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Preface
For a chemist who is concerned with the synthesis of new energetic compounds, it is
essential to be able to assess physical and thermodynamic properties, as well as the
sensitivity of possible new energetic compounds before synthesis is attempted. Vari-
ous approaches have been developed to predict important aspects of the physical and
thermodynamic properties of energeticmaterials including (but not exclusively): crys-
tal density, heat of formation, melting point, enthalpy of fusion and enthalpy of sub-
limation of an organic energetic compound. Since an organic energetic material con-
sists ofmetastablemolecules capable of undergoing very rapid and highly exothermic
reactions, many methods have been developed to estimate the sensitivity of an ener-
getic compoundwith respect to detonation-causing external stimuli such as heat, fric-
tion, impact, shock, and electrostatic discharge. This book introduces these methods
and demonstrates those methods which can be easily applied.

https://doi.org/10.1515/9783110740158-201

 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



Preface to the second edition
Everything said in the preface to the first edition still holds and essentially does not
need any addition or correction. In this revised second edition, we have updated the
manuscript and added some recent aspects of energetic materials:
1. Some errors which unfortunately occurred in the first edition have been corrected

and the references have been updated where appropriate.
2. Recent works have been reviewed and discussed in each chapter. Moreover, new

sections have been inserted including:
(a) Chapter 1 – The use of group additivity methods for prediction of crystal den-

sity of energetic neutral and ionic liquids or salts
(b) Chapter 2 – The condensed phase heat of formation of energetic ionic liquids

and salts
(c) Chapter 3 – Melting points of ionic liquids
(d) Chapter 4 – Group additivity method for prediction of enthalpy and entropy

of fusion
(e) Chapter 5 – Group additivity method for prediction of the heat of sublimation
(f) Chapter 6 – Impact sensitivity of quaternary ammonium-based energetic

ionic liquids or salts
(g) Chapter 7 – Simple prediction of electrostatic spark sensitivity based on the

new ESZ KTTV instrument
(h) Chapter 8 – Critical diameter of solid pure and composite high explosives
(i) Chapter 9 – Friction sensitivity of quaternary ammonium-based energetic

ionic liquids
(j) Chapter 10 – Thermal stability of selected classes of energetic ionic liquids

and salts
(k) Chapter 11 – A general correlation between electric spark sensitivity and im-

pact sensitivity of nitroaromatics and nitramines as well as the relationship
between shock sensitivity of nitramine energetic compounds based on small-
scale gap test and their electric spark sensitivity

Mohammad Hossein Keshavarz
Thomas M. Klapötke

https://doi.org/10.1515/9783110740158-202
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1 Crystal density
Crystal density 1–27
Empirical methods 14
– Acyclic and cyclic nitramines, nitrate esters and nitroaliphatic compounds 16
– Energetic azido compounds 22
– Energetic compounds 20
– Nitroaromatic energetic compounds 14
– Polynitro arenes and polynitro heteroarenes 19
Group additivity method 3
– Atomic contributions 7
– Benzene-derived energetic compounds using atomic volumes 8
– Energetic ionic liquids and salts 9
Ionic molecular energetic materials 24
– Tetrazole–N-oxide salts 26
– Tetrazolium nitrate salts 25
Quantum mechanical approach 11
– Energetic ionic liquids and salts as room temperature energetic materials 13

Organic compounds containing energetic groups such as nitro, nitramine, and nitrate
ester functional groups have wide applications in military and civilian applications
as propellants, explosives, and pyrotechnics because they can release their stored
chemical energy upon external stimuli such as heat, impact, shock, friction, and
electrostatic discharge [1–7]. Ionic molecular energetic materials containing high
nitrogen content are attractive for scientists and industries. They may be used as
energetic compounds because they have high density, positive heats of formation,
and thermal stability [8]. They frequently consist of high nitrogen content cations
such as substituted imidazole, triazole, and tetrazole derivatives and bulky anions
containing energetic groups, e. g. –NO2, –N3, and –CN. They can be considered as
eco-friendly, low-melting, and thermally stable ionic compounds [2]. Considerable
efforts have been done in recent years to introduce new organic and ionic molecular
energetic materials with high density because their higher density is always desirable
for packing more energy per unit volume.

The crystal density and condensed phase heat of formation of an energetic com-
pound are two important physicothermal properties, and are essential values in order
to be able predict the detonation performance using a thermodynamic equilibrium
code such as CHEETAH [9], or through empirical methods [1, 10–17]. The perfor-
mance characteristics of energetic compounds are proportional to their densities,
e. g. the Chapman–Jouguet pressure is proportional to the square of the initial den-
sity [1, 10]. Thus, it is essential to use suitable methods such as gas pycnometry or
low-temperature single crystal x-ray diffraction to determine the crystal density of
an energetic compound. New molecules which are candidates for possible use as
energetic materials can be synthesized, characterized, and formulated by reliable
predictive methods, and theoretical molecular design may be used to develop new

https://doi.org/10.1515/9783110740158-001
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2 | 1 Crystal density

energetic materials before synthesis is attempted. The synthesis of molecules with
significantly increased energy in comparison with current materials, as well as the
synthesis of very insensitive materials which have reasonable energies, have been
two important goals for scientists in recent years. Since it is essential to have reliable
methods to predict the density of energetic compounds, different approaches have
been developed to assess the crystal density of an energetic compound at 25 °C.

Attempts have been made to predict the crystal densities of proposed new ener-
getic compounds with satisfactory accuracy. A predicted crystal density that differs
by less than 0.03 g/cm3 from the experimentally obtained value should be defined
as “excellent”. A value that deviates between 0.03 and 0.05 g/cm3 from the experi-
mental value is still “informative” [18]. Quantum-mechanically determined molecu-
lar volumes [19–22], group additivity [23–25], empirical methods [26–29], quantitative
structure–property relationships (QSPR) based on complex descriptors [30, 31] and
molecular dynamics (MD) [32] are usual different approacheswhich have developed to
predict the crystal densities of different types of CaHbNcOd energetic compounds. The
group additivity method is a simple approach because it requires only a set of atoms
and group volumes that can be summed to obtain an estimate of the effective molecu-
lar volumeusinga simple computer code [24]. Tedious investigationshavebeenunder-
taken over the last 30 years or so to expand the list of atom and functional group vol-
umes [24, 25]. Although group additivity methods are simple to use with low cost, the
predicted valuewhich is obtainedmay showvery large deviation from the experitmen-
tally obtained value for some energetic compounds. Moreover, suchmethods can only
be used for those energetic compounds for which the values of all groups contained in
the compound have been specified. Quantum mechanical and empirical methods (or
QSPR) based on the structures of energetic compounds are more reliable approaches
to estimate the density of an energetic compound. The QSPR methods are based on
complex descriptors which develop a mathematical relationship connecting a macro-
scopic property of a series of compounds tomicroscopic descriptors derived from their
molecular structures using an experimental data set. They require computer codes
and expert users, aswell as complexdescriptors. The descriptors used inQSPRmodels
can be empirical, or computed on the basis of the molecular structure. Various statis-
tical tools includingmultilinear regression (MLR), nonlinear regression (NLR), partial
least squares (PLS), artificial neural network (ANN), genetic algorithm (GA) or support
vectormachine (SVM) are frequently used to derive themathematical equations (or al-
gorithms) linking the property anddescriptors [33, 34].MD is a computer simulation of
the physical movements of atoms and molecules in the context of N-body simulation.
Due to the higher reliability of quantummechanical and empirical methods (or QSPR)
based onmolecular/ionic structures, these approaches have been developed in recent
years for neutral and ionic liquid energetic compounds, which are described in this
chapter. Some efforts have been made to assess the detonation performance of newly
designed explosives and ionicmolecular energeticmaterialswithhighdetonationper-
formance in recent years [13, 15, 35–46]. Since high reliability is an important param-
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eter in selecting predictive methods for different classes of energetic compounds, sev-
eral of the best available methods are introduced and described in this chapter.

1.1 Group additivity method

The group additivity method sums the volume of atoms, molecular fragments, and
functional groups to estimate the molecular volume of an organic energetic com-
pound. It cannot explain the effect of parameters including the molecular confor-
mation, isomerism, and packing efficiency in the crystals on density. Moreover, it
provides the same results for organic explosives with different isomers and conforma-
tions. Thus, the reliability of group additivity methods is low as compared to the other
common methods. Ammon [47] has introduced the latest group additivity method
by including a larger database of groups, i. e. 96 different groups and atoms from
more than 26,000 crystals. Ye and Shreeve [48] introduced a suitable group additivity
method that only involves 38 atom/group parameters and three corrections. This ap-
proach considers the quantitative impact of strong hydrogen bonding on the densities
of energetic materials. Table 1.1 shows volume parameters for atoms, groups, and
fragments. The sum of the contributions of these volume parameters can be used to
estimate density at room temperature as

ρ = Mw
0.6022V

, (1.1)

whereMw is the molecular weight of the desired explosive in g/mol and V is the total
volume in Å3, respectively.

Example 1.1. N,N-bis(2-fluoro-2,2-dinitroethyl)nitramide has the following structure:

The use of equation (1.1) and Table 1.1 gives:

V = V(NO2) × 5 + V(F) × 2 + V(CH2, acyclic) × 2 + V(C, acyclic) × 2 + V(N)

= 36 × 5 + 12.5 × 2 + 24 × 2 + (24 − 10) × 2 + 10 = 291 Å3

ρ = Mw
0.6022V

=
334.10

0.6022 × 291
= 1.907 g/cm3.

The measured X-ray density of this compound is 1.917 g cm−3 [48].
Ye and Shreeve [48] considered corrections of sp3 C or sp3 N in two or more fused

rings as well as sp3 C in two or more caged rings and sp2 C in two or more rings, which
are important for the design of high energy density materials (HEDMs).
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Table 1.1: Volume parameters for atoms, groups, and fragments based on the method of Ye and
Shreeve [48].

Species Volume (Å3) Species Volume (Å3)

Neutral
Imidazole 84 1,2,4-triazole 79
Tetrazole 75 s-triazine 90
1,2,4,5-tetrazine 87 pyrimidine 100
Cubane 135 furazan 77
Benzene 110 pyridine 105

Groups
H (bonded to N) 7 H (bonded to C) 5
CH3 30 CH2 (acyclic) 24
CH2 (three- or four-membered ring) 22.5 CH2 (five- or six-membered ring) 22
CH2 (eight-membered ring) 21 CH (in isoWurtzitane)a 13.5
–C=C– 26.5 –C=N– 25
CN 30 –N=N– 26
NH2 20 NO2 36
NH 15 N3 41
N (in tetraazapentalene) 9.5 N (in other cases) 10
C=O (not in a ring) 25 C=O (in a ring) 22
COOH 41 OH 15
O (in ether or –O–NO2) 11.5 O (in other cases) 10
F 12.5 CF2 37.5
NF2 37 SF5 82

Corrections
strong hydrogen bonds for each NH2 or NH −8
each sp3 C or sp3 N in two or more rings −1
each sp2 C in two or three rings −2

aVolumes of other CHmoietieswere derived from respective CH2: V (CH) = V(CH2)−5/Å
3; while V (C) =

V(CH2) − 10/Å
3. bExcept in tetrazole where sp2 C does not need be corrected.

Example 1.2. Consider the following three HEDMs:

(a) GEMZAZ, aka DINGU (b) JAJBEB (c) PUTCEM, aka z-TACOT
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Necessary corrections for sp3 C, sp3 N and sp2 C in these compounds are marked with
an asterisk. The use of equation (1.1) and Table 1.1 for three compounds gives:
(a) Volume of each asterisk CH needs to be corrected by −1 Å3 in GEMZAZ.

V = V(NO2) × 2 + V(C=O, in ring) × 2 + V(NH) × 2 + V(N) × 2 + V(CH) × 2 − 1 × 2

= 36 × 2 + 22 × 2 + 15 × 2 + 10 × 2 + (22 − 5) × 2 − 2 = 198Å3

ρ = Mw
0.6022V

=
232.11

0.6022 × 198
= 1.947 g/cm3.

The measured X-ray density of GEMZAZ is 1.99 g/cm3 [48].
(b) There are eight asterisk –CH groups in three rings of JAJBEB. Thus, the volume of

each –CH must be corrected by −1 Å3.

V = V(NO2) × 2 + V(C=O, in ring) × 2 + V(NH) × 2 + V(N) × 2 + V(CH) × 2 − 1 × 2

= 36 × 2 + 22 × 2 + 15 × 2 + 10 × 2 + (22 − 5) × 2 − 2 = 380Å3

ρ = Mw
0.6022V

=
416.21

0.6022 × 380
= 1.819 g/cm3.

The measured X-ray density of JAJBEB is 1.828 g/cm3 [48].
(c) There are four sp2 C in two rings of PUTCEM. Each requires correction of −2 Å3 in

volume.

V = V(benzene) × 2 − V(H) × 8 + V(NO2) × 4 + V(N, in tetraazapentalene) × 4
− 2 × 4

= 110 × 2 − 5 × 8 + 36 × 4 + 9.5 × 4 − 2 × 4 = 354Å3

ρ = Mw
0.6022V

=
388.21

0.6022 × 354
= 1.821 g/cm3.

The reported X-ray density of PUTCEM is 1.830 g/cm3 [48].

Ye and Shreeve [48] corrected the volume of each NH2 or NH group by −8Å3 for
strong bonding in three categories: (i) both carbons vicinal to the NH2 or NH group
have nitro groups or one C–NO2 and oneN-oxide (N-O). Due to electronic and/or steric
effects, this condition cannot be applied if the NH2 group was substituted by an alkyl,
phenyl, or other electrondonating groups, e. g. N-methyl-2,4,6-trinitrobenzenamine
(JUPROB) or N-methyl-2,6-dinitro-4-(trifluoromethyl) benzenamine (FMANIL).

Example 1.3. The two –NH2 groups of N1-isopropyl-2,4,6-trinitrobenzene-1,3,5-tri-
aminewith the followingmolecular structure require correction for hydrogen bonding
but there is no need to consider correction of NH group because it is attached to a iso-
propyl group (electron donating) on –NH.
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The use of equation (1.1) and Table 1.1 provides:

V = V(benzene) − V(H) × 6 + V(NO2) × 3 + V(NH2) × 2 + V(NH) + V(isopropyl)
− V(hydrogen bonding) × 2

= 110 − 5 × 6 + 36 × 3 + 20 × 2 + 15 + (30 × 2 + 24 − 5) − 8 × 2 = 306Å3

ρ = Mw
0.6022V

=
300.23

0.6022 × 306
= 1.629 g/cm3.

The reported value of the X-ray density of this compound is 1.604 g/cm3 [48].
(ii) There is no need to correct the volume of the amino group remains at 20Å3 in

Table 1.1 when only one vicinal carbon bears a nitro group.Meanwhile, if themolecule
has C2 symmetry, the volume correction of NH2 groups by −8Å3 should be considered.
At least two nitro and two NH2 groups exist in the molecule and in the vicinal posi-
tion here. Three examples for this situation are 1,1-diamino-2,2-dinitroethene (FOX-7),
2,4,6-triamino-3,5-dinitropyridine (TIBMUM), and 2,6-diamino-3,5-dinitropyrimidine
(CIWMAW01).

Example 1.4. FOX-7 has the following molecular structure:

The use of equation (1.1) and Table 1.1 provides:

V = V(-C=C-) + V(NO2) × 2 + V(NH2) × 2 − V(hydrogen bonding)

= 26.5 + 36 × 2 + 20 × 2 − 8 = 130.5Å3

ρ = Mw
0.6022V

=
148.08

0.6022 × 130.5
= 1.884 g/cm3.

The measured value of density of this compound is 1.883 g/cm3 [48].
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(iii) The volume of the molecule also needs a correction of −8Å if some heterocy-
cles (triazole, pyrazole, etc.) include an –NHNO2 group and the heterocycle also has
an acidic N–H on the ring, e. g. 5-nitramino-1,2,4-triazole (NRTZ) and 3-nitramino-4,5-
dinitro-pyrazole.

Example 1.5. 5-Nitramino-1,2,4-triazole (NRTZ)with the followingmolecular structure
follows this condition.

The use of equation (1.1) and Table 1.1 provides:

V = V(1,2,4-triazole) − V(H) + V(NO2) + V(NH) − V(hydrogen bonding)

= 79 − 5 + 36 + 15 − 8 = 117 Å3

ρ = Mw
0.6022V

=
129.08

0.6022 × 117
= 1.832 g/cm3.

The reported value of density of NRTZ is 1.83 g/cm3 [48].

Two further new group additivity models were introduced recently for some spe-
cific classes of energetic compounds, which have been illustrated here.

1.1.1 The method of atomic contributions

Themethod of atomic contributions (MAC) uses the specific molar volume as a sum of
volumes of individual atoms constituting the crystal [49]. It can improve the accuracy
of the calculations of themolecular crystal density,which contains both explosive and
nonexplosive compounds. Thus, the density of molecular crystals is given as a ratio
of molar mass to molar volume:

ρ = Mw
(∑A=C,N ,O...∑

ni
i=1 Bi

Mi
ρi
+ ∑n2j=4 LjCjNj + ∑

n3
k=1 RkDkNk)

, (1.2)

where ρ is the density of the compound,Mw is themolecular weight of the compound,
Bi is the number of ith atoms in one mole,Mi is the mass of ith atom, Cj is a correction
for interactions in cycles, Nj is the number of atoms in a cycle of jth order, Lj is the
number of cycles of jth order in one mole, Dk is a correction for atomic functional
groups of kth type, Nk is the number of atoms in the group of k type, and Rk is the
number of groups of k type in one mole. This method is more complex than the other
group additivity methods. Smirnov et al. [49] used this approach for the calculation of
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the density of several nitramine compounds and energetic compounds containing the
oxadiazole ring.

1.1.2 Benzene-derived energetic compounds using atomic volumes

Hofmann [50] reported that the crystal density of a neutral or ionic compound can be
calculated by using the average atomic volumes of various elements aswell as thermal
expansion as follows:

ρ = Mw
0.01387a + 0.00508b + 0.0118c + 0.01139d

× 0.00164, (1.3)

where a, b, c, and d are the number of carbon, hydrogen, nitrogen, and oxygen atoms;
Mw is the molecular weight of the desired explosive. Ghule et al. [51] indicated that
equation (1.2) should be revised for those energetic compoundswith strongH-bonding
or with strong van der Waals or electrostatic interactions. It has been suggested to ac-
count for H-bonding between amino and oxygen-containing groups in group additiv-
itymethods because they underestimate the density [29, 52, 53]. Ghule et al. [51] found
that the existence of twoormore–NH2 or –NH+3 groups in themolecule increases. They
considered the contributions of these groups to improve the reliability of equation
(1.2) for those benzene-derived energetic compounds containing –NH2 and/or –NH+3
groups. Thus, they introduced the following equation for estimation of densities of
neutral nitrobenzenes, energetic salts, and cocrystals:

ρ = Mw
0.01387a + 0.00508b + 0.0118c + 0.01139d

× 0.00175. (1.4)

This equation is the simplest approach for the calculation of densities of the men-
tioned classes of energetic compounds.

Example 1.6. 2-[nitro(2,4,6-trinitrophenyl)amino]ethyl nitrate, 2,4,6-trinitrobenzene-
1,3-diamine (DATB) and 2-isopropyl-6-methylpyrimidin-1,3-diium-4-olate picrate have
the following structures:
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Equation (1.2) should be used for 2-[nitro(2,4,6-trinitrophenyl)amino]ethyl nitrate and
2-isopropyl-6-methylpyrimidin-1,3-diium-4-olate picrate because there is no –NH2
and/or –NH+3 groups in their benzene rings:

ρ = Mw
0.01387a + 0.00508b + 0.0118c + 0.01139d

× 0.00164

=
362.17

0.01387 × 8 + 0.00508 × 6 + 0.0118 × 6 + 0.01139 × 11
× 0.00164

= 1.760 g/cm3

ρ = Mw
0.01387a + 0.00508b + 0.0118c + 0.01139d

× 0.00164

=
381.30

0.01387 × 14 + 0.00508 × 15 + 0.0118 × 5 + 0.01139 × 8
× 0.00164

= 1.487 g/cm3

The reported crystal densities for 2-[nitro(2,4,6-trinitrophenyl)amino]ethyl nitrate and
2-isopropyl-6-methylpyrimidin-1,3-diium-4-olate picrate are 1.75 [54] and 1.44 g/cm3

[55], respectively.
Equation (1.3) should be used for DATB because there are two –NH2 groups in its

benzene ring:

ρ = Mw
0.01387a + 0.00508b + 0.0118c + 0.01139d

× 0.00175

=
243.14

0.01387 × 6 + 0.00508 × 5 + 0.0118 × 5 + 0.01139 × 6
× 0.00164

= 1.803 g/cm3

The reported crystal density for DATB is 1.83 g/cm3 [23].

1.1.3 The method of group additivity for estimating densities of energetic ionic
liquids and salts

Ye and Shreeve [48] introduced a group additivity method for energetic ionic liquids
and energetic ionic salts. They applied the method of the closed packed volume of
single ions to estimate the density of 59 ionic compounds containing energetic ionic
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liquids and energetic ionic salts at room temperature. They developed volume param-
eters, which depend on the packing of the component ions as well as the size and
shape of the ions and the ion–ion interactions. This approach can be used only for
limited classes of energetic ionic liquids and energetic ionic salts because many vol-
ume parameters of groups and fragments were not defined. The existence of energetic
groups such as –NO2, –N3, and –CN can increase strong H-bond interactions in a de-
sired energetic ionic liquid or energetic ionic salt. Ye and Shreeve [48] introduced the
effective volumes of cations and anions for calculation of molecular volume (V) of
room-temperature energetic ionic liquids and energetic ionic salts with general for-
mula MpNq as:

V = pV+ + qV−, (1.5)

where V+ and V− are the effective volumes of cations and anions, respectively. Equa-
tion (1.1) can be used to estimate the density. Table 1.2 shows volume parameters of
groups and fragments for ionic liquids and salts at room temperature. As seen, the vol-
ume parameters for ionic liquids and salts are different for some cations and anions.

Table 1.2: Volume parameters of groups and fragments for ionic liquids and salts at room tempera-
ture.

Species Volume (Å3) Species Volume (Å3)

Cations
1,3-2H-imidazolium (+)a 79 1,4-2H-1,2,4-triazolium (+) 73
1,4-2H-tetrazolium (+) 66 N–H-pyridinium (+)a 95
guanidinium (+) 69 triaminoguanidinium (+) 105
Me4N+ a 113 Me4P+ a 133
HMTA–H(+)b 155 NH+4

c 21
NH2NH3 (+) 30 azetidinium (+) 76

Anions
imidazolate (–) 93 1,2,4-triazolate (–) 87
1-tetrazolate (–) 80 (NO2)3C (–) 141
picrate (–) 218 NTO (–)d 123
NO−3 64 ClO−4 82
N(NO2)

−
2 98 N−3 60

NO−2 55 CN− 50
CF3CO2 (–) 108 CH3SO3 (–) 99
TfO− 129 PF−6 107
BF−4 73 Tf 2N−a 230
Br− 56 Cl− 47

Groups
CH3a 30 C=O (not in a ring) 24
NH2e 20 N 10
aFor ionic liquids: 1,3-dimethylimidazolium: 154; N-methylpyridinium: 146; Me4N+: 136; Me4P+:
163; 1,1-dimethylpyrrolidinium: 169; Tf2N−: 248; CH2: 28; CH3: 35; H 7Å3. bHMTA, hexamethylenete-
tramine. cV (NH+4 ) 15 Å

3 for inorganic salts. dNTO: 3-nitro-1,2,4-triazol-5-one. eFor very strong hydro-
gen bonds, V (NH2) 12 Å3.
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Example 1.7. Consider the following energetic salt:

The structure of the cation should be considered as follows:

The use of equations (1.1) and (1.5) as well as Tables 1.1 and 1.2 gives:

V+ = V(1,2,4-triazolium) − 2 × V(H, bonded to N) + V(CH3) + V(tetrazole)
− V(H, bonded to C) − V(H, bonded to N) + V(CH3)

= 73 − 2 × 7 + 30 + 75 − 5 − 7 + 30 = 182Å3

V− = V(ClO−4) = 82Å
3

V = V+ + V− = 182 + 82 = 264Å3

ρ = Mw
0.6022V

=
265.61

0.6022 × 264
= 1.671 g/cm3.

The reported crystal density for this energetic salt is 1.678 g/cm3 [48].

1.2 Quantum mechanical approach

1.2.1 Quantum mechanical approach for neutral energetic compounds

Quantum mechanical computations require high-speed computers to conduct com-
plicated calculations, and can be used for energetic molecules with simple molecular
structures [18, 20–22, 56]. Molecular surface electrostatic potential (MESP) was intro-
ducedbyPolitzer et al. [22, 57] and accounted for the intermolecular interactions in the
crystal. It has beenwidely used in recent years to estimate the density of many classes
of CaHbNcOd energetic compounds. The effectiveness of different MESP-based meth-
ods has been advanced to improve the reliability of estimations [18, 20–22, 56, 58–63].
Rice et al. [62] reviewed different quantum mechanical approaches for the predic-
tion of crystal densities of neutral molecular and ionic molecular crystals. Qiu et al.
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[21] introduced a very direct approach to estimate the crystal densities of nitramines
based on the ratio of the molecular mass and the volume of the isolated gas phase
molecule. Rice et al. [20] developed themethod of Qiu et al. [21] for primarily nitroaro-
matics, nitramines, nitrate esters and nitroaliphatics. They presented a method for
estimating the densities of neutral and ionic molecular crystals using the quantum-
mechanically determined molecular volume of an isolated molecule or formula unit
within the crystal as

ρ = M
Vm
, (1.6)

where ρ is the crystal density of energetic compound;M is the molecular mass of the
molecule in g/molecule and Vm is the volume inside the 0.001 a. u. isosurface of elec-
tron density surrounding the molecule which is calculated using density functional
theory (DFT) at the B3LYP/6-31G** level with the Gaussian program package. Politzer
et al. [22] improved the procedure presented by Rice et al. [20] by adding corrections
for electrostatic interactions, in order to better represent the intermolecular interac-
tions in both neutral and ionic molecular crystals. Rice et al. [62] used a suitable DFT
method based on the Politzer et al. method [22] for calculating the density of energetic
compounds through the interaction index νσ2tot as

ρ = α1(
M
Vm
) + β1(νσ

2
tot) + γ1, (1.7)

where ρ is in g/cm3; σ2tot and ν are the total variance of the electrostatic potential
on the 0.001 a. u. molecular surface and the degree of balance between the positive
and negative potentials on the molecular surface, respectively. The parameter v cal-
culates the degree of balance between the positive and negative potentials on the
molecular surface. The parameter vσ2Tot has a significant contribution to analytical
relations of condensed phase properties which depends on intermolecular inter-
actions. For the model of Politzer et al. [22], the values of three parameters α1, β1,
and γ1 are 0.9183, 0.0028, and 0.0443, respectively. Meanwhile, the values of these
parameters are α1 = 1.0462, β1 = 0.0021, and γ1 = −0.1586 for the model of Rice–
Byrd [62]. Politzer et al. [22] optimized the structure and the surface properties at
the B3PW91/6-31G(d,p) level whereas Rice–Byrd [62] applied the B3LYP/6–31G** level
for calculations. Wang et al. [64] compared the computed densities for thirty-one
aliphatic nitrates at room temperature using the density functional theory method
(B3LYP) in combination with six basis sets (3-21G, 6-31G, 6-31G*, 6-31G**, 6-311G* and
6-31+G**) and the semiempiricalmolecular orbitalmethod (PM3). They recommended
the B3LYP/6-31G*method because it providedmore reliable results to predict the crys-
talline densities of organic nitrates as compared to those obtained by the QSPR-based
method of Keshavarz and Pouretedal [28] as well as MESP-based method Rice–Byrd
[62]. Wang et al. [65] used experimental data of 3694 nitro compounds to introduce a
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molecularmorphology descriptor and a hydrogen-bond descriptor as correction items
of equation (1.5) to build three new density-functional theory (DFT)-QSPRmodels. For
about 91–93% of nitro compounds, the percent of deviations of the predicted results
are less than 5% at two levels of B3PW91/6-31G(d,p) and B3LYP/6-31G**. Details of
the coefficients α1, β1 and γ1 (which can be found by least square fitting with experi-
mental data), are given elsewhere [62]. For example, the calculated crystal densities of
somenewly designedderivatives of tetrazole, namely, 5,5′-((1Z,5Z)-3,4-dinitrohexaaza-
1,5-diene-1,6-diyl)bis(1-nitro-1H-tetrazole),5,5′-((1Z,5Z)-3,4-diaminohexaaza-1,5-diene-
1,6-diyl)bis(1-nitro-1H-tetrazole),5,5′-((1Z,5Z)-3,4-dinitrohexaaza-1,5-diene-1,6-diyl)bis
(1H-tetrazol-1-amine),3,3′-dinitro-3,3a,3′,3′a-tetrahydro-7H,7′H-[6,6′-bitetrazolo[1,5-e]
pentazine]-7,7′-diamine,3,3′-,7,7′-tetranitro-3,3a,3′,3′a-tetrahydro-7H,7′H-6,6′-bitetra-
zolo[1,5-e]pentazine are 1.95, 1.84, 1.86, 1.90 and 1.92 g/cm3, respectively [35], which
have high energy content [66]

Nirwan et al. [67] compared the reliability of the best available MESP-basedmeth-
ods to calculate the density of seven groups such as energetic compounds contain-
ing nitrate-esters, nitramines, and azides groups as well as energetic materials in-
cluding benzene, caged, strained, heterocyclic backbone, and fused rings. They com-
puted densities for 221 CaHbNcOd explosives of different chemical nature and func-
tional groups by these MESP-based methods and compared their outputs with the
measured values. They indicated that Politzer et al. [22] aswell as Rice andByrd (Rice–
Byrd) [62] methods can provide more reliable predictions as compared to the other
MESP-based methods.

The crystal packing method accounts for the molecular interactions and confor-
mation at a modest computational cost. It can also be used to predict the density of
energetic compounds. A particular force field cannot be handled for all classes of en-
ergetic compounds. The option of force field depends on the type of atoms, hybridiza-
tion, and chemical bonds in the desiredmolecule. Ghule andNirwan [68] used various
force fields in the crystal packing to evaluate their role for calculations of 68 energetic
materials including aromatic and nonaromatic backbone with explosophoric groups.
They predicted densities with the Dreiding force field for 84% energetic compounds
with the nonaromatic backbone that gave deviation within 5%. For 83% of energetic
materials including nonaromatic backbone, the estimated densities with the polymer
consistent force field (PCFF) were found within 4% deviation. Thus, the selection of
force field is essential for precise density estimation.

1.2.2 Energetic ionic liquids and salts as room temperature energetic materials

For ionic molecular crystals, Rice et al. [62] reparameterized the equation of Politzer
et al. [22] as follows:

ρ = α M
Vm
+ β∑(

V̄+s
A+s
) + γ∑(

V̄−s
A−s
) + δ, (1.8)
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where the contributions from every ionic molecule in the formula unit are summed
over the two ionic contribution terms. In this equation, V̄+s is the average of the posi-
tive values of Vs and A+s is the portion of the cation surface that has a positive electro-
static potential. Furthermore, V̄−s is the average of the negative values of Vs and A−s is
the portion of the anion surface that has a negative electrostatic potential. Rice et al.
[62] obtained the values of α, β, γ and δ through best fit parameters and have the fol-
lowing values: 1.1145, 0.02056 gA°2/(cm3 kcal/mol),−0.0392 gA°2/(cm3 kcal/mol) and
−0.1683 g/cm3, respectively.

1.3 Empirical methods for the calculation of the crystal density
of different classes of energetic materials

Empirical or quantitative structure-property relationship (QSPR) methods based on
molecular structures are important because they are easy, effective, and precisemeth-
ods for the density prediction of CaHbNcOd explosives. The computer code EMDB_1.0
[69] can calculate densities of organic compounds containing common energetic func-
tional groups including nitro (–NO2), nitrate (–ONO2), and nitramine (–NNO2) using
the best available QSPRmethods. For some classes of energetic compounds, the relia-
bility of these simple QSPRmethods is higher than the best available group additivity
approaches [5].

Some QSPR models based on complex molecular descriptors have also been de-
veloped in recent years. Themolecular structures of 26 energetic cocrystals have been
correlated with their densities by the artificial neural network (ANN) andmultiple lin-
ear regression (MLR) analysis models [70] through three complex molecular descrip-
tors. Two methods of ANN and MLR with five complex molecular descriptors have
also been used to predict the density of 172 polynitroarenes, polynitroheteroarenes,
nitroaliphatics, nitrate esters, and nitramines at room temperature [71]. It was found
in these works that the ANNmodel can give a more reliable prediction as compared to
the MLR model.

Different simple empirical methods have recently been introduced which enable
the reliable prediction of the crystal density of important classes of energetic com-
pounds at room temperature. These methods are reviewed here.

1.3.1 Nitroaromatic energetic compounds

It has been shown that the following general equation is suitable for most nitroaro-
matic high explosives [27]:

ρ′ = 10.57a + 0.1266b + 30.38c + 35.18d
Mw

, (1.9)
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where ρ′ is the uncorrected crystal density in g/cm3 (it can also be corrected for some
compounds in which the molecular structure or intermolecular forces can result in a
reduction or expansion of the volume of the compound), a, b, c and d are the number
of carbon, hydrogen, nitrogen, and oxygen atoms respectively, and Mw is the molec-
ular weight of the desired nitroaromatic energetic compound. This equation provides
core correlation for estimation of the crystal density for a large number of nitroaro-
matic explosives. The corrected crystal density correlations can be expressed for some
nitroaromatic energetic compounds according to the following:
(a) attachment of –N3 or –N+2 groups to an aromatic ring,

ρ = −0.0238 + 0.9615ρ′, (1.9a)

(b) presence of positive and negative charges on nitrogen:

ρ = 1.3022 + 0.3261ρ′, (1.9b)

(c) existence of N-oxide in a heterocyclic aromatic structure:

ρ = 1.3958 + 0.2657ρ′, (1.9c)

(d) attachment of an aromatic ring (–Ar) to –OR or –OAr′ where R and Ar′ are alkyl
and aromatic groups, respectively:

ρ = −0.5139 + 1.2532ρ′, (1.9d)

(e) the attachment of more than two –OH or –NH2 groups to the aromatic ring:

ρ = 1.1024ρ′, (1.9e)

(f) attachment of one –OH or two –OH, or two –NH2 groups to an aromatic ring:

ρ = 0.2332 + 0.8872ρ′, (1.9f)

(g) direct attachment of an aromatic ring to another aromatic ring (Ar–Ar):

ρ = −0.2164 + 1.093ρ′. (1.9g)

For any nitroaromatic compounds, the order inwhich the equations should be applied
is from equations (1.9a)–(1.9g).

Example 1.8. Equation (1.9a) should be used rather than equation (1.9f) to calculate
the crystal density of diazodinitrophenol (with the following molecular structure) be-
cause of the presence of the –N+2 group.
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Thus, the crystal density of diazodinitrophenol (C6H2N4O5) is calculated as follows:

ρ′ = 10.57a + 0.1266b + 30.38c + 35.18d
Mw

=
10.57(6) + 0.1266(2) + 30.38(4) + 35.18(5)

210.1

= 1.720 g/cm3

ρ = −0.0238 + 0.9615ρ′

= −0.0238 + 0.9615(1.720)

= 1.630 g/cm3.

The calculated value is the same as the measured value of 1.63 g/cm3 [54].

1.3.2 Acyclic and cyclic nitramines, nitrate esters and nitroaliphatic compounds

A study of nitrate esters andnitroaliphatic systems shows that the atomic composition
and number of special functional groups can be inserted into an empirical formula to
predict the uncorrected crystal density of these compounds according to the following
equation [26]:

ρ′ = 47.97a − 19.29b + 26.53c + 26.00d − 25.32nCOO − 0.6358nO + 11.54nOH
Mw

, (1.10)

where nCOO, nO and nOH are the number of ester, ether and alcohol functional groups,
respectively.

The corrected crystal densities for some particular examples of acyclic and cyclic
nitramines, nitrate esters, and nitroaliphatic compounds can be obtained based on
the molecular structure as follows:
(1) mononitroalkanes:

ρ = 0.4170 + 0.5970ρ′, (1.10a)
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(2) the attachment of two –NO2 groups to one carbon (which has no additional –
COO–, –O– or –OH functional groups):

ρ = 0.1233 + 0.8373ρ′, (1.10b)

(3) the attachment of three –NO2 groups to one carbon:

ρ = {
3.033 − ρ′ if nCH2

≥ 1.5nNO2
,

−0.3788 + 1.2569ρ′ if nCH2
≤ 0.6nNO2

.
(1.10c)

For thosemolecules that satisfy both conditions (2) and (3), equation (1.10c) rather
than (1.10b) should be used

(4) for nitrate compounds (without cyclic ring attachment), if nCH2ONO2
+ nCHONO2

≥ 4
then

ρ = 0.1745 + 0.9235ρ′; (1.10d)

(5) cage and cyclo nitro compounds in which only one –NO2 (not more) is attached
to a carbon atom:

ρ = −0.0515 + 0.9142ρ′. (1.10e)

For cyclic nitramines and nitramine compounds in which N–NO2 is attached to an
aromatic ring (such as in Tetryl), as well as polycyclic energetic compounds that con-
tain no more than one oxygen atom in the ring, the crystal density can be calculated
by

ρ = 13.15a − 5.303b + 39.72c + 29.34d
Mw

. (1.11)

For acyclic nitramines, the following correlation is used:

ρ = 66.86a − 27.37b + 52.96c + 12.81d
Mw

. (1.12)

Example 1.9. The calculated density of octanitrocubane (C8N8O16) can be obtained as
follows:

ρ′ = 47.97a − 19.29b + 26.53c + 26.00d − 25.32nCOO − 0.6358nO + 11.54nOH
Mw

=
47.97(8) − 19.29(0) + 26.53(8) + 26.00(16) − 25.32(0) − 0.6358(0) + 11.54(0)

464.1
= 2.181 g/cm3

ρ = −0.0515 + 0.9142ρ′

= −0.0515 + 0.9142(2.181)

= 1.943 g/cm3.

The calculated value is close to themeasured valuewhich is reported to be 1.979 g/cm3

[72].
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1.3.3 Improved method for the prediction of the crystal densities of nitroaliphatics,
nitrate esters and nitramines

For various nitroaliphatics, nitrate esters and nitramines, a more reliable general cor-
relation for predicting the densities of acyclic and cyclic nitramines, nitrate esters and
nitroaliphatic compounds than correlations (1.10), (1.11) and (1.12) was established,
and can be written as follows [28]:

ρ = 1.521 + 6.946a − 11.53b + 20.10c
Mw

− 0.1559ED + 0.1325EI, (1.13)

where EI and ED are specific structural parameters that can increase or decrease the
value of the crystal density, and the values of which are based on the molecular struc-
ture as follows:
(1) Nitroaliphatics and nitrate esters

(a) C(H)4−n(NO2 or ONO2)n: for nitro or nitrate derivatives of methane, the values
of ED and EI are 1.70 and 0.0, respectively.

(b) CnH2n+1(NO2 or ONO2): The values of ED and EI depend on the number of car-
bon atoms in the alkyl substituents of mononitro- or mononitrate-alkanes:
(i) if n = 2, then ED = 1 and EI = 0;
(ii) if n = 3, then ED = 0.5 and EI = 0;
(iii) if n = 4, then ED = 0 and EI = 0;
(iv) if n = 5, then ED = 0 and EI = 0.5;
(v) if n ≥ 6, then ED = 0 and EI = 0.75.

(c) CnH2n(NO2 or ONO2)2: The values of ED depend on the position of attachment
of the nitro or nitrate groups in dinitro- or dinitrate-alkanes:
(i) if two nitro or nitrate groups are attached to the same –CH2– group, ED =

1.5 and EI = 0;
(ii) if two nitro or nitrate groups are attached to one >CH– group, ED = 1.0

and EI = 0;
(iii) for the other cases, ED = 0.75 and EI = 0.

(d) If the OH group is present in nitro or nitrate compounds: EI = 0.4 and ED =
0.0.

(e) Nitrate compounds without OH groups:
(i) EI = 1.0 and ED = 0 for (CH2ONO2)4C;
(ii) EI = 0.5 and ED = 0 for compounds that contain (CH2ONO2)3- or two

(CH2ONO2)2-fragments.
(2) Nitramines

(a) (CnH2n+1)2NNO2:
(i) if n = 1, then ED = 1.5 and EI = 0.0;
(ii) if n = 2, then ED = 0.5 and EI = 0.0;
(iii) if n = 3, then ED = 0.0 and EI = 0.0;
(iv) if n ≥ 4, then ED = 0.0 and EI = 0.75.
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(b) The presence of specific molecular entities:
(i) if an aromatic ring is present then ED = 0.5 and EI = 0.0;
(ii) if the NH–NO2 functional group is present then ED = 1.5 and EI = 0.0;
(iii) for cyclic ethers EI = 1.0 and ED = 0.0;
(iv) if the –C(NO2)3 group is present then EI = 0.5 and ED = 0.0.

Example 1.10. The value of the calculated density for O2NOCH2CH2ONO2 can be ob-
tained as follows:

ρ = 1.521 + 6.946a − 11.53b + 20.10c
Mw

− 0.1559ED + 0.1325EI

= 1.521 + 6.946(2) − 11.53(4) + 20.10(2)
152.1

− 0.1559(0.75) + 0.1325(0)

= 1.457 g/cm3.

It should be pointed out that this compound follows part (iii) of condition (1) (c). The
estimated value is close to the measured value which is 1.48 g/cm3 [23].

1.3.4 Reliable correlation for the prediction of the crystal densities
of polynitro arenes and polynitro heteroarenes

From studying the crystal densities of various polynitro arenes and polynitro het-
roarenes, it has been shown that it is possible to correlate the crystal density with the
elemental composition, as well as to establish the positive and negative contributions
of some specific structural parameters using the following equation [29]:

ρ = −1.609 + 29.20a + 1.515b + 53.06c + 61.30d
Mw

+ 0.0703CPG − 0.0751CNG, (1.14)

where CPG and CNG are the positive and the negative contributions of some specific
structural fragments, which can be specified according to the following.

Prediction of CPG
(1) The presence of nOH ≥ 1 or nNHx

≥ 2 without extra further substituents such as the
methyl group:

CPG =
{{{
{{{
{

1.0 if nNO2
− nOH = 1 or nNO2

− nNHx
≥ 1;

2.0 if nNO2
− nNHx
= 0;

0.5 if nNO2
− nOH > 1.

(2) For polynitro benzene compounds containing a center of symmetry, or polynitro
heteroarenes with substituent N-oxide or the explosive containing more than two

groups, CPG = 1.0.

(3) For explosives that contain positive and negative charges on nitrogens, such as
tetranitrodibenzo tetraazapentalene (TACOT), CPG = 2.0.
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(4) For polynitro arenes containing the group, CPG = 3.0.

Estimation of CNG
(1) If the nitrate group is present:

CNG = {
1.0 for nNO3

= 1
2.0 for nNO3

≥ 2.

(2) For polynitroaromatics with –N3 or –N2 substituents, or polynitro arenes contain-
ing more than two alkyl substituents, the value of CNG is 1.0.

(3) If a polynitro arene cycle with only nitro substituents is directly attached to an-
other –Ar, –OR and –OAr or –NHAr (where R and Ar are alkyl and aromatic
groups), the values of CNG are 1.5, 1.0 and 0.75, respectively.

(4) For polynitro heteroarenes containing amino groups and in which more than two
heteroatoms are present per ring, the value of CNG is 1.0.

Example 1.11. 1,3,5-triazido-2,4,6-trinitrobenzene has the following structure:

The use of equation (1.14) gives

ρ = −1.609 + 29.20a + 1.515b + 53.06c + 61.30d
Mw

+ 0.0703CPG − 0.0751CNG

= −1.609 + 29.20(6) + 1.515(0) + 53.06(12) + 61.30(6)
336.1

+ 0.0703(0) − 0.0751(1)

= 1.826 g/cm3.

The measured crystal density is 1.805 g/cm3 [54]. Thus, the percent of deviation
(%Dev) of the new method from the measured value is 1.24. The calculated crystal
densitywhich is obtainedby the groupadditivitymethodofAmmon [24] is 1.630 g/cm3

(%Dev = −9.70).

1.3.5 The extended correlation for the prediction of the crystal density
of energetic compounds

It was found that it is possible to establish a general correlation to predict the crystal
density of different classes of energetic compounds includingvariouspolynitroarenes,
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polynitroheteroarenes, nitroaliphatics, nitrate esters and nitramines as follows [73]:

ρ = 1.753 + −10.24b + 9.908c
Mw

+ 0.0992IMP − 0.0845DMP, (1.15)

where IMP and DMP are two correcting functions that depend on intermolecular in-
teractions for increasing and decreasing the second and third terms in equation (1.15),
respectively. For different classes of energetic compounds, the values of IMP andDMP
can be specified based on the molecular structure according to the rules which are
outlined in the following subsections.

Structural parameters affecting IMP
(1) –OH or –ONH4: The value of IMP is 1.0. This codition cannot be applied for the

attachment of further alkyl groups to polynitroarenes.
(2) The attachment of both –NHx and nitro groups to carbocyclic aromatic molecular

fragments: For those compounds that follow the conditions 1 ≤ nNO2
− nNHx
< 0

and nNO2
− nNHx
= 0, the values of IMP are 0.9 and 1.8, respectively.

(3) The presence of , or more than two groups: If thesemolec-

ular fragments are present, the value of IMP is 1.0, except if the –NH– group is
present between two aromatic rings, i. e. Ar–NH–Ar.

(4) Cyclic nitramines: The value of IMP is 1.0.
(5) (CH2ONO2)4C and two groups (CH2ONO2)3–: if the (CH2ONO2)4C or two groups

(CH2ONO2)3– are present, the values of IMP are 1.5 and 0.5 respectively.
(6) Nonaromatic cyclic compounds containing nitro groups: The value of IMP equals

0.9.

Structural moieties affecting DMP
(1) Nitrobenzenes: For nitrobenzenes which contain only one benzene ring, DMP =

0.5, except for those compounds in which b = 0. If the two nitrobenzene rings are
connected to each other through an –O– or –N=N– group, the values of DMP are
2.3 and 1.0, respectively.

(2) CH4−n(NO2 or ONO2)n or the presence of the –N3 group: The value of DMP is 3.3.
(3) CnH2n+1(NO2 or ONO2)2:

(a) if twonitro or nitrate groups are attached to the same carbonatom,DMP = 2.2;
(b) if two nitro or nitrate groups are attached to two different carbon atoms,

DMP = 1.5.
(4) Nonaromatic nitro and nitrate compounds in which –NO2 or –ONO2 groups are

attached to a –CH2– group: The value of DMP is 0.6 for the following conditions:
(a) additional oxygen atoms are present in addition to those present in the –NO2

or –ONO2 groups in those energetic compoundswith general formula R–CH2–
(NO2 or ONO2) or R–CH2–(NO2 or ONO2)2;

(b) more than two –NO2 or –ONO2 groups are present.
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Structural moieties affecting both DMP and IMP
(1) Cn+1H2n+3(NO2 or ONO2): The values of IMP and DMP depend on the number of

carbon atoms in the alkyl substituents:
(a) if n = 1, then DMP = 1.9;
(b) if n = 2, then DMP = 1.0;
(c) if n = 3, then DMP = 0.0;
(d) if n ≥ 4, then IMP = 1.0.

(2) (CnH2n+1)2NNO2: The number of carbon atoms is important for the prediction of
IMP and DMP in acyclic nitramines:
(a) if n = 1, then DMP = 2.1;
(b) if n = 2, then DMP = 0.0;
(c) if n ≥ 3, then IMP = 1.4.

This method is more complex than previous methods.

Example 1.12. 1,3,3-Trinitroazetidine (TNAZ) is a melt-cast explosive with the follow-
ing molecular structure:

The present method can be applied as follows:

ρ = 1.753 + −10.24b + 9.908c
Mw

+ 0.0992IMP − 0.0845DMP

= 1.753 + −10.24(4) + 9.908(4)
192.1

+ 0.0992(1) − 0.0845(0)

= 1.845 g/cm3.

The predicted value is close to the measured value of 1.84 g/cm3 [72].

1.3.6 Energetic azido compounds

It has been shown that the molecular structures of energetic azido compounds can be
used to evaluate the density using the following correlation [74]:

ρ = 1.2 + 0.01c + 0.26d
a
− 0.1a

c
+ 0.04ρ+azide − 0.52ρ

−
azide. (1.16)
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The two correcting parameters ρ+azide and ρ
−
azide are defined on the basis of the presence

of certain molecular fragments as follows.
(1) The value of ρ−azide is 0.1 if two substituents of the following form are present:

(2) The value of ρ−azide is 0.5 if the following molecular moiety is present in the com-
pound, where R is an alkyl group:

(3) The value of ρ+azide is 1.0 if the following fragment is present:

(4) The value of ρ+azide is 2.0 if the –C(NO2)–CH2–O– fragment is present.
(5) If more than two –NNO2 groups are present, the values of ρ+azide are 0.5 and 2.0 for

acyclic and cyclic nitramines, respectively.

Example 1.13. Using this method to calculate the density of 1,3-diazido-2-nitro-2-aza-
propane with the following structure gives

ρ = 1.2 + 0.01c + 0.26d
a
− 0.1a

c
+ 0.04ρ+azide − 0.52ρ

−
azide

= 1.2 + 0.01(8) + 0.262
2
− 0.1 2

8
+ 0.04(0) − 0.52(0)

= 1.52 g/cm3.

If the complex quantummechanical method is used, a value of 1.45 g/cm3 is obtained
[74], while the experimental determined value is 1.43 g/cm3 [75].
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1.4 Empirical methods for the assessment of the crystal density
of hazardous ionic molecular energetic materials using the
molecular structures

SomeQSPRmethods based on the structure of ionic compounds have been introduced
in recent years for predicting their densities. The computer code EMDB_1.0 [69] uses
suitable QSPR methods to calculate densities of ionic molecular energetic materials.
There are several empirical methods which can be used to predict the crystal density
of ionic molecular energetic materials, and which are demonstrated here.

1.4.1 Two general empirical methods

It was shown that the elemental composition of an ionic molecular energetic com-
pound with general formula CaHbNcOd can be used to predict its crystal density as
follows [76]:

ρ = 2.148 − 7.767a + 6.261b + 4.154c
Mw

. (1.17)

The presence of some specific molecular moieties may enhance or reduce the molec-
ular packing in ionic molecular energetic materials. Equation (1.17) can be improved
by considering the effects of two correcting functions for increasing and decreasing
density (ρ+ and ρ−) as

ρ = 2.137 − 8.653a + 6.273b + 3.561c
Mw

+ 0.1241ρ+ − 0.09772ρ−, (1.18)

where ρ+ and ρ− are two correcting functions that are equal to 1.0 for the presence of
the following specific molecular moieties:

(1) ρ+: the molecular fragments , , or

are present in a cyclic structure.

(2) ρ−: the molecular moieties and are present in a cyclic

structure, as well as , except in the presence of a bulky an-

ion such as picrate.

Example 1.14. Triaminoguanidinium 4,5-dicyano-1,2,3-triazolate has the following
structure, and the measured crystal density of this compound is 1.48 g/cm3 [62]:
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The use of equation (1.17) and (1.18) gives

ρ = 2.148 − 7.767(5) + 6.261(9) + 4.154(11)
223.2

= 1.517 g/cm3 (%Dev = 2.5);

ρ = 2.137 − 8.653(5) + 6.273(9) + 3.561(11)
223.2

+ 0.1241(0) − 0.09772(0)

= 1.515 g/cm3 (%Dev = 2.3).

The calculated values which have been obtained by two quantum mechanical meth-
ods reported by Rice et al. [20, 62] are 1.503 (%Dev = 1.5) and 1.428 g/cm3 (%Dev =
−3.5), respectively.

1.4.2 The effects of various substituents on the density of tetrazolium nitrate salts

It was found that the effect of various substituents such as N3, NO2, NH2, NF2, CN and
CH3 on the density of tetrazolium nitrate salts with general formula CaHbNcOdFe can
be shown by calculating the density using [77]:

ρ = 1.592 + 0.015c + 0.077e + 0.068PF2 + 0.143PNO2
− 0.081PCH3

− 0.072ρ−tetrazolium nitrate, (1.19)

where PF2 , PNO2
and PCH3

indicate the presence of the –NF2, –NO2, and –CH3 groups
in the salts, respectively. The value of ρ−tetrazolium nitrate is 1.0 if the following structures
are present:
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Example 1.15. The crystal density of the 1,5-dinitro-3H-tetrazolium nitrate salt con-
taining the following cation

can be calculated as follows:

ρ = 1.592 + 0.015c + 0.077e + 0.068PF2 + 0.143PNO2
− 0.081PCH3

− 0.072ρ−tetrazolium nitrate

= 1.592 + 0.015(7) + 0.077(0) + 0.068(0) + 0.143(1) − 0.081(0)
− 0.072(0)

= 1.840 g/cm3.

The measured crystal density of this compound is 1.87 g/cm3 [37].

1.4.3 Predicting the density of tetrazole–N-oxide salts

A suitable correlation has been introduced to estimate the density of tetrazoleN-oxide
salts using molecular structure descriptors, which has the following form [78]:

ρ = 1.514 − 0.047a − 0.025b + 0.028c + 0.073d − 0.039nH2O + 0.075TET
+ 0.172ρ+Tetrazole–N-oxide − 0.118ρ

−
Tetrazole–N-oxide (1.20)

where nH2O is the number of the H2O molecules in the crystal of the salt; the values
of TET parameter are 1.0 and zero for tetrazole salts containing 1-N-oxide and 2-N-
oxide fragment, respectively; ρ+Tetrazole–N-oxide and ρ

−
Tetrazole–N-oxide are the positive and

negative nonadditive structural parameters, which are defined as [78]:
(a) ρ+Tetrazole–N-oxide: The value of ρ

+
Tetrazole–N-oxide is 1.0 when there is a 2-hydroxytetra-

zole fragment in a tetrazole N-oxide energetic molecule.
(b) ρ−Tetrazole–N-oxide: The value of ρ

−
Tetrazole–N-oxide is 1.0 for ammonium tetrazolate-1-N-

oxide salts.
(c) For the presence of amino-nitroguanidinium as the cation of the tetrazole N-oxide

salt, the value of ρ−Tetrazole–N-oxide is 1.0.
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Example 1.16. Bis(oxalyldihydrazidinium) 1H,1H-5,5-bitetrazole-1,1-diolate has the
following molecular structure:

The use of equation (1.20) gives:

ρ = 1.514 − 0.047a − 0.025b + 0.028c + 0.073d − 0.039nH2O + 0.075TET
+ 0.172ρ+Tetrazole–N-oxide − 0.118ρ

−
Tetrazole–N-oxide

= 1.514 − 0.047 × 6 − 0.025 × 14 + 0.028 × 16 + 0.073 × 6 − 0.039 × 0 + 0.075 × 1
+ 0.172 × 0 − 0.118ρ−Tetrazole–N-oxide × 0

= 1.843 g/cm3

The measured crystal density of this compound is 1.847 g/cm3 [79].

1.5 Summary

Different empiricalmethods have been introduced in this chapter to predict the crystal
densities of important classes of neutral and ionic molecular energetic compounds.
Among different group additivity methods, more reliable approaches are introduced
in section 1.1 for estimation of densities of neutral and ionic molecular energetic com-
pounds at room temperature. For neutral energetic compounds, equations (1.9) to
(1.12) are very simple approaches in comparison with other correlations, but their reli-
abilities are lower. Due to the high complexity of equation (1.15), it is recommended to
use equations (1.13) and (1.14) to assess the crystal densities of various classes of ener-
getic compounds, including polynitroarenes, polynitroheteroarenes, nitroaliphatics,
nitrate esters, and nitramineswith the general formula CaHbNcOd. For energetic azido
compounds with general formula CaHbNcOd, equation (1.16) is a suitable relationship
which can be used to predict the crystal density. For ionic molecular energetic com-
pounds with general formula CaHbNcOd, the use of equation (1.18) is recommended to
calculate the crystal densities. Finally, equations (1.18) and (1.19) provide good correla-
tions for predicting the crystal densities of tetrazolium nitrate and tetrazole–N-oxide
salts, respectively.
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The presence of certain energetic groups in organic compounds results in unsta-
ble compounds since the heats of detonation/combustion depend upon the pres-
ence of these functional groups [1, 10, 80]. Organic compounds containing energetic
groups can decompose, ignite, or explode on exposure to external stimuli such as
heat, impact, shock or an electric spark. Thus, the search for new organic energetic
compounds with superior performance and lower sensitivity to undesired stimuli is
important in both modern civil and military applications.

The condensed (solid or liquid) phase heat (or enthalpy) of formation of an ener-
getic substance at 298.15 K is a measure of its energy content. It is an important factor
to consider in the design, assessment and thermochemical stability of energetic com-
pounds because knowledge of this value is essential in order to allow the evaluation
of the performance properties of explosives and propellants such as the detonation
pressure, heat of detonation, and specific impulse using theoretical methods [81–83].
Calorimetry is usually used to measure the condensed phase heat of formation of en-
ergetic compounds, but it is a time-consuming and destructive technique. Since it re-
quires extremely pure samples [84], calorimetric measurements also have problems
that can increase the uncertainty, e. g. completeness of the reaction or the production
of undesired products [85]. Various computer codes which are used to calculate the
detonation and combustion properties of energetic compounds such as EXPLO5 [86],
EDPHT [87–89] and NASA-CEC-71 [90] require the value for the condensed phase heat
of formation. Appendix A shows the measured values of the condensed phase heats
of formation for well-known pure and composite explosives.

2.1 Condensed and gas phase heats of formation
of energetic compounds

Different methods have been used to predict the condensed phase heat of formation
of compounds containing energetic groups. Prediction of the condensed phase heat
of formation can be achieved using different computational methods, in particular:
group additivity, molecular mechanics (MM), quantum mechanical (QM) and empir-
ical methods, or quantitative structure property relationships (QSPR) based on the

https://doi.org/10.1515/9783110740158-002
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molecular structure [91, 92]. These methods can be classified in two different ap-
proaches for estimation of the condensed phase heat of formation. The first approach
uses indirectly the heat of phase change property, i. e. the heats of sublimation and va-
porization. The second approach utilizes directly the molecular structure of energetic
materials wherein the methods of QSPRs were used. Many energetic compounds exist
in the solid phase at room temperature. Thus, different methods were introduced to
calculate the heat of sublimation in the first approach, i. e. group additivity [93, 94],
QSPR based on complex descriptors [95], molecular surface electrostatic potential
[96], and other QSPR schemes based on simple structural descriptors [97–100]. Many
of the mentioned methods require complex computer codes but some models require
the molecular structure of energetic materials, which are illustrated here.

2.1.1 QM, MM and group additivity approaches

Density functional theory (DFT) canprovidehighly accurate values for quantities such
as bond strengths and heats of formation of energetic compounds. Sana et al. [101] in-
troduced the term stabilization energy, which measures special effects such as bond
interaction and electron dislocation. It was shown that –NO2 groups result in a high
destabilization energy.DifferentQMmethods canpredict the gasphaseheats of forma-
tion of energetic compounds [81]. The determination of the geometries and enthalpies
of formation of molecules using MM is widely used for large chemical systems. Thus,
MM2 [102], MM3 [103] and MM4 [104] have been parametrized [105]. The MM2 method
has been used for the prediction of the gas phase heats of formation of nitro com-
pounds [106]. MM methods are fast and inexpensive, however, due to the lack of re-
liable parameters for some compounds, their application is limited [84, 107]. Several
semiempirical QM methods have been parametrized to enable the prediction of the
energies and enthalpies of formation. In contrast to MMmethods, parametrization of
the semiempirical methods has been performed over a wide range of atoms and com-
pounds. A more general parametrization leads to an increase in the uncertainties of
the semiempirical methods [84]. Thus, several modifications such as AM1 [108], PM3
[109], PM6 [110] and PM7 [111] have been introduced to extend the domain, as well
as to increase the accuracy. AM1 and PM3 methods have been used to predict the gas
phase heats of formation of aromatic and aliphatic nitro compounds [112]. The PM3
method has also been used for the indirect prediction of the condensed phase heats
of formation of nitroaromatic compounds [113].

Hess’s law can be used to calculate the solid and liquid phase heats of formation
using the predicted heats of vaporization and sublimation. The heat of sublimation
or sublimation enthalpy has an important role in the assessment of the strength of
intermolecular cohesion. It provides a valuable indicator of crystal stability and va-
por pressure of organic compounds containing energetic groups such as –O–O–, –N3,
–ON=O, –NO2, –ONO2, and –NNO2 in the solid state [114]. Energetic compounds may
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exist in the solid or liquid phase at room temperature. Solid and liquid phase heats
of formation of energetic compounds can be obtained by subtraction of the heat of
sublimation from the gas phase value as [115]:

ΔfH
θ(s) = ΔfH

θ(g) − ΔsubH
θ (2.1)

ΔfH
θ(l) = ΔfH

θ(g) − ΔvapH
θ , (2.2)

where ΔfHθ(s) is the standard solid phase heat of formation; ΔfHθ(l) is the standard
liquid phase heat of formation; ΔfHθ(g) is the standard gas phase heat of formation;
ΔsubHθ is the standard heat of sublimation; ΔvapHθ is the standard heat of vaporiza-
tion. Some accurate methods exist for the calculation of ΔfHθ(g) for neutral energetic
compounds. Byrd and Rice [116] used DFT coupled with an atom and group contri-
bution method for estimation of ΔfHθ(g). For a test set of 45 energetic compounds,
Ohlinger et al. [117] introduced T1 as a novel multilevel computational method to com-
pare the ability of six different methods for accurate calculation of ΔfHθ(g). Akutsu
et al. [106] combined the heats of vaporization and sublimation using the additiv-
ity rule with the calculated gas phase heats of formation data from the PM3 and MM2
methods to calculate the condensed phase heats of formation. It was shown that there
is a correlation between the statistically-based quantities of electrostatic potentials
mapped onto isodensity surfaces of isolated molecules and their heats of sublima-
tion and vaporization [118]. Rice and coworkers [119, 120] used the 6-31G* basis set
and the hybrid B3LYP density functional to convert quantum mechanical energies
of molecules into gas phase heats of formation. They used the surface electrostatic
potentials of individual molecules for computation of the heats of sublimation and
vaporization.

Politzer et al. [121] introduced the following equation for calculation of the en-
thalpy of sublimation:

ΔsubH
θ = w1(SA)

2 + w2(σ
2
totν)

0.5
+ w3, (2.3)

where SA ismolecular surface area; σ2tot indicates the variability of the potential on the
molecular surface; ν shows a degree of the balance between positive and negative re-
gions. The mentioned parameters w1, w2, and w3 in equation (2.3) can be determined
from least-squares fitting to reliable values of the enthalpies of sublimation of organic
compounds containing energetic groups. Byrd and Rice [116] used experimental data
ΔsubHθ for 23 different energetic compounds to obtain these parameters. Equation (2.3)
was widely used in recent years for the prediction of the ΔfHθ(s) values of newly de-
signed energetic compounds [122–128]. Some efforts have been made to improve the
prediction accuracy of equation (2.3) by optimizing the parameters w1, w2, and w3 for
a very narrow class of compounds such as energetic tetrazine derivatives [129].

Politzer et al. [121] inserted an average deviation of electrostatic potential (Π) in
equation (2.3) to measure local polarity as an additional parameter:

ΔsubH
θ = w1(SA)

2 + w2(σ
2
totν)

0.5
+ w3 + w4Π. (2.4)
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Suntsova and Orofeeva [96] adjusted the parameters w1, w2, w3 and w4 in equations
(2.3) and (2.4) using the reported enthalpies of sublimation for 185 compounds, includ-
ing 148 and 37 compounds for training and test sets, respectively. The overall perfor-
mances of equations (2.3) and (2.4) are close to each other but the maximum absolute
deviation of equation (2.4) is lower [96]. Equation (2.4) was used to predict ΔfHθ(s)
some tetrazole-, tetrazine-, furazan-, and furoxan-based energetic compounds [96].

Group additivity methods can be used to estimate the ideal gas phase heats of
formation, using, for example, the methods of Benson, Yoneda and Joback [130]. For
these methods, assemblies of adjacent atoms are defined as groups, so that the en-
thalpy of the molecule is calculated by the summation of the contributions of the
groups. Further parameters may be used to consider the effects of strain, resonance
and conjugation. Group additivity methods can also be used to calculate the con-
densed phase heat of formation for some specific classes of energetic compounds.
Due to the presence of different molecular interactions, molecular packing, and poly-
morphism in some solid compounds, prediction of the condensed phase heat of for-
mation is more difficult than of the gas phase heat of formation [131]. Several group
additivity methods have been used to predict the condensed phase heat of formation
of common CHNO energetic materials [131, 132]. For example, Bourasseau [133] ap-
plied the group additivity method to predict the standard heats of formation at 298K
of aliphatic and alicyclic polynitro compounds. Salmon and Dalmazzone [132] also
introduced a group contribution method that can be applied to large classes of CHNO
energetic compounds to predict enthalpies of formation in the solid state (at 298.15 K).
Argoub et al. [131] introduced a suitable method which provides significant improve-
ments in accuracy and applicability as compared to the various group contribution
methods for estimating ΔfHθ(s). Their model has a simple linear form as [131]:

ΔfH
θ(s) =

N
∑
i
ni × Ai, (2.5)

where Ai shows the contribution of the first-, second-, or third-order group of type i,
which occurs ni times [134] in a desired organic compound. Reliability of group contri-
butionmethods is lower than that of quantummechanicalmethods aswell as of QSPR
models based on molecular moieties for estimation of ΔfHθ(s) in high-energy content
organic compounds [88, 134–138]. It was shown that the reliability of the method of
Argoub et al. [131] is lower than that of QSPR models based on molecular fragments
[134]. However, group additivity methods have some restrictions, e. g.
(1) they cannot be used for energetic materials which exist in the liquid state at

298.15 K,
(2) the group contributions of some functional groups have not yet been defined in

the models, and
(3) for compounds which exhibit unusual chemical structures, additivity methods

cannot be used.
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2.1.2 Empirical approaches or QSPR methods on the basis of structural parameters

There are several methods which can be used to predict the condensed phase heats
of formation of some classes of energetic compounds. Among these methods, there
is a complex method in which the solid phase heat of formation of a desired CHNO
explosive in the range Qcorr > 4602 kJ/g [139] (Qcorr is the corrected heat of detonation
on the basis of Kamlet’s method [140]), can be predicted based on its approximate
detonation temperature. The other methods use the molecular structures of energetic
compounds, and are reviewed here.

Simple procedure for nitroaromatic energetic materials
It was shown that the following general equation is suitable for calculating the con-
densed phase heat of formation for most nitroaromatic and benzofuroxan-based en-
ergetic compounds with general formula CaHbNcOd [141]:

ΔfH
θ(c) = 32.76a − 33.96b + 69.12c − 116.32d
+ 124.8nNO2

− 65.10nAr–NH − 93.64nOH − 202.3nCOOH
+ 13.56(nAr − 1) + 121.4n–N=N– + 223.2ncyclo-N–O–N, (2.6)

where ΔfHθ(c) is the standard heat of formation of a specific compound in the con-
densed phase (solid or liquid) in kJ/mol; nNO2

, nOH and nCOOH are the number of nitro,
hydroxyl, and carboxyl functional groups, respectively; nAr–NH is the number of NH
(or NH2) functional groups attached to aromatic rings, nAr is the number of aromatic
rings, n–N=N– is the number of non-cyclic –N=N–groups and ncyclo-N–O–N is the number

of (in benzofuroxan compounds) groups.

Example 2.1. The condensed phase heat of formation of

is calculated as follows:

ΔfH
θ(c) = 32.76a − 33.96b + 69.12c − 116.32d
+ 124.8nNO2

− 65.10nAr–NH − 93.64nOH − 202.3nCOOH
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+ 13.56(nAr − 1) + 121.4n–N=N– + 223.2ncyclo-N–O–N
= 32.76(24) − 33.96(6) + 69.12(14) − 116.32(24)
+ 124.8(12) − 65.10(0) − 93.64(0) − 202.3(0)
+ 13.56(4 − 1) + 121.4(1) + 223.2(0)
= 417.8 kJ/mol.

The measured ΔfHθ(c) of this compound is 480.3 kJ/mol [142].

More reliable approach for nitroaromatic energetic materials
It was shown that a more reliable approach can be used to calculate the condensed
phase heat of formation for nitroaromatic compounds that have complex anddifferent
molecular structures according to [137]:

ΔfH
θ(c) =

2.690a − 2.896b + 2.876c − 2.784d
−1.701(n′Ar − 1) − 1.607( nNO2nDFG/SP

× E) + 3.246( nIFG/SPnNO2
× F)

Mw × 10−4 , (2.7)

where Mw is the molecular weight of nitroaromatic compound. Three variables n′Ar,
E and F can be predicted based on the following situations:
(1) n′Ar: The value of n′Ar is equal to nAr. Therefore, for the presence of one and two

aromatic rings, n′Ar is equal to one and two, respectively. In the case of nAr ≥ 3, n′Ar
equals nAr except if there is one nitro group (e. g. in 2,2′,2″,4,4′,4″,6,6′,6″-nona-
nitro-1,1′:3′,1″-terphenyl) or nitrogen atom (e. g. in 2,4,6-tripicryl-1,3,5-triazine) be-
tween two aromatic rings in which n′Ar = 0. If the –N=N– group is attached to an
aromatic ring, the value of n′Ar is also equal to zero.

(2) nDFG/SP and E: The ratio nNO2
/nDFG/SP and E are defined for different functional

groups or structural parameters as follows:
(a) nDFG/SP = nOH: For nNO2

= 1, E is equal to 1.0. However, if nNO2
> 1, then E = 0.5

and 1.75 for nOH = 1 and 2, respectively.
(b) nDFG/SP = nNHx

: For nNO2
= 1, E is equal to 0.0. However, if nNO2

> 1, E = 0.75
and 0.667 for nNHx

= 1 and > 1, respectively. For the presence of a ring con-
taining >NH group attached to two aromatic rings (e. g. tetranitrocarbazole),
E = 1.25.

(c) nDFG/SP = n–C(=O)–: If the –C(=O)–OH group is present, E = 1.75. The value of
E = 0.875 for the attachment one –C(=O)– to two aromatic rings (e. g. (2,4-di-
nitrophenyl)(2,4,6-trinitrophenyl)methanone).

(d) Polynitro naphthalene: nNO2
/nDFG/SP × E = 2.0.

The higher value of nNO2
/nDFG/SP × E can be used for the presence of multiple

types of functional groups, e. g. –OH and –NH2. Thus, nNO2
/nDFG/SP ×E = 0.75

in 2-amino-4,6-dinitro-phenol.
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(3) nIFG/SP and F: The ratio nIFG/SP/nNO2
can be used to predict the values of F as

follows:
(a) nIFG/SP = n–R/–OR: on attachment of –R or –OR to an aromatic ring, F = 2.0.
(b) nIFG/SP = n–NH–NH2

: on attachment of hydrazine to an aromatic ring, F = 1.0.
(c) nIFG/SP = n–N=N–: If the ratio n–N=N–/nNO2

≥ 0.167, nNO2
/nDFG/SP × F = 12.0. For

other nitro compounds containing –N=N– groups, nNO2
/nDFG/SP × F = 6.0.

Example 2.2. The condensed phase heat of formation of the compound given in Ex-
ample 2.1 is calculated as

ΔfH
θ(c) =

2.690a − 2.896b + 2.876c − 2.784d
−1.701(n′Ar − 1) − 1.607( nNO2nDFG/SP

× E) + 3.246( nIFG/SPnNO2
× F)

Mw × 10−4
=

2.690(24) − 2.896(6) + 2.876(14) − 2.784(24)
−1.701(0) − 1.607(0) + 3.246(6)

874.4 × 10−4
= 458.7 kJ/mol.

Since the measured ΔfHθ(c) of this compound is 480.3 kJ/mol [142], the predicted
ΔfHθ(c) result obtained using equation (2.7) is close to the value obtained from the
experimental data.

Using the estimated gas phase enthalpies of formation from the PM3 and B3LYP
methods
For nitroaromatic energetic compounds, it was found that the estimated gas phase
heat of formation can be used to predict the condensed phase heat of formation. Two
suitable correlations on the basis of the B3LYP/6-31G* and PM3 as follows [113]:

ΔfH
θ(c) = 0.874[ΔfH

θ(g)]B3LYP/6-31G* + 35.575a − 22.59b − 31.947d

+ 30.5nNO2
− 141.91nAr, (2.8)

ΔfH
θ(c) = 0.911[ΔfH

θ(g)]PM3 − 10.8b + 26.968d

+ 46.17nNO2
− 101.14nN2

− 319.129nTRs, (2.9)

where [ΔfHθ(g)]B3LYP/6-31G* and [ΔfHθ(g)]PM3 are the calculated gas phase heats of for-
mation in kJ/mol using the B3LYP/6-31G* and PM3 methods, respectively; nN2

is the
number of –N=N– or –N≡N groups; the nTRs is the number of the attachment of three
aromatic rings. These correlations are more complex than equations (2.6) and (2.7)
because they require quantummechanical computations.
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Simple method for nitramines, nitrate esters and nitroaliphatics
From studying various nitramines, nitrate esters, nitroaliphatics and related energetic
compounds, it could be shown that the following equation can provide a suitable
pathway for obtaining ΔfHθ(c) [143]:

ΔfH
θ(c) = 29.68a − 31.85b + 144.2c − 90.71d

− 88.84nOH − 39.14nN–NO2
− 45.62n>C=O + 256.3n

0
1

− 380.5n=C<NN + 30.20nO–NO2
, (2.10)

where nOH, nN–NO2
, n>C=O and nO–NO2

are the number of specified functional groups,
n01 = 0 if hydrogen is present in the molecule, and n01 = 1 for hydrogen-free com-
pounds; n=C<NN is the number of =C<NN structural moieties present in the energetic com-
pound.

Example 2.3. The condensed phase heat of formation of the following compound

is calculated as

ΔfH
θ(c) = 29.68a − 31.85b + 144.2c − 90.71d

− 88.84nOH − 39.14nN–NO2
− 45.62n>C=O + 256.3n

0
1

− 380.5n=C<NN + 30.20nO–NO2

= 29.68(6) − 31.85(6) + 144.2(4) − 90.71(13)

− 88.84(0) − 39.14(0) − 45.62(0) + 256.3(0)

− 380.5(0) + 30.20(4)

= − 494.6 kJ/mol.

The measured ΔfHθ(c) of this compound is −444.3 kJ/mol [142].

More reliable method for acyclic and cyclic nitramines, nitrate esters
and nitroaliphatic energetic compounds
It was shown that a more reliable correlation than that of equation (2.10) can be es-
tablished, which is based on the molecular structure of energetic compounds. This
correlation can be formulated as follows [136]:

ΔfH
θ(c) = 39.10a − 37.89b + 96.73c − 66.07d

+ 215.4∑
i
ni,DE − 217.6∑

j
nj,IE. (2.11)
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The factors nDE and nIE are the number of some specific functional groups or structural
parameters, which may decrease or increase the value of ΔfHθ(c), respectively. The
values of nDE and nIE can be determined as follows.
(1) Prediction of nDE

(a) –OH group: If the ratio of the number of hydroxyl groups to the number
of nonaromatic nitro or nitrate groups (nOH/nNO2 or ONO2

) ≥ 1, then nDE =
nOH/nNO2 or ONO2

×0.5 (e. g. for 2-hydroxymethyl-2-nitro-propane-1,3-diol, nOH/
nNO2 or ONO2

= 3 and nDE = 1.5). For nOH/nNO2 or ONO2
< 1, nDE = 0.25 (e. g. for

2,2,2-trinitro-ethanol, nOH/nNO2 or ONO2
= 0.33).

(b) >C=O group: For compounds containing the >C=O group, nDE = n>C=O × 0.6
(e. g. for 4,4,4-trinitro-butyric acid 2,2,2-trinitro-ethyl ester, nDE = 0.6).

(c) Cyclic and acyclic ether functional groups: For six-membered cyclic ether
rings only, nDE = 0.25. If there is an ether functional group of the type
ROCH2CH2OR′, nDE = 0.5 (e. g. 1-nitrooxy-2-[2-(2-nitrooxy-ethoxy)-ethoxy]-
ethane). The value of nDE is found to be 0.25 for other types of acyclic ethers
(e. g. 1-nitrooxy-2-(2-nitrooxy-ethoxy)-ethane).

(d) Some specific molecular structures: if the , or –NH–NO2 molec-

ular fragments are present, the values of nDE correspond to 1.0, 0.5 and 0.2,

respectively. For example, there are two and one –NH–NO2 molecular

fragments in 1-nitro-3-guanidinourea which gives∑i nDE = 2 + 0.2 = 2.2.
(2) Prediction of nIE

(a) Acyclic and cyclic nitramines containing only one C–N(NO2)–C fragment: The
value of nIE = 0.3 (e. g. N-ethyl-N-nitro-ethanamine).

(b) The number of nitro groups attached to cubane (C8H8): The value of nIE is 0.2.
For example,∑i nIE = 8 × 0.2 = 1.6 for octanitrocubane.

(c) Hydrogen-free nitroalkanes: The value of nIE = 1.0 (e. g. tetranitometane).

Example 2.4. The condensed phase heat of formation of the compound given in Ex-
ample 2.3 is calculated as

ΔfH
θ(c) = 39.10a − 37.89b + 96.73c − 66.07d
+ 215.4∑

i
ni,DE − 217.6∑

j
nj,IE

= 39.10(6) − 37.89(6) + 96.73(4) − 66.07(13)
+ 215.4(0) − 217.6(0)
= − 464.7 kJ/mol.

Since the measured ΔfHθ(c) of this compound is −444.3 kJ/mol [142], the predicted
ΔfHθ(c) obtained using equation (2.9) is close to the value obtained from experimental
data.
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Prediction of the condensed phase heats of formation of polynitro arenes, polynitro
heteroarenes, acyclic and cyclic nitramines, nitrate esters and nitroaliphatic
compounds
For polynitro arenes, polynitro heteroarenes, acyclic and cyclic nitramines, nitrate es-
ters, and nitroaliphatic compounds, the following correlation can be used to predict
the condensed phase heat of formation [138]:

ΔfH
θ(c) = 32.33a − 39.49b + 92.41c − 63.85d

+ 105.0ΔfH
θ
IEC − 106.6ΔfH

θ
DEC, (2.12)

where ΔfHθ
IEC and ΔfHθ

DEC are two correcting functions which can be specified based
on the presence or absence of some groups, which are described in the following sit-
uations.
(1) Prediction of ΔfHθ

DEC:
(a) –OH group: The values of ΔfHθ

DEC are 1.4 and 1.0 for energetic compounds
containing the –OH group as Ar–OH and R–OH, respectively (e. g. ΔfHθ

DEC =
2 × 1.4 = 2.8 for 2,4,6-trinitrobenzene-1,3-diol).

(b) –NHx groups: If the –NH2 or >NH (or –NH–NH2) group is present in the ener-
getic compound, the value of ΔfHθ

DEC is equal to 0.7 (e. g. ΔfH
θ
DEC = 3×0.7 = 2.1

for 2,4,6-trinitrobenzene-1,3,5-triamine).
(c) Acyclic and cyclic ether functional groups: The values of ΔfHθ

DEC are 0.5
and 0.9 (except cyclic ethers with three-membered rings), respectively (e. g.
ΔfHθ

DEC = 1 × 0.5 = 0.5 for 2-methoxy-1,3,5-trinitrobenzene).
(d) Other specific polar groups: If the –COOH (or –O−NH+4 , –COCO– and –NH–

CO–), –N–CO–N–,–COO– (or acyclic –CO–), –CO–H, cyclic-CO–or–NH–NO2
functional groups are present, the contributions of these groups to ΔfHθ

DEC
correspond to 2.8, 2.4, 1.4, 1.0, 0.5 and 0.3, respectively (e. g. ΔfHθ

DEC = 1× 2.8 =
2.8 for 3,5-dinitrobenzoic acid).

(e) The number of nitrogen heteroatoms in six-membered rings: For nitroaromat-
ics containing more than one six-membered aromatic ring, the contribution
of each nitrogen heteroatom in the six-membered ring is 0.33 (e. g. ΔfHθ

DEC =
3 × 0.33 = 0.99 for 2,4,6-tris(2,4,6-trinitrophenyl)-1,3,5-triazine)

(2) Prediction of ΔfHθ
IEC:

(a) Cyclic and acyclic nitramines: The values of ΔfHθ
IEC are 0.5 and 0.8 for the

acyclic and cyclic functional groups, respectively (e. g. ΔfHθ
IEC = 0.5 for

1,3,5-trinitro-1,3,5-triazinane).
(b) R–NO2 (or R–ONO2) and Ar–N3: The value of ΔfHθ

IEC is 0.3 for the attach-
ment of an –NO2 or –ONO2 group to a nonaromatic carbon atom, and for
the attachment of the –N3 group to an aromatic ring, (e. g. ΔfHθ

IEC = 0.3 for
1,1-dinitropropane). There are some exceptions:
(i) if the –C(NO2)3 group is present, ΔfHθ

IEC = 0.8 (e. g. ΔfHθ
DEC = 1.0 and

ΔfHθ
IEC = 0.8 for 2,2,2-trinitroethanol);
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(ii) for linear mono-nitroalkanes (a ≥ 4), ΔfHθ
IEC = 0.6 (e. g. ΔfH

θ
IEC = 0.6 for

1-nitrobutane);
(iii) for hydrogen-free nitroalkanes, ΔfHθ

DEC = 2.2 (e. g. ΔfH
θ
IEC = 2.2 for tetra-

nitromethane);
(iv) for symmetric linear di-nitroalkanes, ΔfHθ

IEC = 0.0 (e. g. ΔfH
θ
DEC = 0.0 for

1,2-dinitroethane).
(c) –N=N– and : For themolecular fragments and –N=N–, the con-

tributions to ΔfHθ
IEC are 0.7 and 0.8, respectively (ΔfHθ

IEC = 3 × 0.7 = 2.1 for
benzenetrifuroxan).

(d) Number of carbocyclic aromatic rings (nAr,car): For energetic compounds
which only contain carbocyclic aromatic rings, the contribution to ΔfHθ

IEC is
(nAr,car − 1) × 0.3 (e. g. ΔfHθ

IEC is (2 − 1) × 0.3 = 0.3 for 2,2′,4,4′,6,6′-hexanitrobi-
phenyl).

(e) Attachment of alkyl groups to an aromatic ring: The values of ΔfHθ
IEC are

0.2 and 0.8 for the attachment of methyl and longer carbon chain alkyl
groups (or –CH=CH–) to aromatic rings, respectively (e. g. ΔfHθ

IEC = 0.2 for
1-methyl-2,4-dinitrobenzene). If nAr,car > 1, it is not necessary to include con-
dition (d).

(f) Nitro groups attached to non-aromatic four-membered rings: ΔfHθ
IEC = 0.45 ×

the number of –NO2 groups attached to a non-aromatic four-membered ring
(e. g. ΔfHθ

IEC = 8 × 0.45 for octanitrocubane).

Example 2.5. The value of ΔfHθ(c) for the following molecular structure is calculated
as

ΔfH
θ(c) = 32.33a − 39.49b + 92.41c − 63.85d + 105.0ΔfH

θ
IEC − 106.6ΔfH

θ
DEC

= 32.33(6) − 39.49(5) + 92.41(5) − 63.85(6) + 105.0(0) − 106.6(0.7)

= 0.8 kJ/mol.

The measured ΔfHθ(c) of this compound is 36.5 kJ/mol [142].

General correlation for organic energetic materials
It has been established that the following general correlation can be used for organic
energetic compounds containing different types of energetic groups such as –NO2,
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–ONO2, –NNO2, –ON=O, –O–O– and –N3 [144]:

ΔfH
θ(c) = −111.4 + 33.11a − 28.84b + 86.80c − 62.03d
− 79.25(ΔfH

θ
add,DHC + ΔfH

θ
nonadd,DHC)

+ 153.3(ΔfH
θ
add,IHC + ΔfH

θ
nonadd,IHC), (2.13)

whereby the subscripts DHC and IHC in the ΔfHθ
add,DHC, ΔfH

θ
nonadd, DHC, ΔfH

θ
add,IHC

and ΔfHθ
nonadd, IHC show decreasing and increasing heat contents in the compounds,

respectively. Tables 2.1 to 2.4 summarize the values of ΔfHθ
add,DHC, ΔfH

θ
nonadd, DHC,

ΔfHθ
add,IHC and ΔfHθ

nonadd, IHC for various different functional groups and molecular
fragments.

Example 2.6. Glycerol-1,2-dinitrate has the following molecular structure:

Applying equation (2.13) gives the condensed phase heat of formation as

ΔfH
θ(c) = −111.4 + 33.11a − 28.84b + 86.80c − 62.03d
− 79.25(ΔfH

θ
add,DHC + ΔfH

θ
nonadd,DHC)

+ 153.3(ΔfH
θ
add,IHC + ΔfH

θ
nonadd,IHC)

= −111.4 + 33.11(3) − 28.84(6) + 86.80(2) − 62.03(7)
− 79.25(1 + 0) + 153.3(0 + 0.1)
= −509.6 kJ/mol.

The measured ΔfHθ(c) of this compound is −472.4 kJ/mol [142].

2.2 Energetic compounds with high nitrogen contents

Significant amounts of solid carbon and nonoxidized organic species are produced
during the detonation of common high explosives because of the negative oxygen bal-
ance of these compounds. However, the energy that nitrogen-rich explosives liberate
is due to their high positive heats of formation rather than as a result of the oxidation
of the carbon backbone [145]. The main detonation product of materials with high
nitrogen contents is N2 gas, which means that the detonation process is clean [146].
High-nitrogen materials have high densities and good oxygen balances because they
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have a low carbon and hydrogen content [147]. Common nitramine high explosives
have nitrogen contents of up to 38% (in RDX, HMX and Cl-20), while some derivatives
of triazole, tetrazole, triazine, tetrazine, furazan and organic nitrogen-containing
chains have up to 88% nitrogen-contents. High-nitogen materials have been defined
as those containing more than 50% w/w nitrogen in their molecular structure [148].
High-nitrogen compounds are suitable candidates for insensitive high explosives
[149], gun propellants [150, 151], and clean gas generators in vehicle airbags [152]. Two
different empirical methods are introduced here for the calculation of the condensed
phase heat of formation of these compounds.

2.2.1 Using the molecular structure

It has been shown that themolecular structure of high-nitrogenmaterials can be used
to predict their condensed phase heat of formation as follows [153]:

ΔfH
θ(c) = 39.24a − 40.01b + 83.63c − 49.61d + 115.5∑

i
IF i − 177.4∑

j
DF j, (2.14)

where IF and DF are correcting factors, which can be estimated as follows.
(1) Azido group: For the attachment of the –N3 group to a tetrazole or tetrazine ring,

as well as to aliphatic N-containing compounds, IF is the number of azido groups.
Meanwhile, the contribution of –N3 for high-N compounds containing only tria-
zole and triazine rings is zero.

(2) Azo and azoxy groups: In tetrazine, triazine, triazole and furazan derivatives
which contain –N=N– or –N=N+O−– bridges, IF = 1.5. For tetrazole derivatives,
IF = 0.2.

(3) Guanidino, carbonyl and hydroxide groups: if any of these functional groups are
present, DF = 1.2 × the number of these groups in the molecule.

(4) Amino groups: DF(–NH2) = 0.6 × (the number of –NH2 groups) and DF(–NH–) =
0.3 × (the number of –NH– groups).

Example 2.7. The condensed phase heat of formation of 3,6-diazido-1,2,4,5-tetrazine
with the following molecular structure is calculated as

ΔfH
θ(c) = 39.24a − 40.01b + 83.63c − 49.61d + 115.5∑

i
IF i − 177.4∑

j
DF j

= 39.24(2) − 40.01(0) + 83.63(10) − 49.61(0) + 115.5(2) − 177.4(0)
= 1146 kJ/mol.

The experimental ΔfHθ(c) was reported to be 1101 kJ/mol [154].
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46 | 2 Heat of formation

2.2.2 Gas phase information

It was shown that the value of ΔfHθ(c) can be calculated using the ΔfHθ(g) value ob-
tained from either the B3LYP/6-31G* or PM6 method as follows [134]:

ΔfH
θ(c) = −57.28 + 0.9350[ΔfH

θ(g)]B3LYP/6-31G*
+ 27.86∑

i
ICF i − 30.06∑

j
DCF j (2.15)

ΔfH
θ(c) = −34.99 + 0.8692[ΔfH

θ(g)]PM6
+ 30.64∑

i
ICF i − 25.95∑

j
DCF j, (2.16)

where ICF and DCF are increasing and decreasing correcting factors, respectively,
which are estimated according to the following.
(1) Azido group: The value of ICF equals two times the number of azido groups in the

molecule.
(2) Azo and azoxy groups: The value of ICF equals the total number of –N=N– or –

N=N+O− bridges.
(3) Hydrogen bonding effect: The value of DCF is the number of hydrogen bonds in

each molecule.
(4) Ethylene groups: The value of DCF is two times the total number of ethylene

groups in the molecule.

Appendix B shows the calculated [ΔfHθ(g)]B3LYP/6-31G* and [ΔfHθ(g)]PM6. Table B.1 pro-
vides the calculated total energies and formation enthalpies (at 0 K) for 100 energetic
materials with high nitrogen contents by the B3LYP/6-31G*. Table B.2 also gives the
predicted gas phase standard enthalpies of formation for 100 energetic materials with
high nitrogen content.

Example 2.8. The calculated gas phase heat of formation of 1,2-di(1H-tetrazol-5-
yl)ethanewith the followingmolecular structure is [ΔfHθ(g)]B3LYP/6-31G* = 639.5 kJ/mol
and [ΔfHθ(g)]PM6 = 613.9 kJ/mol:

The use of equations (2.15) and (2.16) gives the values of ΔfHθ(c) as

ΔfH
θ(c) = −57.28 + 0.9350[ΔfH

θ(g)]B3LYP/6-31G* + 27.86∑
i
ICF i − 30.06∑

j
DCF j

= −57.28 + 0.9350(639.5)B3LYP + 27.86(0) − 30.06(2 + 2)
= 420.4 kJ/mol,
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ΔfH
θ(c) = −34.99 + 0.8692[ΔfH

θ(g)]PM6 + 30.64∑
i
ICF i − 25.95∑

j
DCF j

= −34.99 + 0.8692(613.9)PM6 + 30.64(0) − 25.95(2 + 2)
= 398.4 kJ/mol.

The experimental ΔfHθ(c) value was reported to be 444.4 kJ/mol [155].

2.3 The condensed phase heat of formation of energetic ionic
liquids and salts

2.3.1 Complex approach

The presence of energetic cations or anions in some classes of ionic liquids or salts
provides energetic ionic liquids or salts. Energetic ionic liquids or salts (EILoS) can
contain high nitrogen (high-N) organic cations and bulky anions. Anions include one
or more energetic groups, e. g. –NO2, –N3, and –CN. Since EILoS can give suitable
thermally stability, they may be used as explosives, pyrotechnics, and propellants
[159–161]. The value of the condensed phase heat of formation of an EILoS is very im-
portant for the assessment of its detonation velocity anddetonation pressure [162]. For
an EILoSwith the general formula (cation)i(anion)j, computation of its ΔfHθ(c) can be
done using gas phase heats of formation of anion and cation as well as the heat of
phase transition according to Hess’s law of constant summation (Born−Haber energy
cycle) as [163]:

ΔfH
θ(c)[EILoS] = ∑

i
ΔfH

θ
i (g)[cation] + ∑

j
ΔfH

θ
j (g)[anion] − ΔHPT (2.17)

where ΔfHθ(c)[EILoS] is the condensed phase heat of formation of EILoS; ∑i ΔfH
θ
i (g)

[cation] and∑j ΔfH
θ
j (g)[anion] are the sum of gas phase heats of formation of cations

and anions, respectively; ΔHPT is the heat of phase transition. Gao et al. [164] used
equation (2.17) to compute ΔfHθ(c)[EILoS] for 119 energetic salts including imida-
zolium, triazolium, and tetrazolium-based cations. They also used isodesmic reac-
tions to compute∑i ΔfH

θ
i (g)[cation] and∑j ΔfH

θ
j (g)[anion]. For computation of ΔHPT,

they used the method of Jenkins et al. [165]. They considered all species as closed
shells in nature. They carried out various geometric optimization and frequency anal-
yses for molecules with more than 10 heavy atoms using B3-LYP functional with
6-31+G** basis set. They calculated single energy points at the MP2-(full)/6-311++G**
level. They characterized all of the optimized structures to obtain true local energy
minima on the potential energy surface without imaginary frequencies. They com-
puted the molecular energies (proton affinities and ionization energies) at the G215 or
G2MP2 level. Zhang et al. [166] studied the effects of different energetic substituents
containing −NO2, −NF2, −CN, −N3, and −NH2 ΔfHθ(c)[EILoS] for some tetrazole salts
using a similar complex approach as that used by Gao et al. [164]. They indicated that
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the presence of energetic groups in most cases can increase ΔfHθ(c)[EILoS]. The use
of this approach has several shortcomings because it requires a high-speed computer,
specific computer codes, and expert users. Thus, two simple QSPR methods based on
fragments of EILoS for prediction of ΔfHθ(c)[EILoS] are discussed here [167, 168].

2.3.2 QSPR methods

2.3.2.1 Imidazolium-based ionic liquids or salts
A simple approach was introduced to estimate ΔfHθ(c) of imidazolium-based ionic
liquids or salts [167]. For some imidazolium-based ionic liquids or salts, the reliability
of the model was higher than the available outputs of complex quantum mechanical
methods [167]. This approach is based on the following form [167]:

ΔfH
θ(c)[IMILoS] = 1594 − 76.32bcat − 433.0eani + 289.3ΔfH

θ
Inc[IMILoS]

− 304.3ΔfH
θ
Dec[IMILoS] (2.18)

where ΔfHθ(c)[IMILoS] is the condensed phase heat of formation of imidazolium-
based ionic liquids or salts; bcat and eani denote the number of hydrogen and fluorine
atoms in cation and anion, respectively; ΔfHθ

Inc[IMILoS] and ΔfHθ
Dec[IMILoS] con-

tribute to increasing and decreasing heat contents in imidazolium-based ionic liquids
or salts, respectively [167]. Table 2.5 summarizes the values of ΔfHθ

Inc[IMILoS] and
ΔfHθ

Dec[IMILoS].
Since the coefficients of bcat and eani have negative signs, decreasing their val-

ues gives a more positive value of ΔfHθ(c)[IMILoS]. Thus, it is desirable to design
imidazolium-based ionic liquids or salts with low values of bcat and eani because they
provide high detonation or combustion performance. Moreover, the existence and ab-
sence of ΔfHθ

Inc[IMILoS] and ΔfHθ
Dec[IMILoS], respectively, can help to improve the

stored chemical energy in a designed sample.

Example 2.9. Calculate the value of ΔfHθ(c)[IMILoS] for the following ionic liquid:

The use of equation (2.18) and Table 2.5 provides the value of ΔfHθ(c)[IMILoS] as:

ΔfH
θ(c)[IMILoS] = 1594 − 76.32bcat − 433.0eani + 289.3ΔfH

θ
Inc[IMILoS]

− 304.3ΔfH
θ
Dec[IMILoS]

= 1594 − 76.32 × 30 − 433.0 × 0 + 289.3 × 0.4(3 − 1) − 304.3 × 0
= 680 kJ/mol

The reported value of ΔfHθ(c)[IMILoS] is 682.3 [169].
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Table 2.5: Different values of ΔfHθ
Inc[IMILoS] and ΔfHθ

Dec[IMILoS].
Cation Anion ΔfHθ

Inc[IMILoS] ΔfH
θ
Dec[IMILoS] Condition

 
0.4(n − 1) 0 1 ≤ n ≤ 7

0 1.75 − 0.33n 1 ≤ n ≤ 3

0 4.4 n = 1
3.5 − 9−n

2 0 n ≤ 9
0 4.0 n ≥ 13
3.0 − 9−n

2 0 3 ≤ n ≤ 9
0 4.3 n ≥ 11
0 1.2 n = 3
0 5.7 n ≥ 11
0 0.3 –

3.0 0 –
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Table 2.5 (continued)

Cation Anion ΔfHθ
Inc[IMILoS] ΔfHθ

Dec[IMILoS] Condition

0 −0.4n + 2.9 3 ≤ n ≤ 4
0 0.8 n ≤ 3
3.2 0 n ≥ 7

2.3.2.2 Triazolium-based energetic ionic liquids or salts
A simple method has been introduced to estimate ΔfHθ(c) of triazolium-based ener-
getic ionic liquids or salts [168]. It requires some specific elemental composition of
cations and anions as well as two correcting functions. It is given as follows [168]:

ΔfH
θ(c)[TAILoS] = −27.31bcat + 102.7ccat + 259.8aani − 319.2bani + 45.32cani − 125.9dani

+ 632.6fani + 79.78ΔfH
θ
Inc[TAILoS] − 74.50ΔfH

θ
Dec[TAILoS] (2.19)

where ΔfHθ(c)[TAILoS] is the value of ΔfHθ(c) for triazolium-based energetic ionic liq-
uids or salts; ccat is the number of nitrogen atoms in cation; aani, bani, cani, dani and
fani give the number of carbon, hydrogen, nitrogen, oxygen, and chlorine atoms in the
anion, respectively; ΔfHθ

Inc[TAILoS] and ΔfH
θ
Dec[TAILoS] give increasing and decreas-

ing functions in the triazolium-based EILoS, respectively. Table 2.6 gives the summary
of the values of ΔfHθ

Inc[TAILoS] and ΔfH
θ
Dec[TAILoS].

Example 2.10. Predict the value of ΔfHθ(c)[TAILoS] for the following ionic liquid:

The use of equation (2.19) and Table 2.6 gives the value of ΔfHθ(c)[TAILoS] as:

ΔfH
θ(c)[TAILoS] = −27.31bcat + 102.7ccat + 259.8aani − 319.2bani + 45.32cani − 125.9dani

+ 632.6fani + 79.78ΔfH
θ
Inc[TAILoS] − 74.50ΔfH

θ
Dec[TAILoS]

= −27.31× 9 + 102.7× 6 + 259.8× 2 + 45.23× 5 − 125.9× 4 + 79.78× 1.5
= 732.2 kJ/mol

The measured value of ΔfHθ(c)[TAILoS] is 771.3 [170]. The calculated value of
ΔfHθ(c)[TAILoS] by complex quantum mechanical method using equation (2.17) is
576.0 kJ/mol [164], which has a larger deviation (−195.3 kJ/mol).
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Table 2.6: Contribution of structural parameters in predicting ΔfHθ
Inc[TAILoS] and ΔfHθ

Dec[TAILoS].
Cation Anion ΔfHθ

Inc[TAILoS] ΔfH
θ
Dec[TAILoS]

NO−3 0 1.5

2.0 0

ClO−4 0 1.5

2.5 0

0 2.0

2.5 0

5.0 0

0 2.5

0 3.5

1.5 0

1.5 0

0 1.5

0 3.0
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Table 2.6 (continued)

Cation Anion ΔfHθ
Inc[TAILoS] ΔfHθ

Dec[TAILoS]

0 5.5

3.0 0

1.5 0

0 3.5

Appendix C including Tables C.1 and C.2 shows the measured and calculated values
of ΔfHθ(c)[IMILoS] and ΔfHθ(c)[TAILoS] for some energetic ionic liquids and salts.

2.4 Summary

This chapter has introduced different empirical methods for the prediction of the con-
densed phase heat of formation of important classes of energetic compounds, as well
as of high-nitrogen compounds (i. e. compoundswithmore than 50%w/wnitrogen in
their molecular structure). Equations (2.6) and (2.10) provide the simplest approaches
for the prediction of the ΔfHθ(c) values of nitroaromatics, and also for nitramines, ni-
trate esters, nitroaliphatics and related energetic compounds. The other correlations
outlined in Section 2.1.2 givemore reliable predictions, but they are considerablymore
complex. Among the correlations which were introduced, equation (2.13) provides
the best method for the reliable calculation of ΔfHθ(c) for different types of energetic
compounds containing different types of energetic groups, i. e. –NO2, –ONO2, –NNO2,
–ON=O, –O–O– and –N3. For high-nitrogen compounds, equation (2.15) is simpler
than equation (2.16). The reliability of both correlations is good, but equation (2.16)
should be used preferably for high-nitrogen compounds containing unfamiliarmolec-
ular fragments.

Section 2.3 introduces equation (2.17) as a complex quantum mechanical ap-
proach for the calculation of ΔfHθ(c)[EILoS]. Equations (2.18) and (2.19) give two
simple and reliable correlations for predicting the values of ΔfHθ(c)[IMILoS] and
ΔfHθ(c)[TAILoS], respectively.
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The knowledge of the melting point of the desired compound can be used for its iden-
tification and purification. It may be used to calculate other properties, e. g. aque-
ous solubility, liquid viscosity, and vapor pressure [171]. Since there is a close rela-
tionship of melting point to solubility, it is important in environmental studies and
the assessment of the purity of a chemical substance [172]. In the measurement of
melting points some difficulties may occur such as the relationship of the melting
point to the phase transition from the solid to the liquid state and the possible ex-
istence of different crystalline structures below the melting point [173]. The melting
point of organic compounds containing energetic groups is a significant property es-
pecially for melting cast explosives [174]. It is important to have reliable methods for
the prediction of melting points of different classes of organic energetic compounds
because they are significant in the design of low-melting-point candidates for casting
medium.

The search for new energetic compounds with “ideal” physical properties is a
problem of the utmost importance to both research chemists and chemical industry.
Since the melting point is one of the fundamental physical properties which is used
in the identification and purification of a chemical, and is also highly valuable for the
calculation of other important physicochemical properties such as the vapor pressure
and aqueous solubility, it is important to have reliable methods which can be used to
predict themelting point of an energetic compound. Group additivity, QSPR, quantum
mechanical and empirical methods are all different approaches which have been de-
veloped to enable prediction of the melting points of different classes of organic com-
pounds and ionic liquids. Some simple and reliable empirical methods are discussed
in detail in this chapter, and the other methods are also briefly described.

https://doi.org/10.1515/9783110740158-003
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3.1 Group additivity, QSPR and quantum mechanical methods

Among the different approaches which can be used to predict themelting points of or-
ganic compounds, group additivity methods are widely used [130]. The group additiv-
ity methods can predict themelting point of a desired organic compound by summing
the number of each group multiplied by its contribution [130]. Although they are sim-
ple and provide quick estimations, many have questionable accuracy and their relia-
bility with respect to the prediction of melting points of organic energetic compounds
is unknown. The Joback–Reid [175] approach for the estimation of the melting points
of pure compounds is the simplest group additivity method. The estimated melting
points (Tm) from the Joback–Reid group additivity method [175] can be estimated as
follows:

Tm = 122.5 +∑ niGAVi, (3.1)

whereTm is inK;ni is thenumber of groups of type i andGAVi is the group contribution
of themelting points of group i in themolecule. It was found that the results predicted
using the group-contribution method of Joback–Reid [175] show an average deviation
of 37.6% for 60 carbocyclic nitroaromatic compounds which were considered [176].
Thus, the group contribution method can only be used to obtain a very approximate
guess. Some of the other group additivity methods include those of Lydersen [177],
Ambrose [178], Klincewicz and Reid [179], Lyman et al. [180], Constantinou et al. [181–
184], Marrero-Morejón and Pardillo-Fontdevilla [185], and Marrero and Gani [186]. In
contrast to other physicochemical properties,melting points are not well estimated by
the group additivity methods [177, 187–189].

Quantum mechanical calculations are another approach that has been used for
simulating solid to liquid phase transitions in energetic materials, in order to predict
their melting points [190–193]. Molecular dynamics is a complex method which can
be used to simulate solid to liquid phase transitions in energetic materials to predict
their melting points [190–193]. Due to the free energy barrier for the formation of a
liquid-solid interface, estimation of themelting point can be considered difficult prob-
lems through molecular dynamics. This situation can cause superheating in a perfect
crystal, which results in an overestimation of the melting point. Various ways of per-
forming the simulations have been investigated in order to determine the most prac-
tical one for use for energetic materials [190–193]. Methods of QSPR have been devel-
oped for organic molecules – including a number of drugs and/or homologous series
[193–196].

PARC (Sparc Performs Automated Reasoning in Chemistry) is a complex physico-
chemical calculator,which canbeused to estimate chemical reactivity parameters and
physical properties of organic molecules [197]. It uses mechanisms to calculate these
properties by incorporating trained parameters derived from experimental measure-
ments and best fit using linear regression [197]. Whiteside et al. [198] used the SPARC
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platform to estimate the entropy of fusion, enthalpy of fusion, and the melting point
of organic compounds through three models. The first model combines interaction
terms and physical descriptors for the calculation of the entropy of fusion. The sec-
ond model is a function of the entropy of fusion, boiling point, and flexibility of the
molecule to estimate the enthalpy of fusion. The third model is based on the division
of the enthalpy of fusion by the entropy of fusion for the prediction of the melting
point. The predicted root-mean-square (RMS) deviations of 904 organic compounds
for the entropy, enthalpy, and melting models are 12.5 Jmol−1 K−1, 4.87 kJmol−1, and
54.4 K, respectively.

Yalkowsky and coworkers [199–202] have developed UPPER (Unified Physical
Property Estimation Relationships) as a system of empirical and theoretical relation-
ships for the estimation of physicochemical properties of organic molecules. The
UPPER can calculate the entropy of fusion, enthalpy of fusion, and melting point of
organic compounds. It has been used for a wide range of organic compounds (over
2000 compounds) as compared to SPARC with a similar pattern for calculation of
melting point, i. e. the ratio of enthalpy of fusion to the entropy of fusion. It uses the
group additivity method for the calculation of the enthalpy of fusion. It also uses
molecular geometry for the assessment of the degree of restriction of molecular mo-
tion in the crystal to that of the liquid, i. e. symmetry, eccentricity, chirality, flexibility,
and hydrogen bonding.

Al-Fakih et al. [172] introduced a QSPR model with four complex descriptors for
the prediction of melting points of 92 carbocyclic nitroaromatic compounds based on
the proposed penalized adaptive bridge (PBridge) as:

Tm = 11.034 + 0.542Eig02_AEA(dm) − 42.311Mor29v − 2.547Mor13u + 4.592D/Dtr09,
(3.2)

where Eig02_AEA(dm) is edge adjacency indiex corresponding to Eigenvalue n. 2 from
edge adjacency mat. weighted by dipole moment; Mor29v and Mor13u are two 3D-
MoRSE descriptors corresponding to signal 29/weighted by van derWaals volume and
signal 13/unweighted, respectively; D/Dtr09 is ring descriptors corresponding to dis-
tance/detour ring index of order 9.

3.2 Simple empirical methods on the basis of molecular structure

Several simple correlations have recently been introduced to predict the melting
points of certain classes of energetic compounds. If impurities are present in the
energetic compounds, or if the energetic compound exhibits thermal instability, ex-
perimental determination of the melting point may be thwarted. It is important to
select a reliable predictive model for organic compounds containing energetic func-
tional groups such as Ar–NO2, C–NO2, C–ONO2 or N–NO2. According to Carnelley’s
rule [203, 204], the more symmetrical the organic isomer is, the higher its melting
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point. The dipole moment is one of the factors which directly controls the melting
point. Thus, the sum of all of the local dipole moments has a more pronounced effect
than the net dipole moment on the melting point. Due to interactions between local
dipole moments of neighboring atoms or groups, molecular interactions can result
in close proximity of the molecules in the crystal. It can be expected that the more
symmetrical paraisomers and the local dipole moments of some polar groups have a
distinct effect in increasing themelting point. The presence of alkyl and alkoxy groups
attached to nitroaromatic rings can decrease the planarity of the molecules, which in
turn reduces the packing efficiency of molecules in the crystals. This results in a de-
crease in the interaction between local dipole moments of neighboring nitro groups.
Although the attachment of a polar nitramine groupmay increase themolecular inter-
actions, the presence of an alkyl substituent can change its effect because it canmake
the molecule less planar. The molecules become further apart if an alkyl nitramine
group is introduced. In this section, some of the best available, simple methods for
predicting melting points for several selected classes of energetic compounds will be
reviewed.

3.2.1 Nitroaromatic compounds

The study of various carbocyclic nitroaromatic organic compounds with general for-
mula CaHbNcOd has shown that the following equation can be used to predict the
melting point [176]:

Tm = 282.96 − 2.7543b + 46.570c + 94.318TSFG + 54.752To,p, (3.3)

where TSFG is the contribution of a specific functional group and To,p is a parameter
that can be applied to disubstituted benzene rings. The values of TSFG and To,p are
predicted based on the following conditions:
(1) TSFG: If –OH and –NH2 are ortho to the –NO2 group, the value of TSFG equals zero,

whereas if the –NH2 and –OH groups in aremeta or para positions relative to the
–NO2 group then TSFG has the value 0.3. TSFG = 1.0 if the –COOH, –CON– or –
COO– functional groups are present. TSFG also has the value −1.2 if the nitramine
(N–NO2) functional group is present.

(2) To,p: The value of To,p = 1.0 for para disubstituted benzene rings. The pres-
ence of alkyl (–R) or alkoxy (–OR) groups in ortho positions relative to the –NO2
group may result in a decrease in the melting point and therefore To,p is equal to
−0.7.

Example 3.1. 2,6-Bis(picryamino)-3,5-dinitropyridine (PYX) has the following molec-
ular structure:
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The use of equation (3.3) gives Tm as

Tm = 282.96 − 2.7543b + 46.570c + 94.318TSFG + 54.752To,p
= 282.96 − 2.7543(7) + 46.570(11) + 94.318(0) + 54.752(0)
= 775.95K.

The experimental Tm was reported to be 733 K [142].

3.2.2 Polynitro arene and polynitro heteroarene compounds

Another correlation has recently been introduced that can be applied to a wider
classes of energetic compounds, including polynitro arenes and polynitro hetero-
arenes, and is as follows [205]:

Tm = 355.0 + 3.33a − 5.63b + 14.57c + 90.83ISSP − 63.75DSSP, (3.4)

where ISSP andDSSP are increasing and decreasing effects of some specific structural
features, which can be specified according to the following situations.

ISSP
(1) The presence of –NH2 groups:

(a) Polynitro arenes: The value of ISSP is 0.5 if nNH2
/nNO2
< 0.5 except for monon-

itro anilines, in which ISSP is equal to 0.5 and 0.0 for para nitro aniline and
ortho (ormeta) aniline, respectively. If nNH2

/nNO2
≥ 0.5, ISSP equals 2.0 for the

attachment of –NH2 groups to carbocyclic nitroaromatic compounds.
(b) Polynitro heteroarenes: If amino groups are attached to heterocyclic aromatic

compounds, ISSP = 1.0.
Since the participation of a functional group in intramolecular hydrogen
bonding reduces its ability to form intermolecular hydrogen bonds, the pres-
ence of nNO2

in ortho positions or in positions close to nNH2
groups has no

appreciable effect, e. g. in o-nitroaniline.
(2) The presence of certain functional groups: The value of ISSP = 1.0 if one –COOH

group or two –OH functional groups are attached to an aromatic ring.
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(3) The existence of specific structural parameters: If the or –C=C–

groups are attached to an aromatic ring, ISSP equals 1.0.
(4) The presence of some specific groups in disubstituted benzene rings (in para po-

sitionwith respect to an –NO2 group): If the –NO2, R2N– or –N–C(=O)– groups are
located in the para position with respect to the nitro group, ISSP equals 1.0.

DSSP
(1) The attachment of only alkyl or alkoxy groups to nitroaromatic rings: If nNO2

/
nR,OR ≤ 1/3 (where nR,OR is the number of –R or –OR groups attached to a nitro-
aromatic ring), then DSSP = 0.0. For 1/3 < nNO2

/nR,OR ≤ 1, the value of DSSP is
equal to 1.0. The DSSP value is also 0.5 for nNO2

/nR,OR > 1.
(2) The presence of alkyl nitramine groups attached to aromatic rings: For the pres-

ence of R–N–NO2, DSSP = 0.7 × nRNNO2
, where nRNNO2

is the number of alkyl
nitramine groups.

(3) The presence of specific structural parameters: For the (or ) and

rings, the values of DSSP are 1.0 and 2.0, respectively.

(4) Mononitro substituted carbocylic aromatic compounds: The value of DSSP is
equal to 1.0 only for mononitro substituted carbocylic aromatic compounds.

Different effects of ISSP and DSSP in polycylic nitroaromatic compounds
The presence of more than two nitroaromatic rings can result in different situations. If
three aromatic rings are present and if nNO2

/nAr > 2.5, then ISSP equals 2.0. However,
if four aromatic rings are present and if nNO2

/nAr > 2.5, then DSSP is 1.0.

Example 3.2. Consider the following molecular structure:

The calculated Tm by equation (3.4) is as follows:

Tm (K) = 355.0 + 3.33a − 5.63b + 14.57c + 90.83ISSP − 63.75DSSP
= 355.0 + 3.33(8) − 5.63(5) + 14.57(7) + 90.83(1) − 63.75(0)
= 546.3 K.

The measured Tm value was reported to be 583K [206].
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3.2.3 Nitramines, nitrate esters, nitrate salts and nitroaliphatics

The following equation is the simplest approach to predict the melting points of
nitramines, nitrate esters, nitrate salts and nitroaliphatics [207]:

Tm = 220.47 + 30.220c + 24.780d − 68.691CSFG − 25.891nN–NO2
, (3.5)

where nN–NO2
is the number of nitramine groups in the energetic compound and CSFG

is the contribution of specific functional groups, which can be specified as follows:
(1) Nitrate salt: CSFG = 0.
(2) Nitrate groups: CSFG has the values 2.0, 2.5 and 3.5 for nitrated energetic com-

pounds, which have one, two, and three or four –O–NO2 groups, respectively.
(3) Hydroxyl group: CSFG = −1.0 for nitro or nitrated energetic compounds that have

at least one –OH functional group.
(4) –C(NO2)3 group: CSFG has the values 3.0 and 4.0 for the presence of one and more

than one C(NO2)3 group, respectively.
(5) Mononitro compounds: CSFG = 1.5 formono nitro compoundswhich have the gen-

eral formula R′CH–RCH–NO2 (R or R′ = –H, alkyl).

Example 3.3. For HOCH2C(CH3)2NO2, the predictedmelting point using equation (3.5)
is calculated as follows:

Tm = 220.47 + 30.220c + 24.780d − 68.691CSFG − 25.891nN–NO2

= 220.47 + 30.220(1) + 24.780(3) − 68.691(−1) − 25.891(0)
= 393.72 K.

The measured Tm value was reported to be 361.7 K [142].

3.2.4 Nonaromatic energetic compounds

It was found that the elemental composition, as well as positive (T+) and negative
(T−) correcting terms are important factors to include for nonaromatic energetic com-
pounds, since this results in a more reliable correlation than equation (3.5). The new
correlation is given as follows [189]:

Tm = 281.7 + 28.97a − 12.08b + 29.75c − 9.966d + 102.92T
+ − 110.11T−. (3.6)

The values of T+ and T− depend on some functional groups and structural parameters
that are specified as follows.
(1) Nitroaliphatics and nitrate esters:

(a) CnH2n+1(NO2 or ONO2)m=1 or 2: The values of T− depend on the number of car-
bon atoms in the alkyl group of mononitro or mononitrate alkanes:
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(i) if n = 1, then T− = 1.0;
(ii) if n ≥ 2, then T− = 0.6. Form = 2, the value of T− depends on the molec-

ular structure of the energetic compound. The value of T− equals 0.40 in
this case, except if two nitro groups are attached to one carbon, in which
case T− = 0.0.

(b) The presence of the –OH group: If the hydroxyl group is present, T+ is equal
to 1.0.

(2) Energetic compounds with –N–NO2, –NH–NO2 and –NHNO3 groups
(a) The presence of –N–NO2 groups: The ratio of the number of –N–NO2 to –CH2

(or –CH3) groups has different effects:
(i) if the ratio nNNO2

/nCH2 or 3
≥ 0.5, then T+ = 0.5;

(ii) if the ratio nNNO2
/nCH2 or 3

≤ 0.2, then T− = 0.6. For other ratios of nNNO2
/

nCH2 or 3
, T+ and T− equal zero.

(b) The presence of –NH–NO2 and –NHNO3 groups: The value of T+ is equal to
1.0.

Example 3.4. Consider the following nonaromatic energetic compound:

The melting point is calculated as follows:

Tm = 281.7 + 28.97a − 12.08b + 29.75c − 9.966d + 102.92T
+ − 110.11T−

= 281.7 + 28.97(6) − 12.08(11) + 29.75(3) − 9.966(9) + 102.92(0) − 110.11(0)
= 322.2 K.

Themeasuredmelting point of this compound is 324.15 K [54]. If equation (3.5) is used
instead, a value of 293.7 K is obtained, which illustrates that the deviation of (3.5) from
the experimental value is larger for such compounds.

3.2.5 Improved method for predicting the melting points of energetic compounds

For various aromatic and nonaromatic energetic compounds containing Ar–NO2,
C–NO2, C–ONO2 or N–NO2 groups, an improved method has been introduced which
expresses the melting points of these compounds as additive and nonadditive parts.
The new correlation has the following form [208]:

Tm = 326.9 + 5.524Tadd + 101.2Tnonadd, (3.7)
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where

Tadd = a − 0.5049b + 2.643c − 0.3838d, (3.8)
Tnonadd = TPC − 0.6728TNC. (3.9)

Two correcting functions TPC and TNC were chosen based on the deviations of Tadd
from the measured values and are discussed in the following sections.

TPC
(1) –NH2 group: The presence of amino groups can not only enhance the thermal

stability of energetic compounds [206], but also can increase their safety by de-
creasing their sensitivity to external stimuli such as impact [81, 82]. The effect
of amino groups on the melting point of a compound can be classified as fol-
lows:
(a) The number of amino groups per aromatic ring in polynitro arenes or non-

aromatic energetic compounds: If one –NH2 group is present in this type
of energetic compound (for example in 2,2′,4,4′,6,6′-hexanitrobiphenyl-3,3′-
diamine), the value of TPC is 0.5. One exception to this is o-nitroaniline,
because intramolecular hydrogen bondingmay cancel the effect of the amino
group. The value of TPC equals 2.0 if a larger number of amino groups is
present in such compounds, e. g. 1,1-diamino-2,2-dinitroethylene and 1,3,5-tri-
amino-2,4,6-trinitrobenzene.

(b) Polynitro heteroarenes: The value TPC equals 1.0 if amino groups are attached
to heterocyclic aromatic compounds, e. g. 4-amino-5-nitro-1,2,3-triazole.

(2) The presence of some specific polar groups and molecular fragments: The pres-
ence of certain special functional groups such as –COOH can increase themelting
points of these compounds because of their ability to form reinforced intermolec-
ular hydrogen bonds. The effects of these functional groups and molecular frag-
ments in different energetic compounds can be classified as follows:
(a) Nitroaromatic: If –COOH, –NH–CO– and at least two –OH groups are at-

tached to the aromatic ring, TPC is 0.75. TPC equals 0.75 if –NO2, R2N– or
–N–C(=O)– are present in the para position relative to the nitro group. More-

over, the value of TPC is 1.0 if the , or –C=C–Ar groups are
present.

(b) Nonaromatic energetic compounds: The value of TPC is 1.0 for the existence
of some specific polar groups or molecular fragments including –NH–NO2,
NH+4 , more than one –OH, one cyclic ether or carbocyclic cage energetic com-
pounds.
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TNC
For polynitro arenes and polynitro heteroarenes, the presence of alkyl and alkoxy
groups attached to nitroaromatic rings can reduce the planarity of the molecules.
The ratio of the number of nitro groups to the number of alkyl or alkoxy groups
(nNO2
/nR,OR) may be important. For the nitramine polar group, the presence of an

alkyl substituent can change its effect, because it can affect the nonplanarity of the
nitroaromatic molecules. The attachment of certain heterocycles to a central aro-
matic ring in poynitro heteroarenes may result in a reduction of the symmetry and
planarity of these compounds. Mononitro substitution in aromatic compounds may
decrease themelting point compared to polynitro substituted compounds. The effects
of various structural parameters on TNC are as follows.
(1) Nitroaromatics: Four different situations can be considered for polynitro arenes

and polynitro heteroarenes.
(a) Alkyl or alkoxy substituted nitroaromatics: For the ratios nNO2

/nR,OR ≤ 1 and
nNO2
/nR,OR > 1, the values of TNC equal 1.0 and 0.5, respectively.

(b) Alkyl nitramine groups attached to aromatic rings: The value of TNC is equal
to 0.7 times the number of alkyl nitramine groups.

(c) Specific structural factors: If , or are present, the value
of TNC is equal to 1.0.

(d) Mononitro substituted aromatic compounds: The value of TNC is equal to 1.0.
(2) Nonaromatic energetic compounds: For those nitro and nitrate energetic com-

pounds with general formula –CH–(NO2 or ONO2)n, the values of TNC are as fol-
lows:
(a) if n = 1, then TNC = 2.0;
(b) if n = 2 or 3, then TNC = 1.0.

Different behavior of some molecular structures
Due to the complex effects of symmetry, planarity and local dipole moments, some
specific molecular moieties can have different effects with respect to increasing or de-
creasing the melting point. The guidelines are as follows:
(1) Polycyclic nitroaromatic compounds: If three aromatic rings are present and if

nNO2
/nAr > 2.5, then TPC = 2.0. However, if four aromatic rings are present and if

nNO2
/nAr > 2.5, then TNC = 1.0.

(2) Cyclic nitramines containingmethylene units: The ratio of nNNO2
to the number of

methylene units (nCH2
) has different effects:

(a) if the ratio nNNO2
/nCH2
≥ 1.0, then TPC = 0.5;

(b) if the ratio nNNO2
/nCH2
≤ 0.2, then TNC = 1.2.

A summary of the above conditions is given in Tables 3.1 and 3.2.
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Table 3.1: Summary of predicted values of TPC.

Energetic
compound

Specific groups or molecular moieties TPC Comments

Polynitro arene
or non-aromatic

–NH2 group (the number of amino groups per
ring in polynitro arene)

0.5 One amino group
(except o-nitroaniline)

2.0 More than one amino
group

Polynitro
heteroarene

–NH2 group 1.0 –

Nitroaromatic –COOH, –NH–CO– and at least two –OH
groups

0.75 –

–NO2, R2N– or –N–C(=O)– in para position
with respect to the nitro group

1.0

Non-aromatic –NH–NO2, NH+4 and more than one –OH as
well as one cyclic ether or carbocyclic cage
energetic compound

1.0 –

Cyclic nitramine containing methylene units 0.5 nNNO2/nCH2 ≥ 1.0

Polycyclic
nitroaromatic

Presence of three aromatic rings 2.0 nNO2/nAr > 2.5

Table 3.2: Summary of predicted values of TNC.

Energetic
compound

Specific groups or molecular moieties TNC Comments

Nitroaromatic Alkyl or alkoxy substituted nitroaromatics 1.0 nNO2/nR,OR ≤ 1
0.5 nNO2/nR,OR > 1

Alkyl nitramine groups attached to
aromatic rings

0.7× the number
of alkyl nitramine
groups

–

1.0

Mononitro substituted aromatic compound

Non-aromatic –CH–(NO2 or ONO2)n 2.0 n = 1
1.0 n = 2,3

Cyclic nitramine-containing methylene
units

1.2 nNNO2/nCH2 ≤ 0.2

Polycyclic
nitroaromatic

Presence of four aromatic rings 1.0 nNO2/nAr > 2.5
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Example 3.5. Use equation (3.7) to calculate the melting point of the following com-
pound:

Tadd = a − 0.5049b + 2.643c − 0.3838d
= 6 − 0.5049(6) + 2.643(10) − 0.3838(10)

= 25.56
Tm = 326.9 + 5.524Tadd + 101.2Tnonadd
= 326.9 + 5.524(25.56) + 101.2(0)

= 468.1 K.

Since the measured melting point of this compound is 498.15 K [80], the percent de-
viation of the calculated melting point from the measured melting point (−6.0%) is
much lower than the two group additivity methods of Joback–Reid [175] (1260.8 K,
%Dev = 153.1) and Jain–Yalkowsky [194] (772.8 K, %Dev = 55.1).

3.2.6 Organic molecules containing hazardous peroxide groups

The study of various organic compounds containing peroxide groups has shown that
it is possible to calculate the melting points of these compounds using core and cor-
recting functions as follows [209]:

Tm,peroxide = 280.5 + 5.159Tcore + 38.90Tcorrecting, (3.10)
Tcore = a − 0.556b + 2.064d, (3.11)

Tcorrecting = T
+
m,peroxide − 1.345T

−
m,peroxide, (3.12)

where Tm,peroxide, Tcore and Tcorrecting are the melting point of the peroxide compound,
and the core and correcting functions, respectively; T+m,peroxide and T−m,peroxide are the
positive and negative contributions of structural parameters in Tcorrecting, respectively.
For the presence of several molecular moieties, the values of T+m,peroxide and T

−
m,peroxide

can be specified as follows:
(1) T+m,peroxide: The values of T

+
m,peroxide are 2.0 and 0.5 for the presence of more than

one peroxy acid (without any functional groups) and –OH groups, respectively.
(2) T−m,peroxide: For some organic molecules including those containing –(CO)OO– or

–O–C(O)–OO–(CO)–O– groups, the crystal packing efficiency of molecules may
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be reduced, which in turn, can decrease the interaction between local dipole mo-
ments of neighboring polar groups. If only one –(CO)OO– or –O–C(O)–OO–(CO)–
O– group in the form R1–(CO)OO–R1 or R1–O–C(O)–OO–(CO)–O–R1 is present (in
which R1 should be the same on both sides of the organic molecule), the value
of T−m,peroxide is 1.0. For R–C(O)OOH, the value of T

−
m,peroxide is 1.0 if the number of

carbon atoms in the R group is less than five.

Example 3.6. Consider the following peroxide:

1,1′-peroxybis(1-hydroperoxycyclohexane)

Tcore = a − 0.556b + 2.064d
= 12 − 0.556(22) + 2.064(6)
= 12.2

Tm,peroxide = 280.5 + 5.159Tcore + 38.90Tcorrecting
= 280.5 + 5.159(12.2) + 38.90(0)
= 343.4K.

The measured melting point of this compound is 356K [142]. The percent deviation of
the calculated melting point using the above method is 3.5%, which is much lower
than that of the two group additivity methods of Joback–Reid [175] (619 K, %Dev =
74.2) and Jain–Yalkowsky [194] (454K, %Dev = −27.4).

3.2.7 Organic azides

For organic azides, the following correlation has been introduced [210]:

Tm = 264.63 + 10.09a − 3.86b + 18.38c
− 47.53nazide + 45.76SPG − 65.58IPF, (3.13)

where nazide is the number of azide groups; SPG is the contribution of specific polar
groups; IPF is the inefficient packing factor. Table 3.3 shows different SPG values con-
taining a list of polar functional groups and molecular fragments. Table 3.4 shows
different situations in which the effects of IPF can be considered.

Example 3.7. The use of equation (3.13) for 1-azidonaphthalene (C10H7N3) gives

Tm = 264.63 + 10.09a − 3.86b + 18.38c − 47.53nazide + 45.76SPG − 65.58IPF
= 264.63 + 10.09(10) − 3.86(7) + 18.38(3) − 47.53(1) + 45.76(0) − 65.58(1.2)
= 267.4K.
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Table 3.3: The values of specific polar groups (SPG).

Polar groups SPG Exception

–COOH 1.8 Ortho phenoxy molecular
moiety (–O–Ar)

–CONH2 or –SO2NH2 2 –
–OH 0.6× the number of –OH

groups
Disubstituted benzene
containing only –N3 and
–OH or –CH2OH

–SO−3 or 1 –

–NH–CO–NH–, –NH–CO–CH3,
cyclic –NH–CO, –CO–NH–N

1.2 –

Cyclic –NH– 0.8 –

Ar–NH2 0.2× the number of –NH2 N–NH2

Table 3.4: The values for the inefficient packing factor (IPF ).

Compound Illustration IPF Condition

Benzene and
naphthalene
derivatives

One or two separated benzene

rings in form or

α-azidonaphthalene

1.2 No polar groups are present

β-azidonaphthalene
derivatives, or three separated
benzene rings in form

, or

two benzene rings in form Ar–Ar

0.6

R–N3 – 1.8

Azides containing
silicon

– 1.8 No polar groups are present and
the silicon atom is directly
attached to the azide group

0.5 No polar groups are present

Since the measured melting point of this compound is 285.16 K [211], the percent devi-
ation of themelting point calculated by thismethod from that of themeasuredmelting
point is 6%.
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3.2.8 General method for the prediction of melting points of energetic compounds
including organic peroxides, organic azides, organic nitrates, polynitro
arenes, polynitro heteroarenes, acyclic and cyclic nitramines, nitrate esters
and nitroaliphatic compounds

Investigations of the effects of different structural features in energetic compounds (in-
cluding organic peroxides, organic azides, organic nitrates, polynitro arenes, polyni-
tro heteroarenes, acyclic and cyclic nitramines, nitrate esters and nitroaliphatic com-
pounds) on themeltingpoint of a compoundhas indicated that it is possible to express
themelting points of these compounds as a function of additive and nonadditive parts
in the following form [212]:

Tm = 323.0 + 5.511Tadd,elem + 101.2Tcorr,struc, (3.14)
Tadd,elem = a − 0.5251b + 2.402c, (3.15)
Tcorr,struc = T

+
struc − 0.6470T

−
struc, (3.16)

where Tadd,elem shows the contribution of the elemental composition as an additive
part, whereas the parameter Tcorr,struc indicates the nonadditive part of the melting
point. Tcorr,struc is a complex function that can be specified on the basis of the molec-
ular structure because some specific polar groups such as –COOH, –NH2 and –OH as
well as othermolecularmoietiesmay enhance intermolecular interactions (andwhich
are specified later). However, the presence of some specific molecular fragments can
decrease the molecular attractions which are present. Large positive and negative de-
viations of the calculated Tadd,elem from the experimental data can be adjusted by the
parameter Tcorr,struc in equation (3.14) through the related variables T+struc and T−struc
in equation (3.16). The values of T+struc and T−struc are discussed in the following sec-
tions.

3.2.8.1 Tcorr,struc
The contributions of different structural parameters of energetic compounds in
Tcorr,struc can be specified through some specific polar groups and molecular frag-
ments.

T+struc
(1) Peroxide group: The intermolecular hydrogen bonding effects of –OH, –COOH, –

O–OH and COOOH (peroxy acid group) without further functional groups results
in the following conditions:
(a) more than one –O–OH: The value of T+struc = 0.5;
(b) two or more hydroxyl groups as well as an –O–O– group: T+struc = 0.4;
(c) the presence of both COOH and COOOH groups: The value of T+struc = 0.5.
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(2) Amino group: Themelting points of different classes of energetic compoundsmay
be increased by the introduction of amino groups. This can be accounted for as
follows:
(a) Nitroarenes and non-aromatic compounds: The value of T+struc = 0.5 for one

–NH2 group (e. g. 2,2′,2″,4,4′,4″,6,6′,6″-nonanitro-1,1′:3′,1″-terphenyl), except
for o-nitroaniline. If more than one amino group is present in this category of
compound (e. g. 2,2-dinitroethene-1,1-diamine) then the value of T+struc = 2.0.

(b) Poly- and mono-nitro heteroarenes: The value of T+struc = 1.0 if amino groups
are attached to heterocyclic aromatic compounds (e. g. 7-amino-4,6 dini-
trobenzo[c][1,2,5]oxadiazole 1-oxide).

(2) Specific polar groups and molecular fragments: The influence of the molecular
fragments and functional groups on different classes of energetic compounds can
be classified as follows.
(a) Nitroaromatic energetic compounds: T+struc = 0.75 if –COOH or –NH–CO– and

at least two –OH groups are attached to the aromatic ring. If –NO2, R2N– and
–N–C(O)– groups are attached to the ring in para positions with respect to
the nitro group, then T+struc is also equal to 0.75. The value of T

+
struc = 1.0 if the

, or –C=C–Ar molecular moieties are present.

(b) Non-aromatic energetic compounds: if –NH–NO2, more than one –OH group,
one cyclic ether or carbocyclic cage energetic compound is present, the value
of T+struc = 1.0. Furthermore, T+struc = 0.5 if NH+4 is present in salts of nitro
nonaromatic compounds.

T−struc
For some organic compounds which contain the –(CO)OO– or –O–C(O)–OO–(CO)–
O– groups, the Tadd,elem values are higher than those from experimental data. These
groups may reduce the packing efficiency of molecules in crystals because they can
decrease the interactions between local dipole moments of neighboring polar groups.
The presence of alkyl and alkoxy groups attached to nitroaromatic rings can also re-
duce the planarity of polynitro arenes and polynitro heteroarenemolecules. This non-
planarity not only decreases the packing efficiency of molecules in the crystal lattice,
but it can also reduce the interactions between local dipole moments of neighboring
nitro groups.

If polar nitramine groups are present, alkyl substituents can reduce the polar ef-
fect of these groups because alkyl groups can result in a reduction in the planarity of
nitroaromatic molecules. The attachment of heterocycles to the central aromatic ring
may result in a reduction of the symmetry in polynitro heteroarenes. Since there are
larger attractive forces in polynitro substituted compounds than in mononitro sub-
stituted carbocyclic aromatic compounds, the latter have lower melting points. The
effects of various structural parameters on T−struc may be categorized as follows.
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(1) The presence of –(CO)OO– or one –O–O– group: If only one –(CO)OO– or –O–
(CO)–OO–(CO)–O– is present in the form R1–(CO)OO–R1 or R1–O–(CO)–OO–
(CO)–O–R1, the value of T−struc = 1.0 (R1 should be the same on both sides of the
organic molecule). The T−struc value is 1.0 and 0.5 for R–(CO)OOH and R′–(CO)OH
(or R′–OO–R″), respectively, however, the number of carbon atoms in R and R′
should be less than five.

(2) The attachment of –N3 to alkyl or aryl groups: The value of T−struc = 1.4.
(3) Nitroaromatic compounds: The following conditions can be considered for nitro

arenes and nitro heteroarenes.
(a) Alkyl or alkoxy substituted nitroaromatics: For nitroaromatics containing

alkyl or alkoxy groups with ratios of nNO2
/nR,OR ≤ 1 and nNO2

/nR,OR > 1, the
values of T−struc are 1.0 and 0.5, respectively.

(b) Alkyl nitramine groups attached to aromatic rings: T−struc = 0.7 × the number
of alkyl nitramine groups.

(c) Specific structural factors in nitroaromatic compounds: If the ,

or molecular moieties are present, T−struc = 1.0.
(d) Mononitro substituted aromatic compounds: T−struc = 1.0.
(e) Nitro heteroarenes: The value of T−struc = 0.5.

(4) Nitro and nitrate nonaromatic energetic compounds: For those nitro and nitrate
energetic compounds with general formula –CH–(NO2 or ONO2)n:
(a) if n = 1, then T−struc = 2.0;
(b) if n = 2 or 3, then T−struc = 1.0.

Polycyclic nitroaromatic compounds as well as cyclic nitramines with methylene
units
In polycyclic nitroaromatic compounds as well as cyclic nitramines which contain
methylene units, there are complex effects related to symmetry, planarity, and local
dipole moments. Thus, the following conditions should be applied:
(1) Polycyclic nitroaromatic compounds: If three or four aromatic rings are present,

the ratio of nNO2
to nAr can estimate the contribution of T+struc and T−struc. If nNO2

/
nAr > 2.5, the value of T+struc is 2.0 if three aromatic rings are present, whereas if
four aromatic rings are present, T−struc = 1.0 if nNO2

/nAr > 2.5.
(2) Cyclic nitramines containing methylene units: Two situations are encountered

based on the ratio of nNNO2
to the number of methylene units (nCH2

):
(a) if the ratio nNNO2

/nCH2
≥ 1.0, T+struc = 0.5;

(b) if the ratio nNNO2
/nCH2
≤ 0.2, T−struc = 1.2.

Tables 3.5 and 3.6 summarize the predicted values of T+struc and T−struc which are ob-
tained by applying the above conditions.

 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



70 | 3 Melting point

Table 3.5: Summary of predicted values of T+struc.

Energetic
compound

Specific groups or
molecular moieties

T+struc Condition Example

Peroxide O–OH group 0.5 More than one
hydroperoxy
group

OH group 0.4 Two or more
hydroxy
groups

COOH and COOOH
groups

0.5 The presence
of two similar
groups

Nitro arenes
or non-
aromatics
containing
amino
groups

–NH2 group 2.0 More than one
amino group

–NH2 group 0.5 One amino
group (except
o-nitroaniline)

Poly and
mononitro
heteroarene

–NH2 group 1.0 –

Nitro
aromatic

–COOH, –NH–CO,
at least two –OH
groups, –NO2,
R2N– or –N–C(O)–
in para position
relative to the nitro
group

0.75 –

1.0 –
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Table 3.5 (continued)

Energetic
compound

Specific groups or
molecular moieties

T+struc Condition Example

Nitro non-
aromatic

Cyclic nitramines
containing
methylene units

0.5 nNNO2/nCH2 ≥ 1.0

–NH–NO2 and
more than one
–OH, as well as
one cyclic ether
group

1.0 –

NH+4 0.5 –

Polycyclic
nitro-
aromatics

The presence of
three aromatic
rings

2.0 nNO2/nAromatic ring >
2.5

Example 3.8. The use of this method for the following compound
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Table 3.6: Summary of predicted values of T−struc.

Energetic
compound

Specific groups or
molecular moieties

T−struc Condition Example

Peroxide O–OH group 0.5 One
hydroperoxy
group

O–O group 0.5 One group
without any
other group
present

(CO)OH, (CO)OO
group

1.0 Only one group
without other
groups present

Azide N3 1.4 The presence of
N3 group
except ionic
azides

Nitro non-
aromatic

–CH–(NO2 or
ONO2)n

2.0 n = 1

1.0 n = 2,3

Cyclic nitramines
containing
methylene units

1.2 nNNO2/nCH2 ≤ 0.2

Nitroaro-
matic

Alkyl or alkoxy
substituted
nitroaromatics

1.0 nNO2/nR,OR ≤ 1

0.5 nNO2/nR,OR > 1.0
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Table 3.6 (continued)

Energetic
compound

Specific groups or
molecular moieties

T−struc Condition Example

Alkyl nitramine
groups attached to
aromatic rings

0.7 × A A is the number
of alkyl
nitramine
groups

Mononitro
substituted
aromatic
compounds

1.0 –

The presence of
one NO2 group in
two ring-fused
heteroarenes

0.5 –

1.0

Polycyclic
nitro-
aromatic

nNO2/
nAromatic ring > 2.5

1.0 The presence of
four aromatic
rings
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predicts the melting point as

Tadd,elem = a − 0.5251b + 2.402c

= 18 − 0.5251(39) + 2.402(2)

= 2.325,

Tm = 323.0 + 5.511Tadd,elem + 101.2Tcorr,struc
= 323.0 + 5.511(2.325) + 101.2(0)

= 335.8K.

The predicted melting point of this compound is close to the experimentally deter-
mined value of 345 K [142].

3.2.9 Cyclic saturated and unsaturated hydrocarbons

Cyclic hydrocarbons or alicyclic hydrocarbons are a kind of closed chainhydrocarbons
where they and their derivatives are cyclic hydrocarbons of alkane, alkene, and/or
alkyne, which contain at least one ring. Polycyclic compounds are important cyclic
hydrocarbonswithmore than one ring of carbon atomswhose rings share two ormore
same carbon atoms. The heats of combustion of cyclic hydrocarbons are much larger
than wemight expect by analogy with noncyclic compounds because of the existence
of strain energy in cyclic hydrocarbons [6]. Thus, polycyclic saturated hydrocarbons
can be used as liquid fuels, which are used in liquid bipropellants [1–3, 7]. For exam-
ple, RJ-4 is a mixture of endo- and exo-tetrahydrodimethyldicyclopentadiene that is
used as a synthetic jet fuel [7].

A general correlation has been developed for the prediction of the melting point
of a wide range of cyclic saturated and unsaturated hydrocarbons with and without
substituents including cyclic alkane, alkene, and/or alkyne, cage molecules, bridged
cyclic and multicyclic hydrocarbon structures [213]. It depends on three variables as
follows [213]:

Tm = 103.1 + 10.24a + 89.16T
+
m,cyc hyd − 66.44T

−
m,cyc hyd, (3.17)

where T+m,cyc hyd and T
−
m,cyc hyd are two correction terms, which correspond to increas-

ing and decreasing values of the melting point corresponding to specific structural
parameters given in Tables 3.7 and 3.8.

The present method can provide a suitable correlation for the quick reliable find-
ing of novel cyclic hydrocarbon fuels with desirable melting points.
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Table 3.7: Summary of the values of T+m,cyc hyd.

Type of cyclic
hydrocarbon

Condition T+m,cyc hyd Example

Saturated
(without
substituents)

5 < nC,ring∗ < 19 for monocyclic
ring

1.0

Bicyclic ring 1.5 (for fused rings where
each ring containing less
than a five-membered ring)

2.0 (for bridged rings where
each ring containing more
than four-membered ring)

Tricyclic ring 1.5 (Endo)

3.0 (symetric consecutive
ring)

Cage hydrocarbon with more than
bicyclic ring

1.7

3.5 (more than a
four-membered ring)

Polycyclic containing more than
three rings where each ring
directly attached to another ring

1.0

Saturated
(with
substituents)

nC,ring = 6 with trans-dialkyl
similar substituents or
cis,cis-trialkyl with more than one
similar substituents

1.0

The bridged bicyclic ring where
each ring containing more than
four-membered ring

1.7

1.0 (one substituent)

Cage hydrocarbon containing
more than two rings

1.7

2.2 (one substituent and
more than a four-membered
ring)

Each carbon of ring containing one
or two methyl substituents

0.8
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Table 3.7 (continued)

Type of cyclic
hydrocarbon

Condition T+m,cyc hyd Example

Unsaturated
(without
substituents)

nC,ring = even number and number
of double bonds = nC,ring

2 or
including only trans isomers with
one double bond or allene

0.8

The bridged bicyclic ring where
each ring containing more than
four-membered ring

2.0 (one double bond)

1.0

Endo-tricyclic ring 1.5

Directly attachment of two rings
with more than six carbon atoms
in each ring

1.0

nC,ring > 11 in which all double
bonds are in trans form

1.0

The existence of –C ≡ C– in ring 1.2

Unsaturated
(containing
substituents)

Bridgedbicyclic ring with an only
methyl substituent

2.0

Attachment of substituents to ring
through a double bond

1.0

Example 3.9. 1,3,3-Trimethyl-bicyclo[2.2.1]heptane has the followingmolecular struc-
ture:

 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



3.3 Melting points of ionic liquids | 77

Table 3.8: Summary of the values of T−m,cyc hyd.

Type of cyclic
hydrocarbon

Condition T−m,cyc hyd Examples

Saturated
(without
substituents)

n∗C,ring > 26 1.0

Saturated
(containing
substituents)

One substituent with a nonlinear chain with
more than six carbons or the presence of a

molecular fragment where

R contains more than five carbon atoms

1.2

The existence of molecular moiety 1.7

∗nC,ring = The number of carbon atom in the ring.

The use of equation (3.17) gives:

Tm = 103.1 + 10.24a + 89.16T
+
m,cyc hyd − 66.44T

−
m,cyc hyd

= 103.1 + 10.24 × 10 + 89.16 × 1.7 − 66.44 × 0
= 357.1 K

The experimental value of the melting point of this compound is 331.0 K [142]. Mean-
while, the use of the method by Alantary and Yalkowsky [202] – as one of the best
available predictive methods – gives 211.4 K.

3.3 Melting points of ionic liquids

Ionic liquids are lowmelting salts, whichmelt at or near room temperature. They have
wide applications in the chemistry and chemical industries [214, 215]. Melting points
of ionic liquids are essential for designs and applications but their melting-point data
are scarce [216]. They show electrostatic attraction because larger sizes of cations and
anions have a larger distance between two ions, which reduces their electrostatic at-
traction [217]. They depend on the arrangement of ions and the strength of the pair-
wise ion interactions in the crystal. The structure and interactions between the ions
can provide ionic liquids with lowmelting points. Different approaches have been de-
veloped for the prediction ofmelting points of selected classes of ionic liquids – quan-
titative structure-property relationships (QSPR) and group additivity methods are two
common methods [218, 219]. Molecular dynamics (MD) and density functional theory
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(DFT) can predict melting points by the simulation of solid-to-liquid phase transitions
but they are difficult as compared to other estimation methods [220, 221]. The high
computational demands and the need for starting geometry are the main limitations
of MD and DFT methods. Low et al. [218] investigated the effect of descriptor choice
in machine learning models for ionic liquid melting point prediction from an experi-
mental dataset of 2212 ionic liquidmelting points consisting of diverse ion types. They
introduced the best model, based on ECFP4 and molecular orbital energies, for the
prediction of ionic liquid melting points with an average mean absolute error of 29 K.

Chen and Bryantsev [220] used complex dispersion-corrected DFTmethod involv-
ing (semi)local (PBE-D3) and hybrid exchange-correlation (HSE06-D3) functionals
to predict the lattice enthalpy, entropy, and free energy of 11 ILs containing imida-
zolium/pyrrolidinium cations and halide/polyatomic fluoro-containing anions.

Venkatraman et al. [219] used various machine learning methods to predict the
melting points of structurally diverse 2212 ILs based on a combination of 1369 cations
and 141 anions. They found that tree-based ensemble methods (Cubist, random forest
and gradient boosted regression) can demonstrate slightly better performance over
support vector machines and k-nearest neighbor approaches.

Mehrkesh and Karunanithi [221] used the quantum chemistry descriptors of the
cation and anion radii, the density of ionic liquids, symmetrical value, the molecular
weight of cation, and the dielectric energy of anion for the prediction ofmelting points
of ILs based on the 37 experimental melting point data.

3.3.1 Group additivity approach

The group additivity methods can be used only for ionic liquids containing the spec-
ified cations and anions. Thus, they cannot be applied for many new ionic liquids
where the contributions of cation and anion groups have not been considered. Lazzús
[222] used experimental data of melting points of 40 ionic liquids to obtain the contri-
butions of the cation-anion groups in a correlation set. Another data set including 23
ionic liquids was used to test the reliability of the method. The final equation for this
model is [222]:

Tm = 98.599 +∑
i
nc,iTc,i +∑

j
na,jTa,j, (3.18)

where nc,i and na,j are the occurrences of the groups i and j in the cation and the anion
of the desired ionic liquid, respectively; Tc,i and Ta,j are the contribution of the cation
and anion groups, respectively. Cation groups contain imidazolium, pyridinium,
pyrrolidinium, phosphonium, and ammonium. Anion groups contain halides, pseu-
dohalides, sulfonates, tosylates, imides, borates, phosphates, carboxylates, andmetal
complexes. The contribution values of the mentioned cation and anion groups are
given in Table 3.9.
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Table 3.9: The contribution of cation and anion groups for calculation of melting points of ionic liq-
uids.

Cations
Name Group Tc,i Group Tc,i

Imidazolium 39.698 Z=–H 38.623

Pyridinium 82.227 Z=–CH3 68.819

Pyrrolidinium 12.868 Z=–CH2– 1.344

Ammonium 13.890 Z=–CH< −79.375

Phosphonium −448.738 Z=–N 21.626

Anions
Group Ta,j Group Ta,j
=CH– 21.765 –Cl 10.923
>C< 9.910 –Br 10.213
–COO 13.484 –P [>P<] 33.726
–HCOO 13.531 –B [>B<] −20.084
–O– [–O] −9.850 –I −3.753
–N– [>N–] −5.493 >As< −28.174
–NO3 −4.482 –CB11H6 −5.603
–SO2– 8.757 –CB11H12 66.553
–CF3 −41.448 =CH– (ring) 8.067
–CF2– −1.811 =C< (ring) 3.132
–F −4.930

Example 3.10. Consider the following ionic liquid:

The melting point is calculated as follows:

Tm = 98.599 +∑ nc,iTc,i +∑ na,jTa,j
= 98.599 + Imidazolium + 3(Tc,-CH3

) + Tc,-CH2- + Ta,-N- + 2(Ta, -SO2
) + 2(Ta,-CF3 )
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= 98.599 + 39.698 + 3(68.819) + 1.344 − 5.493+2(8.757) + 2(−41.448)
= 275.22 K.

The measured melting point of this compound is 248.15 K [223].

3.3.2 QSPR approaches based on complex descriptors

QSPR approaches usually need complex descriptors, expert users, and computer
codes to evaluate the melting point of the desired compound. They correlate the re-
quested chemical or physical propertieswithmolecular descriptors,which are derived
from the molecular structures of chemical compounds quantitatively [224]. They are
based on different kinds of statistical tools with some restrictions, e. g. application
to similar compounds and the correct selection of molecular descriptors. They can
predict the melting points of different classes of organic compounds. Wang et al. [225]
used multiple linear regression and an artificial neural network for the estimation
of the melting points of carbocyclic nitroaromatic compounds with six complex de-
scriptors. Liu and Holder [226] have developed three QSPR models for organosilicon
compounds containing a variety of silicon-containing organic compounds, silanes,
and siloxanes, respectively. Liang et al. [227] have correlated the melting points of
fatty acids with five complex descriptors, e. g. the average valence connectivity index
chi-5. Yan et al. [228] developed a QSPR model for the prediction of melting points of
eight kinds of ionic liquid compounds including imidazolium, benzimidazolium, pyri-
dinium, pyrrolidinium, ammonium, sulfonium, triazolium, and guanidinium based
on the general topological index. Watkins et al. [229] used 49 complex descriptors
to estimate the melting points of a wide range of persistent organic pollutants in-
cluding chloro- and bromo-analogs of dibenzo-p-dioxins, dibenzofurans, biphenyls,
naphthalenes, diphenyl ethers, and benzenes by GA-partial least squares (GA–PLS)
modeling and the random forestmethod.Morrill andByrd [230] developed someQSPR
models to predict melting temperatures of energetic materials based on descriptors
calculated using the AM1 semiempirical quantummechanical method. Farahani et al.
[231] developed a QSPR model using 12 complex descriptors such as descriptor X1A,
which stands for average connectivity index of order 1, and genetic function ap-
proximation for the prediction of melting points of diverse ionic liquid compounds
including sulfonium, ammonium, pyridinium, 1,3-dialkyl imidazolium, tri-alkyl im-
idazolium, phosphonium, pyrrolidinium, double imidazolium, 1-alkyl imidazolium,
piperidinium, pyrroline, oxazolidinium, amino acids, guanidinium, morpholinium,
isoquinolinium, and tetra-alkyl imidazolium.

3.3.3 Simple approach based on the structure of cations and anions

A simple correlation has been developed to predict melting points of important
classes of ILs including imidazolium-, pyridinium-, pyrrolidinium-, ammonium-,
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phosphonium-, and piperidinium-based ILs and different type of anions. The exper-
imental data of 195 different types of ILs were used to derive the new correlation as
[232]:

Tm = 382.1 − 13.35acat + 4.796bcat − 22.07ccat − 11.24bani − 25.29cani
+ 70.69jani + 42.37fani − 205.4gani + 116.7T

+
m,IL − 121.8T

−
m,IL (3.19)

where acat, bcat, and ccat are the number of carbon, hydrogen, and nitrogen atoms in
cation, respectively; bani, cani, jani, fani, and gani are the number of hydrogen, nitro-
gen, bromine, chlorine and aluminum atoms in anion, respectively; T+m,IL and T−m,IL
are positive and negative adjusting functions, respectively. Table 3.10 shows the val-
ues of T+m,IL and T

−
m,IL for the presence of specific cations and anions in the desired IL.

Example 3.11. Consider the following ionic liquid:

The use of equation (3.19) gives:

Tm = 382.1 − 13.35acat + 4.796bcat − 22.07ccat − 11.24bani − 25.29cani
+ 70.69jani + 42.37fani − 205.4gani + 116.7T

+
m,IL − 121.8T

−
m,IL

= 382.1 − 13.35 × 11 + 4.796 × 21 − 22.07 × 2 − 11.24 × 0 − 25.29 × 1
+ 70.69 × 0 + 42.37 × 0 − 205.4 × 0 + 116.7 × 0 − 121.8 × 0 = 266.5K

The measured melting point of this ionic liquid is 219.6 K [233].
The use of equation (3.18) for this ionic liquid provides:

Tm = 98.599 +∑ nc,iTc,i +∑ na,jTa,j
= 98.599 + Imidazolium + 2(Tc,-CH3

) + Tc,-H + 6(Tc,-CH2−) + Ta,−N− + 2(Ta,-SO2
)

+ 2(Ta,-CF3 )

= 98.599 + 39.698 + 2(68.819) + 38.623 + 6(1.344) − 5.493+2(8.757) + 2(−41.448)
= 251.89K

3.4 Summary

Several empirical methods have been introduced for predicting the melting points of
organic compounds containing energetic functional groups. For polynitro arenes and
polynitro heteroarenes, the reliability of equation (3.4)may be better than that of (3.3).
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Table 3.10: The values of T+m,IL and T
−
m,IL for the presence of specific cations and anions in the desired

IL.

Cation Anion T+m,IL T−m,IL Condition

0.5 0.0 n = 0
0.0 0.80 2 < n < 10
0.5 0.0 n > 11

0.0 0.5 5 < n < 10
0.5 0.0 n > 11

11.0 0.0 n < 4

Cl− 0.0 0.5 2 < n < 10

0.0 0.3 1 < n < 10
0.5 0.0 n > 11

0.0 0.5 1 ≤ n < 10

0.5 0.0 n > 11

Cl− 10.8 0.0 0 < n < 4

0.7 0.0 n < 3

Br− 1.1 0.0 3 < n < 7

0.7 0.0

1.0 0.0 11 < n < 18

0.5 0.0 n < 3

0.6 0.0 n < 4

0.0 0.5 n < 4

11.0 0.0 n = 0
0.4 0.0 1 ≤ n < 8
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Table 3.10 (continued)

Cation Anion T+m,IL T−m,IL Condition

11.0 0.0 n < 6

11.0 0.0 n = 1

11.3 0.0

0.5 0.0 m < 3
0.0 0.3 3 < m

0.6 0.0 n < 5

0.2 0.0 n ≥ 5

11.0 0.0

0.7 0.0 m or n < 4

0.0 0.5

0.5 0.0 n < 9

0.4 0.0 n < 3

Br− 0.0 0.5 n orm < 7

For nonaromatic energetic compounds, the use of equation (3.6) is recommended
rather than equation (3.5). Equations (3.7) to (3.9) can be applied to various aro-
matic and non-aromatic energetic compounds containing Ar–NO2, C–NO2, C–ONO2
orN–NO2 groups. Equations (3.10) to (3.12) and (3.13) canbeused to predict themelting
points of those energetic compounds which only contain peroxide and azide groups,
respectively. Equations (3.14) to (3.16) provide a general approach for the prediction of
melting points of various energetic compounds, including those of organic peroxides,
organic azides, organic nitrates, polynitro arenes, polynitro heteroarenes, acyclic and
cyclic nitramines, nitrate esters and nitroaliphatic compounds, aromatic ring, ISSP
equals 1.0. Equation (3.17) provides a reliable correlation for prediction of the melt-
ing points of cyclic hydrocarbons, which can be used as jet fuels. Several have also
been introduced for prediction of melting points of ILs. Equation (3.18) is based on
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group additivity approach, which can be applied for those ILs containing cations with
imidazolium, pyridinium, pyrro­lidinium, phosphonium, and ammonium groups as
well as anions with halides, pseudohalides, sul­fonates, tosylates, imides, borates,
phosphates, carboxylates, and metal complexes. Equation (3.19) can be used for a
wide range of ILs including imidazolium-, pyridinium-, pyrrolidinium-, ammonium-,
phosphonium-, and piperidinium-based ILs and different type of anions.
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Thermal analysis of energetic compounds shows that they decompose at specific tem-
peratures. Their exothermic decomposition can inhibit the explosive charge from be-
ing able to dissipate the applied heat [234]. The decomposition reaction begins usually
above or during the melting process, so that energetic materials with higher melting
points show high thermal stability. The enthalpy – or heat of fusion (ΔfusH) – is the
enthalpy change which occurs in the transition from the most stable form of the solid
to the liquid state of high energy compounds. It is related to the entropy of fusion
(ΔfusS) and the melting point or fusion temperature, i. e. ΔfusH = TmΔfusS. To measure
the ΔfusH of explosive materials, differential scanning calorimetry (DSC) can be used
[235]. In this chapter, different approaches for the prediction of ΔfusH and ΔfusSwill be
reviewed.

4.1 Different approaches for the prediction of the enthalpy of
fusion

Zeman et al. [236–239] have introduced some relationships between ΔfusH and the im-
pact sensitivity – as well as with the electric spark sensitivity – of nitramines and
polynitro compounds. Therefore, the prediction of ΔfusH provides a better insight into
the intermolecular interactions and sensitivity of energetic molecules which have not
yet been synthesized.

QSPR [240], quantum mechanics [241], group additivity methods [242, 243], ar-
tificial neural networks [244] and simple correlations based on molecular structures
[245–251] are all suitable methods for predicting ΔfusH. QSPR methods need special
computer codes and the databank set should cover a large number of compounds
with different molecular structures in order to obtain suitable results for compounds
with similar molecular structures as those included in the test library. Furthermore,
they require complex molecular descriptors. However, such methods have often been
used to predict the thermodynamic properties of particular families of compounds
[252]. The group additivity methods have also been developed to predict the values of
ΔfusH for different types of organic compounds [187, 253–256]. However, it has been
shown that they may give ΔfusH values which show large deviation from the expected

https://doi.org/10.1515/9783110740158-004
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values for some organic energetic compounds [188, 240]. Quantummechanical meth-
ods were used to study the phase change properties of some energetic compounds
[241, 257, 258], however, they require high-speed computers and specific computer
codes. Some simplemethods have also been developed for the prediction of ΔfusH val-
ues [245–249] based on the molecular structures of energetic compounds. The group
additivity method of Yalkowsky and coworkers [199–202], as well as simple methods
based on molecular structures, will be demonstrated in the following sections.

4.1.1 Group additivity method for prediction of the enthalpy of fusion

The UPPER approach of Yalkowsky et al. [199–202] treats enthalpic interactions in ad-
ditive constitutive properties in the general form:

ΔfusH = ∑ niHfus,i, (4.1)

where ΔfusH is the enthalpy of fusion of the whole molecule, ni is the number of frag-
ment i in the molecule, and Hfus,i is the contribution of molecular fragment or group
i to the enthalpy of fusion. Table 4.1 shows the values of Hfus,i for different molecular
fragments.

Example 4.1. Consider 2,4-dinitrobenzoic acid with the following molecular struc-
ture:

The enthalpy of fusion of this compound using equation (4.1) and Table 4.1 is given as
follows:

ΔfusH = ∑ niHfus,i = 3Car + 3CHar + 2YNO2 + YCOOH

= 3 × 1.777 + 3 × 1.235 + 2 × 4.584 + 11.785 = 29.99 kJmol−1
The reported enthalpy of fusion for this compound is 24.6 kJmol−1 [142].

As seen in Table 4.1, the groups that participate in hydrogen bonds have higher
Hfus,i values than those containing only dipole–dipole bonds because the latter only
participates in dispersion forces.
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Table 4.1: The contribution of i group or fragment in calculation of the enthalpy of fusion.

Group Contribution Group Contribution Group Contribution

XCH3 0.701 CHfus 1.695 XNH2 6.884
YCH3 1.221 Cfus 1.332 XNH 1.181
ZCH3 0.331 CH2RING 1.054 YNH2 5.681
XCH2 1.408 CHRING 1.046 YNH 3.799
XCH2* −2.524 CRING 0.757 YN 2.013
YCH2 1.644 =CHRING 0.883 YNO2 4.584
YYCH2 1.875 =CRING 1.362 YNHCO 8.167
YZCH2 −0.976 XF −0.87 XCN 5.174
XCH 1.177 YF 0.409 YCN 6.558
YCH −0.916 XCl 1.889 XCOO 9.488
XC 1.177 YCl 1.581 YCOO 6.208
YC −1.076 XBr 4.674 XCOOH 14.287
CH2= 0.454 2&6 −2.954 YCOOH 11.785
YCH= 1.691 YBr 2.911 YCHO 5.470
YYCH= 1.689 XI 4.034 XCO 8.037
YC= 2.250 YI 4.334 YCO 3.332
YYC= 0.655 XO 2.921 YOCO 7.568
CH≡ 2.357 YO 3.162 YOCOO 5.335
ZC≡ 3.853 YYO −6.918 YCONH2 12.814
YZC≡ −1.732 Ar–O −0.922 YCONH 9.083
Callenic 2.033 XOH 4.953 YNHCOO 6.929
Car 1.777 YOH 6.699 YNHCONH2 14.865
CHar 1.235 YSH 2.635 YNHCON 16.721
CBIP 2.602 YS 5.313 YCONH2 13.418
CBR1 1.329 YSO2NH2 10.642 Ortho −0.282
CBR2 −0.564 YSO2N–X 6.739 IHB −3.495
X = A group that is bonded to only sp3 atoms.
Y = A group that is singly bonded to one sp2 atom.
YY = A group bonded to 2 sp2 atoms.
Z = A group that is bonded to a sp atom.
RING = A group within an aliphatic ring.
fus = An aliphatic bridge-head group.
ar = A group within an aromatic ring.
BR2 = An aromatic carbon contained in 2 rings.
BR3 = An aromatic carbons contained in 3 rings.
BIP = The central carbons of biphenyl rings.
Ortho = The number of ortho substitutions.
2&6 = The number of halogen substitutions at the 2 and 6 positions of a biphenyl ring systems.
4.1.2 Nitroaromatic carbocyclic energetic compounds

The study of the ΔfusH values for various nitroaromatic carbocyclic compounds with
general formula CaHbNc(O or S)d′′ has shown a new approach can be used to derive a
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useful equation for predicting ΔfusH as follows [247]:

ΔfusH = 1.197 + 1.681a + 6.793c − 2.143d
′′ + 8.526CSPG, (4.2)

where ΔfusH is in kJ/mol and CSPG is the contribution of specific polar groups attached
to an aromatic ring. As is seen in equation (4.2), the CSPG coefficient has a positive sign
which can result in an increase in the value of ΔfusH. The value of CSPG is determined
as follows.
(1) Hydroxyl groups: CSPG corresponds to the number of hydroxyl groups attached to

an aromatic ring, e. g. CSPG = 2.0 for 1,3-dihydroxy-2,4,6-trinitrobenzene.
(2) Amino group: The value of CSPG equals 2.0 for nitroaromatic carbocyclic com-

pounds which havemore than two amino (–NH2) groups attached to the aromatic
ring, e. g. CSPG = 2.0 for 1,3,5-triamino-2,4,6-trinitrobenzene (TATB).

(3) Other polar groups: The value of CSPG is 1.0 if at least one –C(=O)–O–C(=O)– or
–S(O)2– (sulfone) is attachd to an aromatic ring, whereas CSPG is 2.0 if at least one
–COOH functional group is attached to an aromatic ring. For example, CSPG = 1.0
for 4-nitrophthalic anhydride and CSPG = 2.0 for 2-nitrobenzoic acid.

(4) Disubstituted nitroaromatic compounds: The value of CSPG is 1.0 for disubstituted
nitroaromatic compounds that contain only twonitro groups attached to aromatic
rings, e. g. 1,8-dinitronaphthalene.

Example 4.2. The use of equation (4.2) for 2,2′,4,4′,6,6′-hexanitrobiphenyl with the
following structure gives

ΔfusH = 1.197 + 1.681a + 6.793c − 2.143d
′′ + 8.526CSPG

= 1.197 + 1.681(12) + 6.793(6) − 2.143(12) + 8.526(0)
= 36.41 kJ/mol

The predicted value is close to the experimental value of 37.44 kJ/mol [237].

4.1.3 Nitroaromatic energetic compounds

Since equation (4.2) may show relatively large deviations in the predicted results from
the experimentally determined values for some halogenated and different isomers
of nitroaromatics, a more reliable correlation of the following form has been intro-

 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



4.1 Different approaches for the prediction of the enthalpy of fusion | 89

duced [249]:
ΔfusH = 3.817 + 1.196a + 5.8471c − 1.382d + 7.898CSSP, (4.3)

where the CSSP factor can correct the predicted results on the basis of a, c and d. For
the presence of some polar groups and isomers, positive CSSP values can increase the
predicted ΔfusH on the basis of a, c and d. In contrast, the attachment of tertiary and
secondary amines as well as Ar–O– to nitroaromatic rings can result in the reverse sit-
uation being observed. The two opposite effects of the CSSP can be specified according
to the following conditions.
(1) Increasing effects of CSSP: Increasing the number of hydroxyl (–OH) groups that

are attached to an aromatic ring can increase the value for the enthalpy of melt-
ing because the strong hydrogen bonding which can result leads to a much more
efficient crystal packing. Thus, the CSSP value is equal to the number of –OH
groups, except in the case of one hydroxyl group located between twonitro groups

.
(a) Or if the hydroxyl group is ortho to the alkyl group, in which cases the value

of CSSP is 0.35.
(b) Polar groups –C(=O)–C(=O)– and –S(O)2– as well as –COOH: The values of

CSSP are 1.0 and 1.5 for the presence of –C(=O)–C(=O)– (or –S(O)2–) and –
COOH groups, respectively.

(c) Amino (–NH2) groups: if amino groups are present in nitroaromatic com-
pounds, the predicted ΔfusH can be higher. If one or two amino groups are
present, CSSP = 0.5, except if there is an amino group in the ortho position
with respect to the nitro group in mononitro derivatives. If more than two
amino groups are attached to the aromatic ring, CSSP = 2.5.

(d) Some polar groups in the para position relative to the nitro group in ben-
zene rings: If –OH and –NH2 groups are in the para position relative to a nitro
group in disubstituted or halogenated benzene rings, the corresponding val-
ues for CSSP from parts (a) and (c) should be replaced by 1.5 and 1.0, respec-
tively.

(e) Two nitro groups: in nitroaromatic compounds which contain only two nitro
groups, the values of CSSP are 0.50 and 1.5 for the ortho (or meta) and other
positions, respectively.

(f) If more than one alkyl group is attached to one benzene ring (or to two ben-
zene rings that are not directly attached to each other): CSSP = 4/nR in which
nR is the number of alkyl groups. Increasing nR can decrease the planarity of
the molecule and hence the molecular attractions.

(2) Decreasing effects of CSSP: The value of CSSP is −1.0 if tertiary, secondary amines
or Ar–O– are attached to a nitroaromatic ring. This is because the presence of
these groups can decrease the planarity of the molecules, as well as reduce the
interactions between local dipole moments of neighboring nitro groups.
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Example 4.3. Using equation (4.3) for the following structure gives

ΔfusH = 3.817 + 1.196a + 5.8471c − 1.382d + 7.898CSSP
= 3.817 + 1.196(6) + 5.8471(2) − 1.382(2) + 7.898(1.0)
= 27.82 kJ/mol.

The predicted value is closer to the value from the experimental data (32.64 kJ/mol
[142]) than equation (4.2) and group additivity method [194] are, which give values of
20.58 and 18.29 kJ/mol, respectively.

4.1.4 Nonaromatic energetic compounds containing nitramine, nitrate
and nitro functional groups

A simple correlation to predict the ΔfusH of acyclic and cyclic nitramines, nitrate esters
and nitroaliphatic energetic compounds can be written as follows [246]:

ΔfusH = 16.81 + 1.896d + 4.186nEDNA
+ 17.51(n>3,linearNNO2

− 2) − 11.52C–NO2(–ONO2), (4.4)

where nEDNA is the number of N,N′-(ethane-1,2-diyl)dinitramide (EDNA) moieties
(O2NNCHxCHxNNO2) in cyclic nitaramines; n>3,linearNNO2

is the number of –NNO2 groups
for those acyclic linear nitramines containing more than three nitramine groups,
and C–NO2(–ONO2) is a parameter. The value of C–NO2(–ONO2) is 1.0 for those compounds
which contain less than four –NO2 and –ONO2 groups, and is C–NO2(–ONO2) is −0.75 for
those compounds with four or more –NO2 and –ONO2 groups. The value of nEDNA is
zero for the simultaneous presence of O2NNCHxNNO2 and O2NNCHxCHxNNO2 units
in nitramine compounds (e. g. 1,3-dinitroimidazolidine (CPX)), which may be due to
the lowering of the symmetry in these compounds.

Example 4.4. 1,4,5,8-Tetranitrodecahydropyrazino[2,3-b]pyrazine (TNAD) is a high
performance explosive with the following molecular structure:
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Using equation (4.4) for TNAD gives

ΔfusH = 16.81 + 1.896d + 4.186nEDNA
+ 17.51(n>3,linearNNO2

− 2) − 11.52C–NO2(–ONO2)
= 16.81 + 1.896(8) + 4.186(3) + 17.51(0) − 11.52(0)
= 44.54 kJ/mol.

ThemeasuredΔfusH for TNAD is 46.4 kJ/mol [235]. The predicted ΔfusH using the group
additivitymethod is 42.66 kJ/mol [194],which shows a larger deviation from the exper-
imentally measured value than the value obtained using equation (4.3).

4.1.5 Improved method for the reliable prediction of the enthalpy of fusion
of energetic compounds

It was found that the following correlation can be used to obtain reliable predic-
tions of the enthalpy of fusion of energetic compounds with the general formula
CaHbNc(O or S)d′′ (halogen)k [245]:

ΔfusH = 0.542a + 1.490b + 2.044c + 1.252d
′′ + 1.839k

+ 9.848ΔHInc,fus − 11.675ΔHDec,fus, (4.5)

where ΔHInc,fus and ΔHDec,fus are two correcting functions which are described in the
following sections.

The presence of some specific polar groups
Polar groups such as –COOH, –OH and –NH2 may result in the presence of strong
hydrogen bonding and consequently much more efficient packing as a result of the
attractive forces. For acyclic nitamines, increasing the number of polar nitamine
groups can result in enhancement of the electrostatic attractions. The contributions
of ΔHInc,fus for these polar groups are:
(1) The effects of –OHand–COOHgroups: The value of ΔHInc,fus is 0.4 for the presence

of these functional groups, except in the case of a single hydroxyl group located

between two nitro groups , or in an ortho position relative to an
alkyl group for which cases the value of ΔHInc,fus = 0.0.

(2) The influence of –NH2 groups: If one or two amino groups are present, the value
of ΔHInc,fus is 0.7, except if there is an amino group in an ortho position relative to
the nitro group for mononitro derivatives in which case ΔHInc,fus = 0.0. The value
of ΔHInc,fus is 2.6 if more than two amino groups are attached to an aromatic ring.
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(3) The number of –NNO2 groups in acyclic nitramines nacyclNNO2
: If more than three

nitramine groups are present,

ΔHInc,fus = n
acycl
NNO2
− 2.

Disubstituted nitroaromatics
Molecular interactions such as interactions between local dipole moments of neigh-
boring atoms or groups in certain compounds can be responsible for the close proxim-
ity of molecules in the crystal. The value of ΔHInc,fus is 1.1 for dinitronaphthalene and
also for disubstituted benzene derivatives in which polar groups such as –OH and –
NO2 are located para to the nitro group.

Structural parameters affecting ΔHDec,fus
(1) Nitroaromatics with more than one benzene ring: The value of ΔHDec,fus is equal

to 0.5, except if sulfur is present between two benzene rings.
(2) Cyclic nitramines with rings which are larger than six membered rings and which

contain only carbon and nitrogen atoms (m>6cyc):
ΔHDec,fus =

m>6cyc − 6
4
+ 0.5.

Different effects of –NO2 and –ONO2 groups in nonaromatics
Intermolecular interactions may be increased if a larger number of –NO2 and –ONO2
groups are present. Furthermore, the presence of a lower number of –NO2 and –ONO2
groups can result in a reduction in the molecular packing. The values of ΔHDec,fus and
ΔHInc,fus are 0.4 and 1.1 if three or less –NO2 (or –ONO2) groups and more than three
–NO2 (or –ONO2) groups are present, respectively.

The predicted values of ΔHInc,fus andΔHDec,fus using the above conditions are sum-
marized in Tables 4.2, 4.3 and 4.4.

Example 4.5. The use of equation (4.5) for the followingmolecular structure gives the
following:
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Table 4.2: Summary of the correcting function ΔHInc,fus.

Polar groups ΔHInc,fus Condition Exception

The presence
of some specific
polar groups

The effects of –OH
and –COOH groups

0.4 – One hydroxyl
group between
two nitro groups

or ortho position
to alkyl group

The influence of
–NH2 groups

0.7 If one or two amino
groups are present

If an amino group
is in the ortho
position relative to
nitro group for
mononitro
derivatives

2.6 If more than two amino
groups are attached to
an aromatic ring

–

The number of
–NNO2 groups in
acyclic nitramines
nacyclNNO2

nacyclNNO2
− 2 For more than three

nitramine groups
–

Disubstituated
nitroaromatics

– 1.1 For dinitronaphthalene
or if polar groups such
as –OH and –NO2 are
present in para
positions to nitro
group in
disubstituated
benzene derivatives

–

Table 4.3: Summary of the correcting function ΔHDec,fus.

ΔHDec,fus Condition Exception

Nitroaromatics 0.5 More than one benzene ring Sulfur is present between
two benzene rings

Cyclic nitramines m>6cyc−6
4 + 0.5 Rings larger than six membered rings

which contain only carbon and hydrogen
atoms (m>6cyc)

–
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Table 4.4: Different effects of –NO2 and –ONO2 groups in ΔHInc,fus and ΔHDec,fus.

ΔHInc,fus ΔHDec,fus Condition

Non-aromatics 1.1 – More than three –NO2 (or –ONO2) groups

– 0.4 Three or less –NO2 (or –ONO2) groups

ΔfusH = 0.542a + 1.490b + 2.044c + 1.252d
′′ + 1.839k

+ 9.848ΔHInc,fus − 11.675ΔHDec,fus

= 0.542(10) + 1.490(6) + 2.044(2) + 1.252(4) + 1.839(0)

+ 9.848(1.1) − 11.675(0)

= 34.29 kJ/mol.

The measured ΔfusH for this compound is 33.03 kJ/mol [237]. The use of equation (4.3)
gives a value of 33.79 kJ/mol, whereas the predicted ΔfusH by the group additivity
method is 17.14 kJ/mol [194], which shows a much larger deviation from the measured
value.

4.1.6 A reliable method to predict the enthalpy of fusion of energetic materials

The following improved simple approach has been introduced to enable prediction
of the values of ΔfusH in large classes of energetic compounds – including poly-
nitro arenes, polynitro heteroarenes, acyclic and cyclic nitramines, nitrate esters,
nitroaliphatics, cyclic and acyclic peroxides, aswell as nitrogen rich compounds [251]:

ΔfusH = 0.9781(ΔfusH)add + 7.567(ΔfusH)
Inc
nonadd − 8.784(ΔfusH)

Dec
nonadd, (4.6)

where

(ΔfusH)add = 0.6047a + 0.6211b + 2.750c + 1.424d
′′ + 3.048k. (4.7)

(ΔfusH)Incnonadd and (ΔfusH)
Dec
nonadd are also nonadditive contributions corresponding to

the increasing and decreasing effects of specific groups. The presence of polar groups
results in an increase in the intermolecular attractions of a molecule with its neigh-
boring molecules. The values of (ΔfusH)Incnonadd and (ΔfusH)

Dec
nonadd are described in the

following sections.

(ΔfusH)Incnonadd
(1) –OH and –COOH groups in aromatic compounds: The value of (ΔfusH)Incnonadd is

equal to 0.7, except if an –OH group is located between two nitro groups in an
aromatic structure for which the value of (ΔfusH)Incnonadd is zero.
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(2) –NH2 group: The value of (ΔfusH)Incnonadd is 0.5 if one or two amino groups are
present in aromatic or non-aromatic compounds. The value of (ΔfusH)Incnonadd
equals 2.6 if more than two amino groups are attached to aromatic rings. For
mononitro derivatives, if the nitro group is located in the ortho position with
respect to the amino group, (ΔfusH)Incnonadd is zero.

(3) >NH group: if the >NH fragment is present, (ΔfusH)Incnonadd equals 0.5.
(4) >N–NO2 group in acyclic nitramines: if more than three >N–NO2 groups are

present, (ΔfusH)Incnonadd is (nacyclicNNO2
− 2) where nacyclicNNO2

is the number of >N–NO2
groups in acyclic nitramines.

(5) –N(C=O)N– group: The value of (ΔfusH)Incnonadd is 1.5.

(ΔfusH)Decnonadd
(1) Ar–X–Ar nitroaromatics: The value of (ΔfusH)Decnonadd is 0.5, except for Ar–S–Ar

structures for which it is zero.
(2) Cyclic nitramines:

(ΔfusH)
Dec
nonadd =

mcyc − 6
4
+ 0.5

for cyclic nitramines in which the ring(s) are larger than six-membered rings and
which contain only carbon and nitrogen atoms (mcyc > 6).

(3) –NO2 group in non-aromatic compounds: The value of (ΔfusH)Decnonadd is 1.0 for the
presence of nitro groups in acyclic and cyclic alkanes.

(4) –N–N=O group: The value of (ΔfusH)Decnonadd is 2.0 if the nitroso group is present.

Table 4.5 summarizes some functional groups andmolecular fragments which can be
used to determine the values of (ΔfusH)Incnonadd and (ΔfusH)

Dec
nonadd.

Example 4.6. The use of equations (4.6) and (4.7) for different classes of energetic
compounds, including acyclic nitramines, cyclic nitramines, nitrate esters, polyni-
tro arenes, polynitro heteroarenes, nitroaliphatics, nitroaromatics, cyclic peroxides,
acyclic peroxides and nitrogen rich compounds, is given in Table 4.6.

4.2 Different methods to predict the entropy of fusion
Organicmolecules with high symmetrymay have lower entropy of fusion and a higher
melting point as compared to their nonsymmetrical isomers. Their molecules have
a higher probability of being in the right orientation to form the crystal. It was
shown that some of the entropy determining parameters are not group additive
[196, 259, 260]. There are more translational, rotational, and conformational con-
straints on molecules in the solid state than the liquid state. The entropy of fusion
(ΔfusS) is an important property for predicting the melting point and solubility of or-
ganic compounds [253]. The value of ΔfusS based on Walden’s rule is constant with
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Table 4.5: Correcting functions which are used for the presence of different molecular fragments.

Molecular moieties Effect on predicted ΔfusH Comment

(ΔfusH)Incnonadd (ΔfusH)Decnonadd

–OH and –COOH groups 0.7 In aromatic compounds

0.0 fragments

–NH2 group 0.5 For one or two –NH2 groups

2.6 For more than two –NH2 groups

0.0 fragments

>NH group 0.5 –

>NNO2 group nNNO2 − 2 In acyclic nitramines

–N(C=O)N– fragment 1.5 –

Ar–X–Ar nitroaromatics 0.5 –

0.0 where X is S

Cyclic nitramines mcyc−6
4 + 0.5 Rings which are larger than six

membered rings

–NO2 group 1.0 Nitroalkanes

–N–N=O group 2.0 –

a value of 56.5 J K−1mol−1 [261] for aromatic compounds with little variation. The ef-
fect of molecular rotational symmetry (σ) can be incorporated into Walden’s rule as
follows [262]:

ΔfusS = 56.5 − R ln σ. (4.8)

The parameter σ is the rotational degeneracy of the molecule. It is the number of po-
sitions a molecule can be rotated into while maintaining the same atomic orienta-
tion of the original position. Figure 4.1 shows the symmetry number for some typical
compounds. The value of σ is based upon rotation because it is the only symmetry
operation that can physically be performed on a molecule. Thus, it does not enu-
merate mirror planes or operations that cannot be physically performed. Hydrogen
atoms in OH, CH3, and NH2 groups as well as halogens of tri-homohalogenated car-
bons like trichloromethyl are treated as being radially symmetrical because they can
be assumed to be freely and rapidly rotating. Carboxylic acids and nitro groups have
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Table 4.6: Several examples for the use of equations (4.6) and (4.7) in some classes of energetic
compounds.

Class of compound Molecular structure The calculated ΔfusH

Acyclic nitramine ΔfusH = 0.9781[0.6047(1) + 0.6211(2)+ 2.750(2) + 1.424(2) + 3.048(0)]+ 7.567(0) − 8.784(0) = 9.97 kJ/mol
ΔfusH = 0.9781[0.6047(2) + 0.6211(6)+ 2.750(4) + 1.424(4) + 3.048(0)]+ 7.567(0.5) − 8.784(0)= 24.94 kJ/mol

Cyclic nitramine ΔfusH = 0.9781[0.6047(6) + 0.6211(6)+ 2.750(12) + 1.424(12)+ 3.048(0)] + 7.567(0) − 8.784(0)= 56.18 kJ/mol
ΔfusH = 0.9781[0.6047(4) + 0.6211(8)+ 2.750(8) + 1.424(8) + 3.048(0)]+ 7.567(0) − 8.784(1)= 31.10 kJ/mol

Nitrate ester ΔfusH = 0.9781[0.6047(4) + 0.6211(8)+ 2.750(2) + 1.424(7) + 3.048(0)]+ 7.567(0) − 8.784(0)= 22.35 kJ/mol
ΔfusH = 0.9781[0.6047(5) + 0.6211(8)+ 2.750(4) + 1.424(12) + 3.048(0)]+ 7.567(0) − 8.784(0)= 35.29 kJ/mol

Polynitro arene ΔfusH = 0.9781[0.6047(14) + 0.6211(8)+ 2.750(6) + 1.424(12) + 3.048(0)]+ 7.567(0) − 8.784(0.5)= 45.99 − 4.39 = 41.60 kJ/mol
ΔfusH = 0.9781[0.6047(6) + 0.6211(5)+ 2.750(5) + 1.424(6) + 3.048(0)]+ 7.567(0.5) − 8.784(0)= 32.17 kJ/mol

Polynitro
heteroarene

ΔfusH = 0.9781[0.6047(5) + 0.6211(2)+ 2.750(4) + 1.424(6) + 3.048(0)]+ 7.567(0) − 8.784(0) = 23.29 kJ/mol
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Table 4.6 (continued)

Class of compound Molecular structure The calculated ΔfusH

ΔfusH = 0.9781[0.6047(6) + 0.6211(2) + 2.750(4)+ 1.424(6) + 3.048(0)] + 7.567(0) − 8.784(0)= 23.88 kJ/mol
Nitroaliphatic ΔfusH = 0.9781[0.6047(1) + 0.6211(3) + 2.750(1)+ 1.424(2) + 3.048(0)] + 7.567(0) − 8.784(0)= 7.89 kJ/mol

ΔfusH = 0.9781[0.6047(2) + 0.6211(3) + 2.750(3)+ 1.424(7) + 3.048(0)]+ 7.567(0) − 8.784(1) = 12.04 kJ/mol
Nitroaromatic ΔfusH = 0.9781[0.6047(6) + 0.6211(4) + 2.750(1)+ 1.424(2) + 3.048(1)]+ 7.567(0) − 8.784(0) = 14.43 kJ/mol

ΔfusH = 0.9781[0.6047(7) + 0.6211(5) + 2.750(1)+ 1.424(4) + 3.048(0)]+ 7.567(0.7) − 8.784(0) = 20.73 kJ/mol
Cyclic peroxide ΔfusH = 0.9781[0.6047(6) + 0.6211(12) + 2.750(0)+ 1.424(4) + 3.048(0)]+ 7.567(0) − 8.784(0) = 16.41 kJ/mol

ΔfusH = 0.9781[0.6047(9) + 0.6211(18) + 2.750(0)+ 1.424(6) + 3.048(0)]+ 7.567(0) − 8.784(0) = 24.61 kJ/mol
Acyclic peroxide ΔfusH = 0.9781[0.6047(14) + 0.6211(10)+ 2.750(0) + 1.424(4) + 3.048(0)]+ 7.567(0) − 8.784(0) = 19.93 kJ/mol
Nitrogen-rich
compound

ΔfusH = 0.9781[0.6047(3) + 0.6211(6)+ 2.750(4) + 1.424(0) + 3.048(0)]+ 7.567(0) − 8.784(0) = 16.18 kJ/mol
ΔfusH = 0.9781[0.6047(9) + 0.6211(5)+ 2.750(4) + 1.424(0) + 3.048(3)]+ 7.567(0.5) − 8.784(0.5) = 27.46 kJ/mol
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Figure 4.1: The value of σ for some representative compounds.

bilateral symmetry. The molecules with geometry of cones, cylinders, and spheres
have infinite symmetry for which σ is taken 20 to reflect their higher symmetry. Thus,
these geometries are not considered as equal to unity as in chemistry. Rather they
have σ = 20 because they are more symmetrical than benzene or neopentane as well
as containing at least one infinite rotational axis. The value of σ is equal to 1.0 for all
nonsymmetrical molecules.

The parameter σ′ can be considered for those molecules with a slight structural
difference, which causes an otherwise symmetrical molecule to be asymmetrical.
The packing arrangement of this molecule is quite the same as that of its symmet-
rical homomorphy, i. e. pseudo-symmetrical molecules have a higher probability of
being in the right arrangement required for a crystal lattice than nonsymmetrical
molecules. Thus, halogens andmethyl group are treated as being pseudosymmetrical
atoms/group, e. g. p-bromochlorobenzene is a pseudosymmetrical molecule (σ′ = 2)
as compared to its homomorph (p-dichlorobenzene or p-dibromobenzene, σ = 2).
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Equation (4.8) can be modified to include the flexibility number (ϕ) as [263]:

ΔfusS = 50 − R ln σ + R lnϕ. (4.9)

The parameter ϕ shows the internal conformational freedom of molecules. Flexi-
ble molecules, as compared to rigid molecules, tend to have a greater entropy change
during melting. This parameter is calculated by an ad hoc expression uniting flexible
segments as:

ϕ = 0.3ROT + LINSP3 + 0.5(BRSP3 + SP2 + RING) − 1, (4.10)

where LINSP3 is the number of nonring, nonterminal, and nonbranched sp3 atoms;
ROT is the extra entropy produced by freely rotating sp3 atoms and is calculated as
ROT = LINSP3-4 (if LINSP3 > 4 otherwise ROT = 0); BRSP3 is the total number of non-
ring, nonterminal, and branched sp3 atoms; SP2 is the number of nonring, and non-
terminal sp2 atoms; RING is the number of single, fused, or conjugated ring systems.
If the calculated value of ϕ by equation (4.3) is less than zero, the value of ϕ should
be taken zero.

Example 4.7. The values of different parameters of equation (4.10) are specified for
1-methoxy-2,4-dinitrobenzene with the following structure:

ϕ = 0.3ROT + LINSP3 + 0.5(BRSP3 + SP2 + RING) − 1,

LINSP3 = 1 (the oxygen atom of methoxy group), BRSP3 = 0, SP2 = 2 (two nitrogen
atomsofnitro groups),RING = 1 (onebenzene ring), andROT = 0becauseLINSP3 < 4.

The use of these parameters in equation (4.10) gives ϕ = 1.5.

To predict ΔfusS of nitroaromatic compounds, a suitable correlation based on the
elemental composition has been used [259]. The reliability of this method is higher
than that of the method of Jain and Yalkowsky [194], which is based on equation (4.8)
for 61 nitroaromatic compounds. This method has been restricted to nitroarmatic
compounds because it may give values which show large deviation from the expected
values for some of the other classes of energetic compounds. For nitroaromatics,
Evan and Yallkowsky [196] have improved the reliability of the method of Jain and
Yalkowsky [194] by introducing the molecular eccentricity (ε):

ΔfusS = 50 − R ln σ + R lnϕ + R ln ε. (4.11)
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Yalkowsky and coworkers [202, 264] have improved various parameters to obtain
the entropy of fusion for over 2000 organic compounds with a reasonable approxima-
tion as:

ΔfusS = 44.98 − 8.93 log σ − 2.17 log σ
′ + 11.36 log εar + 8.26 log εal + 5.91ϕ, (4.12)

where σ is symmetry, σ′ is pseudosymmetry, εar and εal are aromatic and aliphatic
eccentricity, respectively, and ϕ is flexibility.

The parameters εar and εal are related to crystals of flat eccentricmolecules, which
have relatively less than average free volume due to their efficient packing. Flat eccen-
tric molecules require more space to attain their free rotation as compared to spheri-
cal molecules of the samemolecular weight. These parameters can be obtained by the
number of atoms in aliphatic rings as well as the number of atoms in aromatic rings
or directly connected to them or part of a conjugated system, e. g. εar is equal to 16 for
2,4,6-trinitrotoluene due to the existence of three nitro conjugated system (= 3 × 3),
six carbon atoms of the benzene ring and one carbon atom of the methyl group. The
values of εar and εal equal to one for all nonring compounds.

Since the free energy of an organic compound at its melting point is equal to zero,
the normal melting point is the temperature at which the solid and liquid are at equi-
librium at one-atmosphere pressure. Thus, the use of equations (4.11) and (4.12) can
give the normal melting point of an organic compound as:

Tm =
ΔfusH
ΔfusS
=

∑ niHfus,i
44.98 − 8.93 log σ − 2.17 log σ′ + 11.36 log εar + 8.26 log εal + 5.91ϕ .

(4.13)

Example 4.8. 2,4,6-Trinitro-N-methyl-aniline has the following structure:

The value of ΔfusH is calculated by equation (4.11) and Table 4.1 as follows:

ΔfusH = ∑ niHfus,i = 4Car + 2CHar + 3YNO2 + YNH + XCH3

= 4 × 1.777 + 2 × 1.235 + 3 × 4.584 + 3.799 + 0.701 = 27.83 kJmol,−1
The measured value of ΔfusH for this compound is 25.9 kJmol−1 [202].

The value of ΔfusS is calculated by equation (4.12) as follows:

ΔfusS = 44.98 − 8.93 log σ − 2.17 log σ
′ + 11.36 log εar + 8.26 log εal + 5.91ϕ

= 44.98 − 8.93 log 1 − 2.17 log 1 + 11.36 log 16 + 8.26 log 1 + 5.91 × 2.0
= 70.5 Jmol−1K−1

The experimental value of ΔfusS is 64.2 Jmol−1 K−1 [202].
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A general new method for predicting the entropy of fusion for various types of
energetic compounds– includingpolynitro arene, acyclic andcyclic nitramine, nitrate
esters and nitroaliphatic compounds – has been introduced as additive (ΔfusSadd) and
nonadditive (ΔfusSnonadd) functions [260]:

ΔfusS = ΔfusSadd − 23.86ΔfusSnonadd, (4.14)

where

ΔfusSadd = 39.99 + 5.88c + 1.22d. (4.15)

The values of ΔfusSnonadd can be specified as follows.
(1) Ar–N(NO2)– and –R–OHmolecular moieties: The values of ΔfusSnonadd are 1.0 and

1.7 respectively, for the presence of these molecular fragmnents.
(2) 1,3,5-Trinitrobenzene derivatives: if 1,3,5-trinitrobenzene, 2,2′,4,4′,6,6′-hexanitro-

biphenyl or two rings of 1,3,5-trinitrobenzene in the form

are present, the value of ΔfusSnonadd is 1.0 if X is a single atom or unsaturated
molecular fragment (except –N=N– connecting two 1,3,5-trinitrobenzene rings).

(3) Cyclic nitramines containing more than three –NNO2 groups: ΔfusSnonadd = 1.5.

Example 4.9. The use of equations (4.14) and (4.15) for the following molecular struc-
ture

gives the following value:

ΔfusSadd = 39.99 + 5.88c + 1.22d
= 39.99 + 5.88(7) + 1.22(12)

= 95.79 J K−1mol−1,
ΔfusS = ΔfusSadd − 23.86ΔfusSnonadd
= 95.79 − 23.86(1)

= 71.93 J K−1mol−1.
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The measured ΔfusS for this compound is 72.8 J K−1mol−1 [54]. The predicted ΔfusS us-
ing equation (4.9) is 55.9 J K−1mol−1, which deviates considerably from the measured
value.

4.3 Summary

Different group additivity and empirical methods have been reviewed which can be
used topredict the enthalpy andentropyof fusion. Equation (4.1) andTable 4.1 provide
a suitable group additivity method for prediction of the enthalpy of fusion of organic
compounds containing organic materials with energetic groups. Among the different
methods for predicting the enthalpy of fusion, equations (4.6) and (4.7) provide a
simple pathway for large classes of energetic compounds – including polynitro arene,
polynitro heteroarene, acyclic and cyclic nitramines, nitrate esters, nitroaliphatic,
cyclic and acyclic peroxides, as well as nitrogen-rich compounds. Equation (4.12)
gives a suitable approaction for estimation of the entropy of fusion of organic com-
pounds where it can be applied for organic energetic materials. Equations (4.14) and
(4.15) also provide a new general method for predicting the entropy of fusion for
various types of energetic compounds including polynitro arenes, acyclic and cyclic
nitramines, nitrate esters and nitroaliphatic compounds.
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Sublimation properties can help to understand the coarsening process which occurs
[265, 266]. Knowledge of the heat of sublimation and the vapor pressure of organic ex-
plosives can also help to enable the design of new technology for the detection of ex-
plosive particles from concealed devices [267]. The sublimation properties of organic
explosives have long-term effects on soil, water and air. Since secondary explosives
are widely used, understanding their sublimation properties is necessary in order to
be able to study their toxic effects in the environment during storage [268].

The heat – or enthalpy – of sublimation is the best parameter to characterize the
strength of intermolecular interactions within a crystal. The gas phase heat of forma-
tion (ΔfH(g)) and the heat of sublimation (ΔsubH) can be used to evaluate the solid
phase heats of formation (ΔfH(s)) as follows [269]:

ΔfH(s) = ΔfH(g) − ΔsubH . (5.1)

The ΔfH(s) value of an energetic compound is important in order to enable the predic-
tion of its performanceusing various computer codes such as CHEETAH [270], ISPBKW
[271], LOTUSES [272], EDPHT [87], and EMDB [69]. It can also be calculated by com-
bining the predicted heat of sublimation and gas phase heat of formation according
to equation (5.1).

The value of ΔsubH for a specific compound can be considered to be the sum of
its heat of fusion and its heat of vaporization, even if the liquid cannot exist at the
pressure and temperature in question. Since the sublimation pressure at the melting
point is only rarely known, it is difficult to use the Clausius–Clapeyron equation to
obtain the heat of sublimation from the vapor pressure data [253].

There are a variety of approacheswhich can be used to predict the gas phase heats
of formation of energetic compounds [91, 92, 113, 134, 253, 258, 273], but few methods
have been reported to predict the heat of sublimation of energetic compounds. More-
over, experimental data for the heats of sublimation of energetic compounds are rare
because these values have not yet been published for many energetic materials. In
this chapter, somemethods for the prediction of ΔsubH for several classes of energetic
compounds will be reviewed.

https://doi.org/10.1515/9783110740158-005
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5.1 Group additivity method for prediction of the heat of
sublimation

Mathieu [94] generated a model using 35 group contributions from a training set con-
taining 814 compounds. Naef and Acree Jr. [274] introduced a suitable group additivity
method for predicting the heat of sublimation of a wide range of organic compounds
containing energetic materials. The general form of equation (5.2) can be used for this
purpose:

ΔsubH = 21.03 +∑
i
aiAi +∑

j
gjGj, (5.2)

where ai and gj are the numbers of the ith atom group Ai and the special group Gj,
respectively. For the atom groups, each group consists of a central atom (the back-
bone atom) and its immediate neighbor atoms. The central atom is bound to at least
two other atoms. It is characterized by its atom name, its atom type being defined by
either its orbital hybridization or bond type or its number of bonds, where required
for distinction, and by its charge, if not zero. A term is used to collect the neighbour
atoms, which are in the order H > B > C > N > O > S > P > Si > F > Cl > Br > I. The bond
type of theneighbor bondwith the backbone atom (if not single) encompasses its atom
name and its number of occurrences (if >1). The symbol J is used instead of I because of
the better readability of a neighbor term containing iodine. For the nonzero total net
charge of the neighbor atoms is nonzero, the charge “(+)” or “(−)” is appended to the
neighbor term. The atom type “N sp3” is used for N with three single bonds. The atom
types “O” and “S” are used for O and Swith two single bonds, respectively. If neighbor
atoms are part of a conjugated moiety, the terms “(pi)”, “(2pi)” or “(3pi)” supplement
the neighbor term. The increased strength of a group’s bonds in this situation is due to
the π-orbital conjugation of the backbone atom’s lone-pair electrons with conjugated
neighbor moieties. Table 5.1 shows some examples for the backbone atom type (the
boldface) and the term for its neighbors. Table 5.2 also gives atom groups and their
contributions (in kJ/mol) for equation (5.2).

The use of equation (5.2) does not reflect any knowledge about the molecules’
three-dimensional structure. It also depends on structural peculiarities such as
buttressing effects, ring strains, gauche bond interactions, or internal hydrogen
bonds.

Example 5.1. The use of equation (5.2) for (a) 1,3,5-trinitrobenzene, (b) hexanitro-
ethane, and (c) 1,3-diamino-2,4,6-trinitrobenzene gives:
(a) According to Tables 5.1 and 5.2, 1,3,5-trinitrobenzene has three (Atomic

type = C aromatic, Neighbours = H:C2, and Contribution = 5.36 kJ/mol), three
(Atomic type = C aromatic, Neighbours = :C2N(+), and Contribution =
28.67 kJ/mol), and three (Atomic type = N(+) sp2, Neighbours = CO=O(–), and
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Table 5.1: Group examples and their meaning.

Atom Type Neighbors Meaning Atom Type Neighbors Meaning

C sp3 H3C C–CH3 N sp3 H2C C–NH2
C sp3 H3N N–CH3 N sp3 H2C(pi) C–N*H2
C sp3 H2C2 C–CH2–C N sp3 C2N(2pi) C–N*(N)–C
C sp3 H2CO C–CH2–O N sp2 H=C C=NH
C sp3 HC3 C–CH(C)–C N sp2 C=N N=N–C
C sp3 HC2Cl C–CH(Cl)–C N sp2 =CO C=N–O
C sp3 HCO2 C–CH(O)–O N(+) sp3 H3C C–NH+3
C sp3 C3N C–C(C)2–N N(+) sp3 H2C2 C–NH+2–C
C sp3 C2F2 C–CF2–C N(+) sp2 CO=O(−) O=N+(O–)–C
C sp2 H2=C C=CH2 N aromatic :C2 C:N:C
C sp2 HC=C C=CH–C N(+) sp =N2(–) N=N+=N(–)

C sp2 HC=N N=CH–C O HC C–OH
C sp2 H=CN C=CH–N O HC(pi) C–O*Hc

C sp2 HN=O O=CH–N O Si2 Si–O–Si
C sp2 C2=O O=C(C)–C P3 C3 C–PC)–C
C sp2 C=CN C=C(C)–N P4 CO2=O O=PO2)–C
C sp2 =CNO C=C(N)–O P4 N2O=O O=PO)(N)–N
C sp2 N=NO N=C(N)–O S2 HC(pi) C–S*H
C sp2 NO=O O=C(N)–O S2 CS C–S–S
C aromatic H:C2a C:CH:C S4 CO=O2 C–S(=O)2–O
C aromatic H:C:N C:CH:N S4 O2=O O–S(=O)–O
C aromatic :CN:N C:C(N):N Si C2Cl2 C–SiCl2–C
C sp H#Cb C#CH Si OCl3 O–SiCl3
C sp C#N N#C–C
C sp #CN C#C–N
C sp =C2 C=C=C
C sp =C=O C=C=O
aThe symbol “:” represents an aromatic bond.
bThe symbol “#” gives a triple bond.
cThe symbol “*” shows lone-pair electrons form π-orbital conjugated bonds with neighbor atoms.

Contribution = −4.38 kJ/mol).

ΔsubH = 21.03 +∑
i
aiAi +∑

j
gjGj

= 21.03 + 3(5.36) + 3(28.67) + 3(−4.38) = 109.98 kJ/mol

(b) According to Tables 5.1 and 5.2, hexanitroethane has two (Atomic type = C sp3,
Neighbours = CN3(+), and Contribution = 43.89 kJ/mol), and six (Atomic type =
N(+) sp2, Neighbours = CO=O(–), and Contribution = −4.38 kJ/mol).

ΔsubH = 21.03 +∑
i
aiAi +∑

j
gjGj

= 21.03 + 2(43.89) + 6(−4.38) = 82.53 kJ/mol

 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



108 | 5 Heat of sublimation

Table 5.2: Atom groups and their contributions (in kJ/mol) for equation (5.2).

Atom Type Neighbors Contribution

B C3 65.82
C sp3 H3C 5.99
C sp3 H3N 26.96
C sp3 H3N(+) 98.98
C sp3 H3O 28.51
C sp3 H3S 30.06
C sp3 H2C2 6.88
C sp3 H2CN 21.98
C sp3 H2CN(+) 27.46
C sp3 H2CO 29.62
C sp3 H2CS 23.29
C sp3 H2CF 15.91
C sp3 H2CCl 17.59
C sp3 H2CBr 22.76
C sp3 H2CJ 21.83
C sp3 H2N2 43.95
C sp3 H2NCl 36.29
C sp3 H2O2 53.35
C sp3 H2OS 54.78
C sp3 H2S2 47.45
C sp3 HBC2 36.17
C sp3 HC3 2.28
C sp3 HC2N 14.28
C sp3 HC2N(+) 21.01
C sp3 HC2O 24.27
C sp3 HC2S 17.59
C sp3 HC2F 5.18
C sp3 HC2Cl 11.49
C sp3 HC2Br 0.95
C sp3 HCN2 39.48
C sp3 HCN2(+) 39.93
C sp3 HCNO 34.73
C sp3 HCNS 20.56
C sp3 HCO2 39.96
C sp3 HCF2 0.19
C sp3 HCCl2 15.78
C sp3 HN3(+) 37.31
C sp3 HO3 72.23
C sp3 C4 4.25
C sp3 C3N 5.87
C sp3 C3N(+) 18.44
C sp3 C3O 15.18
C sp3 C3S 6.40
C sp3 C3F 1.89
C sp3 C3Cl 8.06
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Table 5.2 (continued)

Atom Type Neighbors Contribution

C sp3 C3Br 2.34
C sp3 C2N2(+) 34.78
C sp3 C2O2 39.73
C sp3 C2S2 37.28
C sp3 C2F2 7.07
C sp3 CN3(+) 43.89
C sp3 CN2F(+) 25.98
C sp3 CO3 57.42
C sp3 CF3 4.71
C sp3 CCl3 16.10
C sp3 N3F(+) 44.00
C sp3 O4 73.43
C sp2 H2=C 7.97
C sp2 HC=C 5.10
C sp2 HC=N 35.49
C sp2 HC=N(+) 72.64
C sp2 H=CN 32.79
C sp2 HC=O 20.74
C sp2 H=CO 16.89
C sp2 H=CS 15.22
C sp2 HN=N 55.52
C sp2 HN=O 35.41
C sp2 H=NO 40.91
C sp2 H=NS 33.85
C sp2 C2=C 3.91
C sp2 C2=N 30.47
C sp2 C2=N(+) 13.76
C sp2 C=CN 26.81
C sp2 C=CN(+) 41.65
C sp2 C2=O 15.10
C sp2 C=CO 22.08
C sp2 C2=S 18.21
C sp2 C=CS 15.64
C sp2 C=CF 16.81
C sp2 C=CCl 11.02
C sp2 C=CBr 34.06
C sp2 C=CJ 32.46
C sp2 =CN2 64.94
C sp2 =CN2(+) 60.65
C sp2 CN=N 54.51
C sp2 CN=N(+) 44.16
C sp2 CN=O 39.66
sp2 C=NO 42.74
C sp2 CN=S 39.85
C sp2 C=NS 34.89
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Table 5.2 (continued)

Atom Type Neighbors Contribution

C sp2 =CNS(+) 41.29
C sp2 =CNCl 38.14
C sp2 CO=O 34.06
C sp2 CO=O(–) 80.89
C sp2 C=OCl 29.03
C sp2 CS=S 56.97
C sp2 N2=N 80.72
C sp2 N2=N(+) 65.95
C sp2 N2=O 59.57
C sp2 N2=S 66.62
C sp2 N=NS 51.62
C sp2 NO=O 52.79
C sp2 =NO2 61.12
C sp2 N=OS 48.27
C sp2 NO=S 58.04
C sp2 =NOS 52.75
C sp2 NS=S 60.83
C sp2 =NS2 64.37
C sp2 O2=O 41.40
C sp2 =OS2 41.22
C sp2 OS=S 73.06
C sp2 S2=S 49.39
C aromatic H:C2 5.36
C aromatic H:C:N 18.20
C aromatic H:C:N(+) 28.26
C aromatic H:N2 23.27
C aromatic B:C2 25.04
C aromatic :C3 5.51
C aromatic C:C2 3.12
C aromatic C:C:N 11.10
C aromatic C:C:N(+) 16.04
C aromatic :C2N 22.21
C aromatic :C2N(+) 28.67
C aromatic :C2:N 17.03
C aromatic :C2:N(+) 18.05
C aromatic :C2O 20.46
C aromatic :C2P 1.63
C aromatic :C2S 16.31
C aromatic :C2F 4.45
C aromatic :C2Cl 12.48
C aromatic :C2Br 14.66
C aromatic :C2J 20.68
C aromatic :C2Si 4.80
C aromatic C:N2 28.80
C aromatic :CN:N 29.72
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Table 5.2 (continued)

Atom Type Neighbors Contribution

C aromatic :CN:N(+) 33.74
C aromatic :C:NO 41.44
C aromatic :C:NO(+) 33.50
C aromatic :C:NCl 21.70
C aromatic :C:NBr 31.31
C aromatic N:N2 43.11
C aromatic :N2O 39.92
C aromatic :N2S 36.08
C aromatic :N2Cl 35.90
C sp =C2 6.39
C sp C#C 3.24
C sp C#N 16.49
C sp C#N(+) 11.33
C sp #CS 28.03
C sp N#N 47.80
C sp #NP 12.53
N sp3 H2C 5.03
N sp3 H2C(pi) 6.38
N sp3 H2N 17.97
N sp3 H2S 41.98
N sp3 HC2 23.83
N sp3 HC2(pi) 13.51
N sp3 HC2(2pi) 20.10
N sp3 HCN 0.15
N sp3 HCN(pi) 6.71
N sp3 HCN(2pi) 6.84
N sp3 HCS(pi) 15.10
N sp3 C3 51.07
N sp3 C3(pi) 53.90
N sp3 C3(2pi) 60.80
N sp3 C3(3pi) 61.26
N sp3 C2N(pi) 7.05
N sp3 C2N(+)(pi) 5.52
N sp3 C2N(2pi) 36.36
N sp3 C2N(+)(2pi) 20.13
N sp3 C2N(3pi) 54.74
N sp3 C2S 49.13
N sp3 C2F(2pi) 64.78
N sp3 CN2(pi) 30.74
N sp3 CN2(2pi) 49.40
N sp3 CN2(+)(2pi) 3.72
N sp3 CNF(2pi) 34.74
N sp2 C=C 32.77
N sp2 C=N 4.54
N sp2 C=N(+) 15.43
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Table 5.2 (continued)

Atom Type Neighbors Contribution

N sp2 =CN 4.63
N sp2 =CN(+) 36.68
N sp2 C=O 12.04
N sp2 C=P 49.18
N sp2 =CO 16.24
N sp2 =CS 26.78
N sp2 N=N 12.19
N sp2 N=O 0.00
N sp2 =NO 6.67
N aromatic :C2 14.01
N aromatic :C:N 4.98
N(+) sp3 H3C 2.77
N(+) sp3 H2C2 82.36
N(+) sp2 C=CO(–) 68.61
N(+) sp2 C=NO 26.37
N(+) sp2 C=NO(–) 11.30
N(+) sp2 CO=O(–) 4.38
N(+) sp2 =CO2(–) 2.17
N(+) sp2 NO=O(–) 0.15
N(+) sp2 O2=O(–) 6.00
N(+) aromatic H:C2 46.79
N(+) aromatic :C2O(–) 7.10
N(+) sp C#C(–) 14.36
N(+) sp #CO(–) 0.00
N(+) sp =N2(–) 19.14
O HC 4.49
O HC(pi) 8.19
O HN(pi) 2.28
O HO 29.95
O C2 39.23
O C2(pi) 31.33
O C2(2pi) 24.06
O CN(pi) 0.00
O CN(+)(pi) 0.00
O CN(2pi) 4.91
O CO(pi) 27.16
O CP(pi) 16.12
O N2(2pi) 5.87
O N2(+)(2pi) 6.27
P3 C3 16.70
P3 S3 66.68
P4 C3=N 0.00
P4 C3=O 30.50
P4 C3=S 46.30
P4 O3=O 0.00
S2 HC 2.58
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Table 5.2 (continued)

Atom Type Neighbors Contribution

S2 HC(pi) 18.47
S2 C2 22.69
S2 C2(pi) 15.86
S2 C2(2pi) 7.94
S2 CN(pi) 25.96
S2 CN(2pi) 6.82
S2 CS(pi) 6.16
S2 CP(pi) 0.00
S2 N2 2.00
S2 N2(2pi) 21.36
S2 NS 1.00
S4 C2=O 5.89
S4 C2=O2 4.26
S4 CN=O2 9.20
Si C4 2.02
Si C3Si 0.67
H H Acceptora 8.63
Alkane No. of C atomsb 0.53
Unsaturated HC No. of C atomsc 0.10
aIntramolecular H bridge between acidic H (on O, N or S) and basic acceptor (O, N or F).
bCorrection factor per carbon atom in pure alkanes.
cCorrection factor per carbon atom in pure aromatics, olefins and alkynes.

(c) According to Tables 5.1 and 5.2, 1,3-diamino-2,4,6-trinitrobenzene has one (Atomic
type = C aromatic, Neighbours = H:C2, and Contribution = 5.36 kJ/mol),
three (Atomic type = C aromatic, Neighbours = :C2N(+), and Contribution =
28.67 kJ/mol), two (Atomic type = C aromatic, Neighbours = C:C:N, and Contri-
bution = 11.10 kJ/mol), and three (Atomic type =N(+) sp2, Neighbours = CO=O(–),
and Contribution = −4.38 kJ/mol).

ΔsubH = 21.03 +∑
i
aiAi +∑

j
gjGj

= 21.03 + 1(5.36) + 3(28.67) + 2(11.10) + 3(−4.38) = 121.46 kJ/mol

Themeasured ΔsubH for 1,3,5-trinitrobenzene, hexanitroethane, and 1,3-diamino-
2,4,6-trinitrobenzene is 107.3, 70.7, and 143.5 JK−1mol−1, respectively [142].

5.2 Quantum mechanical and complex approaches for predicting
the heat of sublimation

Several quantummechanical calculationshavebeen introduced topredict theheats of
sublimation of energetic compounds [116, 119, 121, 275–277], and with which Politzer
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and coworkers have achieved significant success [121]. They used three quantum me-
chanical parameters in their calculations:
(1) the surface area of the 0.001 electron/bohr3 isosurface of the electron density of

the molecule,
(2) a measure of the variability of electronic potential on the surface,
(3) the degree of balance between the positive andnegative charges on the isosurface.

Rice et al. [119] further improved this method to generate surface electrostatic poten-
tials of individual molecules. Byrd and Rice [116] have modified previous methods by
incorporatinggroupadditivity andby theuseof themore complicated6-311++G(2df,2p)
basis set. Hu and coworkers [375] have also used the empirical relations of Politzer
et al. [121] to predict the heats of sublimation of the condensed phases of energetic
materials. There are also some relationships between the heats of sublimation of
some polynitro compounds and lattice energies [278]. Suntsova and Dorofeeva [96]
improved the electrostatic potential model of the Politzer approach by additional pa-
rameter Π (average deviation of electrostatic potential) for estimating enthalpies of
sublimation of nitrogen-rich energetic compounds based on experimental enthalpies
of sublimation for 185 compounds. Meftahi et al. [95] have compared several QSPR
methods based on complex descriptors for predicting the enthalpy of sublimation of
organic compounds containing energetic materials.

5.3 The use of structural parameters

There are several simple methods for predicting ΔsubH which are based on structural
features [89, 98–100]. These methods can be applied for selected classes of energetic
compounds and are demonstrated here.

5.3.1 Nitroaromatic compounds

For nitroaromatics, the following optimized correlation can be used to predict ΔsubH
according to [98]:

ΔsubH = 64.51 + 4.555a − 2.763b + 10.32c + 16.51CSG, (5.3)

where ΔsubH is in kJ/mol and the variable CSG shows the contribution of certain polar
groups. The different values of CSG for various polar groups attached to nitroaromatic
rings are specified as follows:
(1) Alkoxy group (–OR) attached to a nitroaromatic ring: CSG = 1.0, e. g. 2-methoxy-

1,3,5-trinitrobenzene.
(2) Carbonyl in form of –C(=O)NRR′ or –C(=O)–R attached to an aromatic ring in

which R and R′ are alkyl groups: CSG = 0.75, e. g. 3-nitroacetophenone.
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(3) Carboxylic acid functional group, two hydroxyl groups, or three amino groups:
CSG = 2.0. In the case of two hydroxyl groups, nitro groups should be separated
from –OH by at least one –CH– group, e. g. 4-nitrobenzene-1,2-diol.

Example 5.2. The use of equation (5.1) for the following molecular structure gives

ΔsubH = 64.51 + 4.555a − 2.763b + 10.32c + 16.51CSG
= 64.51 + 4.555(14) − 2.763(18) + 10.32(2) + 16.51(0.75)
= 111.6 kJ/mol.

The measured ΔsubH value for this compound is 107.9 kJ/mol [279].

5.3.2 Nitramines

It was found that the molecular weight and structural parameters are sufficient to es-
tablish a new correlation as follows [98]:

ΔsubH = 15.62 + 0.3911Mw + 10.36nO2NNCH2NNO2
, (5.4)

where Mw is the molecular weight of the nitramine and nO2NNCH2NNO2
is the number

of –CH2– groups between two nitramine functional groups in cyclic and noncyclic
nitamines. Equation (5.4) cannot be used for cyclic nitramines with nO2NNCH2NNO2

≥ 5.

Example 5.3. 4,10-Dinitro-2,6,8,12-tetraoxa-4,10-diazaisowurtzitane (TEX) has the
following molecular structure:

Equation (5.4) predicts ΔsubH to be

ΔsubH = 15.62 + 0.3911Mw + 10.36nO2NNCH2NNO2

= 15.62 + 0.3911(262.13) + 10.36(0)
= 118.1 kJ/mol.

The measured ΔsubH for TEX is 123.4 kJ/mol [238].
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5.3.3 Nitroaromatics, nitramines, nitroaliphatics and nitrate esters

For nitroaromatics, nitramines, nitroaliphatics and nitrate esters, the molecular
weight and the contribution of some specific functional groups, as well as structural
features can be combined by a general equation as follows [99]:

ΔsubH = 53.74 + 0.2666Mw′ + 13.99CIn − 15.58CDe, (5.5)

where Mw′ is the molecular weight of the nitro compound (except halogenated ni-
troaromatics and hydrogen-free nitro compounds in which the contribution of halo-
gen atoms in the calculation of the molecular weight should be neglected), CIn is the
contribution of specific polar groups attached to aromatic rings and CDe shows the
presence of some molecular moieties. The values of CIn and CDe are specified accord-
ing to the following conditions.
(1) Nitroaromatics:

(a) Prediction of CIn:
(i) –COOH and –OH functional groups: CIn = 2.0 for the compounds that

contain the carboxylic acid functional group or two hydroxyl groups.
Since the participation of a group in intramolecular hydrogen bonding
can reduce its ability to form intermolecular hydrogen bonds, the pres-
ence of a nitro group in the ortho position relative to the –OH group can
cancel its effect. If two hydroxyl groups are attached to the aromatic ring,
nitro groups should be separated from –OH groups by at least one –CH–
group, e. g. 4-nitrobenzene-1,2-diol.

(ii) Amino groups: the value of CIn is equal to the number of amino groups in
such compounds, i. e. CIn = nNH2

.

(iii) The presence of a carbonyl group in the form of an amide or

ketone : CIn = 0.75. Since carbonyl groups are in resonance with

the aromatic ring, they can likely promote co-planarity and rigidity in
some cases.

(b) Prediction ofCDe: The presence of alkyl groups– especially bulky groups such
as tert-butyl – can decrease the intermolecular interactions for high ratios
of nR/nNO2

. For nR/nNO2
≥ 1, the contribution of CDe should be considered.

The values of CDe are 2.0 and 3.0 for the presence of one and more than one
bulky group, respectively. If only small alkyl groups such as methyl groups
are present, CDe = 1.0.

(2) Nitramines: The contributions of CIn and CDe depend on the number of N–NO2
groups in cyclic and acyclic nitramines. For five membered (or larger) cyclic
nitramines that have only the fragments and for acyclic nitramines,

C = 1.75nNNO2
−4. If C < 0 and C > 0, then C will become CDe and CIn, respectively.
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For nitramines with the molecular fragment , appreciable molecular in-

teractions are present so that CIn = 4.25.
(3) Nitroaliphatic compounds: For nitroaliphatic compounds, CDe = 3.0.

Example 5.4. The use of equation (5.5) for the following molecular structure gives

ΔsubH = 53.74 + 0.2666Mw + 13.99CIn − 15.58CDe
= 53.74 + 0.2666(122.10) + 13.99(0) − 15.58(0)
= 86.29 kJ/mol.

The measured value of ΔsubH is 83.0 kJ/mol [142].

5.3.4 General method for polynitro arenes, polynitro heteroarenes, acyclic and
cyclic nitramines, nitrate esters, nitroaliphatics, cyclic and acyclic peroxides,
as well as nitrogen-rich compounds

The following correlation can be used to predict ΔsubH for a wide range of energetic
compounds, including polynitro arenes, polynitro heteroarenes, acyclic and cyclic
nitramines, nitrate esters, nitroaliphatics, cyclic and acyclic peroxides, as well as
nitrogen-rich compounds [100]:

ΔsubH = 52.89 + 0.2689Mw′ + 15.13Fattract − 13.29Frepul, (5.6)

where Fattract and Frepul are two parameters which take into account attractive and
repulsive intermolecular forces. The values of Fattract and Frepul are specified according
to the following conditions, depending on the presence of various functional groups
and molecular moieties:

(1) –COOH, –OH, , –NH2 (or –NH–) and polar groups: The values

of Fattract are as follows:
(a) Fattract = 2.0 for compounds containing at least one –C(=O)OH, or two –

OH functional groups. For nitroaromatics containing two –OH groups, nitro
groups should be separated from –OH at least by one =CH– group, e. g.
4-nitrobenzene-1,2-diol. The presence of a nitro group in the ortho position
with respect to the –OH group can cancel this condition so that Fattract = 0.0
in these compounds, e. g. 2,4,6-trinitro-1,3-benzenediol (styphnic acid).

(b) ThevalueofFattract is equal to thenumber of –NH2, –NH–or groups.
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(c) For nitramines or organic polynitrogen compounds which contain a
molecular fragment, there is a large intermolecular attraction so that Fattract =
4.7.

(2) Nitramines:
(a) Direct electrostatic interactions are dominant in polynitramine crystalswhich

contain the molecular fragment. Thus, Fattract is 1.0 and 2.0 in

acyclic and cyclic nitramines, respectively.
(b) For other acyclic nitramines, Frepul = 2.6.

(3) Nitroaliphatic compounds: The value of Frepul is equal to 2.6 in these compounds.
(4) Alkylated nitroaromatics: Frepul = 1.0 in substituted nitroaromatics containing

small alkyl groups such as methyl groups. However, Frepul = 2.0 for bulky groups
such as the t-butyl group. These conditions can be applied if nR/nNO2

≥ 1.
(5) Peroxides: For acyclic and cyclic peroxides, Frepul = 2.0.
(6) Intramolecular hydrogen bonding (H-bonding): Frepul = 0.5, e. g. 1,3-diamino-

2,4,6-trinitrobenzene (DATB).

The conditions listed above are summarized in Table 5.3.

Table 5.3: Summary of correcting functions Fattract and Frepul.

Molecular moieties Effect on predicted ΔsubH Comment
Fattract Frepul

–OH and –COOH groups 2.0 – (a) For one or more –COOH groups
(b) For two –OH groups

–NH2, –NH– and

groups

No. of groups – –

structure 4.7 – –

structure 1.0 – In acyclic nitramines
2.0 – In cyclic nitramines

–NO2 and >NNO2 groups – 2.6 In nitroaliphatics and acyclic
nitramines which are not included
in the conditions two rows above

structure,

nR/nNO2 ≥ 1

– 1.0 For small alkyl groups
– 2.0 For bulky alkyl groups

C–O–O–C group – 2.0 –

Intermolecular H-bonding – 0.5 Intermolecular hydrogen bonding
forms a 6-membered ring
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Example 5.5. 1,3,5-Trinitro-1,3,5-triazinane (RDX) has the following molecular struc-
ture:

The use of equation (5.6) for the following molecular structure gives

ΔsubH = 52.89 + 0.2689Mrev + 15.13Mw′ − 13.29Frepul
= 52.89 + 0.2689(222.12) + 15.13(2.0) − 13.29(0)
= 142.9 kJ/mol.

The deviation of the predicted value from the experimentally determined value
(134.3 kJ/mol [280]), i. e. 8.3 kJ/mol, is lower than that of the values obtained from
the two complex quantum mechanical calculations of Rice et al. [119] (ΔsubH =
102.5 kJ/mol; Dev = 31.8) and [116] (ΔsubH = 97.9 kJ/mol; Dev = 36.4).

5.4 Summary

This chapter has introduceddifferent empiricalmethods for the prediction of the heats
of sublimation of important classes of energetic compounds. Equation (5.2) can pro-
vide a group additivitymethod for prediction of the enthalpy of sublimation of organic
compounds containing energetic materials. Equations (5.1) and (5.4) provide two sim-
ple and reliable approaches to estimate the heat of sublimation of nitoaromatics and
nitramines, respectively. Equations (5.5) and (5.6) provide more complex empirical
methods which can be applied to a wide range of organic compounds containing im-
portant energetic functional groups. Equation (5.6) is the best method because it can
be used for a wide range of energetic compounds, including polynitro arenes, polyni-
tro heteroarenes, acyclic and cyclic nitramines, nitrate esters, nitroaliphatics, cyclic
and acyclic peroxides, as well as nitrogen-rich compounds.
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An organic energetic compound is metastable molecule, which is capable of undergo-
ing very rapid and highly exothermic reactions. Thus, prediction of its sensitivity is a
complex matter. Several properties contribute to a materials response to the stimulus
in a sensitivity test, andwhich are a consequence of the kinetics and thermodynamics
of the thermal decomposition of the explosive. They include
(1) the ease with which a detectable reaction of any kind can be initiated in an ener-

getic compound;
(2) the tendency a small reaction can grow to destructive properties;
(3) the ease with which a higher order detonation can also be established in an ener-

getic compound.

There are several reviews in literature which describe the calculation of the sensitiv-
ity of energetic compounds [81, 281–286]. Zeman and Jungová [285] have given an
overview of the main developments in the study of the sensitivity of energetic ma-
terials to impact, shock, friction, electric spark, laser beams and heat in the period
2006–2015.

The safe handling of an energetic compound is one of themost important issues to
the scientists and engineers who handle energetic molecules. Some stimuli can cause
detonation of an energetic compound, including impact, shock, heat, electrostatic
charge and friction. Of these stimuli, impact is probably the most well-known out of
the many kinds of sensitivity because the drop-weight impact test is extremely easy to
implement. Impact is one of the important factors in assessing an energetic compound
since it provides information on the vulnerability of an energetic material to detona-
tion due to accidental impact. Therefore, the impact sensitivity is closely related and
highly relevant to many accidents in work places.

The drop hammer is one of the usual tests which is used for the evaluation of im-
pact sensitivity. In this test, milligram quantities of an explosive material are placed
between the flat tool steel anvil and flat surface of the tool striker. It typically involves

https://doi.org/10.1515/9783110740158-006

 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



122 | 6 Impact sensitivity

dropping a 2.5 kgmass from a predetermined height onto the striker plate. The impact
drop height (H50, cm) is the height from which there is a 50% probability of causing
an explosion, where 1 cm = 0.245 J (Nm) with a 2.5 kg dropping mass. Since the sen-
sitivity is inversely proportional to H50, impact sensitivity is shown in terms of the
value of H50. Although the impact sensitivity test is itself is extremely easy to imple-
ment, obtaining reliable experimental data is known to be relatively difficult. Since
there is some difficulty associated with the initiation mechanism of explosion caused
by mechanical impact, it can be assumed that hot spots in the material contribute to
initiation in the dropweight impact test. The results of impact sensitivity are often not
reproducible because factors in the test that might affect the formation and growth of
hot spots can strongly affect the measurements. Moreover, the experimental data are
extremely sensitive to the conditions under which the tests are performed. Despite all
of the uncertainties associated with the impact sensitivity test, there are many differ-
ent methods have been developed to correlate the impact sensitivity with other prop-
erties of energetic compounds, e. g. maximum heat of detonation [287], crystal lattice
compressibility/free space [288], the available free space per molecule in the unit cell
[289], 15N NMR chemical shifts [290], nucleus-independent chemical shifts for aro-
matic explosives [291] and activation energy of thermal decomposition [292]. In recent
years, some new correlations have been introduced to predict the impact sensitivity of
different categories of energetic compounds, which are based on structural moieties
[293–295], quantitative structure–property relationships (QSPR) [296–301], artificial
neural networks and genetic algorithms [302, 303]. Some of these approaches are re-
viewed and illustrated in this chapter.

6.1 Complex methods

High speed computers allow quantummechanical calculations of impact sensitivities
of different classes of energetic compounds. Since the molecular surface of electro-
static potentials of the nitroaromatic molecules have positively charged regions over
the C–NO2 bonds, some authors have used computed partial atomic charges [304,
305], heats of reaction [306] and heats of explosion [307] in order to estimate impact
sensitivities of some classes of explosives.

Brinck et al. [308] introduced the term “polarity index” (Π), which can measure
local polarity, and demonstrated its relationship to the dielectric constant. For ni-
troaromatics, there is a relationship betweenΠand their impact sensitivities. Xiao and
coworkers [309] proposed the thermodynamic criteria of “the smallest bond order”,
“the principle of the easiest transition” and the kinetic criterion of “the reaction ac-
tivation energy of pyrolysis initiation” to judge the impact sensitivity. These methods
are only used to qualitatively compare the relative magnitudes of impact sensitivity.

Politzer et al. [310] have identified a few features of electrostatic potentials for
CaHbNcOd explosives that appear to be related to their sensitivity to impact. Owen
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et al. [304] investigated the electrostatic potential over the C–NO2 bonding region,
which reflects a degree of instability in the C–NO2 bond. For 18 nitroaromatics (exclud-
ing hydroxynitroaromaticmolecules), Murray et al. [305] also introduced a correlation
between impact sensitivity measurements and an approximation of the electrostatic
potential at the midpoint of the C–N bond. Rice and Hare [311] used approximations
of the electrostatic potential at midpoints, statistical parameters of these surface po-
tentials and the property-structure relation method “generalized interaction property
function” (GIPF) or computed heats of detonation to predict the impact sensitivity of
CaHbNcOd explosives. The impact sensitivities of CaHbNcOd explosives have some de-
pendence on the degree of internal charge imbalance within the molecule [312]. For
nitramines, rupture of N–NO2 bond is a key step in the decomposition process initi-
ated by heat, shock and impact [313]. Edwards et al. [314] also used model IV of Rice
andHare [311] to calculate the heat of detonation of several nitramines using quantum
mechanical theory, in which it was shown that there was a correlation between the
exponential decrease of the HOMO and LUMO energies versus sensitivity at the DFT
level of theory. Ren et al. [315] used seven models that related the features of molec-
ular surface electrostatic potentials above the bond midpoints and rings, statistical
parameters of surface electrostatic potentials to the experimental impact sensitivities
of eight strained cyclic explosives with the C–NO2 bonds at the DFT-B3LYP/6-311++G**
level. Oliveira and Borges Jr [316] developed four mathematical models to correlate
impact sensitivity to molecular charge properties using DFT.

Zhang et al. [317] derived some relationships between impact sensitivity and nitro
group charges. They used the general gradient approximation (GGA) as well as the
Beck hybrid functional and DNP basis set to calculate the Mulliken charges, which
could be correlated with the impact sensitivity of nitro compounds. It was found
that nitro compounds may be sensitive (H50 ≤ 40 cm) when the nitro group has a
negative charge of less than about 0.23. Since the charges on the nitro group can
be used to estimate the bond strength, oxygen balance and molecular electrostatic
potential, compounds with higher Mulliken net charges at the nitro groups will be
insensitive and show large H50 values. The method of Zhang et al. [317] can be ap-
plied to nitro compounds when the C–NO2, N–NO2 or O–NO2 bond is the weakest
in the molecule. Zeman and Jungová [286] have also reviewed some futher publi-
cations which used quantum mechanical approaches. Bondarchuk [318] developed
a theoretical approach for the prediction of impact sensitivity of explosives based
on the solid state derived criteria, which include triggering pressure, the average
number of electrons per atom, crystal morphology, energy content, and melting tem-
perature. Cawkwell and Manner [319] demonstrated that chemical reactivity rather
than thermomechanical effects is the dominant factor on explosive behavior in an
impact test. They suggested that quantum-based molecular dynamics simulations
may be a reliable computational tool for screening explosives for drop-height impact
sensitivity. Mathieu [320] correlated linearly impact sensitivity for several high explo-
siveswith their (detonation velocity)−4 or equivalentlywith (detonation pressure)−2 or
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(Gurney energy)−1, which originated from the primary role of the amount of chemical
energy evolved per atom for both performance and sensitivity.

Neural network architectures have been recently used as prediction methodol-
ogy for impact sensitivity. Cho and coworkers [321] utilized 17 molecular descriptors,
which were composed of compositional and topological descriptors in an input layer
and two hidden neurons in a hidden layer. Some structural parameters have also been
used to predict impact sensitivity using an artificial neural network model by choos-
ing only 10molecular descriptors [322]. The final neural structure consists of the three
layers input, output, and hidden. The network is composed of: 10 input nodes, fif-
teen hidden-layer neurons and a single output neuron corresponding to the impact
sensitivity of explosive. The ten structural descriptors include (1) a/MW; (2) b/MW;
(3) c/MW; (4) d/MW; indicator variables for (5) aromaticity; (6, 7) heteroaromaticity
(N andO); (8) N–NO2; (9) α-hydrogen; (10) salt. The connectionweights of the network
were adjusted iteratively using back propagation algorithm. The predictive ability of
the artificial neural networkwas checkedwith 275 experimental data. Impact sensitiv-
ities of 14 explosives in the test set were also compared with five quantum mechaical
models of Rice and Hare [311]. It was shown that this model can provide better predic-
tions compared to the quantummechanical models of Rice and Hare [311].

Wang et al. [323] used theQSPRmodel by combining both the electronic and topo-
logical characteristics (ETSI approach) of the molecules under analysis. Since they
used mixed data from very different structures, their predictions are, at best, just an
indication. Xu et al. [301] performed a QSPR study for the entire set of 156 structurally
different energetic compounds to estimate the impact sensitivity of new energetic ma-
terials. These QSPR approaches however, do not allow an evaluation of the chemical
physics of initiation.

6.2 Simple methods on the basis of molecular structure for
neutral energetic compounds

In contrast to complex methods, simple empirical correlations have the advantages
that neither complex quantum chemistry software, nor high speed computers need
to be available for tedious computation. There are some simple relationships that re-
late impact sensitivities with measured and predicted molecular properties, e. g. the
oxygen balance of themolecules [324, 325],molecular electronegativities [326, 327], vi-
brational states [328], parameters related to oxidation numbers [329], 15N NMR chem-
ical shifts and heat of fusion [238, 281, 330], as well as elemental composition and
molecular structures [293, 295, 331–335]. Several simple correlations, which can be
applied to different classes of energetic compounds, are reviewed in the following sec-
tions.
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6.2.1 Oxygen balance correlations

Kamlet andAdolph [324, 325] found reasonable linear correlationsbetween theoxygen
balance and logH50 for some classes of high energy molecules with similar decompo-
sition mechanisms:
(1) Nitroaromatic:

logH50 = 1.73 − 0.32OB100 (6.1)

(2) Nitroaromatic with α-CH linkage (e. g. TNT):

logH50 = 1.33 − 0.26OB100 (6.2)

(3) Nitroaliphatic:

logH50 = 1.74 − 0.28OB100 (6.3)

(4) Nitramine:

logH50 = 1.37 − 0.17OB100 (6.4)

whereOB100 = 100(2d′−b′−2a′−2n′COO) inwhichd
′,b′,a′ andn′COO are thenumber

of oxygen, hydrogen, carbon and carboxylate entities in the molecule divided by
molecular weight of the explosive.

6.2.2 Elemental composition and molecular moieties

6.2.2.1 Polynitroaromatics (and benzofuroxans) and polynitroaromatics with α-CH
and α-N–CH (e. g. tetryl) and nitramines

It was shown that the following simple equations are suitable for polynitroaromatics
(and benzofuroxans) and polynitroaromatics with α-CH and α-N–CH (e. g. tetryl), as
well as for nitramines [331]:
(1) Polynitroaromatics (and benzofuroxans):

logH50 = 11.8a
′ + 61.72b′ + 26.9c′ + 11.5d′. (6.5)

(2) Polynitroaromatics with α-CH and α-N–CH (e. g. tetryl) and nitramines:

logH50 = 47.3a
′ + 23.5b′ + 2.36c′ − 1.11d′. (6.6)

Example 6.1. Consider 2,3,4,5-Tetranitrotoluene (2,3,4,5-TetNT) with the following
molecular structure:
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Since it is a nitroaromatic compound with a α-CH linkage, equation (6.6) can be used,
which gives

logH50 = 47.3a
′ + 23.5b′ + 2.36c′ − 1.11d′

= (47.3(7) + 23.5(4) + 2.36(4) − 1.11(8))/272.13
= 1.565

H50 = 37 cm.

The measured H50 for this compound is 15 cm [311].

6.2.2.2 Nitroaliphatics, nitroaliphatics containing other functional groups and
nitrate explosives

For nitroaliphatics, nitroaliphatics containing other functional groups and nitrate ex-
plosives, the following correlation can be used to predict their impact sensitivity [333]:

logH50 = 2.5 + 0.371[100(a
′ + b′/2 − d′)]

− 0.485(100c′) + 0.185nR–C(NO2)2–CH2–, (6.7)

where nR–C(NO2)2–CH2– is the number of R–C(NO2)2–CH2– groups attached to the oxygen
atom of carboxylate functional groups (R is an alkyl group).

Example 6.2. The use of equation (6.7) for bis-(2,2-dinitropropyl) carbonate with the
following molecular structure gives

logH50 = 2.5 + 0.371[100(a
′ + b′/2 − d′)]

− 0.485(100c′) + 0.185nR–C(NO2)2–CH2–

= 2.5 + 0.371[100(7 + 10/2 − 11)/326.17]
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− 0.485(100 × 4/326.17) + 0.185(2)
= 2.389

H50 = 228 cm.

The measured H50 for this compound is 300 cm [336]. If equation (6.3) is used, there
is a large deviation between the predicted value and the experimental value of 121 cm
(Dev = 179 cm).

6.2.2.3 Nitroheterocycles
For nitroheterocyclic energetic compounds including nitropyridines, nitroimidazoles,
nitropyrazoles, nitrofurazanes, nitrotriazoles and nitropyrimidines, the following
general equation can be used for various types of CaHbNcOd nitro heterocycles [332]:

logH50 = 46.29a
′ + 35.63b′ − 7.700c′ + 7.943d′

+ 44.42n′–CNC– + 102.3n
′
–CNNC–, (6.8)

where n′–CNC– and n
′
–CNNC– are the number of –CNC– and –CNNC–moieties in the aro-

matic ring divided by the molecular weight of the explosive.

Example 6.3. If equation (6.8) is used for 4-methyl-3,5-dinitro-1,2,4-triazole with the
following molecular structure,

the value of H50 is calculated as follows:

logH50 = 46.29a
′ + 35.63b′ − 7.700c′ + 7.943d′

+ 44.42n′–CNC– + 102.3n
′
–CNNC–

= (46.29(3) + 35.63(3) − 7.700(5) + 7.943(4)
+ 44.42(1) + 102.3(1))/173.09

= 2.229
H50 = 169 cm.

The measured H50 for this compound is 155 cm [336]. It was found that the complex
neural network [321] approach results in a larger deviation between the predicted
value and experimental data, i. e. 64 cm (Dev = 91 cm).
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6.2.2.4 Polynitroheteroarenes
An improved correlation with respect to equation (6.8) has been introduced to pre-
dict the impact sensitivity of different types of polynitroheteroarenes including ni-
tropyridine, nitroimidazole, nitropyrazole, nitrofurazane, nitrooxadiazole, nitro-
1,2,4-triazole, nitro-1,2,3-trazole and nitropyrimidine explosives as [334]:

logH50 = 52.13a
′ + 31.80b′ + 117.6∑ SSPi

Mw
, (6.9)

where SSPi are specific structural parameters that can decrease or increase impact
sensitivity. The values of SSPi are specified according to the molecular structures as
follows:
(1) Amino derivatives as substituents in heteroarene: Amino derivatives (Ar–NH– or

R–NH–) can decrease the impact sensitivity of some explosives [206]. For het-
eroarenes containing tetrazole derivatives or three consecutive nitrogen atoms
(e. g. 1,2,3-triazole derivatives) or the nitropyrimidine group attatched to an aro-
matic ring via nitrogen (e. g. 1-picryl-2-picrylamino-1,2-dihydropyrimidine), the
presence of amino groups has no notable effect and the value of SSPi is zero. For
the presence of amino groups in nitropyridine, nitrofurazane (or nitrooxidazole)
and nitro-1,2,4-triazole (or nitropyrimidine) explosives, the values of SSPi are 0.5,
0.6 and 2.5 respectively. For other nitroheteroarenes which have only nitrogen as
a heteroatom, SSPi is 2.0 in the presence of amino derivatives.

(2) The attachment of an aromatic ring (e. g. picryl) to nitrogen and the presence of
one nitro group in a specific position:
(a) The values of SSPi are equal to 1.0 and 0.6 for the attachment of an aromatic

ring to nitrogen in imidazole (or only in mononitro imidazol) and nitropyra-
zole explosives, respectively.

(b) If only two aromatic substituents are attached to the heteroarene ringwithout
further substituents, SSPi = 2.

(c) If the polynitrophenyl group is attached to the nitrogen atom at the 4-position
in 1,2,4-triazole explosives (e. g. 4-(2,4-dinitrobenzyl)-3,5-1,2,4-triazole),SSPi =
0.7.

(d) The values of SSPi are 0.6, 0.8 and 1.0 for the presence of one nitro group in
positions of 2 in 3 (or 5) in nitropyrazole, nitroimidazole and in position 3 in
nitro-1,2,4-triazole explosives, respectively. This condition is valid for nitroim-
idazoles up to only disubstitueted nitroimidazole explosives.

As an illustrative example for this section, ∑ SSPi is equal to 1.8 for 2-nitro-1-
picryl-imidazole, whereas the ∑ SSPi value is 1.0 for the isomer 4-nitro-1-picryl-
imidazole.

Less sensitive materials could be designed if the “trigger linkage” could be identified
and avoided [337]. Ammonium salts are “unusually stable” because when an acid is
converted to its ammonium salt. Thus, the ammonium salt will be less sensitive than
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the parent acid [336]. Since sensitivity of 1,2,4-triazoles are usually low, it appears that
the ammonium counterion in ammonium 3,5-dinitro-l,2,4-triazolate provides no spe-
cial insensitivity. For less sensitive derivatives of nitroimidazole, nitropyrazole, and
nitro-1,2,4-triazole explosives, the insensitivity of the explosive is, in fact, a conse-
quence of the chemistry proceeding the rate determining step. Due to considerable
charge delocalization through –N=N– and –C=C– double bonds, the insensitivity to
impact may be accounted for in some isomers of polynitroheteroarenes including ni-
troimidazole, nitropyrazole and nitro-1,2,4-triazole explosives.
(3) Nitro-1,2,3-triazole explosives: For the attachment of an aromatic ring to anitrogen

atom in position 1, the value of SSPi is equal to −1.0. As was mentioned in part (1),
this condition is valid for compounds which are not amino derivatives. The sensi-
tivity to impact and instability varies from isomer to isomer in nitro-1,2,3-triazole
explosives. Since there are large differences in the impact sensitivities of 1-picryl-
1,2,3-triazole compared to 2-picryl-1,2,3-triazole, and of 4-nitro-1-picryl-1,2,3-tri-
azole compared to 4-nitro-1-picryl-1,2,3-triazole, it is possible that this is due to
the facile loss of nitrogen in the 1-picryl isomers [338].

For the presence of anothermore active site to initiate decomposition, e. g. R–NO2, the
value of∑ SSPi is taken as zero.

Example 6.4. 5,5′-Dinitro-1H,1′H-3,3′-bi(1,2,4-triazole) has the following molecular
structure:

If equation (6.9) is used for this compound, it gives

logH50 = 52.13a
′ + 31.80b′ + 117.6∑ SSPi

Mw

= (52.13(4) + 31.80(2))/226.11 + 117.6(2)
226.11

= 2.243
H50 = 175 cm.

The measured H50 for this compound is 153 cm [336]. It was found that two complex
neural networks of Cho et al. [321] andKeshavarz–Jafari [322] result in larger deviations
between the predicted value and experimental data, i. e. 73 cm (Dev = 80 cm) and
200 cm (Dev = 47 cm), respectively. The use of equation (6.8) also results in a larger
deviation, i. e. 200 cm (Dev = 47 cm).
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6.2.2.5 Nitroaromatics, benzofuroxans, nitroaromatics with α-CH, nitramines,
nitroaliphatics, nitroaliphatics containing other functional groups and
nitrate energetic compounds

A simple correlation has been introduced to predict the impact sensitivity of nitroaro-
matics, benzofuroxans, nitroaromatics with α-CH, nitramines and nitroaliphatics,
as well as nitroaliphatics containing other functional groups and nitrate explosives
as [335]

logH50 = 48.81a
′ + 25.94b′ + 13.73c′ − 4.786d′

+
111.6DSSPH − 132.3ISSPH

Mw
, (6.10)

where DSSPH and ISSPH are decreasing and increasing sensitivity structural parame-
ters, respectively, which can be specified based on themolecular structures as follows.
(1) Prediction of DSSPH

(a) Nitroaromatics and bezofuroxanes: Since the presence of some special elec-
tron donating substituents which have an electron pair located on the atom
which attaches to the aromatic ring (such as –NH2 and –OCH3), or the pres-
ence of double and triple bonds involving the carbon atom which is attached
to an aromatic ring (e. g. –C(=O)– and –CN) can decrease the sensitivity, the
effects of these substituents can be predicted based on the molecular struc-
ture.
(i) –NH2 group: DSSPH equals 0.7, 1.2 and 1.7 for nNH2

= 1, 2 and 3 per aro-
matic ring, respectively, if nNO2

≤ 3 per aromatic ring.
(ii) Only –OH groups: If nNO2

= nOH, then DSSPH = 0.9.
(iii) Benzofuroxans: DSSPH = 0.6.
(iv) –OR and –O− groups attached to aromatic ring: DSSP is 0.7 and 0.5, re-

spectively. If an –NH2 group is also attached to the same aromatic ring,
the value of DSSPH is 1.2.

(v) Double and triple bonds involving the carbon atom attached to the aro-
matic ring (e. g. –C(=O)– and –CN): If nNO2

≥ 3 in the aromatic ring, then
DSSPH = 1. If the 2,2-dinitropropyl group is attached to the –COO– func-
tional group, DSSPH = 2.

(vi) Nitroaromatic explosives that contain onemethyl group: For the presence
of one phenyl or one –OH group in the meta position with respect to the
methyl group, DSSPH = 0.8.

(b) Nitramines: For nitramines which contain the =C–N–NO2 group, DSSPH =
0.45.

(c) Nitroaliphatics: For nitroaliphatics containing the –COO– functional group,
the number of 2,2-dinitropropyl and nitroisobutyl groups attached to –COO–
can increase the value of DSSPH since the value of DSSPH equals the number
of 2,2-dinitropropyl and nitroisobutyl groups.
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(2) Prediction of ISSPH
(a) Nitroaromatics

(i) If an α-CH linkage is attached to a nitroaromatic ring, ISSPH = 0.5. It
should be mentioned that condition (1) (a) (vi) cannot be used here.

(ii) For those nitroaromatics containing azido or diazo functional group,
ISSPH = 0.7.

(b) Nitramines: ISSPH = 0.5. The presence of the molecular structure given in
condition (1) (b) has the reverse effect.

Example 6.5. Consider ammonium nitrate with the following molecular structure:

The use of equation (6.9) gives

logH50 = 48.81a
′ + 25.94b′ + 13.73c′ − 4.786d′

+
111.6DSSPH − 132.3 ISSPH

Mw
= (48.81(6) + 25.94(6) + 13.73(4) − 4.786(7))/246.13

+
111.6(0.5) − 132.3(0)

246.13
= 2.136

H50 = 137 cm.

The measured H50 for this explosive is 135 cm [336].

6.2.2.6 An improved simple model for the prediction of the impact sensitivity of
different classes of energetic compounds

An improved simplemodel with respect to equation (6.10) has been introduced to pre-
dict the impact sensitivity of nitropyridines, nitroimidazoles, nitropyrazoles, nitrofu-
razanes, nitrotriazoles, nitropyrimidines, polynitro arenes, benzofuroxans, polynitro
arenes with α-CH, nitramines, nitroaliphatics, nitroaliphatics containing other func-
tional groups and nitrate energetic compounds as [293]:

(logH50)core = −0.584 + 61.62a
′ + 21.53b′ + 27.96c′ (6.11)

logH50 = (logH50)core + 84.47
F+

Mw
− 147.1 F

−

Mw
. (6.12)
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The parameters F+ and F− in equation (6.12) are two correcting functions, which are
described in the following sections.

Molecular fragments affecting F+
(1) –NH2 groups and amino derivatives as substituents:

(a) Polynitro hetroarenes: The values of F+ are 0.4, 0.6 and 3.0 for the presence
of amino derivatives (Ar–NH– or R–NH–) in nitropyridine, nitrofurazane
(or nitrooxidazole) and nitro-1,2,4-triazole (or nitropyrimidine) explosives,
respectively.
(i) For amino derivatives of other nitroheteroarenes which contain only ni-

trogen as heteroatoms, F+ = 2.3.
(ii) For heteroareneswhich contain four nitrogen atoms (e. g. 1,2,3,4-tetrazole

derivatives) or three nitrogens (e. g. 1,2,3-triazole derivatives) attached
consecutively in one ring, or nitropyrimidine explosives in which an
aromatic ring is attached to a nitrogen atom (e. g. 1-picryl-2-picrylamino-
1,2-dihydropyrimidine), F+ = 0.0

(b) Polynitro arenes: For nNO2
≤ 3 per aromatic ring, F+ = 0.7, 1.6 and 2.2 for

nNH2
= 1, 2 and 3 per aromatic ring, respectively.

(2) Molecular fragments that increase insensitivity:
(a) Polynitro hetroarenes: The attachment of an aromatic ring (e. g. picryl) to ni-

trogen, or if one nitro group is present in a specific position.
(i) The value of F+ is equal to 1.1 and 0.6 for the attachment of an aromatic

ring to nitrogen in imidazole (or only in mononitro imidazole) and nitro-
pyrazole explosives, respectively.

(ii) If only two aromatic substituents are present and attached to a hetero-
arene ring without further substituents, F+ = 2.8.

(iii) If the polynitrophenyl group is attached to the nitrogen atom at the
4-position in 1,2,4-triazole explosives (e. g. 4-(2,4-dinitrobenzyl)-3,5-1,2,4-
triazole), F+ = 0.7.

(iv) The values ofF+ are0.6, 0.9 and 1.0 if onenitro group is present inposition
2 of nitroimidazoles, 3 (or 5) in nitropyrazoles and 3 in nitro-1,2,4-triazole
explosives, respectively. This situation is valid for nitroimidazoles up to
only disubstituted nitroimidazole explosives. For the presence of one car-
bonyl group, or the attachment of two 5-nitro-1,2,4-triazole rings in nitro-
1,2,4-triazole explosives, the value of F+ is equal to 1.4.

(b) Polynitro arenes:
(i) If only –OH groups are attached and if nNO2

= nOH, then F+ = 1.25.
(ii) If –OR and –O− groups are attached to the aromatic ring, F+ = 0.7 and

0.5, respectively. If an –NH2 group is also attached to the aromatic ring,
F+ = 1.2.
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(iii) If the carbon attached to the aromatic ring participates in double or
triple bonds (e. g. –C(=O)– and –CN), and nNO2

≥ 3 for the aromatic
ring, then F+ = 1.0. The value of F+ equals 2.0 for the attachment of the
2,2-dinitropropyl group directly to –COO– functional group.

(iv) For the attachment of one methyl group, if there is one phenyl or one OH
group in the meta position with respect to the methyl group, F+ = 0.8.

(c) Benzofuroxanes: F+ = 0.6.
(d) Nitramines: For nitramines containing the group =C–N–NO2, F+ = 0.7.
(e) Nitroaliphatics: For nitroaliphatics containing the –COO– functional group,

the value of F+ is equal to the number of 2,2-dinitropropyl and nitroiso-
butyl groups attached to the –COO– group multiplied by 1.4. For 2,2-dinitro-
propanediol, F+ = 2.8.

(3) Prediction of F−:
(a) Nitro-1,2,3-triazole explosives: If an aromatic ring is attached to nitrogen in

position 1, the value of F− equals 1.0. This condition is valid for nonamino
derivatives.

(b) Polynitro arenes:
(i) The presence of an α-CH linkage attached to carbocyclic nitroaromatic

ring may increase the sensitivity, and therefore, F− = 0.5. It should be
mentioned that condition (2) (b) (iv) is an exception, that can decrease
impact sensitivity.

(ii) For those polynitro arenes that contain azido or diazo functional group,
F− = 0.7.

(c) Nitramines: If theN–NO2 functional group is present,F− = 0.5. Fornitramines
that contain the =C–N–NO2 group, condition (2) (d) does not apply.

The values of F+ and F− are summarized in Tables 6.1 and 6.2.

Example 6.6. For 2-picryl-1,2,3-triazole with the following molecular structure, the
use of equations (6.11) and (6.12) gives

(logH50)core = −0.584 + 61.62a
′ + 21.53b′ + 27.96c′

= −0.584 + (61.62(8) + 21.53(4) + 27.96(6))/280.15
= 2.082
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Table 6.2: The value of F− for specific molecular groups.

Compound F− Illustration Exception

Nitro-1,2,3-triazole 1.0 The attachment of an aromatic
ring to nitrogen in position 1

This condition is valid in the
absence of amino groups

Polynitro arenes 0.5 The presence of an α-CH linkage
attached to carbocyclic
nitroaromatic ring

For the attachment of one methyl
group, if there is one phenyl or
one –OH group in themeta
position with respect to the methyl
group then F+ = 0.80.7 For those polynitro arenes that

contain the azido or diazo
functional group

Nitramines 0.5 For nitramines that contain the
group =C–N–NO2, F+ = 0.7

logH50 = (logH50)core + 84.47
F+

Mw
− 147.1 F

−

Mw

= 2.082 + 84.47 0
280.15
− 147.1 0

280.15
= 2.082

H50 = 121 cm.

The experimental value ofH50 for this compound is 200 cm [336]. It was found that the
complexneural networkmethodofKeshavarz–Jafari [322] give a valuewhich showeda
larger deviation between the predicted value and experimental data, i. e. 57 cm (Dev =
143 cm).

6.3 Impact sensitivity of quaternary ammonium-based energetic
ionic liquids or salts

It was found that the impact sensitivity of quaternary ammonium-based energetic
ionic liquids or salts can be correlated with the elemental composition of cations and
anions and two correcting functions as follows [339]:

ISIL(J)

= 35.04

+
−1073acat + 728.9bcat − 1761dcat + 1032aani + 1061bani − 1261cani − 944.0dani

Mw

+
3663IS+IL − 4291IS

−
IL

Mw
(6.13)
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where ISIL(J) is the impact sensitivity of a desired energetic of quaternary ammonium-
based energetic ionic liquids or salts in J; acat, bcat and dcat are the number of car-
bon, hydrogen and oxygen atoms in the cation, respectively; aani, bani, cani and dani
are the number of carbon, hydrogen, nitrogen and oxygen atoms in the anion, respec-
tively; Mw is the molecular weight of the desired quaternary ammonium-based en-
ergetic ionic liquid or salt; IS+IL and IS−IL are two correction functions that depend on
stabilizing or destabilizing structural parameters in cations or anions. The values of
IS+IL and IS

−
IL, for the presence of specific cations or anions given in Table 6.3, are equal

to 1.0.

Example 6.7. The use of equation (6.13) for the following compound

gives:

ISIL(J)

= 35.04 + −1073acat + 728.9bcat − 1761dcat + 1032aani + 1061bani − 1261cani
Mw

+
−944.0dani + 3663IS+IL − 4291IS

−
IL

Mw

= 35.04 + −1073 × 1 × 2 + 728.9 × 2 × 3 − 1761 × 0 + 1032 × 2 + 1061 × 0 − 1261 × 8
228

+
−944.0 × 2 + 3663 × 1 − 4291 × 0

228
= 36.26 J

The measured value of ISIL for this compound is 40 J [340].

6.4 Summary

This chapter demonstrates several simple empirical methods for the prediction of the
impact sensitivity of important classes of energetic compounds. Equations (6.5), (6.6)
and (6.7) are suitable correlations for predicting the impact sensitivity of
(1) Polynitroaromatics (and benzofuroxans),
(2) Polynitroaromatics with α-CH and α-N–CH linkages (e. g. tetryl) and nitramines,
(3) Nitroaliphatics, nitroaliphatics containing other functional groups and nitrate ex-

plosives.
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Table 6.3: The contribution of IS+IL and IS
−
IL in ionic liquids or salts.

Cation Anion

IS+IL

N(NO2)2–

N(NO2)(CN)– or C(NO2)2(CN)– or NO3
–

NH+4

IS−IL

ClO4
–

N(NO2)2– or

NH+4

N2H+5
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For nitroheterocyclic energetic compounds containing nitropyridines, nitroimida-
zoles, nitropyrazoles, nitrofurazanes, nitrotriazoles or nitropyrimidines, equation
(6.8) is a simple method for estimating the impact sensitivity of these classes of ni-
tro heterocycles. Equation (6.9) is an improved correlation of equation (6.8), which
can be used not only for the previously mentioned classes of polynitroheteroarenes,
but also for two further important classes of energetic compounds, namely, nitro-
1,2,4-triazole and nitro-1,2,3-trazole derivatives. Equation (6.10) is an extended corre-
lation for the prediction of the impact sensitivity of nitroaromatics, benzofuroxans,
nitroaromatics with α-CH linkages, nitramines and nitroaliphatics, as well as ni-
troaliphatics containing other functional groups and nitrate explosives. Equations
(6.11) and (6.12) introduce a general correlation that can be used for a wide range of
the above-mentioned classes of energetic compounds, including: nitropyridines,
nitroimidazoles, nitropyrazoles, nitrofurazanes, nitrotriazoles, nitropyrimidines,
polynitro arenes, benzofuroxans, polynitro arenes with α-CH linkages, nitramines,
nitroaliphatics, nitroaliphatic containing other functional groups and nitrate ener-
getic compounds. Equation (6.13) provides a simple correlation for prediction of the
impact sensitivity of quaternary ammonium-based energetic ionic liquids or salts.
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The electrostatic or electric spark sensitivity (EES) of an energetic compound is an im-
portant aspect for estimating its safety in an electrostatic discharge environment –
and could be helpful in reducing accidents. It can be defined as the degree of sensi-
tivity to an electrostatic discharge. It represents the ease with which an explosion can
be initiated by an electrostatic spark.

7.1 Measurement of electric spark sensitivity

Electric spark sensitivity is determinedby subjecting anenergetic compound to ahigh-
voltage discharge from a capacitor. The required energy is calculated from the known
capacitance C (in F) of the circuit and voltage U (in V) at the condenser as

EES = 0.5CU
2. (7.1)

Since the value of EES depends on the configuration of the electrodes and structure
of the circuit, it can be expected that various results should be obtained by different
test specifications of the electrode energy used by different authors [341]. Some of the
important parameters for the determination of the EES include:
(1) the surface area of the tip of the electrode can affect the energy density of the

spark;
(2) the structure of the electrical circuit will affect the shape and duration of the elec-

trical pulse, which in turn influences the rate and duration of the delivery of en-
ergy to the sample;

(3) confinement of the sample (or lack thereof) can have a dramatic effect on themea-
sured electrostatic sensitivity because of the tendency of some samples to form
dust clouds when unconfined.

To determine the values of the electric spark sensitivity of some secondary explosives,
Zeman and coworkers [341, 342] used an instrument marked as RDAD, which was
constructed in the R&D Department of Zbrojovka Indet, Inc., Vsetín, Czech Republic

https://doi.org/10.1515/9783110740158-007
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[341] for this purpose. Furthermore, they have measured the electric spark sensitiv-
ity for a large set of polynitro secondary explosives. The capacitance of the capacitor
in the RDAD instrument is chosen so as to allow measurements in the voltage range
of 8 to 14 kV. If the initiation of the explosive is successful, the next measurement is
carried out at a voltage which is 0.2 kV lower. Whereas, if initiation was unsuccessful,
the voltage is increased by the same value (up and down method). Fortunately, there
is a linear relationship between the measured data obtained using the RDAD instru-
ment with some of those obtained by other experimental methods used to determine
the electric spark sensitivity in other recognized laboratories [341]. Since the RDAD
instrument is not suitable for determining the sensitivity of primers and pyrotechnics
[63], another instrumentmarked as ESZ KTTV has also been developed, with financial
support from Czech Ministry of Industry and Commerce [342]. The ESZ KTTV instru-
ment is suitable for both primary and secondary explosives. Details of the apparatus
and procedures for the RDAD and ESZ KTTV instruments were described elsewhere
[341–343].

7.2 Different methods for predicting electric spark sensitivity

For some classes of the secondary explosives, there are some correlations between
the electric spark sensitivity and some characteristics, such as the detonation veloc-
ity and the Piloyan activation energy of decomposition which is obtained from differ-
ential thermal analysis (DTA) [344–348]. Zeman et al. [344, 348, 349] have indicated
that there is a linear relationship between the electric spark sensitivity and the square
of the detonation velocity for some specific categories of explosives. Zeman and Liu
[350] have shown that the electric spark sensitivities of some nitramines are directly
proportional to the crystal lattice-free volumes but there were several nitramines with
the opposite course of this relationship. For 28 polynitroarenes and their derivatives,
Zeman [351] demonstrated some relationships between their impact and electric spark
sensitivities with the volume heats of their explosion and their enthalpies of forma-
tion. Tan et al. [352] correlated the electrostatic spark energy with four parameters –
the standard deviation of the negative electrostatic potential, the minimum surface
electrostatic potential, the minimum ionization energy, and the detonation pressure
using genetic function approximation. Wang et al. [353, 354] used quantum chemistry
methods to optimize the molecular geometries and electronic structures for some ex-
plosives. They have shown that there are quantitative relationships between the ex-
perimental electrostatic spark sensitivity values and the predicted detonation velocity
and pressure for some special groups of explosives. Some new correlations have also
been developed which use the maximum obtainable detonation pressure (or velocity)
as well as some specific molecular fragments to predict the electric spark sensitivity
[355–358]. These methods have the advantage that there is no need to use the crys-
tal density and heat of formation of an explosives to predict its detonation pressure
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and velocity. A simple method was also introduced to correlate the electric spark and
impact sensitivities of nitroaromatic compounds [359].

Türker [360] has used quantum chemistry to derive some correlations between the
computational data obtained from ionic nitramine salts and their electric spark sensi-
tivity values. Zhi et al. [361] used the lowest unoccupied molecular orbital energy and
Mulliken charges of the nitro group, as well as the number of the aromatic rings and
certain substituents on polynitroaromatic compounds to predict their electric spark
sensitivity. Yan and Zeman [285] as well as Zeman and Jungová [286] have reviewed
some predictive methods for the prediction of the electric spark sensitivity of some
classes of explosives.

7.3 Simple methods for predicting electrostatic spark sensitivity
based on the RDAD instrument

There are several simple methods for predicting the electric spark sensitivity of poly-
nitroaromatic and nitramine explosives based on the RDAD instrument, which are de-
scribed in the following sections.

7.3.1 Polynitroaromatic compounds

For polynitroaromatic compounds, the following equation can be used to predict the
electric spark sensitivity from structural parameters as [362]:

EES = 4.60 − 0.733a + 0.724d + 9.16(b/d) − 5.14CR,OR, (7.2)

where EES is in J; CR,OR represents the presence of alkyl (–R) or alkoxy (–OR) groups
according to the following conditions:
(1) The value of CR,OR is 1.0 for alkyl groups attached to a nitroaromatic ring, e. g.

2-methyl-1,3,5-trinitrobenzene.
(2) The value of CR,OR equals −2.0 for the attachment of an alkoxy group to a nitro-

aromatic ring, e. g. 2-methoxy-1,3,5-trinitrobenzene.

Example 7.1. The use of equation (7.2) for 2-methoxy-1,3,5-trinitrobenzene (TNA) with
the following molecular structure
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gives

EES = 4.60 − 0.733a + 0.724d + 9.16(b/d) − 5.14CR,OR
= 4.60 − 0.733(7) + 0.724(7) + 9.16(5/7) − 5.14(−2)
= 21.36 J.

The measured value of EES is 28.59 J [348].

7.3.2 Cyclic and acyclic nitramines

It was found that the ratio of carbon to oxygen atoms, the presence of methylenen-
itramine units (–CH2NNO2–) in cyclic nitramines, as well as –COO– (or amide) groups
can be used to predict the electrostatic sensitivity of cyclic and acyclic nitramines as
follows [363]:

EES = 3.460 + 6.504(a/d) − 4.059CCH2NNO2≥3,C(=O)(O or NH), (7.3)

where CCH2NNO2≥3,C(=O)(O or NH) is either the number of methylenenitramine groups
greater than two in cyclic nitramines or the presence of –COO– (or –CONH–) func-
tional groups.

Example 7.2. If equation (7.3) is used for 2,4,5-trinitro-2,4,6-triazaheptane (ORDX)with
the following molecular structure,

it gives

EES = 3.460 + 6.504(a/d) − 4.059CCH2NNO2>2,C(=O)(O or NH)

= 3.460 + 6.504(4/6) − 4.059(0)
= 7.80 J.

The measured value of EES equals 8.08 J [364].

7.3.3 General correlation for polynitroaromatics as well as cyclic
and acyclic nitramines

For various nitroaromatic and nitramine compounds, it was shown that the following
correlation can be used to prediction the electric spark sensitivity [284]:

EES = 5.12 + 2.323(
a
d
) + 1.513(b

d
) + 7.519E+ES − 3.637E

−
ES, (7.4)
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where E+ES and E−ES are correcting functions that can increase and decrease the pre-
dicted results, based on the ratios of the number of carbon and hydrogen to oxygen
atoms, respectively. The values of E+ES and E

−
ES can be given as

(1) Prediction of E+ES:
(a) For nitroaromatic energetic compounds, the values of E+ES are 2.0, 1.0 and 0.75

in the presence of –OR, three –NH2 and two –OH groups, respectively;
(b) For nitramines, if the –COO–, C–O–C or tertiary amine (NR1R2R3) groups are

present, the value of E+ES is 0.75;
(c) For bothnitroaromatics andnitramines,E+ES is 1.0 in the presence of the amide

group (–NH–OC–).
(2) Prediction of E−ES: The value of E

−
ES equals 1.0 for:

(a) the attachment of only one CHx– or Ar– to an aromatic ring in the case of
nitroaromatic compounds;

(b) if the number of methylenenitramine (CH2NNO2) moieties is greater than,
or equal to three in cyclic nitramines (except for cage nitramines), e. g.
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (HNIW).

Example 7.3. The use of equation (7.4) for both compounds given in previous exam-
ples gives

EES = 5.12 + 2.323(
a
d
) + 1.513(b

d
) + 7.519E+ES − 3.637E

−
ES

TNA:

= 5.12 + 2.323(7
7
) + 1.513(5

7
) + 7.519(2) − 3.637(0)

= 23.56 J
ORDX:

= 5.12 + 2.323(4
6
) + 1.513( 10

6
) + 7.519(0) − 3.637(0)

= 9.19 J.

Thus, the deviation of the predicted results of TNA and ORDX from the measured val-
ues are 5.03 and −1.11 J, respectively. Meanwhile, the use of the complex quantum
mechanical method of Wang et al. [353, 354] gives 6.01 J (Dev = 22.58 J) and 9.09 J
(Dev = −1.01 J) for TNA and ORDX, respectively.

7.4 Simple prediction of electrostatic spark sensitivity based on
the new ESZ KTTV instrument

Since the new instrument of ESZ KTTV gives more reliable experimental data than the
old system RDAD, several attempts have been done to introduce the improved corre-
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lations based on ESZ KTTV instrument. Moreover, several correlations have also been
introduced to extend the output of previous works based on the RDAD instrument to
the ESZ KTTV system. These methods are demonstrated in the following sections.

7.4.1 Polynitro arenes based on ESZ KTTV

A suitable correlation has been introduced to estimate the electrostatic sensitivity of
polynitro arenes based on ESZ KTTV as follows [365]:

EES,PNA(ESZ KTTV) = 220.6 − 7.91d − 71.08f + 191.4E
+
ES,PNA, (7.5)

where EES,PNA(ESZ KTTV) is the electric spark sensitivity of polynitro arenes based on
the ESZ KTTV system in mJ; d and f are equal to the number of moles of oxygen and
chlorine atoms, respectively; E+ES,PNA is a correcting function that increases the pre-
dicted results based on d and f . The value of E+ES,PNA is specified according to the fol-
lowing conditions:

(a) The presence existence of molecular moieties and as well as di-
rect attachment of three alkyl groups or one aromatic ring to another aromatic
ring and dinitrobenzene: The value of E+ES,PNA equals 0.7 for the presence of one
of the mentioned molecular moieties.

(b) The presence of three –NH2 groups: The value E+ES,PNA equals 0.5.

(c) The presence of group: The value of E+ES,PNA is equal to 0.8.

(d) The presence of : The value of E+ES,PNA equals 1.5.

Example 7.4. The use of equation (7.5) and condition (c) for 1,3,7,9-tetranitro-10H-
phenothiazine 5,5-dioxide (TNPTD) with the following molecular structure

gives:

EES,PNA(ESZ KTTV) = 220.6 − 7.91d − 71.08f + 191.4E
+
ES,PNA

= 220.6 − 7.91 × 10 − 71.08 × 0 + 191.4 × 0.8 = 294.6mJ
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Themeasured electrostatic sensitivity of TNPTDusingESZKTTV instrument is 363.3mJ
[366].

It is possible to correlate the predicted results of the RDAD for the energetic com-
pounds given in Section 7.3 to the ESZ KTTV instrument because most of the available
predictive methods [367] and the new software EMDB [69] can estimate the electric
spark sensitivity based on RDAD instrument. It was shown that the predicted results
of the EMDB [69] can be used to find electric spark sensitivity based on ESZ KTTV in-
strument as follows [365]:

EES,PNA(ESZ KTTV) = 72.5 + 10.40EES,PNA(RDAD) + 139.4E
+′
ES,PNA − 62.03E

−
ES,PNA, (7.6)

where EES,PNA(RDAD) is the electrostatic sensitivity based on the RDAD system for
polynitro arenes in mJ; E+

′

ES,PNA and E−ES,PNA are two correcting functions that can in-
crease and decrease the predicted results based on the RDAD system, respectively. The
value of E+

′

ES,PNA equals 1.0 for polynitro arenes that follow the following conditions:

(a) The presence of and direct attachment of three alkyl groups to the aro-
matic ring as well as dinitrobenzene.

(b) Direct attachment of picryl group to triazene ring or to another picryl group.

The value of E−ES,PNA is also equal to 1.0 for the presence of –N=N– or –Cl groups.

Example 7.5. The use of equation (7.6) and the experimental value of EES,PNA(RDAD) =
13.37 J for (E)-bis(3-methyl-2,4,6-trinitrophenyl)-diazene (DMHNAB)with the following
molecular structure

provides:

EES,PNA(ESZ KTTV) = 72.5 + 10.40EES,PNA(RDAD) + 139.4E
+′
ES,PNA − 62.03E

−
ES,PNA

= 72.5 + 10.40 × 13.37 + 139.4 × 0 − 62.03 × 1.0 = 149.5mJ

The reported electrostatic sensitivity for DMHNAB using ESZ KTTV instrument is
118.2mJ [366].
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7.4.2 Nitramines based on ESZ KTTV

A reliable correlation has been introduced for assessment of the electric spark sensi-
tivity of nitramines based on the ESZ KTTV as follows [368]:

EES,NTA(ESZ KTTV) = 110.7 + 129.4a − 39.8b + 66.2c − 78.7d + 350.0E
+
ES,NTA, (7.7)

where EES,NTA(ESZ KTTV) is the electric spark sensitivity of nitramines based on the
ESZ KTTV system in mJ; a, b, c, and d are equal to the number of moles of carbon, hy-
drogen, nitrogen, and oxygen atoms, respectively; E+ES,NTA is a correcting function that
increases the predicted results based on elemental composition. The value of E+ES,NTA
is specified according to the following conditions:
(a) The presence of –N(NO2)–CH2–CH2–N(NO2)– per cycle in cyclic or acyclic nitra-

mines: The value of E+ES,NTA equals 0.5.
(b) The presence of two –N(NO2)–CH2– in cyclic nitramines with less than six-mem-

bered ring: The value of E+ES,NTA is equal to 1.0.

Example 7.6. The use of equation (7.7) and condition (a) for 1,4,5,8-tetranitrodeca-
hydropyrazino[2,3-b]pyrazine (TNAD) with the following molecular structure

gives:

EES,NTA(ESZ KTTV) = 110.7 + 129.4a − 39.8b + 66.2c − 78.7d + 350.0E
+
ES,NTA

= 110.7 + 129.4 × 6 − 39.8 × 10 + 66.2 × 8 − 78.7 × 8 + 350.0 × 0.5
[2pt] = 564.1mJ

Themeasured electrostatic sensitivity of TNADusing ESZ KTTV instrument is 520.0mJ
[369].

It is important to have a suitable correlation for conversion of the reported data
based on RDAD to the ESZ KTTV, which can be done with the following equation by
considering some specific molecular fragments:

EES,NTA(ESZ KTTV) = 616.8 − 27.80EES,NTA(RDAD) − 296.1E
−
ES,NTA (7.8)
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where EES,NTA(RDAD) is the electric spark sensitivity based on the RDAD system in
mJ; E−ES,NTA is a correcting function that decreases the predicted results based on the
RDAD system. The value ofE−ES,NTA equals 1.0 for cyclic nitramineswith the equal num-
ber of –CH2– and –N(NO2)– groups in more than five-membered ring as well as cyclic
nitramines containing >C(NO2)2 group.

Example 7.7. The use of equation (7.8) and the measured value of EES,NTA(RDAD) =
2.96 J for 11,3,5,7,9-pentanitro-1,3,5,7,9-pentazecane (DECAGEN) with the following
molecular structure

gives:

EES,NTA(ESZ KTTV) = 616.8 − 27.80EES,NTA(RDAD) − 296.1E
−
ES,NTA

= 616.8 − 27.80 × 2.96 − 296.1 × 1.0 = 238.4mJ

The measured electrostatic sensitivity of DECAGEN using ESZ KTTV instrument is
276.5mJ [369].

7.4.3 Quaternary ammonium-based energetic ionic liquids or salts based on ESZ
KTTV

A simple method has been introduced for the calculation of electrostatic sensitivity of
quaternary ammonium-based energetic ionic liquids or salts based on ESZ KTTV as
follows [370]:

ESIL (mJ) = 635 + 725acat − 241ccat − 409dcat + 117aani + 689ES
+
IL − 551ES

−
IL, (7.9)

where ESIL (mJ) is the sensitivity toward the electrical discharge of a desired energetic
ionic compound in mJ; acat, ccat and dcat are the number of carbon, nitrogen, and oxy-
gen atoms in cation, respectively; aani is the number of carbon atoms in the anion. Two
parameters ES+IL and ES

−
IL are two correcting functions. Tables 7.1 and 7.2 showdifferent

types of cations and anions for which the values of ES+IL and ES
−
IL equal 1.0.
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Table 7.1: Different types of cations and anions for which the value of ES+IL is 1.0.

Cation Anion

Table 7.2: Different types of cations and anions for which the value of ES−IL is 1.0.

Cation Anion

Example 7.8. The use of equation (7.9) for the following compound
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gives:

ESIL (mJ) = 635 + 725acat − 241ccat − 409dcat + 117aani + 689ES
+
IL − 551ES

−
IL

= 635 + 725 × 1 × 2 − 241 × 3 × 2 − 409 × 0 + 117 × 4 + 689 × 0 − 551 × 1.0
= 556mJ

The measured value of ESIL for this compound is 750mJ [371].

7.5 Some aspects of predictive methods

The currently available predictivemethods cannot predict electrostatic sensitivity ver-
sus the grain size because the electric spark sensitivity depends on the size and shape
of crystals. For some isomers, the difference in the sensitivities may be large, and this
can be attributed to the different behavior of nitro groups in different positions, e. g.
electric spark sensitivity for 1,3-dinitrobenzene and 1,4-dinitrobenzene are 3.15 and
18.38 J [348], respectively. Since experimental data of the electric spark sensitivity of
different isomers is rare, use of the predictive methods which are available may result
in large deviations for some isomers. Fortunately, equations (7.2) to (7.4) can predict
the electric spark sensitivity which is close to the average value. For example, equa-
tion (7.4) predicts a value of 10.11 J for both 1,3-dinitrobenzene and 1,4-dinitrobenzene
and this is close to the average value of the measured values for the two isomers.

7.6 Summary

Some developments for the prediction of the electric spark sensitivity of secondary
explosives have been reviewed in this chapter. Since different factors can influence
the sensitivity resulting from different stimuli, the main intent in this work was to
illustrate the best available simple methods to evaluate the electrostatic sensitivity
of energetic compounds. Three simple equations (7.2), (7.3) and (7.4) can be can be
easily used to theoretically predict the magnitude of the electrostatic sensitivity of
based on the RDAD instrument polynitroaromatics, nitramines, and also of both ni-
troaromatics and nitramines, respectively. Thus, these equations are useful models
in terms of their accuracy and simplicity because they require only knowledge of the
molecular structure of energetic compounds, which is always known. Due to the dif-
ferent behavior – in terms of the electric spark sensitivity – of nitramines and ni-
troaromatic compounds, equation (7.4) has the advantage that it can be applied to
nitroaromatic compounds which contain –N–NO2 groups, e. g. 1-(methylnitramino)-
2,4,6-trinitrobenzene (TETRYL). Since the new instrument of ESZKTTVgivesmore reli-
able experimental data than the old systemRDAD, equations (7.5) and (7.7) provide two
correlations for the prediction of the electrostatic sensitivity based on the ESZ KTTV
instrument of polynitroaromatics and nitramines, respectively. Moreover, equations
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(7.6) and (7.8) give a suitable pathway for conversion of the outputs of software EMDB
[69] based on the RDAD to those based on the ESZ KTTV for polynitroaromatics and
nitramines, respectively. Equation (7.9) can also be used to estimate the electrostatic
sensitivity of quaternary ammonium-based energetic ionic liquids or salts based on
ESZ KTTV.
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Gap test data is useful to indicate the shock sensitivity of an explosive, and it is nowa-
days widely used to determine the shock sensitivity of a desired explosive. Different
gap tests have been used to qualitatively measure the shock wave amplitude which
is required to initiate detonation in explosives, e. g. at Naval Surface Warfare Center
(NSWC) and Los Alamos National Laboratory (LANL). Large scale and small scale gap
tests are two convenient methods for measuring shock sensitivity [336]. In contrast to
the results of impact sensitivity – which are often not reproducible because factors in
the impact experiment that might affect the formation and growth of hot spots can
strongly affect the measurements – reliable shock sensitivity tests exist. Furthermore,
the reported data of impact sensitivities are extremely sensitive to the conditions un-
der which the tests are performed.

There are several reviews inwhich differentmethods for predicting the shock sen-
sitivity of different pure and composite explosives have been considered [282, 284,
286]. Price [372] has studied different important factors in shockwave sensitivity tests.
For five explosives with closely related structures, i. e. TNB, DIPAM, MATB, DATB and
TATB, Storm et al. [336] have shown that there is a linear correlation between the im-
pact and shock sensitivity under specified conditions. Due to the dependence of the
results of impact sensitivity tests on the conditions of the experiment, they used the
impact sensitivity asmeasuredat LANLand/orNSWCusing theBrucetonmethod, type
12 tools, 2.5 kg weight, 40mg sample, 5/0 sand paper and 25 trials. For seven polyni-
troaromatics, Owen et al. [304] also found that the measured impact and shock sen-
sitivities can correlate with an approximation of the electronegativity potential at the
midpoint of the C–N bond for the longest C–NO2 bond in each molecule. Tan et al.
[373] used quantum mechanical calculations (DFT/BLYP/DNP) to calculate the bond
dissociation energies of X–NO2 (X = C, N, O) and Mulliken charges of nitro groups for
14 examples of nitro compounds. Among the different approaches for the prediction
of the shock sensitivity, there are two simple methods based on simple structural pa-
rameters, which are discussed in this chapter.

8.1 Small-scale gap test

Studies of the shock sensitivity as measured using the NSWC small scale gap test
shows that three special structural parameters may affect their values including:
(1) the distribution of oxygen between carbon and hydrogen;
(2) the existence of nitramine groups or a α-CH linkage in nitroaromatic compounds;

https://doi.org/10.1515/9783110740158-008
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(3) the difference in the number of amino and nitro groups in aminoaromatic
(Ar–NH2) energetic compounds.

Thus, the following general equation can be applied to CaHbNcOd explosives [374]:

P90% TMD = 16.79 + 2.262(a + b/2 − d) − 6.314E
0
αCH/NNO2

+ 17.72(1.93nNH2
− nNO2
)pure, (8.1)

P95% TMD = 21.96 + 2.479(a + b/2 − d) − 6.3677E
0
αCH/NNO2

+ 32.92(1.93nNH2
− nNO2
)pure, (8.2)

P98% TMD = 25.45 + 2.211(a + b/2 − d) − 4.162E
0
αCH/NNO2

+ 46.39(1.93nNH2
− nNO2
)pure, (8.3)

where P90% TMD, P95% TMD and P98% TMD are the pressures in kbar which are required
to initiate material pressed to 90%, 95% and 98% of theoretical maximum density
(TMD); a+b/2−d is a parameter that shows the distribution of oxygen between carbon
and hydrogen; E0αCH/NNO2

is a parameter that indicates the existence of a α-CH linkage
in nitroaromatic compounds, or a N–NO2 functional group; (1.93nNH2

−nNO2
)pure is the

difference in the number of amino and nitro groups in aminoaromatic energetic com-
pounds when 1.93nNH2

≥ nNO2
. The value of E0αCH/NNO2

equals 1.0 for nitramines or for
the presence of a α-CH linkage in nitroaromatic compounds, e. g. TNT. It is also equal
to 1.0 for composite explosives containing more than or equal to 50% of nitramines
or α-C–H linkage in nitroaromatic compounds. The parameter a + b/2 − d may affect
the sensitivity of different classes of explosives. Since the presence of the N–NO2 func-
tional group and α-CH linkage in nitroaromatic compounds can increase the sensitiv-
ity of these compounds, the coefficient of E0αCH/NNO2

has a minus sign. The attachment
of amino groups to an aromatic ring may enhance the stability of an energetic com-
pound, while the addition of electron withdrawing groups (such as NO2 groups) leads
to a reduction in the stabilization of the aromatic ring. Thus, amino groups partially
counteract the electron withdrawing effect of nitro groups which enhances the stabi-
lization of the aromatic ring through the parameter (1.93nNH2

− nNO2
)pure.

The deviation of the values obtained from equations (8.1) to (8.3) from the mea-
sured values becomes large for very fine particle sizes because small particle size can
reduce the shock sensitivity at high density.

Example 8.1. The use of equations (8.1) to (8.3) to calculate the results of small-scale
gap test of 3,3′-diamino-2,2′,4,4′,6,6′-hexanitrobiphenyl (C12H6N8O12) gives

P90% TMD = 16.79 + 2.262(a + b/2 − d) − 6.314E
0
αCH/NNO2

+ 17.72(1.93nNH2
− nNO2
)pure

= 16.79 + 2.262(12 + 6/2 − 12) − 6.314(0) + 17.72(0)

= 23.58 kbar,
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P95% TMD = 21.96 + 2.479(a + b/2 − d) − 6.3677E
0
αCH/NNO2

+ 32.92(1.93nNH2
− nNO2
)pure

= 21.96 + 2.479(12 + 6/2 − 12) − 6.3677(0) + 32.92(0)

= 29.40 kbar,

P98% TMD = 25.45 + 2.211(a + b/2 − d) − 4.162E
0
αCH/NNO2

+ 46.39(1.93nNH2
− nNO2
)pure

= 25.45 + 2.211(12 + 6/2 − 12) − 4.162(0) + 46.39(0)

= 32.08 kbar.

Themeasuredvalues ofP90% TMD,P95% TMD andP98% TMD are 25.11, 29.71 and33.04 kbar
[336], respectively.

8.2 Large-scale gap test

Different gap tests were used to qualitatively measure the shock wave amplitude
required to initiate detonation in an explosive. In the large-scale gap test, a shock
pressure of uniformmagnitude is produced by a detonating charge of high explosive,
which is transmitted to the test explosive through an attenuating inert barrier or gap.
Since the thickness of the barrier between the donor and test (acceptor) explosives
can be varied, one can determine the barrier thickness required to inhibit detonation
in the test explosive half of the time (G50). Two test configurations were used by LANL,
in which the diameter of the cylinder acceptor charge in the small-scale test is 12.7mm
and in the large-scale is 41.3mm [375]. An explosive in the small-scale test, whose det-
onation failure diameter is near to or greater than the diameter of the acceptor charge
cannot be tested. The large-scale has an advantage over the small-scale it can be
tested in this situation. For the large-scale, the test method is to fire a few preliminary
shots to determine the spacer thickness that allows detonation in the test explosive.
When the shots are fired with the spacer thickness being alternately increased and
decreased, the spacer thickness that allows a 50% detonation probability in the ac-
ceptor explosive is determined. The dent produced in a witness plate can ascertain
detonation of the acceptor charge. Thus, a deep defined dent in the steel witness plate
shows detonation of the test explosive has occurred.

Large-scale shock sensitivities of various explosives rely on physical and chemi-
cal structural parameters, and for various explosives depend on four main essential
parameters:
(1) initial density;
(2) percent void;
(3) distribution of oxygen between carbon and hydrogen;
(4) structural parameter C–N(NO2)–C for pure nitramine explosives.

 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



156 | 8 Shock sensitivity

Pure nitramines containing the C–N(NO2)–C linkage are more sensitive than other
pure explosives containing only the C–NO2 linkage. The following general equation
can be used for the prediction of the large-scale shock sensitivities of various types of
CaHbNcOd pure and mixed explosives [376]:

G50 = 171.47 − 69.10ρ0 − 2.61(a + b/2 − d) − 0.961Voidtheo
+ 12.32(C–N(NO2)–C)pure, (8.4)

where G50 is in mm, Voidtheo is theoretical calculated percent of voids that can be ob-
tained from

(1/ρ0 − 1/ρTM)
1/ρ0

× 100,

where ρTM is the theoretical maximum density.
Equation (8.4) can be applied to pure and composite mixtures that are prepared

under vacuum cast, cast, hot-pressed and pressed conditions because deviationsmay
be large for creamed, granular and flake situations.

Example 8.2. PBX-9007 has the composition 90/9.1/0.5/0.4 RDX/Polystyrene/DOP/
Rosin (C1.97H3.22N2.43O2.44). If the values of ρ0 and ρTM are 1.646 and 1.697 g/cm3, re-
spectively, the use of equation (8.4) gives

Voidtheo =
(1/ρ0 − 1/ρTM)

1/ρ0
× 100 = (1/1.646 − 1/1.697)

1/1.646
× 100 = 3.005

G50 = 171.47 − 69.10ρ0 − 2.61(a + b/2 − d)
− 0.961Voidtheo + 12.32(C–N(NO2)–C)pure
= 171.47 − 69.10(1.646) − 2.61(1.97 + 3.22/2 − 2.44)
− 0.961(3.005) + 12.32(0)

= 51.87mm.

The measured values of G50 for PBX-9007 is 52.91mm [375].

8.3 Critical diameter of solid pure and composite high explosives

The critical (failure) diameter is the minimum diameter of a cylindrical charge of a
high explosive that sustains a high order steady-state detonation [377], which depends
on confinement, particle size, and initial temperature of the sample [377, 378]. The
critical diameters of primary and high explosives are usually very small sometimes in
the µm and in the range mm to cm region, respectively. Moreover, the experimental
values of critical diameters of explosives depend on the conditions in which they are
confined, e. g. the critical diameters of 15 and 7mm were reported for TNT (cast) with
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loading density about 1.6 g cm−3 encased in 0.2mm paper at 291 K and 290K after one
temperature cycle to 77 K, respectively [377].

Determination of critical diameters of high explosives with high detonability can
be difficult because it is necessary to manufacture high-density charges of diameter
less than 1mm [379]. It is unfeasible to determine the critical diameter of high ex-
plosives with low detonability (charges of large diameter > 100mm) under laboratory
conditions because it is necessary to investigate them [379]. The charges with higher
detonability require a smaller critical diameter [380]. Some attempts have been de-
veloped to use suitable predictive methods for reducing the number of experiments
of pure and composite explosives. A complex critical-diameter theory based on com-
plex variables as input parameters has been developed for some specific high explo-
sives [379, 381, 382]. For the prediction of the critical diameter of a high-explosive
charge under shock-wave compression, Kobylkin [379] has shown that it is necessary
to know the shock adiabat, detonation velocity, and the generalized kinetic character-
istic of decomposition. The generalized kinetic characteristic of decomposition can be
found from the measurement of the shock-wave amplitude on the distance the shock
wave that travels during shock-wave initiation of the high explosive charge. A simple
method has been introduced for calculating critical diameter under the unconfined
condition as follows [383]:

dc = −3.19c + 5.38d + 21.80CShock, (8.5)

where dc is the critical diameter in mm; c and d are the numbers of moles of nitrogen
and oxygen atoms, respectively; CShock is a correcting function. For pure and com-
posite explosives, the following situations should be considered for evaluation of
CShock:
(1) Shock sensitivity and impact sensitivity: The shock sensitivity of explosives ismore

important in its safety assessment as compared to the impact sensitivity [336].
Equation (8.3) was used to specify the contribution of the shock sensitivity of both
pure and composite explosives. Equations (6.11) and (6.12) are used with the sym-
bol EIS in J unit, i. e. EIS = 0.245H50, to mention the contribution of impact sensi-
tivity of pure explosives.

(2) Energetic compounds with restrictions of c and d: As seen in equation (8.5), the
signs of c and d are negative and positive, respectively. Thus, the ratio of c/d
should be less than 1.18.

According to the above situations, different values of CShock are given as:
(a) Pure explosives – Several situations are considered:

(i) The value of CShock equals −0.40 if P98% TMD > 38 kbar and EIS > 28 J.
(ii) For EIS < 22 J, the fixed value of critical diameter should be considered, i. e.

dc = 2.5.
(b) Composite explosives – The assessment of CShock can be done as follows:
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(iii) For composite explosives including PETN, CShock = −0.30.
(iv) The value of CShock is equal to −0.10 if P98% TMD < 24.4 kbar.

(c) If c/d > 1.18: The value of CShock is 0.80.

The process of casting can affect the value of dc for the unconfined condition, e. g. the
values of dc are 22.0 < dc < 25.4 and 12.6 < dc < 16.6mm poured as cloudy slurry and
creamed for TNT, respectively [377]. Moreover, axially oriented TNT crystals give un-
stable detonation while radially oriented crystals detonate smoothly. The calculated
data of equation (8.5) for cast explosives are more closed to the experimental data
than pressed explosives. Two reasons can be introduced for this situation:
(1) The actual density of cast explosives is more closed to its theoretical maximum

density than that of pressed explosives because there are fewer voids in cast ex-
plosives.

(2) Distributing of stresses in pressed charges exists substantially stronger than that
in cast charges.

Example 8.3. z-TACOT (Tetranitro-2,3,5,6-dibenzo-1,3a,4,6a-tetraazapentalene) has
the following molecular structure:

The use of equation (8.3), as well as equations (6.11) and (6.12), gives:

(logH50)core = − 0.584 + 61.62a
′ + 21.53b′ + 27.96c′

= − 0.584 + (61.62 × 12 + 21.53 × 4 + 27.96 × 8)/388.21 = 2.119

logH50 = (logH50)core + 84.47
F+

Mw
− 147.1 F

−

Mw
= 2.119 + 84.47 0

388.21
− 147.1 0

388.21
= 2.119

H50 = 131 cm
EIS = 0.245H50 = 0.245 × 131 = 32.2 J

P98% TMD = 25.45 + 2.211(a + b/2 − d) − 4.162E
0
αCH/NNO2

+ 46.39(1.93nNH2
− nNO2
)pure

= 25.45 + 2.211(12 + 4/2 − 12) − 4.162(0) + 46.39(0)
= 38.72 kbar
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The value of CShock equals −0.4 because P98% TMD > 38 kbar and EIS > 28 J. Thus,
equation (8.5) gives:

dc = −3.19c + 5.38d + 21.80CShock
= −3.19 × 8 + 5.38 × 8 + 21.80(−0.4) = 8.80mm

The measured value of dc for z-TACOT is 3.0mm [377].

Example 8.4. Composite explosive Comp A-3 (pressed) consisting of 91% RDX and
9% wax binder has the chemical formula C1.87H3.74N2.46O2.46. Since the presence of
RDX containing nitramine group ≥50%, E0αCH/NNO2

= 1.0. The use of equation (8.3)
gives:

P98% TMD = 25.45 + 2.211(a + b/2 − d) − 4.162E
0
αCH/NNO2

+ 46.39(1.93nNH2
− nNO2
)pure

= 25.45 + 2.211(1.87 + 3.74/2 − 2.46) − 4.162(1.0) + 46.39(0)
= 24.12 kbar

The value of CShock is equal to −0.10 because of P98% TMD < 24.4 kbar. Thus, equation
(8.5) gives:

dc = −3.19c + 5.38d + 21.80CShock
= −3.19 × 2.46 + 5.38 × 2.46 + 21.80(−0.1) = 3.21mm

The measured value of dc for Comp A-3 is 2.2mm [377].

8.4 Summary

This chapter introduced different approaches for the predicting shock sensitivity of
pure and composite explosives using small- and large-scale gap tests. The simple
equations (8.1) to (8.4) have twomajor advantages with respect to the impact sensitiv-
ity correlations given in Chapter 6, and which are:
(1) since a high percentage of errors are usually attributed to the reported experimen-

tal measurements from different sources for impact sensitivities, there is a large
uncertainty in the differentmethods of impact sensitivity predictions as compared
to equations (8.1) to (8.4) for small and large-scale gap thickness shock sensitivity;

(2) different correlations for the impact sensitivity can only be applied for pure explo-
sives, but equations (8.1) to (8.4) can be used for both pure and composite explo-
sives. Equation (8.5) can be used to find critical diameter of pure and composite
explosives by considering equation (8.3) as well as equations (6.11) and (6.12).
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Friction sensitivity 161–164
Nitramines 161

Friction is one of the stimuli that can cause explosions andfires in pyrotechnic compo-
sitions and explosives [285]. It is important to investigate important aspects of friction
sensitivity because it shows the behavior of an energetic compound with respect to
friction stimuli. The BAM large friction tester can be used to determine the friction
sensitivity of a sample, in which approximately 30mg of the sample is placed on a
porcelain plate [384]. Therefore, the BAM friction tester is widely accepted as a stan-
dard friction tester in Europe. The surfaces of both the porcelain plates and pegs have
uniform roughness, so that the porcelain pin is lowered onto the sample and a weight
is placed on the arm to produce the desired load. The tester is activated and the porce-
lain plate is moved once forward and backwards. The results of friction sensitivity are
observed as either a reaction in form of a flash, smoke, and/or audible report, or no
reaction.

In contrast to impact, electric spark, and shock sensitivity, friction sensitivity does
not attract the attention of theoretical chemists/physicists because of the shortcom-
ings of the influence of the results of friction sensitivity on experimental data. Zeman
and Jungová [286] have reviewed several methods that have been used to predict the
friction sensitivity of energetic materials. Jungová et al. [385] indicated that there is a
relationship between the friction sensitivity of nitramines and their thermal decompo-
sition parameters. Friedl et al. [386] showed the relationship between the friction sen-
sitivity and surface electronic potentials of nitramines. Jungová et al. [387] also com-
pared the friction sensitivity of nitramines with their impact sensitivities and heats
of fusion. For some classes of nitramines [388], there is a semi logarithmic relation-
ship between the impact and friction sensitivities. For the safe handling of energetic
compounds, knowledge of the friction sensitivity may be important because friction
is frequently encountered duringmixing, pouring, sieving, priming and consolidation
operations [389]. Twoempiricalmethods are introduced for assessment of friction sen-
sitivity of nitramines and quaternary ammonium-based energetic ionic liquids.

9.1 Friction sensitivity of nitramines

For nitramines, BAM friction or Julius Peters friction apparatus can be used to deter-
mine their friction sensitivity. In these experimental methods, the explosive sample
is held between a porcelain plate and a porcelain peg under a given load. Frictional
forces are applied by the horizontal movement of the porcelain plate. The relative sen-
sitivity to friction is indicated by the lowest load which leads to ignition, crackling or
explosion. It was shown that the friction sensitivity of nitramines can be related to

https://doi.org/10.1515/9783110740158-009
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their molecular structure as [390]:

FS = 600.8 − 2428.6b + 6481.4c + 9560.9d
Mw

+ 54.5P+FS − 77.8P
−
FS , (9.1)

where FS is the friction sensitivity in N; P+FS and P−FS are two parameters that can be
predicted on the basis of the molecular structure of the nitramines as follows.
(1) Acyclic nitramines: For those compounds containing more than two repetitive

[–CH2N(NO2)–] units, the value of P+FS equals 1.0, whilst the value of P
−
FS is 0.5

for the presence of the –N(NO2)–CH2–CH2–N(NO2)– molecular fragment. The
value of P+FS depends on the number of separate molecular N(NO2)–C= moieties
(nN(NO2)–C=). It is equal to P

+
FS = 5 − 2nN(NO2)–C= except for nN(NO2)–C= ≥ 3 in which

P+FS = 0.
(2) Cyclic nitramines: For cyclic nitramines containing equal numbers of nitramine

and methylene groups, the value of P+FS equals 1.0. For cyclic nitramines contain-
ing fivemembered rings, the values of P−FS are 0.75 and 1.25 for the presence of two
and one –N(NO2)– groups per ring, respectively.

(3) The attachment of a –N(NO2)– group to a tetrazole ring: For 5-nitriminotetrazole
salts, the values of P+FS and P

−
FS are 0.5 in the presence of ammoniumandhydroxyl-

ammonium cations, respectively. The values of P−FS and P
+
FS equal 1.25 and 0.5 for

5-nitriminotetrazole and its methyl derivatives, respectively.

Example 9.1. The use of equation (9.1) for the following energetic compound

gives its friction sensitivity as

FS = 600.8 − 2428.6b + 6481.4c + 9560.9d
Mw

+ 54.5P+FS − 77.8P
−
FS

= 600.8 − 2428.6(4) + 6481.4(6) + 9560.9(2)
144.09

+ 54.5(0.5) − 77.8(0)

= 158.0N.

The measured friction sensitivity for this compound is 160N [391].

9.2 Friction sensitivity of quaternary ammonium-based energetic
ionic liquids

A simple correlation has been developed to predict friction sensitivity of quaternary
ammonium-based energetic ionic liquids as follows [392]:

FSIL(N) = 224+53.5acat−25.9bcat+31.9ccat+134fcat+23.3aani+162FS
+
IL−135FS

−
IL, (9.2)
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where FSIL(N) is friction sensitivity in newtons; acat, bcat, ccat and fcat are the number
of carbon, hydrogen, nitrogen and chlorine atoms in cation, respectively; aani is the
number of carbonatoms in anion;FS+IL andFS

−
IL are two correcting functions. Tables 9.1

and 9.2 show different types of cations and anions for which values of FS+IL and FS−IL
equal 1.0.

Table 9.1: Different types of cations and anions for which the value of FS+IL is 1.0.

Cation Anion

NO−3

Example 9.2. The use of equation (9.2) for the following compound

gives:

FSIL(N) = 224 + 53.5acat − 25.9bcat + 31.9ccat + 134fcat + 23.3aani + 162FS
+
IL − 135FS

−
IL

= 224 + 53.5 × 1 × 2 − 25.9 × 7 × 2 + 31.9 × 4 × 2 + 134 × 0 + 23.3 × 4 + 162 × 0
− 135 × 0 = 317N

The measured value of FSIL for this compound is 360N [393].
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Table 9.2: Different types of cations and anions for which the value of FS−IL is 1.0.

Cation Anion

ClO−4

9.3 Summary

This chapter introduced a simple but reliable correlation between the friction sen-
sitivity of nitramines and their molecular structures, which may be interesting for
chemists and chemical industry. Equation (9.1) assumes that the friction sensitivity of
a nitramine with the general formula CaHbNcOd can be expressed as a function of its
elemental composition and structural parameters. Since equation (9.1) confirms that
the initiation reactivity of energetic compounds is intimately related to their chem-
ical character and molecular structures, it can help to elucidate the mechanism of
initiation in energetic materials by friction stimuli. Equation (9.2) develops a simple
method for prediction of friction sensitivity of quaternary ammonium-based energetic
ionic liquids based on the contributions of some atoms in cations and anions as well
as two correcting functions.
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Heat sensitivity 165–188
Azole-based energetic compounds 185
Deflagration temperature 177
Heat of decomposition and temperature of thermal decomposition 171
– Nitroaromatics 171
– Onset temperature 174
– Organic peroxides 173
Thermal kinetics correlations 166
– Nitramines 167
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An ideal energetic compound shows high performance, low sensitivity and a good
shelf life. The heat sensitivity and thermal stability of energetic materials are two im-
portant features in their shelf life and safety because knowledge of these properties is
important in order to avoid undesirable decomposition or self-initiation during their
handling, storage and application. Prediction of the thermal stability of a desired com-
pound is an important starting point in the evaluation of its stability.

The thermolysis of energetic compounds can be used to estimate their thermal
stability [394, 395]. The thermal stability of an energetic compound can be measured
by various types of thermal analysis and gasometry, or by a variety of methods based
on thermal explosions [396–398]. Among the different experimental methods, differ-
ential thermal analysis (DTA), differential scanning calorimetry (DSC) and thermo-
gravimetric analysis methods are the thermoanalyical methods that are most widely
used to examine the kinetic parameters of the thermolysis of energetic materials. The
Soviet manometric method (SMM) is a suitable isothermal manometric method for
energetic compounds, and uses a glass-compensating manometer of the Bourdon
type to examine the kinetics of the thermolysis of energetic materials in vacuum.
The data obtained by this method can be used to obtain the Arrhenius parameters of
the non-autocatalyzed thermal decomposition of energetic materials. Experimental
data from DTA and DSC can be converted to SMM data if a relationship such as a
calibration curve exists between the results of the DTA and DSC with the results of
SMM [399–404]. Since various factors affect the experimental data of the activation
energies in the thermolysis of energetic materials, there is no uniform classification
of a large majority of results obtained in various laboratories all over the world. In
this chapter, some of the different methods for predicting parameters related to the
thermal stability and heat sensitivity of energetic compounds – such as the activation
energy and deflagration temperature – are reviewed. Some attempts have been done

https://doi.org/10.1515/9783110740158-010
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to estimate thermal decomposition kinetic parameters of some classes of energetic
compounds using complex methods, e. g. energetic cocrystals by the artificial neu-
ral network model [405], and correlations of detonation parameters with activation
energy for nitric esters [406]. Some of the simple correlations which are based on
the molecular structures of different classes of energetic compounds are also demon-
strated.

10.1 Thermal kinetics correlations

Thermoanalytical methods such as DTA, DSC and thermogravimetry (TGA) can be
used to determine Arrhenius parameters. Experimental critical temperatures for ex-
plosives of a given size and geometry can be obtained by a variety of tests, such
as isothermal cook-off, slow cook-off, one-liter cook-off, and the isothermal time-to-
explosion (Henkin test), in which the explosive may be confined or unconfined. Yan
and Zeman [285], aswell as Zeman and Jungová [286] have reviewed somemethods for
predicting the kinetic parameters of some classes of explosives. Several approaches
are given here.

In the thermolysis of nitramines, homolysis of the N–NO2 bond is a primary step
for secondary nitramines, whereas the homolysis of primary nitramines is a bimolec-
ular autoprotolytic reaction [407]. Nitramine groups contribute strongly to the inter-
molecular potential in the crystalline state because the longest N–Nbonds are respon-
sible for the homolytic reactivity of nitramines [408]. There are some linear relation-
ships between the activation energies of nitramine decomposition with the 15N NMR
chemical shifts of nitrogen atoms of nitramino groups [281], heats of detonation, or
the electronic charges at nitrogen atoms of the nitramines [409, 410]. A Muliken pop-
ulation analysis of the electron densities using the DFT B3LYP/6-31G** method can
be used to calculate the electronic charges at the nitrogen atoms of nitramines [410].
Crystal lattice energies of nitraminesdonot generally differ from those of polynitroaro-
matics [396]. The activation energy (which corresponds to the slope in theKissinger re-
lationship) [411] can be used to evaluate the results of nonisothermal differential ther-
mal analysis. Zeman [412] has used the modified Evans–Polanyi–Semenov (E–P–S)
equation to interpret the chemical micromechanism governing the initiation of the
detonation of energetic materials. Zeman [412] has used the heat of explosion and ac-
tivation energy of the low temperature thermal decomposition to obtain the modified
E–P–S equation for energetic materials. There are several simple correlations for the
prediction of the activation energy of the thermolysis of several important classes of
energetic compounds on the basis of their molecular structures, which are discussed
in the following sections.
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10.1.1 Nitroparrafins

A suitable relationship has been derived to predict the activation energies for the low-
temperature non-autocatalyzed thermolysis (Ea) of nitroparaffins and the results of
SMM as [413]:

lnEa =
0.4190a + 0.1793b + 1.1914d

Mw
× 100. (10.1)

Example 10.1. The use of equation (10.1) for 2,2-dinitropropane (C3H6N2O4) gives:

lnEa =
0.4190a + 0.1793b + 1.1914d

Mw
× 100

=
0.4190(3) + 0.1793(6) + 1.1914(4)

134.09
× 100

= 5.294
Ea = 199.1 kJ/mol.

The measured value for this compound is 198.74 kJ/mol [414].

10.1.2 Nitramines

The elemental composition and structural parameters of nitramines can be used to
derive a suitable correlation for predicting Ea as follows [415].

lnEa = 0.5385 + 0.8951(5.012 − 0.0367a + 0.0255b − 0.0304c + 0.0407d)
+ 0.1698P>5 (10.2)

where P>5 is equal to 1.0 for cyclic nitramines that contain rings which are larger than
five membered rings, as well as nitramine cages.

Example 10.2. 4,10-Dinitro-2,6,8,12-tetraoxa-4,10-diazaisowurtzitane (TEX) has the
following molecular structure:

The use of equation (10.2) for TEX gives

lnEa = 0.5385 + 0.8951(5.012 − 0.0367a + 0.0255b − 0.0304c + 0.0407d)
+ 0.1698P>5
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= 0.5385 + 0.8951(5.012 − 0.0367(6) + 0.0255(6) − 0.0304(4) + 0.0407(8))
+ 0.1698
= 5.317

Ea = 203.8 kJ/mol.

The experimental value for TEX is 202.5 kJ/mol [407].

10.1.3 Polynitro arenes

It was found that in order to be able to predict the Ea of polynitro arenes several
paramters are important, which include
(1) the contribution of the elemental composition;
(2) the number of –NH(C=O)–C(=O)NH– groups (e. g. N,N′-bis (2,4,6-trinitrophenyl)

oxamide) or more than one –NH2 groups (e. g. 2,4,6-trinitrobenzene-1,3-diamine);
(3) the existence of either one α-CH (e. g. 2,4,6-trinitrotoluene), or methoxy group at-

tached to one aromatic ring, or CH3O–[C(NO2)–CH–C(NO2)] – which has the op-
posite effect with respect to the second parameter.

The number of amino groups can affect the sensitivity and performance as well as
physicothermal properties of nitroaromatic compounds [206]. Thus, the presence of
amino groups can affect the value of the activation energy whenmore than one amino
group is attached to aromatic rings. For polynitroaromaticswith α-CH, itwas indicated
in previous chapters that their sensitivities with respect to different stimuli show dif-
ferent behaviors. It was found that the presence of one α-CH or CH3O–[C(NO2)–CH–
C(NO2)] group in the molecular structure of polynitro arenes can influence the value
of Ea. The value of Ea is a function of the aforementioned parameters, and which can
be expressed by the following equation [416]:

log(Ea) = 2.25 + 0.0337OEC + 0.146nNHCOCONH,NH2>1

+ 0.124Pα-CH or CH3O–[C(NO2)–CH–C(NO2)], (10.3)

whereOEC, nNHCOCONH,NH2>1 and Pα-CH or CH3O–[C(NO2)–CH–C(NO2)] are the contributions of
the elemental composition, the second and the third structural parameters, respec-
tively. The value of Pα-CH or CH3O–[C(NO2)–CH–C(NO2)] is 1.0 for the presence of either one
α-CH (e. g. 2,4,6-trinitrotoluene) or methoxy group attached to one aromatic ring, or
CH3O–[C(NO2)–CH–C(NO2)] group. The value of OEC is the optimized elemental com-
position of polynitro arenes with general formula CaHbNcOd, which can be obtained
by OEC = 2.74a − 1.48b − 2.31c − d.

Example 10.3. 2,2′,2″,4,4′,6,6′,6″-Octanitro-1,1′:3′,1″-terphenyl (ONT) has the follow-
ing molecular structure:
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If equation (10.3) is used, the result is given as

OEC = 2.74a − 1.48b − 2.31c − d
= 2.74(18) − 1.48(6) − 2.31(8) − 16

= 5.96,

log(Ea) = 2.25 + 0.0337OEC + 0.146nNHCOCONH,NH2>1

+ 0.124Pα-CH or CH3O–[C(NO2)–CH–C(NO2)]

= 2.25 + 0.0337(42.92) + 0.146(0) + 0.124(0)

= 2.451

Ea = 282.4 kJ/mol.

The measured value of Ea is 281.58 kJ/mol [412].

10.1.4 Organic energetic compounds

For various organic energetic compounds, the results show that the important factors
for predicting Ea can be grouped into additive and nonadditive structural parameters
as follows [417]:

Ea = 166.36 + 2.85a − 21.2nOH + 31.98E
+
nonadd − 44.93E

−
nonadd, (10.4)

where nOH represents the number of hydroxyl groups; two functions E+nonadd and
E−nonadd show the increasing and decreasing contribution of nonadditive structural
parameters, respectively.

E+nonadd
The presence of some structural parameters can increase the activation energy and
enhance the thermal stability of energetic compounds.
(1) Cyclic nitramines: The value of E+nonadd is 1.0 for cyclic nitramines which corre-

spond to one of the following conditions:
(a) ring is larger than a six-membered ring and contains two –NNO2 groups;
(b) ring larger than a four-membered ring;
(c) bicyclic ring with only two –NNO2 groups per ring.
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These conditions are consistent with the correlation of activation energy in which
the activation energies increase with increasing ring size [415].

(2) Nitroalkanes: For nitroalkanes containing molecular moieties R–CH2NO2 and
R–C(NO2)2–R′, the values of E+nonadd equal 2.0 and 1.0, respectively.

(3) Nitroaromatics:

(a) If the amino pyridine derivative, , triazine ring or four adjacent
nitrogens in nitroaromatics are present, the value of E+nonadd is 1.0;

(b) The value of E+nonadd is 2.0 for the presence of the molecular

fragment where TNP is 2,46-trinitrophenyl.

E−nonadd
(1) Acyclic nitramines and cyclic nitramines containing small rings: For acyclic

nitramineswhich containonly one–NNO2 group in the formAr(orH)–N(NO2)CH3,
the value of E−nonadd is 0.75. The value of E

−
nonadd is equal to 0.4 for cyclic nitramines

containing rings which are smaller than five membered rings, or five membered
rings with more than one N–NO2 group.

(2) Nitroaromatics:
(a) If the molecular moieties –O(or S)–R(or Ar) are present, the value of E−nonadd

equals 1.5;
(b) If the molecular fragment is present, the value of E−nonadd

equals the number of this molecular moiety;
(c) The values of E−nonadd equal 1.5, 1.0 and 0.75 for the compound TNP–X where

X is –Cl, –NH– and –N<, respectively;
(d) For energetic compounds of the type TNP–Y–TNP where Y are –N=N–, –CH2–

CH2– and –SO2–, the value of E−nonadd is 2.0.
(3) Presence of the nitrate group: if the –ONO2 group is present, the value of E−nonadd

is 0.3.
(4) The presence of the nitroso group: The value of E−nonadd is equal to 0.75.

Example 10.4. If equation (10.4) is applied to 2,4,6-trinitrobenzene-1,3,5-triol (TNPg)
with the following molecular structure
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it gives

Ea = 166.36 + 2.85a − 21.2nOH + 31.98E
+
nonadd − 44.93E

−
nonadd

= 166.36 + 2.85(6) − 21.2(3) + 31.98(0) − 44.93(0)
= 119.9 kJ/mol.

The measured value of Ea is 114.16 kJ/mol [412].

10.2 Heat of decomposition and temperature
of thermal decomposition

Thermal analysis methods can be used to study the heat of decomposition and onset
temperature [82, 206, 285, 418]. DSC [1, 419] is a typical example of an experimental
screening test, which provides heats of decomposition with uncertainties in the mea-
surement of about 5–10% [420]. The exothermic onset temperature (the temperature
at which the first deflection from the baseline is observed), thermal decomposition
temperature and the temperature at which maximum mass loss occurs are three im-
portant parameters for assessing the heat sensitivity of different kinds of energetic
compounds, and which give better reproducibility than the heats of decomposition.
In the following sections, some methods for the prediction of these parameters are
discussed.

10.2.1 Heat of decomposition of nitroaromatics

SomeQSPR studieswere undertaken to predict the heats of decomposition of nitroaro-
matic compounds. For 19 nitrobenzene derivatives, Saraf et al. [421] introduced a cor-
relation based on the number of nitro groups (nNO2

) with a fitting error of 8%. Fayet
et al. [422–424] used a series of preliminarymultilinearmodels to derive some correla-
tions from a data set of 22 molecules using some quantum chemical descriptors. Fayet
et al. [425, 426] found very robust models by analyzing a more extended data set of
77 nitrobenzene derivatives. A suitable model was introduced for the whole diverse
list of structures using a qualitative decision tree with high reliability [426]. For some
nitrobenzenes which have no substituent in located in the ortho position to the nitro
group, another complex model was introduced based on quantummechanical calcu-
lations [426]. Threemultilinearmodels were introduced for nitrobenzenes which have
no substituents in the ortho position relative to the nitro group using a set of complex
descriptors [427]. These methods are complex because they require special computer
codes and expert users.

A simple correlation on the basis of nNO2
has been introduced to calculate the heat

of decomposition by considering inter- and intramolecular interactions rather using
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complex molecular descriptors as follows [428]:

− ΔHdecom = −53.32 + 362nNO2
− 99.33ΔH−decom + 108.9ΔH

+
decom, (10.5)

where ΔHdecom is the heat of decomposition in kJ mol−1; nNO2
is the number of nitro

groups; and ΔH+decom and ΔH−decom are two correcting functions. The presence of some
molecular moieties can influence the values of the heat of decomposition and are re-
ferred to as ΔH+decom and ΔH−decom, and described in the following sections.

ΔH−decom
(1) Some molecular fragments in nitrobenzene:

(a) Intramolecular hydrogen bonding: The value of ΔH−decom is 1.5 for the pres-
ence of only –OH or –CH2–COOH groups ortho to the nitro group (or another
hydrogen bonding group such as –NH2).

(b) Mono methyl derivatives: The value of ΔH−decom is 1.5. It was shown that the
presenceof intramolecular hydrogenbondingor amethyl groupmaydecrease
the heats of sublimation in nitroaromatic compounds [76, 98].

(2) The presence of halogens (or –CF3) beside nitro groups in halogenated derivatives
of nitrobenzene or polynitrobenzene: The value of ΔH−decom equals 3.0.

(3) The existence of –COOH beside nitro groups in polynitrobenzene: The value of
ΔH−decom is 4.0.

ΔH+decom
(1) Some specific molecular moieties in nitrobenzene: if the (Cl or H)–C=O, –SCN,

(NHNH2)–C=O or –C=C– groups are present, the values of ΔH+decom are 0.8, 2.0, 1.5
and 1.7, respectively.

(2) Some molecular fragments in polynitrobenzene: The values of ΔH+decom are 4.0,
3.0 and 2.0 for the presence of the –C(=O)NH2, halogen and methyl groups, re-
spectively.

Example 10.5. For 2-amino-4-nitrophenol with the following molecular structure

equation (10.5) gives

−ΔHdecom = −53.32 + 362.0nNO2
− 99.33ΔH−decom + 108.9ΔH

+
decom

= −53.32 + 362.0(1) − 99.33(1.5) + 108.9(0)
= 159.6 kJ/mol.
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Themeasured value of −ΔHdecom is 130 kJ/mol [420]. The calculated value by complex
QPRR model of Fayet et al. [426] is 238 kJ/mol (Dev = 108 kJ/mol).

10.2.2 Heats of decomposition of organic peroxides

Several QSPR methods containing complex descriptors were applied to explore:
(1) the relationship between the heat and temperature of decomposition of organic

peroxides and their quantummechanical descriptors [429, 430];
(2) the correlation between the self-accelerating decomposition temperature (SADT)

of organic peroxides and their molecular structures [431] or their quantum me-
chanical properties [432]. These methods require specific computer codes and ex-
pert users.

It was found that molecular structures of organic peroxides can be used to predict the
heat of decomposition of these compounds as follows [433]:

−ΔH′decom = 1551.45 − 41.13a + 1014.05P(HO–O…–O–OH)
+ 640.13α + 857.68β, (10.6)

where ΔH′decom is the heat of decomposition in J g−1; P(HO–O…–O–OH) is 1.0 for the pres-
ence of twohydroperoxy functional groups in themolecular structure. The parameters
α and β are nonadditive structural parameters, which can be specified as follows.
Definition of α: if aromatic rings, nonaromatic rings and nonaromatic rings contain-

ing methyl substituents are present, the values of α are 0.1, 0.2 and 0.6, respec-

tively. If the organic peroxide contains the fragment in its structure, the

value of α equals 2.0.

Definition of β: if the molecular fragment is present in acyclic

peroxides, β is 0.5. If two (–O–O–R) or fragments are present, the
value of β is 0.4 and 0.6, respectively.

Example 10.6. Di-tert-butyl peroxide has the following molecular structure.
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The use of equation (10.6) gives

−ΔH′decom = 1551.45 − 41.13a + 1014.05P(HO–O…–O–OH) + 640.13α + 857.68β
= 1551.45 − 41.13(8) + 1014.05(0) + 640.13(0) + 857.68(0)
= 1222.4 J/g.

There are two measured values of −ΔH′decom , i. e. 1082.5 [434] and 1175.0 J/g [432].

10.2.3 Onset temperature of polynitro arenes and organic peroxides as well as
maximum loss temperature of organic azides

Since experimental data has been reported for the onset andmaximum temperature of
thermal decomposition for selected classes of energetic compounds, it has been pos-
sible to develop different methods to predict these values for other explosives. These
methods are discussed in the following sections.

Onset temperature of polynitro arenes
For some subgroups of polynitro arenes, there are some relationships between the
onset temperature and detonation characteristics [349, 400]. Using the DFT B3LYP/
6-3-31G** method, it was found that there is a linear relationship between the onset
temperature of thermal decomposition and the electronic charges of nitrogen atoms of
selected subgroups of polynitro arenes [409]. For polynitro arenes, it has been shown
that the following correlation can be used [435]:

Tonset = 571.17 + 30.63a − 21.29b + 32.57c − 43.11d
+ 15.98(nNH2

− nNO2
) + 50.69(|nTNB − 2| − PTNB–CH2–TNB), (10.7)

where Tonset is the onset temperature in K; (nNH2
− nNO2
) is the difference between the

number of amino and nitro groups in energetic compounds containing amino groups;
|nTNB − 2| is the absolute value of the number of 1,3,5-trinitrobenzene ringsminus two;
PTNB–CH2–TNB is equal to one or zero for the presence or absence of –CH2– between two
1,3,5-trinitrobenzene aromatic rings, respectively.

Example 10.7. The use of equation (10.7) for the following energetic compound
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gives:

Tonset = 571.17 + 30.63a − 21.29b + 32.57c − 43.11d

+ 15.98(nNH2
− nNO2
) + 50.69(|nTNB − 2| − PTNB–CH2–TNB)

= 571.17 + 30.63(10) − 21.29(4) + 32.57(4) − 43.11(8)

+ 15.98(0) + 50.69(0)

= 577.7 K.

The measured Tonset is 578.8 K [400].

Onset temperature of organic peroxides
For organic peroxides, it has been shown that the decomposition onset temperature
can be expressed as a function of several structural parameters as [433]:

Tonset = 438.96 − 4.92d − 29.11PC=O − 14.02λsym − 30.81λ
′, (10.8)

where PC=O is 1.0 for the presence of the carbonyl group; and λsym is 1.0 for those per-
oxides that have the same fragments attached to each side of the –O–O– bond, i. e.
R–O–O–R′ where R=R′. The presence of some molecular fragments may also affect
the values of TDec, which are incorporated as correcting factors. The parameter λ′ rep-
resents the positive and negative contributions of various structural features which
allows more reliable Tonset values to be obtained, and which can be defined based on
the presence of the following molecular fragments:

(1) in any organic peroxide or in acyclic peroxides:

The value of λ′ is 1.0.

(2) , or , aswell as : For ,

or , λ′ equals 0.7. The value of λ′ for is given

as: λ′ = 0.7 × the number of , in molecular structure of peroxide.

(3) –O–C(R)(R′)–O–: For the presence of thismolecular fragment, where R and R′ can
be –CH3 or –CH2–CO, or –C(CO)2 in their molecular structures, λ′ = −1.0.
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Example 10.8. If equation (10.8) is used for the peroxide shown in Example 10.6, it
gives

Tonset = 438.96 − 4.92d − 29.11λC=O − 14.02λsym − 30.81λ
′

= 438.96 − 4.92(2) − 29.11(0) − 14.02(1) − 30.81(0)
= 415.1 K.

There are two measured values of Tonset, i. e. 412.85 [434] and 426.15 K [432].

Temperature of maximum mass loss of organic azides
For different of organic azides, it was shown that the temperatures of maximummass
loss (Tdmax) can be given by [436]:

Tdmax = 405.57 + 1.3959b + 4.3222c + 33.670T
+
dmax − 32.515T

−
dmax, (10.9)

where Tdmax is in K; T+dmax and T−dmax are two correcting functions which are used to
show the increasing and decreasing contribution of nonadditive structural parame-
ters, respectively. The values of T+dmax and T−dmax are given in Tables 10.1 and 10.2 for
different molecular fragments. As shown in Tables 10.1 and 10.2, the position of the
azide group in an aromatic ring, neighboring groups and the presence of some spe-
cific functional groups are important parameters in predicting the values for T+dmax
and T−dmax. Since the attachment of Cl–, –CH2OH and –Ar ortho to –N3 group may in-
crease thermal stability, the contribution of T+dmax should be considered. The effect of
T+dmax has also been considered for the presence of the –C(=O)O– group under cer-
tain conditions, and also for the attachment of the –N3 group to tertiary carbon. The
presence of the –CH2–N(cyclic) molecular moiety, the existence of Cl ortho to the nitro
group and the presence of –CO– ortho to the –N3 group can decrease the thermal sta-
bility. Therefore, the presence of some molecular fragments or specific groups in an
organic azide is responsible for increasing and decreasing the thermal stabilities.

Example 10.9. The use of equation (10.9) for 4-azido-3-nitro-2H-chromen-2-one with
the following molecular structure

gives

Tdmax = 405.57 + 1.3959b + 4.3222c + 33.670T
+
dmax − 32.515T

−
dmax

= 405.57 + 1.3959(4) + 4.3222(4) + 33.670(1.0) − 32.515(0)
= 462.11 K.

The measured value of Tdmax is 463.15 K [437].
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Table 10.1: Summary of the contributions of T+dmax.

Molecular fragment Condition T+dmax Example

0.7 2-azido-2H-chromen-2-one

0.9 3-(3-azidophenyl)-6-chloropyridzin-
4-ol

terrtiary carbon−−−−−N3 1.0 3-azido-7-methyl-phenylquinoline-
2,4-(1H,3H)-dione

0.7 4-azido-2-chloro-3-phenylquinoline

1.0 4-azido-3-nitro-2H-chromen-2-one

1.5 1,3-diazidopropan-2-yl
3,5dinitrobenzoate

n ≥ 0 1.0 8-azidooctyl 2-(2-((8-azidooctyl)
oxy)-2-oxoethyl)

1.2 bis(1,3-diazidopropan-2-yl)-1H-
indene-2,2(3H)-dicarboxylate)

1.5 1,3-bis(azidoacetoxy)-2-
azidoacetoxymethyl-2-ethylpropane

10.3 Deflagration temperature

The deflagration temperature is defined as the temperature at which a small sample
of an energetic compound gets ignited [438]. This can be determined by heating 0.02 g
of sample in a glass tube in a Wood’s metal bath at a heating rate of 5 °C/min. Since
various inter- and intramolecular parameters may affect the value of the deflagration
temperature, a suitable correlation for estimating the deflagration temperature of en-
ergetic compounds containing –NNO2, –ONO2 or –CNO2 groups was established as
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Table 10.2: Summary of the contributions of T−dmax.

Molecular moieties T−dmax Example

1.0 7-azido-5-oxo-2,3-dihydro-1H,5H-pyrido[3,2,1-
ij]quinoline-6-carbaldehyde

1.0 4-azido-2-chloro-6-methyl-3-nitropyridine

0.8 1-(2-azidophenyl)-1-ethanone

[48, 439]:

DT = 476.6 + 13.08a − 6.21d + 103.7F+nonadd − 103.1F
−
nonadd, (10.10)

whereDT is the deflagration temperature in K; two functions F+nonadd and F
−
nonadd show

the increasing and decreasing contribution of nonadditive structural parameters, re-
spectively, which are specified in the following sections.

10.3.1 F+nonadd
(1) Cyclic nitramines containing rings which are larger than six-membered rings or

carbocyclic nitroaromatics with
1
3
≤
nNH2

nNO2

≤ 1,

where n is the number of specified groups: The value of F+nonadd is 1.0.
(2) Carbocyclic nitroaromatic compounds containing only alkyl substituents: The

value of F+nonadd is 0.5.
(3) The existence of other specific polar groups: The value of F+nonadd equals 0.5 for the

presence of a nitrate salt, –NHCONH– group, or cyclic energetic compounds con-
taining >N–CO–N<, two >N–CO–N(NO2)– or two –(O2N)N–CO–N(NO2)– groups.
For the presence of a tertiary amine (or –O−NH+4 ), the value of F

+
nonadd equals 0.8.

10.3.2 F−nonadd
(1) The presence of azido, –N–OH, cyclic ether groups, aswell as the presence of both

>C(NO2)2 and –OH: For the presence of the –N3, –N–OHor cyclic ether groups and
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the presence of both of >C(NO2)2 and –OH groups, the values of F−nonadd equal 0.7,
0.5, 0.3 and 1.0, respectively.

(2) Substituents containing >NNO2 or –NHNO2 groups attached to carbocyclic nitro-
aromatic compounds: For the presence of >NNO2 and –NHNO2 groups, the values
of F−nonadd equal 0.5 and 1.0, respectively.

10.3.3 Energetic compounds containing both F+nonadd and F−nonadd
(1) Carbocyclic nitroaromatic compounds containing both nitrate and ether groups

in their substituents: For the presence of one nitrate group, the value of F+nonadd
equals 0.5. The value ofF−nonadd equals 0.5 for thepresence ofmore thanonenitrate
group.

(2) Energetic compoundsAr–NH–Ar′: For secondary amines attached to twoaromatic
rings if Ar andAr′ contain the N–O–N group aswell as one nitro group or tetrazole
ring, the value of F−nonadd is 1.0. Meanwhile, if Ar′ contains more than one nitro
group, the value of F+nonadd is 0.5.

Example 10.10. If equation (10.10) is used for azido-acetic-acid-3-(2-azido-acetoxy)-2-
(2-azido-acetoxymethyl)-2-nitropropylester with the following molecular structure

it gives

DT = 476.6 + 13.08a − 6.21d + 103.7F+nonadd − 103.1F
−
nonadd

= 476.6 + 13.08(10) − 6.21(8) + 103.7(0) − 103.1(0.7)
= 488.5 K.

The measured value of Tdmax is 487 K [440].

10.4 Thermal stability of selected classes of energetic ionic
liquids and salts

Prediction of thermochemical parameters of a new energetic ionic liquid is of the ut-
most importance for their design to meet specific requirements and industrial appli-
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cations. Several simple correlations have been developed for prediction activation en-
ergy and decomposition temperature (onset) of several classes of ionic liquids and
salts including energetic derivatives, which are discussed here.

10.4.1 Predicting activation energy of thermolysis of some selected ionic liquids

A simplemodel has been developed for the prediction of activation energy of thermol-
ysis of imidazolium, pyridinium, and phosphoniumbased ionic liquids,mainly based
on TGA, through the structure of their anions and cations as follows [441]:

Ea,IL = 106.12 + 1.1574bcat − 112.06icat − 6.6481eani + 23.036hani + 33.831iani + 47.681jani
− 58.688E−a,IL + 56.984E

+
a,IL (10.11)

where Ea,IL is activation energy of thermolysis of the desired ionic liquid or salt in
kJ/mol; bcat, icat, and ecat are the number of hydrogen, phosphorous, and fluorine
atoms in cation, respectively; hani, iani, and jani are the number of sulfur, phospho-
rous, and bromine atoms in the anion, respectively; E−a,IL and E

+
a,IL are two correcting

functions. Tables 10.3 and 10.4 show the values of E−a,IL and E+a,IL equal 1.0 only for
some specific imidazolium-based ILS under certain conditions.

Table 10.3: The contribution of E−a,IL = 1.0 in ionic liquids or salts.

Cation Anion

Br−

R′ = Unsaturated alkyl group

HO4S−, H2O4P−

Cl−
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Table 10.4: The contribution of E+a,IL = 1.0 in ionic liquids or salts.

Cation Anion

R = Saturated alkyl group with carbon
atoms less than 3

, ,

,

R = Saturated alkyl group with carbon
atoms greater than 5

Br−

Example 10.11. The use of equation (10.11) for the following energetic ionic liquid

gives:

Ea,IL = 106.12 + 1.1574bcat − 112.06icat − 6.6481eani + 23.036hani + 33.831iani + 47.681jani
− 58.688E−a,IL + 56.984E

+
a,IL

= 106.12 + 1.1574 × 7 − 112.06 × 0 − 6.6481 × 6 + 23.036 × 2 + 33.831 × 0
+ 47.681 × 0 − 58.688 × 0 + 56.984 × 0 = 120.4 kJ/mol

The measured value of Ea,IL is 102.7 kJ/mol [442].

10.4.2 Decomposition temperature of imidazolium-based energetic ionic liquids or
salts

The temperature of decomposition of imidazolium based energetic ionic liquids or
salts can be correlated with their molecular structures as follows [443]:

Tonset,IL =
1276bcat − 1875dcat + 4439ecat

Mwcat

+
4542aani + 5255cani + 4958dani + 8244eani + 20793fani + 30766hani

Mwani
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+
6313iani + 6811lani

Mwani

+ 116.0T+onset,IL − 126.2T
−
onset,IL (10.12)

where Tonset,IL is decomposition temperature in K; bcat, dcat and ecat are the number
of hydrogen, oxygen, and fluorine atoms in imidazolium cation derivatives, respec-
tively; aani, cani, dani, eani, fani, hani, iani and lani are the number of carbon, nitrogen,
oxygen, fluorine, chlorine, sulfur, phosphorus and boron atoms in anion part of im-
idazolium ionic liquids, respectively; Mwcat and Mwani are the molecular weights of
cation and anion, respectively; T+onset,IL and T

−
onset,IL are correcting functions that can

adjust large negative and positive deviations of the first two ratios of equation (10.12)
from the measured data. Tables 10.5 and 10.6 show the values of T+onset,IL and T

−
onset,IL

for the presence of specific cations and anions in some imidazolium-based ionic liq-
uids or salts.

Example 10.12. The use of equation (10.12) for 3-(but-2-ynyl)-1-methyl-1H-imidazol-3-
ium azide with the following structure

Chemical Formula: C8H11N2
+

Molecular Weight: 135.19

Chemical Formula: N3
–

Molecular Weight: 42.02

gives:

Tonset,IL =
1276bcat − 1875dcat + 4439ecat

Mwcat

+
4542aani + 5255cani + 4958dani + 8244eani + 20793fani + 30766hani

Mwani

+
6313iani + 6811lani

Mwani
+ 116.0T+onset,IL − 126.2T

−
onset,IL

=
1276 × 11 − 1875 × 0 + 4439 × 0

135.19

+
4542 × 0 + 5255 × 3 + 4958 × 0 + 8244 × 0 + 20793 × 0 + 30766 × 0

42.02

+
6313 × 0 + 6811 × 0

42.02
+ 116.0 × 0 − 126.2 × 0.7 = 391 K

The measured value of Tonset,IL is 388K [444].
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Table 10.5: Specific cation/anion moieties for estimation of T+onset,IL.

Cation Anion T+onset,IL

R1, R2 and R3 may contain a fluorine atom

0.9

0.9

0.9

1.0

R is the saturated alkyl group

0.5

0.6

0.7
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Table 10.6: Specific cation/anion moieties for estimation of T−onset,IL.

Cation Anion T−onset,IL

R containing a double bond

0.4

R containing a triple bond

0.7

0.5

R contains a triple bond

0.5

0.9

R1 and R2 contain double bounds

NO−3 0.6

R1 contains fluorine atoms

0.5
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10.5 Decomposition temperature of azole-based energetic
compounds

A reliable correlationhas been introduced for the prediction of thermal decomposition
temperature of azole-based energetic compounds by their structural parameters as
follows [445]:

Tonset,azole = 547.75 +
7777.96a − 2138.50c

Mw
− 52.40d

a
− 118.75b

c
− 54.36nN3

− 60.85nNH–NO2
+ 102.62nC=NH + 51.83T

+
onset,azole

− 65.85T−onset,azole (10.13)

where Tonset,azole is the decomposition temperature of the desired azole-based ener-
getic compound in K; a, b, c, and d are the number of carbon, hydrogen, nitrogen
and oxygen atoms, respectively; Mw is the molecular weight of the compound; nN3

,
nNH–NO2

, and nC=NH are the number azido, nitroamino, and imino groups, respectively;
T+onset,azole andT

−
onset,azole arenonadditive structural parameterswhichhavebeen spec-

ified in Tables 10.7 and 10.8.

Example 10.13. The use of equation (10.13) for 1-(2-(5-amino-3-nitro-1H-1,2,4-triazol-1-
yl)ethyl)-1H-tetrazol-5-amine with the following structure

gives:

Tonset,azole = 547.75 +
7777.96a − 2138.50c

Mw
− 52.40d

a
− 118.75b

c
− 54.36nN3

− 60.85nNH–NO2
+ 102.62nC=NH + 51.83T

+
onset,azole − 65.85T

−
onset,azole

= 547.75 + 7777.96 × 5 − 2138.50 × 10
240.19

− 52.402
5
− 118.75 8

10
− 54.36 × 0

− 60.85 × 0 + 102.62 × 0 + 51.83 × 0 − 65.85 × 0 = 504.7 K

The measured value of Tonset,azole is 550 K [446].

 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



186 | 10 Heat sensitivity

Table 10.7: Specific structural moieties for estimation of T+onset,azole.

Structural moieties Condition T+onset,azole
R1 and R2 = NH2 1.0
R1 = H, R2 = NHNO2
R1 = NH2, R2 = NO2

The presence of tetrazine in the polycicles
compounds

1.0

R1, R2, and R3 = NO2 or N3 0.70
R1 and R2 = NO2 or N3 2.0
R3 = Cl

R1 = CH3N3 0.70
R2 = NO2

R1, R2, and R3 = NO2 or NH2 or Cl 0.90

R1 and R2 are nitro pyrazole or nitro triazole 1.0

R2 = H or NO2 or NH2 1.0
R1 = H or NH2 or CH3

Situation 1 = –H or –CH2–N(NO2)–CH3 1.0
Situation 2 = –NH2 or C(NO2)3 or –CO

10.6 Summary

This chapter introduced different methods for predicting: the activation energies of
low-temperature non-autocatalyzed thermolysis, heats of decomposition, exothermic
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Table 10.8: Specific structural moieties for estimation of T−onset,azole.

Structural moieties Condition T−onset,azole
Repeating of this moiety in the R1 situation with a C–C bridge or
the presence –OH substitution in the R1 situation, i. e.: R1 =

or R1 = –OH

0.50

R2 and R3 = –NO2 or –N3

The presence of two or three of this fragment in a molecule which
is separated from each other by more than two atoms

0.50

1. In the two-cycle molecules, the presence of one
nitroiminotetrazole

0.90

2. Two nitroiminotetrazole cycles separated by at least four carbon
atoms
In the one cycle compounds, the presence nitroimino substitution 0.50
In the one cycle compounds, the presence nitroimino, and
cyclopentane substitutions

1.5

R1–N=N–R2 R1 and R2 = triazole or tetrazole ring 1.0
R1 and R2 = tetrazole ring 2.0

R1 = –H or –NH2 or –CH3 1.0
R2 = –H or –N3

R1 = –H or –NH2 1.0
R2 = –H or –NO2 or –CH(NO2)2

The presence of –CO, –CH2–ONO2, and furan fragment in a
compound, simultaneously

1.0

The presence of –CH2–ONO2 and triazole ring in a compound,
simultaneously

0.50

onset temperatures, thermal decomposition temperatures of polynitro arenes and
the temperature at which the maximum loss of mass occurs, as well as the deflagra-
tion temperature. Equations (10.1), (10.2), (10.3) and (10.4) were used to predict the
activation energies of low-temperature, non-autocatalyzed thermolysis of nitroparaf-
fins, nitramines and organic energetic compounds, respectively. Equation (10.4) is a
general correlation, which can be applied to a wide range of energetic compounds in-
cluding those energetic compounds that satisfy equations (10.1) to (10.3), but it ismore
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complex. Equations (10.5) and (10.6) are used for the prediction of the decomposition
temperatures of polynitro arenes and organic peroxides, respectively. Equations (10.7)
and (10.8) can be applied for prediction of onset temperature of polynitro arenes and
organic peroxides, respectively. Equation (10.9) is used to estimate the temperatures
at which maximum mass loss occurs for organic azides. Equation (10.10) is a sim-
ple, reliable correlation for the prediction of the deflagration temperature of organic
energetic compounds containing the –NNO2, –ONO2 or –CNO2 functional groups.
Equation (10.11) provides a simple method for calculation of activation energy of ther-
molysis of imidazolium, pyridinium, and phosphonium based ionic liquids. Equation
(10.12) gives the temperature of decomposition of imidazolium based energetic ionic
liquids or salts. Equation (10.13) introduces a reliable correlation for prediction of
thermal decomposition temperature of azole based energetic compounds.
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In previous chapters, different methods for the prediction of the impact, shock, elec-
tric spark, friction and heat sensitivities have been discussed. Among different sensi-
tivity tests, the impact sensitivity test is extremely easy to implement. Since the results
of the impact sensitivity test greatly depend on the conditions under which the tests
are performed, the experimental data from impact sensitivity tests is not often repro-
ducible. Hot spots in an energetic compound may contribute to initiation in the drop
weight impact test. Due to the large number of impact sensitivity data which has been
reported, some efforts have been undertaken to correlate the impact sensitivity of se-
lected classes of energetic compounds to the other sensitivities [292, 359, 447–451].
Wu and Huang [452] used a complex micro-mechanics model to describe hot spot for-
mation in the energetic crystal powders of the two well-known explosives HMX and
PETN subjected to drop-weight impact. Many attempts have been undertaken to illus-
trate the mechanism of initiation an energetic material by impact stimulus, but this
feature is not yet fully understood. In this chapter, several simple relationships be-
tween different sensitivities are demonstrated.

11.1 Relationship between impact sensitivity of energetic
compounds and activation energies of thermal
decomposition

It was indicated that initiation of the decomposition of an energetic compound con-
taining –NNO2, –ONO2 and R–NO2 (or Ar–NO2) groups through impact and heat stim-
uli can be related as follows [292]:

EIS = 18.07 − 0.1130Ea + 14.68(b/d) + 22.65E
++
IS − 11.30E

−−
IS , (11.1)

where Ea is the activation energy of low-temperature non-autocatalyzed thermolysis
in kJmol−1;EIS is the impact sensitivity in J; two correcting functionsE++IS andE−−IS show
the increasing and decreasing contribution of nonadditive structural parameters, re-

https://doi.org/10.1515/9783110740158-011
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spectively. The presence of some molecular moieties can increase or decrease the im-
pact sensitivity values of different classes of energetic compounds through E++IS and
E−−IS , which are described in the following sections.

11.1.1 Nitroaromatics

(1) –NH2 group: If per aromatic ring, then the values of E++IS are 0.9, 3.2 and 4.8 for
nNH2
= 1, 2 and 3 per aromatic ring, respectively.

(2) One 2,4,6-trinitrophenyl (TNP) in form TNP–X: The values of E++IS equal 0.5, 1.0, 1.5
for X = –NH–R (or –OH), –R and –OR, respectively.

(3) Two aromatic rings in form Ar–X–Ar or Ar–Ar: The value of E−−IS equals 0.5 for X =
–S– and –CH2–R– except for 2,2′,4,4′,6,6′-hexanitro-1,1′-biphenyl (HNB).

(4) Polynitrobenzene containing more than one alkyl group: The value of E−−IS is 1.0.
(5) Polynitronaphthalene: The value of E++IS is 0.5.

11.1.2 Nitramines

(1) Cyclic nitramines: For rings containing up to six ring atoms where , the value of
E++IS is 0.5. For cyclic nitramineswhich have rings larger than sixmebered ring and
in which

0.75 ≤
nNNO2

nCH2

< 1 and
nNNO2

nCH2

< 0.75,

the values of E−−IS equal 1.0 and 2.0, respectively. The value of E−−IS is equal to 0.5
for cyclic nitramines which are smaller than six membered rings and in which

nNNO2

nCH2

≥ 1.

(2) Acyclic nitramines: For acyclic nitramines inwhich the number of –N(NO2)–CH2–
N(NO2)– groups > 1 and ≤ 1, the values of E−−IS and E++IS equal 0.75 and 1.75, respec-
tively. The value of E−−IS equals 1.0 for the presence of the –N(NO2)–CH2–N(NO2)–
molecular fragment.

Example 11.1. 1,5-Endomethylene-3,7-dinitro-1,3,5-tetraazacyclooctane (DPT) has the
following molecular structure:
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The measured Ea is 192.3 kJ/mol [412]. The use of equation (11.1) gives

EIS = 18.07 − 0.1130Ea + 14.68(b/d) + 22.65E
++
IS − 11.30E

−−
IS

= 18.07 − 0.1130(192.3) + 14.68(10/4) + 22.65(0.5) − 11.30(0)
= 10.44 J.

The measured EIS is 10.20 J [447].

11.2 Relationship between electric spark sensitivity and impact
sensitivity of nitroaromatics

For nitroaromatics, it was shown that the electric spark and impact sensitivities can
be correlated as [359]:

EES = 6.17 + 0.0797EIS + 10.1E
+
cor − 3.21E

−
cor, (11.2)

whereEES is the electric spark sensitivity in J;E+cor andE
−
cor are two correcting functions

that havebeenused to adjust largedeviations ofEES andEI, andwhich canbe specified
as follows.
E+cor: The values of E+cor are 1.8, 0.5 and 0.9 for the presence of the –OR group, two –

OH groups and the attachment of more than one nitroaromatic ring to another
nitroarmatic ring, respectively.

E−cor: The value of E−cor equals 1.0 for the attachment of only one CHx– or Ar– to the
aromatic ring in the case of CHNO nitroaromatics.

Example 11.2. If equations (6.11) and (6.12) are used to predict the impact sensitivity
of 2-methyl-4-[(3-methyl-2,4,6-trinitrophenyl)thio]-1,3,5-trinitrobenzene (DIMEDIPS)
with the following molecular structure

EIS = 26.05 J is obtained. The use of this value in equation (11.2) gives

EES = 6.17 + 0.0797EIS + 10.1E
+
cor − 3.21E

−
cor

= 6.17 + 0.0797(26.05) + 10.1(0) − 3.21(0)
= 8.25 J.

The measured EES is 8.57 J [348].
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11.3 A general correlation between electric spark sensitivity and
impact sensitivity of nitroaromatics and nitramines

It was shown that electric spark sensitivity based on RDAD instrument can be corre-
latedwith the impact sensitivity of nitramines [453]. Examination of variousmolecular
moieties of nitroaromatics and nitramines has shown that the following general equa-
tion can be used to correlate their electric spark sensitivity based on RDAD instrument
and impact sensitivity as [454]:

EES = 6.16 + 0.0843EIS + 8.16E
+
ES,NAr,NiA − 3.43E

−
ES,NAr,NiA + 9.48EN excess, (11.3)

where E+ES,NAr,NiA, E
−
ES,NAr,NiA and EN excess are correcting functions. The values of

E+ES,NAr,NiA and E
−
ES,NAr,NiA are given in Table 11.1.

Table 11.1: Contribution of E+ES,NAr,NiA and E
−
ES,NAr,NiA.

Organic compounds
containing energetic
groups

E+ES,NAr,NiA E−ES,NAr,NiA Condition

Cyclic nitramine 0 1.0 Equal numbers of >NNO2 and >CH2 or

groups in form –NNO2–CHx–NNO2– with more
than five-membered rings

0.8 0 Equal numbers of >NNO2 and –CH2–CH2–
0.6 0 The presence of –O– group

Acyclic nitramine 0.8 0 The presence of –C(=O)–O– group

Nitroaromatics 0 1.0 (a) Direct attachment of two nitroaromatic rings or
the presence of specific group (X) between
nitroaromatic ring (Ar) where X is >CH2, >NH,
–CH2=CH2– and –CH2–CH2–
(b) The attachment both of alkyl and hydroxyl
groups to 2,4,6-trinitrobenzene

2.2 0 The attachment of –OR group to carbocyclic
nitroaromatics

0.6 0 The attachment of two –OH groups to one
nitroaromatic ring

1.2 0 Direct attachment of three nitroaromatic rings
1.0 0 The presence of –NH–C(=O)–C(=O)–NH–

The attachment of –OR group ortho to nitrogen
atom ring

0.5 0 The presence of –SO2– group

The value of EN excess is for presence of excess nitrogen atoms for cyclic nitramines
containing excess nitrogen atoms besides –NNO2 and –NO2.
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Example 11.3. The reported EIS of 1,4-dinitrotetrahydroimidazo[4,5-d]imidazole-
2,5(1H,3H)-dione (DINGU) with the following molecular structure is 5.55 J [330].

The use of this value in equation (11.3) gives:

EES = 6.16 + 0.0843EIS + 8.16E
+
ES,NAr,NiA − 3.43E

−
ES,NAr,NiA + 9.48EN excess

= 6.16 + 0.0843(5.55) + 8.16(0) − 3.43(0) + 9.48(1) = 16.11J

The measured EES is 15.19 J [364].

11.4 Relationship between electric spark sensitivity and
activation energy of the thermal decomposition of
nitramines

For variousnitramines, it has been shown that themechanismof spark energy transfer
can be related to the activation energy of low-temperature nonautocatalyzed thermol-
ysis as [450]:

EES = 9.826 − 0.047Ea + 7.432(a/d) + 7.680E
+
ES,corr, (11.4)

where E+ES,corr is an increasing factor. The value of E+ES,corr equals 1.0 for the presence
of the following molecular fragment or condition:
(1) cyclic –O–, >N– and –C(=O)–N–;
(2) acyclic –C(=O)–O–;
(3) acyclic nitramines with more than one N–NO2 functional group in which

nNNO2

nCH2

≥ 2;

(4) for cyclic nitramines with more than one N–NO2 group in which

nNNO2

nNCH2CH2N
≤ 1,

where nNCH2CH2N is the number of –NCH2CH2N– groups.
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Example 11.4. The molecular structure of 2,4,6-trinitro-2,4,6-triazaheptane (ORDX) is
given as

If the measured Ea of ORDX is 179.2 kJ/mol [407], the use of equation (11.4) gives

EES = 9.826 − 0.047Ea + 7.432(a/d) + 7.680E
+
ES,corr

= 9.826 − 0.047(179.2) + 7.432(4/6) + 7.680
= 6.36 J.

The measured EES is 8.08 J [364].

11.5 Correlation of the electrostatic sensitivity and activation
energies for the thermal decomposition of nitroaromatics

It was shown that the following equation can be introduced as a suitable correlation
for predicting the relationship between the electric spark sensitivity and activation
energy of low-temperature non-autocatalyzed thermolysis [448]:

EES = −9.72 + 0.034Ea + 7.41(
c + d
a
) + 3.49E+ES,Ar − 2.50E

−
ES,Ar, (11.5)

where the functions E+ES,Ar and E
−
ES,Ar show increasing and decreasing contribution of

structural parameters, respectively, which depend on the attachment of some groups
to TNP which increase and decrease the electrostatic sensitivity. They are defined as
follows.
(1) One TNP: For compounds with general structure TNP(X)2 or TNP(X)3, where X is

–CH3, –NH2 or –OH, the values of E+ES,Ar equal 1.75, 0.75 and 1.25, respectively. If
–Cl is present, the value of E−ES,Ar equals 2.0.

(2) Two TNP: For energetic compounds with general formula TNP–Y–TNP, where Y

is –SO2–, or TNP, the value of E+ES,Ar equals 1.40. If
the –NH– or –S– groups are present, or if two TNP groups are directly attached
together, the value of E−ES,Ar equals 1.25.

Example 11.5. 1-Methyl-3-hydroxy-2,4,6-trinitrobenzene (TNCr) has the following
molecular structure:
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The measured Ea is 192.46 kJ/mol [364]. The use of equation (11.5) gives

EES = −9.72 + 0.034Ea + 7.41(
c + d
a
) + 3.49E+ES,Ar − 2.50E

−
ES,Ar

= −9.72 + 0.034(192.46) + 7.41(3 + 7
7
) + 3.49(0) − 2.50(0)

= 7.41 J.

The measured EES is 5.21 J [364].

11.6 Relationship between the activation energy of thermolysis
and friction sensitivity of cyclic and acyclic nitramines

The elemental composition and some structural parameters can be used to correlate
friction sensitivity with the activation energy of thermolysis for cyclic and acyclic
nitramines as [449]

FS = 212.0 + 32.67a − 10.21c − 14.50d − 85.07Ea/Mw
+ 81.92FS+ − 48.19FS−, (11.6)

where functions FS+ and FS− show the presence of some structural parameters that
can increase and decrease the predicted friction sensitivity values on the basis of the
elemental composition and Ea/Mw. For cyclic and cage nitramines as well as acyclic
nitramines, the correcting functions FS+ and FS− are defined as follows.
(1) Cyclic and cagenitramines: If the ratio of thenumber of –NNO2 groups to thenum-

ber of –CH2– groups, i. e. nNNO2
/nCH2

, in cyclic nitramines equals 1.0, the value of
FS+ is 0.8. The value of FS− equals 0.7 for those compounds in which the ratios of
nNNO2
/nCH2

in cyclic nitramines and nNNO2
/nCH in cage or unsaturated nitramines

are less than 1.0, where nCH is the number of >CH– or =CH– groups.
(2) Acyclic nitramines:

(a) For compounds with general formula TNP–N(NO2)–R, FS+ = 1.4.
(b) For compounds containing the neutral tetrazole molecular moieties, the val-

ues of FS− and FS+ are equal to 0.8 and 1.0 for the absence and presence of
the R–N< group attached to the tetrazole ring, respectively.

(c) For compounds with general formula –RN–(CH2)n–NR–, FS− = 1.4.
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Example 11.6. 1-Methyl-5-nitriminotetrazole has the following molecular structure:

The calculated Ea is 189.16 kJ/mol [417]. The use of equation (11.6) gives

FS = 212.0 + 32.67a − 10.21c − 14.50d − 85.07Ea/Mw
+ 81.92FS+ − 48.19FS−

= 212.0 + 32.67(2) − 10.21(6) − 14.50(2) − 85.07(189.16/144.09)
+ 81.92(1.0) − 48.19(0)
= 157.3N.

The measured FS using the BAM friction tester is 160N [455].

11.7 Relationship between shock sensitivity of nitramine
energetic compounds based on small-scale gap test and
their electric spark sensitivity

An attempt has been done to correlate shock sensitivity to electric spark sensitivity
based on the RDAD instrument of nitramine compounds [456]. Tan et al. [457] applied
anMn–Cumanometer tomeasure the output pressures of shockwaves. They improved
a set of small-scale gap tests to pass throughaluminumgapswith different thicknesses
for drawing a standard curve. For the tested explosive pillars, theymeasured the thick-
ness of aluminum gaps with the calibrated set in terms of “go” or “no go”. Since the
reported data of Tan et al. [457] and Storm et al. [336] are different from each other,
there is a linear correlation between P90% TMD, which is calculated by equation (8.1),
and the improved method of Tan et al. [457] as follows [458]:

(x Gap)90% TMD = 12.50 − 0.1220P90% TMD, (11.7)

where (x Gap)90% TMD is the thickness of aluminum inmmat 90%of theoreticalmaxi-
mumdensity (TMD). Thus, equation (11.7) can convert the calculated shock sensitivity
based onNSWCdata usingNavy small-scale gap testmethod of Storm et al. [336] to the
improved method of Tan et al. [457].

It was shown that shock sensitivities at 90%, 95%, and 98% of TMD and electric
spark sensitivities based on themeasurements of RDAD can be correlated for nitroaro-
matics and nitramines as:

P90% TMD = 8.62 + 0.4970EES (11.8)
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P95% TMD = 12.29 + 0.7583EES − 9.113CNH2
(11.9)

P98% TMD = 15.43 + 0.9723EES − 16.17CNH2
, (11.10)

where P90% TMD, P95% TMD, and P98% TMD are the pressures in kbar required to initiate
material pressed to 90%, 95%, and 98% of TMD, respectively; CNH2

shows the contri-
bution of amino groups in nitroaromatics. The values of CNH2

are 1.0, 2.0, and −2.0 for
the presence of one, two and three amino groups, respectively.

Example 11.7. 1,3,5-Trinitro-1,3,5-triazinane (RDX) has the following molecular struc-
ture:

The use of equation (8.1) gives:

P90% TMD = 16.79 + 2.262(a + b/2 − d) − 6.314E
0
αCH/NNO2

+ 17.72(1.93nNH2
− nNO2
)pure

= 16.79 + 2.262(3 + 6/2 − 6) − 6.314(1) + 17.72(0)
= 10.48 kbar

The use of equation (11.7) gives:

(x Gap)90% TMD = 12.50 − 0.1220P90% TMD = 12.50 − 0.1220(10.47) = 11.22mm

The measured (x Gap)90% TMD is 11.68mm [457].
The use of equation (7.3) provides:

EES = 3.460 + 6.504(a/d) − 4.059CCH2NNO2>2,C(= O)(O or NH)

= 3.460 + 6.504(3/6) − 4.059(1)
= 2.65 J

The use of equations (11.8), (11.9), and (11.10) gives:

P90% TMD = 8.62 + 0.4970EES = 8.62 + 0.4970(2.65) = 9.94 kbar
P95% TMD = 12.29 + 0.7583EES − 9.113CNH2

= 12.29 + 0.7583(2.65) − 9.113(0)
= 14.30 kbar

P98% TMD = 15.43 + 0.9723EES − 16.17CNH2
= 15.43 + 0.9723(2.65) − 16.17(0)

= 18.01 kbar

The reported values of P90% TMD, P95% TMD, and P98% TMD for RDX are 10.97, 15.77, and
20.35 kbar, respectively [336].
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11.8 Summary

The relationships between the impact, electric spark, friction sensitivities and acti-
vation energies of low-temperature non-autocatalyzed thermolysis were discussed in
this chapter. Equation (11.1) correlates the impact sensitivity of an energetic compound
containing –NNO2, –ONO2 or R–NO2 (or Ar–NO2) groups with its activation energy of
low-temperature non-autocatalyzed thermolysis. Equation (11.2) gives another corre-
lation between the electric spark sensitivity based on RDAD instrument and impact
sensitivity of nitroaromatics. Equation (11.3) provides a general correlation between
spark sensitivity based on RDAD instrument and impact sensitivity of nitroaromatics
and nitramines. Equations (11.4) and (11.5) introduce suitable relationships between
the electric spark sensitivity based on RDAD instrument and activation energy of low-
temperature non-autocatalyzed thermolysis of nitramines andnitroaromatics, respec-
tively. Equation (11.6) relates the friction sensitivity of nitramines with the activation
energies of low-temperature non-autocatalyzed thermolysis. Equation (11.7) gives a
linear correlation between (x Gap)90% TMD and P90% TMD. Equations (11.8), (11.9), and
(11.10) show the relationshipsbetweenP90% TMD,P95% TMD, andP98% TMD and the elec-
tric spark sensitivity based on RDAD instrument.
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Problems

(Hint: the necessary information for some problems are given in Appendix A)

Chapter 1

Use the following equations to calculate the crystal density of the specified energetic
compounds:
(1) Equation (1.1) and Table 1.1:

(2) Equations (1.1) and (1.5) as well as Tables 1.1 and 1.2:

(3) Equations (1.9) and (1.9a) to (1.9g):

(4) Equations (1.10) and (1.10a) to (1.10e) or (1.11) or (1.12):

(5) Equation (1.13): C(NO2)3CH2CO2(CH2)3CO2CH2C(NO2)3

https://doi.org/10.1515/9783110740158-012
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(6) Equation (1.14):

(7) Equation (1.15):

(8) Equation (1.16):

(9) Equations (1.17) and (1.18): Aminoguanidinium nitroformate
(10)Equation (1.19): 5-Azido-4-methyltetrazolium nitrate
(11) Equation (1.20):

Chapter 2

Use the following equations to calculate the condensed phase heat of formation for
the specified energetic compounds:
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(1) Equation (2.6):

(2) Equation (2.7):

(3) Equation (2.10): C(NO2)3CH2CH2C(=O)OCH2C(NO2)3
(4) Equation (2.11):

(5) Equation (2.12):

(6) Equation (2.13): 4-Nitrocinnamic acid
(7) Equation (2.14):

(8) Equations (2.15) and (2.16) with(ΔfHθ(g))B3LYP = 1077.4 kJ/mol and (ΔfHθ(g))PM6 = 1039.5 kJ/mol,
respectively:
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(9) Equation (2.18):

(10)Equation (2.19):

Chapter 3

Use the following equations to calculate the melting point of the specified energetic

compounds:

(1) Equation (3.3):

(2) Equation (3.4):

(3) Equation (3.5): [CH3(CH2)6]4NNO3
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(4) Equation (3.6):

(5) Equations (3.7) to (3.9):

(6) Equations (3.10) to (3.12):

(7) Equation (3.13): 4-Chlorobenzoyl azide
(8) Equations (3.14) to (3.16):

(9) Equation (3.17): (2-Tridecylpropane-1,3-diyl)dicyclohexane
(10)Equation (3.18): 1-Butyl-3-methylimidazolium trifluoromethanesulfonate
(11) Equation (3.19): 1-Nonyl-3-methylimidazolium hexafluorophosphate

Chapter 4
Use the following equations to calculate the enthalpy and entropy of fusion for the
specified energetic compounds:
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(1) Equation (4.1): N-Methyl-N,2,4,6-tetranitroaniline (Tetryl)
(2) Equation (4.2):

(3) Equation (4.3):

(4) Equation (4.4):

(5) Equation (4.5):

(6) Equations (4.6) and (4.7): 1,7-Diazido-2,4,6-trinitro-2,4,6-triazaheptane
(7) Equations (4.14) and (4.15):

Chapter 5
Use the following equations to calculate the heat of sublimation for the specified en-
ergetic compounds:
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(1) Equation (5.2): 2,2,2-Trinitro-1-phenylethane
(2) Equation (5.3):

(3) Equation (5.4):

(4) Equation (5.5):

(5) Equation (5.6): N-(4-Nitrophenyl)-N-phenylamine

Chapter 6
Use the following equations to calculate the impact sensitivity for the specified ener-
getic compounds:
(1) Equations (6.5) or (6.6): N-(2-propyl)-trinitroacetamide
(2) Equations (6.7): Bis-(2,2-dinitropropyl)-carbonate
(3) Equation (6.8): 1-Picrylimidazole
(4) Equation (6.9): 5-Nitro-1-picryl-4-picrylaminopyrazole
(5) Equation (6.10): N-Nitro-N-(3,3,3-trinitropropyl)-2,2,2-trinitroethyl carbamate
(6) Equations (6.11) and (6.12): Trinitroethyl-bis-(trinitroethoxy)-acetate
(7) Equation (6.13): Ammonium 1-hydroxy-1H,2’H-[5,5’-bitetrazol]-2’-olate

Chapter 7
Use the following equations to calculate the electric spark sensitivity of the specified
energetic compounds:
(1) Equation (7.2):
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(2) Equation (7.3):

(3) Equation (7.4):

(4) Equation (7.5): 1-(2,4,6-Trinitrophenyl)-5,7-dinitrobenzotriazole (BTX)
(5) Equation (7.6) with EES,PNA(RDAD) = 10.61 J: 2,4,6-Tris(2,4,6-trinitrophenyl)-1,3,5-

triazine (TPT)
(6) Equation (7.7): 1,3,3-Trinitroazatidine (TNAZ)
(7) Equation (7.8) with EES,PNA(RDAD) = 4.70 J: 2,4,6,8,10,12-Hexanitro-2,4,6,8,10,

12-hexaazaisowurtzitane (HNIW)
(8) Equation (7.9): Hydroxylammonium 5,7-dinitrobenzo[d][1,2,3]triazol-1-ide

Chapter 8

Use the following equations to calculate the electric spark sensitivity of the specified
energetic compounds:
(1) Equations (8.1) to (8.3): Octol-75/25
(2) Equation (8.4), if the values of ρ0 and ρTM are 1.682 and 1.72 g/cm3, respectively:

PBX-9205
(3) Equation (8.5): Picric acid
(4) Equation (8.5): Pentolite 50/50 (PETN/TNT 50/50)

Chapter 9

(1) Use equation (9.1) to calculate the friction sensitivity of 1-(2-nitratoethylnitrami-
no)-2,4,6-trinitrobenzene.

(2) Use equation (9.2) to calculate the friction sensitivity of hydroxylammonium
5,5’-dinitro-2H,2’H-[3,3’-bi(1,2,4- triazole)]-2,2’-bis(olate).
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Chapter 10

Use the following equations to calculate the activation energies of low-temperature
non-autocatalyzed thermolysis, heat of decomposition, onset temperature and defla-
gration temperature for the specified energetic compounds:
(1) Equation (10.1): 1,1,1-Trinitrobutane
(2) Equation (10.2):

CH3–N–CH3–CH2–COOH–

NO2

(3) Equation (10.3):

(4) Equation (10.4):

(5) Equation (10.5): 3,5-Dinitrobenzoic acid
(6) Equation (10.6): Tert-amyl peroxy-2-ethylhexyl carbonate
(7) Equation (10.7):

(8) Equation (10.8): Ethyl-3,3-di-(tert-amyl peroxy) butyrate
(9) Equation (10.9): 4-Azido-1-methyl-2-oxo-1,2-dihydroquinoline-3-carbaldehyde
(10)Equation (10.10):
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(11) Equation (10.11): 2,3-Dimethyl-1H-imidazol-3-ium bis((trifluoromethyl)sulfonyl)-
amide

(12) Equation (10.12): 1-Methyl-3-(pent-2-ynyl)-1H-imidazol-3-ium azide
(13) Equation (10.13): 1-(2-(5-Nitro-2H-tetrazol-2-yl)ethyl)-1H-tetrazol-5-amine

Chapter 11

Use the following equations to calculate the relationships between the sensitivities of
the specified energetic compounds:
(1) Equation (11.1) if Ea is 186.2 kJ/mol: 1,4-Dinitro-1.4-diazabutane (EDNA)
(2) Equation (11.2) if EIS = 8.58 J:

(3) Equation (11.3) if EIS = 10.20 J: 1,5-Endomethylene-3,7-dinitro-1,3,5-tetraazacyclo-
octane

(4) Equation (11.4) if Ea is 178.8 kJ/mol: N,N-dimethyl-N,N-dinitroethanediamide
(5) Equation (11.5): 1,3-Dichloro-2,4,6-trinitrobenzene (DCTB)
(6) Equation (11.6) if Ea is 140 kJ/mol: 1,3,5-Trinitro-2-oxo-1,3,5-triazacyclohexane

(keto-RDX)
(7) Equation (11.7) if P90% TMD is 70.38 kbar: 1,3,5-Triamino-2,4,6-trinitrobenzene

(TATB)
(8) Equations (11.8), (11.9), and (11.10) if EES is 120.17 J: 1,3,5-Triamino-2,4,6-trinitro-

benzene (TATB)
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Chapter 1

(1) 1.704 g/cm3

(2) 1.555 g/cm3

(3) 1.736 g/cm3

(4) 2.028 g/cm3

(5) 1.669 g/cm3

(6) 1.467 g/cm3

(7) 1.996 g/cm3

(8) 1.29 g/cm3

(9) 1.755 and 1.754 g/cm3

(10) 1.631 g/cm3

(11) 1.722 g/cm3

Chapter 2

(1) −77.6 kJ/mol
(2) −440.2 kJ/mol
(3) −463.2 kJ/mol
(4) −135.1 kJ/mol
(5) 664.7 kJ/mol
(6) −398.5 kJ/mol
(7) 527.0 kJ/mol
(8) 1094.4 and 1095.2 kJ/mol
(9) −2019.8 kJ/mol

Chapter 3

(1) 688K
(2) 358.3 K
(3) 355.2 K
(4) 441.7 K
(5) 387.1 K
(6) 367 K
(7) 337 K
(8) 423.9 K
(9) 276.8 K
(10) 276.1 K
(11) 284.3 K

https://doi.org/10.1515/9783110740158-013
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Chapter 4
(1) 24.88 kJ/mol
(2) 26.87 kJ/mol
(3) 39.06 kJ/mol
(4) 28.19 kJ/mol
(5) 17.00 kJ/mol
(6) 47.86 kJ/mol
(7) 1.0
(8) 757.2 K
(9) 57.9 J K−1mol−1

Chapter 5
(1) 88.60 kJ/mol
(2) 114.49 kJ/mol
(3) 61.77 kJ/mol
(4) 115.5 kJ/mol
(5) 125.6 kJ/mol
(6) 47.86 kJ/mol
(7) 57.9 J K−1mol−1

Chapter 6
(1) 95 cm
(2) 72 cm
(3) 284 cm
(4) 9 cm
(5) 9 cm
(6) 9 cm
(7) 33 J

Chapter 7
(1) 7.54 J
(2) 2.65 J
(3) 14.51 J
(4) 141.5mJ
(5) 323.3mJ
(6) 78.3mJ
(7) 486.2mJ
(8) 1380mJ
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Chapter 8

(1) P90% TMD = 11.34 kbar, P95% TMD = 16.54 kbar and P98% TMD = 22.13 kbar
(2) 50.80mm
(3) 2.50mm
(4) 6.66mm

Chapter 9

(1) 326.1 N
(2) 336 N

Chapter 10

(1) 185.41 kJ/mol
(2) 175.48 kJ/mol
(3) 113.12 kJ/mol
(4) 215.44 kJ/mol
(5) 671 kJ/mol
(6) −975.6 J/g
(7) 487.0 K
(8) 411.1 K
(9) 401.51 K
(10) 499K
(11) 122.7 kJ/mol
(12) 398K
(13) 493K

Chapter 11

(1) 7.43 J
(2) 6.85 J
(3) 16.50 J
(4) 6.48 J
(5) 2.51 J
(6) 97.8N
(7) 3.92mm
(8) 68.24, 121.92, and 164.61 kbar
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List of symbols
a Number of carbon atoms
a′ Number of carbon atoms divided by molecular weight of explosive
aani Number of carbon atoms in the anion
acat Number of carbon atoms in the cation
ai Number of the ith atom group Ai in equation (5.2)
Ai Contribution of the first-, second-, or third-order group of type i
A+s Portion of the cation surface that has a positive electrostatic poten-

tial
A−s Portion of the anion surface that has a negative electrostatic po-

tential
AM1 Semi-empirical method
ANN Artificial Neural Network
b Number of hydrogen atoms
bani Number of hydrogen atoms in the anion
bcat Number of hydrogen atoms in the cation
b′ Number of hydrogen atoms divided by molecular weight of explo-

sive
Bi Number of ith atoms in one mole
BRSP3 Total number of nonring, nonterminal, and branched sp3 atoms
c Number of nitrogen atoms
cani Number of nitrogen atoms in the anion
c′ Number of nitrogen atoms divided by molecular weight of explo-

sive
C Capacitance
Cj A correction for interactions in cycles
CCH2NNO2≥3,C(=O)(O or NH) Presence of methylenenitramine greater than, or equal to three

in cyclic nitramines or the presence of COO or CONH functional
groups in equation (7.3)

CHEETAH Thermochemical computer code
CDe Contribution of specific polar groups attached to aromatic rings in

equation (5.5)
CIn Presence of some molecular parameters in equation (5.5)
CNG Negative contribution of structural parameter of crystal density in

equation (1.14)
CNH2

Contribution of amino groups in nitroaromatics
C–NO2(–ONO2) Correcting function for the enthalpy of fusion in equation (4.4)
CPG Positive contribution of structural fragments of crystal density in

equation (1.14)
CR,OR Presence of alkyl (–R) or alkoxy groups (–OR) in equation (7.2)
CSFG Contribution of specific functional groups in equation (3.5)

https://doi.org/10.1515/9783110740158-014

 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



214 | List of symbols

CSG Contribution of certain polar groups in equation (5.4)
CShock Correcting function in equation (8.5)
CSPG Contribution of specific polar groups attached to an aromatic ring

in equation (4.2)
CSSP Contribution of specific groups in equation (4.3)
d Number of oxygen atoms
dani Number of oxygen atoms in the anion
dcat Number of oxygen atoms in the cation
dc Critical diameter
d′ Number of oxygen atoms divided bymolecular weight of explosive
d′′ Number of oxygen or sulfur
Dk A correction for atomic functional groups of kth type
DCF Variable for decreasing the heat content of an energetic compound

in equation (2.15)
DF Variable for decreasing the heat content of an energetic compound

in equation (2.14)
DFT Density functional theory
DMP Diminishing intermolecular interaction for decreasing crystal den-

sity in equation (1.15)
DSC Differential scanning calorimetry
DT Deflagration temperature
DTA Differential thermal analysis
DSSP Decreasing effects of melting point of some specific structural fea-

tures in equation (3.4)
DSSPH Decreasing sensitivity structural parameter in equation (6.10)
e Number of fluorine atoms
eani Number of fluorine atoms in the anion
E Variable for decreasing heat content of an energetic compound in

equation (2.7)
Ea Activation energy of low-temperature non-autocatalyzed thermol-

ysis
Ea,IL Activation energy of thermolysis of the desired ionic liquid or salt
E+a,IL Correcting function for increasing activation energy of thermolysis

of the desired ionic liquid or salt in equation (10.11)
E−a,IL Correcting function for decreasing activation energy of thermolysis

of the desired ionic liquid or salt in equation (10.11)
E+cor Correcting function for increasing EES in equation (11.2)
E−cor Correcting function for decreasing EES in equation (11.2)
ED Decreasing structural parameter of crystal density in equation

(1.13)
EES Electrostatic or electric spark sensitivity
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EES,NTA(ESZ KTTV) Electric spark sensitivity of nitramines based on the ESZ KTTV sys-
tem

EES,PNA(ESZ KTTV) Electric spark sensitivity of polynitro arenes based on the ESZ
KTTV system

EES,NTA(RDAD) Electric spark sensitivity based on the RDAD system
EES,PNA(RDAD) Electrostatic sensitivity based on the RDAD system for polynitro

arenes
E+ES,NTA Correcting function in equation (7.6)
E−ES,NTA Correcting function that can decrease the predicted results on the

basis of the RDAD system in equation (7.8) for nitramines
E+ES,PNA Correcting function in equation (7.5)
E+
′

ES,PNA Correcting function that can increase the predicted results on the
basis of the RDAD system in equation (7.6)

E−ES,PNA Correcting function that can decrease the predicted results on the
basis of the RDAD system in equation (7.6) for polynitro arenes

E++IS Correcting function for increasing EIS in equation (11.1)
E−−IS Correcting function for decreasing EIS in equation (11.1)
E+ES,Ar Correcting function for increasing EES in equation (11.5)
E−ES,Ar Correcting function for decreasing EES in equation (11.5)
E+ES,corr Increasing electric spark sensitivity factor in equation (11.4)
E+ES,NAr,NiA Correcting function for increasing EES in equation (11.3)
E−ES,NAr,NiA Correcting function for decreasing EES in equation (11.3)
EI Increasing structural parameter of crystal density in equation (1.13)
EIS Impact sensitivity in J
E+IS Correcting function for increasing EES in equation (7.4)
EN excess Existence of excessnitrogenatoms for cyclic nitramines containing

excess nitrogen atoms beside –NNO2 and –NO2
E+non-add Contribution of non-additive structural parameters for increasing

Ea in equation (10.4)
E−non-add Contribution of non-additive structural parameters for decreasing

Ea in equation (10.4)
E0αCH/NNO2

A parameter that indicates the existence of α-C–H in nitroaromatic
compounds or the N–NO2 functional group

ESIL (mJ) Sensitivity toward electrical discharge of a desired energetic ionic
compound in mJ

ES+IL Correcting function for increasing electric spark of quaternary
ammonium-based energetic ionic liquids or salts based on ESZ
KTTV

ES−IL Correcting function for decreasing electric spark of quaternary
ammonium-based energetic ionic liquids or salts based on ESZ
KTTV
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EDPHT Computer code based on empirical correlations
EILoS Energetic ionic liquids or salts
E–P–S Evans–Polanyi–Semenov
ESZ KTTV An instrument for measuring electric spark sensitivity
EXPLO5 Thermochemical computer code
f Number of chlorine atoms
fani Number of chlorine atoms in the anion
F Variable for increasing the heat content of an energetic compound

in equation (2.7)
F+ Existence of specific molecular moieties for increasing value of(logH50)core
F− Existence of specific molecular moieties for decreasing value of(logH50)core
Fattract Attractive intermolecular forces in equation (5.6)
F+non-add Contribution of non-additive structural parameters for increasing

the deflagration temperature of equation (10.10)
F−non-add Contribution of non-additive structural parameters for decreasing

the deflagration temperature of equation (10.10)
Frepul Repulsive intermolecular forces in equation (5.6)
FS Friction sensitivity
FS+ Correcting function for increasing friction sensitivity in equation

(11.6)
FS− Correcting function for decreasing friction sensitivity in equation

(11.6)
FSIL (N) Friction sensitivity of quaternary ammonium-based energetic ionic

liquids in newton
FS+IL Correcting function for increasing friction sensitivity of ionic liq-

uids in equation (9.2)
FS−IL Correcting function for decreasing friction sensitivity of ionic liq-

uids in equation (9.2)
g Number of aluminum atoms
gani Number of aluminum atoms in the anion
gj Number of the special group Gj in equation (5.2)
G50 Barrier thickness required to inhibit detonation in the test explo-

sive half the time for gap test
GA Genetic algorithm
GAV Group additivity values
GIPF Generalized interaction property function
H50 Impact drop height
lani Number of boron atoms in anion
Hfus,i Contribution of molecular fragment or group i to the enthalpy of

fusion in equation (4.1)
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hani Number of sulfur atoms in anion
ICF Variable for increasing heat content of an energetic compound in

equation (2.15)
IF Variable for increasing heat content of an energetic compound in

equation (2.14)
IMP Increment of intermolecular interaction for increasing crystal den-

sity in equation (1.15)
IPF Inefficient packing factor in equation (3.13)
IS+IL Correction function of friction sensitivity that depends on stabiliz-

ing structural parameters in cations or anions
IS−IL Correction function of friction sensitivity that depends on destabi-

lizing structural parameters in cations or anions
ISPBKW Computer code for calculation of the specific impulse using BKW-

EOS
ISSP Increasing effects of melting point of some specific structural fea-

tures in equation (3.4)
ISSPH Increasing sensitivity structural parameter in equation (6.10)
k Number of halogen atoms
Lj Number of cycles of jth order in one mole
lani Number of boron atoms in anion
LANL Los Alamos National Laboratory
LINSP3 Number of nonring, nonterminal, and nonbranched sp3 atoms
M Molecular mass of the molecule in g/molecule
m>6cyc Cyclic nitramines with rings which are larger than six membered

rings and which contain only carbon and nitrogen atoms
MD Molecular Dynamics
MLR Multilinear regression
MESP Molecular surface electrostatic potential
MM (MM2, MM3, …) Molecular mechanics methods
Mw Molecular weight of the desired energetic compound
Mw′ Molecular weight of the desired energetic compound under certain

conditions in equations (5.5) and (5.6)
Mwcat Molecular weights of cation
Mwani Molecular weights of anion
nc,i Occurrence of the groups i in the cation of the desired ionic liquid
na,j Occurrence of the groups j in the anion of the desired ionic liquid
nEDNA Number of N,N’-(ethane-1,2-diyl)dinitramide (EDNA) moieties

(O2NNCHxCHxNNO2) in cyclic nitaramines
nH2O Number of the H2Omolecules in the crystal of the salt
Nj Number of atoms in a cycle of jth order
Nk Number of atoms in the group of k type
nx The number of x
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n′x Number of x divided by molecular weight of explosive
n′Ar The number of aromatic rings under certain conditions for equa-

tion (2.7)
n≻3,linearNNO2

Number of –NNO2 groups for those acyclic linear nitramines con-
taining more than three nitramine groups in equation (4.4)

NASA-CEC-71 Computer program for calculation of complex chemical equilib-
rium compositions

NLR Non-linear regression
NSWC Naval Surface Warfare Center
OB100 Oxygen balance
p Number of cations
P+FS Correcting parameter for increasing friction sensitivity in equation

(9.1)
P−FS Correcting parameter for decreasing friction sensitivity in equation

(9.1)
Px Presence of x
P90% TMD Pressure in kbar required to initiatematerial pressed to 90%of the-

oretical maximum density
P95% TMD Pressure in kbar required to initiatematerial pressed to 95%of the-

oretical maximum density
P98% TMD Pressure in kbar required to initiatematerial pressed to 98%of the-

oretical maximum density
P>5 Existence of cyclic nitramines that contain more than five member

ring as well as cage nitramines
PLS Partial least squares
PM3, PM6, PM7, . . . Semi-empirical methods
q Number of anions
Qcorr The corrected heats of detonation on the basis of Kamlet’s method
QM Quantummechanical method
QSPR Quantitative Structure–Property Relationships
Rk Number of groups of k-type in one mole
RDAD An instrument for measuring electric spark sensitivity
RING Number of single, fused, or conjugated ring systems
ROT Extra entropy produced by freely rotating sp3 atoms
Vm Volume inside the 0.001 a. u. isosurface of electron density sur-

rounding the molecule
SA Molecular surface area
SADT Self-accelerating decomposition temperature
SPG Contribution of specific polar groups of melting point in equation

(3.13)
SMM Soviet manometric method
SP2 Number of nonring, and nonterminal sp2 atoms
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SPARC SPARC Performs Automated Reasoning in Chemistry
SSPi Contribution of structural parameters in equation (3.13)
SVM Support vector machine
T+ Increasing parameter of melting point in equation (3.6)
T− Decreasing parameter of melting point in equation (3.6)
Tadd Additive function of melting point of equation (3.7)
Tadd,elem Contribution of the elemental composition as an additive part in

equation (3.14)
Tcore Core contribution of elemental composition for prediction of melt-

ing point in equation (3.10)
Tcorr,strut Non-additive part of the melting point in equation (3.14)
Tcorrecting Correcting function of melting point in equation (3.10)
Tdmax Temperature of maximummass loss
T+dmax Correcting function for increasing Tdmax in equation (10.9)
T−dmax Correcting function for decreasing Tdmax in equation (10.9)
Tm Melting point
Tc,i Contribution of cation groups i for prediction of melting point
Ta,j Contribution of anion groups j for prediction of melting point
Tm,peroxide Melting point of peroxide compound
T+m,cyc hyd Correction term for increment of melting point of cyclic saturated

and unsaturated hydrocarbons in equation (3.17)
T−m,cyc hyd Correction term for decreasing melting point of cyclic saturated

and unsaturated hydrocarbons in equation (3.17)
T+m,IL Positive adjusting function in equation (3.19)
T−m,IL Negative adjusting function in equation (3.19)
Tnon-add Non-additive function of melting point of equation (3.7)
To,p A parameter of equation (3.3) that can be applied in disubstituted

benzene ring
Tonset Onset temperature
Tonset,azole Onset decomposition temperature of the desired azole based ener-

getic compound
T+onset,azole Correcting parameter for increasing onset decomposition temper-

ature in equation (10.13)
T−onset,azole Correcting parameter for decreasing onset decomposition temper-

ature in equation (10.13)
Tonset,IL Onset decomposition temperature of imidazolium based energetic

ionic liquids or salts
T+onset,IL Correcting parameter for increasing onset decomposition temper-

ature in equation (10.12)
T−onset,IL Correcting parameter for decreasing onset decomposition temper-

ature in equation (10.12)
TSFG Contribution of a specific functional group in equation (3.3)
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T+struc Increasing structural parameters of melting point in equation
(3.16)

T−struc Decreasing structural parameters of melting point in equation
(3.16)

TPC Increasing non-additive parameter of melting point in equation
(3.9)

TNC Decreasing non-additive parameter of melting point in equation
(3.9)

TET Correcting parmeter in equation (1.20) for tetrazole salts contain-
ing 1-N-oxide and 2-N-oxide fragment

TGA Thermogravimetry
TMD Theoretical maximum density
U Voltage
UPPER Unified Physical Property Estimation Relationships
V Total volume
Vs Electrostatic potential on the surface
V+ Effective volume of cation
V− Effective volume of anion
V̄+s Average of the positive values of Vs
V̄−s Average of the negative values of Vs
Voidtheo Theoretical calculated percent void(x Gap)90% TMD Thickness of aluminum in mm at 90% of TMD(logH50)core Impact drop height on the basis of elemental composition in equa-

tion (6.12)
ΔHdecom Heat of decomposition in kJ/mol
ΔH′decom Heat of decomposition in J/g
ΔH+decom Contribution of non-additive structural parameters for increasing

ΔHdecom in equation (10.5)
ΔH−decom Contribution of non-additive structural parameters for decreasing

ΔHdecom in equation (10.5)
ΔHInc,fus Contribution of structural parameter for increasing enthalpy of fu-

sion in equation (4.5)
ΔHDec,fus Contribution of structural parameter for decreasing enthalpy of fu-

sion in equation (4.5)(ΔfusH)add Additive contribution of elemental composition in equation (4.6)(ΔfusH)IncNon-add Non-additive contribution for increasing effects of specific groups
in equation (4.6)(ΔfusH)DecNon-add Non-additive contribution for decreasing effects of specific groups
in equation (4.6)

ΔfHθ(c)[EILoS] Condensed phase heat of formation of energetic ionic liquids or
salts
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ΔfHθ(c)[IMILoS] Condensed phase heat of formation of imidazolium-based ionic
liquids or salts

ΔfHθ(c)[TAILoS] Condensed phase heat of formation of of triazolium-based ener-
getic ionic liquids or salts

ΔfH(g) Gas phase heat of formation
ΔfHθ(g) Standard gas phase heat of formation
ΔfHθ(l) Standard liquid phase heat of formation
ΔfH(s) Solid phase heat of formation
ΔfHθ(s) Standard solid phase heat of formation
ΔfHθ

IEC Correcting function for increasing heat content of an energetic
compound in equation (2.12)

ΔfHθ
DEC Correcting function for decreasing heat content of an energetic

compound in equation (2.12)
ΔfHθ

add,DHC Correcting additive function for decreasing heat content of an en-
ergetic compound in equation (2.13)

ΔfHθ
non-add,DHC Correcting non-additive function for decreasing heat content of an

energetic compound in equation (2.13)
ΔfHθ

add,IHC Correcting additive function for increasing heat content of an en-
ergetic compound in equation (2.13)

ΔfHθ
non-add,IHC Correcting non-additive function for increasing heat content of an

energetic compound in equation (2.13)
ΔfHθ

Inc[IMILoS] Increasing and decreasing heat contents in imidazolium-based
ionic liquids or salts in equation (2.18)

ΔfHθ
Dec[IMILoS] Decreasing heat contents in imidazolium-based ionic liquids or

salts in equation (2.18)
ΔfHθ

Inc[TAILoS] Increasing function in the triazolium-based energetic ionic liquids
or salts in equation (2.19)

ΔfHθ
Dec[TAILoS] Decreasing function in the triazolium-based energetic ionic liquids

or salts in equation (2.19)
ΔfHθ(g) Standardheat of formationof a specific compound in the gasphase
[ΔfHθ(g)]B3LYP/6-31G* Gas phase heat of formation in kJ/mol using the B3LYP/6-31G*

method
[ΔfHθ(g)]PM3 Gas phase heat of formation in kJ/mol using the PM3 method
[ΔfHθ(g)]PM6 Gas phase heat of formation in kJ/mol using the PM6 method
ΔfHθ(c) Standard heat of formation of a specific compound in the con-

densed phase (solid or liquid)
ΔfHθ(c)[EILoS] Condensed phase heat of formation of EILoS
ΔfHθ(c)[IMILoS] Condensed phase heat of formation of imidazolium-based ionic

liquids or salts
ΔfHθ(c)[TAILoS] Condensed phase heat of formation of triazolium-based energetic

ionic liquids or salts
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∑i ΔfHθ
i (g)[cation] Sum of gas-phase heats of formation of cations ∑j ΔfHθ

j (g)[anion]
Sum of gas-phase heats of formation of anions

ΔfusH Enthalpy or heat of fusion
ΔsubH Heat of sublimation
ΔsubHθ Standard heat of sublimation
ΔvapHθ Standard heat of vaporization.
ΔfusS Entropy of fusion
ΔHPT Heat of phase transition
ΔfusSadd Additive contribution of entropy of fusion in equation (4.14)
ΔfusSnon-add Non-additive contribution of entropy of fusion in equation (4.14)
ρ Crystal density in g/cm3

ρ′ Uncorrected crystal density in g/cm3

ρ+ Increasing crystal density parameter in equation (1.18)
ρ− Decreasing crystal density parameter in equation (1.18)
ρ0 Loading density
ρ+azide Increasing crystal density parameter of azide compounds in equa-

tion (1.16)
ρ−azide Decreasing crystal density parameter of azide compounds in equa-

tion (1.16)
ρ+Tetrazole–N-oxide Positive non-additive structural parameter in equation (1.20)
ρ−Tetrazole–N-oxide Negative non-additive structural parameter in equation (1.20)
ρ−tetrazolium nitrate Decreasing structural parameter in tetrazolium nitrate salts
ρTM Theoretical maximum density
σ Molecular rotational symmetry
σ′ Pseudosymmetry
σ2tot Total variance of the electrostatic potential on the 0.001 a. u.

molecular surface
ν Degree of balance between the positive and negative potentials on

the molecular surface
ε Molecular eccentricity
εar Aromatic eccentricity
εal Aliphatic eccentricity
ϕ Flexibility number
Π Average deviation of electrostatic potential
(C–N(NO2)–C)pure Contribution of C–N(NO2)–C linkage in pure nitramines
P+FS Correcting parameter of increasing friction sensitivity in equation

(9.1)
P−FS Correcting parameter of decreasing friction sensitivity in equation

(9.1)|nTNB − 2| Absolute value of the number of 1,3,5-trinitrobenzeneminus two in
equation (10.7)
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λ′ Positive and negative contributions of various structural parame-
ters to obtain more reliable Tonset in equation (10.8)

λsym Peroxides containing the same fragments attached to the –O–O–
bond in equation (10.8)
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B Calculation of the gas phase standard enthalpies
of formation

The gas phase standard enthalpies of formation at 298K, for CaHbNcOd species, can
be obtained by correcting the standard enthalpies of formation at 0K (equation (B.1))
[273, 462].

ΔfH
θ(g)(CaHbNcOd, 298K) = ΔfHθ(g)(CaHbNcOd,0K)+ [Hθ(CaHbNcOd, 298K) − Hθ(CaHbNcOd,0K)]− a ⋅ [Hθ(C, 298K) − Hθ(C,0K)]St− b ⋅ [Hθ(H, 298K) − Hθ(H,0K)]St− c ⋅ [Hθ(N, 298K) − Hθ(N,0K)]St− d ⋅ [Hθ(O, 298K) − Hθ(O,0K)]St, (B.1)

whereby the terms in the square brackets are the heat capacity corrections and in-
dicate the enthalpy changes due to raising the temperature from 0K to 298K. The[Hθ(298K) − Hθ(0K)] corrections for CaHbNcOd molecules can be extracted from the
output of Gaussian program package [463] and were taken from CRC Handbook [464]
for the standard states of elements.

The standard enthalpies of formation at 0K were calculated by subtracting the
calculated values of the atomization energies of CaHbNcOd compounds from the ex-
perimental enthalpies of formation of the isolated atoms (equation (B.2)) [273, 462].

ΔfH
θ(CaHbNcOd,0K) = a ⋅ ΔfHθ(C,0K)+ b ⋅ ΔfHθ(H,0K)+ c ⋅ ΔfHθ(N,0K)+ d ⋅ ΔfHθ(O,0K)− ΔaHθ(CaHbNcOd,0K). (B.2)

The ΔfHθ(atom,0K) values, i.e. the atomic enthalpies of formation of the elements in
their standard states at 0K, were obtained from standard thermodynamic tables [465,
466]. The ΔaHθ(CaHbNcOd,0K) values, i.e. the atomization (dissociation) energies of
CaHbNcOd compounds,were obtained by subtracting the quantummechanical energy
of themolecule (electronic energy + zero-point energy) from the quantummechanical
energies (electronic energies) of the atoms (equation (B.3)) [273, 462]:

ΔaH
θ(CaHbNcOd,0K) = a ⋅ Ee(C) + b ⋅ Ee(H) + c ⋅ Ee(N) + d ⋅ Ee(O)− E0(CaHbNcOd). (B.3)

The Ee(atom) and E0(CaHbNcOd) values were extracted from the output of Gaussian
program package [463].

https://doi.org/10.1515/9783110740158-016
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Table B.2: Predicted gas phase standard enthalpies of formation for 100 energetic materials with
high nitrogen content.

Formula Name Predicted ΔfHθ(g)(298 K)
(kJ/mol)
B3LYP/6-31G* PM6

CHN5O2 5-Nitro-1H-tetrazole 365.8 386.2
CHN7 5-Azido-1H-tetrazole 679.4 672.6
CH2N2 Cyanamide 161.5 147.7
CH2N4 1H-Tetrazole 334.7 336.3
CH2N4O 1H-Tetrazol-5-ol 172.7 177.2
CH2N6O2 Nitroguanylazide 418.2 365.8
CH2N6O2 5-Nitroaminotetrazole 387.0 367.6
CH2N6O2 5-Nitriminotetrazole 385.0 366.7
CH3N5 1H-Tetrazol-5-amine 343.7 345.0
CH3N5 1H-Tetrazol-1-amine 440.9 424.8
CH4N4O2 1-Nitroguanidine 114.8 77.0
CH4N6 1H-Tetrazol-1,5-diamine 441.1 430.7
CH5N3 Guanidine 70.8 68.8
CH5N5O2 N-Nitro-N’-aminoguanidine 228.7 176.3
C2N6O3 5,6-(3,4-Furazano)-1,2,3,4-tetrazine-1,3-dioxide 709.5 682.7
C2N10 3,6-Diazido-1,2,4,5-tetrazine 1094.4 1095.2
C2HN5 1H-Tetrazole-5-carbonitrile 512.1 510.4
C2H2N6 3-Azido-1H-1,2,4-triazole 526.1 569.3
C2H2N8 1H,1’H-5,5′-Bitetrazole 674.6 688.8
C2H3N3 1H-1,2,3-Triazole 273.2 251.2
C2H3N3 1H-1,2,4-Triazole 204.6 220.2
C2H3N5O2 5-Amino-3-nitro-1H-1,2,4-triazole 219.7 264.3
C2H3N5O2 5-Nitro-1H-1,2,4-triazol-3-amine 214.5 266.5
C2H3N5O2 N-Nitro-1H-1,2,4-triazol-3-amine 261.7 257.2
C2H3N7 3-Azido-4H-1,2,4-triazol-4-amine 668.1 644.4
C2H3N9 di(1H-Tetrazol-5-yl)amine 700.0 727.7
C2H4N4 1H-1,2,4-Triazole-3-amine 211.7 229.9
C2H4N4 4H-1,2,4-Triazol-4-amine 353.6 316.5
C2H4N4 1-Methyl-1H-tetrazole 313.6 326.5
C2H4N4 5-Methyl-1H-tetrazole 291.1 289.4
C2H4N4 2-Methyl-2H-tetrazole 296.7 325.4
C2H4N4 Dicyandiamide 254.9 244.7
C2H4N4O 5-Methoxy-1H-tetrazole 175.3 185.8
C2H4N4O 3,4-Diaminofurazan 236.0 238.4
C2H4N6 1,2,4,5-tetrazine-3,6-diamine 433.2 398.9
C2H4N6O2 3,6-Diamino-1,2,4,5-tetrazine 1,4-dioxide 353.8 391.9
C2H4N6O2 1-Methyl-5-nitriminotetrazole 357.1 356.5
C2H4N6O2 2-Methyl-5-nitraminotetrazole 364.2 374.0
C2H4N8O2 1,3-Diazido-2-nitro-2-azapropane 684.6 620.3
C2H4N10 5,5′-Hydrazotetrazole 846.7 814.6
C2H5N5 1-Methyl-1H-tetrazol-5-amine 322.3 337.2
C2H5N5 2-Methyl-1H-tetrazol-5-amine 304.2 338.1
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Table B.2 (continued)

Formula Name Predicted ΔfHθ(g)(298 K)
(kJ/mol)
B3LYP/6-31G* PM6

C2H5N5 2-Methyl-2H-tetrazol-5-amine 304.2 338.1
C2H5N5 5-Methylamino-1H-tetrazole 342.6 342.0
C2H5N7 5-Guanylaminotetrazole 365.7 387.6
C2H6N8 3,6-Dihydrazino-1,2,4,5-tetrazine 725.6 564.8
C3N12 2,4,6-Triazido-1,3,5-triazine 1111.4 1236.2
C3HN11O2 6-Nitroamino-2,4-diazido[1,3,5]triazine 858.1 933.3
C3H2N6 Tetrazolo[1,5-b][1,2,4]triazine 633.1 661.0
C3H2N6O2 2-(5-Nitro-1H-tetrazol-1-yl)acetonitrile 544.5 542.2
C3H3N5 2-Methyl-2H-tetrazole-5-carbonitrile 466.4 494.5
C3H3N9O2 5-((5-Nitro-2H-tetrazol-2-yl)methyl)-1H-tetrazole 702.0 738.1
C3H4N6 5,8-Dihydrotetrazolo[1,5-b][1,2,4]triazine 631.9 561.6
C3H4N6 3-Azido-5-methyl-1H-1,2,4-triazole 483.2 521.8
C3H4N6O2 4-Nitro-5,6-dihydro-4H-imidazo[1,2-d]tetrazole 481.4 457.5
C3H4N8O4 5,8-Dinitro-5,6,7,8-tetrahydrotetrazolo[1,5-b]

[1,2,4]triazine
623.8 568.4

C3H4N8O4 1-Nitroguanyl-3-nitro-5-amino-1,2,4-triazole 362.5 355.1
C3H5N5O 5-Acetamidotetrazole 167.9 140.3
C3H5N5O 4,6-Diamino-1,3,5-triazin-2(1H)-one −53.3 −35.7
C3H5N7 3-Azido-5-methyl-4H-1,2,4-triazol-4-amine 624.1 601.4
C3H6N4 1,5-Dimethyl-1H-tetrazole 270.8 282.4
C3H6N4 2,5-Dimethyl-2H-tetrazole 255.8 284.4
C3H6N6 1,3,5-Triazine-2,4,6-triamine 112.3 177.8
C3H6N6 5,6,7,8-Tetrahydrotetrazolo[1,5-b][1,2,4]triazine 520.6 473.8
C3H6N6O2 1,6-Dimethyl-5-nitraminotetrazole 360.8 355.5
C3H6N8 1-(2-Azidoethyl)-1H-tetrazol-5-amine 656.1 645.9
C3H6N10O4 1,5-Diazido-2,4-dinitro-2,4-diazapentane 747.9 642.3
C3H7N5 1-Methyl-5-methylaminotetrazole 321.4 335.1
C3H7N5 5-(Dimethylamino)-tetrazole 338.2 337.3
C3H7N5O 2-(5-Amino-1H-tetrazol-1-yl)ethan-1-ol 187.5 132.2
C4H2N10O5 5,5′-Dinitro-3,3′–azoxy-1,2,4-triazole 650.8 760.0
C4H4N8 4,4′-Azobis-1,2,4-triazole 849.4 800.7
C4H4N8O2 3,3′–Diamino-4,4′-azofurazan 685.1 730.3
C4H4N8O3 3,3′–Diamino-4,4′-azoxyfurazan 637.5 676.2
C4H4N12 6,6′-(Diazene-1,2-diyl)bis(1,2,4,5-tetrazin-3-amine) 1154.9 1075.4
C4H4N14 3,6-Bis(1H-1,2,3,4-tetrazol-5-ylamino)-1,2,4,5-

tetrazine
1149.7 1164.4

C4H6N4 2-Methyl-5-vinyl-2H-tetrazole 366.7 386.6
C4H6N6 3-Azido-5-ethyl-4H-1,2,4-triazole 515.1 488.9
C4H6N6 3-(5-Amino-1H-tetrazol-1-yl) propanenitrile 473.3 456.0
C4H6N6 3-(5-Amino-2H-tetrazol-2-yl) propanenitrile 451.9 456.2
C4H6N8 1,2-Di(1H-tetrazol-5-yl)ethane 639.5 613.9
C4H6N8O2 4,4′-Hydrazobis-(1,2,5-oxadiazol-3-amine) 598.9 593.8
C4H6N10 (cis)1,1′-Dimethyl-5,5′-azotetrazole 903.8 927.9
C4H6N10 (trans)1,1′-Dimethyl-5,5′-azotetrazole 888.2 929.1
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Table B.2 (continued)

Formula Name Predicted ΔfHθ(g)(298 K)
(kJ/mol)
B3LYP/6-31G* PM6

C4H6N10 2,2′-Dimethyl-5,5′-azotetrazole 868.4 948.9
C4H6N12O4 3,6-Bis(nitroguanyl)-1,2,4,5-tetrazine 617.6 572.9
C4H7N5 5-Amino-1-(2-propenyl)-1H-tetrazole 429.3 403.5
C4H7N5 5-Amino-2-(2-propenyl)-2H-tetrazole 409.4 409.3
C4H7N9 bis(2-Methyl-2H-tetrazol-5-yl)amine 635.2 722.3
C4H8N8O2 1,5-Diazido-3-nitro-3-azapentane 655.7 584.2
C4H8N10 3,6-Diguanidino-1,2,4,5-tetrazine 602.1 604.3
C4H8N10O4 1,6-Diazido-2,5-dinitro-2,5-diazahexane 733.6 626.7
C4H8N12O6 1,7-Diazido-2,4,6-trinitro-2,4,6-triazaheptane 813.9 675.7
C5H9N9 N,2-Dimethyl-N-(2-methyl-2H-tetrazol-5-yl)-2H-

tetrazol-5-amine
642.4 724.6

C6N20 4,4′,6,6′-Tetra(azido)azo-1,3,5-triazine 1903.9 2102.8
C6H2N20 4,4′,6,6′-Tetra(azido)hydrazo-1,3,5-triazine 1701.9 1898.1
C6H10N10 2,2′-Diethyl-5,5′-azotetrazole 821.6 884.9
C6H14N16 1,2-bis(4,6-Dihydrazinyl-1,3,5-triazin-2-

yl)hydrazine
927.6 816.2

C7H7N9 3-Azido-6-(3,5-dimethylpyrazol-1-yl)-1,2,4,5-
tetrazine

944.9 914.3

C8H4N16O6 Bis[4-aminofurazanyl-3-azoxy]azofurazan 1545.1 1625.4
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C Glossary of compound names as well as the
measured and calculated values of the condensed
phase heats of formation for some energetic ionic
liquids and salts

Table C.1: Predictions of ΔfHθ(c)[IMILoS] for some different energetic imidazolium based ionic liq-
uids or salts as compared to experimental data and the predicted quantum calculated values based
on Byrd and Rice method [467].

Name ΔfHθ(c)[IMILoS] (kJ/mol)
Cation Anion Exp. or Pred.a Equation

(2.18)
Dev

1-Methyl-3-octylimidazolium Di-1H-tetrazol-5-ylazanide 539.6 [169] 533.3 −6.3
1-Hexyl-3-methylimidazolium Di-1H-tetrazol-5-ylazanide 615.9 [169] 607.1 −8.8
1-Butyl-3-methylimidazolium Di-1H-tetrazol-5-ylazanide 682.3 [169] 680.9 −1.4
1-Ethyl-3-methylimidazolium Di-1H-tetrazol-5-ylazanide 725.6 [169] 754.8 29.2
1,2,3-Trimethylimidazolium Di-1H-tetrazol-5-ylazanide 652.3 [169] 663.4 11.1
1,2,3-Trimethylimidazolium Di-1H-tetrazol-5-ylazanide 774.7 [169] 783.2 8.5
1,3-Dimethylimidazolium Di-1H-tetrazol-5-ylazanide 752.3 [169] 816.1 63.8
1-Ethyl-3-methylimidazolium [(Cyanoimino)methy-

lene]azanide
235.3 [468] 222.2 −13.1

1-Butyl-3-methylimidazolium [(Cyanoimino)methy-
lene]azanide

206.2 [469] 221.2 15.0

1-Ethyl-3-methylimidazolium Ethyl sulfate −579.1 [470] −584.3 −5.2
1-Butyl-3-methylimidazolium (E)-5,5’-(diazene-1,2-

diyl)bis(tetrazol-1-ide)
−1006 [471] −938.9 67.1

1,3-Dimethyl-5-nitro-1H-
imidazol-3-ium

(E)-5,5’-(diazene-1,2-
diyl)bis(tetrazol-1-ide)

1345 [471] 1241.2 −103.8

1-Ethyl-3-methylimidazolium Bis[(trifluoromethyl)sul-
fonyl]azanide

−1917.2 −1843.2 74.0

1-Hexyl-3-methylimidazolium Bis[(trifluoromethyl)sul-
fonyl]azanide

−2006.4 −2019.8 −13.4

1-Methyl-3-octylimidazolium Bis[(trifluoromethyl)sul-
fonyl]azanide

−2052.0 −2035.7 16.3

1-Decyl-3-methyl-1H-imidazol-
3-ium

Bis[(trifluoromethyl)sul-
fonyl]azanide

−2095.7 −2051.7 44.0

1-Tetradecyl-3-
methylimidazolium

Bis[(trifluoromethyl)sul-
fonyl]azanide

−4871.5 −4892.4 −20.9

1-Butyl-3-methylimidazolium Hexafluorophosphate −2105.3 −2148.5 −43.2
1-Hexyl-3-methylimidazolium Hexafluorophosphate −2144.3 −2164.4 −20.1
1-Methyl-3-octylimidazolium Hexafluorophosphate −2186.2 −2180.4 5.8
1-Decyl-3-methyl-1H-imidazol-
3-ium

Hexafluorophosphate −2226.1 −2196.3 29.8

1-Dodecyl-3-
methylimidazolium

Hexafluorophosphate −4693.4 −4678.4 15.0

https://doi.org/10.1515/9783110740158-017
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Table C.1 (continued)

Name ΔfHθ(c)[IMILoS] (kJ/mol)
Cation Anion Exp. or Pred.a Equation

(2.18)
Dev

1-Butyl-3-methylimidazolium Tetrafluoroborate −1662.7 −1647.7 15.0
1-Methyl-3-octylimidazolium Tetrafluoroborate −1740.3 −1893.1 −152.8
1-Dodecyl-3-
methylimidazolium

Tetrafluoroborate −4245.3 −4238.5 6.8

1-Butyl-2,3-
dimethylimidazolium

Bromide −230.2 −220.6 9.6

1-Pentyl-2,3-
dimethylimidazolium

Bromide −247.0 251.5 498.5

1-Octyl-2,3-
dimethylimidazolium

Bromide −305.3 −313.8 −8.5

1,3-Dibutyl-1H-imidazol-3-ium Bromide −248.2 −252.0 −3.8
1,3-Pentyl-1H-imidazol-3-ium Bromide −289.6 −313.8 −24.2
1,3-Octyl-1H-imidazol-3-ium Bromide −322.8 −303.8 19.0
aIn the cases which the experimental values were not available, the predicted quantum calculated
values based on Byrd and Rice method [467] were used.

Table C.2: Predictions of ΔfHθ(c)[TAILoS] for some different energetic triazolium based ionic liquids
or salts as compared to experimental data.

Cation Anion Exp. Equation
(2.18)

Dev.

3-Azido-3H-1,2,4-triazol-4-ium Nitrate 218.8 [472] 201.9 −16.9
3-Azido-1H-1,2,4-triazol-4-ium 5-Nitrotetrazol-1-ide 979.9 [472] 968.3 −11.6
3-azido-3H-1,2,4-triazol-4-ium 4,5-Dinitroimidazol-1-ide 401.7 [472] 411.5 9.8
1H-1,2,4-triazol-4-ium 5-Nitrotetrazol-1-ide 409.6 [472] 433.5 23.9
1H-1,2,4-triazol-4-ium 4,5-Dinitroimidazol-1-ide 503.3 [472] 456.5 −46.8
1H-1,2,4-triazol-4-ium 2,4,6-Ttrinitrophenolate 497.9 [472] 493.8 −4.1
1-Amino-4H-1,2,4-triazol-1-ium Nitrate 34.7 [472] −58.1 −92.8
1-Amino-4H-1,2,4-triazol-1-ium Perchlorate 356.9 [472] 403.3 46.4
1-Amino-4H-1,2,4-triazol-1-ium Nitrate −109.6 [472] −58.1 51.5
1-Amino-4H-1,2,4-triazol-1-ium Perchlorate 298.3 [472] 291.5 −6.8
1-Amino-4H-1,2,4-triazol-1-ium 5-Nitrotetrazol-1-ide 702.1 [472] 708.3 6.2
1-amino-4H-1,2,4-triazol-1-ium 4-Nitro-1,2,3-triazol-1-ide 141.4 [472] 143.4 1.9
1-Amino-4H-1,2,4-triazol-1-ium 4,5-Dinitroimidazol-1-ide 466.5 [472] 412.2 −54.3
1-Amino-4H-1,2,4-triazol-1-ium 2,4,6-Trinitrophenolate 469.0 [472] 449.5 −19.5
3-Amino-1H-1,2,4-triazol-1-ium Nitrate −171.1 [473] −169.9 1.2
1,5-Diamino-4H-1,2,4-triazol-1-ium Nitrate −89.5 [472] −94.5 −5.0
1,5-Diamino-4H-1,2,4-triazol-1-ium Perchlorate 484.5 [472] 478.7 −5.8
1,5-Diamino-4H-1,2,4-triazol-1-ium 4,5-Dinitroimidazol-1-ide 405.8 [472] 487.6 81.7
3,4,5-Triamino-4H-1,2,4-triazol-1-
ium

5-Nitrotetrazol-1-ide 528.0 [474] 510.6 −17.4
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Table C.2 (continued)

Cation Anion Exp. Equation
(2.18)

Dev.

3-Azido-1-methyl-4H-1,2,4-triazol-1-
ium

Nitrate 93.3 [472] 147.3 54.0

3-Azido-1-methyl-4H-1,2,4-triazol-1-
ium

Perchlorate 574.9 [472] 608.7 33.8

3-Azido-1-methyl-1H-1,2,4-triazol-4-
ium

5-Nitrotetrazol-1-ide 1085.3 [472] 1113.1 27.8

3-Azido-1-methyl-4H-1,2,4-triazol-1-
ium

4,5-Dinitroimidazol-1-ide 700.8 [472] 617.6 −83.2

3-Azido-5-methyl-4H-1,2,4-triazol-1-
ium

Nitrate 156.5 [472] 147.3 −9.2

1-Methyl-1H-1,2,4-triazol-4-ium 5-Nitrotetrazol-1-ide 808.3 [472] 777.7 −30.6
1-Methyl-3H-1,2,4-triazol-1-ium 4,5-Dinitroimidazol-1-ide 80.3 [472] 95.9 15.6
1-Methyl-3H-1,2,4-triazol-1-ium 2,4,6-Trinitrophenolate 409.6 [472] 439.2 29.6
1-Amino-4-methyl-4H-1,2,4-triazol-1-
ium

Nitrate −160.2 [472] −112.8 47.5

1-Amino-4-methyl-4H-1,2,4-triazol-1-
ium

Perchlorate 544.8 [472] 548.1 3.3

4-Amino-1-methyl-4H-1,2,4-triazol-1-
ium

Nitrate −172.8 [472] −112.8 60.0

4-Amino-1-methyl-4H-1,2,4-triazol-1-
ium

Perchlorate 215.1 [472] 236.9 21.8

4-Amino-1-methyl-4H-1,2,4-triazol-1-
ium

3,5-Dinitro-1,2,4-triazol-1-
ide

378.2 [472] 350.5 −27.7

3,4,5-Triamino-1-methyl-4H-1,2,4-
triazol-1-ium

Azide 530.6 [475] 506.3 −24.3

3,4,5-Triamino-1-methyl-4H-1,2,4-
triazol-1-ium

Nitrate 64.2 [475] 38.0 −26.2

3,4,5-Triamino-1-methyl-4H-1,2,4-
triazol-1-ium

Perchlorate 498.4 [475] 499.4 1.0

3,4,5-Triamino-1-methyl-4H-1,2,4-
triazol-1-ium

Dinitroamide 276.3 [475] 242.1 −34.2

3,4,5-Triamino-1-methyl-4H-1,2,4-
triazol-1-ium

5-Nitrotetrazol-1-ide 519.0 [475] 605.0 86.0

3-Azido-1-(2-azidoethyl)-1H-1,2,4-
triazol-4-ium

Nitrate 437.2 [476] 428.0 −9.2

3-Azido-1-(2-azidoethyl)-1H-1,2,4-
triazol-4-ium

5-Nitrotetrazol-1-ide 1138.7 [476] 1194.4 55.7

1-(2-Azidoethyl)-1H-1,2,4-triazol-4-
ium

Nitrate 27.2 [476] 92.6 65.4

1-(2-Azidoethyl)-1H-1,2,4-triazol-4-
ium

Perchlorate 426.2 [476] 442.3 16.1

3-Azido-1,4-dimethyl-1H-1,2,4-
triazol-4-ium

3,5-Dinitro-1,2,4-triazol-1-
ide

792.9 [472] 787.3 −5.5

3-Azido-1,4-dimethyl-1H-1,2,4-
triazol-4-ium

2,4,6-Trinitrophenolate 611.3 [472] 600.3 −11.0

 EBSCOhost - printed on 2/13/2023 3:19 AM via . All use subject to https://www.ebsco.com/terms-of-use



240 | C Glossary of compound names as well as the measured and calculated values

Table C.2 (continued)

Cation Anion Exp. Equation
(2.18)

Dev.

1-(2-Azidoethyl)-1H-1,2,4-triazol-4-
ium

5-Nitrotetrazol-1-ide 676.0 [476] 659.6 −16.4

1-(2-Azidoethyl)-1H-1,2,4-triazol-4-
ium

4,5-Dinitroimidazol-1-ide 380.2 [476] 376.7 −3.5

1,4-Dimethyl-4H-1,2,4-triazol-1-ium 3,5-Dinitro-1,2,4-triazol-1-
ide

118.0 [472] 108.8 −9.2

1,4-Dimethyl-4H-1,2,4-triazol-1-ium 2,4,6-Trinitrophenolate 340.2 [472] 384.6 44.4
4-Amino-1-(2-azidoethyl)-1H-1,2,4-
triazol-4-ium

Nitrate 321.1 [476] 327.6 6.5

4-Amino-1-(2-azidoethyl)-1H-1,2,4-
triazol-4-ium

Perchlorate 828.4 [476] 828.9 0.5

4-Amino-1-(2-azidoethyl)-1H-1,2,4-
triazol-4-ium

3,5-Dinitro-1,2,4-triazol-1-
ide

331.7 [477] 333.3 1.6

1-(2-Azidoethyl)-4-methyl-1H-1,2,4-
triazol-4-ium

Nitrate 66.3 [476] 38.0 −28.3

1-(2-Azidoethyl)-4-methyl-1H-1,2,4-
triazol-4-ium

Perchlorate 568.0 [476] 499.4 −68.6

4-(2-Azidoethyl)-1-methyl-1H-1,2,4-
triazol-4-ium

Nitrate 77.7 [476] 38.0 −39.7

4-(2-Azidoethyl)-1-methyl-1H-1,2,4-
triazol-4-ium

Perchlorate 541.1 [476] 499.4 −41.7

1-(2-Azidoethyl)-4-methyl-1H-1,2,4-
triazol-4-ium

3,5-Dinitro-1,2,4-triazol-1-
ide

395.2 [477] 389.5 −5.7

4-(2-Azidoethyl)-1-methyl-1H-1,2,4-
triazol-4-ium

3,5-Dinitro-1,2,4-triazol-1-
ide

771.3 [477] 732.7 −38.6

4-Methyl-1-propyl-1H-1,2,4-triazol-4-
ium

3,5-Dinitro-1,2,4-triazol-1-
ide

198.7 [477] 223.0 24.3
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