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Abstract: In the present paper we report recommendations
for safe handling with unknown explosive materials and
compositions. These are based on quantum-chemical evalu-
ations of the detonation and ballistic profiles of newly syn-
thesized explosives and their comparison with the known
reference compounds. The proposed methodology is rather
simple, fast and does not require special skills. Meanwhile, it
allows an effective quenching of the potential risk asso-
ciated with injuries caused by accidental explosions. Addi-

tionally, we have developed two utilities, which significantly
simplify the calculation process. The proposed algorithm
was found to be more successful in estimation of deto-
nation velocity of several common explosives in compar-
ison with commercially available software EMDB, EXPLO5
and Cheetah 8.0. The reported results will be useful for sci-
entific personnel working in the field of development and
testing of explosives.

Keywords: chemical safety · energetic materials · detonation and ballistic properties · theoretical analysis

1 Introduction

Current industrial, military and scientific applications require
effective high-energy density materials (HEDM), which sat-
isfy the tight criteria of environmental safety and possess
high detonation performance [1–3]. Research and develop-
ment of a new HEDM undergoes scientists of a potential
risk of injuries; therefore, a comprehensive safety program
for research laboratories was recently proposed [4]. These
risks can be associated with the both accidental explosions
and unsatisfied protective measures. Often these two fac-
tors appear simultaneously. Such accidents happen with
frightening regularity leading to serious disorders and often
leaving workers permanently disabled. For example, an at-
tempt to clean mechanically the valve contaminated with
dried aryl diazonium salts resulted in injury of two workmen
[5]. The reason of this accident was in a lack of knowledge
about impact sensitivity of crystalline diazoniums salts and
the study of this phenomenon was performed only after the
accident. By the way, the computer prediction of impact
sensitivity becomes today a “double-click” procedure, since
a number of theoretical models are already developed and
tested [6].

Work with small quantities of explosives, however, does
not guarantee that serious injuries cannot be obtained.
Thus, a student-chemist lost both hands and one eye when
manipulating with explosives in the laboratory [7]. Un-
fortunately, similar accidents are regularly described in the
literature [8, 9]. In contrast to bomb suits, which are neces-
sary for military and some civilian applications assuming
large-scale explosive charges (0.227–0.567 kg) being applied

[10], in the laboratory, the most frequently injured parts of
human body are hands and eyes. Therefore, safety gloves
and ballistic eyewear are the most important personal pro-
tective equipment (PPE). In the case of chemical and bio-
logical hazards, comprehensive decision logic for selection
of protective clothing was developed earlier [11]. Con-
versely, the choice of PPE for explosive applications still re-
mains to be a serious challenge for scientists.

Thus, Klapötke et al. [12, 13] tested safety gloves using
explosions of 1 g of lead azide in a 10 mL flask. He found
that double-glove combination provides sufficient pro-
tection, but a wider test series must be carried out to elabo-
rate standardized testing protocol [13]. Murray et al. [14, 15]
also performed such tests for hand, eye, face and body pro-
tection and found that in the relative vicinity between the
operator and explosive material, even small quantities of
the latter (0.3 g) can lead to serious injuries. For ballistic
eyewear, however, these norms already exist and according
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them, the eyewear must be resistant to a 0.15 caliber T37
shaped projectile at a velocity of 640–660 ft/s [16].

Level of protection provided by PPE is usually estab-
lished on the basis of existing standards of explosives (Fig-
ure S1 in ESI). Detonation properties of RDX and HMX
(chemical names are given in Table S1 in ESI) are generally
applied as reference values for comparison with the pre-
dicted or newly synthesized explosives, which often are
much more powerful. Recently, we have predicted single-
bonded crystalline phase of nitrogen, which demonstrate
the calculated detonation pressure and velocity equal to
146.06 GPa and 15.86 km/s, respectively [17]. Similar values
demonstrate the other allotropes of nitrogen including mo-
lecular crystals [18]. When handling such powerful ex-
plosives, the safety criteria become tighter and the only
way to estimate an appropriate level of protection is to per-
form quantum-chemical calculations.

In the present paper we have focused on the safety
norms and regulation which directly depend on the deto-
nation properties of explosive materials. The purpose of this
article is to describe a clear methodology allowing ex-
perimentalists to perform quantum chemical calculations
from scratch.

2 Affected Norms and Regulations

Apart of the norms for PPE described in the previous sec-
tion, there are several linear parameters, which determine
personnel safety during surface mining blasting applica-
tions. These parameters directly related with the detonation
properties of the explosives applied. Thus, the distance rscatt

(m), which is dangerous for people due to scattered of in-
dividual pieces of rock, can be expressed as the following
[19]:

rscatt ¼ 1250hexpl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

f
1þ hfill

d
a

s

ð1Þ

where, hexpl and hfill are the coefficients of a blast-hole filling
with explosive and filler, respectively; f is the coefficient of
rock strength according to the Protodyakonov scale; d is the
hole diameter; a is the distance between the holes in a row
or between the rows (m).

The coefficients hexpl and hfill can be expressed as in eq 2
and 3:

hexpl ¼ lexpl=L, ð2Þ

hfill ¼ lfill=Lstemm, ð3Þ

where, lexpl and lfill are the heights of explosive and filler; L
and Lstemm are the hole depth and stemming height, re-
spectively [19].

Another important parameter is the distance rD (m),
which excludes the possibility of detonation transferring
from the explosion on the ground surface. It is determined
by the formula [19].

rD ¼ KD

ffiffiffiffi

Q3
p ffiffiffi

b4
p

ð4Þ

Herein, KD is the coefficient, which depends on the na-
ture of explosive; Q is the mass of the active explosive (kg);
b is the less linear size of the passive charge (stack width).

Finally, the chemical hazard of the explosive gases can
be quantified via the safe distance rgas (m), which excludes
the action of toxic gases after explosion; this can be ex-
pressed by the formula [19]:

rgas ¼ 160 �
ffiffiffiffi

Q3
p
� ð1þ 0:5uwÞ ð5Þ

where uw is the wind speed. In perpendicular direction to
the wind and during calm the term (1 + 0.5uw) equals to
unity.

Moreover, in the Ukrainian regulations on civil blasting,
there are other prescribed norms which are directly related
with the detonation power of explosives [20]. Thus, safe
work with unknown energetic materials assumes estimation
and comparison of three main groups of properties, which
are presented in Scheme 1. The aim of the present paper is
to provide recommendations for estimation algorithm
which covers the first two groups of properties before these
will be examined experimentally according to the devel-
oped protocols [21]. The sensitivity parameters, however,
also form a very important group of factors, which can be
the reason of accidental explosions, but this requires a
more specialized consideration and cannot be described in
terms of the present paper.

3 Results and Discussion

3.1 Detonation Profile

The main detonation properties of an explosive include det-
onation velocity (D, m/s) and pressure (P, GPa). There are

Scheme 1. The main elements of the safety information of ex-
plosives.
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many approaches in the literature which allow calculating
these quantities. In this paper we do not intend to provide
a fully comprehensive review but we should highlight con-
tribution of Keshavarz who published about 40 individual
papers on different quantitative “structure-property” rela-
tionships (QSPR) in the field of detonation performance and
sensitivity of explosives. These methods are well reviewed
in two recent books [22, 23]. Moreover, on the basis of these
QSPRs, a program package EMDB was recently developed
providing more than 30 properties of HEDM [24]. This pro-
gram has a serious advantage in comparison with other
popular commercially available software, EXPLO5 [25] or
Cheetah 8.0 [26], since it does not need any input in-
formation other than a molecular structure. Therefore, in
the present work, we describe an algorithm which does not
require any numerical input data as well. The key point in
this algorithm is the empirical scheme developed by Kamlet
and Jacobs (eqs 6 and 7) [27]:

D ¼ 1:01 N �M1=2Q1=2
� �1=2

1þ 1:3010ð Þ ð6Þ

P ¼ 1:55812
0N �M1=2Q1=2, ð7Þ

where N and M are the dimensionless structure-derived
quantities. These parameters, together with the detonation
energy (Q, cal/g) value, can be calculated in three ways de-
pending on an appropriate structural criterion, which de-
pends on the empirical formula. For the general case of Ca

HbOcNd composition these variations of the N, M and Q pa-
rameters are the following [27]:

Criterion I: c � 2aþ b=2:

N ¼ ðbþ 2cþ 2dÞ=4MW ð8aÞ

�M ¼ 4MW=ðbþ 2cþ 2dÞ ð9aÞ

Q ¼ ð28:9bþ 94:05aþ 239DH0
f Þ=MW ð10aÞ

Criterion II: 2aþ b=2 > c � b=2:

In this case, the parameter N is described as in eq 8a.

�M ¼ ð56d þ 88c� 8bÞ=ðbþ 2cþ 2dÞ ð9bÞ

Q ¼ ð28:9bþ 94:05ðc=2� b=4Þ þ 239DH0
f Þ=MW ð10bÞ

Criterion III: b=2 > c:

N ¼ ðbþ dÞ=2MW ð8cÞ

�M ¼ ð2bþ 28d þ 32cÞ=ðbþ dÞ ð9cÞ

Q ¼ ð57:8cþ 239DH0
f Þ=MW ð10cÞ

Herein, MW stands for molecular weight and DH0
f is the

standard solid-state enthalpy of formation. Thus, the latter

quantity along with the crystal density 1 (g/cm3) becomes
the only value which must be calculated (see Scheme 2).

Let us first consider the crystal density. Actually, this
problem can be reduced to the condensed (not necessarily
solid) phase density since the difference between the solid
and liquid phase densities are usually small. In this case, one
can simply estimate the volume of a molecule as an isosur-
face of a defined value of the electron density (usually 0.001
a.u.) which can be carried out using freely distributed Mul-
tiwfn program code [28]. Of course, one can apply more so-
phisticated methods which include the Monte Carlo simu-
lation of a mole of the condensed molecules or to perform
a crystal structure prediction for a set of the most fre-
quently appeared space groups (usually P1 and P21/c which
cover more than a half of entries in the Cambridge Struc-
tural Database) [29]. But these methods require more speci-
alized skills and are time-consuming. Note that the calcu-
lations should be performed for the predicted molecule and
for a reference molecule to estimate absolute error of the
calculation. If this correction is done, even the simplest ap-
proach based on the molecular volume estimation can pro-
duce reliable results. Thus, all you need is a file with ex-
tension *.wfn, which can be generated automatically when
using PC GAMESS or Firefly [30] codes for ab initio or DFT
calculations. The Gaussian users can format the corre-
sponding *.chk file using FormChk utility and obtain an
*.fch file which can be used as an input for Multiwfn pro-
gram. Herein, we do not present detailed tutorials for using
the above-mentioned software since it can be found else-
where.

Similarly, the value of standard enthalpy of formation
DH0

f can also be calculated in a few ways. The simplest way
is to obtain a semi-empirically derived value of the gas-
phase enthalpy of formation at 0 K. This option is available
for different semi-empirical codes (MOPAC, HyperChem,

Scheme 2. Principal stages of the theoretical analysis of an ex-
plosive.
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etc.). The value obtained this way, however, can be reliable
only for the known families of compounds for which the
methods are parameterized. For unknown classes of com-
pounds, especially when new types of chemical bonds are
present, the semi-empirical methods can suffer from a lack
of appropriate parameterization; therefore, one should ap-
ply ab initio or DFT methods. One of the most popular ap-
proaches is the complete basis set (CBS) method which is
realized in Gaussian program suite [31]. This allows obtain-
ing gas-phase DH0

f values at 298 K.
Finally, it is necessary to calculate the solid-state en-

thalpy of formation since real explosive samples are usually
crystalline materials. In general case, this transformation is
done as in eq 11.

Df H�solid ¼ Df H�gas � DHsub, ð11Þ

Where DHsub stands for the sublimation energy. Again,
there are several approaches to obtain the latter quantity.
The most popular include estimation of the sublimation en-
ergy via molecular electrostatic potential (eq 12) [32]:

DHsub ¼ aA2 þ b
ffiffiffiffiffiffiffiffiffi

vs2
tot

p

þ g, ð12Þ

where A is the molecular surface as described above; stot is
total molecular electrostatic potential; n is the charge bal-
ance; a, b and g are the least-squares fit coefficients. The
sublimation energy values can be calculated using the Mul-
tiwfn program. It is worth noting that in the case of liquid
explosive material the sublimation energy must be replaced
by the corresponding vaporization energy (DHvap) [32]:

DHvap ¼ a
ffiffiffi

A
p
þ b

ffiffiffiffiffiffiffiffiffi

vs2
tot

p

þ g: ð13Þ

Another approximation for obtaining the DHsub values is
based on first-principles calculations of the corresponding
crystal structure [33]. Thus, in this case one should have a
predicted crystal structure of the studied explosive. Within
this approach the DHsub values are expressed via the lattice
energy Elatt as in eq 14.

DHsubðTÞ ¼ �Elatt � 2RT ð14Þ

Herein, the Elatt can be calculated as the following:

Elatt ¼
Esolid

Z
� Egas, ð15Þ

where Esolid is the total energy of an asymmetric cell, Z is the
number of formula units per asymmetric cell, and Egas is the
total energy of a formula unit in the gas phase.

Once the calculation of crystal density and solid-state
enthalpy of formation is done, one can easily calculate det-
onation energy, pressure and velocity using equations
which are presented above. Since these computations are
time-consuming we have developed a PascalABC.NET rou-

tine (for C�H�N�O explosives), which analyzes the corre-
sponding structural criterion for a given chemical formula
and prints all the data, namely, N, M, Q, D and P values. The
input file (input.txt) for RDX looks like this:

The corresponding output file (output.txt) also contains
the value of oxygen balance and other information.

Despite the apparent complexity of the discussed calcu-
lations, the appropriate skills of a researcher and powerful
hardware allow reducing the time for preliminary theoret-
ical study to several hours. On the other hand, the effect of
these analyses is very important in terms of occupational
safety criteria. A brief analysis of the literature data for the
last few years provides a solid understanding that the era of
RDX and HMX gradually ends. Today, the more and more
novel explosives with enhanced detonation properties,
which exceed those of RDX and HMX are synthesized (Ta-
ble S2 in ESI). Thus, the potential risk of injuries substantially
rises and the safety criteria must become tighter.

Summarizing this section, we present results on pre-
diction of the D (m/s) values for several common explosives
in comparison with ones recently obtained using EMDB
software (Table 1). The calculation details and statistical
treatment of the results along with ones previously ob-
tained with EXPLO5 and Cheetah 8.0 software are pre-
sented in Tables S3–S6, Figure S2 and Scheme S1 in ESI. We
should stress that our method exhibit better results com-
pared to the EMDB software. The EXPLO5 code gives stat-
istical estimates being similar to ones obtained for our
method, but this software does not predict crystal density
and solid-state enthalpy of formation; therefore, such com-
parison is not reasonable. Finally, the above-mentioned cal-
culations were performed on a personal computer and took
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about 7 hours, amounting to approximately one hour for
one explosive on average.

3.2 Ballistic Profile

Typical ballistic properties of a material include those listed
in Scheme 1. As it follows from Scheme 2, the algorithm for
ballistic properties calculation assumes obtaining of the mo-
lecular vibrational spectrum. Similarly to the previous sec-
tion, the vibrational spectrum is necessary for obtaining
thermodynamic functions, but in this case one should ex-
tract a temperature dependence of three thermodynamic
functions, namely, isobaric heat capacity (CP), enthalpy (H)
and entropy (S). These data should be first collected in the
tabulated form and then converted to so-called NASA 9 co-
efficients as the least square fit coefficients (a1…a9) for the
polynomials of the following forms (eqs 16–18) [34]:

C�p
R
¼ a1T�2 þ a2T�1 þ a3 þ a4T þ a5T 2 þ a6T 3 þ a7T 4 ð16Þ

H�

RT
¼ �a1T�2 þ a2T�1 þ ln T þ a3

þa4

T
2
þ a5

T 2

3
þ a6

T 3

4
þ a7

T 4

5
þ a8

T

ð17Þ

S�

R
¼ �a1

T�2

2
� a2T�1 þ a3lnT

þa4T þ a5

T 2

2
þ a6

T 3

3
þ a7

T 4

4
þ a9

ð18Þ

The tabulated data on the functions CP(T), H(T) and S(T)
along with the Df H

0
solid value should be presented in a file

with extension *.i97. Herein, we do not discuss the structure
of this file since it can be found elsewhere. Of course, one
can manually calculate the CP(T), H(T) and S(T) at different
temperatures using the known equations (see handbooks
on physics of molecules), but this procedure is very pains-
taking and it takes much time. Therefore, specialized soft-
ware was developed to transform the information from vi-
brational spectrum to an *.i97 file. One of the most
convenient codes is GPOP (Gaussian Post Processor) [35]. It

converts *.out or *.log files (Gaussian output files) to the
corresponding *.i97 file. Again, a detailed description of the
program can be found at the software website.

Once an *.i97 file is created, it then should be converted
to the corresponding *.c97 file in which the NASA 9 co-
efficients are presented in a specialized form. This can be
done using PAC99 code, which may be found in both the
GPOP list of routines and the NASA CEA (Chemical Equili-
brium with Applications) program package [36]. When the
NASA 9 coefficients are obtained for a given compound,
these should be transferred to a thermo.inp file. This file
contains thermodynamic data (in the text form) on all the
chemical species, which can be handled by the CEA pro-
gram. But to complete defining of a new reactant, the ther-
mo.inp file should be reformatted into the corresponding
thermo.lib file, which can be used directly for the calcu-
lations with the CEA program. This can be done by a simple
run of the CEA program (see the program manual for de-
tails). At this stage, everything is ready for calculation of the
ballistic properties based on the spectral data obtained by
means of the of an isolated molecule calculation.

To obtain more correct spectral characterization of a ma-
terial, one should calculate vibrational spectrum for its crys-
talline state. In the case of polymorphism of explosives this
is the only way to distinguish their physical properties [6]. In
this context, we have developed a PascalABC.NET routine
for transformation of the spectral data derived form two
very popular programs for periodic calculations, namely, CA-
STEP and DMol3 as implemented in Materials Studio 7.0 pro-
gram suite [37]. The spectral data obtained by these pro-
grams should be exported in the form of comma-separated
(*.csv) files and then the data should be copied and pasted
into an input.txt file of the following form:

In this example we demonstrate an input file to convert
data obtained from a CASTEP calculation of an RDX crystal.
As a result, the program creates an *.i97 file and also a
*.thermo file with tabulated data at 298 K. This is very useful
since the CASTEP output does not contain explicit thermo-
dynamic data at standard temperature. Finally, the obtained
*.i97 file then should be transformed in the same way as
described above. Now, having a thermo.lib file with the de-
fined new reactant, one can create an input file for the CEA
program. This file has extension *.inp while the correspond-
ing output file has extension *.out. Description of these files
can be found in the program manual [38]. Thus, a number
of very important ballistic properties can be easily calcu-
lated, which allows estimation of the potential hazards for
an explosive under development.

Table 1. The calculated values of D (m/s) for several common ex-
plosives obtained using the EMDB v1.0 software [24] and according
to our algorithm.

Explosive Experiment [24] EMDB v1.0 [24] Present work

TNT 7026 7230 (3 %) 7101 (1 %)
HNS 7200 7620 (6 %) 7482 (4 %)
RDX 8833 8670 (�2 %) 8943 (1 %)
e-CL-20 9570 9600 (0 %) 9668 (1 %)
TKX-50 9432 9140 (�3 %) 9890 (5 %)
NTO 8335 8080 (�3 %) 8167 (�2 %)
DAAF 8110 7960 (�2 %) 7913 (�2 %)
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4 Conclusions

Summing up, we presented in this paper a schematic algo-
rithm for calculation of the detonation and ballistic profiles
of explosives or any other materials. Of course, we do not
state that this approach is the only correct. The proposed
algorithm includes a part of quantum-chemical calculations
(structure optimization and vibrational spectra predictions)
and post-SCF computations. Due to a rising interest to en-
ergetic materials in extreme conditions including nitrogen
allotropes [17, 39] or polyguanidine-based monolayers [40],
the safety problem becomes a crucial point in the ex-
perimental study. In order to facilitate the process of ballis-
tic properties estimation for such periodic materials, we
have developed a utility, which can be obtained from the
corresponding author.

Despite the discussed detonation and ballistic proper-
ties, which determine the power of energetic materials,
there is another very important safety criterion, namely, sen-
sitivity. Obviously, this problem is multifaceted and chal-
lenging and it deserves a separate discussion. On one hand,
the theoretical analysis of sensitivity phenomenon requires
some specialized skills. Moreover, the choice of empirical
sensitivity model may become critical due to their variety.
On the other hand, sensitivity parameters are even more
important than the detonation and ballistic properties in
terms of occupational safety. Thus, the development of a
simple and versatile algorithm for theoretical estimation of
sensitivity (mainly impact sensitivity), which can be appli-
cable for both the molecular and solid-state approaches, is
of great importance and becomes the issue of further study.
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