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Abstract. A novel synthetic approach is presented leading to hi-
therto unknown nitridosilicates, oxonitridosilicates, oxonitridoalu-
minosilicates, carbidonitridosilicates, as well as nitridoborates and
oxonitridoborates of rare earth elements, alkali, and alkaline earth
metals. Typically, the respective metals were reacted with silicon di-
imide, aluminum nitride, or poly(boron amide imide), respectively,
under pure nitrogen atmosphere utilizing a radiofrequency furnace.
Usually, the compounds are obtained within short reaction periods
as coarsely crystalline products. Zink nitridophosphates of the so-
dalite structure type were obtained by the reaction of phosphorus

nitride imide with zinc or zinc chalcogenides, respectively. Several
molecular metal silylamides and imides containing nitridobridges
between the metals and silicon were obtained by the reaction of
differently chlorinated disilazanes with metal chlorides. During
these investigations hitherto unknown bis(trimethylsilyl)ammon-
ium salts have been discovered. Furthermore, we report about the
synthesis of N-silyl metal hydrazides.
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Oligonire Nitride und Oxonitride von Si, P, Al und B mit Seltenerd- bzw.
Ubergangsmetallen sowie molekulare Vorliduferverbindungen mit Nitridobriicken

M-N-Si (M = Ti, Zr, Hf, W, Sn)

Inhaltsiibersicht. Es wurde ein neues Verfahren zur Synthese von
Nitridosilicaten, Oxonitridosilicaten, Oxonitridoaluminosilicaten,
Carbidonitridosilicaten sowie Nitridoboraten und Oxonitridobora-
ten der Seltenerd-, Erdalkali- bzw. Alkalimetalle entwickelt, bei
dem die entsprechenden Metalle mit Siliciumdiimid bzw. Alumini-
umnitrid oder Boramidimid im Hochfrequenzofen unter Stickstoff-
Atmosphére umgesetzt wurden. Die Produkte entstehen dabei in
kurzen Reaktionszeiten zumeist in grobkristalliner Form. Zink-ni-

Introduction

Polymeric nonmetal nitrides are of considerable interest for
the development of inorganic materials for high-perfor-
mance applications [1, 2]. Among the binary members of this
class of compounds cubic and hexagonal boron nitride
(BN) as well as silicon nitride (SizN,) increasingly have
gained relevance. Practical applications include substrates
for semiconductors on the basis of SisN,4 or high-tempera-
ture materials like valve tappets and turbochargers (SizNy)
or crucibles made of hexagonal BN [1].
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tridophosphate vom Sodalith-Strukturtyp wurden durch Umset-
zung von Phosphornitridimid mit Zink bzw. Zinkchalkogeniden er-
halten. Verschiedene molekulare Metall-silylamide und -imide mit
Nitridobriicken zwischen den Ubergangsmetallen und Silicium
wurden durch Umsetzung unterschiedlich chlorierter Disilazane
mit Metallchloriden erhalten. Bei diesen Reaktionen wurden zuvor
unbekannte Bis(trimethylsilyl)ammonium-Salze entdeckt. Daneben
wird auch iiber N-Silylmetallhydrazide berichtet.

The binary compounds BN and SizN, are well-known
since the last century. However, both nitrides have not pre-
viously been used as starting materials for the synthesis of
oligonary nonmetal nitrides. A varied chemistry compar-
able to that of oxidic borates, silicates, or phosphates, which
derives by formal exchange of oxygen by nitrogen, has not
been established until recently [1]. However, the numerous
oxidic silicates and phosphates, which include the clay min-
erals or the framework structures of zeolites illustrate the
demand for multinary nitrides in the systems M-Si-N, M-
B-N, and M-P-N (M = metal) in order to design novel
tailor-made materials.

Oligonary nitrides and oxonitrides of Si, P, Al, and B

The most important reason for the lack of knowledge con-
cerning multinary nitrides of Si, P, Al, or B was the high
chemical and thermal stability of the respective binary ni-
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Fig. 1 Radiofrequency furnace for the syntheses of nitridosilicates,
sions, and sialons.

trides (e.g. Si3Ny, AIN, and BN). On one hand this inertness
is an important precondition for an application of these ni-
trides as materials in high-temperature and high-perform-
ance devices. On the other hand this property seems to rule
out their utilization as starting materials in chemical reac-
tions.

Oxidic silicates are accessible by high-temperature reac-
tions of silica (Si0,) with metal oxides or carbonates. How-
ever, an analogous broad synthetic approach seems to be
difficult for nitridosilicates and other related nonmetal ni-
trides. And even the hydrothermal method, which rep-
resents an important synthetic tool for the preparation of
oxidic zeolites, could not as yet be adapted and modified
to an analogous ammonothermal route leading to nitridosi-
licates. For these reasons we have developed an optimized
synthetic approach leading to ternary and multinary nitri-
dosilicates by high-temperature reactions of pure metals
with silicon diimide. With this broad synthetic access sev-
eral novel nitridosilicates have been obtained and charac-
terized.

Synthetic procedure

For the syntheses of nitridosilicates and the related oxoni-
tridosilicates a specially developed computer controlled
radiofrequency (rf) furnace is used for the inductive heating
of the crucibles [3, 4].

Experimental set-up: The crucible which contains the reaction mix-
ture is positioned on a tungsten stand inside a water cooled quartz
reactor (Fig. 1). The reactor is surrounded by a water cooled induc-
tion coil wherein the crucible is centered. The induction coil is con-
nected to a radiofrequency generator (type: IG 30-400, Hiittinger,
Freiburg, Germany) via the outer oscillating circuit. The input
power of the generator amounts to a voltage of 380 V (AC) with a
maximum current strength of 3 X 120 A. The power output was
0—36 kW with an effective maximum voltage of 7000 V. The opti-
mum working frequency depends on the crucible material and the
gas atmosphere in the quartz reactor. For the selection of the cru-
cible materials (e.g. tungsten, tantalum, graphite) specific proper-
ties like the chemical inertness and the electronic conductivity at
high temperatures were considered. For tungsten crucibles in an
argon atmosphere a working frequency of 600 kHz is used. The
energy transfer from the coil to the crucible is relatively poor (coup-
ling constant: 0.28). This is due to the spatial separation in our
experimental set-up (diameter of the tungsten crucible: 24 mm, in-
duction coil: 72 mm). Optimized tuning of the resonant cycle yields
a maximum temperature of 2350 °C with tungsten crucibles and
above 3000 °C with graphite crucibles. For the thermal control of
the crucible an external pyrometer is used. For reactions during
which metals evaporate and condense on the inner surface of the
quartz reactor power controlled temperature programs based on
calibration curves obtained with empty crucibles are used. The
quartz reactor is connected to a vacuum line and an inert gas sup-
ply (Ar, N,). With this experimental set-up fast heating rates
(500 °C/min) but also quenching of the reaction products are pos-
sible.

Synthesis of nitridosilicates, oxonitridosilicates, and sialons:
The novel synthetic approach, abandoning the use of the
binary nitrides and treating the pure metals with silicon di-
imide (Si(NH),) instead, proved to be successful for the syn-
thesis of several nitridosilicates [Eq. (1) and (2)].

1500—1650°C
_—

2M + 5 Si(NH), M,SisNg + N, + 5 H, (1)

rf furnace

M = Ca, Sr, Ba, Eu

1630°C
—

M’ + Yb + 4 Si(NH), M'YbSi,N,+ 1, Ny +4 H,  (2)

rf furnace

M’ = Sr, Ba, Eu

Silicon diimide Si(NH), is an amorphous and relatively un-
defined but reactive compound which converts to amorph-
ous SizNy at temperatures above 900 °C. It is an important
precursor for the technical production of SizN, ceramics
[5]. Silicon diimide Si(NH), is obtained in preparative
amounts by ammonolysis of SiCl, followed by thermal
treatment at 600 °C [Eq. (3)].

SiCl, + 6 NH; — Si(NH), + 4 NH,CI 3)

The reactions between a metal and Si(NH), [Eq. (1) and
(2)] may be interpreted as a dissolution of electropositive
metals in the nitrido analogous, polymeric acid Si(NH),,
accompanied by the evolution of hydrogen. Basically, sev-
eral metals with melting points below 1600 °C can be used
for this procedure. Similarly to the formation of Si;N, whis-
kers a vapor-solid (VS) [6], a vapor-liquid-solid (VLS) [7], or
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Fig. 2 Crystal structure of M’;SigN;; (M’ = Ce, Pr).

a liquid-solid (LS) mechanism is assumed for the synthesis
of nitridosilicates. The nitridosilicates are accessible as coar-
sely crystalline, single-phase products in short reaction
times in preparative amounts with metals melting at ap-
proximately 1000 °C. Depending on the molar ratio of me-
tal and silicon diimide in the starting mixture highly cross-
linked or lower condensed nitridosilicates are produced.

In the meantime we extended our synthetic attempts to
nitridoaluminosilicates and compounds in the system Si-Al-
O-N as well. These oxonitridoaluminosilicates (sialons) are
built up from corner-sharing (Si,Al)(O,N), tetrahedra and
they derive from the nitridosilicates by formal substitution
of Si by Al and N by O. However, due to kinetic reasons
such substitutions do not seem to be possible starting from
pure nitridosilicates or oxosilicates. Due to its specific ther-
mal behavior SrCOj; is a useful starting material for the
synthesis of oxonitridosilicates. For the synthesis of the re-
spective aluminonitridosilicates we added AIN.

Nitridosilicates and carbidonitridosilicates

Highly condensed network structures of corner sharing
SiN, tetrahedra previously have been identified in our
group, namely the alkaline earth compounds M,[SisNg]
(M = Ca, Sr, and Ba [8]). In the meantime we have ex-
tended this synthetic approach to rare-earth nitridosilicates
and we obtained M';[SigN;;] with M’ = Ce, Pr (Fig. 2)
[9] as well as BaEu(Ba, sEu, 5)YbSigNy; [10]. Though both
nitridosilicates have an identical molar ratio Si : N, the top-
ology of the respective [SigN;;]°~ substructures significantly
differs (cycle-class sequences of the [SigN;;]°~ substruc-
tures: M3Si6N11 {-,0,4,2,0,24,40...}, BaEu(BaO,SEuoj)-
YbSigNy; {-,0,11,4,6,8.,4...}).
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The first nitridosilicate with a divalent rare earth metal
was Eu,[SisNg], which is isotypic with Sr,[SisNg] and
Ba,[SisNg] [11]. Magnetic susceptibility measurements of
Eu,SisNg show Curie—Weiss behavior above 50 K with an
experimental magnetic moment of 7.67(5) pp/Eu indicating
Eu®*. Ferromagnetic ordering is detected at a remarkably
high temperature of 13.0(5) K. The two crystallographically
independent Eu?" sites could not be distinguished by '>'Eu
Maossbauer spectroscopy. The room temperature spectrum
has been fitted by only one signal at an isomer shift of 6 =
—11.82(5) mm/s subject to quadrupole splitting of AEg =
16.8(2) mm/s and an asymmetry parameter of 0.67(7). At
4.2 K full magnetic hyperfine field splitting is observed with
a hyperfine field of 24.9(2) T at the Eu nuclei [12]. In detail
we investigated the optical properties of the solid solution
series Ba,_ Eu,SisNg (0.14 = x = 1.16), which exhibit a very
shining orange color [13]. Excitation with intense laser light
at 1047 nm reveals fluorescence emission peaking at
~ 600 nm due to two-photon-excitation. The emission maxi-
mum is shifted towards higher wavelengths with increasing
Eu®* content. Two neighboring maxima in the emission
spectrum could be correlated with the two crystallograph-
ically independent Eu®" sites, whose coordination by the
nitrogen atoms of the [SisNg]*~ substructure slightly differs.
In Ba; goEug 11SisNg a long lasting luminescence (< 15 min)
was observed. This effect is due to the recombination of
holes and traps consisting of nitrogen vacancies formed by
the reducing synthesis conditions. The maximum emission
was observed at —7 °C [13].

A simple measure for the degree of condensation in both
oxo- and nitridosilicates (which are built up by connected
SiX, tetrahedra (X = O, N)) is the molar ratio Si : X. The
degree of condensation may vary in a wider range in case
of the nitridosilicates (1 : 4 = Si : N = 3 : 4), while oxo-
silicates (1 : 4 = Si: O = 1 : 2) only have terminal Ol and
simply bridging OPl. In accordance with the higher degree
of condensation also NB! have been found for Si : N >
1 : 2 in the respective nitridosilicates. Each of these NPl are
bridging three neighboring Si tetrahedral centers. Thus, in
many nitridosilicates the cross-linking at the X atoms and
the degree of condensation is enhanced as compared to
oxosilicates. Most of these Si-N network structures have no
structural analogues among the oxosilicates. According to
simple bond-valence considerations, the contribution of the
nitrogen atoms towards coordination of the electropositive
metal cations decreases as NIZI > NBI with the ammonium
type NI exhibiting no contribution at all.

Even for a very high molar ratio Si : N a further increase
of the cross-linking at the nitrogen atoms yielding N
bridges was not expected to be possible. Even in binary
Si3Ny this situation does not occur. Surprisingly the quater-
nary compounds MYbSiyuN-; (M = Sr, Ba, Eu) exhibit such
unusual N™ bridges (Fig. 3) [14].

All previously described nitridosilicate network struc-
tures are built up from alternating Si and N, with the nitro-
gen atoms being negatively polarized. In contrast the unpre-
cedented structural motif NSiy in the quaternary com-



Fig. 3 Crystal structure of MYbSiyN,; (M = Sr, Ba, Eu).

pounds MYbSiyN; (M = Sr, Ba, Eu) exhibits an am-
monium character and thus the N4 atoms carry a formally
positive charge. It seems promising to replace the fourfold
coordinated nitrogen atoms by carbon in order to introduce
carbon bridges into nitridosilicate network structures. This
substitution could lead to better mechanical properties be-
cause of the higher covalence of the Si—C bond as com-
pared with Si—N. By serendipity the novel compound
Ho,[Si4NC] was obtained in very low yield as a byproduct
of Hog[Si11N»0O] when the synthesis was carried out in
graphite crucibles. However, after stoichiometric addition of
graphite to the reaction mixture Ho,[Si4NgC] has been syn-
thesized as a single-phase product. We chose the novel ter-
minus “carbidonitridosilicate” to emphasize the character
of the Si*"(N3~,C*") network, i. e. a substitution of N3~
by C*~ in nitridosilicates. Ho,[SiyN¢C] consists of a three-
dimensional network of star like units [C(SiN3),], which are
isoelectronic to the characteristic building blocks [IN(SiN3)4]
of the above mentioned MYbSiyN; (M = Sr, Ba, Eu) [15].
These blocks are connected sharing their N? atoms to form
two types of layers with diametrical orientation of the
SiN;C tetrahedra. Along [001] these two types of layers are
alternately connected by further NI?! atoms like chemical
twins (Fig. 4) to build the three-dimensional condensed net-
work [SisNgC]°~. As a direct consequence of this chemical
twinning the polar character of the [SisN;]°~ network in
MYDb[SiyuN,] is lost. Therefore, Ho,[Si4NgC] exhibits no
SHG activity (second harmonic generation) in contrast to
MYb[SizN].

The nitridosilicates discussed so far show a very high
thermal stability (up to 1600 °C) and they are hardly at-
tacked by hot acids and alkalines. Presumably, this is a di-
rect consequence of the high cross-linking in the Si-N net-
work structures and its high covalence. However, the ques-
tion arises, if due to the specific conditions during their

Fig. 4 Crystal structure of Ho,[SiyNgC], view along [100]. The ar-
rows indicate the diametrical orientation of both layers.

high-temperature syntheses only highly condensed network
structures of connected SiN, tetrahedra are accessible, or if
even less condensed network structures might be possible.
It seemed to be specifically challenging also to build zeolite-
analogous microporous network structures from SiN tetra-
hedra. This was achieved with the synthesis of
Ba,Nd,Si;N»; (Fig. 5). With a molar ratio of Si: N = 11 :
23 the degree of condensation is smaller than in most oxidic
zeolites ((Al/Si) : O = 1 : 2). As a consequence terminal
NI occur besides simply bridging N2, A measure for the
microporousity of zeolite analogous structures is the frame-
work density (FD), which indicates the number of tetra-
hedral centers (T) in a volume of 1000 A3, With FD = 18.5
Ba,Nd,Si; ;N is similar to typical zeolites (FD values for
some zeolites: 17.5 (AIPO,4-5), 17.9 (ZSM-5), 19.3 (No-
nasil)) [16].

Nitridoborates

Besides silicon nitride (a-SizNy, B-SizNy) also binary boron
nitride (4-BN, ¢-BN) plays an important role in the appli-
cation of non-oxidic high-performance materials [1]. In an-
alogy to the manifold structural chemistry of oligonary ni-
tridosilicates ternary and higher nitridoborates of rare earth
elements could be accessible through an analogous syn-
thetic approach. Actually we have been successful to syn-
thesize several nitridoborates utilizing a starting material,
namely poly(boron amide imide), which is comparable to
silicon diimide Si(NH),. Poly(boron amide imide) is an un-
defined and amorphous but reproducible polymer, that is
obtained by ammonolysis of BBr; followed by a thermal
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Fig. 5 Crystal structure of Ba,Nd;Si;;N,3, which has a zeolite anal-
ogous Si-N framework with wide channels.

condensation below 600 °C. Analogously to the synthesis
of the nitridosilicates, we obtained the coarsely crystalline
nitridoborate Pr3[B;Ng] by the reaction of the pure rare
earth metal with poly(boron amide imide) in the radiofre-
quency furnace under nitrogen atmosphere [17].

All attempts to synthesize an oligonary nitride in the sys-
tem RE-Si-B-N (RE = rare earth element) by serendipity
led to the formation of the novel inclusion compounds
Ba,RE;[Si;»N»;O][BN;] with RE = Pr, Nd, or Sm [18]. Ac-
cording to the single-crystal X-ray diffraction analyses and
confirmed by elemental analyses and magnetic investi-
gations these compounds are built up from a network struc-
ture of corner sharing SiX, tetrahedra (X = N, O) with the
oxygen atoms statistically distributed over the X positions.
Presumably, oxygen has been incorporated into the product
by an oxidic contamination of the rare earth elements. The
trigonal planar orthonitridoborate ions [BN3]°~ and the
Ln3* as well are situated in hexagonal cages of the frame-
work. The remaining Ba?>" and Ln®' are positioned in
channels of the large-pored network structure (Fig. 6).

With respect to a rational planning of the synthesis of
microporous nitridozeolites it may be important, that the
anions [BN;]°~ are situated in the [6'%] cages of the [Si}>X54]
framework structure. Conceivable though not yet proven is
the assumption, that initially during the formation of
BayLn;[Si;,N,30][BN5] the [BN;]®~ ions were excised from
the boron nitride layers. Subsequently these [BN3]°~ units
do not condense with the nitridosilicate framework but pre-
sumably they act as high-temperature stable templates
around which the [Si;,N,3;0] framework is organized.

In the meantime we have been successful to extend the
described synthetic approach for the preparation of the first
oxonitridoborate [19], namely Sr3[B;O;N3], and currently
we are targeting oxonitridoborates of rare earth elements.

Oxonitridosilicates and oxonitridoaluminosilicates

Nitridosilicates derive from the classical oxosilicates (which
are made up of SiO, tetrahedra) by a formal exchange of
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Fig. 6 Crystal structure of BayRE/[Si;;N,30][BN;] with RE = Pr,
Nd, or Sm.

oxygen by nitrogen. Thus they contain SiN, tetrahedra.
Oxonitridosilicates (so-called “sions®) represent an inter-
mediate class of compounds between oxosilicates and nitri-
dosilicates. A further partial substitution of Si by Al leads
to the oxonitridoaluminosilicates (commonly known as sia-
lons). The latter ones exhibit highly desired materials
properties like enhanced mechanical hardness and strength,
and exceptional thermal and chemical stability. Due to their
relevance for the manufacturing and properties of several
nitride based ceramic materials they have extensively been
studied during the last 30 years [20]. From a structural
point of view several sialons derive either from o- or f-
Si3N,4 and therefore they have been called o~ or B-sialons,
respectively. Other representatives are structurally related to
oxidic compounds like melilite (M-phase), apatite (H-
phase), or wollastonite (K-phase) [21]. Further novel struc-
ture types only rarely had been identified for the sialons.
Concerning their solid-state chemistry most of these com-
pounds had been only insufficiently characterized. Detailed
structural information was missing as single-crystal diffrac-
tion data only for one compound, the so called Nd-U-
phase, had been obtained [22]. Within our efforts to investi-
gate compounds comprising nitridobridges between silicon
(or aluminum) and rare earth elements (RE) we have par-
ticularly focused on oxonitridosilicates and oxonitridoalum-
inosilicates in order to compare the differing coordination
behavior of both the Si-O-RE and Si-N-RE bridges within
the same compounds.

Recently, our synthetic strategy utilizing silicon diimide
and metals as starting compounds for the synthesis of nitri-
dosilicates in radiofrequency furnaces has been successfully
transferred to the synthesis of new oxonitridoaluminosil-
icates (sialons) and oxonitridosilicates (sions) [23]. Some of
these are isotypic with known nitridosilicates, namely SrSi-
Al,O3N, [24], SrErSiAl;O3Ny [25], or Nd;SisAION,, [26],
which are structurally related with LaSi;Ns, BaYbSiyN-,
and Ce;SigNyy, respectively. The oxonitrides Sm>SizO3Ny4
and RE2S12‘5A10.503_5N3'5 with RE = CC, Pr, Nd, Sm, Gd
[27] belong to the melilite structure type, and the sialons



Fig. 7 Crystal structure of the hyperbolically layered oxonitridosil-
icate oxide Cey[Si;O4Ng]O. Left side: The periodic nodal surface
(PNS) FYxxx envelops the large tetrahedral cationic complexes
[Ce,O]'°*. Right side: Topological representation of the Si/O/N
network structure in Cey[Si4O4N4]O, view along [100]. The O and
N atoms are omitted and neighboring tetrahedral centers are di-
rectly connected.

RE 6+ 3)[Si(11-9Aly No s x0)]O(14+y) With RE = Nd, Er,
Yb, or Dy resemble the crystal structure of Erg[Si;;N,g]O
[28]. A remarkable result is the identification of
Ce6S11504N35 [29] as a defect variant of a perovskite super-
structure built up by a condensed network of corner sharing
Si(O/N), tetrahedra, SiNg octahedra, and Ce3™.

However during these investigations several novel struc-
ture types were found as well: In the system Ce-Si-O-N the
oxonitridosilicate oxide Cey[Si4O4Ng]O was obtained by the
reaction of cerium metal with Si(NH), and SiO, at 1560 °C.
The cubic structure and the ordering of O and N was deter-
mined by single-crystal X-ray diffraction and neutron pow-
der diffraction and it was confirmed by lattice energy calcu-
lations using the MAPLE concept. In the solid there are
complex cations [Ce40]'°" which are enveloped by a hyper-
bolical layer structure [SizO4Ng]'°~ (Fig. 7). This layer is
built up by corner sharing Q3 type SiONj; tetrahedra. The
oxygen atoms of the SiON; units are terminally bound to
Si, while all nitrogen are bridging two neighboring Si cen-
ters. These nitrogen belong to nitridobridges Si-N-Ce. The
periodic nodal surface (PNS) FYxxx describes the topologi-
cal situation of Cey[SizO4Ng]O very well. This PNS separ-
ates the whole structure into two independent spaces. Thus,
topologically there is no path from one surface of the PNS
to the other. In Cey[Si4O4N4]O the entire Si-N substructure
extends parallel to this PNS and it is situated on one side
of the surface, while both the cations [Ce,O]'°" and the
terminal oxygen atoms of the SiONj; tetrahedra are posi-
tioned on the other side. The bonds Si-O are piercing the
surface. Accordingly Cey[Si4O4Ng]O might best be de-
scribed as the first hyperbolically layered silicate [30].

The oxonitridoaluminosilicates (sialons) Sr3RE;qSig-
Al,O3N36 with RE = Ce, Pr, Nd were obtained by the
reaction of the respective rare earth metals with Si(NH),,
SrCO;, and AIN at temperatures between 1550—1650 °C.
The crystal structures of the isotypic sialons were deter-
mined by single-crystal X-ray investigations and in the case
of Sr3Pr;0Si;3Al;,0,3N36 the crystallographic ordering of O

Fig. 8 Crystal structure of the (sialons) Sr3RE;(Si13Al1,0,3N34 with
RE = Ce, Pr, Nd, left side: Double three-rings Si;Al;03Ng are the
characteristic building blocks of the sialon network in Sr3Ln;Si;g-
Al,0,5Nig, right side: 3[(Si;5ALLMO 5PN, PINL,B3)24 7] network
in Sr3Ln;(Si;gAl;j,015N36. The SiION; units are depicted as black,
the AION; as gray, and the SiN, tetrahedra as darkly hatched po-
lyhedra.

and N was investigated with powder neutron diffraction.
The three-dimensional sialon network (Fig. 8) is built up
from SiONj3, SiNy, and AIONj; tetrahedra. Surrounded by
the sialon network there are large tetrahedral [(Sr/Ln),O]
cations. Typical of the crystal structure are double three-
rings formed by three SiON; and three AIONj; tetrahedra.
Within these units each SiONj; is connected to an AION;
through an O atom. The SizN; and Al;N; rings of these
units exhibit the chair conformation, the resulting four-
rings Al,Si,N,O, the saddle conformation. Furthermore,
the double three-rings are connected through SiN, tetra-
hedra forming the three-dimensional sialon network.

For the first time we performed hardness investigations
on sialon single crystals. The investigations exhibit an aver-
aged Vickers hardness for Sri;Pr(SijgAl;,03N36 single
crystals of 22.0 GPa. Thus, the determined values are com-
parable to those of very hard polycrystalline o-sialons and
o-Al,O5 [31].

The sialon Sr;,SmgSizpAlsO,Ns, was obtained by the re-
action of Sr and Sm with Si(NH),, SrCOs, and AIN at a
maximum reaction temperature of 1600 °C. In the solid a
capped double-layer structure of the two-dimensional sia-
lon network is formed by corner sharing SiON;, SiNy,
AIONj3;, and AINy tetrahedra (Fig. 9). The molar ratio T :
X (T = Si, Al; X = O, N) for the sialon network exhibits
the relatively high value of 0.59. Typically, layered silicates
exhibit a degree of condensation in the range 0.25-—0.5.
Ideal single-layer silicates exclusively contain SiX, tetra-
hedra of Q3 type and their degree of condensation amounts
to Si: X = 2 : 5. For Sr;oSmgSiznAlgO;Nsy this ratio is 2 :
3.4. A characteristic feature of the sialon network of
Sr1oSmgSizpAl¢O7Ns, are large channels running along
[001] formed by the strongly corrugated layers A and A’.
These layers consist of rings built up by three SION; and
SiN, tetrahedra. The double layer structure is clearly illus-
trated by directly connecting the neighboring tetrahedral
centers Si and Al (Fig. 9).The Sr>* and Sm>" ions are situ-
ated in the voids of the structure of Sr;oSmgSiznAlgO7Nsy.
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Fig. 9 Double layer structure of the sialon network in SryoSmgSise-
AlsO;Ns, (stacking sequence ABB’A’); Sr?>" white, Sm>** black;
left side: polyhedral illustration with SiON; and SiN, tetrahedra
(black) and AION; and AINy (gray); right side: illustration of the
directly connected tetrahedral centers Si and Al.

The Sr?* ions are neighboring the weakly corrugated tetra-
hedral double layers and the Sm** ions are situated in the
large cavities formed by the strongly corrugated layers A
and A’ (Fig. 9), which are built up by SiON; and SiNy
tetrahedra [32].

Recently, we have investigated Gd;[SiIONs]O, the first
oxonitridosilicate oxide with noncondensed SiONj; tetra-
hedra, and we have investigated its magnetic and optical
properties [33]. The crystal structure derives from the per-
ovskite structure type by a hierarchical substitution (Ti**
— 0?7, 0?” — Gd3", Ca’*" — [SiON;]7").

Nitridophosphates

The incorporation of transition metals or even rare earth
elements into pure nitridophosphates seems to be much
more difficult as compared to the nitridosilicates. There are
some oxonitridophosphates of transition metals known, e.g.
MLEMMTPLOgN with M! = Na, K, (Na,K) and M = Al
Ga, In, Ti, V, Cr, Mn, Fe, (Al,Cr), (AL,V) or M,,M,P;04N
with M! = Na and M = Mg, Mn, Fe, Co. However, all of
these compounds do not contain any nitridobridges P-N-
M between phosphorus and the transition metals M [34].
In other cases like the isotypic compounds Cs;Fe,PsO;,N
and Cs;Co,P¢O;;N or the series M,,MTP;OgN with M! =
K or Tl and M™ = Mg, Mn or Fe nitridobridges P-N-M
have not unequivocally been identified as yet [34].
Contrarily, the transition metal nitridosodalites represent
a unique and varied group of compounds. Previously, we
investigated the nitridosodalites Zn,_ H,,[P2N-4]Cl, with
0 = x = 3 as well as Mg+ (y2)x)H2x[P12N24]Z, with M = Fe,
Co,Ni,Mn; Z =Cl, Br, ;0 = x = 4; y = 2[35]. And now
we have identified some further representatives of this class
of compounds, like Zng[P,N-4]X, with X = O, S, Se, Te
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[36], the partially filled sodalite Zng[P,N,4], for which hy-
drogen encapsulation could be proved [37], or even the cop-
per containing oxonitridosodalite CuygHs 5[P15N;304]Cls,
whose framework structure is made up from PONj tetra-
hedra [38].

Molecular Precursor Compounds with Nitrido Bridges
M-N-Si (M = Ti, Zr, Hf, W, Sn)

In the context of our efforts to synthesize oligonary nonme-
tal nitrides we have also been interested in developing mo-
lecular precursor compounds containing nitridobridges M-
N-Si between d-metals like Ti, Zr, or W on one hand and
silicon on the other. Especially we are targeting such molec-
ular compounds that subsequently could be transferred into
oligonary silicon nitrides by a simple ammonolysis reaction.
We preferentially have utilized chlorine as a secondary li-
gand at the metal or at the silicon atoms that easily can be
removed by a simple reaction with ammonia under forma-
tion of NH,CL.

The titanium complex Cl;Ti[N(SiMe,Cl)(SiMe,NH,)] (1)
was obtained by the reaction of I-chloro-1,1,3,3,3-penta-
methyldisilazane (2) with TiCl; according to equation (4).

Fig. 10 Structure of [Cl;Ti(N(SiMe,Cl)(SiMe,NH,))], (1) in the
solid.
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Fig. 11 Structure of [(Cl5Si),N],TiCl, (4) in the crystal.
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The disilazane (2) previously has been synthesized starting
from hexamethyldisilazane (HMDS) and Me,SiCl,. Appar-
ently both reactions are driven by evolution of Me;SiCl.

2 CIMe,SiNHSiMe; + TiCl, —
2
CLTi[N(SiMe,CI)(SiMe,NH,)] + 2 MesSiCl  (4)
1

According to [Cl3Ti(N(SiMe,CI)(SiMe,NH,))], complex 1
is dimeric in the solid (Fig. 10). The entire molecule exhibits
an inversion center. The titanium atoms are coordinated by
four Cl and two N each forming distorted octahedra. Both
moieties are connected through the CI atoms of common
edges of both TiCl4N, octahedra.

Four membered rings Ti-N(1)-Si(2)-N(2), which are ap-
proximately planar, are the characteristic structural building
blocks of both entities. The remaining bonds of Si are satu-
rated by methyl groups and CI substituents, respectively.
Presumably the formation of (1) is initiated by elimination
of HCI from ClMe,SiNHSiMe; and TiCl,. As a byproduct
of this reaction (NH4),TiClg is formed. Subsequently a se-
cond molecule CIMe,SiNHSiMe; is bonded by the elimin-
ation of Me;3SiCl under formation of the four membered
ring Ti-N-Si-N. Further addition of HCI and dimerization
leads to the formation of (1) [39]. Direct reaction of the
trisilazane Cl,Si(NHSiMes), with TiCl, in n-pentane leads
to the formation of [u-CITiCl,N(SiMe;)SiCl,NH,], (3),
which represents a simple substitutional variant of [u-
CITiCl,N(SiMe,Cl)SiMe,NH,], (1) [40]. Surprisingly both
dimeric complexes (1) and (3) crystallize with quite similar
monoclinic lattice constants, and thus they are homeotypic.
Currently we investigate, if these N-silylamido titanium
chlorides are appropriate molecular precursor compounds
for the synthesis of nitrides. Preliminary investigations have
indicated, that their ammonolysis followed by a pyrolysis
leads to the formation of nanocrystalline TiN in a matrix
of amorphous silicon nitride.

Fig. 12 Structure of Cl3SiN=W(CIl;)N(SiCls), (6) in the crystal.

Fully chlorinated N-silyl metal amides and imides

The reaction of hexachlorodisilazanyllithium (Cl;Si),NLi
with TiCly selectively leads to the fully chlorinated amides
[(C15S1),N],TiCl, (4) and (Cl3Si),NTiCl; (5). The structure
of 5 has been deduced by mechanistic considerations and
on the basis of the characteristic '*N and 2°Si NMR data.
Thus 4 and 5 are formed according to Scheme 1.

The structure of [(Cl53Si),N],TiCl, (4) has been elucidated
by a single-crystal X-ray structure determination (Fig. 11)
[41].

Analogously WClg has been reacted with hexachlorodisil-
azanyllithium (Cl5Si),NLi, and we obtained the fully chlori-
nated amide imide Cl3SiN=W/(CI;)N(SiCls), (6) according
to Scheme 2. The structure has also been elucidated by
single-crystal X-ray structure determination (Fig. 12) [42].

Reactions of hexamethyldisilazane (HMDS) with
metal chlorides

Recently Seyferth et al. [43] reported about the reaction of
hexamethyldisilazane (HMDS) with TiCly, that should lead
to a product with the postulated formula [Me;SiNHTiICl5].
However, according to our experience the presence of N-H
groups in the product of this reaction seems to be rather
unlikely, because usually the reaction between disilazanes
and TiCl, are initiated by an elimination of HCI. Our de-
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Fig. 13 Structure of the octameric titanium trimethylsilyl-imido
chloride [Me;SiNTiIClJg (8).

Fig. 14 Structure of cations and anions of the first bis(trimethyl-
silyl)ammonium salt [(Me;Si),NH,]*[Ti,Cly]~ (9) in the crystal.

tailed investigation revealed the true nature of the product
from the reaction of HMDS with TiCl,: According to equa-
tion (5) the intermediate product [(MesSi),NTiCls] (7) is
formed, which by further elimination of MesSiCl trans-
forms into 8.

Me;SiNHSiMe; + TiCl, — (Me;Si),NTiCl; + HCI (5)
7

According to the single-crystal X-ray structure determi-
nation [Me3SiNTiCl,]g (8) occurs in the crystal as an octa-
meric titanium trimethylsilylimido chloride (Fig. 13) [44].
As Seyferth et al. already have pointed out, this compound
is a valuable precursor compound for the fabrication of thin
films of titanium nitride on alumina substrates by a single
dip-coat-fire sequence [43].

During our detailed investigations we have identified
both (NH4),TiClg and the hitherto unknown bis(trimethyl-
silyl)ammonium salt [(Me;Si),NH,] [Ti,Clg]~ (9) as further
byproducts of the reaction between HMDS and TiCl,. Ac-
cording to the single-crystal X-ray structure determination
[44] the protonation of HMDS, that previously has not been
described in the literature, causes a significant elongation
of the Si-N bond from 173.5 pm (in HMDS) to 186 pm in
the cation of 9 (Fig. 14).

Subsequently we were able to identify further chlorides
of tetravalent metals that form bis(trimethylsilyl)ammon-
ium salts by the reaction with HMDS as well. In the case
of ZrCly a complex chlorotrimethylsilylimido-zirconate
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Fig. 15 Structure of the anion of the bis(trimethylsilyl)ammonium
salt ([(MesSi),NH,]"), [(ClzZrCl;Zr(CI)(NSiMes)),] (10) in the
crystal.

Fig. 16 Structure of the spirocyclic anion of the bis(trimethylsilyl)-
ammonium salt (11), that forms during the reaction of SnCl, with
HMDS.

with nitridobridges Si-N-Zr is formed with the formula
(I(Me;S1),NH,] ), [(CLZrCLZr(C(NSiMe)), P~ (10) (Fig.
15) [44].

According to equation (6) the analogous reaction of
HMDS with SnCl, resulted in the formation of a bis(trime-
thylsilyl)ammonium salt 11 with a completely unexpected
anion [44]: The crystal structure analysis reveals a novel
spiro anion (Fig. 16) together with the [(SiMes),NH,]"
ions. The rings of the anion are formed by alternating Sn
and N atoms. The resulting distances Sn-N (200 to 229 pm)
are comparable to Sn-N single bonds (214 pm). Both
NSiMej; groups represent fragments of the starting material
HMDS. The quaternary nitrogen atoms N(1), N(2), and
N(4) carry a formal positive charge (ammonium type) and
are not directly bound to Si. Nevertheless, all of them must
have been formed by substitution of SnCl, and SnCls
groups to Me;SiNHSiMe; under complete elimination of
Me;SiCl during the formation of the spiro anion. Accord-
ingly, HMDS acts as a synthon for nitrogen in the frame-
work of alternating Sn and N atoms of the anion. To the
best of our knowledge compound 11 represents the first ex-
ample containing tetrastannylated nitrogen [44].

6 Me;SiNHSiMe; + 6 SnCly; — 8 Me;SiCl + 2 HCI +
[(Me3Si),NH,] " [N(SnCls),(SnCl,)4(NSiMe;),(NH),] - (6)
11
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Silylhydrazido titanium complexes

The silylhydrazido titanium complexes CI,Ti[N,H-
(SiMes),]» (12), CITi[N,H(SiMes),]s (13), and (Cl,Ti),[N»-
(SiMes),], (14) were synthesized by the reaction of the re-
spective (trimethylsilyl)hydrazines with TiCl, in solution
(Schemes 3 — 5). The reactions were driven by Me;SiC
elimination or by LiCl elimination after dilithiation of bis-
(trimethylsilyl)hydrazine, respectively. According to NMR,
mass spectroscopy and X-ray structure determination the
products 12 and 13 have been formed by the reaction of

one eq. TiCly with two or three eq. hydrazine. Compound
14 results from the reaction of two eq. TiCly with two eq.
hydrazine. According to the results of the single-crystal
X-ray diffraction investigation the complexes 12 and 14 exhibit
a n?-coordination of the hydrazido moiety to titanium. In
the crystals of 14 both a chair and a twist form of the six
membered rings TiN,TiN, were found representing differ-
ent donor coordination modes of the hydrazido ligands to
titanium. Temperature dependent 2°Si NMR investigations
indicate that both coordination modes coexist in solution
at low temperatures but not at room temperature [45].
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