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/Abstract: Isotypic imidonitridophosphates MH,P¢N,, (M=
Mg, Ca) have been synthesized by high-pressure/high-tem-
perature reactions at 8 GPa and 1000°C starting from stoi-
chiometric amounts of the respective alkaline-earth metal ni-
trides, P;Ns;, and amorphous HPN,. Both compounds form
colorless transparent platelet crystals. The crystal structures
have been solved and refined from single-crystal X-ray dif-
fraction data. Rietveld refinement confirmed the accuracy of
the structure determination. In order to quantify the

amounts of H atoms in the respective compounds, quantita-
tive solid-state "H NMR measurements were carried out. EDX
spectroscopy confirmed the chemical compositions. FTIR
spectra confirmed the presence of NH groups in both struc-
tures. The crystal structures reveal an unprecedented layered
tetrahedral arrangement, built up from all-side vertex-shar-
ing PN, tetrahedra with condensed dreier and sechser rings.
The resulting layers are separated by metal atoms.

/

Introduction

Nitridophosphates represent a silicate-analogous class of com-
pounds since the element combination P/N is isoelectronic
with Si/O. Consequently, the structural variety of this com-
pound class is expected to be similar to that of silicates. Nitri-
dophosphates can also form anionic tetrahedral network struc-
tures made up of condensed PN, tetrahedra. Analogously to
nitridosilicates, both corner-sharing and edge-sharing PN, tet-
rahedra can occur™ Moreover, whereas oxosilicates can only
form terminal or singly bridging O*~ ions, N atoms in the tetra-
hedral network structures of nitridophosphates can hypotheti-
cally connect up to four tetrahedral centers, as in the nitridosi-
licates MYbSi,N, (M=Sr, Ba).”! This feature opens up a wide
range of new possible crystal structures in the nitridophos-
phate class of compounds, as well as higher degrees of con-
densation. With the successful synthesis of the nitridic clath-
rate P,N,(NH),(NH;), we were able to show that the structural
diversity of nitridophosphates can even surpass that of oxosili-
cates.”’ The network structure of this clathrate had been pre-
dicted for silica, but has hitherto only been observed in this ni-
tridic compound. The structure of the high-pressure poly-
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morph of silica-analogous phosphorus oxonitride PON has also
been predicted for SiO,, but has yet to be observed as a silica
polymorph.” The first nitridic zeolites NPO and NPT are further
unique representatives in this system.®”!

The structural diversity of nitridophosphates is combined
with their interesting properties. As an example, phosphorus(V)
nitride P;N;, which is the binary parent compound of nitrido-
phosphates, can be mentioned. It is used industrially as
a flame retardant, as a “getter” material for the elimination of
oxygen during the production of incandescent and tungsten
halogen lamps, and as a gate insulator material in metal insula-
tor semiconductor field-effect transistors (MISFETs).®'” Vitreous
compounds in the system Li-Ca-P-N exhibit remarkable refrac-
tive indices and hardness values.""'? Pseudo-binary phospho-
rus nitrides PON and HPN, are mainly used in the field of
flame retardation."*' The nitridic clathrate P,N,(NH),(NH;) has
been discussed as a possible gas storage or membrane reactor
material, due to the encapsulated ammonia within its 4°8*
cages and its high thermal and chemical stability.” Further-
more, LiPN, and Li,PN, should be mentioned, which exhibit
lithium ion conductivity."

Considering all of the aspects mentioned above, it is appar-
ent that the remarkable structural variety of nitridophosphates
as well as the resulting diversity of their interesting properties
makes a systematic search for new compounds of this type an
important research target.

In this contribution, we report on the high-pressure/high-
temperature synthesis and structure elucidation of new isotyp-
ic imidonitridophosphates MH,P,N,, (M=Mg, Ca), with an un-
precedented layered structure type built up from all-side
vertex-sharing PN, tetrahedra. In contrast to common nitrido-
phosphates, singly-bridging imide groups NH occur in the net-
work structure. In our preceding publications, we have report-
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ed on several pseudo-binary phosphorus imide nitrides. Be-
sides a-HPN, and its high-pressure polymorph B-HPN,,!"'®
phosphorus imide nitride a-HP,N, as well as its high-pressure
polymorphs B-HP,N, and y-HP,N, have been described.""
The latter polymorph is the first example of trigonal-bipyrami-
dal coordinated phosphorus being observed in an inorganic
network structure. Furthermore, two important representatives
of the imidonitridophosphate class of compounds, namely
Na;o[P4(NH)sNLI(NH,)6(NH;)os and  Rbg[P,Ng(NH),I(NH,),, have
been mentioned in the literature, both consisting of adaman-
tane-like molecular anions [P,Ng(NH),1°".?*%*) However, to the
best of our knowledge no layered (imido)nitridophosphates
have hitherto been discussed in the literature.

Results and Discussion
Synthesis

MH,P¢N,, (M=Mg, Ca) were synthesized by high-pressure/
high-temperature reaction at 8 GPa and 1000°C using
a Walker-type multi-anvil assembly.?¥ Stoichiometric amounts
of the respective alkaline-earth metal nitrides, amorphous
HPN,, and P;N; were used as starting materials (Eq. (1)). The
products were obtained as air- and moisture-stable colorless
crystalline solids. In order to grow single crystals of the respec-
tive products, catalytic amounts of NH,Cl as a mineralizer were
added to the starting mixtures. In this way, colorless transpar-
ent platelet single crystals of MH,P¢N,, (M=Mg, Ca) were ob-
tained and isolated (Figure 1). As mentioned in a preceding
publication, intermediately formed HCl presumably enables re-

Figure 1. SEM images of crystals of MH,P4N,,, M= Ca (a), Mg (b).

versible cleavage and reformation of P—N bonds and thus facil-
itates the growth of single crystals."® NH,Cl was removed from
the product by washing with de-ionized water and ethanol.
Detailed information on the synthesis of the title compounds
is given in the Experimental Section.

M;N, + 12HPN, + 2P;N; — 3MH,P¢N;,M = Mg, Ca (1)

Structure determination

The crystal structures of MH,P¢N,, (M=Mg, Ca) were solved
and refined in the orthorhombic space group Cmca (no. 63)
from single-crystal X-ray diffraction data using direct methods.
For single-crystal structure refinement, the respective lattice
parameters from Rietveld refinement were used. The H atom
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positions were unequivocally determined from difference Four-
ier syntheses and were refined isotropically using restraints for
N-H distances. All non-hydrogen atoms were refined anisotrop-
ically. The crystallographic data for MH,P¢N,, are summarized
in Table 1; the atomic parameters are given in Tables 2 and 3.

Rietveld refinement based on powder X-ray data corroborat-
ed the accuracy of the structure determination of MH,PN;,

Table 1. Crystallographic data of the single-crystal refinement of
MH,PeN,, (M=Mg, Ca).
Formula MgH,P¢N;, CaH,P¢N,,

orthorhombic

Cmca (no. 63)
a=28.6289(17)
b=4.9010(10)

Crystal system
Space group
Lattice parameters [A]® a=28.4568(16)

b=4.8270(10)

c=21.309(4) c=22.153(4)
Cell volume [A3] 869.8(3) 936.9(3)
Formula units per unit cell 4 4
Density [g-cm ™3] 2919 2.822
u Imm™] 1316 1.703
Radiation Moy, (A=0.71073 A)
Temperature [K] 293(2)
F(000) 760.0 792.0
O range 3.68°<O<27.48° 3.82°<O@<2999°
Total no. of reflections 4176 3376

Independent reflections 671 [R(int) =0.0344] 576 [R(int) =0.0558]
Refined parameters 54 54

Goodness of fit 1.152 1.119

R, (all data); R, (F>>20(F?) 0.0284; 0.0323 0.0354; 0.0397

WR, (all data); wR, (F*>20(F%)) 0.0805; 0.0825 0.0920; 0.0945
APrmax; APmin ©A3) 0.570; —0.486 0.869; —0.466

[a] Estimated standard deviations are given in parentheses.

Table 2. Atomic coordinates, isotropic displacement parameters [A%], and
occupation of crystallographic positions of MgH,PN;,."!

Atom  Wyck. x y z U, [A7]
Mg1 4a 0 0 0 0.0094(3)
P1 16g 0.33547(6) —0.00404(10)  0.08754(2) 0.00648(17)
P2 8f 0.0000 0.40462(15) 0.21131(3) 0.00779(19)
N1 16g 0.1523(2) 0.4808(4) 0.16633(8) 0.0085(3)
N2 16g 0.3154(2) 0.3150(4) 0.06601(8) 0.0079(3)
N3 8f 0 0.0778(5) 0.22543(12)  0.0117(5)
N4 8f 0 0.3694(5) 0.06269(11)  0.0074(4)
H1 16g 0.241(3) 0.492(8) 0.1862(18) 0.048(11)

[a] Estimated standard deviations are given in parentheses.

Table 3. Atomic coordinates, isotropic displacement parameters [A%], and
occupation of crystallographic positions of CaH,PgN,,.

Atom  Wyck. x y z U, [A7

Cal 4a 0 0 0 0.0064(3)
P1 169 0.33608(9) 0.00519(15) 0.09419(4) 0.0073(3)
P2 8f 0 0.4215(2) 0.21316(5) 0.0100(3)
N1 16g 0.1505(3) 0.4948(5) 0.17004(12) 0.0094(5)
N2 169 0.3052(3) 0.3158(5) 0.07270(12) 0.0103(6)
N3 8f 0.0000 0.0986(8) 0.22686(18) 0.0148(8)
N4 8f 0.0000 0.4003(7) 0.06900(17) 0.0100(7)
H1 16g 0.225(7) 0.522(15) 0.197(3) 0.10(3)

[a] Estimated standard deviations are given in parentheses.
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Figure 2. Rietveld refinements of MH,P¢N,,, M=Mg (top), Ca (bottom); ob-
served (black line) and calculated (light-gray line) X-ray powder diffraction
patterns, positions of Bragg reflections (vertical black bars), and difference
profile (dark-gray line).

from single-crystal data and confirmed the presence of a crys-
talline single-phase product (see Figure 2). The crystallographic
data as well as atomic parameters of the Rietveld refinement
of MH,P¢N,, are summarized in Tables S1, S2, and S3.

The chemical compositions of the title compounds were de-
termined by energy-dispersive X-ray (EDX) spectroscopy. No el-
ements other than Mg/Ca, P, and N were detected. Trace
amounts of oxygen were most probably attributable to surface
hydrolysis of the sample. The atomic ratio (Ca/Mg):P:N was in
good agreement with the predicted composition of the prod-
ucts. In calculating the chemical composition, it was kept in
mind that hydrogen atoms cannot be detected by EDX. The re-
sults of the EDX analysis are summarized in Tables S4 and S5
(Supporting Information).

The FTIR spectra of MgH,P¢N,, and CaH,P¢N,, are very simi-
lar, reflecting the structural similarity of these compounds (see
Figure S1). Both spectra feature a significantly wide multiple
absorption band between 2538 and 3250 cm™'. This can be at-
tributed to the N—H valence modes of the NH groups of the
layers. Additionally, absorption bands between 400 and
1500 cm™' can be observed, which are characteristic of nitrido-
phosphates. The latter can be assigned to symmetric and
asymmetric P-N-P stretching modes.

Solid-state NMR study

The aim of the solid-state NMR study was to corroborate the
models obtained from single-crystal X-ray diffraction analysis,
mainly with respect to the H atoms, since these possess a low
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scattering power in diffraction experiments. In the following,
we identify the expected *'P and 'H NMR signals, quantify the
latter, and finally demonstrate 3'P-'H spatial proximity.

The unit cells of the title compounds both feature two P
sites with an atomic ratio P1:P2=2:1 (see Tables 2 and 3). The
3P MAS NMR spectra of MgH,P¢N,, and CaH,P¢N,, are consis-
tent with this model, showing two main peaks with the ex-
pected area ratio (see Figure S2). These two signals correlate
with one another, showing double-quantum filtered peaks (see
Figures 3 and S3), and thus confirm that the peaks assigned to
P1 and P2 arise from the same phase.
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Figure 3.°'P-*'P 2D double-quantum (DQ) single-quantum (SQ) correlation
MAS NMR spectrum of MgH,P¢N,, obtained at a sample spinning frequency
of 20 kHz. The dashed diagonal line denotes the peak position of isochro-
nous spins (autocorrelation peaks).

Each of the solid-state '"H NMR spectra (see Figure 4) features
one peak attributable to the respective title compounds (6
~6.5 ppm). The other peak is assigned to an unknown side
phase, which may contain NH,™ from the mineralizer NH,Cl
(6=7.3 ppm). For comparison, the solid-state '"H NMR spec-
trum of pure NH,Cl is shown in Figure S4 (Supporting Informa-
tion). Moreover, the hydrogen contents were quantified as
3.8+0.4 and 3.9+0.4 hydrogen atoms per chemical formula

25 20 15 10 5 0 -5 -10
8('H) /ppm

Figure 4. 'H MAS NMR spectra of MgH,PN,, (bottom) and CaH,P4N,, (top),
measured at a sample spinning frequency of 40 kHz. The sharp peak at
around 7.4 ppm in each spectrum is due to NH,Cl, which was used as a min-
eralizer, while the other peak at around 6 ppm is assigned to the respective
title compounds.
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unit of the magnesium and calcium compounds, respectively.
These numbers support the models obtained from single-crys-
tal structure solution and FTIR spectroscopy, confirming the
chemical compositions MgH,P¢N,, and CaH,P¢N,..

Finally, the question remains as to whether the P atoms
belong to the same phase as the quantified hydrogen atoms.
The proximity of P1 and P2 to hydrogen was confirmed by
3'P{'"H} heteronuclear correlation NMR (see Figures5 and 6),
with each spectrum showing two *'P-'H correlation peaks.

|

o o &~ ~ 3('H)/ppm

o a4
SN O

60 40 20 0 -20 -40 3('P)/ppm

Figure 5. *'P{'"H} heteronuclear correlation spectrum of CaH,P¢N,, measured
at a sample spinning frequency of 20 kHz. Correlation peaks are shown as
a contour plot.

® o & N§('H)/ppm

12
14

20 10 0 -10 -20 3('P)/ppm

Figure 6. *'P{'"H} heteronuclear correlation spectrum of MgH,P¢N,, measured
at a sample spinning frequency of 20 kHz. Correlation peaks are shown as
a contour plot.

Structure description

The crystal structure of MH,PgN,;, (M=Mg, Ca) consists of a lay-
ered network of all-side vertex-sharing Q*type PN, tetrahedra,
leading to a degree of condensation k=n(P):n(N)=0.5 for the
CIPHNPL(NHY2,15- substructure (see Figure 7). The PN, tetra-
hedra form double layers, which are oriented parallel to the ab
plane. These layers are separated by Mg and Ca, respectively.

The topology of these layers is represented by the point
symbol {3.6°} (determined by TOPOS software®) and has not
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Figure 7. Crystal structure of MH,P¢N,, (M=Mg, Ca) viewed approximately
along [010]. Light-gray alkaline-earth atoms Mg or Ca; dark-gray PN, tetrahe-
dra, white H atoms.

been found in any other known compound so far. Condensa-
tion of PN, tetrahedra results in dreier and sechser rings, ac-
cording to the nomenclature introduced by Liebau.”® These
form rhombic channels, in which H atoms are covalently
bound to N1 atoms (see Figure 7).

Each double layer can be subdivided into two opposing
planar sechser ring single layers, which are mutually staggered
(see Figure 8b). These single layers are interconnected by
zweier zigzag single chains parallel to the b-axis (see Fig-
ure 8a). According to the nomenclature introduced by

Figure 8. A sechser ring double layer in MH,P¢N,,, viewed along [100] (a) and
[001] (b), with the respective topological representations (c, d). White and
black PN, tetrahedra belong to different sechser ring single layers, dark-gray
PN, tetrahedra represent zweier single chains. Each connecting line in the
topological representation represents a P-N-P bond. The dotted lines repre-
sent P-N-P bonds between a zigzag chain and a sechser ring layer.

Liebau,?® the terms “zweier”, “dreier”, and “sechser” derive from
the German words “zwei”, “drei”, and “sechs”, meaning two,
three, and six, respectively. Accordingly, a zweier single chain
includes two PN, tetrahedra within one repeating unit of the
linear part of the chain. Topological representation of the
sechser ring double layers illustrates the arrangement of these

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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condensed
ure 8¢,d).

The P—N bond lengths and P-N-P angles in both samples
vary in similar ranges [Mg: 1.586(3)-1.684(2) A, 119.7(2)-
132.6(2)°; Ca: 1.587(4)-1.685(3) A, 123.6(2)-134.0(3)°]. This can
be rationalized by the fact that the layers contain no Mg or Ca
atoms and thus are not affected by their size. The P—N bond
lengths and P-N-P angles correspond to those usually ob-
served in other imidonitridophosphates.?>?*! As expected, the
P—(NH)™® bond lengths [Mg: 1.684(2) A; Ca: 1.685(3) A] are sig-
nificantly longer than the P-N™ bond lengths [Mg: 1.586(3)-
1.616(2) A; Ca: 1.587(4)-1.617(3) A], in good agreement with
the localization of the H atoms in the structure model. Detailed
information on the bond lengths and angles is given in
Table 4.

rings in a honeycomb-like pattern (see Fig-

Table 4. Bond lengths [A] and bond angles [°] in the crystal structures of
MH,PN,,, M=Mg, Ca.”’

Mg Ca Mg Ca
P1-N2 1.613(2) 1.604(3) P2—N1 1.647(2) 1.652(3)
P1-N4 1.610(1) 1.605(2) P1-N1-P2 129.6(1) 129.6(2)
P1-N2 1.616(2) 1.617(3) P1-N2-P1 121.3(1) 125.6(2)
P1-N1 1.684(2) 1.685(3) P2-N3-P2 132.6(2) 134.0(3)
P2—N3 1.586(3) 1.587(4) P1-N4-P1 119.7(2) 123.6(2)
P2—N3 1.606(3) 1.611(4)

[a] Estimated standard deviations are given in parentheses.

A similar structural motif of double layers can be found in
LiSrGaN,.”® However, the sechser ring single layers in the struc-
ture of this compound are not planar and are interconnected
by edge-sharing pairs of GaN, tetrahedra, rather than zweier
single chains. Furthermore, the structural motif of the almost
planar sechser ring single layers can be found in layered silica
compounds, such as muscovite and pyrophyllite, in which two
opposing layers _2[Si,Os]*" are interconnected by the edge-
sharing Al-centered octahedral units of oxyhydroxides.?¢-%"

The metal atoms occupy only one crystallographic site in
the crystal structure. They are coordinated by six N atoms at
distances of 2.228(2)-2.283(2)A (M=Mg) and 2.492(4)-
2.501(4) A (M=Ca), respectively, in a slightly distorted octahe-
dral arrangement (see Figure 9). These M—N distances are in
good agreement with those in other known Mg (2.056-
2.248 A, CN(Mg)=6)%°"% and Ca compounds (2.419-2.598 A,
CN(Ca)=6),2**" as well as with the sums of the ionic radii.*®
The MNy octahedra are not interconnected with each other
(see Figure 9c). As only the N2 and N4 atoms belong to the
coordination spheres of the respective metal atoms, it is rea-
sonable that the P1-N2-P1 and P1-N4-P1 bond angles are
larger in CaH,P¢N,, than in MgH,P¢N,,, whereas the P1-N1-P2
and P2-N3-P2 bond angles remain almost identical.

Conclusion

MH,P¢N,, (M=Mg, Ca) represent new imidonitridophosphates
with an unprecedented layered structure type. By adding cata-
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Figure 9. Coordination polyhedra and corresponding bond lengths [A] of
the Ca1 position in CaH,P¢N;, (a) and the Mg1 position in MgH,P¢N,, (b); el-
lipsoids are drawn with a probability factor of 70%; the arrangement of the
MN, (M=Mg, Ca) octahedra in the sechser ring layers (c).
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lytic amounts of NH,CI, single crystals of the title compounds
could be obtained and isolated. The hydrogen contents of the
samples have been determined by quantitative solid-state
'HNMR and support the models obtained from single-crystal
structure solution. The layered structures of these compounds
consist of condensed sechser rings arranged in a honeycomb-
like pattern, alternating with metal ion layers. Both compounds
are air- and moisture-stable. According to their structural fea-
tures and material properties, MH,PsN,, (M=Mg, Ca) appear to
be promising candidates for liquid exfoliation of the single
layers in order to obtain two-dimensional single nanomaterials.
Additionally, the unusual layered structure of these com-
pounds may lead to their use as gas absorbers or as ionic con-
ductors. However, further investigations on the ion-exchange
or intercalation properties of these compounds need to be car-
ried out. Furthermore, considering the sandwich-type structure
of the obtained materials, the synthesis of isotypic compounds
by exchange of the alkaline-earth cations may lead to interest-
ing new properties. Finally, it should be noted that the high-
pressure/high-temperature synthesis proved to be a very
promising route for the synthesis of new nitridophosphates
with interesting structural properties.

Experimental Section
Preparations of starting materials

Ca;N, and Mg;N, were synthesized by heating Ca (dendritic pieces,
99.99% trace metal basis, Sigma-Aldrich) or Mg (chips, 99 %, reinst,
Grussing), respectively, in a ceramic corundum boat at 950°C (8 h)
in a continuous flow of dried N,. Ca;N, was obtained as a dark-
violet solid, and Mg;N, was obtained as a dark-yellow solid. De-
tailed information is available in the literature.®” The phase purities
of the respective products were confirmed by powder X-ray diffrac-
tion analysis and FTIR spectroscopy.

PsN; and amorphous HPN, were synthesized by heating (PNC,),
(Merck, p.s.) in a ceramic corundum boat at 100°C (10 h), 130°C
(5h), 190°C (3 h), and 300°C (4 h) in a continuous flow of dried

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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NH; (Air Liquide, 5.0), followed by vacuum heat treatment of the
mixture at 600°C (2 h) to obtain P;N; or at 450°C (2 h) to obtain
amorphous HPN,. In the case of P;N;, the mixture was additionally
heated at 950°C (2 h). This step was essential for complete con-
densation of the product. Detailed information is available in the
literature.®®*" The phase purities of the respective products were
confirmed by powder X-ray diffraction analysis and FTIR spectros-
copy.

Synthesis

MHP¢N,, (M=Mg, Ca) were synthesized from stoichiometric
amounts of the respective alkaline-earth metal nitrides and amor-
phous HPN, and P;N; using a Walker-type multi-anvil apparatus.®
A catalytic amount of NH,Cl was used as a mineralizer. Because of
the high air-sensitivity of Mg;N, and Ca;N,, all manipulations were
carried out under exclusion of oxygen and moisture in an argon-
filled glove box (Unilab, MBraun, Garching, O,<1ppm, H,0<
0.1 ppm). The respective starting mixture was thoroughly ground
and tightly packed into a cylindrical capsule of hexagonal boron
nitride (Henze, Kempten). The filled capsule was sealed with a hex-
agonal boron nitride cap and placed in the center of a Cr,0;-
doped MgO octahedron (edge length 18 mm, Ceramic Substrates
& Components Ltd., Isle of Wight, U.K.). The MgO octahedron was
equipped with a ZrO, tube (Cesima Ceramics, Wust-Fischbach, Ger-
many), which served as a thermal insulator. Furthermore, two
graphite tubes (one long tube and one short tube) were used as
electrical resistance furnaces. In order to ensure that the short
graphite tube was positioned in the center of the long tube, two
MgO spacers (one on each side) were used. Finally, a Mo plate was
placed on each side of the ZrO, tube in order to achieve electrical
contact between the graphite tubes and the anvils of the multi-
anvil press. The MgO octahedron was then placed in the center of
an assembly of eight truncated tungsten carbide cubes (truncation
edge lengths 11 mm, Hawedia, Marklkofen, Germany), which were
separated with pyrophyllite gaskets. Detailed information on the
construction of the described multi-anvil assembly can be found in
the literature." The sample was compressed to 8 GPa at room
temperature. It was then heated to 1000°C over a period of
60 min, and the temperature was held at this level for 120 min.
Subsequently, the sample was cooled to room temperature over
a period of 60 min. After slow decompression (10 h), both products
were recovered as colorless crystalline solids, which were not sensi-
tive to air or moisture. NH,Cl was removed from the products by
washing with water and ethanol. However, for the solid-state NMR
experiments, the washing step was omitted.

Single-crystal X-ray diffraction analysis

Single-crystal X-ray diffraction data were collected on a Nonius
Kappa CCD diffractometer (Mo, radiation, graphite monochroma-
tor, Bruker, Karlsruhe). A semi-empirical absorption correction was
applied using the program XPREP*? The crystal structures were
solved by direct methods using SHELXS,? and refined by full-
matrix least-squares methods using SHELXL.*® Further details of
the crystal structure determinations can be obtained from the Fa-
chinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldsha-
fen, Germany (Fax: +49-7247-808-666; e-mail: crysdata@fiz-karls-
ruhe.de) on quoting the depository numbers CSD-427952
(MgH,P,N,,) and CSD-427953 (CaH,P,N.,).
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Powder X-ray diffraction analysis

Powder X-ray diffraction data for both compounds were collected
on a STOE StadiP powder diffractometer (Cuy,, radiation, Ge(111)
monochromator, MYTHEN 1K Si strip detector) in parafocusing
Debye-Scherer geometry. Rietveld refinements were carried out
using the TOPAS Academic 4.1 package.*” The preferred orienta-
tion of the crystallites was described using a fourth-order spherical
harmonic. Peak shapes were modeled by the fundamental parame-
ters approach (direct convolution of source emission profiles, axial
instrument contributions, and crystallite size and microstrain ef-
fects).

Solid-state NMR spectroscopy

For all measurements, the 'H resonance of 1% Si(CH5), in CDCl,
served as an external secondary reference, using the = value for
3'p relative to 85% H,;PO, as reported by the IUPAC.*! Solid-state
NMR spectra were measured on a Bruker Avance Ill spectrometer
with an 11.7 T magnet, operating at a 'H frequency of 500.25 MHz,
equipped with commercial 1.3 mm and 2.5 mm double-resonance
MAS probes. *'P-*'P 2D double-quantum (DQ) single-quantum (SQ)
correlation MAS NMR spectra were obtained at a sample spinning
frequency of 20kHz with a transient-adapted POSTC7 se-
quence.”®*! The conversion period was set at 1.2 ms. Rotor-
synchronized data sampling of the indirect dimension accumulated
16 transients per FID. Proton decoupling was implemented by CW
decoupling with a nutation frequency of 110 kHz. Repetition delays
were set at 60 s and 42 s for MgH,P¢N,, and CaH,P¢N,,, respective-
ly. *'P{'H} heteronuclear correlation MAS NMR spectra were ob-
tained through a 2D correlation experiment based on the PRES-
TOIl pulse sequence™ as described in the literature.*” Here,
proton decoupling was implemented by TPPM decoupling®™ with
a nutation frequency of 115 kHz. The 'H nutation frequency for the
R18] recoupling sequence was 90 kHz for the R-elements, which
consisted of simple m-pulses. All other hard pulses applied in both
channels were implemented with a nutation frequency of 100 kHz.
Both experiments were performed at a sample spinning frequency
of 20 kHz with a repetition delay of 1.5 s. The numbers of accumu-
lated transients per FID were 256 and 512 for MgH,P¢N,, and
CaH,P¢N,,, respectively.

FTIR spectroscopy

The FTIR spectra of MH,P¢N,, (M=Mg, Ca) were measured using
the KBr pellet method on a Spectrum BX Il spectrometer (Perkin-
Elmer, Waltham MA, USA).

Scanning electron microscopy and energy-dispersive X-ray
spectroscopy

SEM imaging and EDX analysis were performed using a JEOL JSM-
6500F field-emission scanning electron microscope (SEM),
equipped with a Si/Li EDX detector 7418 (Oxford Instruments). In
order to impart electrical conductivity to the sample surfaces, they
were coated with carbon using an electron beam evaporator (BAL-
TEC MED 020, Bal Tec AG).
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Unprecedented layered structure: New
imidonitridophosphates MH,P¢N;,
(M=Mg, Ca) have been synthesized by
high-pressure/high-temperature reac-
tions at 8 GPa and 1000 °C. Their crystal
structures have been determined by
single-crystal X-ray diffraction analyses
and confirmed by Rietveld refinement,
which reveal an unprecedented layered
structure type (see graphic). The hydro-
gen contents of the samples have been
quantified by solid-state NMR spectros-

copy.
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