enhanced power due
to distinct crystal packing and anion-cation interactions [40]. The principle pa-
rameter to design these EIS is to attain higher densities than their parent com-
pounds. Typically, in metal salts, the nondirectional, soft and delocalized in-
teractions allow the crystal to pack tightly, leading to greater densities [#1, 42].
These intermolecular interactions between cation and anions play an important
role in improving crystal packing efficiency, density and stability, which is re-
vealed in several low sensitive HEDMs. Apart from their stability, such hydro-

gen bonding interactions can minimize their solubility and toxicity in most of
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the common solvents. In addition, these materials possess advantages over par-
ent nonionic molecules by exhibiting lower vapor pressures, which significantly
reduces the risk of exposure via inhalation [43-45]. Recently, several EIS were de-
rived from triazole, tetrazole and imidazole in which each cation or anion couple
with its counterparts via protonation reactions that can overcome the associated
adverse behavior. For example, 3,4-diamino-1,2,4-triazolium 5-nitrotetrazolate
(1.739 gm cm™?), 3,4-diamino-1,2,4-triazolium perchlorate (1.798 gm cm™—) and
1-amino-1,2,3-triazolium 5-nitroiminotetrazolate (1.72 gm cm™), 1-amino-1,2,3-
triazolium nitroformate (1.86 gm cm ™) possess remarkably higher densities than
their parent 3,4-diaminotriazole (1.552 gm cm™>) [44] and 1-amino-1,2,3-triazole
(1.423 gm cm ) [#7] compounds, respectively. Hence, the dream of high perfor-

mance with better sensitivities can be obtained through EIS.

1.3 High pressure research

The pressure is an important fundamental thermodynamic variable, which is de-
fined as the force per unit area. The application of pressure on materials can be
broadly categorized into two types: (i) electronic and (i1) lattice effects; in fact,
these two effects are related to each other. In electronic effects, the function of
pressure brings the ions closer, resulting in an outer electron orbitals overlap lead-
ing to semiconductor/insulator to metal transition or vice versa. In lattice effects,
the inter-ionic distance decreases with increasing pressure, leading to hardening of
phonon spectra and thereby changing the thermo-physical properties. In general,
the pressure can be induced through experimentally or computationally. The for-
mer requires specialized techniques to impose high pressure on a sample. There
are two major experimental techniques: static compression method and dynamic
compression approach. In a static compression experiment, pressure cells are ap-
plied, namely diamond anvil cells [48-50]. shock-wave compression techniques
[51, 52] are applied through strong shock to the sample and the propagation veloc-
ities of the shock wave within the sample are measured. From the computational
point of view, the application of pressure is relatively straight forward within

the framework of density functional theory: one simply calculates the applied
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pressure either from the volume derivative of the calculated total energy or ana-
lytically from the self-consistent one-electron states. The former requires fitting
an equation of state.

Materials could exhibit various properties and structures as a function of pres-
sure, leaving us a huge space for producing new materials by tuning the pressure.
Moreover, the effect of hydrostatic pressure can alter the molecular geometry,
thereby tuning the molecular properties of EMs. In general, when an explosive
detonates, the shock wave can produce a pressure of 500,000 times than the Earth’s
atmosphere and internal temperatures soar up to 3500 K [53, 54]. When shock
propagates through an energetic solid, it suffers a sudden compression in volume
by almost 30% and causes dramatic changes in the electronic properties. More-
over, polymorphism and phase transition in an EM play a crucial role in defining
the performance of an explosive, which is mainly depending upon the type of
polymorph that is used. Polymorphs with discrete crystal densities can change the
detonation properties since detonation velocity is proportional to crystal density.
Therefore, it is crucial to achieving a higher dense form of EMs in order to gain
maximum detonation velocities. For instance, HMX can exist in four crystalline
forms whose sensitivities are of order 6 > v> « > [, in which only - HMX is
widely used in energetic applications. However, the experimental determination
of energetic materials to study the structure-properties under extreme conditions
are impractical due to the unavailability of appropriate experimental techniques.
Apart from the traditional experimental approaches, high-pressure technique us-
ing theoretical simulations is a modern weapon, especially in the field of EMs,
which can change the intermolecular interactions, thereby inducing structural
phase transition or even polymorphs.

Pressure on the scale of gigapascals can cause remarkable changes in the in-
termolecular interactions and reveals the hidden phenomena lying behind the
extreme conditions [55-57]. Moreover, the influence of pressure on the crystal
structure of energetic materials can facilitate efficient crystal packing and tune
the non-covalent hydrogen bond interactions, thereby improving the detonation
properties. These types of studies provide a better understanding of the nature

of hydrogen bonding and structural stability of the energetic material under pres-
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sure. Li et al.[58] carried out high pressure studies on energetic material acetami-
dinium nitrate (C,N,H; - NO5) using diamond anvil cell. Their results show
a deviation in the ideal hydrogen bonded arrays along with a small slippage be-
tween adjacent ion pairs, which is responsible for the fabrication of new high
density material with better detonation performance. The pressure induced re-
arrangement of hydrogen bonded networks causes a phase transition in carbohy-
drazide (CON,Hj) energetic material [69]. The reported high pressure phase with
space group P1 exhibits almost 23.1% higher density than the ambient structure
(P2,/n). However, the application of pressure can change the direction of atoms
and molecules in hydrogen bonded structures, allowing the explosive properties
(such as sensitivity) to be modified. Therefore, it is of great interest to study the
behavior of hydrogen bonded systems under pressure for exploring high energy

density materials.

1.4 Theory in energetic materials research

Theoretical simulations have become an indispensable tool in unraveling the in-
termolecular interactions within the crystal and are successtul in accurately pre-
dicting the chemical and physical properties of a broad range of materials. Since,
the experimentation with EMs requires sophisticated instruments, complicated
procedures, time consuming and high maintenance costs, the implementation
of quantum mechanical calculations have proven to be a cost- and time-effective
strategy for understanding the behavior of EMs. Generally, most of the energetic
solids contain molecules that are held together by van der Waals (vdW) interac-
tions. Under external stimuli like hydrostatic pressure or a shock wave, the inter-
molecular interactions and the micro-structure may undergo significant changes,
leading to a drastic variation in the mechanical, chemical and thermodynamic
properties. Hence it is necessary to provide a clear picture of how the inter-
molecular interactions influence the macroscopic properties to enhance the ener-
getic performance. However, the experimentally measured x-ray diffraction fails
to locate the exact position of hydrogen atoms [60]; therefore, an effective den-

sity functional theory simulations [61] may help to study the atomic structure of
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hydrogen containing materials, especially structures with intermolecular interac-
tions. Moreover, due to the complexity of EMs, conventional electron exchange-
correlation functionals fail to produce an accurate description of weak intermolec-
ular interactions. This is clearly exemplified in various energetic crystals includ-
ing RDX [62], FOX-7 [63, b4], CL-20 [65], TATB [6, 67], and HMX [68] and the
results show that the generalized gradient approximation(GGA)/local density ap-
proximation (LDA) overestimate/underestimates the crystal volumes by nearly
~30% when compared to experimental values. Therefore, to account for these
long-range dispersive interactions quantitatively, a wide range of new functionals

were developed to extend DFT and are continuously being improved.

1.5 Density functional theory

Advances in electronic structure calculations along with year-on-year enhance-
ment in computational power enabled quantum mechanical calculations as accu-
rate materials simulations and became as an integral tool in most of the materials
investigations. Density functional theory (DFT) is one of the most successful
and powerful quantum mechanical approaches, which is generally known as a
mainstay of electronic structure calculations. From its origins in condensed mat-
ter physics, it has broadened into solid-state chemistry, high-pressure physics,
materials science and more, powering entire theoretical sub-disciplines. DFT is
neither just an approach of parameterizing empirical results nor simply another
procedure of approaching the Schrodinger equation. It is a completely different
method of solving any interacting problem, through mapping it exactly to a more
simple-to-solve non-interacting problem. The theory originated in early thirties
of the twentieth century from the pioneering work of Thomas[69] and Fermi[70]
and further refined by Hartree [71], Dirac [72, 73], Fock [/4] and Slater [75-77].
However, a solid foundation was given by Hohenberg, Kohn and Sham almost
forty years after the work of Thomas and Fermi. In 1964, Hohenberg and Kohn
proved that the ground state density uniquely determines the potential and thus,
all properties of the system, including the many-body wave function. Almost

exactly a year after the Hohenberg-Kohn theorems were published, Kohn and
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Sham derived a set of self-consistent, iteratively solvable equations, which finally
allowed us to do the actual computer simulations. For solving the Kohn-Sham
equations, various efficient algorithms have been developed in increasingly so-
phisticated codes, which tremendously enhanced the application of DFT meth-
ods. In 1998, Kohn won the Nobel prize in chemistry for his development of the
density-functional theory [78, 79].

1.6 Outline of the thesis

The primary objective of the thesis is to provide a clear picture of how the inter-
molecular interactions, especially hydrogen bonding, influence the macroscopic
properties to enhance the energetic performance with reasonable sensitivity. The-
oretical approach to demonstrate the structure - properties - performance inter-
relationship is shown in figure [I.3. Also, the effect of hydrostatic pressure was
systematically investigated to understand the remarkable variations in the non-
covalent interactions for the construction of high energy density materials. In
order to conduct these studies, quantum mechanical calculations were performed
using various density functional theory approaches. These computational studies
are aimed to design models for accurate prediction of properties and performance
of the existing as well as new EMs. In the present thesis, the physicochemical and
detonation characteristics including structural, electronic, vibrational and perfor-
mance parameters (heat of formation, detonation velocities and detonation pres-
sures) for diammonium 5,5-bistetrazole-1,1’-diolate (ABTOX), dimethylamine
5,5’-bistetrazole-1,1’-diolate (DMA-BTO), diuronium 1H,1’H-5,5-bistetrazole-1,1’-
diolate (DU-BTO), hydrazine 5,5-bitetrazole-1,1’-diolate (HA-BTO), bis-2-methy-
limidazolium 1H,1H-5,5-bistetrazole-1,1’-diolate (M,-BTO), dihydroxyl ammo-
nium 5,5’-bistetrazole-1,1’-diolate (TKX-50), diammonium 3,3’-dinitro-5,5"-bis-1,2,
4-triazole-1,1-diolate (DA-DNBTO) and dihydrazinium 3,3'-dinitro-5,5'-bis-1,2,4-
triazole-1,1-diolate (DH-DNBTO) and 3,6-dihydrazino-s-tetrazine (DHT) were
discussed in detail. Since the energetic solids contain molecules that are held to-
gether by van der Waals (vdW) interactions, we incorporated dispersion corrected

DFT methods to capture these weak intermolecular interactions. In addition,
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to predict reliable electronic band gaps, more accurate Heyd-Scuseria-Ernzerhof
(HSE) hybrid functional obtained by mixing the PBE scheme with a certain quan-
tity of non-local Hartree-Fock (HF) exchange energy has been implemented. The
theory behind Hirshfeld surfaces and the associated 2D fingerprint plots for quan-
titative visualization of intermolecular interactions were also discussed.

Chapter 2 provides a short description of basic theoretical and mathematical
background of the quantum mechanical calculations, which will help to under-
stand the concepts of the DFT in more detail. It also includes various recently
developed dispersion correction approaches for treating weak intermolecular in-
teractions. In addition, the methodology of Heyd-Scuseria-Ernzerhof (HSE) hy-
brid functional for computing the electronic structure and optical properties were
described in detail.

Chapter 3 presents the structure-property-performance interrelationship for
a series of energetic ionic salts based on 5,5-bitetrazole-1,1"-diolate (BTO). The
physicochemical and detonation characteristics of these energetic salts including
structural, electronic, vibrational and performance parameters (heat of formation,
detonation velocities and detonation pressures) were discussed in detail. To pre-
dict the accurate energy band gap, electronic band structures for the studied en-
ergetic salts were calculated using HSE06 hybrid functional, which are found to
be wide band gap insulator with a bandwidth ranging from 4.33-5.05 eV. The
strong intermolecular hydrogen bonding environment between various cations
and the BTO*" anion are mainly responsible for enhanced molecular stability
and prominent detonation performance. Such strong intermolecular hydrogen
bonds are observed in hydroxylammonium and hydrazine cation compared to
other cations. Careful inspection of various EIS revealed that the hydroxylammo-
nium and hydrazine cations produce the highest density relative to other cations
when combined with BTO anion. The detonation characteristics of BTO?™ are
computed using EXPLO5 code [80]. In particular, TKX-50 and HA-BTO exhibit
high detonation velocities (9.91 and 9.94 km/s) and detonation pressure (40.23
and 38.85 GPa), superior than the conventional nitrogen-rich explosive materials
with moderate sensitivities. These results highlight the importance of hydrogen

bonding interactions in designing energetic salts for next-generation explosives,
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propellants and pyrotechnics.

In chapter 4, the quantum mechanical calculations and structure analysis were
performed for similar energetic ionic salts (EIS) based on 3,3'-dinitro-5,5'-bis-1,2,4-
triazole-1,1-diolate anion with ammonium (DA-DNBTO) and hydrazinium (DH-
DNBTO) cations. The geometric optimization demonstrates the significance of
van der Waals correction when studying the structure and properties of EIS, and
highlights the importance of DFT-D2 method proposed by Grimme in repro-
ducing the experimental crystal structures of energetic salts. The IR spectrum
of DA-DNBTO contains a number of intense peaks in the high frequency range
(above 2850 cm™!) compared to DH-DNBTO. Especially, the electronic band
gap of DNBTO salts obtained using the HSE06 hybrid functional is reduced to
50% when compared with that of BTO based energetic salts due to NO, group
attached to the DNBTO anion. Besides, the O...O contacts that generally exist
in most of the EMs do not show much impact on both the studied energetic salts.
The strong intermolecular interactions of DA-DNBTO represents its inferior-
ity in molecular stability, which is in good agreement with the experimentally
measured impact sensitivity (>40 ]) and friction sensitivity (360 N) values and
also explains why it has the highest stability compared to DH-DNBTO. Our cal-
culations re-verifies the importance of intermolecular hydrogen bonding in the
construction of high performance and low sensitive energetic materials.

In chapter 5, the pressure dependent structural changes, IR spectra and the
Hirshfeld surfaces of 3,6-dihydrazino-s-tetrazine (DHT) were reported in order
to provide a detail description of hydrogen bonding interactions using dispersion
corrected density functional theory (DFT). The strengthening of hydrogen bond-
ing is observed by the pressure induced weakening of covalent N-H bonds, which
is consistent with the red shift of NH/NH, stretching vibrational modes. The
intermolecular interactions in DHT crystal lead to a more compact and stable
structure that can increase the density but diminishes the heat of detonation, Q.
The calculated detonation properties of DHT (D = 7.62 km/s, P = 25.19 GPa)
are slightly smaller than the similar explosive 3,6-bis-nitroguanyl-1,2,4,5-tetrazine
(BNT, D = 7.9 km/s, P = 27.36 GPa). Overall, the crystallographic and spec-

troscopic results along with Hirshfeld surface analysis as a function of pressure
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reveal the presence of strong hydrogen bonding networks in the crystal structure
of DHT.

In chapter 6, the potential crystal structures and properties of urea as a func-
tion of pressure were studied using ab-initio based electronic structure calcula-
tions. The enthalpy-pressure behavior shows that urea undergoes pressure in-
duced structural phase transition from P42;m (phase I) — P2,2,2; (phase III) at
0.66 GPa with a volume collapse of 4.83%, driven by softening of acoustic mode
along I'-X direction. Another phase transition from P2,2,2; — P2,2,2 structure
is identified at 3.09 GPa. The softening of acoustic mode in U-R direction along
with the violation of Born stability criteria in P2,2,2; structure is responsible for
the pressure induced phase transition. Further, the adoption of pressure leads to
breaking and formation of N-H...O bonds in the crystal structure of urea dur-
ing phase transition, i.e., the H-acceptor capacitance of oxygen atom is varied
between phase I/IV and -III. Band structure calculations were performed using
hybrid functional (Heyd, Scuseria and Ernzerhof, HSE), which includes a part
of exact Fock-exchange. The computed electronic band structure shows that the
urea polymorphs are insulators with a direct band gap of 6.21, 6.85 and 6.99 eV for
phase -1, -IIT and -IV, respectively, at selected pressures. We have also presented
the dielectric functions (real (¢;(w)) and imaginary (e;(w)) parts), refractive index
and absorption coefficients to explore the optical characteristics of urea phases.
The geometry interpretation of intermolecular interactions was quantitatively vi-
sualized using Hirshfeld surface analysis. Our results provide a complete picture
on various properties of urea polymorphs that lay the foundation for further un-
derstanding of structures and their applications.

Finally, chapter 7 summarizes the outcome of the entire thesis and also out-
lined some future research directions which have emerged naturally during the

course of the current thesis work.
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2

Theoretical background

This chapter provides a quick pedagogical introduction to the basic theory es-
sential for this thesis. Typically, to study various chemical and physical prop-
erties of materials, one needs to understand it from an atomistic view. Den-
sity functional theory (DFT) is an appropriate computational tool to deal with
these kinds of problems. The fundamental concept behind this theory is, for
any electronic system, the energy can be determined explicitly in terms of elec-
tron probability density [[I]. For a more thorough introduction, refer theory
books on electronic structure calculations [[1-4] on which most of this introduc-
tion is based upon. In the following sections, the principles of DFT formalism
and exchange-correlational functionals were discussed. Subsequently, the state-of-
the-art dispersion correction methods are also discussed for describing long-range
van der Waals (vdW) interactions. A brief description is given for Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional to predict reliable electronic and optical prop-
erties for the investigated compounds. Finally, the theory behind the Hirshfeld
surface analysis was discussed in detail, which is used for quantitative visualization

of intermolecular interactions.

2.1 The many-body Schrédinger equation

The most fundamental governing equation in a quantum mechanical descrip-
tion involves the computation of electronic wavefunctions by solving the time-

independent Schrodinger equation for non-relativistic particle system:

Hip > = E|yp > 2.1)

21
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where E is the energy eigen value and H is the molecular electronic Hamiltonian
operator which acts on the total wavefunction .

The Hamiltonian operator for a system of atoms can be written as

o g2 P, &MY 77
H=— V2 — V2 + 2
i:zl 2ml- ! Z 2M[ Ijz—l ; |R1 R]|
& N. N, &2 Ne Ny
— 2.2
PN R PRI TS

where R = {R//R;,I/] = 1,2,...N,} is a set of N, nuclear coordinates and r =
{ri/r;,i/1=1,2,..N,} is a set of N, electronic coordinates. M; (or M) and Z; (or
Z)) are the nuclear masses and charges, respectively.

The above equation may be expressed more compactly as

A

:i+%n+vnn+%e+ ‘A/en (23)

Where T, and T, correspond to the kinetic energy operators for electrons and
nuclei, whereas the V,,, V,, and V,, terms represent electron-electron, electron-
nucleus and nucleus-nucleus interactions, respectively. However, it is impossible
to solve this equation exactly for any system more complex than a hydrogen atom.
To turn the problem into a feasible enterprise, well-controlled and reasonable

approximations are required.

2.1.1 The Born-Oppenheimer approximation

The first and fundamental approximation made in the electronic structure theory
is the adiabatic or Born-Oppenheimer (BO) approximation, which leads to the de-
coupling of nuclear and electronic motions. As the electrons are lightest particles
than the nuclei (the mass of the proton is approximately 2,000 times more than
the electron), they react spontaneously to the displacements of nuclei due to their
relatively low mass and thus, the motion of nuclei on any timescale is compara-
tively smaller than that of electrons. Therefore, it is convenient to describe the

electronic states of a molecule by thinking that the nuclei are stationary and solve
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the corresponding Schrédinger equation of a fixed molecular structure. The de-
tail implications and a plausible derivation of the approximation can be found
in Ref.[5, 6]. Following the approximation, we can come up with an electronic
Hamiltonian by ignoring the nucleus-nucleus interaction and the kinetic energy

term of the nucleus in equation 2.2:

Ne 72 N. N, N, N
N e h eZ e e 1 eZ e n Z]
H=— Vit = - (2.4)
; 2m,; 2 Z]Z::lg lri—n| 24 ; i — Ry
and can be simply expressed as
H = Ae + Aee + Aen (25)

Although this approximation significantly minimizes the complexity of handling
the many-body Schrodinger equation; however, solving the electron-electron in-
teraction in the above equation is still an extremely difficult task. In the light
of the difficulties posed in finding solutions to the Schrédinger equation, many
approximate electronic structure methods have been proposed from Hatree-Fock
method to DFT approach to solve the so-called *Schrédinger-like” equations. As
a result of rapid increase in the available of computational resources over the past
30 years, DFT has emerged as a most prominent and most extensively used first
principles calculations, accounting for approximately 90% of all simulations to-
day in the field of computational materials science. In the present thesis, the DFT

approach was implemented, which is explained in the following sections.

2.2 Density functional theory

Based on the ideas of Thomas, Fermi, and many others, the DFT is made possible
in 1964 with the formulation of Hohenberg and Kohn’s fundamental theorems.
The basic lemma of these theorems demonstrate that all the properties of a system
can be uniquely determined by the ground state electron density. This statement

is applicable to interacting particles of any system and the theorems are as follows:
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2.2.1 The Hohenberg-Kohn theorems

Theorem-1: For interacting particles of any system in an external potential V. (7),
the ground-state particle density, 74(7) uniquely determines the potential V,(r)
(up to an additive constant).

This theorem enables us to establish a one-to-one unique correspondence be-
tween the ground-state density 7¢(r) and external potentia V., (r), which in turn
makes the energy and other physical observables only as a functional of the ground-

state density no(r) [4, 7, 8]-
< YlAlY > = Alno(r)] (2.6)

Theorem-2: The electron density 7(r) that minimises the energy E[n(r)] of the
overall functional is the true electron density corresponding to the full solution

of the Schrodinger equation.
Eln(n)] = Fuln(r)] + [ Vealr)n(r)dr 2.7)

The functional Fx is universal in the sense that it is independent of the external
potential and the number of electrons. This is the most prominent interpretation
of the Hohenberg and Kohn theorem; once approximations for the functional Frx
are known means we can apply it to all electronic systems. In the above equation,
the exact ground-state total energy of the system Ey is the global minimum value
of the functional and the particle density that minimizes this functional is the

exact ground-state density no(r), z.e.,

0 .
%E[n(r)]n:no = 0, with Ey = E[no(7)) (2.8)
However, the exact form of the electron density functional is not known. Through
appropriate approximation, the framework of Hohenberg and Kohn provided an
important method to recast the 3N-dimensional Schrodinger equation to a much
simpler equation, which depends on just three spatial variables and may therefore

be used to accurately calculate a wide range of ground state properties.
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2.2.2 The Kohn-Sham equations

The framework of Hohenberg and Kohn used the ground state density to cal-
culate properties of any system, but it does not provide a practical solution to
find the ground state electronic density [9]. The possible way to determine the
ground state electron density is given by Kohn-Sham (KS) equations. The basic
idea is to replace the complicated many-body system by a corresponding fictitious
system of non-interacting particles, each of which experiences the same external
potential. Also, the exact ground state density can be written as the ground state
density of a fictitious system of noninteracting particles. Within this assumption,
the ground-state wave function of the system can be expressed using single-particle
wavefunctions. The main advantage through this approach is to allow a straight
forward determination of a large part of the kinetic energy in a simple way, i.e.,
the kinetic energy (7]n]) is decoupled into two parts as 7[n] = T[n] + T.[n],
where T,[n] represents the remainder and T[] is the kinetic energy of the non-

interacting system, which can be expressed in terms of the single-particle orbitals,

¢i(7"):
jQ—— )
LEEEEINY [ dror () 920i(7). 2.9)

Hence, an approximation to the kinetic energy may be computed using a manage-
able finite number of terms N and the mean density can be denoted in terms of
the single particle wavefunctions. The density of the original many-body system
containing an even number of spin-up and spin-down electrons can be expressed
in terms of orbitals as

N

n(r) =3 n(r.o) =% |6 (2.10)

o =1

Thus, all ¢;(7) are functionals of 7 and the total number of electrons N is a simple

functional of the density

N= /n(r)dr 2.11)
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Coulomb (or Hartree) energy corresponding to the electron-electron interaction,
equal to the classical electrostatic interaction potential Uy of the charge distribu-

tion 7(r), with the Hartree potential being

2//dd’ ‘r_ﬂ‘ /VC 2.12)

where Ve(r) = [ drlfg),| and the external potential energy acting on the electrons

can be written as
Veuln] = /n(r) Vet (7)dr (2.13)

Returning to our energy functional with the interacting particle system, we intro-
duce the exchange and correlation energy functional E,, to relate the interacting

particle system with the non-interacting one,

Egsln] = Tn]+ Uln] + Vin]
= Ti¢in]] + UH[ ]+Exc[n] + Veu[n]
— T + / (7)) + = vc( Adr + Ex[n]
= Ts[n] + Veﬁf (2.14)

where Vg = [n(7)[Veu(r) + 3 Ve(r)dr + E[n], the exchange-correlation en-
ergy E,.[n] is defined as the difference between the true energy functional and the
energy functional of the known components. One has to find a better approxima-
tion to E,. in order to get good results for real materials. Kohn and Sham noticed
that the total electron density of non-interacting particles moving in a potential
called Vg is identical to that of the real system of interacting electrons, which is

given by

VKS(V) = Vext(r) + Vc(T) + ch(r) (2.15)
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with
Vie = oL (2.16)
on
1s given as
1o
Hygg = —EV + VKS<7)- (2.17)
Therefore, Kohn-Sham Schrodinger-like equation can be written as
(Hgs —€i)¢pi(r) =0 (2.18)

where ¢; are the eigenvalues of Hgg and the orbitals satisfying the above equation,
¢;, minimize the Kohn-Sham energy. This involves searching for the electron
density that minimizes this functional, such that the solution of N single-particle
equation determines the density and the ground-state energy of the system. Note
that the independent particle equations with a potential V4 s still a functional of
the electron density and hence these equations must be solved iteratively. How-
ever, the Kohn-Sham equations are well defined with an accurate solution, but the
exact form of the exchange-correlation energy is not known and the only solution
is to find an approximation that gives an accurate result. In the next section, we

will discuss about such functionals and their properties.

2.3 Exchange-correlation functionals

Finding an accurate approximations to the exchange correlation energy (Exc) is
the biggest challenge of Kohn-Sham DFT. Typically, the exchange interactions
minimizes the total energy by reducing their Coulombic repulsion through the
separation of electrons with the same spin; whereas, the correlation effects are
the result of the collective nature of electrons to screen each other and decrease
their overall Coulombic interaction. Moreover, exchange interactions can be cal-
culated precisely for independent-particle methods such as Hartree-Fock, but not

generally for KS methods; while, the correlation effects are more pronounced for
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electrons with opposite spins as they are more likely to occupy nearby locations.

2.3.1 Exchange correlation energy

One can separate the exchange-correlation energy (Exc) into a kinetic and poten-

tial energy term:
Exln] = (Te[n] — Ti[n]) + (Ein[n] — Enln]) = Tcln] + Vxcln] (2.19)

Here T¢[n] is difference between a non-interacting, independent-particle system

and the true multi body system due to correlation.
Teln] = Tuln] - Tl 2.20)

While, Vxd[n] is difference between the true internal potential of an Coulombic,
many body system and an independent particle approximation in which the in-
ternal interactions have been replaced by the classical self-interaction energy of a

charge distribution Ep.
Vxcln] = Einu[n] — Enln| (2.21)

A large number of approximations to the exchange-correlation energy functional
have been developed with the aim of accurately representing the true functional.
This section presents a brief summary of the most popular approximation forms,
namely the local density approximation (LDA) and the generalized gradient ap-
proximation (GGA).

2.3.2 Local density approximation

The local-density approximation (LDA) formulated by Kohn and Sham [9] as-
sumed that the electron density can be treated locally as a uniform electron gas.
The exchange correlation potential is local in the sense that it only depends on

p(r) at the same position.
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Within this approximation, the E,. functional can be written as:

Eoln] = / 1(r)exln(r)]dr (2.22)

Here, €, is the exchange-correlation energy per particle for a homogeneous elec-
tron gas evaluated at the local density n(r). There are various LDA-based approxi-
mations to the exchange-correlation energy, but the most common one is derived
from assuming the solid approaches the homogeneous electron gas limit. The

functional €, can be further split into exchange and correlation contributions,
€xe = €x + € (2.23)

The exchange part, ¢, originally derived by Bloch [[10] and Dirac [[11] represents
that the exchange energy of an electron in a uniform electron gas of a particular

density.

¢ = —i (3 ”:)); (2.24)

The correlation energy (e.) is more complex and is not known except in the lim-
its of infinitely-weak and infinitely-strong correlation case. However, the typical
practice is to fit quantum Monte-Carlo simulation data for the correlation energy
(2],

In principle, LDA is used to study the properties of slowly varying electron den-
sity systems, which demonstrates to some extent its better performance in ex-
plaining structural and elastic properties of both bulk solids and surfaces [[13].
However, the LDA functional often leads to significant errors for the bonding of
both molecules and solids. For instance, such calculations systematically overes-
timate molecular bond energies and the cohesive energy of solids. Therefore an

accurate description of material properties requires functionals that go beyond
LDA.
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2.3.3 Generalized gradient approximation

Generalized gradient approximation (GGA) for the exchange-correlation energy
improve upon the LDA description of atoms, molecules and solid by introducing
one additional ingredient to the energy functional, the density gradient Vn(r),
accounting for “non-locality” in realistic systems. Thus, the generalized gradient

approximation (GGA) E,. is given by

Eo %] = / An(r), Vn(r))dr (2.25)

The idea is to use not only the information about the density n(r) at a particular
point r, but also the gradient of the charge density, Vn(r) in order to account
for the non-homogeneity of the true electron density [[14]. There are various pa-
rameterizations of GGA functionals which differ in the choice of the function
f(n(r), Vn(r)). Typically, GGA functionals are more appropriate and accurate
than LDA for molecular structures and other weakly bonded systems like hydro-
gen bonding. Nevertheless, it does not provide a consistent development over
LDA for solids. However, it is highly difficult to satisfy every constraint simul-
taneously; hence the functional form has to be chosen according to the nature of

the system under consideration.

2.4 Dispersion correction methods

Most of the energetic solids contain molecules that are held together by nonco-
valent interaction. However, due to the complexity of energetic materials, con-
ventional electron exchange-correlation functionals fail to produce an accurate
description of weak intermolecular interactions. This is clearly exemplified in
various energetic crystals including RDX [[15], FOX-7 [[16, 17], CL-20[[18], TATB
[19, 20] and HMX [21] and the results show that the generalized gradient approxi-
mation(GGA)/local density approximation (LDA) overestimate/underestimates
the crystal volumes by nearly ~30% when compared to experimental values.
Since dispersion contributions to non-covalent interaction arise from correlated

instantaneous electron dipole fluctuations, a proper theoretical approach of vdW
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interactions poses severe computational challenges for molecular orbital methods.

In recent years, several dispersion correction approaches have been developed
to improve the description of dispersion interactions in standard DFT. These
approaches may be broadly divided into three main categories. (1) Pairwise addi-
tive dispersion-correction methods, which treat long-range interaction simply by
adding dispersion correction energy to the internuclear energy term that strength-
ens the total energy coming from a standard DFT calculation. Grimme and co-
workers introduced a series of empirical corrections collectively referred to as
DFT-D or DFT +E;, models. Particularly, the Tkatchenko and Scheffler (DFT-
TS) [22] and Grimme (DFT-D2) [23] corrections to PBE are the most success-
ful methods. (ii) Re-parametrization for the existing functionals, where the fit-
ting data sets include noncovalent systems. Zhao and Truhlar developed hybrid
meta-GGA functionals [24, 25], which belong to this category and are said to
account for ‘medium-range’ electron correlation. (iif) The non-local correction
methods, which use the electronic charge density as input and incorporates the
non-local correlation contribution to the semi-local exchange functionals [26-30].
Langreth, Lundqvist, and co-workers developed a nonlocal vdW density func-
tional (vdW-DF) in 2004 [28, 31] and its successor (vdW-DF2) in 2010 [32]. Since
pair-wise additive corrections are one of the main methods used in this thesis, the

intrinsic description of this approach will be presented in next the section.

2.4.1 Additive pair-wise correction methods

The semiempirical atom pair-wise interaction methods are largely successful in
treating hydrogen bonding and other electrostatically dominated noncovalent in-
teractions. In this approach, the total energy of a system is the sum of the Kohn-

Sham energy Exg and the dispersion correction Eg;,

Eprrip = Egs + Egig (2.26)

The total Egy, is the sum overall individual attractive atom pair contributions,
which depends on the dispersion coefficients and the interatomic distance. The

general formula for empirical dispersion corrections is thus given as
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C;:B
Edisp = Z Z @f;@’amp(RABaAa B), (227)

AB n=6,8,10,...

Here, the first sum is over all atom pairs in the system, C22 represents the isotropic
(averaged) n”-order dispersion coefficient for atom pair AB and R 43 is their inter-
nuclear distance. The leading term of the expansion in the above equation with n
= 6 ensures the correct asymptotic behavior of the potential, while the higher or-
der terms influence its shape at shorter distances. In addition, a damping function
f4ump 1s used to avoid singularities at short distances.

Various DFT +D approach has been proposed, differing in the way they define
C dispersion coefficients or the damping function. The most popular ones are
those introduced by Tkatchenko and Scheftler (DFT-TS) and Grimme (DFT-D1,
DFT-D2 and DFT-D3) [70,188,189].

2.4.1.1 DFT-TS method

The vdW-TS method of Tkatchenko and Scheffler [22] employs the electron den-
sity to evaluate system-dependent Cg dispersion coefficients for atoms-in-materials.
The fundamental idea of vdW-TS method is to determine the relative rather than
absolute polarizability and C4 dispersion coefficients of atoms inside a molecule
(or asolid), referenced to highly accurate free-atom values. Moreover, this method
is sensitive to the chemical environment of the atoms and corrects for long-range

dispersion interactions by adding a correction of the form

1 < Cous
Eiip = =3 2 g JdonpRas Rip). (2.28)
AB 1\AB

Where RS and R, represents the vdW radii of atoms A and B, respectively. Ceap
is the corresponding Cq coefficient and Ryp is the distance between atoms A and
B.

In this method, Cgap is obtained from the Casimir-Polder integral [33] which
is given by
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2Cs44Copp
B o
%g Coan + (7% Cosp

Cens = (2.29)

To eliminate spurious interactions at too short distances, a Fermi type damping

function is used: .

1 —+ e_d(RAB/SRR%B_l)

Fiomp = (2.30)

where R%; = R% + RY, sk is free parameters and d adjusts the steepness of damp-
ing function. The free-atom reference values of ol and Cyau are taken from the
self-interaction corrected Time Dependent (TD)-DFT calculations of Chu and
Dalgarno [34]. They take advantage of the relationship between the polarizabil-
ity and effective volume to calculate dispersion coefficients that depend on the
chemical environment of the atom. DFT-TS method mainly relies on the Hir-
shfeld partitioning of the total electron density between the atoms to compute
the dispersion coefficients. This effective density, and hence the volume, is com-
pared to the density of the free-reference atom to obtain a scaling factor, which
is used to define the response of the dispersion coefficients to chemical environ-
ment. However, TS method is less empirical than other approaches, with only
a single adjustable parameter sg that adapts the damping function to a particular
XC functional. [35].

2.4.1.2 DFT-D2 method

In DFT-D2 method [23], the C, dispersion coefficients are calculated by making
use of ionization potentials and static polarizabilities of isolated atoms as inputs.
The corresponding empirical dispersion correction Eg, given by:
G
Eisy = =55 32 7fians R) 2.31)
i<j My
where S¢ is global scaling factor that only depends on the density functional used
and R; is an inter-atomic distance, C{ denotes the dispersion coefficient for the

pair of i and j* atoms that depend on the chemical species. Careful testing of
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systems showed that a geometric mean of the form
Ci = C.C; G, = 0.05NLo (2.32)

yields much better results. Where I, and o atomic ionization potentials and static
dipole polarizabilities, respectively. In order to avoid near-singularities for small

R, a damping function £, must be used, which is given by

1
f;{“mp - 1 + eid(Rij/erl)

(2.33)

here R, is the sum of atomic vdW radii. A clear description regarding the imple-

mentation of the method can be found elsewhere [23].

2.5 Methodology

One of the major concerns in solid materials is the very peculiar nature of the
wavefunction at various distances from the nuclei. However, the atomic wave-
functions are eigenstates of the atomic Hamiltonian and thus must be all mutually
orthogonal. Since the core states are well localized around the nucleus, a large ba-
sis set would be required to accurately describe the oscillations in the core regions
in order to maintain orthogonality between core and valence electrons. This leads
to an all-electron plane-wave calculation which consumes a lot of computational
cost. To alleviate this problem, the core and valence electrons must be treated in

a different way for possible numerical advantages.

2.5.1 Pseudopotential method

The electronic states of an atom can be broadly categorized into: (1) core states,
which are highly localized and do not contribute in chemical bonding, (2) semi-
core states, which are localized and polarizable but typically do not involve di-
rectly to chemical bonding and (3) valence states, which are extended and respon-

sible for chemical bonding. In pseudopotential calculations, the description of
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strong ionic potential in the core region is replaced by a weaker pseudopoten-
tial that incorporates the influence of the core electrons on the valence electrons.
The corresponding set of all-electron wavefunctions and pseudo-wavefunctions
are identical outside a chosen cutoff radius and thus possess similar scattering
properties. However, inside the cutoff radius, the pseudo-wavetunctions do not
exhibit the nodal structure that causes the oscillations, which means they can now
be described with a reasonable number of plane-waves. A brief illustration of the
concept behind the pseudopotential approach is shown in figure P.1. The efforts
of improving pseudopotential methods are based on following aims: (i) the num-
ber of plane waves to represent pseudo-eigenstates need to be as small as possible
(i1) the valence charge density should be reproduced by the pseudo-charge density
as precisely as possible and (ii1) the potentiality for a certain atomic configuration

should always produce accurate results in different solids. With this pseudopoten-
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Figure 2.1: Schematic illustration of the concept behind the pseudopotential ap-
proach. The solid lines show the all-electron wavefunction and ionic potential;
while the corresponding pseudo wavefunction given by the pseudopotential is
plotted in dashed lines. All quantities are represented as a function of distance, r,
from the atomic nucleus. The point beyond which the all-electron and pseudo-
electron values become identical is designated as cutoff radius.

tial approach, the computational cost is significantly reduced, not only since the
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number of orbitals are lowered, but mainly due to the employment of smaller
basis sets. In the present thesis, various pseudopotential approaches are imple-

mented as described below.

2.5.1.1 Norm-conserving pseudopotentials

The desired characteristic properties of pseudopotentials are generally referred
to as softness, accuracy and transferability. The term soft indicates that the re-
quired number of plane waves to expand the pseudo wave functions must be as
minimum as possible. The softer the pseudopotential is, the smoother will be the
resulting pseudovalence orbitals. While, the pseudopotentials accuracy and trans-
ferability can be assessed by their ability to reproduce quantities from all electron
calculations over a wide range of different chemical compounds. Both properties,
softness and transferability, are related closely to the cutoff radius and compete
with each other. Typically, the higher cuttoff makes the pseudopotentials softer;
whereas, the low cutoffs give pseudopotentials with a very good transferability
[36]. Nevertheless, the precise balance between the two requirements placed a
great challenge in developing accurate pseudopotential methods. In order to en-
sure the optimum smoothness and transferability, Hamann and co-workers de-
veloped pseudopotentials which are known as norm-conserving pseudopotential
(NCPP). In this approach, the pseudo and the all electron wave function inside
the atomic sphere should possess the same norm to ensure similar electron densi-
ties for both wave functions in the outside region. This guarantees that the core
region of the atom is not significantly affected by the surrounding environment
and also assures the transferability. These type of pseudopotentials requires a
comparatively huge number of plane waves for “semilocal” orbitals of elements
because of their substantial fraction inside the core region and their importance

to the bonding.

2.5.1.2 Ultra-soft pseudopotentials

The fundamental requirement of pseudopotentials is to create a smooth pseudized

wave functions with reasonable accuracy. A much softer pseudo wave function
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can be obtained when the number of Fourier components needed to describe it to
a given accuracy is minimum. Unfortunately, norm-conserving pseudopotentials
achieved reasonable accuracies at some sacrifice of smoothness, thus, requiring
large cutoff energy that significantly enhanced the computational cost. To address
this issue, Vanderbilt [37] proposed a new and radical modification for generating
pseudopotentials by breaking the norm-conservation constraint and relaxing the
condition that the psudo wave function inside the core region must have the same
density as the all-electron wave function. Through this approach, a much softer
pseudo wave function is obtained, which employs only fewer plane-waves for
calculations with the same accuracy. For this reason, they are usually called as
ultra-soft pseudopotentials. Moreover, the charge deficiency due to the relaxation
of the norm-conservation conditions are equilibrated by the introduction of atom-
centered augmentation charges to ensure the proper density and potential. In the

present thesis, the ultra-soft and norm-conserving pseudopotential approaches are
enabled through CAmbridge Series of Total Energy Package (CASTEP) [38].

2.5.2 Projector augmented wave method

Although there has been various pseudopotential approaches, the Projector Aug-
mented Wave (PAW) method developed by Blochl [39] is considered as one of
the remarkably successful methods for treating the problem of highly oscillatory
wavefunctions near the nuclei. It shares some features of Bloch!’s earlier work on
generalized separable potentials [40] and Vanderbilt’s soft pseudopotential formal-
ism [37]. One of the major advantages of the PAW approach over the other pseu-
dopotential methods is a well controlled transformation between conveniently
smooth pseudo wavefunctions and the all-electron wave functions. Additionally
to the PAW transformation, the frozen core approximation [41] provides the
possibility to use fixed core orbitals. As well as enabling ‘softer’ wavefunctions
than norm-conserving pseudopotentials, and thus smaller basis sets. Crucially,
this approach allows direct access to quantities whose evaluation requires values
of densities, wavefunctions and electric fields in the immediate vicinity of the

atomic nuclei [42], which is not possible with norm-conserving pseudopotentials.
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All these advantage imply that PAW hould be ideal for tackling the significant
challenges in plane-wave-based material calculations. The PAW method is incor-
porated through Vienna Ab-initio Simulation Package (VASP) [43].

2.6 Density functional perturbation theory

Born and Oppenheimer (BO) proposed adiabatic approximation which allows
one to decouple the vibrational from the electronic degrees of freedom in a solid
[5]. According to this approach, the lattice-dynamical properties of a solid system
can be obtained by solving the energy eigenvalues and eigenfunctions. The BO

approximation simplified many body Hamiltonian and the resultant equation is:
HBO(R) = ’/Te + \A/ee + ‘A/en + ‘A/rm (234)

In above equation, the kinetic energy operator of electrons is represented by
T.; while, nuclei-nuclei, electron-nuclei and electron-election electrostatic inter-
actions are denoted by V.., V., and V,, respectively. The equilibrium geometry
of the solid can be obtained by equating the inter atomic forces (first derivative

of Born-Oppenheimer energy surface) to zero

=0 (2.35)

whereas the vibrational frequencies, w, are determined by the eigenvalues of the

Hessian of the Born-Oppenheimer energy, scaled by the nuclear masses:

der| ) O2E(R) 2
/M[M]aR]ﬁR]

The basic tool for computing the first and second derivatives of its BO energy

=0 (2.36)

surface is the Hellmann-Feynman theorem. According to this, the first derivative
of the eigenvalues of a Hamiltonian, that depends on a parameter A is given by

the expectation value of the derivative of the Hamiltonian:



CHAPTER 2. THEORETICAL BACKGROUND 39

OE)

O, O,
)

=< 1| \

YA > (2.37)

Here v, and E, represents eigenfunction and eigenvalue, respectively. The forces
F; can be calculated by applying the Hellman-Feynman theorem to the BO Hamil-

tonian:

OH3O(R)

F=- =—<¢(R)|87R1

OR;

[Y(R) > (2.38)

B OVr(r)  OEn(R)
Flz—/nR(r) R OR (2.39)

Here ng(7), Vi (r) and Ex(R) represents electron charge density, electron-nucleus

interaction potential and electrostatic interaction between different nuclei, respec-
tively. Finally, the Hessian of the BO energy surface is determined by differenti-

ating the Hellmann-Feynman forces with respect to nuclear coordinates:

dr + O Vin(R)
OROR, OR0R,

OE(R) [ Ong(r) OVm(R) PV,,(R)
OROR, ] OR,  0OR, dr /R<r) (2.40)

The ground-state electron charge density, 7z (7) and its linear response to a distor-

tion of the nuclear geometry, 8’5’}([7) are required to solve the inter-atomic force

constants (IFC) matrix (Hessian matrix) [44]. Once IFC is known, the Fourier
transform of IFC resulting in the dynamical matrix in reciprocal space. There-
fore, density functional perturbation theory is an accurate and efficient tool to

calculate the lattice dynamics. [45].

2.7 Heyd-Scuseria-Ernzerhof (HSE) hybrid functional

Typically, the standard DFT formalism is insufficient to produce an accurate
description of electronic structures: the PBE functional is a reasonable repre-

sentation of total energies for a variety of stoichiometries, but the unphysical
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self-interactions in d-electron systems can cause a huge amount of error due to
the local mean-field treatment. Further developments were aimed to reduce self-
interaction errors present in (semi-)local functionals by adding “nonlocal” terms
into the XC energy. This description was explicitly implemented in hybrid func-
tionals that mix a semi/local GGA/LDA exchange potential with an additional
amount of non-local exact Hartree-Fock (HF) exchange energy, which has been
considered as the best approach due to its relatively accurate band gap and semi-
core d states [46-49]. A general hybrid exchange-correlation energy functional

ERZ 1) is defined as:

EX ) = aEi (w) + ESOA — (a — 1)EG (2.41)

ESY and

where E5F is the exact non-local Hartree-Fock exchange energy,
EZ are the semilocal GGA exchange and correlation functionals, respectively.
The coefficient « reflects the mixing parameter and w is an adjustable parameter.

Although this approach show improvement over standard DFT formalism,
but still the Hartree-Fock exchange in hybrid DFT approach is much less tractable
in large systems, where the linear scaling Hartree-Fock simulations depend on the
natural decay of the Hartree-Fock exchange interactions over distance. In order
to avoid slowly decaying exchange interaction, Screened Coulomb potential is
introduced. Thus, the exchange part is separated into Short Range (SR) and Long

Range (LR) through coulomb kernel:

i = $,() + Ly(r) = = e:f(’”) + erf(r’") (2.42)

Here, the range separation is defined by Screening parameter, p. Thus, the
expression for HSE screened hybrid functional is given by:
3 3

1
EIE = CEEP () + SERPS () + SEPER ) B )

where E5"3% () is the short range HF exchange. Ex?" % (u) and EX"R () are
the SR and LR components of the PBE exchange functional. The proposed 25%

of the mixing parameter is to be adjusted to suit the type of system being investi-
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gated. Overall, this functional provides better numbers for semiconductors and
insulators, particularly for the calculations of reliable band gaps [50, 51]. A more
detailed description about the implementation of individual terms and parameters
of HSE can be found in Refs. [52] and [53].

2.8 Hirshfeld surface analysis

The quantitative description of a molecule in condensed phase is a challenging
task; however, it continues to attract wide attention since the recognition of dis-
tinct entities in molecular crystals. Various approaches were generalized to ex-
tract continuous molecular fragments from electron density distributions; among
them, Hirshfeld surface analysis is a most effective method based on Hirshfeld’s
“stockholder partitioning” concept [54] for defining atoms in molecules. This ap-
proach is used to analyze the information about crystal structure and its molecular
interactions for exploring crystal packing and the associated intermolecular inter-
actions, which seems to be important in the crystal engineering point of view.
The Hirshfeld surfaces are constructed by screening space in the crystal into
sections where the electron distribution of a sum of sphere-shaped atoms for the
molecule (i.e.the pro-molecule) dominates the corresponding sum over the crys-
tal (i.e. the pro-crystal). This method was developed for partitioning the crystal
electron density into molecular fragments by defining a molecular weight func-

tion:

= palr)
romolecne\”
‘ZU(T) _ a€molecule _ Py ) ( ) (244)
> Pa (T) Pprocrystal (7>
accrystal

Here, p,(7) is a spherically average atomic electron density function centred on
nucleus a [55]. Hirshfeld surfaces are produced through the partitioning of space
within a crystal where the ratio of pro-molecule to pro-crystal electron densities
is equal to 0.5, resulting in continuous non-overlapping surfaces [56, 57].

The strength of the interactions can be described by d,,,,, (normalised contact

distance):
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(A= 77) | (=)

dnorm -

(2.45)

r}’dw 7,

Where r; and r, denote the vdW radii of two atoms inside and outside to the
Hirshfeld surfaces, d; and d, represent the internal and external separations from
the nearest atoms, respectively. The 3D d,,,» surface is used to identify close
intermolecular contacts, in which the positive and negative values denote the in-
termolecular contacts that are longer and shorter than the vdW separations, re-
spectively. The graphical plots are mapped onto the Hirshfeld surfaces with d,.,
using blue (longer intermolecular contacts), white (contacts around the vdW sep-
aration) and red (shorter intermolecular contacts) colours [58]. In addition, the
overall summary of intermolecular interaction in the molecule is provided by the
associated 2D fingerprint plots. The Hirshfeld surfaces are calculated in the user-
friendly program CrystalExplorer [59], which requires only Crystallographic In-

formation Files (CIFs) as an input.
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3

Structure-property-performance
interrelationship of
5,5'-bitetrazole-1,1"-diolate based
energetic ionic salts

This chapter presents a comparative study on physicochemical and detonation
characteristics of 5,5'-bitetrazole-1,1"-diolate based energetic ionic salts including
structural, electronic, vibrational and performance parameters (heat of formation,
detonation pressures, and detonation velocities). The geometry interpretation of
intermolecular interactions were quantitatively visualized using the Hirshfeld sur-
face analysis. In the simplest possible scenario, this chapter explores the structure-
property-performance inter-relationship to highlight the importance of hydrogen
bonding interactions in designing energetic salts for next-generation explosives,

propellants and pyrotechnics.

B. Moses Abraham, Vikas D. Ghule and G. Vaitheeswaran, “A comparative
study of the structure, stability and energetic performance of 5,5-bitetrazole-1,1'-

diolate based energetic ionic salts: future high energy density materials”, Phys.

Chem. Chem. Phys., 20, 29693 (2018).
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3.1 Introduction

From gunpowder to modern energetic materials, the so-called age of explosives
improved the potential to develop a variety of energetic materials that are exten-
sively used in both civilian and military applications, such as mining engineer-
ing, weapons research and aerospace science. With the continuing demand for
the search of advanced energetic materials, researchers are fascinated towards de-
veloping and designing materials with high power, better safety levels and good
environmental compatibility. Nevertheless, till date, the controversial drama be-
tween performance and sensitivity placed a serious challenge to design explosives
with desired applications. For example, CL-20 [[1] and ONC [2] contains high
performance than any other energetic materials, but the presence of more nitro
groups and their sensitivity make the synthesis more expensive and strenuous.
On the other hand, FOX-7 [3] is the best insensitive energetic material than the
well-known TNT, but it possesses only 70% of the heat of detonation than the
most widely used RDX and HMX [#]. Therefore, the future high energy density
materials (HEDMs) have to be developed with creative strategies by concentrating
on the combination of physics, crystallography and chemistry.

Apart from energetic co-crystals and metal-organic frameworks, another inter-
esting approach to design powerful energetic materials is through the formulation
of energetic ionic salts (EIS). The combination of their inherent individual explo-
sive properties and unusual chemical structures yields a unique class of EIS with
enhanced power due to distinct crystal packing and anion-cation interactions [5].
The principle parameter to design these EIS is to attain higher densities than their
parent compounds. Typically, in metal salts, the nondirectional, soft and delo-
calized interactions allow the crystal to pack tightly, leading to greater densities
[6, 7. However, when organic anion and non-metal cation form together, the
driving forces are weak interactions [8, 9]. These intermolecular interactions,

especially hydrogen bonding between cation and anions play an important role
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in improving crystal packing efficiency, density and stability, which is revealed
in several low sensitive HEDMs. Apart from their stability, the non-covalent
interactions, such as hydrogen bonding can minimize their solubility and toxi-
city in most of the common solvents. In addition, the EIS may contain lower
vapor pressure than their parent nonionic molecules and thus, significantly re-
duces the risk of exposure via inhalation [10-12]. Recently, several EIS were de-
rived from triazole, tetrazole and imidazole in which each cation or anion couple
with its counterparts via protonation reactions that can overcome the associated
adverse behavior. For example, 3,4-diamino-1,2,4-triazolium 5-nitrotetrazolate
(1.739 gm cm™?), 3,4-diamino-1,2,4-triazolium perchlorate (1.798 gm cm™—) and
l-amino-1,2,3-triazolium 5-nitroiminotetrazolate (1.72 gm cm ™), 1-amino-1,2,3-
triazolium nitroformate (1.86 gm cm™) possess remarkably higher densities than
their parent 3,4-diaminotriazole (1.552 gm cm™) [[14] and 1-amino-1,2,3-triazole
(1.423 gm cm ) [13] compounds, respectively. Hence, the dream of high perfor-
mance with better sensitivities can be obtained through EIS.

Tetrazole is an extremely significant precursor towards developing various en-
ergetic salts ranging from insensitive secondary explosives to sensitive primary
explosives. It is a five-membered heterocyclic structure with four N atoms in
the ring. The introduction of single oxygen atom into tetrazole ring structure
makes them interesting materials with desired properties for future applications:
1) owing to its high crystal density, the explosive power will be increased signif-
icantly; i1) the enhanced oxygen balance results in maximum energy output on
decomposition/explosion; iii) the enhanced intermolecular interactions and the
reduced heat of formation (HOF) will ensure low sensitivity towards mechan-
ical stimuli. Therefore, by introducing these ideas together, Tselinskii designed
an innovative tetrazole derivative 5,5-bistetrazole-1,1"-diolate (BTO) in 2001 [[15].
The bi-tetrazole rings and two hydroxyl groups of BTO molecules are joined to-
gether by N-O bonds with enhanced structure-property characteristics, which is

suitable for the design of new EIS. Moreover, the strongly acidic dihydroxylated
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bitetrazole can readily be abstracted by nitrogen-rich bases such as ammonia, urea,
guanidine, hydrazine or even other tetrazole derivatives. For example, the future
high energy material TKX-50 contains remarkably high density (1.877 g cm™)
[16] when compared to their pure hydroxylammonium (1.67 g cm ) compound.
The impact and friction sensitivities of TKX-50 (20 J and 120 N) are smaller than
that of S-HMX (7 J and 112 N) and e-CL-20 (4 J and 48 N). The remarkable me-
chanical stability of TKX-50 can be ascribed to several factors: 1) the strong intra
and weak interlayer bonding interactions can promote dissipation of mechanical
energy through interlayer sliding and 11) the presence of face-to-face =...w stacking
in the crystal can reasonably transform the external mechanical energy into inter-
molecular interaction energy. Based on the exceptional performance of TKX-50,
various novel energetic salts of BTO families were synthesized and are found to
perform significantly well when compared with the traditional explosives. The
recently synthesized HA-BTO [[17] possess higher crystal density (1.912 g cm™)
and good impact and friction sensitivities (28 J and 120 N) than those of TKX-
50. The heat of formation of HA-BTO (425.6 k] mol™!) is four times superior
to RDX and equal to that of TKX-50. The detonation velocity (8931 m s™!) and
detonation pressure (36.1 GPa) are also greater than that of RDX [[17]. Therefore,
in this chapter, we tried to understand the structure-property-performance inter-
relationship of 5,5-bistetrazole-1,1"-diolate skeleton when combined with various

cations (see figure B.1) to enhance the performance of EIS.

3.2 Theoretical methodology

Geometry optimizations were carried out using density functional theory (DFT)
with a plane wave basis set via Vienna ab initio Simulation Package (VASP) [18,
19]. The exchange and correlation energy is characterized by projector augmented

wave (PAW) [20] method, employing the Perdew-Burke-Ernzerhof (PBE) [21]

generalized gradient approximation (GGA). The conjugate gradient minimiza-
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Figure 3.1: The crystal structures of 5,5-bitetrazole-1,1"-diolate based energetic
salts

tion scheme is used to relax the coordinates of all structures until the maximum
force on each atom is less than 0.01 eV/A. The optimization of geometries was
based on convergence thresholds for the displacement and total energy as 5x10~*
A and 5x107¢ eV/atom, respectively. For the Brillouin zone integrations, a
Monkhorst-Pack grid [22] of most suitable mesh is used for each structure. The
accurate description of any material mainly depends on the exchange-correlation
functional that is employed. Fortunately, the ability of electronic structure meth-
ods to balance computational efficiency and accuracy has led to its widespread

usage in a variety of molecular systems. However, the conventional DFT func-
tionals (LDA and GGA) fail to describe long-range interactions [27-32] that orig-
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inate from non-local electron correlation. In order to capture these non-bonding
interactions within the energetic salts, we incorporated the van der Waals (vdW)
correction approach developed by Grimme and co-workers. The obtained total

energy after incorporating dispersion correction is given by:

Eprrip = Eprr + Egig, G.1)

The empirical dispersion correction energy (E;,) is attractive for any distance

and thus stabilizes the system with respect to their constituting atoms.

Egiy = =6 ) fdamp Rj), 3.2)

z<;

Here, S¢ 1s a global scaling factor, C;; represents the dispersion coefficient for
atom pair ij, which can refer to atoms as well as complete crystal as it is obtained
from a centered multipole expansion. The damping function f4,,, must be used

to avoid near-singularities for small R;;, which is given by:

1

e Ty /R=T)

fdamp = I

where R 1s the sum of atomic vdW radii. The inclusion of these London dis-
persion forces is indispensable in theoretical calculations in order to reach chem-
ical accuracy (~1 kcal/mol).

Usually, the standard DFT formalism is insufficient to produce an accurate
description of electronic structures: The PBE functional is a reasonable repre-
sentation of total energies for a variety of stoichiometries, but the unphysical
self-interactions in d-electron systems can cause a huge amount of error due to
the local mean-field treatment. Comparatively, Hubbard U (PBE + U) correction
can reduce the problem to some extent, but it introduces different set of compli-
cations. On the other hand, modified Becke-Johnson (mB]), a meta-GGA func-
tional [33-40] is the most sophisticated semilocal approximation that balances the

non-locality contributions to the exchange and correlation energy. Even though
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mB] shows some underestimation of the band gaps, it qualitatively minimizes
the error compared to conventional DFT functionals. Unfortunately, the to-
tal energy cannot be calculated through mB], since it is an empirical potential
not being a derivative of exchange and correlation energy. The Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional that screens the Coulomb potential for the
Hartree-Fock (HF) exchange has been considered as the best approach for its rel-
atively accurate band gap and semi core d states. However, HSE calculations are
highly expensive because of shear size of the system as well as the complexity
of the method. As a consequence, the clear description of electronic structures
using hybrid functionals for most of the energetic materials are absent in the liter-
ature. Therefore, to reduce self-interaction error of DFT in electronic structure
calculations, we have incorporated HSE06 functional approach. The complete
description and implementation of HSE methodology can be found in Ref [41]
and [42].

The density functional perturbation theory (DFPT) simulations were carried
out through CASTEP package [43] via plane wave pseudo-potential approach.
The norm-conserving[44] pseudopotentials[45] were adopted for calculating zone
center IR spectra. The Monkhorst-Pack k-point grid separation of 2 x 0.04 A~
and a kinetic energy cutoff of 950 eV were used in the calculations. Upon re-
laxation, the atomic forces in the relaxed systems were smaller than 0.01 eV/A.
The total energy convergence is obtained when the energy difference between
successive self-consistent iterations were 5.0 x 107 eV/atom. The CrystalEx-
plorer 3.1 [46] software is used for qualitative analysis of Hirshfeld surfaces [47]
and related 2D fingerprint maps [48]. For evaluating the energetic performance,
the detonation pressure and detonation velocities were calculated using EXPLO5

[49] program.
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3.3 Results and discussion

As mentioned earlier, performance and sensitivity are the two major concerns
of explosive materials. Various articles reported several factors influencing them,
including crystal packing, density, decomposition, initiation, oxygen balance, dis-
locations, voids, energy localization, defects, energy dissipation mechanisms, in-
termolecular hydrogen bonding, short- and long-range interactions in molecular
crystals and many more. In the present chapter, we attempt to understand the
results in four sections: The molecular structure, vibrational and electronic prop-
erties, Hirshfeld surface analysis and detonation performance. Comparing these
properties of EIS, we can quantitatively analyze their difference in power and

sensitivity.

3.3.1 Molecular structure and ground state properties

The crystallographic data of BTO energetic salts are shown in Table B.1. The
DMA-BTO [24], HA-BTO [[17] and M,-BTO [26] crystallizes in same triclinic
structure with space group P-1. Whereas, ABTOX [23], DU-BTO [25] and TKX-
50 [[16] possesses monoclinic structure with space group P21/¢, P21/n and P21/c,
respectively. Dreger et. al., [50] studied the structural and vibrational properties
of TKX-50 using DFT standard functionals LDA (CA-PZ), GGA (PW91) and
GGA (PBE) and their improved versions (PBE-TS, PW901-OBS and PBE-D2).
The errors in their calculated volumes are -7.8, 13.0, 13.3, 5.8, -1.3 and 0.02% for
CZ-PZ, PW91, PBE, TS, OBS and D2, respectively. These values represent that
the DFT-D2 method reproduces the experimental results more accurately. Subse-
quently, similar articles were reported on TKX-50 using D2 Grimme method to
understand various energetic properties [61, 52]. Even our earlier experience also
demonstrates that the DFT-D2 method can quantitatively reproduce the struc-
tural properties of explosive materials [53]. Therefore, in the present chapter, we

optimize the geometry of EIS salts using a DFT-D2 approach by full relaxation
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of all atoms and cell parameters and also to assert the reliability of the employed
method. As is depicted in Table B.1, our optimized lattice parameters show good
agreement with the experimental values, confirming the reliability.

Under ambient conditions, the average N-N and C-N bond lengths of the tetra-
zole rings range from 1.374 A for N1-N2 to 1.337 A for N2=N3 and 1.371 A for
C1-N1 to 1.349 A for C1=N4, which is normally longer than the N=N (1.245
A)and C=N (1.27 A), and shorter than the N-N (1.454 A) and C-N (1.47 A) bond
lengths [54, 55]. It is noteworthy to mention that the each cation is surrounded
by a large number of BTO?" anions through strong HBs towards the O and N
atoms of tetrazole rings. Moreover, all possible 2,3,4-N and O atoms of BTO*~
anions act as HB acceptors. The hydroxylammonium, 2-methylimidazolium and
uronium cations act as both HB acceptor and donor due to the presence of both
O and H atoms. These HBs are due to the interaction between donors (O-H
and N-H) of various cations and proton acceptors (O and N atoms) of BTO?*~
anions. Among them, (cation) D-H...O (BTO?") bonds contain strongest HBs
due to high electronegative value of O atom than the N atom in BTO?". On
the other hand, the methyl groups in DMA-BTO and M,-BTO cations do not
contribute to the hydrogen bonds. The intermolecular interactions in cations
play a significant role in closely packing the adjacent BTO layers. Hence, the
H...A distance of the HB’s in cations can significantly demonstrate how close
the interactions between cations and BTO’s are. Further, D-H...A length (1.492
A) for the uronium cation to the oxygen of the BTO anion is shorter than the
usual cation-HBs (1.893 A) for explosives [56]. Figure B.J displays the intermolec-
ular interactions around various cations in which the H...A distance (1.573 A)
for hydroxylammonium cation in TKX-50 is the next shortest among the stud-
ied energetic salts. The H...A lengths for various cations are in the following
ranges: hydroxylammonium: 1.573-2.471 A, 2-methylimidazolium: 1.722-2.467
A, hydrazine: 1.630-2.376 A, uronium: 1.492-2.418 A, methylamine: 1.724-2.381

A, ammonium: 1.883-1.954 A. The extensive intermolecular hydrogen bonding
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Figure 3.2: Intermolecular HBs around various cations, represented by green
dash. (@) ABTOX, (b) DMA-BTO, (c) DU-BTO, (d) HA-BTO, () M,BTO and
(f) TKX-50.
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between BTO anion and cations not only enhances the detonation properties but
also increases the thermal stability and allows the molecule to possess low sensi-
tivity by providing improved safety in storage and transportation.

The strength of the intermolecular interactions can be understood by measur-
ing D...A distance. As demonstrated in figure B.2, the O...O, N...O, N...N con-
tacts range within 2.52-2.71, 2.69-3.36, 2.77-3.38 A. According to bond radii crite-
ria of O (1.52 A) and N(1.55 A), the above contact distances can be transformed
as the ratios to the related sum of vdW radii (R;) of 3.04 (O+0O), 3.07 (N+O)
and 3.1 (N+N) A, respectively. These are 0.83-0.89, 0.88-1.09 and 0.89-1.09 for
O...0, N...O and N...N contacts, respectively. Hence, R; decreases in the order:
0...0 < N...O < N...N, showing an increase in intermolecular interactions in the
same order. More interestingly, the average R, values of the D...A contacts for
HA-BTO are evidently shorter than other cations, suggesting an increase in the
intermolecular interactions among the studied energetic salts. The strongest inter-
molecular interactions in this material is mainly responsible for its high molecular
stability and also contains smaller IS than other cations. The next strong inter-
molecular interactions are observed in MpBTO. The average R values for various
EIS are in the following range: TKX-50: 0.90-1.01, M,BTO: 0.90-0.99, HA-BTO:
0.885-0.99, DU-BTO: 0.90-1.045, DMA-BTO: 0.91-0.95, ABTOX: 0.945-0.96.

3.3.2 Zone center phonon frequencies

The energetic salts are strongly bounded by weak intermolecular interactions,
usually vdW forces and/or hydrogen bonds. Especially in complex molecular
crystals, the signature of the corresponding strong hydrogen bonding environ-
ments are difficult to capture via x-ray diffraction because of very low intensity.
However, the distribution of various hydrogen bonding networks and the pres-
ence of vibrational delocalization due to intermolecular vibrational coupling leads
to strong congested spectra, which are challenging as well as difficult to elucidate.

A widespread analysis, incorporating group theoretical methods and DFPT, can
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overcome the scepticism of interpreting complementary structural information
involving strong hydrogen bonding networks. Recently, Dreger et. al., [50] stud-
ied the Raman spectroscopic measurements and DFT method through CASTEP
program to understand the structural and vibrational behavior of TKX-50 and ob-
served that the presence of strong intermolecular interactions and the coupling of
vibrational modes might strongly contribute to the shock insensitivity of TKX-
50. Nevertheless, the detail investigations related to the vibrational description of
the studied energetic salts are not yet reported. Therefore, the fundamental vibra-
tional frequencies along with their corresponding intensities of the IR spectrum
were extensively investigated for the studied energetic salts.

According to the crystal information of ABTOX, the monoclinic (P21/¢) struc-
ture with 44 atoms of unit cell gives rise to 3 acoustic and 129 optical phonon
modes at Brillouin zone I'-point. The optical vibrational modes of the studied
energetic salts in the centre of the Brillouin zone are classified with the irreducible

representations as:

Lopicat(ABTOX) = 32A,(IR)®31B,(IR)®33A,(Raman)®33B, (Raman)
Lopicat ODMA-BTO) = 48A, (IR)®51A, (Raman)
Foptimg(DU-BTO) = 44A,(IR)®43B,(IR)D45A, (Raman)®45B, (Raman)
LopicaHA-BTO) = 27A, (IR)®30A, (Raman)

L opicaM2-BTO) = 63A, (IR)D66A, (Raman)
Foptiml(TKX-BTO) = 35A, (IR)®34B, (IR)®36A, (Raman)®36B, (Raman)

From the vibrational assignments presented in Table 3.2, it immediately re-
flects that very less number of modes appear as "pure” vibrations of particular
functional groups and most of them are contributions from the vibrations of var-
ious functional groups, as is often in most of the energetic materials. For all
the energetic salts, the low frequency modes up to nearly 250 cm™! are because
of lattice vibrations (rotational and/or translational) or their combination with

low-frequency molecular motions of both cation and anion vibrations. In the
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frequency range of 500-900 cm ™!, DU-BTO crystal contains more number of
peaks than other energetic salts with a sharp intense peak at 647 cm™!, which
belongs to NH rocking and NH, wagging vibrations of uronium cation. The
DMA-BTO structure contains only one intense peak in this region (913 cm™!)
with NH, and CH, rocking vibrations of methylamine cation. Further, the peak
of Mp-BTO located at 826 cm™! is assigned to HC=CH twisting and OH; wag-
ging of methylimidazolium cation, whereas the peak located at 859 cm™" of TKX-
50 belongs to OH wagging of hydroxylammonium. Contrarily, ABTOX does
not show any major peak in this region. The most of in-plane bending vibra-
tions are described as ring C-C stretching modes, whereas out-of-plane bending
modes are generalized as ring C-C deformations with pure or mixed vibrations.
For all the energetic salts, the anionic ring out-of-plane bending modes are located
in the range of 633-663 cm™". Figure B.3c contains a maximum number of peaks
throughout the spectrum except for DMA-BTO and ABTOX salts and are barely
assigned to the modes of BTO aromatic ring system. In all cases, the distinct sharp
peak is observed at ~1205 cm ™!, which corresponds to the vibrations of BTO ring
structure ¥N=N + vN=N + y,N=C-N + y,N-N=N + vN=0). The mixed
cation and anion vibrations are observed in figure B.3d. The OH rocking motion
of uronium cation and ring C-N stretching of BTO anion located at 1366 cm ™" is
the strongest peak in this region.

Figure B.3e and f corresponds to symmetric/asymmetric stretching frequencies
of CH,, CH3, NH,, NH;, NH,, OH and OH; modes. These vibrational frequen-
cies for various cations are in the following range: uronium: 3078-3440 cm™'
A [v,(OH,NH,), v,(NH,)], ammonium: 2965-3080 cm~! A [v,/v,(NH,,NH,)],
hydroxylammonium: 2654-3200 cm™! A [vs(OH,NH,NH,), »,(OH,NH,NH,)],
methylamine: 2817-3079 cm™! A [v,(NH,,CH,CH,,CHj3), v,(NH,,CH,)], 2-me
thylimidzaolium: 2862-3346 cm™! A [v;(NH,OH,0OH,,CHs), v,(CH,,CHj3)], hy-
drazine: 2545-2840 cm™' A [1,(NH,NH,,NHj3), 1,(NH,)] and their correspond-
ing sharp intense bands are located at 3200, 3052, 2671, 2820, 2862, 2546 cm™',
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respectively. Typically, the IR stretching vibrations in the region of 1600 - 3200
cm ™! are related to strong HBs, whereas the weak HBs usually occur at 3200-3700
cm™!. Further, the strength of D-H..A hydrogen bond can be expressed as the sep-
aration between donor and the acceptor atoms (Rp_o): A distance in the range
2.5-2.7 A is considered as strong hydrogen bond, whereas, a separation greater
than 2.7 A is characterized by weak hydrogen bond [57]. Therefore, the corre-
lation between stretching frequencies and Rp_ o can be used to demonstrate and
characterize hydrogen bond strength [58]. From figure B.3e and {, the IR spectra
corresponding to D-H stretching vibrations in the crystal structure of HA-BTO
are located at much lower frequency and the next lowest is observed in TKX-50
compared to other cations, representing the existence of strong hydrogen bonding

environment in the crystal structure of HA-BTO.

3.3.3 Electronic band structure and density of states

The electronic structure of explosive materials are highly sensitive even to a small
variation in their crystal system as the hybridization of electronic states mainly
rely on the lattice structure, bond lengths and bond angles etc. In addition, the
energy band gap can also be correlated with the sensitivity of energetic materi-
als based on the principle of easiest transition [59]: lower the band gap, higher
the probability of electron transition from valence band to conduction band and
thus leads to higher sensitivity. In this context, a reliable theoretical approach
based on quantum mechanical calculations is required to accurately predict the
electronic band structure of complex explosive materials. The Heyd-Scuseria-
Ernzerhof method has been proven as the state of the art in quantitatively pre-
dicting and screening the electronic structures of existing as well as new materials.
Therefore, we employed the HSEO6 approach to investigate the electronic prop-
erties of these EIS. The calculated electronic band structure for the studied EIS
using HSE functional along specific high symmetry directions were displayed in

figure B.4. The maximum and minimum of the valence and conduction bands for
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Figure 3.5: The calculated band gaps for ABTOX, DMA-BTO, DU-BTO, HA-
BTO, M,BTO and TKX-50 crystals using HSE functional at optimized parame-

ters.

HA-BTO, DU-BTO and DMA-BTO are situated along the same -Z, -D and -T
directions, representing the direct band gap with a width of 5.05, 4.64 and 4.77
eV, respectively. Whereas, for M,-BTO, ABTOX and TKX-50, the energy band
get the maximum at point -Q, -D and -C in the valence band and the minimum
at point -Z, -Z and -B in the conduction band, indicating the indirect band gap
with a width of 4.66, 4.33 and 4.99 eV, respectively. Overall, the maximum band
gap corresponds to HA-BTO, whereas the minimum one is for ABTOX (see fig-
ure B.3). As mentioned earlier, the explosive materials with smaller band gaps
were expected to possess lower stability and higher reactivity in the photochem-
ical process that may lead to possible electron transfer; it might be inferred that
the HA-BTO has the lowest reactivity among the studied energetic salts followed
by TKX-50. The observed criteria is also consistent with the impact sensitivity
measured through standard BAM [60] method, where HA-BTO (28 ]) possesses a
lower impact sensitive compared to TKX-50 (20 J) [[17].

The calculated total densities of states (DOS) along with cationic and anionic
partial DOS for the studied energetic salts are presented in figure B.6. The valence
band maximum (VBM) and conduction band minimum (CBM) for ABTOX, HA-
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BTO, DMA-BTO, and TKX-50 are of anionic behavior. In the case of DU-BTO,
the upper occupied states show a mixed nature, whereas the peak at 3.4 eV corre-
sponds to the anionic nature. In contrast to the DU-BTO, the CBM of M,-BTO is
determined by the anion-cation hybridization, while the VBM show pure anionic
behavior. For the valence band of the ABTOX spectrum, the bands at energies
of -18.7 eV, -17.18 eV, -12.3 eV, -11.2 €V, -10.6 eV, -7.0 eV, -3.9 ¢V and -2.7 eV
mainly correspond to the anionic states. On the other hand, the bands at -16.1

eV and -8.3 eV are due to the cationic states.

3.3.4 Hirshfeld surface and 2D fingerprint plots

The visualization and analysis of molecular structure using Hirshfeld surfaces can
offer an effective way to explore the crystal packing and the associated intermolec-
ular interactions. The majority contacts of Hirshfeld surfaces for all the BTO
salts are mainly due to N..H/ H..N contacts, ranging from 35 to 50%. The
O...H/H...O interactions occupy the next highest contribution with the propor-
tion varying from 16 - 27%, which is notably lower/higher in DAM-BTO/HA-
BTO, respectively. These contacts are the shortest interactions in all molecules,
which can be identified as large red spots on the d,,., surfaces and appear as a
pair of spikes at the bottom of each fingerprint plot (see figure B.7). Further, the
shorter distance of the spikes to the original point (0.68-1.05 A , the sum values
of horizontal and vertical coordinates) represent the strong hydrogen bonding
networks in these crystals. In addition,Jeffery et. al. [61] classified these spikes
as moderate and strong hydrogen bonds. The N...N interactions show a much
larger contribution in HA-BTO than in the other structures with a proportion
of 18.3%. The "wings” seen in the plots of M»-BTO and DMA-BTO belong to
signature C...H/H...C interactions with the proportion of 5.2 and 5.6%, while
HA-BTO does not produce any contribution. One of the prominent short con-
tacts is found in DU-BTO and is due to the close approach of BTO oxygen to

the uronium proton 1.e., a significant O-H...O interaction. Another short inter-
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Figure 3.8: Populations of close contacts of 6 EIS molecules in crystal stacking.

action observed in TKX-50, where the HA cation interacts with oxygen from
BTO groups. By analyzing d;+d, of these energetic salts, we found that HA-
BTO, TKX-50 and DU-BTO possess stronger hydrogen bonds compared to the
remaining molecules. The H...H contacts in HA-BTO feature lowest proportion
than the other molecules, making up only 1% of the surface. Whereas, DMA-
BTO and M,-BTO show significantly more H...H contacts (23%) with almost
15% higher contribution than any of the energetic salts and fewer N...N ( 4%)
interactions, compared to 9-18% for the other salts. This huge variation in these
interactions can be attributed to the presence of more hydrogen atoms: M,-BTO
possesses highest number of hydrogen atoms, while HA-BTO contains less num-
ber compared to other molecules. Despite the high contribution of H...H con-
tacts in M-BTO, its role in the stabilization of the molecule is typically less in

magnitude, as these interactions are among the same species (see figure B.8).
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Figure 3.9: The energetic performance of BTO based energetic salts. HOF values
are in x 10! order.

3.3.5 Detonation properties

Detonation pressure (P) and velocity (D) are prime indicators for the performance
of energetic materials. Based on computed densities and heat of formation, P and
D were predicted using the EXPLO5 code (see Table B.3). The BTO energetic
salts show positive heats of formation (HOF) and except urea salt (DU-BTO), all
other salts have HOF above 300 k]/mol. The densities of these energetic salts fall
in the range of 1.49-1.91 g/cm’, in which HA-BTO and TKX-50 show greater
densities. It is also noteworthy that the presence of heterocyclic cations (in M,-
BTO) helps to achieve high positive HOFs due to their high energy contribution.
The oxygen balance (OB) for the six molecules ranges from -119 to -27 % in which
TKX-50 show better OB. It is acclaimed that the positive HOFs and high densities
are favorable to achieve superior detonation performance. HA-BTO and TKX-
50 salts having relatively high HOF (> 400 kJ/mol) and high densities (> 1.84
g/cm?’), resulted in superior detonation pressures (above 38 GPa) and detonation

velocities (above 9.9 km/s), making them potential explosive materials (see fig-
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ure B.9). However, DU-BTO and ABTOX show higher performance than TNT
(P=22.0 GPa, D=6.94 km/s) while M,-BTO and DMA-BTO indicate the poor

performance due to their lower densities.

3.4 Conclusions

In summary, first-principles calculations were carried out on a series of 5,5-bitetra-
zole-1,1"-diolate based EIS to understand the structure-property-performance in-
terrelationship. The D-H stretching vibrational modes of hydrazine cations are
found at much lower frequency followed by hydroxylammonium and the cor-
responding shorter D...A contact distance demonstrates the presence of strong
hydrogen bonding environment in HA-BTO and TKX-50. The electronic band
structure using HSE functional predict these energetic salts as wide band gap in-
sulators with a bandwidth ranging from 4.33-5.05 eV. The 2D fingerprint maps
reveal that these energetic salts are mainly governed by N..H/H..N interactions
with 35 to 50% of contributions to the total Hirshfeld surfaces. These strong
intermolecular interactions, especially in TKX-50 and HA-BTO are mainly re-
sponsible for its superior molecular stability when compared to other EIS. The
calculated detonation properties demonstrate these energetic salts as potential ex-
plosive candidates, especially, HA-BTO and TKX-50 provide superior detonation
velocities (9.94 and 9.91 km/s) and detonation pressure (38.85 and 40.23 GPa) ow-
ing to their high positive HOFs and densities. These results highlight favorable
properties and provide theoretical guidance for understanding structure-property-

performance interrelationship of energetic salts.
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A comparative study of
3,3'-dinitro-5,5"-bis-1,2,4-triazole-
1,1’-diolate derivatives

As a continuation of previous chapter, the structural, electronic and vibra-
tional properties of another similar energetic ionic salts (EIS) based on 3,3'-dinitro-
5,5-bis-1,2,4-triazole-1,1-diolate anion with ammonium (DA-DNBTO) and hy-
drazinium (DH-DNBTO) cations were discussed in detail. The Hirshfeld surface
analysis and the related 2D fingerprint plots were quantitatively analysed to un-
derstand the importance of intermolecular interactions present in the molecule.
Further, the influence of intermolecular interactions on performance and sensi-

tivity of these energetic salts were discussed in detail.

B. Moses Abraham and G. Vaitheeswaran, “From van der Waals Interactions to
Structures and Properties of 3,3"-Dinitro-5,5"-Bis-1,2,4-Triazole-1,1-Diolate Based
Energetic Materials” Mat. Chem. Phys., 240, 122175 (2020).
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88 4.1. INTRODUCTION

4.1 Introduction

For centuries, researchers have tapped the incredible energy stored in the molecules
of explosive materials. Nevertheless, the science of energetic materials face tremen-
dous challenges in predicting the precise correlation between performance and
sensitivity characteristics with high fidelity. For instance, in most cases, the per-
formance of an explosive can be enhanced at the cost of lower safety [[I]. On
the other hand, there is an exponential increase in the demand for national de-
fense and the economy. Therefore, it is of great interest to design and develop
energetic materials with superior energetic output along with reasonable safety
over the currently used traditional explosives. In recent years, fully nitrated het-
erocycles have shown enormous potential and emerged as eco-friendly energetic
materials [2, B]. The compatibility between backbones and explosophores has
been thoroughly analyzed by studying the essential energetic features of the fully
nitrated heterocycles [4, 5]. Specifically, five-membered azole moieties with high
nitrogen content are widely used as energetic frameworks because of their decent
balance between molecular stability and energetic performance, strikingly high-
lighting the uniqueness in the world of energetic materials [6, 7]. In addition, the
introduction of oxygen atom on these fully nitrated heterocycles improve the
oxygen balance and also enhance the density and balance the sensitivity [8, 9].
Moreover, combining azoles with a cation to form energetic ionic salts (EIS) was
found to be an effective strategy for the construction of high energy density ma-
terials [[10, [11]. Typical, the combination of high nitrogen anions and cations in
EIS with a large number of energetic C-N and N-N bonds can boost the perfor-
mance of an explosive. They can also possess higher heat of formation, lower
vapor pressures, high stability and a higher level of environmental compatibility
compared to that of their non-ionic analogues. In general, the performance and
properties of most existing EIS lie in between their parent components. However,

there are few exceptions in which EIS outperforms some key energetic properties
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than their parent components, such as density, detonation power and sensitivity.
For instance, the hydrazine 5,5 -bitetrazole-1,1"-diolate [[12] (HA-BTO) possesses
remarkably higher density (1.912 g/cm?) than its parent hydrazine (1.02 g/cm’)
compound (see figure {.1). The detonation performance of HA-BTO (D = 8931
m s, P = 36.1 GPa) is much higher than 1,3,5-trinitro-1,3,5-triazinane (RDX,
D = 8512 m s~ !, P = 31.2 GPa) and the impact sensitivity (28 J) is better than
1-methyl-2,4,6-trinitrobenzene (TN'T, 15]) [[12]. Recently, a series of different or-
ganic linked energetic salts (-CH,-O-CHy,-, -CH,-CH,-, -CH = CH-) were synthe-
sized to decrease the sensitivity and enhance the thermal stability of energetic salts
[13-16]. These exceptional features of EIS may facilitate potential applications to
promote energetic materials evolution.

Generally, most of the energetic solids contain molecules that are held together
by van der Waals (vdW) interactions. Under external stimuli like hydrostatic
pressure or a shock wave, the intermolecular interactions and the micro-structure
may undergo significant changes, leading to a drastic variation in the mechanical,
chemical and thermodynamic properties. The Zeldovich-von Neumam Doering
model [[17-19] suggest that the detonation performance differs based on the varia-
tion in these properties. Hence it is necessary to provide a clear picture of how the
intermolecular interactions influence the macroscopic properties to enhance the
energetic performance. However, the experimentally measured x-ray diffraction
fail to locate the exact position of hydrogen atoms [20]. Therefore effective meth-
ods based on theoretical simulations [21] or neutron diffraction measurements
[22] are required to study the atomic structure of hydrogen containing materials,
especially structures with intermolecular interactions. The first principles calcu-
lations have become an indispensable tool in unravelling the intermolecular in-
teractions within the crystal and are successful in accurately predicting the chem-
ical and physical properties of a broad range of materials [23]. However, due to
the complexity of energetic materials, conventional electron exchange-correlation

functionals fail to produce an accurate description of weak intermolecular inter-
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Hydrazine cation BTO anion HA-BTO
(p=1.02 gem?) (p=1.79 gem?) (p= 1.91 gemr?)

Figure 4.1: The combination of hydrazine (HA) cation and 5,5-bitetrazole-1,1'-
diolate (BTO) anion to form HA-BTO energetic ionic salt. Grey, white, blue, and
red balls represent carbon, hydrogen, nitrogen, and oxygen atoms, respectively.

actions. This is clearly exemplified in various energetic crystals including RDX
[24], FOX-7 [25, R6], CL-20 [27], TATB [28, 29] and HMX [30] and the results
show that the generalized gradient approximation(GGA)/local density approxi-
mation (LDA) overestimate/underestimates the crystal volumes by nearly ~30%
when compared to experimental values. Therefore, to account for these long-
range dispersive interactions quantitatively, a wide range of new functionals were
developed to extent DFT and are continuously being improved. Among the most
successful ones are the class of dispersion-corrected functionals such as those of
Tkatchenko and Scheffler [31] (TS) and Grimme [32] (D2), and the Langreth-
Lundqvist density functionals of the vdW-DF family [33]. Most of the theoretical
calculations study the vdW interactions using Atoms in Molecules (AIM), Natural
Bond Orbital (NBO), density functional theory to understand the band structure,
binding energy, Hirshfeld surface, charge density, etc., However, there is a huge
lack in the engineering of new and enhanced research on the inter-relationship
between van der Waals interactions and macro properties of energetic solids.

In our previous chapter [34], we systematically investigated the structure -
property - performance interrelationship of 5,5'-bitetrazole-1,1’-diolate (BTO) based

energetic ionic salts. Here, we selected similar energetic salts based on 3,3’-dinitro-
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5,5-bis-1,2,4-triazole-1,1-diolate anion with ammonium (DA-DNBTO) and hy-
drazinium (DH-DNBTO) cations. The first principles calculations were per-
formed to study the structural, electronic and vibrational properties of DNBTO
salts. The Hirshfeld surface analysis and the related 2D fingerprint plots were
quantitatively analyzed to understand the importance of intermolecular interac-
tions present in the molecule. The strongest intermolecular interactions of DA-
DNBTO indicates its inferiority in molecular stability, which is in good agree-
ment with the experimentally measured impact sensitivity (>40 ]) and friction
sensitivity (360 N) values [8] and also explains why it has the highest stability com-
pared to DH-DNBTO. In view of these observations, it was adorable to construct
energetic salts with intermolecular hydrogen bonding as the future generation

high energy density materials.

4.2 Computational methods

The DNBTO based energetic ionic salts were studied using two distinct approaches
within the framework of density functional theory. Initially, CAmbridge series
of total energy package (CASTEP) [35] based on plane-wave pseudopotential (PW-
PP) approach is used to simulate vibrational and associated properties, where the
density functional perturbation theory (also known as linear response method)
is implemented. The structural relaxation was carried out through Broyden-
Fletcher-Goldfarb-Shanno (BFGS) [36] scheme. The electron-ion interactions were
treated using Vanderbilt-type ultrasoft pseudopotentials (USPP) [B7] to perform
geometric optimization, while dynamical properties were calculated through norm-
conserving pseudopotentials (NCPP) [38]. The electron-electron interactions were
included via generalized gradient approximation (GGA) with Perdew-Burke- Ernz-
erhof (PBE) [B9] parameterization. The kinetic energy cut-off of 600 eV for USPP,
950 eV for NCPP and k-point grid of 4x4x3 for DA-DNBTO and 7x3x3 for DH-
DNBTO were used according to Monkhorst-Pack [40] grid scheme. The self-
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consistent energy convergence, stress and maximum displacement were set to be
1.0x107% eV/atom, 0.05 GPa and 1x 1073 A, respectively.

The non bonding vdW interactions are essential for describing the intermolec-
ular interactions in various energetic materials, were accounted for in our calcula-
tions using Grimme’s semiempirical dispersion correlation, known as the DFT-
D2[B2] approach. We have used this method to maintain consistency with earlier
studies and to ensure that precise correlation could be made with our previous
work [34]. However, as mentioned in the text, we also used TS method [31], but
no prominent difference was observed. In these methods, the total energy of the

system after the inclusion of semiempirical correlation (Eg;, is given by:
Eprrip = Exs—prr + Eaig

Where Egs_prr is the self-consistent Kohn-Sham energy and the dispersion en-

ergy for periodic systems is given by
Eaip = 56 5 5 1ump (R
disp = 756 .<.R(-;- damp\*Xi)>
1<y 3

Where S¢ and C;j represents the scaling factor and dispersion coefficient, re-
spectively. R; is the interatomic distance for atom pair ij and {4, is the damping
function, which is required to control singularities at small distances.

As a next step, we implemented the projector augmented wave (PAW) method
through Vienna ab initio simulation package (VASP) to study the electronic prop-
erties. Typically, the LDA (local)/GGA (semi-local) functionals underestimate
the energy band gap values, which can be overcome by mixing the PBE scheme
with a certain quantity of non-local Hartree-Fock (HF) exchange energy, the so-
called HSE functional. This description has proven to improve the energy band
gap of electronic structure. Thus, in the calculations of electronic properties, the
standard HSE06 approach was adopted, namely, the Hartree-Fock mixing param-

eter @ =25% and the screening parameter »=0.2 A~!. The Hirshfeld surfaces and
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the associated 2D fingerprint plots were analyzed using CrystalEXplorer 3.1
[41]. The stockholder concept is used in Hirshfeld surface to divide the molecule’s
electron density into atomic fragments. By defining a molecular weight function,

we can extract molecula<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>