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Abstract: The first nitridic analog of an amphibole
mineral, the quaternary nitridosilicate phosphate
Crs,Si, 3PgN,, was synthesized under high-pressure high-
temperature conditions at 1400°C and 12 GPa from the
binary nitrides Cr,N, Si;N, and P;Ns, using NH,N; and
NH,F as additional nitrogen source and mineralizing
agent, respectively. The crystal structure was elucidated
by single-crystal X-ray diffraction with microfocused
synchrotron radiation (C2/m, a=9.6002(19), b=
17.107(3), c=4.8530(10) A, f=109.65(3)°). The elemen-
tal composition was analyzed by energy dispersive X-ray
spectroscopy. The structure consists of vertex-sharing
PN,-tetrahedra forming zweier double chains and edge-
sharing (Si,Cr)-centered octahedra forming separated
ribbons. Atomic resolution scanning transmission elec-
tron microscopy shows ordered Si and Cr sites next to a
disordered Si/Cr site. Optical spectroscopy indicates a
band gap of 2.1 eV. Susceptibility measurements show
paramagnetic behavior and support the oxidation state
Cr ™", which is confirmed by EPR. The comprehensive
analysis expands the field of Cr—N chemistry and
provides access to a nitride analog of one of the most
prevalent silicate structures. )

Silicates are known for their extensive structural diversity
that ranges from individual SiO4-tetrahedra, over chains and
sheets to complex network structures. The abundance of Si
and O in terms of total mass is the reason why the group of
silicates constitutes the majority of the earth’s crust but
beyond that, the reason why silicates are the mineral group

with the most known number of phases is the adaptability of
SiO,-tetrahedra to form various condensation patters.'! The
family of silicates includes amphibole minerals, whose name,
first given by René J. Hatly in 1801, aims for their diversity
in composition and appearance. Like all silicate minerals,
the basic building blocks are silicate tetrahedra, which here
are condensed into [Si,0;]°" double chains. Their micro-
scopic and macroscopic properties originate from the atomic
arrangement often resulting in a fiber-like structure. The
main characteristic properties of these fibers are chemical
inertia and thermal, electrical and sound insulation, leading
to several industrial products that include insulation materi-
als for construction, as well as brake linings and pads.
Throughout most of the 20" century, amphiboles were
commonly used worldwide as a building material and
manufactured into approximately 3,000 products by the
1960s and the estimated consumption still stood at roughly
2-10° tons in 2010.”!

Nitridophosphates have attracted significant interest due
to the isoelectronic relation of Si/O and P/N. Nitridophos-
phate structures are often related to those of silicates
resulting in similar motifs, primarily based on PN,-tetrahe-
dra. The close relation between silicates and nitridophos-
phates becomes most evident in structures that do not only
contain the same motifs but feature the same topology. The
recently discovered mica and paracelsian counterparts
AESi;P,N,((NH), (AE=Mg, Ca, Sr) and LiNdP,Ng, respec-
tively, represent such close analogs.”# Reactions under
high-pressure high-temperature (HP/HT) conditions made
their discovery possible, however, the synthesis of nitrido-
phosphates has to overcome some challenges. Their for-
mation is unfavorable in the presence of oxygen due to the
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preferred formation of oxides. A key precursor for most
nitridophosphate syntheses is P;Ns, which has a decomposi-
tion temperature of 850°C. Yet, many easily accessible
binary nitrides are inert up to higher temperatures. Further
complications include the reduction of P'V to lower
oxidation states and the favored formation of stable metal
phosphides. This becomes especially prominent in the syn-
thesis of transition metal (7M) nitridophosphates with
higher oxidation states of the TM. A HP/HT approach has
successfully addressed these challenges. Furthermore, the
utilization of mineralizers has made compound classes
accessible that were previously unattainable even by HP/HT
conditions. NH,F-mediated synthesis may exploit the fluo-
rophily of Si as known from industrial processes of etching
with HF. This strategy, performed at pressures in the GPa
range and temperatures exceeding 1000 °C provides thermal
energy for reactions of P;N5 with Si;N, or stable refractory
TM nitrides. This synthetic pathway not only yielded the
above mentioned mica analogs but resulted in the formation
of mixed  nitridosilicate  phosphates and TM
nitridophosphates.*>¢!

Herein, we report on Crs;Si,3PgN,,, the first amphibole-
type nitridophosphate. Following the mineralizer-assisted
HP/HT approach, the title compound is accessible at 12 GPa
and 1400°C starting from the respective binary nitrides
Cr,N, Si;N, and P;Ns with NH,F added as a mineralizing
agent and NH,N; employed as an additional nitrogen source.
The synthesis, described by equation (1), involves the
oxidation of chromium and the reduction of nitrogen. A
modified Walker-type multianvil module was used, and
further details on the synthesis are given in the Supporting
Information.

2.85 Cr,N + 2.67 P;N; + 0.77 Si;N, + 1.8 NH,N; —

Crs;Si,3PgNy, + 2.4 NH; @)

The reaction yields a red-brown microcrystalline powder,
which is stable toward air and moisture at ambient
conditions. Crystallites exhibit an intergrown fiber-like
morphology with a length of up to at least 7 um and a width
of up to 2 um that makes single-crystal analysis challenging
(Figure 1, left). Pre-characterization of crystallites by trans-
mission electron microscopy (TEM) made it possible to
obtain single-crystal data. Crystals of around 2 to 3 um in
size (Figure 1, right) were identified on TEM grids by energy
dispersive X-ray (EDX) spectroscopy and selected area

2000 nm 1000 nm
1000 nm

Figure 1. Exemplary TEM bright-field images of crystallites of
Crs;Si; 3PN, (left), crystallite used for data collection at beamline ID11
with microfocused synchrotron beam (right).
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electron diffraction (SAED). The precise position was
recorded (Figure S1), and single-crystal X-ray diffraction
(SCXRD) data were collected using a microfocused syn-
chrotron beam at beamline ID11 of the ESRF (Grenoble,
France). The crystal structure of Crs,Si,sPsN,, was solved
and refined in the monoclinic space group C2/m (no. 12, a=
9.6002(19), b=17.107(3), c=4.8530(10) A, p=109.65(3)°,
Z=2, R, = 0.0255; more details can be found in the
Supporting Information). A tilt series of SAED patterns
matches simulations and thus confirms the unit cell metrics
in space group C2/m (Figure S2). Based on the structure
model from SCXRD, the product was identified as the main
constituent by Rietveld refinement (Figure S3) on powder
data. High-temperature powder XRD data of Crs,Si,;PsNy,
demonstrate stability up to at least 900°C in air and show a
minor thermal expansion up until 900°C of <8% (Fig-
ure S4). The elemental composition was analyzed by scan-
ning (transmission) electron microscopy (SEM/STEM)
EDX; the results fit well with respect to the atomic ratio of
Cr:Si:P of 2.85:1:4 (Table S6). EDX measurements and a
FTIR spectrum (Figure S5) indicate a minor amount of
oxygen in the compound and a slight sensitivity to moisture
or minor compositional variations cannot be ruled out.

Crystal structures of amphiboles can adopt monoclinic
(clinoamphiboles) or orthorhombic (orthoamphiboles)
structures with clinoamphiboles in the space group C2/m
exhibiting the widest range of compositions and cell
dimensions. Crs;Si,;PgN,, adopts C2/m and shows a pro-
nounced structural distortion with the largest f (109.65(3)°)
reported for any clinoamphibole. The structure consists of a
rigid framework with two principal elements—zweier (as
defined by Liebau!'") double chains of vertex-sharing PN,-
tetrahedra and ribbons of edge-sharing octahedra. A unit
cell with partially denoted atom sites is displayed in Fig-
ure 2a.

The unbranched zweier double chains ([P,N;;]"") con-
tain two crystallographically distinct tetrahedra centers, that
alternate along the double chain. Both are occupied by P.
Interatomic P—N distances range from 1.6026(11) to 1.6574
(11) A and are comparable to those in compounds like
TiP,Ng (1.5758(15)-1.645(3) A), ScsP,N»;05 (1.5720(10)-
1.6434(10) A) and AIP,O,(NH); , N, with x~0.33
(1.602(3)-1.6585(15) A).57* The structure contains five
crystallographically independent octahedrally coordinated
sites. Four out of the five form ribbons that extend along c.
Figure 2b shows the ribbons and their offset to each other
by half a unit cell along both a and b. Cr5 is isolated from
other octahedra and only shares vertices with tetrahedra.
This site is commonly vacant or occupied by large, low-in-
charge alkali metals and often shows a high degree of
positional disorder. All coordination polyhedra are illus-
trated in Figure S6. In naturally occurring amphiboles, these
octahedral sites are traditionally classified as cation positions
A, B, and C with the defined crystallographic sites M(1),
M(2), M(3) [C], M(4) [B] and A [A]. Different atoms with
varying sizes and charges occupy these cation positions.
However, in Crs,Si,;PgN,,, the occupation by Cr*" and
Si*t™ (55 and 40 pm ionic radius, CN =6, respectively) does
not follow this concept of separation.”’) Refinement of Si and

© 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



Figure 2. a) The crystal structure of Cr; ;Si, ;PsN,, consists of a three-
dimensional rigid framework with zweier double chains of vertex-
sharing PN,-tetrahedra and ribbons of edge-sharing CrN,- (light blue),
(Cro3Sios)Ng- (light green) and SiNg- (dark green) octahedra. The
octahedral Cr5 (light blue) site is isolated from other octahedra.
Polyhedra are partially denoted. The unit cell is outlined in red; b)
Ribbons of edge-sharing octahedra are displayed in four unit cells that
shows their offset from each other by half a unit cell along both a and
b. Isolated Cr5N¢-octahedra are positioned in between.

Cr positional parameters resulted in a structure model with
one occupationally disordered site of 0.7:0.3 of Si*"V and
Cr*' (Sil/Cr1). This could be affirmed by comparison of
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bond lengths and octahedra volumes as the disordered
position displays only a slight deviation of 2% from the
expected values of a 0.7:0.3 Si:Cr mixed occupancy
(Table S7). STEM high-angle annular dark field (HAADF)
images with a Z contrast proportional to Z? (Z¢, =24, Zg=
14) show different cation-site occupations fitting to fully
occupied Cr, fully occupied Si and an occupational disorder
on Sil/Crl on the expected positions (Figure 3 left)."” The
Cr5 site exhibits a lower site symmetry (2/m) compared to
other Cr sites (2) and therefore a halved absolute intensity
compared to the position Cr2.

The tetrahedra double chain in Crs,Si,;PgN,, has a
smaller repeat distance (4.85510(11) A) compared to natu-
rally occurring amphiboles like a-grunerite
(Fes,sMg, 67Cay 5SisO0rn(OH),, 5.3382(9) A).'Y The presence
of P in the tetrahedral position, replacing Si (ionic radius:
P=17 pm, Si=26 pm), contributes to the reduction in
tetrahedra size and the double-chain repeat distance.”’ The
reverse effect is observed whenever Al (ionic radius 39 pm)
occupies tetrahedral sites.’”'? The kinking angle N5-N6-N5
serves as a parameter to quantify the structural distortion.
Cr;,Si, 3PgN,, exhibits a kinking angle of 127.78(7)°, surpass-
ing the high-pressure polymorph of grunerite (137.5(4)°, v-
phase C2/m, 22 GPa), which had the lowest reported kinking
angle so far found in an amphibole, indicating significant
structural distortion of the double chain (Figure S7)."”

Partial values of the Madelung part of lattice energy
were compared with literature values to review the electro-
static plausibility of the structure model and provided a
sufficient level of agreement (Table S8). Bond valence sums
(BVS) show a notable deviation for the Cr5 site, a
phenomenon that can also be observed in other amphiboles
for the respective site (Table S8-S9). This is most likely due
to the disorder on this position, which leads to pronounced
bond length variations. BVS calculations support the assign-
ment of Si und P to octahedral and tetrahedral sites,
respectively. Since a definite assignment of Si and P from X-

STEM EDX net
intensity / a.u.

)j
, O, =z
{ 2
: 3
o
(9]
o
% E
2
=
3
®
o o C
Si/P
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Figure 3. STEM-HAADF image (middle) of Crs ;Si,3PsN,, along [112] with structure overlay: Cr light blue, Si dark green, Si/Cr disorder light green, P
dark blue. Intensity profiles (left) demonstrate the difference in intensity corresponding to different occupancies of atom columns by Cr, Si/Cr and

Si atoms. Isolated Cr5 site exhibits a lower site symmetry (2/m) compared to other Cr sites (2) and therefore a lower absolute intensity. STEM-EDX
map as overlay (right) shows separated intensity maxima for the EDX signal of P (blue) and Si (green). Unit cell is shown in light gray. An enlarged

version of the STEM-HAADF image is given in Figure S8.
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ray data is not possible given the similar X-ray scattering
form factors, STEM-EDX mapping was performed. An
overlay with an HAADF image (Figure 3, right) suggests
ordering of Si and P that leads to the conclusion that the
title compound consists of PN,-tetrahedra and SiNg-octahe-
dra. In nitrides, the high-pressure motif of sixfold N-
coordinated Si has so far only been observed in cubic y-
Si;N,, and the two nitride imides SiP,N,(NH) and
AESi;P,N,((NH), (AE=Mg, Ca, Sr).}"*"14l

Magnetic measurements of 3d transition metals are
sensitive to oxidation states. Especially in compounds with a
metallic character, e.g., compounds with an antiperovskite
structure type and the general formula Cr;MN, an assign-
ment of oxidation states is not easily possible.">"® Many
structures feature Cr*™, such as CrN and (Cr,M)N solid
solutions, as well as nitridochromates like AF;CrN;.[*%! So
far, the number of known nitridic compounds with
chromium(+1IV) is very limited and examples include the
electride Sr;CrN;:e™ and LiSr,[CrN;].?**! Oxidation states
higher than +1V range up to the maximum of 4 VL A
comprehensive list providing an overview of known binary,
ternary and quaternary chromium nitrides and nitridochro-
mates can be found in Table S10. The magnetic suscepti-
bility was measured between 1.9 and 300 K at a constant
field of 3 T (Figure 4a). The open-shell configuration of
Cr*" with two unpaired electrons (d* electron configura-
tion [Ar]3d%4s") is responsible for the magnetic properties
of Crs;Si,;PgN,,. Results show paramagnetic behavior down
to low temperatures with an effective magnetic moment of
Uer=2.473(2) ug per formula unit obtained from a Curie—
Weiss fit of the inverse molar susceptibility (inset in
Figure 4a). This is in agreement with comparable literature
data and the theoretical value of p.=2.83pz for an
electronic ground state *T, in a d” system following the spin-
only formula.’? Magnetization isotherm and zero-field-
cooled/field-cooled magnetization data indicate minor im-
purities by an unknown ferromagnetic and diamagnetic
substance (Figures S10-S11), which are highly unlikely to be
CrP, as CrP also exhibits Pauli paramagnetism.” The
electron paramagnetic resonance (EPR) spectrum has a
sharp central feature with a turning point at about 35 mT
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without significant secondary side features (Figure 4b).
Simulations for Cr ™™ and Cr*" for all four Cr positions are
calculated, and Cr*" shows by far the best-fitting results.
The simulation for Cr™™ and further information are given
in Figure S12 and Table S11. The magnetic measurements
support the conclusion that exclusively Cr*" is present in
the title compound.

The optical band gap of Crs;Si,3PgN,, can be approxi-
mated from the valence to conduction band transition visible
in the UV/Vis-spectrum by converting reflectance spectra to
the Kubelka—Munk function and calculating a Tauc plot
(Figures 4c, S13). The estimated direct band gap of 2.1 eV
indicates that CrsSi,3PgN,, is a semiconducting material.
Nitride semiconductors with layered structures such as
delafossite-type CuNbN, and CuTaN, feature a strong
optical absorption onset at 1.4-1.5eV.P*! Other nitride
semiconductors with band gaps in a similar region are
ZnSnN, (1-2 eV) with a strong dependence on the degree of
cation disorder, Ta;N;5 (1.8-1.9 ¢V) and InN thin films (1.5
2.5eV).B

Summing up, we present the first nitridic analog of an
amphibole mineral. Crs,Si,;PsN,, was obtained by a NH,F-
mediated HP/HT synthesis. Separated Si and P sites, as well
as a disordered Si:Cr site could be validated by STEM-
HAADF analysis. The oxidation state of Cr is +IV and
even though Cr*™O, has been a key magnetic storage
material dominating data storage in high-performance audio
tapes for years, Cr™" has only been scarcely observed in
nitrides prior to this work. The chemical diversity of
amphiboles becomes evident by the array of used prefixes,
different sized cation positions and frequent anion substitu-
tion. We expect that further research on complete and
partial substitution of the cation positions by other transition
metal and alkali metal ions can provide access to stable
nitrides with interesting physical properties like suitable
band gaps for semiconductor applications and ion conductiv-
ity. This seems close as chromium containing nitrides and
transition metal nitrides in general are already being
investigated as co-catalyst for photocatalytic hydrogen
production or as materials for novel energy harvesting and
Fe-rich amphiboles exhibit electric conductivity.***! Fur-
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b Curie-Weiss fit
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;E = Par=24732)pg | = z
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Figure 4. a) Magnetic susceptibility of Crs;Si,3PsN,4 and inverse magnetic susceptibility (inset) with an extended Curie-Weiss fit (red); b) CW X-
band EPR spectrum of Crs ;Si,;PgN,, measured at 77 K (black) and simulation (red), using the parameters listed in Table S11; c) Tauc plot based on
the UV/Vis measurement with an energy axis intercept at 2.1 eV. Absorption data suggest a direct band gap, and linear regression between 2.7 and
3.3 eV was used to determine inflection point yielding the band gap.
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ther, the influence of mixed anionic frameworks on the
electronic structure and properties like electric conductivity
and catalytic behavior can be investigated as replacing the
hydroxyl groupwith F, O, or Cl can already be observed in
natural amphiboles.

Supporting Information

Deposition number 2324313 contains the supplementary
crystallographic data for this paper. These data are provided
free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access
Structures service.

The data that support the findings of this study are
available in the Supporting Information of this article. The
authors have cited additional references within the Support-
ing Information.**
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