
171Theoretical Studies of High-nitrogen-containing Energetic Compounds...

Central European Journal of Energetic Materials, 2013, 10(2), 171-189
ISSN 1733-7178

Theoretical Studies of High-nitrogen-containing 
Energetic Compounds Based on the s-Tetrazine Unit

Tian-Tian MAN, Kun WANG, Jian-Guo ZHANG*, 
Xiao-Qing NIU, Tong-Lai ZHANG

State Key Laboratory of Explosion Science and Technology, 
Beijing Institute of Technology, Beijing 100081, P. R. China
*E-mail: zjgbit@bit.edu.cn

Abstract:  In order to develop new high-energy-density materials (HEDMs), we 
have investigated 12 substituted s-tetrazine (TZ) compounds, where s-tetrazine was 
substituted by amino, amido and related groups.  Density functional theory (DFT) 
was used to predict the optimized geometries, electronic structures, total energy, 
heats of formation (HOFs) and densities.  In addition the detonation properties 
were evaluated by using the VLW equation of state (EOS).  The standard enthalpy 
of formation, the Gibbs free energy, entropy and equilibrium constants were used 
to estimate the success of the synthetic substitution reactions, which provided 
theoretical support for practical work.  The bond dissociation energy (BDE) of 
bond C-R was calculated at each stage of the substitution reaction.  The calculated 
results showed that substitution of amino, amido and their derivatives in the TZ ring 
enhances the HOF values and is favorable for increasing the thermal stability.  The 
calculated detonation properties indicated that incorporating the above groups into 
the TZ ring is beneficial for improving the explosive performance.  Considering 
the detonation properties and thermal stability, the 12 derivatives may be regarded 
as promising candidates as high-energy-density materials (HEDMs). 

Keywords:  high-energy-density materials (HEDMs), substituted s-tetrazine 
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Introduction

With a high enthalpy of formation, excellent thermal stability and low 
friction and impact sensitivity, high-nitrogen heterocyclic compounds play an 
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increasingly important role in the field of energetic materials [1, 2].  In addition, 
these heterocyclic compounds have a high density, are readily oxygen balanced, 
and their decomposition products are generally environmentally-friendly [3, 4].  
Therefore, as green energetic materials, these compounds have been more and 
more widely used in the fields of propellants, gas agents and primary explosives.  
The study of nitrogen-rich energetic compounds has gradually become one of 
the forefronts and hot areas of energy materials’ research [5].  For their high 
nitrogen content, high density, and readily achieved oxygen balance, as well as 
their structural advantages, s-tetrazine compounds have gradually come into 
peoples’ sight as an excellent parent-structure to be investigated in designing 
more useful materials in the field of energetic compounds [6, 7].

For their high nitrogen content, high energy and simple reaction conditions 
for their formation, amino derivatives and their analogues have attracted a lot 
of attention as substituents of s-tetrazine [8-10], and there have been numerous 
reports on s-tetrazines substituted by amino and hydrazino groups [11-15].  
Generally speaking, s-tetrazine compounds are synthesized from 3,6-bis(3,5-
dimethylpyrazole-l-yl)-s-tetrazine (BT) as the precursor, and BT has been 
synthesized by many researchers [3, 14].  In this paper, we have designed amino, 
amido and related systems, where one or both of the 3,6-hydrogen atoms of 
s-tetrazine have been replaced.  The selected objects are mainly amino, hydrazino, 
carbamido, semi-carbazido, and carbohydrazido, as mono- or bi-substituted 
s-tetrazines.  We discuss the relations between structure and properties, by the 
study of the electrostatic potential energy, the natural bond orbital, the second-
order stabilization energy, and analyze the position of coordination compounds.  
The bond dissociation energy of every compound was calculated in order to 
refine the thermal stabilities of the compounds, and each compound’s potential 
application in the field of energetic materials was predicted through the estimation 
of the detonation velocity and pressure, in order to provide more theoretical 
support for new primary explosives.

Generally speaking, analogs of s-tetrazine (TZ) are mainly synthesized 
by a route based on the BT molecular unit.  There are two fragments in a BT 
unit, the TZ ring and the substituent groups connected to the C atoms of the 
ring (Figure 1).  In this study, 12 types of compounds are discussed based on 
the structural principle of BT, taking the TZ ring as the parent structure and the 
amino groups (amino, hydrazino, carbamido, semicarbazido, 2-semicarbazido, 
carbohydrazido are included) (Figure 2) as substituents, including 6 kinds of 
mono-substituted TZs and 6 kinds of bi-substituted TZs.  The compounds have 
been formed by subsititution of one or both H atoms of the TZ ring by the listed 
substituents.  The optimized geometries were calculated by using the framework 
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of density functional theory (DFT) [13] at the level of 6-311G (d) basis set.  
The results show that all of the structures are points of energy minimum on the 
potential energy surface without imaginary frequency.  Therefore, based on the 
optimized structures of these compounds, the other properties of all of these 
molecules, such as frontier orbital energies, electronic structures and natural 
bond orbitals, electrostatic petential, Wiberg energy level and bond dissociation 
energies (BDEs), heats of formation (HOFs), densities, detonation velocities and 
pressures, were calculated and are discussed below.

Figure 1. The structural characteristics of the BT molecule.
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Figure 2. Structures of all nitrogenous groups and s-tetrazine.
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Methods and Computational Details

Natural bond orbital (NBO) analysis
Electronic structures, charge distribution, Wiberg orbital level and frontier 

orbital energies were obtained by way of natural bond orbital analysis.  Natural 
atomic electrons (q) are the total sum of the Mulliken population (qi), shown 
as Eq. 1:

i
i

q q=∑  . (1)

The Wiberg Bond Index (WBI) stands for the stability of the bonds, the 
higher the WBI value is, the more stable the bond will be [17].  WBI means 
the quadratic sum of the density matrix (pjk), and additionally it also equals the 
d-value between the double orbital atom charge density (pjj) and the squared pjj, 
shown as Eq. 2:

2 22jk j j j j
k

WBI p p p= = −∑  . (2)

The force of inter-molecule and intra-molecule is obtained by NBO analysis 
on the donor-acceptor electrons.  The molecule orbital stabilization energy (Eij) 
of each donor electron NBO (i) and each acceptor electron NBO (j) is defined by 
Eq. 3; qi is the population of the donor orbital, εi and εj are the orbital energies, 
and F (i, j) is the NBO orbital energy:

2( , )
ij i

j i

F i jE q
ε ε

=
−

 . (3)

Density calculations
A convenient method was used to predict the densities of the energetic 

materials [19, 20].  The density (ρ, g/cm3) was obtained from the molecular 
volume divided by the mass, whilst the volume was derived from the calculation 
of the single-point molar volume of opitimized geometries by the Gaussian03 
program package [21].  The molecular volume was defined as the space within 
a contour of 0.001 e/Bohr3 density that was evaluated by using Monte Carlo 
integration. 

Heats of formation (HOFs) calculations
The theoretical heats of formation were calculated by using Eq. 4 and Eq. 5:
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where M denotes the molecule, X represents each element making up M, x is the 
number of atoms of X in M, ε0(M) is the total energy of the molecule, and εZEP (M) 
is its zero-point energy; (HM

0 (298.15K) – HM
0 (0K))  and (HX

0 (298.15K) – HX
0 (0K)) 

are enthalpy corrections for the molecular and atomic elements, respectively.  
The latter one can be obtained from both calculated and experimental data. 

Thermodynamic functions (ΔrHm
θ) of the reactivity calculations 

The thermodynamic properties of the substitution reaction were calculated, 
including ΔrHm

θ , ΔrGm
θ , and ΔrSm

θ .

0 0 tan( ) ( )r corr products corr reac tsH H Hθ ε ε∆ = + − +∑ ∑  (6)

Detonation property calculations
All detonation properties were calculated by the VLW equation of state 

(EOS) [22], law of energy conservation.  The detonation velocity (D, km/s), 
and detonation pressure (p, GPa) can be predicted using the modified nitrogen 
equivalent (MNE) as follows: 

0(690 1160 ) wD Nρ= + ∑  (7)
40.8)(06.11p 2

0 −= ∑ wNρ  (8)

∑ ∑∑∑ ++= )(100
jki GjBkpi

w NGNBNP
m

N  (9)

where ΣNw is the corrected nitrogen equivalent of the explosive, Pi is the molar 
number of gaseous detonation products per gram of explosive, Npi, NBk and NGj 

are the coefficients of the corrected nitrogen equivalent for products, bonds and 
groups, respectively.  The data are from the literature.  Bk and Gj are the numbers 
of each kind of bond and group in the molecule.
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Results and Discussion

Geometric structures

Figure 3. Optimized geometries of all substituted s-tetrazine compounds 
(TA1-TA6 are mono-substituted compounds, and T2A1-T2A6 are 
bi-substituted compounds, respectively) calculated at the level of 
6-311G(d) basis set.
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Figure 3 shows all of the bond lengths, bond angles and dihedral angles of the 
fully optimized geometries.  It can be inferred by comparing the structures, that 
the introduction of amino (A1) and hydrazino (A2) groups destroyed the original 
conjugated system in the TZ ring.  However, compared to the single-substituted 
TZ ring (TA1, TA2) and BT, the bond lengths of C1-N1, N2-C1, N5-C1 tended to 
be average, fluctuating around 1.345Å and close to the standard C=N of 1.30 Å 
in bi-substituted systems, which means that there existed a p-π hyper-conjugation 
effect caused by the groups on both sides, general benefit of lowering the energy 
of the system.  Moreover, the same applies to the bond angles, on account of the 
hybridization between the C1, C2 atoms and their substituents; the bond angle 
N1-C1-N2 and N2-C1-N5 were around 120°.  Considering the symmetry, (T2A1) 
and (T2A2) were symmetrical along the axe through the mid-points of bonds 
N1-N3 and N2-N4.  The N5, N6 atoms were almost coplanar with the TZ ring, 
the deviation being only 0.3811°, whilst the distant NH2 group of the hydrazino 
groups was off the plane by 22.1157°.

It can also be observed from Figure 3 that with the introduction of a carbonyl 
group, the substituent’s destructive effect to the TZ ring decreased, because 
the C=O in the carbamido (A3), semicarbazido (A4), 2-semicarbazido (A5) 
and carbohydrazido (A6) groups were strongly electrophilic, the p-π hyper-
conjugation effect of the amino and hydrazino was no longer strong, the C-N 
bond between the TZ ring and the substituent became stretched, to about 1.39Å, 
falling between the 1.47Å of C-N and 1.30Å of C=N.  In the isomers incorporating 
a semicarbazido group, (T2A5) was less stable than (T2A4), as the electron-
withdrawing effect of the C=O and the inductive effect of the NH2 weakened 
the N’s nucleophilic substituent effect, as could be seen from their C1-N5 
bonds, which were 1.383Å and 1.410Å, respectively.  All atoms of the TZ ring 
formed a new conjugated system, and C-N and N-N were 1.341 Å and1.311 Å, 
respectively. The C atom of the C=O group was hybridized in the sp2 mode, which 
could be concluded from the bond angle of 120°.  Among the TZs substituted by 
carbamido (A3) and semicarbazido (A4), the NH2 distorted the plane within the 
C=O group, the dihedral angel N1-C1-N5-C3 in the molecules (T2A3), (T2A4), 
(T2A5), (T2A6) being 36.41°, 41.72°, 54.87° and 109.46°, respectively. 

Bi-substituted TZ compounds were more coplanar than mono-substituted 
structures when comparing the N(3)-C(2)-N(4)-N(2) unit, especially after 
carbonyl groups were attached.  This is because of the existence of two π 
conjugated systems formed by the pyrazole rings and the TZ ring in the 
BT molecule.  However, both π systems were perturbed by the step by step 
substitution process, and were finally replaced by the p-π hyper-conjugation 
between the TZ ring and the new groups.
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Electronic structure and natural bond orbital analysis
Table 1 lists the natural atomic charge of the whole ring and each atom 

in the TZ ring by natural bond orbital (NBO) analysis of the 12 derivatives, 
as well as the electronic occupation and the Wiberg (WBI) bond order of the 
C2-N6 bond.  As can be seen from Table 1, the positive charge of the C atoms 
increased sharply, where, most obviously in the mono-substitution case, part of 
the electron density was transferred from the ring to the substituent, especially 
in the presence of -NH2, -NHNH2, -NHCONH2 and -NHCONHNH2, which 
showed a strong electrophilic affect connected with the TZ, especially the 
-NHCONH2.  -NH2 group exhibited an electron-donating inductive effect, but it 
showed a conjugated electron-withdrawing effect.  Because the C=O group was 
strongly electron withdrawing in -NHCONH2, the TZ ring became more positive.  
In -NHNH2CONHNH2, the C=O is connected with two -NHNH2 groups, and 
since -NH2 is electron-donating, the TZ ring was negative.  In terms of bond 
lengths, mono-substitution caused a longer length of the C-N bond, which was  
close to 1.47Å.  It could be deduced from an analysis of the bond orders in the 
12 derivatives, in which all values of the C-N bond order were close to each 
other, and were more stable than the C-H of TZ, except for (T2A5), in which 
the C-N bond order was less than 1, caused by the electron-withdrawing effect 
of -NH2.  It can be learned from an analysis of electron occupation, that values 
which were close to 2, indicating the C-N bond shared a pair of electrons, with 
no electron shift, meaning the bonds were covalently stable.  It can also be seen 
from Table 1 that (T2A5) and (T2A6) had relatively poor stability, the products’ 
bond order in the mono-substitution cases were lower than in bi-substitution, 
and that the synthetic intermediates could hardly exist.

Frontier orbital theory provides information about a molecule by calculating 
the difference in energy levels to balance the stability of the molecular structure.  
Comparing the frontier orbital energy gap (ΔEH-L) in Table 1, we could see that 
the orbital energy gap of bi-substituted compounds was higher than that of 
mono-substituted compounds.  Thus it could be inferred that the former had 
better stability, electrons were more difficult to activate, and also that they were 
difficult to decompose.  Comparing the stability of doubly substituted TZs, it 
could be concluded that: (T2A6)> (T2A4)> (T2A1) > (T2A3)> (T2A5)> (T2A2).
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Table 1. Charge distribution of atoms in TZ and the TZ ring, eocc of the bond 
C2-N6, bond length, energy difference (ΔEH-L) of frontier orbitals 
and bond order WBI

Cpd. C1 C2 N1 N2 N3 N4 TZ-ring eocc b ΔEH-L WBI
TZ 0.014 0.014 -0.133 -0.133 -0.133 -0.133 -0.504 1.977 1.086 364.65 0.792
TA1 0.521 0.433 -0.200 -0.205 -0.128 -0.184 0.237 1.981 1.4 343.73 1.01
T2A1 0.483 0.483 -0.200 -0.200 -0.200 -0.200 0.006 1.988 1.368 350.45 1.161
TA2 0.531 0.426 -0.168 -0.218 -0.129 -0.183 0.259 1.981 1.401 341.77 1.006
T2A2 0.489 0.489 -0.166 -0.216 -0.166 -0.216 0.214 1.985 1.377 345.74 1.126
TA3 0.486 0.46 -0.142 -0.198 -0.133 -0.192 0.281 1.982 1.396 344.21 1.032
T2A3 0.522 0.523 -0.201 -0.240 -0.201 -0.240 0.276 1.983 1.384 349.19 1.081
TA4 0.489 0.467 -0.147 -0.197 -0.198 -0.136 0.278 1.981 1.396 349.79 1.033
T2A4 0.482 0.482 -0.152 -0.198 -0.152 -0.198 0.264 1.983 1.383 350.69 1.083
TA5 0.438 0.479 -0.127 -0.135 -0.201 -0.141 0.313 1.990 1.393 341.41 1.043
T2A5 0.453 0.453 -0.138 -0.145 -0.145 -0.138 0.34 1.979 1.410 347.55 0.989
TA6 0.499 0.442 -0.194 -0.201 -0.134 -0.183 0.229 1.981 1.400 342.39 1.015
T2A6 0.484 0.484 -0.194 -0.205 -0.205 -0.194 -0.170 1.984 1.385 354.03 1.104

Note:  eocc, b, and WBI means TZ’s occupied value of C-H, bond length and bond order, units of eocc, b, ΔE 
and WBI are eV, Å, Hartree, and kJ/mol, respectively. 

Figure 4.1. Electrostatic potential 
surface of (TA1).

Figure 4.2. Electrostatic potential 
surface of (T2A1).

Figure 4.3. Electrostatic potential 
surface of (TA2).

Figure 4.4. Electrostatic potential 
surface of (T2A2).
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Figure 4.5. Electrostatic potential 
surface of (TA3).

Figure 4.6. Electrostatic potential 
surface of (T2A3).

Figure 4.7. Electrostatic potential 
surface of (TA4).

Figure 4.8. Electrostatic potential 
surface of (T2A4).

Figure 4.9. Electrostatic potential 
surface of (TA5).

Figure 4.10. Electrostatic potential 
surface of (T2A5).

Figure 4.11. Electrostatic potential 
surface of (TA6).

Figure 4.12. Electrostatic potential 
surface of (T2A6).

Figures 4.1- 4.12.  Electrostatic potential surfaces of the 12 derivatives.
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The electrostatic potential surface of the 12 derivatives are shown in Figures 
4.1-4.12.  Overall, the positive charges were mainly inside, whilst the negative 
electrostatic potential was concentrated on the N atoms of the TZ ring and the 
peripheral N atoms of the substituents without H atoms.  It can be observed from 
the Figures, because of strong electron-withdrawing effects, electrons are mainly 
distributed on N atoms, N1, N2, N3, N6 are in a large negative electric field in 
the mono-substituted systems (TA1), (TA2), this position being advantageous 
for metal atom attack to form poly-coordination.  In (T2A1) and (T2A2), the 
negative charges were symmetrical, whilst the TZ ring and the substituents were 
positive, electron density was reduced as a result of the withdrawing effect of 
-NH2.  Introduction of a carbonyl group added electron density to the TZ ring, 
thus making TA3 exhibit aromatic properties.  There exists an electron nodal 
surface in the mono-substituted systems TA4 and TA5, resulting in a decrease 
in the N2, N4 charges, which were -0.136 and -0.141 respectively.  Electrons 
flowed from the pyrazole and the TZ ring to the substituted group.  This was 
actually an unstable state and tended to form a ring.  Negative charges were 
relatively balanced if the substitution process proceeded completely, as TA4 
showed an even charge distribution, and had better stability.  This agreed with 
the conclusion from structural analysis.  Due to the strong steric-hindrance in 
(T2A4) and (T2A5), as well as the conjugative or inductive effect of –NH2 
showed differently, the electrons accumulated mainly near the N atoms of TZ 
and the O atom of the carbonyl group.

It can be concluded from Table 2 that the WBI values of C(1)-N(5) in mono-
substituted systems were larger than that in bi-substituted systems.  Besides, the 
values of C-N decreased, but the N-N’s increased in the TZ ring, thus bonds’ 
length of the ring became averaged.  As mentioned before, the interaction of 
C(2)-N(6) in the mono-substituted systems was weak.  The bond order of C-R 
in (T2A2) was only 1.161, much lower than that of the TZ ring, such as 1.327 of 
C-N, 1.462 of N-N, C(1)-N(5) in T2A2 1.126 , and C-N was close to N-N in the 
TZ ring.  However, for p-π conjugated effects, N(5)-N(7) in the hydrazino group 
was the weakest and easiest to break, especially in the mono-substituted system; 
the value was only 0.076.  In short, the interactions of C–NH2 and C-NHNH2 
were weak.  Generally, bonds C(3)-N(5) were the weakest in molecules with 
carbonyl groups, for two possible reasons.  Firstly, due to the p-π conjugation 
between the C and N of TZ, secondly, the strong electron-withdrawing effect of 
the O atom decreased the degree of overlap between C-N and N-N, weakening 
the interaction of C(3)-N(5).  Therefore, these derivatives were the least stable 
towards decomposition; the order of thermodynamic stability was: C(3)-N(5) 
<C(1)-N(5). 
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Table 2. WBI bond level of molecules at B3LYP/6-311G(d) level

Compound Bond Bond 
level Bond Bond 

level Bond Bond 
level

TA1 C(1)-N(5) 1.204 C(2)-N(6) 1.011 C(1)-N(2) 1.323
N(1)-N(3) 1.497

T2A1 C(1)-N(5) 1.161 C(2)-N(6) 1.161 C(1)-N(2) 1.327
N(1)-N(3) 1.462

TA2 C(1)-N(5) 1.176 C(2)-N(6) 1.006 C(1)-N(2) 1.311
N(1)-N(3) 1.484 N(5)-N(7) 0.076

T2A2 C(1)-N(5) 1.126 C(2)-N(6) 1.126 C(1)-N(2) 1.32
N(1)-N(3) 1.454 N(5)-N(7) 1.041

TA3 C(1)-N(5) 1.088 C(2)-N(6) 1.032 C(1)-N(2) 1.368
N(1)-N(3) 1.5 C(3)-N(5) 0.993 C(3)-N(7) 1.132

T2A3 C(1)-N(5) 1.081 C(2)-N(6) 1.081 C(1)-N(2) 1.35
N(1)-N(3) 1.463 C(3)-N(5) 1 C(3)-N(7) 1.129

TA4
C(1)-N(5) 1.095 C(2)-N(6) 1.033 C(1)-N(2) 1.332
N(1)-N(3) 1.451 C(3)-N(5) 0.975 C(3)-N(7) 1.097
N(7)-N(8) 1.042

T2A4
C(1)-N(5) 1.083 C(2)-N(6) 1.083 C(1)-N(2) 1.349
N(1)-N(3) 1.463 C(3)-N(5) 0.978 C(3)-N(7) 1.095
N(7)-N(8) 1.042

TA5
C(1)-N(5) 0.986 C(2)-N(6) 1.043 C(1)-N(2) 1.361
N(1)-N(3) 1.442 C(3)-N(5) 1.011 C(3)-N(7) 1.135
N(5)-N(8) 1.024

T2A5
C(1)-N(5) 0.99 C(2)-N(6) 0.99 C(1)-N(2) 1.381
N(1)-N(3) 1.454 C(3)-N(5) 1.01 C(3)-N(7) 1.13
N(5)-N(8) 1.024

TA6
C(1)-N(5) 1.137 C(2)-N(6) 1.015 C(1)-N(2) 1.327
N(1)-N(3) 1.473 N(5)-N(7) 1.039 C(3)-N(7) 1.064
C(3)-N(8) 1.102 N(8)-N(9) 1.034

T2A6
C(1)-N(5) 1.104 C(2)-N(6) 1.104 C(1)-N(2) 1.341
N(1)-N(3) 1.459 N(5)-N(7) 1.039 C(3)-N(7) 1.076
C(3)-N(8) 1.096 N(8)-N(9) 1.034

Note: C.B. means chemical bond, B.O. means bond order.  The units of WBI level is Hartree.

The reactivity and bond dissociation energy (BDE) of the molecules
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R=NH2(A1), NHNH2(A2), NHCONH2(A3), NHCONHNH2(A4), 
NHNHCONH2(A5), NHNHCONHNH2 (A6)

As the precursor of most s-tetrazine compounds, BT possesses relatively 
high reactivity, and it may be easily substituted. R replaces dimethylpyrazole 
stepwise in the substitution process.  Thus, in order to study the feasibility of 
the reaction, the thermodynamic functions such as Δf Gm

ϑ  and ΔrGm
ϑ  (kJ/mol) at 

298K were listed in Table 3.  All the data were computed by Gaussian03 under 
the level of B3LYP/6-311G(d) basis set.  It could be concluded that all of the 
processes were exothermic, the Standard Moore Reaction Gibbs Free Energy 
(ΔrGm

ϑ) decreased whilst the entropy increased, suggesting that the reactions are 
theoretically feasible.  The equilibrium constant for the reaction was calculated, 
and it indicated that the substitution process could go to completion.  However, 
with the introduction of an amido group, the value of ΔrGm

ϑ  increased, whilst the 
equilibrium constant was reduced.  Although it was concluded by the Frontier 
orbital theory that semicarbazido-, and 2-carbamido- TZ had higher stability than 
amino- and hydrazino-TZ, the introduction of the amido blocked the reaction 
according to the reaction dynamics.  This may be connected with the structure 
of the molecule, the smaller the substituent group, the more stable the product 
would be.

Table 3. Molar Gibbs free energy of reactants and the 6 reactions 
R ΔrHm

θ ΔrGm
θ ΔrSm

θ 

(A1) -587.917 -572.417 52.002
(A2) -605.512 -596.963 28.694
(A3) -526.231 -519.151 23.741
(A4) -471.607 -466.247 17.977
(A5) -470.694 -467.558 10.520
(A6) -624.386 -623.306 3.627

Note: Units kcal/mol.

In order to discuss the level of difficulty for the substitution reaction 
sufficiently, the BDE of characteristic chemical bonds were calculated.  The 
BDEs provided us with information about the stability of the compounds.  
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The substitution mainly started at C1-N5 or C2-N6, and the BDEs of C1-N5 
and C2-N6 were mainly calculated at B3LYP/6-311G(d) basis set.  T was 
TZ, R1 was 3,5-dimethylpyrazole, T-R1 was the molecule which had lost its 
3-dimethylpyrazole, X-T-R1(X was A1, A2, A3, A4, A5, A6 group) were mono-
substituted derivatives, X-T was a mono-substituted derivative which had lost 
its 3-dimethylpyrazole, X-T-X were bi-substituted systems. 

BDE1=E(T-R1)+E(R1)-E(R1-T-R1), BDE2=E(T-R1)+E(R1)-E(X-T-R1), BDE3=E(X-T)+E(R1)-
E(X-T-R1), BDE4=E(X-T)+E(X)-E(X-T-X)

R1-T-R1 →–R1    T-R1 →+X    X-T-R1 →–R1    X-T →+X    X-T-X

Table 4. Bond dissociation energies (BDE) of characteristic chemical bonds 
R BDE1 BDE2 BDE3 BDE4

(A1) 99.088 273.768 4.146 316.524
(A2) 99.088 228.684 5.861 271.330
(A3) 99.088 30.972 -24.964 56.088
(A4) 99.088 -16.995 -19.722 8.593
(A5) 99.088 116.489 21.957 183.211
(A6) 99.088 141.782 -16.557 166.686

Note: Units of Bond dissociation energy is kcal/mol.

It can be inferred from Table 4 that removal of 3,6-dimethylpyrazole from 
BT was endothermic. It could also be shown that the intermediate from (A4) 
had the worst stability of the 6 molecules, whilst (A1) and (A2) were more 
stable.  For lower bond dissociation energy, it is difficult to synthesize (A4) and 
(A3).  From the data for BDE3, we could also conclude that the stability of the 
mono-substituted systems, the intermediate of (A3), (A4), and (A6) tended to 
lose the second R1 easily during reaction, thus substitution at both sites were 
expected.  The value of the bond dissociation energy could reflect the stability of 
the molecule, the higher the value is, the lower the combined energy, therefore, 
the easier of the reaction will be.  Thus BDE4 showed orders of stability of the 
molecule under ideal conditions, (A1)>(A2)>(A5)>(A6)>(A3)>(A4).

Molecular total energy, standard heat of formation, density, detonation 
velocity and pressure 

Table 5 lists the molecular total energy, density, detonation properties and 
nitrogen content, in order to explore the relations between mono-substitution and 
bi-substitution at 298 K.  It can be concluded that the introduction of energetic 
groups improved the standard heat of formation of bi-substituted systems by 
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different degrees, compared to the theoretical heat of formation of a single TZ 
unit 450.1 kJ/mol, estimated by atomization proposal. 

Table 5. Nitrogen atoms numbers, nitrogen content (%), electron total energy, 
standard heat of formation and density, detonation velocity and 
pressure, of the series of TZ derivatives

Cpd.
N 

Quantity
number

N%, 
%

ETOTAL,
kJ/mol

ΔfH0
298K,

kJ/mol
ρ,

g/cm3
DCJ, 
km/s

PCJ, 
GPa

(TA1) 7 51.28 -1719.33 1018.03 1.45 6.81 17.88
(T2A1) 6 74.97 -1067.97 319.29 1.26 5.89 12.08
(TA2) 8 54.34 -1864.43 1202.24 1.29 6.62 15.55
(T2A2) 8 78.84 -1358.18 425.56 1.64 7.36 22.67
(TA3) 8 47.84 -2161.94 1034.82 1.34 7.63 21.25
(T2A3) 8 56.55 -1951.77 611.85 1.58 7.52 23.12
(TA4) 9 50.57 -2307.05 1196.24 1.82 8.21 30.08
(T2A4) 10 61.38 -2243.41 936.72 1.45 7.60 22.29
(TA5) 9 50.57 -2307.04 1200.75 1.23 6.34 13.76
(T2A5) 10 61.38 -2243.41 941.54 1.55 7.95 25.51
(TA6) 10 53.00 -2452.23 1339.98 1.31 6.16 13.62
(T2A6) 12 65.09 -2533.79 1226.12 1.61 8.50 29.90

All of the listed compounds fell into 4 groups: mono-substituted and bi-
substituted without a carbonyl group, and mono-substituted and bi-substituted 
with a carbonyl group, respectively.  It can be seen in Figure 5 (molecular total 
energy vs. nitrogen atom numbers) that all lines had a similar trend, which 
means that whatever the situation is, an increase in nitrogen atoms, decreases 
the total molecular energy. Hence, one extra N atom, reduces the energy by 
145.10 kJ/mol on average for the series.  It can also be seen in Figure 6 (standard 
heat of formation vs. nitrogen atoms numbers), that addition of N atoms, causes 
an increase in the HOF of the target compound.  The above relations imply 
that N atoms have a big influence on the molecular total energy and the HOF 
in this series of TZ compounds.  It could also be deduced from Figure 6 that 
introduction of a single substituent group and a carbonyl group both improved 
the HOF of the compounds. 
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Figure 5. Relation between molecular total energy and nitrogen atom numbers.

Figure 6. Relation between standard heat of formation and nitrogen 
atom numbers.

We used the K-J equation, with the density calculated earlier and the standard 
heat of formation of the product gases, to estimate the detonation velocity and 
pressure for the 12 compounds.  Comparing the results in Table 5, we found 
that nitrogen content and density determined the detonation properties.  Table 5 
showed that the more N atoms, the higher the value of the detonation velocity 
and pressure.  Additionally, it could also be found from Table 5 that the density 
of the bis-hydrazino derivative of s-TZ was 1.64 g/cm3, and that the detonation 
velocity and pressure could reach 9.27 km/s and 36.02 GPa, respectively.  Its 
detonation properties were close to those of the traditional high explosive 
HMX (ρ = 1.85 g/cm3, DCJ = 8.92 km/s).  The mono-semicarbazido-s-TZ also 
possessed excellent explosive properties, the nitrogen content was as high as 
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50.57%, (ρ = 1.82 g/cm3, DCJ = 8.21 km/s), the bis-carbohydrazido-s-TZ had 
a detonation velocity and pressure of 8.50 km/s and 29.90 GPa respectively, the 
detonation velocity also being close to that of HMX.  This illustrated that the 
introduction of hydrazino and carbohydrazido groups had a significant effect 
on improving the detonation velocity of high-nitrogen compounds.  Therefore, 
hydrazino and carbonyl derivatives have good prospects in the field of applied 
energetic materials. 

Conclusions

In this paper, 12 substituted s-tetrazine compounds were designed, and their 
optimized geometries, electronic structure, thermal stability, molecular total 
energy, standard heat of formation, density and explosive performance were 
investigated by theoretical methods.  The results were as follows:
i) The p-π conjugative effect between the N atom of the substituent and the TZ 

ring resulting from the introduction of amino and hydrazino groups, lowered 
the total energy of the whole system, whilst introduction of a carbonyl 
containing group had little effect on the TZ ring.  Additionally, the difference 
between the energy levels of the named compounds was obtained by frontier 
orbital theory calculation, and the order of thermal stability was compared: 
(T2A6)>(T2A4)>(T2A1)>(T2A3)>(T2A5)>(T2A2). 

ii) Compared with the s-tetrazine molecule, substitution reduced the total 
electric charge of the TZ ring, which means the degree of electronic 
delocalization improved with substitution. 

iii) The positive charge is centered mainly inside the molecule, whilst the 
negative electrostatic charge is distributed on the N atoms of the TZ ring 
and the peripheral N atoms of substituents without H atoms.

iv) BDE analysis implied that the C1-N5 bond was easiest to break in the 
amino and hydrazino bi-substituted s-tetrazine derivatives, and under ideal 
circumstances, the ranking for ease of synthesis was (T2A1) > (T2A2) > 
(T2A5) > (T2A6) > (T2A3) > (T2A4). 

v) A high nitrogen content is helpful for enhancing the molecular stability and 
improving the HOFs.  However, the introduction of carbonyl and amido 
groups raised the total energy, which worked against the stability.  The 
detonation properties were affected by both density and nitrogen content, 
and the introduction of hydrazino and carbohydrazido groups greatly 
improved the explosive performance, s-tetrazines substituted by hydrazino, 
semicarbazido and their relatives displayed favorable explosive performance, 
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indicating that this series of compounds has the potential to become novel 
energetic compounds, and it would be valuable to synthesize them.

Acknowledgements 
Authors are thankful for the financial support from Project supported by the 

National Natural Science Foundation of China (NSAF 10776002, NSFC-RFBR 
20911120033), the Program for New Century Excellent Talents in University 
(No. NCET-09-0051), and the project of State Key Laboratory of Explosion 
Science and Technology (No. QNKT11-06 & ZDKT12-03).  Additionally, we 
would like to express our appreciation to the editors and reviewers for their 
highly efficient work.

References

 [1] Withersby M.A., Blake A.J., Champness N.R., Cooke P.A., Hubberstey P., Li W.S., 
Schroder M., Solvent Control in the Synthesis of 3,6-bis(pyridin-3-yl)-1,2,4,5-
tetrazine-bridged Cadmium(II) and Zinc(II) Coordination Polymers, Inorg. Chem., 
1999, 38(10), 2259-2266.

 [2] Chavez D.E., Hiskey M.A., Gilardi R.D., 3,3’-Azobis(6-amino-1,2,4,5-tetrazine): 
A Novel High-nitrogen Energetic Material, Angew. Chem. Int. Ed., 2000, 39(10), 
1791-1795. 

 [3] Huynh M.H.V., Hiskey M.A., Chavez D.E., Naud D.L., Gilardi R.D., Synthesis, 
Characterization, and Energetic Properties of Diazido Heteroaromatic High-
nitrogen C-N Compound, J. Am. Chem. Soc., 2005, 127(36), 12537-12543. 

 [4] Chavez D.E., Hiskey M.A., Naud D.L., Tetrazine Explosives, Propellants Explos. 
Pyrotech., 2004, 29(4), 209-215. 

 [5] Pagoria P.F., Lee G.S., Mitchell A.R., Schmidt R.D., A Review of Energetic 
Materials Synthesis, Thermochim. Acta, 2002, 384(1-2), 187-204. 

 [6] Garg S., Shreeve J.M., Trifluoromethyl- or Pentafluorosulfanyl-substituted Poly-
1,2,3-triazole Compounds as Dense Stable Energetic Materials, J. Mater. Chem., 
2011, 21(13), 4787-4795.

 [7] Garau C., Quinonero D., Frontera A., Costa A., Ballester P., Deya P.M., s-Tetrazine 
as a New Binding Unit in Molecular Recognition of Anions, Chem. Phys. Lett., 
2003, 370(1-2), 7-13. 

 [8] Wang G.X., Gong X.D., Liu Y., Du H.C., Xu X.J., Xiao, H.M., Looking for High 
Energy Density Compounds Applicable for Propellant among the Derivatives of 
DPO with –N3, -ONO2, and –NNO2 Groups, J. Comput. Chem., 2011, 32(5), 943-
952.

 [9] Ghule V.D., Sarangapani R., Jadhav P.M., Tewari S.P., Quantum-chemical 
Investigation of Substituted s-Tetrazine Derivatives as Energetic Materials, Bulletin 



189Theoretical Studies of High-nitrogen-containing Energetic Compounds...

of the Korean Chemical Society, 2012, 33(2), 564-570.
 [10] Saikia A., Sivabalan R., Polke B.G., Gore G.M.,Singh A., Synthesis and 

Characterization of 3,6-Bis(1H-1,2,3,4-tetrazol-5-ylamino)-1,2,4,5-tetrazine 
(BTATz): Novel High-nitrogen Content Insensitive High Energy Material, 
J. Hazard. Mater., 2009, 170(1), 306-313.

 [11] Wei T., Wu J., Zhu W., Zhang C., Xiao H., Characterization of Nitrogen-bridged 
1,2,4,5-Tetrazine-, Furazan-, and 1H-Tetrazole-based Polyheterocyclic Compounds: 
Heats of Formation, Thermal Stability, and Detonation Properties, J. Mol. Model., 
2012, 27, 1-13. 

 [12] Liang X.Q., Pu X.M., Tian A.M., Theoretial Studies on Structures and Properties 
of 1,2,4,5-Tetrazine Derivatives Substituted by Substituent Groups Containing 
Nitrogen (in Chinese), Chin. J. Organ. Chem., 2011, 3, 328-335. 

 [13] Tan B., Peng R., Long X., Li H., Jin B., Chu S., An Important Factor in Relation 
to Shock-induced Chemistry: Resonance Energy, J. Mol. Model., 2012, 18(2), 
583-589. 

 [14] Zhou Y., Long X.P., Shu Y.J., Theoretical Studies on the Heats of Formation, 
Densities, and Detonation Properties of Substituted s-Tetrazine Compounds, J. Mol. 
Model., 2010, 16(5), 1021-1027.

 [15] Odelius M., Kirchner B., Hutter J., s-Tetrazine in Aqueous Solution: A Density 
Functional Study of Hydrogen Bonding and Electronic Excitations, J. Phys. Chem., 
2004, 108(11), 2044-2052.

 [16] Kerth J., Lobbecke S., Synthesis and Characterization of 3,3’-Azobis(6-amino-
1,2,4,5-tetrazine) DAAT − A New Promising Nitrogen-rich Compound, Propellants 
Explos. Pyrotech., 2002, 27(3), 111-118. 

 [17] Wei T., Zhu W.H., Zhang J.J., Xiao H.M., DFT Study on Energetic Tetrazolo-
1,5-b -1,2,4,5-tetrazine and 1,2,4-Triazolo- 4,3-b -1,2,4,5-tetrazine Derivatives, 
J. Hazard. Mater., 2010, 179(1-3), 581-590. 

 [18] Adamo C., Barone V., A TD DFT Study of the Electronic Spectrum of s-Tetrazine 
in the Gas-phase and in Aqueous Solution, Chem. Phys. Lett., 2000, 330(1-2), 
152-160. 

 [19] Wang F., Du H.C., Zhang J.Y., Gong X.D., A Theoretical Study on the Structures, 
Thermodynamic Properties and Detonation Performances of Azidamines, Mol. 
Simul., 2011, 37(10), 893-898. 

 [20] Sharma P., Kumar A., Singh J., Sahu V., Theoretical Evaluation of the Global and 
Local Electrophilicity Patterns to Characterize Hetero Diels-Alder Cycloaddition 
in the Synthesis of Isoxazolo 4,5-e (1,2,3,4-tetrazine), Chin. J. Chem., 2009, 27(5), 
868-876.

 [21] Frisch M.J., Trucks G.W., Schlegel H.B., et al. (Ed.) GAUSSIAN 03, Rew B 03., 
Pittsburgh, PA, 2003.

 [22] Wu X., Long X.P., He B., Jiang X.H., VLW Equation of State on the Products of 
Detonation (in Chinese), Sci. China Ser. B-Chem, 2008, 38(52), 1129-1132.




