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Combining MN; Octahedra and PN; Trigonal Bipyramids in the
Mica-like Nitridophosphates MP,N,; (M = Al, In)
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and Wolfgang Schnick*

Abstract: Layered silicates are a very versatile class of
materials with high importance to humanity. The new
nitridophosphates  MPgN;; (M=Al, In), synthesized
from MCl;, P;Ns and NH,N; in a high-pressure high-
temperature reaction at 1100°C and 8 GPa, show a
mica-like layer setup and feature rare nitrogen coordina-
tion motifs. The crystal structure of AIP(N;; was
elucidated from synchrotron single-crystal diffraction
data (space group Cm (no. 8), a=4.9354(10), b=8.1608
(16), ¢=9.0401(18) A, f=98.63(3)°), enabling Rietveld
refinement of isotypic InP¢N,;. It is built up from layers
of PN, tetrahedra, PNy trigonal bipyramids and MNjy
octahedra. PNj trigonal bipyramids have been reported
only once and MNg octahedra are sparsely found in the
literature. AlP¢N,; was further characterized by energy-
dispersive X-ray (EDX), IR and NMR spectroscopy.
Despite the vast amount of known layered silicates,
there is no isostructural compound to MP¢N; as yet. )

N aturally abundant (oxo)silicates dominate the solid earth
crust with a volume fraction of more than 90 %.[" Despite
the limited number of primary building units of the Si/O-
networks, predominantly SiO, tetrahedra, this class features
an immense structural diversity. This includes isolated
tetrahedra or small groups thereof, ribbons, layers and 3D-
frameworks. Layered silicate structures often consist of
stacked SiO, tetrahedral (T) and MOg (M = Al, Mg, Fe, ...)
octahedral (O) layers and various cations between oxide
layers. Layer stacking between cations usually occurs in two
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ways: T-O or T-O-T, the latter being typical for micas, a
subgroup of layered silicates. Combining these possibilities
leads to a large structural variety and a similarly broad field
of application, such as ceramics, building materials,
(photo)catalysis, adsorbents, feed additives or biomedical
applications.” ! Furthermore, clay minerals have even been
discussed to play an important role in the origin of life.l""!?
The structural limitation of oxygen, usually connecting only
up to two tetrahedral centers, is overcome when O is
formally replaced by N and Si by P, leading to the class of
nitridophosphates. Due to the isoelectronic combination Si/
O and P/N, both form similar structural clements, however,
with one key difference: In nitridophosphates, N has the
possibility to regularly connect up to three tetrahedral P
centers, enabling an even larger structural diversity.'®! Occa-
sionally, even edge-sharing PN, tetrahedra have been
reported (e.g. in a-P;Ns, a-HP,N; or P,ONy). In contrast,
edge-sharing SiO, tetrahedra have only claimed once,
namely for fibrous silica.'*'"! This suggests a plethora of
layered silicate minerals isostructural with or closely related
to nitridophosphates. However, so far only one such
example is known, namely AESi;P,N,((NH), (AE=Mg, Ca,
Sr).®

Nitridophosphates are versatile materials, ranging from
semiconductors or luminescent materials (when doped with
Eu’") to flame-retardants, safety materials in pyrotechnics,
ion conductors or gas storage materials.!'*?*! Extending their
crystal chemistry in analogy to the manifold structural
possibilities of layered silicates, their field of application
would widely increase.

In contrast to naturally abundant (oxo)silicates, nitrido-
phosphates are a purely synthetic class of materials. One
reason for this is their susceptibility to irreversible thermal
decomposition, releasing molecular nitrogen. For their
formation, however, often temperatures way above the point
of decomposition are necessary. Following Le Chatelier’s
principle, applying pressure prevents the formation of N,
and allows high-temperature syntheses to be carried out.
Typically, high pressure also affects coordination numbers,
increasing the usual fourfold coordination in PN, tetrahedra.
Thereby, PNs-pyramids, either square-based in y-P;Nj, or
trigonal-bipyramidal in y-HP,N; were observed and even
PNg-octahedra in B-BP;Ng could be enforced recently by
applying a pressure of 46 GPa.l?’*"

In this contribution, we report on the highly condensed
nitridophosphates MP(N;; (M = Al, In), which adopt a mica-
like structure with rare coordination motifs. The title
compounds were synthesized in a high-pressure high-
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temperature reaction at 8 GPa and 1100°C starting from
MCl;, P;Ns and NH,N; (equation 1). Starting materials were
ground in a glove box under an argon atmosphere, tightly
packed into a h-BN crucible and reacted in a multianvil
press.P!! Further details on the synthesis are given in the
Supporting Information.

4MCL, + 8P,N; + 3NH,N, — 4 MP,N,, + 12HCI

+4N, @)

The reactions yielded a gray, microcrystalline powder,
which is stable at ambient conditions. In both cases, best
yields were obtained using only 10% of the required
stoichiometric amount of NH,N;. Without this significant
deviation from the ideal stoichiometry, diverse unknown
side phases are formed, presumably containing H due to the
high partial pressure of HCl. The in situ generated HCl
seems to act as a mineralizer enhancing single-crystal
growth, as it is known for the ability to reversibly cleave
P-N bonds.’) Thereby plate-shaped single crystals of
AIPN;; up to 70x70 um? in length and width (Figure 1)
were obtained. In contrast, InP¢N;; forms small acicular
single crystals that are only up to two um long.

MPN,, (M=Al, In) can be interpreted as the formal
reaction product of MN and P;Ns in a molar ratio of 1:2. A
direct high-pressure high-temperature reaction of these
compounds, however, does not yield MP¢N,,. Instead, MN
results as the main crystalline constituent alongside minor
unknown phases and an amorphous portion, which the
higher reactivity of MCl; compared to MN may explain.
Coherent with this, the synthesis of analogous GaP¢N;; was
not possible as yet. With the required usage of GaCl;, the
powder mixture starts to react with the boron nitride
crucible and forms BP;N; as the only crystalline product.™”

The crystal structure of AlP¢N,;; was elucidated from
synchrotron single-crystal X-ray diffraction data (space
group Cm (no. 8), a=4.9354(10), b=8.1608(16), ¢=9.0401
(18) A, p=98.63(3)°).”* The data were collected at beamline
P24 at DESY (Hamburg, Germany; more information in the
Supporting Information). The elemental compositions of
both title compounds were analyzed by energy-dispersive X-
ray (EDX) spectroscopy (TablesS2 and S3). In the
respective samples, MPsN;; was confirmed as the main
crystalline constituent by Rietveld refinement (Figures S2
and S3).

Figure 1. Exemplary a) scanning electron microscope (SEM) image of a
plate-shaped single crystal of AIPsN;; and b) transmission electron
microscope (TEM) image of a small needle-shaped crystallite of
1PNy,
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The layered structure of AIP¢Ny; is built up from AINg
octahedra, PN, tetrahedra and PNjs trigonal bipyramids
(Figures 2 and 3). The AIN4 octahedra are not intercon-
nected, while both PN, tetrahedra and PNj trigonal bipyr-
amids form sechser rings, as defined by Liebau.l'! A more
detailed view on the layered structure is provided in the
Supporting Information (Figure S1). This setup is compara-
ble to layered silicates, however, to the best of our knowl-
edge, there is no clay mineral or mica, which is isotypic to
MP(N,,, probably because trigonal bipyramids SiOs have
only been reported for exceptional oxosilicates.*** A
related layer sequence is found in the mica clintonite
(Ca(Mg,Al);(AL:Si)O,,(OH),), with the exception of
(ALSi)O¢ octahedra instead of PNs trigonal bipyramids
(Figure S1).P®

The AIN; octahedra, rarely found in the literature (e.g.
AlP,O;5,(NH);_, Ny or rock salt-type high-pressure AIN), are
significantly elongated along one axis, leading to AI-N bond
lengths of 2.056(8) and 2.087(9) A in the equatorial plane
and 2.342(9) and 2392(10) A in the axial direction,
respectively.’”*¥!  Typical AI-N distances in octahedral
coordination, as found in the aforementioned compounds,
vary around 2.0 A. N—AI-N angles are between 87.5(4) and
92.6(4)° and thus in a typical range for octahedra of ideally

Figure 2. The layered crystal structure of AIPgN;; consists of AINg
octahedra (blue), PN; trigonal bipyramids (green) and PN, tetrahedra
(red). Displacement ellipsoids are displayed at 90% probability level.
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Figure 3. Coordination polyhedra of Al1, P1, P2 and P3 in AIPgN;,.
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90°. P-N distances (1.6283(8)-1.6492(11) A) and N—P-N
angles (102.7(4)-122.2(4)°) in the PN, tetrahedra can be
compared to other nitridophosphates, e.g. P;Ns or AIP;O;,-
(NH);_,N,.'"*¥ So far, trigonal bipyramidal PN units were
only observed in the high-pressure polymorph y-HP,N,,
where two longer and three shorter bonds appear.”®
Comparable bond lengths and angles can be observed in
AIPN,,, with 1.832(7) and 1.791(7) A for the longer and
1.5408(13)-1.663(8) A for the shorter bonds. As in y-HP,N,,
PN; units share edges, forming infinite strands along [100],
however, with a major difference. While in y-HP,N; these
strands do not interact with each other, they are directly
interconnected via the N7 atom in AIP¢N,,. This leads to an
energetically unfavorable, almost linear coordination (175-
(3)°) of N7, resulting in a large thermal displacement
ellipsoid with its largest displacement perpendicular to the
P3.-P3 vector (Figure 3). This feature has not yet been
described for nitridophosphates. However, it appears in
oxosilicates, e.g. K;NdSi;0,,.’”) Such angles of approxi-
mately 180° can be seen as a time and position average
rather than an actual bond angle. Its real value, at any
instant in time, is likely to be much smaller than 180°. This is
also consistent with a small P3-N7 distance of 1.5408(13) A
in case of the almost linear coordination, which would be
larger with smaller bond angles. Other comparable bond
lengths in trigonal bipyramids show values of 1.661(8)
(P3-N3) and 1.663(8) A (P3-N2). Even at low temperatures
(173(2) K) this observation does not change.

The electrostatic plausibility of the crystal structure and
polyhedral distortions were analyzed by charge distribution
(CHARDI), bond-valence-sum (BVS) and minimal bonding
ellipsoid (MBE) calculations, all of which confirm the
consistency of the structure model.**! Corresponding
results and more detailed information are provided in the
Supporting Information (Tables S11 and S12, Figure S9).

Data obtained from X-ray diffraction initially suggest
the higher symmetric space group C2/m (no.12) instead of
the chosen Cm (no. 8). This, however, would cause two
major issues. First, the nitrogen atom connecting the PNs-
strands (N7, Figure3) is forced into the energetically
unfavorable linear coordination with a P3—N7-P3 angle of
exactly 180°. Avoiding this by introducing a 50:50 split
position of N7 still results in large displacement ellipsoids.
Second, a twofold axis would lead to the crystallographic
equivalency of all P sites of the PN, tetrahedra. This is not
consistent with the results of *P NMR spectroscopy (Fig-
ure 4b).

The *'P spectrum shows one signal at d=—130.0 ppm,
corresponding to penta-coordinated P in the PNj trigonal
bipyramids. A comparable chemical shift was reported for P
in y-HP,N; (6=-103.0 ppm), which also contains trigonal
bipyramidal PN units.”! Additionally, two signals at d=
14.5 and 12.0 ppm are observed, which is a typical range for
fourfold N-coordinated P, as observed e.g. in AIP;O;,(NH);.
No.P1 These signals suggest two independent crystallo-
graphic P sites for PN, tetrahedra, which is met in space
group Cm but not in C2/m (only one P site). Whereas X-ray
diffraction averages over long distances and may render
space group C2/m acceptable, NMR spectroscopy is sensi-
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Figure 4. Solid-state MAS NMR spectra of AIPgN;;. a) One signal in the
7Al spectrum. b) Three signals in the *'P (black) and one signal in the
*'P{'H} (red) spectra. The number of signals is consistent with the
structure model in Cm, showing no evidence of H in AIPgN;;.
Sidebands are marked with asterisks.

tive to short-range interactions and rules out C2/m in the
local environment. Thus, we prefer space group Cm for the
structure model. The measure of similarity, calculated by the
COMPSTRU tool of the Bilbao Crystallographic Server, has
a value of A4=0.114, indicating only small deviations
between both structure models."*! For this reason, possible
ferroelectric properties caused by the non-centrosymmetric
structure would be minimal, if measurable at all. Addition-
ally, a high-temperature phase transition from space group
Cm to C2/m could be possible, however would require
temperature-dependent solid-state NMR-measurements.
Structure elucidation of AIP¢N;; enabled Rietveld refine-
ment (Figure S3) for InP(N,; (a=4.9723(2), b=8.2930(3),
c=9.2627(4) A, f=99.217(1))°). In contrast to AIPN,, the
*'P NMR spectrum of InPN;; (Figure S5) shows only one
signal for tetrahedrally coordinated P (6=6.8 ppm). This
may be a superposition of two separate signals, leading to
space group Cm, as in case of AIP;N;;. On the other hand,
based on NMR results space group C2/m is feasible for the
structure model of InP¢N,;. As we see no apparent reason
for a change in space group, we prefer Cm for InP¢Ny; as
well. In—N distances of the elongated InNy octahedra range
from 2.21(7) to 2.29(7) A in the equatorial plane, compara-
ble to rock salt-type high-pressure InN, and from 2.33(6) to
2.60(5) A along the axial direction."”! All bond lengths and
angles of the P-N polyhedra are comparable to AIP:N;;.
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The c lattice parameter is expanded by 2.4 % from 9.0401
(18) A in AIP(N,; to 9.2627(4) A in InP¢N,.

To rule out imide functionality in MP¢N,, (M =Al, In),
which might be introduced by the starting material NH,N;
or short contact with air before the synthesis, IR- and solid-
state NMR spectra (Figure 4) were recorded. As in the case
of EASi;P,N,H, (EA=Mg, Ca, Sr), N-H valence modes
are typically observed at around 3400 cm™' in IR-spectra,
whereas the spectrum of AlP¢N;; shows no such absorption
band (Figure S6).1!

As a much more sensitive probe towards hydrogen,
solid-state NMR measurements show the same result. The
ZAl (spin 1="/,) spectrum shows one broad signal between
0=0 and —100 ppm, which is in line with one crystallo-
graphic Al site. The shift is comparable to octahedrally
coordinated Al as reported in the literature.*>” The signal
of the *'P{'H]} cross polarized spectrum does not match any
positions of the signals in the direct *'P spectrum, indicating
the absence of hydrogen in AIP¢N,;. The broad signal in the
*'P{'H} cross polarized spectrum may be explained by a
minor amorphous side phase, containing both P and H. The
'"HNMR and all other NMR spectra of AIP¢N;; can be
found in the Supporting Information (Figure S4).

Despite the thermal sensitivity of many nitridophos-
phates, AIP,N,; is stable up to at least 950°C under argon
atmosphere (Figure S7) and shows a thermal volume
expansion of 16.0 ppm/K, which is small compared to silicate
clay minerals and micas."’*? In the former, the lattice
parameter perpendicular to the layers usually shows a much
higher thermal expansion than the ones parallel to the
layers. In AIP¢N,;, however, the increase in volume is caused
by the expansion of the lattice parameter perpendicular to
the layers and only one lattice parameter parallel to the
layers. The second parallel lattice parameter only shows a
very small increase in length. (Figure S8) This behavior may
be a feature of the nearly linear coordinated N7 atom
(Figure 3). Upon expansion along [010], the P3-N7-P3
angle would be further stretched towards the energetically
unfavorable value of 180°.

Summing up, we synthesized the mica-analogous nitrido-
phosphates MP¢N,; (M=Al, In), which contain the rare
structure motifs of MNg octahedra and PNj trigonal bipyr-
amids. As the second nitridic compound structurally mim-
icking layered silicate minerals, this gives proof that
nitridophosphates should systematically be able to adopt
structures of the former and AESi;P,N,,(NH), (AE=Mg,
Ca, Sr) is not just a stand-out curiosity. Exploring nitridic
analogs of layered silicate minerals, with the aim to expand
the already wide variety of structures and applications of
nitridophosphates, seems an intriguing approach for further
studies. Targeting compositions and structures known from
nature promises to yield a vast amount of new nitridophos-
phates with applications as essential as the ones of silicate
clay minerals and micas.
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