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An accurate prediction of explosive performance is of 
significant importance in finding promising candidates for 
novel energetic materials, since synthesizing new compounds 
usually requires a great deal of effort. In the society of 
explosives researches, it is now generally accepted that the 
performance of explosives is predicted with a reasonable 
accuracy, if the heat of formation and density are provided 
accurately.1-3 Our preliminary tests with the Cheetah pro- 
gram2 show that the explosive performance is greatly 
sensitive to the density values, but somewhat less sensitive 
to the heat of formation.3 Based on our previous experiences, 
the density should be predicted within ±0.03 g/cc and the 
heat of formation should be estimated within ±5 kcal/mol, if 
one wants to have a fair accuracy in explosive performance.3 
If one predicts the density value with an error of ±0.05 g/cc 
and the heat of formation of with an error of ±10 kcal/mol, 
the predicted performance may also be acceptable in guiding 
whether new explosive molecules can be worthwhile to 
pursue synthetically, but in some cases the predicted results 
have a possibility of being inaccurate. If one of two inputs 
has a larger error than the criteria mentioned above, the 
predicted explosive performance may be erroneous, unless 
two conflicting errors are cancelled by chance.3

Predicting the crystal density accurately is one of the most 
difficult challenges in computational chemistry.4 Many sci­
entists in various research areas have been attempting to 
predict the crystal packing patterns as well as crystal 
densities based on the arrays of 3-D molecular structure,5-11 
but this prediction is still a formidable task and is known to 
have several huge hurdles in getting the job done in a right 
fashion. Although some applications have been found in the 
area of energetic materials,7,12 this approach may not be 
performed routinely in explosives modeling at this moment. 
We also believe that this approach will not be a practical 
solution since it requires extensive computational works and 
takes relatively long time. Thus, up till now, many research­
ers in the research area of energetic materials still utilize the 
group contribution approach, where the molar volume 
(including void) is obtained by summing up the volume of 
each atom or molecular fragment (group).13 In the society of 
energetic materials, parameters developed by Stine were 
most frequently utilized.14 Stine developed 34 parameters
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representing specific types of atoms by compiling more than 
2000 crystals. Recently, Ammon and Mitchell developed 78 
parameters corresponding to each group as well as atom by 
examining more than 11000 crystal structure data.15 Although 
these approaches will eventually faded away when accurate 
3-dimensional modeling of crystals is regularly available, 
they will remain as a workhorse in the arena of explosives 
modeling.

We wish to present a novel approach in predicting 
densities of energetic materials by using a holographic 
quantitative structure-activity relationship (HQSAR) method. 
This method has recently been developed at the Tripos Inc.16 
HQSAR is a branch of new QSAR techniques, and doesn’t 
require 3D molecular information. In HQSAR, each mole­
cule is divided into structural fragments that are counted in 
the bins of a fixed length array to form a molecular holo- 
gram.16,17 A number of parameters related to hologram 
generation effect the HQSAR model. These are hologram 
length, fragment size, and fragment distinction, where is 
based on atoms, bonds, connections, hydrogens, and chirality. 
The bins are occupied by structural descriptors (independent 
variables) encoding compositional and topological mole­
cular information. Then, QSAR model is generated through 
PLS regression by deriving a linear regression equation that 
correlates variation in structural information with variation 
in property data.

We have carefully selected 449 energetic molecules, the 
observed density of which are well reported in the ICT 
thermochemical database. All these molecules were sketch­
ed by using the SYBYL program (version 6.4). These 
compounds have either nitro or azido groups, and are main 
ingredients of explosives and/or propellants. In order to 
assess the predictability of the HQSAR models, 49 mole­
cules were left out to utilize as a test set. In choosing 
compounds for a test set, we carefully selected the 
compounds the density distribution of which was similar to 
that of total data set. In addition, the test data included some 
of well-known explosives such as 2,4,6-trinitrotoluene (TNT), 
hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), and octahydro- 
1,3,5,7-tetranitro-1,3,5,7-tetraazocine (HMX). Four hundred 
compounds were used to train the HQSAR models, and 
these comprise a training set. We have performed HQSAR 
calculations with 400 molecules by varying fragment size 
and hologram length. All the options for fragment distinc­
tion, except chirality, were utilized in this work. Various 
fragment sizes including 2-6, 3-6, 4-7, and 5-8 were tested.
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Table 1. Comparison of HQSAR Results Due to the Use of the 
Different Hologram Lengths and Fragment Lengths

(0.071) (0.112) (0.084)
a Values in parentheses are average errors.

Run HologramFragment Gaining set Test Sd Number of
ComponentsNo. Length Size r2 q2 r2

1 353 2-6 0.767 0.648 0.672
(0.070)a (0.086) (0.071)

9

2 401 2-6 0.941 0.747 0.819
(0.036) (0.074) (0.064)

23 Model I

3 455 2-6 0.927 0.696 0.782
(0.040) (0.081) (0.064)

18 Model II

4 353 3-6 0.748 0.613 0.648
(0.073) (0.090) (0.072)

9

5 401 3-6 0.936 0.690 0.794
(0.037) (0.082) (0.067)

23 Model III

6 455 3-6 0.934 0.693 0.733
(0.038) (0.082) (0.071)

20 Model IV

7 353 4-7 0.750 0.503 0.486
(0.073) (0.103) (0.072)

11

8 401 4-7 0.791 0.553 0.607
(0.061) (0.097) (0.076)

12

9 455 4-7 0.770 0.539 0.585
(0.070) (0.099) (0.080)

11

10 353 5-8 0.695 0.447 0.465
(0.080) (0.108) (0.079)

11

11 401 5-8 0.844 0.423 0.511
(0.058) (0.112) (0.117)

18

12 455 5-8 0.762 0.412 0.547 13

In addition, the hologram lengths up to 455 were employed. 
Our HQSAR results are summarized in Table 1. According 
to our results, several models, i.e. hologram lengths 401 and 
455 at the molecular fragment of 2-6, and hologram lengths 
401 and 455 at the molecular fragment of 3-6, provided 
reasonably good results. We assigned these models from 
Model I to IV. Calculated density values from these models 
against experimental density values are plotted in Figure 1. 
We have examined the values of r2 and q2 (q2 is also called 
as the cross-validated r2, whose value usually indicates how 
good the model is in prediction.18) to assess the quality of 
these HQSAR models. The r2 values of these 4 models from 
our HQSAR results are 0.93-0.94, which appears to be 
reasonably good, and the q2 values of these models are 
estimated to be 0.75-0.69, which shows our HQSAR models 
have good predictability. Based on these values, the Model I 
is considered as the best model among the options we had 
investigated. We also have utilized a test set in order to see 
the predictability of the models. According to the Model I, 
the r2 values of the test set are calculated to be 0.82, which 
appears to be a reasonable value, although it is slightly lower 
than that of the training set.

As mentioned previously, group contribution approach has 
been widely used to predict the densities of highly energetic 
materials. To evaluate the usefulness of our HQSAR models 
critically, all the density values of the compounds were

Figure 1. Plot of densities predicted by HQSAR Model-I against 
experimental densities (up) and histogram of predicted errors 
(down).

calculated by using the Stine’s method and the Ammon’s 
method again, and compared those density values with our 
HQSAR predicted values. This comparison will provide the 
usefulness of the HQSAR models. Both group contribution 
approaches have two sets of parameters depending upon the 
fitting schemes, i.e. linear and nonlinear. Both approaches 
are known to yield quite similar results,14,15 which is also 
confirmed in our studies. Since the nonlinear fitting is 
slightly better than the linear fitting, our discussion will be 
proceeded only with the results of nonlinear fittings. The 
results from the Stine’s method and the Ammon’s method 
were depicted in Figure 2 and 3, respectively. As it is shown 
in Figures 2 and 3, in some energetic materials, the predic­
tions based on the group contribution approaches had large 
deviations. The r2 values of Stine’s and Ammon’s methods 
were low, i.e. 0.736 and 0.751, respectively, and were some­
what disappointing. The densities predicted by HQSAR 
models are far superior to these group contribution appro­
aches, which are quite ubiquitous in the society of energetic 
materials. Another advantage of the HQSAR method is ultra 
fast, once the HQSAR model has been established. We 
currently continue to elaborate our HQSAR models to
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Figure 2. Plot of densities predicted by Stine’s method against 
experimental densities (up) and histogram of predicted errors 
(down).

Figure 3. Plot of densities predicted by Ammon’s method against 
experimental densities (up) and histogram of predicted errors 
(down).

increase the accuracy in the prediction, and believe this 
method to find itself also in the modeling of energetic 
molecules.
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