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Abstract The tautomerization pathways and kinetics of
1,5-diaminotetrazole (DAT) have been investigated by
means of second-order Møller-Plesset perturbation theory
(MP2) and coupled-cluster theory, with single and double
excitations including perturbative corrections for triple
excitations (CCSD(T)). Five possible tautomers, namely
4-hydro-1-amino-5-imino-tetrazole (a), 2,5-diamino-tetra-
zole (b), 1,5-diamino-tetrazole (c), 2-hydro-1-imino-5-
amino-tetrazole (d), and 2,4-dihydro-1,5-diimino-tetra-
zole (e) were identified. The structures of the reactants,
transition states, and products along with the tautomer-
ism pathways were optimized by the MP2 method using
the 6-311G** basis set, and the energies were refined
using CCSD(T)/6-311G**. The minimum-energy path
(MEP) information for DAT was obtained at the
CCSD(T)/6-311G**//MP2/6-311G** level of theory.
Therein, reaction 2 (c → b) is an amino-shift reaction,
while reaction 1 (c → a), reaction 3 (c → d), reaction 4
(a → e), and reaction 5 (d → e) are reactions of
hydrogen-shift tautomerization. The calculated results
show that 2,5-diaminotetrazole (b) with the minimum
energy (taking c as a standard) among five tautomers,

is the energetically preferred tautomer of DAT in the gas
phase. In addition, the energy barrier of reaction 2 is
71.65 kcal ·mol−1 in the gas phase, while reaction 1 takes
place more easily with an activation barrier of
61.53 kcal ·mol−1 also as compared to 63.71 kcal ·mol−1

in reaction 3. Moreover, the tautomerization of reaction 4
requires the largest energy barrier of 83.29 kcal ·mol−1,
which is obviously bigger than reaction 5 with a value of
73.78 kcal ·mol−1. Thus, the hydrogen-shift of c to a is
the easiest transformation, while the tautomerization of a
to e is the hardest one. Again, the rate constants of
tautomerization have been obtained by TST, TST/Eckart,
CVT, CVT/SCT, and CVT/ZCT methods in the range
200-2500 K, and analysis indicated that variational ef-
fects are small over the whole temperature range, while
tunneling effects are significant in the lower temperature
range.
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Introduction

Tetrazoles are important high-energy self-organized com-
bustion compounds, burning at the expense of their own
components without any oxidizer [1]. Tetrazole deriva-
tives are characterized by extreme properties among
azoles, such as the highest N–H-acidity, the lowest ba-
sicity, and the presence of several “pyridine-like” nitro-
gen atoms [2]. These features along with biological ac-
tivity of tetrazoles and their high nitrogen content and
positive enthalpies of formation have made these sub-
stances and their complexes interesting for many differ-
ent branches of science, pharmaceutical [3–5], and ma-
terial chemistry including gas-generating and energetic
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materials [6–13], ferromagnets [14], and other materials
for molecular electronics [15–17]. 1,5-Diaminotetrazole
(DAT), as a fascinating component in the construction of
high energy density materials because of its unique struc-
ture and remarkable properties, has attracted considerable
attention [7, 18–25].

There has been considerable and continuing interest in the
co-existence of tautomers of tetrazoles. A lot of experimental
and theoretical studies have been devoted to the tautomerism
and protonation of tetrazole [26, 27]. Results show that the
temperature-dependent tautomeric amino-imino and
prototropic transformations are important preliminary steps
in reactions of 5-aminotetrazole (ATZ) [28]. We have studied
the tautomerism of ATZ, and found that six possible tautomers
could exist in theory, namely 1H,4H-5-imino-tetrazole, 1-H-
5-amino-tetrazole, 2-H-5-amino-tetrazole, 1H,2H-5-imino-
tetrazole, the mesoionic form, and 2H,4H-5-imino-tetrazole.
In principle, DAT may coexist in amino and imino tautomeric
forms in the solid state and probably also in the melted [29].

To the best of our knowledge, few studies have been
concerned with 1,5-diaminotetrazole, and the present investi-
gation was undertaken to study the mechanism and kinetics of
the tautomerization of DAT in the same way as for ATZ. This
paper focuses on the tautomers and intramolecular hydrogen
shift of DAT (Fig. 1) and their kinetics in the gas phase. The
aims of our study are to determine the stability of the tauto-
mers and the mechanism of these tautomerization reactions,
and obtain more kinetic information for the title reactions,
including the rate constants over a wide temperature range.
Specifically, we have focused on the importance of the tunnel-
ing effect. With a clearer knowledge of the existing forms,
some new complexes may be obtained, and the results may
prove useful in rationalizing certain phenomena and
explaining some experimental data, such as the infrared spec-
trum, the various products of decomposition, and so on.

Computational methods

All calculations were carried out with the Gaussian 03
program [30]. The optimized geometries and harmonic
vibrational frequencies of all stationary points (the reac-
tants, products, and transition states) were optimized
with restricted second-order Møller−Plesset perturbation
theory using the 6-311G** basis set. To yield more
reliable enthalpies and barrier heights, we performed
single-point energy calculations for the stationary points
by the CCSD(T) method with the 6-311G** basis set.
The intrinsic reaction coordinate (IRC)[31], and the
minimum-energy path (MEP), were obtained at the
MP2/6-311G** level to confirm that whether the transi-
tion states really connect with minima along the reac-
tion path. The MEP was calculated in mass-weighted
Cartesian coordinates with a gradient step size of 0.02
(amu)1/2 bohr. The energy derivatives, including gradi-
ents and Hessians at geometries of some selected points
(17 points on each side) along the MEP, were calculated
at the same level. The single-point energy calculations
for the points along the MEP were then refined to
establish the potential curve at the CCSD(T)/6-311G**
level of theory.

All of the rate constants reported herein were evaluated
over a wide temperature range from 200 to 2500 K using
conventional, non-variational transition-state theory (TST)
[32], TST rate constant calculations with the Eckart tunneling
correction (TST/Eckart) [33], canonical variational transition-
state theory (CVT)[34–36], canonical variational transition-
state theory with small curvature tunneling correction (CVT/
SCT) [37, 38], and canonical variational transition-state theo-
ry with zero-curvature tunneling correction (CVT/ZCT) [39,
40] by means of the Vklab program package [41] and the
POLYRATE 8.2 program [42].
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Fig. 1 The tautomers and
reactions of the tautomerism of
DAT using the MP2/6-311G**
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Table 2 Harmonic frequencies (cm−1) and intensities (km·mol−1), for the reactants, products, and transition states at MP2/6-311G**

Species Harmonic frequencies ZPE

a 106(9),192(14),297(1),423(134),501(36),649(24),697(21),708(4),743(44),925(49),1002(72),1091(107),1106(19),1219(9),
1336(114),1351(2),1433(3),1487(8),1695(9),1801(431),3533(4),3558(17),3630(14),3715(122)

50.90

TSc-a 1852i(738),191(6),257(39),308(10),497(190),575(21),600(22),693(4),715(8),859(3),964(73),971(65),1034(70),1097(13),
1172(81),1237(42),1258(47),1363(3),1389(17),1505(52),1673(64),1748(290),2084(83),3531(6),3626(32),3627(17)

47.45

c 211(6),255(32),269(27),308(5),346(13),480(14),649(92),691(33),710(40),754(118),791(22),976(37),1035(43),1107(18),1158(26),
1193(1),1271(33),1359(7),1369(16),1563(30),1600(10),1666(115),1718(130),3529(10),3595(38),3624(21),3713(47)

51.38

TSc-b 915i(59),112(33),120(8),256(5),306(28),387(1),546(35),578(35),685(127),735(9),753(120),890(85),930(1),1008(2),1028(58),
1089(26),1142(6),1153(5),1195(8),1440(10),1547(62),1566(96),1658(176),3445(10),3543(10),3601(43),3715(39)

47.90

b 112(55),197(14),259(38),321(5),351(2),493(10),644(12),667(29),694(121),779(124),816(37),1033(118),1039(22),1097(1),
1135(16),1229(20),1277(7),1421(10),1469(9),1522(46),1574(93),1660(190),1672(33),3516(11),3600(32),3623(25),3712(33)

51.34

TSc-d 1584i(687),219(17),239(9),297(10),325(12),537(35),571(45),669(64),697(14),713(21),789(231),833(21),1020(9),1068(112),
1108(8),1168(30),1223(14),1255(64),1364(1),1419(26),1496(3),1598(42),1669(219),2243(171),3481(2),3568(34),3687(50)

47.54

e 176(1),225(10),317(32),372(6),430(2),489(18),516(195),592(115),604(46),618(16),700(13),886(63),1053(123),1122(14),
1203(88),1269(9),1320(53),1360(42),1457(35),1517(67),1776(363),1975(2073),3462(1),3563(9),3605(99),3685(111)

50.16

TSa-e 1499i(55),172(15),214(0),327(5),511(59),579(121),594(235),656(32),687(49),724(9),755(45),843(56),948(19),1030(145),
1073(248),1126(33),1231(43),1277(21),1349(42),1396(37),1428(6),1462(23),1779(434),2290(112),3458(6),3574(21),3655(115)

47.38

d 145(28),226(3),257(14),300(3),407(108),516(48),594(84),640(11),693(12),714(9),796(33),817(57),982(24),1079(26),1189(31),
1215(7),1229(35),1292(54),1407(2),1486(20),1561(20),1650(41),1686(95),3481(28),3560(11),3646(24),3652(122)

50.36

TSd-e 1815i(313),214(19),259(3),301(17),393(20),489(115),542(10),594(79),616(116),648(86),710(9),840(37),920(21),1005(163),
1101(51),1115(25),1184(30),1192(67),1354(89),1405(33),1486(75),1666(322),1928(572),2101(73),3469(16),3573(31),3584(63)

46.73

Table 1 The optimized geome-
tries of tautomers of DAT and the
transition states at MP2/6-
311G**

a TSc-a c TSc-b b TSc-d d TSa-e e TSd-e

R(1,4) 1.279 1.327 1.375 1.378 1.383 1.376 1.395 1.274 1.282 1.329

R(1,7) 1.019 1.013 1.012 1.010 1.011 1.014 1.014 1.018 1.017

R(1,8) 1.488 1.010 1.011 1.011 1.012 1.014 1.018 1.506

R(2,3) 1.291 1.308 1.312 1.317 1.336 1.333 1.359 1.326 1.364 1.388

R(2,5) 1.362 1.381 1.351 1.462 1.322 1.329 1.354 1.332 1.383 1.407

R(3,6) 1.354 1.350 1.364 1.342 1.333 1.345 1.324 1.359 1.362 1.366

R(4,5) 1.397 1.351 1.352 1.347 1.349 1.350 1.388 1.420 1.425 1.390

R(4,6) 1.384 1.345 1.323 1.344 1.348 1.344 1.340 1.397 1.378 1.338

R(5,9) 1.379 1.657 1.388 1.389 1.297 1.389 1.303 1.638

R(6,8) 1.007 1.276 1.602 1.024 1.010 1.276

R(9,10) 1.015 1.016 1.016 1.025 1.017 1.023 1.620 1.025 1.025

R(9,11) 1.015 1.016 1.024 1.017 1.024

R(5,9) 1.385 1.952 1.298

R(2,9) 1.903 1.389

A(4,1,7) 107.8 118.5 112.8 113.3 112.5 111.7 111.1 109.1 109.9 116.4

A(3,2,5) 107.3 107.4 108.5 111.3 114.3 113.2 114.0

A(2,3,6) 107.7 107.6 109.9 104.8 105.8 105.6 101.2 99.9 100.0

A(1,4,5) 134.0 147.5 123.2 123.3 122.9 123.7 118.5 133.8 130.9 141.8

A(1,4,6) 127.5 107.4 128.5 123.9 123.6 127.9 131.5 126.7 127.7 109.4

A(5,4,6) 98.5 104.3 108.2 112.8 113.5 108.3 110.0 99.4 101.4 107.8

A(2,5,4) 112.9 109.4 109.3 101.7 99.9 105.8 102.2 108.4 106.0 101.6

A(2,5,9) 123.5 123.0 125.0 106.1 122.0 104.4 122.3 130.9

A(4,5,9) 123.5 127.4 125.7 107.5 143.6 133.3 131.7 126.6

A(3,6,4) 113.6 111.0 105.8 106.7 106.0 108.6 109.4 115.7 117.4 114.6

A(5,9,10) 108.9 107.8 107.3 78.6 106.0 104.4 106.7

A(5,9,11) 108.9 107.9 108.0 113.2 105.8

A(10,9,11) 109.1 108.3 108.1 103.6 108.3 121.0 124.4

A(4,1,8) 111.9 112.1 111.2 111.2 111.5
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Fig. 2 The mechanism of the tautomeric equilibrium and hydrogen shifts of DAT
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Results and discussion

The geometries and vibrational frequencies

We considered five tautomers of DAT in this study for com-
parison. The optimized structures for the reactants, products,
and transition states consisting of the main bond parameters at
the MP2/6-311G** level of theory, are given in Table 1. The
experimental length of C = N bond is 1.273 Å in H2C = NH,
and the bond length of C-N is 1.474 Å in CH3NH2 [43]. The
distances of N-N in H-N = N-H and H2N-NH2 are 1.252 and
1.449 Å, respectively [44].

For tautomers a, c, d, and e, nearly all of the skeletal bonds
are calculated to lie between isolated single and double bonds,
except for the C4-N1 bond of a, the C4-N5 and N3-N2 bonds of
c, and the C4-N1 and N5-N9 bonds of e, which are close to
double bonds. The atoms of a and c are nearly in a plane with
deviations of less than 0.5°, except for the hydrogen atoms of
amino. The rings of d and e show a greater deviation from
planarity and there is significant repulsion between the hydro-
gen atoms on N1 and N9 in e. For tautomer b, nearly all of the
skeletal bonds are calculated to lie between isolated single and
double bonds, and the atoms are not coplanar, showing greater
deviations from planarity of 5°.

The skeletal bond lengths calculated for both b and c
(Table 1) lie between those of isolated single and double
bonds. The results clearly suggest that the lone pairs of elec-
trons at N2 in b and at N5 in c are delocalized in planar five-
center 6π electron aromatic systems, indicating that the mol-
ecules are aromatic, which may be the reason for the greater
stability of these tautomers. 2H-5-amino-tetrazole has previ-
ously been suggested as a stable tautomer of ATZ, and our
calculations show that 2,5-diamino-tetrazole (b) is also the
most stable tautomer of DAT in theory.

Both the optimization and the frequency calculations were
successfully completed for all of the reactants, products, and
transition states of the above mentioned five reactions at the
MP2/6-311G** level. Reactants and products were observed
as local minima with positive vibrational frequencies. Only
one imaginary frequency was found for each transition state,
and the transition states of all five reactions were first-order
saddle points in the potential barriers of the reaction paths. The
infrared spectra of all five tautomers and the transition states
of the tautomeric equilibria of the hydrogen shift are summa-
rized in Table 2. The mechanisms of the tautomerization
reactions are shown in Fig. 2. TSc-a, TSc-b, TSc-d, TSa-e, and
TSd-e denote the transition states of reactions 1, 2, 3, 4, and 5,
respectively, and normal-mode analysis revealed that they
have only one imaginary frequency corresponding to ex-
change of the hydrogen atoms. The imaginary frequencies of
TSc-a, TSc-b, TSc-d, TSa-e, and TSd-e are 1852i cm−1, 915i
cm−1, 1584i cm−1, 1499i cm−1, and 1815i cm−1, respectively.
Because a, b, c, d, and e were calculated to have similar IR

spectra, it may not be straightforward to use IR spectroscopy
to differentiate between these tautomers.

Energy barriers to tautomerism

The minimum-energy paths were obtained using the intrinsic
reaction coordinate (IRC) theory at the MP2/6-311G** level
of theory, and the potential energy profiles were further re-
fined using CCSD(T)/6-311G**. Table 3 gives the reaction
enthalpies (ΔH298K

0 ), the reaction energies (ΔE), the classical
potential barriers (VMEP), the ground-state adiabatic energy
curve (Va

G), which is defined by the refined energies calculated
using CCSD(T)/6-311G** with zero-point energies at the
MP2/6-311G** level (VMEP + ZEP).

These data show that, although less stable than tautomers b
and c, tautomers a, d, and e are good candidates for experi-
mental observation and worthy topics for future research. We
can also conclude from Table 3 that all of these reactions are
endothermic processes. These reactions may play an impor-
tant role in both the atmosphere and in combustion systems of
DAT. The order of Va

G in the forward direction is reaction 4 >
reaction 5 > reaction 2 > reaction 3 > reaction 1. The value of
Va
G in reaction 1 and reaction 3 are similar and that of Va

G in
reaction 2 is larger. Thus the result indicates that hydrogen
shifts such as c→ a and c→ d are easier than c→ b as amino
shifts. A schematic representation of the tautomers and tran-
sition states for DAT is shown in Fig. 3.

It can be seen that a, b, and c are relatively more stable than
d and e. As a result, the value ofVa

G in reaction 4 and reaction 5
may be larger, and the low Va

G of the reverse reactions in
reactions 3, 4, and 5 also show that d and e are very unstable.
For the reverse direction, the order of Va

G is reaction 2 >
reaction 1 > reaction 3 > reaction 4 > reaction 5. Finally, all
of the results point to the fact that reactions 3, 4, and 5 are
irreversible exothermic processes. All of these reactions need a
suitable source of energy or an appropriate catalyst to proceed.

Figure 4 shows the adiabatic ground-state potential energy
curves (Va

G) and the classical potential barriers (VMEP) of the
reactions. As can be seen, the curve of reaction 2 is smoother,
in accordance with the fact that the imaginary frequency of the
transition state of this reaction is smaller, which indicates the

Table 3 The energy parameters (kcal·mol−1) of each tautomerism reac-
tion of DAT

ΔH298k
ϕ

ΔE VMEP Va
G Va

G (Reverse)

Reaction 1 50.22 12.38 65.46 61.53 49.15

Reaction 2 77.91 -0.109 75.29 71.65 71.76

Reaction 3 64.87 39.909 67.55 63.71 23.80

Reaction 4 44.63 68.53 86.80 83.29 14.75

Reaction 5 23.29 61.12 77.41 73.78 12.66

J Mol Model (2014) 20:2457 Page 5 of 10, 2457



tunneling effect of reaction 2 is smaller. Apart from reaction 2
as an amino-shift reaction, the other four reactions are quite
similar because they are all hydrogen-shift reactions. In gen-
eral, the transition states of hydrogen-shift reactions have
higher imaginary frequencies and more cuspidaler curves with
a greater tunneling effect.

In summary, the tautomers a and d are expected to be
most easily derived from c experimentally. While b is the
most stable, but is difficult to interchange with c. Again e
is the least stable, while the probability of this reaction
from c to e occurring is low because of the largest Va

G of
the transformation. All of the VMEP(s) and Va

G (s) curves
are similar in shape and their maxima are located at the
same position (s=0), which implies that the variational
effect in calculating the rate constants of the reactions will
be small to some extent.
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Rate constants of tautomerization

Thermal rate constants are essential in modeling the
tautomerization of DAT. Furthermore, accurate rate constants
are increasingly needed for process simulations and are also
necessary for quantifying the competing reactions. The inter-
polated variational transition-state theory, based on the
minimum-energy path calculated at the MP2/6-311G** level
of theory was used to calculate the reaction rates, and this
approach was improved by interpolated corrections of barrier
height at the CCSD(T)/6-311G** level. Overall reaction rate
constants were calculated by TST and CVT theory, which
corresponds to classical reaction-coordinate, and by TSTwith
Eckart correction. Since the tunneling cannot be
underestimated for reactions such as hydrogen exchange,
dehydrogenation, and hydrogen migration, etc., a correction
for tunneling was estimated using the ZCT and SCT approx-
imations. The rate constants at several temperatures are
depicted in Fig. 5 and detailed results are shown in Table 4.

The variational effect, that is, the ratio of rate constants
between the variational CVT and conventional TST, was
considered as well. For these five reactions, throughout the
studied temperature range, the CVT curves are nearly super-
imposable on the TST curves, and the data calculated using
these two methods show only slight disparity, so there is little
variational effect on the title reactions.

For reaction 1, the discrepancies in the rate constants
calculated using the TST, TST/Eckart, CVT/SCT, and CVT/
ZCT methods are significantly large only at lower tempera-
tures (200 K < T < 500 K). With increasing temperature, the
deviations become small. It can easily be concluded that
tunneling has a distinct effect on this reaction at low temper-
atures but has little effect at high temperatures. At lower
temperatures, the larger discrepancies occur due to the higher
values of Ea and the pre-exponential factor in the TST and
CVT equations. At the higher temperatures, the smaller dis-
crepancies appear due to the lack of a temperature in the pre-
exponential factor. However, at 300 K, the rate constant
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calculated using the CVT/SCT method is 2.61×10−27, indi-
cating that the thermal reaction is far too slow to play a role in
atmospheric chemistry.

For reactions 3 and 5, the rate constants calculated using
the TST/Eckart, CVT/SCT, and CVT/ZCT methods show
only slight deviations compared to those calculated by the

Table 4 Rate constants (in s−1) at
several temperatures T(K) TST TST/Eckart CVT CVT/ZCT CVT/SCT

Reaction 1 200 2.56E-55 1.00E-37 2.49E-55 1.05E-38 1.19E-36

300 9.47E-33 5.51E-28 9.28E-33 4.12E-28 2.61E-27

400 1.92E-21 4.97E-20 1.89E-21 3.51E-20 4.85E-20

500 1.20E-14 6.14E-14 1.18E-14 4.34E-14 4.61E-14

800 2.04E-04 3.84E-04 2.01E-04 2.76E-04 2.78E-04

1000 5.45E-01 8.54E-01 5.39E-01 6.31E-01 6.33E-01

1500 2.15E+04 2.79E+04 2.13E+04 2.20E+04 2.20E+04

2000 4.46E+06 5.34E+06 4.41E+06 4.40E+06 4.40E+06

2500 1.11E+08 1.28E+08 1.10E+08 1.08E+08 1.09E+08

Reaction 2 200 5.44E-66 2.91E-64 6.75E-66 4.72E-64 2.78E-63

300 8.53E-40 2.49E-39 1.60E-39 5.20E-39 7.41E-39

400 1.09E-26 2.03E-26 2.72E-26 5.09E-26 6.05E-26

500 7.98E-19 1.24E-18 2.50E-18 3.75E-18 4.17E-18

800 5.05E-07 6.37E-07 2.52E-06 3.01E-06 3.14E-06

1000 4.28E-03 5.11E-03 2.66E-02 3.01E-02 3.09E-02

1500 7.01E+02 7.82E+02 6.36E+03 6.81E+03 6.89E+03

2000 2.68E+05 2.90E+05 3.23E+06 3.38E+06 3.40E+06

2500 9.11E+06 9.70E+06 1.37E+08 1.42E+08 1.42E+08

Reaction 3 200 8.92E-58 2.26E-50 9.03E-58 3.73E-52 9.37E-51

300 1.91E-34 1.73E-32 1.92E-34 6.35E-33 1.73E-32

400 9.19E-23 5.83E-22 9.24E-23 3.61E-22 4.90E-22

500 9.66E-16 2.93E-15 9.71E-16 1.97E-15 2.27E-15

800 3.57E-05 5.85E-05 3.58E-05 4.26E-05 4.45E-05

1000 1.24E-01 1.77E-01 1.24E-01 1.34E-01 1.38E-01

1500 6.94E+03 8.57E+03 6.94E+03 6.93E+03 7.01E+03

2000 1.71E+06 1.98E+06 1.71E+06 1.67E+06 1.68E+06

2500 4.73E+07 5.31E+07 4.73E+07 4.61E+07 4.62E+07

Reaction 4 200 2.43E-79 6.31E-75 2.13E-79 1.22E-76 7.92E-76

300 6.13E-49 1.43E-47 5.59E-49 4.32E-48 8.38E-48

400 9.99E-34 4.54E-33 9.29E-34 2.50E-33 3.23E-33

500 1.37E-24 3.58E-24 1.29E-24 2.33E-24 2.68E-24

800 7.46E-11 1.17E-10 7.18E-11 8.90E-11 9.31E-11

1000 2.94E-06 4.08E-06 2.85E-06 3.26E-06 3.35E-06

1500 4.19E+00 5.09E+00 4.08E+00 4.32E+00 4.37E+00

2000 5.20E+03 5.97E+03 5.07E+03 5.22E+03 5.25E+03

2500 3.79E+05 4.23E+05 1.99E+05 2.01E+05 2.02E+05

Reaction 5 200 6.92E-69 1.20E-63 4.97E-69 1.14E-61 3.05E-61

300 6.48E-42 5.99E-40 5.21E-42 4.81E-39 1.15E-38

400 2.09E-28 1.87E-27 1.77E-28 2.98E-27 5.21E-27

500 2.74E-20 1.05E-19 2.41E-20 1.03E-19 1.36E-19

800 4.47E-08 8.05E-08 4.14E-08 6.61E-08 7.12E-08

1000 5.48E-04 8.36E-04 5.15E-04 6.81E-04 7.12E-04

1500 1.64E+02 2.10E+02 1.57E+02 1.71E+02 1.75E+02

2000 9.29E+04 1.11E+05 8.99E+04 9.14E+04 9.23E+04

2500 4.24E+06 4.85E+06 4.12E+06 4.05E+06 4.08E+06
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TSTand CVTmethods. It can be concluded that tunneling has
smaller effects on these reactions at low temperatures than on
reaction 1. For reaction 4, a smaller deviation compared to the
values calculated by the TST method was found at low tem-
peratures (200 K < T < 500 K), indicating that the effect of
tunneling on this reaction is smallest among reactions 3, 4, and
5. In any case, our calculations indicate that the tunneling
effect plays an important role in the hydrogen-shift
tautomerization reactions of DAT than previously believed.

While for reaction 2 as an amino-shift reaction, the rate
constants calculated by means of the TST, TST/Eckart, CVT,
CVT/SCT, and CVT/ZCTmethods are also almost identical at
high temperatures (T > 500 K). At low temperatures (200 K <
T < 500 K), the rate constants calculated bymeans of the TST/
Eckart, CVT/SCT, and CVT/ZCT methods are almost identi-
cal, and there is little deviation compared to the values calcu-
lated by the TST and CVT methods. It can be concluded that
tunneling has little effect on this reaction at low temperatures.

As can be seen in Table 4, the rate constant of reaction 4 is
the highest, followed by those of reaction 5, reaction 2, reac-
tion 3, and reaction 1. This order is in agreement with the
adiabatic barriers (83.29 kcal·mol−1 (4), 73.78 kcal·mol−1 (5),
71.65 kcal·mol−1 (2), 63.71 kcal·mol−1 (3), and 61.53 kcal·
mol−1 (1)). All of the rate constants increase rapidly with
increasing temperature, especially in the lower temperature
range.

Therefore, for the reactions under consideration, the varia-
tional effect is small over the whole temperature range. For the
four hydrogen-shift reactions, Va

G is larger, and the tunneling
effect is smaller. In addition, the CVT/SCT rate constants in
the range 200-2500 Kwere fitted by a three-parameter method
(k=ATnexp(–Ea/RT)) for the five reactions as follows:

k Tð Þ ¼ 2:262� 10−58 � T20:42 � e− 1:25�104=Tð Þ s−1

k Tð Þ ¼ 6:941� 103 � T3:07 � e− 3:40�104=Tð Þ s−1

k Tð Þ ¼ 1:405� 10−13 � T7:50 � e− 2:544�104=Tð Þ s−1

k Tð Þ ¼ 2:500� 101 � T3:24 � e− 3:88�104=Tð Þ s−1

k Tð Þ ¼ 8:418� 10−12 � T6:87 � e− 3:02�104=Tð Þ s−1

:

Conclusions

The tautomerization reactions of DAT have been studied in
detail. The geometries and frequencies of all stationary points,
corresponding to the reactants, products and transition states,
as well as the MEP, have been calculated at the MP2/6-
311G** level of theory, and single-point energies have been
calculated by CCSD(T)/6-311G**. Again the thermal rate
constants for the reactions were evaluated using the TST,
TST/Eckart, CVT, CVT/SCT, and CVT/ZCT methods in the
temperature range 200-2500 K. For the tautomers of DAT,

calculations predicted a reasonable cyclic structure. In the gas
phase, 2,5-diaminotetrazole (b) is predicted to be the dominant
form, followed by 1,5-diaminotetrazole (c). The stabilities of b
and c can be ascribed to their aromatic character with delocal-
ization of the lone pair on the saturated nitrogen atom into the
five-membered ring to form a 6π electron aromatic system. As
a result, the hydrogen-shift of c to a is the easiest transforma-
tion, while the tautomerization of a to e is the hardest one.
Moreover, the transition-state theory calculations have indi-
cated that tunneling plays a modest role in these hydrogen-
transfer reactions, such as reactions 1, 3, and 5, while there is a
smaller tunneling effect on reactions 2 and 4.

Finally, it is expected that the present theoretical study may
be useful for estimating the kinetics of the reactions over a
wide temperature range, for which no experimental data are
available.
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