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Abstract: A new method is introduced to correlate the condensed phase enthalpies 
of formation of nitroaromatic compounds with their gas phase enthalpies of 
formation on the basis of the B3LYP/6-31G* and PM3 methods.  For the B3LYP 
method, the condensed phase enthalpy of formation depends on the number of 
certain elements, nitro groups and aromatic rings.  For the PM3 method the number 
of N=N or N≡N groups, and the presence or absence of three interconnected rings, 
in addition to some of the parameters mentioned above, are necessary in order 
to obtain a reliable correlation.  For 72 nitroaromatic compounds, the calculated 
root mean square (rms) deviations of the condensed phase enthalpies of formation 
of nitroaromatic compounds using the B3LYP and PM3 methods are 63.63 and 
32.17 kJ/mol, respectively.  The results predicted on the basis of the PM3 method 
are compared with the best available experimental data. 

Keywords: condensed phase enthalpy of formation, gas phase enthalpy of 
formation, nitroaromatic compounds, PM3, B3LYP

1 Introduction

Energetic materials can be decomposed, ignited or exploded as a result of external 
stimuli.  In order to investigate the thermodynamic stability and performance of 
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these materials, a knowledge of the condensed phase enthalpy of formation is an 
essential requirement.  The experimental methods available for determining the 
properties of energetic materials are limited, so computational methods can be 
used in these cases.  Among the proposed methods, quantum mechanical methods, 
group additivity methods and empirical methods are suitable for  prediction of 
the enthalpy of formation of energetic materials [1-3]. 

Quantum mechanical methods can be used to calculate desirable molecular 
properties.  Semi-empirical quantum mechanical methods such as MNDO, PM3 
and AM1 can be helpful for prediction of the gas phase enthalpy of formation 
of energetic materials.  For example, Chen et al. [4] calculated the heats of 
formation and molecular structures of nitrobenzenes, nitrotoluenes, nitroanilines, 
and nitrophenols by the AM1 and PM3 methods.  The correlation between these 
theoretically calculated enthalpies of formation and experimental results was 
usually evaluated using the multivariate linear regression method.  Luis et al. 
[5] have used the PM3 and AM1 methods to obtain the gas phase enthalpy of 
formation of nitro compounds.  They showed that the PM3 method can provide 
better performance than the AM1 method.  Akutsu et al. [3] combined the predicted 
enthalpies of vaporization and sublimation with gas phase enthalpies of formation 
calculated by the PM3 and MM2 methods in order to calculate the condensed 
phase enthalpies of formation of some energetic compounds.  The DFT method 
can also be usefully used for  prediction of enthalpies of formation.  For example, 
Rice et al. [6] combined the gas phase enthalpy of formation with the evaporation 
and sublimation enthalpies, based on Hess’s law, in order to obtain the condensed 
phase heats of formation of energetic compounds.  Rice also predicted the heats 
of sublimation and vaporization from information obtained from the quantum-
mechanically calculated electrostatic potential of each isolated CHNO molecule, 
evaluated by semi-empirical computational methods [7].  A B3PW91/6-31G** 
computational procedure has been presented for predicting standard gas phase heats 
of formation based on the estimation of the heats of vaporization and sublimation 
via the calculated electrostatic potential on the molecular surface [8, 9].  These 
authors also used the surface electrostatic potential of single molecules advised by 
Politzer et al. [10-12] for determining the enthalpies of sublimation and evaporation. 

The group additivity method assumes that the molecular properties can be 
determined via the atoms, the functional groups and the molecular fragments 
in the molecule.  The additivity methods of Benson, Yoneda and Joback [13] 
are the three usual procedures for estimating the ideal gas phase enthalpies of 
formation for many classes of organic compounds.  For example, Joback’s method 
[13] proposed a simple method in which the ideal gas phase heat of formation 
of an organic compound can be found by addition of the values of the gas phase 
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enthalpies of formation of groups such as -CH3 and -OH [13].  Salmon and 
Dalmazon [14] suggested a group additivity method for the estimation of the 
solid phase enthalpy of formation at 298.15 K of organic compounds, which can 
be used for energetic compounds containing -NO2, -O-NO2 and -N-NO2 groups.

For estimation of the solid phase enthalpy of formation of energetic 
compounds at 298.15 K, a suitable empirical method has been introduced to 
predict their enthalpies of sublimation [15], which can then be combined with 
the gas phase enthalpy of formation of energetic compounds.  It was recently 
indicated that the elemental composition and several specific molecular moieties 
can be used to predict the condensed phase enthalpy of formation of some classes 
of energetic compounds [16, 17].  The results showed that the condensed phase 
enthalpy of formation depends on decreasing or increasing energy content 
parameters.  Because of their high intermolecular interactions, strong polar groups 
can enhance thermodynamic stability, and so the distribution of these groups 
is important in decreasing the energy of these compounds.  The purpose of this 
work is to correlate the calculated gas phase enthalpy of formation of different 
nitroaromatic compounds, using the B3LYP/6-31G* and PM3 methods, with 
their condensed phase enthalpy of formation.  It will be shown that there is no 
need to use evaporation and sublimation enthalpies.  Finally, the predicted results 
will be compared with the best available experimental data.  

2 Computational Method

In this work, the gas phase enthalpies of formation for the selected nitroaromatic 
compounds (Figure 1) have been calculated by both the B3LYP/6-31G* and  
PM3 methods, assisted by Gaussian 03 [18] (Table 1).  In both methods, the 
optimized molecules were certified by the absence of imaginary frequencies.  The 
gas phase enthalpies of formation at the B3LYP level of theory are calculated 
by the following equation:

∑−=∆
j

jjf nE)g(H ε � (1)

where E and nj are the internal energy of the molecule and the number j of atoms 
in the molecule, respectively, and εj is the correction factor for the jth atom at the 
used level of theory presented by Rice [6].  ΔHf (g) is directly evaluated from 
the Gaussian output files at the PM3 level of theory.  Then, the output results 
for the enthalpy of formation are converted to the condensed phase enthalpy of 
formation using multivariate linear regression relationships.
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Figure 1.	 The structures of the selected nitroaromatic compounds.
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Table 1.	 The calculated gas phase enthalpies of formation (in kJ/mol) for the 
selected molecules using: a) B3LYP/6-31G*, and b) PM3 methods 

ΔHf(g)bΔHf(g)aNo.ΔHf(g)bΔHf(g)aNo.ΔHf(g)bΔHf(g)aNo.
52.1691.47349-375.16-317.44325142.5471.6911

105.42102.71450-337.78-233.80626832.34700.6382
129.52434.08651-296.16-258.71227-108.26-71.3373

-178.66-118.62152158.77183.25428184.33238.4384
-201.83-166.06153-27.8713.21929-45.1830.0845

81.66101.2565431.4037.5783062.6173.8096
69.55178.01955-324.53-305.4003137.4929.7627

-5.1081.19356-289.61-258.5913241.3229.0228
-0.58-3.20457-308.24-293.30833-168.99-143.1989
15.347.32958-305.73-291.80834-156.42-111.40810

144.78160.20359-216.28-185.362357.303.86511
-167.35-113.74860145.50192.94636-25.49-11.43112
-283.02-296.66761420.08733.8393727.7024.79013
215.61208.36762308.83257.44338-173.62-122.76114

-102.64-71.56963277.42264.59139-1.8016.62215
182.40176.89364-206.7810.0354012.8616.64016

43.7269.53265133.97201.6124118.5513.44417
92.24-66125.38172.34942-139.89-118.77018

445.18-67135.01125.06843-126.0-94.52419
152.28-68158.78147.45344-133.40-100.25320
560.96-69147.60204.7484551.4479.31221
608.41-7025.4729.2284652.6767.39622
239.24-71-129.37-111.10347-185.25-181.03623
626.96-72-146.90-69.68648146.77132.63724

3 Results and Discussion

For the B3LYP/6-31G* and PM3 methods, it was found that several molecular 
moieties are essential for deriving suitable correlations between the condensed 
and gas phase enthalpies of formation of nitroaromatic compounds.  Experimental 
data for the condensed phase enthalpies of formation for 72 different nitroaromatic 
compounds are given in Table 2.  These were used to find additional correcting 
structural parameters through a multiple linear regression method [19].  Since 
the equation set is overdetermined, the left-division method for solving linear 
equations uses the least squares method [19] for both the B3LYP/6-31G* and 
PM3 methods.  Various structural parameters have been examined and optimized 
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with the experimental data.  It was found that the number of nitro groups (nNO2) 
and aromatic rings (nAr) as well as the number of carbon (nC), oxygen (nO) and 
hydrogen atoms (nH) are effective parameters for the B3LYP/6-31G* method.  
The correlation can be given as follows:

ΔfH˚(C) = 0.874[ΔfH˚(g)]B3LYP/6-31G* + 35.575nC – 31.947nO + 30.5nNO2 –
– 22.59nH – 141.91nAr� (2)

where ΔfH˚(C) and [ΔfH˚(g)]B3LYP/6-31G* are the condensed and gas phase enthalpies 
of formation, Eq. (1), of nitroaromatic compounds in kJ/mol, respectively.  The 
R-squared value or the coefficient of determination of Eq. (2) is relatively good, 
and equal to 0.914.  The root mean square (rms) deviation of ΔfH˚(C) calculated 
through Eq. (2) with respect to the experimental data is 62.7 kJ/mol.

The condensed phase enthalpies of formation were also determined by 
using the resultant values of the gas phase enthalpy of formation by PM3.  Many 
attempts were made to obtain the minimum deviation from the experimental 
enthalpy of formation by means of additional effective molecular structural 
moieties, beside several of the previous parameters.  The best correlation can 
be given as follows:

ΔfH˚(C) = 0.911[ΔfH˚(g)]PM3 + 26.968nO – 10.8nH + 46.17nNO2 – 
– 101.14nN2 – 319.129nTRs� (3)

where nN2 is the number of N=N or N≡N groups, and nTRs is the number of three 
interconnected aromatic rings.  The R-squared value and the rms deviation 
from Eq. (3) with respect to the experimental data is 0.98 and 32.17 kJ/mol, 
respectively. 

In order to specify the significance of the variables in Eqs. (2) and (3), the 
P-values for each parameter has been listed in Table 3.  The reliability of Eq. (3) 
is higher than that of Eq. (2) because the R-squared value from Eq. (3) is higher 
than that from Eq. (2).  Furthermore, the coefficient of the gas phase enthalpy of 
formation in Eq. (3) is larger than in Eq. (2), which shows that the predicted gas 
phase enthalpy of formation by the PM3 method is more suitable than that by the 
B3LYP/6-31G* method.  Increasing the number of hydrogen and oxygen atoms in 
nitroaromatic compounds can decrease the condensed phase enthalpy of formation 
because the coefficients of nO and nH in both equations are negative.  The same 
arguments can be applied for the coefficients of the other variables of Eqs. (2) 
and (3) in order to specify the relative contributions of the different parameters.  
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As indicated in Table 2, the predicted results from Eq. (3) were compared 
with those from the Keshavarz [17], Salamon-Dalmazon [14] and Rice et al. 
[6] methods.  For those molecules where the Keshavarz [17] and Salamon-
Dalmazon [14] methods can be applied, the rms deviations of the predicted 
condensed phase enthalpies of formation are 22.77, 26.81 and 22.23 kJ/mol from 
Eq. (3), the Keshavarz method [14] and the Salamon-Dalmozon method [14], 
respectively.  Meanwhile, the rms deviations from Eq. (3) and from the Rice et 
al. [6] method are 16.01 and 27.52 kJ/mol, respectively, for those compounds 
where the computed values from the Rice et al. [6] method were reported.  Thus, 
the reliability of Eq. (3) is close to the method of Salamon-Dalmazon [14] and 
better than both the Keshavarz [17] and Rice et al. [6] methods. 

Table 3.	 Coefficient P-values for Eqs. (1) and (2) 
P-values

Eq. (1) Eq. (2)
[ΔfH˚(g)]B3LYP/6-31G* 5.73×10-25 [ΔfH˚(g)]PM3 1.55×10-50

nC 5.11×10-3 nO 1.61×10-9

nO 3.93×10-4 nH 7.34×10-13

nNO2 7.31×10-3 nNO2 2.54×10-7

nH 8.24×10-4 nN2 2.41×10-8

nAr 1.07×10-2 nTRs 1.72×10-12

4 Conclusion

Two different correlations on the basis of the B3LYP/6-31G* and PM3 methods 
were introduced to calculate the condensed phase enthalpies of formation of 
nitroaromatic energetic compounds.  It has been shown that Eq. (3), which is 
based on the PM3 method, gives more reliable results than Eq. (2).  Since the 
gas phase enthalpy of formation of the different nitroaromatic compounds can 
be easily evaluated by the PM3 method, Eq. (3) can provide a simpler reliable 
route for calculating the condensed phase enthalpies of formation of nitroaromatic 
compounds, compared to the complex quantum mechanical method of Rice 
et al. [6].  Furthermore, the methods of Salamon-Dalmozon [14] and Keshavarz 
[17] may give larger deviations for nitroaromatic compounds with complex 
molecular structures, as compared to the present method. 
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