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density (d.), for which simple zeroth-order additive models . {Detonation velocity|

based on the atomic increments are developed in this work, we
also consider compositional factor being an intrinsic characteristic
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of each single empirical formula. Using a wide number of reference delgem™) o o

molecules (320 for AH; and 360 for d.), we have developed "‘w
empirical equations, which provide rather good correlation
coefficients R> = 0.90 and 0.80 for AH; and d,, respectively.  °” Density
Knowing these two equations and empirical formula, one can

predict the detonation properties of a C—H—N—O explosive using a pocket calculator. Of course, such an approach, which
completely neglects chemical structure, can be applied mainly for structurally similar compounds. However, having significant
differences between the predicted detonation properties of two compositions, the account of their exact structures cannot reorder
the predicted values. Thus, this paper can be used as a simple guide for molecular engineering and explosive structure enhancement.
For this purpose, we provide a list of all compositions with the predicted properties up to C;yH;)N3,O3 in the Supporting
Information. To demonstrate how it works, we have applied the developed approach along with quantum-chemical calculations to
model chemical structures outperforming e-hexanitrohexaazaisowurtzitane (the most powerful explosive) in detonation
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1. INTRODUCTION

Engineering of new energetic materials is a growing area of
research aimed to meet human needs in high-energy-density
materials for both civilian and military applications, which must
satisfy tight criteria of sensitivity, toxicity, etc." Taking into
account risks and costs of such experimental studies, computa-
tional supports demonstrate increasing impact in the field. To
date, a number of theoretical methods are developed to predict
the detonation properties of materials, including heat of
detonation; detonation pressure, velocity, and temperature;
Gurney energy; and power (strength).” Also, a number of
different thermodynamic codes and methods, including various
structure—property relationships and neural networks, are
developed to perform such calculations ;7' however, currently,
the most popular software are EXPLO-5,'” Cheetah, *
Lotuses,19 EMDB,20 etc.

The above-mentioned software calculates chemical equili-
brium, the Chapman—Jouguet (CJ) state, iteratively using
various equations of state, namely, Becker—Kistiakowsky—
Wilson (BKW), Cowan—Fickett, Murnaghan, etc.’ At the
same time, a simple empirical scheme was proposed by Kamlet
and Jacobs (KJ), which does not assume any iterative procedures
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to be applied. As a result, detonation velocity (D) and pressure
(P) can be easily obtained using eqs 1 and 2’

D = A¢'*(1 + Bp,) (1)

P =Kp'¢ 2)

where p is the density; A = 1.01, B = 1.30, and K = 1.558 are
empirical constant, which are applied to best fit the CJ state; and
¢ can be expressed as the follows”'

¢ = NM'2Q? 3)

where N is the number of moles of gaseous species per gram of
the explosive, M is the average molecular weight of the gaseous
products, and Q is the energy released by the decomposition
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Figure 1. Graphical description of the influence of redox ratio in the molecules of C—H—N—O explosives.

reaction as obtained using the H,O—CO, arbitrary and can be
expressed as

_ (X nAH{) - AH}
MW (4)

where AH{ and AHY are the enthalpies of formation of the given
explosive X and its detonation products P, scaled by their mole
fractions n; and MW is the molecular weight of X.

In principle, the KJ scheme can be applied beyond the C—H—
N—O compositions. In particular, it can be extended to various
metal-containing compounds, where metal elements are
assumed to form metallic oxides being inert solids that release
heat rather than gases.”” On the other hand, if a C,H,0O.N,
composition is considered, then, taking into account the H,0—
CO, arbitrary, N, M, and Q can be expressed according to their
internal oxidation ability (stoichiometric ratio) as follows™

RatioIc¢>2a+b/2

Q:

N = (b + 2c + 2d)/4MW (5a)
M = 4MW/(b + 2¢ + 2d) (6a)
Q = (28.9b + 94.05a + 239AH;) /MW (7a)
Ratio Il 2a + b/2 >c > b/2

In this case, the parameter N is described as in eq Sa.
M = (56d + 88c — 8b)/(b + 2c + 2d) (6b)
Q = (28.9b + 94.05(c/2 — b/4) + 239AH?) /MW

(7b)
Ratio IIT b/2 > ¢
N=(b+d)/2MW (5¢)
M= (2b + 28d + 32¢)/(b + d) (6¢c)
Q = (57.8¢ + 239AH{) /MW (7¢)

Recently, we have applied the KJ scheme to predict the D values
for seven common explosives (TNT, HNS, RDX, &-CL-20,
TKX-50, NTO, and DAAF) and confirmed its reliability since
the predicted values appeared to be closest to the experimental
ones.”* As it follows from egs 5a, Sc to 7a—7c, stoichiometry can
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significantly affect detonation performance. To demonstrate
this, we have performed a series of calculations of D and P values
for a variable composition C,H,N,;O5,. Within these
calculations, enthalpy was kept constant (AH; = 100 kJ
mol™") and density was roughly estimated using the additive
model described in Figure S1 in the Supporting Information. It is
clearly seen that the line 2a + b/2 = 50 (QCOZ = 0) corresponds

to the maximum performance in both the cases (Figure 1). Thus,
empirical formula appears to be a crucial factor determining D
and P values.

But what can we say about the influence of density and
enthalpy of formation? To demonstrate how the error of
prediction of d. and AH affects the accuracy of the resulting D
and P values, we have performed a series of calculations for RDX
(Figure 2). As one can see, within a 1% error for D, the error of
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Figure 2. Influence of errors in the prediction of d. and AH; on the
accuracy of the D and P values.

prediction of d. and AH; can be varied in the ranges of —1.4—1.4
and —220.2—42.0%, respectively. Similarly, for P, these ranges
are —0.5—0.5 and —53.0—26.4%, respectively. It becomes clear
that enthalpy of formation is the least important factor, while
stoichiometry and density are much more important. We should
stress, however, that the change of a relative error of AH; makes
little sense since the origin of the AH¢ data is a matter of pure
convention, in contrast to heats of explosion or detonation
energy (Q). For any energetic material whose AHis sufficiently
close to zero, a large relative change in AHis insignificant as this
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represents only a small absolute variation. On the other hand,
when applying the KJ scheme, a user does not deal with Q but
AHj; therefore, the influence of the AH; estimation error is of
practical interest. Thus, in this paper, we have tried to show how
much information one can obtain from a simple chemical
composition. This allows us to perform a preliminary crude
estimation of a possible structure using a pocket calculator.

2. COMPUTATIONAL DETAILS

All of the calculations of detonation performances were done
using our developed code written in the PascalABC.Net
programming language. This code can be used in manual and
automatic modes. In the latter case, it can predict the d, AHy,
Qco, Q D, and P values within a custom-defined range of

C,H,N.O,, compositions and order them according to a custom-
defined property. In this work, we provide a list of calculated
compositions up to C3gH;3gN3,O3, which are ranged by the D
values (462241 compositions). Such a number of formulas is
determined by the condition (eq 8) that considers only the
compositions possessing even sum of the total valences

4x+y+3z+2w mod2=0 (8)

The code also has two simplifications: (1) all allotropic
compositions have AH; = 0; (2) if Q < 0, then D = P = 0.

Gibbs tetrahedrons were built using Matlab r2014a. The
corresponding input scripts were generated using our other
code, which applies eqs 9—11 to set coordinates of a point inside
the Gibbs tetrahedron and assigns to it an RGB triplet within the
rainbow colormap. The latter corresponds to its calculated
property (d,, AHg D, or P).

az abq(100 — z)  acq(100 — z)
"~ 200 5000 20 000 )
_ az V3 acq(100 - z)
7= 20043 20 000 (10)
z=d (11)

where a = 50\/6, b=wt%(H), c=wt %(C), d=wt %(0),and g
= —100/(z — 100) for z < 100.

Quantum-chemical calculations were performed using
Gaussian09”® and Materials Studio 2017°° suite of programs
for nonperiodic and periodic systems, respectively. Vacuum
isolated molecules were optimized using the DFT (wB97XD)/6-
31G(d,p) method,””** and their Merz—Kollman electrostatic
potential fitting partial charges were obtained. Crystal structure
predictions were performed with the Polymorph module of the
Materials Studio 2017 program suite using ab initio force field
COMPASSII (Condensed-phase Optimized Molecular Poten-
tials for Atomistic Simulation Studies).”” " The crystal structure
prediction was performed for the following five most frequent
space groups: P2,/c (34.3%), P1 (25.0%), C2/c (8.3%), P2,2,2,
(7.0%), and P2, (5.1%).*" Then, the lowest-energy structures
were applied for crystal density estimation. Lattice energies were
calculated in terms of all-electron approximation using pure
GGA functional due to Perdew—Burke—Ernzerhof (PBE)*
along with a double-numerical basis set, DNP, as implemented
in the DMol® code.* This code allows us to treat both periodic
and nonperiodic systems with the same method without use of
supercell approximation.

Solid-state enthalpies of formation of model compounds were
calculated using eqs 12—14.>*7*° This method was recently
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applied at the B3LYP/6-311++G(2d,2p) level of theory,”>* but
this approach is very expensive; thus, we have reparametrized
atomic energies for a less expensive wB97XD/6-31G(d,p)
approach.

AHgas = EC[H/NkOI - (iEC + jEH + kEN + lEO) (12)
AH,, = —E,, — 2RT = — 214 o p _5py

sub — T Flatt - + gas (13)
AHsolicl = AI_Igas - AHsub (14)

where AH,;q AH,,, and AHjy, are the solid-state and gas-
phase enthaplies of formation and sublimation, respectively, and
Ecpp0,and Ex are the ZPE-corrected total energies of the given

molecule and the constituting elements in their stationary states
(graphite, ' 37¥ H,, 'Y N,, and *} 0 O,), respectively. At the
®B97XD/6-31G(d,p) level of theory, these values are as
follows: E- = —38.10444, Ey = —0.58064, Ey = —54.74804,
and Eg = —75.12972 Ha. E ;4 and E, are the energies of an
asymmetric cell and an isolated molecule, respectively, and Z’ is
the number of formula units per asymmetric cell.

Thus, the Gaussian09 calculations were performed for
calculating: (1) the AHg, values from eq 12 and (2) the
Merz—Kollman charges needed for Polymorph predictor using
the COMPASSII force field. The DMol® calculations were used
to derive sublimation enthalpies from eq 13, after relaxing the
lowest-energy crystal structures predicted with Polymorph.

3. RESULTS AND DISCUSSION

3.1. Enthalpy of Formation. First of all, we have tried to
quantify enthalpy of formation based on an additive model. Such
approaches, which are based on additive schemes of the zeroth
(atoms), first (bonds), and second order (groups), were put
forward long ago in a seminal paper of Benson and Buss.’’
Afterward, such approximations were widely applied but mostly
for structural increments (bond and group additivity) for both
gas-"*~*! and condensed-phase*~*” enthalpies of formation. In
our case, we know nothing about the structure (the zeroth-order
approximation); therefore, we assume that the structure-
dependent term in eq 15 equals zero.

AH; = xE; + yEy + zEy + wE, —

EC H N0,
structure —independent term

xt by Nz

structure —dependent term
(15)
Hence, for an empirical formula, heat of formation can be

expressed as a sum of atomic increments multiplied by their
indices (eq 16)

AH; = xE; + yEy + zEy + wEq (16)

Such an equation can be solved analytically only when a
molecule consists of two elements, for example, a normal
hydrocarbon. Using condensed-phase enthalpies of formation
for n-C3Hg and n-C;,H,,, which equal —119.8 and —301.0 kJ
mol ™!, respectively,*® one can write

- ‘ (17)

Solving this system, one obtains E- = 16.26 and Ey = —21.07,
which means that carbon contributes positively and hydrogen
contributes negatively to the AH; values. As a result, any
intermediate value is easily obtained, for example, for n-hexane,

—119.8
—301.0

3 8
10 22

https://dx.doi.org/10.1021/acs.iecr.0c05607
Ind. Eng. Chem. Res. 2021, 60, 1952—1961


pubs.acs.org/IECR?ref=pdf
https://dx.doi.org/10.1021/acs.iecr.0c05607?ref=pdf

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

Table 1. Values of Slope (a) and Intercept (b) at Various n

n=1

entry n=2 n=3 n=4 n=>5 n==6 n="7 n=38 n=9 n=10
a 11357 0.8529 2.0813 1.0595 5.6788 2.3519 1.3199 0.832 1.3637 0.8409
b 112.24 220.3 243.17 74.857 466.19 22343 77.867 108.64 198.26 90.717
one can write (16.26 X 6) + (—21.07 X 14) = —197.4 k] mol™}, . 3000
while the experimental value is —198.7 kJ mol™1.*® R*=090 AHiheon) = (32 — 26y + 89z = 56w)a + b
However, when the number of double bonds or degree of n=250 a=1.2845, b =-204.07 ¢ /
unsaturation (eq 18) rises, coefficients E; and Ey change. 5 . -
Therefore, the best way is to express them via the corresponding B
values for alkanes (n = 0) with different slope (a) and intercept < Y
(b) corrections (Table 1). H
m\.
3

n=x-y/2+z/2+1 (18)

With such correction, the predicted values for 70 hydrocarbons
up to n = 10 demonstrate a good correlation with experimental
ones and provide R* = 0.94 (Figure 3). The corresponding
numerical data along with the chemical names are listed in Table
S1 in the Supporting Information.

600.0
R2=0.94 AHpgheon = (16.26x — 21.07y)a + b
— 500.0
n=70 forn=0,a=1and b=0
400.0| *
3000
*
2000 °
100.0 |

200 400 600

AHjgheor) (KJ/mol)

-200
> -0
-200.0|
-300.0|

-400.0
AHjexpery (KJ/mol)

Figure 3. Correlation of the predicted and experimental condensed-
phase enthalpies of formation for 70 hydrocarbons.

Unfortunately, for more complex cases, such a simple model
cannot be applied since there is no general functional
dependence between atomic increments for an arbitrary set of
compounds. Therefore, we have used a set of 250 arbitrary C—
H—-N-O compositions with experimentally known enthalpies
of formation and build a system (eq 19)

xEc  yEu zEx  wiko AH¢1
xEc  2Ey  2En wEg AH2
%y50Ec DyoBn ZasoEn WasoEo AH;250 (19)

Then, coeflicients Ex have been varied with a subsequent least-
square fitting of the predicted array of AH¢to the corresponding
experimental values at each step (Table S2 in the Supporting
Information).

As a result, we have obtained a good correlation (R* = 0.90),
which is illustrated in Figure 4. Similar to the previous case,
carbon contributes positively (E¢ = 32 kJ mol™') and hydrogen
contributes negatively (Ey = —26 kJ mol™'). Furthermore,
nitrogen also contributes positively (Ey = 89 k] mol™") and
oxygen contributes negatively (Eq = —56 kJ mol™"). Note that
the fractional parts of the Ey are omitted, since these do not
affect R* with such a scattering of AH; values. Thus, now it
becomes clear that compounds bearing many carbons and

1955

-1000 1000 1500 2000 2500

AH/(cxpcr) (kJ/mOI)

Figure 4. Correlation of the predicted and experimental condensed-
phase enthalpies of formation for 250 arbitrary C—H-N-O
compositions.

nitrogens should have high AH; values and those bearing many
oxygens and hydrogens should have negative ones. For example,
1,1’-azobis(3,5-diazido-1,2,4-triazole) C,N,, has AH; = 2150.8
(2246.8) kJ mol™!,*” while pentaerythritol tetranitrate
CsHgN,O,, has AH; = —538.5 (—671.6) kJ mol™.*

3.2. Crystal Density. Similar to enthalpy of formation,
additive models, which are based on both the higher-so_52 and
zeroth-order”” approximations, were also applied for density. As
in the previous section, we apply the zeroth-order approximation
based on pure atomic volumes (Figure ), which are obtained

Atomic volumes Vy (A3)
C 23.22782 N 19.16077
H 7.23823 O 14.13717

Figure 5. Normal molecule (left) and additive model (right) for 2,4,6-
trinitrotoluene as an example.

from the corres3ponding van der Waals radii.”* But unlike a
previous work,” where crystal cell volumes were analyzed to
derive average atomic volumes, we have performed an inverse
procedure. In the present work, densities are obtained on the
basis of a regression equation between the predicted (additive)
and real (experimental) crystal densities. Thus, we have used
empirical formulas of 360 energetic materials and calculated
densities for their additive models (Figure S). These values
correlate well with the corresponding experimental data (Table
S3 in the Supporting Information) providing R* = 0.80; on the
basis of this correlation, a regression equation was obtained (eq
20).

ptheor = [

Y A, (atoms)

2.0755 + 0.3136
> Vy,(atoms) ]

(20)

https://dx.doi.org/10.1021/acs.iecr.0c05607
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The calculated (eq 20) values of d. against the corresponding
experimental densities are illustrated in Figure 6. Despite the d,

1.200

1.000
0.900

1.300

1.100 1.500

dyy (g/em?)

1.700 1.900 2.100

Figure 6. Correlation of the predicted and experimental crystal
densities for 360 arbitrary C—=H—N—O energetic materials.

values of the most energetic materials vary in a rather narrow
range, we have obtained relatively good estimates: A, =0.293,
A, = —0.224, mean = 0, median = 0, mode = 0.036. For
absolute values of A, the latter three estimates are the following:
0.068, 0.055, and 0.004. Thus, one can conclude that eq 20 is
accurate enough to provide a crude estimation of the densities of
energetic materials.

3.3. Validation of the Approximation. To check how the
described approach can be applied in practice, we have first
predicted d., AHy, D, and P values for 177 energetic materials of
different arbitrary families, which were not used for calibration of
eqs 19 and 20 (Table S4 in the Supporting Information). As a
result, clear correlations are tracked; however, the correspond-

ing R* values are relatively low, being 0.53 for P and 0.41 for D
(Figure S2 in the Supporting Information). This means that the
presented approach cannot be directly used for comparison of
two compositions from structurally very different families.

But what if one compares the predicted D and P within a set of
structurally similar compounds? For this purpose, we have
chosen four arbitrary families of energetic materials including
salts of 1H,1'H-5,5'-bistetrazole-1,1’-diolate,>* 3-(3-dinitrome-
thanide-1H-1,2,4-triazol-5-yl)-4-nitraminofurazanate,”® di(1H-
tetrazol-5-yl)methanamine,”” and N,N’-methylenebis(N-(1,2,5-
oxadiazol-3-yl)nitramide).”” The corresponding numerical data
are listed in Table 2. As one can see, the R? values are much
higher and reach 0.88, which suggests that empirical formula is a
crucial criterion, while an exact structure is a minor. Thus, the
described approach can be easily applied to search the best
composition within a desired structural family or to improve the
existing family by variation of cation/anion in energetic salts or
by variation of substituents, etc.

Additionally, it is interesting to compare the results of the
presented approach with other prediction methods, which take
into account exact chemical structures. For this purpose, we have
chosen a few papers by Keshavarz et al, where the d_***
AH;*"%* D,>® and P** values are predicted for a wide number of
energetic materials. The results are presented graphically in
Figure 7, and the corresponding statistical analysis data are listed
in Table 3. The red markers indicate our results, which are
obtained without account of chemical structures. We should
stress that in some cases, the number of points does not match
with the literature data (Table 3). This is because of a restriction
of our approach, which considers only C-H—N—-O composi-
tions. Also, two points were omitted for the d. plot, for

Table 2. Validations of the Developed Empirical Models within Each Single Family of Explosives

D (ms™) P (GPa)
entry empirical formula literature this work R? literature this work R?
Salts of 1H,1'H-5,5'-bistetrazole-1,1’-diolate™
2 C,HNyO, 8257 7627 0.81 259 24.4 0.88
3 C,HgN 05 8818 7873 29.9 259
4 C,H,N,,0, 8801 7808 289 25.0
5 C,HgN,,0, 8286 7712 24.9 24.4
6 CH, N0, 8244 7736 23.9 243
7 CHN,,O4 8138 7644 23.6 239
Salts of 3—(3—dinitromethanide-lH-1,2,4—triazol-5—yl)—4-nitraminofurazanate56
4 CH,N,,0, 8655 8362 0.61 313 303 0.86
5 CH,N,,0, 8897 8679 35.8 332
7 C,H;:N,O, 7855 8020 227 272
8 C,H,N,,0, 8385 8088 26.6 27.5
9 C,H,,N,4,0, 8412 8174 26.5 280
10 C,H,,N,,0, 8868 8245 30.1 284
Salts of di(1H-tetrazol-5-yl)methanamine®”’
1 C;H;N,O 8226 7811 0.84 27.4 25.8 0.71
2 H,0 C,H,N,0 7371 7695 184 24.1
3 H,0 C,H,N,O, 8608 8181 29.6 287
6 H,0 C.H,N,,0, 8592 8172 25.0 27.%
7 C,H,N,;0, 8701 8212 27.5 27.6
Salts of N,N'-methylenebis(N-(1,2,5-oxadiazol-3-yl)nitramide)*®
6 H,0 C,H,N,,0,, 8606 9147 0.60 322 37.8 0.76
7 H,0 CH4N;Oy 8371 8934 30.3 35.5
8 CyHaoN34Os4 7996 8585 245 31.9
9 CoH,N,, 04, 8422 8806 29.8 343
10 CH (N ,0y4 8121 8939 28.0 359
1956 https://dx.doi.org/10.1021/acs.iecr.0c05607
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Figure 7. Comparison of effectiveness of the developed approach (red markers) with methods accounting exact chemical structure (blue markers).

Table 3. Statistical Treatment of the Results Described in Figure 7

n

RZ

parameter literature this work literature
d. 296 294 0.95
AH; 398 377 0.99
D 108 108 0.97
P 288 222 0.96

RMSE
this work literature this work refs
0.47 3.29 10.40 59, 60
0.85 41.31 174.32 61, 62
0.93 3.11 6.58 63
0.92 1.81 2.60 64

CH(NO,); and C(NO,),, since these are reproduced very
poorly.

As one can see, the approach presented in this work
reproduces experimental results well. Only in the case of crystal
density, the value of R? is 0.47, while in the rest of cases, R? is
0.85, 0.92, and 0.93 (Table 3). At the same time, divergence of
the d_ prediction results is for a rather narrow range, which can
be seen from the corresponding absolute error distribution
diagram (Figure 7). Moreover, such a divergence is observed
mostly for low-density structures, while the ones possessing d_ >
1.5 are predicted better. The most accurate prediction is
observed in the range of approximately 1.7—1.9 g cm ™, which is
characteristic for most energetic materials.

Along with this paper, we provide a supporting information
text file containing predicted d,, AHy, Qco, Q, D, and P values

up to C30H3uN30O4, which are ranged by the D values (462 241
compositions). As one can see, all nitrogen-rich structures are
allocated mostly in the top of the list, which means that the
method recognizes nitrogen as an increment contributing
positively in both enthalpy of formation and density. Thus, we
provide a numerical explanation why nitrogen-rich energetic

1957

materials are so effective and possess high enthalpies of
formation and high densities.

To provide a simple and convenient presentation of the d,,
AHjg D, and P values as functions of empirical formula, we have
built the corresponding Gibbs tetrahedrons (Figure 8). These
contain all possible compositions up to C;sH;sN 50,5, and due
to a low weight fraction of hydrogen, the points are located
mostly near the CNO plane. This allows one to see a clear map
of the calculated functions for any single composition. The
positions of a few popular explosives are marked inside the
tetrahedron. As one can see, some explosives lie almost at the
maximum limit of theoretical performance. The highest values
appear at the nitrogen corner, which means that the only way to
enhance the detonation properties of C—H—N—O explosives is
increasing the nitrogen content. It is also seen that e-
hexanitrohexaazaisowurtzitane (e-HNIW or CL-20) does not
reach the maximum theoretical performance; thus, its structure
can be modified to obtain more powerful explosives.

Let us consider what factors make e-HNIW (Figure 9) so
powerful. First of all, its high density (2.055 g cm™"), which is

one of the highest densities among organic molecular crystals.

https://dx.doi.org/10.1021/acs.iecr.0c05607
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pash:

e-HNIW Model 1

CeHeN1201, C4H4NgO1g

AH; = 377.4 kJ/mol AH; = -27.57 kJ/mol
de = 2.055 g/cm’ de = 2.167 g/cm’®
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P = 44.76 GPa P = 49.72 GPa

Figure 9. Structure and detonation properties of the reference molecule
(e-HNIW) and Model 1.

Despite at least three different values of AH¢are reported in the
literature as experimental for e-HNIW (454, 415, and 377.4 kJ
mol~1),067¢% any of them is also high; although, as we have
shown in Figure 2, it plays a minor role. In this work, however,
we have also calculated solid-state enthalpy of formation of &-
HNIW using eqs 12—14 and obtained a value 375.3 kJ mol ™},
which is extremely close to the AH; value reported by Simpson
et al.%® Tt is interesting that the empirical value of AH; for
C¢H(N,0, obtained using additive scheme is 350.8 kJ mol™"

1958

(see the Supporting Information). The combination of high d.
and AHj, along with its compositional criterion, makes e-HNIW
the most powerful explosive known.®”~”! We should stress that
there are a number of different data on its D and P;"*77*
therefore, in this work, we trust only own results obtained in
terms of the KJ scheme (Figure 9).

Analyzing the structures of three the most dense C-N—-H—-0O
compounds, namely, ¢-HNIW, heptanitrocubane (2.024 g
em™),” and tetranitroglycoluril (2.04 g cm™) /¢ one can
deduce that a cage structure, which includes both the N—NO,
moieties and hydrogen atoms should yield high density and AH.
Thus, using our list of compositions in the Supporting
Information, we have found that C,H,NzO;, (no. 21750 in
the rating) is superior to &-HNIW (C¢H¢N,0,,, no. 56073 in
the rating) and such a composition can be representative of a
structural hybrid of &-HNIW and tetranitroglycoluril (Figure 9,
Model 1). Thus, we have calculated densities and enthalpies of
formation of Models 1—5 as well as e-HNIW for comparison
(Figure S3 and Table SS in the Supporting Information).

As one can see, all of the models demonstrate higher densities
than e-HNIW. Moreover, its calculated density (1.982 g cm™)
is lower than the corresponding experimental value. Therefore,
the experimental densities of Models 1—5 may be expected even
higher. Thus, our calculations revealed that all of the proposed
structures, except of Model 2, are more powerful explosives than

https://dx.doi.org/10.1021/acs.iecr.0c05607
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&-HNIW (Figure 9 and S3 in the Supporting Information).
Despite the lower or even negative (Model 1) enthalpies of
formation, this is achieved due to other major criteria, namely,
density and composition. As it follows from Figure S3, the
information obtained from empirical formula is absolutely
enough for a correct prediction of detonation properties of &-
HNIW and Models 1-5, and this is an example of how the
results of this work can be used in practice.

4. CONCLUSIONS

In summary, we have shown in this paper that detonation
performance of explosives is largely predetermined by their
empirical formula and the structural influence is minor. This
means that compositional influence can be estimated a priori,
which was done in the present work for a wide set of
compositions up to C;)H;oN30O3. Moreover, the developed
empirical regression equations for d. and AH; allow one to
repeat this calculation for any other C,H,N,O,, composition
with a pocket calculator. Though we considered only C—H—N-—
O compositions, such an approach can be extended to a larger
set of elements (halogens, metals, etc.), for which the H,O0—
CO, arbitrary decompositions products are known.

Of course, the developed approach cannot be directly applied
for the prediction of the detonation properties for an arbitrary
composition, since in this case, an account of exact structure is
required;””~ the same situation is for any other quantitative
structure—property relationship, like prediction of flammability
limit temperature®” or impact sensitivity.”" On the other hand,
our approach can be effectively used to design new high-
performance explosives or modify existing ones. In the case of
big difference in the predicted properties for two C-H-N—-O
compositions, structure cannot reorder them; therefore, one can
easily estimate how much a proposed structure should be
different from a reference molecule, say e-HNIW
(C¢HgN,04,). This allowed us to propose a very effective
energetic material, which is expected to have detonation
properties superior to that of e-HNIW.

Certainly, besides chemical structure, the other fine effects can
influence the detonation properties due to the influence on the
density, like in the case of hepta- and octanitrocubanes, where
the presence of the hydrogen atoms leads to a higher density of
the heptanitro derivative.”” Therefore, high-level quantum-
chemical calculations are always required when predicting the
detonation properties of any particular structure, but with the
present work, such studies can be performed more purposefully.
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