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Phase transition and chemical reactivity of
1H-tetrazole under high pressure up to 100 GPa+
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The pressure-induced phase transition and polymerization of nitrogen-rich molecules are widely focused on
due to their extreme importance for the development of green high-energy-density materials. Here, we
present a study of the phase-transition behaviour and chemical reaction of 1H-tetrazole up to 100 GPa using
in situ Raman, IR, X-ray diffraction, neutron diffraction techniques and theoretical calculations. A phase
transition above 2.6 GPa was identified and the high-pressure structure was determined with one molecule in
a unit cell instead of two molecules as reported before. The 1H-tetrazole polymerized reversibly below
100 GPa, probably through carbon—nitrogen bonding instead of nitrogen—nitrogen bonding. Our studies update
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the structure model of the high-pressure phase of 1H-tetrazole, and present the possible intermolecular
bonding route for the first time, which gives new insights to understand the phase transition and chemical
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Introduction

Synthesizing and recovering new polynitrogen materials has
great significance for the development of green high-energy-
density materials.” Applying extreme pressure on nitrogen-rich
molecules is an efficient and powerful method for the develop-
ment of high-energy-density materials. For example, various N,
phases and poly-N, were obtained in a vast pressure-temperature
(P-T) space by compressing N,,”>® with amorphous polymeric
nitrogen synthesized at 150 GPa and room temperature, ‘“black
nitrogen” at 146 GPa and 2200 K, LP-N at 120-180 GPa and 2000-
3000 K, and ¢g-N at 110 GPa and 2000 K.>™* Despite large
chemical energies and specific impulse being estimated for these
poly-N, materials, their synthesis is still a huge challenge.'*"
High-temperature and high-pressure conditions, typically over
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reaction of nitrogen-rich compounds, and is of benefit for designing new high-energy-density materials.

100 GPa and 2000 K, are required, and the poly-N, materials
become unstable when decompressed at room temperature,
which restricts their application in practice.”®

To decrease the reaction pressure and temperature, small
molecules like CO, H,O and H, have been introduced.*®™*°
Doping with carbon and oxygen atoms has been reported to be
effective to improve the stability of the polymeric product by
releasing the strain of the chain or ring.>*! Yoo et al. evidenced
that starting from a N,-CO mixture, a high-density copolymer
CON, could be synthesized at 45 GPa and 1700 K, which are
lower than the conditions required for the synthesis of pure N,
polymers.*> A much lower synthetic pressure (6.9-26 GPa) was
needed when the CO-N, mixture was irradiated by a laser, and
the resulting extended material could be quenched down to
1-2 GPa.>® By compressing a N,-H, mixture, two stable high-
pressure van der Waals compounds, (N,)s(H,); and Ny(H,),,
could be obtained below 10 GPa and an amorphous dinitrogen
network was formed at 50 GPa.>*

Another strategy to decrease the reaction pressure is to start
from nitrogen-rich compounds. In contrast to N,, these com-
pounds often contain N—N double bonds, which are thought to
be easier to polymerize. Here, 1H-tetrazole (H,CN,), with a high
nitrogen content (80%) and good stability, is an ideal molecule to
synthesize polynitrogen materials and the reaction mechanism
has thus been investigated.?® In the literature, 1H-tetrazole and
its analogues have been investigated under high pressure, and
polymorphs with high density and even polymerized structures
were expected. Using in situ spectroscopy and X-ray diffraction, Li
et al. reported a phase transition of 1H-tetrazole above 3 GPa and
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then an amorphization process followed at ~13 GPa.”® A high-
pressure phase (phase II) with a P1 space group and a dimer-like
structure was proposed. Jin et al. studied 1,5-diamino-1H-
tetrazole under high pressure and reported a more complex
phase-transition process. These phase transitions were evidenced to
be related to the rotation of NH, and the distortion of the hetero-
cycle, which was induced by the hydrogen bond reconstitution.”
For 1-methyl-5-nitramino-1H-tetrazole, molecular distortions and
structural modifications were observed in the crystal as the pressure
increased and no phase transition occurred below 40 GPa.”® Up to
now, most of the literature reports are about the phase transition
processes. We still lack knowledge about the crystal structures and
the chemical reactions under high pressure. In this work, we
investigated the structure evolution and chemical reaction of
1H-tetrazole up to 100 GPa by using multiple experimental and
theoretical methods, and then re-determined and updated the
crystal structure of phase II by the in situ synchrotron X-ray and
neutron diffractions. We found that 1H-tetrazole experienced a
reversible chemical reaction below 100 GPa, and proposed an
intermolecular C---N bonding route instead of N---N bonding
and hence obtained the primary product models. Our studies
systematically investigated the structure evolution and polymer-
ization process of 1H-tetazole up to 100 GPa, providing new
insights for designing and synthesizing new nitrogen-rich materials
under high pressure.

Experimental

The 1H-tetrazole (98%, Innochem) used for Raman, IR and
synchrotron X-ray diffraction (XRD) measurements was well
grounded and loaded in to diamond anvil cells. Symmetric
diamond anvil cells with a culet of d = 300 um and d = 250 um
were used for high-pressure spectral and X-ray diffraction
measurements, respectively. T-301 stainless steel gaskets with
a thickness of 30 um and a 120 pm diameter hole at the centre
were used for the sample chamber. I situ Raman spectra were
measured on a Renishaw Raman microscope with excitation
laser wavelength at 532 nm. For the IR experiments, a pair of
type II diamonds was used. In situ IR spectra were collected on a
Bruker VERTEX 70v with a HYPERION 2000 microscope and
Globar as a conventional source, and the collection range was
600-4000 cm ™" with a resolution of 2 cm™" in transmission
mode. No pressure medium was used and the ruby fluorescence
was used to calibrate the pressure.?®

In situ high-pressure angle-dispersive X-ray diffraction
experiments were performed at the 4W2 beamline of Beijing
Synchrotron Radiation Facility (BSRF) and 15U1 beamline of
Shanghai Synchrotron Radiation Facility (SSRF). The wavelength of
incident monochromatic X-ray was 0.6199 A and the distance
between the sample and detector was calibrated by a CeO, standard
sample. The beam sizes were ~20 x 30 and 2 x 2 pm?, respectively.
Dioptas software was used to reduce the collected data.*

The deuterated tetrazole for the neutron diffraction experi-
ments was prepared by heating the solution with a mass ratio of
1H-tetrazole and D,O of 1:3.5 under reflux for 48 h and then
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removing the D,0 under freeze-drying conditions. The hydro-
gen on N was deuterated while that on C was not, according
to the ref. 31. In situ high-pressure neutron diffraction was
measured on a J-PARC BL11 system (PLANET).’> A Paris-
Edinburgh press VX4 was used to provide high pressure and
Ti-Zr alloy gaskets were used as the sample chamber. Sintered
diamond double toroidal anvils were used for the experiments.
The calibration curve of the instrument was used to calibrate
the pressure.®® The data were collected from ambient pressure
to 14 GPa. The collected d ranges were 0-8.4 A below 10 GPa
and 0-4.2 A above 10 GPa, respectively. The collection time at
one pressure point was 5 h. The Jana 2006 package was used to
perform the Rietveld refinement.®*

Density-functional theory (DFT) calculations were performed
with the generalized gradient approximation (GGA)*® exchange-
correlation functional in the CASTEP module of Material
Studio.*® Structure optimization was carried out first to explore
the properties and behaviours of 1H-tetrazole under high pres-
sure. Simulated IR and Raman spectra®” were then calculated for
the reference. Finally, molecular dynamics (MD) simulations
were performed to explore the potential reactions in this system
within an NPT ensemble at 100 GPa and 400 K.***° Norm-
conserving pseudopotentials*® and an energy cut-off for the plane
wave basis set at 570 eV were implemented in all the calculations
above with the k-points sampling resolution being 0.04 x 2m A™",
Besides, to take the non-covalent interaction into consideration,
DFT-D correction developed by Tkatchenko and Scheffler*' was
applied to our system.

Results and discussion
Raman spectra under high pressure

Fig. 1 displays the Raman spectra of 1H-tetrazole up to 47 GPa
without a pressure-transmitting medium. All the vibration
modes at 0.6 GPa were assigned according to the theoretical
calculation results (Table 1). With increasing pressure, all the
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Fig. 1 Raman spectra of 1H-tetrazole under non-hydrostatic pressure up to
47 GPa in the region of (a) 50-1700 cm™* and (b) 3000-3700 cm™. The new
peaks are marked by asterisks. The dash lines represent the blueshift of the
lattice vibration mode of phase Il. y represents out-of-plane bending vibration;
v represents stretching vibration; b strands for in-plane bending vibration.
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Table1l Assignments of the Raman modes of 1H-tetrazole at 0.6 GPa and
room temperature

Assignments Experiment (cm ™) Calculation (cm ™)
7 (C-H) 113 131
7 (ring) 136 154
7 (C-H), y (N-H) 170 185
y (C-H) 661 663
b (C-H) 946 932
b (N-C-N) 1013 1000
v (N-N) 1050 1051
v (N-N), b (C-H) 1088 1074
v (N-N), b (C-H) 1144 1123
v (N-C-N), b (N-H) 1260 1256
v (C-N), b (C-H) 1443, 1451 1423
v (C-N), b (N-H) 1526 1547
v (C-H) 3162 3204

Note: y represents out-of-plane bending; v represents stretching;
b stands for in-plane bending.

Raman modes shifted to high frequency slowly (frequency shifts
plot shown in Fig. S1, ESIt). As shown in Fig. 1a, at 3.3 GPa, the
peak at 954 cm ™', marked by asterisks (bending mode of the C-H
bond), split. At 4.6 GPa, a new lattice vibration mode at 187 em ™!
appeared while new peaks emerged at 1085 and 1136 cm ™ * in the
region of ring bending and stretching. This indicated the onset of
the transition from phase I to phase II. Upon compression up to
6.7 GPa, the peaks at 187, 1085 and 1136 cm™ " assigned to phase
II were gradually enhanced and the lattice vibration modes
(below 200 cm ') of phase I gradually disappeared. Above
7.5 GPa, in the lattice vibration region, only four peaks of
phase II were present and two new peaks emerged at 1257 and
3250 cm™ ', which indicated the ending of the phase transition.
With increasing pressure up to 47 GPa, all the peaks were
blueshifted and gradually disappeared without any appearance
of new peaks. After decompressing to ambient pressure, several
peaks of phase I appeared again, indicating that 1H-tetrazole
underwent a reversible phase-transition process and no chemical
reactions occurred under a pressure of up to 47 GPa.

IR spectra under high pressure

Fig. 2 displays the IR spectra of 1H-tetrazole under non-
hydrostatic pressure conditions up to 45.0 GPa (frequency shifts
of the IR modes are shown in Fig. S2, ESIt). As shown in Fig. 2a, a
shoulder peak at 910 cm ™" emerged at 3 GPa, indicating the onset
of the transition process from phase I to phase II. At 8.0 GPa,
several new peaks appeared at 903, 1085, 1251, 1460 and 1506 cm ™"
in the region of ring vibration. Upon further compression up to
45 GPa, all the peaks shifted and broadened while no new peaks
could be observed. This suggests that the phase transition from I to
II was completed at 8 GPa, in agreement with the Raman results.
After decompression, all the peaks of phase I emerged again, which
also demonstrated that the phase-transition process was reversible.

In situ X-ray and neutron diffraction under high pressure

To investigate the structural evolution in the phase-transition
process, in situ high-pressure X-ray diffraction (XRD) patterns of
1H-tetrazole under non-hydrostatic pressure conditions were
collected up to 100.3 GPa. As shown in Fig. 3a, in the first run,
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Fig. 2 IR spectra of 1H-tetrazole under non-hydrostatic pressure up to
45.0 GPa in the region of (a) 600-1700 cm ™ and (b) 2900-3620 cm ™.
The new peaks are marked by asterisks. y represents out-of-plane bending;
v represents stretching; b stands for in-plane bending.

all the peaks are shifted to a high angle upon compression.
Above 2.6 GPa, two new diffraction peaks emerge at the high-
angle side of the 010 peak and the low-angle side of the 100
peak, respectively. This is attributed to the emergence of phase II,
consistent with the spectroscopic results. From 2.1 GPa to
7.4 GPa, the diffraction peaks of phase I, such as 010, 001
and 100, are gradually weakened, while those of phase II are
enhanced. At 7.4 GPa, all the diffraction peaks are ascribed to
phase II, and the profile is similar to that of phase I, including
the distribution of the peaks and the relative intensities. This
suggests that the crystal structure of 1H-tetrazole did not
change significantly upon compression, including the molecular
geometry and the stacking. With increasing pressure, all the
diffraction peaks were still observable up to 60.0 GPa, confirming
the stability of phase II. When decompressed from 60.0 GPa, the
XRD pattern was the same as that at ambient pressure (Fig. S3,
ESIt), still demonstrating a reversible phase-transition process in
the compression-decompression cycle up to 60 GPa. The phase
transition from I to II could also be observed in the in situ high-
pressure neutron diffraction patterns (Fig. 3b), with two new
diffraction peaks emerging above 3 GPa and 5 GPa, respectively
(asterisks in Fig. 3b). The profile above 8 GPa was also similar to
that of phase 1.

In the second XRD run (Fig. 3a), we compressed the sample
up to 100.3 GPa. The diffraction patterns were still similar to
those below 60 GPa, but with the peaks more broadened. All the
diffraction peaks shifted to a higher angle slowly and were still
observable up to 100.3 GPa, in contrast with the amorphization
above 13 GPa reported in the literature.?® When decompressed
to ambient pressure, the XRD pattern only contained a broad
diffraction peak in the range of 8°-9°, which was different from
that of phase I at ambient pressure. This means that the
1H-tetrazole crystal underwent an irreversible process in the
pressure range from 60 to 100.3 GPa. Besides, a strong fluores-
cence background and weak peaks existed in the Raman spectra
of the recovered sample from 100.3 GPa, which also suggested an
irreversible process (Fig. S4a, ESIt). However, even if something
irreversible occurs, the recovered sample from 100.3 GPa was
mainly 1H-tetrazole according to its IR spectra (Fig. S4b, ESIT).
Combined with the theoretical calculation results shown below,
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Fig. 3 (a) Selected XRD patterns of 1H-tetrazole up to 60 GPa (Run 1) and 100 GPa (Run 2) without shear. (b) Neutron diffraction patterns of 1D-tetrazole
up to 14 GPa. (c) Selected XRD patterns of 1H-tetrazole up to 75 GPa with shear. The new diffraction peaks are marked by asterisks. The peaks from the

Kikuchi band of diamond are masked by grey lines in (a).

this suggests a reversible chemical reaction occurred in this
compression-decompression process, which disturbed the lattice
significantly while the molecules recovered.

Additionally, another structural evolution process was
observed during compression. In the third XRD run, the hole
of gasket gradually expanded and deformed with the increasing
pressure, resulting in a shear deformation of the sample. As
shown in Fig. 3c, the same phase-transition process from I to II
occurred below 8.4 GPa, while above 20 GPa, the diffraction
peaks above 11° (100, 101, 110) nearly disappeared and only two
peaks (010, 001) at 9° survived up to 75.0 GPa. The disappearance
of the diffraction peaks hkl (2 # 0) indicated that the orderly
stacking of molecules along the g-axis partly collapsed. Similar
XRD patterns were also reported in ref. 26 where the amorphiza-
tion process was proposed to start above 13 GPa. In this work, we
found that the 1H-tetrazole recovered from 75.0 GPa displayed the
same XRD peak positions as that at ambient pressure but with
different intensities (Fig. S3, ESIT). Thus, we can conclude that the
shear deformation leads to deterioration of the crystal quality,
enhances the orientation above 20 GPa, and affects the phase-
transition process of the tetrazole, but does not cause irreversible
changes in the crystal structure.

Structure analysis under compression

The crystal structures of 1H-tetrazole under high pressure were
determined by performing Rietveld refinement. For phase I, the
structural model of 1H-tetrazole used for refinement was taken
from ref. 42.*> The refined lattice parameters of phase I at
0.3 GPa are shown in Table 2, with the Rietveld refinement plot
shown in Fig. S5 (ESIt), which only showed tiny changes
compared to the reference. For phase II, the XRD peaks showed
a similar distribution and relative intensities with that of
phase I, so we indexed the peaks using the same diffraction
indexes (010, 001, 011, 101, 100 and 110) of phase I. The lattice
parameters were then calculated manually and refined (Rietveld
refinement plot shown in Fig. 4a). The refined lattice parameters
of phase II at 8.4 GPa are shown in Table 2. In the refinements,
the 1H-tetrazole molecule (with hydrogen for phase I and without

19506 | Phys. Chem. Chem. Phys., 2021, 23, 19503-19510

Table 2 Lattice parameters of phase | and phase Il

Phase I Phase 11 Phase 11
(0.3 GPa, XRD) (8.4 GPa, XRD) (10 GPa, neutron)
a (A) 3.734 (1) 3.259 (1) 3.249 (2)
b (A) 4.782 (1) 4.534 (1) 4.435 (3)
c(A) 4.927 (2) 4.738 (2) 4.697 (6)
« (%) 107.14 (1) 113.90 (3) 113.22 (9)
B () 107.17(2) 110.37 (3) 111.41 (11)
7 () 101.57(2) 90.75 (2) 90.46 (6)
V(A% 76.23 (4) 59.04 (3) 56.99 (12)
Space group  P1 P1 p1

hydrogen for phase II) was restrained as a rigid body to decrease
the degree of freedom, and all the peaks of the XRD patterns
could be well fitted. The atomic coordinates of phase II at 8.4 GPa
are listed in Table 3.

To determine the positions of the hydrogen atoms, Rietveld
refinement was also performed on the neutron diffraction
pattern of phase II (deuterated) collected at 10 GPa. The pattern
could be best fitted when deuterium is bonded to N1 (Rietveld
refinement plot in Fig. 4b). The refined lattice parameters and
atomic coordinates of phase II at 10 GPa are shown in Table 2
and Table S1 (ESIY).

The lattice parameters as a function of pressure are shown
in Fig. 5a, with the g-axis showing the maximum compression,
while the unit cell volumes below 25.8 GPa were fitted by using
the third-order Birch-Murnaghan equation of state:**"**

2
3

= s | (42 = () o oS ()

where V, is the unit cell volume at ambient pressure, and B,
and B; are the isothermal bulk modulus and its first pressure
derivative. As shown in Fig. 5b, two curves were used to fit the
data from two phase regions with B; fixed to 4, respectively.
For phase I, V, = 75.6 & 0.4 A%, B, =13.6 + 0.9 GPa. For phase II,
Vo =67.5+ 0.4 A®, B, = 45.7 + 1.5 GPa.
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Rwp = 15.10%, respectively.

Table 3 Atomic coordinates in phase Il at 8.4 GPa

Label x y z

N1 0.1163 0.1263 0.8315
N2 0.3828 0.3818 0.8722
N3 0.3777 0.3601 0.6017
N4 0.1124 0.0943 0.3878
C5 —0.0450 —0.0460 0.5393

Note: the uncertainty of the atomic coordinates is not provided by the
software under the rigid body restrictions.

The crystal structures of phase I at 0.3 GPa and phase II at
8.4 GPa are shown in Fig. 6a and b, respectively. In phase I, each
1H-tetrazole molecule connects to six adjacent molecules by hydro-
gen bonds, with the distances between N1(H)- - -N4, C5(H)- - -N2 and
C5(H)- - -N3 being 2.80, 3.32 and 3.39 A, respectively. The structure
of phase II remains in a similar stacking mode as shown in Fig. 6b,
where the distances between N1--:N4, C5---N2 and C5---N3 are
2.70, 3.05 and 3.43 A, respectively. The distance between the
molecules along the diagonal, C5- - -N2, decreases from 3.32 Ato
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(solid lines) and compression ratio of three axes (dotted lines). (b) Birch—
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3.05 A while N1---N3 increases from 6.78 A to 6.88 A. The
hydrogen network transformed from a parallelogram shape in
phase I (red dashed line in Fig. 6a) to two triangles (red dashed
line in Fig. 6b) in phase II, with the significant compression
of the C5---N2 distance. This is the main reason for the phase
transition.

Note, the crystal of phase II described above only contained
one 1H-tetrazole, in contrast to the literature which showed
two non-equivalent molecules in the unit cell.*® This can be
confirmed by the theoretical calculation further. When we
optimized the structural model of phase I from ambient
pressure to 8 GPa, the optimized lattice parameters above
4 GPa (Fig. S6, ESIt) obviously changed, which is different from
the structure reported in ref. 26 but similar to this new structure
model. Besides, we also performed geometry optimizations on both
the structure reported by Li et al. and the structure described in our
manuscript. With optimizing the lattice parameters, under 8.4 GPa,
the enthalpy of the new model (—1291.704 eV) was lower than
the very dense structure reported by Li et al. (—1291.663 eV).
Additionally, it was noteworthy that the interplanar distance
underwent a significant compression, from 3.35 A at 0.3 GPa to
2.65 A at 8.4 GPa, just like other n-stacked layered crystals. This
interplanar distance was much larger than the 2.16 A (7.8 GPa)
shown in the dimmer structure reported in the literature.*
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(a)
Phase 1

(b)
Phase II

Fig. 6 Crystal structure of 1H-tetrazole for (a) phase | at 0.3 GPa and
(b) phase Il at 8.4 GPa.

For comparison, the interlayer distances of graphite at ambient
pressure and 9.9 GPa were 3.35 A and 2.99 A, respectively.*® For
the CgHe—CsFs co-crystal at ambient pressure and 20.0 GPa, the
interlayer distances were 3.62 A and 2.75 A, respectively.*®*”
Thus, it seems that the interplanar distance of 2.65 A at 8 GPa in
the current work is more consistent with other aromatics, while
the interlayer distance in the high-pressure phase reported in
ref. 26 (2.16 A) was too close to be reached at 7.8 GPa.

Theoretical calculations under high pressure

To investigate the bonding mechanism, the geometry optimization
of 1H-tetrazole under 100 GPa was performed based on the
structure obtained from the XRD results at 100.3 GPa (Table S2,
ESIt), and the optimized lattice parameters (polymer 1) are shown
in Table S2 (ESIt). The optimized result shows that a new covalent
bond was formed between C5 and N3 in the adjacent molecule
along the b-axis, and H1 transferred from N1 to N4, with H1.--N1
at 1.37 A and N4-H1 at 1.09 A (Fig. 7a). This shows that 1H-
tetrazole can polymerize at 100 GPa, with the product referred to
here as polymer 1. The observed hydrogen transfer is obviously the
requirement for the valence state. In polymer 1, N4 cannot form
double bonds with C5 or N3, and must connect to H1 to satisfy the
valence. When we started from the structural model of phase II at
8.4 GPa and optimize it at 100 GPa, polymer 1 could also be
obtained. This confirmed the result and excluded the possible
interference from the starting model. Thus, we can conclude that

19508 | Phys. Chem. Chem. Phys., 2021, 23, 19503-19510
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Fig. 7 Polymeric structures of 1H-tetrazole under 100 GPa. (a) Polymer 1,
optimized from the structure obtained from the XRD result at 100.3 GPa,
(b) Polymer 2, optimized from the dynamic calculation results under
100 GPa and 400 K. (c) The enthalpy differences between the polymers
and the molecular crystal optimized starting from phase Il at 8.4 GPa (red
line at AH = 0). Above 80 GPa, extrapolated values are presented by a
dotted line because the molecular phase could not maintain.

at 100 GPa the 1H-tetrazole molecules were not thermodynami-
cally stable, and chemical reactions were highly likely to occur.
Polymer 1 was stable down to 50 GPa in the optimization, and
decomposed into 1H-tetrazole molecules at 40 GPa. This reversible
process is consistent with the conclusion from the IR experiment,
and suggested that the reaction of 1H-tetrazole is possible above
50 GPa, where both the Raman and IR spectra were already
featureless.
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Fig. 8 Closest intermolecular N---N and C- - -N distance in adjacent layers
as a function of pressure. Above 50 GPa, the spectra were already
featureless. The lattice could still be obtained but the intermolecular
distances were hard to be determined due to the data quality.

Starting from the model obtained by XRD at 100 GPa, a new
polymeric structure was also observed via dynamic simulations
under 100 GPa and 400 K (polymer 2, Fig. 7b), and its optimized
lattice parameters are shown in Table S2 (ESIt). For polymer 2,
C5 bonded to N4 along the g-axis, also between C and N instead
of N and N. The polymeric structure was stable in the optimization
down to 40 GPa, but decomposed into 1H-tetrazole molecules at
30 GPa. The enthalpies of the polymers are shown in Fig. 7c in
comparison with the optimized molecular 1H-tetrazole crystal.
Both polymers 1 and 2 have lower enthalpies compared to the
molecular phase above 70-90 GPa. This clearly indicated that the
polymerization was preferred and hence explained the reversible
chemical reaction experimentally observed.

The simulation indicated that intermolecular bonding always
forms between C and N, which implies it is extremely difficult to
bond aromatic N atoms to form N-N bonds. For the unsaturated
carbon-based molecules, like phenyl and alkynyl,"*>° when the
intermolecular distance between the carbon atoms is compressed
to a certain distance at 2.8-3.0 A at room temperature, the atoms
will bond. This provides an experiential rule to design and
synthesize new carbon materials. Here, in contrast, the critical
distance for the reaction between aromatic nitrogen remained a
mystery. As shown in Fig. 8, at 48.5 GPa, where the Raman and IR
spectra were already featureless, the closest intermolecular N- - -N
distance was 2.52 A, which was still not enough to induce N-N
bonding and hence this could be referred to as an upper limit for
the critical distance. For comparison, the closest intermolecular
C---N distance was also 2.52 A, which suggests the bonding
between C and N atoms is easier than N-N bonding.

Conclusions

In conclusion, 1H-tetrazole transfers to a new phase from 2.6 to
7.4 GPa and experiences a reversible chemical reaction process
in the compression-decompression cycle up to 100 GPa.

This journal is © the Owner Societies 2021
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The in situ X-ray and neutron diffraction analyses showed that
the high-pressure molecular phase had a P1 space group with
one molecule in a unit cell, instead of two molecules as
reported before. The theoretical investigation showed the rever-
sible polymerization observed in the experiment was related to
the formation of a new covalent bond between C and N atoms in
neighbouring molecules, instead of between N atoms. Combined
with the crystallographic research, we found at least 2.52 A was
not short enough to induce the bonding between the aromatic
nitrogen atoms. This distance was much shorter than that of
carbon analogues, and hence suggests a much tough condition is
needed for nitrogen—nitrogen bonding. Our work systematically
investigated the structure evolution and chemical reaction process
of 1H-tetrazole, a typical nitrogen-rich molecule, and provides an
important reference for understanding the reactivity of nitrogen-
rich compounds, which will benefit the synthesis of new high-
energy-density materials.
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