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The heats of formation (HOFs) for a series of 1,2,4,5-tetrazine derivatives were calculated by using density
functional theory (DFT), Hartree Fork (HF), and Møller-Plesset (MP2) as well as semiempirical methods.
The effects of different basis bets on HOFs were also considered. Our results show that the -CN or -N3

group plays a very important role in increasing the HOF values of the 1,2,4,5-tetrazine derivatives. An analysis
of the bond dissociation energies for the weakest bonds indicates that substitutions of the -N3, -NH2, -CN,
-OH, or -Cl group are favorable for enhancing the thermal stability of 1,2,4,5-tetrazine, but the -NHNH2,
-NHNO2, -NO2, -NF2, or -COOH group produces opposite effects. The calculated detonation velocities
and pressures indicate that the -NF2 or -NO2 group is very helpful for enhancing the detonation performance
for the derivatives, but the case is quite the contrary for the -CN, -NH2, or -OH group. Considered the
detonation performance and thermal stability, three derivatives may be regarded as potential candidates of
high-energy density materials (HEDMs).

1. Introduction

High-energy density materials (HEDMs) have attracted
considerable attention in recent years.1-6 Energetic high-nitrogen
organic compounds7 are promising candidates for HEDMs and
have become a hot research area owing to their novel properties
including high density,8,9 high positive heat of formation,10,11

and high thermal stability.12,13 1,2,4,5-Tetrazine (or s-tetrazine)
is an azo compound with an high nitrogen content (68.3%),
making it of interest for the synthesis of highly energetic
materials.14 Much work15-20 has concentrated on the synthesis
and properties of many 1,2,4,5-tetrazine derivatives. Some of
them have displayed potential as energetic additives for high
explosive/rocket propellant formulations and pyrotechnic in-
gredients. Therefore, there is a clear need to continue to discover
1,2,4,5-tetrazine-based HEDMs.

The optimization of 1,2,4,5-tetrazine-based molecules with
high density and energy is the primary step for designing and
synthesizing HEDMs. Properties are often manipulated by
making structural modifications. Theoretical studies can make
it possible to screen candidate compounds, thereby avoiding
expensive experimental tests. Also, they may provide under-
standing in terms of the relationships between molecular
structure and property, which in turn can help design better and
more efficient laboratory tests.

It is well known that evaluation of explosive performances
of energetic materials requires knowledge of the heats of
formation (HOFs). However, it is impractical or impossible to
measure HOF for an energetic compound since there are many
intermediates for energetic compounds. In these cases, it is of
great importance to use computational methods that can
accurately estimate HOFs. The parametrized semiempirical
molecular orbital (MO) methods are able to figure out HOFs
directly and rapidly.21-24 Although these methods often bring

significant HOFs errors for various groups and skeletons, the
errors are sometimes systematic and can be corrected. Ab initio
MO methods are employed to calculate HOF too. Energy is
the most demanding quantity determined from computational
studies. Unlike geometries, which in general can be produced
in satisfactory agreement with the results using semiempirical
methods and low-level ab initio calculations (Hartree-Fock,
HF), high-level ab initio calculations are required to predict the
energies accurately.25 For comparison, very high-level methods
which include expensive electron correlation with an extended
basis set are required. To obtain accurate total energies, one
often needs to perform high-level calculations such as quadratic
configuration interaction with single and double excitations
(QCISD) and Møller-Plesset (MP2) methods, which are
computationally expensive and even impossible for large
molecules. Nowadays, the density functional theory (DFT)26,27

method including electron correlation not only produces reliable
geometries and energies but also requires less time and computer
resources. Consequently, it has become an important and
economical tool to deal with complex systems and been widely
employed.

In this work, we reported a systematic study on the HOFs,
thermal stability, and energetic properties of a series of 1,2,4,5-
tetrazine derivatives by using the DFT method. First, the HOFs
of five 1,2,4,5-tetrazine derivatives (whose experimental values
are available) were calculated using different methods via
designed isodesmic reactions, and the reliability of methods was
compared. Second, the HOFs of 17 1,2,4,5-tetrazine derivatives
were predicted at the DFT-B3P86 level with the 6-311G** basis
set. Then, their thermal stabilities were evaluated based on their
bond dissociation energies. Finally, their detonation velocities
and pressures were predicted using the calculations of HOFs
and molecular volumes.

The remainder of this paper is organized as follows. A
description of our computational method is given in section 2.
The results and discussion are presented in section 3 followed
by a summary of our conclusions in section 4.
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2. Computational Methods

The HF, MP2, hybrid DFT-B3LYP, and DFT-B3P86 methods
with the 6-311G** basis set were adopted for the prediction of
HOFs via designed isodesmic reactions.28-35 The method of
isodesmic reactions has been employed very successfully to
calculate HOF from total energies obtained from ab initio
calculations. The so-called isodesmic reaction processes, in
which the number of each kind of formal bond is conserved,
must comply with the bond separation reaction (BSR) rules.
The molecule is broken down into a set of two heavy-atom
molecules containing the same component bonds.33 However,
usual bond separation reaction rules cannot be applied to the
molecules with delocalized bonds and cage skeletons because
of large calculated errors of HOFs. Therefore, we design
isodesmic reactions in which the numbers of all kinds of bonds
remain invariable to decrease the calculation errors of HOF.
Because the electronic circumstances of reactants and products
are very similar in isodesmic reactions, the errors of electronic
correction energies can be counteracted, and then the errors of
the calculated HOF can be greatly reduced.25 In these designed
reactions, the basic structural unit of the 1,2,4,5-tetrazine ring
skeleton remains invariable, and the big molecules are changed
into small ones too. This approach has been proved to be
reliable.28-30 The object molecules are classed into four groups
as shown in Figure 1.

The isodesmic reactions used to derive the HOFs of s-tetrazine
derivatives at 298 K are as follows

where R ) -N3, -NH2, -NHNH2, -NHNO2, -CN, -NF2,
-NO2, -OH, -Cl, and -COOH. S is 1,2,4,5-tetrazine. For

the isodesmic reactions 1-4, the heat of reaction (∆H298) at
298 K can be calculated from the following equation

where ∆Hf,R and ∆Hf,P are the HOFs of reactants and products
at 298 K, respectively. As the experimental HOFs of CH3NF2,
CH3N3, CH3NHNO2, and 1,2,4,5-tetrazine are unavailable,
additional calculations were carried out for the replacement
reaction CH3NH2 + F2 f CH3NF2 + H2 using G2 theory to
get an accurate value of ∆Hf for CH3NF2.31 The HOF value of
CH3N3 was carried out at the G2 level from the atomization
reaction: CH3N3 f C(g) + 3H(g) + 3N (g).35 The value of
1,2,4,5- tetrazine was carried out at the G2 level36,37 from the
atomization reaction C2H2N4 f 2C + 2H+ 4N and the
isodesmic reaction CH3NHNO2(g) + CH4(g) f CH3NH2(g) +
CH3NO2(g). The experimental HOFs of reference compounds
CH4, CH3NH2, H2, H2O, CH3NHNH2, CH3CN, CH3NO2,
CH3OH, CH3COOH, and CH3Cl are available. The HOFs of
1,2,4,5-tetrazine derivatives can be figured out when the heat
of reaction ∆H298 is known. Therefore, the most important thing
is to compute the ∆H298. ∆H298 can be calculated using the
following expression

where ∆E0 is the change in total energy between the products
and the reactants at 0 K, ∆ZPE is the difference between the
zero-point energies (ZPE) of the products and the reactants, and
∆HT is thermal correction from 0 to 298 K. The ∆(PV) value
in eq 6 is the PV work term. It equals ∆nRT for the reactions
of ideal gas. For the isodesmic reactions 1-4, ∆n ) 0, so ∆(PV)
) 0.

The strength of bonding, which could be evaluated by the
bond dissociation energy, is fundamental to understanding
chemical processes.38 The energy required for homolytic bond
cleavage at 298 K and 1 atm corresponds to the enthalpy of
reaction 7, ∆rxnH298(7), which is by definition39 the bond
dissociation enthalpy of the molecule A-B, ∆H298(A-B)

Figure 1. Molecular frameworks of 1,2,4,5-tetrazine derivatives.

LAX-112 + 2H2 + 2CH4 f S + 2CH3NH2 + 2H2O
(1)

ANAT + 2CH4 f S + CH3NH2 + CH3NHNO2

(2)

S-2R + 2CH4 f S + 2CH3R (3)

S-R + CH4 f S + CH3R (4)

∆H298K ) ∑ ∆Hf,p-∑ ∆Hf,R (5)

∆H ) ∆E298K + ∆(PV) ) ∆E0 + ∆ZPE + ∆HT +
∆nRT (6)
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By definition, it is the reaction enthalpy of the bond homolysis
reaction 7, ∆fH2987, and thus depends exclusively on the relative
enthalpies of formation of reactant and product states40

where ∆fH298(A · ) and ∆fH298(B · ) are the enthalpies of formation
of the radicals and ∆fH298(A-B) is the enthalpy of formation
of the molecule.

For many organics, BDE0(A-B) and ∆H298(A-B) are almost
numerically equivalent, and as a consequence, the terms “bond
dissociation energy” (BDE) and “bond dissociation enthalpy”
often appear interchangeably in the literature.40 Therefore, at 0
K, the homolytic bond dissociation energy can be given in terms
of eq 940

The bond dissociation energy with zero-point energy (ZPE)
correction can be calculated by eq 10

where ∆ZPE is the difference of the ZPEs of the products and
the reactants.

The calculations were performed with the Gaussian 98
package41 at the DFT-B3LYP, DFT-B3P86, HF, MP2, and G2
levels as well as at the AM1 and PM3 levels. The optimizations
were performed without any symmetry restrictions using the
default convergence criteria in the programs. All of the
optimized structures were characterized to be true local energy
minima on the potential-energy surfaces without imaginary
frequencies.

The detonation velocity and pressure were estimated by the
empirical Kamlet-Jacobs formula42 as

where P is the predicted detonation pressure in GPa, D is the
detonation velocity in km/s, F is the density of a compound in
g/cm3, and � is a characteristic value related to both the HOF
and the molecular stoichiometry of an explosive. The density
of a compound needs the datum of the molecular volume. The
volume was defined as inside a contour of 0.001 electrons/Bohr3

density that was evaluated using a Monte Carlo integration. We
performed 100 single-point calculations for each optimized
structure to get an average volume at the B3LYP/6-31G* level.
This method has been successfully applied to various CHNO
molecules.43

3. Results and Discussion

3.1. Heats of Formation. The HOF is frequently taken to
be indicative of the “energy content” of a HEDM. Therefore, it
is very important to accurately predict the HOF. In this section,

we investigate the computational parameters on the HOFs as a
base for studying other molecules and as a well-studied
benchmark. Figure 1 shows the molecular frameworks of a series
of 1,2,4,5-tetrazine derivatives (single substituent and double
substituents). The experimental HOFs of the reference com-
pounds (including CH4, CH3NH2, CH3NHNH2, H2, H2O,
CH3CN, CH3NO2, CH3OH, CH3COOH, and CH3Cl) in the
isodesmic reactions 1-4 were taken from refs 29, 44, and 45.
Accurate values of ∆Hf for CH3NF2 and CH3N3 were obtained
from refs 31 and 35, respectively. The heat of atomization
reaction, ∆H298, for the reaction S(g)f 2C(g) + 2H(g) + 4N(g)
and the heat of isodesmic reaction, ∆H298, for the reaction
CH3NHNO2(g) + CH4(g)fCH3NH2(g) + CH3NO2(g) were
obtained through eq 6 using the G2 theory.36,37 An accurate value
of ∆Hf for 1,2,4,5-tetrazine and CH3NHNO2 were then obtained
through eq 5 as well as the available experimental HOFs for
C(g), H(g), N(g), NH3(g), CH4(g), CH3NO2, and NH2NO2(g).
There are no experimental HOFs values of 1,2,4,5-tetrazine and
CH3NHNO2 for comparison. To validate the reliability of our
results, we only compare the calculated ∆Hf values of triazole
and NH2NO2 at the G2 level with their experimental data. The
∆Hf value of triazole is calculated by the G2 theory to be 193.52
kJ/mol, very close to the experimental ∆Hf of 193.70 kJ/mol46

with an error of only 0.18 kJ/mol. Also, the ∆Hf value of
NH2NO2 is obtained at the G2 level from the isodesmic reaction
NH2NO2(g) + CH4(g) fNH3(g) + CH3NO2 to be -3.2 kJ/
mol, fully consistent with the experimental ∆Hf of -3.2 kJ/
mol.29 Therefore, the HOF values from the G2 theory are
expected to be reliable for 1,2,4,5-tetrazine and CH3NHNO2

since 1,2,4,5-tetrazine and triazole have similar structural
characters as well as CH3NHNO2 and NH2NO2. In addition,
we obtained the ∆Hf of -3.73 kJ/mol for NH2NO2 at the G2
level via the atomization reaction NH2NO2(g)f 2H(g) + 2N(g)
+ 2O(g) with an error of 0.53 kJ/mol. This indicates that the
isodesmic reaction is slightly better than the atomization reaction
for calculating the ∆Hf of NH2NO2.

3.1.1. Choice of Basis Sets. First, the total energies, zero-
point energies, and thermal corrections for the title compounds
were calculated, and then the HOF values were obtained using
eq 6. Table 1 lists the calculated HOFs of five 1,2,4,5-tetrazine
derivatives at the DFT-B3LYP level with various basis sets as
well as available experimental values. Obviously, there are few
discrepancies between different calculated results with different
basis sets. The calculated HOFs are slightly larger than the
experimental values via designed isodesmic reactions, especially
for B2 and B3. This is because the experimental values were
measured in the solid state, except the HOFs of B1 and B11
are the theoretical values,18,48 while our calculations were
performed in the gas phase. When the basis sets with diffuse
functions are used, the calculated HOFs of five compounds are
larger than the results by the basis sets without diffuse functions.
However, the additions of the polarized functions slightly
decrease the HOF values except for B12. It is interesting to
note that the basis set 6-311G** produces relatively satisfactory
results compared with the experiment values. Previous studies25

have also reported that the standard 6-311G** basis set has been
proven to be large enough to produce reliable results for organic
compounds containing H, C, O, and N. Therefore, the 6-311G**
basis set was used in all subsequent calculations.

3.1.2. Comparison of Different Methods. Table 2 lists the
total energies, zero-point energies, thermal corrections, and
HOFs for eight reference compounds in the isodesmic reactions
1-3 at the B3LYP/6-311G** and B3P86/6-311G** levels.
Table 3 presents the results at the HF and MP2 levels with the

A-B(g) f A · (g) + B · (g) (7)

∆rxnH298(7) ) ∆fH298(A · ) + ∆fH298(B · ) -
∆fH298(A-B) ) ∆H298(A-B) (8)

BDE0(A-B) ) E0(A · ) + E0(B · ) - E0(A-B) (9)

BDE(A-B)ZPE ) BDE0(A-B) + ∆ZPE (10)

P ) 1.558F
2� (11)

D ) (1.011 + 1.312F)�
1/2 (12)
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6-311G** basis set. Thermodynamic properties were obtained
from the vibrational frequencies scaled with scaling factors taken
from Scott and Radom.49 Tables 4 and 5 summarize the total
energies, zero-point energies, thermal corrections, and HOFs
for five 1,2,4,5-tetrazine derivatives. As is evident in Tables 4
and 5, all five compounds have positive HOFs. B1 has the
largest HOF values among the derivatives and is over 1000 kJ/
mol. This indicates that the 1,2,4,5-tetrazine derivatives have
high positive HOFs, consistent with previous reports.10,11

Although the calculated HOFs of five 1,2,4,5-tetrazine deriva-
tives were larger than the experimental values, especially at the
HF/6-311G** level, DFT and MP2 methods produce relatively
satisfactory results, especially DFT-B3P86, compared with the
experimental results.

We also evaluate the dependence of the HOFs on different
methods. The results show that the HOFs at the B3P86, B3LYP,
HF, and MP2 levels with 6-311G** for the same compound
are very close to each other except at the HF level. There are
very good linear relationships between the HOFs from B3P86
and B3LYP, MP2, or HF methods with 6-311G**: HOFB3P86

) 1.007HOFB3LYP - 12.034 with R ) 0.9999; HOFB3P86 )
1.0512HOFMP2 - 42.414 with R ) 0.9976; HOFB3P86 )
1.1492HOFHF - 175.01 with R ) 0.9442.

Semiempirical MO methods could predict the HOFs directly
and rapidly for a series of compounds. However, their validity
is sometimes limited. Table 6 presents the HOFs of five 1,2,4,5-
tetrazine derivatives at the AM1 and PM3 levels. It is found
that the HOFs obtained from AM1 are larger than those from

TABLE 1: Calculated Heats of Formation (HOF, kJ/mol) of the 1,2,4,5-Tetrazine Derivatives Using the Hybrid DFT-B3LYP
Method

no. compd 6-31G* 6-311G* 6-31+G* 6-31G** 6-311G** 6-31+G** 6-311++G** expt

B1 DIAT 1126.47 1126.68 1130.94 1125.05 1125.05 1131.71 1133.31 110116

B2 DATz 400.28 395.42 407.46 397.66 394.22 404.70 406.32 30716

B3 DHTz 625.22 650.32 662.47 621.98 649.24 660.34 662.47 53619

B11 ANAT 473.32 470.67 483.27 471.19 469.81 481.14 481.62 44148

B12 LAX-112 183.23 184.08 234.29 218.91 237.44 273.68 286.30 16418

TABLE 2: Calculated Total Energies (E0, au), Zero-Point Energies (ZPE, kJ/mol), Thermal Corrections (HT, kJ/mol), and
Heats of Formation (HOF, kJ/mol) of the Reference Compounds at the B3P86 and B3LYP Levelsa

B3P86/6-311G** B3LYP/6-311G**

compd E0 ZPE HT E0 ZPE HT HOF

S -297.134547 135.414 13.87 -296.390906 134.40 13.84 481.60b

H2 -1.215152 26.42 0.00 -1.179571 26.43 0.00 0.00
CH4 -40.713980 117.42 10.04 -40.533744 117.09 10.03 -74.4029

H2O -76.625255 56.43 9.93 -76.447448 55.94 9.93 -241.8044

CH3N3 -204.679787 132.53 14.40 -204.148401 131.67 14.41 296.5435

CH3NH2 -96.213717 168.31 11.55 -95.888439 167.56 11.56 -23.0129

CH3NHNH2 -151.692042 214.55 13.70 -151.222209 213.43 13.74 94.3545

CH3NHNO2 -301.147794 177.78 16.30 -300.434462 176.49 16.34 -15.20b

a E0 is in au; ZPE, HOF, and HT are in kJ/mol. The scaling factor for ZPE is 0.98, and the scaling for HT is 0.96.49 b The calculated values
are at the G2 level from the atomization reaction: S(g) f 2C(g) + 2H(g) + 4N(g), CH3NHNO2(g) + CH4(g) f CH3NH2(g) + CH3NO2(g).

TABLE 3: Calculated Total Energies (E0, au), Zero-Point Energies (ZPE, kJ/mol), Thermal Corrections (HT, kJ/mol), and
Heats of Formation (HOF, kJ/mol) of the Reference Compounds at the HF and MP2 Levels

HF/6-311G** MP2/6-311G**

compd E0 ZPE HT E0 ZPE HT HOF

S -294.657559 147.34 13.27 -295.599734 134.99 13.99 481.60a

H2 -1.132491 27.48 0.00 -1.160272 27.11 0.00 0.00
CH4 -40.209012 123.26 10.03 -40.379234 119.43 10.04 -74.4029

H2O -76.047012 60.58 9.93 -76.263972 57.33 9.93 -241.8044

CH3N3 -202.918322 140.93 14.26 -203.599914 134.15 14.41 296.5435

CH3NH2 -95.242514 178.73 11.57 -95.587460 171.22 11.49 -23.0129

CH3NHNH2 -150.250325 229.71 13.70 -150.772259 218.27 13.65 94.3545

CH3NHNO2 -298.754900 191.88 16.04 -299.666475 181.06 16.08 -15.20a

a The calculated values are at the G2 level from the atomization reaction: S(g) f 2C(g) + 2H(g) + 4N(g), CH3NHNO2(g) + CH4(g) f
CH3NH2(g) + CH3NO2(g).

TABLE 4: Calculated Total Energies (E0, au), Zero-Point Energies (ZPE, kJ/mol), Thermal Corrections (HT, kJ/mol), and
Heats of Formation (HOF, kJ/mol) of the 1,2,4,5-Tetrazine Derivatives at the B3P86 and B3LYP Levelsa

B3P86/6-311G** B3LYP/6-311G**

no. compd E0 ZPE HT HOF E0 ZPE HT HOF HOF

B1 DIAT -625.102166 152.25 27.31 1120.56 -623.654470 149.96 27.42 1125.05 110116

B2 DATZ -408.206181 224.87 20.86 386.83 -407.169695 223.16 20.89 394.22 30716

B3 DHTZ -519.156601 315.57 28.73 639.72 -517.830183 313.26 28.63 649.24 53619

B11 ANAT -613.113062 231.35 27.36 464.85 -611.689380 228.78 27.54 469.81 44148

B12 LAX-112 -558.884704 248.19 25.32 223.85 -557.561574 245.85 25.43 237.44 16418

a E0 is in au; ZPE, HOF, and HT are in kJ/mol. The scaling factor for ZPE is 0.98, and the scaling for HT is 0.96.49
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PM3 and DFT. The HOFs by PM3 are closer to the experimental
values than those by AM1. For LAX-112, the HOF values at
the AM1 and PM3 levels are by far larger than the experimental
results. Therefore, PM3 are more suitable for computing the
HOFs of the 1,2,4,5-tetrazine derivatives.

Previous studies28-31 have shown that the theoretically
predicted values of HOFs were in good agreement with
experiments when the appropriate reference compounds in the
isodesmic reaction were chosen. An efficient way of reducing
errors of HOFs is to keep the conjugated bonds unbroken. This
approach has been proved to be reliable.47 By comparison of
different methods, the calculated HOFs of five title compounds
are basically in accord with the experimental observations at
the B3P86/6-311G** level. Therefore, the B3P86/6-311G**
method is employed in the following calculations.

3.1.3. Prediction of HOFs. Table 7 lists the total energies,
zero-point energies, thermal corrections, and HOFs for nine
reference compounds in the isodesmic reactions 3 and 4 at the
B3P86/6-311G** level. Table 8 summarizes the total energies,
zero-point energies, thermal corrections, and HOFs for the
1,2,4,5-tetrazine derivatives. When the substituent is -N3,
-NHNH2, -NHNO2, -CN, or -NO2, an increase in the HOF
value of its substituted 1,2,4,5-tetrazine is large compared with

the unsubstituted case. For the substituent -NH2, -NF2, -OH,
-Cl or -COOH, the case is quite the contrary. When the H
atom of 1,2,4,5-tetrazine is replaced by -N3, its HOF value is
the largest one among these derivatives with the same number
of substituents. It is seen in Table 8 that substitution of the group
-CN or -N3 extremely enhances its HOF value compared to
parent 1,2,4,5-tetrazine. This shows that the -CN or -N3 group
plays a very important role in increasing the HOF values of the
1,2,4,5-tetrazine derivatives. We also note that the HOFs of the
1,2,4,5-tetrazine derivatives are not satisfactory with the rela-
tionship of simple group addition.

3.2. Electronic Structure and Thermal Stability. Table 9
lists the HOMO and LUMO energies and the energy gaps
(∆ELUMO-HOMO) for the 1,2,4,5-tetrazine derivatives at the
B3LYP/6-311G** and B3P86/6-311G** levels. It can be seen
that the EHOMO and ELUMO values at the B3P86/6-311G** level
are systematically smaller than those at the B3LYP/6-311G**
level. The same is true of ∆ELUMO-HOMO at the two levels. The
variations of ∆ELUMO-HOMO are very similar at the two levels.
There is a good linear relationship between ∆ELUMO-HOMO by
B3LYP and ∆ELUMO-HOMO by B3P86 with the 6-311G** basis
set: ∆EB3LYP ) 1.1158∆EB3P86 - 0.0142 with R ) 0.9947. This
shows that both methods produce similar energy gaps for the
1,2,4,5-tetrazine derivatives. When a -NH2 or -NHNH2 group
is attached to the ring, the HOMO energy level increases,
whereas attachment of other groups such as -N3, -NHNO2,
-CN, -NF2, -NO2, -Cl, or -COOH will make the HOMO
energy level decrease. The same is true of the LUMO energy
level for these derivatives. However, most of the derivatives
increase the HOMO-LUMO gap as compared to the parent
1,2,4,5-tetrazine. B2, B4-9, B11, and A2-9 have higher energy
gaps than the unsubstituted molecule, indicating a shift toward
higher frequencies in their electronic absorption spectra. How-
ever, B1, B3, B10, B12, A1, and A10 have lower energy gaps
than the unsubstituted one, reflecting a shift toward lower
frequencies in their electronic absorption spectra. Among these
derivatives, B7 has the highest ∆E value, whereas B12 has the
smallest one. Overall, different substituted molecules present a
comparison of the energetics.

Bond order is a measure of the overall bond strength between
two atoms. A high value of the bond order indicates a covalent
bond, while a low value shows an ionic nature. Table 10 presents
the bond overlap populations of the C-N, N-N, C-R (R )
-N3, -NH2, -NHNH2, -NHNO2, -CN, -NF2, -NO2, -OH,
-Cl, -COOH), and N-R′ (R′ ) -NH2, -NO2, -O, -N2)
bonds for the 1,2,4,5-tetrazine derivatives. It is found that the
bond overlap populations on the C-R or N-R′ bonds are much
smaller than those of the C-N and N-N bonds except for B2
and B8, whose populations of the C-NH2 and C-OH bonds
are larger than those of the N-N bonds. For B5-7 and B9-10,
the C-R bond has the lowest bond order among all the bonds.
This indicates that the trigger linkage in the compounds appears
to be C-R homolysis, while other bonds are relatively strong
and resistant to rupture. For the B1, B3, B4, B11, and B12

TABLE 5: Calculated Total Energies (E0, au), Zero-Point Energies (ZPE, kJ/mol), Thermal Corrections (HT, kJ/mol), and
Heats of Formation (HOF, kJ/mol) of the 1,2,4,5-Tetrazine Derivatives at the HF and MP2 Levels

HF/6-311G** MP2/6-311G**

no. compd E0 ZPE HT HOF E0 ZPE HT HOF HOF

B1 DIAT -620.106148 165.89 26.79 1134.53 -622.080187 149.89 28.08 1112.15 110116

B2 DATZ -404.777060 240.65 20.91 433.84 -406.085005 226.65 20.79 396.10 30716

B3 DHTZ -514.785224 341.08 27.72 689.19 -516.448329 318.46 28.41 648.38 53619

B11 ANAT -608.264886 250.86 27.19 506.43 -610.139707 233.02 27.1 465.89 44148

B12 LAX-112 -554.388192 265.69 25.04 465.12 -556.134562 251.88 25.45 277.04 16418

Figure 2. Comparison of the detonation velocities of the substituted
1,2,4,5-tetrazine obtained from the Kamlet-Jacobs formula with those
from the Stine method.

TABLE 6: Calculated Heats of Formation (HOF, kJ/mol) of
the 1,2,4,5-Tetrazine Derivatives by Two Semiempirical MO
Methods

no. compd AM1 PM3 HOF

B1 DIAT 1154.92 1014.27 110116

B2 DATz 416.50 345.25 30716

B3 DHTz 626.13 567.67 53619

B11 ANAT 551.72 415.01 44148

B12 LAX-112 584.24 389.35 16418
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compounds, the N-R′ bond has the lowest population, so their
fragmentation pathways may concern the R′ radical. However,
the case is quite the contrary for B2 and B8, whose N-N bond
has the weakest population, showing ring cleavage is possible
to happen in thermal decomposition. It is interesting to note
that all the derivatives have higher bond orders of the N-N

bonds than 1,2,4,5-tetrazine, whereas only B2-3, A2-3, and
B12 derivatives increase the bond orders of the C-N bonds as
compared to the parent molecule. This shows that the substitu-
tion increases the strength of the N-N bonds of 1,2,4,5-tetrazine.
Among the 1,2,4,5-tetrazine derivatives with double substituents,
the bond orders of B5, B7, and B10 are relatively small and
are 0.1137, 0.1471, and 0.1076, respectively. According to the
principle of the smallest bond order (PSBO),29 it may be inferred

TABLE 7: Calculated Total Energies (E0, au), Zero-Point Energies (ZPE, kJ/mol), Thermal Corrections (HT, kJ/mol), and
Heats of Formation (HOF, kJ/mol) of the Reference Compoundsa

B3P86/6-311G** B3P86/6-311G**

compd E0 ZPE HT HOF compd E0 ZPE HT HOF

S -297.134547 135.414 13.87 481.60b CH3NO2 -245.649164 131.34 14.12 -80.8044

CH4 -40.713980 117.42 10.04 -74.4029 CH3OH -116.078900 134.92 11.25 -432.2044

CH3NHNO2 -301.147794 177.78 16.3 -15.20b CH3COOH -229.724376 162.68 14.68 201.5029

CH3CN -133.179776 119.05 12.06 79.5029 CH3Cl -500.635574 99.27 10.47 -81.9029

CH3NF2 -294.895029 123.62 13.75 -115.2335

a E0 is in au; ZPE, HOF, and HT are in kJ/mol. The scaling factor for ZPE is 0.98, and the scaling for HT is 0.96.49 b The calculated values
are at the G2 level from the atomization reaction: S(g) f 2C(g) + 2H(g) + 4N(g), CH3NHNO2(g) + CH4(g) f CH3NH2(g) + CH3NO2(g).

TABLE 8: Calculated Total Energies (E0, au), Zero-Point Energies (ZPE, kJ/mol), Thermal Corrections (HT, kJ/mol), and
Heats of Formation (HOF, kJ/mol) of the 1,2,4,5-Tetrazine Derivatives

B3P86/6-311G** B3P86/6-311G**

compd E0 ZPE HT HOF compd E0 ZPE HT HOF

B1 -625.102166 152.25 27.31 1120.56 A1 -461.119537 144.07 20.42 798.04
B2 -408.206181 224.87 20.86 386.83 A2 -352.674868 178.94 18.44 422.28
B3 -519.156601 315.57 28.73 639.72 A3 -408.150468 225.89 21.27 548.17
B4 -818.010901 237.98 33.22 566.13 A4 -557.573403 186.90 23.41 522.15
B5 -482.041920 125.13 23.28 845.08 A5 -389.589615 130.43 18.49 659.78
B6 -805.473690 129.89 28.88 450.23 A6 -551.305287 132.80 21.22 462.84
B7 -706.975989 146.34 27.74 533.88 A7 -502.057738 141.18 20.61 501.35
B8 -447.930996 161.51 18.62 46.13 A8 -372.535319 148.92 16.07 257.45
B9 -1216.977830 83.66 19.53 456.00 A9 -757.057060 109.62 16.6 466.49
B10 -675.140773 211.91 29.67 -202.98 A10 -486.138026 173.89 21.61 138.41
B11 -613.113062 231.35 27.36 464.85 Sa -297.134547 135.414 13.87 481.60
B12 -558.884704 248.19 25.32 223.85

a S stands for 1,2,4,5-tetrazine.

TABLE 9: Calculated HOMO and LUMO Energies (au)
and Energy Gaps (∆ELUMO-HOMO) of the 1,2,4,5-Tetrazine
Derivatives at the B3LYP/6-311G** and B3P86/6-311G**
Levelsa

compd EHOMO ELUMO ∆ELUMO-HOMO

B1 -0.2655(-0.2872) -0.1323(-0.1552) 0.1332(0.1320)
B2 -0.2297(-0.2506) -0.0940(-0.1156) 0.1357(0.1350)
B3 -0.2260(-0.2472) -0.1022(-0.1239) 0.1238(0.1233)
B4 -0.2816(-0.3029) -0.1454(-0.1673) 0.1362(0.1356)
B5 -0.3031(-0.3249) -0.1690(-0.1921) 0.1341(0.1328)
B6 -0.2977(-0.3177) -0.1623(-0.1835) 0.1354(0.1342)
B7 -0.3199(-0.3409) -0.1825(-0.2048) 0.1374(0.1361)
B8 -0.2579(-0.2780) -0.1226(-0.1443) 0.1353(0.1337)
B9 -0.2823(-0.3021) -0.1475(-0.1688) 0.1348(0.1333)
B10 -0.2840(-0.2885) -0.1522(-0.1593) 0.1318(0.1293)
B11 -0.2556(-0.2767) -0.1192(-0.1412) 0.1364(0.1355)
B12 -0.2120(-0.2341) -0.0999(-0.1201) 0.1121(0.1140)
A1 -0.2595(-0.2808) -0.1261(-0.1487) 0.1334(0.1320)
A2 -0.2370(-0.2576) -0.1020(-0.1240) 0.1349(0.1336)
A3 -0.2403(-0.2612) -0.1058(-0.1280) 0.1345(0.1332)
A4 -0.2684(-0.2893) -0.1343(-0.1564) 0.1341(0.1329)
A5 -0.2808(-0.3022) -0.1471(-0.1698) 0.1338(0.1325)
A6 -0.2775(-0.2978) -0.1433(-0.1649) 0.1342(0.1329)
A7 -0.2895(-0.3104) -0.1540(-0.1762) 0.1355(0.1342)
A8 -0.2556(-0.2763) -0.1210(-0.1431) 0.1346(0.1332)
A9 -0.2699(-0.2902) -0.1357(-0.1574) 0.1342(0.1328)
A10 -0.2621(-0.2831) -0.1301(-0.1524) 0.1320(0.1306)
Sb -0.2554(-0.2762) -0.1219(-0.1442) 0.1335(0.1320)

a The values in parentheses are at the B3P86/6-311G** level. b S
stands for 1,2,4,5-tetrazine.

TABLE 10: Calculated Bond Overlap Populations of Part
Bonds of the 1,2,4,5-Tetrazine Derivatives at the B3LYP/
6-311G** Level

compd PC-N PN-N PC-R PN-R′

B1 0.4619 0.2919 0.3996 0.2161 (PN-N2)
B2 0.4871 0.3322 0.3738
B3 0.4763 0.3295 0.3478 0.2712 (PNH-NH2)
B4 0.4580 0.3175 0.2738 0.1699 (PNH-NO2)
B5 0.4567 0.3197 0.1137
B6 0.4454 0.2836 0.2191
B7 0.4418 0.2859 0.1471
B8 0.4635 0.2861 0.3796
B9 0.4301 0.2978 0.2611
B10 0.4090 0.2911 0.1076
B11 0.4170 0.2734 0.3944 0.2365 (PN-O)
B12 0.4719 0.3279 0.3331 0.1779 (PNH-NO2)
A1 0.4630 0.2924 0.3926 0.2094 (PN-N2)
A2 0.4757 0.3194 0.3766
A3 0.4691 0.3158 0.3519 0.2603 (PNH-NH2)
A4 0.4619 0.3035 0.2648 0.1656 (PNH-NO2)
A5 0.4651 0.3009 0.1107
A6 0.4634 0.2871 0.2149
A7 0.4608 0.2865 0.1471
A8 0.4602 0.2883 0.3827
A9 0.4548 0.2901 0.2574
A10 0.4566 0.2861 0.1314
Sa 0.4676 0.2835

a S stands for 1,2,4,5-tetrazine.
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that the thermal stability of B5, B7, and B10 is relatively bad.
Similar conclusions are also drawn from the bond orders of the
1,2,4,5-tetrazine derivatives with single substituent (A1-10).

Bond dissociation energy (BDE) provides useful information
for understanding the stability of the title compounds. It should
be pointed out that we select the weakest C-R bond or N-R′
as the breaking bond based on the bond overlap populations at
the B3LYP/6-311G** level. The bond overlap populations and
bond dissociation energies (BDE) of the weakest bonds for the
1,2,4,5-tetrazine derivatives are listed in Table 11. From the
BDE0 and BDEZPE values, it is found that the BDE values
without zero-point energy correction are larger than those
including zero-point energy corrections. However, the order of
the dissociation energies is not affected by the zero-point
energies. When the -N3, -NH2, -CN, -OH, or -Cl group is
attached to the ring, the BDEZPE value increases, while attach-
ment of another group such as -NHNH2, -NHNO2, -NO2,
-NF2, or -COOH will make the BDEZPE decrease. The
calculated BDE can be used to measure the relative order of
thermal stability for energetic materials.50,51 Therefore, it can
be deduced that substitutions of the -N3, -NH2, -CN, -OH,
or -Cl group are very useful for increasing the thermal stability
of 1,2,4,5-tetrazine. Compared with the commonly used explo-
sives RDX (1,3,5-trinitro-1,3,5-triazinane) and HMX (1,3,5,7-
tetranitro-1,3,5,7-tetrazocane) the 1,2,4,5-tetrazine derivatives
have higher BDEZPE values except for B4, B11, and A4. This
indicates that most of the substituted 1,2,4,5-tetrazines have high
thermal stability, in agreement with previous experimental
reports.12,13

It is interesting to note that the N-N2 bond of B1 has a
relatively low bond order of 0.2161 but the highest BDEZPE

value of 705.33 kJ/mol among the weakest bond of the
substituted 1,2,4,5-tetrazines. However, the N-N bond in the
ring for B1 has higher bond order (0.2919) but lower BDEZPE

(316.59 kJ/mol) compared to the N-N2 bond of B1. A similar
situation is also found in B5 and B10. The initial step should
be via ring cleavage in thermal decompositions. Therefore, to
judge the thermal stability of the 1,2,4,5-tetrazine derivatives
is not by the bond order simply, but it is necessary to depend
on the BDEZPE. As is evident in Table 11, the B derivatives
basically have higher BDE than A. This indicates that the
increasing substituent could strengthen the thermal stability. By
analyzing the structure of the compounds, it is easy to find that
the 1,2,4,5-tetrazine derivatives with double substituents have
symmetric structures. This symmetry can delocalize the π
electron cloud density of the ring and so make the stability of
the compound increase.

3.3. Predicted Detonation Properties. Detonation velocity
and detonation pressure are two important performance param-
eters for an energetic material. Table 12 presents calculated
detonation velocities (D) and pressures (P) of the 1,2,4,5-
tetrazine derivatives together with available experimental
data.18,19,48,52 For a comparison, the experimental detonation
performances of two known explosives RDX and HMX are also
listed in this table.53 To validate the reliability of the empirical
Kamlet-Jacobs formula, the detonation velocity was also
calculated using the Stine method54

where D is the detonation velocity in km/s, F is the density of
a compound in g/cm3, ∆Hf

0(s) is the solid-phase enthalpy of
formation in kJ/mol, nC, nN, nO, and nH are the numbers of atoms
C, N, O, and H, respectively, and M is the molecular mass of
the compound. Figure 2 presents a comparison of the detonation
velocities of the substituted 1,2,4,5-tetrazine obtained from the
Kamlet-Jacobs formula with those from the Stine method.
Qualitatively, the calculated results by the Kamlet-Jacobs
formula reproduce the variation trend of the detonation velocity
by the Stine method. It is seen from Table 12 that the detonation
velocities with the Kamlet-Jacobs formula are closer to
available experimental data than those with the Stine method.
Shreeve et al.55 also used the Kamlet-Jacobs formula to
calculate the detonation properties of the energetic nitrogen-
rich salts. These suggestions show that Kamlet-Jacobs formula
is proper to predict the detonation properties of the 1,2,4,5-
tetrazine derivatives.

As is evident in Table 12, the calculated detonation properties
of the 1,2,4,5-tetrazine derivatives agree well with available
experimental values. Although the error or limitation of the
calculation method leads to the predicted D and P somewhat
deviating from those from experiment, these results are still
reliable and meaningful. The 1,2,4,5-tetrazine derivatives with
different substituent groups have different F values, for example,
the largest value and the smallest one is 2.10 and 1.49 g · cm-3,
respectively. This makes the derivatives have different D and
P values. Most of the derivatives increase the D and P values
as compared to the parent 1,2,4,5-tetrazine except for the -CN,
-NH2, and -OH substituents. As the number of subtituent
increases, the F, D, and P values of the substituted 1,2,4,5-
tetrazines enhance except for the -NHNH2 and -CN substit-
uents. It is observed from Table 12 that the F values of B6, B7,
and A6 are very high and close to 1.9 g · cm-3. Moreover, their

TABLE 11: Calculated Bond Dissociation Energies (BDE,
kJ/mol) for A-B(g) f A · (g) + B · (g) and Bond Overlap
Populations of the Weakest Bonds for the 1,2,4,5-Tetrazine
Derivatives Together with RDX and HMX at the B3LYP/
6-311G** Levela

compd PN-N PC-R PN-R′ BDE0 BDEZPE

B1 0.2161 332.21 (728.44)b 316.59 (705.33)
B2 0.3322 328.94 313.88
B3 0.2712 259.36 227.80
B4 0.1699 142.49 122.38
B5 0.1137 308.52 (527.74) 293.08 (510.23)
B6 0.2191 267.10 250.53
B7 0.1471 235.42 218.29
B8 0.2861 338.10 321.73
B9 0.2611 366.54 356.90
B10 0.1076 288.81 (404.35) 273.13 (385.06)
B11 0.1779 135.33 116.40
B12 0.2365 274.89 264.32
A1 0.2094 314.69 (741.95) 296.30 (717.80)
A2 0.3194 319.67 302.76
A3 0.2603 276.25 243.89
A4 0.1656 127.48 107.93
A5 0.1107 306.67 (528.33) 290.42 (510.31)
A6 0.2149 264.72 247.68
A7 0.1471 239.95 222.11
A8 0.2834 322.10 303.04
A9 0.2574 364.36 354.36
A10 0.1314 286.37 (401.21) 268.50 (381.48)
Sc 0.2835 297.76 276.53
RDX 0.1376 166.19 145.62
HMX 0.1382 178.77 160.41

a BDE0 denotes the bond dissociation energies without zero-point
energy corrections, while BDEZPE denotes the bond dissociation
energies including zero-point energy corrections. b The values in
parentheses are the bond dissociation energies of the bonds with the
smallest bond overlap populations. c S stands for 1,2,4,5-tetrazine.

D ) 3.69 + F0[13.85nC + 37.74nN + 68.11nO +

3.95nH + 0.1653∆Hf
0(s)]/M (13)
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D and P values are very high and close to 9.0 km · s-1 and 40.0
GPa, respectively. It is also found that B6, the derivative with
two -NF2 groups, has the largest F, D, and P values among
these derivatives. This shows that the substitutions of the -NF2

or -NO2 group are useful for increasing the densities and
detonation properties of the 1,2,4,5-tetrazine derivatives.

3.4. Potential Candidates for HEDMs. Most of the nitrogen-
rich compounds have very high positive heats of formation

rather than from oxidation of the carbon backbone, as with
traditional energetic materials.56,57 However, high heats of
formation are usually unfavorable for the stability of a com-
pound. Therefore, a good nitrogen-rich HEDM candidate not
only has excellent detonation properties but also could exist
stably. Figure 3 presents the detonation properties and dissocia-
tion energies of the weakest bonds for the substituted 1,2,4,5-
tetrazines together with commonly used explosives RDX and
HMX.

It is seen that the derivatives B6, B7, and A6 have higher D
and P than RDX. However, only B6 have good detonation
performance (D and P) over HMX. Most of the substituted
1,2,4,5-tetrazines have higher BDE for the weakest bonds as
compared to RDX and HMX. On the basis of the BDE for the
initial steps in the thermal decompositions, it may be inferred
that most 1,2,4,5-tetrazines derivatives are more insensitive to
thermal and impact. On the basis of the above suggestions, it
may be concluded that only B6, B7, and A6 have good
detonation performance (D and P) and thermal stability (BDE)
close to RDX and HMX. Therefore, B6, B7, and A6 may be
considered potential candidates of HEDMs with less sensitivity
and higher performance.

Although B1-3 and B11-12 have been successfully syn-
thesized, some detonation properties are still lacking. In addition,
the syntheses of other energetic compounds have not been
reported yet. Thus, further investigations are still needed.

4. Conclusions

In this work, we calculated the heats of formation (HOFs)
for a series of 1,2,4,5-tetrazines derivatives using HF, MP2, and
DFT as well as semiempirical methods. The results show that
the HOFs by DFT and MP2 methods are in agreement with
available experimental results. Basis sets slightly affect HOFs
and larger basis sets tend to produce slightly higher HOFs. It is
found that the -CN or -N3 group plays a very important role
in increasing the HOF values of the 1,2,4,5-tetrazine derivatives.

An analysis of the bond dissociation energies for the weakest
bonds indicates that substitutions of the -N3, -NH2, -CN,
-OH, or -Cl group are favorable for enhancing the thermal

Figure 3. Detonation properties and dissociation energies of the weakest bonds for the substituted 1,2,4,5-tetrazines.

TABLE 12: Predicted Detonation Properties of the
1,2,4,5-Tetrazine Derivatives Together with RDX and HMXa

compd
V

(cm3/mol)b �c F (g/cm3) D (km/s) P (GPa)

B1 97.17 6.201 1.70 8.28 29.35
B2 73.78 5.080 1.52 6.97 19.32
B3 94.70 6.251 1.50 (1.56)18 7.68 (7.54)18 23.26
B4 110.38 7.017 1.83 9.15 37.50
B5 85.35 4.392 1.55 6.59 17.53
B6 87.48 7.412 2.10 10.38 52.16
B7 91.73 6.883 1.88 9.38 40.01
B8 66.90 5.125 1.70 7.35 23.19
B9 81.45 4.434 1.84 7.22 23.41
B10 95.59 4.391 1.78 7.01 21.64
B11 92.14 6.214 1.71 (1.82)48 8.23 29.10
B12 84.50 6.472 1.72 (1.83)19 7.89 (8.26)52 26.86 (24.2)52

A1 77.61 5.974 1.59 7.80 24.93
A2 65.06 5.274 1.49 7.07 19.68
A3 74.50 5.973 1.50 7.55 22.56
A4 81.11 6.422 1.75 8.56 31.95
A5 69.18 4.841 1.55 6.96 19.52
A6 70.6 6.641 1.88 9.15 38.13
A7 73.11 6.261 1.74 8.52 31.52
A8 60.93 3.691 1.61 6.00 14.88
A9 67.60 4.874 1.72 7.20 22.35
A10 76.44 5.285 1.65 7.30 22.38
Sd 56.94 6.024 1.44 7.12 19.47
RDX 124.91 7.038 1.78(1.82)53 8.87(8.75)53 34.67(34.00)53

HMX 157.50 7.123 1.88(1.91)53 9.28(9.10)53 39.19(39.00)53

a The values in parentheses are the experimental values from refs
18, 19, 48, 52, and 53. b The average volumes are from 100
single-point calculations at the B3LYP/6-31G* level. c A
characteristic value relates to both the HOF and the molecular
stoichiometry of an explosive.43 d S stands for 1,2,4,5-tetrazine.
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stability of 1,2,4,5-tetrazine, but the -NHNH2, -NHNO2,
-NO2, -NF2, or -COOH group produces opposite effects. The
calculated detonation velocities and detonation pressures indicate
that the -NF2 or -NO2 group is very helpful for enhancing
the detonation performance for the derivatives, but the case is
quite the contrary for the -CN, -NH2, or -OH group.
Considering the detonation performance and thermal stability,
B6, B7, and A6 may be regarded as potential candidates of
HEDMs. These results provide basic information for the
molecular design of novel HEDMs.
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