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Abstract: High nitrogen organic compounds (N>50 wt.%) are important for 
chemical industries because they can provide clean products with generally low-
molecular weight product gases and enormous energy release. The density of 
these materials at or near room temperature is an important physical property for 
the assessment of their detonation and combustion performances. A novel method 
is introduced here for the prediction of the density of various classes of organic 
compounds, including different derivatives of triazole, tetrazole, triazine, tetrazine, 
furazan, and some organic nitrogen-containing chains. The core model is based 
on elemental composition, where its reliability has been improved by considering 
some molecular fragments including specific functional groups. The high 
reliability of these simple model has been compared with the output from two 
complex quantum mechanical approaches. For 91 high nitrogen compounds, 
the values of the standard deviation (SD) of the core and improved correlations 
were 0.076 and 0.047 g·cm–3. For a further 32 materials, the values of SD 
were 0.057 and 0.042 g·cm–3 for the core and improved correlations, respectively. 
These data are close to core and improved quantum mechanical methods, i.e. 0.056 
and 0.042 g·cm–3, respectively, where the calculated data from complex quantum 
mechanical approaches were available. 
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List of Important Symbols
a	 The number of carbon atoms
b	 The number of hydrogen atoms
c	 The number of nitrogen atoms
d	 The number of oxygen atoms
Mw	 Molecular weight of the desired high nitrogen compound
Mwmolecule	 Molecular mass of the molecule
ρ	 Density
ρcore	 Core density
ρ+

non-add	 Increasing factor for non-additive function of density
ρ-

non-add	 Decreasing factor for non-additive function of density
AD	 Average deviation 
ADmax	 Absolute maximum deviation 
R2	 Coefficient of determination
SD	 Standard deviation of model 
sd	 Standard deviation of each individual coefficient 

1	 Introduction

Nitrogen-rich compounds liberate high energy because they usually have high 
positive heats of formation. Since the presence of N–N and N=N bonds in 
nitrogen-rich compounds, with the average energies for N–N bonds (160 kJ/mol) 
and N=N bonds (418 kJ/mol) being much lower than N≡N (954 kJ/mol), nitrogen-
rich compounds can provide enormous energy release [1, 2]. For detonation and 
combustion processes, the main product of nitrogen-rich compounds is N2 gas 
[3, 4]. Therefore, they can provide clean products with, generally, low-molecular 
weight gases [5-7]. Since nitrogen-rich compounds have low numbers of carbon 
and hydrogen atoms, they have higher densities and good oxygen balance, which 
are further advantages [8, 9].

The density of an energetic compound is a very important parameter for 
an assessment of its detonation velocity and pressure [10-13]. Moreover, it is 
desirable to use nitrogen-rich compounds with high densities as propellants 
in order to obtain an effective combustion process [14]. Common high 
detonation performance explosives, such as hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX), octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and 
2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20), contain 
nitrogen contents up to 38 wt%. High nitrogen organic compounds, defined 
as those with more than 50 wt% nitrogen in their molecular structures [15], 
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often contain derivatives of triazole, tetrazole, triazine, tetrazine, furazan, and 
organic nitrogen-containing chains up to 88 wt.% nitrogen in their structures. 
Most high nitrogen organic materials are derivatives of five or six membered 
cycles or nitrogen-containing chains, which have a variety of nitrogen-containing 
fragments such as –NH2, –NO2, –N3, –C≡N, –N=N–, –C=N– and –N=N+O-–. 
Due to the importance of high nitrogen organic compounds, they are suitable 
candidates for insensitive high explosives [1], gun propellants [16-18], and clean 
gas generators in vehicle airbags [5, 19]. 

Different methods have been developed for predicting the density of different 
classes of organic compounds containing energetic functional groups. These 
include group additivity, quantum mechanics [20-25], quantitative structure-
property relationship (QSPR) methods [26, 27], and molecular fragments 
including some specific functional groups [13]. Quantum mechanical calculations 
need expensive and intensive computations with specific software, as well as 
expert operators. Thus, they can only be used for relatively small molecules. In 
contrast to quantum mechanical methods, group additivity methods are simple 
to use but they cannot be used for the compounds containing unusual chemical 
structures and complex molecular structures, because these may give large 
deviations from experimental data. QSPR models usually require complex 
molecular descriptors and different computational tools, such as multiple linear 
regression (MLR), non-linear regression (NLR), partial least squares (PLS), 
artificial neural networks (ANN), genetic algorithms (GA), and support vector 
machines (SVM) [13, 28]. For some classes of organic compounds and ionic 
liquids containing energetic functional groups, it was shown that molecular 
fragments including some specific functional groups can also be used to predict 
their densities with good reliability [28-39]. These methods should be used only 
for specific classes of organic compounds, because they may give large deviations 
for other classes of organic materials. 

The purpose of the present work was to introduce a new approach for 
predicting the density of high-nitrogen organic compounds, at or near room 
temperature, containing triazoles, tetrazoles, triazines, tetrazines, furazans, and 
some organic chains with more than 50 wt.% nitrogen. The core correlation 
was derived, based on experimental data that have been collected from different 
sources, by considering their elemental compositions. Its reliability is improved 
by two correcting factors. To test the reliability of the new correlations, the 
predicted results for further high nitrogen organic compounds is compared with 
two complex quantum mechanical methods, where the output for high nitrogen 
organic compounds was available [22]. It is shown that application of the new 
correlations for different complex high nitrogen molecules is straightforward 
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and very simple. Moreover, the new method will provide predictions as good 
as those reported by complex quantum mechanical approaches. 

2	 Development of the New Model

Previous studies have confirmed that elemental composition has an important role 
in predicting the densities of different classes of organic compounds containing 
energetic functional groups [28-35, 37, 38], as well as ionic liquids [36, 39]. 
Moreover, some molecular fragments have significant effects on the densities 
of organic molecules. The study of experimental values of the densities of high 
nitrogen compounds, at or near room temperature, showed that it is possible 
to correlate their densities with elemental composition, as well as specific 
functional groups and molecular fragments, under certain conditions. 
Table 1 lists the experimental data of densities for 91 high nitrogen compounds, 
which have been collected from different sources.

These data have been used to construct the new model by the MLR 
method [83]. It was found that the ratio of elemental composition to molecular 
weight of organic compounds containing energetic functional groups 
could improve the correlation coefficient significantly [32-35, 37, 38]. 
Thus, the core correlation as the additive part for high nitrogen organic materials 
with the empirical formula of CaHbNcOd was derived as follows: 

ρcore= 2.216 – 9.098(a/Mw) – 5.202(b/Mw) – 5.569(c/Mw)� (1)

where ρcore is the core density in g·cm-–3; a, b, c, and d are the numbers of carbon, 
hydrogen, nitrogen, and oxygen atoms; Mw is the molecular weight of the high 
nitrogen compound. The coefficient of determination in the MLR method (R2) 
[83] measures the proportion of variation in the dependent variable that can be 
predicted from the set of independent variables. The value of R2 for Equation 1 was 
0.706. Since the presence of the ratio of oxygen atoms (d) to Mw cannot improve 
the value of R2, the contribution of d/Mw has been neglected. It was found that 
the presence of some specific functional groups and molecular fragments leads 
to large deviations of the predicted results of Equation 1 from experimental data. 
Table 2 lists these functional groups and molecular fragments. Thus, the reliability 
of Equation 1 can be improved by considering non-additive correcting functions as:
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ρ = 2.278 – 10.58(a/Mw) – 4.775(b/Mw) – 6.763(c/Mw)  
      + 0.1188ρ+

non-add – 0.1046ρ-
non-add

� (2)

where ρ+
non-add and ρ-

non-add are two non-additive correcting functions, 
which can increase and decrease the density of a high nitrogen compound, 
respectively. Table 2 provides different values of ρ+

non-add and ρ-
non-add, 

which have been derived by tedious work on the basis of the following steps:
1)	 Specification of common functional groups and molecular fragments 

between different high nitrogen organic compounds. The effects of common 
functional groups and molecular fragments, confirmed in previous 
studies [32-35, 37, 38], which may give large deviations from those obtained 
by the contributions of elemental composition. 

2)	 Adjustment of the best values for ρ+
non-add and ρ-

non-add. These data 
were obtained by regression of different quantities for ρ+

non-add and ρ-
non-add 

to give the highest value of R2 and lowest the root-mean-square deviation 
(RMSD).
Thus, the functional groups and molecular fragments listed in Table 2 

were specified for some derivatives of high nitrogen organic compounds 
that show large positive or negative deviations from Equation 1. 
Details of the derivation method have been illustrated elsewhere [84]. 
For those high nitrogen organic compounds that do not contain the functional 
groups listed in Table 2, the values of ρ+

non-add and ρ-
non-add are zero.

Table 2.	 The values of ρ+
non-add and ρ-

non-add

ρ-
non-add

Molecular 
moieties ρ-

non-add Examples Comments

–N(R)(NO2 
or NO) 1.2 N

CH3O2N

NN

O

CN

N

N N

N
O

CH3

N3

N3

N3

N3

N N NO2

HN

N
N N

NO2

N

N
HN NHNO2

N

N

HN

N

H
N

N
CH3

N
N

N

NH

N

O
N NH2

N

H
N

N
NH2

or
N

N

N
NH2

NH2

–

–CN 0.5

N
CH3O2N

NN

O

CN

N

N N

N
O

CH3

N3

N3

N3

N3

N N NO2

HN

N
N N

NO2

N

N
HN NHNO2

N

N

HN

N

H
N

N
CH3

N
N

N

NH

N

O
N NH2

N

H
N

N
NH2

or
N

N

N
NH2

NH2

The attachemnt 
of –CN 

to heterocyclic ring.

–OR 1.1

N
CH3O2N

NN

O

CN

N

N N

N
O

CH3

N3

N3

N3

N3

N N NO2

HN

N
N N

NO2

N

N
HN NHNO2

N

N

HN

N

H
N

N
CH3

N
N

N

NH

N

O
N NH2

N

H
N

N
NH2

or
N

N

N
NH2

NH2

The attachment of –
OR to tetrazole ring.
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–N3

1.3

N
CH3O2N

NN

O

CN

N

N N

N
O

CH3

N3

N3

N3

N3

N N NO2

HN

N
N N
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N

N
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N

N
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N

H
N

N
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N
N

N
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N

O
N NH2

N

H
N

N
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N

N

N
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The attachment of 
three (CH2)n-N3 

to tertiary carbon.

0.5
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N
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N

N
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N

H
N

N
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N
N

N
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N

O
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N

H
N

N
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or
N

N

N
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NH2

The attachment 
of more than 

two –(CH2)n–N3 
to heterocyclic rings.

ρ+
non-add

Molecular 
moieties ρ+

non-add Examples Comments
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3	 Results and Discussion

3.1	 Statistical assessment of Equation 2
Due to the uncertainty of experimental data, the value of R2 for Equation 2 
was 0.878, which shows an improvement with respect to Equation 1. The standard 
deviation (SD) of the new model estimates the deviation of predictions with 
respect to the experimental values. The value of SD for Equation 2 was equal 
to 0.047 g·cm–3, where F = 165.1 and the significance of F = 5.14E–51, 
which is lower than the value calculated for Equation 1, i.e. 0.076 g·cm–3. 

Table 3 provides the statistical parameters for five variables of Equation 2. 
The values of the standard deviations (sd) for these variables indicate whether 
or not the individual variables are significant in predicting the density. 
Thus, the contribution of a specified variable is significant if its standard 
deviation is small relative to the coefficient [85]. The P-value is another statistical 
parameter that gives the probability that a parameter estimated from the measured 
data should have the value that was determined. If the P-value for a variable 
is less than 0.05, the effect of that variable is significant and the observed 
effect is not due to random variations. As indicated in Table 3, all of the five 
variables given in Equation 2 have suitable statistical parameters because they 
have a highly significant impact in the development of Equation 2. 

Table 3.	 Regression coefficients, standard deviations (sd), P-values, 
and confidence intervals of the best linear regression model

Coefficient sd P-value Lower limit
(95%)

Upper limit 
(95%)

Intercept 2.278 0.035 1.79E–92 2.208 2.348
a/Mw –10.58 0.810 1.49E–24 –12.19 –8.981
b/Mw –4.775 0.322 1.41E–28 –5.412 –4.137
c/Mw –6.763 0.651 2.93E–18 –8.053 –5.473

ρ+
non-add 0.1188 0.011 2.55E–19 0.0970 0.1405

ρ-
non-add –0.1046 0.018 7.06E–08 –0.1405 –0.0686

3.2	 Comparison of the reliability of the new model 
with two complex quantum mechanical approaches 

A suitable method using quantum-mechanically determined molecular 
volumes  (VM) of  an  isolated molecule has  been  developed for  estimating 
the densities of neutral molecules as [20]:
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ρ = Mwmolecule/VM� (3)

where Mwmolecule is the molecular mass of the molecule and VM is the volume 
inside the 0.001 a.u. isosurface of electron density surrounding the molecule, 
calculated using density functional theory (DFT) at the B3LYP/6-31G** 
level [86] with the Gaussian program package [87]. It was indicated that 
adding corrections for electrostatic interactions can be done to better represent 
the intermolecular interactions in neutral CHNO crystals as [88]: 

ρ = α1(Mwmolecule/VM) + β1(vσ2
tot) + γ1� (4)

where σ2
tot is the total variance of the electrostatic potential on the 0.001 a.u. 

molecular surface; the parameter v quantifies the degree of balance 
between the positive and negative potentials on the molecular surface; 
the three parameters α1, β1 and γ1 were found through least squares fitting 
to experimental information.

Table 4 compares the predicted results from Equations 1 and 2 
with the output from the quantum-mechanical approaches of Equations 3 
and 4, which have been computed by Rice and Byrd [22] for a further 32 high 
nitrogen organic compounds as a test set. Table 5 provides the different 
statistical parameters of Equations 1 and 2 as compared to the complex methods 
given in Equations 3 and 4. Five statistical parameters are listed in Table 5, 
viz the average deviation (AD), SD, absolute maximum deviation (ADmax), 
average absolute deviation (AAD), absolute maximum deviation (ADmax) 
and average absolute relative deviation (AARD%). AD measures accuracy, 
which defines the value of bias and systematic errors. As mentioned before, 
SD is a measure of precision, which can be used to determine the spread of 
data around the regression model. ADmax is another measure of precision 
because it determines the worst error in the predictions. AAD is a linear measure 
of errors, which show the average size of errors. AARD% provides an easy 
way of judging the extent, or importance of errors, which facilitates relative 
comparisons among various methods. If the ratio of SD/AAD approaches 1.25, 
it shows that the errors are distributed in a normal pattern. For a heavily-tailed 
distribution of errors, the SD/AAD ratio approaches 1.71 [89]. The values 
of the SD/AAD ratio for Equation 1, Equation 2, Equation 3 and Equation 4 were 
1.26, 1.29, 1.19 and 1.2, respectively. All of the statistical parameters in Table 5 
confirm that Equation 2 is an improvement over Equation 1, where the results 
are unbiased and free from systematic errors. Equations 2 and 4 can predict 
the density of high nitrogen compounds with adequate accuracy and precision. 
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Thus, the reliability of the simple model of Equation 1 is close to Equation 3. 
Moreover, the improved correlations 2 and 4 can make predictions that are more 
reliable than Equations 1 and 3. Comparison between the predicted values from 
the simple models of Equations 1 and 2, as well as from the complex quantum 
mechanical approaches of Equations 3 and 4, with experimental data is also 
indicated in Figure 1. 

Table 5.	 Comparison of the statistical parameters of Equations 1 and 2 with 
the output from the quantum-mechanical approaches of Equations 3 
and 4, which have been computed by Rice and Byrd [22] for 32 high 
nitrogen organic compounds

Model AD
[g·cm–3]

SD
[g·cm–3]

ADmax
[g·cm–3]

AAD
[g·cm–3] AARD% 

Equation 1 0.032 0.057 0.124 0.045 2.903
Equation 2 0.013 0.042 0.083 0.032 2.057
Equation 3 0.035 0.056 0.129 0.047 3.007
Equation 4 –0.021 0.042 0.088 0.035 2.191
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Figure 1.	 Comparison between the predicted values from the simple models 
of Equations 1 and 2, as well as the complex quantum mechanical 
approaches of Equations 3 and 4, with experimental data
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4	 Conclusions

A reliable approach was introduced for the prediction of the density of high 
nitrogen organic compounds (>50 wt.% N) at or near room temperature. 
Equation 1 is a core correlation, which is based on elemental composition, 
for the prediction of the density, and its reliability was improved by considering 
ρ+

non-add and ρ-
non-add in Equation 2. These equations can be applied for different 

types of high nitrogen organic compounds, including triazole, tetrazole, triazine, 
tetrazine, furazan, and some of organic nitrogen-containing chains. The reliability 
of these equations was compared with the output from two complex quantum 
mechanical models. The former facilitate the calculation of densities of different 
high nitrogen compounds, without the need to use complicated expensive 
computer programs, as well as expert operators. Thus, the present method 
provides the simplest and easiest procedure and at the same time gives reliable 
results relative to complex quantum mechanical methods. 
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