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Abstract The pathway and ab initio direct kinetics of the
decomposition 5-aminotetrazole (5-ATZ) to HN; and
NH,CN was investigated. Reactant, products and transition
state were optimized with MP2 and B3LYP methods using
6-311G** and aug-cc-pVDZ basis sets. The intrinsic
reaction coordinate curve of the reaction was calculated using
the MP2 method with 6-311G** basis set. The energies were
refined using CCSD(T)/6-311G**. Rate constants were
evaluated by conventional transition-state theory (CVT) and
canonical variational transition-state theory (TST), with
tunneling effect over 300 to 2,500 K. The results indicated
that the tunneling effect and the variational effect are small for
the calculated rate constants. The fitted three-parameter
expression calculated using the CVT and TST methods are
K(T) = 4.07 x 10" x T8 x e(-242x10/T) =1 4 k(T) =
2.0 x 101 x TO8 x (-236x10'/T) -1 respectively.

Keywords 5-Aminotetrazole - Ab initio calculation -
Transition state theory - Rate constant

Introduction

Tetrazoles have the highest nitrogen content of all organic

substances, and exhibit surprisingly high thermal stability
[1, 2]. Aminotetrazoles are prospective gas-generating
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materials and blowing agents for polymeric systems,
because they are sufficiently stable thermally and yield a
large volume of gas upon thermal decomposition. Among
the aminotetrazoles, 5-aminotetrazole (5-ATZ), which is
used as a gas generator and key intermediate in many
organic syntheses [3], has received by far the most attention
in the literature. In addition, it is often used as an
environmentally friendly gas-generating material [4-8].
The synthesis of 5-ATZ, by reacting dicyandiamide and
sodium azide in acid-catalyzed condition, was described as
early as 1892 by Thiele [9]. The most direct method to form
tetrazole is via the concerted and highly regioselective [2,
3] cycloaddition between HN; and NH,CN [10].

Since 5-ATZ is widely used in the field of energetic
materials (such as gas-generating materials), it seemed
important to investigate the mechanism and kinetics of its
thermal decomposition. Brill [11, 12] and Ivashkevich et al.
[13-18] studied the thermal decomposition process and
kinetics of an ATZ series of compounds using thermo-
gravimetry (TG), thermal volumetric analysis (TVA),
evolved gas analysis (EGA) and other related thermal
analysis methods. The mechanism of decomposition of
ATZ is complex, and may consist of several fundamental
steps, but such experiments have shown that HN; and
NH,CN are the initially detected products [19]. It is
currently accepted that the mechanism of the initial
decomposition process of 5-ATZ proceeds via the mecha-
nism shown in Fig. 1. However, to the best of our
knowledge, both energetic information and kinetic data
for the decomposition of 5-ATZ are quite limited, which
has attracted the interest of experimental chemists [19, 20].
As for any theoretical investigation, we found no closely
related reference except that of Chen [21], who studied the
synthetic reaction of tetrazole and tetrazolate anion using
theoretical calculation methods.
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Fig. 1 The mechanism of the decomposition process of 5-aminotetrazole (5-ATZ) to HN3 and NH,CN

Here, we present a kinetic study of the decomposition of
5-ATZ by employing a direct ab initio kinetics method. In
our experience, values calculated using the MP2 method
are closer to experiment data; also, B3LYP is a popular and
economical method. So, in this paper, the reactant,
products, and transition state (TS) have been fully opti-
mized using the MP2 [22, 23] and B3LYP methods [24, 25]
with 6-311G** [26-28] and aug-cc-pVDZ basis sets [29-
31]. The intrinsic reaction coordinate (IRC) curve of
reactions is calculated using MP2/6-311G** level of
theory. Rate constants are calculated using the canonical
variational transition-state theory (CVT) and transition-state
theory (TST) theory with small curvature tunneling correc-
tion and Eckart correction.

Computational methods
Electronic structure calculations

Geometries and frequencies of all stationary points (reac-
tant, product, and TS) were optimized using the MP2 and
B3LYP methods with the 6-311G**, aug-cc-pVDZ basis
sets. Here, MP2 stands for the second-order Moller-Plesset
(many-body) perturbation theory, B3LYP is a DFT method
using Becke’s three-parameter nonlocal exchange function-
al with the nonlocal correlation of Lee, Yang, and Parr. The
6-311G** is a split-valence triple-zeta plus polarization
basis set [26-28], and cc-pVDZ expresses Dunning’s
correlation functional consistent polarized valence double-
zeta basis sets [29, 30]. When the aug- prefix is used to add
diffuse functions to the cc-pVDZ basis sets, one diffuse
function of each function type is used for each given atom
added [31]. aug-cc-pVDZ is an abbreviation for Dunning’s
augmented, correlation-consistent, polarized-valence double-
basis set. To yield more reliable values for reaction
enthalpy and barrier, the energies of all stationary points
were further refined with several multi-level methods such
as the CCSD (T) and QCISD (T) methods with the 6—
311G** basis set. Here CCSD (T) stands for a couple-
cluster single- and double- substitution method with a
perturbative treatment of triple excitations [32]. QCISD
calculates a quadratic CI (with single and double excita-
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tions) energy. QCISD(quadratic configuration interaction
with single and double substitutions) gives a perturbative
estimate of the effects of triple excitations.. The reactants
and products are refined with G3 [33], G3MP2 [34], CBS-
QB//3 [35]. The minimum energy path (MEP) is obtained
using the intrinsic reaction coordinate (IRC) method [36] at
the MP2/6-311G** level of theory. In the calculation of
rate constants, the single-point energy calculation for the
stationary points and a few extra points along the MEP
were refined to establish the electronic potential curve at the
CCSD(T)/6-311G** level of theory. All the electronic
structure calculations were carried out in our laboratory
using the program GAUSSIAN 03 [37].

Rate constant calculations

Calculations of reaction kinetics were carried out on the
basis of initial information (optimized geometries, energies,
gradients, and frequencies along the MEP). In general, the
tunneling effect of the reaction in which hydrogen takes
part will be obvious. According to this rule, the tunneling
effect should be inconspicuous for our calculated system.
To test the system, we chose different methods to calculate
the rate constant. Rate constants were evaluated using the
conventional transition-state theory (TST) [38], the canonical
variational transition-state theory (CVT) [39-41], CVT with
small curvature tunneling correction (CVT/SCT) [42, 43],
and TST rate constant calculations with Eckart tunneling
correction (TST/Eckart) [44] by employing the online Vklab
program package [45] and POLYRATE 8.2 program [46]
over a wide temperature region from 200 to 2,500 K.
Tunneling is included by the SCT correction. Within the
framework of CVT, the generalized transition state constant,
kS™(T; s) can be calculated at the reaction coordinates along
the MEP at a fixed temperature; CVT rate constants are then
obtained by minimizing A“/(7} s) along the MEP at the given
temperature as follows:

k(T) = minkCT(T, )
s
Here “s” is the reaction coordinate, k°7(7} s) is the rate
constant of generalized TST rate constant at the dividing
surface that intersects the MEP at s and is orthogonal to the
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MEP at the intersection point. The CVT rate constants are
corrected with the SCT transmission coefficient.

Results and discussion
Geometries and energies

The optimized structures for the reactants, products and TS
at the MP2/6-311G** level of theory are given in Fig. 2.
The optimized geometric parameters for the reactants,
products and TS using the MP2 and B3LYP method with
6-311G** and aug-cc-pVDZ levels along with available
experimental values are given in Table 1. The optimized
geometrical parameters of 5-ATZ at all levels of theory
employed are in agreement with the available experimental
values within the allowed error range. Thus, we can infer
that our calculations are meaningful. On the other hand, as
far as we know, 5-ATZ often exists as 5-aminotetrazole
monohydrate, and some isomers of 5-ATZ coexist under
certain experimental conditions, so experimental geometry
data for 5-ATZ are quite limited. The harmonic vibrational
frequencies were calculated to confirm the stationary nature
of 5-ATZ and to make zero-point energy (ZPE) corrections.
All of the minima, including reactants and products,
possess only real frequencies, while the TS is confirmed
by normal-mode analysis to have one, and only one,
imaginary frequency corresponding to the stretching modes
of the coupling between breaking and forming bonds.
Table 2 gives the harmonic vibrational frequencies and
ZPEs of the equilibrium and TS structure of the reaction by
the MP2 method at the 6-311G** level along with the

Fig. 2 Structure and atom num-
ber of stationary points, and the
transition state (TS) for the
reaction using MP2/6-311G**

available experimental data. The predicted values of the
imaginary frequency for the reaction is 605/ at MP2/6—
311G** level of theory. The frequencies calculated within
all the models are considered to agree with experimental
data (taking into account experimental uncertainty) for all
species. The calculated values of between 3,200and
3,600 cm’' are likely due to vny. The values between
3,150 and 3,200 cm™ are likely due to vy of the tetrazole
ring. The band at about 1,640 em’! s assigned to dny, and
that about 1,140 em’! to Ven. The values between 900 and
1,160 cm™ are likely due to Viegrazole ring- The values below
780 cm™! are assigned to dnp rocking:-

Table 3 abstracts the reaction energies (AE), the classical
potential barriers (Vygp), ground-state vibrationally adia-
batic energy curve (V¢ ), which is the refined energies
calculated using CCSD(T)/6-311G** with ZPE at MP2/6—
311G** level (VyveptZEP), and the reaction enthalpies
(AHggy ); we can see that all these values are relevant to
the methods and basis sets employed. Generally, all the
values become smaller as the theory and basis sets became
higher and larger, respectively. So, combined multi-level
methods are required to obtain good estimations of related
energetic values. In the calculation of the V¢ of QCISD
(T)/6-311G** and CCSD(T)/6—-311G** in Table 3, we take
advantage of the ZPEs at MP2/6-311G** level. The largest
values of AE, Vygp, V¢ and AH are 27.53, 52.58, 49.18
and 24.09 kcal mol' at B3LYP/aug-cc-pVDZ level of
theory, respectively. The multi-level methods yield signif-
icant improvement on these energies and agree well with
each other. We compared the results with data obtained
experimentally. Although the experimental data [17] of
AHoe; (28.03 keal mol™) are larger than the calculated
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Table 1 The optimized geometries of reactants, products and transition state (TS) at different levels of theory. 5-47Z 5-aminotetrazole

Species Parameter MP2/6-311G** B3LYP/6-311G** MP2/aug-cc-pVDZ B3LYP/aug-cc-pVDZ Experimental
5-ATZ R(1,4) 1.387 1.374 1.394 1.370
R(2,3) 1.311 1.280 1.326 1.277 1.255°
R(2,5) 1.349 1.368 1.355 1.365 1.373%
R(3,6) 1.360 1.364 1.368 1.361 1.381*
R(4,5) 1.351 1.350 1.357 1.346
R(4,6) 1.322 1.318 1.334 1.316
A(4,1,9) 109.4 112.0 109.6 112.9
A(3,2,5) 105.5 105.8 105.4 105. 9
A(2,3,6) 111.2 111.9 111.0 111.8
A(1,4,6) 127.4 126.3 127.4 126.2
A(5,4,6) 108.1 108.3 108.0 108.3
A(2,5,4) 109.2 108.2 109.5 108.2
A(3,6,4) 106.1 105.8 106.1 105.8
TS R(1,4) 1.380 1.364 1.384 1.361
R(2,3) 1.175 1.161 1.184 1.156
R(2,5) 1.300 1.280 1.307 1.276
R(3,6) 2.127 2.093 2.132 2.083
R(4,5) 1.797 1.920 1.825 1.923
R(4,6) 1.221 1.196 1.234 1.193
A(4,1,9) 111.9 113.3 112.7 113.8
A(3,2,5) 132.8 133.5 1334 134.0
A(2,3,6) 95.8 96.9 96.0 96.8
A(1,4,5) 103.1 103.8 103.3 104.2
A(1,4,6) 142.1 147.2 142.1 147.2
A(5,4,6) 114.8 109.0 114.5 108.6
A(2,5,4) 99.5 98.9 98.8 98.6
A2,5,7) 110.2 113.2 109.7 113.5
A(3,6,4) 96.5 101.3 96.8 101.6
NH,CN R(1,2) 1.356 1.342 1.363 1.340
R(1,5) 1.175 1.157 1.188 1.155
A(2,1,5) 176.8 177.4 176.2 177.3
A(1,2,3) 112.5 115.3 112.7 115.5
A(3,2,4) 111.5 113.5 111.2 113.5
HN; R(1,4) 1.247 1.238 1.259 1.236
R(3.4) 1.151 1.131 1.161 1.125
A(2,1,4) 109.0 110.1 109.2 110.6
A(1,4,3) 171.0 171.5 170.3 171.7
#From [17]

values, the latter seem to be consistent with the results of
others, and the calculated values of AE are in good agreement
with the experimental data [17, 19]. The deviation between
calculated and experiment data may be due to the compli-
cations of 5-ATZ decomposition in an experimental setting,
and experimental error should be taken into account.

Reaction and properties

Although the optimized geometric parameters under MP2/
6-311G** were not very close to the experimental data, the
latter were measured for the solid compound, taking into
account the effect of the crystal lattice, but our calculated
data refer to the gas state. MP2/6-311G** is currently
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considered more exact (and a reasonable compromise
between expense and accuracy), MEPs being obtained
using IRC theory at the MP2/6-311G** level of theory,
with further refinement of potential energy profiles using
CCSD(T)/6-311G** level. The IRC calculation predicts
that HN; and NH,CN are the products of the 5-ATZ
decomposition reaction. Figure 3 depicts the vibrationally
adiabatic ground-state potential energy curve (V'S ) and the
classical potential barriers (Vygp) of the reaction as a
function of s. The energies of the vibrationally adiabatic
ground-state potential energy curve (V) used are the
refined energies from the CCSD(T)/6-311G** method
based on the ZPE at MP2/6-311G** level of theory, while
the energies of the classical potential barriers (Vygp) used
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Table 2 Harmonic frequencies (cm™) and zero point energies (ZPE; 907 e,
keal mol™) for the reactant, products and TS at MP2/6-311G** " | e* * '\'\.\.
Species Harmonic frequencies ZPE 1 S el
70 7
5-ATZ Calculated 216, 301, 384, 565, 693, 718, 40.44 ././’/ ——V,_
731, 820, 1016, 1075, 1114, "-g 60 g PV
1131, 1167, 1211, 1383, 1516, £ :
1621, 1672, 3581, 3683, 3689 g 50+ T
Experimental® 740, 825, 1000, 1384, 3380, P ] /./" h .
3485 407 / '\'\.\_
TS Calculated 6054, 195, 260, 375, 392, 498,  37.45 e
523, 575, 670, 741, 773, 1101, 304 7
1198, 1258, 1279, 1652, 1902, 2 | /./'/
2021, 3503, 3587, 3693 |
NH,CN  Calculated 401, 469, 715, 1068, 1216, 21.52 4 5 o 4 e 4T
1640, 2261, 3590, 3692 12
Experimental 1585°, 2264¢, 34974 s ((amu) ™ “bohr)
HN, Calculated 543. 567. 1138. 1261. 2369 13.48 Fig. 3 The vibrationally adiabatic ground-state potential energy curve
3 5’50 ’ ’ ’ ’ (79 ) and the classical potential barriers (VPygp) of the reaction as a
Experimental 1138, 1265, 1282°, 2310° function of s (amu)"? bohr at the MP2/6-311G** level of theory
*From [17] he whol At th . f
bFrom (1] over the whole temperature range. t the same time, from
¢ From [47] the CVT-calculated results, we find that the variational
9From [48] effect for the reaction is minimal. The rate from CVT is

are data from the CCSD(T)/6-311G** method. It can be
seen that the curves are relatively smooth. This type of
reaction is anticipated to have only a small tunneling effect.

Rate constant calculations

The rate constants of the decomposition products of 5-ATZ
are calculated using the TST, TST/Eckart, CVT(T), CVT/
ZCT and CVT/SCT methods with MEP refined from the
CCSD(T)/6-311G** method based on the MP2/6-311G**
level of theory. The rate constants are shown in Fig. 4. The
rate constants calculated by TST and TST/ Eckart are
almost identical over the whole temperature range. As
discussed in the previous section, the MEP of the reaction
is smooth and this may result in a small tunneling effect

Table 3 Reaction energetic parameters (kcal mol™) at different levels
of theory. MEP Minimum energy path

AE Vaer VY AH
B3LYP/6-311G** 22.15 48.39 45.11 18.76
MP2/6-311G** 20.76 46.06 43.07 17.13
B3LYP/aug-cc-pVDZ 27.53 52.58 49.18 24.09
MP2/aug-cc-pVDZ 25.76 45.79 42.80 22.18
CCSD(T)/6-311G** 23.57 49.29 46.30
QCISD(T)/6-311G** 22.96 48.85 45.87
G3MP2B3 23.74
CBS-Q//B3 23.47
Experimental 21.51-32.27% 28.03%
*From [17]

somewhat less than the value obtained from the TST
method. In addition, the small-curvature tunneling (SCT) and
zero-curvature tunneling (ZCT) transmission coefficients are
inconspicuous. It can be seen that, at temperatures below
1,000 K, the rate constants of CVT/SCT are slightly larger
than those of CVT. The rate constant calculation gives a good
description of the decomposition of 5-ATZ. Since no direct
hydrogen motion is included in the reaction, the tunneling
effect is inconspicuous. The activation energy values obtained
using the fitting method from TST, TST/Eckart, CVT, CVT/
ZCT, and CVT/SCT are 46.83, 46.21, 48.15, 46.96, and
46.64 kcal mol™, respectively. These calculated data are

15+

—=—CVT(T)
—e— CVT/ZCT
—a—CVT/SCT
—v—TST

e TST/Eckart

10 4

-10 -

Log k(T) (s™)

15
220 4 \

-25 T T T T T T T T T T T T T 1
0,0 05 1,0 1,5 2,0 25 3,0 35
1000/T(K™)

Fig. 4 Arrhenius plot of rate constants calculated at the TST, TST/
Eckart, CVT, CVT/SCT and CVT/ZCT levels of theory. The rate
constants are calculated based on the interpolated MEP at the MP2/6—

311G** level of theory
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consistent with the experimental value of 47.77 kcal mol™
[19] for the initial decomposition of 5-ATZ from thermal
analysis technologies. The fitted three-parameter expression
calculated from the CVT and TST methods are k(T) =
4.07 % 1011 5 TO84 5 o(-242x10°/T) 1 o g k(T) = 2.09 x
10! % TO% x 6(72'36X104/T)s’1, respectively. According to
the calculated results, when 5-ATZ is used as a gas-
generating material or blowing agent, the choice of an
appropriate temperature will yield more gas production.

Summary

A direct study of the kinetics of the thermal rate constants
of the decomposition of 5-ATZ was carried out using DFT
and MP2 methods with 6-311G** and aug-cc-pVDZ basis
sets. The geometries and harmonic vibrational frequencies
of all stationary points were calculated by means of B3LYP
and MP2 with 6-311G** and aug-cc-pVDZ basis sets.
Information regarding the MEP was obtained at MP2/6—
311G**. The energies and enthalpies are refined using
CCSD(T)/6-311G** and QCCSD(T)/6-311G**. The rate
constants of the reaction were calculated using the TST,
TST/Eckart, CVT(T), CVT/ZCT and CVT/SCT methods.
The calculated values of AE are in good agreement with
the experimental data. The calculation results indicate that
the tunneling effect and the variational effect for the
calculated rate constants are small.
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