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A new method is presented for estimating the gross and net heats of combustion of important classes
of energetic compounds including polynitro arene, polynitro heteroarene, acyclic and cyclic nitramine,
nitrate ester and nitroaliphatic compounds. Elemental compositions as well as the presence of some
specific polar groups and molecular fragments are important parameters in the new model. The novel
method can be easily used for any complex organic compounds with at least one nitro, nitramine or

nitrate functional groups by which the predictions of their heats of combustion by the available methods
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are inaccurate or difficult. The predicted results show that this method gives reliable predictions of
heats of combustion with respect to group additivity method and computed values based on atom-type
electrotopological state indices for several energetic compounds where the models can be applied.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Organic compounds with energetic groups such as nitroaro-
matic compounds are hazardous materials, which can decompose,
ignite and explode by heat and impact [1]. Predicting their ther-
mochemical properties are necessary for safe handling, storage,
transport and process design before synthesis. Considerable efforts
inthe field of energetic materials have been focused on the develop-
ment of suitable models for reliable predictions of their properties.
For example, two new methods have been recently introduced to
predict the enthalpy and entropy of fusion of nitroaromatic com-
pounds [2,3]. Furthermore, it is possible to design high-energy
density materials with high performance and/or decreased sen-
sitivity with respect to thermal, shock, friction sensitivity and
electrostatic discharge [4-8].

The heat of combustion of a specified substance is the heat
evolved when it is converted to the standard oxidation products
by means of molecular oxygen [9]. It is an important property,
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which can be used for reactive materials to estimate the poten-
tial fire hazards of chemicals once they ignite and burn. The gross
heat of combustion is normally determined by the oxygen bomb
calorimeter method in which the water is considered in the liquid
state. Meanwhile, the net heat of combustion is calculated from the
gross heat of combustion by assuming the formation of water is in
a gaseous state.

Prediction of the heat of combustion is suitable for computer
implementation in applications such as hazard evaluation [10].
A simple prediction model has been developed by Cardozo [11]
to relate the length of chain and heat of combustion based on
1168 organic compounds. Cardozo’s method [11] cannot be applied
for polynitroheteroarenes, acyclic and cyclic nitramines as well
as energetic compounds with nitrate functional groups because
group correction factors have not been specified for the compounds
containing N-NO, and O-NO,, functional groups and molecular frag-
ments in polynitroheteroarenes. Seaton and Harrison [10] have
assumed some combustion products for compounds or mixtures of
compounds composed of any of 71 elements to estimate the heats
of combustion. Their method was based on the Benson method [12]
for predicting the heat of formation, which is considered to be too
complex for manual calculations. Since energetic compounds are
frequently in the solid state at 298 K, suitable new group contri-
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bution and quantum mechanical methods for calculating heat of
formation or heat of sublimation can be used to give more reliable
predictions [13-16]. However, the tedious calculation procedures
by mentioned methods complicate, indirectly, the prediction of
heats of combustion.

Table 1

For organosilicon compounds, Hshieh [9] developed two empir-
ical equations to predict the gross and the net heats of combustion
of them on the basis of the atomic contribution method. Hshieh
and coworkers [17] have also used the atomic contribution method
to develop two other empirical equations for predicting the gross

Comparison of the predicted the gross heats of combustion (kJ/mol) of polynitro arene, polynitro heteroarene, acyclic and cyclic nitramine, nitrate ester and nitroaliphatic

compounds by the new method with the experimental data.
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Table 1 ( Continued )
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Table 1 ( Continued )
No. Molecular structure —AH(Exp) — A HY(Pred) Dev
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No. Molecular structure —AHY(Exp) —AHY(Pred) Dev
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Table 1 ( Continued )

No. Molecular structure —AH?(Exp) — A HY(Pred) Dev
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No. Molecular structure —AH?(Exp) —AHY(Pred) Dev
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No. Molecular structure —AH(Exp) — A HY(Pred) Dev
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No. Molecular structure —AH(Exp) —AHY(Pred) Dev
NH,
O.N NO,
87 2974(27] 2952 22
NH,
NO,
NO, NO,
88 “\ 4676[25] 4647 29
NO,
O,N
O,N O
89 O NO, 4556[27] 4509 47
NO,
ON NO,
NO,
90 5350(27] 5290 60
NO,
O,N NO,
o NO,
NO,
/C
91 & 6438(27] 6346 93
NO,
o NO,
ON NO,
NO,
N
92 \N 5573(27] 5505 68
NO,
O,N NO,
O,N NO,
93 7996[27] 7963 34
NO,
94 7905 [27] 7825 81
7930 [25] 105

NO,



M.H. Keshavarz et al. / Journal of Hazardous Materials 185 (2011) 1086-1106 1095
Table 1 ( Continued )
No. Molecular structure —AH(Exp) —AcHY(Pred) Dev
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Table 1 ( Continued )

No. Molecular structure —AHY(Exp) —AHf(Pred) Dev
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Table 1 ( Continued )
No. Molecular structure —AHY(Exp) —AcHf(Pred) Dev
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Table 1 ( Continued )

No. Molecular structure —AHY(Exp) —AHY(Pred) Dev
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and net heats of combustion of organic polymers. Equations of
Hshieh and coworkers [9,17] have the advantage that only elemen-
tal compositions of organosilicon compounds and polymers are
input parameters. Although the two models developed by Hshieh
and coworkers [9,17] are very simple and easy to apply, their
models are only applicable to the organosilicon compounds and
polymers.

Quantum mechanical methods can also be used to calculate the
heats of combustion. For example, Kondo et al. [18] calculated the
heats of formation for several flammable gases by the Gaussian-2
(G2)and/or G2MP2 method to obtain their heats of combustion and
related constants for evaluating the combustion hazards. Quantum
mechanical methods require special complex software and high
speed computers.

Quantitative structure-property relationship (QSPR) models
can also be used to predict heat of combustion of organic com-
pounds. Gharagheizi [19] performed a QSPR study to develop a
simple model for prediction of standard net heat of combustion of
pure chemicals. He used genetic algorithm based multivariate lin-
ear regression (GA-MLR) to obtain a four parameters multi-linear
equation. Gharagheizi’s model requires special software to obtain
four complex molecular descriptors. Cao et al. [20] introduced
another suitable QSPR based on the atom-type electrotopolog-
ical state (E-state) indices and artificial neural network (ANN)
technique to predict standard net heat of combustion of organic
compounds. Although model of Cao et al. [20] is simpler to apply
with respect to Gharagheizi’s model, calculation of the atom-type
E-state indices for polynitro arene and polynitro heteroarene as
well as energetic molecules with complex molecular structures
and multifunctional groups are difficult, which needs special soft-
ware. Cao and coworkers [20] have used only some simple energetic
compounds in training and test sets. Thus, both QSPR models
may have some uncertainty and difficulty for complex molecular
structures.

Group additivity methods are suitable methods for estimation
of thermochemical properties of organic compounds. For differ-
ent classes of organic compounds, Sagadeev and coworkers [21,22]
have introduced some group contributions in several works to cal-
culate the heats of combustion. Although Sagadeev and coauthors
method [21,22] for predicting heats of combustion is very straight-

forward and simple for the calculation based on group contribution,
their method can be used only for certain types of nitroaromatic and
nitroaliphatic compounds.

Experimental determination of heats of combustion of a new
compound is too time-consuming because a pure material and
a complete reproducible combustion cannot be easily obtained.
Moreover, predicting various properties such as heat of combus-
tion of a notional energetic material is valuable before expending
resources. The purpose of this work is to introduce a reliable simple
method for predicting the heat of combustion of CHNO energetic
compounds. It will be shown that this method can be easily used
for important classes of energetic compounds including polynitro
arene, polynitro heteroarene, acyclic and cyclic nitramine, nitrate
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Fig. 1. Calculated gross heats of combustion versus experimental data for different
121 energetic compounds given in Table 1. The solid lines represent exact agreement
between predictions and experiment. Filled circles denote calculated results of new
method.
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Table 2
Comparison of the predicted net heats of combustion of energetic compounds (kJ/mol) by two models of Cao and coworkers [20], multilinear regression (MLR) and artificial
neural network (ANN) technique, and the new method with the experimental data.
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No. Molecular structure —AcH?
DIPPR 801 [28] Predicted (MLR) Dev Predicted (ANN) Dev Predicted (New) Dev
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Table 2 ( Continued )

No. Molecular structure —AcH?
DIPPR 801 [28] Predicted (MLR) Dev Predicted (ANN) Dev Predicted (New) Dev
NO
Pt
28 ©/ \© 6120 6201 -81 6109 11 5977 143
H
N
29 /©/ \©\ 5985 6126 -141 5916 69 5861 124
O,N NO,
rms deviation (k]/mol) 199 218 58

ester and nitroaliphatic compounds. The predicted results will be
compared to experimental data of mentioned compounds that may
have complex molecular structures, where the measured values
were available. For some high energy molecules, the reliability
of the predicted results will be compared with group additivity
method [21,22] and reported results based on atom-type electro-
topological state indices [20].

2. Improvement of new model

The study of various energetic compounds including polynitro
arene, polynitro heteroarene, acyclic and cyclic nitramine, nitrate
ester and nitroaliphatic compounds has shown that a suitable
model can be introduced to predict the heat of combustion of CHNO
energetic materials. It was found that elemental compositions as
well as the presence of some specific polar groups and molecu-
lar fragments are important parameters in the new model. Thus,
we can write the effects of these parameters for an energetic com-
pound with general formula Cq, Hg, Ng,; Oq, in three different terms
as follows:

4
“AH? = Za,—h,— — hs Dec(polar groups)
i=1

+hg Inc(molecular fragments) (1)

where —A(H? is the gross heat of combustion (kj/mol), h; is the
contribution of the individual atoms and two additional correcting
terms. Dec(polar groups) and Inc(molecular fragments) are correct-
ing terms that show the presence of some specific polar groups
and molecular fragments in decreasing and increasing the value of
heat of combustion on the basis of elemental composition, respec-
tively. The presence of some specific polar groups may affect the
predicted values of the condensed phase heat of formation of dif-
ferent classes of energetic compounds because high intermolecular
attractions [23]. Meanwhile, it was found that the existence of some
molecular fragments may have opposite effects and adjustment of
Z?zl a;h; is necessary. The reported gross heat of combustion of 121
of different compounds with various classes including polynitro
arene, polynitro heteroarene, acyclic and cyclic nitramine, nitrate
ester and nitroaliphatic compounds were collected and are listed
in Table 1. Statistical analyses (multiple regressions [24]) of these
121 compounds give the following correlation:

~AH? (KJ/mol) = 418.3a; + 109.7a; + 107.5a3 + 67.88a4
—237.2 Dec(polar groups)

+89.42 Inc(molecular fragments) (2)

The values of Dec(polar groups) and Inc(molecular fragments)
can be specified according to the following situations:

a

Naid

Predicting Dec(polar groups): The attachment of some specific
polar groups such as -OH to nitroaromatic compounds may
decrease enthalpy of formation of energetic compounds [23].
For the existence of one of three functional groups -OH, -COOH
and -N-C(=0)- or more than one —-NHy attached to nitroaro-
matic ring such as 1,3-diamino-2,4,6-trinitrobenzene (DATB),
the value of Dec(polar groups) equals 1.0 that can enhance
molecular interactions in this situation.

b) Predicting Inc(molecular fragments): It was indicated that the
attachment of -N=N- to nitroaromatic compound such as 4,4’-
dinitroazofurazan can increase the condensed phase enthalpy
of formation [23], which can enhance the value of — AH?. The
value of Inc(molecular fragments) in this case or the existence of

molecular fragment //’\i . in polynitro heteroarenes, e.g., ben-
zotrifuroxane, is equal to 2.0. For mononitro benzene without
the presence of polar groups of part (a), Inc(molecular frag-
ments) is also 0.8.

The coefficient of multiple determination (R?) and the root mean
square (rms) deviation mainly reflect the goodness of fit of the
models, which are 0.999 and 60 kJ/mol, respectively, for Eq. (2) on
the basis of data given in Table 1. The values of Dec(polar groups)
and Inc(molecular fragments) are equal to zero if the conditions to
assign different values are not met. Fig. 1 provides the comparison
between measured data and predictions of new method.

To illustrate the estimation of —A(H? using Eq. (2) on the
calculated values given in Table 1, three typical examples for
the compounds with complex molecular structures are presented
below:

1) Compound 28: a; =6, a, =6, az =4, as =13, Dec(polar groups)=0
and Inc(molecular fragments)=0.

2) Compound 97: a;=17, ay=7, a3=11, a4=16, Dec(polar
groups)=1.0 and Inc(molecular fragments) = 0.0.

3) Compound 103: a;=6, ay=0, az=12, a4=9, Dec(polar
groups)=0 and Inc(molecular fragments) =2.0.

3. Comparison of new correlation with two new methods

Group contribution and QSPR are two new methods, which can
be used to compare the reliability of new correlation. Cao and
coworkers [20] calculated the net heat of combustion for several
simple nitroaliphatic and carbocyclic nitroaromatic compounds.
Table 2 shows the comparison between the predicted results of
new correlation and QSPR based on the atom-type electrotopo-
logical state (E-state) indices and artificial neural network (ANN)
technique. As seen in Table 2, the rms deviations from experiment
of the new method, multilinear regression (MLR) and artificial neu-
ral network (ANN) employed in modeling of Cao and coworkers
[20] are 58, 199 and 218 k]/mol, respectively. Only five compounds
of Table 2 were used in the test set by Cao et al. [20]. Fig. 2 pro-
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Table 3
Comparison of the predicted gross heats of combustion (kJ/mol) of energetic compounds by Sagadeev and coauthors method [22] and the new method with the experimental
data.

No. Molecular structure —AHY(Pred)
Exp Predicted (Sagadeev) Dev Predicted (New) Dev
Hy
HaC/C NO,
1 4386[22] 4386 0 4377 8
NO,
HaC CHs
2 5008 [22] 5025 -17 5015 -7
CHs
NO,
3 /©/ 2902 [22] 2910 -8 2892 10
ON
NO,
4 /@\ 2746[22] 2731 15 2755 -9
O,N NO,
OH
O,N NO,
5 2322[22] 2303 19 2382 —60
OH
NO,
NO,
Ho
C~cH,
6 4077[25] 4028 49 4030 47
O.N NO,
NH,
ON NO,
NO,
7 NH, 5554[27] 5508 46 5487 67
NO,
O,N NO,
O,N
8 \© 3088[22] 3089 -1 3102 ~14
HeC NO,
9 \©/ 3734[22] 3734 0 3740 -6
NO,
10 4379(22] 4386 -7 4377 2
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Table 3 ( Continued )
No. Molecular structure —AHY(Pred)
Exp Predicted (Sagadeev) Dev Predicted (New) Dev
NO,
HyC CHy
11 4384[22] 4379 5 4377 7
O,N NO,
12 \©/ 2910[22] 2910 0 2892 18
NO,
CHj
13 3551[22] 3555 -4 3530 21
O,N
NO,
CHg
14 3389 [22] 3376 13 3392 -3
3395 [27] 19 3
O,N NO,
CH,
0,N NO,
15 4044[22] 4021 23 4030 14
CHj3
NO,
OH
O,N NO,
16 2560 [22] 2517 43 2517 43
2570 [25] 53 53
NO,
NO,
NO,
17 2931[25] 2910 21 2892 39
[e]
H
18 3318[25] 3343 -25 3381 -63
O,N
(0]
19 3042[25] 3050 -8 3076 -34

o

S

z
o
I
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Table 3 ( Continued )
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No. Molecular structure —AHf(Pred)
Exp Predicted (Sagadeev) Dev Predicted (New) Dev
CH,
O,N NO,
20 3213[25] 3162 51 3087 126
OH
NO,
NH»
O,N NO,
21 2974(27] 3047 -73 2952 22
NH,
NO,
NO, NO,
22 “\ 4676[25] 4640 36 4647 29
NO,
O,N
O,N O
23 O NO, 4556[27] 4461 95 4509 47
NO,
O,N NO,
NO,
24 5350[27] 5192 158 5290 60
NO,
O,N NO,
O,N NO,
NO,
/C
25 & 6438[27] 6339 99 6346 92
NO,
0N NO,
O,N NO»
26 7996 [27] 7833 163 7963 33
O,N NO,
27 7905 [27] 7654 251 7825 81
7930 [25] 276 105

NO,
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Table 3 ( Continued )

No. Molecular structure —AHY(Pred)
Predicted (Sagadeev) Dev Predicted (New) Dev
NO,
[
=
O,N NO,
28 0,N NO, 10,504[27] 10,115 389 10360 144
NO, = | NO,
P NO, P
O,N NO,  O,N NO,
rms deviation (kJ/mol) 111 55
vides a visual comparison between experiment and the predictions. 12000
Although simple molecules were used in this QSPR method, the pre-
dicted results of Eq. (2) for the net heat of combustion are relatively b
good.
. 10000 — o
Table 3 compares the predicted results of gross heat of combus-
tion of the new method with group additivity method of Sagadeev R |
and coauthors [21,22]. As indicated in Table 3, the rms deviation E
from experiment of the new and Sagadeev etal.[21,22] methods are S 8000
55 and 111 kJ/mol, respectively. Of twenty-eight compounds given i_‘/
in Table 3, fourteen compounds were used in deriving the values 8 -
of corresponding group contributions by Sagadeev and cowork- [
ers [22]. A visual comparison of the predictions of the new and é 6000 —
Sagadeev et al. [21,22] methods with the experimental values is =
shown in Fig. 3. The method of Sagadeev and coworkers [21,22] 7
cannot be used for some classes of energetic compounds because 4000 —
group contributions of a number of some functional groups and
molecular fragments have not been specified. Thus, the method i
2000 T I T I T I T I T
2000 4000 6000 8000 10000 12000
6000 — o Experiment (kJ/mol)
Fig. 3. Calculated gross heats of combustion versus experimental data for different
| 28 energetic compounds given in Table 3. The solid lines represent exact agreement
between predictions and experiment. Filled and hollow circles denote the calculated
5 results by the new and Sagadeev et al. methods [22], respectively.
=
3 4000 —
T(—‘; of Sagadeev and coauthors [21,22] cannot be calculated for many
= energetic compounds in Table 1, which include poylnitro het-
= -1 A . . . . .
S A eroarenes, acyclic and cyclic nitramines and nitrate esters. The last
= [ fifteen compounds in Table 2 do not include in Table 1, which con-
2000 — 4 firms the reliability of application of Eq. (2) for further energetic
compounds. According to Tables 2 and 3, the rms deviation of the
. present method is lower than both methods of Cao et al. [20] and
T 2 4 Sagadeev and coworkers [21,22]. The latest reported experimen-
tal values of the NIST Chemistry Web Book [25] were taken for
0 comparison in Tables 2 and 3.
' [ ' [ ' [
0 2000 4000 6000

Experiment (kJ/mol)

Fig. 2. Calculated net heats of combustion versus experimental data for different
29 energetic compounds given in Table 2. The solid lines represent exact agreement
between predictions and experiment. Filled circles denote calculated results of new
method. Filled and hollow triangles denote the calculated results by two models
of Cao and coworkers [20], i.e., multilinear regression (MLR) and artificial neural
network (ANN) technique, respectively.

4. Conclusions

A reliable simple relationship has been introduced for simple
predicting the gross and net heats of combustion of important
classes of CHNO energetic compounds including polynitro arene,
polynitro heteroarene, acyclic and cyclic nitramine, nitrate ester
and nitroaliphatic compounds. The new model is based on some
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specific polar groups and molecular fragments. The predicted heats
of combustion by new method give good results with respect to
the model of Cao et al. [20] as well as the method of Sagadeev and
coworkers [21,22]. Thus, the method presented here gives the sim-
plest and easiest method for predicting the heats of combustion of
the compounds containing energetic nitro, nitrate and nitramine
groups.
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