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Abstract

In this work, a simple procedure is introduced to determine heats of sublimation of nitramines as an important class of explosives. Molecular weight
and one structural parameter of nitramines would be needed in the new method. Calculated heats of sublimation for well-known explosives such
as HMX [1,3,5,7-tetranitro-1,3,5,7-tetraazacyclooctane], RDX [1,3,5-trinitro-1,3,5-triazacyclohexane] and TETRYL [1-(methylnitramino)-2,4,6-
trinitrobenzene] as well as new nitramines CL-20 [2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane] and TNAZ [1,3,3-trinitroazatidine]
show good agreement with experimental data. R-squared value or the coefficient of determination of new correlation is 0.945. The root-mean-square
deviation (RMS) from experiment for the predicted heats of sublimation by new method is 10.10 kJ/mol.

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

Significant efforts have been directed toward development of
empirical and theoretical models that will predict various impor-
tant properties of an energetic material [1,2]. Different models
and computer codes will allow an estimate of potential perfor-
mance or possible hazard for an explosive. To assess potential
performance in a weapon system, detonation velocities and pres-
sures at maximum nominal density [3,4] can be determined
by simple methods. Physical and thermochemical properties of
some classes of CHNO energetic compounds such as melting
point [5,6] and gas phase heat of formation [7,8] can also be
predicted through elemental composition and molecular struc-
ture. Since condensed phase heat of formation is usually needed
to determine assessment of the energetic material of interest by
computer codes such as CHEETAH [9], it can be determined
using the gas phase heat of formation and heat of phase tran-
sition (either sublimation or vaporization) according to Hess’
law of constant heat summation [10]. However, heat of subli-
mation is an important parameter to evaluate solid phase heat of
formation so that it can be determined by quantum mechanical
computations [11-13].
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This work provides a new simple scheme to predict heats
of sublimation of nitramines. It will be shown that how heat of
sublimation of a nitramine energetic compound can be correlated
with the molecular weight and one structural parameter. The
results for some well-known nitramine explosives such as RDX
and HMX as well as new important explosives such as CL-20
will be compared with experimental data.

2. Theory

It is important to predict the condensed phase heats of for-
mation because for assessment of potential performance of the
energetic material of interest, however, it would be the desired
quantity. To find the condensed phase heat of formation of
energetic compounds, the gas phase heat of formation can be
combined with heat of sublimation according to Hess' law of
constant heat summation [10]:

AHf,solid = AHf,gas - AHsub (1)

2.1. Gas phase heat of formation

Gas phase heat of formation can be determined by quantum
mechanical computations [1,11-13], group-contribution meth-
ods [14] and simple theoretical models [7,8].


mailto:mhkeshavarz@mut-es.ac.ir
mailto:mhkir@yahoo.com
dx.doi.org/10.1016/j.jhazmat.2007.07.067

930 M_.H. Keshavarz, M.H. Yousefi / Journal of Hazardous Materials 152 (2008) 929-933

2.1.1. Quantum mechanical computations

The development of new algorithms and techniques together
with the continuing improvement in computers processing speed
has meant that quantum mechanical technique can be applied
to understand molecular problems. The semi-empirical molec-
ular orbital methods such as PM3, MNDO, MNDO/3, AM1
and molecular mechanics MM2 [1] as well as the Gaussian
98 suite of quantum chemistry codes [15] with the 6-31G*
basis set [16] or 6-311++G(2df,2p) basis set and the hybrid
B3LYP [17,18] can also be used to estimate gas phase heat of
formation for different energetic compounds [12,13]. Among
the advanced methods developed in semi-empirical quantum
mechanical methods for optimizing and determining gas phase
heat of formation, the PM3 parameterization scheme has proved
particularly effective. For example, Stewart [19] found that the
average difference between the calculated and observed gas
phase heats of formation were 5.2 and 15.7 kcal/mol for PM3
and AM1, respectively, in some compounds. Moreover, Akutsu
et al. [20] showed that PM3 and MM2 methods can estimate gas
phase heats of formation for nitro compounds more accurately
than AM1 for practical use.

2.1.2. Group contribution methods

Another convenient procedure is group-contribution meth-
ods. It assumes that properties of molecules can be derived from
properties of atoms or functional groups from which they are
made [14]. Benson and Joback methods are two group additiv-
ity methods which commonly used to estimate thermochemical
quantities of various organic molecules [14]. Jobak's method
assigns incremental heat of formation values to the ideal gas
phase of common functional groups such as —CH3, >C=0, OH
and so on meanwhile Benson's method incorporate the effects of
second-nearest neighbors that produces more reliable values of
gas phase heats of formation at the greater complexity. It should
be mentioned that root mean square (RMS) of deviation of quan-
tum mechanical computations are less than group-contribution
methods.

2.1.3. Simple theoretical methods

Finally, it was recently found that elemental composition
and some structural parameters of selected class of energetic
compounds can be used to determine gas phase heat of for-
mation [7,8]. Calculated gas phase heats of formation for 85
non-aromatic energetic compounds have shown good agreement
with experimental data, where experimental data were avail-
able, as compared to semi-empirical quantum mechanical PM3
prediction [7]. Since the new methods provide the simplest pro-
cedure for calculation gas phase heat of formation of selected
class of energetic compounds which is readily calculated by
a desk calculator of the same reliability as one could expect
from a more complex quantum mechanical methods, the new
correlations are appealing to chemists and engineers.

2.2. Heat of sublimation

In contrast to different methods for calculation of gas phase
heat of formation, few methods were used to determine heats of

sublimation of energetic compounds. To calculate solid phase
heat of formation of energetic method via predicted gas phase
heat of formation, appropriate method would be needed to deter-
mine heat of sublimation of energetic compounds. Politzer et al.
[11] have found that correlations exist between the electrostatic
potential of a molecule and the heats of sublimation. Rice et al.
[12] as well as Byrd and Rice [13] have applied a procedure pro-
posed by Politzer et al. [11] to calculate the heats of sublimation
of energetic materials. Furthermore, Zeman and Krupka [21]
have also found some relationships between heats of sublimation
of some polynitro compounds and lattice energies.

Although quantum mechanical computations using the Gaus-
sian code [15] with different basis sets and the hybrid B3LYP
[17,18] have shown to give good prediction of gas phase
heats of formation, there is larger errors for predicted heats
of sublimation in some cases such as hexanitroethane, 1,4-
dinitropiperazine and 1-nitro-2-nitrosobenzene [11].

3. Results and discussion

The search for new explosives with a given thermodynamic,
performance, sensitivity and physical properties is one of the
major challenges to chemists and the chemical industries. Vari-
ous empirical methods can help chemists for desk calculations
of factors related to detonation parameters, crystal density, oxy-
gen balance and heat of formation. For single gas molecule
calculations, quantum chemistry methods have advantages over
empirical methods. Since the heat of sublimation has a connec-
tion with the structures of condensed states, it can be correlated
with some specific structural parameters.

Thermochemical properties of energetic compounds such as
nitramines are influenced by different molecular interactions. It
should be noted that magnitude, number, distances and orienta-
tion of group dipoles within a molecule are directly connected
with the size of a molecule, its conformation, symmetry and with
the quantity of the constituents present [22]. The study of heats of
sublimation for some nitramines, where experimental data were
available, has shown that it is possible to find a new correlation
for predicting their heats of sublimation. It was found that molec-
ular weight and one structural parameter of cyclic nitramines are
sufficient to establish a new correlation. However, the following
general equation is suitable for this purpose:

AHgyp(kJ/mol) = y1 + y2MW + y310,NNCH,NNO, )

where y;— y3 are adjustable parameters; MW is the molecular
weight of nitramine; no,NNCH,NNO, 1S the number of —CH,—
groups between two nitramine functional groups in cyclic and
non-cyclic nitramines. Multiple linear regression method [23]
was used to find adjustable parameters. Since the equation set
is overdetermined [23], the left-division method for solving
linear equations uses the least squares method. It should be
noted that an overdetermined system is a set of equations that
has more independent equations than unknowns. In this situa-
tion, the matrix inverse method and Cramer’s method will not
work [23]. However, the left-division method can be used. The
left-division method is based on Gauss elimination so that it
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Table 1
Comparison of predicted heats of sublimation (kJ/mol) of nitramines with the experimental data
Name Molecular structure AHgyp, (exp) AHgy, (cal) Dev.
0,N
HC
1-(Methylnitramino)-2,4,6-trinitrobenzene (TETRYL) /N NO, 133.8 [25] 127.87 5.93
ON
O,N
O,N NO,
2 \N/\N/
1,3,5-Trinitro-1,3,5-triazacyclohexane (RDX) kN) 130.2 [25] 133.52 —3.32
NO,
o,N
\
"\
( —NO;
1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane (HMX) ) 175.3 [25] 172.82 2.48
N
-
O,N" '\ N
N
NO,
H SC\
Methamine _N—NoO, 41.4[24] 50.82 —9.42
H,c
O:N\
Methyldinitrammine N—NO, 52[24] 62.95 —10.95
H,C
[
N
1,3-Dinitro-1,3-diazacyclobutane (TETROGEN) < > 94.2 [25] 94.22 —0.02
N
NO,
O,N NO,
1,3,3-Trinitroazatidine (TNAZ) 21\]3 106.2 [25] 90.71 15.49
11102
NO, NO,
| |
N N
trans-1,4,5,8-Tetranitro-1,4,5,8-tetraazadecaline (TNAD) [ j: j 154.2 [25] 141.56 12.64
N N
I I
NO, NO,
0 QO
( )
4,10-Dinitro-2,6,8,12-tetraoxa-4,10-diazaisowurtzitane (TEX) 123.4 [25] 118.09 5.31
N N
/ \
O,N NO,
O,N. NO
2 \N/A\N e 2
ON— _-NO,
2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) 168.7 [25] 186.92 —18.22
N N
/ \
O,N NO
RMS deviation (kJ/mol) 10.10
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uses fewer internal multiplications and divisions than the matrix
method inversion. The scaling values y; and y3 show the relative
contribution of MW and no,NNCH,NNO, to determine heats of
sublimation. Experimental data given in Table 1 were used to
optimize the values of y; to y3 so that the following optimized
correlation can be obtained:

AHgu(kJ /mol) = 15.62 +0.3911 MW
+ 10.3610,NNCH,NNO, 3)

As seen in Eq. (3), both coefficients of MW and
nO,NNCH,NNO, have positive signs. Moreover, the coefficient
of no,NNCH,NNO, 1s approximately 26.5 times of coefficient
of MW, which shows higher contribution of no,NNCH,NNO, 1D
predicting heat of sublimation with respect to MW for cyclic
and non-cyclic nitramines. It shows that both parameters can
increase the value of heat of sublimation. It should be men-
tioned that Eq. (3) cannot be used for cyclic nitramines with
NO,NNCH,NNO, = 5. All of measured values given in Table 1
are the latest reported values of the NIST Chemistry Web Book
[24] and collected data by Zeman and Krupka [25]. As seen in
Table 1, heats of sublimation of different nitramine compounds
were calculated and compared with the experimental values in
which the root mean square deviation of the new method from
experiment is 10.10 kJ/mol. R? value or the coefficient of deter-
mination of this correlation is 0.945 [23] which is relatively
good because the variety of steric, inter- and intramolecular
interactions. Since the parameter 70,NNCH,NNO, ¢an be consid-
ered for cyclic nitramines (e.g. n0,NNCH,NNO, = 3 for RDX) as
well as non-cyclic nitramines (e.g. n0,NNCH,NNO, = 1 for N,N-
dimethyl-N,N-dinitromethanediamine) that contain one —CH,—
between two —NNO, groups, there is no contribution for the
parameter no,NNCH,NNO, 10 cyclic nitramines with only one
—NNO; group (e.g. no,NNCH,NNO, = O for TNAZ). Among
nitramines given in Table 1, Rice et al. [12] have computed

Table 2
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Fig. 1. Calculated heats of sublimation vs. experimental data for nitramines.
The solid lines represent exact agreement between predictions and experiment.
Filled triangles denote calculated results of new method.

heat of sublimation only for RDX which is 102.51 kJ/mol. As
seen in Table 1, the calculated value for RDX is 133.52 kJ/mol.
Since measured heat of sublimation for RDX is 130.2 kJ/mol
[25], calculated value by new method (Dev = —3.32kJ/mol) is
much better than the result obtained by complicated quantum
mechanical method (Dev =27.69 kJ/mol).

A visual comparison of the predictions with experiment is
also given in Fig. 1. Exact agreement between the experiment
and predicted values is presented by the line that bisects Fig. 1
along the diagonal. However, new method shows good agree-
ment with experimental data.

Comparison of calculated heats of sublimation by Eq. (3) with predicted values obtained from combination of the condensed phase heat of formation [24] and

semi-empirical PM3 [19] method

Name Molecular structure AHj solig (€xp) AHy, (PM3) AHg, AHg,, (cal) Dev
H,C—N—C—N—CH,
N,N-Dimethyl-N,N-dinitromethanediamine | Hz —29.8 59.55 89.4 90.12 —-0.72
NO, © NO,
0 0
N,N'-Dimethyl-N,N'-dinitroethanediamide H,C—N N—CH; —305.3 —207.28 98.0 96.19 1.81
NO, NO,
1-Nitropiperidine O,N—N ) -92.9 —31.38 61.5 66.47 —-4.97
H,C—C—N—C—CH,
N,N-Diethyl-N-nitroamine H, 111 o H, —105.9 —47.61 58.3 61.77 —3.47
2
H,C_
N NO,
N-(2,4-Dinitrophenyl)-N-methyl-N-nitroamine O,N 16.2 120.54 104.3 110.27 —-5.97
O,N

All data are in kJ/mol.
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Since experimental data of heats of sublimation of nitramines
compounds are rare, heat of sublimation can be obtained from
the condensed phase heat of formation and gas phase heat of for-
mation using Hess law of constant heat summation as given in
Eq. (1) [10]. Several calculations for some nitramine energetic
compounds, where their experimental condensed phase heats
of formation were available [24], are also given in Table 2 for
comparison with predictions using Eq. (3). Since the measured
gas phase heat of formation for mentioned nitramines in Table 2
were not available, PM3 method can be used to calculate gas
phase heat of formation because it can predict relatively good
results for energetic compounds [19,20]. Moreover, it was indi-
cated that PM3 method can give relatively good prediction of gas
phase heat of formation for nitramines and aliphatic nitro com-
pounds as compared to available experimental data [7,26]. To
optimize molecular structures of nitramines given in Table 2 by
PM3 method, the Polak—Ribiere algorithm was used and the ter-
mination was a RMS gradient of 0.42 kJ/mol. As seen in Table 2,
Eq. (3) can predict good results with respect to predicted values
by this scheme.

4. Conclusions

A new simple theoretical approach is introduced for desk cal-
culation heats of sublimation of nitramines only from molecular
structure. As seen in Fig. 1, good agreement is obtained between
measured and calculated values. The results of this work are
remarkable because the necessary data for this method is only
molecular weight and one structural parameter without using
any experimental data of nitramines. Since solid heat of forma-
tion is an important factor to consider in designing new energetic
materials or evaluating existing ones that can enter into the cal-
culation of such key explosive properties as detonation pressure,
calculated heat of sublimation can be used to evaluate it. This
method confirms that the accuracy is not necessarily enhanced
by greater complexity as well as gives the simplest and easiest
pathway for calculation heats of sublimation of nitramines.
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