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bstract

This work presents a new approach to predict heats of sublimation of nitroaromatic compounds derived from their molecular structure information.
he number of carbon, hydrogen and nitrogen atoms as well as the contribution of some specific groups attached to aromatic ring would be needed

n the new method. Predicted heats of sublimation for 40 nitroaromatic compounds are compared with experimental data. Calculated results for
ome nitroaromatic compounds are also compared with complicated quantum mechanical computations of Rice et al. [B. M. Rice, S. V. Pai, J.

are, Combust. Flame 118 (1999) 445] where computed outputs were available. The root mean square deviation (rms) from experiment for the
redicted heats of sublimation of 40 compounds by new method is 7.78 kJ/mol with a maximum deviation of 18.52 kJ/mol. The rms deviations of
ew procedure and reported quantum mechanical method for six nitroaromatic compounds are 9.19 and 10.18 kJ/mol, respectively.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In an effort to predict various properties of a notional ener-
etic material with the best use of limited resources and to
inimize the waste ensuing from experimental measurements,

ifferent theoretical approaches have been developed to aid in
he formulation of propellants and explosives [1,2]. A long-
ought-after goal within the energetic materials community has
een to develop capabilities for predicting performance, sensi-
ivity, physical and thermodynamic properties of a new energetic
ompound before expending resources in its synthesis. Fur-
hermore, different theoretical models can allow experimental
esearches to expend resources only on those molecules that
how promise of enhanced performance, reduced sensitivity or
educed environmental hazard, good physical and thermody-
amic properties. For example, sensitivity [3–7], melting point
8,9] and heat of detonation [10–12] of selected class of energetic

ompounds can be determined by some new methods.

Condensed phase heat of formation is usually the desired
uantity for assessment of the energetic material of interest. It
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an be determined by using the gas phase heat of formation
nd heat of phase transition (either sublimation or vaporization)
ccording to Hess, law of constant heat summation [13]:

Hf(s) = ΔHf(g) − ΔHsub (1)

Hf(l) = ΔHf(g) − ΔHvap (2)

Since condensed phase for most energetic compounds is
olid, Eq. (1) can be used to evaluate their solid phase heats
f formation. Quantum mechanical computations can be used to
redict heats of sublimation of energetic compounds [14–16].
eat of sublimation is best obtained from solid vapor pres-

ure data by using Clausius-Clapeyron equation [17]. Since the
ublimation pressure at the melting point is known with accu-
acy for only a few cases, it can be calculated from a liquid
apor pressure correlation by extrapolating to melting point
17]. Goodman et al. [18] have recently found that a group-
ontribution method can be used to estimate heat of sublimation
t triple point for organic solids. The purpose of this work
s to present a new simple scheme to predict heats of subli-
ation of nitroaromatic compounds as an important class of
nergetic compounds. This work assumes that heat of sublima-
ion of a nitoaromatic energetic compound with composition

aHbNcOd can be determined from the elemental composition

mailto:mhkir@yahoo.com
mailto:mhkeshavarz@mut-es.ac.ir
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nd some structural parameters. The results will be compared
ith experimental data and some of reported results of com-
licated quantum mechanical method [15]. It will be shown
hat results predicted by this simple method are comparable
ith outputs from complicated quantum mechanical computa-

ions and the accuracy is not necessarily enhanced by greater
omplexity.

. Theory

.1. Gas phase heat of formation

To evaluate solid phase heat of formation from Eq. (1) using
heoretical prediction alone, different methods can be used.
uantum mechanical and group-contribution methods are two
sual procedures for calculating gas phase heats of formation
f various compounds. The semi-empirical molecular orbital
ethods such as PM3, MNDO, MNDO/3, AM1 and molecular
echanics MM2 can be used to estimate gas phase heat of for-
ation for different energetic compounds. For example, Akutsu

t al. [19] combined heats of vaporization and sublimation by
dditivity rule with gas phase heat of formation from PM3 and
M2 to estimate solid and liquid phase heat of formation of

itramines and alkyl nitrate. A group-contribution method, such
s Benson, Yoneda and Joback methods, assumes that prop-
rties of molecules can be derived from properties of atoms
r functional groups from which they are made [17]. Mean-
hile, root mean square (rms) deviation of quantum mechanical

omputations are less than group-contribution methods but they
ave special complexity and take much time for the optimization
f large molecule system. Two new correlations were recently
ntroduced for desk calculations of gas phase heats of formation
f selected class of energetic compounds so that they can pro-
ide reliable simple pathways as compared to complex quantum
echanical methods [20,21].

.2. Heat of sublimation

In contrast to the other methods for prediction of gas phase
eat of formation, few methods were used to determine heat
f sublimation of energetic compounds. Politzer et al. [14]
ave established that correlations exist between the electrostatic
otential of a molecule and heats of sublimation. The predicted
eat of sublimation can be represented by:

Hsub = a(SA)2 + b

√
σ2

Totν + c (3)

here SA is the surface area of the 0.001 electron/bohr3 isosur-
ace of the electron density of the molecule, σ2

Tot is a measure
f the variability of electronic potential on the surface and ν is
he degree of balance between the positive and negative charges
n the isosurface. The constants a, b and c in Eq. (3) are deter-
ined from least-squares fitting to experimental values for the
eats of sublimation. They applied this procedure to predict
eats of sublimation of 34 organic compounds [14]. Rice et
l. [15] applied a procedure proposed by Politzer et al. [14]
o calculate heats of sublimation of energetic materials. They

w
o
h
d
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sed the Gaussian 98 suite of quantum chemistry codes [22]
ith the 6-31G* basis set [23] and the hybrid B3LYP [24,25]
ensity functional to determine heats of formation and deto-
ation of energetic compounds. Byrd and Rice [16] have also
mproved an earlier effort of Rice et al. through the use of a
arger basis set and the application of group equivalents. They
ave modified the work of Rice et al. [15] in the prediction of gas,
iquid, and solid heat of formation by using quantum mechanical
ata through the incorporation of group additivity and the use
f the more complicated 6-311++G(2df, 2p) basis set. Zeman
nd Krupka [26] have also found some relationships between
eats of sublimation of some polynitro compounds and lattice
nergies.

. Results and discussion

Thermo-physical properties of polyfunctional compounds
re influenced by different molecular interactions. Magnitude,
umber, distances and orientation of group dipoles within a
olecule are directly connected with the size of a molecule,

ts conformation, symmetry and with the quantity of the con-
tituents present [27].

The study of heats of sublimation for various nitroaromatic
ompounds has shown that it is possible to find a new corre-
ation for predicting heats of sublimation. To establish a new
orrelation, experimental data of various nitroaromatic com-
ounds were taken from literature. For CaHbNcOd nitroaromatic
ompounds, it was found that elemental composition and the
ontribution of some specific groups can influence the val-
es of heats of sublimation. The collected data are listed in
ables 1 and 2

. The study shows that the following general equation with
ome adjustable coefficients is suitable for this purpose:

Hsub (kJ/mol) = x1 + x2a + x3b + x4c + x5CSG (4)

here x1 to x5 are adjustable parameters; a, b, c are the number
f carbon, hydrogen and nitrogen atoms, respectively; CSG is
he contribution of specific polar groups attached to aromatic
ing. Experimental data given in Table 1 were used to optimize
he values of x1–x5. Multiple linear regression method [28] was
sed to find adjustable parameters. The left-division method for
olving linear equations uses the least-squares method because
he equation set is overdetermined [28]. The results give the
ollowing optimized correlation:

Hsub (kJ/mol) = 64.51 + 4.555a − 2.763b

+10.32c + 16.51CSG (5)

Different values of CSG for various polar groups attached to
itroaromatic ring were studied and optimized with experimen-
al data. As seen in Eq. (5), coefficient of CSG has a positive sign.
his confirms that the existence of some specific polar groups
an influence the values of heat of sublimation. Moreover, it

as found that the effects of carboxylic acid functional group
r two hydroxyl groups on predicted heats of sublimation are
igher than the other specific groups. The value of CSG can be
etermined as follows:
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Table 1
Comparison of predicted heats of sublimation (kJ/mol) of nitroaromatic compounds with the experimental data

Name Molecular structure Molecular formula CSG �Hsub (exp) �Hsub (cal) Dev

1-Methy-4-nitrobenzene C7H7NO2 0 79.1 [27] 87.37 −8.27

4-Nitroaniline C6H6N2O2 0 100.9 [27] 95.89 5.01

1-Methyl-2,4-dinitrobenzene C7H6N2O4 0 100 [27] 100.44 −0.44

1-Nitronaphthalene C10H7NO2 0 107.1 [27] 101.03 6.07

2-Methyl-1,3,5-trinitrobenzene C7H5N3O6 0 104.6 [27] 113.52 −8.92

118.4 [28] 4.88

2-Methyl-1,3-dinitrobenzene C7H6N2O4 0 98.3 [27] 100.44 −2.14

1,4-Dinitrobenzene C6H4N2O4 0 96.2 [27] 101.42 −5.22

2,4-Dinitrophenol C6H4N2O5 0 104.6 [27] 101.42 3.18

2,4,6-Trinitrophenol C6H3N3O7 0 105.1 [27] 114.49 −9.39

1,2-Dinitrobenzene C6H4N2O4 0 82.9 [27] 101.42 −18.52

2,4,6-Trimethylnitrobenzene C9H11NO2 0 78.6 [27] 85.42 −6.82

2-Methyl-4,6-dinitrophenol C7H5N2O5 0 103.3 [27] 100.44 2.86

2-Nitrodiphenylamine C12H10N2O2 0 101.9 [27] 112.17 −10.27

N,N-Dimethyl-4-nitroaniline C8H10N2O2 0 101.3 [27] 93.95 7.35

2,4,6-Trinitro-1,3-benzenediol C6H3N3O8 0 120.8 [27] 114.49 6.31
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Table 1 (Continued)

Name Molecular structure Molecular formula CSG �Hsub (exp) �Hsub (cal) Dev

3-Nitroacetophenone C8H7NO3 0.75 110 [27] 104.30 5.70

2,6-Dinitrophenol C6H4N2O5 0 112.1 [27] 101.42 10.68

N,N-Dimethyl-3-nitroaniline C8H10N2O2 0 92.7 [27] 93.95 −1.25

1,3,5-Trinitro-2,4-dimethyl-5-tert-
butylbenzene

C12H15N3O6 0 100.4 [27] 108.67 −8.27

2-Methoxy-1,3,5-trinitrobenzene C7H5N3O7 1 133.1 [27] 130.03 3.07

4-tert-Butyl-3,5-dinitro-2,6-
dimethylacetophenone

C14H18N2O5 0.75 107.9 [27] 111.55 −3.65

2,4-Dimethyl-1,3,5-trinitrobenzene C8H7N3O6 0 129.8 [27,28] 112.55 17.25

3-Methyl-2,4,6-trinitrophenol C7H5N3O7 0 104.6 [27] 113.52 −8.92

111.2 [28] −2.32

N,N-Dimethyl-4-nitrobenzamide C9H10N2O3 0.75 115 [27] 110.88 4.12

1,1’-(1,2-ethenediyl)bis[2,4,6-
trinitrobenzene]

C14H6N6O12 0 179.9 [27] 173.59 6.31

8-Hydroxy-5-nitroquinoline C9H6N2O3 0 111.2 [27] 109.55 1.65

2,5-Dinitrophenol C6H4N2O5 0 93.4 [27] 101.42 −8.02

2-Ethoxy-1,3,5-trinitrobenzene C8H7N3O7 1 120.5 [27] 129.06 −8.56
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Table 1 (Continued)

Name Molecular structure Molecular formula CSG �Hsub (exp) �Hsub (cal) Dev

2,4,6-Tri-tert-butylnitrobenzene C18H29NO2 0 81.4 [27] 76.68 4.72

2,4,6-Triamino-1,3,5-trintrobenzene C6H6N3O6 2 168.2 [27] 170.16 −1.96

4-Nitro-1,2-benzenediol C6H4N2O5 2 121.1 [27] 121.35 −0.25

2,3-Dinitrophenol C6H4N2O5 0 96.6 [27] 101.42 −4.82

4-Nitrodiphenylamine C12H10N2O2 0 126.2 [27] 112.17 14.03

2,4,6-Trimethyl-1,3,5-
trinitrobenzene

C9H9N3O6 0 103.6 [27] 111.58 −7.98

1-Amino-2,4,6-trinitrobenzene C6H4N4O6 0 125.3 [28] 122.05 3.25

1,3-Diamino-2,4,6-trinitrobenzene C6H5N5O6 0 140 [28] 129.60 10.40

2,4,6-Trinitrobenzoic acid C7H3N3O8 2 154.7 [28] 152.06 2.64

1,3,5-Trinitro-2-(2,4,6-
trinitrophenyl)-benzene

C12H4N6O12 0 171.8 [28] 170.01 1.79

1,3,5-Trinitro-6-methyl-2-(2,4,6-
trinitro-3-methylphenyl)-benzene

C14H8N6O12 0 160.8 [28] 168.06 −7.26

2,4,6-Trinitro-N-(2,4,6-
trinitrophenyl)-aniline

C12H5N7O12 0 171.6 [28] 177.56 −5.96

rms deviation (kJ/mol) 7.78
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Table 2
Comparison of calculated heats of formation of Eq. (5) and quantum mechanical computations of Rice et al. [15] with measured values

Name Molecular structure Molecular formula CSG �Hsub (exp) �Hsub (cal) Dev �Hsub (Rice et al.) Dev

4-Nitrophenol C6H5NO3 0 92.39 [27] 88.34 4.05 107.95 −15.56

2-Nitrophenol C6H5NO3 0 72.3 [27] 88.34 −16.04 71.55 0.75

3-Nitroaniline C6H6N2O2 0 96.5 [27] 95.89 0.61 105.86 −9.36

1,3,5-Trinitrobenzene C6H3N3O6 0 99.6 [27] 114.49 −14.89 93.30 6.30

107.3 [28] −7.19 93.30 14.00

3-Nitrophenol C6H5NO3 0 91.23 [27] 88.34 2.89 98.74 −7.51

2-Nitroaniline C6H6N2O2 0 90 [27] 95.89 −5.89 99.58 −9.58
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ll data are in kJ/mol.

a) CSG = 1.0 for alkoxy ( OR) attached to nitroaromatic ring,
e.g. 2-methoxy-1,3,5-trinitrobenzene.

b) CSG = 0.75 for nitroaromatic compounds which contain car-
bonyl in form of C( O)NRR’ or C( O) R, where R
and R’ are alkyl groups, attached to aromatic ring, e.g.
3-nitroacetophenone.

c) CSG = 2.0 for compounds that have carboxylic acid func-
tional group or two hydroxyl groups or three amino groups.
In the second situation, nitro groups should be separated
from OH at least by one CH group, e.g. 4-nitrobenzene-
1,2-diol.

As seen in Table 1, heats of sublimation of 40 different
itroaromatic compounds were calculated and compared with
he experimental values. To test the validity of the correla-
ion with respect to quantum mechanical computations of Rice
t al. [15] where computed outputs were available, heats of
ublimation of six aromatic energetic compounds (correspond-
ng to seven measured values) are calculated and compared
ith quantum mechanical computations, which are given in
able 2. Differences of the predictions from the experiments
or various methods are given in Tables 1 and 2. As indi-
ated in Table 1, the root mean square deviation of the new
ethod from experiment is 7.78 kJ/mol with a maximum devi-

tion of 18.52 kJ/mol. As seen in Table 2, the rms of Eq. (5) is

.19 kJ/mol which is surprisingly smaller than the rms deviation
alue 10.18 kJ/mol for computed values of Rice et al. [15]. Due
o the existence of the variety of steric, inter- and intramolec-
lar interactions and uncertainty in heats of sublimation data

e
a
fi
m

9.19 10.18

rom different sources, e.g. 104.6 [29] and 111.2 kJ/mol [30]
or 3-methyl-2,4,6-trinitrophenol, R-squared value or the coef-
cient of determination of this correlation is 0.92 [28]. Since
ata from the NIST Chemistry Web Book [29] may contain
ifferent reported values from different sources, e.g. 100.2 and
1.23 kJ/mol are two different reported experimental data for
-nitrophenol, the latest reported experimental values of this ref-
rence were taken for comparison with the mentioned method.

As indicated in Tables 1 and 2, the estimated heats of sub-
imation of nitroaromatic compounds by new correlation are
ithin ±10.0 kJ/mol of 42 measured values and more than
10.0 kJ/mol for remainder nine experimental data (correspond-

ng to 46 molecules). Eq. (5) gives the same prediction for
ifferent isomers because deviations of heats of sublimation
or different isomers are usually small. For example, three iso-
ers 2,3-dinitrophenol, 2,4-dinitrophenol and 2,6-dinitrophenol

ave experimental heats of sublimation 96.6, 104.6 and
12.1 kJ/mol [29], respectively. Calculated heat of sublimation
or these isomers is 101.42 kJ/mol which is close to measured
alues.

Visual comparisons of the predictions with experimental data
re also given in Figs. 1 and 2. Fig. 1 provides the comparison
etween measured data and predictions of new method. Fig. 2
hows a comparison between calculated values of Eq. (5) and
omputed results of Rice et al. [15] with experimental values. In

ach of these figures, exact agreement between the experiment
nd predicted values is presented by the line that bisects each
gure along the diagonal. As evident in Figs. 1 and 2, the new
ethod shows good agreement with experimental data. How-
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Fig. 1. Calculated heats of sublimation vs. experimental data for CaHbNcOd

nitroaromatic compounds. The solid lines represent exact agreement between
predictions and experiment. Filled triangles denote calculated results of new
method.

Fig. 2. Calculated heats of sublimation vs. experimental data for CaHbNcOd

nitroaromatic compounds. The solid lines represent exact agreement between
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redictions and experiment. Filled and hollow triangles denote calculated results
f new method and Rice et al. [15]. Molecular structures of nitroaromatic com-
ounds have also been inserted.

ver, this may be taken as appropriate validation test of the new
ethod for nitroaromatic compounds.

. Conclusions

Reliable predictions of various aspects of energetic com-

ounds are a continuing need in the field of energetic materials.
n this paper, a simple approach is introduced for calculating
eats of sublimation of nitroaromatic energetic compounds with-
ut the need of any experimental data of the new substance. The

[

[

s Materials 151 (2008) 499–506 505

ethodology presented here is much simple for rapid desk cal-
ulation of heats of sublimation with about the same reliance
n their answers as one could expect from complex quantum
echanical computer programs. However, the estimated heats

f sublimation can be used easily with various methods for cal-
ulating gas phase heats of formation to predict solid phase heats
f formation of nitroaromatic compounds.
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