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Energetic Properties of Rocket Propellants Evaluated through the
Computational Determination of Heats of Formation of Nitrogen-

Rich Compounds

Valérian Forquet,” Carles Mir6 Sabaté,** Henry Chermette,” Guy Jacob,” Emilie Labarthe,

Henri Delalu,™ and Chaza Darwich*®

Abstract: The use of ab initio and DFT methods to calculate
the enthalpies of formation of solid ionic compounds is de-
scribed. The results obtained from the calculations are then
compared with those from experimental measurements on
nitrogen-rich salts of the 2,2-dimethyltriazanium cation
(DMTZ) synthesized in our laboratory and on other nitrogen-
rich ionic compounds. The importance of calculating accu-

Introduction

The synthesis of new compounds, in particular, energetic mate-
rials, is a time-consuming, costly, and hazardous process that
might generate a lot of waste. Therefore, it is only desirable to
carry out their synthesis if the target compound has interesting
properties. The prediction of physical, chemical, and thermody-
namic properties of new materials has become necessary for
economic reasons, although the tremendous development of
theoretical chemistry has helped this process with the creation
of predictive software. However, it is important to remember
that such predictions are based on models and approxima-
tions. As a consequence, currently available prediction tools
describe reality in a simplistic manner and their precision will
depend upon the level of theory used and its suitability to the
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rate volumes and lattice enthalpies for the determination of
heats of formation is also discussed. Furthermore, the crystal
structure and hydrogen-bonding networks of the nitrofor-
mate salt of the DMTZ cation is described in detail. Lastly,
the theoretical heats of formation were used to calculate the
specific impulses (/y,) of the salts of the DMTZ cation in view
of a prospective application in propellant formulations.

problem being investigated. In this regard, it is important to
define the precision that can be expected from a given model.
For example, for energy calculations, chemical accuracy is ach-
ieved when the error is below 1 kcalmol™. This is in the range
of energy involved in van der Waals forces, which are typically
considered to be the weakest interactions in chemistry.”

In the context of energetic materials, it is interesting to pre-
dict the performance of such compounds, which is given by
detonation parameters (velocity and pressure) for explosive
compounds and by the specific impulse in the case of propel-
lants.””™ The energy released during the process of decompo-
sition or combustion is one of the key parameters to deter-
mine these properties, and can be estimated if the enthalpy of
formation (AH,) of the compound is known. The other key pa-
rameter is the condensed-state density, the prediction of
which is not discussed herein. In 1998, it was estimated that
for more than 10 million compounds described in the litera-
ture, experimental values were available for less than 0.1% of
them, which encouraged the development of prediction soft-
ware.” This development goes from the creation of totally em-
pirical methods (e.g., group contribution) to ab initio calcula-
tions through semiempirical and DFT techniques. Although
empirical and semiempirical methods require relatively little
computer resources and generally allow good results to be ob-
tained, they involve an important amount of parameterization
and are generally not suited for atypical compounds (e.g.,
metastable energetic materials).”’ In addition, although predic-
tions might be satisfactory for compounds similar to those
used for parameterization, there is poor extrapolation for spe-
cies that differ from the parameterized compounds. On the
other hand, the use of ab initio and DFT methods to calculate
AH; has grown steadily over the last decade, thanks to advan-
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ces in methodology, improved software, and more powerful
computers.

Herein, a brief description of the quantum chemical meth-
ods typically used for the calculation of thermochemical data
is given. In view of the calculation of gas-phase enthalpies of
formation, we first show how formation and atomization reac-
tions, and isodesmic and similar reactions are involved. Then,
after a brief review of methods used previously, calculations of
the volumes, as well as the determination of the crystal struc-
ture of salt 5, are presented. In the following section, we inves-
tigate how to calculate ionic volumes and lattice enthalpies,
and apply the method to compounds for which no experimen-
tal data is available. Next, we discuss how we selected the
theory level to calculate the enthalpies of formation. The com-
puted values are then compared with the experimental meas-
urements obtained by means of bomb calorimetry for energet-
ic salts derived from the 2,2-dimethyltriazanium cation (DMTZ;
synthesized in our laboratory) and other nitrogen-rich materials
(Figure 1). Lastly, we use the calculated heats of formation to
estimate the specific impulses (/) of those salts to evaluate
their potential performance in propellant formulations.
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Figure 1. Energetic salts based on the DMTZ cation and the azide (1), 5-ami-
notetrazolate (2), 5,5'-azobistetrazolate (3), 5-nitrotetrazolate (4), nitrofor-
mate (5), and dinitramide (6) anions.

Results and Discussion
Thermochemistry

One of the most important approximations assumed herein is
that all equations apply to noninteracting particles, that is, per-
fect gases. To calculate the thermochemical properties, we
used the Gaussian suite of programs,®® which are based on
equations previously described in the literature."®™ All fre-
quency calculations include the Gaussian thermochemical anal-
ysis, which, by default, is carried out at 298.15 K and 1 atm for
the major isotope of each element. The difference between
the standard pressure (1 bar) and 1 atm (1 bar=1.01325 atm)
is neglected for the calculations. Hence, all values herein are
considered to be in the standard state.

The global minimum of the potential energy hypersurface
corresponds to the electronic energy of the system (E,..) in its
fundamental state at 0 K. To obtain the true energy of the fun-
damental state at 0 K (E;), one needs to account for the vibra-

tional energy of the molecules in that state, so that E;=F ..+
ZPE (ZPE=zero point energy). The calculation of frequencies
and ZPE by using the harmonic model leads to systematic
errors and an overestimation of the vibrational frequencies for
a given level of theory. To compensate for this error (i.e., to
take into account anharmonic effects), it is common to use
scaling factors, which depend on the method and basis set.
The scaling factor tends to one as the basis set grows larger
and as more and more electronic correlation is included. The
latter statement and the fact that scaling factors are not de-
scribed for all methods has prompted authors to either use un-
corrected values" or scaling factors for the same method with
different basis sets. For example, Merrill and Gordon calculated
ZPEs by using MP2(FC)/aug-cc-pVDZ and applied a correction
factor of 0.9646,"% previously determined for MP2(FULL)/6-
31G(d)," which is acceptable because the correction factors
have little dependence on the basis set used.'>'® Notably,
however, methods that use virtual orbitals (e.g., MP2) are more
sensitive to the choice of basis set than those that do not
(e.g., DFT).'¥ On the other hand, applying the same scaling
factor to high and low frequencies is a crude approximation,"”
although this approach appears to be widespread. In addition,
for the same level of theory, the correction factors for the vi-
brational frequencies and thermochemical properties are differ-
ent."718 Although incorrect,"” the same scaling factors are
sometimes used to correct both frequencies and the ZPE,
probably owing to a lack of available literature containing scal-
ing factors for ZPE. Lastly, the correction factor also depends
on the size of the molecule, for example, polyatomic molecules
will require a smaller correction factor than that of diatomic
molecules.!""%

In practice, authors generally use the Gaussian code and the
command “scale” to calculate frequencies. However, for the
purpose of this work, we considered it to be more appropriate
to a posteriori correct the ZPE values by using scaling factors
reported in the literature. In such a way, it will be easier to
modify previous results when new scaling factors are pub-
lished. To consider the corrected values for the ZPE, we used
Equation (1) to calculate the enthalpy, H; from the electronic
energy, E,.. (obtained from a single-point calculation), a ther-
mal correction to this enthalpy, and the unscaled ZPE value.
For composite methods, the scaling factor is an integral part of
the procedure and the enthalpy line can be used directly.
Some of the most widely used corrections factors, including
those used herein, can be found in the literature["*'820-28

H; =E,c + thermal correction to enthalpy—ZPE

(M

x (1—correction factor)

Enthalpies of Formation
Formation and Atomization Reactions

There are several ways to calculate the heat of formation of
a compound in the gas phase, AH/(g).”® The most direct way
is to use the —often hypothetical- reaction of formation of the
compound from the simplest stable molecules (i.e., H,, N,, O,,
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C (graphite), etc.). Assuming the condensed phase heat of for-
mation (AH{(l) or AH(s)) of the target compound is known, this
method requires the enthalpies of phase transition which are
often unknown for the compound of interest in order to
obtain the gas phase heat of formation. However, there are
methods to calculate the enthalpies of phase transition from
electrostatic potentials.?°>” A second way to calculate AH((g)
is to use atomization reactions, in combination with experi-
mental dissociation energies of H,, N,, and O, and the sublima-
tion enthalpy of C(graphite) for CHNO-based compounds,
unless experimental enthalpies of the atoms are available.

The use of either formation or atomization reactions is
straightforward; however, the precision of these procedures is
strongly dependent on the computational method, mainly be-
cause reagents, products, and their electronic correlation ener-
gies are very different. Therefore, to obtain satisfactory results
from these methods, a high level of theory and powerful com-
puters are needed.®

Isodesmic and Related Reactions

The use of highly correlated methods is not always possible,
particularly when the compound under consideration is too
large. An indirect approach to address this issue is to add the
compound of interest in a hypothetical reaction in which reac-
tants and products have similar structures and electronic envi-
ronments, for example, the same number of electron pairs, the
same types of bonds, or similar atom environments. This meth-
odology should cancel out errors, which should be similar for
both reagents and products. Consequently, in such a way,
a moderate level of theory should be sufficient to afford pre-
cise results. To be able to apply this method to determine the
heat of formation of a given compound, the heats of formation
of all species involved in the reaction need to be known with
accuracy. For the purpose of our work, we chose isodesmic re-
actions, for which there are no changes in the number of elec-
tron pairs and the types of bonds between reagents and prod-
ucts. The isodesmic reactions (see below) used for this study
are based on the bond separation principle, in which the
number of bonds of each type is preserved. As reported by Pe-
tersson et al.,’” this method is not suitable for large com-
pounds because numerous small molecules are necessary to
complete the isodesmic reaction in such cases and this will
multiply errors.

History of Methods Reported in the Literature

This section summarizes the main methods used to calculate
gas-phase enthalpies of formation, which were used in the
2000s by some prominent authors in the field of energetic ma-
terials.

Politzer et al. were some of the first authors to show an in-
terest in the evaluation of energetic compounds by quantum
methods. A review published in 2001 summarized their previ-
ous work, which described, but was not limited to, the predic-
tion of enthalpies of formation."” They used several methods
and found that composite methods gave satisfactory results;

however, owing to limitations of composite methods for large
systems at that time, they turned to less time consuming DFT.
Politzer et al."” used formation reactions at the B3P86/6-31+
G(d,p) level of theory. However, they found that this procedure
tended to underestimate the real heats of formation. They
then introduced atomic correction terms, and in 2004 evaluat-
ed the heat of formation of nitroacetylene by using its forma-
tion reaction and averaging the results obtained from CBS-QB3
and G3(MP2) methods.*" In 2005,°” the same authors pro-
posed that the B3PW91/6-31G(d,p) method with atomic correc-
tions was most suited to calculate heats of formation.

In 1999, Rice et al.®" suggested a method to calculate gas-
phase heats of formation based on atomic equivalents deter-
mined at the B3LYP/6-31G(d) level of theory, with experimental
measurements from energetic compounds. Three years later,
the same authors used this method to estimate detonation en-
thalpies by assuming that the latter could be approximated as
the difference between the enthalpies of formation of the det-
onation products and that of the explosive divided by the
molar mass of the latter.*” In 2006, Rice and Byrd calculated
new group equivalents and improved their procedure by using
the B3LYP/6-311+ + G(2df,2p)//B3LYP/6-31G(d) functional.?>*¥
In 2009,Y they calculated heats of formation by using a modi-
fied version of the G3(MP2)//B3LYP method“**® with B3LYP/6-
31+ G(d,p) instead of B3LYP/6-31G(d) for geometry optimiza-
tions.

Since 2006, Shreeve et al. have mainly turned to isodesmic
reactions and used MP2/6-311+ +G(d,p)//B3LYP/6-31+ G(d,p)
to calculate the enthalpies of formation.””-*” However, they
have also turned to less usual methods, such as G2 or
G2MP2,5"** or more advanced methods, such as G3 and
G3MP2,5>**1 and CBS variants.”® Typically, these authors use
composite methods, especially G2 or G2MP2, for protona-
tion®**¢%% or atomization'®’" reactions.

In 2006 and 2007, Klapotke et al. mainly used combustion
reactions calculated by using B3LYP/6-31G(d,p),"® B3LYP/
SDD,” B3LYP/cc-pVDZ,"7®" MP2/aug-cc-pVDZ,"" " and MP2/
cc-pvVDZ'>7681-85 methods. However, after 2008, they preferred
to use atomization reactions calculated by using CBS-4M.[%5-®

In 2004, Dixon etal. used atomization reactions and very
high levels of theory to calculate the AH{(g) values of N5, N5,
Ns", and Ny .®? Most geometries were optimized by using
CCSD(T)/aug-cc-pVTZ or CCSD(T)/aug-cc-pVQZ functionals and
the frequencies were determined by using the CCSD(T) or MP2
methods with an aug-cc-pVDZ basis set.

The calculation methods described above are useful to cal-
culate enthalpies of formation in the gas phase, AH{(g); howev-
er, most of the time, the compounds of interest are either
solids or liquids. The AH{g) value can easily be transformed
into AH(s) and AH{I) by subtracting the enthalpy of sublima-
tion, AH,,, and the latent enthalpy of vaporization, AH,,, re-
spectively. For ionic compounds of the general formula M,X,
as in the present case, Equation (2) can be used, which takes
into consideration the gas-phase heats of formation of the
cation and anion (AH{M?*,g) and AH{X?~,qg), respectively) and
the lattice enthalpy, AH,.
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AH,(M,X,5) = pAH; (M g) + GAH,(X’,g) ~AH, )

pNqr

Bartlett et al.”” and Jenkins et al.”” proposed an empirical
Equation [Eq. (3)] to estimate directly the lattice energy of solid
ionic compounds, AU (M,X,s), up to values of around
5000 kJmol™". The advantage of this method is that it only
needs the volume of the compound. The molecular volumes
can be easily deduced from X-ray measurements by dividing
the volume of the unit cell by the Z number. The volume of
the ionic compound is then considered to be equal to the sum
of the volumes of its different ions.

AU (M,X,,s) =21 (i + ﬁ)

YV
= (pq’ +ap) (% + ,3) (3)
Vunitcell
V=—"7"

Some years later, Jenkins et al. suggested an improvement,
Equation (4).°? Table S1 in the Supporting Information contains
the Jenkins' parameters for use in Equations (3) and (4) for
ionic compounds with stoichiometries of 1:1. 1:2, 2:1, and 2:2.

_ L
AU (MX,,s) = 7} /MM +0 @
y =2x10"7Ia}/N, and A = 2IB

The lattice energies calculated from Equations (3) or (4) can
both be used to calculate the enthalpies of formation, according
to Equation (5), in which ny, and ny, amount to three for monoa-
tomic ions, five for linear polyatomic ions, and six for nonlinear
polyatomic ions, for the cation and anion, respectively.

AH(M X, 5) = AU, + [p(%“”—z) +q(%—2)]RT (5)

Although these equations were initially designed for inor-
ganic ionic compounds, they were quickly adopted for the
study of systems as diverse as haloorganostannates(IV);*® hy-
drogen bonding;®” high energy density materials (HEDMs);*
and polynitrogen compounds, such as N, ™. Later, Gutowski
et al. suggested new « and f5 coefficients from the study of 23
organic nitrogen-based salts with a 1:1 stoichiometry.””’ Al-
though the use of these new parameters reduced the error on
calculated lattice enthalpies, the calculated heats of formation
of imidazolium, 1,2,4-triazolium, and tetrazolium salts studied
differed substantially from the experimental values. The analy-
sis of these results prompted Gutowski et al. to consider that
many of the experimental heats of formation reported in the
literature might be questionable.””

More recently, Rice and Byrd compared several methods for
the prediction of solid-phase enthalpies of formation of ener-
getic salts.*¥ All lattice enthalpies were determined according
to Equation (5), but the lattice energies were calculated by
using different methods.

The results that showed the best agreement with the experi-
mental values were obtained for 1:1-type salts, the enthalpies
of formation of which in the gas phase were calculated by
using the composite method G3(MP2)//B3LYP"***® and the lat-
tice enthalpies were determined with the coefficients reported
by Gutowski et al.”” These results suggest that it would be de-
sirable to determine new coefficients for salts with other stoi-
chiometries.

Calculation of Volumes

For ionic species, it is necessary to optimize the anion and
cation separately. Generally, the volumes of the ions are con-
sidered to be additive according to Equation (6):

V(MX,) = pV(MT") 4 gV (X*") (6)

Marcus et al. compared ionic volumes of anions and cations
calculated by using different procedures and showed there
was a linear correlation between their results.”® Their ap-
proach considered the ions as spheres and calculated the
volume from the ionic radius. Notably, this approximation was
based on the assumption that ions had perfectly spherical ge-
ometry and overestimated the volume of nonspherical ions.

As a prediction tool, which did not require any experimental
data, Jenkins et al. introduced what they called the isomagnet-
ic rule, which stated that salts with the same chemical formula
and same charges had approximately the same formula unit
volumes.”? However, this approach is somewhat arbitrary and
requires a volume database. For these reasons, we did not use
the above approaches herein.

Another method, which also does not require any experi-
mental data and is implemented in the Gaussian software, that
appears to be less arbitrary and of broader scope (it is not ion
dependent) is based on the calculation of the volume inside
the 0.001 a.u. isosurface of the electron density. Qiu and co-
workers showed there was a good agreement for nitramine-
based compounds when comparing the experimental densities
with those calculated by using predicted volumes at the
B3LYP/6-31G(d,p) level of theory."®™ They found that larger
basis sets gave larger volumes (lower densities) than those of
the experimental values. This was in contrast with results re-
ported by Jenkins et al.,” who found that volumes calculated
at the B3LYP/LANL2DZpd level were systematically lower than
those of the experimental values. This disagreement in the lit-
erature was solved by the work of Rice and co-workers,""
who found a good agreement between experimental volumes
of different CHNO-based compounds, including nitrogen-rich
and energetic salts, and those calculated at the B3LYP/6-
31G(d,p) level of theory. Consequently, the latter approach was
preferred whenever experimental volumes were not available.

Crystal Structure of Salt 5

Salt 5 was obtained by the metathesis reaction of 2,2-dimethyl-
triazanium sulfate® with barium nitroformate. Single crystals
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of the compound were obtained by recrystallization from iso-
propanol and cooling at —20°C overnight.

The crystal structure of the nitroformate salt is described
herein as a representative example of a DMTZ salt. Tables S4-
S6 in the Supporting Information contain the crystal structure
solution and refinement data, selected bond lengths and
angles, and the geometry of the hydrogen bonds for this com-
pound, respectively. The asymmetric unit of 5 is made up of
two crystallographically independent cations and anions
(Figure 2). Two of the nitro groups in the anion are approxi-

Figure 2. Asymmetric unit cell of 5 with the labeling scheme used herein (el-
lipsoids are drawn at the 50% probability level).

mately coplanar with the CN; plane, whereas the third group
is approximately perpendicular. The bond lengths and angles
in the anion are, within the margins of error, comparable to
those of metal and nitrogen-rich salts of the nitroformate
anion.771%%!

Salt 5 is involved in extensive hydrogen bonding and forms
a total of 10 classical and 4 nonclassical hydrogen bonds
(Table S6 in the Supporting Information). Figure 3 shows the
packing around one of the two crystallographically independ-
ent anions in the structure of compound 5. Two of the nitro
groups are involved in hydrogen bonding to three cations,
whereas the oxygen atoms of the third nitro group interact
with the protons of the methyl groups below 3.0 A. The 10
classical hydrogen bonds summarized in Table S6 in the Sup-
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Figure 3. Packing around one of the anions in the crystal structure of 5.

porting Information are involved in the formation of dimeric
patterns at the primary level. These interactions combine at
the secondary level to form dimeric interactions"® of the type
D1,2(3), D2,1(3), and D2,2(X) (X=4-7); chain graph sets with
the descriptors C2,2(X) (X=6, 10); and ring patterns with the
labels R1,2(6), R2,1(4), and R2,2(X) (X=38, 10). These ring graph
sets are represented in Figures 2 and 3. For example, one of
the amino groups forms two hydrogen bonds to the same
nitro group (N17--012=2.5200 and N17--013=2.4350A),
which yields R2,1(4) graph sets, or the interaction between
two amino groups of one cation and two nitro groups of one
anion (N2--012=2.3930 and N3--0O11=2.5070 A) form R2,2(10)
networks.

lonic Volumes and Lattice Enthalpies

For nearly all compounds described herein (1-5; Figure 1), we
measured the volumes by means of X-ray crystallography at
room temperature and used these values to calculate the lat-
tice energy and lattice enthalpy by using Equations (3) and (5).

Table S2 in the Supporting Information contains the values
obtained by using the a and 3 coefficients suggested by Jen-
kins et al.,”"" and Table S3 in the Supporting Information shows
the values obtained by using the a and f3 coefficients suggest-
ed by Gutowski etal®” for 1:1 salts (i.e., all salts discussed
herein, except 3). The lattice enthalpies obtained by using the
Gutowski coefficients are in the range of around 20 kcalmol™
higher than those obtained by using the Jenkins coefficients.

If possible, it is preferable to use experimental volumes
(from X-ray experiments, see above) obtained at room temper-
ature rather than calculated values. However, as mentioned
above, experimental data is not always available. Difficulties in
obtaining single crystals of the dinitramide salt 6 to obtain the
volume of the compound prompted us to study a method
that would allow us to predict volumes for salts of the DMTZ
cation. Hence, we calculated the volumes of the DMTZ cation
and of the different anions in this study separately, and used
Equation (6) to obtain volumes of the different salts. In all
cases, we used the volume from an isodensity surface polar-
ized continuum model (IPCM) calculation with the B3LYP func-
tional (see the Supporting Information for technical details).
Based on available literature, we selected the following three
basis sets for our calculations to determine the corresponding
volumes (abbreviated as Vegsigapy Vesiiaay and Viyp): 6-
31G(d,p), 6-31+G(d), and TZVP. In addition, we also used cor-
rections proposed by the groups of Rice!®" and Gutowski®” to
obtain the corrected volumes [Egs. (7) and (8), respectively],
which were then compared with the experimental values ob-
tained from the crystallographic measurements (Table 1).

Ve-316(d,p),cormice = V5-31G(d,p)_(0-6763 +0.9418 x nH) (7)

Vrzv conGutowski = 1.03 X Vi3z,—0.03 (8)

For each of the prediction methods used, we calculated the
square root of the mean standard deviation (RMSD) to decide
which method gave the best results. The volumes calculated
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Table 1. Calculated volumes of the DMTZ salts described herein and
a comparison with the experimental values (V) obtained from X-ray
measurements at room temperature.

Salt V considered Calcd V [A] Veaed—Vepr [A%]
Vexptl 151.4
Vesictap) 164.1 12.7
1 V316 173.7 223
Ve 170.2 18.8
V5—31G(d,p),corrRice 154.0 2.6
VTZVP,corrGutowski 1753 239
Vo 200.1
V316, 205.7 56
2 V316 216.4 16.3
Vizve 213.2 13.1
Ve 31600 p)corice 193.7 —64
VTZVP,corrGutowski 219.6 19.5
Verpt 381.5
Vo316, 389.6 8.1
3 V316 409.5 28.0
Vize 402.8 213
Vs:316(d,p),conRice 379.5 -20
VizvpcorGutowski 414.8 333
Verpt 221.8
V316 221.1 —-0.7
4 [z 232.0 10.2
Vizwe 228.2 6.4
V316 p)comice 211.0 -10.8
VizveconGutowski 235.0 13.2
Verpr 2421
Vesiap 238.9 —32
5 V316 250.9 8.8
Vizve 247.9 5.8
Vi6.316(d,p)corice 228.8 —13.3
VTZVP,conGu\owski 255.3 13.2

with B3LYP/6-31G(d,p) appeared to give the best agreement
with the experimental values (RMSD =7.3 A%). Generally speak-
ing, the volumes obtained with the 6-31G(d,p) basis set were
larger than the experimental values. On the other hand, the
volumes obtained with the Rice correction tended to underes-
timate the experimental values. The remainder of the methods
evaluated herein tended to systematically overestimate the
volumes relative to the experimental values.

After identifying the most precise method to calculate vol-
umes (B3LYP/6-31G(d,p)), we applied it to the dinitramide salt
6 for which we could not obtain experimental data. The
volume of compound 6 under room-temperature conditions
was predicted to be 203 A%. With this value, we calculated
a standard lattice enthalpy of 508.0 kJmol™' (121.4 kcalmol™)
by using the coefficients of Jenkins® and 603.0 kJmol™
(144.1 kcalmol™") by using those of Gutowski.””

Selection of the Theory Levels

Given the many possible combinations of methods and basis
sets available, it is of primary importance to select an appropri-
ate model in accordance with the system to be studied and
the available resources. Herein, we used several levels of

theory and compared them with experimental results to find
the most suitable method for predicting the properties of the
nitrogen-rich compounds under study. It was clear to us that,
owing to the lack of Coulomb correlation, HF theory®® would
not be suitable for our system because it would not give an
accurate energy value compared with other methods. For ge-
ometry optimizations and calculations of the vibrational fre-
quencies, the DFT and MP2 methods are most commonly used
because they include electron correlation and are relatively
fast. In particular, DFT is faster than MP2 (calculation time is
proportional to N°~N* versus proportional to N°) and are often
at least as accurate for the geometries of CHNO com-
pounds,"®'% especially when using a hybrid functional con-
taining Becke’s B3 exchange, such as B3LYP or B3PW91.1'%%9
Other highly correlated methods, such as MP4, Cl, CC, and QCl,
are to be avoided for geometry optimization owing to their
long calculation times, and because they do not provide signif-
icantly better geometries than other methods at a lower level
of theory. Notably, these methods are generally used for
single-point calculations on optimized geometries (at a lower
level of theory) and CCSD(T), in particular, is often considered
as a reference for the evaluation of other (lower-level) meth-
ods.

In addition to the method, the basis set also ought to be
chosen carefully. For polynitrogen-based compounds, Kwon
and McKee recommended the use of (at least) triple-C basis
sets, such as 6-311+G(d)."° In addition, it is essential to use
polarization functions, particularly to obtain correct vibrational
frequencies. According to Anderson and Uvdal™ at least
(2d,p) polarization functions are necessary for hydrazine, from
which the DMTZ cation is derived. This level of polarization
was thus considered as the minimum acceptable for this work.
To calculate the anionic part of the salts described herein, the
use of diffuse functions was necessary. Therefore, we also used
diffuse functions to calculate the cations to combine coherent-
ly the results of anions and cations.

In addition to the methods stated above, we also considered
composite methods for our calculations. These methods aim
to approach results obtained from a very high level calculation
by using corrective terms for a relatively short calculation time.
For example, a calculation with G2(B3LYP/MP2/CC) is faster
and will give more accurate values than a calculation with
B3LYP/6-311 +G(3df,2p)."" Contrary to Gn methods, CBS
methods are size-consistent and, when comparing methods of
the same generation, CBS methods are significantly faster than
Gn methods. The cheapest CBS method in terms of calculation
time is CBS-4M, which optimizes the geometry and calculates
the ZPE at the UHF/3-21G(d) level of theory."® However, this
method is not suitable for the purposes of this study, as dis-
cussed above. On the other hand, the CBS-QB3 method opti-
mizes the geometry and calculates the ZPE at the B3LYP/6-
311G(2d,d,p) level of theory, which is adapted to the systems
in this study."® Unfortunately, none of the Gn and CBS meth-
ods available in the Gaussian software use diffuse functions for
geometry optimization and frequency calculations. In this con-
text, Brinck and Rahm developed the G2X method by includ-
ing diffuse functions into the G2 method.""” Based on the defi-
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ciencies and virtues of the methods described above, we con-
sidered the following five methods to be the most suited for
our systems: 1) B3LYP/6-311 4+ G(2d,p) with a scaling factor of
0.9877 for the ZPE," 2) B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-
311+ G(2d,p), 3) B3LYP/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p),
4) CCSD(T)/aug-cc-pVTZ//B3LYP/6-311 +G(2d,p), and 5) CBS-
QB3.

Calculation of Enthalpies of Formation

The relatively small size of the compounds used in this study
coupled with the available computer resources allowed us to
use highly correlated methods. Therefore, atomization and for-
mation reactions could be used in this work and should both
lead to accurate results. However, isodesmic reactions are still
attractive owing to their inherent properties of compensating
for errors regardless of the method used, if precise experimen-
tal values are available. The two main databases used for this
work were the NIST WebBook of Chemistry!"" and the Hand-
book of Chemistry and Physics.!"?

DMTZ Cation

We calculated the enthalpy of each species involved in the re-
actions shown in Equations (9) and (10) separately to deter-
mine the enthalpy of the isodesmic reactions [see Eq. (11)].
This allowed us to determine the enthalpy of the reaction and,
by using the gas-phase enthalpies of formation of the species,
the enthalpy of formation of the DMTZ cation can be calculat-
ed by using the reaction depicted in Equation (9) in combina-
tion with Equation (12).

HyC_, NH, Ao MC
N, + ZNH, —2» N—NI: + H:N—NH, + NH,

+C~ "NH; e

HyC Ha H5C @)

HC , NHa 0
N, 4+ 4NH; —» 2I,C—NH, + 2H,N—NH; + NI

HyC NHa

(10)

AH,° = ZH°(products) —=H°(reactants) (11)

AHf(DMTZ*) :AHf,expt,o(UDMH) + AHf,expt,o(NzHA‘)
+AHf,exptIO(NH4+)_AHr,cachO_z X AHf,exptIO(NHS)
(12)

Table 2 contains the gas-phase enthalpies of formation of
the DMTZ cation calculated by using the different methods in-
troduced above and Equations (9) and (10). To give the reader
an idea of the calculation time required for each method, this
is given by the central processing unit (CPU) time divided by
the number of cores used (i.e., 12, see the Experimental Sec-
tion).

Knowing that calculations with the CCSD(T) method general-
ly lead to more precise values [AH{DMTZ)=765.5 kJmol™';
Eq. (9)1, we found that the B3LYP method overestimated the
heat of formation of the DMTZ cation by 20-25 kimol™" when
using Equation (9) and gave a value of around 40 kJmol™'
when using Equation (10). Notably, the smaller disagreement
between the values obtained with Equation (9) is in keeping
with the preference for Equation (9) over that of Equation (10),
as mentioned above. Therefore, hereafter, only Equation (9)
was used for the calculations presented below. However, in the
case of highly correlated methods, such as CCSD(T) and CBS-
QB3, there is little difference between the values obtained
with either Equations (9) or (10) (around 5 kJmol™"). Neverthe-
less, the values calculated were well below that reported by
Shreeve et al.*¥ (AH{DMTZ)= 1197 kJ mol™") obtained by using
the G2 composite method with Equation (10). These authors,
however, did not describe performing experimental tests to
prove their claim.

To avoid errors related to the arbitrary choice of an isodes-
mic reaction [e.g., Eq. (9) over Eq. (10)] and related to possible
experimental errors, atomization reactions offer an excellent
and unequivocal alternative. Atomization reactions offer the
advantage of being unique for each compound and the only
necessary experimental values used to calculate the heats of
reactions are those concerning the individual atoms for which
very precise values can be found in the literature. On the
downside, in atomization reactions, the errors are not compen-
sated for in both sides of the equations, as they would be for
isodesmic reactions, and therefore, highly correlated methods,
such as CCSD(T) or CBS-QB3, are necessary. Generally speaking,
the time required for a calculation with CCSD(T) is much
longer than that with CBS-QB3 and the results obtained are
not significantly different. Therefore, for the purposes of this
study, only the CBS-QB3 method was used in combination
with atomization reactions. The gas-phase enthalpy of forma-
tion of the DMTZ cation was calculated according to the atom-
ization reaction given in Equation (13) by using Equation (14).
The result (AH{DMTZ)=773.5 kJmol™'; 7 min calculation time)
is very close to that described above with the reaction shown
in Equation (9).

Table 2. Calculated enthalpies of formation of the DMTZ cation in the gas phase.

Method Equation (9) Equation (10)

AH? [kJmol™] t [min] AH? [kJmol™] t [min]
B3LYP/6-311 + G(2d,p) 790.0 8 800.0 6
B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-311 4 G(2d,p) 786.8 1 795.4 8
B3LYP/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) 788.2 16 797.2 12
CCSD(T)/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) 765.5 822 759.8 654
CBS-QB3 770.6 n 764.1 8
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H3C\@,NH2 AHiono H3C\ ,NHZ A'L/atom0
N —_ N ————— 2C +10H +3N
HzC  NH, HzC  NH,
| A’ (13)
AHL(DMTZ") =2 x AHf,expﬂo(C) + 10 x AHf,expt,O(H) (1)

+3 X AHf,exptl0 (N) _AHi&ra,cachO

Anions and Corresponding DMTZ Salts

In the case of the azide anion, the protonation reaction shown
in Equation (15) was used instead of an isodesmic reaction.
However, as mentioned above, when using atomization reac-
tions, the results of this calculation are highly dependent on
the level of theory used.

(15}

Table 3 collects the enthalpies of formation of the azide
anion at different levels of theory, as well as those of the corre-
sponding salt 1 calculated by using Equation (2). The lattice
enthalpies were determined by using both the coefficients of
Jenkins®" and Gutowski.”” Table 4 collects the CBS-QB3 calcu-
lated enthalpies of formation of the different ions studied
herein, and those of the salts by using both Jenkins and Gu-
towski coefficients with atomization reactions.

The enthalpy of formation determined previously by using
bomb calorimetry was (352.0+59.7) kmol """ Regardless of
the uncertainty associated with this measurement, it appears
that the calculated values obtained by using the coefficients of
Gutowski are in better agreement with the experimental value,
whereas using the coefficients of Jenkins leads to a systematic
overestimation of the experimental value by around
80 kJmol™". The same trend is found when using the atomiza-
tion reaction shown in Equation (16).

S} AHiuno AHatomo
N; N 3N

(18)
AHigg?

Table 4. Calculated enthalpies of formation of salts 1-6, hydrazinium
5,5'-azobistetrazolate (HZT), and triazanium 5,5'-azobistetrazolate (TZZT)
in the solid state by using the CBS-QB3 method (see below for the atomi-
zation reactions).””

Salt AH? [kJmol™] t

lon Salt (Jenkins) Salt (Gutowski) [min]
1 190.5 416.2 3331 8
2 179.1 442.7 348.2 14
3 789.2 1140.0 - 1140
4 103.8 380.9 282.6 31
5 —246.0 423 —59.3 300
6 —143.3 122.1 27.2 22
HZT 765.4 949.4 - 1140
TZZT 861.4 1202.6 - 1140

[a] lon=azide, 5-aminotetrazolate, 5,5'-azobistrazolate, 5-nitrotetrazolate,
nitroformate, and dinitramide anions for salts 1-6, and hydrazinium and
triazanium cations for HZT and TZZT, respectively.

The experimental values available in the literature allow the
enthalpy of formation of the 5-aminotetrazolate anion to be
determined by using both the protonation reaction shown in
Equation (17) and the isodesmic reaction shown in Equa-
tion (18). The calculated values are presented in Tables 5 and 6,
respectively. Again, the enthalpy of formation calculated by
using the B3LYP hybrid functional is systematically higher than
those obtained by using CCSD(T) and CBS-QB3. Based on calo-
rimetric measurements, the experimental heat of formation of
the compound is (335.2434.7) kkmol™'. Again, the best match
is found when using the coefficients of Gutowski, whereas
those of Jenkins lead to an overestimation of around
95 kJmol~". In this case, the experimental uncertainty is smaller
and only the highly correlated CCSD(T) and CBS-QB3 methods
give values within the range of experimental error (from 300.5
to 369.9 kimol™). Additionally, the values obtained by using
the protonation reaction shown in Equation (17), are closer to
the experimental value than those obtained by using the iso-
desmic reaction shown in Equation (18).

N x
<N @ AH? N
Hz.\'—<®| + H —— :\““N (17)
2N mN— |
;\'/N
SN AH? SN
1[2N—<®| + CH, —» u—<®| + HC—NH; (18)

Table 3. Calculated enthalpies of formation of the azide anion in the gas phase and of salt 1 in the solid state, according to the isodesmic reaction shown

in Equation (9) and the protonation reaction shown in Equation (15).

Method AH? [kJmol™] t
Anion Salt (Jenkins) Salt (Gutowski) [min]
B3LYP/6-311 +G(2d,p) 182.7 425.0 341.9 9
B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-311 + G(2d,p) 186.3 4254 3423 12
B3LYP/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) 186.8 427.3 344.2 17
CCSD(T)/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) 188.8 406.6 3235 828
CBS-QB3 186.9 409.8 326.7 1
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Table 5. Calculated enthalpies of formation of the 5-aminotetrazolate anion in the gas phase and that of salt 2 in the solid state, according to the isodes-
mic reaction shown in Equation (9) and the protonation reaction shown in Equation (17).

Method AHP [kJmol™] t
Anion Salt (Jenkins) Salt (Gutowski) [min]
B3LYP/6-311 + G(2d,p) 181.1 461.3 366.8 14
B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-311 + G(2d,p) 186.0 463.0 368.5 19
B3LYP/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) 187.0 465.3 370.9 26
CCSD(T)/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) 177.9 433.6 339.1 2880
CBS-QB3 172.8 433.6 336.1 23

Table 6. Calculated enthalpies of formation of the 5-aminotetrazolate anion in the gas phase and that of salt 2 in the solid state, according to the isodes-

mic reactions shown in Equations (9) and (18).

Method AHL [kimol™"] t
Anion Salt (Jenkins) Salt (Gutowski) [min]
B3LYP/6-311 +G(2d,p) 205.1 485.3 390.8 13
B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-311 4+ G(2d,p) 205.1 482.0 387.6 17
B3LYP/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) 205.3 483.6 389.2 23
CCSD(T)/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) 204.2 459.8 365.4 2736
CBS-QB3 202.7 463.4 369.0 20

Similarly to that observed for azide salt 1, the heat of forma-
tion of the 5-aminotetrazolate salt 2 calculated by using the
atomization reaction shown in Equation (19) at the CBS-QB3
level of theory is higher that than obtained by using the proto-
nation reaction shown in Equation (17) by around 10 kJmol™
(Tables 4 and 5).

= AH,0 Nan  AHy 0
HZN_< o en | HN= ———~ C +2H +5N
N* INig
| AHigg” #’ (19)

The heat of formation of the salt calculated by using the co-
efficients of Gutowski (Table 4) and the atomization reaction
shown in Equation (19) (AH,=348.2 kJmol™") falls within the
margins of error of the experimental value.

At this point, it is clear that the slight additional precision of
a CCSD(T) calculation compared with that of a CBS-QB3 calcu-
lation is not worth the much longer computational time re-
quired. As such, the CCSD(T) method was no longer used as
for the remaining compounds.

For the 5,5-azobistetrazolate salt 3, that is, a M,X com-
pound, only the Jenkins coefficients are reported in the litera-
ture. Tables 7 and 4 contain the values for the enthalpies of
formation obtained by using the isodesmic reaction shown in

Table 7. Calculated enthalpies of formation of the 5,5-azobistrazolate anion in the
gas phase and that of salt 3 in the solid state, according to the isodesmic reactions

shown in Equations (9) and (20).

Equation (20) and the atomization reaction shown in Equa-
tion (21), respectively. The general trends discussed above are
also observed for this compound.

The experimental heat of formation of this compound is
(690.6 4 55.4) k)Jmol™ when using benzoic acid as a combus-
tion auxiliary and (1102.74+39.2) kJmol™" when using paraffin
oil. The only calculated value that falls within the margin of
error of the experimental values is that computed by using the
CBS-QB3 method and the atomization reaction shown in Equa-
tion (21) (AH;=1140.0 kyJmol™"); this prompted us to believe
that an undesired acid-base reaction probably took place be-
tween the energetic salt and benzoic acid when the latter was
used as an auxiliary. All enthalpies of formation calculated by
using isodesmic reactions are well above the experimental
value, in particular, that obtained with B3LYP.

The isodesmic and atomization reactions shown in Equa-
tions (22) and (23), respectively, used for the 5-nitrotetrazolate
anion resemble those used above for the 5-aminotetrazolate
anion. The calculated enthalpies of formation for the 5-nitrote-
trazolte salt 4 when using both reactions are presented in
Tables 8 and 4.

Owing to the issues encountered when using benzoic acid
as a combustion auxiliary mentioned above, we chose to re-
place this with paraffin oil to measure the heat of combustion
of 5-nitrotetrazolate salt 4. However, the numerous
tests performed with this compound left behind sig-
nificant amounts of soot, which rendered the ob-
tained results unusable. Therefore, we returned to
using benzoic acid as the auxiliary and obtained an
t experimental value of (182.2416.4) kJmol™'. This
minl  value is well below the calculated values obtained by

Method AH? [kJmol™]
Anion Salt (Jenkins)
B3LYP/6-311 +G(2d,p) 834.0 1217.8
B3LYP/6-311+ + G(3df,3pd)//B3LYP/6-311 + G(2d,p) 836.2 1213.7
B3LYP/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) 836.7 1216.9
CBS-QB3 830.5 1175.6

38 using different methods with the Gutowski coeffi-
45 cients. We believe that the reason for this lack of
11{59461 agreement comes, as seen above, from an acid-base
reaction between the salt and the auxiliary. However,
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if the reaction with the paraffin oil had gone to completion or
if there were no secondary reaction with benzoic acid, we be-
lieve that the experimental values would agree with those cal-
culated with CBS-QB3 (AH;=282.6 kimol™", obtained using the
atomization reaction and Gutowski coefficients).

Equations (24) and (25) show the protonation and atomiza-
tion reactions, respectively, used to calculate the heat of for-
mation of the nitroformate salt 5. The calculated values are
given in Tables 9 and 4. Unfortunately, we were not able to
obtain the nitroformate salt in sufficiently pure form to per-

form combustion measurements. However, based on the re-
sults discussed above, it is fair to assume that the experimental
heat of formation of the nitroformate salt should be close to
that of the CBS-QB3 calculated value obtained using the atom-
ization method and Gutowski coefficients for which AH;=
—59.3 kJmol ™.

NO, NO,
as e AH? ’
C\— NO; + H —— H—C\— NO; (24)
NO. NO;
NO, AHig,? NO AHaom?
©C-NO, C-NO, — "~ C +3N +60
NO, NO,
AHi&a0
(25)

As for the nitroformate salt above, dinitramide salt 6 could
not be obtained in high enough purity to perform combustion
measurements. The lack of reliable experimental heats of for-
mation for the dinitramide anion and its derivatives make the
atomization method the method of choice for calculating the
heat of formation of this compound. This was estimated to be
AH;=27.2 kyJmol™, by using Equation (26) and the Gutowski
coefficients to calculate the lattice enthalpy (Table 4).

,NOZ AH\onO ,NOZ AHatomo
ON. N 3N +40
NO, NG, (26)
| AHigs

Other Nitrogen-Rich Salts

At this point, it was interesting for us to apply the method de-
scribed above to other nitrogen-rich salts containing a different
cation from DMTZ. Of all compounds available in the literature,
hydrazinium 5,5-azobistetrazolate (HZT) has been extensively

Table 8. Calculated enthalpies of formation of the 5-nitrotetrazolate anion in the gas phase and of salt 4 in the solid state, according to the isodesmic re-

actions shown in Equations (9) and (22).

Method AHP [kJmol™] t
Anion Salt (Jenkins) Salt (Gutowski) [min]
B3LYP/6-311 + G(2d,p) 138.2 431.9 333.5 19
B3LYP/6-311 + + G(3df,3pd)//B3LYP/6-311 + G(2d,p) 140.6 431.1 3328 24
B3LYP/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) 140.7 432.6 334.2 31
CBS-QB3 1384 412.7 3144 38

Table 9. Calculated enthalpies of formation of the nitroformate anion in the gas phase and of salt 5 in the solid state, according to isodesmic reaction

shown in Equation (9) and the protonation reaction shown in Equation (24).

Method AH? [kJmol™] t
Anion Salt (Jenkins) Salt (Gutowski) [h]
B3LYP/6-311 +G(2d,p) —265.7 39.1 —62.5 1.1
B3LYP/6-311+ + G(3df,3pd)//B3LYP/6-311 + G(2d,p) —259.6 42.0 —59.6 1.2
B3LYP/aug-cc-pVTZ//B3LYP/6-311 + G(2d,p) —260.4 42.6 —59.0 14
CBS-QB3 —232.0 53.4 —48.2 1.5

10
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described by Klapétke et al.,” and presents the advantage of
being based on the 5,5"-azobistetrazolate anion, which had al-
ready been calculated for 3 (see above). The second nitrogen-
rich salt considered herein was triazanium 5,5"-azobistetrazo-
late (TZZT), which has not yet been described in the literature.
Table 10 contains a summary of the methods and results ob-
tained for the heats of formation of HZT, and provides a com-
parison with the results previously published by Klapdtke
et al.” For our calculations, we used the atomization method
with Equation (21) for the anionic part and Equation (27) for
the cationic part. Because only Jenkins coefficients are avail-
able for 1:2-type salts, we calculated the lattice enthalpies by
using the Jenkins values to obtain a heat of formation of
AH;=949.4 kimol™' (Table 4) by using the CBS-QB3 method.

] AHiono AHa’(c)m0
H,N—NH; H,N—NH3 5 H + 2N
AHl&ao
(27)
@ N=Y
2H;N—NH; + I!I>_N% NhN
<)
O]
N (28)
lAH}.‘
2CH;y + Hy + TN:

Table 10. Comparison of experimental and calculated values obtained
for HZT.

Parameters This work Klapotke et al.*!

reaction atomization [Eqgs. (21) and  other [Eq. (28), non iso-
271 desmic]

method CBS-QB3 MP2(FULL)/6-311 4 G(d,p)

V (salt) [A%] 266.1 (B3LYP/6-31G(d,p))  334.5 (exptl)

AH, [kJmol ] 1371 1257

AH{ caled 949 1105

[kJmol™]

AH? exptl (%} 858

[kJmol ]

[a] Obtained with the combustion auxiliary benzoic acid.

A closer look at Table 10 reveals that the volume calculated
herein at the B3LYP/6-31G(d,p) level of theory (266.1 A%) differs
significantly from that found experimentally (X-ray crystallogra-
phy) by Klapétke et al. (334.5 A%).® This is surprising because
the method used herein to calculate the volume is in very
good agreement with the experimental data of the DMTZ pre-
pared and described herein (Table 1). As a consequence of this
volume difference, the lattice enthalpies (AH,=1371 kJmol™'
vs. 1257 kJmol™" for Klapdtke et al.®”) and the heats of forma-
tion (AH;=949 kJmol~' vs. 1105 kJmol~' for Klapotke et al.*)
are also significantly different. Based on our experience of
using the B3LYP hybrid functional for isodesmic reactions (sys-
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tematic overestimation of AH.), we believe that the
MP2(FULL)/6-311 +G(d,p) level of theory is insufficient to give
satisfactory values, especially with a reaction that is not isodes-
mic. Consequently, the heat of formation obtained by using
this method in association with Equation (28) probably overes-
timates the real value. On the other hand, knowing that Kla-
potke etal. tend to use benzoic acid for their calorimetric
measurements,® it is likely that their experimental values are
underestimated, as in the case of 3. Therefore, considering the
good agreement between our calculated values obtained by
using atomization reactions with the composite method CBS-
QB3 and our experimental values with paraffin oil as the com-
bustion auxiliary, we believe that the heat of formation calcu-
lated by our method is probably the closest to the real value.
Notably, the value we calculated by using this method was be-
tween that calculated by Klapétke et al.,” which we consider
to be overestimated, and that measured by the same authors,
which we consider to be underestimated.

Now that the heat of formation of HZT has been calculated,
it is interesting to compare it with those of 3 and TZZT, which
is assumed to be stable under ambient conditions for the pur-
poses of our comparison [Eq. (29)].

HONHy  AHG" Ho NHy  AHaon”
N N —— 6 H +3N
H 'NH, H 'NH,
AHi&aO T
(29)

Following the same procedures as those described above,
we calculated a heat of formation of 1202.6 kJmol™' for TZZT
(Table 4). In practice, in the thermodynamic codes used to eval-
uate the performance of energetic compounds, the heat of for-
mation is expressed per mass unit. The heat of formation in
kJkg™' increases in the order 3 (AH;=3603.8 klkg™"), HZT
(AH;=4124.4KJkg™"), and TZZT (AH;=46215kJkg "), when
using CBS-QB3 values from the atomization reactions de-
scribed above. This tendency to increase from DMTZ to TZZT
puts into perspective the positive effect on the performance of
the extra N—N bond and the negative effect of a higher
carbon content.

To further confirm the validity of the procedure described
above to compute AH(g) (i.e., CBS-QB3 calculations associat-
ed with atomization reactions) based on our experimental re-
sults, we also considered other experimental AH(g) values re-
ported in the literature. Table 11 contains the predicted values
for all compounds involved in the above isodesmic and proto-
nation reactions for which experimental data was available.

Overall, there is a good agreement between experimental
and calculated values. However, the agreement between calcu-
lated and experimental values for the tetrazolate anion and ni-
troform is lower than that for the smaller anions. Before ques-
tioning the method used herein, other experimental sources
would be needed to verify if the enthalpies of formation re-
ported herein were precise enough. If there were still a lack of
agreement with the new data, it would be necessary to com-
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Table 11. Comparison of experimental AH(g) values with the corre-
sponding theoretical values (obtained by using the CBS-QB3 method as-
sociated with atomization reactions).

Compounds AH{(g) [kJmol™]
CBS-QB3/atomization Exptl

NH; —43.8 —45,9113!
NH,* 632.2 630.20"
CH, —74.2 — 74,913
H—N=N—H (cis) 223.1 213,03
N5~ 190.5 180.71"%)
HN, 291.7 2941019
NH,NH, 99.8 9541113
CH;NH, -196 —23,0M3
CH;NO, —82.5 —74.9M
(CH5),NNH, 83.9 83.3M"®
tetrazolate anion 174.1 200417
5-aminotetrazole 324.1 323.8"7
HC(NO,), —20.8 —0.8M®

pare the experimental and calculated geometric parameters
(bond lengths and angles, as well as dihedral angles) to find
the cause of these differences. Unfortunately, such experimen-
tal data in the gas phase is scarce in the literature, especially
for ionic species, such as the tetrazolate anion, or “exotic” mol-
ecules, such as nitroform. Therefore, we conclude that, based
upon the results obtained for the compounds studied herein,
it appears that the combination of the CBS-QB3 method with
atomization reactions is best suited to precisely predict gas-
phase enthalpies of formation.

Specific Impulses

Once the heat of formation of a given compound is known,
and using its molecular formula, the detonation parameters
(for high explosives) and specific impulses (I,; for propellants)
can be calculated by using a computer code. For all I, calcula-
tions reported in this section, we used the OPHELIE code,
which is a modification of the CEC71 program (Chemical Equi-
librium Calculations)™™ used by NASA to calculate theoretical
rocket performance. These simulations are typically carried out
with a combustion chamber pressure of 70 atm and an exit
pressure of 1 atm. Given the properties of the DMTZ salts stud-
ied herein, they could potentially be used as solid or liquid
(dissolving the salts in a solvent) propulsion compounds. For
DMTZ salts 1-6, as well as for HZT and TZZT, we carried out
two simulations: one with the calculated enthalpies of forma-
tion and one with (if available) the experimental values from
bomb calorimetry, for comparative purposes (Table 12). In all
cases, we replaced aluminum (typically used for such formula-
tions) with the energetic salts mentioned above. These calcula-
tions were carried out for solid propulsion by using the follow-
ing mass ratio: 68% ammonium perchlorate, 18% energetic
salt, and 14% hydroxyl-terminated polybutadiene (HTPB). The
ratio between the oxidizer and reducer was set at 2.125. Under
these conditions, commercial mixtures based on aluminum
achieve /, values of 265.3 s.

The I, values calculated for the formulations described
above, obtained by using calculated and experimentally ob-
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Table 12. Specific impulses (/,) calculated for solid propulsion by replac-
ing aluminum with nitrogen-rich salts 1-6, HZT, and TZZT.

Salt Type of AHP Iy
value [kJmol™] [kkg™ [s]
1 calcd 333.1 2819.5 229.3
exptl 352.0 2979.5 230.0
2 calcd 348.2 2173.8 224.9
exptl 335.2 2092.6 2245
3 calcd 1140.0 3603.8 230.8
exptl 1102.7 3485.9 230.3
4 calcd 282.6 1486.1 233.2
5 calcd —59.3 —262.2 2423
6 calcd 27.2 149.3 2413
HZT calcd 949.4 41244 237.6
TZZT calcd 1202.6 4621.5 240.5

tained heats of formation, do not differ significantly (less than
1's). This supports the validity of the method used for the cal-
culations, in particular, the composite method CBS-QB3 associ-
ated with atomization reactions. However, the [, values calcu-
lated herein for mixtures in which aluminum has been com-
pletely replaced with one of the energetic salts, are lower than
those of the reference systems with pure aluminum. Therefore,
it would be useful to study other formulations based on mix-
tures of aluminum with one of the nitrogen-rich salts de-
scribed herein.

Conclusion

In view of the different calculation methods used herein to
predict gas-phase enthalpies of formation of nitrogen-rich
salts, the method that appears to be the simplest and most re-
liable is that of CBS-QB3 associated with atomization reactions.
This method presents the additional advantage of being based
on reliable values (the enthalpies of formation of the atoms).
This is particularly important because enthalpies of formation
(especially for new compounds) are often not available from
the literature. Furthermore, even if these values have been de-
scribed, their validity might be subject to discussion, as illus-
trated by the lack of agreement between the gas-phase heat
of formation of the DMTZ cation obtained herein and the pre-
viously calculated value,” which seems to significantly overes-
timate the real value. To convert gas-phase heats of formation
into those of the solid phase, the lattice enthalpy (in the case
of ionic compounds) needs to be known accurately. The latter
can be evaluated based on the volume of the salt calculated at
the B3LYP/6-31G(d,p) level of theory or by using the experi-
mental value (e.g., from X-ray measurements at room tempera-
ture) and either Jenkins or Gutowski coefficients in the formu-
las developed by Jenkins etal. The Gutowski coefficients
appear to give the best agreement with experimental values
for the salts of the DMTZ cation in this study, however, their
field of application is limited to 1:1 salts. Nevertheless, the pre-
dicted values tend to be higher than those obtained experi-
mentally through combustion measurements, so that the true
values are expected to lie somewhere in between calculated
and experimental values.


http://www.chemasianj.org

Experimental Section
Computational Details

The chemical quantum calculations were carried out by using
Gaussian 09 software.” We used GaussView 5 to prepare the Gaus-
sian job files and analyze the results of the output file.

For all calculations, we used a local cluster belonging to the Ana-
lytical Science Institute (UMR 5280) in Lyon. Each node ran the
Linux Red Hat Enterprise (64 bits) operating system and comprised
two hexacore Intel Xeon X5650 processors clocked at 2.66 GHz and
24 GB of memory (DDR3, 1333 MHz). Each Gaussian job was run on
a single node, with all 12 cores available and 22 GB of memory al-
located.

Once the method was chosen, the equilibrium geometry (i.e.,
ground state) was sought. This geometry is a stationary point cor-
responding to the global minimum on the potential energy hyper-
surface and is characterized by the absence of imaginary frequen-
cies. Frequency calculations were carried out at the same level of
theory as that used for geometry optimization. To ensure that the
optimized geometry was a true minimum and not just a local mini-
mum (also characterized by the absence of imaginary frequencies),
the structure was inspected critically (steric hindrance, unexpected
intramolecular interactions, ...) or by using molecular dynamics. At
this point, we carried out a single-point energy calculation at
a higher level of theory than that used for the geometry optimiza-
tion. The nomenclature used herein was method2/base2//
method1/base1, in which method1 was used in combination with
basel for geometry optimization, whereas method2 and base2
were used for single-point calculations.

X-ray Crystallography

A suitable crystal was selected and mounted on a Gemini kappa-
geometry diffractometer (Agilent Technologies, UK, Ltd.) equipped
with an Atlas CCD detector with Cu radiation (A=1.5418 A). Inten-
sities were collected at 150 K by using the CrysalisPro software."*
Reflection indexing, unit-cell parameter refinements, Lorentz polari-
zation corrections, peak integration, and background determina-
tion were carried out by using the CrysalisPro software.'® An ana-
lytical absorption correction was applied by using the modeled
faces of the crystal."”"! The resulting set of hk/ values was used for
structure solution and refinement. The structures were solved by
direct methods with SIR97"'*? and least-squares refinement on F2
was achieved with the CRYSTALS software.'™ All non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were all
located in a difference map, but those attached to carbon atoms
were repositioned geometrically. The hydrogen atoms were initially
refined with soft restraints on the bond lengths and angles to reg-
ularize their geometry (C—H in the range 0.93-0.98, N—H in the
range 0.86-0.89, and O—H=0.82 A) and U, (H) (in the range 1.2-
1.5 times U,, of the parent atom), after which the positions were
refined with riding constraints. The Diamond software!** was used
to prepare Figures 2 and 3.

Bomb Calorimetry

The heats of combustion of the synthesized salts were measured
by using a Parr 6200 isoperibol bomb calorimeter equipped with
a Parr 1108 oxygen bomb suitable for the combustion of halogen-
free materials. The calorimeter was calibrated by using benzoic
acid as a standard. Because nitrogen-rich compounds do not gen-
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erally burn readily, a combustion auxiliary was needed. The sam-
ples for bomb calorimetry measurements were prepared by thor-
oughly mixing the DMTZ salt (~100 mg) with benzoic acid
(~900 mg) and pressing the mixture into pellets (~1 g). Whenev-
er reaction between the DMTZ salt and benzoic acid was observed,
the latter was replaced with paraffin oil as follows: the finely pow-
dered DMTZ salt (=~ 100 mg) was scattered in the combustion cru-
cible and paraffin oil (=600 mg) was added uniformly.

Synthesis of salt 5

A 0.1 mollL" (determined by acidimetric titration) solution of
barium hydroxide was prepared by dissolving barium hydroxide
octahydrate (ca. 15 g, 99.9%) in water (400 mL); all insoluble spe-
cies were filtered and discarded. This solution (76.5 mL, 7.86 mmol)
was then added to a solution of hydrazinium nitroformate
(100 mL, 15.72 mmol). The mixture was stirred for 10 min and re-
acted with a solution of 2,2-dimethyltriazanium sulfate? in water
(10 mL). Stirring was continued for further 10 min and the precipi-
tated barium sulfate was filtered through a plug of Celite 545. The
filtrate was concentrated in vacuo to give a wet solid. The residue
was then washed with absolute ethanol (100 mL) and the solvent
was stripped. This process was repeated as many times as necessa-
ry until a dry solid was obtained. The dry crude product (2.312 g,
81%) was recrystallized overnight at —20°C from isopropanol to
yield yellow crystals of 5 suitable for the X-ray measurements.
'HNMR (500.13 MHz, [D6]DMSO): 0=6.30 (s, 4H; N'NH,),
3.41 ppm (s, 6H; CH,); "C{"H} NMR (125.76 MHz, [D6]DMSO): 6 =
1503  (C(NO,i), 599ppm (CHy); "N{'H}INMR (50.68 MHz,
[D6]DMSO): 6 =352 (NO,), 134 (NH,), 105 ppm (N¥); FTIR: 7#=3321
(m), 3280 (w), 3241 (w), 3187 (w), 3135 (w), 3060 (w), 2640 (w),
1638 (w), 1611 (w), 1581 (w), 1531 (m), 1469 (s), 1429 (m), 1402
(m), 1367 (m), 1253 (s), 1134 (s), 1101 (s), 1075 (s), 991 (m), 976 (m),
962 (m), 923 (m), 865 (m), 850 (s), 784 (s), 733 (s), 710 (m), 503 (w),
480cm™  (m); DSC (1.03mg, 5°Cmin™"):  Tyecomp=106°C
(—2887 Jg~', exothermic).
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