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Abstract First-principle calculations have allowed us to
gain insight into the high-pressure effect on the azide-tet-
razole chain-ring conversion of crystalline 2-azido-4,6-
dichloro-1,3,5-triazine in the range of 0-90 GPa. The local
density approximation with Ceperley-Alder exchange—
correlation potential parameterized by Perdew and Zunger
has been adopted. With the increase in pressure, the unit
cell lattice parameters (a, b, and c¢), molecular geometries
(bond lengths, interatomic distance, and bond angles), atom
charges, bond populations, band gap, and density of states
change gradually and regularly except at 13, 47, and
59 GPa due to the structural transformation. The azido
angle reaches to the maximum at 12 GPa and then bends to
170.76° at 13 GPa, but the azido group is approximately
linear. From 47 GPa, the azido group loses the linearity
and bends evidently. When the pressure is boosted to
59 GPa, the azido group cyclizes completely and a five-
membered tetrazole ring is built, that is, the azide-tetrazole
chain—ring conversion occurs. This tetrazole structure
keeps unchanged under higher pressures till 90 GPa. The
volumes of unit cell and densities vary stably, and no
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obvious discontinuity happens owing to the structural
transformation, while a small discontinuity appears in the
total energy at 59 GPa. The calculated thermodynamic
functions suggest that the azide-tetrazole conversion may
be facile to progress according to the fundamentals of
chemical thermodynamics.

Keywords 2-Azido-4,6-dichloro-1,3,5-triazine - High
pressure - First-principle calculation - Azide-tetrazole
chain-ring conversion

1 Introduction

Organic azides have extensive applications in many fields.
Some azides are potential explosive substances and have
been used in armament industry, and some are effective
precursors for carbon nitride nanomaterials [1-6]. Even the
antiviral drug azidothymidine (AZT), used for the treat-
ment of HIV/AIDS, also contains an azido group [7].
And they are also capable of a great diversity of organic
reactions and popular for participation in click chemistry
[8-13].

When the azido group is attached to a C atom adjacent
to a nitrogen in a heterocyclic azide, it may spontaneously
cyclize to give a tetrazole ring [14], namely, azido-tetra-
zole chain-ring isomerization, which has been the subject
of many studies. There are abundant experimental and
theoretical studies concerning this isomerization [15-29],
but these studies mainly performed in solutions, the gas
phase, or in the melt. The transformation induced by the
high pressure in the crystal has been little reported up to
now.

As is well known, high-pressure technique, as an
investigation method, has been applied extensively to study
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various materials [30-39]. It may cause polymorph tran-
sitions and induce some new and unexpected phases that
are generally inaccessible at the ambient pressure or nor-
mal condition. When subjected to high pressure, almost
any material will be compressed into a denser form. For
example, coesite and stishovite, two denser forms of
quartz, were first discovered in high-pressure experiments
and later found in nature at the site of a meteor impact [40].
Another example is man-made synthetic diamond, which
was first produced when applying high pressure as well as
high temperature to carbon [41-43]. In our former study on
2-diazo-4,6-dinitrophenol (DDNP), we found DDNP mol-
ecule exists in the quinoid form when the pressure is below
10 GPa, but it has the cyclic azoxy form as the pressure is
above 10 GPa [44]. We are also interested in high-pressure
studies on the azide-tetrazole chain-ring conversion in
nitrogen-containing heterocyclic azide. In this study,
2-azido-4,6-dichloro-1,3,5-triazine (ADCT) is chosen as
the researching object due to its potential application in
organic photochemistry and photobiology as well as
nanomaterials [45-48].

As compared with the high-pressure experimental
methods [49, 50], computational methods have competitive
advantages since they allow a wide range of pressures to be
explored relatively easily and have the potential to provide
detailed information under extreme conditions, which is
often difficult to obtain from experiment for practical
reasons. First-principle periodic calculations have been
performed using density functional theory (DFT) [51, 52]
to study the effect of high pressure on the structure and
phase transformation in many materials [53-57]. DFT is a
powerful, formally exact theory and capable of accurate
results at low cost. But as a computational approach, it also
has some limitations. For example, the geometry optimi-
zation is in good agreement with the experiment, but it
cannot catch all possible phase transformation with regard
to molecular dynamics simulation. Moreover, local density
approximation (LDA) within DFT scheme over-binds
materials and accordingly predicts larger cohesive ener-
gies, equilibrium bulk moduli, and smaller equilibrium
lattice parameters than experimental data. Though gen-
eralized gradient approximation (GGA) is an improvement
upon the LDA in principle, it does not necessarily lead to
improved results in practice. It generally tends to produce
better cohesive energies, but it will overcorrect lattice
parameters and bulk moduli to the extent; accordingly, the
agreement is worse than LDA due to the consequence of
error cancellation [58, 59]. DFT calculations often fail to
describe dispersive molecular crystals with weak van der
Waals interaction; nevertheless, some studies have testified
that DFT results of weakly bound molecular systems are
improved under high pressures, where there is substantial
overlap of electronic densities from various molecules
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[60-64]. Dispersion correction plays little effect on the
trend of structural change with the increasing pressure.
Hence, DFT has been performed in this manuscript to study
the effect of high pressure on the azido-tetrazole chain-ring
conversion in crystalline ADCT.

2 Computational methods

In this study, first-principles calculations for crystalline
ADCT were performed using the CASTEP code [65]
within the DFT formalism. The initial crystal structure
adopted the experimental crystalline structure in Ref. [66].
ADCT crystallizes in the orthorhombic space group Pbca
with a = 7.465 A, b = 9.526 A, and ¢ = 20.016 A and
contains 88 atoms per unit cell as shown in Fig. 1. The
LDA with Ceperley-Alder exchange—correlation potential
[67] parameterized by Perdew and Zunger [68] (CA-PZ)
was employed. The Vanderbilt-type ultrasoft pseudopo-
tential [69] and a plane-wave expansion of the wave
functions were used for geometry optimization. The elec-
tronic wave functions were obtained within the Pulay
density-mixing scheme [70], and the structures were opti-
mized with the BFGS method [71]. The cutoff energy of
plane waves was set to 400.0 eV to ensure the convergence
of total energies. Brillouin zone sampling was performed
by using the Monkhost—Pack scheme with a k-point grid of
3 x 2 x 2. Periodic nature of the crystal has been con-
sidered by using periodic boundary conditions in three
directions. The full optimization of the structure was per-
formed to allow the atomic positions, cell shape, and vol-
ume to change. During the geometry relaxation, the total
energy of the system was converged to less than
5.0 x 107° eV, the residual force less than 0.01 eV/A, the
displacement of atoms less than 5.0 x 107* A, and the
residual bulk stress less than 0.02 GPa. The external stress
was exerted from x, y, and z directions, equivalent to
hydrostatic pressures. Similar calculations were carried out
under different external stresses of 0-90 GPa to study the
pressure effect on the geometrical and electronic structures
of ADCT.

The Mulliken atom charges, bond populations, band
structure, densities of states, and phonon spectra were
calculated and analyzed based on the optimized structure.
Based on the calculation results of phonon spectra, the
vibrational contributions to the thermodynamic properties
can be evaluated, and accordingly, the temperature
dependence of the thermodynamic functionals such as
enthalpy (H), entropy (S), free energy (G), and lattice heat
capacity (C,) of a crystal can be computed in a quasi-
harmonic approximation. These results can be used to
predict phase stability of different structural modifications
or phase transitions.



Theor Chem Acc (2012) 131:1256

Page 3 of 12

Fig. 1 The experimental unit cell of ADCT

3 Results and discussion

To benchmark the performance of the theoretical approa-
ches, both LDA and GGA were applied to the bulk ADCT
as a test. For GGA, the Perdew—Burke-Ernzerhof (PBE)
[72], Perdew—Wang-91 (PW91) [73], and Wu-Cohen (WC)
[74] functionals were chosen. The unit cell lattice param-
eters obtained with LDA/CA-PZ, GGA/PBE, GGA/PWO1,
and GGA/WC at ambient pressure without any constraint,
along with the experimental data for ADCT, are presented
in Table 1. The mean relative errors of lattice parameters
for the four methods are —3.86, 8.52, 8.75, and 8.51 %,
respectively. Obvious, the deviation of LDA results is the
smallest, that is, the LDA/CA-PZ results agree better with
the experimental ones than those of GGA. This is also the
case for bond lengths and angles. This shows LDA can
successfully predict the structure and properties of ADCT
crystal, and it is employed in this study.

3.1 Pressure effect on crystal structure and energy

The increase in pressure can cause evident changes in the
unit cell magnitude. The relaxed lattice parameters (a, b,
¢), unit cell volume (V), density (p), and total energy (Eo)
of ADCT crystal under different hydrostatic pressures are
depicted in Fig. 2.

When the pressure increases from 0 to 12 GPa, a, b, and
¢ decrease obviously, but ¢ decreases most, that is, the

compressibilities along three directions are not tantamount,
which indicates that the compressibility of ADCT crystal is
anisotropic. When the pressure of 13 GPa is applied, a and
b decrease suddenly, while c¢ increases sharply. In the
pressure range of 13-46 GPa, a, b, and c¢ shorten a little
gradually, but when the pressure reaches to 47 GPa, the
regular variation trend has been broken again. ¢ decreases
sharply, while a and b increase a little. Then a, b, and
c shorten slightly and gradually with the increasing pres-
sure. Unusual changes occur the third time at 59 GPa.
c increases and b decreases suddenly, a remains little
changed. After that, a, b, and ¢ keep on varying regularly
until 90 GPa. Under all hydrostatic compressions, the
crystal symmetry maintains the same orthorhombic space
group Pbca as the experimental one.

Though the declining tendencies of a, b, and ¢ with the
increasing pressure have been destroyed at 13, 47, and
59 GPa, V and p varies regularly as the pressure increases.
Comparatively, the change in V and p is more pronounced
in the low-pressure range than in the high-pressure range.

The total energy of the unit cell (E,,) rises successively
with the increasing pressure except at 59 GPa, which
indicates that the intermolecular interactions increase as the
molecules approach to each other. In addition, as compared
with a, b, ¢, V, and p, E, rises linearly with the increasing
pressure except the small discontinuity at 59 GPa. The
good linear relationship between E\, and P can be shown
from the correlation coefficient (R) 0.9931.

3.2 Pressure effect on molecular geometry

The increase in pressure causes obvious changes in not
only the unit cell but also the molecular geometries. High
pressure will induce the molecular conformation changes
or structural transformation supposing the molecule has
some conformational flexibility, which leads to phase
transitions and the formation of more densely packed
materials. To illuminate the effect of pressure on the
molecular geometry, especially the azide-tetrazole ring-
chain isomerism, firstly, the experimental molecular
geometry and atomic numbering of ATAN are depicted in
Fig. 3. And some main geometrical parameters such as

Table 1 Comparison of the lattice constants obtained with LDA/CA-PZ, GGA/PBE, GGA/PW91, and the experimental data for ADCT at

ambient pressure

a re, b ey, c re, me
CA-PZ 7.094 —4.97 9.455 —-0.75 18.840 —5.87 —3.86
PBE 7.701 3.17 10.512 10.35 22.426 12.04 8.52
PWOI1 7.751 3.83 10.515 10.38 22.426 12.04 8.75
WwC 7.690 3.02 10.520 10.44 22.431 12.06 8.51
Exp 7.465 9.526 20.016

re the relative error of the calculated values to the experimental ones, given in percentage, me the average error of the absolute relative ones
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Fig. 2 The optimized lattice parameters (a, b, ¢), unit cell volume, density, and total energy as functions of pressure

bond lengths and bond angles at various pressures are
presented in Figs. 4 and 5. Figure 4a gives the variations of
the lengths of bonds involved directly with the azide-tet-
razole transformation with the pressure. Figure 4b provides
the lengths of other five bonds in triazine ring with the
pressure. Figure 5 presents the variation of bond angles
N7-N8-N9, C2-N7-N8, NI1-C2-N7, and N8-N9-N1,
respectively. The perspective views of ADCT molecule at
different pressures are displayed more intuitionistically and
visually in Fig. 6.

With the pressure increasing from 0 to 12 GPa, all bonds
shorten gradually, and the interatomic distances between
N1 and N9 are above 3.0 A; thus, ADCT molecule exists in
the azido chain isomer. Though the azido group is descri-
bed as linear, bond angle N7-N8-N9 is not absolute but
close to 180°. The experimental value of N7-N8-NO in

Fig. 3 The experimental molecular geometry and atomic numbering
of ATAN
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ADCT crystal is 171.98°, and its calculated value gradually
increases from 171.57° at 0 GPa to the maximum 177.10°
at 12 GPa. But when the pressure reaches 13 GPa, the
angle decreases again to 170.76°, and all bonds change
unusually, which results in the jumps in bond lengths,
angles, and lattice parameters (a, b, and c).

From 13 to 46 GPa, all bonds shorten gradually, while
the bond angles (N7-N8-N9, N1-C2-N7, and C2-N7-N&g&)
vary indistinctively as compared with bond lengths. When
the pressure reaches to 47 GPa, the regular variation trend
has been broken again. Besides the loss of linearity of the
azido group, which bends about 16°, all bonds lengthen or
shorten unusually. This discontinuity is also reflected in q,
b, and c. From 47 to 58 GPa, the angle N7-N8-N9 bends
further, and interatomic distance N1-N9 and bonds N1-C2,
C2-N7, N3-C4, C4-N5, N5-C6, and C6-N1 shorten,
while N7-N8, N8-N9, and C2-N3 lengthen steadily. In the
whole, the bending of the azido group (N7-N8-N9) goes
with the increase in the length of N7-N8 and N8-NO9 and
decrease in that of C2-N7.

When the external pressure increases to 59 GPa, there
are remarkable changes in molecular geometry. The azido
group bends further about 28°, and the angle N7-N8-N9
reaches 110.42° Accordingly, the angle N§—-N9-N1 varies
from 80.18° to 106.78°, and angles N1-C2-N7 and C2-
N7-N8 also adjust to 108.11° and 107.01°. The corre-
sponding angles in crystalline 5-methyl-1H-tetrazole are
110.58°, 106.20°, 107.42°, and 106.43°, respectively [75].
The very close data show azido chain converts to tetrazole
ring at 59 GPa. Furthermore, all covalent bonds vary
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Fig. 4 Variation of the bond lengths and interatomic distances between N1 and N9 with pressure
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Fig. 5 Variation of the bond angles with pressure

evidently, but the changes in the bonds upon cyclization are
much larger than those other five bonds in triazine ring, for
example, the bond N8-N9 elongates 0.11 A, the other three
bonds N7-N8, C2-N7, and N1-C2 all vary 0.05 A, while
the bonds in the triazine ring vary below 0.03 A. Of course,
the most relevant bond change upon cyclization concerns

the interatomic distance N1-N9O. It decreases suddenly from
2.358 A at 58 GPa to 1.327 A at 59 GPa, which indicates
that a covalent bond between N1 and N9 generates and
tetrazole ring forms. The large change in molecular struc-
ture at 59 GPa caused larger discontinuity in a, b, and ¢ than
those at 13 and 47 GPa. In addition, the only small dis-
continuity in E, at 59 GPa is presumably due to the ring
closure to form the tetrazole ring at this pressure.

When the pressure increases further till 90 GPa, the
bond angles and bond lengths in the tetrazole ring keep
almost unchanged, which shows the higher pressure has
little influence on the tetrazole ring; however, the bonds in
the triazine ring vary more obviously.

3.3 Pressure effect on electronic structure
3.3.1 Atom and bond populations

To gain insight into the effect of pressure on the redistri-
bution of electron density in the cyclization, the variations
of atom charges and bond populations with pressure are
examined. After inspection of the atom charges, it has been
found that pressure may affect the electron density

@ Springer
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0GPa 12GPa

47GPa 58GPa

Fig. 6 Perspective views of ADCT molecule at different pressures

redistribution, but the most of redistribution occurs at the
pressure 59 GPa where the azido chain converts to tetra-
zole ring. Figure 7 depicts the variation trends of the
atomic charges of N1, N8, and N9 with pressure for crys-
talline ADCT.

In the pressure range below 40 GPa, the atomic charges
remain little affected; hence, no evident structural change
in ADCT occurs. When higher pressure is applied, espe-
cially at 47 GPa, the negative charge on N1 and the posi-
tive one on N8 and N9 all decrease. And on this occasion,
the azido group begins bending. The largest changes in
charge occur at 59 GPa, where the negative charge on N1
decreases substantially from —0.42 e to —0.12 e, and the

Atom Charges (e)

0 10 20 3 40 50 60 70 80 90
Pressure (GPa)

Fig. 7 The atomic charges of N1, N8, and N9 in ADCT at different
pressures
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13GPa 46GPa

59GPa 90GPa

charge on N8 varies from 0.16 e at 58 GPa to —0.11 e at
59 GPa, while the change in N9 is only 0.04 e. This means
that the charges transfer from N1 to N8 via N9 and azide
chain is converted to tetrazole ring. Under the pressure
higher than 59 GPa, the atom charges change slightly,
which also suggests high pressure can promote the increase
in the delocalization degree of electrons.

Figure 8 shows the bond populations of the bonds,
whose bond lengths have been depicted in Fig. 5, under
different pressures for ADCT. Usually, the higher the bond
population, the more covalent character the bond is [76].
As can be seen, the most noteworthy change in population
occurs from 58 to 59 GPa for all bonds. The change at N1—
NO ranks the first, increasing sharply from about 0 to 0.77.
The second largest change is at N§-N9, about 0.38. The
populations of N1-C2 and C2-N7 decrease or increase
about 0.22 and those of N5-C6 and C6-N1 increase or
decrease about 0.12, while that of N7-N8 is affected very
little. Hence, bending of the azido group through the angle
N7-N8-N9 at 59 GPa promotes electron transfer from the
bond N8-NO9 to N1-N9, concomitant with the initial attack
of the lone pair on N1 to the azido group, leading to the
formation of the covalent bond between N1 and NO. This is
also reflected the charge transfer from N1 to N8 via N9.
Moreover, the changes in bonds related to azido-tetrazole
conversion are notably larger than those in triazine ring.

3.3.2 Band structure

Based on the equilibrium crystal structures obtained at
different pressures, the self-consistent band structures
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Fig. 9 Band gap of solid ADCT as a function of pressure

along different symmetry directions of the Brillouin zone
have been calculated at different pressures. The energy gap
(AE,) between the highest occupied crystal orbital (HOCO)
and the lowest unoccupied crystal orbital (LUCO), an
important parameter to characterize the electronic structure

10 20 30 40 50 60 70 80 90
Pressure (GPa)

o

of a solid and is related to its sensitivity, can be obtained.
Though all DFT methods, in particular, LDA, underesti-
mate the band gap, which can be corrected by introducing
an empirical scissors correction, this does not affect the
variation trend of the band gap of crystal with the
increasing pressure. The calculated AE, of ADCT as a
function of pressure is shown in Fig. 9. Within the pressure
range of 0-58 GPa, AE, decreases gradually with the
pressure increasing. It is because the decrease in intermo-
lecular space under compression leads to an increase in
electron overlap between molecules in the system. This
shows that the probability of electron transitions from the
occupied valence bands to the empty conduction bands
increases. According to principle of the easiest transition
(PET) of electrons [77], the decrease in band gap may lead
to the decrease in the stability of the material as the pres-
sure increases. As can also be seen, the average decrease
rate of AE, in different pressure ranges is quite different.
The average decrease rate is only 0.052 eV/GPa from O to
12 GPa and 0.024 eV/GPa from 13 to 40 GPa. Two largest
decreases rate occur from 12 to 13 GPa, about 0.215 eV/
GPa and from 46 to 47 GPa, about 0.227 eV/GPa. This
difference in the AE, reduction may be resulted from the
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different compressibility degree of the ADCT crystal in
different pressure region. When the pressure turns into
59 GPa, AE, augments dramatically to 1.131 eV due to the
azido-tetrazole transformation of ADCT molecule. This
also suggests that tetrazole isomer is stabler than azido
form.

3.3.3 Density of states

An analysis of densities of states (DOS) is helpful to
understanding the changes in electronic structure caused by
external pressure. Some characteristics such as the width of
the valence band, the energy gap, and the number and
intensity of the main peaks can be used to qualitatively
interpret experimental spectroscopic data. The calculated
DOS for crystalline ADCT at different pressures are pre-
sented in Fig. 10. Obviously, the higher the pressure, the
lower and wider the peaks are. When the pressure is low, the
curves of DOS are characterized by distinct peaks, but with
increasing pressure, the peaks widen and the band disper-
sion increase gradually, consequently, electronic delocal-
ization in bulk ADCT increases. And there is a tendency of
shifting to the lower energy in the conduction bands with
the increasing pressure. This leads to a reduction in the band
gap and shows that the electronic nonlocality gradually

increases with the increasing pressure, which is consistent
with the conclusion drawn from the analysis of band gap.
When the pressure is 90GPa, the DOS becomes a little
smooth and DOS in each energy region is approximately
close, that is, the probabilities of electron appearance in
different energy levels are comparable.

Partial density of states (PDOS) shows which atoms in
the system contribute electronic states to various parts of
the energy spectrum by resolving these contributions
according to the angular momentum of the states. PDOS
analyses give a qualitative handle on the nature of electron
hybridization in the system and the origin of the main
feature peaks in XPS and optical spectra. The atom-
resolved PDOS of DDNP at 46, 47, 58, and 59 GPa are
shown in Fig. 11. The essential difference between those at
46 and 47 GPa is that the largest contribution to the lower
conduction bands is from the p states of C atoms in the
triazine ring in the former and the N atoms in the azido
group in the latter, respectively. At 58 GPa, the upper
valence bands are predominated by the p states of the N
atoms in triazine ring, and the lower conduction bands are
mainly contributed from the p states of N atoms in azido
group. While at 59 GPa, the N states in azido group con-
tribute more for the upper valence bands, and the C states
in triazine ring mainly make up the lower conduction

60-
40
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40

204

0GPa 47GPa 3
60 1 3

40 - ;

- 0 1 7 r g v v +
12GPa 58GPa i

13GPa
604
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Density of states (electrons-eV‘l)

404

20+
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Energy (eV)

Fig. 10 Calculated total DOS for bulk ADCT at different pressures; S, p, and total states are shown as dot, dash, and solid curves, respectively
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bands. Furthermore, the N states in azido group move
toward the Fermi level and overlap that of N atom in tri-
azine ring. This indicates hybridization occurs between the
N atoms in ring and —Nj3 group according to the principle
of energy matching; thus, the azido group cyclizes and the
five-membered tetrazole ring forms.

3.4 Thermodynamic properties

The calculated thermodynamic functions including
enthalpy (H), entropy (S), free energy (G), and heat
capacity (C,) as a function of temperature for crystalline
ADCT at 58 and 59 GPa are displayed in Fig. 12. Obvi-
ously, H, S, and C, of the solid ADCT increase mono-
tonically with the increase in temperature. This is because
the weak translational and rotational motions of the mol-
ecules are the main contributions to these three thermo-
dynamic functions at lower temperature, whereas the

vibrational motion is intensified and makes more contri-
butions to them at higher temperature. But the variation
tendency of free energy (G) is opposite to those of H, S,
and C,,, which indicates that the 7' x § term increases more
rapidly than the enthalpy term since G = H — T x S.

It can also be seen that H and G at 59 GPa are larger
than those at 58 GPa at the same temperature. This is
because the high-pressure compression results in the
increase of intermolecular interactions and corresponding
increase of the unit cell energy. Free energy change (AG)
for crystalline ADCT from 58 to 59 GPa at 298.15 K is
15.72 kJ mol~'. Such small AG suggests the azide-tetra-
zole conversion may be facile to progress according to the
fundamentals of chemical thermodynamics. But for S and
C,, the values at 58 GPa is a little larger than those at
59 GPa, that is, the entropy decreases in the azide-tetrazole
conversion, in agreement with the loss of degrees of free-
dom upon cyclization.
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Fig. 11 PDOS of ADCT at 46, 47, 58, and 59 GPa; S, p, and total states are shown as dot, dash, and solid curves, respectively

@ Springer



Page 10 of 12

Theor Chem Acc (2012) 131:1256

425 4 P
— 4/’(
s 4/ */
° 400 4 e d
£ P
- 4/*/
= 375 s
o P
X ‘//
< 350 e
> T
o AT
© - <
g 325 /(/,/
[= 4/‘ */*/
W 3004 _ «
275 +— T T T T T T T T
200 250 300 350 400 450 500 550 600
450
*
< 400 -
X e *;‘/
. A
T 350 1 A
<) )
4
£ 300 4
) e
[ d
O 250 1 s
> Pl
2 200 4 > A
2 ' d
= 150 - P 7:
[1T] <«
1004 ¥
T T T T T
200 300 400 500 600
Temperature (K)

< 300

] “—

€ o5, Tt

— . S~

© Tr S

o . e

X 250 A BN e

> TR N

< o N

5 2251 NG

c *\,{ e

(7] N N

o 200 A e\

() %, <

- N

o 1751 N\

2 R

@ 150 1 r r T T
200 300 400 500 600

400
375 1
350 4
325 1
300 4
275 1
250 4
225 1
200 4
175
150

Heat capacity (cal-mol'.K'")

200 300 400 500 600
Temperature (K)

[ —«—59GPa

—*— 58GPa ‘

Fig. 12 The thermodynamic functions as a function of temperature for crystalline ADCT at 58 and 59 GPa

4 Conclusions

In this study, periodic ab initio calculations have allowed
us to gain insight into the high-pressure effect on the azide-
tetrazole chain-ring conversion of crystalline 2-azido-4,6-
dichloro-1,3,5-triazine in the range of 0-90 GPa.

The gradual increase in external pressure causes the
regular variation in molecular geometry with the pressure
increasing from O to 12 GPa, all bonds shorten gradually,
and angle N7-N8-N9 gradually increases from 171.57° at
0 GPa to the maximum 177.10° at 12 GPa. But when the
pressure reaches 13 GPa, the angle decreases again to
170.76°, and all bonds change unusually. From 13 to
46 GPa, all bonds lengths and angles vary regularly, while
the regular variation trend has been broken again at
47 GPa. The azido group bends obviously (about 16°) and
all bonds lengthen or shorten unusually. From 47 to
58 GPa, the azido group bends further, and all bonds vary
steadily. When the pressure increases to 59 GPa, the
interatomic distance between N1 and N9 (1.327 A) and the
bond angles (about 108°) indicate a new bond NI1-N9
generates and tetrazole ring forms, that is, azido chain
converts to tetrazole ring. When the pressure increases
further till 90 GPa, the bond angles and bond lengths in the
tetrazole ring keep almost unchanged, while the bonds in
the triazine ring vary more obviously.

The variations of atomic charges and the bond populations
for ADCT molecule with pressure agree well with those of

@ Springer

geometries, which further verify the azido-tetrazole con-
version. The lattice parameters a, b, and ¢ decrease gradually
with the increasing pressure except at 13, 47, and 59 GPa
where structural transformations occur. Though the declin-
ing tendencies of a, b, and ¢ with the increasing pressure have
been destroyed at 47 and 59 GPa, V and p varies regularly as
the pressure increases. The total energy (E,,) of the unit cell
rises successively with the increasing pressure except at
59 GPa. The good linear relationship between E, and P can
be shown from the correlation coefficient (R) 0.9931.

In addition, the band gap deceases gradually except at
13, 47, and 59 GPa due to the molecular transformations.
The DOS analysis shows that the electronic delocalization
increases under the influence of pressure. The thermody-
namic functions suggest that the azide-tetrazole conversion
may be facile to progress according to the fundamentals of
chemical thermodynamics and the entropy decreases upon
this cyclization.

Maybe this work will provide useful information in
understanding the high-pressure effect on the azide-tetra-
zole chain-ring conversion and may offer enhanced
opportunities to discover some new structures of ADCT
that are generally inaccessible at the ambient pressure.
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