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Pressure-driven electronic phase transition in the
high-pressure phase of nitrogen-rich 1H-
tetrazolesy
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High-energy-density materials (HEDMs) require new design rules collected from experimental and
theoretical results and a proposed mechanism. One of the targeted systems is the nitrogen-rich
compounds as precursors for possible polymeric nitrogen or its counterpart in a reasonable pressure
range. 1H-tetrazole (CH,N,4) with hydrogen bonds was studied under pressure by both diffraction and
spectroscopy techniques. The observed crystal structure phase transition and hydrogen bond-assisted
electronic structure anomaly were confirmed by first-principles calculation. The rearrangement of the
hydrogen bonds under pressure elucidates the bonding interactions of the nitrogen-rich system in local
3D chemical environments, allowing the discovery and design of a feasible materials system to make

rsc.li/rsc-advances

Introduction

Nitrogen-rich compounds have attracted considerable attention
due to their potential as high-energy-density materials
(HEDMSs).*® Their high-energy contents are closely related to
a large amount of energy released upon decomposition of
single- and/or double-bonded nitrogen in a condensed phase
into triple-bonded gas-phase diatomic N, molecules. The crit-
ical challenge is to form relatively stable single-bond or double-
bonded nitrogen polymorphs when these states are metastable
compared with the easily formed and fairly stable triple
bonds.”? Alternatively, high pressure can be an effective tool to
manipulate structural configuration and, therefore, the stereo-
chemical bond environment for the possible novel dimer,
trimer, or new polymer polymorphs. Some unsaturated organic
molecules tend to form a more saturated polymer with an
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new-generation high-energy materials.

extended structure and higher density under pressure.”™* For
instance, several structures of polymeric nitrogen have been
predicted to exist under extreme high-pressure conditions, such
as cubic-gauche (cg-N), and layered (LP-N) polymeric
nitrogen." ¢ Polymeric nitrogen, a pure single-bonded nitrogen
compound, has attracted much interest because of the signifi-
cant difference between the single bond (~160 kJ mol™') and
triple bond (~946 k] mol ). However, the transitions to single-
bonded nitrogen polymers in the cubic gauche phase (cg-N)
require extremely high pressure above 110 GPa and tempera-
ture higher than 2000 K. Furthermore, this dense state of
nitrogen eventually transforms back to its precursor N, coun-
terpart once the pressure is released below 42 GPa. Therefore,
the first obstacle to overcome for possible practical application
is to decrease the phase transition pressure to ambient condi-
tions or at least lower than 30 GPa, which can be generally
realized using a large volume press. Hydrogen bonds in small
organic molecules or large proteins play a key role in main-
taining their structures,"” and more importantly, they can be
easily tuned by pressure by rearrangement,'®' reconstruction,
and,**** their symmetrization.>>** Therefore, hydrogen-bonded
molecular crystals can undergo a series of structural and
conformational changes as well as hydrogen-bond-assisted
polymerization® upon an increase of pressure. Here, we chose
1H-tetrazole (CH,N,), composed of a single and double bonding
ring with 80% nitrogen content by weight as the starting
precursor to consider the reduction of the energetic barrier for
possible polymerization under high pressure. Its ambient
structure has a layered triclinic structure (P1, with one molec-
ular in unit cell) with N-H---N and C-H---N 2D hydrogen-
bonded network.”® It is expected that these typical
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unsaturated nitrogen-rich molecules will polymerize more
easily into nitrogen-rich extended compounds. Secondly, it has
been reported that the amorphous high-pressure phase of 1H-
tetrazole (CH,N,) can be quenched to ambient pressure,*
which could meet the requirement of possible high-energy and
density metastable phase acquisition at ambient conditions.
Also, in the report of 1H-tetrazole (CH,N,), Li et al.® reported
a phase transition at 3 GPa and an amorphous transition at
~14 GPa up to 50 GPa with irreversibility.

In this study, we investigated the phase transition of 1H-
tetrazole under high pressure at room temperature using in
situ Raman, IR spectra, synchrotron X-ray diffraction (XRD) and
neutron diffraction techniques. Combined with first-principles
calculations, we propose a possible hydrogen-bond-assisted
phase transition in the high-pressure counterpart, which has
not been reported in previous studies. We uncover the novel
electronic and stereo-chemical evolution of 1H-tetrazole
(CH,N,), providing a fundamental understanding of the
nitrogen-rich system and a potential pathway to find a targeted
system for new-generation high-energy materials.

Results and discussion

Fig. 1 plots the crystal structures of 1H-tetrazole at ambient
conditions and high pressures, respectively. Similarly, there is
a phase transition from the low-pressure phase* starting at
~3 GPa to the high-pressure phase at 4 GPa. For the high-
pressure phase, by DFT theoretical optimum, the structure we
obtained is also belongs to P1 space group with two non-
equivalent molecules CH,N, in unit cell, but slightly different
to the structure adopted in ref. 26. The tetrazole molecule
orientation in the ambient phase is denoted as type-O along the
a-axis and denoted as type-A and type-B for the non-equivalent
molecules in the high-pressure phase. The ambient phase is
a standard layered structure with hydrogen bonds formed in
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Fig.1 Ambient and high-pressure crystal structures for 1H-tetrazole.
The details are listed in Tables S1 & S2.1 Type-O has N1-H1 along 4
o'clock, C5-H5 along 6 o'clock; type-A has N1-H1 along 7 o'clock,
C5-H5 along 9 o'clock; type-B has N1-H1 along 1 o'clock, C5-H5
along 3 o'clock, respectively. The molecular orientation of type-A and
type-B on the top is the up-view of the crystal structure. The orange
dashed lines represent the hydrogen bonds and the translucent green
dashed lines indicates that newly proposed hydrogen bonds will form
at ~10 GPa.
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each layer. While the high-pressure phase changes to a 3D
structure.

As the pressure increases, the intralayer hydrogen-bonds of
the ambient phase gradually change to the interlayer hydrogen
close contacts of the high-pressure phase, where new hydrogen-
bonds C5-H5:--N2 and C5-H5---N3 form between the two
layers. Thus, a pair of type-As and type-Bs molecules were
coupled by hydrogen bonding interaction presented by orange
dashed lines. Based on this configuration, the behavior of
directional hydrogen bonding interaction and repulsion of the
lone pair electrons on nitrogen in the type-A and type-B mole-
cules under external compression leads to gradually decreasing
of layer spacing, as well as sliding between interlayers, as
demonstrated in Fig. 1. The sub-lattice of type-A heterocyclic
ring shifts to the left relatively to sub-lattice of type-B as the
increase of pressure, resulting in type-A-type-B molecules more
overlapped, and an anticipated H-7 interaction denoted by
translucent green dashed lines in Fig. 1. Simultaneously, the
entangled angle changes of P1 structure were plotted in Fig. 2.
The angle vy is mainly related to the layered distance of the
coupled type-As and type-Bs molecular planes. The increase of
angle o and decrease of angle 8 both related to the relative
position sliding in the direction perpendicular to the molecular
planes. As the pressure increasing, these will further wrinkle the
layers and increase the energy of crystal as the distortion
increasing in Fig. 1, the schematic show of 8 GPa structure. Two
runs of synchrotron X-ray diffraction (XRD) of higher pressure
were conducted to further investigate the structure evolution, as
plotted in Fig. S1 & S2.7 By employing the rigid body model in
the GSAS II software package, we conducted a sequential
refinement with pressures of 4 GPa, 6 GPa and 8 GPa of the
neutron data and the refined volume was plotted in Fig. S27
with X-ray results. The abnormal volume increase at ~10 GPa as
shown in Fig. S27 could be from the shear stresses in the DAC,
which is exaggerated by the layered character of the crystal
structure. A proposed new H-m interaction between type-As and
type-Bs layers forms at pressure of ~10 GPa, where the anomaly
of crystal angle shows up in Fig. 2b and c. This new hydrogen
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Fig.2 (a) Neutron diffractions patterns of 1H-tetrazole as a function of

pressure (the diffraction patterns of X-ray under pressure are plotted in
Fig. S1t). The excluded region is the diffraction from the Al gasket; (b)
and (c) angle parameter evolutions of the high-pressure 1H-tetrazole
phase (the dot lines are guiding for the eyes). The anomaly at around
9 GPa is proposed to be related to the newly-formed hydrogen
bonding interaction.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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bonding interaction, confirmed further by the spectroscopic
data, will release part of the energy for staying in the same
structure at high pressure. The detailed, refined parameters are
listed in Tables S1 & S2.F

The Raman and IR transmittance spectra collected at near
ambient pressure are shown in Fig. S3{ of the ESI and are
consistent with previous reports.>**” The detailed assignment of
different crystal vibrational modes is provided in Table S3.1%2¢*%
We also observed three additional Raman modes at 107, 130,
and 159 cm™" in the lattice-based vibrational region, which
correspond to the intermolecular vibrations. Briefly, the readers
should pay attention to the C-H vibrational mode at wave-
numbers higher than 3000 cm™' and N-N vibrational modes
located between 1000 cm ™' and 1100 cm ™" for both Raman and
IR, which show an apparent anomaly at ~9 GPa.

In situ high-pressure Raman and IR spectra are plotted in
Fig. 3a and b, and the Raman spectra in a particular spectral
region are presented in Fig. S4 in the ESL{ As shown, upon
compression to 4.0 GPa, new Raman peaks emerge at 180 cm ™,
956 cm ™', 1083 cm !, and 1138 cm ', respectively, which is
more likely to be indicative of the appearance of Davydov
splitting such as stated in Cui's work.*** However the result of
non-hydrostatic compression can not be excluded. This type of
splitting may be caused by enhanced interactions between non-
equivalent molecules, as shown in the high-pressure crystal
structure in Fig. 1. Similarly, the IR mode at 951.5 cm '
observed at ambient conditions and corresponding to the in-
plane bending mode §(N=C-N) disappears. Simultaneously,
anew IR mode at 1258 cm ™" caused by the splitting of the v(C5-
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Fig. 3 Raman and IR changes of 1H-tetrazole as a function of pres-
sure, respectively.
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N1) mode emerges, further indicating the relevance of the first
phase transition to the reduced crystal structure symmetry. The
dependencies of both the Raman and IR shift on pressure are
plotted in Fig. 4.

As expected, most of the vibrational modes exhibit
a substantial blue shift under increasing pressure, and only
a few modes display a red shift. First, the Raman vibrational
mode of §(N=C-N) at 947 cm ™" and the IR mode of 5(N=N-N)
at 937 cm~ ' exhibit a red shift under pressure, which may
indicate the disappearance of the original hydrogen bond
accompanied by the gradual formation of the new interlayer
hydrogen-bonds of C5-H5---N2 and C5-H5--"N3 with
increasing pressure, eventually resulting in the phase transi-
tion. From a static crystal structure framework perspective, the
refined N=C-N and N=N-N bond length and the bend angle of
the newly formed hydrogen bond support such an unusual red
shift. This also implies that the newly formed hydrogen bond
causes a decrease of the vibration energy, which accordingly
stabilizes the molecule in the new high-pressure phase.
Furthermore, the new Raman peak at 956 cm ™" that splits from
the §(N=C-N) mode also shows a pressure-dependent red shift
before vanishing. Additionally, the y(C5-H5) mode at 906 cm ™
shows a sudden drop at 4 GPa, which might be connected with
the change of spatial configuration and the conversion from the
original hydrogen-bond C5-H5---N2 and C5-H5---N3 between
neighboring molecules in the same layer, which are connected
between the adjacent layers during the structural phase tran-
sition to the high-pressure phase.

Both Raman and IR spectroscopic data indicated that, upon
a continuous increase of pressure, there is a transition at ~9-
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Fig. 4 Vibration modes
structure anomaly.

changes at ~9 GPa accompanying the
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10 GPa, while the crystal structure remains unchanged. The 9-
10 GPa anomaly has some signature changes; both the Raman
and IR spectra show that at wave number 3211 cm ™", the C-H
stretching vibration splits into two modes along with the orig-
inal v(C5-H5) mode showing a temporary significant red shift.
At the same time, the out-of-plane C5-H5 bending IR mode at
907 cm™ ' and the C5-H5 bending Raman mode at 1085 cm ™"
display a sudden drop. Meanwhile, the N4=C5 vibrational
mode at 1550 cm ™~ disappears at a pressure above 10 GPa; the
N4-N3 mode at 1075 cm ™~ softens simultaneously; the IR mode
of 3(N=N-N) at 937 cm ™" exhibits a V-shape via pressure, and
the N1-N2 vibration mode remains unchanged. In addition, the
peaks at 1083 cm™ ' and 1138 cm ' appear when the phase
transition displays a slight red shift. Several small peaks or
shoulders appear near the C5-N1 stretching vibrations, and
also between C5=N4 and N2=N3 stretching vibrations.

This comprehensive evolution indicates that the new H-m
interaction formed and its surrounding electronic configura-
tion changed with a further increase of pressure. Considering
the interlayer slip via pressure, we speculate that at around 9-
10 GPa the N1-H1- -7 hydrogen bond formed between the new
type-As and type-Bs molecule pairs in the adjacent layer as
forecasted in Fig. 1. Based on this speculation, the tetrazole
heterocyclic ring of one type-B(A) molecule can be donors of two
different type-A(B) molecules in the adjacent layer. With the new
N1-H1---7 bond formed, the charge centre of the donor devi-
ates to the new linked adjacent molecule. Therefore, the bonds
of C5-H5 and the ring vibration change accordingly, resulting
in the observed anomalies in the Raman and IR spectra.
According to the refined high-pressure angle parameters, the
angle vy turned to increasing from decreasing at ~9-10 GPa,
which is caused by the change of interaction between the
coupled molecular planes and consistent with the trends of
several vibration modes, such as the stretching of N3-N4 and
bending mode of C5-H5. Thus, the new hydrogen bonding
interaction between the interlayer molecules is most likely due
to the occurrence of an electronic phase transition at around 9-
10 GPa.

Using DFT calculations to optimize the lattice obtained from
our experiments, we found that the lattice parameters and bond
lengths were abnormal near 9 GPa, consistent with the observed
anomaly in our experimental results. We have calculated
phonon dispersion relations at 8 GPa, shown as Fig. S5.f No
imaginary phonon frequency is found in the whole Brillouin
zone, which reveals that the structure of 1H-tetrazole may be
stable under this pressure in theory. To observe the abnormality
of its electronic structure, we have calculated its electronic band
structure and density of states (DOS) at different pressures.
Fig. S6T shows the electronic band at different pressures and
the change of band gap. By observing the change in band gap,
we found that an anomaly occurred near 9 GPa. Fig. 5
summarizes the variation of the DOS at 8 GPa, 9 GPa, and
10 GPa. Fig. 5a reveals that both the conduction band and the
valence band reduce in energy from 8 GPa to 9 GPa, while they
shift higher energy from 9 GPa to 10 GPa. We quantitatively
calculated the band centers of the conduction band and valence
band around 9 GPa, confirming that these energy shifts caused
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projected density of states (PDOS) of atoms C, N, and H at 8 GPa,
9 GPa, and 10 GPa, respectively. The dotted line represents the Fermi
energy level.

the structural anomaly. For the specific values, see Table S4.}
The PDOS of C 2p N 2p and H 1s is shown in Fig. 5b. We also
calculated the band centers of these atoms, as shown in Table
S5.1 The changes in the unit-cell, bond length, and electronic
structures are all consistent, indicating that they are nonlinear
with respect to the increasing pressure from 8 to 10 GPa.

To understand the structural anomaly near 9 GPa, we
calculated the phonon density of states (PHDOS) of 1H-tetra-
zole, as shown in Fig. 6. The frequencies of 1H-tetrazole at
Gamma at 8 GPa, 9 GPa, 10 GPa are listed in Table S6.T We
observed that the most obvious change in PHDOS at pressures
from 8 GPa to 10 GPa is the intensity of the peak at 860 cm™"
and the peak position at 2400 cm ™ '. Fig. 6b-d show that the
vibrational modes from the N and H atoms are the main
contribution from the low frequency at 860 cm™ ' and the high
frequency at 2400 cm™ ", respectively. The vibrational intensity
of the N atoms at 860 cm ™" increases from 8 GPa to 9 GPa, but
decreases from 9 GPa to 10 GPa. At 2400 cm ™', the vibration of
the H atom moves toward high frequency from 8 GPa to 9 GPa
and then moves toward low frequency from 9 GPa to 10 GPa.
This nonlinear change in the vibrational modes of the N and H
atoms near 9 GPa may be due to the formation of new hydrogen
bonds between the interlayer molecules, which is consistent
with the experimental results.
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Fig. 6 (a) The total and (b)—(d) projected phonon density of states
(PHDOS) of 1H-tetrazole at 8 GPa, 9 GPa, and 10 GPa.
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Experimental section

1H-tetrazole was purchased from Innochem (98%, A78881)
and used in experiments without any further purification. For
the in situ Raman and synchrotron X-ray diffraction (XRD)
experiments, the samples were loaded into a symmetric-type
diamond-anvil cell (DAC) with a pair of type-I diamond
anvils with a culet size of 300 um. A pair of type II diamond
anvils was used for the IR experiment. The T301 stainless steel
gasket between the two diamond anvils was pre-indented to
about 30 um in thickness. A hole with a diameter of 110 pm
was drilled into the center for the sample chamber. The
pressure was determined by the ruby R1 fluorescence line
shift>**** and the Raman edge of the diamond.*® For the Raman
and XRD experiments, only the sample with two ruby balls was
loaded into the sample chamber. No pressure-transmitting
medium was used because 1H-tetrazole is as soft as NaCl.
For the in situ IR spectra experiment, spectral quality KBr
powders were also loaded into the chamber to use as both
a pressure-transmitting medium and to dilute the sample as
background.

The high-pressure Raman experiments were conducted
through a HORIBA HR EVOLUTION Raman microscope with
a liquid-nitrogen-cooled CCD detector and spectral resolution
of about 1 cm™". The exciting laser had a wavelength of 532 nm.
High-pressure in situ IR spectra were collected in a Bruker
VERTEX 80V FTIR spectrometer and HYPERION 2000 IR
microscope, which was operated under a vacuum of <3 hPa. The
IR beam was set to a spot size of 20 x 30 pm by a pair of knife-
edge diaphragms. The IR spectra were recorded using
a nitrogen-cooled broad-band mercury cadmium telluride
detector. The spectral resolution was 4 cm '. The Raman
spectrum of the sample quenched from 50 GPa returned to the
original state, indicating that the local chemical environment
was still preserved, and the amorphization reported in ref. 26
could be due to different pressurization routes and history. For
instance, the pressurization rate/step and hydrostatic degree
could play important roles in the amorphization of small
molecular crystals. However, this is beyond the scope of this
work and will not be discussed here.

High-pressure angle-dispersive X-ray was used for moni-
toring the structural change of the 1H-tetrazole sample and
performed at Cornell High Energy Synchrotron Source (CHESS)
at room temperature.* The X-ray wavelength was A = 0.4859 A,
and the diffracted X-rays were detected by an imaging plate
(Mar345). To elaborate the refined results, the second experi-
mental run was conducted at the 4W2 High Pressure Station of
Beijing Synchrotron Radiation Facility (BSRF), where the X-ray
wavelength was A = 0.6199 A.

High-pressure neutron diffractions was collected at HPND
beamline of CMRR. PE-cell with polycrystalline nano-diamond
anvil and Al gasket was used for high pressure experiments at
room temperature. The wavelength was A = 1.5925 A.

XRD patterns were integrated from the images with FIT2D
and GSAS II software,***® and then refined with GSAS I and GSAS
I1*7% for additional analysis. The lattice parameters were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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obtained by LeBail fitting of all the X-ray data. Since a P1
structure has 6 refinable parameters, plus one for intensity, and
3 more per 1H-tetrazole (using a rigid body model,*” we only
refined 3 parameters (x,y,z) for the molecule's center of mass
position). Additionally, peak shape, thermal displacements
were also refined. The background was fitted in advance for
reducing the refine parameters. In total, 15 parameters were
refined. Considering the compressibility of C-C, as in graphite
only 0.01-0.02 A changes in 10 GPa, which is within the error
bar and resolution range, so the bond length in the rigid body
was fixed as ambient ones and not refined for the three pressure
data points.*®

A DFT calculation based on our refined crystal structure was
performed. The atomic positions were optimized at each fixed
pressure. The geometric optimization and electronic property
calculation were performed using the Vienna Ab Initio simula-
tion package (VASP) program® based on the density functional
theory (DFT).* The exchange-correlation function was
described by the Perdew-Burke-Ernzerh (PBE) of the general-
ized gradient approximation (GGA).** The C 2s2p>, N 2s%2p°,
and H 1s" orbitals were explicitly included as valence electrons.
The intermolecular van der Waals interactions**** (DFT-D3)
were implemented in the structural optimization. A plane-
wave basis set cutoff of 550 eV and a k-mesh grid of 5 x 7 x 7
for Brillouin zone sampling** were chosen. The convergence
criterion of the energy and force in the ionic relaxation was set
as 10°° eV and 0.02 eV A" in the simulation. The phonon
density of state was calculated using the supercell method with
the PHONOPY code.*

Conclusions

In summary, the high-pressure phase of 1H-tetrazole is a dimer
like bi-molecular phase with a 3D network consisting of C5-
H5--N2 and C5-H5--*N3 hydrogen bonds. Continuous
compression destabilized the stability of the tetrazole molecular
ring and, therefore, the vibrational modes, resulting in a new
hydrogen-bonding configuration. This electronic state is a pre-
state for the following molecular conjugation, as the 1s/2p
electrons of N/C at the Fermi level show a strong redox
feature, preparing for the formation of extra hydrogen bonds
among the single molecules.
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