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Abstract: Developing a synthetic method to target an broad
spectrum of unknown phases can lead to fascinating discov-
eries. The preparation of the first rare-earth-metal nitridophos-
phate LiNdP4N8 is reported. High-pressure solid-state meta-
thesis between LiPN2 and NdF3 was employed to yield a highly
crystalline product. The in situ formed LiF is believed to act
both as the thermodynamic driving force and as a flux to aiding
single-crystal formation in dimensions suitable for crystal
structure analysis. Magnetic properties stemming from Nd3+

ions were measured by SQUID magnetometry. LiNdP4N8

serves as a model system for the exploration of rare-earth-
metal nitridophosphates that may even be expanded to
transition metals. High-pressure metathesis enables the system-
atic study of these uncharted regions of nitride-based materials
with unprecedented properties.

Nitridophosphates are believed to be one of the largest
uncharted compound classes despite their proven structural
versatility, which rivals even that of silicates, and their
intriguing properties. Owing to their framework structure of
PN4 tetrahedra, nitridophosphates are closely related to
silicates but they offer a broader structural diversity because
of the possibility of triply bridging N[3] atoms.[1–4] To date,
nitridophosphates of the first and second main groups have
been thoroughly investigated. However, the number of
hitherto discovered compounds (23 ternary ones, 15 structure
types) is small when compared to the vast number of known
silicate minerals,[5] but simultaneously highlights the potential
for explorative chemistry. This general approach has been key
to the discovery of high-performance materials, as demon-
strated by the cuprate family of high Tc superconductors or
the recent upsurge in perovskite-type solar cells.[6–8] More-
over, data-mining techniques have revealed that materials
within the same structural family exhibit similar perform-
ances.[9] Hence the exploration of new materials families like
nitridophosphates with transition or rare earth metals is
anticipated to lead to the discovery of intriguing materials.

Nitridophosphate research has already produced func-
tional materials like the clathrate P4N4(NH)4(NH3), which is
an open-framework structure hosting trapped ammonia
molecules.[10] This clathrate has been discussed as a possible
gas-storage material.[11] Furthermore, the zeolitic

Ba3P5N10Br:Eu2+ is a promising luminescent material for
solid-state lighting that emits natural white light.[12]

However, the accessibility of nitridophosphates through
conventional solid-state synthesis is limited by the thermal
stability of common starting materials like P3N5, which tend to
decompose below the crystallization temperature of the
targeted phases. High-pressure synthesis using the multianvil
technique has promoted the exploration of alkaline earth
nitridophosphates like MP2N4 (M = Be, Ca, Sr, Ba) and high-
pressure polymorphs of the silica analogous PON.[13–17]

However, the structural elucidation can be laborious owing
to microcrystalline products that require elaborate powder
diffraction and electron microscopy methods for structure
determination.[14,16]

Synthetic success with alkali-metal and alkaline-earth-
metal nitridophosphates could not yet be expanded to
trivalent rare earth metals. In order to tackle the aforemen-
tioned problems, we tailored a new synthetic pathway by
means of high-pressure metathesis and targeted rare-earth-
metal nitridophosphates as a model system. Owing to their
f electrons, such lanthanide materials offer more versatile
properties, such as magnetism, than the already known
nitridophosphates. We found that solid-state metathesis
(SSM) is crucial for the preparation of rare-earth-metal
nitridophosphates since it is imperative for phase formation
and greatly aids crystal growth. SSM is an exchange reaction
that capitalizes on the formation energy of a stable byproduct
to generate the driving force for powering a less favored
reaction. For example, rare-earth-metal nitridoborates, car-
bodiimides, and tetracyanoborates, as well as the functional
materials GaN and Si3N4, are accessible by SSM.[18–20]

Herein, we report on the preparation of the first
nitridophosphate with a trivalent cation, namely LiNdP4N8,
by high-pressure metathesis. Stoichiometric amounts of NdF3

and LiPN2 were reacted at 5 GPa and approximately 1300 88C
to yield LiNdP4N8 and LiF as described by the following
equation [Eq. (1)].

NdF3 þ 4 LiPN2 ! LiNdP4N8 þ 3 LiF ð1Þ

The reaction conditions were achieved through a 1000 t
hydraulic press combined with a modified Walker-Type
multianvil module.[21a–e] A colorless transparent product
containing single crystals with a diameter of up to 100 mm
was obtained after dissolving the byproduct LiF in H2O
(Figure S10 in the Supporting Information). The growth of
such large crystals under high pressure can be attributed to
in situ formed LiF, which is molten under these reaction
conditions and can act as a flux.[22] The achievable crystal size
easily exceeds the efficiency of the extrinsic mineralizer
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NH4Cl, which was applied in the syntheses of b-HPN2, b-
P4N6(NH), and g-P4N6(NH).[23–25]

The elemental composition, as determined by energy
dispersive X-ray spectroscopy (EDX), is in good agreement
with the theoretical atomic ratio of Nd/P/N = 1:4:8. Details of
the EDX analysis can be found in Table S7 of the Supporting
Information.

The crystal structure of LiNdP4N8 was solved in the
orthorhombic space group Pnma (no. 62) from single-crystal
X-ray diffraction data.[26] LiNdP4N8 crystallizes in a variant of
the pseudo-orthorhombic structure of the mineral paracelsian
(BaAl2Si2O8, space group P21/a).[27] Additional information
that rules out a monoclinic crustal system in LiNdP4N8 can be
found in the Supporting Information. In order to quantify the
similarity between paracelsian in an orthorhombic crystal
system and LiNdP4N8, the two structures were compared by
using the COMPSTRU tool of the Bilbao Crystallographic
Server.[28] The mean shift of atomic positions is only 0.11 è.
The resulting measure of similarity D[29] of 0.073 emphasizes
the close relation between the two structures.

The established structural model was confirmed by
Rietveld refinement on X-ray powder diffraction data (Fig-
ure S2), which also indicates that LiNdP4N8 was prepared as
a phase-pure compound. Further high-temperature powder
diffraction experiments (Figure S5) reveal phase stability of at
least 1000 88C in air, thus suggesting that LiNdP4N8 is not
a high-pressure phase.

The structure of LiNdP4N8 consists of a network of all-side
vertex-sharing PN4 tetrahedra (Figure 1), which is best
described as interconnected double crankshaft chains (Fig-
ure S4) running along [010]. These chains consist of stacked
vierer rings (as defined by Liebau[5]) connected to adjacent
layers by two up- and two down-pointing tetrahedra.[5] Li+

and Nd3+ ions occupy the 4- and 8-ring channels running along
b (Figure 1), with the 8-ring channels created by intercon-
nection of the crankshaft chains. The framework topology is
the same as in paracelsian and is characterized by the point
symbol {42.63.8}, as calculated with TOPOS.[30, 31] Because of
the loop-branched double crankshaft chains, the paracelsian
framework can be described by the Liebau classification
LiNd{lb13

1}[P4N8].[5]

The 7-fold coordination sphere of Nd (Figure 2) is an
augmented triangular prism with Nd–N distances of between

2.49 and 2.59 è, which is in good agreement with the Nd–N
distances in NdN (d(Nd–N) = 2.58 è).[32] Li is coordinated in
a slightly distorted square pyramid with Li–N distances
ranging from 1.96 to 2.17 è. This Li coordination polyhedron
is unprecedented for nitrogen-containing framework struc-
tures and is only known within the complex structure of
Li3Ni4[NH2]11[NH3].[33]

The FTIR spectrum of LiNdP4N8 (Figure S6) reveals
characteristic P¢N framework vibrations between 600–
1500 cm¢1. The absence of N¢H valence vibrations indicates
that no N¢H groups are contained in the sample.

Owing to the three unpaired electrons of Nd3+ (electron
configuration [Xe]4f3), SQUID magnetometry was employed
to examine the magnetic properties of LiNdP4N8. The
susceptibility data obtained at a constant magnetic field of
20 kOe follows the expected trend for paramagnetic sub-
stances in the range of 300 to 1.8 K (Figure 3). To calculate the

Figure 1. Projection of the LiNdP4N8 crystal structure along [010]. The
unit cell is highlighted by black lines and the atoms are displayed with
anisotropic displacement parameters set at 90% probability.

Figure 2. Coordination polyhedra around Nd, Li, P1, and P2. The
thermal ellipsoids are set to 90% probability.

Figure 3. Susceptibility measurement carried out at 20 kOe. The data
are displayed as cmol versus T (black circles) and cmol

¢1 versus T (gray
circles). A linear regression (black line) was fit to the cmol

¢1 versus T
data with the formula y =0.5494(4) + 2.20(8).
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effective magnetic moment meff with the Curie–Weiß law,
a linear regression was fitted to the inverse molar suscepti-
bility cmol

¢1 in the range of 300 to 50 K. The experimental meff

value of 3.815 mB is in good agreement with the theoretical
value of 3.618 mB calculated from HundÏs laws.[34] The Curie
temperature V was determined to be ¢4 K, which is close to
the theoretical value of 0 K. The deviations may stem from
additional magnetic contributions caused by the amorphous
phase visible in the powder pattern (Figure S2). Additionally,
no magnetic ordering effects were observed in experiments
with lower magnetic field strengths (Figure S7). LiNdP4N8 is
thus the first confirmed paramagnetic nitridophosphate.

As mentioned above, we studied LiNdP4N8 as a model
system to fathom the applicability of high-pressure metathesis
in the development of new material families, in this case the
rare-earth-metal nitridophosphates. We were able to demon-
strate that this preparation method is capable of effortlessly
producing a magnetic nitridophosphate with a trivalent
cation. The synthetic complexity was deliberately kept
minimalistic by the use of only two reactants, one of them
commercially available, to emphasize the simplicity of this
approach. However, the synthesis route can also be highly
adaptive when the starting materials are carefully chosen.
While the use of metal halides seems mandatory, the alkali-
metal-containing compounds can be exchanged. For example,
the degree of condensation of the PN4 tetrahedral framework
can be tuned by adding Li3N as a reactant, which could result
in compounds with the sum formula LiLn2PN4 that contain
isolated PN4 tetrahedra. Combined with the ability of high-
pressure metathesis to grow single crystals, as demonstrated
with LiNdP4N8, this flexibility enables rapid screening of
a vast composition space. Fast structural elucidation is
especially desired when searching for useful properties like
body color, luminescence, or magnetism.

With the focus on exploring materials for general
applications, it is advantageous to use compounds consisting
of economical elements, such as transition metals.[9] Our high-
pressure metathesis route is currently being expanded to
metals such as iron, through which we hope to establish
a gateway system to transition-metal nitridophosphates.
Moreover, the idea of high-pressure metathesis can also be
transferred to the structurally related family of nitridosili-
cates, since starting materials in the form of Li2SiN2 are
readily available.[35] Transition-metal nitridosilicates are also
a little explored substance class and may offer similar features
to transition-metal nitridophosphates.

In conclusion, we prepared the first rare-earth-metal
nitridophosphate LiNdP4N8 through high-pressure metathe-
sis. The compound crystallizes in an undistorted orthorhom-
bic variant of the paracelsian structure type, which is related
to the feldspar type. By conducting a metathesis reaction, we
were able to grow large single crystals at high pressure owing
to the in situ formed mineralizer LiF. The growth of crystals
suitable for X-ray crystallography greatly accelerates struc-
ture analysis. These results could form the basis for the
discovery of a substantial number of interesting rare-earth-
and transition-metal nitridophosphates, thereby stimulating
progress in this exciting branch of chemistry.
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