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Heterocyclic nitrogen-rich molecules are widely used as effective precursors for the preparation of high
energy density materials, which are denser than their carbon analogs. Here, dispersion corrected density
functional theory calculations have been used to study the effect of pressure on nitrogen-rich 1H-
tetrazole. A good agreement was achieved between the calculated and experimental crystal structures
under ambient conditions. Furthermore, the vibrational spectra were computed by the linear response
method as implemented in density functional perturbation theory, and infrared vibrational modes were
assigned. The anomaly changes with increasing pressure in the lattice parameters, bond angles, and
band structure were observed, indicating that a pressure mediated structural transition occurred around
4 GPa. Subsequently, a mechanism was proposed from the behavior of the vibration spectrum, that is,
the structural changes in the 1H-tetrazole molecules were related to the distortion of the ring and CH
bond.

topics: high pressure, DFT, vibrational property

1. Introduction

In order to meet the growing military and civil-
ian needs, nitrogen-rich compounds are currently
the focus of most attention as potential high en-
ergy density materials (HEDMs) due to the large
number of energetic N–N and/or N = N bonds [1].
At present, performing high-pressure on nitrogen-
rich molecules is a favored approach for the synthe-
sis of HEDMs [1, 2]. In particular, 1H-tetrazole is
a promising nitrogen-rich molecule for the synthe-
sis of polynitrogen materials [3]. 1H-tetrazole has
a relatively simple molecular structure and pos-
sesses a high nitrogen content of 80%. Some experi-
mental efforts and theoretical calculations were per-
formed to understand its structural and vibrational
properties at ambient conditions [4, 5].

Recently, Li et al. studied the high-pressure
behavior of 1H-tetrazole by X-ray diffraction
and Raman spectroscopy [6]. The authors found
a crystalline-to-crystalline phase transition above
3 GPa and an amorphous phase transition around
14 GPa. The high-pressure phase possessed a P1
space group, and there were two non-equivalent

molecules in the unit cell. Later, Gao et al. reported
the pressure-induced phase transition and chem-
ical reaction of 1H-tetrazole by Raman, infrared
(IR), X-ray diffraction, and neutron diffraction [3].
In contrast to the results of Li et al. [6], al-
though the authors found a phase transition around
3 GPa as well, the high-pressure phase only pos-
sessed one molecule in the unit cell. To verify
this high-pressure structure of 1H-tetrazole, the au-
thors further calculated the enthalpy values of their
own experimental structure and those reported by
Li et al. [6], and found that the enthalpy values
of their reported structure were lower, indicating
that their experimental structure was more rea-
sonable. Similarly, Liu et al. studied the pressure-
induced phase transition of 1H-tetrazole using Ra-
man, IR, X-ray diffraction, and neutron diffrac-
tion [7]. They found a phase transition from the low-
pressure to the high-pressure phase occurred around
4 GPa. The authors suggest that the high-pressure
phase of 1H-tetrazole contained two non-equivalent
molecules in the unit cell. Moreover, based on the
Raman and IR data, another pressure-induced tran-
sition around 9 GPa was identified. The further
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Fig. 1. Crystal structure of 1H-tetrazole.

calculated phonon density of states showed that the
vibrational intensity and frequency of the nitrogen
and hydrogen atoms presented nonlinear changes
around 9 GPa, which the authors claim was due to
the formation of new hydrogen bonds.

Here, we report a detailed study of high-pressure
structural and vibrational behaviors of 1H-tetrazole
because (i) the structural response of simple molec-
ular solids under high pressure is one of the basic
problems in condensed matter physics and solid-
state chemistry, and studying the high-pressure
structure behavior of 1H-tetrazole can help us un-
derstand the high-pressure synthesis of HEDMs,
(ii) although the structure of 1H-tetrazole has been
studied experimentally, its high-pressure structural
behavior is still controversial, and there is still
a lack of theoretical studies on the microstructural
responses. To address these two objectives, den-
sity functional theory (DFT) calculations were con-
ducted to simulate 1H-tetrazole crystal and molec-
ular structures and electronic properties, and the
density functional perturbation theory (DFPT) ap-
proach was employed to compute IR spectra com-
pression up to 10 GPa. The theoretical methods
used in this work are described next.

2. Theoretical methods

The density functional theory calculations were
performed using the Cambridge Sequential To-
tal Energy Package (CASTEP) packages [8]. The
crystal structure of 1H-tetrazole [9] was adopted
in our starting calculations. In the geometry op-
timization, the total energy was converged less
than 5 × 10−6 eV/atom, the residual bulk stress
less than 0.02 GPa, the residual force less than
0.01 eV/Å, and the displacement of atoms less
than 5 × 10−4 Å. The norm-conserving pseudopo-
tentials [10] were used with a 990 eV cutoff. In-
tegrations in the Brillouin zone of the reciprocal
space were sampled with a 7 × 6 × 6 Monkhorst–
Pack grid (126 k-points used) [11]. The struc-
tural parameters were optimized by the Broyden–
Fletcher–Goldfarb–Shanno (BFGS) method [12].
The generalized gradient approximation (GGA)

with the Perdew–Burke–Ernzerhof (PBE) parame-
terization [13] was used. Tkatchenko–Scheffler (TS)
method was used in order to include the long-range
intermolecular interactions [14]. After the structure
optimization, the vibrational spectrum was simu-
lated by using the linear response method as im-
plemented in density functional perturbation the-
ory [15].

3. Results and discussion

The crystal structure of 1H-tetrazole has been re-
ported [9] to possess a triclinic unit cell, a =3.725 Å,
b = 4.773 Å, c = 4.936 Å, α = 107.03◦, β = 107.23◦,
γ = 101.57◦, as shown in Fig. 1. The calculated
lattice parameters of 1H-tetrazole in the company
of experimental data are shown in Table I. In gen-
eral, the calculated lattice parameters are well-
reproduced experiments. The calculated a, b, and c
are 3.674, 4.786, and 4.925 Å, which were only over-
estimated/underestimated by−1.4, 0.3, and−0.2%,
respectively. Our calculated crystal angles α, β, γ,
and unit cell volume V are also satisfactory, with
calculated errors of 0.1, 0.1, −1.3, and -0.6%, re-
spectively. Although comparisons of lattice param-
eters between the calculated and experimental crys-
tal structures are helpful in understanding whether
the calculated structures have realistic distances be-
tween the molecules, it is also important to evaluate
whether the simulated intermolecular close contacts
are similar to those that exist in the experimental
structures [16]. Hirshfeld surfaces provide a quanti-
tative measure of intermolecular contacts by sam-
pling the electron density around each molecule
and correlating the close molecular contact that oc-
curs at the surface to a particular atomic type (de-
tailed descriptions can be found elsewhere [17–20]).
Table II shows the various intermolecular close con-
tacts of 1H-tetrazole, demonstrating that the calcu-
lated structures are matched well with the experi-
ment. It can be seen from the above results that dis-
persion corrected DFT (DFT-D) and the PBE+TS
functional approach employed here can provide rea-
sonable values.

TABLE I

The lattice parameters of 1H-tetrazole at ambient
condition. The values in parentheses are the percent-
age error deviations from experimental data.

This work Experimental [9]
a [Å] 3.674 (−1.4%) 3.725

b [Å] 4.786 (0.3%) 4.773

c [Å] 4.925 (−0.2%) 4.936

α [deg] 107.10 (0.1%) 107.03

β [deg] 107.32 (0.1%) 107.23

γ [deg] 100.23 (−1.3%) 101.57

V [Å3] 75.61 (−0.6%) 76.09
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TABLE II

Intermolecular close contact interactions as calcu-
lated from Hirshfeld surfaces.

This work Experimental [9]
C...C 0.1% 0.1%
C...N 5.6% 5.6%
C...H 2.5% 2.6%
N...N 10.0% 11.0%
N...H 79.2% 78.0%
H...H 2.6% 2.7%
C...C 0.1% 0.1%

The pressure dependence of the lattice parame-
ters of 1H-tetrazole is shown in Fig. 2. Although
the a, b, and c axes all shrunk with the increased
pressure of up to 10 GPa, the a-axis is showing the
maximum compression. For instance, the a-axis is
3.674 Å at ambient conditions, and when the pres-
sure goes up to 10 GPa, its value is found to be
3.148 Å within the compressibility of 14.3%. In par-
ticular, the lattice angles α and β presented a dis-
continuous jump around 4 GPa, indicating a pos-
sible structural modification. The unit cell volume
versus pressure curve can be fitted to the Birch–
Murnaghan equation of state (BM-EOS) [21] as fol-
lows

P =
3B0

2

[(
V0
V

) 7
3

−
(
V0
V

) 5
3

]

×

[
1 +

3

4
(B′ − 4)
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V

) 2
3

− 1

)]
. (1)

The fitted EOS parameters are the unit cell vol-
ume at ambient condition V0 = 75.5 Å3, isother-
mal bulk modulus B0 = 13.7 GPa, and its first
derivative B′ = 6.3. These values are consistent
with the experimental values [3] V0 = 75.6 Å3,
B0 = 13.6 GPa, and B′ = 4, respectively.

A detailed analysis of the effect of pressure on
the calculated bond lengths is plotted in Fig. 3. It
can be seen that the bond lengths in the hetero-
cyclic ring of N1–N2, N2–N3, N3–N4, N4–C5, and
C5–N1 all monotonously decrease with the pressure,
whereas the bond lengths out of the heterocyclic
ring of N1–H1 increase with the pressure. Figure 4
shows the effect of pressure on selected bond an-
gles. Interestingly, there is a distinct discontinuous
change around 4 GPa. Specifically, the bond an-
gles of N4C5N1 first increase with increasing pres-
sure, and then suddenly decrease after 4 GPa (see
Fig. 4c). Similarly, the bond angles of H1N1C5
first increase and then cease with increasing pres-
sure (Fig. 4d). These subtle changes are evidence of
structural modifications [22, 23].

In order to understand the nature of structural
changes, we further calculated the energy band
of 1H-tetrazole using PBE-GGA+TS functionals,

Fig. 2. Lattice parameter in 1H-tetrazole crystals
as a function of pressure.

Fig. 3. Bond length in 1H-tetrazole as a function
of pressure.
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Fig. 4. Bond angle in 1H-tetrazole as a function of pressure.

Fig. 5. The band structure of 1H-tetrazole under
pressure.

as shown in Fig. 5. It was found that the bottom
of the conduction band and the top of the valence
band are along the G-point in the range of 0–2 GPa.
Therefore, the 1H-tetrazole is a direct band gap.
However, as the pressure continues to increase, at
the top of the valence band at the Q-point, the 1H-
tetrazole becomes an indirect band gap when the
pressure goes up to 4 GPa. Subsequently, although
1H-tetrazole maintains its indirect band gap, the
top of the valence band further becomes the Z-point
as the pressure exceeded 6 GPa. It is suggested that
the fact that such changes occur at the same pres-
sures as pressure-related changes in lattice angles,
bond distances, and electronic band structures is
not just a coincidence, but evidence that a struc-
tural change has occurred.

Vibrational spectroscopy is an important tool for
detecting molecular structural variations [24–28].
To further understand the molecular structure of
1H-tetrazole under high pressure, the IR spectra
were simulated by the density functional perturba-
tion theory. 1H-tetrazole crystallizes in the triclinic
structure with space group P1. There are 7 atoms
in the unit cell of 1H-tetrazole, the corresponding
number of vibrational modes is 21, three of which
are acoustic modes, and the other 18 are optical
modes. Figures 6 and 7 show the calculated IR
spectra and frequency shift under pressure, respec-
tively. The vibrational modes in the low-frequency
range (0–200 cm−1) are assigned to the lattice mode
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Fig. 6. The calculated IR spectra of 1H-tetrazole under pressure.

Fig. 7. IR frequency shifts of 1H-tetrazole as a function of pressure.

frequencies. It has been found that the lattice modes
at 153 and 180 cm−1 shift towards high frequencies
as the pressure increases. But the mode at 127 cm−1
presented an anomaly behavior; namely, the mode
first increases with increasing pressure and then de-
creases around 6 GPa. The internal modes from 600
to 1600 cm−1 correspond to out-of-plane bending
of the ring, in-plane bending of the ring, CH bend-
ing, NH bending, and ring stretching. The modes
between 2500 and 3200 cm−1 correspond to NH
stretching and CH stretching. It is clear that, with
the exception of modes at 692, 905, and 2562 cm−1,
all internal modes from 600 to 3200 cm−1 shift to-
wards higher frequencies with increasing pressure,
which is consistent with the result that pressure
leads to the increase of intermolecular repulsion
force.

In the crystal of 1H-tetrazoles, the individual
molecules are linked by N–H...N and C–H...N hy-
drogen bonding to form a two-dimensional net-
work [9]. Based on the theory of hydrogen bonds
segmented cooperative relaxation [29], for hydrogen
bonding (D–H...A), when the distance of H...A is
compressed, the Coulombic repulsion between D–A
increases, which repels the D atom of the D–H bond
and further promotes the elongation of the D–H co-
valent bond. As observed, the N–H stretching mode
(2500 cm−1) shows a redshift with increasing pres-
sure, confirming the strengthening of the N–H...N
hydrogen bonding, which can also be evidenced by
the aforementioned results of the length of the N–
H bond changing with pressure. Apart from this,
the modes at 692 and 905 cm−1 are assigned to
out-of-plane bending of the ring and CH bending,
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respectively. With the increase of pressure in both
modes, first a blueshift appears, and then, after
4 GPa, a redshift, indicating that the structural
changes may be related to the distortion of the ring
and CH bond.

4. Conclusions

In this work, the effects of pressure on the struc-
tural and vibrational properties of nitrogen-rich
1H-tetrazole were investigated by the dispersion
corrected density functional theory (DFT-D) calcu-
lations. From the calculated crystal parameters and
molecular geometry, the PBE+TS functional ap-
proach can provide reasonable values. It was found
that the pressure dependence of the unit cell con-
stants showed an anisotropic behavior, where a-axis
has greater compression than the other two axes.
Furthermore, the calculated bulk modulus B0 =
13.7 GPa and its first derivative B′ = 6.3 were in
good agreement with experimental data. The lattice
parameters, bond angles, and electronic band struc-
tures showed an anomaly change around 4 GPa,
indicating the existence of a structural transition.
In addition, the IR vibrational spectrum was cal-
culated using the linear response method, and the
vibrational modes and their dependence on pres-
sure were determined. On the basis of the molecular
geometry and vibrational modes results, a possible
mechanism is proposed in an attempt to explain the
pressure-induced structural transition. It was sug-
gested that the structural modifications were asso-
ciated with the distortion of the ring and CH bond
in 1H-tetrazole.
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