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We describe the synthesis and the structure elucidation of
Sr;P;sO4Nj;, a novel, highly condensed layered phosphate.

During the last decades, inorganic phosphates have emerged from
chemical commodities to advanced materials. Classical applica-
tion areas of these basic inorganic compounds include usage
as water softeners, fertilizers and coating materials." Nowadays,
phosphates are being used as ionic conductors,? catalysts in
organic syntheses® and even as modern optical materials.** For
example, KH,PO, and KTiOPO, represent famous non-linear
optical (NLO) materials used for frequency doubling (second har-
monic generation, SHG), while ultraphosphates and phosphate
glass (e.g. REP,O,; and REP;O,, where RE = lanthanide, and
Nd*-doped vitreous phosphates) find applications as powerful
laser materials.

The structural chemistry of inorganic phosphates has been
widely studied in the past.” Classical representatives consist
predominantly of orthophosphates, finite and infinite chain-
phosphates, as well as ring-phosphates. Here Q° (non-linking)
up to Q*-type (double linking) PO,-tetrahedra occur. Band-,
layer- or framework-structures with Q* or even Q*-type tetrahedra
(comparable to silicates) have barely been identified. For higher
condensed phosphates (exhibiting a degree of condensation
(i.e. the molar ratio P: O = x > 1/3)), only a few examples in
the group of ultraphosphates have been described. Moreover, the
maximum degree of condensation for oxophosphates is k = 0.40.

A further increase of cross-linking in phosphates, and thereby
higher condensed structures, can be achieved in nitridophos-
phates or oxonitridophosphates by full or partial substitution
O/N. With the integration of three-fold linking nitrogen, the
structural diversity is significantly enhanced resulting in silicate-
analogous networks, the latter being a consequence of the isolobal
relation between P-N and Si-O which is further corroborated,
for example, by HPN, (= PN(NH)) and PON that are isosteric
to Si0,. By variation of the molar ratio O : N, thus changing the
framework charge, network structures with different topologies
similar to silicate structures can be achieved. Complete substi-
tution of O for N, yields nitridophosphates like MP,N, with M
= K, Rb, Cs® which adopt a network of corner-sharing PN,-
tetrahedra. The silicate analogy has further been demonstrated
by the class of nitridosodalites'® and related oxonitridosodalites.!!
However, complementing the diverse and rich structural chem-
istry of oxosilicates, new framework-types have been realized in
(oxo-)nitridophosphates,”? e.g. the first nitridic zeolite NPO."
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Recently, this novel framework-type containing large 12-ring chan-
nels was paralleled by its nitridosilicate analogue.’ Another novel
porous compound was obtained under high-pressure conditions—
P,N,(NH),(NH;)"*—the first nitridic clathrate that traps ammonia
molecules in an unique cage structure that had been previously
predicted as a possible silica framework.'®'” Highly condensed
layer structures had not been realized so far; this includes
oxophosphates and nitridophosphates, although the layered O’-
form of (P,0s), was discovered in the late 1940s.'®

In this contribution we communicate the synthesis and struc-
tural characterization of a novel oxonitridophosphate, namely
Sr;P,O¢N;. Its P-O-N substructure exhibits a degree of conden-
sation of k¥ = 0.43 thus representing the most condensed layer
structure in phosphate chemistry so far.

A few known oxonitridophosphates (e.g. M'M"MP;O,N
or M',M",P,O,N)"*? have been synthesized by conventional
solid-state reactions.” By contrast, the preparation of Sr;P;O¢Nj
demands high-pressure conditions. Thereby, the so-called “azide
approach”, that is well established for the preparation of di-
verse nitridophosphates,'>*>* was transferred to the synthesis of
oxonitridophosphates.; Employing a modified Walker module
(multi-anvil assembly), Sr;P¢O4Ng was obtained by heating a
mixture of strontium azide Sr(N;), and phosphorus oxonitride
PON at ca. 920 °C and 6 GPa (eqn (1)). Accordingly, the metal
azide features a double role in the synthesis.

3Sr(N3), + 6PON — “Sr;N,” + 8N, + 6PON —
Sr;PsOsN; + 8N, (1

With the thermolysis of the azide in a closed system, a high
N, partial pressure is generated and the dissociation of PON is
suppressed at temperatures above 850 °C which are necessary
for the crystallization of the product.?* Simultaneously, the metal
nitride that may be formulated as an intermediate (eqn (1)) is
provided in situ for the reaction. Marginal amounts of amorphous,
black phosphorus occurring during the synthesis of Sr;P¢O,N;
coming from partial decomposition of the product can be removed
by sublimation in vacuo. The elemental composition of the product
was confirmed by energy dispersive X-ray analysis. All elements
contained in the formula were detected and, within the accuracy
of the measurements, the expected molar ratios were observed.

The crystal structure of Sr;P,O¢N; was solved on the basis of
powder X-ray diffraction data by direct methods (EXPO)* and
refined by the Rietveld method (GSAS;* Fig. 1).%

Sr;P¢O4N; exhibits an unprecedented phosphate layer resem-
bling those of oxonitridosilicates (Fig. 2).® It is made up of
Q*-type PON;-tetrahedra leading to a degree of condensation k =
n(P):n(O,N) = 0.43 for the [P4O¢Ni]* structure. According to
{uB,3,1.2 }[(PIOMNGFNG,;)%],2% the N atoms bridge two and
three P atoms, respectively, whereas the O atoms are exclusively ter-
minally bound to P. In contrast to nitridosilicates, NF¥l-connections

This journal is © The Royal Society of Chemistry 2009

Dalton Trans., 2009, 4081-4084 | 4081


http://dx.doi.org/10.1039/b905136h
http://pubs.rsc.org/en/journals/journal/DT
http://pubs.rsc.org/en/journals/journal/DT?issueid=DT009021

Downloaded by Ludwig Maximilians Universitaet Muenchen on 28 January 2013

Published on 08 April 2009 on http://pubs.rsc.org | doi:10.1039/B905136H

View Article Online

100

80 +

60+

40

il T e

| T

ki y )
[ -

T T T T T T T

20 30 40 50 60 70 80 90
26/°

A AR Y T T

Fig.1 Observed (crosses) and calculated (line) X-ray powder diffraction
pattern (Cu Ko, ) as well as the difference profile of the Rietveld refinement
of Sr;P¢OsNg. Allowed peak positions are marked by vertical lines;
background is subtracted.

¢ ¢

Fig. 2 Crystal structure of Sr;P;O4Ng, left: view along [010], right: view
perpendicular to one single layer along [001] (Sr** light gray, O*~ white, N*
black).

are quite rare in nitridophosphate chemistry. The only examples
yet known are P;N;s,3 HP,N; (= P,N,NH),? P,N,O,* Na,P;N,,,**
and K,PN,,.%

Due to similar scattering factors, a direct experimental dif-
ferentiation between O and N is impossible by X-ray methods.
However, in the case of Sr;P(O4Ng complete O/N ordering is
most probable as evidenced by *' P solid-state NMR investigations,
lattice energy calculations (MAPLE),** and P-O and P-N bond
length differences. In the *'P solid-state NMR spectrum of
Sr;P,O4N; (Fig. 3) a single resonance at d;, = 2.6 ppm (principle
components: —23, 2, 29 ppm) was observed agreeing with the single
P site and its point group symmetry (1). According to *' P chemical
shift data of other P-O-N-compounds in the literature,**° this
resonance is indicative of a condensed PONj;-tetrahedra. The
calculated partial MAPLE values (O*: 2526, N*: 6786-6410,
Sr**: 1977-2111, P**: 14608 kJ mol™)* suggest that N atoms
bridge the P atoms (N® and NP respectively) within the layer
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-100 &/ppm

Fig.3 *'P MAS NMR spectrum of Sr;PsO,4N; at a spinning frequency of
3 kHz; spinning sidebands are marked with asterisks.

and the O atoms are bound terminally (Fig. 1). The MAPLE
values vary in a range typical for these ions.®®* The presence of
hydrogen atoms bound to the N atoms has been excluded by
solid-state NMR employing a *'P{'H} C-REDOR* experiment.
Consequently, the bond length distribution in the N-bridges (158
and 164 pm) is according to P-NP=P. The longest distance P-N
(173 pm) was found at NP, The shorter P-O bond lengths (153
pm) also corroborate the existence of exclusively PON;-tetrahedra
in Sr;P4O¢Ng. A similar O/N ordering was found in the layered
oxonitridosilicates M"Si;O,N,* and M"Si,O,N,.*

The Sr**-ions along the channels (¢f. Fig. 2) are coordinated
distorted octahedrally by six O at a distance of 261 pm (Fig. 4, Sr2).
In a longer distance (334 pm) these ions are further surrounded
by six N atoms also in a distorted octahedral way. Around the
second Sr site (Fig. 4, Sr1), six O (267-286 pm) and four N (281-
322 pm) coordinate predominantly from different sides. The Sr-O
and Sr—N distances range in the interval of the sum of their ionic
radii.*

¢

Fig. 4 Coordination of the Sr sites in Sr;PsOsN; (Sr** gray, O white,
N3 black).

The [P,O4N;]*-layers in Sr;P;O¢Nj are built up of condensed
6-rings and 4-rings (Fig. 2). These fundamental building units
(FBUs) occur in other layered phosphates, but not simultaneously.
In ultraphosphates (e.g. compositions like M"P,O,, or M"'P,;0,,),
besides small rings, there are always other rings with up to
16 tetrahedra resulting in large pore size layers.® Comparable
layers can only be found within silicates,” whereas in purely
oxidic silicates isostructural layers are prevented because oxygen
usually avoids three-fold bridging positions. The oxonitridosil-
icates M"Si,O,N,* exhibit a related structure which, however,
contain different 6-rings and additional 3-rings. However, an
analogous structural motif can be identified in the structure of
B-Si;N,.* There, isosteric SigN,,-layers are linked in the third
dimension through SiN,-tetrahedra (Fig. 5). A formal derivation
of the structure of Sr;P;O4N; from the B-Si;N,-structure can be

Fig. 5 Crystal structure of B-Si;N,, left: view along [010]. By removing
every second layer (gray) and substituting the emerging terminal N by O
atoms (besides a Si/P-replacement) results in topological similar layers as
found in Sr;P¢O¢N;. Right: view along [001]. (Si* dark gray, N*~ black).
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achieved by a separation of the SigN,-layers and intercalating
Sr*-ions, disregarding the atom assignment (P-Si, O-N). A
compound that might be isostructural to Sr;P,O¢N;, namely
Ba;Si;O,N,, has been mentioned recently in a patent for a
new green luminescent material for phosphor-converted white
light (pc)LED applications. However a detailed crystallographic
structure solution and refinement for the latter compound has not
been communicated as yet.*’

In conclusion, with Sr;P¢O4Nj this class of phosphates gains
a remarkable expansion of its structural chemistry. The highly
condensed layered structure of Sr;P¢O4Nj, containing 6- and
4-rings of PONj-tetrahedra, represents the first closed layer
structure in phosphate chemistry. Layer structures with such
a high degree of condensation were hitherto only known in
silicate chemistry. The fact that the title compound is probably
isostructural with a new green phosphor suggests an analogous
application for Sr;P¢O4Ng. By doping it with lanthanides (e.g.
Eu**) we are currently investigating the potential of Sr;P;O¢Nj
as a phosphor material. Consequently the substance class of the
oxonitridophosphates could be developed to a new substance class
for luminous applications. Prospectively, it would be interesting to
access denser layer structures in oxonitridophosphates by a step-
wise increase of the nitrogen ratio.
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Notes and references

1 Synthesis: Sr;P;O,N; was synthesized from Sr(N;),* and PON**° by a
high-pressure, high-temperature reaction in a Walker-type multi-anvil®?
assembly. In a glovebox (Unilab, MBraun, filled with dry Ar, O, < 0.1 ppm,
H,0 < 0.1 ppm) a finely ground mixture of the starting materials (approx.
50 mg) was placed into a capsule made of hexagonal boron nitride (Henze,
Kempten) and compressed in a MgO-octahedron with an edge length of
18 mm (Ceramic Substrates, Isle of Wight). At 6 GPa the sample was heated
over 15 min to about 920 °C, this temperature was maintained for 15 min,
and finally the sample was cooled down to room temperature over 30 min.
Further details concerning the assembly are described in the literature.*
A crude product in the form of a black, cylindrical solid was isolated. To
purify Sr;P¢O4N; from small amounts of black, amorphous phosphorus
the product was pulverized and heated in vacuo at 680 °C for 5 d.
Sr;P¢OsNg was obtained as a gray, air- and water stable, microcrystalline
powder.Energy dispersive X-ray analysis measurements were performed
on a JSM 6500F scanning electron microscope (Jeol; detector model
7418, Oxford Instruments). At 14 measuring points the ratios P:Sr =
2.5 (theoretical value according to the formula: 2.0) and N:O = 1.3
(theoretical value according to the formula: 1.3) were determined. These
values are located within the accuracy of measurement for the method.
IP{'"H} MAS NMR experiments were carried out on a BRUKER Avance
II spectrometer equipped with a commercial 2.5 mm MAS NMR double-
resonance probe at a magnetic field strength of 4.7 T. The chemical
shift values refer to a deshielding scale and 85% H;PO, used as an
external reference. The C-REDOR experiment and the determination of
the principle components were carried out as described in the literature. >
Up to 1.2 ms on the unified dephasing scale, no dephasing was observed
in the C-REDOR curves (see ESIT). Hence 'H-*'P spin pairs at a distance
smaller than approximately 1 pm can be ruled out at the noise level of the
experiment. Together with half the maximum P-P distance in the unit cell,
this proves the absence of H atoms in Sr;P;O4Nj.
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