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Abstract

High energy density materials (HEDM) have gained extensive attention due to their energetic properties and safety issues.
Nitro and fluoro groups, among others, have become viable substituents on the triazole framework because of their
particular contribution to detonation properties and moderate sensitivity. In this study, Density Function Theory (DFT)
approach was employed to design fluorinated bis(trinitromethyl) azo triazoles. The molecular structures, thermodynamic
properties of gaseous species (e.g., enthalpies of detonation and enthalpies of formation) and energetic properties of
solid materials (detonation heat Q, pressure PD and velocity VD) have been investigated. The best characteristics attained
for the designed azo fluorinated solid compounds are as follows: Q 1650-1690 cal g~', PD 44-46 GPaand VD 9.8 km s™".
These characteristics are superior to those of conventional explosives, indicating that fluorinated bis(trinitromethyl) azo

triazoles are promising HEDM.

Keywords High energy density materials - Fluorinated bis(trinitromethyl) azo triazoles - DFT - Thermodynamic and

energetic properties

1 Introduction

Modified highly nitrated organic compounds are emerg-
ing alternatives to traditional explosives [1]. A contempo-
rary tactic to the field of energetic materials is to substitute
some explosives with energetic groups containing mate-
rials [2-4]. These compounds contain a high proportion
of energetic groups relative to traditional high energy
density materials (HEDM) [5-12]; and burn more cleanly
producing less soot, less carbon monoxide and the pri-
mary product of explosion is a gas (usually CO, CO,, HF,
N, and F,) [13]. In recent years, HEDM have attracted

widespread attention owing to relatively high efficiency,
environmental friendliness and excellent performance
[5, 14]. Various designs of HEDM have been based on the
introduction of explosophoric groups (nitro, azido and
azo) and active moieties such as C(NO,),F and C(NO,); to
a nitrogen-containing framework [11, 15, 16]. These are the
oxygen-rich groups that provide balance for intermolecu-
lar combustion leading to facilitated detonation reaction
and enhanced energetic performance [9, 17, 18].

The desired properties such as elevated heat of deto-
nation, detonation pressure and velocity, density of the
material, and moderate sensitivity can be achieved by

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s42452-020-03670-6) contains

supplementary material, which is available to authorized users.

4 Clemence Ansbert, ansbertc@nm-aist.ac.tz; Alexander Pogrebnoi, alexander.pogrebnoi@nm-aist.ac.tz; Tatiana Pogrebnaya,
tatiana.pogrebnaya@nm-aist.ac.tz | 'Department of Materials and Energy Science and Engineering, The Nelson Mandela African Institution
of Science and Technology, P. O Box 447, Arusha, Tanzania. 2Department of Science, Mwenge Catholic University, P. O Box 1226, Moshi,

Tanzania.

®

Check for
updates

SN Applied Sciences (2020) 2:1843 | https://doi.org/10.1007/s42452-020-03670-6

SN Applied Sciences

A SPRINGERNATURE journal


http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03670-6&domain=pdf
http://orcid.org/0000-0002-9682-9141
https://doi.org/10.1007/s42452-020-03670-6

Research Article

SN Applied Sciences (2020) 2:1843 | https://doi.org/10.1007/542452-020-03670-6

choosing the number, type and position of the substituent
groups in the framework [19, 20]. These properties can be
attained by introducing an energetic group to a nitrated
compound such that during detonation, a lot of energy is
generated [21]. The design of new energetic materials can
be done by increasing the number of nitro- or other active
groups in the molecular framework [11, 15]. Fluorinated
compounds were subjected to a thorough investigation
due to their exceptional detonation properties [2, 19, 22,
23]. High fluorine content together with hydrogen results
in the formation of hydrogen fluoride upon detonation
and a high amount of energy release [2, 19, 23].

Triazole heterocycles offer a suitable framework for the
development of energetic materials by chemical modifica-
tion using various functional groups to attain a desired set
of properties [6, 11]. Bridged triazoles have been studied
and found to be thermally stable with a positive enthalpy
of formation [6]. Besides, Zhang Junlin et al. [23] prepared
three fluorinated energetic compounds by a straightfor-
ward synthesis with varied degree of fluorination whereby
the stability and performance were improved. In our study,
we designed new high energy density materials via the
introduction of fluorine atoms into trinitromethyl azo
triazoles aimed at enhancing energetic properties; we
proposed mono, di, tri and tetra fluorobis(trinitromethyl)
azo triazoles molecules (Scheme 1) and investigated their
properties.
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2 Computational details

2.1 Computations of structural and thermodynamic
properties

Density functional theory DFT/B3LYP [24] with 6-31G(d,p)
basis set was used for optimization of ground state geom-
etries and frequencies calculations for each molecule.
Similar approach was used, for example, by Wei et al. [25]
for investigation of tetrazine-based HEDM. The absence of
imaginary frequencies confirmed that the obtained geom-
etries corresponded to energy minima on the potential
energy surfaces. Quantum chemical calculations were
performed with the Gaussian 09 software [26]. Thermo-
dynamic characteristics of reactions were obtained with
extended 6-311++G(d,p) basis set. Based on the optimized
geometrical parameters and vibrational frequencies, the
thermodynamic functions (TDF) of gaseous species were
calculated applying the ‘rigid rotor-harmonic oscillator’
approximation with OpenThermo software [27]. The elec-
trostatic potential surface properties (molecular surface
area, volume, charge balance and molecular density) were
analyzed using Multiwfn software [28]. Molecular design,
visualization of molecular and electronic structures, IR
spectra were done by using Avogadro [29], GaussView05
[26] and ChemCraft [30] software.
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Scheme 1 Structural formulae: non-fluorinated (A) and designed fluorinated molecules (B-G)
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The energies of reactions (A,E) were calculated by con-
sidering the difference between the total energies of the
products (ZE and reactants (ZE

prod) react):

AE = 2‘Eprod_ ZE eact (M

The enthalpies of the reactions were computed by add-
ing the zero-point vibration energies (A,ZPVE) to the A,E:

AH°(g,0) = AE + A,ZPVE 2)

To compute the enthalpy of formation of a gaseous
species, we first calculated the enthalpy of formation at
0 K, AH°(g, 0), and then enthalpy of formation at 298 K,
AH (g, 298):

AH(9,0) = ZAH] 1(9,0)-AH"(g,0) 3)
AGH(9,298) = SAH?, (9, 298)-AH°(g, 298) @)

AH°(9,298) = AH°(9,0) + A [H°(9,298)-H°(9,0)]  (5)

where A [H%(g, 298) —H"(g, 0)] is the enthalpy increment
of the reaction. The enthalpies of formation and enthalpy
increments of small gaseous species involved in reaction
have been taken from the I'TANTHERMO database [31].
For the solid phase species, enthalpies of formation AH®(c,
298) were calculated as follows:

AH(c,298) = AH°(g, 298)— A, H°(298) ©6)

The enthalpy of sublimation A, H(298) was obtained
as described in [7, 32, 33]:
AgpH°(298) = hA? +i(ve2 ) +j (7)
where A is the molecular surface area, uc?, is the electro-
static interaction index; both obtained from the Multiwfn
program package [28]; and the h, i, and j are the fitting
parameters adopted from Byrd and Rice [32].

The Gibbs free energy is the measure of reaction spon-
taneity calculated by the following equation:

AG(T) = AH(0) + A [H(T)-H*(0)]-TAS(T)  (8)

where A [H°(T) —H°(0)] is the enthalpy increment and
A,S°(T) entropy of the reaction.

2.2 Computation of energetic properties

Energetic properties indicate how the materials are pow-
erful upon detonation. They include; molecular density
(Pmon): detonation velocity (VD) and pressure (PD), deto-
nation heat (Q), impact sensitivity (hsg,), and oxidation

coefficient (a). The density of molecules was estimated
in terms of atoms in a molecule [34, 35] as suggested by
Politzer [36]:

My , .
Pmol = 09183( = | + 0.0028(vo7, ) +0.0443, gcm

9)
where V is the volume enclosed by the 0.001 atomic unit
contour of electron density of the molecule, M,, is the
molar mass of the compound, and vc?, is the index of
electrostatic interaction obtained using Multiwfn program
package [28].

The detonation velocity VD and pressure PD indicate
how the material is potent upon detonation. The higher
are the values of these parameters, the better the perfor-
mance of the material. The parameters were estimated
using the following equations [5, 14, 37-41]:

VD = 1.01( N\/MQ>(1 +1.30ppor ), kms™ (10)

PD = 1.56p’Ny/MQ, GPa (11)

where N stands for the number of moles of gases pro-
duced per gram of the material upon detonation.

N = anrod

M, (12)

Hence the inverse N gives the average molecular mass
M of all detonation products:
My
"~ Zn

(13)
prod

The detonation heat is

> AHC (g, 298) — AHO(c, 298)
Q=- b ,calg™ (1)

My

The impact sensitivity, hsy,, was obtained using the
generalized interact property function [5, 42]:

hegy = 29.3 + 0.001386 exp (48.84v), cm (15)

where v is the index of charge balance obtained using
Multiwfn program package [28].

The coefficient of oxidation a indicates how well the
material provides its own oxidant [19]. The increase in
a increases the ability of the materials’ self-oxidation
[19]. For the compound with the molecular formula
CH,N,,O,F,, the coefficient of oxidation is estimated as
follows [19]:
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o= ——" (16)

(2x+§>

3 Results and discussion
3.1 Geometrical properties

In our design, we have started from the trinitromethyl
azo triazoles and then introduced fluorine atoms into azo
group or/and triazole rings replacing the available hydro-
gen atomes. It is anticipated that introduction of fluorine
atoms and the presence of trinitromethyl moieties will
contribute to the energy density while azo and triazole
skeleton rings will increase the stability of the molecule.

The optimized configurations of the molecules are
shown in Fig. 1; the most relevant geometrical parameters
are given in Table 1.

The analysis of the optimized parameters shows that
the addition of fluorine atoms to the original trinitromethyl
azo triazole molecule A affects mostly the nearest bonds
as well as the planarity of the structure. In the molecules B,
D, F and G where the F-atoms are added to the azo chain,
the formed N-F bonds are maintained perpendicular to
the chain moiety and the central double N=N bond trans-
forms into the single bond which brings an elongation of
the R,(N,~N;) from 1.246 up to 1.511 A. When the fluorine
atoms are attached to the triazole rings (molecules C, E,
F, G), they just replace the hydrogen atoms forming alike
C-F bonds of 1.302-1.304 A length while keeping the rings
coplanarity and slightly increasing bond angles N-C-N
from 109° to 112°. All compounds except G have close to a
coplanar structure, dihedral angles between the rings and
in the chain N-N-N-N range from 173° to 180°, whereas
the molecule G with four F atoms, two at the chain and
two at the rings, has a bent configuration with the angles
@4(C,-N3-Ng—C,) =78 and x (N-N-N-N) =154°.

3.2 Vibrational analysis

The computed vibrational spectra of the designed mol-
ecules confirmed the absence of imaginary frequencies;
the simulated IR absorption spectra are shown in Fig. 2.
For all compounds, most intensive peaks between ~ 1700
and 1740 cm™ are assigned to asymmetric stretching of
N=0 bonds in the trinitromethyl moieties and lower peaks
between 806 and 815 cm™ to bending vibrations of the
same bonds. Other strong absorptions near 1350 cm™
and 1370-1430 cm™' correspond to stretching vibrations
of C-N bonds of the trinitromethyl moieties and C-N
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bonds of the triazole rings, respectively. Besides, there
are weak absorption peaks at~600-740 cm™' which cor-
respond to the bending vibrations of the triazole rings. For
the fluorinated compounds B, D, F and G, the stretching
vibrations of N-F bonds of the hydrazine group are seen
at~900-955 cm . For the molecules C, E, F and G, the
sharp absorption peaks at ~ 1650 cm™" correspond to C-F
stretching of the triazole skeleton.

3.3 Electronic structure

The intramolecular energy transfer within the material
can be understood through molecular orbitals analysis.
It is expected that good HEDMs should have a distinct
separation of electron density between the HOMO and
LUMO and reasonably small energy gap E, for electrons
transition. Also it was noticed that in some cases a cor-
relation between energy gap and sensitivity of the explo-
sive materials may exist [43, 44]. Negative correlation
between energy gap and detonation velocity or pressure
was reported in [46]. For our seven compounds A-G, the
frontier molecular orbitals and energy gaps are displayed
in Fig. 3. The green colour denotes the negative phase,
and deep red indicates the positive phase. Higher elec-
tron density is found near atoms/groups which possess
higher electronegativity; here they are fluorine and nitro-
gen atoms in the rings or nitro groups. Redistribution of
electron density between the HOMO and LUMO is clearly
seen for the fluorinated species B, D, F and G while not
observed for others (A, C and E). Therefore the fluorine
attachment to the hydrazine chain favours the transfer
of electrons in the HOMO — LUMO transition. The energy
gap increases upon fluorine attachment to the triazole
rings, A (3.64 eV)<C (4.17 eV)<E (4.27 eV), but when F
atoms join the central hydrazine group, the £, decreases, B
(3.26eV)<D (3.78 eV) < F (3.84 eV) <G (4.18 V). The high-
est E;=4.27 eV is obtained for the E compound and the
lowest E;=3.26 eV is for B molecule. This indicates that the
addition of fluorine on the azo chain is helpful in decreas-
ing the energy gap. These values are comparable to the
experimental Eg values for traditional explosive com-
pounds; 3.4 eV (RDX) [45], 4.27 eV (PETN) [46] and 5.32 eV
(HMX) [46]. Therefore, the compounds B and D for which
the requirements of good electron density separation and
smaller energy gaps are met, are anticipated to be better
HEDM.

3.4 Thermodynamics of detonation
and combustion reactions

Detonation and combustion reactions with formation
of simple products CO, CO,, H,0, HF, F, and others, have
been considered for gaseous compounds A-G (Table 2).
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Fig. 1 Optimized molecular structures of non-fluorinated (A) and designed fluorinated bridged triazole derivatives (B-G)

Energies A E and enthalpies A H°(0) of the reactions have
been computed using Egs. (1) and (2). As is seen, all reac-
tions considered are highly exothermic; the values of
AH°(0) vary from —374 to — 4499 kJ mol™". Generally, the
biggest amount of energy released through detonation
channels with the formation of CO,, N,, HF/F,, and the
smallest enthalpy of detonation is observed for the reac-
tions A4-G4 with the C, CO, and O, products. Clearly seen
that fluorination of the bridged trinitromethyl azo triazole

alters the heat effect. That is in accordance with findings by
other researchers [2, 19, 22, 23] that most exothermic reac-
tions relate to the hydrogen fluoride being formed among
the products. If compare the enthalpies of most exother-
mic detonation reactions, i.e. A1-G1, the values of A,H%0)
become more negative due to the azo-chain fluorination
in the absence of triazole ring fluorination, from —3367
(A1) up to —4216 (B1) and —3923 kJ mol~" (D1); whereas
fluorination of the rings brings to lower heat effect in
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Table 1 Selected optimized

Seometrical parametors Molecule R, ,;(N-N) RioN-F)  R,(C-F)  a,(N-C-N) x(N-N-N-N) ¢, ,(C-N-N-C)

of non-fluorinated (A) and A 1.368, 1.246, 1.368 110.0,110.0 180.0 180.0, 180.0

f::;%?:g:r‘i‘gt'i’\‘/aetseé'fg)dged B 1390, 1.464,1.295 1.420 110.0,110.0 176.0 176.0,179.0
c 1371,1.246,1.365 1304 112.0,1100 179.0 175.0,176.0
D 1377,1.506,1376 1.414,1.414 109.0,109.0 174.0 173.0,175.0
E 1:370,1.246,1.370 1304,1.304 112.0,1120 180.0 180.0, 180.0
F 1376,1.511,1376 1.414,1.414 1303 112.0,1100 173.0 175.0,173.0
G 1380,1.423,1379 1.417,1.420 1302 112.0,1120 154.0 780,172.0

Bond lengths (A), bond angles (°) and dihedral angles (°)

R;2,3(N=-N) are R;(N5-N,), Ry(N;~N5) and R3(N5-Ng)

R; 2(C-F) are left and right side, equivalent bonds

R; 2(N-F) are the bond lengths on the azo group R;(N,~F), R,(Ns-F)

a,;,(N-C-N) are the bond angles a;(N,-C,-N3) and a,(Ng-C3-N;) in the left and right triazole rings,

respectively

@ ,(C-N-N-C) are the dihedral angles ¢,(C;-N3-N4-C,) and ¢,(C,-N,~N5-C;) between two azo rings

reactions C1, E1-G1 than for the non-fluorinated original
compound (A1).

The enthalpies of most exothermic detonation reac-
tions (A1-G1) and combustion reactions (A5-G5) are
shown in Fig. 4.

A symbatic behaviour is well seen for the enthalpies
of detonation and combustion reactions with maxima
for E and G and minima for B and D. Worth to note, for
the A and B molecules, combustion is more exothermic
compared to detonation. For both types of reactions, the
AH°(0) becomes more negative as the fluorine atoms are
attached on the hydrazine chain and less negative under
ring fluorination. Among all compounds, the molecules B
and D with one and two F atoms attached to the azo-chain
have most negative enthalpies of the reactions.

The computed enthalpies of the reactions A,H%0) and
enthalpy increments A [H(298) — H°(0)] have been used
to obtain enthalpies of formation AH%0) and AH°(298)
of the gaseous species according to Egs. (3), (4) and (5).
The averaged values of enthalpies of formations over all
five reactions have been calculated for each compound,
the uncertainties are estimated as standard deviations
(Table 2). The thermodynamic properties of individual
gaseous species A-G, enthalpies of formation AH%(298)
and entropies 5°(298), are displayed in Fig. 5.

It is observed generally that the consequent addition
of fluorine atoms to the molecule from A to G results in
irregular change of both characteristics. The position of
the F atoms influences the alteration; the hydrazine chain
fluorination brings to a larger change of both AH®(g, 298)
and S°g, 298) compared to the triazole rings fluorination.
The most distorted geometry of the G compound which
contains four F atoms, two on the hydrazine chain and
two on the rings, evidently promotes the greatest entropy
among all species.
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Temperature dependences of the TDF for different
decomposition reactions were also considered. For most
exothermic detonation reactions (A1-G1), the entropies
A,S°(T) and Gibbs free energies A,G%(T) over a broad tem-
perature range are presented in Fig. 6. The entropies of all
reactions are positive and rather high (Fig. 6a); at room
temperature the values of A,5°(298) range from ~ 1980
(D1) to 2150 ) mol™ K™" (F1 and G1); which is apparently
attributed to the greater number of detonation products,
15 mol of products formed from one mole of reactant.
There are two groups of curves distinguished; the first
one of lower A S°(T) combines three decay reactions, of
the original (A1) and triazole rings fluorinated compounds
(C1, E1). The second one of higher A,S°T) combines the
reactions of the rest four species, each of them having F
atoms at the hydrazine chain. In both groups, the entro-
pies A,S(T) slightly decrease by ~100 J mol™ K™ subject
to temperature increase to 1000 K.

The temperature dependences of Gibbs energies of
the reactions have been computed using Eq. (8), and the
results are presented in Fig. 6b. The values of A,G*(T) are
negative attributing to exothermicity of the reactions and
positive A,S°(T), and keep on descending with temperature
rise depending on the number and position of attachment
of fluorine atoms. Therefore all reactions are predicted to
be spontaneous; moreover, only hydrazine chain fluori-
nated compounds (B and D) show higher numerical values
of Gibbs energy compared to the ring fluorinated (C, E, F
and G) and non-fluorinated (A) species.

3.5 Energetic properties
Energetic properties include several characteristics of

the materials which signify strength, stability and ability
to detonate. These properties, enthalpies of formation of
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Fig.2 Computed infrared
spectra of non-fluorinated (A)
and fluorinated (B-G) bridged
triazole derivatives
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Fig.3 Graphical representation of HOMO and LUMO isosurfaces, energies, and energy gaps of molecules A-G

solid compounds A{H°(c, 298), molecular density p,., the
heat of detonation Q, detonation velocity VD and pressure
PD, impact sensitivity hsy,, and coefficient of oxidation a,
calculated by using Egs. (9)-(16) for seven compounds A-G
are presented in Table 3; for comparison, two conventional
explosives (RDX and HMX) and four nearly related ener-
getic compounds reported earlier in literature [5, 6, 32, 34,
47,48] are also considered.

The enthalpies of sublimation A, H°(298) of the com-
pounds A-G have been evaluated using Eq. (7) and found
to be close from one molecule to another within the
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range of 192 to 196 kJ mol™". Based on the A ,,H(298)
and enthalpies of formation of gaseous species AH (g,
298), the enthalpies of formation of solid compounds
A-G AH°(c, 298) have been obtained by Eq. (6). For all
solid compounds A-G, the enthalpies AH%(c, 298) are
positive, from ~ 500 to 900 kJ mol™" and change depend-
ing on the position attachment of fluorine atoms (the
trend is similar to that for gaseous species in Fig. 5a). The
calculated enthalpies of formation for the compounds
A-G are compared to nearly related explosives reported
earlier in Table 3. Due to fluorination, the enthalpies of
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Table 2 Thermodynamic characteristics of gas phase reactions and enthalpies of formation of gaseous compounds, all values in kJ mol™

Equation of chemical reaction -AE —-AZPVE —-AH(0) AI[H(298)-H(0)] AH(0) AH(298)
A1 CgH,N,,0,,=CO+5C0O,+7N,+H,0 32377 1290 33666  47.11 10482  1095.3
A2 CgH,N,,0,,=0.5C+5.5C0O,+7N,+H,0 28973 1269 30242 4601 978.5 1024.5
A3 CgH,N,,0,,=6CO+7N,+H,0+2.50, 17588 191.8 19506  69.17 10288  1098.0
A4 CgH,N,,0,,=5CO+C+7N,+H,0+30, 7823 2002 9824 7138 885.7 957.0
A5  CgH,N,,0,,+0.50,=6C0O,+7N,+H,0 35334 1164 3649.8 4270 10520  1094.7
Average AH°(A, 9) 999+70 1054+62
B1 CgH3N,,0,,F=C0O+5C0O,+7N,+H,0+HF 40725 1436 4216.1 523 994.3 1046.6
B2  C¢H;N,,0,,F=0.5C+5.5CO,+7N,+H,0+HF 37321 1415 3873.6 55.4 924.6 980.0
B3  C¢H;3N;,0,,F=6CO+7N,+H,0+2.50,+HF 2593.6 206.5 2800.0 744 974.9 1049.3
B4  C¢H;N;,0,,F=5CO+C+7N,+H,0+30,+HF 1617.1  214.8 1831.9 76.6 831.8 908.3
B5  C¢H;3N;,0,,F+0.50,=6C0O,+7N,+H,0+HF 4368.2 131.0 4499.3 525 998.1 1050.6
Average AH°(B, 9) 945+70 1007 +63
@] CgHqN;,0,,F=6CO,+ 7N, +HF 34140 1218 3535.8 434 903.6 947.0
2 CgHyN;,0,,F=0.5CO+5.5CO,+7N,+0.5H,0+0.5F, 3109.0 124.1 32331 484 894.4 942.8
a3 CgHyN;,0,,F=6CO+7N,+30,+HF 1639.3 197.2 1836.5 69.9 880.4 950.3
4 CgHiN,;,0,,F=5CO+C+7N,+0.5H,0+3.250,+0.5F, 505.7 201.6 707.3 70.7 730.0 800.7
¢ CgHyN;,0,,F+0.250,=6C0O,+7N,+0.5H,0+0.5F, 32569 117.8 3374.7 42.0 896.4 933.9
Average AH°(C, g) 861+74 915164
D1 C¢H,N;,04,F,=6C0O,+7N,+2HF 37919 1306 3922.6 484 1017.2 1065.6
D2 C¢H,N;,04,F,=0.5C+5.5CO,+7N,+H,0+F, 28415 1332 2974.8 53.1 929.1 982.3
D3 C¢H,N;,0,,F,=6CO+7N,+30,+HF 20172  206.1 22233 74.9 994.0 1068.8
D4 C¢H,N;,0,,F,=5CO0+C+7N,+3.50,+2HF 1040.7 2144 1255.2 77.1 850.8 927.9
D5  C¢H,N;4,04,F,+0.50,=6CO,+7N,+H,0+F, 34777 1228 3600.5 50.2 1002.7 1052.9
Average AH°(D, g) 959+69 102062
E1 CeN;404,F,=6C0O,+7N,+F, 2980.0 119.2 3099.2 45.8 740.4 786.2
E2  (¢N;,04,F,=0.5C+5.5C0O,+7N,+0.50,+F, 23439 1296 2473.6 48.7 666.8 715.6
E3  CgN;,04,F,=6CO+7N,+30,+F, 12054 194.6 1400.0 67.7 717.1 784.8
E4  CgN;,04,F,=5CO+C+7N,+3.50,+F, 2289 203.0 431.8 69.9 574.0 643.9
E5  (¢N;404,F,+0.50,=6C0O,+7N,+F,0 29533 116.1 3069.3 43.6 737.2 780.8
Average AH°(E, 9) 687+70 742+63
F1 CeHiN;4,0,,F3=6CO,+7N,+HF +F, 33455 1286 34741 46.4 841.9 888.3
F2  C¢H;N,4,0,,F3=0.5CO+5.5CO,+7N,+0.5H,0+1.5F, 3040.5 131.0 31714 47.2 832.8 794.1
F3  C¢H;N;4,0,,F3=6CO+7N,+30,+HF+F, 1570.8 204.0 1774.8 72.8 818.7 891.6
F4  C¢H;N;4,0,,F;=5CO+C+7N,+0.5H,0+3.250,+ 1.5F, 4372 2084 645.6 73.6 668.3 742.0
F5  C¢H4N;,0,5,F;+0.250,=6C0O,+7N,+0.5 H,0+1.5F, 31884 1247 3313.0 45.0 834.7 769.9
Average AH°(F, 9) 799+74 81769
Gl GCN,,0,,F,=6C0O,+7N,+2F, 2915.7 126.0 3041.8 48.9 682.9 731.8
G2 CeN,,0,,F,=0.5C+5.5C0O,+7N,+0.50,+2F, 22796 136.5 2416.1 51.9 609.4 661.3
G3  CgN;,0,5F,=6CO+7N,+30,+2F, 11411 2015 1342.5 70.8 659.7 730.5
G4 CN,,0,5F,=5C0+C+7N,+3.50,+2F, 1646  209.8 3744 73.0 516.5 589.5
G5  C4N,,0,,F,+0,=6C0O,+7N,+2F,0 28622 119.8 20820 444 676.6 721.1
Average AH°(G, g) 629+69 687+62

formation of all designed compounds are much higher
than those of common explosives, 79.0 kJ mol™' (RDX) and
102.4 kJ mol™" (HMX).

Density is one of the significant properties the mate-
rial must possess as it accounts for its strength; the
higher the density, the stronger the material and hence

more energy the material will produce upon detona-
tion. It is observed that for all compounds considered
in this study the density increases as the number of
fluorine atoms is increased. The range of densities is
from 1.96 g cm™ for the non-fluorinated molecule A
to 2.14 g cm™ for a highly fluorinated G. The increase
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in densities can be justified by high mass of fluorine
atom with small effect on the volume of the molecule
and strong m-bonding between the triazole rings and
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values of p,,, for the A-G species are comparable to
those for nearly related materials reported in the litera-
ture, which are in the range 1.80-2.04 g cm™ (Table 3).

Detonation heat is a measure of the material strength
and stability as it signifies the amount of energy released
as the material detonates. The performance of the mate-
rial is estimated depending on the value of Q; the higher
the value of Q, the greater the materials performance. The
detonation heats have been computed using Eq. (14) for
most exothermic detonation processes A1-G1 where the
enthalpies of formation of solid reactants AiH°(c, 298) have
been taken into account. Among all designed compounds,
B, C and D have higher detonation heat Q greater than
1600 cal g~". This may be due to hydrazine chain fluori-
nation as well as sufficient number of hydrogen atoms in
a molecule for complete detonation. Still, these Q values
are close to those of reference and original compounds.
Worth to note that fluorination of the triazole rings does
not bring the elevation of the detonation heat.
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Table 3 The energetic

) Species/ Compound AH(c, 298) Prmol Q VD PD hs0 a

properties ofthe_ compounds Refs k) mol™! gcm™ calg™ km s~ GPa m

A-G, together with related

energetic compounds A CgH,N,,05, 862+62 1.96 1646 9.5 423 308 092

reported in literature B CHsN.OF 811263 1.98 1688 97 443 320 093
C CeHN,,0,F 72464 2.01 1672 9.6 440 301 1.00
D CH,N,,0,,F,  868+62 2.03 1691 9.8 455 331 1.00
E CeN1,0:5F, 551463 2,07 1398 9.3 416 298  1.08
F CeHqN,,0,,F;  623+69 2.09 1367 9.4 426 311 108
G CeN1,0:5F, 492+62 2.14 1272 9.3 424 301 1.7
[5,6,32] RDX 79.00 1.80 1501 8.8 34.7 28.0 0.67
[5,6,34] HMX 102.41 1.90 1498 9.1 393 320 0.67
[47] C,HNgO, 592.09 1.82 1574 8.7 334
6] C4H,N,,04, 443.73 1.88 1621 9.1 37.7
5] C3H,N,,05 740.56 1.82 1605 8.9 357
[48] CeHgN;505, 2.04 1567 9.6 44.1

The detonation velocity VD and pressure PD are the
indicators of HEDM performance. It is expected for the
best material to have high detonation velocity and pres-
sure. As seen from Table 3, the designed compounds B, C
and D show a slight elevation in VD from 9.5 km s~ for the
original Ato 9.8 km s for D that is a bit greater compared
to the reference materials, 8.7-9.4 km s™'. There is arise in
pressures of detonation from ~ 42 GPa for non-fluorinated
compound A to~46 GPa for di-fluorinated compound
D. This can be associated with the number of hydrazine
fluorinated bonds in these molecules. Among all, the B
and D have the highest pressures. The values of PD are
comparable to those of nearly related and traditional
energetic materials HMX (39.3 GPa) and C4H¢N;,0,, (44.1
GPa). The elevation in detonation pressures and velocity
observed for some of our designed species is an indication
that fluorination helps in increasing the energy density of
the materials.

The impact sensitivity hsqe, is the indicator of the
safeness of the material, and it shows how the material
responds to external stimuli such as shock and friction. It
is measured in terms of drop height that is the height from
which fifty percent of the drops result in the reaction of the
sample [42]; and the higher the value of hg,, the lower the
impact sensitivity [5]. It is expected that the best material
will have moderate sensitivity which is comparable to that
of common explosives. The computed impact sensitivities
of all designed compounds range from 30 to 33 cm, that is
comparable to those of common energetic materials HMX
(32 cm) and RDX (28 cm).

The degree of self-oxidation a of the compound indi-
cates the ability of the material to detonate and associated
with the content of oxidant, oxygen and fluorine in our
case. The higher value of a indicates that the material is
more feasible for self-oxidation. For the compounds A-G,

the values of a obtained by Eq. (16) are between 0.92 and
1.17 (Table 3). Compounds C, D, E, F, and G have coeffi-
cients of oxidation greater or equal to one, which is accept-
able for HEDM.

Overall, among newly designed compounds, B and
D exhibit improved energetic properties compared to
other fluorinated triazoles as well as original compound
A. Regarding most informative properties, the detonation
heat, velocity and pressure, the compounds B and D are
predicted to be on the top of the rank. We suppose their
enhanced energetic characteristics relate to the structural
features, namely, fluorination of the hydrazine chain. At
the same time, the fluorination of the triazole rings impairs
the properties.

4 Conclusion

In this study, we designed fluorinated HEDMs by introduc-
ing fluorine atoms into original bridged trinitromethyl azo
triazoles molecule to obtain mono-, di-, tri- and tetrafluori-
nated species. Molecular geometries, infrared spectra,
frontier molecular orbitals, thermodynamic and energetic
properties were computed and analyzed. The position and
number of fluorine substituents resulted in a noticeable
change in the enthalpies of formation of gaseous and solid
compounds. Generally, introduction of the F atoms into
azo linkage brings to an elevation of energetic properties
while the triazole ring fluorination lowers the detonation
characteristics. Among the designed triazoles, the species
with only fluorinated hydrazine chain may be regarded as
potential candidates of HEDM with advanced energetic
properties compared to common explosives. Our results
provide basic information for invention and synthesis of
novel energetic materials.
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