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Introduction
The history of explosives, riddled as it is with controversies, traces back its roots
to China during the seventh century. Gun powders are believed to be used by the
Chinese not only as explosives, but also as propellants and fireworks [1, 2]. The
black powder, which was a mixture of charcoal, sulphur, and potassium nitrate,
was the prototype for latter class of explosives that were developed using nitro-
cellulose (NC) and nitro-glycerine (NG) [3, 4]. These new types of explosives
would burn slowly in a controlled manner, giving out large volumes of gas that
were powerful enough to propel a projectile. This property allowed them to be
used as propellants. High explosives were subsequently developed following this,
and were mostly used as explosive fillings for bombs, shells and warheads. Some
well-known high explosives are picric acid, trinitrotoluene (TNT), pentaerythri-
tol tetranitrate (PETN), cyclotrymethylene trinitrramine (RDX), cyclotetram-
ethylene tetranitramine (HMX), etc. [5–7]. They differed from the previous
models in the sense that they were more powerful but relatively insensitive to
various stimuli such as heat, impact friction and, spark. High explosives were
further developed to meet military needs with specialized functions such as for
illumination, delay, smoke, sound and incendiary, etc. [6, 7]. These effects were
achieved through the formulations based on fuels, oxidizers, binders along, with
additives. In fact, the addition of these specialized effects came to form a separate
category known as pyrotechnics. All three types of explosives viz. explosives,
propellants, and pyrotechnics, were initially developed independently until the
early 1990s [1, 2]. However, this gave rise to various misuse and unethical usage.
The need to control the research of explosives was also accompanied by a need to
camouflage its nomenclature. Thus, the research for such a sensitive matter came
to be termed as ‘high energy materials’. It is within this context that the study
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of high energy materials (HEMs) or energetic materials (Ems) came to encompass
explosives, propellants and pyrotechnics.

Energetic materials have been extensively used in huge amounts in mixtures for
military and civil purposes (e.g., aerospace propellants, mining engineering, and
pyrotechnic technology) [9, 10, 47]. Pyrotechnics: Pyrotechnic mixtures, which
are typically made up of finely divided metallic or nonmetallic fuels and oxidiz-
ers, are used to produce smoke, noise, color, and sparks or flames by combustion
[11]. The fact that nowadays, smoke is also used for camouflaging, signaling, and
special effects [12] makes the study of pyrotechnics more significant. Besides their
extensive use in fireworks, pyrotechnics are also predominantly used in techno-
logical applications such as matches, fire extinguishers, airbags and propellants,
all kinds of flares, military countermeasures (acoustic and optical decoy devices),
and igniters [12, 13]. There are several ways of classification of explosives and,
one of them is the nature of bonds present in an explosive. On the basis of this
classification, below we can see some of the compounds.

Azides (-N = N = N-): Azides are substances containing the N3 group. They
exist as inorganic salts, organic compounds, organo-metals, or complexes. The
inorganic azides are prominent category of compounds for a number of reasons.
These materials has empirical significance as an explosives, gas generators, indus-
trial chemicals, and photographic materials at low temperature. The azide group
is linear and symmetrical with, an average N–N separation being 1.18 . Typically,
the contrast in the bonding of azides leads to large variations in the observed sta-
bility and decomposition. Most of the solid inorganic azides decompose to give
simple product of the anion and nitrogen [14]. This decomposition can occur by
heat, shock, light, or ionization radiation. In the case of heavy metal azides, the
reaction is highly exothermic and shows low sensitivity.

The alkali and alkaline earth metal azides are more stable [15], which are not
sensitive to impact [16]. Among the inorganic metal azides, strontium azide and
barium azide are well­known for their explosive properties such as detonation
or deflagration. Sr(N3)2 and Ba(N3)2 undergo photochemical decomposition into
metal atoms and nitrogen when they are exposed to ultra­violet light [17–19].
The decomposition of strontium azide, barium azide and calcium azide differ
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from those for the Alkali metal azides in a markedly smaller fraction of nitrogen
evolving as free atoms, and alkaline metal azides have larger lattice energies than
alkali azides [20].

The decomposition reactions of strontium and barium azides [14] are as fol-
lows:

Sr(N3)2 → Sr + 0.4N + 2.8N2 (1.1)

Ba(N3)2 → Ba + 0.6N + 7.7N2 (1.2)

The series of inorganic azides such as KN3, TlN3, AgN3, CuN3 plays signif-
icant role in determining the explosive sensitivity of the compound. Unfortu-
nately, metal azides such as silver azide, lead azide, and thallous azide suffer from
instability, sensitivity, or toxicity [21]. Lead azide (Pb(N3)2) was used as primary
explosive for many years [17] but, use of Pb primaries has led to environmental
pollution due to toxic Pb decomposition after detonation. One of the modern
and principal trends in the development of energetic materials is to search for
the so-called green primary explosives. A variety of organic azides exists and has
been described in scientific literature. However, only some of them have the
characteristics of primary explosives. The nitrogen-rich compounds are potential
candidates for high energy density because of its high nitrogen content and good
thermal stability [22]. Apart from this, these composites are environmentally safe
with molecular nitrogen as their main combustion or detonation outcome. One
of the representatives of such green primary explosives is cyanuric triazide (CTA)
[23], which has distinctive properties based on thermal decomposition reactions;
they do not pose health risks to personnel and cause much less pollution to the
environment, but it has no practical use because of very high sensitivity towards
external stimuli [24–29]. However, efforts have been made recently addressing
its use as explosive material [24]. Cyanuric triazide is an effective initiator in ex-
plosives, synthesized and structurally characterized recently [30, 31]. It is a quite
interesting compound, since it contains only carbon and nitrogen, three carbon
and twelve nitrogen in each molecules. The compound is highly friction sensi-
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tive, it has sharp melting point under 400 K but it explodes upon heating above
500 K giving nitrogen and carbon in the form of graphite [25].

The decomposition reaction of cyanuric triazide has been reported previously
[25]:

C3N3(N3)3 → 3C + 6N2 (1.3)

Nitrates (-ONO2): The nitrates of alkali and alkaline earth metals are salts
well known for their application in pyrotechnics because of their high oxygen
content, high decomposition temperatures, and favorable thermodynamic prop-
erties [11, 32]. Nitrates are powerful oxidizing agents and decompose at elevated
temperature to give oxygen as one of the major products. Sr(NO3)2, an alkaline
earth metal nitrate, is one such interesting compound that could be used in py-
rotechnic compositions as a coloring and oxidizing agent [33] because of its high
thermal stability and the nature of its thermal decomposition [11]. The oxygen
balance in strontium nitrate is 37.7%, and the material decomposes in a strongly
endothermic manner into SrO, N2, and O2. It is widely used in pyrotechnics such
as firework signal flares and tracer ammunition because strontium compounds
burn with a brilliant red flame and no other material has been found to be bet-
ter in these applications [34]. In green light–emitting pyrotechnic formulations,
Ba(NO3)2 is mostly used as both the colorant and the oxidant [11].

The decomposition reaction of barium nitrate and strontium nitrate has been
reported previously [11]:

Sr(NO3)2 → SrO + NO + NO2 + O2 (1.4)

Ba(NO3)2 → BaO + 2NO + 1.5O2 (1.5)

By differing the chemical nature of either or both ions an energetic material
can be modify to fit specific requirements. The environmental impact and toxi-
city is the prime in the design of energetic materials. Thus, organic nitrates are
typically biodegradable and produce environmentally relatively good combustion
products, are of prime interest. Urea nitrate is a siginficant improvised explosive
with a representative layered super molecular structure [35, 36]. The urea nitrate
find make use of fertilizers, and most of that urea (85%) ends up as fertilizer, with
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a little amount utilized for resins and plastics and a small percentage utilized in
cattle feed. For long time, urea nitrate has been utilized by terrorists to make
improvised explosives [37, 38]. It was put in service of the bombing of the World
Trade Center (February 1993) and in many car bombings in Palestine [39].

Nitrogen-rich trizole (-C-N-): Energetic materials (explosives, propellants
and pyrotechnics) are utilized broadly for both civilian and, military applica-
tions [40–42]; therefore, it is necessary to explore and understand the behavior
of these materials. Insensitive high explosives (IHE) have high detonation prop-
erties, which means that they have high density, high detonation velocity, and
excellent security properties. The last aspect also ensures that the response to ex-
ternal exigencies such as friction, shock, impact, heat, etc. [40, 41, 43] are met with
amiable responses. This makes insensitive high explosives (IHE) highly favored
for research. The Nitrogen-rich azole derivatives shows great interest to make use
in newer primary and secondary explosives considering their high heats of forma-
tion, high density, improved thermal stability, and low sensitivities toward ex-
ternal stimuli [12, 44–48]. Recently, various favorable high–nitrogen–containing
energetic materials have been synthesized that show great applications as insensi-
tive high–performance explosives, such as 4-amino-3,5-dinitropyrazole (ADNP),
2,6-diamino-3,5-dinitropyrazine-N-oxide (LLM-105), dihydroxylammonium 5,5’-
bistetrazole-1,1’-diolate (TKX-50), and 5,5’-dinitro-2H,2H’-3,3’-bi-1,2,4-triazole (DNBT)
and dihydroxylammonium 5,5’-bis(3-nitro-1,2,4-triazolate-1 N-oxide) (MAD-X1)[44,
49–51]. The energetic material MAD-XI is one of the most widely used military
explosives and thus has been subject to large number of studies [50–52].

1.1 Density functional theory (DFT)

Density functional theory as a quantum-many body technique is abundantly used
for studying electronic structure of atoms, molecules and solids. Over the last
years, this approach has rapidly grown as the revolutionary of quantum mechan-
ical theory that is used consistently by large numbers of researchers in chemistry,
physics, materials science and other disciplines. In case of solving Schrödinger
equation, particle wave function is considered as the crucial ingredient which re-
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quires N3 parameters. On the other hand, mathematically, a functional is denoted
as follows: y = F[f(x)]. Here, the f(x) function becomes the input for the func-
tional, that is, a function of a function. The energy of the material is a functional
of the electron density. Hence, the electron density function is always dependent
on three variables (x,y,z).

Electron density = ρ (x,y,z)

Energy = F[ρ (x,y,z)]

So in practical terms, DFT can be said to reduce the N3, dimensional problem
to three dimensional[53–56].

In the 1960s, Hohenberg and Kohn [57, 58] were successful in developing the
Thomas-Fermi theorem to make a definite version of the theory. Further, in
1965 Kohn and Sham were improved to make a practical version of the density
functional theory [59].

The expression of electron densities and their correlations for KS theory is as
shown below:

EDFT[ρ] = T[ρ] + Ene[ρ] + J[ρ] + EXC[ρ] (1.6)

where E is the energy, Ene is the nuclear-electron attraction (Coulomb) en-
ergy, T is the kinetic energy of the electrons, J is the electron-electron repulsive
(Coulomb) energy, and Exc is the electron exchange-correlation energy.

1.2 Lattice dynamic study in energetic materials

The study of lattice dynamics of energetic materials are pivotal, from which we
can know the spectroscopic and thermodynamic properties of a crystal [60–62].
The elucidation of vibrational features (normal mode assignments) has a crucial
aid from density functional theory that gives a quantum-mechanical interpreta-
tion of the electronic energies and forces involved.

Perturbation theory allows to acquiring the normal vibrational modes by eval-
uating the derivatives of the Kohn-Sham energy concerning atomic displacements.
The linear response method gives a systematic analytical way to calculate the sec-
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ond derivative of the total energy regarding a given perturbation [63, 64].

The phonon’s properties can be calculated by using an harmonic approxima-
tion, whose representation of the lattice vibrations, according to Ref. [65] gives

Dµv(R − R′) =
[

∂2E
∂uµ(R)∂uv(R′)

]
u=0

(1.7)

where E is the total energy in the harmonic approximation and u is the displace-
ment of a given atom. The atomic displacement is expressed in the form of plane
waves, i.e.

u(R, t) = ϵe[i(k.R−ω(k)t)] (1.8)

the polarization vector of each mode (ϵ) is an eigenvector (with a 3N dimen-
sion) of the eigenvalue problem:

Mω(k)2ϵ = D(k)ϵ (1.9)

The phonon density of states for a specified band n is interpreted as

Nn(ω) =
∫ dk

4π3 δ

[
ω − ωn(k)

]
(1.10)

where ωn(k) represents the dispersion of a specified band, the integral is com-
puted over the first Brillouin zone.

1.3 Outline of the thesis

The primary objective of the thesis is to provide a clear picture of vibrational
and thermodynamic properties of energetic materials, which helps in fundamen-
tal understanding and possible insights about atomic lattice behavior of energetic
materials. In the present thesis, theoretical approach to demonstrate the struc-
ture­property correlations of alkaline-earth metal nitrates; M (NO3)2 (M = Sr,
Ba), alkaline earth metal azides; M (N3)2 (M = Sr, Ba), effective initiating explosive
cyanuric triazide; C3N12, improvised explosive urea nitrate;((NH2)COHNO3)
and nitrogen-rich triazole MAD-X1; dihydroxylammonium 5,5’-bis(3-nitro-1,2,4-
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triazolate-1 N-oxide). The investigations include structure stability, Infrared (IR)
spectroscopy to understand the vibrational properties. A brief comparison with
results of metal nitrate, metal azide, an organic nitrate and, organic azide crystals
are also accompanied in order to understand the difference in energetic perfor-
mances of the metal azide M(N3)2 (M = Sr, Ba) crystals when compared to metal
nitrate M (NO3)2 (M = Sr, Ba) crystals. In addition, to predict reliable mechanical
stability and dynamical stability, elastic and thermodynamic properties obtained
by using the linear-response approach implemented in the density functional per-
turbation theory.

Chapter 1 deals with the brief introduction of alkaline-earth metal azides; M
(N3)2 (M = Sr, Ba), alkaline-earth metal nitrates; M (NO3)2 (M = Sr, Ba), cyanuric
triazide; C3N12, urea nitrate;((NH2)COHNO3) and MAD-X1; dihydroxylammo-
nium 5,5’-bis(3-nitro-1,2,4-triazolate-1 N-oxide).

Chapter 2 provides a short description of Density Functional Theory (DFT)
that derives properties of a molecule based on a determination of the electron
density of the molecule. DFT is a successful theory to calculate the electron struc-
ture of atoms, molecules, and solids. Its goal is the quantitative understanding of
material properties from the fundamental laws of quantum mechanics. In addi-
tion, the linear-response method within density functional perturbation theory
(DFPT) for computing, the phonon properties were described in detail.

In Chapter 3 we have investigated the structural, elastic, vibrational, and ther-
modynamic properties of M(NO3)2 and M(N3)2 using an ab initio approach. We
found that the van der Waals correction predicts the structural parameters, which
are in fair agreement with the experimental values. The elastic constants and
phonon spectra of M(NO3)2 and M(N3)2 confirm the mechanical and dynamical
stabilities, while the calculated B/G ratio suggests that the materials are ductile.
The phonon modes, their dispersion, and the symmetry and the IR spectra of
the crystals were computed. The calculated normal mode frequencies were classi-
fied according to irreducible representations for both IR-active and Raman-active
modes. IR spectra of Sr(NO3)2, Ba(NO3)2, Sr(N3)2 and Ba(N3)2 were analyzed
in close comparison with results of lattice dynamical calculations. The zone-
center low-frequency modes are different for Sr(NO3)2 and Ba(NO3)2, and this
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was predicted for the first time. The contributions of strontium and barium are
much larger than those of nitrogen and oxygen atoms in the low-frequency re-
gion whereas the high-frequency zone-center modes are relatively the same for
both materials as most of the vibrational modes here are due to the nitrate (NO3)
group, owing to the covalent bonding among nitrogen and oxygen atoms. The vi-
brations of the azide (N3) group exhibits high intensity infrared absorption bands
in the ranges of 1900–2100 cm−1. A comparison with the work of metal nitrates
reveals that the nitrates are shifted towards the smaller wavenumbers than metal
azides. Most of the calculated vibrational modes are in satisfactory agreement
with the earlier reported experimental data. It has been seen that the calculated
phonon dispersion curves of M(NO3)2 and M(N3)2 do not show any imaginary
modes, hence both the materials are dynamically stable. The acoustic and first op-
tical branches for M(NO3)2 and M(N3)2 are overlapping, which clearly indicates
that both materials possess favorable conditions for thermal transport. Also, as
the thermal behavior of these materials could play a key role in the growth of
sustainable smoke compositions, the thermodynamic properties, such as entropy,
Debye temperature, heat capacity, and enthalpy, at different temperatures rang-
ing from 5 to 1000 K were described.

Chapter 4 the structural, vibrational, and thermodynamic properties of the
cyanuric triazide and urea nitrate crystal are investigated through density func-
tional theory (DFT) simulations within the dispersion corrected generalized gra-
dient approximations Grimme (DFT-D2) and Tkatchenko and Scheffler (DFT-
TS) by considering the norm–conserving pseudopotentials. Infrared spectra, Born
effective charges are computed through the linear response method using the
density functional perturbation theory (DFPT). Phonon dispersion curves and
phonon density of states are obtained within the harmonic approximation. The
calculated thermodynamic properties show that the Debye temperature, specific
heat at constant volume, enthalpy, enthalpy, and entropy values increase as a func-
tion of temperature, while the free energy falls off as the temperature increases.
The vibrational and thermodynamic properties reveal, C3N12 is an effective ini-
tiating explosive, and urea nitrate is an improvised explosive.

In chapter 5, the vibrational and thermodynamic properties of MAD-X1 crys-
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tal presented by using density functional theory within the GGA-PW91 + OBS
approximation. The calculated lattice parameters are compared with the exper-
imental values. The vibrational modes assignments are described in a detailed
way. The high–frequency region shows symmetric and asymmetric stretching
N-H, O-H bonds. We have presented the phonon dispersion and partial phonon
density of states for MAD-X1 crystalline solid by using DFPT. Our results shows
the absence of imaginary phonon frequencies in the Brillouin zone, which reveals
the dynamical stability of MAD-X1 crystalline solid. The individual atomic con-
tribution in the vibrational modes are displayed in the partial phonon density of
states. The thermodynamic properties such as enthalpy (E), entropy (S), free en-
ergy (F), heat capacity (CV), and the Debye temperature (ΘD) were presented in
detail. We believe that this work will encourage experimental attempts to reveal
the behavior of bis 1,2,4-triazoles and N-oxide derivatives.

Finally, in chapter 6 presented the conclusion of thesis and future scope.



CHAPTER 1. INTRODUCTION 11

References

[1] M. B. Talawar, R. Sivabalan, T. Mukundan, H. Muthurajan, A. K. Sikder, B.
R. Gandhe and A. S. Rao, J. Hazard. Mater., 161, 589 (2009).

[2] M. B. Talawar, J. P. Agrawal, M. Anniyappan, D. S. Wani, M. K. Bansode
and G. M. J. Gore, Hazard. Mater., B137, 1074 (2006).

[3] D. M. Badgujar, M. B. Talawar, S. N. Asthana and P. P. J. Mahulikar, Hazard.
Mater., 151, 289 (2008).

[4] D. Schmitt, P. Eyerer and P. Elsner, Propellants, Explos. Pyrotech., 22, 109
(1997).

[5] A. A. Dippold and T.M. Klapötke, J. Am. Chem. Soc., 135, 9931 (2013).

[6] R. Meyer, J. Kohler and A. Homburg, Explosives, Wiley-VCH; Verlag GmbH,
Weinheim, (2007).

[7] S. Meyers and E. S. J. Shanley, Hazard. Mater., 23, 183 (1990).

[8] J. Zhang, L.A. Mitchell, D.A. Parrish, J.N.M. Shreeve, J. Am. Chem Soc. 137
(2015) 10532–10535.

[9] Q. Zhang, J.N.M. Shreeve, Angew. Chem. Int. Ed. 52 (2013) 8792–8794.

[10] J. Zhang, S. Dharavath, L.A. Mitchell, D.A. Parrish, J.N.M. Shreeve, J. Am.
Chem. Soc. 138 (2016) 7500–7503.

[11] G.H. Seyed, E. Abbas, J. Therm. Anal. Calorim. 101 (2010) 1111–1119.

[12] T.M. Klapötke, G. Steinhauser, Angew. Chem. Int. Ed. 47 (2008) 3330–3347.

[13] K.O. Brauer, Handbook of Pyrotechnics, Chemical Publishing Co., New
York, 1974.

[14] C. Michael, Propellants Explos. Pyrotech. 37(2012) 639–646.

[15] C. E. Hathaway, P. temple, J. Phys. Rev. B, 3 (1971) 3497–3502.



12 REFERENCES

[16] P. Gray, T. C. Waddington, Trans. Faraday Soc., 53 (1957) 901–908.

[17] H. D. Fair, R. F. Walker, Eds. In Energetic Materials, Plenum Press, New
York, 1977.

[18] F. P. Bowden, A. D. Yoffe, Angew. Chem., 71 (1959) 752–752.

[19] B.L. Evans , A.D. Yoffe, P. Gray, Chem. Rev., 59 (1959) 515–568.

[20] H. Zhu, X. Han, P. Zhu, X. Wu, Y. Chen, L. Miaoran, L. Xuefeng, Q. Cui,
J. Phys. Chem. C, 120 (2016) 12423–12428.

[21] M. V. Huynh, M.D. Coburn, T.J. Meyer, M. Wetzler, Proc. Natl. Acad. Sci.
U S A. 103 (2006) 10322–10327.

[22] D. Kumar, A.J. Elias, Resonance 24 (2019) 1253–1271.

[23] B.Adivaiah, G. Vaitheeswaran, J. Phys. Chem. Solids., 8 (2018) 9388.

[24] L.M. Foroughi, R.A. Wiscons, D.R. Du Bois, A.J. Matzger, Chem. Com-
mun. 56 (2020) 2111-2114.

[25] G.G. Edward, Chem. Mater. 12 (2000) 3906–3912.

[26] E. Kroke, M. Schwarz, Adv. Mater. 11 (1999) 158–161.

[27] R. Meyer, Explosives, VCH, New York, (1987) 70.

[28] D. Laniel, L.E. Downie, J.S. Smith, D. Savard, M. Murugesu, S. Desgreniers,
J. Chem. Phys. 141 (2014) 234506(1–10).

[29] L.E. Downie, Pathways to Recovering Single-Bonded Nitrogen at Ambient
Conditions: High Pressure Studies of Molecular and Ionic Azides, Canada,
2010.

[30] E. Ott, E. Ohse, E. Ber, Dtsch. Chem. Ges. 54 (1921) 179.

[31] E. Kessenich, T.M. Klapötke, J. Knizek, H. Noth, A. Schulz, Eur. J. Inorg.
Chem. 1998 (1998) 2013–2016.



CHAPTER 1. INTRODUCTION 13

[32] J. Akhavan, The Chemistry of Explosives, Royal Society of Chemistry, Lon-
don, 2004.

[33] G. Johann, T.M. Klapötke, J.J. Sabatini, RSC Adv. 54 (2018) 821–824.

[34] J.A. Conkling, M. Chris, Chromatogr. Sci. Ser. 75 (2012) 79–80.

[35] T.P. Forbes, S.T. Krauss, G. Gillen, Trends Anal. Chem. 131 (2020) 116023.

[36] S. Li, Q. Li, K.Wang, M.Zhou, X. Huang, J. Liu, Ke. Yang, B. Liu, T.Cui,
G. Zou, Bo. Zou, J. Phys. Chem. C, 2013, 117, 152159.

[37] R. I. Hiyoshi and J. Nakamura, Explosion Properties of Urea Nitrate and
its Analysis, Proc. 6th Int. Symp. Anal. Det. Expl. Prague, CZ, 1998, paper 15.

[38] R. I. Hiyoshi and J. Nakamura, Explosion Properties of Urea Nitrate,
Kayaku Gakkaishi, 61 (2000) 120-123.

[39] D. Price, “Contrasting Patterns in the Behavior of High Explosives”,
Eleventh Symp. (Int) Combustion, The Combustion Institute, Pittsburgh, PA,
pp. 693-702 , 1967.

[40] J.P. Agrawal, Prog. Energy Combust. Sci., 24 (1998), p. 1

[41] J. Akhavan, The chemistry of explosives. Gmbridge, UK: R. Soc. Chem.,
2011.

[42] D. Bedrova, G. D. Smith, and T. D. Sewell. 2000, J. Chem. Phys., 112 (2000)
7203–7208.

[43] P. Pagoria, Propellants, Explosives, Pyrotechnics, 2016 - Wiley Online Li-
brary.

[44] A. A. Dippold, T. M. Klapötke, Chem. Eur. J., 18 (2012) 16742–16753.

[45] Fischer, N.; Klapötke, T. M.; Reymann, M.; Stierstorfer, Eur. J. Inorg.
Chem. 2013, 12, 2167– 2180.



14 REFERENCES

[46] Dachs, M.; Dippold, A. A.; Gaar, J.; Holler, M.; Klapötke, T. M., Z. Anorg.
Allg. Chem. 2013, 639, 2171– 2180.

[47] Zhang, Y.; Parrish, D. A.; Shreeve, J. M., J. Mater. Chem. A 2013, 1, 585–
593.

[48] Klapötke, T. M.; Piercey, D. G.; Stierstorfer, Eur. J. Inorg. Chem. 2013, 9,
1509– 1517.

[49] Singh, R. P.; Verma, R. D.; Meshri, D. T.; Shreeve, J. M., Angew. Chem.,
Int. Ed. 2006, 45, 3584– 3601.

[50] J. C. Bennion, J. A. Ciezak-Jenkins, T. A. Jenkins, Propellants Explos. Py-
rotech., 44 (2019) 1263–1269.

[51] Fischer, N.; Fischer, D.; Klapötke, T. M.; Piercey, D. G.; Stierstorfer, J., J.
Mater. Chem. 2012, 22, 20418– 20422.

[52] Dippold, A. A.; Klapötke, T. M., J. Am. Chem. Soc. 2013, 135, 9931– 9938.

[53] P. W. Atkins and R. S. Friedman, Molecular Quantum Mechanics, Oxford
University Press, Oxford (1997).

[54] F. Jensen, Introduction to Computational Chemistry, Wiley, Chichester
(1999).

[55] T. Helgaker, P. Jørgensen and J. Olsen, Molecular Electronic–Structure The-
ory, Wiley, Chichester (2000).

[56] W. Koch and M. C. Holthausen, A Chemists’s Guide to Density Functional
Theory, Wiley-VCH (2001).

[57] P. Hohenberg and W. Kohn, Phys. Rev., 136 (1964) B864–B871.

[58] W. Kohn. Rev. Mod. Phys., 71 (1999) 1253–1266.

[59] W. Kohn and L. Sham, Phys. Rev., 140 (1965) A1133–A1138.



CHAPTER 1. INTRODUCTION 15

[60] Z. Wu, K. Rajiv K., N. Aiichiro, P. Vashishta, J.Chem.Phy. 134 (2011)
204509(1–10).

[61] J.J. Haycraft, L.L. Stevens, C.J. Eckhardta, J.Appl.Phys. 100 (2006)
053508(1–9).

[62] Z. Sheng-Hai, Q. Han, Z. Wei, C. Ying-Meng, J. Xu-Yang, W. Yu-Hang, L.
Fu-Sheng, T. Bin, L. Qi-Jun, J.Mol.Model 25 (2019) 182(1–16).

[63] E.L.Albuquerque, D.R.Tilley, Solid State Commun. 26 (1998) 317–821.

[64] C.A.Barboz, E.L.Albuquerque, C.Chesmana V.N.Freire, Phys. Lett. A, 255
(1998) 478–482.

[65] S. Baroni, S. de Gironcoli, A. dal Corso, P. Giannozzi, Rev. Mod. Phys. 73
(2001) 515.





..

2
.

C
ha

pt
er

Theoretical background

This chapter gives a brief introduction to the basic theory and computational
details involved in this thesis. The Density Functional Theory (DFT) formal-
ism along with exchange-correlational functionals was also presented [1–3]. The
density functional perturbation (DFPT) theory which is used to compute reli-
able vibrational properties, were explained in detail. Finally, the thermodynamic
properties ( i.e., enthalpy, entropy, heat capacity, and Debye temperature) within
the Quasi–Harmonic Approximation were described.

2.1 Introduction to the many body Hamiltonian

The wave function of a particle is known to provide all the information regarding
that system. This wave function can be obtained by solving the well known
Schrödinger equation.

Hψ = Eψ (2.1)

Here H is hamiltonian operator and it can be described as

H = p̂2

2m
+ V(x) (2.2)

The Hamiltonian operator for a system can be expressed as

17
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H = −
∑

i

~2∇2
i

2Mi
+ 1

2
∑

i,j

Z2e2

|Ri − Rj|

−
∑

k

~2∇2
k

2mk
+ 1

2
∑
k,l

e2

|rk − rl|
−
∑
k,i

Ze2

|rk − Ri|

(2.3)

Here, the first term corresponds to the kinetic energy of the nuclei (TN), whereas
the second term represents coulomb repulsive term between the nuclei (VNN), the
third term is the kinetic energy terms of the electrons, the fourth term coulomb
repulsive interactions between the electrons and the last term is the coulomb
attractive interaction between the electrons and the nuclei (VNe). As this equa-
tion involves a combination of different interactions, the complex nature of this
Hamiltonian is quite evident. To reduce this complexity, different approxima-
tions are being considered. Among this Born-Oppenheimer approximation is the
first one that will simplify the above Hamiltonian.

2.2 Born-Oppenheimer approximation

According to Born-Oppenheimer approximation[4], above Hamiltonian can be
formulated by decoupling the nuclear and electronic motions.

H = −
∑

k

~2∇2
k

2mk
+ 1

2

N∑
k,l

e2

|rk − rl|
−
∑
k,i

Ze2

|rk − Ri|
(2.4)

With this simplification, the set of equations are now separable. Though, this
approximation reduced the complex nature of this Hamiltonian in terms of elec-
tronic coordinates only still the complexity is present due to the electron-electron
interaction present in the system.

The complexity of electron-electron interaction can be reduced by consider-
ing the Hartree approximation, where the many electronic systems is considered
to constitute non-interacting electrons. This approximation provides the wave
function of the system as the product of wave functions of constituent particles.
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The main drawback of this approximation is that it doesn’t consider the anti-
symmetric nature of wave function. As a result, Hartree-Fock Approximation is
coming into the picture.

2.3 Hartree-Fock Approximation

In Hartree-Fock method [5], the wave function is described as a slater determinant
of one-electron wave functions. The expression of wave function can be written
as

Ψ(r1σ1, ..., rNσN) = 1√
N!



ψ1(r1σ1) ψ1(r2σ2) . . ψ1(rNσN)
ψ2(r1σ1) ψ2(r2σ2) . . ψ2(rNσN)

. . . . .

. . . . .

ψN(r1σ1) ψN(r2σ2) . . ψN(rNσN)


(2.5)

Here N represents the number of electrons in the system.

And the energy minimization of Hartree-Fork equation can be describes as

[− ~2

2m
∇2 + Vext + Vd(ri)]Ψi(ri)

−
∑

j

∫
d′ e2

|r − r′|
Ψ∗

j (r′)ψi(r′)Ψj(r)δσiσj = ϵiΨi(ri)
(2.6)

In the above equation, the slater determinant operator between electrons with
the same spin is known as the exchange term. And the correlation interaction
occurs due to antisymmetric nature of the wave function. The difference between
the exact energy and the Hartree-Fock energy can be expressed as the correlation
energy. However, the equations are still nonlinear and have to be solved self
consistently by iteration.
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2.4 Thomas-Fermi Theory

In Thomas and Fermi model, the full electron density is considered as the fun-
damental variable of the many-body problem. The representation of total elec-
tronic energy can be expressed in terms of kinetic energy, electron-nucleus, and
electron–electron interaction derived from homogeneous electron gas [6, 7].

Eα[ρ] =
∫
ρ(r)ϵα[ρ(r)]dr (2.7)

Here ϵ[ρ(r)] is the energy density of contribution α (kinetic, exchange, corre-
lation)

The electron density is corresponds to fermi energy (ϵF) in the case of homo-
geneous gas, and the correlation is given by

ρ = 1
3π2 (2m

~2 )
3
2 ϵ

3
2
F (2.8)

The kinetic energy is given by T = ( 3
5)ρϵF. Hence the kinetic energy density

can be written as

t[ρ] = 3
5
~2

2m
(3π2)

2
3ρ

2
3 (2.9)

The is the first time when the LDA kinetic energy as been obtain can found
from this equation and the form is

TTF = Ck

∫
ρ(r)

5
3 dr, (2.10)

where the value of Ck = 2.871 hartree (the atomic unit of energy).

The final form of the total energy expression regarding the thomas fermi model
is as follows

ETFD[ρ] = Ck

∫
ρ(r)

5
3 dr +

∫
ρ(r)vext(r)dr + 1

2

∫ ∫ ρ(r)ρ(r′)
|r − r′|

drdr′ (2.11)

where the exchange energy is not treated and can be considered using the
Thomas-Fermi-Dirac model
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2.5 Density functional theory

At the same time as Thomas fermi model, a similar approach has been considered
by Hohenberg and Kohn [8–10], which is the base of DFT. In DFT, the density
relies upon the spatial coordinates of an individual electrons.

In the case of solving Schrödinger’s equation, the particle wave function is
considered as the crucial ingredient which requires N3 parameters. On the other
hand, mathematically, a functional is denoted as follows: y = F[f(x)]. Here, the
f(x) function becomes the input for the functional, that is, a function of a function.
The energy of the material is a functional of the electron density. Hence, the
electron density function is always dependent on three variables (x,y,z).

Electron density = ρ (x,y,z)

Energy = F[ρ (x,y,z)]

So in practical terms, DFT can be said to reduce the N3, dimensional problem
to three dimensional[1–3, 10].

The density functional theory is based on the two theorems, which are as fol-
lows:

Theorem-1: For interacting particles of any system in an external potential
Vext(r), the ground-state particle density, n0(r), uniquely determines the potential
Vext(r) (up to an additive constant).

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

Based on Hohenberg-Kohn theorems[8–10]:

The ground state expectation value of an observable is a functional of n0, which
is also true for the ground state energy. The functional of n0 can be written as

E0 = E[n0] = ⟨Ψ0[n0]|T̂ + V̂ + Û|Ψ0[n0]⟩ (2.12)

T[n] and U[n] are known as universal functionals and the V[n] is non-universal
functional. The minimization of this functional
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E[n] = T[n] + U[n] +
∫

V(r)n(r)d3r (2.13)

with respect to n(⃗r) will provide the ground state density n0 and all other
ground state observable.

To solve the minimization problem firstly, we have to assume an energy func-
tional, without electron-electron interaction energy term,

Es[n] = ⟨Ψs[n]|T̂ + V̂s|Ψs[n]⟩ (2.14)

Where T̂ is the kinetic energy operator and V̂s is the external effective potential.
Now we can solve the Kohn-Sham[11] equations of this auxiliary non-interacting
a system where the equation is given as

[− ~2

2m
∇2 + Vs(r)]ϕi(r) = ϵiϕi(r) (2.15)

After solving this we will get ψi and from which we will be able to get the
density n(⃗r) of the original many body system

ns(r) =
N∑
i

|ϕi(r)|2 (2.16)

The equation below describes the effective single-particle potential Vs.

Vs = VExt + VH + VXC[ns(r)] (2.17)

where

VH =
∫ e2ns(r′)

|r − r′|
d3r′ (2.18)

corresponding to the electron-electron coulomb repulsion and VXC[ns(⃗r)] is the
exchange-correlation potential, which involves many-particle interactions. This
Kohn-sham equation has to be solved iteratively in a self–consistent way. This
self–consistent calculation will follow the algorithm shown below.
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Figure 2.1: DFT Algorithm

2.6 Exchange-correlation functionals

The research direction of computational material science is advanced towards the
use of approximations for EXC. To get a sustainable and consistent analysis, we
need an accurate approximation to the exchange–correlation energy (EXC) within
the Kohn-Sham DFT. By comparing the theoretical results with experimental
data, we can judge the accuracy of the approximations taken to construct the
functional.

Exc[n] =
∫

n(r)ϵxc[n(r)]dr (2.19)

In the above equation, ϵxc signifies the exchange-correlation energy per particle
for a homogeneous electron gas that is evaluated at the local density denoted with
n(r).

The expression of exchange energy of an electron in a homogeneous electron
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gas of a particular density [12, 13].

ϵx = −3
4

(3n(r)
π

) 1
3

(2.20)

However, the Local Density Approximation (LDA) will give significant er-
ror in computed energy differences, volume, elastic constants. So with years, the
Generalized Gradient approximation (GGA) improved upon the LDA represen-
tations.

GGA mainly focused to introduce to the density gradient ∇n(r), considering
for “non-locality” in realistic systems [14]. The generalized gradient approxima-
tion (GGA) Exc as

Exc
GGA[n] =

∫
f(n(r),∇n(r))dr (2.21)

In the GGA functional, Perdew-Wang functional (PW91) and the Perdew-Burke-
Ernzerhof functional(PBE) are most common functionals.

2.7 van der Waals (vdW) in DFT

We also encounter another circumstance where DFT calculations give inappropri-
ate results due to weak van der Waals (vdW) attractions that exist between atoms
and molecules. We need high-level wave function–based methods and tools from
quantum mechanics to calculate the strength of these interactions accurately and,
also it should treat the electron correlation in a systematic way.

By following such approach ,the total energy of a system is the sum of the
Kohn-Sham energy EKS and the dispersion correction Edisp

EDFT+D = EKS + Edisp (2.22)

Edisp is the sum of overall individual attractive atom pair contributions, which
mainly depends on the dispersion coefficients and the inter-atomic distance.
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The general formula for empirical dispersion corrections can be written as:

Edisp = −
∑
AB

∑
n=6,8,10,...

CAB
n

Rn
AB

fdamp(RAB,A,B), (2.23)

Here, CAB
n describes the isotropic (averaged) nth-order dispersion coefficient for

atom pair AB and RAB as their internuclear distance. The first sum represents
over all atom pairs in the system, The leading term of the expansion in the above
equation with n = 6 expresses the correct asymptotic behavior of the potential,
while the higher–order terms signify its shape at shorter distances. In addition, a
damping function fdamp is used to avoid singularities at short distances.

According to literature, many energetic solids contains van der Waals (vdW)
interactions [15–21]. The results can give a clear picture of the fact that GGA over-
estimates and LDA underestimates the crystal volumes by nearly ∼30% when
compared to experimental results. Grimme and co-workers developed empiri-
cal corrections such as DFT-D or DFT+Edisp models. The corrections to PBE
by Grimme (DFT-D2) [22] and Tkatchenko, Scheffler (DFT-TS) [23]. and, for
PW91 the dispersion scheme proposed by Ortmann, Bechstedt, Schmidt (OBS)
[24] is the most successful method. In this thesis, such successful methods are used
to get an overall intrinsic description. The basic difference between DFT-TS and
other vdW correction method is that the bond polarizability, as well as the chem-
ical composition of the atoms, are considered in DFT-TS whereas, only chemical
composition is considered in other methods.

2.8 Pseudopotentials method

The crucial point of concern in a solid material is that the wave function behaves
peculiarly at various distances from the nuclei.

The atomic wavefunctions are the eigenstates of the atomic Hamiltonian, and
the core and valence electronic wave functions are mutually orthogonal to each
other. Around the nucleus, the core states are well localized, so we need a large
basis to precisely illustrate the oscillations in the core regions. This needs an all-
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electron plane-wave calculation and hence increases the computational cost. We
can eliminate such problem by treating the core and valence electrons differently.

The concept of Pseudopotential is related to replacing the effect of the core
electrons with an effective potential. The electronic states of an atom categorized
into:(1) Extended valence states which is mainly accountable for chemical bond-
ing, (2) Localized and polarizable semi-core states that do not imply directly to
chemical bonding and (3) Highly localized core states that do not take part in
chemical bonding.

One such brief demonstration of the concept behind the pseudopotential ap-
proach is shown in figure 2.1.

Figure 2.2: Schematic illustration of the concept behind the pseudopotential ap-
proach. The dashed lines show the all-electron wavefunction and ionic potential;
while the corresponding pseudo wavefunction given by the pseudopotential is
plotted in solid 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.
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2.8.0.1 Norm-conserving pseudopotentials

Pseudopotentials not only reduce the number of orbital but also basis sets, which
intern reduces the computation time. However, the accuracy of pseudopotentials
and transferability can be assessed by their potentiality to reproduce quantities
from all–electron calculations over a wide range of various chemical compounds.
Two properties, softness and transferability, are mainly related to the cutoff ra-
dius, and there is a competition between them. The higher the cutoff, the softer
the pseudopotentials. But the low cutoffs give pseudopotentials with a promis-
ing transferability [25]. Therefore, the best smoothness and transferability can be
achieved using norm-conserving pseudopotential (NCPP) developed by Hamann
and co-workers. In this approach the norm of the psuedo-wave function and all
electron wave function remains the same inside the cut-off radius.

The NCPP pseudo-potential needs a comparatively large number of plane
waves for “semilocal” orbitals of elements. The reason behind that is about their
substantial fraction inside the core region and their consequence to the bonding.

2.8.0.2 Ultra-soft pseudopotentials

The basic requirement of pseudo-potentials is to create smooth pseudo wave func-
tions with suitable reliability. We can obtain a much softer pseudo wave function
with the minimum number of Fourier components. Hence it always requires
large cutoff energy that remarkably increases the computational cost. In order to
terminate this issue Vanderbilt [26] suggested a new modification for generating
such pseudo-potentials. In this approach, they removed the norm-conservation
constraint and considered the condition that the psudo wave function inside the
core region must have the same density as the all-electron wave function. How-
ever, with such approach a much softer pseudo wave function can be achieved that
employs only fewer plane-waves for calculations with similar accuracy; it’s called
ultra-soft pseudo-potentials. Such ultra-soft and norm-conserving pseudopoten-
tial methods are implemented through CAmbridge Series of Total Energy Pack-
age (CASTEP) [27] in the present thesis.
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2.9 Density Functional Perturbation Theory (DFPT)

Linear response, or Density Functional Perturbation Theory (DFPT), is one of
the preferred methods of ab initio calculation of lattice dynamics [28]. However,
the applicability of the method extends over the study of vibrational properties.
The linear response method provides an analytical way to compute the second
derivative of the total energy with respect to a given perturbation. Depending
on the nature of this perturbation, a number of properties can be calculated.
For example, perturbation in the ionic positions gives the dynamical matrix and
phonons, whereas perturbation in the magnetic field yields on NMR response.
Similarly, one in the unit cell vectors gives us the elastic constants, while a per-
turbation in the electric field means its dielectric response. Likewise, other factors
can be calculated in this manner [29].

Within the scope of the Born-Oppenheimer approximation, the properties of
any system related to lattice dynamics are known to be determined using the
Schrödinger equation of the form:

(
−
∑

I

~2

2MI

∂2

∂R2
I

+ E(R)
)

Φ(R) = ϵΦ(R), (2.24)

Here, the nuclear coordinate and mass of the I th nucleus are denoted by RI, MI,
respectively. E(R) represents the system clamped-ion energy and is also known as
the Born-Oppenheimer surface energy. Practically, E(R) is the ground-state en-
ergy of an interacting electron system in the fixed nuclei field. The Hamiltonian
of this system can be expressed as

HBO(R) = − ~2

2m
∑

i

∂2

∂r2
i

+ e2

2
∑
i̸=j

1
|ri − rj|

−
∑

il

ZIe2

|ri − RI|
+ EN(R), (2.25)

This HBO(R) depends on R parametrically and acts onto the electronic vari-
ables.

The number of electrons associated with the I th nucleus is denoted by ZI, and
e is known as an electronic charge. The last term represents the electrostatic
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interaction between various nuclei:

EN(R) = e2

2
∑
i̸=j

ZIZJ

|RI − RJ|
(2.26)

It is a well-known condition that all the forces on individual nuclei should
vanish for obtaining any system’s equilibrium geometry.

FI = −∂E(R)
∂RI

= 0 (2.27)

In this context, the Hessian of E(n) is considered for obtaining the vibrational
frequencies. The relevant equation can be expressed as:

det

∣∣∣∣∣∣ 1√
MIMJ

∂2E(R)
∂RI∂RJ

− ω2

∣∣∣∣∣∣ = 0 (2.28)

This leads to the importance of computation of the first and the second deriva-
tive of E(R). Use of the Hellmann-Feynman theorem in this connection is found
to be very significant as this theorem states that the first eigenvalue derivative of
a Hamiltonian, Hλ, which is dependent on a parameter λ can be written as the
expectation value of the derivative of Hλ:

∂Eλ

∂λ
=
⟨

Ψλ

∣∣∣∣∣∂Hλ

∂λ

∣∣∣∣∣Ψλ

⟩
, (2.29)

Here, Ψλ denotes the eigenfunction of Hλ associated to the Eλ eigenvalue:
HλΨλ = EλΨλ. As the nuclear coordinates act as parameters according to the
Born-Oppenheimer approximation, the force on the Ith nucleus can be obtained
using

FI = −∂E(R)
∂RI

= −
⟨

Ψ(R)
∣∣∣∣∣∂HBO(R)

∂RI

∣∣∣∣∣Ψ(R)
⟩
, (2.30)

Ψ(r,R) denotes the ground-state electronic wave function of the Born-Oppenheimer
Hamiltonian. This HBO(R) is dependent on the parameter R through the electron-
ion interaction. In this connection, the Hellmann-Feynman theorem states that
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FI = −
∫

nR(r)∂VR(r)
∂RI

dr − ∂EN(R)
∂RI

, (2.31)

Here, the interaction of electron and nucleus has been denoted using VR(r).

VR(r) = −
∑

il

ZIe2

|ri − RI|
, (2.32)

nR(r) represents the electron charge density at the ground-state corresponding
to the nuclear configuration R. The Hessian of E(R) can be obtained using the
differentiation of the Hellmann-Feynman forces concerning nuclear coordinates,

∂2E(R)
∂RI∂RJ

= − ∂FI

∂RJ
=
∫
∂nR(r)
∂RJ

∂VR(r)
∂RI

dr +
∫

nR(r)∂
2VR(r)
∂RI∂RJ

dr + ∂2EN(R)
∂RI∂RJ

(2.33)

This equation tells that the evaluation of the Hessian of E(R) requires the com-
putation of the ground-state electron charge density nR(r) along with its linear
response for a nuclear distortion, ∂nR(r)

∂RI
. The Hessian matrix usually is called the

interatomic force constants matrix.

DFT provides a crucial part that comes under elucidation of vibrational prop-
erties under normal mode assignments, which furnish a quantum-mechanical de-
scription of involved forces and electronic eigen-energies. One can acquire normal
vibrational modes from the equations of the Kohn-Sham energy with regards to
atomic displacement under perturbation [30, 31].

The phonon’s properties can be calculated by using Quasi-Harmonic Approx-
imation, whose interpretation of the lattice vibrations, according to Ref. [28]
gives

Dµv(R − R′) =
[

∂2E
∂uµ(R)∂uv(R′)

]
u=0

(2.34)

where E is the total energy in the harmonic approximation and u is the displace-
ment of a given atom.

Each atomic displacement is described as a plane waves, i.e.
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u(R, t) = ϵe[i(k.R−ω(k)t)] (2.35)

The eigenvector (with a 3N dimension)of the eigenvalue problem described
below with respect to polarization vector of each mode ϵ

Mω(k)2ϵ = D(k)ϵ (2.36)

The phonon density of states for a specified band n is described as

Nn(ω) =
∫ dk

4π3 δ

[
ω − ωn(k)

]
(2.37)

where ωn(k) represents the dispersion of a specified band and calculated over
the first Brillouin zone.

2.10 Thermodynamic properties using Quasi-Harmonic

approximation

The thermodynamic properties are highly related to the vibrational properties
of a material. So the results of a calculation of phonon spectra can be used to
compute the thermodynamic properties like enthalpy (H), free energy (F), the
temperature times entropy (T× entropy) term, TS = U - F (U represents internal
energy), and also the lattice heat capacity (CV) with temperature dependence. The
calculations of H, F, TS, and CV at finite temperatures can be done with the
vibrational contribution to the thermodynamic properties as discussed below.

The temperature-reliant of the thermodynamic potentials can be expressed
Ref. [28]. For the enthalpy H we have

H(T) = Etot + Ezp + kBT
∫ ~ω

e
~ω
kBT − 1

N(ω)dω (2.38)

where kB is Boltzmann’s constant, Ezp is the zero point vibrational energy,
N(ω)is the phonon density of states and ~ is Planck’s constant.
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The free energy (F) can be described with contribution of vibrational energy
is

F(T) = Etot + Ezp + kBT
∫

ln(1 − e− ~ω
kBT )N(ω)dω (2.39)

The temperature times the entropy term, TS = U–F, we have

TS(T) = kBT
[ ∫ ~ω

kBT

e
~ω
kBT − 1

N(ω)dω −
∫

(1 − e− ~ω
kBT )N(ω)dω

]
(2.40)

here, TS (T) being used instead of S(T) to emphasize the contribution of the
thermodynamic potentials.

Also, the heat capacity CV, with respect to T, has been determined at zero
pressure. The contribution of lattice can be expressed for CV is [28]

CV(T) = kBT
[ ∫ ( ~ω

kBT)2e
~ω
kBT

(e
~ω
kBT − 1)2

N(ω)dω
]

(2.41)

The heat capacity through the Debye model, as specified by [32]

CDebye
V (T) = 9NkB

(
T
θD

)3 ∫ xD

0

x4ex

(ex − 1)2 dx (2.42)

Here N represents the number of atoms per cell.
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Lattice dynamics and
thermodynamic properties of
alkaline earth metal nitrates M
(NO3)2 and metal azides M (N3)2
(M = Sr, Ba).

In this work, we have investigated the structural, elastic, vibrational, and ther-

modynamic properties of M(NO3)2 and M(N3)2 using an ab initio approach. We

found that the van der Waals correction predicts the structural parameters, which

are in fair agreement with the experimental values. The phonon modes, their

dispersion, and the partial density of states were computed. The infrared spec-

trum of these compounds at ambient condition were studied, and critically eval-

uated in the light of previous experimental investigations. The elastic constants

of M(NO3)2 and M(N3)2 confirm the mechanical stabilities, while the calculated

B/G ratio suggests that the materials are ductile. Finally, as the thermal behavior

of these materials could play a key role in the growth of sustainable smoke com-

positions, thermodynamic properties such as the entropy, Debye temperature,

heat capacity, and enthalpy were calculated. The results revealed that the com-

pounds are thermodynamically stable up to 750 K. This work demonstrates that

Sr (NO3)2 and Ba (NO3)2 can be reliably used in pyrotechnics as they possess con-

siderable thermal conductivity leading to a high burn rate. The results presented

in this work could open a way to understand the lattice dynamics of materials

37
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of this type and could provide necessary input from the pyrotechnic applica-

bility point of view, which would help experimental researchers in the future.

B. Adivaiah, E. Narsimha Rao, T. Atahar Parveen, G. Vaitheeswaran, “Lat-

tice dynamics and thermodynamic properties of alkaline earth metal nitrates M

(NO3)2 (M = Sr, Ba): A first principles study”, J. Phys. Chem. Solids., 20, 29693

(2018).
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3.1 Introduction

The inorganic nitrates and azides of alkaline-earth metals are an important class

of solid compounds for a number of reasons. These materials have empirical sig-

nificance as an explosive, pyrotechnics, gas generators, industrial chemicals, and

photographic materials. Nitrates are energetic materials, and this determines their

wide range of applications. M (NO3)2 are powerful oxidizing agents and decom-

pose at elevated temperatures to give oxygen as one of the major products. The

strontium nitrate and barium nitrate crystals M (NO3)2 (M=Sr,Ba) studied dis-

play an isomorphous cubic structure with space group Pa3 (no. 205) and consist

of four formula units per unit cell. Sr(NO3)2, an alkaline earth metal nitrate, is

one such interesting compound that could be used in pyrotechnic compositions

as a coloring and oxidizing agent [1] because of its high thermal stability and the

nature of its thermal decomposition [2]. The oxygen balance in strontium ni-

trate is 37.7%, and the material decomposes in a strongly endothermic manner
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into SrO, N2, and O2. It is widely used in pyrotechnics such as firework signal

flares and tracer ammunition because strontium compounds burn with a brilliant

red flame and no other material has been found to be better in these applications

[3]. In green light–emitting pyrotechnic formulations, Ba(NO3)2 is mostly used

as both the colorant and the oxidant [2].

The decomposition reaction of barium nitrate and strontium nitrate has been

reported previously [2]:

Sr(NO3)2 → SrO + NO + NO2 + O2 (3.1)

Ba(NO3)2 → BaO + 2NO + 1.5O2 (3.2)

Recently many researchers have reported strontium and barium nitrates for

use in advanced applications involving energetic materials [1, 4–9]. Many of them

focused on the material applications from the aspect of environment–friendly

pyrotechnic applications. These crystals are promising materials for optical flares

and one of the best materials which provide the frequency shift of laser radiation

in various spectrum regions via the Stimulated Raman scattering (SRS) technique.

They are used as advanced materials for coupling SRS lasers inside resonators.

Infrared (IR) spectroscopy study of alkaline earth metal nitrates are extremely

important [10–17], and it is well confirmed that the vibrations lead to the in-

terpretation of the optical and thermal properties. In spite of their importance,

very few theoretical studies have been available in the literature so far. In results,

we compare our theoretical results with the available experimental results [12] in

a more precise manner. Our work allows a clear description and comparison of

the basic yet technologically useful materials from the viewpoint of pyrotechnics.

Among the divalent metal nitrates, Ba(NO3)2 has been widely studied for a long

time [10–15, 18], and experimental researchers demonstrated [15] that barium ni-

trate has a centrosymmetric crystal structure and belongs to the point group T6
h (or

Pa3). Barium nitrate crystals have been grown from aqueous solutions to achieve
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high optical quality for use as nonlinear optical elements for stimulated Raman

scattering [19]. Also, several physical properties, such as ionic conductivity and

dielectric properties, of barium nitrate have been studied by various experimen-

talists [20–23]. Two theoretical studies addressing the mechanical and vibrational

properties of nitrates of alkaline earth metals were performed recently using the

density functional theory (DFT) formalism [24, 25].

The azide group is linear and symmetrical, with an average N-N separation

being 1.18 Å. Typically, the contrast in the bonding of azides leads to large vari-

ations in the observed stability and decomposition. Most of the solid inorganic

azides decompose to give a simple product of the anion and nitrogen [26]. This

decomposition can occur by heat, shock, light, or ionization radiation. In the

case of heavy metal azides, the reaction is highly exothermic, and its shows low

sensitivity. The alkali and alkaline earth metal azides are more stable [27], which

are not sensitive to impact [29]. Among the inorganic metal azides, strontium

azide and barium azide are well­known for their explosive properties such as det-

onation or deflagration. The calcium azide, strontium azide and barium azide

are potential candidates to get polymer nitrogen [29]. Sr(N3)2 and Ba(N3)2 un-

dergo photochemical decomposition into metal atoms and nitrogen when they

are exposed to ultra­violet light [30–33]. The decomposition of strontium azide,

barium azide, and calcium azide differ from those for the Alkali metal azides in

a markedly smaller fraction of nitrogen evolving as free atoms and alkaline metal

azides have larger lattice energies than alkali azides [34].

The decomposition reactions of strontium and barium azides [26] are as fol-

lows:

Sr(N3)2 → Sr + 0.4N + 2.8N2 (3.3)

Ba(N3)2 → Ba + 0.6N + 7.7N2 (3.4)
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Numerous studies are available in the literature related to the structure­property

correlations of alkaline metal azides and metal nitrates [2, 35–38]. The investiga-

tions include structure stability, electronic structure studies, Infrared (IR) and

Raman spectroscopy to understand the vibrational properties[39–44]. A thor-

ough study of alkaline metal azides, M(N3)2 (M = Sr, Ba) suggests the feasibil-

ity of deciding microscopic properties and energetic behavior of metal azides.

Also, the density functional theory (DFT) calculations at the LDA and GGA lev-

els reported the structural, electronic, and optical properties[36, 45]. However,

they did not assess the vibrational and thermodynamical properties of the alka-

line–earth metal azide M(N3)2 (M = Sr, Ba) crystals. It is our intention to fill this

gap by introducing the results of DFT computations for both the metal azides

of M(N3)2, predicting their mechanical stability, infrared spectra, phonon disper-

sion relations, and thermodynamic properties. A brief comparison with results

for cubic metal nitrate M(NO3)2 (M = Sr, Ba) crystals[46] is accompanied in order

to understand the difference in energetic performances of the metal azide M(N3)2

(M = Sr, Ba) crystals when compared to metal nitrate M(NO3)2 (M = Sr, Ba)

crystals.

In the present study keeping in mind the long-range intermolecular interac-

tions, semi-empirical dispersion correction is incorporated to obtain the stabil-

ity of the crystal structure and lattice dynamics for M(NO3)2, M(N3)2 (M = Sr,

Ba). Zone-center phonon spectra (IR) are calculated with the use of the density

functional perturbation theory (DFPT) approach to obtain the vibrational prop-

erties. The calculated vibrational frequencies are reasonably consistent with the

earlier reported experimental results. Unlike the experimental results of Brooker

et al.[12], which failed to reveal a low-frequency band, we emphasize better pre-

cision of the low-frequency region, thereby unveiling the vibrational response of

the materials. The vibrational nature of bonds in nitrate crystals was further ex-

plored by our obtaining a fundamental understanding of their thermodynamic

behavior. The thermodynamic properties, such as enthalpy (H), entropy (S), De-
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bye temperature (ΘD), heat capacity (CV), coefficient of thermal expansion (α),

and thermal conductivity (k), as a function of temperature over a wide range (5

K ≤ T ≤ 750 K) are described in this chapter. The calculated results reveal that

the materials under study are mechanically and dynamically stable. We believe

that this work will pave the way for theoreticians and experimentalists to explore

many more materials of this type.

Figure 3.1: Crystal structure of M(NO3)2, the cation local atomic site arrange-
ment in the respective nitrate crystal structures showing the six nitrate groups
and associated 6 + 6 coordinated oxygen atomic shells, and a cuboctahedron with
eight triangular faces and six square faces.
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3.2 Materials and methods

3.2.1 Crystal structure

The strontium nitrate and barium nitrate crystals studied display an isomorphous

cubic structure with space group Pa3 (no. 205) and consist of four formula units

per unit cell [47]. The face-centered cubic Bravais lattice consists of arranged M2+

ions. The nitrate groups are located in each octahedral hole, and the center of

symmetry relates the two nitrate groups [48, 49]. The neighboring cations are sit-

uated on the opposite side of the NO3 pyramid with respect to the oxygen plane

and the nitrate group (Figure 3.1). As there are eight nitrate ions in the primitive

cell, 12 surrounding oxygen atoms build up a 6 + 6 cuboctahedron coordination

at two different close coordination distances as shown in Figure 3.1. The alka-

line–earth metal azides Sr(N3)2 were first synthesized by Pringle [50], where as

Ba(N3)2 was synthesized by Choi [51]. Figure 3.2 shows the crystal structure of

Sr(N3)2 in face–centered orthorhombic structure(space group ‘Fddd’(70)) with 2

formula units per primitive cell at ambient conditions.

The azide group is linear and symmetrical, with nitrogen–nitrogen distance be-

ing 1.194 Å, and the strontium–nitrogen separation is 2.63 Å and 2.77 Å. Whereas

the Ba(N3)2 crystal displays a monoclinic structure with space group ‘P21/m(11)’

and consists of two formula units per primitive cell. The Ba(N3)2 possess similar

C2h point group symmetry like (Li/Na)N3. All of the atoms in Ba(N3)2 are lo-

cated at ‘2e’ wyckoff site. For Sr(N3)2, the Sr, N1, N2 atoms occupy ‘8a’, ‘32h’,

‘16e’ wyckoff positions respectively. Whereas for (Li/Na)N3 the metal atoms in

both the crystals are located at ‘2a’ wyckoff site, and sodium atoms are located at

2d, 4i position. The M(N3)2 possess atomic wyckoff sites (Sr/Ba -‘4a’, N - ‘8c’, O

- ‘24d’), which is quite different than M(NO3)2 [46]. This change in the atomic

positions and number of atoms in the unit cells of (Li/Na)N3 and Ba(N3)2 leads to

different energetic properties. It is also reported in the literature that, non bond-

ing N-N distances are crucial in determining the structure-sensitivity correlations
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Figure 3.2: Crystal structure of Orthorhombic Sr(N3)2 (top) along (a) x-y-z and
(b) z-y-x axes. Monoclinic Ba(N3)2 (bottom) along (c) x-y-z and (d) z-y-x axes.
Blue color represents N atoms, and green color represents Sr/Ba atoms.

of these chosen classes of materials[52].

3.2.2 Computational methods

Ab initio calculations were performed with the plane-wave pseudopotentials method

within the framework of DFT as implemented in the Cambridge Serial Total En-

ergy Package (CASTEP) code [53]. In keeping view of all the important bonded

and non-bonded interactions of these layered materials, we have optimized the ex-

perimental crystal structures with different exchange–correlation functionals. As

expected, the standard functionals like local density approximation (LDA) with

CA-PZ method, generalized gradient approximation (GGA with PBE, PW91

functionals) generate large errors [54]. The Perdew-Burke-Ernzerhof (PBE) and
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Perdew-Wang 1991 (PW91) exchange-correlation potentials [55, 56] within the

generalized gradient approximation (GGA) were used along with the parameter-

free dispersion correction scheme proposed by Grimme (G06) [57] and Ortmann,

Bechstedt, Schmidt (OBS) [58] for Sr(NO3)2 and Ba(NO3)2 respectively. Simi-

larly, we incorporated Tkatchenko–Scheffler [59] and Ortmann–Bechstedt–Schmidt[58]

dispersion correction methods for Sr(N3)2 and Ba(N3)2 respectively. Unconstrained

variable-cell geometry optimization of the M(NO3)2 and M(N3)2 crystal was per-

formed with the Broyden-Fletcher-Goldfarb-Shanno algorithm [60]. The plane-

wave energy cutoff was set as 975 eV for M(NO3)2, and for M(N3)2 is 1100 eV.

Integrations in the Brillouin zone were performed using k-points technique of

Monkhorst-Pack[61] generated similar grids of 6 × 6 × 6, 6 × 6 × 6, 7 × 7 × 7 and

3 × 8 × 6 were chosen to perform reciprocal space integrations to determine well-

converged structures for Sr(NO3)2, Ba(NO3)2, Sr(N3)2, and Sr(N3)2 respectively .

Norm-conserving pseudopotentials [62] were used to describe the electronic cores:

N, 2s2 2p3; O, 2s2 2p4; Sr, 4s2 4p6 5s2; and Ba, 5s2 5p6 6s2. The convergence criteria

for geometry optimization were as follows: total energy convergence in system

5 × 10−6 eV/atom, maximum ionic force 0.005 eV/Å maximum displacement

0.5 × 10−4 Å,and maximum stress component 0.02 GPa.

The phonon band structure and phonon density of states were calculated with

use of the linear-response method within DFPT [63–66], and dynamical matrices

were obtained at 5 × 5 × 5 q-points. Thereafter, to calculate the thermodynamic

properties for the present M(NO3)2 and M(N3)2 materials, we used the quasi-

harmonic approximation [67, 68].

3.3 Results and discussion

3.3.1 Unit cell optimization

Before performing the calculations, we first examined the ability of the compu-

tational approaches to reproduce the experimental crystal structure of M(NO3)2
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Table 3.1: Calculated and experimental lattice constants with error percentage in
parentheses of M(NO3)2 (M = Sr, Ba).

Compound Method a (Å) V (Å3)
Sr(NO3)2 LDA 7.543 (3.08%) 429.27 (−8.8%)

PBE 7.91 (1.6%) 495.05 (5.0%)
PBE + G06 7.85 (0.8%) 483.77 (2.6%)

Expt.a 7.78 471.15
Ba(NO3)2 LDA 7.87 (−2.95%) 488.98 (8.61%)

PBE 8.26 (1.84%) 564.99 (5.59%)
PW91 8.26 (1.84%) 564.26( 5.4%)

PW91 + OBS 8.17 (0.73%) 545.79 (2.0%)
Expt.a 8.11 535.07

LDA, local density approximation; OBS, Ortmann-Bechstedt-Schmidt; PBE,
Perdew-Burke-Ernzerhof; PW91, Perdew-Wang 1991.

aFrom [47].

Table 3.2: Calculated and experimental (in parentheses) [47] atomic coordinates
of Sr(NO3)2 and Ba(NO3)2. The WP values are calculated using van der Waals
(vdW) functional.

Compound Atom (WP) x y z
Sr(NO3)2 Sr (4a) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

N (8c) 0.343 (0.345) 0.343 (0.345) 0.343 (0.345)
O (24d) 0.27081 (0.273) 0.283 (0.285) 0.474 (0.475)

Ba(NO3)2 Sr (4a) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)
N (8c) 0.350 (0.351) 0.350 (0.351) 0.350 (0.351)

O (24d) 0.284 (0.285) 0.289 (0.291) 0.477 (0.476)
WP, Wyckoff position.

and M(N3)2. Various DFT methods, the standard density functional local den-

sity approximation (CA-PZ), GGA (PW91), and GGA (PBE) and their corrected

versions, were tested for calculation of the unit cell parameters. The calculated re-

sults are compared with the experimental values [47] in Table 3.1. As expected, the

standard functionals generate large errors because they do not adequately account

for the weak interactions in a molecular crystal. The calculated crystal volume

is underestimated by 8.8% with the CA-PZ functional and is overestimated by

5.0% and 5.4% with the PW91 functional and the PBE functional, respectively.

These discrepancies can, in principle, be reduced by inclusion of dispersion cor-
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rections [54]. As seen in Table 3.1, the correction to CA-PZ did not improve

the calculated results. However, corrections to the PW91 and PBE functionals

provided significant improvements. The errors in the calculated volumes were

reduced to −2.0% and −2.6% for PW91 + OBS, and PBE + G06, respectively.

Our calculated structural details reveal that these methods reproduce the unit cell

parameters very well [48]. In Tables 3.2 and 3.3 we present the atomic coordi-

nates and the calculated bond lengths and bond angles of M(NO3)2, respectively;

these are in good agreement with the earlier experimental results [48]. Similarly,

the calculated crystal volume using (CA-PZ functional) is smaller then the exper-

imental value by 5.8% for Sr(N3)2, and 7.78% for Ba(N3)2 (Table 3.4). The PBE

functional leads to results close to the one obtained using the PW91 functional.

However, we have used OBS, TS corrections to the PW91 and PBE functionals.

The results obtained using the PW91 + OBS and PBE + TS approach: 1.1% and

1.8% respectively. We further compared our structural optimization results with

previously reported results [69] using Ultrasoft pseudopotentials.

In keeping view of all the important bonded and non-bonded interactions of

these layered materials, we have optimized the experimental crystal structures

with different exchange –correlation functional and the calculated structural pa-

rameters, bond lengths for M(N3)2 are shown in Tables 3.5 and 3.6, together with

experimental results obtained from Ref. [50, 51], for the sake of comparison. As

expected, the standard functionals (like local density approximation (LDA) with

CA-PZ method, generalized gradient approximation (GGA with PBE, PW91

functionals)) generate large errors because they do not adequately account for the

weak interactions in a molecular crystal [54]. The calculated crystal volume us-

ing (CA-PZ, PBE/PW91 functionals) are deviated by ( 5.8%, 5.68%) for Sr(N3)2,

( 7.78%, 5.4%) for Ba(N3)2, respectively.

These discrepancies can, in principle, be reduced by inclusion of dispersion

corrections [54] to the standard DFT functionals. The errors in the calculated

volumes were reduced to 1.1% and 1.8% for PW91 + OBS, and PBE + TS, respec-
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Table 3.3: Calculated and experimental (in parentheses) [47] bond distances (Å)
and bond angles (degrees) between the M2+ cation and the nearest oxygen atoms
for M(NO3)2 (M = Sr, Ba).

Typea Sr(NO3)2 Ba(NO3)2

M–O m 2.73 (2.71) 2.894 (2.878)
M–O n 2.86 (2.83) 2.95 (2.94)
M–M 5.55 (5.55) 5.779 (5.740)
N–O 1.269 (1.246) 1.271 (1.246)
O–O 2.198( 2.159) 2.20 (2.15)

O–N–O (in angle) 120.00 (120.00) 120.00 (120.00)
a Two different types (m, n) of M–O distance.

Table 3.4: Calculated and experimental lattice constants with error percentages
in parentheses of M(N3)2 (M = Sr, Ba).

Compound a (Å) b (Å) c (Å) V (Å3)
Sr(N3)2 LDA 11.325 11.413 6.0311 779.629 (5.81%)

PBE 12.194 11.665 6.161 876.50 (-5.87%)
PBE + TS 11.719 11.693 6.135 840.860(-1.8%)

Expt.a 11.820 11.470 6.08 824.98
Cal.c 11.842 11.650 6.1908 854.13

Ba(N3)2 LDA 9.363 4.245 5.352 210.424 (-8.4%)
PBE 9.831 4.449 5.514 238.494(4.3%)

PW91 9.759 4.441 5.541 237.496( 3.9%)
PW91 + OBS 9.69 4.39 5.48 230.72 (1.1%)

Expt.b 9.590 4.390 5.420 224.88
Cal.c 11.842 11.650 6.1908 854.13

LDA, local density approximation; OBS, Ortmann-Bechstedt-Schmidt; PBE,
Perdew-Burke-Ernzerhof; PW91, Perdew-Wang 1991.

aFrom[50]. bFrom[51] cFrom[72]
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Table 3.5: Calculated atomic coordinates of Sr(N3)2 and Ba(N3)2. The WP values
are calculated using van der Waals (vdW) functional.

Compound Atom (WP) X Y Z
Sr(N3)2 Sr (8a) 0.125 0.125 0.125

N1 (32h) 0.00220 0.05937 0.7715
N2 (16e) -0.00389 0.125 0.625

Ba(N3)2 Ba (2e) 0.2822 0.000025 -0.1709
N1 (2e) -0.0825 0.000025 0.2263
N2 (2e) 0.0411 0.000025 0.2579
N3 (2e) 0.1642 0.000025 0.2904
N4 (2e) -0.3824 0.000025 0.4383
N5 (2e) -0.3921 0.000025 0.6483

WP, Wyckoff position.

Table 3.6: Calculated and experimental (in parentheses) [50, 51] bond distances
(Å) and bond angles (degrees) between the M2+ cation and the nearest oxygen
atoms for M(N3)2 (M = Sr, Ba).

Sr(N3)2 Ba(N3)2

N1–N2 1.194 (1.168) 1.199 (1.168)
N2–N3 1.194 (1.168) 1.194 (1.164)
N3–N4 1.203 (1.157)
N′2–N′3 1.185 (1.178)

N1–N2–N3 178.308 (172.9) 179.618
N′1–N′2–N′3 177.410

Mimimum Non-bond distance 3.246 (3.047) 3.258 (3.061)

tively. We further compared our structural optimization results with previously

reported by Ramesh Babu et al. [69] using Ultrasoft pseudopotentials. All our

calculated structural details with norm–conserving pseudopotentals along with

previous Ultrasoft pseudopotentials reveal that dispersion corrected methods re-

produce the unit cell parameters with better accuracy [50, 51].

3.3.2 Mechanical properties

Elastic properties provide insight into the interatomic bonding forces as well as

the dynamical behavior of the crystal. The structural stability and mechanical
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properties of M(NO3)2 and M(N3)2, were extracted from our understanding of the

elastic stiffness constants Cij, which were determined using CASTEP code by us-

ing the finite–difference to calculate the Hessian matrix [70]. In the M(NO3)2 ma-

terials, because of cubic symmetry, there are three independent elastic constants,

C11, C12, and C44. The calculated elastic constants for Sr(NO3)2 and Ba(NO3)2 are

shown in Table 3.7, and the results are compared with the available data in the lit-

erature [48]. In the case of cubic systems, the criterion for mechanical stability is

that Cij should fulfill the following conditions [54]: C11 − C12 > 0, C11 + C12 > 0,

and C44 > 0. The calculated elastic constants fulfill these conditions, thereby

confirming the mechanical stability of the present nitrate crystals.

Table 3.7: Calculated and experimental (in parentheses) components of the elas-
tic tensor Cij, Young’s modulus (E), bulk modulus (B), shear modulus (G), com-
pressibility (K), anisotropy (A), Poison’s ratio (σ), B/G ratio, longitudinal (Vl),
transverse (Vt), and average (Vm) sound velocities, and Debye temperature (ΘD)
of M(NO3)2 (M = Sr, Ba)

.

Property Sr(NO3)2 Ba(NO3)2

C11 (GPa) 50.54 (43.48a, 42.81b ) 39.67 (32.03a, 29.21b)
C44 (GPa) 22.18 (17.94a, 15.84b) 15.12 (13.26a, 12.82b)
C12 (GPa) 26.21 (28.11a, 29.46b) 25.30 (21.81a, 20.57b)
E (GPa) 44.78 29.930
B (GPa) 34.32 (33.23a) 30.08 (25.22a)
G (GPa) 17.42 11.21

K (GPa−1) 0.0291 0.037
A (GPa) 1.823 (2.3a) 2.10 (2.59a)

σ 0.2828 0.342
B/G 1.964 2.6826

Vl (km/s) 4.450 3.767
Vt (km/s) 2.449 1.8802
Vm(km/s) 2.729 2.109

ΘD (K) 341 250
aFrom [48], bFrom [49].

The elastic constants of single crystal Sr(N3)2 and Ba(N3)2 can be found in

Table 3.8, and the results are compared with theoretical results[72]. For materials
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with orthorhombic symmetry, there are nine independent elastic constants [73],

whereas monoclinic systems have thirteen independent elastic constants [72].

The calculated elastic constants fulfils the corresponding mechanical stability

criteria [74]. Therefore, the M(N3)2 compounds are mechanically stable at am-

bient condition. The value of C22 is clearly higher for Sr(N3)2 than for Ba(N3)2.

Hence, one may conclude that Sr(N3)2 is stiffest along the b-axis than Ba(N3)2,

whereas Ba(N3)2 is the stiffest across the c-axis. The value of C11 is smaller than

the value of C33 for both the crystals, showing that the hardness of the mate-

rial is smaller along the a-axis than that of c-axis. The Cij values of Sr(N3)2 are

higher than the Ba(N3)2, indicating that strontium azide is stiffer than the barium

azide. The complete set of independent elastic constants was used to compute

other mechanical properties, such as bulk modulus, shear modulus, Poisson’s ra-

tio, Young’s modulus, and elastic anisotropy, of the system, as shown in Table

3.9 following the Voigt approximation [54, 75, 76].

The bulk modulus (B) is inversely proportional to the lattice volume of the

crystal [54]. The bulk modulus for strontium nitrate, which has a smaller volume

than barium nitrate, was found to be 34.32 GPa, whereas for barium nitrate, it was

30.08 GPa. The calculated bulk moduli are consistent with earlier reported values

[48] for both materials. The value of B can also be related to the material’s hard-

ness, the values confirming that strontium nitrate is harder than barium nitrate.

The bulk modulus of Sr(N3)2(B0 = 49.56 GPa) is greater than the Ba(N3)2(34.52

GPa ), which suggests that Ba(N3)2 exists smaller stiffness compared to Sr(N3)2.

Therefore, Ba(N3)2 would be more sensitive to mechanical shock over Sr(N3)2.

The bulk modulus of azide ion with alkaline metal atom display large difference

on moving from Sr to Ba, but it is closely comparable with corresponding alka-

line–earth metal nitrates ((Sr(NO3)2 and Ba(N3)2)) [46].
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Table 3.9: Calculated components of the bulk modulus (B), shear modulus (G),
Young’s modulus (E) of Sr(N3)2 and Ba(N3)2. Previously reported M(N3)2 values
are shown for comparison

.
System B G E
Sr(N3)2 49.56 (48.9c ) 24.01 (23.4c ) 59.20 (57.1c )
Ba(N3)2 34.52 (31.9c ) 12.73 (13.1c ) 30.85 (32.8c )

c Ref.[72]

The bulk modulus value of metal oxides SrO (116.1 GPa) and BaO (94.7 GPa)

are very larger than metal azides/metal nitrates [24], which enables them as hard

materials. Whereas the present studied compounds are highly compressible, which

could be related to the electron transfer from the sp-valance bands of Sr and Ba

to their empty d-band lying in close proximity to the sp-valence bands [76]. Fig.

3.1 clearly indicates that the compression of the crystal is basically due to the

Sr(Ba)–O polyhedron as the bonds associated with nitrates are short and incom-

pressible. As reported by Errandonea et al. [77], for such structural behavior,

the bulk modulus of the crystal should be proportional to Zi/d3, where Zi is the

cationic formal charge and d is the mean value of the M–O bond distance (in

angstroms). This proportionality leads to a proportionality constant of 375 for

the present nitrates, thus allowing us to estimate the bulk modulus of isostruc-

tural nitrates such as Pb(NO3)2, Ca(NO3)2, and Mg(NO3)2; their respective bulk

moduli are 34.42, 37.43, and 44.11 GPa. The calculated bulk moduli are consis-

tent with earlier reported values of 29.56 GPa, 33.89 GPa [48], and 39.4 GPa [24],

respectively. The proportionality relation between the bulk modulus and the

bond distance leads to the conclusion that the family of cubic nitrates has bulk

modulus in the range from 30 to 40 GPa. We also calculated the shear modulus

(G), which is the relation between shear stress and shear strain [54]. The shear

modulus (G) was found to be 20.48 GPa for strontium nitrate and 9.25 GPa for

barium nitrate. The elastic shear strain, and surface penetration are proportional

to hardness and they relate to a large shear modulus [54]. The shear modulus

(G) was found to be 24.01 GPa for the strontium azide and 12.73 GPa for the
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barium azide, which reveals that orthorhombic Sr(N3)2 is more resistant surface

penetration than the monoclinic barium azide, specifying that the first structure

is stiffer. The Young’s modulus (E) value represents the slope of the elastic re-

gion in a stress–strain curve. The smaller Young’s modulus (E = 24.85 GPa) for

Ba(NO3)2 describes its greater receptiveness to physical changes than Sr(NO3)2 (E

= 46.74 GPa), which supports the aforementioned relative hardness of the mate-

rials. Strontium azide was found to have Young’s modulus of 59.20 GPa, whereas

for the barium azide, it was 30.85 GPa. The higher E value shows that strontium

azide is more resistant to uniaxial tension–compression. Empirical information

on the plastic properties of materials is described by the B/G ratio, which is larger

than 1.75 for ductile materials and smaller than 1.75 for brittle materials, which

puts both barium nitrate and strontium nitrate in the ductile category.

Information on interatomic forces in solids can be gleaned from Poisson’s ratio

(σ) as it involves the lateral and longitudinal strain in the elastic region [70]. Elastic

anisotropy (A) results indicate that Ba(NO3)2 (A = 2.1) is more anisotropic than

Sr(NO3)2 (A = 1.82). The experimental study of other mechanical properties of

the same materials indicated that the calculated results are reliable (Table 3.7).

3.3.3 Born effective charge analysis

The infrared absorption intensities are related to the dynamical matrix and Born

effective charges, so we attempted to calculate the Born Effective Charges (BEC’s)

of each individual species. As the energetic properties of the studied metal azides

are quite different from the metal nitrates, we tried to address the origin of varia-

tion in sensitivity by comparing the BEC differences for all the atoms in M(N3)2,

M(NO3)2 materials. The obtained BEC and their deviations from their corre-

sponding ionic charges using DFPT are presented in tables 3.10–3.15, respectively.

It is clear from the results that all the calculated BEC values satisfy the acoustic

sum rule within 0.0001 accuracy and hence converged. Among the nine BEC ten-

sor components, the Z∗
12, Z∗

21, Z∗
23, Z∗

32 are found to be zero for Ba(NO3)2, whereas
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all nonzero values are observed for M(N3)2, M(NO3)2. All the BEC’s of individ-

ual atoms in both crystal show considerable deviation from their ionic charges

(Sr=+2; Ba=+2; N=-3; O=-2). In the case of M(N3)2, the ‘Sr’ atom charge devi-

ation show an increasing trend from ‘xx’ → yy → zz, whereas the Ba atom display

increment as follows: xx → zz → yy.

Table 3.10: Calculated BEC’s of Sr(N3)2. Actual ionic charges are Sr = +2, N =
-3.

Atom Z11 Z12 Z13 Z21 Z22 Z23 Z31 Z32 Z33

N1 -0.52480 -0.12502 -0.07003 -0.15808 -1.39810 1.05905 -0.11753 0.94530 -1.90665
N2 -0.52480 -0.12502 0.07003 -0.15808 -1.39810 -1.05905 0.11753 -0.94530 -1.90665
N3 -0.52480 0.12502 -0.07003 0.15808 -1.39810 -1.05905 -0.11753 -0.94530 -1.90665
N4 -0.52480 0.12502 0.07003 0.15808 -1.39810 1.05905 0.11753 0.94530 -1.90665
N5 -0.52480 -0.12502 -0.07003 -0.15808 -1.39810 1.05905 -0.11753 0.94530 -1.90665
N6 -0.52480 -0.12502 0.07003 -0.15808 -1.39810 -1.05905 0.11753 -0.94530 -1.90665
N7 -0.52480 0.12502 -0.07003 0.15808 -1.39810 -1.05905 -0.11753 -0.94530 -1.90665
N8 -0.52480 0.12502 0.07003 0.15808 -1.39810 1.05905 0.11753 0.94530 -1.90665
N9 -0.08739 0.00000 -0.00000 0.00000 1.35661 -1.88428 -0.00000 -1.58686 2.16529
N10 -0.08739 -0.00000 -0.00000 -0.00000 1.35661 1.88428 -0.00000 1.58686 2.16529
N11 -0.08739 0.00000 -0.00000 0.00000 1.35661 -1.88428 -0.00000 -1.58686 2.16529
N12 -0.08739 -0.00000 -0.00000 -0.00000 1.35661 1.88428 -0.00000 1.58686 2.16529
Sr1 2.27400 0.00000 -0.00000 0.00000 2.87917 0.00000 -0.00000 0.00000 3.29602
Sr2 2.27400 0.00000 -0.00000 0.00000 2.87917 0.00000 -0.00000 0.00000 3.29602

Table 3.11: Calculated BEC’s of Ba(N3)2. Actual ionic charges are Ba = +2, N =
-3.

Atom Z11 Z12 Z13 Z21 Z22 Z23 Z31 Z32 Z33

N1 3.02702 0.00000 -0.10582 0.00000 -0.13032 0.00000 0.13687 0.00000 -0.13953
N2 -2.07751 0.00000 0.08422 0.00000 -0.31779 0.00000 -0.06303 0.00000 -0.84406
N3 3.02702 0.00000 -0.10582 0.00000 -0.13032 0.00000 0.13687 0.00000 -0.13953
N4 -2.07751 0.00000 0.08422 0.00000 -0.31779 0.00000 -0.06303 0.00000 -0.84406
N5 -1.02455 0.00000 0.04911 0.00000 -0.74220 0.00000 0.28393 0.00000 -2.80884
N6 0.00244 0.00000 -0.33339 0.00000 -0.13158 0.00000 -0.70947 0.00000 3.92358
N7 -0.54617 0.00000 0.36971 0.00000 -0.66231 0.00000 0.52685 0.00000 -2.83093
N8 -2.31805 0.00000 0.08691 0.00000 -0.74640 0.00000 -0.05044 0.00000 -0.37742
N9 -1.02455 0.00000 0.04911 0.00000 -0.74220 0.00000 0.28393 0.00000 -2.80884
N10 0.00244 0.00000 -0.33339 0.00000 -0.13158 0.00000 -0.70947 0.00000 3.92358
N11 -0.54617 0.00000 0.36971 0.00000 -0.66231 0.00000 0.52685 0.00000 -2.83093
N12 -2.31805 0.00000 0.08691 0.00000 -0.74640 0.00000 -0.05044 0.00000 -0.37742
Ba1 2.93683 0.00000 -0.15075 0.00000 2.73061 0.00000 -0.12471 0.00000 3.07721
Ba2 2.93683 0.00000 -0.15075 0.00000 2.73061 0.00000 -0.12471 0.00000 3.07721

The BEC show highly asymmetric nature for M(N3)2 materials(Z∗
xx ̸= Z∗

yy ̸=
Z∗

zz), which certainly confirms the presence of mixed ionic and covalent bond

nature in the considered materials. The BEC deviations of different atoms in xx,
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yy, zz directions show the following trend: (1) for Sr(N3)2: (N9 = N10 = N11 =

N12) > (N1 = N2 = N3 = N4 = N5 = N6 = N7 = N8) > (Sr1 = Sr2), whereas

for Ba(N3)2, BEC deviations along zz direction are found to be larger than in xx,

yy directions. (2) for Ba(N3)2 (along zz direction): (N6 = N10) > (N1 = N3) >

(N8 = N12) > (N2 = N4) > (N5 = N9) > (N7 = N11) > (Ba1 = Ba2). Overall, in

case of both azides, the nitrogen atoms show larger deviations than metal atoms

(‘Ba’ show greater deviation than ‘Sr’) in all directions, and the BEC asymmetry is

increased from strontium nitrate to barium nitrate. Hence, from BEC deviations,

it can be concluded that the Sr(N3)2 should be more stable than Ba(N3)2. Overall,

the Ba(N3)2 is found to be highly polarizable due to larger BEC deviations, hence

optically active than Sr(N3)2. It is also clear from the minimum deviations of

BEC’s in different directions that the ionicity is increased from Sr(N3)2 to Ba(N3)2.

This clearly indicates that Ba(N3)2 needs high activation energy to ignite than

Sr(N3)2. This conclusion is in good agreement with the experimentally reported

activation energies trend: Ba(N3)2 (98 KJ/mol) > Sr(N3)2 (84 KJ/mol)[71].

Table 3.12: Percentage of deviations of BEC’s all inquivalent atoms are along xx,
yy, zz directions.

Sr(N3)2 Ba(N3)2

Atom Z11 Z22 Z33 Atom Z11 Z22 Z33

N1 82.50 86.73 36.44 N1 200.90 95.65 95.34
N2 82.50 86.73 36.44 N2 30.74 89.65 71.86
N3 82.50 86.73 36.44 N3 200.90 95.65 95.34
N4 82.50 86.73 36.44 N4 30.74 89.65 71.86
N5 82.50 86.73 36.44 N5 65.84 75.26 6.37
N6 82.50 86.73 36.44 N6 100.08 95.61 230.78
N7 82.50 86.73 36.44 N7 81.79 77.92 5.63
N8 82.50 86.73 36.44 N8 22.73 75.12 87.41
N9 97.087 145.22 172.17 N9 65.84 75.26 6.37
N10 97.087 145.22 172.17 N10 100.08 95.61 230.78
N11 97.087 145.22 172.17 N11 81.79 77.92 5.63
N12 97.087 145.22 172.17 N12 22.73 75.12 87.41
Sr1 -13.7 -43.95 -64.80 Ba1 -46.84 -36.53 -53.86
Sr2 -13.7 -43.95 -64.80 Ba2 -46.84 -36.53 -53.86

Similarly, in the case of M(NO3)2 materials, the BEC show symmetric nature

for nitrogen metal atoms (Sr, Ba) i.e., Z∗
xx = Z∗

yy = Z∗
zz, whereas all the oxygen
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atoms show slight asymmetric nature i.e., Z∗
xx ̸= Z∗

yy ̸= Z∗
zz. It is also clear from

the BEC deviations that, for all the Nitrogen atoms: Sr(NO3)2 (Z∗
xx = Z∗

yy = Z∗
zz)

= Ba(NO3)2 (Z∗
xx = Z∗

yy = Z∗
zz). Interestingly, for oxygen atoms, Sr(NO3)2 (Z∗

yy)

= Ba(NO3)2 (Z∗
yy), Sr(NO3)2 (Z∗

zz) = Ba(NO3)2 (Z∗
zz). This clearly indicates that

these nitrates are nearly optical isotropic materials and slight optical anisotropy

arises only due to oxygen atoms in xx direction. It is also clear from the BEC

deviations of oxygen atoms Ba(NO3)2 (Z∗
xx) > Sr(NO3)2 (Z∗

yy) that Ba(NO3)2 is

only slightly more polarizable (optically active) than Sr(NO3)2. Hence M(NO3)2

may found many technological applications like scintillating materials. The min-

imum values of BEC deviations of oxygen atoms clearly indicate that the ionicity

is increased from barium nitrate to strontium nitrate. Therefore, Sr(NO3)2 may

need possess high activation energy than Ba(NO3)2. Our conclusions are well

correlated with the experimentally reported activation energies trend: Sr(NO3)2

(344.83 KJ/mol)> Ba(NO3)2 (144.7 KJ/mol)[78]. Most importantly, we observed

that the difference in the minimum BEC deviations of Sr(NO3)2 (∼56) - Ba(NO3)2

(∼165) (approximately 100) leads to an increase in the activation energy by 200

KJ/mole. The intensity of the peaks in the IR-spectra is directly proportional

to BEC’s [79] as follows: Ii = [
∑

j,k F|
i,j Aj,k]2; Here BEC tensor Ai,j = ∂2E

∂qi×∂µj
;

Here F|
i,j is the eigenvector, E is the total energy, µ is dipole moment, q is carte-

sian coordinate. As the BEC deviations are found to increase from Metal azides

(Sr(N3)2 → Ba(N3)2) to metal nitrates (Sr(NO3)2 → Ba(NO3)2), the intensities of

the vibrational spectra also show a similar trend (see Figure 3.3). The IR-spectra’s

of nitrates are taken from our previous work[46] and plotted on top of the cor-

responding azide material just for comparison. Hence nitrates M(NO3)2 (with

high–intensity IR-peaks) will be more polarizable than azides and hence optically

active. It is also clear from the BEC analysis that azides become sensitive to light

mainly because of nitrogen atoms, whereas nitrates become light–sensitive mainly

due to oxygen atoms. Moreover, the low BEC deviations of azides lead to dif-

ferent energy transfer mechanism to the lattice than optical isotropic nitrates.
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Hence, the explosive nature of the azides (detonate) and nitrates (deflagrate) will

be different. These observations from our BEC analysis reveal the experimentally

observed sensitivity differences of the studied materials. A further deep insight

into the phonons, thermodynamic, optical isotropy, excited state properties, and

sensitivity correlations may give an exact mechanism to understand the explosive

nature (detonation and deflagration) between the azides and nitrates.

Table 3.13: Calculated BEC’s of Sr(NO3)2. Actual ionic charges are Sr = +2, O
= -2, N = -3.

Atom Z11 Z12 Z13 Z21 Z22 Z23 Z31 Z32 Z33

N1 1.89202 -0.97303 -0.74065 -0.74065 1.89202 -0.97303 -0.97303 -0.74065 1.89202
N2 1.89202 -0.97303 0.74065 -0.74065 1.89202 0.97303 0.97303 0.74065 1.89202
N3 1.89202 0.97303 -0.74065 0.74065 1.89202 0.97303 -0.97303 0.74065 1.89202
N4 1.89202 0.97303 0.74065 0.74065 1.89202 -0.97303 0.97303 -0.74065 1.89202
N5 1.89202 -0.97303 -0.74065 -0.74065 1.89202 -0.97303 -0.97303 -0.74065 1.89202
N6 1.89202 -0.97303 0.74065 -0.74065 1.89202 0.97303 0.97303 0.74065 1.89202
N7 1.89202 0.97303 -0.74065 0.74065 1.89202 0.97303 -0.97303 0.74065 1.89202
N8 1.89202 0.97303 0.74065 0.74065 1.89202 -0.97303 0.97303 -0.74065 1.89202
O1 -0.96811 0.12138 0.53245 0.04539 -0.86090 0.46165 0.64132 0.37170 -1.32460
O2 -0.96811 0.12138 -0.53245 0.04539 -0.86090 -0.46165 -0.64132 -0.37170 -1.32460
O3 -0.96811 -0.12138 0.53245 -0.04539 -0.86090 -0.46165 0.64132 -0.37170 -1.32460
O4 -0.96811 -0.12138 -0.53245 -0.04539 -0.86090 0.46165 -0.64132 0.37170 -1.32460
O5 -1.32460 0.64132 0.37170 0.53245 -0.96811 0.12138 0.46165 0.04539 -0.86090
O6 -1.32460 -0.64132 -0.37170 -0.53245 -0.96811 0.12138 -0.46165 0.04539 -0.86090
O7 -1.32460 0.64132 -0.37170 0.53245 -0.96811 -0.12138 -0.46165 -0.04539 -0.86090
O8 -1.32460 -0.64132 0.37170 -0.53245 -0.96811 -0.12138 0.46165 -0.04539 -0.86090
O9 -0.86090 0.46165 0.04539 0.37170 -1.32460 0.64132 0.12138 0.53245 -0.96811
O10 -0.86090 -0.46165 0.04539 -0.37170 -1.32460 -0.64132 0.12138 -0.53245 -0.96811
O11 -0.86090 -0.46165 -0.04539 -0.37170 -1.32460 0.64132 -0.12138 0.53245 -0.96811
O12 -0.86090 0.46165 -0.04539 0.37170 -1.32460 -0.64132 -0.12138 -0.53245 -0.96811
O13 -0.96811 0.12138 0.53245 0.04539 -0.86090 0.46165 0.64132 0.37170 -1.32460
O14 -0.96811 0.12138 -0.53245 0.04539 -0.86090 -0.46165 -0.64132 -0.37170 -1.32460
O15 -0.96811 -0.12138 0.53245 -0.04539 -0.86090 -0.46165 0.64132 -0.37170 -1.32460
O16 -0.96811 -0.12138 -0.53245 -0.04539 -0.86090 0.46165 -0.64132 0.37170 -1.32460
O17 -1.32460 0.64132 0.37170 0.53245 -0.96811 0.12138 0.46165 0.04539 -0.86090
O18 -1.32460 -0.64132 -0.37170 -0.53245 -0.96811 0.12138 -0.46165 0.04539 -0.86090
O19 -1.32460 0.64132 -0.37170 0.53245 -0.96811 -0.12138 -0.46165 -0.04539 -0.86090
O20 -1.32460 -0.64132 0.37170 -0.53245 -0.96811 -0.12138 0.46165 -0.04539 -0.86090
O21 -0.86090 0.46165 0.04539 0.37170 -1.32460 0.64132 0.12138 0.53245 -0.96811
O22 -0.86090 -0.46165 0.04539 -0.37170 -1.32460 -0.64132 0.12138 -0.53245 -0.96811
O23 -0.86090 -0.46165 -0.04539 -0.37170 -1.32460 0.64132 -0.12138 0.53245 -0.96811
O24 -0.86090 0.46165 -0.04539 0.37170 -1.32460 -0.64132 -0.12138 -0.53245 -0.96811
Sr1 2.52320 -0.12941 -0.26488 -0.26488 2.52320 -0.12941 -0.12941 -0.26488 2.52320
Sr2 2.52320 -0.12941 0.26488 -0.26488 2.52320 0.12941 0.12941 0.26488 2.52320
Sr3 2.52320 0.12941 -0.26488 0.26488 2.52320 0.12941 -0.12941 0.26488 2.52320
Sr4 2.52320 0.12941 0.26488 0.26488 2.52320 -0.12941 0.12941 -0.26488 2.52320
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Table 3.14: Calculated BEC’s of Ba(NO3)2. Actual ionic charges are Ba = +2, O
= -2, N = -3.

Atom Z11 Z12 Z13 Z21 Z22 Z23 Z31 Z32 Z33

N1 1.87667 -0.94450 -0.75773 -0.75773 1.87667 -0.94450 -0.75773 -0.75773 1.87667
N2 1.87667 -0.94450 0.75773 -0.75773 1.87667 0.94450 0.94450 0.75773 1.87667
N3 1.87667 0.94450 -0.75773 0.75773 1.87667 0.94450 -0.94450 0.75773 1.87667
N4 1.87667 0.94450 0.75773 0.75773 1.87667 -0.94450 0.94450 -0.75773 1.87667
N5 1.87667 -0.94450 -0.75773 -0.75773 1.87667 -0.94450 -0.94450 -0.75773 1.87667
N6 1.87667 -0.94450 0.75773 -0.75773 1.87667 0.94450 0.94450 0.75773 1.87667
N7 1.87667 0.94450 -0.75773 0.75773 1.87667 0.94450 -0.94450 0.75773 1.87667
N8 1.87667 0.94450 0.75773 0.75773 1.87667 -0.94450 0.94450 -0.75773 1.87667
O1 -0.97833 0.14729 0.53080 0.08409 -0.91579 0.49824 0.60463 0.41497 -1.31574
O2 -0.97833 0.14729 -0.53080 0.08409 -0.91579 -0.49824 -0.60463 -0.41497 -1.31574
O3 -0.97833 -0.14729 0.53080 -0.08409 -0.91579 -0.49824 0.60463 -0.41497 -1.31574
O4 -0.97833 -0.14729 -0.53080 -0.08409 -0.91579 0.49824 -0.60463 0.41497 -1.31574
O5 -1.31574 0.60463 0.41497 0.53080 -0.97833 0.14729 0.49824 0.08409 -0.91579
O6 -1.31574 -0.60463 -0.41497 -0.53080 -0.97833 0.14729 -0.49824 0.08409 -0.91579
O7 -1.31574 0.60463 -0.41497 0.53080 -0.97833 -0.14729 -0.49824 -0.08409 -0.91579
O8 -1.31574 -0.60463 0.41497 -0.53080 -0.97833 -0.14729 0.49824 -0.08409 -0.91579
O9 -0.91579 0.49824 0.08409 0.41497 -1.31574 0.60463 0.14729 0.53080 -0.97833
O10 -0.91579 -0.49824 0.08409 -0.41497 -1.31574 -0.60463 0.14729 -0.53080 -0.97833
O11 -0.91579 -0.49824 -0.08409 -0.41497 -1.31574 0.60463 -0.14729 0.53080 -0.97833
O12 -0.91579 0.49824 -0.08409 0.41497 -1.31574 -0.60463 -0.14729 -0.53080 -0.97833
O13 -0.97833 0.14729 0.53080 0.08409 -0.91579 0.49824 0.60463 0.41497 -1.31574
O14 -0.97833 0.14729 -0.53080 0.08409 -0.91579 -0.49824 -0.60463 -0.41497 -1.31574
O15 -0.97833 -0.14729 0.53080 -0.08409 -0.91579 -0.49824 0.60463 -0.41497 -1.31574
O16 -0.97833 -0.14729 -0.53080 -0.08409 -0.91579 0.49824 -0.60463 0.41497 -1.31574
O17 -1.31574 0.60463 0.41497 0.53080 -0.97833 0.14729 0.49824 0.08409 -0.91579
O18 -1.31574 -0.60463 -0.41497 -0.53080 -0.97833 0.14729 -0.49824 0.08409 -0.91579
O19 -1.31574 0.60463 -0.41497 0.53080 -0.97833 -0.14729 -0.49824 -0.08409 -0.91579
O20 -1.31574 -0.60463 0.41497 -0.53080 -0.97833 -0.14729 0.49824 -0.08409 -0.91579
O21 -0.91579 0.49824 0.08409 0.41497 -1.31574 0.60463 0.14729 0.53080 -0.97833
O22 -0.91579 -0.49824 0.08409 -0.41497 -1.31574 -0.60463 0.14729 -0.53080 -0.97833
O23 -0.91579 -0.49824 -0.08409 -0.41497 -1.31574 0.60463 -0.14729 0.53080 -0.97833
O24 -0.91579 0.49824 -0.08409 0.41497 -1.31574 -0.60463 -0.14729 -0.53080 -0.97833
Ba1 2.66640 -0.10657 -0.28519 -0.28519 2.66640 -0.10657 -0.10657 -0.28519 2.66640
Ba2 2.66640 -0.10657 0.28519 -0.28519 2.66640 0.10657 0.10657 0.28519 2.66640
Ba3 2.66640 0.10657 -0.28519 0.28519 2.66640 0.10657 -0.10657 0.28519 2.66640
Ba4 2.66640 0.10657 0.28519 0.28519 2.66640 -0.10657 0.10657 -0.28519 2.66640

3.3.4 Infrared spectra

Nitrates: Using the respective optimized crystal systems, we calculated the IR

spectra using linear response theory [64, 80, 81] on the lines of Moreira et al.

[80, 82] at the center of the Brillouin zone. The primitive unit cell of nitrates of

the form M(NO3)2 contains 36 atoms, and standard factor group analysis leads to

3 acoustic modes and 105 optical modes, among which 39 (Tu) are IR active, 51

are Raman active, and 15 (Au) are silent. These optical modes of vibration can be
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Table 3.15: Percentage of deviations of BEC’s all inquivalent atoms are shown
along xx, yy, zz directions.

Sr(NO3)2 Ba(NO3)2

Atom Z11 Z22 Z33 Atom Z11 Z22 Z33

N1 163.067 163.067 163.067 N1 162.55 162.55 162.55
N2 163.067 163.067 163.067 N2 162.55 162.55 162.55
N3 163.067 163.067 163.067 N3 162.55 162.55 162.55
N4 163.067 163.067 163.067 N4 162.55 162.55 162.55
N5 163.067 163.067 163.067 N5 162.55 162.55 162.55
N6 163.067 163.067 163.067 N6 162.55 162.55 162.55
N7 163.067 163.067 163.067 N7 162.55 162.55 162.55
N8 163.067 163.067 163.067 N8 162.55 162.55 162.55
O1 51.59 56.95 33.77 O1 148.91 56.95 33.77
O2 51.59 56.95 33.77 O2 148.91 56.95 33.77
O3 51.59 56.95 33.77 O3 148.91 56.95 33.77
O4 51.59 56.95 33.77 O4 148.91 56.95 33.77
O5 33.77 51.59 56.95 O5 165.78 51.59 56.95
O6 33.77 51.59 56.95 O6 165.78 51.59 56.95
O7 33.77 51.59 56.95 O7 165.78 51.59 56.95
O8 33.77 51.59 56.95 O8 165.78 51.59 56.95
O9 56.95 33.77 51.59 O9 51.59 33.77 51.59
O10 56.95 33.77 51.59 O10 51.59 33.77 51.59
O11 56.95 33.77 51.59 O11 51.59 33.77 51.59
O12 56.95 33.77 51.59 O12 51.59 33.77 51.59
O13 51.59 56.95 33.77 O13 148.91 56.95 33.77
O14 51.59 56.95 33.77 O14 148.91 56.95 33.77
O15 51.59 56.95 33.77 O15 148.91 56.95 33.77
O16 51.59 56.95 33.77 O16 148.91 56.95 33.77
O17 33.77 51.59 56.95 O17 165.78 51.59 56.95
O18 33.77 51.59 56.95 O18 165.78 51.59 56.95
O19 33.77 51.59 56.95 O19 165.78 51.59 56.95
O20 33.77 51.59 56.95 O20 165.78 51.59 56.95
O21 56.95 33.77 51.59 O22 145.78 33.77 51.59
O23 56.95 33.77 51.59 O23 145.78 33.77 51.59
O24 56.95 33.77 51.59 O24 145.78 33.77 51.59
Sr1 -26.16 -26.16 -26.16 Ba1 -33.32 -33.32 -33.32
Sr2 -26.16 -26.16 -26.16 Ba2 -33.32 -33.32 -33.32
Sr3 -26.16 -26.16 -26.16 Ba2 -33.32 -33.32 -33.32
Sr4 -26.16 -26.16 -26.16 Ba2 -33.32 -33.32 -33.32

further divided into 48 internal (stretching and bending of NO3 group) modes and

57 external (lattice) modes. The irreducible representation of the phonon modes

at the Brillouin zone center is Γacoustic = 3Tu, ΓIR = 12Tu, ΓRaman = 4Ag + 8Eg +
12Tg, Γsilent = 5Au + 10Eu for optical modes. Among these modes, Tu and Tg are

triply degenerate and Ag, Eg, Au, and Eu are nondegenerate modes. The Tu modes

are IR active, and the Ag, Eg, and Tg modes are Raman active. On the other hand,

the Au and Eu modes are neither IR active nor Raman active; hence they are called
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silent modes.

The calculated IR bands and their vibrational assignments are depicted in Ta-

bles 3.16–3.19, and Figures 3.3 and 3.4 illustrate the simulated IR spectra and a

few vibrational mode representations of M(NO3)2. The spectrum was divided

into three parts to assist resolution of the peaks with different intensities:

Figure 3.3: Density functional perturbation theory–calculated infrared spectra of
(a) Sr(NO3)2, Ba(NO3)2, Sr(N3)2 and Ba(N3)2 in the 0−2100 cm−1 wavenumber
range.

• Low-frequency modes up to 300 cm−1 are due to collective vibrations of

anions and cations, and thus are attributed either to external (lattice) modes

or to their mixture with low-frequency molecular vibrations.

• Intermediate modes (600-900 cm−1) are assigned to different distortions of

the anion group and to the contributions from ONO2 scissoring and bend-

ing vibrations.
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• The highest-frequency modes (above 900 cm−1) are due to the ONO2 stretch-

ing vibrations.

Table 3.16: Calculated infrared frequencies (0-300 cm−1) with symmetry assign-
ment for Sr(NO3)2.

Mode number Frequency (cm−1) Symmetry Mode Assignment
M4–M6 56.27 Tu IR Sr, NO−

3 trans.
M7 56.85 Ag Raman Sr, NO−

3 trans.
M8–M9 66.86 Eu Silent Sr, NO−

3 trans.
M10–M12 90.62 Tg Raman NO−

3 rot.
M13 98.06 Au Silent Sr trans., NO−

3 rot.
M14–M16 104.17 Tu IR Sr trans., NO−

3 rot.
M17–M19 104.46 Tu IR Sr trans., NO−

3 rot.
M20–M22 107.99 Tg R NO−

3 rot.
M23–M25 125.89 Tu IR Sr trans., NO−

3 rot.
M26–M27 126.19 Eg Raman NO−

3 trans.
M28–M29 138.89 Eu Silent NO−

3 rotational
M30 144.35 Au Silent Sr trans., NO−

3 rot.
M31–M33 147.95 Tg Raman NO−

3 rot.
M34–M36 150.77 Tu IR NO−

3 trans.
M37–M39 160.50 Tu IR NO−

3 trans.
M40 160.63 Au Silent Sr trans., NO−

3 rot.
M41–M43 164.30 Tg Raman NO−

3 trans.
M44–M45 165.96 Eu Silent Sr, NO−

3 trans.
M46–M48 166.86 Tg Raman NO−

3 rot.
M49 174.88 Ag Raman Sr trans., NO−

3 rot.
M50–M52 178.26 Tu IR NO−

3 rot.
M53–M54 185.72 Eg Raman NO−

3 rot.
M55–M57 200.31 Tg Raman NO−

3 rot.
M58–M60 211.60 Tu IR NO−

3 rot.
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Table 3.17: Calculated and Experimental frequency (cm−1) [12] of Infrared fre-
quencies (700-1500 cm−1) with symmetry assignment for Sr(NO3)2.

Mode number Cal. Expt. Sym. Mode Assignment
M61–M62 706.25 Eu Silent ONO2 scissor.
M63–M65 707.26 Tu IR ONO2 scissor.
M66–M67 708.08 Eg Raman ONOO2 scissor.
M68–M70 709.79 738 Tu IR ONO2 scissor.
M71–M73 710.03 Tg Raman ONO2 scissor.
M74–M76 713.23 Tg Raman ONO2 scissor.
M77–M79 777.33 Tu IR ONO2 bend.

M80 777.33 Au Silent ONO2 bend.
M81–M83 778.78 Tg Raman ONO2 bend.

M84 777.95 814 Tg Raman ONO2 bend.
M85–M87 1017.66 1055 Tg Raman ONO2 symm. stretch.
M88–M90 11017.91 Tu IR ONO2 symm. stretch.
M91–M92 1019.18 Au Silent ONO2 symm. stretch.
M93–M95 1310.61 1360 Tu IR ONO2 asymm. stretch.
M96–M97 1322.05 Eg Raman ONO2 asymm. stretch.
M98–M100 1354.905 1436 Tg Raman ONO2 asymm. stretch.
M101–M102 1366.28 1474 Eu Silent ONO2 asymm. stretch.
M103–M105 1373.62 Tg Raman ONO2 asymm. stretch.
M106–M108 1382.82 1795 Tu IR ONO2 asymm. stretch.

Table 3.18: Calculated and Experimental frequency (cm−1) [12] of Infrared fre-
quencies (700-1500 cm−1) with symmetry assignment for Ba(NO3)2.

Mode number Cal. Expt. Sym. Mode Assignment
M61–M62 707.32 Eu Silent ONO2 scissor.
M63–M65 707.85 Tu IR ONO2 scissor.
M66–M68 708.91 Tu IR ONO2 scissor.
M69–M70 709.47 731 Eg Raman ONO2 scissor.
M71–M73 711.16 Tg Raman ONO2 scissor.
M74–M76 713.62 Tg Raman ONO2 scissor.

M77 785.49 Au Silent ONO2 bend.
M78–M80 786.16 Tu IR ONO2 bend.
M81–M83 787.76 Tg Raman ONO2 bend.

M84 788.76 817 Ag Raman ONO2 bend.
M85–M87 1007.83 Tg Raman ONO2 symm. stretch.
M88–M90 1007.94 1047 Tu IR ONO2 symm. stretch.

M91 1008.53 Eu Silent ONO2 symm. stretch.
M92 1009.12 Ag Raman ONO2 symm. stretch.

M93–M95 1297.43 1345 Tu IR ONO2 asymm. stretch.
M96–M97 1306.69 Eg Raman ONO2 asymm. stretch.
M98–M100 1336.88 1415 Tg Raman ONO2 asymm. stretch.
M101–M102 1342.54 Eu Silent ONO2 asymm. stretch.
M103–M105 1352.92 1462 Tg Raman ONO2 asymm. stretch.
M106–M108 1356.79 1780 Tu IR ONO2 asymm. stretch.
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Table 3.19: Calculated infrared frequencies (0-300 cm−1) with symmetry assign-
ment for Ba(NO3)2.

Mode number Frequency (cm−1) Symmetry Mode Assignment
M4–M5 42.41 Eu Silent Ba, NO−

3 trans.
M6–M8 49.01 Tu IR Ba, NO−

3 trans.
M9 68.42 Ag Raman Ba, NO−

3 trans.
M10–M12 81.49 Tg Raman NO−

3 rot.
M13–M15 83.97 Tu IR Ba trans., NO−

3 rot.
M16 84.72 Au Silent Ba trans., NO−

3 rot.
M17–M19 96.08 Tu IR Ba trans., NO−

3 rot.
M20–M22 106.96 Tg Raman NO−

3 rot.
M23–M24 110.37 Eu Silent Ba trans., NO−

3 rot.
M25–M27 113.68 Tu IR NO−

3 trans.
M28–M29 125.23 Eg Raman NO−

3 rot.
M30 131.03 Au Silent Ba trans., NO−

3 rot.
M31–M33 135.10 Tu IR NO−

3 rot.
M34–M36 139.63 Tg Raman NO−

3 trans.
M37–M39 152.79 Tg Raman NO−

3 trans.
M40–M43 154.60 Tu IR NO−

3 rotational
M44 155.45 Eg Raman NO−

3 trans.
M45–M46 155.68 Eu Silent NO−

3 trans.
M47–M49 175.78 Tu IR NO−

3 rot.
M50–M52 176.31 Tg Raman NO−

3 rot.
M54–M56 203.72 Tu IR NO−

3 rot.
M57–M59 211.21 Tg Raman NO−

3 rot.
M60 220.13 Tg Raman NO−

3 rot.

Wavenumber range 0-300 cm−1: The IR spectrum of strontium nitrate (Fig-

ure 3.3) displays a set of broad absorption bands between 50 and 200 cm−1 with

four peaks worth emphasizing, and these absorptions are assigned to the lattice

modes. The most intense maximum, which occurs at 150.93 cm−1, is due to the

translational lattice mode of (M + NO3), followed by a secondary peak at 104.26

cm−1. Other translational lattice modes occur at 125.93 and 211.60 cm−1. How-

ever, for barium nitrate, there is a single IR absorption band with several peaks

between 60 and 200 cm−1, with the most pronounced maximum at 136.41 cm−1

(translational lattice mode), followed in intensity by peaks at 84.08, 95.41, 114.08,
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Figure 3.4: Normal modes (cm−1) behind the most intense maxima in the infrared
spectra of Sr(NO3)2 and Ba(NO3)2.

and 175.41 cm−1. These peaks are due to the translational lattice mode of the bar-

ium atom and the rotational lattice mode of NO3. No experimental data are

available for the low-frequency regions because of limitations of Fourier trans-

form IR spectroscopy, a well-known experimental procedure for obtaining IR

spectra. Our results in the low-frequency range are relevant in this aspect for the

present divalent metal nitrates.

Wavenumber range 600-900 cm−1: For strontium nitrate, there are only two

maxima, at 709.60 and 777.26 cm−1, which are due to scissoring motion and out-

of-plane bending of the O–NO2 group, respectively. Experimental work [12]

suggests that there are two peaks in the IR spectrum of Sr(NO3)2, at 738 and 814

cm−1, respectively. Our results for the IR spectrum reveal similar peaks and satis-

factorily match the experimental data. Also, in barium nitrate, an IR absorption
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band occurs between 700 and 800 cm−1. The most intense absorption maximum

occurs at 709.08 cm−1 and is assigned to a scissoring motion of the O–NO2 group,

whereas a secondary maximum occurs at 786.08 cm−1 (bending of the O–NO2

group). The experimental values [12] for the two maxima are 731 and 817 cm−1,

which are in good agreement with our results.

Wavenumber range 1200-1500 cm−1: As shown in Figure 3.3 the absorption

lines for strontium nitrate occur at 1310.60 cm−1 (most intense) and 1382.93 cm−1,

and in the case of barium nitrate the peaks are at 1300.41 cm−1 (most intense) and

1357.08 cm−1. The maxima in both materials are due to asymmetric stretching

of the N–O bond. Brooker et al. [12] reported that the lowest-frequency absorp-

tion band occurs at 1360 cm−1 for Sr(NO3)2 and at 1345 cm−1 for Ba(NO3)2, and

our calculated frequencies are 1310 and 1297 cm−1 for strontium nitrate and bar-

ium nitrate, respectively (Tables 3.6 and 3.8). The highest frequency as reported

experimentally [12] for Sr(NO3)2 is 1795 cm−1, whereas for Ba(NO3)2 it is 1780

cm−1. We note a shift in the highest frequencies, 1382 and 1356 cm−1 for stron-

tium nitrate and barium nitrate, respectively (Tables 3.10 and 3.11). This shift in

the frequency could be due to the anharmonic effects in the crystals [12]. As the

phonon anharmonic interactions emerge from nonharmonic parts of the inter-

atomic potential, they cannot be justified by the quasi-harmonic Debye model.

A similar situation is seen for the higher-frequency modes of the azide ion in KN3

[69].
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Table 3.20: Calculated infrared frequencies (0-2000 cm−1) with symmetry assign-
ment for Sr(N3)2.

Mode number Frequency (cm−1) Symmetry Mode Assignment
M4 34.82 B1u IR Sr, N−

3 trans.
M5 47.27 B3g Raman Sr, N−

3 trans.
M6 105.14 B2g Raman Sr, N−

3 trans.
M7 105.82 B1g Raman Sr, N−

3 trans.
M8 128.48 B3u IR Sr, N−

3 trans.
M9 134.47 B3g Raman Sr trans.
M10 141.23 B2u IR Sr, N−

3 trans.
M11 146.33 Ag Raman Sr, N−

3 trans.
M12 147.62 B1g Raman N−

3 rot.
M13 147.70 B2u IR N−

3 rot.
M14 155.73 B2g Raman N−

3 rot.
M15 163.78 B1u IR Sr, N−

3 trans.
M16 176.46 B3g Raman N−

3 rot.
M17 186.94 Au silent N−

3 trans.
M18 187.79 B1g Raman N−

3 trans.
M19 193.29 B1u IR N−

3 rot.
M20 198.37 Ag Raman N−

3 trans.
M21 193.29 B1u IR N−

3 rot.
M22 210.27 B2u IR N−

3 rot.
M23 216.81 B2g Raman N−

3 rot.
M24 229.98 B1g Raman N−

3 rot.
M25 232.27 B3u IR N−

3 rot.
M26 280.28 Au silent N−

3 rot.
M27 601.00 B3g Raman N−

3 bend.
M28 603.80 B3u IR N−

3 bend.
M29 608.13 B1u IR N−

3 bend.
M30 608.87 B2u IR N−

3 bend.
M31 614.20 Ag Raman N−

3 bend.
M32 617.13 Au silent N−

3 bend.
M33 622.65 B1g Raman N−

3 bend.
M34 623.77 B2g Raman N−

3 bend.
M35 1253.51 B3u IR N−

3 symm. stretch.
M36 1253.96 Au silent N−

3 symm. stretch.
M37 1258.57 B3g Raman N−

3 symm. stretch.
M38 1259.38 Ag Raman N−

3 symm. stretch.
M39 1890.02 B1g Raman N−

3 asymm. stretch.
M40 1936.96 B1g Raman N−

3 asymm. stretch.
M41 1945.57 B1u IR N−

3 asymm. stretch.
M42 1957.06 B2u IR N−

3 asymm. stretch.
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Table 3.21: Calculated frequency and Experimental frequency (cm−1) of Infrared
frequencies (0-2000 cm−1) with symmetry assignment for Ba(N3)2.

Mode number Cal. Expt. Sym. Mode Assignment
M4 58.18 53 Bg Raman Sr, N−

3 trans.
M5 67.40 Ag Raman Sr, N−

3 trans.
M6 115.70 111 Ag Raman Sr, N−

3 trans.
M7 127.87 Bu IR Sr, N−

3 trans.
M8 142.68 136 Bu IR Sr, N−

3 trans.
M9 147.93 140 Ag Raman Sr trans.
M10 154.78 Au IR Sr, N−

3 trans.
M11 163.12 Bg Raman Sr, N−

3 trans.
M12 168.59 164 Au IR N−

3 rot.
M13 179.27 Ag Raman N−

3 rot.
M14 189.90 185 Bu IR N−

3 rot.
M15 194.59 Ag Raman Sr, N−

3 rot.
M16 201.52 190 Bu IR N−

3 rot.
M17 207.78 206 Bg Raman N−

3 trans.
M18 209.16 208 Ag Raman N−

3 trans.
M19 222.70 Ag Raman N−

3 rot.
M20 225.69 Au IR N−

3 trans.
M21 227.27 Bg Raman N−

3 rot.
M22 230.33 Au IR N−

3 rot.
M23 236.83 Ag Raman N−

3 rot.
M24 252.67 Bg Raman N−

3 rot.
M25 256.28 Bg Raman N−

3 rot.
M26 256.40 Au IR N−

3 rot.
M27 606.69 604 Bu IR N−

3 bend.
M28 611.66 Ag Raman N−

3 bend.
M29 616.10 Au IR N−

3 bend.
M30 618.25 Au IR N−

3 bend.
M31 621.14 619 Bg Raman N−

3 bend.
M32 622.45 Bg Raman N−

3 bend.
M33 623.50 619 Bu IR N−

3 bend.
M34 631.08 Ag Raman N−

3 bending
M35 1231.78 1240 Bu IR N−

3 symm. stretch.
M36 1233.68 1251 Ag Raman N−

3 symm. stretch.
M37 1245.55 1263 Bu IR N−

3 symm. stretch.
M38 1247.41 1272 Ag Raman N−

3 symm. stretch.
M39 1866.44 1875 Ag Raman N−

3 asymm. stretch.
M40 1898.85 1908 Ag Raman N−

3 asymm. stretch.
M41 1910.86 2134 Bu IR N−

3 asymm. stretch.
M42 1964.89 2150 Bu IR N−

3 asymm. stretch.
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Figure 3.5: Normal modes (cm−1) behind the most intense maxima in the infrared
spectra of Sr(N3)2.

Azides: The infrared spectra of Sr(N3)2 and Ba(N3)2 are shown in figure 3.3

and the snapshot of a few vibrational modes is given in figure 3.5 and 3.6 for

reference. Tables 3.20 and 3.21 presents the predicted normal modes with the

respective irreducible representations and the assignment of IR and Raman active

modes. The M(N3)2 has 14 atoms in primitive cell its leads to 42 normal modes.

The irreducible representation of the phonon modes at the Brillouin zone center

is:

Ba(N3)2: Γacoustic = 1Au + 2Bu

ΓIR = 6Au + 12Bu
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Figure 3.6: Normal modes (cm−1) behind the most intense maxima in the infrared
spectra of Ba(N3)2.
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ΓRaman = 14Ag + 7Bg

Sr(N3)2: Γacoustic = B1u + B2u + B3u

ΓIR = 4B1u + 5B2u + 5B3u

ΓRaman = 6B1g + 6B2g + 5B3g + 4Ag

Γsilent = 4Au

According to Ref. [42], IR spectrum of monoclinic Ba(N3)2 is characterized

by 3 absorption bands in the ranges of 0–300, 600–650 and 1200–2000 cm−1, with

stretching vibration of N–N bond being located above 1200 cm−1. However,

there is a reasonable agreement between the theoretical and experimental values

for IR wavenumbers [42] with a small deviation. This shift in frequency could be

due to the anharmonicity of the crystals.

The infrared spectrum for strontium azide presents the low frequency IR re-

gion between 0 and 300 cm−1, the most intense IR absorption peaks occur at 163

cm−1, a mode with irreducible representation B1u, which is assigned to Sr and N−
3

translational, the second most intense peak occurs at 141 cm−1 with irreducible

representation B2u. The third and fourth most intense peak appears at 128 (B3u)

and 210 cm−1 (B2u), corresponding to Sr and N3 group lattice vibrations. For

Ba(N3)2, IR absorption bands depicts various peaks between 0 and 300 cm−1, the

most prominent maximum at 127, 142, 154, 168, 189, 230, and 268 cm−1 are

assigned to translational and rotational vibrations of Ba and N3 group. In the

mid-frequency region, the IR spectrum of strontium azide is observed between

600 and 650 cm−1, there is only one maxima, at 608 cm−1, which is owing to out-

of-plane bending of the N3 group. In the case of Ba(N3)2 two intense IR absorp-

tion peaks occur at 616 cm−1 and 623 cm−1, corresponding to an N-N-N bending

movement. The high frequency region interval between 1800 and 2000 cm−1 is

characterized by the absence of any contribution from alkaline-earth metal atom

vibrations; therefore, all the modes above 1800 cm−1 originate from stretching

of the N3 group. The Sr(N3)2 and Ba(N3)2 have two maxima being observed
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within the 1900-2000 cm−1 wavenumber range. In the case of strontium azide,

the peaks at 1955 and 1941 cm−1 are related to a Bu mode relative to an asym-

metric stretching of the N-N bond. For barium azide the maxima at 1910.86 and

1964.89 cm−1 correspond to asymmetric stretching of the N-N bond. A compar-

ison with metal nitrate [46] results reveals that the nitrates are shifted towards

the smaller wavenumbers than metal azides. Their lowest frequency absorption

band was found at 1300 cm−1, and the highest absorption band at 1500 cm−1. For

strontium nitrate, we have the following maxima due to stretching vibrations of

N-O bond: 1310.60 cm−1 and 1382 cm−1, while barium nitrate, the highest in-

tense peak, occurs at 1300.41 cm−1 (most intense) and 1357.08 cm−1. This leads

to the conclusion that metal nitrates are more stable than metal azides.

3.3.5 Phonon dispersion and Phonon density of states

The dynamical stability of the present materials can be examined by evaluation

of the lattice dynamical properties. We calculated the phonon dispersion spectra

and phonon density of states for M(NO3)2, M(N3)2 (M = Sr, Ba) using DFPT

[63–66]. The primitive cell of M(NO3)2 (M = Sr, Ba) is composed of 36 atoms,

yielding 108 phonon branches in total, with 3 acoustic branches and 105 optical

branches. Since metal azides; M(N3)2 ( M = Sr and Ba) have 14 atoms yielding

totally 42 phonon branches with 3 acoustic and 39 optical branches. The phonon

dispersion curves M(N3)2 ( M = Sr and Ba) in the high symmetry directions X

→ Γ → Y → Z → Γ; Z → Γ → Y → A → B → D → E → C paths in the

irreducible Brillouin zone(Figure 3.7). We could not compare our results with

the experimental measurements as no study on lattice dynamics of these azides

has been available so far. It is clear from the plots that the acoustic and first few

optical branches for both M(NO3)2 and M(N3)2 are overlapping almost in the full

Brillouin zone. This clearly indicates that M(NO3)2, M(N3)2 materials possess

favorable conditions for thermal transport [83].
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Figure 3.7: (Phonon dispersion curves for Sr(NO3)2, Ba(NO3)2, Sr(N3)2 and
Ba(N3)2 wavenumber range over the 0−200 cm−1.
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(a)

(b)

Figure 3.8: Phonon partial density of states (PDOS) for (a) Sr(NO3)2 and
Ba(NO3)2 (b) Sr(N3)2 and Ba(N3)2.
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In order to know the atomic contribution in the phonon dispersion and con-

firm the crystal structures stability, we have plotted the partial phonon density

of states (PPDOS) of M(NO3)2 and M(N3)2 presented in Figure 3.8. In the high-

frequency region (650–1450 cm−1) PPDOS behavior is similar for Sr(NO3)2 and

Br(NO3)2 . In this region, nitrogen and oxygen atoms have the major contribu-

tion, which is mainly due to the frequency associated with the N–O bond bending

and stretching vibrations [46]. In the low frequency region (0-300 cm−1), there

are higher peaks (black) that indicate that the lattice vibrations are very strong.

The highest peak (red) in the phonon partial DOS is observed at 1216.69 cm−1,

1237 cm−1, 691.22 cm−1, and 706.86 cm−1 for Sr(N3)2 ,Ba(N3)2, Sr(NO3)2 and

Ba(NO3)2, respectively. The curves of the strong peaks in the phonon density of

state diagram correspond to the smooth curves of the phonon dispersion spectra

in the corresponding frequency range. It is found that in the acoustic region, the

alkaline earth metal (Sr and Ba) atoms show a large contribution due to their heav-

ier mass. The vibration of the N atom contributes to the optical branch in the

high energy region for the light mass. The focus of this work was on the phonon

modes, as they are directly related to the elastic moduli and heat transport of the

material. Also, the calculated frequencies can be used within the quasi-harmonic

approximation to evaluate thermal properties [84].

3.3.6 Thermodynamic properties

Thermodynamic properties are some of the most important attributes of the ma-

terials that are used in ignition [85]. Also, the thermal behavior of the present

materials could play a key role in the growth of sustainable smoke compositions

and in understanding the nature of chemical reactions that occur during their

decomposition [86]. So we attempted to calculate the thermodynamic proper-

ties—namely, H, entropy times temperature (ST), and G—of the present mate-

rials. We applied the quasi-harmonic Debye model [87] on the lines of [88] to

compute the heat capacity (CV), entropy (SV), and vibrational internal energy
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Figure 3.9: Density functional theory-calculated thermodynamic properties,
Sr(NO3)2, Ba(NO3)2, Sr(N3)2 and Ba(N3)2.

(Uvib) [79, 80, 87]. Keeping in mind the stability of the crystal structure under

high temperatures, we calculated the melting temperatures of the compounds on

the lines of [89] as shown by Fine et al. [90] using the equation Tm = [553 K +

(5.91 K/GPa)C11] ± 300 K. The calculated melting temperature of the crystals is

found to be 851 K for strontium nitrate and for barium nitrate is 787 K.

For the present crystals, Figure 3.9 indicates that strontium nitrate exhibits a

larger rate of increase of H and ST with temperature in comparison with barium

nitrate, while the latter follows a curve just a bit below the curve of strontium
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nitrate. Looking at the enthalpy curves we have, at 306 K, the following ener-

gies: 0.4956 eV (for strontium azide), 0.4956 eV (for barium azide), 1.2307 eV (for

strontium nitrate), and 1.1390 eV (for barium nitrate). The enthalpy’s are found

to increase linearly with temperature and are higher for nitrates than azides. This

could be due to the change in atomic arrangements and atomic masses of the

compounds. Calculated values of ST at the temperature T = 306 K are 0.9765

eV, 0.9595 eV, 2.5786 eV, and 2.2689 eV for Sr(N3)2, Ba(N3)2, Sr(NO3)2, and

Ba(NO3)2 respectively. The calculated free energy for the present crystals de-

creases with the an increase in temperature. This behavior is due to increase in

both vibrational internal energy U and entropy S, which leads to a decrease in

free energy. The heat capacity of M(NO3)2 displays a rapid rise between 0 and

700 K, and it increases smoothly to reach a saturation value at 750 K. Also, it is

higher for strontium nitrate up to 700 K, and then for both materials Sr(NO3)2

and Ba(NO3)2 it behaves similarly beyond this temperature. The higher the spe-

cific heat, the higher is the phonon frequency, which is greater for the stron-

tium compound. Our investigation confirms that the systems studied are ther-

modynamically stable below 750 K. In the case of azides, the heat capacity lin-

early increases till 150 K (faster), and after 150 K bit slower and saturate at high

temperatures, it is found to be higher (almost double) for nitrates than azides in

the entire studied temperature range. At 306 K , we have Cv values as follows:

58.02 cal/cell.K (for Ba(N3)2), 57.66 cal/cell.K (for Sr(N3)2), 139.67 cal/cell.K (for

Sr(NO3)2), and 136.77 cal/cell.K (Ba(NO3)2). These observed differences in en-

thalpy and entropy, free energy, heat capacities clearly confirm that nitrates are

more stable than azides in the studied temperature range.

The Debye temperature (ΘD) is a measure of the vibrational response of a ma-

terial and is the highest temperature that can be achieved as a result of a single

normal mode in a solid. It is a vital parameter that correlates with many phys-

ical properties of solids, such as entropy, specific heat, and thermal expansion.

The Debye temperature exhibits a strong temperature dependence for both ma-
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Figure 3.10: Density functional theory-calculated specific heat (top) and Debye
temperature (bottom) for (a) Sr(NO3)2, Ba(NO3)2, Sr(N3)2 and Ba(N3)2.

terials, so we calculated the effect of temperature up to the melting temperature

range. In Figure 3.10 one can see the calculated Debye temperature (top) and the

heat capacity (bottom) of each crystal as a function of temperature as obtained

from the phonon density of states. The Debye temperature curves show almost

similar increment behavior for all the studied compounds. The actual Debye

temperature values for the studied compounds are as follows: Sr(N3)2(561.39 K),

Ba(N3)2(349.06 K), Sr(NO3)2(353.71 K), Ba(NO3)2(319.22 K). The higher value of

Sr(N3)2 shows high thermal conductivity [79] than other compounds. The coef-
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ficient of thermal expansion was calculated with the relation α = (γCV)/(BV),
where γ, CV, B, and V are the Gruneisen parameter, specific heat at constant vol-

ume, isothermal bulk modulus, and unit formula volume, which were calculated

according to the rigid ion model [91]. CV and α behave in a similar way with in-

crease in temperature. The thermal expansion coefficient follows the increasing

trend of specific heat owing to the T3 dependence at low temperatures, and there

is a gradual linear increase at high temperatures followed by a gentler increase as

750 K is approached. At room temperature strontium nitrate has a thermal expan-

sion coefficient of 3.73 × 10−6/K, whereas for barium nitrate it is 5.75 × 10−6/K.

The thermal expansion coefficient decreases with increase in atomic mass from

strontium nitrate to barium nitrate.

3.4 Conclusions

In summary, we have investigated the structural, elastic, vibrational, and ther-

modynamic properties of M(NO3)2 and M(N3)2 using an ab initio approach. We

found that the van der Waals correction predicts the structural parameters, which

are in fair agreement with the experimental values. The elastic constants and

phonon spectra of M(NO3)2 and M(N3)2 confirm the mechanical and dynamical

stabilities, while the calculated B/G ratio suggests that the materials are ductile.

The phonon modes, their dispersion, and the symmetry and the IR spectra of

the crystals were computed. The calculated normal mode frequencies were classi-

fied according to irreducible representations for both IR-active and Raman-active

modes. IR spectra of Sr(NO3)2, Ba(NO3)2, Sr(N3)2 and Ba(N3)2 were analyzed

in close comparison with results of lattice dynamical calculations. The zone-

center low-frequency modes are different for Sr(NO3)2 and Ba(NO3)2, and this

was predicted for the first time. The contributions of strontium and barium are

much larger than those of nitrogen and oxygen atoms in the low-frequency re-

gion whereas the high-frequency zone-center modes are relatively the same for
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both materials as most of the vibrational modes here are due to the nitrate (NO3)

group, owing to the covalent bonding among nitrogen and oxygen atoms. The vi-

brations of the azide (N3) group exhibits high intensity infrared absorption bands

in the ranges of 1900–2100 cm−1. A comparison with work of metal nitrates re-

veal that the nitrates are shifted towards the smaller wavenumbers than metal

azides. Most of the calculated vibrational modes are in satisfactory agreement

with the earlier reported experimental data. It has been seen that the calculated

phonon dispersion curves of M(NO3)2 and M(N3)2 do not show any imaginary

modes, hence both the materials are dynamically stable. The acoustic and first op-

tical branches for M(NO3)2 and M(N3)2 are overlapping, which clearly indicates

that both materials possess favorable condition for thermal transport. Also, as the

thermal behavior of these materials could play a key role in the growth of sustain-

able smoke compositions, the thermodynamic properties, such as entropy, De-

bye temperature, heat capacity, and enthalpy, at different temperatures ranging

from 5 to 1000 K were described. It is inferred that strontium nitrate and barium

nitrate can be reliably used in pyrotechnics as they have sufficiently low ther-

mal conductivity. We believe that this work will pave the way to explore many

more pyrotechnic-based materials of this type. The comparative study between

alkaline-earth metal nitrates and alakline-earth metal azides reveals difference in

energetic performance of the metal azides and metal nitrate crystals.
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Computational study of lattice
dynamics and thermodynamic
properties of energetic solid
cyanuric triazide and Urea
nitrate.

In this chapter, the structural, vibrational, and thermodynamic properties of the

cyanuric triazide and urea nitrate crystal are investigated through density func-

tional theory (DFT) simulations. The dispersion correction methods Grimme

(DFT-D2) [1] and Tkatchenko and Scheffler (DFT-TS) [2] were used to treat the

van der Waals (vdW). The norm-conserving pseudopotentials are [3] generated

by utilizing the kinetic energy optimization scheme. Infrared spectra, Born effec-

tive charges are computed through the linear response method using the density

functional perturbation theory (DFPT). Phonon dispersion curves and phonon

density of states are obtained within the harmonic approximation. The calculated

thermodynamic properties show that the Debye temperature, specific heat at con-

stant volume, enthalpy, and entropy values increase as a function of temperature,

while the free energy falls off as the temperature increases. The vibrational and

thermodynamic properties reveal, C3N12 is an effective initiating explosive, and

urea nitrate is an improvised explosive.

87



88 4.1. INTRODUCTION

B.Adivaiah and G. Vaitheeswaran, “Computational study of lattice dynamics

and thermodynamic properties of energetic solid cyanuric triazide” J. Phys. Chem.

Solids., 148, 109782 (2021).

4.1 Introduction

Energetic materials are considered to be quite important in propellants, pyrotech-

nics, explosives, and combustibles [4–6]. Organic and inorganic azides are en-

ergy–rich molecules that reveals explosive properties [7]. The series of inorganic

azides such as KN3, TlN3, AgN3, CuN3 plays a significant role in explosives. Un-

fortunately, metal azides such as silver azide, lead azide, and thallous azide suffer

from instability, sensitivity, or toxicity [8]. Lead azide (Pb(N3)2) was used as a

primary explosive for many years [9], but the use of Pb primaries has led to en-

vironmental pollution due to toxic Pb decomposition after detonation. One of

the modern and principal trends in the development of energetic materials is to

search for the so-called green primary explosives. The nitrogen-rich compounds

are potential candidates for high energy density because of their high nitrogen

content and good thermal stability [10]. Apart from this, these composites are

environmentally safe, with molecular nitrogen as their main combustion or det-

onation outcomes. One of the representatives of such green primary explosives

is cyanuric triazide (CTA), which has distinctive properties based on thermal de-

composition reactions; they do not pose health risks to personnel and cause much

less pollution to the environment, but it has no practical use because of very high

sensitivity towards external stimuli [11–16]. However, efforts have been made

recently addressing its use as explosive material [11]. Cyanuric triazide, is an ef-

fective initiator in explosives, synthesized and structurally characterized recently
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[17, 18]. It is a quite interesting compound, since it contains only carbon and

nitrogen, 3 carbon and 12 nitrogen in each molecules. The compound is highly

friction sensitive; it has sharp melting point under 400 K, but it explodes upon

heating above 500 K giving nitrogen and carbon in the form of graphite [12].

The decomposition reaction of cyanuric triazide has been reported previously

[12]:

C3N3(N3)3 → 3C + 6N2 (4.1)

By differing the chemical nature of either or both ions, an energetic material

can be modified to fit specific requirements. The environmental impact and tox-

icity is the main in the design of energetic materials. Thus, organic nitrates are

typically biodegradable and produce environmentally relatively good combustion

products, which are of prime interest. Urea nitrate is one of the significant impro-

vised explosives with a representative layered supermolecular structure [19, 20].

The urea nitrate find make use of fertilizers, and most of that urea (85%) ends

up as fertilizer, with a little amount utilized for resins and plastics and a small

percentage usage in cattle feed. For long time, urea nitrate has been utilized by

terrorists find to make improvised explosives [21–24]. It was put in service of the

bombing of the World Trade Center (February 1993) and many car bombings in

Palestine [25].

The study of lattice dynamics of energetic materials is highly interesting, from

which we can understand the spectroscopic and thermodynamic properties of a

crystal [26–28]. Recently many researchers have reported the infrared spectra of

inorganic azides using Density functional theory (DFT) [29–35]. Keeping this in

mind, we have studied the vibrational and thermodynamic properties of metal

azides, Sr(N3)2 and Ba(N3)2 using the density functional perturbation theory in

our previous study [35]. For the organic azides (C3N12) side, two theoretical

works on the structural properties of cyanuric triazide were reported using the

DFT formalism [36, 37]. The first one predicted the structural transformation of
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nitrogen–rich cyanuric triazide at high pressures and temperatures [36]. In the

second one, structural, elastic, and optical properties of C3N12 were studied using

ultra-soft potentials in which they found that C3N12 has indirect band gap with

6.33 eV [37]. So far, there are no reports on vibrational and thermodynamic prop-

erties of C3N12, which helps in fundamental understanding and possible insights

about atomic lattice behavior of C3N12. Similarly, in the case of urea nitrate,

few experimental and theoretical [20, 21, 38–42] studies have been reported, the

knowledge regarding lattice dynamics point of view is limited. This work is the

first of its kind which investigates detailed understanding into lattice vibrational

and thermodynamics properties of C3N12 and UN.

In this work, we have presented the structural, vibrational, and thermody-

namic properties of cyanuric triazide and urea nitrate crystal within the DFT

formalism, using norm–conserving pseudopotential approach. The generalized

gradient approximation with (GGA + G06) and Tkatchenko and Scheffler (GGA

+ TS) methodology to take into account the dispersion effects [1, 2]. A brief com-

parison with previous results (Ref. [43]) for C3N12 is also included. The infrared

spectra are obtained, and their normal modes are assigned. Finally, the phonon

dispersion and phonon density of states are evaluated, together with its Debye

temperature and specific heat. We expect that our work will further stimulate

the experimentalists for the synthesis of triazine azides and improvised explosive

urea nitrate crystals.

Table 4.1: Lattice parameters(Å) and unit cell volume (Å3) of the C3N12 crystal
unit cell as calculated at the LDA, GGA, GGA+G06 and experimental values
[18] with error percentage.

Parameter LDA PBE PBE + G06 Expt.a Cal.b

a (Å) 8.74 9.74 8.95 8.75 9.00
c (Å) 5.40 6.42 5.776 8.89 5.70

V (Å3) 357.06 (-8.5%) 527.32 (35%) 401.61 (2.7%) 390.44 399.44
LDA, Local density approximation ; PBE, Perdew-Burke-Ernzerhof.

aFrom [18], bFrom [37] using ultrasoft pseudopotentials.
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Figure 4.1: Unit cell of the cyanuric triazide crystal.

4.2 Computational methods

The internal atomic coordinates including lattice parameters of C3N12 and UN

are optimized within the density functional theory formalism by employing the

plane-wave CASTEP code [44]. The generalized gradient approximation (GGA)

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional [45, 46] is cho-

sen. The dispersion correction methods Grimme (DFT-D2) [1] and Tkatchenko

and Scheffler (DFT-TS) [2] were used to treat the van der Waals (vdW). The norm-

conserving pseudopotentials are [3] generated by utilizing the kinetic energy op-

timization scheme is used to relate the ion-electron interactions (atomic nuclei

and core electrons). Pseudo atomic calculations are achieved for C (2s2, 2p2) H

(1s1) N (2s2, 2p3) and O (2s2, 2p4) respectively. We computed structural prop-

erties and the dynamical matrices by using the Monkhorst-Pack(MP) [47] with

4 × 4 × 6 k-grids for C3N12 and 4 × 4 × 5 for UN, through high symmetry points

in the Brillouin zone (BZ) integrations. The unit cell geometry optimizations of

the C3N12 and UN crystal are performed using the Broyden-Fletcher-Goldfarb-
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Shannon (BFGS) algorithm [48]. A plane-wave basis set with a cut-off energy of

980 eV is used for C3N12 and 1100 eV is for UN, to enlarge the valance electronic

wave functions. The convergence criteria for geometry optimization is as follows

for both the crystals: The maximum atomic displacement should be smaller than

0.5 × 10−3 Å and total energy convergence should be be smaller than 0.5 ×10−5

eV/atom. The maximum stress component and maximum force criteria are 0.02

GPa and 0.5 ×10−2 eV/Å per atom, respectively.

The phonon dispersion curves and partial phonon density of states of C3N12

and UN are accomplished using the density functional perturbation theory (DFPT)

with linear-response method[49–52] at (GGA + G06) and (GGA + TS) level.

Using the quasi-harmonic approximation [53, 54] we have calculated the Debye

temperature, heat capacity and other thermodynamic properties.

Table 4.2: Lattice parameters(Å) and unit cell volume (Å3) of the urea nitrate
crystal unit cell as calculated at the LDA, GGA, GGA+G06 and experimental
values [38] with error percentage.

Parameter LDA PBE PBE + G06 PBE + TS PW91 PW91 + OBS Expt.a

a (Å) 9.27 9.71 9.52 9.60 9.71 9.47 9.54
b (Å) 8.07 8.32 8.23 8.28 8.30 8.20 8.20
c (Å) 7.12 8.54 7.39 7.29 8.87 7.30 7.49

V (Å3) 426.79 594.82 474.97 485.64 623.01 459.21 485.10
(12.02%) (35%) (2.7%) (-0.11%) (28.42%) (5.33%)

β 126.77 120.52 125.01 123.19 119.51 125.99 124.24
LDA, Local density approximation ; PBE, Perdew-Burke-Ernzerhof.

aFrom [18], bFrom [37] using ultrasoft pseudopotentials.

4.3 Results and discussion

4.3.1 Crystal structure and Unit cell optimization

The C3N12 molecular crystal display hexagonal structure with, space group P3 ac-

companied by two molecules in the unit cell (figure 4.1). The molecule is planar

and the distance between the layers is 2.947 Å. The cyanuric ring has three-fold



CHAPTER 4. INITIATOR AND IMPROVISED EXPLOSIVES 93

Figure 4.2: Unit cell (a), crystal structure (b), and single molecule (c) of urea ni-
trate.

symmetry, and contains alternate carbon and nitrogen atoms [55]. The N-N dis-

tance is 1.265 Å, and angle of the azide group (N2-N3-N4) is 172◦ [18]. The lattice

parameters and unit cell volume are listed together with the experimental data of

Elmar et al. [18] in Table 4.1. Urea nitrate crystallizes in P2/c symmetry and

shows a simple layered supermolecular structure (figure 4.2). The N-H–O, and

O-H–O hydrogen bonds hold uronium cation and nitrate anion together to form

the hydrogen bond sheet[20]. The unique structure of hydrogen–bonded sheets

can account for its low sensitivity to friction, shock, and electric discharge [20, 38].

The acidic proton is on the carbonyl oxygen atom with an O-H–O distance of

2.596 Å [20, 38]. Four other hydrogen bonds of the type N-H–O join the uronium

and nitrate ions into a two-dimensional network. The only contacts between the

layers are of the van der Waals type, and the C-O distances are 1.298, 1.311 and

1.316 Å [20, 38]. There are relatively weak NO3–NO3 and NO3..π interactions
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between adjacent hydrogen–bonded sheets, which are proposed to make great

contributions to the stabilization of the layered structure. The calculated crystal

volume using (LDA functional) is smaller than the experimental value by 8.5%
for C3N12, and 12.02% for UN (table 4.2). We have used G06, TS corrections

to the PBE functional. The using the PBE + G06 and PBE + TS [56] results ob-

tain closer to the experiment with the deviation 2.7% and −0.11%, respectively.

Further, we have used PBE + G06 and PBE + TS functionals to compute the

vibrational and thermodynamic properties of C3N12 and UN, respectively.

4.3.2 Born effective charge analysis

We have estimated the Born effective charge (BEC) tensor of each ion in hexag-

onal structure of C3N12 and monoclinic structure UN by using DFPT [57–61].

Tables 4.3–4.6 presents the BEC tensor and deviations of their corresponding

ionic charges (in percentage) along with Z11, Z22, and Z33 directions. The formal

valence of C, H, N, and O in C3N12 and UN are +4, +1, -3 and -2, respectively.

In the cyanuric triazide, the effective charge is found to be 3.26 for C and -2.54 for

N, which reveals 18.48 and 15.31 % variation from the static charge, respectively.

Also, we can note that the BEC ions in C3N12 are significantly lower than the

normal charges confirming the presence of covalent character in the structure.

The large BECs reveal respective displacement of neighboring ions against each

other, which generate considerable polarization. The C ions have a maximum of

89.78 % increase in the effective charge over its static charge, and N finds a max-

imum of 190.32 %, revealing the possible hybridization of C and neighboring N

ions. The Born effective charge is of highly asymmetric nature for C3N12 crystal

(Z∗
xx ̸= Z∗

yy ̸= Z∗
zz), it can be concluded that the C-N bond has a mixed ionic and

covalent chemical nature in the studied materials [35, 62, 63]. The N atoms show

larger deflections than C atoms. Also, we can observe that Born effective charges

of N reveal huge antisymmetric off-diagonal elements in the Born effective charge

matrix. Nevertheless, the diagonal components have a value closest to the given
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Table 4.3: Calculated BEC’s of C3N12. Actual ionic charges are C = +4, N = -3.

Atom Z11 Z22 Z33

C1 2.62841 2.55777 0.40874
C2 1.92571 3.26048 0.40874
C3 3.22516 1.96103 0.40874
C4 2.62841 2.55777 0.40874
C5 1.92571 3.26048 0.40874
C6 3.22516 1.96103 0.40874
N1 -2.54062 -0.75530 -0.27007
N2 2.71078 0.12796 0.22977
N3 -1.19694 -0.02794 -0.04620
N4 -2.38966 -1.11447 -0.32225
N5 -0.75136 -2.54455 -0.27007
N6 0.98101 1.85773 0.22977
N7 -0.34035 -0.88453 -0.04620
N8 -1.20692 -2.29720 -0.32225
N9 -1.65189 -1.64402 -0.27007
N10 0.56632 2.27242 0.22977
N11 -0.30004 -0.92485 -0.04620
N12 -1.65961 -1.84451 -0.32225
N13 -2.54062 -0.75530 -0.27007
N14 2.71078 0.12796 0.22977
N15 -1.19694 -0.02794 -0.04620
N16 -2.38966 -1.11447 -0.32225
N17 -0.75136 -2.54455 -0.27007
N18 0.98101 1.85773 0.22977
N19 -0.34035 -0.88453 -0.04620
N20 -1.20692 -2.29720 -0.32225
N21 -1.65189 -1.64402 -0.27007
N22 0.56632 2.27242 0.22977
N23 -0.30004 -0.92485 -0.04620
N24 -1.65961 -1.84451 -0.32225
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Table 4.4: Percentage deviations of BEC’s for C3N12 along the xx, yy, zz direc-
tions.

Atom Z11 Z22 Z33

C1 34.28 36.05 89.78
C2 51.85 18.48 89.78
C3 19.37 50.97 89.78
C4 34.28 36.05 89.78
C5 51.85 18.48 89.78
C6 19.37 50.97 89.78
N1 15.31 74.82 90.99
N2 190.35 104.26 107.65
N3 60.102 99.06 98.46
N4 20.34 62.85 89.25
N5 74.95 15.18 90.99
N6 132.70 161.92 107.65
N7 88.65 70.51 98.46
N8 59.76 23.42 89.25
N9 44.93 45.19 90.99
N10 118.87 175.74 107.65
N11 89.997 69.17 98.46
N12 44.67 38.51 89.25
N13 15.31 74.82 90.99
N14 190.35 104.26 107.65
N15 60.10 99.06 98.46
N16 20.34 62.851 89.25
N17 74.95 15.18 90.99
N18 132.70 161.92 107.65
N19 88.65 70.51 98.46
N20 59.76 23.42 89.25
N21 44.93 45.19 90.99
N22 118.87 175.74 107.65
N23 89.99 69.17 98.46
N24 44.67 38.51 89.25
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charge of N(-3) that testifies the strong covalent nature of N-N bonding.

We also evaluated the BECs of ions for UN compound and presented them in

Table 4.5 and table 4.6. The maximum changes in the charges of different ions are:

+ 72 % for C, + 75 % for H, + 197 % for N, and 75 % for O respectively. Table

4.4 displays that the BECs of ions in UN is remarkably higher than their nominal

charges and, one can conclude that there is a notable amount of covalent character

shown in the structure. Large BECs also point into the relative displacements of

neighboring ions against each other exhibit large polarization. Large BECs of the

cations compared to their nominal charges also specify that both C and H act as

donors while N and O ions act as acceptors. Great extent of charges associated

with the N ions also reveal about the possible hybridization of N and neighboring

O ions.
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Table 4.5: Calculated BEC’s of UN. Actual ionic charges are C = +4, H = +1,
N = -3, O = -2.

Atom Z11 Z22 Z33

H1 0.79114 0.26534 0.56526
H2 0.27502 1.01093 0.32911
H3 0.27320 0.88976 0.35712
H4 0.80882 0.24784 0.54116
H5 0.58510 1.62756 0.46970
H6 0.79114 0.26534 0.56526
H7 0.27502 1.01093 0.32911
H8 0.27320 0.88976 0.35712
H9 0.80882 0.24784 0.54116
H10 0.58510 1.62756 0.46970
H11 0.79114 0.26534 0.56526
H12 0.27502 1.01093 0.32911
H13 0.27320 0.88976 0.35712
H14 0.27320 0.88976 0.35712
H15 0.58510 1.62756 0.46970
H16 0.79114 0.26534 0.56526
H17 0.27502 1.01093 0.32911
H18 0.27320 0.88976 0.35712
H19 0.80882 0.24784 0.54116
H20 0.58510 1.62756 0.46970
C1 1.94827 2.54306 1.10188
C2 1.94827 2.54306 1.10188
C3 1.94827 2.54306 1.10188
C4 1.94827 2.54306 1.10188
N1 1.90851 2.93458 1.12585
N2 -1.47578 -0.91959 -0.96783
N3 -1.16903 -1.24980 -0.87389
N4 1.90851 2.93458 1.12585
N5 -1.47578 -0.91959 -0.96783
N6 -1.16903 -1.24980 -0.87389
N7 1.90851 2.93458 1.12585
N8 -1.47578 -0.91959 -0.96783
N9 -1.16903 -1.24980 -0.87389
N10 1.90851 2.93458 1.12585
N11 -1.47578 -0.91959 -0.96783
N12 -1.16903 -1.24980 -0.87389
O1 -0.64818 -2.34838 -0.48035
O2 -1.45581 -0.94571 -0.90452
O3 -1.11875 -1.61648 -0.71181
O4 -0.72250 -2.43911 -0.55166
O5 -0.64818 -2.34838 -0.48035
O6 -1.45581 -0.94571 -0.90452
O7 -1.11875 -1.61648 -0.71181
O8 -0.72250 -2.43911 -0.55166
O9 -0.64818 -2.34838 -0.48035
O10 -1.45581 -0.94571 -0.90452
O11 -1.11875 -1.61648 -0.71181
O12 -0.72250 -2.43911 -0.55166
O13 -0.64818 -2.34838 -0.48035
O14 -1.45581 -0.94571 -0.90452
O15 -1.11875 -1.61648 -0.71181
O16 -0.72250 -2.43911 -0.55166
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Table 4.6: Percentage deviations of BEC’s for UN along the xx, yy, zz directions.

Atom Z11 Z22 Z33

H1 20.88 73.46 43.47
H2 72.49 -1.09 67.08
H3 72.68 11.02 64.28
H4 19.11 75.21 45.88
H5 41.49 -62.75 53.03
H6 20.88 73.46 43.47
H7 72.49 -1.09 67.08
H8 72.68 11.024 64.288
H9 19.11 74.21 45.88
H10 41.49 -62.75 53.03
H11 20.88 73.46 43.47
H12 72.49 -1.09 67.08
H13 72.68 11.02 64.28
H14 19.11 75.21 45.88
H15 41.49 -62.75 53.03
H16 20.88 73.46 43.47
H17 72.49 -1.093 67.08
H18 72.68 11.02 64.28
H19 19.11 75.21 45.88
H20 41.49 -62.75 53.03
C1 51.29 36.42 72.45
C2 51.29 36.42 72.45
C3 51.29 36.42 72.45
C4 51.29 36.42 72.45
N1 163.61 197.81 137.52
N2 50.80 69.34 67.73
N3 61.03 58.34 70.87
N4 163.61 197.81 137.52
N5 50.80 69.34 67.73
N6 61.03 58.34 70.87
N7 163.61 197.81 137.52
N8 50.80 69.34 67.73
N9 61.03 58.34 70.87
N10 163.61 197.81 137.52
N11 50.80 69.34 67.73
N12 61.03 58.34 70.87
O1 67.59 -17.41 75.98
O2 27.20 52.71 54.77
O3 44.06 19.17 64.40
O4 63.87 -21.95 72.41
O5 67.59 -17.41 75.98
O6 27.20 52.71 54.77
O7 44.06 19.17 64.40
O8 63.87 -21.95 72.41
O9 67.59 -17.41 75.98
O10 27.20 52.71 54.77
O11 44.06 19.17 64.40
O12 63.87 -21.95 72.41
O13 67.59 -17.41 75.98
O14 27.20 52.71 54.77
O15 44.06 19.17 64.40
O16 63.87 -21.95 72.41
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4.3.3 Infrared spectra

Figure 4.3: Calculated infrared spectra of C3N12 at the optimized equilibrium
volume in the 0−900 cm−1 range (fig(a)) and 900−2100 cm−1 (fig(b)).

We have computed the IR spectra using density functional perturbation theory

(DFPT) at the center of the Brillouin zone. The unit cell of C3N12 crystal contains

30 atoms, giving rise to 90 normal modes, three of them being acoustic modes and

87 optical modes. According to the irreducible representations; Γacoustic = Au +

2Eu, ΓIR = 14Au + 28Eu, ΓRaman = 15Ag + 30Eg. Among these modes, Au, Ag

is doubly degenerate and Eu, Eg is non-degenerate modes. The Au, Eu modes

are IR active, and the Ag, Eg modes are Raman active. Table 4.7 and 4.8 shows

the vibrational assignments for IR modes and compare with experimental values.

Figure 4.3 and 4.4 show the calculated IR spectra and selection of normal modes

corresponding to the wavenumbers 67, 514, 670, 775, 1184, 1317, 1467 and 1957

cm−1.

The frequency range 0–300 cm−1 corresponds to normal modes distinguished



CHAPTER 4. INITIATOR AND IMPROVISED EXPLOSIVES 101

Figure 4.4: Normal modes of C3N12 corresponding to the calculated IR absorp-
tion lines at 67, 514, 670, 775, 1184, 1317, 1467 and 1957 cm−1 with their respec-
tive assignments.

by rotational, and translational modes over the entire molecular structure. The

highest noticeable IR-active modes being at 67 cm−1, 119 cm−1 and 235 cm−1

which are due to C-N translational modes, N3 twist, and lattice combination,

respectively. Moreover, IR absorption in the wavenumbers between 320 cm−1

and 900 cm−1, corresponding to the N3 bend and ring deformations, respectively.

In this range, the highest intense IR active modes appear at 326 cm−1 (N3 bend),

473 cm−1 (N3 bend, ring deformation), 514 cm−1 (N3 bend), 670 cm−1 (N3 bend,

ring deformation), and 775 cm−1 (ring twist). The infrared absorption maxima

in the experiment are found at 325 cm−1, 543 cm−1, 634 cm−1 and 703 cm−1

[43], respectively. The IR spectra between 950 cm−1 and 1350 cm−1, involve

ring deformation and N3 stretching, respectively. In the experimental IR spectra
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Figure 4.5: Calculated infrared spectra of Urea nitrate at the optimized equilib-
rium volume in the 0-900 cm−1 range.

the maximum which located at 980 cm−1, 1194 cm−1 and 1342 cm−1 [43], which

are closely associated with the theoretical spectrum with the wavelengths of 950

cm−1, 1184 cm−1, and 1317 cm−1 respectively. The assigned modes are mainly

due to N3 symmetric stretching and ring deformation, respectively. Finally, in

the highest wavenumber range between 1450 cm−1 and 2000 cm−1, the modes

are related to N-N bond stretching and N-C bond stretching. Two maxima are

situated at 1467 cm−1, and 1957 cm−1, the first being assigned to N–C asymmetric

stretching and the second one implying asymmetric stretching of N–N bond.

Experimental measurements of the IR spectrum have demonstrated a sharp peak

at 1410 cm−1 and 2110 cm−1 [43], which agrees well with the calculations.
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Figure 4.6: Calculated infrared spectra of Urea nitrate at the optimized equilib-
rium volume in the 900-1800 cm−1 range.

Table 4.7: Calculated normal modes infrared frequencies (0-670 cm−1) with sym-
metry assignment for the cyanuric triazide crystal using the DFT GGA+G06
approach.

Mode number Calculated frequency (cm−1) Expt.[43] Symmetry Mode Assignment
M4–M5 53.043 Eg Raman translational
M6–M7 53.96 Eu IR rotational
M8–M9 57.07 Eg Raman rotational

M10 66.19 Au IR translational
M11 67.15 Au IR translational
M12 85.43 Ag Raman rotational
M13 99.39 Ag Raman translational

M14–M15 107.99 Eu IR rotational
M16 113.16 Ag Raman translational

M17–M18 119.06 Eg Raman translational
M19–M20 119.21 Eu IR N3 twist
M21–M22 150.45 Eg Raman N3 twist

M23 163.49 Ag Raman N3 bend
M24 165.87 Au IR N3 bend

M25–M26 211.64 Eu IR N3 twist
M27–M28 222.85 Eg Raman N3 bend

M29 235.71 Au IR lattice/combination
M30 260.03 Eu IR lattice/combination

M31–M32 324.79 Eg Raman lattice/combination
M33–M34 326.32 325 Eu Raman N3 bend

M35 445.74 Au IR N3 bend
M36 446.37 Ag Raman N3 bend

M37–M38 472.63 Eg Raman N3 bend, ring deformation
M39–M40 473.24 Eu IR N3 bend, ring deformation
M41–M42 513.51 Eu IR N3 bend
M43–M44 513.54 Eg Raman N3 bend

M45 513.89 Ag Raman N3 bend
M46 514.96 Au IR N3 bend
M47 539.29 Ag Raman N3 bend, ring deformation
M48 542.12 543 Au IR N3 bend, ring deformation

M49–M50 670.41 634 Eu IR N3 bend, ring deformation
M51–M52 670.9 Eg Raman N3 bend, ring deformation
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Figure 4.7: Calculated infrared spectra of Urea nitrate at the optimized equilib-
rium volume in the 2100-3600 cm−1 range.

Table 4.8: Calculated normal modes infrared frequencies (670-2000 cm−1) with
symmetry assignment for the cyanuric triazide crystal using the DFT GGA+G06
approach.

Mode number Calculated (cm−1) Expt. [43] Symmetry Mode Assignment
M53–M54 684.81 666 Eu IR ring twist
M55–M56 687.33 Eg Raman ring twist

M57 775.03 703 Au IR ring twist
M58 775.87 Ag Raman ring twist
M59 796.49 Au IR N3 bend, ring deformation
M60 800.10 804 Ag Raman N3 bend, ring deformation
M61 940.56 Ag Raman N3 stretch
M62 941.87 Au IR N3 stretch

M63–M64 950.95 980 Eu IR ring deformation
M65–M66 1017.66 Eg Raman ring deformation

M67 1120.09 Au IR N3 sym stretch, ring stretch
M68 1124.95 Ag Raman N3 sym stretch, ring stretch

M69–M70 1184.37 1194 Eu IR N3 sym stretch, ring stretch
M71–M72 1184.85 Eg Raman N3 sym stretch, ring stretch

M73 1243.45 Ag Raman ring asym stretch
M74 1243.49 1270 Au IR ring asym stretch

M75–M76 1309.54 Eg Raman ring deformation
M77–M78 1317.09 1342 Eu IR ring deformation

M79 1402.60 Ag Raman ring stretch
M80 1417.38 Au IR ring stretch

M81–M82 1467.35 1480 Eu IR ring deformation N-C asym stretch
M83–M84 1473.07 Eg Raman ring deformation N-C asym stretch

M85 1946.61 Au IR N3 asym stretch
M86–M87 1954.96 Eg Raman N3 asym stretch
M88–M89 1957.01 2110 Eu IR N3 asym stretch

M90 1978.35 Ag Raman N3 asym stretch
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Figure 4.8: Normal modes of UN corresponding to the calculated IR absorption
lines at 176, 531, 1260, 1653, 2602 and 3288 cm−1 with their respective assign-
ments.

Figures 4.5–4.7 depict the infrared spectra and normal modes of urea nitrate

in the wavenumber range 0-3600 cm−1. Urea nitrate crystal contains 52 atoms in

the unit cell, which leads to total of 156 vibrational modes. Figure 4.8 shows the

selection of normal modes corresponding to the wavenumbers. Table 4.9–4.11

shows the vibrational assignments for IR modes. The irreducible description of

this symmetry is described;

Γtotal = 39Au + 39Bu + 39Bg + 39Ag

Γacoustic = Au + 2Bu

Γoptical = 38Au + 37Bu + 39Bg + 39Ag

The group–theoretical analysis gives the Ag, and Bg modes are Raman-active

and Au, Bu modes are Infrared-active. In the low–frequency region the vibra-

tional modes at 114.64, 177.58, 185.0, and 249.35 cm−1 are attributed to the ex-

ternal modes. The frequency region from 500 to 900 cm−1 exhibits total of eight
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peaks, which are come from both external modes as well as internal modes. The

frequency region at 540.11 and 555.07 cm−1 are mainly due to the NH2 wagging

vibrational modes. And the frequencies at 571.79 cm−1 are associated with the

NH2 rocking vibrational modes. In the frequency range from 600 to 900 cm−1

are assigned to the NH2 and NO3 vibrational modes. The frequency at 662.35

cm−1 is related to the NH2 wagging and frequency at 725.43 cm−1 is assigned to

NO3 scissoring. Finally, the frequency at 784.41 cm−1 is occured due to twisting

NH2.

Figure 4.6 displays the infrared spectra frequency region from 900 to 1800 cm−1

exhibits a set of twelve high–intensity peaks. The most intense lines at 1260.90

cm−1, 1277.11 cm−1, and 1316.99 cm−1 which are assigned to wagging vibrational

modes of NH2 groups and NO3 stretching. The vibrations at 1063.12 and 1126.08

cm−1 frequencies are owing to wagging vibrational modes NH2 groups. The fre-

quencies from 1500 to 1700 cm−1 (figure 4.6) originate from scissoring vibrational

modes of NO3 groups. The highest intense maxima were observed at 2603.70

cm−1 owing to the single O-H bond stretching. The higher frequency interval

between 3100 and 3600 cm−1 is depicted in figure 4.7. All modes above 3100

cm−1 originate from stretching vibrational modes of N-H bonds. The frequen-

cies at 3211.31 and 3287.0 cm−1 are assigned to N-H symmetric stretching, while

3332.51, 3352.0, 3382.83, and 3409.59 cm−1 are related to the N-H asymmetric

stretching vibrational modes.
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Table 4.9: Calculated normal modes infrared frequencies (0-200 cm−1) with sym-
metry assignment for the UN crystal using the DFT GGA+G06 approach.

Mode number Calculated frequency (cm−1) Symmetry Mode Assignment
M4 29.38 Bg Raman translational
M5 29.75 Au IR translational
M6 34.74 Ag Raman translational
M7 64.13 Ag Raman translational
M8 73.97 Bu IR translational
M9 76.03 Ag Raman translational
M10 78.36 Bg Raman rotational
M11 78.94 Au IR translational
M12 85.21 Au IR rotational
M13 86.39 Bg Raman translational
M14 88.73 Bu IR translational
M15 94.06 Bg Raman translational
M16 96.99 Ag Raman rotational
M17 101.66 Bu IR translational
M18 101.73 Au IR rotational
M19 105.72 Bg Raman rotational
M20 107.26 Ag Raman rotational
M21 109.08 Au IR rotational
M22 112.68 Bu IR NO3 rotational
M23 125.28 Eg Raman translational
M24 127.91 Au IR translational
M25 128.01 Bg Raman translational
M26 144.64 Bu IR rotational
M27 144.68 Bg Raman rotational
M28 145.86 Ag Raman translational
M29 149.44 Bu IR rotational
M30 150.74 Au IR UN trans.
M31 155.76 Bg Raman rotational
M32 159.04 Ag Raman twisting
M33 162.37 Au IR twist
M34 164.08 Ag Raman Urea, NO3 lib.
M35 165.09 Bu IR Urea, NO3 lib.
M36 166.64 Bg Raman Urea, NO3 lib.
M37 175.96 Bg Raman translational
M38 176.86 Ag Raman translational
M39 177.58 Au IR translational
M40 177.75 Bu IR translational
M41 185.28 Bu IR translational
M42 187.73 Bg Raman translational
M43 217.91 Au IR rotational
M44 218.20 Ag Raman rotational
M45 249.09 Ag Raman rotational
M46 249.35 Au IR rotational
M47 260.07 Bu IR rotational
M48 262.78 Bg Raman rotational
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4.3.4 Phonon dispersion

To acquire an understanding on the dynamical stability of the C3N12 and UN, we

have calculated the phonon dispersion curves using DFPT [49–52]. The phonon

dispersion curve and the corresponding phonon density of states (PDOS) for the

C3N12 and UN, compounds are illustrated in figure 4.9 (a,b)–figure 4.11 (a,b)

respectively. The obtained phonon dispersion spectra do not show any imag-

inary frequencies, indicating that C3N12 and UN are dynamically stable. We

can note that there is no gap between the low-lying optical modes and acoustic

modes, implying that energy transfer between these modes is easy. Therefore,

low–frequency optical modes will scatter acoustic modes, which carry the heat

flow, consequently leading to low thermal conductivity [20, 64–66]. From this,

we can conclude that because of the low thermal conductivity, cyanuric triazide

is found to possess high vapor pressure and high volatility, which might lead to

immensely powerful explosive behaviour [66, 67]. Further, we have calculated

the partial phonon density of states to see the contribution of different atoms to

the vibrational modes. Since the acoustic branches play a major contribution to

heat transport, we highlight these phonon modes in the local close-up range as

shown in figure 4.10 (a,b). The acoustic phonon modes are located below 200

cm−1, and optical phonon modes lie above that range. We can also find that

the lowest optical modes overlap with its acoustic branches, resulting in strong

acoustic-optical interactions which might result in low lattice thermal conduc-

tivity. The low–frequency region 500 cm−1 arises from strong hybridization

between C and N atoms, dominated by N atoms, while high–frequency regions

(around 1500 cm−1) are influence by the vibrations of C atoms. The sharp phonon

peaks around 750, 1300 and 2100 cm−1, indicates a gap between optical-optical

phonon modes.

The partial phonon density of states (PPDOS) of urea nitrate presented in fig-

ure 4.12 (a,b) shows the vibrational modes mainly appear in the 0 - 1600 cm−1 and
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Table 4.10: Calculated normal modes infrared frequencies (200-750 cm−1) with
symmetry assignment for the UN crystal using the DFT GGA+G06 approach.

Mode number Calculated frequency (cm−1) Symmetry Mode Assignment
M49 521.78 Ag Raman NH2 wag.
M50 531.16 Bu IR NH2 rock.
M51 533.35 Au IR NH2 rock.
M52 533.50 Ag Raman NH2 rock.
M53 533.82 Ag Raman NH2 rock.
M54 537.75 Au IR NH2 twist.
M55 540.11 Bu IR NH2 wag.
M56 555.07 Bu IR NH2 twist.
M57 571.79 Au IR NH2 wag.
M58 572.12 Ag Raman NH2 wag.
M59 581.16 Bg Raman NH2 wag.
M60 581.21 Bu IR NH2 wag.
M61 588.08 Bg Raman NH2 twist.
M62 597.96 Ag Raman NH2 twist.
M63 619.72 Au IR NH2 wag.
M64 624.03 Bg Raman NH2 twist.
M65 641.90 Au IR NH2 wag.
M66 662.35 Bu IR NH2 twist.
M67 669.26 Ag Raman NH2 twist.
M68 674.02 Bg Raman NH2 wag.
M69 697.63 Ag Raman NO3 Sciss.
M70 697.98 Au IR NO3 Sciss.
M71 701.10 Au IR NO3 Sciss.
M72 701.70 Bg Raman NO3 Sciss.
M73 724.82 Ag Raman NO3 Sciss.
M74 725.07 Au IR NO3 Sciss.
M75 725.43 Au IR NH2 wag., NO3 Sciss.
M76 726.13 Bu IR NO3 Sciss.
M77 726.31 Bg Raman NO3 Sciss.
M78 730.50 Bg Raman NH2 wag.
M79 730.83 Ag Raman NH2 wag.
M80 732.64 Bu IR NH2 wag.
M81 772.27 Au IR NO3 bend., NH2 twist.
M82 773.52 Bu IR NO3 bend., NH2 twist.
M83 774.17 Bg Raman NO3 bend., NH2 twist.
M84 774.18 Ag Raman NO3 bend., NH2 twist.
M85 784.40 Ag Raman NO3 bend., NH2 twist.
M86 788.79 Bg Raman NO3 bend., NH2 twist.
M87 789.73 Au IR NO3 bend., NH2 twist.
M88 805.62 Ag Raman NH2 twist.
M89 954.80 Ag Raman OH wag.
M90 958.23 Bu IR OH wag.
M91 963.77 Bg Raman OH wag.
M92 968.29 Au IR OH wag., NH2 twist.
M93 1000.87 Bu IR C-N, C-O sym. stretch.
M94 1001.33 Ag Raman C-N, C-O sym. stretch.
M95 1001.39 Au IR C-N, C-O sym. stretch.
M96 1002.16 Bg Raman C-N, C-O sym. stretch.
M97 1022.13 Bu IR NO3 sym. stretch., NH2 rock.
M98 1022.37 Bg Raman NO3 sym. stretch., NH2 rock.
M99 1025.90 Au IR NO3, C-N sym. stretch.
M100 1026.23 Ag Raman NO3, C-N sym. stretch.
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Table 4.11: Calculated normal modes infrared frequencies (1250-3450 cm−1) with
symmetry assignment for the UN crystal using the DFT GGA+G06 approach.

Mode number Calculated frequency (cm−1) Symmetry Mode Assignment
M101 1061.72 Ag Raman NH2 wag.
M102 1062.94 Au IR NH2 wag.
M103 1063.11 Bu IR NH2 wag.
M104 1063.14 Bg Raman NH2 wag.
M105 1118.98 Bg Raman NH2 wag.
M106 1119.77 Bu IR NH2 wag.
M107 1126.08 Au IR NH2 wag.
M108 1126.11 Ag Raman NH2 wag.
M109 1260.90 Au IR NO3 asym. stretch., O-H bend.
M110 1261.44 Ag Raman NO3 asym. stretch., O-H bend.
M111 1277.11 Bu Raman NO3 asym. stretch., O-H bend.
M112 1302.76 Bg Raman NO3 asym. stretch., O-H bend.
M113 1316.99 Bu IR NO3 asym. stretch., O-H bend.
M114 1322.83 Au IR NO3 asym. stretch., O-H, NH2 bend.
M115 1330.80 Bg Raman NO3 asym. stretch., O-H, NH2 bend.
M116 1336.28 Ag Raman NO3 asym. stretch., O-H, NH2 bend.
M117 1396.14 Bg Raman NO3 asym. stretch., O-H, NH2 bend.
M118 1336.28 Au IR NO3, O-H bend.
M119 1404.57 Ag Raman NO3, N-C-N asym. stretch., O-H bend.
M120 1418.42 Ag Raman NO3, N-C-N asym. stretch., O-H bend.
M121 1547.95 Bg Raman NH2 scis., N-C-O asym. stretch.
M122 1549.51 Au IR NH2 scis., N-C-O asym. stretch.
M123 1557.05 Ag Raman NH2 scis., N-C-O asym. stretch.
M124 1559.86 Au IR NH2 scis., N-C-O asym. stretch.
M125 1569.20 Ag Raman NH2 scis., N-C-O asym. stretch.
M126 1570.88 Bu IR NH2 scis., N-C-O asym. stretch.
M127 1571.45 Au IR NH2 scis., N-C-O asym. stretch.
M128 1574.68 Bg Raman NH2 scis., N-C-O asym. stretch.
M129 1625.38 Ag Raman NH2 scis.
M130 1626.94 Au IR NH2 scis.
M131 1645.51 Bg Raman NH2 scis.
M132 1653.53 Bu IR NH2 scis.
M133 1669.86 Au IR NH2 scis., N-C-N asym. stretch.
M134 1675.63 Ag Raman NH2 scis., N-C-N asym. stretch., O-H bend.
M135 1677.37 Bu IR NH2 scis., N-C-N asym. stretch., O-H bend.
M136 1683.24 Bg Raman NH2 scis., N-C-N asym. stretch., O-H bend.
M137 2603.70 Bu IR O-H stretch.
M138 2606.84 Au IR O-H stretch.
M139 2609.14 Ag Raman O-H stretch.
M140 2622.36 Bg Raman O-H stretch.
M141 3211.31 Bu IR N-H sym. stretch.
M142 3211.84 Bg Raman N-H sym. stretch.
M143 3224.42 Ag Raman N-H sym. stretch.
M144 3225.23 Au IR N-H sym. stretch.
M145 3269.97 Bu IR N-H sym. stretch.
M146 3271.31 Bg Raman N-H sym. stretch.
M147 3286.93 Ag Raman N-H sym. stretch.
M148 3287.32 Au IR N-H sym. stretch.
M149 3332.80 Ag Raman N-H asym. stretch.
M150 3333.51 Au IR N-H asym. stretch.
M151 3333.51 Au IR N-H asym. stretch.
M152 3353.56 Bg Raman N-H asym. stretch.
M153 3382.74 Ag Raman N-H asym. stretch.
M154 3382.79 Au IR N-H asym. stretch.
M155 3409.59 Bu IR N-H asym. stretch.
M156 3410.90 Bg Raman N-H asym. stretch.
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(a)

(b)

Figure 4.9: Phonon dispersion curves for C3N12 crystal (a) 0-2100 cm−1 (b) Close-
up showing the 0-300 cm−1 wavenumber range.

3100 - 3400 cm−1 range. In the low–frequency region, around 300 cm−1 comes

from C-N, O-N-O, urea group, and C-H bonds, while oxygen atoms contributes



112 4.3. RESULTS AND DISCUSSION

(a)

(b)

Figure 4.10: Phonon partial density of states (PDOS) for the C3N12 crystal (a) (a)
0-2100 cm−1 (b) Close-up showing the 0-300 cm−1 wavenumber range.

in the high–frequency region. The low frequency region, the NO3 groups, are

the larger contribution than other selected bonds (C-N and C-H). This concludes
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that the probability of energy flow from nitro groups to the urea ring.

(a)

(b)

Figure 4.11: Phonon dispersion curves for Urea nitrate crystal (a) 0-3600 cm−1 (b)
Close-up showing the 0-300 cm−1 wavenumber range.
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(a)

(b)

Figure 4.12: Phonon partial density of states (PDOS) for the Urea nitrate crystal
(a) 0–3600 cm−1 (b) Close-up showing the 0-300 cm−1 wavenumber range.
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(a)

(b)

Figure 4.13: Calculated (a) temperature times entropy, enthalpy, and free energy
of the cyanuric triazide crystal for temperature of up to 1000 K and (b) Heat
capacity curves for the cyanuric triazide crystal.



116 4.3. RESULTS AND DISCUSSION

4.3.5 Thermodynamic properties

The understanding of the thermal behavior of a material is most considerable in

order to correlate the explosive initiation of C3N12. So we attempted to calculate

basic thermodynamic properties, such as lattice Heat capacity (CV), entropy (S)

enthalpy (E), free energy (F), and the Debye temperature (ΘD) [68, 69]. Figure

4.13(a) presents the enthalpy (H), Entropy (S), and Free energy for the C3N12

crystal. The enthalpy and entropy values increases monotonically as a function

of temperature, with the latter displaying the most linear behavior, and the free

energy decreasing as the temperature increase. The most common type of ini-

tiating event is some sort of a heat impulse (heat, flame, spark, etc.), and it is,

therefore important to determine the thermal stability of explosives. In order to

predict the thermal behavior of energetic material, the specific heat capacity is a

fundamental property to access with respect to temperature [70, 71].

The specific heat (CV) of the C3N12 as a function of temperature acquired from

the phonon calculations within the quasi–harmonic approximation scheme is dis-

played in Figure 4.13 and 4.14 for a temperature in the range of 0–1000 K. The

heat capacity CV of UN is slightly larger than that of C3N12, while both com-

pounds increase with temperature. At higher temperatures CV is almost constant

for both systems, reaching the Dulong-Petit limit at around 380 K, being 98.13

cal/cell.K for C3N12 and 139.47 cal/cell.K for UN. The Debye temperature is a

significant thermodynamic parameter, which is associated with elastic constants,

specific heat, thermal conductivity, and melting temperature. Figure 4.13 (b) ex-

hibits a jumps from T = 0 to 10 K, afterward increasing almost linearly, reaching

400 K. The Debye temperature of C3N12 is found to be 244.64 K, which is closely

related to elastic Debye temperature 269.43 K [37]. The Debye temperature of

UN is found to be 292.91 K at 15 K. These results will be helpful in the investi-

gation of heat conductivity and structural stability for C3N12.
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(a)

(b)

Figure 4.14: Calculated (a) temperature times entropy, enthalpy, and free energy
of the urea nitrate crystal for temperature of up to 1000 K and (b) Heat capacity
curves for the cyanuric triazide crystal.
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4.4 Conclusions

To conclude, we have performed the structural, vibrational, and thermodynamic

properties of the cyanuric triazide and urea nitrate crystals under ambient con-

ditions using first-principles calculations. The structural relaxation is achieved

using GGA-PBE exchange–correlation functional, together with dispersion cor-

rection (PBE + G06) and (PBE + TS) considering van der Waals interactions

for C3N12 and UN, respectively. The unit cell lattice parameters showed a good

agreement with experimental data. The infrared spectra of the C3N12 is obtained

and compared with measurements from the experimental in the 0–2100 cm−1 re-

gion. However, the calculated vibrational modes are in good agreement with

experimental results. We note that the N3 group involves high–intensity infrared

absorption lines in the range of 1200-1500 cm−1. This vibration confirms to the

frequency position at 1317 cm−1 with irreducible representation Eu, which is allo-

cated to an asymmetric ring stretching. Similarly, we calculated infrared spectra

for urea nitrate in the range of 0-3600 cm−1; the results reveal most of the vi-

brational modes comes from NO3 group in the low–frequency region (around

500 cm−1). The mid–frequency range from 900 to 1700 cm−1 involves scissoring

vibrational modes of NO3 groups, and high–frequency range (2100-3100 cm−1)

dominated by N-H stretching vibrational modes. The highest intense maxima

being observed at 2603.70 cm−1 is owing to the single O-H bond stretching vi-

brational mode. The absence of negative frequency in the phonon dispersion

curves confirms the dynamical stability of both systems. We found that there is

no gap between the low-lying optical modes and acoustic modes, which leads to

low–thermal conductivity of the cyanuric triazide and urea nitrate. The phonon

partial density of states results reveals the contribution of particular atoms in

respected frequencies. For C3N12 the low–frequency region 500 cm−1 arises

from strong hybridization between C and N atoms, dominated by N atoms,

while high–frequency regions (around 1500 cm−1) are influenced by the vibra-
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tions of C atoms. In the case of UN, the low frequency region around 300 cm−1,

contributed by lattice modes of the C-N, O-N-O, urea group, and C-H bonds,

wherein the vibrations of oxygen atoms (nitro group) are located in greatest. The

calculated thermodynamic properties show that the Debye temperature, constant

volume–specific heat, enthalpy, and entropy values increase as a function of tem-

perature, while the free energy falls off as the temperature increases. It can be

concluded that, C3N12 is an effective initiating explosive as they have low-thermal

conductivity, and urea nitrate is an improvised explosive. We expect this work

will encourage experimental attempts to reveal the rich role of crystallized azide

in the structural, vibrational, and thermodynamic properties of other triazine

azide complex and organic nitrates salts in the solid–state.
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DFT calculations on structural
and vibrational properties of
dihydroxylammonium
5,5’-bis(3-nitro-1,2,4-triazolate-1
N-oxide) (MAD-XI).

In this chapter, the vibrational and thermodynamic properties of MAD-XI crys-

tal are presented by using density functional theory within the GGA-PW91 +

OBS approximation. The calculated lattice parameters are compared with the ex-

perimental values. The vibrational mode assignments are described in a detailed

way. The high–frequency region shows symmetric and asymmetric stretching of

N-H, O-H bonds. We have presented the phonon dispersion and partial phonon

density of states for MAD-XI crystalline solid by using DFPT. The absence of

imaginary phonon frequencies in the Brillouin zone reveals the dynamical sta-

bility of MAD-XI crystalline solid. The individual atomic contribution in the

vibrational modes is displayed in the partial phonon density of states. The ther-

modynamic properties such as enthalpy (E), entropy (S), free energy (F), heat ca-

pacity (CV), and the Debye temperature (ΘD) were presented in detail. We believe

that this work will encourage an experimental attempts to reveal the behavior of

bis 1,2,4-triazoles and N-oxide derivatives.
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5.1 Introduction

Energetic materials (explosives, propellants, and pyrotechnics) are utilized broadly

for both civilian and military applications [1–3]; therefore, it is necessary to ex-

plore and understand the behavior of these materials. Insensitive high explosives

(IHE) have high detonation properties, which means that they have high density,

high detonation velocity, and excellent security properties. The last aspect also

ensures that the response to external exigencies such as friction, shock, impact,

heat, etc. [1, 2, 4] are met with amiable responses. This makes insensitive high

explosives (IHE), which are highly favored for research. The Nitrogen-rich azole

derivatives show great interest to making use in newer primary and secondary ex-

plosives considering their high heats of formation, high density, improved ther-

mal stability, and low sensitivities toward external stimuli [5–10]. Recently, vari-

ous favorable high nitrogen–containing energetic materials have been synthesized

that show great applications as insensitive high–performance explosives, such as 4-

amino-3,5-dinitropyrazole (ADNP), 2,6-diamino-3,5-dinitropyrazine-N-oxide (LLM-

105), dihydroxylammonium 5,5’-bistetrazole-1,1’-diolate (TKX-50), and 5,5’-dinitro-

2H,2H’-3,3’-bi-1,2,4-triazole (DNBT) and dihydroxylammonium 5,5’-bis(3-nitro-

1,2,4-triazolate-1 N-oxide) (MAD-XI)[5, 11–13].

The energetic material MAD-XI is one of the most widely used military explo-

sives and thus has been subject to a large number of studies [12–14]. The earlier

reports from Fischer. et al. [7] suggested that MAD-XI has the lowest sensitivities

and has higher density, detonation pressure, and detonation velocity than TNT

and RDX.

The compound crystallizes in the monoclinic space group P21/c with two

molecules in the unit cell. The MAD-XI has different inter-/intramolecular in-

teractions, including strong hydrogen bonds (N-H···N, N-H···O, O-H···N, and

O H···O) between close by molecules of the N-oxide anion and the hydroxylam-

monium cations [15].
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Figure 5.1: Unit cell and single molecule of the MAD-XI crystal. Here, Blue
color represents N atoms, red color O atoms, white color H atoms, and gray
represents C atoms.

The previous experimental reports suggest MAD-X1 material could serve as

an insensitive RDX replacement in energetic formulations [12]. Thermodynami-

cally stable up to 513 K and thermally decomposed by 533 K at ambient pressure,

and the melting point is 607–634 K [16, 17]. So far, there are no experimental

and theoretical studies on vibrational and thermodynamic properties of MAD-

XI. Hence, in this study, we attempt, for the first time the structural, vibrational,

and thermodynamic properties of newly synthesized material MAD-X1 crystal

from a theoretical point of view on the lines of [16, 18, 19]. The vibrational

modes and their corresponding peak frequencies of infrared spectra are critically

analyzed, and thermodynamic properties MAD-X1 crystal were calculated within

the harmonic approximation.
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5.2 Materials and methods

5.2.1 Crystal structure

The MAD-XI molecule contains two ammonium hydroxide groups, two nitro

groups, and one pyrazine ring. The MAD-XI crystal under the space group P21/c

has monoclinic structure with two molecules in the unit cell. The crystal struc-

ture is presented in figure 5.1, and it is obvious that there is a twisting angle be-

tween the nitro group and chemical C-NO2 in the axis. The unit cell has mixed

inter-/intramolecular interactions, including strong hydrogen bonds (N-H···N,

N- H···O, O- H···N, and O- H···O) between close by molecules of the N-oxide

anion and the hydroxylammonium cations [20].

As presented in Table 5.1, the lattice parameters of MAD-XI are compared

with experimental analyses. In the case of LDA functional, the unit cell volume

is 8.57% which is lower than the observed value. Taking the pure GGA func-

tional, the obtained unit cell volume is larger by 32.01%. These differences can

be minimized by the incorporation of dispersion corrections[21]. The PW91+

Ortmann Bechstedt and Schmidt (OBS) [21] approximation is found close to the

experimental results with 3.59% deviation. Hence, we have used PW91 + OBS

functional to compute the vibrational and thermodynamic properties of MAD-XI

crystal.

5.2.2 Computational details

Ab initio calculations were employed by using the density functional theory

[22]. The Perdew-Burke-Ernerho(PBE) within generalized gradient approxima-

tion (GGA) [23, 24] was used. The parameter-free dispersion correction GGA-

PW91+OBS [25] method were used to describe long–range van der Waals interac-

tions. The Norm-conserving pseudo-potentials [26] were performed to describe

the ion-electron interactions for C (2s2 2p2), H (1s1), N (2s2 2p3) and O (2s2 2p4).

Integrations in the Brillouin zone are achieved using special k points generated
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Table 5.1: Lattice parameters(Å) and unit cell volume (Å3) of the MAD-XI crystal
calculated at the LDA, GGA, GGA + OBS and experimental values [12] with
error percentage.

Parameter LDA PW91 PW91 + OBS Expt.a

a (Å) 7.091 7.367 7.229 7.307
b (Å) 5.354 5.269 5.338 5.243
c (Å) 13.283 16.039 14.036 14.403

V (Å3) 357.06 (-8.5%) 527.32 (32.01%) 390.44 (3.59%) 399.44
LDA, Local density approximation ; PBE, Perdew-Burke-Ernzerhof.

aRef. [12]

with 5 × 6 × 2 mankhorst-pack meshes [27]. The plane-wave basis set with an

energy cutoff of 1100 eV is used for MAD-XI, to expand the valence electronic

wave functions. The self-consistent convergence of the total energy was used at,

0.5 × 10−6 eV/atom. The geometry optimizations of the MAD-XI unit cell were

carried out by using the Broyden - Fletcher- Goldfarb-Shanno algorithm (BFGS)

[28].

The phonon dispersion curves and partial phonon density of states of MAD-

XI are accomplished using the Density Functional Perturbation Theory (DFPT)

within the linear-response method[29–32] at (GGA + OBS) level. Using the

quasi-harmonic approximation[33, 34] we have calculated the Debye temperature,

heat capacity, and other thermodynamic properties.

5.3 Results and discussion

5.3.1 Zone center IR spectra

The MAD-XI primitive crystal structure (space group: P21/c) contains 60 atoms

which, leads to 180 normal modes, Among 3 acoustic modes and 177 optical

modes. From which 90 (Au, Bu) modes IR active, 90 (Ag, Bg) are Raman active.

The zone-center normal modes are distributed over irreducible symmetry repre-

sentations as follows: Γtotal = 45Bu + 45 Au + 45 Bg + 45 Ag. The calculated
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Figure 5.2: Calculated infrared spectra of MAD-XI at the optimized equilibrium
volume in the 0−900 cm−1 range (fig(a)), 900−1800 cm−1 (fig(b)), and 2800-3400
cm−1 ((fig(c)).
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Figure 5.3: Normal modes of MAD-XI corresponding to the calculated IR ab-
sorption lines at 486.59, 735.59, 1245.73, 1641.86, 2866.87, and 3191.49 cm−1 with
their respective assignments..
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Table 5.2: Calculated normal modes infrared frequencies (0-400 cm−1) with sym-
metry assignment for the MAD-XI crystal using the DFT GGA + OBS approach.

Mode number Calculated frequency (cm−1) Symmetry Mode Assignment
M4 41.55 Au IR rotational
M5 55.67 Bg Raman rotational
M6 56.36 Ag Raman rotational
M7 65.15 Au IR translational
M8 66.25 Bu IR translational
M9 78.43 Bg Raman rotational
M10 78.87 Ag Raman rotational
M11 80.43 Bu IR translational
M12 83.89 Bg Raman rotational
M13 87.37 Au IR rotational
M14 103.80 Bu IR rotational
M15 106.41 Ag Raman translational
M16 115.21 Au IR translational
M17 116.35 Bu IR translational
M18 120.29 Au IR translational
M19 121.67 Ag Raman translational
M20 123.09 Bg Raman translational
M21 129.40 Ag Raman translational
M22 129.89 Bu IR translational
M23 130.72 Bg Raman translational
M24 133.87 Bu IR translational
M25 140.60 Au IR translational
M26 142.07 Ag Raman translational
M27 145.10 Au IR translational
M28 145.85 Bg Raman translational
M29 146.97 Bu IR translational
M30 165.11 Bu IR translational
M31 169.33 Ag Raman translational
M32 176.96 Bu IR translational
M33 177.90 Bg Raman translational
M34 178.18 Ag Raman translational
M35 181.41 Ag Raman rotational
M36 185.20 Au IR translational
M37 187.68 Bg Raman rotational
M38 194.20 Ag Raman rotational
M39 197.39 Bg Raman rotational
M40 202.56 Bg Raman rotational
M41 219.16 Au IR rotational
M42 223.08 Bu IR translational
M43 232.27 Au IR rotational
M44 236.06 Bu IR rotational
M45 256.45 Bu IR rotational
M46 259.81 Au IR rotational
M47 260.49 Bg Raman rotational
M48 265.04 Ag Raman rotational
M49 291.75 Ag Raman rotational
M50 294.63 Bg Raman rotational
M51 296.39 Ag Raman rotational
M52 298.46 Bu IR rotational
M53 299.17 Au IR rotational
M54 300.23 Bg Raman rotational
M55 357.51 Bg Raman rotational
M56 358.31 Ag Raman rotational
M57 369.47 Au IR rotational
M58 371.67 Bu IR rotational
M59 392.70 Ag Raman NH4 rotational
M60 393.81 Bg Raman NH4 rotational
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Table 5.3: Calculated normal modes infrared frequencies (400-1200 cm−1) with
symmetry assignment for the MAD-XI crystal using the DFT GGA + OBS ap-
proach.

Mode number Cal. frequency (cm−1) Symmetry Mode Assignment
M61 400.82 Au IR NH4 Rot.
M62 403.29 Bu IR NH4 Rot.
M63 427.64 Au IR Rot.
M64 429.84 Bu IR Ring Trans., NH4 Rot.
M65 454.88 Ag Raman Ring Trans., NH4 Rot.
M66 455.75 Bg Raman Ring Trans., NH4 Rot.
M67 458.24 Ag Raman Ring Trans., NH4 Rot.
M68 459.80 Bg Raman Ring Trans., O-H bend.
M69 485.44 Au IR Ring Trans., O-H bend.
M70 486.58 Bu IR Trans., N-O-H torsion
M71 556.86 Ag Raman Trans., N-O-H torsion
M72 557.43 Bg Raman Trans., N-O-H torsion
M73 605.02 Bu IR Ring def., O-H bend, NO2 rock.
M74 606.70 Au IR Ring def., O-H bend., NO2 rock.
M75 614.50 Au IR Ring def., O-H bend., NO2 rock.
M76 615.29 Bu IR Ring def., O-H bend., NO2 rock.
M77 621.18 Ag Raman Ring def.
M78 622.78 Bg Raman Ring def.
M79 658.86 Bu IR Ring def.
M80 659.29 Bu IR Ring def.
M81 691.40 Bg Raman Ring def., O-H bend.
M82 692.22 Ag Raman Ring def., O-H bend.
M83 703.70 Ag Raman Ring def.
M84 703.78 Bg Raman Ring def.
M85 723.69 Au IR NO2 def.
M86 724.12 Bu IR NO2 def.
M87 724.77 Bu IR NO2 def.
M88 725.16 Ag Raman NO2 def.,
M89 735.59 Au IR Ring breath., NO2 sci., O-H bend.
M90 736.41 Bu IR Ring breath., NO2 sci., O-H bend.
M91 766.77 Ag Raman Ring breath., NO2 sci., O-H bend.
M92 770.17 Bg Raman Ring breath., NO2 sci., O-H bend.
M93 802.24 Bu IR Ring breath.,NO2 sci., O-H bend.
M94 803.66 Au IR Ring breath., NO2 sci., O-H bend.
M95 827.35 Bu IR Ring breath., NO2 sym stretch., O-H bend.
M96 828.20 Ag Raman Ring breath., NO2 sym stretch., O-H bend.
M97 828.87 Au IR Ring breath., NO2 sym stretch., O-H bend.
M98 829.46 Bg Raman Ring breath., NO2 sci., O-H bend.
M99 861.49 Ag Raman Ring breath., NO2 sym stretch., O-H bend.
M100 861.95 Bg Raman Ring breath., NO2 sym stretch., O-H bend.
M101 990.85 Bu IR Ring breath., NO2 sym stretch., O-H bend.
M102 992.02 Ag Raman Ring breath., NO2 sym stretch., O-H bend.
M103 992.35 Au IR Ring breath., O-H bend.
M104 994.22 Bg Raman ring breath, N-H wag, NO2 sym stretch.
M105 1000.09 Au IR ring breath, N-H wag, NO2 sym stretch.
M106 1002.50 Au IR N-O stretch.(hydroxy), N-H wag.
M107 1029.22 Bu IR N-O stretch.(hydroxy), N-H wag.
M108 1029.80 Au IR N-O stretch.(hydroxy), N-H wag.
M109 1141.91 Ag Raman N-O stretch.(hydroxy), N-H wag.
M110 1029.22 Bg Raman N-O stretch.(hydroxy), N-H wag.
M111 1085.02 Ag Raman C-N stretch., O-H bend.
M112 1086.04 Bg Raman C-N stretch., O-H bend.
M113 1135.40 Bu IR Ring stretch., O-H bend., N-O stretch.
M114 1141.91 Au IR Ring stretch., N-H wag., O-H bend., N-O stretch.
M115 1170.11 Au IR O-H bend, N-H wag.
M116 1171.13 Bu IR O-H bend, N-H wag.
M117 1171.65 Ag Raman O-H bend, N-H wag.
M118 1172.78 Bg Raman O-H bend, N-H wag.
M119 1171.13 Bu IR O-H bend, N-H wag.
M120 1199.97 Au IR O-H bend, N-H wag.
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Table 5.4: Calculated normal modes infrared frequencies (1200-3400 cm−1) with
symmetry assignment for the MAD-XI crystal using the DFT GGA + OBS ap-
proach.

Mode number Cal. frequency (cm−1) Symmetry Mode Assignment
M121 1200.01 Bu IR O-H bend., NH3 rock.
M122 1200.16 Bg Raman O-H bend., NH3 rock.
M123 1236.32 Bu IR ring stretch., O-H bend., NO2 sym stretch., NH3 rock.
M124 1238.07 Ag Raman ring stretch., O-H bend., NO2 sym stretch., NH3 rock.
M125 1245.71 Au IR ring stretch., O-H bend., NO2 sym stretch., NH3 rock.
M126 1246.31 Bg Raman ring stretch., O-H bend., NO2 sym stretch., NH3 rock.
M127 1263.32 Ag Raman ring stretch., O-H bend., NO2 sym stretch., NH3 rock.
M128 1264.33 Bg Raman ring stretch., O-H bend., NO2 sym stretch., NH3 rock.
M129 1334.38 Bu IR ring stretch., O-H bend., NO2 sym stretch., NH3 rock.
M130 1342.70 Ag IR ring stretch., O-H bend., NO2 sym stretch., NH3 rock.
M131 1345.11 Ag Raman C-N stretch., O-H bend., NO2 sym stretch., NH3 rock.
M132 1349.67 Bg Raman C-N stretch., O-H bend., NO2 sym stretch., NH3 rock.
M133 1353.04 Bu IR C-C rock., O-H bend., NO2 sym stretch., NH3 rock.
M134 1354.28 Bu IR C-C rock., O-H bend., NO2 sym stretch., NH3 rock.
M135 1367.61 Bu IR C-N stretch., O-H bend., NO2 sym stretch., NH3 rock.
M136 1377.21 Au IR C-N stretch., O-H bend.
M137 1389.86 Bu IR Ring stretch., N-H wag., O-H bend., NO stretch.
M138 1390.88 Bg Raman Ring stretch., N-H wag., O-H bend., NO stretch.
M139 1394.30 Ag Raman Ring stretch., N-H wag., O-H bend., NO stretch.
M140 1396.56 Bg Raman Ring stretch., NH sci., O-H bend., NO stretch.

M141 1404.24 Au IR Ring stretch., NH sci., O-H bend., NO stretch.
M142 1407.65 Ag Raman Ring stretch., NH sci., O-H bend., NO stretch.
M143 1436.83 Bu IR Ring stretch, NO2 asym stretch., N-H wag.
M144 1437.26 Bg Raman Ring stretch, NO2 asym stretch., N-H wag.
M145 1439.21 Au IR NO2 stretch., ring stretch., NH3 sci.
M146 1439.32 Ag Raman NO2 stretch., ring stretch., NH3 sci.
M147 1492.17 Bu IR NO2 stretch., ring stretch., NH3 wag.
M148 1493.26 Au IR N-O stretch., ring stretch., NH3 wag.
M149 1499.70 Ag Raman NO2 asm stretch., ring stretch., NH3 wag.
M150 1499.92 Bg Raman NO2 asm stretch., ring stretch., NH3 wag.
M151 1547.43 Ag Raman NH3 wag.
M152 1549.09 Au IR NH3 wag.
M153 1551.15 Bg Raman NH3 wag.
M154 1552.65 Bu IR NH3 wag.
M155 1574.98 Ag Raman C-C stretch., N-H wag.
M156 1576.24 Bg Raman C-C stretch., N-H wag.
M157 1640.00 Bg Raman N-H sci.
M158 1641.83 Bu IR N-H sci.
M159 1643.29 Au IR N-H sci.
M160 1643.30 Ag Raman N-H sci.
M161 1644.03 Bu IR N-H sci.
M162 1644.03 Bu IR N-H sci.
M163 1644.03 Bu IR N-H sci.
M164 1650.13 Au IR N-H sci.
M165 2866.80 Bu IR N-H sym stretch., O-H sym stretch.
M166 2867.14 Au IR N-H sym stretch., O-H sym stretch.
M167 2867.15 Ag Raman N-H sym stretch., O-H sym stretch.
M168 2867.71 Bg Raman N-H sym stretch., O-H sym stretch.
M169 2943.72 Ag Raman N-H asym stretch., O-H asym stretch.
M170 2951.11 Bg Raman N-H asym stretch., O-H asym stretch.
M171 2951.16 Au IR N-H asym stretch., O-H asym stretch.
M172 2955.66 Bu IR N-H asym stretch., O-H asym stretch.
M173 3187.38 Ag Raman N-H asym stretch., O-H asym stretch.
M174 3189.24 Au IR N-H asym stretch., O-H asym stretch.
M175 3190.12 Bg Raman N-H asym stretch., O-H asym stretch.
M176 3191.44 Bu IR N-H asym stretch., O-H asym stretch.
M177 3310.06 Ag Raman N-H asym stretch., O-H asym stretch.
M178 3310.19 Au IR N-H asym stretch., O-H asym stretch.
M179 3311.87 Bu IR N-H asym stretch., O-H asym stretch.
M180 3315.73 Bg Raman N-H asym stretch., O-H asym stretch.
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vibrational mode assignments are depicted in table 5.2 to table 5.5. The Infrared

spectra in the frequency region from 0 to 3400 cm−1 of MAD-XI crystal displayed

in figure 5.2. The corresponding frequency regions are distributed with respect

to different vibrational modes (figure 2a).

The lower frequency region from 41.55 cm−1 to 449.80 cm−1 are occurred due

to external and internal vibrational modes. The frequency region from 485.44

cm−1 and 725.16 cm−1 are mainly involves the O–H bending, ring deformation

and NO2 rocking. The frequencies between 735.59 cm−1 and 1000.09 cm−1 are

mainly allocated to the ring breathing, N–O scissoring, O–H bending. The fre-

quency region from 1002.50 cm−1 to 1200.16 cm−1 is associated NH3 rocking and

N–O stretching (hydroxy), N–H wagging. The frequency region from 1236.32

cm−1 to 1439.32 cm−1 are belonged to scissoring of NH2 vibration. The frequen-

cies region from 1492.17 cm−1 and 1650.13 cm−1 are due to the C–NO2 stretching

vibrational mode. The higher frequency regions 2866.80–2867.71 cm−1, 2940.72–3315.73

cm−1, are related to the NH3, OH symmetric and NH2, OH antisymmetric

stretching vibrational modes, respectively.

5.3.2 Phonon dispersion

The density functional perturbation theory[29–32] was used to calculate the phonon

dispersion curve along with the high symmetry directions (Z → Γ → Y → A →
B → D → E → C) of MAD-X1 crystal. Figure 5.3 (a) shows that there are

no imaginary frequencies in the phonon dispersion, revealing that the MAD-XI

compound is dynamically stable.

In addition, We have analyzed the partial phonon density of states (PPDOS) in

order to see individual atomic contributions in the whole region of phonon spec-

tra. The Figure 5.3 (b) show the low–frequency region (41 cm−1 –449.80 cm−1),

PPDOS contribution comes from triozole ring, NH4OH, and NO2 and is mainly

dominated by O atom. In the frequency region from 500 cm−1 to 1400 cm−1, the

PPDOS is contributed by C and H atoms, which are mainly due to the frequency
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(a)

(b)

Figure 5.4: (a) Phonon dispersion curves, (b) Phonon partial density of states
(PDOS) for the MAD-X1 crystal.
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associated with the triozole ring. The PPDOS in the high–frequency regions from

2866.80 to 3315.73 cm−1) is completely dominated by H atom, which is mainly

due to the frequency related to the NH4OH group.

5.3.3 Thermodynamic properties

In the harmonic approximation, the vibration of crystal is considered as a com-

bination of numerous normal modes namely lattice waves. Usually, the language

of normal modes is replaced by an equivalent corpuscular description, which is

analogous to the terminology used in the quantum theory of electromagnetic the-

ory. Here, the allowed energies of normal mode are discrete, which are given by

(nq + 1/2) ~wq (k), where wq is the frequency of the mode, nq is the number of

particles with energy wq (k). These quasi-particles are called “phonons” and obey

Bose-Einstein statistics. Phonon is a typical elementary excitation. In this way

the vibrational state of the crystal is described by giving the number of phonons

of each type present in the crystal. Thus, we can describe the excitation number

nq of the normal mode with wave vector k in branch q by Enq =(nq + 1/2) ~wq

(k), one says that there are nq phonons of type q with wave vector k present in

the crystal.

The thermodynamic properties such as entropy (S), enthalpy (E), free energy

(F), heat capacity (CV), and the Debye temperature (ΘD) were calculated by using

PPDOS [35, 36]. Figure 5.4 (a) is displayed E, F, and S with respect to tempera-

ture within the range of 0–1000 K. The enthalpy (H) and temperature*entropy

(T × S) increases, and free energy (F) gradually shows downfall as temperature

increases. The heat capacity (CV) (shown in figure 5.4 (b)) of MAD-XI increases

with temperature, reaching the Dulong-Petit limit at around 380 K, being 160.90

cal/cell.K at T = 306 K. The Debye temperature with the temperature increas-

ing under lower temperature, and the slow-change curve of Debye temperature

with the temperature increasing at higher temperature. This is because that the

heat capacity is contributed by lattice vibration and thermal vibration of the elec-
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(a)

(b)

Figure 5.5: Calculated (a) temperature times entropy, enthalpy, and free energy
(b) Heat capacity of the MAD-XI crystal for temperature of up to 1000 K for the
MAD-XI crystal).
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Figure 5.6: Calculated Debye temperature curves of the MAD-XI crystal for tem-
perature of up to 1000 K for the MAD-XI crystal.
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trons at lower temperature, and effect of the energy of the thermal motion of the

electrons on the heat capacity can be negligible with a higher temperature. The

Debye temperature of MAD-XI displayed in figure 5.5 reveals that it increases

under lower temperatures, and its curve changes slowly at a higher temperature.

The Debye temperature of MAD-XI is found to be 338.88 K at 15 K.

5.4 Conclusions

In conclusion, the generalized gradient approximation (GGA) with PW91 and

Ortmann, Bechstedt, and Schmidt (OBS) method were employed to describe

the van der Waals interactions. The obtained lattice parameters and unit cell

volume show well agreement with experimental results. The vibrational fre-

quencies of MAD-XI crystal are computed by utilizing density functional per-

turbation theory. The calculated infrared spectra reveal higher frequency regions

(2866.80-2867.71 cm−1) are corresponding to NH3, OH symmetric stretching.

The frequencies 2940.72-3315.73 cm−1, are associated to antisymmetric stretch-

ing of NH2, OH vibrational modes. The absence of imaginary frequencies in

the phonon dispersion curve displays the MAD-XI compound is dynamically sta-

ble. It has been found that thermodynamic properties such as heat capacity (CV),

entropy (S) enthalpy (E), free energy (F), and the Debye temperature (ΘD) are

analyzed in detail. The Debye temperature increases under lower temperature,

and its curve changes slowly at a higher temperature. The Debye temperature

of MAD-XI is found to be 338.88 K, at temperature 15 K. As a consequence of

our systematic review, we hope our results will help by providing guidelines for

future research on triazole materials.
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Conclusions

The study of lattice dynamics and thermodynamic properties of energetic ma-
terials are extremely important, from which we can understand spectroscopic
and thermodynamic properties of a crystal. Density functional theory (DFT)
calculations were used to investigate the structural, elastic, vibrational, and ther-
modynamic properties for several energetic materials at ambient conditions. The
vibrational normal modes, as well as infrared spectra, were obtained and assigned.
The vibrational nature of bonds in solid crystals was further explored by obtain-
ing a fundamental understanding of their thermodynamic behavior. This thesis
mainly focus on a brief comparison with results for Sr(NO3)2, Ba(NO3)2, Sr(N3)2,
Ba(N3)2, C3N12, UN, and MAD-XI crystals are accompanied in order to under-
stand the difference in energetic performances of the organic azides and organic
nitrates crystals when compared to inorganic azides and inorganic nitrates crys-
tals. Similarly, vibrational, and thermodynamic properties of C3N12, and UN
crystals were explored in order to understand the energetic performances of or-
ganic azides and organic nitrates crystals. Finally, the high-performance insensi-
tive energetic material MAD-XI crystal were studied, which is replacement for
well-known energetic material 1,3,5-trinitro-1,3,5-triazacyclohexane (RDX). The
results presented in this work could open a way to understand the lattice dynam-
ics of materials of this type and could provide necessary input from the explosive
applicability point of view, which would help experimental researchers in the
future.
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6.1 Summary

In summary, a series of energetic materials, namely Sr(NO3)2, Ba(NO3)2, Sr(N3)2,
Ba(N3)2, C3N12, UN, and MAD-X1 were thoroughly investigated to understand
the structure-property-performance interrelationship.

We have investigated the structural, elastic, vibrational, and thermodynamic
properties of a series of energetic materials, namely Sr(NO3)2, Ba(NO3)2, Sr(N3)2,
and Ba(N3)2, using an ab initio approach. We found that the van der Waals cor-
rection predicts the structural parameters, which are in fair agreement with the
experimental values. The elastic constants and phonon spectra of M(NO3)2 and
M(N3)2 confirm the mechanical and dynamical stabilities, while the calculated
B/G ratio suggests that the materials are ductile. The phonon modes, their dis-
persion, and symmetry and the IR spectra of the crystals were computed. The
calculated normal mode frequencies were classified according to irreducible rep-
resentations for both IR-active and Raman-active modes. IR spectra of Sr(NO3)2,
Ba(NO3)2, Sr(N3)2, and Ba(N3)2 were analyzed in close comparison with results
of lattice dynamical calculations. The zone-center low-frequency modes are dif-
ferent for Sr(NO3)2 and Ba(NO3)2, and this was predicted for the first time. The
contributions of strontium and barium are much larger than those of nitrogen and
oxygen atoms in the low-frequency region, whereas the high-frequency zone–center
modes are relatively the same for both materials as most of the vibrational modes
here are due to the nitrate (NO3) group, owing to the covalent bonding among ni-
trogen and oxygen atoms. The vibrations of the azide (N3) group exhibit high–intensity
infrared absorption bands in the ranges of 1900–2100 cm−1. A comparison with
the work of metal nitrates reveals that the nitrates are shifted towards the smaller
wavenumbers than metal azides. Most of the calculated vibrational modes are in
satisfactory agreement with the earlier reported experimental data. It has been
seen that the calculated phonon dispersion curves of M(NO3)2 and M(N3)2 do
not show any imaginary modes hence both the materials are dynamically sta-
ble. Also, as the thermal behavior of these materials could play a key role in the
growth of sustainable smoke compositions, the thermodynamic properties, such
as entropy, Debye temperature, heat capacity, and enthalpy, at different temper-
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atures ranging from 5 to 1000 K were described. It is inferred that strontium
nitrate and barium nitrate can be reliably used in pyrotechnics as they have suf-
ficiently low thermal conductivity. We believe that this work will pave the way
to explore many more pyrotechnic-based materials of this type. The comparative
study between alkaline-earth metal nitrates and alkaline-earth metal azides reveals
difference in energetic performance of the metal azides and metal nitrate crystals.

The structural, vibrational, and thermodynamic properties of the cyanuric tri-
azide and urea nitrate crystals were performed under ambient conditions using
first–principles calculations. The structural relaxation is achieved using GGA-
PBE exchange–correlation functional, together with dispersion correction (PBE
+ G06) and (PBE + TS) considering van der Waals interactions for C3N12 and
UN, respectively. The unit cell lattice parameters showed a good agreement with
experimental data. The infrared spectra of the C3N12 are obtained and compared
with measurements from the experimental in the 0–2100 cm−1 region. However,
the calculated vibrational modes are in good agreement with experimental results.
We note that the N3 group involves high–intensity infrared absorption lines in the
range of 1200-1500 cm−1. This vibration confirms the frequency position at 1317
cm−1 with irreducible representation Eu, which is allocated to an asymmetric ring
stretching. Similarly, we calculated infrared spectra for urea nitrate in the range
of 0-3600 cm−1; the results reveal most of the vibrational modes come from NO3

group in the low frequency region (around 500 cm−1). The mid–frequency range
from 900 to 1700 cm−1 involves scissoring vibrational modes of NO3 groups, and
high–frequency range ( 2100-3100 cm−1) is dominated by N-H stretching vibra-
tional modes. The highest intense maxima were observed at 2603.70 cm−1 due to
the single O-H bond stretching vibrational mode. The absence of negative fre-
quency in the phonon dispersion curves confirms the dynamical stability of both
systems. We found that there is no gap between the low-lying optical modes and
acoustic modes, which leads to low–thermal conductivity of the cyanuric triazide
and urea nitrate. The partial phonon density of states results reveals the contribu-
tion of particular atoms in respected frequencies. For C3N12 the low–frequency
region 500 cm−1 arises from strong hybridization between C and N atoms, dom-
inated by N atoms, while high–frequency regions (around 1500 cm−1) are influ-
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ence by the vibrations of C atoms. In the case of UN, the low frequency region
300 cm−1, the energy of lattice modes was contributed by the C-N, O-N-O, urea
group, and C-H bonds, wherein the vibrations of oxygen atoms on the nitro
groups are the greatest. The calculated thermodynamic properties show that the
Debye temperature, constant–volume specific heat, enthalpy, and entropy values
increase as a function of temperature, while the free energy falls off as the temper-
ature increases. It can be concluded that, C3N12 is an effective initiating explosive
as they have low thermal conductivity, and urea nitrate is an improvised explo-
sive. We expect this work will encourage experimental attempts to reveal the
rich role of crystallized azide in the structural, vibrational, and thermodynamic
properties of other triazine azide complex and organic nitrates salts in the solid
state.

Finally, the vibrational and thermodynamic properties of MAD-XI crystal pre-
sented by using density functional theory within the GGA-PW91 + OBS approx-
imation. The calculated lattice parameters are compared with the experimental
values. The vibrational modes assignments are described in a detailed way The
infrared spectra show that the higher frequency regions 2866.80–2867.71 cm−1,
2940.72–3315.73 cm−1, are corresponding to NH3, OH symmetric stretching and
NH2, OH antisymmetric stretching vibrational modes respectively. The phonon
dispersion curve concludes the compound is dynamically stable. The thermody-
namic properties such as heat capacity (CV), entropy (S), enthalpy (E), free energy
(F), and the Debye temperature (ΘD) are analyzed in detail. The Debye temper-
ature increases under lower temperature, and its curve changes slowly at higher
temperature. The Debye temperature of MAD-X1 is found to be 338.88 K at 15
K. These results propose that MAD-XI material can develop into an insensitive
RDX replacement in energetic formulations. We believe that this work will en-
courage experimental attempts to reveal the behavior of bis 1,2,4-triazoles and
N-oxide derivatives [1].
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6.2 Future scope

In this thesis, as we have mainly focused on nitrate and azide–based materials,
we can carry forward this work with other advance energetic materials such
as green–pyrotechnic based, Nickel Hydrazine Nitrate (NHN) compounds, ect.
NHN is known as the potential replacement for toxic lead azide [2]. Especially in
the case of energetic solids, further computational study on many more green py-
rotechnic–based compounds is tremendous challenging in terms of spectroscopic
nature and thermal behavior, which provides deep insights about different prop-
erties of this class of materials. To extend the present work, Time–Dependent
Density Functional Theory (TD-DFT) can be used to find the Anharmonic vi-
brational contribution.
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