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Abstract: The decomposition pathways of the anionic parts of the 5,5'-bitetrazole-related energetic
salts are studied theoretically using highly-symmetric 5,5'-bitetrazole-1,1'-diide (point group D2d)
as a model compound. The relaxed scans for all the four symmetry unique bonds elongation have
been performed at the wB97XD/6-311+G(d,p) level of theory. The results have revealed that the
most  preferable  decomposition  route  is  the  C5—N1  bond  elongation.  Breaking  of  the  bonds  has
been tracked using the QTAIM analysis at each point along the reaction coordinate. Another
decomposition mechanism of 5,5'-bitetrazole-1,1'-diide can be triggered by its oxidation, which
results in breaking of the N2—N3 bond.

Keywords: HEDM; nitrogen-rich explosive; energetic salt; DFT

1. Introduction

5,5'-Bitetrazole backbone is a building block for a number of highly effective explosive materials
[1,2]. One of these explosives is dihydroxylammonium 5,5'-bistetrazole-1,10-diolate (TKX-50) [3].
The calculations of detonation profile for the latter revealed that TKX-50 exceeds one of the most
powerful explosive, namely ε-hexanitrohexaazaisowurtzitane (ε-CL-20) [3]. Moreover, impact
sensitivity of TKX-50 (20 J) is lower than that of 2,4,6-trinitrotoluene (TNT) (15 J) [3]. In addition, the
impact sensitivity of TKX-50 can be decreased by addition of polyvinylidene difluoride (PVDF) and
polychlorotrifluoroe-thylene (PCTFE), forming the polymer-bonded explosives [4], or by
cocrystallization with hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) [5]. The recent experimental
studies,  however,  have  shown  that  TKX-50  is  close  to  RDX  not  only  in  terms  of  its  sensitivity  to
impact but also in terms of other explosive parameters [6,7]. For example, the solid-state enthalpy of
formation (DH0

298 ) of TKX-50 based on the measurements of enthalpy of combustion equals 113.97 ±
2.86 kJ mol–1 [6,7], whereas the calculated values using of the atomization method CBS-4М equals to
446.6 kJ mol–1 [3].

The decomposition mechanism of the TKX-50 crystals was extensively studied both
experimentally and theoretically. To date, a two-step process initiated by a proton transfer from
hydroxylammonium cations to 5,5'-bistetrazole-1,10-diolate is generally accepted [8-15]. Early
molecular dynamics studies of thermal decomposition of TKX-50 revealed that the latter decays with
release  of  molecular  nitrogen  or  N2O with the activation energies of 188.7 and 302.1 kJ mol–1,
respectively [8]. More recent experimental studies, however, give the activation energy value
obtained by the Kissinger’s method been equal to 237.6 kJ mol–1 [9]. The latter is strongly dependent
on the experimental  conditions (heating rate)  and can be decreased even to  112 kJ  mol–1 [10].  It  is
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worthwhile  to  note  that  the  solid  substance  bearing  the  ammonium  cations  instead  of  the
hydroxylammonium cations was detected experimentally among the intermediate products of
decomposition  [10].  A  number  of  intermediate  structures  were  calculated  as  a  result  of  the
decomposition of electronically excited TKX-50 [11]. It was found that TKX-50 has two conical
intersections between S1 and S0 states, related to and leading to two different reaction paths, forming
N2 and NO products [11].

Upon  applied  external  pressure  and  subsequent  heating,  the  phase  transition  in  the  TKX-50
crystals occurs leading to two consecutive high-temperature intermediates [12,13]. This results in
suppression of the proton transfer, and thus the impact sensitivity of TKX-50 [12,14]. It was also
found that TKX-50 exhibits a strong anisotropy of impact sensitivity with [010] as the most sensitive
direction and [100] as least sensitive [15].

Thus,  in  the  present  paper  we  have  developed  an  approach  for  computational  study  the
possible route of the bitetrazole backbone decomposition. For this purpose we have replaced the
5,5'-bistetrazole-1,10-diolate moiety by a more symmetric 5,5'-bitetrazole-1,1'-diide ion (BTEZ) and
obtained relaxed scans of all possible routs of the bond breaking followed by the transition state
search. As a result, we have obtained the activation energy equal 229.1 kJ mol–1, which is rather close
to the Yang’s value [9]. The formation of an azide anion was found to be the most exothermic path of
the BTEZ decomposition.

2. Computational Details

The DFT calculations presented in this paper were performed using the GAUSSIAN09 program
suite  [16].  Geometry optimizations and vibrational  spectra  calculations were carried out  using the
range-separated hybrid functional parameterized by Chai and Head-Gordon, namely wB97XD [17].
The latter uses a version of the Grimme’s D2 dispersion model, which is essential when calculating
systems with strongly elongated bonds. The Pople’s split-valence quasi triple-ζ, in the valence shell,
basis set (6-311 G) with addition of both polarization (d,p) and diffuse (+) functions was applied [18].
For  the  relaxed  scans  calculation,  step  size  for  the  bond  length  change  was  set  to  0.25  Å.
Optimization of the transition states was performed using the quadratic synchronous transit method
(QST3) [19].

Electronic  spectra  were calculated in  terms of  Time-Dependent  DFT (TDDFT) in  the vacuum
approximation. The analysis of electron density distribution was carried out by means of the
Quantum Theory of Atoms in Molecules (QTAIM) [20]. The calculations were performed using the
AIMQB  code  as  implemented  in  the  AIMStudio  program  suite  with  the  Proaim  basin  integration
method [21]. Additional post-SCF analyses were conducted using the Multiwfn program package
[22]. Fitting the electronic absorption spectrum curve was performed by means of the Gaussian
distribution function and a half-width of 3000 cm–1 with the SWizard 5.0 program package [23].

3. Results and Discussion

Geometry optimization of BTEZ provides a structure of the D2d point group. The latter has the
four symmetry non-equivalent bonds, namely C5–C5’, C5–N1, N1–N2 and N2–N3. In order to find
the most energetically preferable decomposition path, we have performed relaxed scan calculations,
which are  illustrated in  Fig.  1  a.  As it  follows from Fig.  1  a,  elongation of  the C5–C5’  and N2–N3
bonds leads to a gradual energy rise without maxima at least to r0 + 3.5 and r0 + 2.25 Å, respectively.
Meanwhile, stretching of the rest two bonds proceeds with maxima which are located at about r0 +
0.75 Å (Fig. 1 a).

As a result, one of the three pairs of the decomposition products is expected to be formed (Fig. 1
b).  The  pair  1  corresponds  to  the  C5–N1  bond  breaking  and  the  pairs  2  and  3  correspond  to  the
N1–N2 bond cleavage. Total energy calculations for the species in pair 2 and 3 revealed that
formation of the pair 2 is much more energetically preferable. Detachment of an azide radical from
BTEZ is unlikely because of a huge endothermicity of the reaction (+569.4 kJ mol–1). The optimized
structures of the three possible organic residues of BTEZ are illustrated in Fig. 2.
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Figure 1. (a) The relaxed scans of the symmetry-unique bonds elongation in BTEZ; (b) the most
relevant pairs of the decomposition products.

Figure 2. Optimized geometries and several structural parameters (angstroms and degrees) of: (a)
5-(diazomethideyl)tetrazol-1-ide; (b) 5-cyanotetrazol-1-ide; (c) 5-cyanotetrazol-1-ide radical anion.

Thus, we have checked two reaction paths leading to the pair 1 and 2. In order to localize the
corresponding transition states (TS) we have applied QST3 method. The calculations provide close
activation energies ca. 229 kJ mol–1 (Fig. 3 a). The reaction heat, however, differs significantly for
these two reaction paths. Reaction proceeding through TS2 is endothermic (ΔH = +169.2 kJ mol–1),
while reaction route through TS1 is strongly exothermic (ΔH = -167.8 kJ mol–1). The driving force of
the latter reaction is stronger; therefore, it is anticipated to be more probable. Additionally, the
absolute  values  of  the first  imaginary frequencies  can provide information about  the curvature of
potential energy surface along the transition vectors that determines the TS region. Thus, TS1 has ν1

= 463.5i cm–1, and TS2 has ν1 = 478.0i cm–1.
As  one  can  see  in  Fig.  3  b,  the  C5–N1  bond  breaking  is  a  mandatory  condition  for  BTEZ

decomposition. In the case of TS1 an additional N1–N2 bond breaking takes place and in the case of
TS2 this additional bond is N2–N3. The QTAIM analysis has shown that these elongated bonds still
remain at the TSs points since the critical points of the (3,-1) type were found. Also, the QTAIM
charges prove that wave functions describe correctly these TSs, since the total charge on the leaving
nitrogen atoms is close to zero (TS2) and -1 (TS1).

According to the Boltzmann distribution, thermal occupation of the energy level, which
corresponds to such a huge activation barrier (229 kJ mol–1), can scarcely be achieved at temperatures
lower than ca.  800 K [24]. It means that electron excitations can be involved into the mechanism of
BTEZ decomposition. Thus, we have calculated electronic spectrum of BTEZ, which consists of first
20 transitions. Summary of the results of this calculation is presented in Table 1. As it follows from
Table 1, a noticeable absorption starts from S6 (5.90 eV). The S1 state, however, lies much lower in
energy  (5.12  eV).  We  have  also  optimized  structure  of  the  first  excited  triplet  state  (T1) and first
excited singlet state (S1). Remarkably, both these states are planar (D2h point group) meaning that S0

→ S1 transition is strongly nonadiabatic. The singlet state S1 lies higher than the T1 state by 0.77 eV
according to the adiabatic energy difference.
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Figure 3. (a) Energy levels (kJ mol–1) of the reactants, TSs and products; (b) optimized geometries and
several structural parameters of the calculated TSs.

Table 1. Assignment of the most intense (fosc > 0.01) transitions in the electronic spectrum of BTEZ.

State λ (nm) E (eV) fosc Orbital assignment
S6 210.1 5.90 0.0795 Ha-2 → Lb (51%) H → L+3 (31%) H-3 → L+1 (13%)
S8 208.7 5.94 0.0355 H-1 → L+1 (78%) H → L+4 (11%) H-8 → L (7%)
S9 206.4 6.01 0.0282 H-4 → L (88%) H-5 → L+1 (9%)
S10 203.3 6.10 0.0609 H-5 → L (54%) H-4 → L+1 (42%)
S11 202.7 6.12 0.0233 H-6 → L (60%) H-3 → L+1 (19%) H-7 → L+1 (15%)
S13 200.1 6.19 0.0218 H → L+4 (59%) H-1 → L+6 (11%) H-1 → L+1 (10%)
S14 200.1 6.20 0.3262 H → L+5 (70%) H-3 → L+1 (10%) H-4 → L+2 (7%)
S20 195.0 6.36 0.0184 H → L+7 (78%) H → L+4 (8%) H-9 → L+1 (5%)

a H stands for the highest occupied molecular orbital; b L stands for the lowest unoccupied molecular orbital.

Finally,  when  BTEZ  is  oxidized  to  the  neutral  state,  the  N2–N3  bonds  significantly  elongate,
1.580 Å vs. 1.314 Å (in dianion). Also, a strong aromatic character of the tetrazole rings in the dianion
becomes  slightly  aromatic  in  the  neutral  form.  This  follows  from  the  NICS  (nucleus-independent
chemical shift) indexes calculations, whereas the structural criteria, namely HOMA (harmonic
oscillator model of aromaticity) and Bird, indicate the neutral form of BTEZ as antiaromatic. Thus, in
the neutral form, the most probable route of decomposition is the detachment of a nitrogen
molecule.

4. Conclusions

The obtained results revealed that the mechanism of BTEZ decomposition is not trivial. Huge
activation barriers, obviously, should be lower when considering the ionic arrangement.
Nevertheless, the activation barriers for real crystalline salts (like TKX-50 or MAD-X1) is expected to
be high enough for a simple thermal occupation. This suggests the fairness of the previous results
concerning conical intersections between S1 and S0 states [11].

Thus, a more detailed mechanistic study is mandatory to find the decomposition pathway,
which includes all the experimentally detected intermediates. Particularly, recent results have
shown that the TKX-50 decomposition includes a stage of diammonium 5,5’-bistetrazole-1,10-diolate



Proceedings 2017, 1, x FOR PEER REVIEW 5 of 6

(ABTOX) formation and also melamine-like solid polymer [10]. The account of all these
circumstances will be the issue of further theoretical study.
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