View Article Online

View Journal

M) Cneck tor updates

Journal of

Materials Chemistry A

Materials for energy and sustainability

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: K. Niwa, H.
Ogasawara, T. Sasaki, S. Nomura, G. Azuma, S. Pitie , G. Frapper and M. Hasegawa, J. Mater. Chem. A,
2025, DOI: 10.1039/D5TA01488C.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
Journal of accepted for publication.

Materials Chemistry A

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

o
-

ROYAL SOCIETY
OF CHEMISTRY

ROYAL SOCIETY rsc.li/materials-a
OF CHEMISTRY

(3


http://rsc.li/materials-a
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d5ta01488c
https://rsc.66557.net/en/journals/journal/TA
http://crossmark.crossref.org/dialog/?doi=10.1039/D5TA01488C&domain=pdf&date_stamp=2025-05-23

Page 1 of 12

Open Access Article. Published on 23 May 2025. Downloaded on 6/1/2025 4:26:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Journal of-Materials'Chemistry A

View Article Online
DOI: 10.1039/D5TA01488C

High-Pressure Synthesis of PbN,, the Missing Group 14 AN,-type
Compound

Ken Niwa,*>" Hirokazu Ogasawara,c Takuya Sasaki,® Shunsuke Nomura,® Gendai Azuma,® Sylvain
Pitié,? Gilles Frapperd and Masashi Hasegawa?®

The direct reaction of Pb with molecular nitrogen was investigated using a laser-heated diamond anvil cell combined with
high-pressure in-situ synchrotron X-ray powder diffraction measurements and Raman spectroscopy. From the results of the
experiments and DFT calculations, it was revealed that a novel PbN, was successfully synthesized above 50 GPa, and it was
observed to crystallize in a tetragonal system (indexation in the CuAl,-type structure, /14/mcm), comprising PbNg units
connected via N-N dimers. Room-temperature compression and decompression experiments revealed that PbN, retained
its structural integrity up to a pressure of approximately 90 GPa, while it decomposed into lead and nitrogen at around 15
GPa. The experimental evidence indicates that the encapsulated nitrogen dumbbells act as anionic units, (N,)? interaction
with the lead lattice. The newly synthesized PbN, exhibits a distinct crystal structure in comparison to the pyrite form of the
other group-14 pernitrides (SiN,, GeN,, and SnN,) that have been previously reported. This finding provides novel insights

into the high-pressure crystal chemistry of nitrogen-based compounds.

Introduction

The development of ultrahigh-pressure generation techniques
has facilitated new insights into material science, including the
study of superconductivity and superhard materials.? In
particular, the laser-heated diamond-anvil cell (LHDAC), when
combined with advanced characterization methods (such as
synchrotron radiation, infrared spectroscopy, electron
diffraction spectroscopy, and so forth) represents a promising
tool for the synthesis of novel and attractive materials.?3
Furthermore, the LHDAC enables the convenient loading of
gaseous samples, transportation to the synchrotron facility, and
setup at the latter location.*> A quarter of a century ago, these
noteworthy features led to synthesizing novel nitrogen-based
compounds, including y-SisN,® and PtN,”# among others.> !
Subsequently, numerous novel nitrides [N3], dumbbells [N29],
and polynitrogen-based units [N,%] have been discovered in
almost all binary nitrogen-based systems to date [e.g. some
examples in the transition metal-nitrogen system].12"® The
recent synthesis of new nitrogen-based compounds identified
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in the pnictogen (Pn)—nitrogen systems provides an illustrative
example of this high-pressure chemistry.29-23 The synthesis of
AsN and BiN was successfully achieved at 30-40 GPa and 50 GPa,
respectively.2%22 Furthermore, nitrogen-rich phases (Sb,Ns,
SbCN3) were synthesized through the nitridation experiments of
Sb at approximately 32 GPa224, What about the nitrides of
group 14 elements? They are of significant importance in the
field of functional ceramics.2> Two structural polymorphs of
SisN, have been identified at ambient pressure,262° and a third
polymorph, y-SisN4,® was discovered through direct nitridation
of silicon at 15 GPa. Subsequently, the y-phase was also found
in GesN4 under high pressure.3® The synthesis of y-SnzN4 has
also been achieved without the use of high-pressure
conditions,3! while the high-pressure technique was employed
to prevent the decomposition of nitride under high
temperatures.32  Subsequent high-pressure nitridation
experiments on Si, Ge, and Sn were successful in synthesizing
the pyrite-type AN, (A=Si, Ge, and Sn) above approximately 60
Gpa_33,34

The pyrite type is one of the high-density structures
observed in MX,-type compounds. Therefore, the exploration
of higher-density phases than pyrite-type represents a
promising avenue of research, offering insights not only into
high-pressure crystal chemistry but also in the development of
novel functional nitrogen-based ceramics. In accordance with
the phase transition sequence upon pressure in AO, (A=Si, Ge,
Sn, and Pb), the crystal structure of the high-pressure phase
that manifests in low-Z oxides is analogous to that of high-Z
oxides at low pressure.3540 |t is therefore important to
investigate the Pb-N system under conditions of elevated
pressure and at atmospheric conditions, where the only
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observed binary phase is Pb(N3), azide**3 Lead typically
assumes the +2 and +4 oxidation states. The Pb%*-containing
compounds exhibit remarkable dielectricity due to the
distortion of the unit cell induced by the lone-pair electrons,*-
46 although the use of lead in material development is
discouraged. The effect of lone-pair electrons on structural
stability was also highlighted in the high-pressure synthesis of
the novel PNN compounds.?? As evidenced by the synthesis of
PnyN, compounds,2®-22 the high-pressure technique represents
a more effective and advantageous approach for accessing the
synthesis of the remaining group-14 pernitride, PbN, (Pb?*N,%
or Pb**N,*). However, to the best of our knowledge, only the
explosive material, lead azide Pb(N3),, has been identified as a
thermodynamically metastable compound within the Pb-N
binary system.1=%3 In contrast to these experimental findings, a
recent theoretical study has been conducted to investigate the
Pb-N phase diagram under pressure using evolutionary
algorithms combined with density functional theory (DFT)
calculations.*” This study revealed the phase stability and crystal
chemistry of novel PbN, phases (z=2-4,6,8) when pressure is
increased up to 100 GPa, including the hitherto unidentified
pernitride PbN, of group 14 elements.?” The Pb-N; system offers
a diverse range of opportunities for the exploration of
pernitrides and polynitrides, which could result in the
development of high-energy materials. The objective of the
present study is to conduct high-pressure synthesis
experiments (LHDAC) on the Pb-N, system up to approximately
90 GPa, with a particular focus on the PbN,.

Experimental

We performed five independent experiments (sample number:
OH#45, OH#52, NSH#1, AG#1, AG#2) and the details of the
experimental setup are given below. Further additional
information for each experiment is given in Supporting
Information (please refer to Experimental details of the SI). The
high-pressure synthesis experiments were conducted using a
laser-heated diamond anvil cell (LHDAC) equipped with a 350
um culet size anvil. Stainless steel (OH#45, OH#52, AG#1, AG#2)
or rhenium (NS#1) plate with an initial thickness of
approximately 280 pm was used as a gasket material. The
gasket material was indented, and the intended area was drilled
with a pulsed infrared laser to make a sample chamber with a
diameter of 1/2 or 1/3 of the culet size. Lead foil (99.99 %, The
Nilaco Corporation) was stretched, thinned, and then shaped
with less than approximately 80x80 pum?2. After that, the lead
thin film was placed in the sample hole with ruby chips as a
pressure marker and then the sample chamber was filled with
liquid nitrogen. The pressure was increased up to the desired
pressure under room temperature, and then, the sample was
heated by irradiating the infrared laser (SPI, Ltd A=1090 nm)
from both sides. The sample was monitored during laser
heating. The temperature was not measured in this study
however, intense thermal radiation was observed during laser
irradiation, which might correspond to over 2000 K. The
unheated regions were probably due to the insufficient
thickness of the thermal insulating layer. The heated sample
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was evaluated by optical microscope observation,Rasnan
scattering, and X-ray diffraction measifeirieneso(nrdéplHigh
pressures. Argon ion (488 nm, <100 mW) or diode-pumped (473
nm, <100 mW) laser was used as an excitation source for Raman
scattering measurements. The incident laser was focused with
a size of less than approximately 10 pm through the diamond.
The Raman signal was detected with the liquid nitrogen-cooled
CCD detector. High-pressure in-situ X-ray diffraction
experiments were conducted at BL2S1, the Nagoya University
beamline of Aichi Synchrotron Radiation Center, Aichi Science &
Technology Foundation,*® and BL10XU, SPring-8.%° The distance
between the sample and detector, the wavelength of the X-ray,
the tilting of the detector, etc. were calibrated based on the
diffraction profile of standard material CeO, before the sample
measurements. At BL2S1, the monochromatic X-ray with the
size of 75 — 100 um was introduced to the sample chamber at
15 degrees tilting from the compression axis, which allows
measuring the wide 2-theta range, while for the experiments at
BL10XU, the X-rays with the size of approximately 10 um were
introduced parallel to the compression axis. The diffracted X-
rays were recorded with a typical exposure time of 3-5 minutes
and 2 seconds for the experiments at BL2S1 and BL10XU,
respectively. Details of high-pressure in-situ XRD measurements
are described elsewhere.*®4 The 2-dimensional (2-D)
diffraction pattern was converted to the conventional 1-D
profile by using IPAnalyzer.>® The phase identification and
indexing analysis were conducted using dedicated software of
PDIndexer> and DICVOLOG6, respectively.®® Le Bail refinement
was carried out using RIETAN-FP.>2 The pressure was evaluated
based on the pressure dependence of the ruby fluorescence
peak>® and the equation of the state of rhenium (gasket
material),>* solid nitrogen,”®> and residual lead.>®>” The
recovered sample was characterized by a scanning electron
microscope equipped with energy-dispersive spectroscopy
(FlexSEM 1000 II, Hitachi High-Tech Corporation, accelerating
voltage: 15 kV).

The energy and crystal structure calculations of PbN, phases
with different nitrogen dimer arrangement in 2x2x2 supercell
was carried out by density functional theory (DFT) calculations
performed using the CASTEP ab initio program*® on the
Materials Studio package. The generalized gradient
approximation (GGA-PBE)>%%° was applied, and wave functions
were characterized by a plane wave basis set, whereas ultrasoft
pseudopotentials were employed with a cutoff energy of 570
eV. k-Point grids of 4 x 4 x 4 were used for geometry
optimizations. The energy, atomic force, and displacement
convergence criteria were set to 5 x 10 eV/atom, 1 x102 eV/A,
and 5 x 10 A, respectively. To obtain the Raman spectra, we
employed the VASP code®.6? or the computation of phonons.
These calculations were performed at the PBE level of theory
using the finite displacement method implemented in the
PHONOPY code (for additional details regarding the phonon
calculation, please refer to Section S1.1 — 1.3 of the SI).63:64
Based on these phonon calculations, we extracted and
computed the intensity of the active Raman bands using the
Phonopy-Spectroscopy package.5566

This journal is © The Royal Society of Chemistry 20xx
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Frequency calculations were performed at I, thanks to the
Phonopy package with a finite difference approach (0.01 A
displacements), employing VASP 5.4.4 as the force calculator. IR
intensities and Raman activities were evaluated, thanks to the
Phonopy-spectroscopy framework. A2 x 2 x1and 2 x1x 1
supercells were needed for the /4/mcm PbN, and R-3c Pb(N,)3
crystals to ensure convergence.

Results and discussion

Fig.1(a) and (b) show the high-pressure in-situ Raman spectra
(AG#1) obtained prior to and following laser heating of lead in
nitrogen, respectively. The application of laser heating at
approximately 50 GPa resulted in a notable alteration of the
sample's colour, transitioning from a metallic to a black colour.
The Raman scattering measurements conducted following the
heating process revealed the emergence of several additional
sharp peaks and a notable reduction in the intensity of the
nitrogen pressure medium. These findings provide compelling
evidence that the synthesis of new Pb,N, compounds can be
achieved by reacting between lead and nitrogen under high-
pressure conditions. Then, the pressure was decreased from
approximately 55 GPa to 40 GPa, while Raman spectra were
recorded. The newly emerged Raman peaks underwent a shift,
yet no additional peaks or those that had disappeared were
observed (see Fig.S1). These findings suggest that the novel
PbuN, compound was stable at pressures down to
approximately 40 GPa. Notably, the Raman peak situated at
approximately 2100 cm™ shifted to a higher wavenumber with
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Fig.1 Raman spectra and XRD profiles under high pressures.
(a) and (b) shows the Raman spectra corresponding to the
Pb-N, sample (AG#1) before and after laser heating at
approximately 50 GPa. Two wavenumber regions were
separately displayed. Intense peaks after laser-heating are
marked with arrows. The horizontal arrows show the
wavenumber region derived from solid molecular nitrogen.
(c) High-pressure in-situ X-ray diffraction profiles acquired
from the heated and unheated areas. The diffraction peak
positions of Pb, and N, are represented with tics at the
bottom of the profiles. The intense peak positions derived
from the new phase that appeared after laser heating are
also indicated with tics. The peak marked with an asterisk
might be derived from the device.

This journal is © The Royal Society of Chemistry 20xx

Journal ofcMaterials Chemistry A

decreasing pressure, which represents an inveyse \pressyre
response to that observed in conventionalQblid19E5e Tt Et$8Is
and will be discussed subsequently.

The newly synthesized compounds were characterized by
high-pressure in-situ powder X-ray diffraction measurements at
synchrotron facilities. Recently, a technique using high-intensity
synchrotron radiation has been widely used to characterize the
crystal structure by extracting single-domain-derived diffraction
spots from a multi-grain sample.®” Unfortunately, we have used
conventional powder diffraction technique in this study, while
have attempted to access the details of newly synthesized
compound by combining the results of Raman scattering
measurements and first-principles calculations in addition to an
information of the powder diffraction pattern. A finely focused
X-ray beam at BL10XU, SPring-8, allows the diffracted X-rays
from heated and unheated areas to be measured separately, as
illustrated in Fig.1(c). The diffraction peaks from the unheated
area were assigned using lead®®>” and solid molecular
nitrogen.>> Conversely, several sharp diffraction peaks distinct
from those observed in solid nitrogen and lead were identified
in the heated region. The crystal symmetry was investigated
through the assignment of over fifteen intense diffraction peaks
using dedicated indexing software, leading to the identification
of a tetragonal cell with lattice parameters a = 3.297(1) A and ¢
= 3.089(2) A as the most plausible candidate (see Table S1).
Additionally, the orthorhombic cell was identified as a potential
candidate, but some XRD peak positions could not be accurately
fitted. The Miller indices of the tetragonal unit cell follow the
extinction rule of the P lattice. Further analysis by the charge-
flipping method®® utilizing the extracted intensity data revealed
the Pb position at the vertex of the tetragonal cell. Two Pb-Pb
distances were identified within the tetragonal Pb-lattice. One
(d = 3.1 A) exhibited a comparable value to that observed in the
high-pressure hexagonal phase of lead (d = 3.1 A),56:57 while the
other (d = 3.3 A) demonstrated a slightly longer distance. The
longer Pb-Pb distance may be attributed to the incorporation of
nitrogen atoms or dimers into the Pb lattice.

As illustrated in Fig. 2(a), modifying the charge density map
contrast results in a diminished charge density at the
intermediate sites among Pb, which signifies the incorporation
and alignment of the nitrogen dimer within the Pb lattice. The
state of nitrogen was additionally evaluated through a
volumetric comparison with Pb+N,. It can be postulated that
the nitrogen dimer existed in the tetragonal Pb lattice, forming
the Pb(N,),. The unit cell is assumed to be Z = 1 and the volume
is compared with that of Pb+N, using the equation of state for
lead and solid molecular nitrogen. It was determined that the
formation of PbN, via the reaction between lead and nitrogen
molecules resulted in a reasonable volume reduction of
approximately 18%. To gain insight into the details of the newly
synthesized PbN,, several model structures were proposed. In
consideration of the alignments of the nitrogen dimer, the
2x2x2 size of the initial Pb-lattice was postulated, and the total
electronic energies of these structural models were calculated,
with the experimentally determined lattice parameters held
constant (constant volume). It should be noted that N, units can
align in different directions within each Pbg tetragonal cage, a

J. Name., 2013, 00, 1-3 | 3


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ta01488c

Open Access Article. Published on 23 May 2025. Downloaded on 6/1/2025 4:26:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

Journal of-Materials.Chemistry A

B ,’h JL e LUUJJJJW;
";{F W ++«JM—M+M

15 20 25
20 (degree, 1=0.4146 A)

Intensity (count)

L

G e
TP okt

¢rl;00000

5

Fig.2 Charge density map, atomic arrangement, and refined
XRD profile of newly synthesized PbN,. (a) Charge density
map and corresponding atomic assignment of the
tetragonal cell. Large and small half-filled balls correspond
to Pb and N, respectively. (b) Atomic arrangements in the
2x2x2 extended cell of the initially obtained one. The
nitrogen dimers alternatively align in the neighbor cell
which was obtained by the energy calculation results. The
initial obtained P lattice cell and extended cell (/ lattice) are
represented with the dashed and dot-dashed lines,
respectively. (c-d) Projected atomic arrangement along the
c-axis and [110] direction, respectively. (e) LeBail
refinement based on the tetragonal symmetry having the /
lattice. The 20 regions where nitrogen diffraction peaks
appeared are excluded from the refinements. The crystal
structures are drawn with 3D visualization program

condition that is considered in our models. As illustrated in Fig.
2(b-d) and Fig. S2, the DFT computational analysis indicated
that the most energetically favorable structure involved the
alternate alignment of the nitrogen dimers within the Pb
lattice. Considering the data yielded by the experiments, the
CuAl,-type structure (/4/mcm, No. 140) was put forth as a
potential hypothesis. The unit cell of the / lattice is equivalent
to the V2a x v2a x 2c of the initially obtained P lattice unit cell
(Fig.2(b-d)). This equivalence can be confirmed by the
existence of 213 diffraction in the / lattice setting, as no peak
corresponding to this index exists in the P lattice. Upon
examination of the unrolled Debye-ring recorded on a two-
dimensional detector, weak diffraction spots corresponding to
213 of the / lattice were identified (Fig.S3). Fig.2(e) represents
the Le Bail refinement of the XRD profile based on the space
group of 14/mcm with the lattice parameters of a=4.6266(1) A
and ¢=6.1278(2) A. In this CuAl,-type phase, each Pb atom
coordinates to eight nitrogen atoms, in which a coordination
number is higher than that observed in the pyrite form of
other group-14 pernitrides. Furthermore, structural diversity
is permitted for CuAl,-type compounds, exemplifying the
considerable variation in axial length ratio contingent on the
constituent elements.®® Lead exhibits compressive
behavior,*®>7 a known property of Pb, whereby the nitrogen
dimer may align flexibly within the structure and the structure
diversity may be yielded. The present result, which is based on
modeling that has been guided by experimental insights and
DFT calculations, is in perfect agreement with the ab initio
evolutionary (EA-DFT) study that has been conducted to
investigate the potential emergence of Pb,N, compounds in
the Pb-N system up to a pressure of 100 GPa.*” Firstly, the
crystal structure prediction (CSP EA-DFT) searches identified the

4| J. Name., 2012, 00, 1-3
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GPa and at least up to 100 GPa. Secondly, PbN, crystallizes in
the CuAl,-type structure within the aforementioned pressure
range. At 50 GPa, the a- and c-lattices were calculated to be
4.588 A and 6.007 A, respectively (meta-GGA r2SCAN level of
theory), and these calculated values are in perfect agreement
with the experimental data.

The phase stability of PbN, was investigated based on the
additional high-pressure in-situ XRD measurements and Raman
spectroscopy along with the compression and decompression
process. As illustrated in Fig.3, the XRD peaks derived from the
PbN, remained intact up to 86.9 GPa under room temperature
compression. In that experiment, it is possible that the pressure
was overestimated because the pressure was determined by
the equation of state of therhenium gasket which was
uniaxially compressed. Upon decompression process at room
temperature, PbN, underwent decomposition at approximately
15 GPa. Our experiments did not yield substantial evidence for

the other metastable low-pressure phase prior to
decomposition. Furthermore, the room temperature re-
compression of the decomposed sample (AG#1) was

conducted, yet no PbN, was observed to reappear (for details,
please refer to Fig. S4). The pressure dependence of the cell
volume per formula unit and Pb-Pb distances are displayed in
Fig. 4. Additionally, the pressure-volume relation for Pb+N, is

T T T
| : New phase
* : Pb(fcc)

(b) NS#1
Compression

(a) OH#s

T T
i |V New phase 86.9 GPa
Decompression

* : Pb(hcp)

+ |
: - 82.20Pa
62.0 GPa

47.0 GPa

30.3 GPa

18.0 GPa
4

Intensity (a.u.)

20 (degree, 1 = 0.749 A) 26 (degree, 7. = 0.749 A)

Fig.3 Pressure evolution of X-ray diffraction profiles (OH#45
and NS#1) (a) The XRD profile of the sample (OH#45)
acquired during the decompression from 47 GPa. The top
profile corresponds to the sample after heating at 47 GPa.
Newly appeared peaks are marked with arrows. XRD
patterns were acquired along the decompression to
ambient pressure at room temperature. (b) The XRD profile
of the sample (NS#1) was acquired during the compression
from 54.2 GPa. The bottom profile corresponds to the laser-
heated sample. The arrows correspond to the peaks of the
newly synthesized compound as well as (a). XRD patterns
were acquired along the compression to approximately 90
GPa under room temperature. Non-marked peaks might be
derived from nitrogen and weak peaks from the rhenium
gasket are detected with the labeling of “Re” in (b). There
are still a few unidentified peaks that might represent other
new compounds, which should be investigated further.
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also shown there. The zero-pressure bulk modulus (Kg) of 65(3)
GPa and unit cell volume (Vo) of 44.7(3) A3 were preliminarily
obtained by fitting the pressure-volume data (OH#45) to the
2nd-order Birch-Murnaghan equation of state. The zero-
pressure bulk modulus is markedly lower than that of other
group-14 pernitrides3?® SiN,, GeN,, and SnN,, reflecting the
weaker Pb-N interactions. It is approximately 1.5 times that of
lead.>®>” This phenomenon is likely attributable to the
incorporation of the nitrogen dimer into the Pb lattice, resulting
in a charge transfer from Pb to N,. The experimentally observed
volume reduction is reasonably consistent with the result of the
first principles calculation (41 % from 0 GPa to 100 GPa) if the
uncertainty of the pressure determination was considered. In
addition to bulk compressibility, axial compressibility and ratio
were evaluated (see Fig.S5). It was established that PbN,
displays enhanced compressibility along the c-axis relative to
the a-axis, which leads to the decreasing of c¢/a with increasing
the pressure. This finding aligns with the incorporation of
nitrogen dimers that are alternatively aligned in the a-b plane.
Raman scattering measurements provide useful information
to assess the newly synthesized material's phase stability and
bonding nature. Fig.5(a)(b) shows the Raman spectra of the
samples (AG#2) acquired during the decompression process. As
mentioned earlier, the peaks around 200 and 2100 cm became

less intense, shifting to lower and higher wavenumbers
55 T T T T ~ O OH#45
— ¥ NS#i
© -
L 50 * AGH
3 45 e, | Ph+N2
T d Vo by EOS fitting
g 40t 2
- nd B-M EOS(OH#45)
[} )
E 31 wﬁvf\/qa% 7
K=
L i 4 4 ]
= 30 Yvy v vvy
25 L .
36 -
g 35+ . -
g 34| -0 . i
§ 331 “*oe Pb-Pb//a-axis
h L Qg o =2
5 32 e W v A 4 vy v
o 31t o -
o oe Pb-Pblic-axis
a 30F O v .
o A 4 v v
29 - ¥ v
28 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80 90
Pressure (GPa)

Fig.4 Pressure dependence of volume per formula unit and
Pb-Pb distances. The bulk modulus volume at ambient
pressure (half-filled square) was determined by fitting
pressure-volume data for OH#45 to B-M EOS. The equimolar
volume of Pb+Nj, is represented as a dashed line calculated
from the reported P-V data for Pb and N,. The Pb-Pb
distances parallel to the a- and c-axes correspond to the
lattice parameters of the tetragonal Pb-lattice, respectively.
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respectively with decreasing pressure. A lower wavenumber
peak could not be detected below 23 GP?'diiel86%tReTattirs-
edge wavenumber of the long pass filter for this sample. The
high-resolution Raman spectra were also obtained using an
argon ion laser (488 nm), which allows the detection of low
wavenumber peaks down to ambient pressure by using a
suitable long-pass filter (see Fig.S6). The nature of remaining
weak peaks is unclear but may be related to the slow
decompression rate, high crystallinity, high detector sensitivity,
etc. On the other hand, the higher wavenumber peak eventually
disappeared or merged with the N, pressure medium (see
Fig.5(b)), although it could be detected down to around 10 GPa
when the Raman spectra were measured from different
positions (see Fig.S7).

The nitrogen dimer [NN]% gives a vibrational wavenumber
depending on the g negative charge, which is reflected in the
bond order in N, dumbbells. As the bond order increases, i.e.
one in [N-N]#, two in [N=N]? and three in neutral [N=N], the
vibrational frequency increases, i.e. approximatively 900, 1300,
and 2400 cm™, respectively.”’1=7> The vibrational mode
wavenumbers associated with the [N-N]* stretching mode in
group-14 element pernitrides of SiN,, GeN,, and SnN, are
observed around 1000-1100 cm™.33 However, the Raman
wavenumber of PbN, is largely different from the other group-
14 element pernitrides. What are the Raman active modes and
spectra of the CuAl,-type PbN,? To give a response, we have
conducted a study of the Raman spectra of the ground state
14/mcm PbN, phase at 50 GPa using DFT calculations. The
simulated Raman spectra are shown in Fig.5(c)(d), and the
corresponding wavenumbers are provided in Table S2. The
pressure dependences of measured and calculated
wavenumbers are plotted in Fig.6. A factor group analysis
predicts the presence of five Raman-active modes: Eg, Eg, By,
B,g, and Agg. In the wavenumber range below 800 cm?, the
Raman spectrum of /4/mcm PbN, at 50 GPa is distinguished by

T T T T T T T 12
(a) Pl N2 — (b) v No—+ (c) "*[sacha
V263 A | 5

55.3 GPa \

536 GPa o
__A_,.._t: 2

50.6 GPa So.ur |
—_— =

47.7 GPa 04t |

430 6Pa N ] i

382 GPa — LT U

250 500 750 1000 1250 1500

viem)

28.3 GPa
233 GPa

(d) A 0GPa

Intensity (a. u.)

333GPa J.
|

19.3 GPa

15.4 GPa 5
2
129 GPa L) =t
7.94 GPa L 04 H
0GPa 02 ||

250 500 750 1000 1250 1500
vlem-1]

200 300 400 500 600 700 800 2000 2200
Wavenumber (cm™)

2400 00’

Fig.5 Pressure dependence of the measured (AG#2) and
calculated Raman spectra. Two wavenumber regions are
separately shown in (a) and (b). Newly appeared peaks are
represented with vi (i=1-4). Wavenumber regions
corresponding to the N, pressure medium are represented
with horizontal arrows. Spiky peaks at low wavenumber
regions at low pressures might be derived from the
instruments or atmospheric species. Calculated Raman
spectra of /4/mcm PbN, at 0 K (c) 50 GPa and (d) O GPa.
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Fig.6 Pressure dependence of experimentally detected
wavenumber (AG#2) together with wavenumbers of PbN,
obtained by DFT calculation. Open and solid circles
correspond to the different positions (position 1 and
position 2) on the same sample, respectively. The spectra of
position 2 are shown in Fig.S7. Open and solid triangles
correspond to the wavenumbers of nitrogen from the same
positions. The open diamond represents the wavenumbers
of PbN, obtained by DFT calculation. The data are listed in
Table S2. The Diamond-Raman band with the range of 1300-
1500 cm™ is hutched.

an intense and sharp mode at 130 cm (E;), accompanied by
lower intensity satellite modes at 543 cm™ (E;) and 609 cm™
(Blg)~

As the pressure is reduced from 50 GPa to atmospheric
pressure, the intensity of the E; mode diminishes, and its
wavenumber decreases from 130 cm™ to 49 cmL. This behavior
is in complete accordance with the experimental Raman
spectra, as illustrated in Fig. 5, 6, S6, and S7. Conversely, the
relative intensity of the B,; mode is observed to increase with a
decrease in pressure, becoming the most intense and sharp
mode at atmospheric pressure. Moreover, a slight shift of this
B,z mode is observed when the pressure increases, from 1468
cm™ to 1369 cm™ at 0 and 50 GPa, respectively. It would be
reasonable to posit that an increase in pressure would increase
wavenumbers (and a concomitant decrease in lattice volume
and bond lengths). However, the data indicate that this is not
the case for both B,z and A;; modes, where the opposite effect
is observed. In 14/mcm PbN,, the N-N bond length exhibits a
slight but sensitive increase from 1.21 A to 1.27 A as the
pressure rises from 0 to 100 GPa. This apparent anomaly in high-
pressure chemistry can be attributed to the relative positioning
of the 6s (Pb) level in relation to the antibonding NN
nt*orbitals.?” A 6s(Pb) band contribution is observed below the
t* (N,) levels at atmospheric pressure. In contrast, at 50 GPa,
the 6s(Pb) band is above the vacant m* (N,) levels. This
alteration in electronic density is an unambiguous indication of

6 | J. Name., 2012, 00, 1-3

the oxidation of Pb in the /4/mcm PbN,; as pressyre increases
(reduction when the applied external presjutrelf8ads 16024885
Furthermore, this behavior can also account for the instability
of PbN, at atmospheric pressure, given that the Pb(2%)+
oxidation state is not thermodynamically favorable. However,
the calculated B,; and A;; Raman-active bands located in the
1300-1600 cm™ region are not visible in the experimental
Raman spectra. This could be due to the essential technical
problems of the DAC and the Raman band of approximately
1300-1500 cm? region is masked by the Diamond-Raman band
(see Fig. S8).

Moreover, the experimental band observed at around 2050
cmis absent in the theoretical Raman spectra of /14/mcm PbN,
at 50 GPa. This band value is typically observed in activated N,
species with a bond order of 3 or slightly less.” This DFT study
demonstrates unequivocally that the measured high
wavenumber of 2000-2300 cm™ is not associated with the
CuAl,-type 14/mcm PbN,. To modelize the high wavenumbers
(2000-2300 cm?) obtained from the samples, the need for a
second model (or more) of the Pb-N system should be
considered in which the N, dimers undergo a minor activation
process when mixing with electropositive metals. We propose
two hypotheses in the following section.

The first one is that an increase in the N»/Pb ratio will result
in a reduction in the negative charge of each anionic N,% dimer,
thus the +2 |e| charge given by Pb would be shared by several
N, dimers, decreasing the negative charge of N,% dimer.
Fortunately, some of us recently showed that stable Pb(N,),
phases comprising several N, dumbbells per unit cell emerge on
the convex hull of the Pb-N system when the pressure
increases.*” We selected the nitrogen-rich R-3¢ Pb(N;); phase as
a model of N,-rich compounds for the investigation of its Raman
spectra. Hexagonal R-3c has nine Raman-active modes with A;,
calculated at 2175 cm™ and Eg at 2041 cm™ at 50 GPa (2154 and
2023 cm™ at 10 GPa, respectively), as illustrated in Fig. S9.
Nevertheless, the wavenumbers slightly increased up to 50 GPa.
It can thus be concluded that the N,-rich model in question, R-
3c Pb(N,);, does not provide an adequate explanation of the
experimental Raman spectra in the 2000-2300 cm™! region. To
account for the observed increase in Raman bands at lower
pressures, it is necessary, at least, to consider a decrease in the
bond order of N,, i.e. an increase in electron occupation of the
antibonding N, rt* levels.*” This phenomenon is not observed in
R-3c Pb(N;); from 100 to 0 GPa, as in other high-pressure stable
Pb(N,), in Fig. S10, which depicts the evolution of N-N
interatomic distances upon pressure.

The other hypothesis, among others, is in which N, dimers
are adsorbed on the crystallite surfaces of the samples.
However, the DFT modeling of such PbN, surfaces and N,
adsorption is beyond the scope of the present study. Further
advanced study would find reasonable solutions for this issue,
including ones other than mentioned above.

The present XRD, Raman measurements, and bonding
analysis indicate a weak interaction between the Pb lattice and
the nitrogen dimers at low pressure as evidenced by the
decomposition of PbN, into Pb and nitrogen molecules upon
decompression. The recovered sample was characterized by

This journal is © The Royal Society of Chemistry 20xx
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scanning electron microscopy equipped with energy-dispersive
spectroscopy (see Fig.S11). The surface texture of the heated
area was different from that of the unheated one and no
nitrogen was detected anywhere. It is noteworthy that the CSP
EA-DFT study indicated the ambient pressure recoverability of
PbN,, Pb(N,)s, and Pb(cyclo-Ns), based on the phonon mode
analysis and ab initio molecular dynamic simulations at
atmospheric conditions compounds.#’ It is important to note
that experimental metastability is dependent on several factors,
including decompression speed, crystallinity, and other
variables. Therefore, further rigorous experimentation with
comprehensive analysis is essential to gain a deeper
understanding of the Pb-N binary phase diagram under
pressure.

To date, the CuAl,-type structure was found for TiN, and VN,
compounds, which can be synthesized at pressure exceeding 70
GPa.131° The coordination number of cations in the CuAl,-type
structure is eight, which is greater than that of the six in the
pyrite-type structure, as shown in Fig.S12. Considering the high-
pressure phase transition analogy,3>~° this result suggests that
a phase transition from pyrite-type to CuAl,-one may occur with
increasing pressure. However, FeS,, a prototype of the pyrite
structure, was revealed to be stable up to 80 GPa and 2400 K.7®
For the high-pressure experiments on the intermetallic
compound CrSb,, the CuAl,-type CrSb, was synthesized above
5.5 GPa and 600°C, and the boundary between the low pressure
phase of marcasite-type, which have a similar crystallographic
aspect to pyrite-type, and high pressure phase with CuAl,-type,
was established.”” These experimental results indicate that
pyrite-type structure is stable under wide pressure and
temperature, and it seems difficult to find the compounds that
transform directly from pyrite- to CuAl,-type structure,
probably due to large rearrangement of atomic coordination
including the increscent of coordination number of cations
through the transition. Even in the case of pernitrides, the
recent advanced high-pressure study revealed that pyrite-type
SiN, does not undergo a phase transition to a denser phase up
to 140 GPa.3* As previously outlined, lead is a compressive
element,>%>” and the influence of pressure on the chemical
bonding may be amplified, resulting in the synthesis of PbN,,
distinct from the pyrite-type group-14 pernitrides. Theoretical
calculations have also indicated the potential for forming
several new Pb(N,), phases, contingent on the pressure.*’” The
recent findings from both experiments and calculations have
significantly advanced our understanding of the high-pressure
crystal chemistry of group-14 pernitrides. However, there are
still some unclear issues, indicating a need for further advanced
experimental and theoretical approaches to gain a deeper
understanding of pernitrides material science.

Conclusions

The chemistry of the lead-nitrogen binary system was
investigated under high pressure using a laser-heated diamond-
anvil cell combined with synchrotron XRD measurements,
Raman spectroscopy, and DFT modeling. A novel compound,
PbN,, was successfully synthesized above 50 GPa, and

This journal is © The Royal Society of Chemistry 20xx
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crystallized in a tetragonal system having Pb atom hopded.te.8N
atoms and encapsulated anionic N, dim&fsl'iH) PbiLagelBdth
experimental and DFT calculations analysis led to the CuAl,-type
crystal of PbN, at 50 GPa. This differs from the pyrite-form other
group-14 pernitrides (SiN,, GeN,, and SnN,) that have been
synthesized to date. This compound was found to remain stable
up to 90 GPa at room temperature, however, it was unable to
be recovered into ambient conditions. The presence of a Raman
band at around 2000-2200 cm™ remains unexplained and
requires further experimental and theoretical investigation. The
newly synthesized PbN, offers new insight into the high-
pressure crystal chemistry of nitrogen rich compounds in terms
of the interaction between nitrogen dimer and host-lattice.
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