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a b s t r a c t

Gas-phase enthalpies of formation (�Hf(g)
◦) have been determined for 40 nitrogen-containing com-

pounds at 298 K. Three ab initio composite methods have been compared in their abilities to quantitatively
determine �Hf(g)

◦; the G3, G3(MP2), and correlation consistent Composite Approach (ccCA) methodolo-
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eywords:
nthalpy of formation
igh explosive

gies. The ccCA method resulted in a mean absolute deviation (MAD) of 1.1 kcal mol−1 when compared
to available experimental values. The comparable G3(MP2) method resulted in a MAD of 1.8 kcal mol−1,
while the G3 method resulted in a MAD of 1.2 kcal mol−1. As a result of their comparable accuracies, the
ccCA and G3 methods have been utilized to predict the �Hf(g)

◦ of five energetic but highly endothermic
tetrazine-containing compounds with potential applications as insensitive high explosives.
cCA
b initio

. Introduction

One of the most complicated tasks that confronted the major
owers during the World Wars was the development of explo-
ives, propellants and projectiles [1]. Of the many energetic
ompounds developed around the time, RDX (1,3,5-trinitro-1,3,5-
riazacyclohexane) has proven to be of high brisance (shattering
ower) but is also known to be extremely sensitive to shock, impact
nd friction [2]. Although RDX is still widely used for military
nd non-military purposes, for instance in Composition H-6 and
yclotol explosives, it is prone to premature deflagration and det-
nation when employed in delayed-action payload dropped from
igh altitude [3]. The risks of catastrophic explosions during manu-

acture, storage, destruction, demilitarization and disposal of many
ommon sensitive explosives have prompted continuing research
n the discovery and synthesis of insensitive high explosives for
ilitary and commercial uses (such as fireworks, demolition, exca-

ation, and mining) [1]. Such compounds are characterized by the
wiftness with which their decomposition, detonation or explosion
ccur supersonically but are surprisingly insensitive to trigger-
ng stimuli such as impact, friction and electrostatic discharge.
otential alternatives to the existing shock and friction-sensitive

nergetic compounds include caged polynitropolycycloalkanes,
olynitramines and many N-heterocycles due to their high nitrogen
ontent. These compounds exhibit high endothermicity, a property
hat is suggestive of their incredible insensitivity, and high den-
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304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.11.035
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sities, i.e., large amount of energy can be liberated from a small
quantity of the material. These critical properties are important to
explosive performance [4].

Energetic species containing nitrogen-substituted benzene
rings derive their high energies from the increased carbon–nitrogen
and nitrogen–nitrogen bonds, in contrast to carbon-based non-
substituted explosives which draw their energies mostly from the
oxidation of the carbon and hydrogen atoms [5]. The oxidation of
a carbon-based explosive leads to an incomplete combustion reac-
tion, resulting in toxic gases such as carbon monoxide and nitrogen
oxides. The oxygen balance (a measurement of the ability of an
explosive compound to become oxidized) of nitrogen-substituted
compounds is usually close to zero, indicating a more complete
combustion reaction than for carbon-based explosives. Optimal
sensitivity, power, and brisance of an explosive tend to be attained
as the oxygen balance approaches zero.

While highly endothermic compounds are the most sought
after to ensure high insensitivity and complete decomposition [6],
energetics for these mostly nitrogen-rich compounds have been
observed to be directly related to explosive properties examined in
propellant development. Properties derived from �Hf(g)

◦ include:
enthalpy of explosion (�He) which is used in computing the tem-
perature of explosion (Te), work potential (nRT), and velocity of
detonation (VOD) which is used in the prediction of detonation
pressure (Pd) [7]. For example, �He is calculated:
�He = ˙�Hf,(product) − ˙�Hf,(explosive) (1)

The prediction of thermochemical properties to within “chem-
ical accuracy” (usually defined as theoretical values with mean
absolute deviation (MAD) within 1.0 kcal mol−1 from experimen-

dx.doi.org/10.1016/j.jhazmat.2010.11.035
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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al data for main group species) using computational chemistry
nsures that experimental efforts are focused on promising com-
ounds exhibiting required enhanced performance. Since the
evelopment, manufacture, testing and fielding of a new energetic
aterial is costly in terms of time and money, using accurate ener-

etics to eliminate poor candidates lacking required sensitivity or
aving performance problems through theoretical predictions at
he early stages of development is highly desirable. Computational
hemistry provides an effective means for the prediction of gas
hase �Hf(g)

◦ for energetic species. Any chosen methods, how-
ver, must first demonstrate utility, reliability, and accuracy for
he prediction of energetic properties before being utilized in the
rediction of the energetic behavior of species not yet fully charac-
erized experimentally.

In a study by Byrd and Rice [8], the �Hf(g)
◦ of energetic

aterials including nitroaliphatics, nitroaromatics, nitroamines,
itrotriazoles, nitrofuroxans, nitrate esters, nitrites, azidoaliphat-

cs, azidoaromatic, and C-nitroso species were predicted. An
bjective of the study was to determine the impact of methodolog-
cal choice on the �Hf(g)

◦, with the goal of identifying a suitable
trategy of studying CHNO systems. The methodology used by the
uthors comprised a semi-empirical approach to obtaining �Hf(g)

◦

rom quantum mechanical energies using a training set for the
arameterization of the method. However, cautions must be exer-
ised in utilizing this method on compounds that are not contained
n the training set due to this parameterization. B3LYP/6-31G* was
sed for geometry optimization in the method while an increase in
asis set size from 6-31G* to 6-311++G(2df,p) was used for sin-
le point energy calculations to give slightly improved �Hf(g)

◦.
he root mean squared (RMS) deviation improved from 3.1 to
.9 kcal mol−1 (using a so-called group-equivalent method) with
espect to experimental �Hf(g)

◦. The dependence of the training
et on the methods was also investigated with the conclusion that
olecules not included in the training set (compounds contain-

ng tetrazole rings, doubly bonded NH groups, and nitrogen linked
ridges) tend to result in an increased RMS deviation by as much as
ne order of magnitude when compared with experimental �Hf(g)

◦.
he authors’ semi-empirical atom- and group-equivalent meth-
ds are only viable for CHNO molecules which display properties
elated to those in the training set, eliminating large classes of
nergetic compounds such as highly nitrogen-rich compounds.

Identifying computationally feasible methodology to quantita-
ively predict �Hf(g)

◦ has continued to be of much interest. The
yrd and Rice study [8] shows that increasing basis set size and

ntroducing a group equivalence approach, which concomitantly
ncludes reliance on empirically optimized parameters, could lead
o a decrease in MAD from experimental values. However, to con-
istently obtain chemical accuracy for �Hf(g)

◦, a high level electron
orrelation method such as coupled cluster with singles, doubles
nd quasi-perturbative triples excitations [CCSD(T)] should be used
n conjunction with a very large basis set [9]. Alternatively, a series
f single point CCSD(T) energies can be computed and extrapo-
ated to the asymptotic complete basis set (CBS) limit, the point
t which errors arising from basis set incompleteness have been
emoved leaving only the intrinsic error in the method utilized.
ut using CCSD(T) with a large basis set quickly becomes too costly
s molecule size increases, and an alternative strategy is to use ab
nitio composite methods.

Composite methods use less sophisticated theories in conjunc-
ion with a series of basis sets to approximate results that would be
btained with higher levels of theory but at significantly reduced

omputational costs (i.e., reduced CPU time, memory, and disk
pace requirements). A few representative ab initio composite
ethods include the Weizmann-n (Wn), High-accuracy extrapo-

ated ab initio thermochemistry (HEAT), and the Gaussian-n (Gn)
ethods. The Wn method of Martin and co-workers [10–13] and
us Materials 186 (2011) 583–589

the HEAT method of Stanton and co-workers [14,15] use a series of
coupled cluster calculations with an objective of achieving accuracy
comparable to full configuration interaction (FCI)/CBS limit (within
0.1 kJ mol−1 of reliable experimental values). The drawback of the
Wn and HEAT methods is their exorbitant computational costs,
rendering these methods impractical or unfeasible for molecules
with more than a couple of non-hydrogen atoms. The Gn methods
of Pople and co-workers [16–22] are based on the less expensive
Møller–Plesset perturbation theory (second or fourth order) ref-
erence energy. The Gn methods have been shown to be accurate
within 1–2 kcal mol−1 of experimental values for energetic proper-
ties, such as enthalpies of formation, ionization potentials, electron
and proton affinities. The Gn methodologies however make use of
empirical high-level corrections (HLCs). For most Gn approaches,
the HLC is a parameter fit to decrease the MAD for a set of energetic
properties (G2/97 test set for the G2, G3 methods and a subset of
G5/03 for the G4 method) from corresponding experimental values.
Subsequently, the HLC has been shown to account mostly for basis
set incompleteness error in the composite method [23]. A possible
consequence of fitting HLC to experimental values for a specific set
of molecules is uncertain performance when the Gn methods are
applied to novel molecules that appreciably differ from the test set.
There is thus a need for composite methodology based only on first
principle solution of the Schrödinger equation.

Our group has developed an ab initio composite method free
from empirical parameters called the correlation consistent Com-
posite Approach (ccCA) [23–26]. The method has been successful in
the prediction of energetic properties, even where other compos-
ite approaches have had difficulties (e.g., s-block [27]) or may be
undeveloped or in their infancy (e.g., for transition metal species
[25,28]). The ccCA utilizes the correlation consistent basis sets
[29,30] which are extrapolated to the CBS limit and MP2 calcu-
lations to obtain a reference energy upon which the composite
method is based. An example of the success of the ccCA methodol-
ogy is for the G3/99 test set [24], which included 222 enthalpies of
formation, where ccCA resulted in a MAD of 0.96 kcal mol−1 (ccCA-
P) and 0.97 kcal mol−1 (ccCA-S4), an improvement in comparison
to the G3 method with a MAD of 1.16 kcal mol−1.

Recently Kiselev and Gritsan [31] computed �Hf(g)
◦ for

nitroalkanes, their isomers and radical forms using the G2 [18],
G3 [19,32], and G2M(CC5) [33] composite methods. B3LYP/6-
31+G(d,p), B3LYP/6-311G(d,p), MPW1B95/6-31+G(d,p) [34], and
MPWB1K/6-31+G(d,p) [34] density functional theory methods
were also utilized. Though their molecule set included fourteen
neutral and four radical compounds that contain one or more
NO2 or ONO groups, experimental values are only available for
eight of these species. More recent experimental �Hf(g)

◦ for two
of these molecules, dinitromethane (−9.2 ± 0.3 kcal mol−1) and
trinitromethane (5.7 ± 0.3 kcal mol−1), have been determined by
Miroshnichenko et al. [35]. Of the eight molecules with available
experimental values (including the updated experimental values
for dinitromethane and trinitromethane), the G3 method resulted
in a MAD of 1.0 kcal mol−1, which is within the desired threshold of
1.0 kcal mol−1. The B3LYP/6-311G(d,p) method, on the other hand,
resulted in a MAD of 5.7 kcal mol−1 while MPWB1K/6-31+G(d,p)
method lead to an outrageously high MAD of 27.0 kcal mol−1 for
the same species.

In this study, 40 R-NOX and 5 heterocyclic tetrazine-containing
species were examined using the ccCA, G3(MP2) and G3
methods. The R-NOX compounds contain 3–15 non-hydrogen
atoms and include several well-known explosive compounds

like RDX, 1-methyl-4-nitrobenzene (PNT), and N-methyl-N-
nitromethanamine (DMNO). 25 of the R-NOx species in the Byrd
and Rice study [8] are in this set of 40 species. As well, the �Hf(g)

◦

for 5 heterocyclic tetrazine-containing species, for which there are
limited experimental studies, have been predicted.
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Fig. 1. Heterocyclic tetrazine-containing compounds.

Tetrazine compounds are of high nitrogen content and pro-
uce nitrogen gas as the main combustion product rather than
arbon monoxide and other toxic gases and are thus more “envi-
onmentally friendly” explosives. In addition to their military
nd commercial uses, they are also used in the pyrotechnics
f smokeless and more vibrant fireworks due to their almost
arbon-free combustion [36]. Tetrazine explosives are known to
e highly endothermic (for instance, �Hf(g)

◦ = +211.0 kcal mol−1

or 3,6-bis(1H-1,2,3,4-tetrazole-5-ylamino)-s-tetrazine) and usu-
lly exhibit high insensitivity towards increased temperature,
mpact, and friction [4,37,38]. An example is furazano-1,2,3,4-
etrazine-1,3-dioxide (FTDO) that has been considered [39] as

promising high energy additive candidate for increasing the
omentum of propellants and as a component of energetic plas-

icizers. Teselkin [39] has studied the sensitivity of FTDO and has
ompared its critical initial pressure with those of well-known sec-
ndary high explosives like cyclotetramethylene–tetranitramine
also known as HMX) and pentaerythritol tetranitrate (PETN).
he study revealed that FTDO has a relatively high sensitiv-
ty, similar to that of lead azide, a known sensitive compound
sed in detonators to initiate secondary explosives. Thus, this
uggests that studies may discover better insensitive tetrazine
ompounds. There have been a number of studies [40–43] on
he synthesis and characterization of novel tetrazine compounds.

owever, additional insight would be gained by a computational

tudy of these species. Thus, in this study, the �Hf(g)
◦ are pre-

icted for several tetrazine compounds (Fig. 1) [4,38,39,43–47]:
itetrazinetetroxide (DTTO), iso-ditetrazinetetroxide (isoDTTO),
TDO, pyrido[2,3-e]-1,2,3,4-tetrazine-1,3-dioxide (PTDO), and
us Materials 186 (2011) 583–589 585

benzotetrazine-1,3-dioxide (BTDO) that may have potential use as
highly energetic species.

2. Computational methods

Geometry optimizations and frequency calculations were per-
formed for all of the molecules using B3LYP in combination with
the cc-pVTZ basis sets. The zero-point vibrational energies and
enthalpy corrections were scaled by a factor of 0.9890 [26], to
account for deficiencies in the harmonic approximation. Single-
point calculations were carried out at the B3LYP/cc-pVTZ optimized
geometries for each of the ccCA steps [26], which include a series of
MP2/aug-cc-pVnZ (where n = D,T,Q) calculations for which the SCF
and MP2 energies were then extrapolated to the CBS limit. A two
point exponential extrapolation scheme developed by Feller and
co-workers [48,49] was used for the SCF extrapolation:

E(n) = EHF−CBS + B exp(−1.63n) (2)

Two extrapolation schemes that resulted in the lowest MAD for
the G3/99 test set [24] in an earlier study were considered for the
extrapolation of the MP2 energies. The first was a mixed exponen-
tial/Gaussian formula (ccCA-P) [50], also known as the Peterson
extrapolation:

E(n) = ECBS + B exp[−(n − 1)] + C exp[−(n − 1)2] (3)

The second was an extrapolation based on the cubic inverse power
of the highest angular momentum in the basis set (ccCA-S3) [12,51]

E(lmax) = ECBS + B

(lmax)3
(4)

A mixed scheme was also used which was the arithmetic mean of
the Schwartz-3 (ccCA-S3) and Peterson (ccCA-P) schemes, hereafter
referred to as the ccCA-PS3 scheme, and has been shown in recent
studies to be successful at reproducing experimental results [26].
The ccCA-PS3 scheme has proven useful as the Peterson extrapo-
lation tends to overestimate while the Schwartz-3 extrapolation
tends to underestimate the CBS limit [26]. In the ccCA-P formula
(Eq. (3)), n = D,T,Q, corresponding to the �-level of the aug-cc-pVnZ
basis set (for the extrapolation of the reference SCF, n = T,Q) and
in the ccCA-S3 formula (Eq. (4)) the lmax variable represents the
highest angular momentum in the basis set functions.

The Gaussian 03 program package [52] has been used for all
calculations. To provide comparison to ccCA results, G3 [32] and
G3(MP2) [20] calculations have been performed. The �Hf(g)

◦ have
been calculated using an atomization energy approach. The atomic
enthalpies of formation �Hf

◦(0 K) of elemental carbon, hydrogen,
oxygen and nitrogen utilized are 170.11 [53], 51.63, 58.99 and
112.53 kcal mol−1 [54], respectively. The mean absolute deviations
have been used as an assessment of chemical accuracy for the meth-
ods in this study.

3. Results and discussion

The �Hf(g)
◦ of the molecules in our test set have been reported

in three tables: R-NO2 (Table 1), R–ONO (Table 2), and R–ONO2
(Table 3). Table 4 includes the MADs for all molecules in this study,
including these three families of molecules. The MAD for each of
the extrapolation schemes using the ccCA method is also shown in
Table 4. The ccCA-PS3 variant has proven to be the most effective for
the highly energetic nitrogen-containing species; hence, the MAD

reported for the ccCA method in the remainder of this paper will
be the PS3 scheme.

The overall MAD for the nitro-molecules (Table 1) is
1.2 kcal mol−1 using the ccCA method, 1.8 kcal mol−1 for the
G3(MP2) approach, and 1.3 kcal mol−1 with the G3 method when
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Table 1
The enthalpies of formation (kcal mol−1) of nitro compounds calculated by G3, G3(MP2) and variants of ccCA method.

Molecule ccCA-P ccCA-S3 ccCA-PS3 G3 G3(MP2) Expt.a

Nitrogen dioxide 9.3 8.5 8.9 8.1 9.1 8.1 ± 0.2b

Nitroamine 0.8 −0.6 0.1 1.9 3.8 −0.7c

DMNO −0.8 −3.1 −1.9 −1.4 1.1 −1.2 ± 0.3d

Nitromethane −17.4 −18.8 −18.1 −17.7 −16.0 −17.8 ± 0.2e

Dinitromethane −9.2 −11.4 −10.3 −11.2 −8.1 −9.2 ± 0.3e

Trinitromethane 4.2 1.2 2.7 0.6 5.4 5.7 ± 0.3e

Tetranitromethane 25.6 22.0 23.8 18.8 25.6 19.7 ± 0.4e

Nitroethane −24.5 −26.3 −25.4 −25.5 −23.8 −24.4 ± 1.0f

n-Nitropropane −29.6 −31.9 −30.8 −30.6 −28.8 −29.6 ± 0.2g

Isonitropropane −32.7 −35.0 −33.9 −33.8 −31.9 −33.2 ± 0.2g

1,3-Dinitropropane −30.9 −34.0 −32.5 −32.5 −29.3 −32.4 ± 0.4m

2,2-Dinitropropane −31.4 −34.4 −32.9 −34.7 −31.0 −32.1 ± 0.5m

n-Nitrobutane −34.1 −36.9 −35.5 −35.0 −33.2 −34.4 ± 0.4g

1,4-Dinitrobutane −36.2 −39.8 −38.0 −39.1 −35.9 −38.9 ± 0.7m

n-Nitropentane −38.8 −42.0 −40.4 −40.3 −38.5 −39.4 ± 0.5m

Nitrocyclohexane −36.1 −39.6 −37.8 −38.2 −36.4 −38.1 ± 0.2h

n-Nitropiperidine −7.4 −10.9 −9.1 −9.1 −6.7 −10.6 ± 0.6i

RDX 47.8 42.8 45.3 42.7 49.8 45.8j

Nitrobenzene 17.7 14.6 16.2 15.2 15.2 16.1 ± 0.1i

m-Dinitrobenzene 16.4 12.5 14.5 12.3 14.1 12.9 ± 0.4k

p-Dinitrobenzene 16.3 12.5 14.4 12.5 14.3 13.3 ± 0.2h

o-nitroaniline 16.5 13.0 14.8 14.7 15.5 15.0 ± 1.0l

m-Nitrotoluene 10.1 6.5 8.3 6.9 7.1 4.1c

p-Nitrotoluene (PNT) 9.8 6.3 8.0 6.7 7.0 7.4 ± 1.0n

2,6-Dinitrotoluene 13.6 9.3 11.5 7.9 10.3 9.6c

o-nitrophenol −27.8 −31.2 −29.5 −30.4 −29.5 −31.6 ± 0.3i

m-Nitrophenol −24.3 −27.6 −25.9 −27.0 −26.4 −25.2 ± 0.4i

2,4-Dinitrophenol −29.9 −34.0 −32.0 −34.1 −31.4 −30.6 ± 1.2

a NIST Chemistry WebBook, NIST Standard Reference Database Number 69; Linstrom, P.J., Mallard, W.G., Eds.; National Institute of Standards and Technology, Gaithersburg,
MD, June 2009; 20899 (http://webbook.nist.gov/chemistry/).

b Ref. [55].
c Ref. [56].
d Ref. [57].
e Ref. [35].
f Ref. [58].
g Ref. [59].
h Ref. [61].
i Ref. [62].
j Ref. [63].
k Ref. [64].
l Ref. [65].

m Ref. [60].
n Ref. [66].

Table 2
The enthalpies of formation (kcal mol−1) of nitrite compounds calculated by G3, G3(MP2) and variants of ccCA methods compared with experimental values.

Molecule ccCA-P ccCA-S3 ccCA-PS3 G3 G3(MP2) Expt.a

Methylnitrite −15.7 −17.1 −16.4 −15.5 −14.6 −15.6 ± 0.2
Ethylnitrite −23.1 −24.9 −24.0 −23.2 −22.2 −25.9
n-Propylnitrite −27.8 −30.1 −28.9 −28.1 −27.1 −28.4 ± 1.0
Isopropylnitrite −31.3 −33.6 −32.5 −32.2 −31.6 −31.9 ± 1.0
n-Butylnitrite −32.6 −35.3 −34.0 −33.0 −32.0 −34.8 ± 1.0
Isobutylnitrite −34.5 −37.2 −35.9 −35.2 −34.1 −36.1 ± 1.0
sec-Butylnitrite −34.4 −37.1 −35.8 −35.5 −34.2 −36.5 ± 1.0
t-Butylnitrite −39.5 −42.3 −40.9 −41.1 −39.7 −41.0 ± 1.0

a NIST Chemistry WebBook, NIST Standard Reference Database Number 69; Linstrom, P.J., Mallard, W.G., Eds.; National Institute of Standards and Technology, Gaithersburg,
MD, June 2009; 20899 (http://webbook.nist.gov/chemistry/).

Table 3
The enthalpies of formation (kcal mol−1) of nitrate compounds calculated by G3, G3(MP2) and variants of ccCA methods compared with experimental values.

Molecules ccCA-P ccCA-S3 ccCA-PS3 G3 G3(MP2) Expt.a

Nitric acid −32.1 −33.3 −32.7 −31.7 −29.8 −32.1 ± 0.1
Methylnitrate −28.8 −30.5 −29.7 −29.6 −27.3 −29.2 ± 0.3
Ethylnitrate −36.7 −38.8 −37.8 −37.8 −35.5 −37.0 ± 0.8
n-Propylnitrate −41.3 −43.9 −42.6 −42.6 −40.3 −41.6 ± 0.3b

a NIST Chemistry WebBook, NIST Standard Reference Database Number 69; Linstrom, P. J., Mallard, W. G., Eds.; National Institute of Standards and Technology, Gaithersburg,
MD, June 2009; 20899 (http://webbook.nist.gov/chemistry/).

b Pedley, J.B., Naylor, R.D., Kirby, S.P. Thermochemical data of organic compounds; Chapman and Hall: London; New York, 1986.

http://webbook.nist.gov/chemistry/
http://webbook.nist.gov/chemistry/
http://webbook.nist.gov/chemistry/
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Table 4
The calculated MAD (kcal mol−1) of the enthalpies of formation for all 40 molecules
compared to experimental values.

ccCA-P ccCA-S3 ccCA-PS3 G3 G3(MP2)

Nitro 1.9 1.7 1.2 1.3 1.8
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Fig. 2. Theoretical vs. experimental �Hf
◦ (kcal mol−1) calculated using ccCA-PS3.

Table 5
The predicted enthalpies (kcal mol−1) of formation of tetrazine-containing com-
pounds using G3 and variants of ccCA methods.

Molecule ccCA-P ccCA-S3 ccCA-PS3 G3

FTDO 178.2 174.7 176.5 178.3
PTDO 139.6 135.6 137.6 137.3
Nitrite 1.4 1.2 0.7 0.9 1.8
Nitrate 0.3 1.7 0.7 0.7 1.8
Overall 1.6 1.6 1.1 1.2 1.8

ompared to the experimental �Hf(g)
◦. Since ccCA is MP2-based, its

erformance is best compared with that of G3(MP2), another MP2
ased method, rather than with the MP4 based G3 method. The
aximum absolute deviation for G3(MP2) is 5.9 kcal mol−1, cor-

esponding to tetranitromethane, while ccCA achieves a MAD of
.1 kcal mol−1 for this compound. The G3 approach shows a devia-
ion of only 0.9 kcal mol−1 for the same compound, suggesting that
higher level reference correlation method than MP2 is needed for

his molecule. Interestingly, the G3 HLC is −38.1 kcal mol−1 while
he HLC for G3(MP2) is −46.6 kcal mol−1, indicating the signifi-
ant reliance (but success of G3 for this molecule) on experimental
arameterization. However, for the study of energetic properties of
ompounds without reliable experimental data, which is a major
bjective of this study, ccCA provides a useful approach, as it does
ot rely upon empirical parameters such as a HLC. The ccCA method

s shown to be more accurate than G3(MP2), the more compa-
able method. If tetranitromethane is removed from the set of
olecules, ccCA would result in a MAD, for the ensuing subset,

f 1.1 kcal mol−1, G3 would remain at 1.3 kcal mol−1, and G3(MP2)
ould have a MAD of 1.6 kcal mol−1. The ccCA method also results

n a deviation of 4.2 kcal mol−1 for m-nitrotoluene for which the G3
ethod is in disagreement by 2.8 kcal mol−1 relative to the experi-
ental value. The apparent consistency of the theoretical methods

eads to the suggestion that experimental values could have been
nderestimated. For RDX, a well known and studied explosive, ccCA

s shown to deviate by 0.5 kcal mol−1 from the experimental value.
3 differs from the experiment by 3.1 kcal mol−1 while G3(MP2)
as the highest absolute deviation of 4.0 kcal mol−1. Overall, for
he R-NO2 compounds, the ccCA and G3 methods are quantitatively
atisfactory for the study of nitro-containing energetic molecules.

Table 2 contains the results for the R–ONO compounds of the
est set. The results show that the ccCA method leads to a MAD of
.7 kcal mol−1 from the experimental values, the G3 method results

n a MAD of 0.9 kcal mol−1 while the MAD for G3(MP2) method is
.8 kcal mol−1. The ccCA method is within the threshold of chem-

cal accuracy for seven of the eight nitrite molecules considered.
he maximum absolute deviation is 3.7 kcal mol−1 for G3(MP2)
hile G3 and ccCA exhibit maximum absolute deviations of 2.7

nd 1.9 kcal mol−1, respectively, all corresponding to the molecule
thyl nitrite.

In Table 3, results for the R–ONO2 molecules are presented. The
cCA method yields a MAD of 0.7 kcal mol−1, G3 leads to a MAD
f 0.7 kcal mol−1, while the G3(MP2) method achieves a MAD of
.8 kcal mol−1. The ccCA and G3 methods show a maximum abso-

ute deviation of 1.0 kcal mol−1 for n-propylnitrate, while G3(MP2)
aximum deviation from experimental results is 2.3 kcal mol−1 for

itric acid. Overall, the performances of the ccCA and G3 meth-
ds are within the desired chemical accuracy when compared to
xperiment.

Table 4 contains the summary of the MAD for �Hf(g)
◦ for the 40

ompounds studied. The G3 approach, which is MP4 based, leads
o a MAD of 1.2 kcal mol−1. The ccCA method exhibits a MAD of

.1 kcal mol−1, indicating that it is a reliable method to predict
nd validate �Hf(g)

◦ for highly energetic nitrogen-containing com-
ounds. The G3(MP2) method results in a MAD of 1.8 kcal mol−1

or the entire test set, which is greater than the MAD obtained
BTDO 124.1 120.0 122.0 121.5
DTTO 234.4 230.0 232.2 233.0
isoDTTO 233.3 228.8 231.1 232.1

with the ccCA method even though both are based on MP2 method.
The experimental �Hf(g)

◦ plotted against the ccCA computed val-
ues (Fig. 2) shows a linear regression coefficient (R2) value of
0.996. The similarities observed in the MAD of the ccCA method
compared to the G3 method, coupled with the aforementioned
advantages of ccCA over G3, encourage our recommendation of
ccCA for the prediction of highly energetic nitrogen-containing
compounds.

The ccCA and G3 methods have also been utilized in the deter-
mination of the �Hf(g)

◦ for five novel tetrazine compounds. The
optimal synthetic methods for these compounds are currently
under studies [4,38,39,43–47]. The results for the five poten-
tial insensitive heterocyclic explosives are shown in Table 5. The
enthalpies of formation for FTDO, PTDO, BTDO) and isomeric
1,2,3,4,5,6,7,8-octazanaphthalene tetroxides (DTTO and isoDTTO)
(Fig. 1) have been computed using the G3 and ccCA methods due
to their low MAD as found in this study. The predicted �Hf(g)

◦

(298 K) for FTDO using the ccCA approach is 176.5 kcal mol−1, in
good agreement with 178.3 kcal mol−1 of the G3 method, but at
variance with 171.7 and 168.8 kcal mol−1 of G2 and CBS-QB3 meth-
ods, respectively, as reported by Kiselev et al. [44]. The ccCA method
predicts the �Hf(g)

◦ for PTDO, BTDO, DTTO and isoDTTO as 137.6,
122.0, 232.2, and 231.1 kcal mol−1 while the results obtained using
the G3 method for these compounds are 137.3, 121.5, 233.0, and
232.1 kcal mol−1, respectively.

4. Conclusion

Accurate prediction of the enthalpy of formation of potential
energetic compounds will assist in the discovery of materials with
low sensitivity to reduce disastrous premature explosions. For-
mulation of high explosives with enhanced performances can be

improved by using chemically accurate �Hf(g)

◦ in the calculation
of explosive properties like VOD, Te, �He and Pd. Three compos-
ite methods have been utilized in this study, the G3, G3(MP2), and
ccCA methods, to determine an effective method able to accurately
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redict the gas phase �Hf
◦ at 298 K for highly energetic nitrogen-

ontaining compounds.
A test set of 40 nitrogen-containing molecules was divided into

hree subsets in order to assess the energetic differences between
he different types of nitrogen-containing groups (nitro, nitrate,
nd nitrite) in the study. The gas phase �Hf(g)

◦ have also been
redicted for five heterocycle-tetrazine compounds which have
o experimental energetic data available. Due to their compara-
le accuracies and low MAD, the ccCA and G3 methods have been
sed to predict the �Hf(g)

◦ for five tetrazine-based heterocyclic
ompounds with high-nitrogen content and desirable endother-
ic properties. The ccCA method predicts the �Hf(g)

◦ for FTDO,
TDO, BTDO, DTTO and isoDTTO as 176.5, 137.6, 122.0, 232.2
nd 231.1 kcal mol−1, respectively, while the G3 method results in
78.3, 137.3, 121.5, 233.0, and 232.1 kcal mol−1, respectively, indi-
ating a very good agreement between the two methods. The ccCA
ethod, the only composite method in this study that does not

epend on empirically derived parameterization, has been shown
o produce highly accurate �Hf(g)

◦ for highly energetic nitrogen-
ich compounds. We recommend the use of ccCA in future studies
f highly energetic nitrogen-rich species. Additionally, based solely
n their very high positive �Hf(g)

◦, DTTO and isoDTTO are good
andidates for further consideration as insensitive high explosives.
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