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The solid-phase enthalpy of formation (AH;. s./i0) Of energetic materials was generally predicted from
the gas-phase enthalpy of formation (AH; 4.s) and sublimation enthalpy (AHs.s). Here, the standard
AHs s0iiq Of energetic materials is directly obtained from density functional theory (DFT) calculations by
computing the enthalpy difference between the solid-phase energetic material and its constituent
elements in their reference states. To reduce the errors in DFT calculations, a concept of
isocoordinated reaction is introduced, i.e., the reference states are selected based on the coordination
numbers of all atoms in the energetic material. This DFT method for AH; iy calculation does not
require experimental input, data fitting, or machine learning. For more than 150 energetic materials
collected from the literature, the mean absolute error (MAE) of AH¢ oy for the DFT method is

39 kd mol~" (or 9.3 kcal mol ") referring to the literature. Our demonstration raises prospects for first-
principles prediction of the properties of energetic materials, and the proposed method for AH; g

calculation is also promising for other materials.

Energetic materials include explosives, propellants, pyrotechnics, and other
energy sources widely used in both military and civilian spheres'. The
enthalpy of formation (AHy) and mass density (p) are crucial properties for
energetic materials, because they fundamentally determine the energy
output and combustion/detonation properties of energetic materials™. The
theoretical calculation of AHand p for energetic materials is important due
to the high cost and safety requirements in their experimental studies,
especially for novel energetic materials without prior knowledge. Moreover,
some novel energetic materials are not available in sufficient quantities for
extensive experimental studies of their physical and chemical properties®.
Therefore, the theoretical calculation of AHy and the density of energetic
materials is highly desired.

The AHyof a compound is the change of enthalpy during the formation
of one mole of the substance from its constituent elements in their reference
states. As enthalpy is a state function, the AHycan be calculated from the sum
of the enthalpy changes for a series of individual reactions, either real or
fictitious, according to Hess’s law". Experimentally, the solid-phase AHy
(AHg so:q) of energetic materials can be calculated from the heat of com-
bustion, which is measured by the bomb combustion calorimetry’. This
method is challenging for explosives, because the combustion of explosives
may grow into deflagration and detonation of explosives due to the fast self-
oxidation-reduction. The products of self-oxidation-reduction reactions
can be different from normal combustion with external O,. Uncertainty in

the products leads to uncertainty of calorimetry’. Theoretically, the AHy 4oy
values are generally computed from AH of gas (AHg ) and the sub-
limation enthalpy (AHj,;). Meanwhile, AHg g, and AH,, are usually
predicted by models from fitting or machine learning of “training”
molecules’ . However, it is difficult to obtain reliable experimental data of
AHp gos and AHy,, for energetic materials due to the low volatility and
metastability of energetic materials'*. Therefore, this “AHf oo minus AH,,;”
method is still faced with the problem of lacking accurate training data.
Why did previous theoretical studies mainly focus on gas-phase AH;
qas instead of solid-phase AHy ;4 of energetic materials? Because the the-
oretical simulation of a single molecule can be much more accurate and
faster than molecular crystals'". Several methods have been proposed for the
prediction of gas-phase AH; ¢, such as atomization energy'***, atom/group
equivalent'™”, and isodesmic reaction'”'®. The atomization energy
method converts total DFT energies to enthalpies of formation via atomi-
zation and formation reaction procedures, which rely on accurate AHyand
high-level ab initio simulations of isolated atoms and molecules. The atom/
group equivalent method employs fitting or machine learning of existing
AHy, o4 data to predict AHy o, of new molecules based on the numbers of
each atom or functional group. Both the atomization energy and atom/
group equivalent methods are faced with error accumulation when the size
of the molecule increases. The isodesmic reaction method reduces the
energy errors in the DFT calculation of chemical bonds formed and broken
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due to the constant number of bonds of a given type’"”, but it requires
knowing the AH; 4, of all the other species in the reaction equation to
calculate the AHy g, of intended products.

Herein, we propose a first-principles method for the direct and accu-
rate calculation of solid-phase AHg 4,4 of energetic materials, based on the
DFT energies and enthalpy corrections of the molecular crystal and its
constituent elements in reference states. The reference states are a series of
small molecules determined by the coordination number of the central
atoms. This method is as simple as atomization energy and atom/group
equivalent methods, and it can effectively reduce the errors in the DFT
calculation of energy difference between the molecular crystal and reference
small molecules, similar to the isodesmic reaction method. In other words, it
has the advantages of previous methods and avoids their reliance on data
fitting or high-level ab initio calculations, and it is applicable to solids. For
more than 150 energetic materials (see the Supplementary Data 1) collected
from literature'*'**, the mean absolute error (MAE) of AH, 4 for this
first-principles  coordination (FPC) method is 39kJmol™ (or
9.3 kcal mol "), referring to previously reported data. Due to the consider-
able uncertainty of experimental AHy ;.4 data of energetic materials'**, the
prediction accuracy cannot be improved infinitely when experimental data
are used as reference values. The performance of this new method is
comparable to that of previous methods in terms of standard error and slope
of the linear regression with experimental data.

Results and discussion

Density calculation

To obtain the solid-phase AHy ;4 of energetic materials by DFT calcula-
tions, their crystal structures and lattice parameters should be optimized by
DFT structural relaxation. DFT-D3 method with Becke-Johnson damping
function™ is adopted to include the vdW (dispersion) correction. The initial
crystal structures of 156 energetic materials are retrieved from the Cam-
bridge Structural Database (CSD)*, all of which are dynamically stable
structures obtained from experiments. The mass densities of energetic
materials from our DFT-D3 calculations are in reasonable agreement with
experimental room-temperature densities in the CSD. If only low-
temperature densities are available in experiments, the room-temperature
densities (pyos.15K) are estimated by the volume expansion formula:

) - Pr
P8IK T 4 g (298.15— T)’

where pr is the low-temperature density, T is the corresponding
temperature, and a, is the thermal expansion coefficient. This work adopts
a typical a, value of 1.5 x 107 K™'¥". Note that different materials actually
have different a,, and the p,og15K data can be improved if individual a, is
used for each material. The comparison and linear regression between DFT
and literature (CSD) densities are shown in Fig. la. Each red point

represents an energetic material, and its horizontal and vertical coordinates
are the literature density and DFT density, respectively. The black dashed
line represents equivalent DFT and literature densities, and the two dashed
gray lines represent the difference values of +0.05 g cm ™ between DFT and
literature densities. Most of the energetic materials fall between the gray lines
and have density errors smaller than 0.05 g cm™>. The mean absolute error
(MAE) is 0.026 g cm™>. The blue line is the linear fit of the density data. The
slope is 0.85 with a standard error of 0.01. The standard error of the
regression is 0.016 gcm . Interestingly, the DFT calculations tend to
overestimate the densities of low-density energetic materials, while slightly
underestimating the densities of high-density energetic materials. The
reason for this phenomenon is still elusive and requires future investigations.
The distribution of density error is further presented in Fig. 1b, which shows
that 77% of the studied energetic materials have larger DFT density than the
reference CSD density (positive density error), and the maximum deviation
is ~0.07 gcm ™. Others have negative density errors, and the maximum
absolute error is smaller than 0.06 g cm ™. The effect of density error on the
calculation of solid-phase AHy ;¢ will be discussed later in this work.

AHf’ solig Calculation

Although the DFT calculations can well describe the mass density of
energetic materials, the direct calculation of their solid-phase AH¢has always
been a challenge. High-level DFT calculations of solid-phase energetic
materials are unaffordably expensive. Currently, there are no ab initio
methods reported for the AH ¢ calculation of energetic materials. For
affordable DFT calculations, the DFT energy errors are large in the com-
putation of the enthalpy differences between chemically dissimilar
systems™”, i.e., the compound and its elemental constituents, based on the
definition of the enthalpy of formation. Similar to the hierarchy of reaction
conditions proposed for hydrocarbons and the isocoordinate concept
proposed for ligands and complexes’”', we take another step forward on the
basis of isodesmic reaction for energetic materials. For an isodesmic reac-
tion, the formal type and number of chemical bonds are unchanged before
and after the reaction. Herein, we fix the number of chemical bonds but
ignore the type of bonds to construct a type of reaction in which the
coordination number of each atom remains unchanged in the reactants and
products. This type of reaction may be termed “isocoordinated reaction”.
We modify the classical atom/group equivalent method for the quantum
mechanical calculations of the gas-phase AH/*"”, and propose a coordina-
tion number-based method for the first-principles calculations of solid-
phase AH ;4 of energetic materials based on the “isocoordinated reac-
tion”. In this method, the elemental constituents, which can be regarded as
the reactants of “isocoordinated reactions”, are a series of molecules with
different coordination numbers of the central atom, whose coordination
atoms are H atoms for single bonds or the same as the central atom for
double/triple bonds (Fig. 2a). For H, the coordination number should be
one, and the corresponding reference molecule is H,. For O, the
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Fig. 2 | Coordination model of energetic materials. a Coordination number-based elemental constituents for H, O, N, and C. Atomic configuration and coordination
numbers in (b) 2,4,6-Trinitrotoluene (TNT) and ¢ 2-Diazo-4,6-dinitrophenol (DINOL).

coordination number can be one or two, and the corresponding reference
molecules are O, and H,O, respectively. For N, the coordination number
could be one, two, or three, and the corresponding reference molecules are
N,, N,H,, and NHj, respectively. For C in energetic materials, the coordi-
nation number may be two, three, and four, and the corresponding refer-
ence molecules are C,H,, C,Hs, and CHy, respectively.

The coordination number of each atom in the energetic materials is
determined by counting its neighboring atoms (within proper cut-off
bond lengths). For example, in the TNT molecule as shown in Fig. 2b, all
the C atoms in the benzene ring have the same coordination number of
three, and the coordination number of the methyl carbon is four. The
coordination numbers of N and O in the nitro are three and one,
respectively. For 2-diazo-4,6-dinitrophenol (DINOL, Fig. 2¢), the coor-
dination numbers of the two N atoms in the diazo are one and two,
respectively, and all the O and C atoms are one- and three-coordinated,
respectively. In addition, all the H atoms in TNT and DINOL are one-
coordinated. This method does not need to analyze the bond order,
which sometimes is ambiguous and controversial. Based on the coordi-
nation numbers and corresponding reference molecules, the solid-phase
enthalpy of formation (AHy, 5,14) of energetic materials can be calculated
as follows:

AHy olia = Hpy — ZX"mnX—mHX—rrn

where Hpy, is the DFT enthalpy per structural unit of the solid-phase
energetic material, #1x ,, is the number of m-coordinated X (X =H, O, N, C)
atoms in the structural unit of the energetic material. Hx_,, is the “atom
equivalent” enthalpy of m-coordinated X atoms. The Hy_,, are determined
by the enthalpies of the reference molecules X-m (H(X-m)) as follows:

Hy_, =0.5H(H,)
Hy_y = 0.5H(0,)
Ho_, = H(H,0) —2H,_,
Hy_, =0.5H(N,)
Hy_, = 0.5H(N,H,) — Hy,_,
Hy_y=H(NH;) = 3Hy_,

Hc_, = 0.5H(C,H,) — Hy_,

He ;= 0.5H(C,H,) —2Hy_,

Hq_,=H(CH,) —4Hy_,

where the structures of X-m molecules are shown in Fig. 2a, and the cal-
culation method of H(X-m) can be found in the “Methods” section.

All the AHg 54 of 156 energetic materials are calculated by this
coordination number-based method, and the comparison with literature
data"'"*” is shown in Fig. 3a. The MAE between DFT and literature
enthalpies is 39 k] mol " (i.e., 9.3 kcal mol ™). The red line is the linear fitting
of the AHy o4 data. The slope is 0.93 with a standard error of 0.01. The
standard error of the regression is 48.5 k] mol™ (i.e., 11.6 kcal mol™"). The
gray dashed lines represent +100 k] mol ™" errors between DFT and litera-
ture enthalpies. Most of the data points are located between the two dashed
lines, and the maximum positive and negative deviations are 162 and
—207 k] mol ", respectively. In consideration of the non-negligible uncer-
tainty in experimental measurements™ and the wide range of AH, If soliaValues
(—1000~1300 k] mol ™), the error and deviations of this method are
acceptable. The distribution of AH s error is shown in Fig. 3b. About 60%
(or 40%) of the DFT calculated AH ;i errors are higher (or lower) than the
corresponding literature ones, and most of the errors are distributed around
zero. Therefore, this first-principles coordination method can effectively
predict the solid-phase AH; 4 of energetic materials, with reasonable
accuracy. In addition, when only N,, O,, and H, are used as the reference
molecules for N, O, and H, respectively, and their specific coordination
numbers in the energetic materials are ignored, the mean absolute error of
AHy; jiq calculation increased to 107 k] mol ', which is much larger than the
one (39 kJ mol ') of the coordination number based method. Therefore, the
coordination scheme significantly reduced the errors in the DFT calculation
of the energy difference between the molecular crystal and reference small
molecules.

AH;, s0iiq €rror versus density error

The scatter plot of density error and AH; 44 error, is shown in Fig. 4a to see
whether the Hy 4 error, is related to the density error. Obviously, the
distribution of data points in Fig. 4a is highly disordered. Small density
errors do not mean small AHg ;4 errors, and vice versa. Large density errors
also do not mean large AH 4, errors, and vice versa. The Pearson coef-
ficient (r) between them is only 0.253. Pearson's coefficient can range from
—1 to +1, where *1 indicates the strongest correlation and 0 indicates no
correlation. It indicates that the density error has a low correlation with the
DFT calculations of AHg ;5 which mainly depends on the molecular
structure of energetic materials. The scatter plots of density and AH ;4 are
presented in Fig. 4b, ¢, for literature data and DFT calculations, respectively.
The data distributions are still quite dispersed in Fig. 4b, ¢, and these two
plots are similar, which further indicates the good performance of DFT
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Fig. 5 | Density effect on the AHy, ;4 of energetic materials. The relationship between density and AH, ;4 for (a) benzotrifuroxan (BTF), b octogen (HMX), and
¢ p-nitroaniline. The dashed line indicates experimental density. The inserts are the corresponding molecular structures.

calculations of density and AHg ;4. The main difference between them is
that DFT calculations tend to overestimate the density of energetic materials
with relatively small density (1.4~1.7 g cm ™), which is in accordance with
the data in Fig. la.

The density effect on the AHg ;4 is further calculated for several
typical energetic materials with totally different density errors. Among
them, benzotrifuroxan (BTF, Fig. 5a) has the most negative density error
(—0.058 g cm™), octogen (HMX, Fig. 5b) has a near-zero density error, and
p-nitroaniline (Fig. 5¢) has the most positive density error (0.072 g cm™).
For all three energetic materials, the AH; 4 is calculated at different

densities by changing the volume of their unit cells. The densities distribute
around the experimental density values, and the deviations are large enough
to take into account all the density error between DFT calculations and
literature (Fig. 1b). The change of calculated AHj g is less than
+10 kJ mol ™" when the change of density is less than +0.075 g cm ™~ as shown
in Fig. 5, which indicates the density error has an insignificant effect on the
accuracy of AH 4, calculation in our coordination number based DFT
method. In addition, the density effect for p-nitroaniline is less significant
than BTF and HMX, which may be because of the much smaller density of
p-nitroaniline.
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Comparison with previous methods

To compare our DFT method for AHy 4 calculation with previous
methods, two sets of experimental AH ;4 data of energetic materials are
obtained from two references'"*, which proposed two AHy sy prediction
methods. One of them is a semi-empirical computational method proposed
by Byrd et al. in ref. 19, which predicted the formation enthalpy of gas
(AHg gq5) through atom and group equivalents, and predicted sublimation
enthalpy (AH,,;,) based on electrostatic potentials isosurfaces. The para-
meters in the calculation equations of both AH 4., and AHj,;, are obtained
by least-squares fits with experimental values. The other one is a method
combining calculation and experiment proposed by Muravyev et al. in
ref. 14, which calculated AH;, s by high-level ab initio calculations and
obtained AHj,;, by advanced thermal analysis experiments. As our DFT
method for AHy 44 calculation requires the crystal structure of the solid-
phase material, energetic materials in the aforementioned two references
that have available crystal structures in the Cambridge Structural Database
are retrieved, and their AHg ;4 is calculated by our DFT method for
comparison. The linear regressions of our DFT AHy, ;4 with experimental
values, are shown in Fig. 6a, b, where the experimental data come from Byrd
et al.” and Muravyev et al.", respectively. For Muravyev et al."”, some
energetic materials have more than one experimental AH; ;4 source. In this
case, the average value of different sources is calculated and used as the
experimental AHyin Fig, 6b. The performance of previous methods is shown
in Fig. 6¢, d, for Byrd et al."” and Muravyev et al.", respectively.

All the slope values of the fitting lines are close to 1, especially for
our DFT method, which has a slope value of 0.99 for both datasets, as
shown in Fig. 6a, b. The standard errors of regression (SER) of our DFT
method are 38.6 k] mol " (Fig. 6a) and 44.3 k] mol ™ (Fig. 6b), which are
larger than the previous methods: 31.6kJmol™ (Fig. 6¢c) and
34.6 k] mol " (Fig. 6d), respectively. In the aspect of accuracy, due to the
considerable uncertainty of experimental AHy 4 data of energetic
materials'**, the prediction accuracy cannot be effectively improved if
experimental data are used as reference values, unless selective data
screening is performed. Note that the “accuracy” is based on the

comparison with experimental data, and our method is an ab initio
method, while previous methods rely on data fitting or the input of
experimental data. It is not surprising that the “accuracy” of our method
is not better than previous methods. Our DFT AHg ;4 data is totally
independent of experimental measurements. By using low-cost DFT
calculations and without any data fitting, the performance of this method
is comparable to previous well-known methods, which rely on experi-
mental gas-phase AHy;, g, or sublimation AHj,;. This work manifests that
reasonable ab initio AH ;o4 values can be obtained in benefit from error
cancellations through a simple isocoordinated scheme. The DFT AH ;4
data of more than 150 energetic materials, can be a supplement to the
database of thermodynamic properties of energetic materials.

Conclusions

In summary, we propose a DFT calculation method of solid-phase enthalpy
of formation (AH s14) for CHON-containing energetic materials without
any data fitting or machine learning. The AHg ;4 is directly calculated from
the enthalpies of bulk energetic materials and constituent elements in their
reference states, which are small molecules with different coordination
numbers for the central atom. The reference molecules are H, for hydrogen;
0, and H,O for oxygen; N,, N,H,, and NHj for nitrogen; and C,H,, C,H,,
and CH, for carbon. To calculate the enthalpies of bulk energetic materials,
the crystal structure and lattice are first optimized by DFT-D3 calculations.
The calculated densities are in reasonable agreement with experimental
values at room temperature, for a dataset with more than 150 energetic
materials. The mean absolute errors (MAE) for density and AHg 4 are
only 0.026 gcm™ and 9.3 kcal mol™", respectively. The new method is
slightly less accurate than previous methods that rely on the input of
experimental data. In consideration of the non-negligible uncertainty in
experimental measurements, the ab initio AH ;4 data provided in this
work are a valuable supplement to the database of thermodynamic prop-
erties of energetic materials. The complete data are summarized in the
Supplementary Data 1. In addition, the density error is found to have an
insignificant effect on the calculation of AHg 4. This work provides a first-
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principles method for the calculation of AHg 4,4, which can be helpful in the
design and applications of novel energetic materials.

Methods

Computational methods

Accurate first-principles calculations were performed using density func-
tional theory as implemented in the Vienna ab initio simulation package
(VASP)™. The ion-electron interactions were treated with the projected
augmented wave pseudopotentials”, and the plane-wave basis set was cut off
at 520 eV. Generalized gradient approximation with the Perdew-Burke-
Ernzerhof functional was used to determine the exchange-correlation
energy”". The reference molecules were put in boxes larger than 20 A in each
direction, and a single Gamma k-point was used. The crystal structures of
energetic materials were retrieved from the Cambridge Structural Database.
The k-point grid used for the Brillouin-zone integration was denser than
0.2 A" in each direction and sampled by a gamma-centered Monkhorst-
Pack scheme”. Test calculations with a k-point grid denser than 0.1 A~
result in nearly the same density and AHy ;4 of energetic materials. The
DFT-D3 method with Becke-Johnson damping function was used to
include van der Waals interactions™. All structures were fully relaxed by the
conjugate gradient method until the residual force on each atom was less
than 0.01 eV A™". In addition, our test calculations indicated that the AH;
solia calculation method proposed in this work is generally insensitive to
different dispersion corrections, but the usage of revised exchange-
correlation functionals may lead to significant errors.

Enthalpy calculations

To obtain the enthalpy corrections at finite temperature and pressure, the
second-order derivatives of the total energy with respect to the position of
the ions were computed in the VASP using a finite differences approach.
The dynamical matrix was constructed and diagonalized, and the phonon
modes and frequencies of single-molecule systems were calculated. The
enthalpy of molecule X-m (H(X-m)) was expressed as follows:

H(X —m)=U+E; + PV —AH; .

where U is the internal energy, Ep is the zero-point energy, and PV is the
volume work. Although the DFT-D3 method is used, U is the conventional
Kohn-Sham DFT energy without the dispersion correction term. Ezpg, is
calculated from the frequency calculation, and PV is calculated based on the
ideal gas approximation (PV = NRT). More details of these thermo energy
corrections for enthalpy can be found in an open-source VASPKIT code™.
AHg ., is the reported enthalpy of formation of the reference molecule
X-m, which can be retrieved from an open-source database”.

Data availability
All relevant data are available from the corresponding authors upon request.
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