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Silicates are a very important class of minerals that form
about 80wt% of the earth’s crust. Nearly all naturally
occurring silicates are oxosilicates. However, sinoite
(Si,N,0), a mineral that occurs in meteorites, contains a
framework of corner-sharing Si(O,N), tetrahedrons.!? In the
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past few years an increasing number of nitridosilicates has
been synthesized. The characteristic structural entities in oxo-
and nitridosilicates as well as in oxonitridosilicates (sions) are
SiX, tetrahedrons (X = O, N), which are typically connected
through common corners (X =0, N) or edges (X =N)."
Higher coordination numbers of silicon (CN >4) mainly
occur in high-pressure phases (e.g. the SiO, polymorph
stishovite or perovskite-type (Mg,Fe)SiO,).!

All known crystalline silicates exhibit Si-X substructures,
in which Si and X atoms (X =0, N) alternate in a strictly
regular fashion. According to IUPAC nomenclature, the term
“silicate” indicates a compound with silicon in the oxidation
state +1v. Very few reduced silicon oxides and nitrides have
been reported that contain silicon in oxidation states < +1v.
For example, Hengge synthesized an amorphous subnitride
with the postulated formula SigN, starting from CaSi, and
NH,Br at 550°C. He assumed that this compound contained
Si—Si bonds (230 pm) although no comprehensive structural
model could be ascertained.!”! Based on this work Kniep et al.
described another subnitride with the formula Si,N. It was
obtained as an amorphous product, too, by the topochemical
reaction of CaSi, with NH,X (X=F, Cl, Br, I) at 330-
370°C.""" A structural model with sphalerite- or wurtzite-
analogous layers was proposed and a Si—Si distance of 230 pm
was assumed, which has not yet been proven by experimental
methods. Furthermore, Jansen et al. reported on the amor-
phous suboxide Si,0,.'”! The product was obtained by a sol—
gel process from Si,Cly and H,O at —75°C. A Si—Si bond
length of 230 pm was derived from pair correlation functions.

In the past couple of years we have been focussing on the
preparation and characterization of new nitrido- and oxoni-
tridosilicates as well as oxonitridoaluminosilicates (sia-
lons)."¥! We have now obtained the first crystalline reduced
nitridosilicate SrSigNg by reaction of strontium with silicon
diimide at 1630°C in a radio-frequency furnace (see Exper-
imental Section).

The structure of SrSigNg was determined by a single-
crystal X-ray structure analysis.'"¥! Considering the stoichio-
metric formula of the colorless compound, the charge balance
does not allow us to assume the presence of exclusively
tetravalent silicon. Actually, SiN, tetrahedrons as well as
N;Si—SiN; entities, in which each nitrogen atom bridges three
silicon atoms, occur in SrSigNg (Figure 1, left). Such NF

Figure 1. Left: Crystal structure of SrSigN; (view along [001]). In addi-
tion to SiN, tetrahedrons there are N;Si—SiN; units with formally triva-
lent silicon. Right: Crystal structure of Sr,ALSi;, ,Nye , Oyt (x22)18
(view along [001]).
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connections are frequently observed in the class of nitrido-
silicates.®™ The Si—N bond lengths (166-176 pm) correspond
well with those in other nitridosilicates."” The framework
structure of SrSizNj significantly differs from any other known
silicate structure as it does not comprise a strictly alternating
sequence of Si and X atoms (X=O, N). In contrast, it
contains additional Si—Si single bonds (235.2(2) pm), the
length of which precisely matches (within less than 0.1 %) that
of the archetypical covalent Si—Si single bond in diamond-
type silicon. It also resembles Si—Si bond lengths of the
molecular compounds Si,Hg, Si,Fs, or Si,Meg, which range
between 213 and 234 pm.['”)

The Sr** ions in SrSi¢Nj are ten-coordinate, surrounded by
nitrogen at distances of 269-316 pm. A quite similar crystal
structure occurs in the sialon Sr,AlSi;, [Ny O, (x=2;
Figure 1, right), which also crystallizes in the space group
Imm2.' Comparing the tetrahedron frameworks of the two
structures (Figure 2), it is evident that in the sialon an oxygen

o

Figure 2. Tetrahedron frameworks in SrSigN; (left) and in
SrALSi, Nig O,y (x22)1 (right).

atom is formally inserted into the Si—Si bond, thus leading to
two corner-sharing tetrahedrons. The Si—Si distance for these
oxygen-linked Si atoms are 310.1(4) pm, the Si-O-Si angle is
152.3(2)°." In the meantime we have also obtained
BaSigNgO, which is isotypic with the sialon
SR,ALSI;, Ny 0,y (x~2).17)

A first validation of the crystal structure of SrSigNg was
performed computationally by using standard density func-
tional theory methods (see Experimental Section). After
complete geometry optimization of the crystal structure of
SrSigNg, we obtained lattice parameters that agree perfectly
with the experimental findings. Our results, which were
calculated within both the local density approximation (LDA)
and the generalized gradient approximation (GGA), reflect
the usual trend of these functionals to provide lower and
upper boundaries for a, b, and ¢ within 1% of the exper-
imentally determined values.

We obtained values of 233.3 pm (LDA) and 237.7 pm
(GGA) for the Si—Si bond length. These values nicely enclose
the experimental value of 235.2(2) pm. The nature of the
covalent Si—Si bond was analyzed further by the electron
localization function (ELF). The ELF isosurface plot of the
central N;Si—SiN; fragment within the crystal structure of
SrSigNj, accessed at a value of 0.88, is shown in Figure 3. In the
center of the Si—Si bond we found a maximum ELF value of
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Figure 3. ELF of valence electrons in SrSigNs (Sr white, Si blue, and N
green), view along [00T]. To enhance the clarity, the figure shows the
ELF around the central N;Si—SiN; unit only (—0.2 <z<0.3). The iso-
surface is shown for ELF =0.88, which is approximately the maximum
of the ELF found within the Si—N bonds. Compared to the view in
Figure 2, in this case the unit cell has been translated by the vector
['/,00].
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nearly 1.0, which indicates an almost ideal pairing of two
electrons of opposite spin in a bonding crystal orbital.

One of the strengths of the computational approach is the
ability to test the properties of a hypothetical “SrSigN;O” by
inserting an oxygen atom into the Si—Si bond. After complete
optimization of the structure (SrSigNgO: a =810.3/820.6, b=
962.3/972.1, and ¢ = 480.0/486.5 pm calculated by LDA/GGA,
respectively), we obtained unit cell parameters a and b, which
differ significantly from the experimentally determined lattice
parameters of SrSigNg.!"! Insertion of the oxygen atom
extends b by more than 3%, mainly due to the increased
spacing between the two Si atoms bound to O. Furthermore,
this causes a rotation of the SiN, tetrahedrons of the SiN-
framework structure, which becomes visible by comparing the
left- and right-hand side of Figures 1 and 2. As a net effect, the
cell parameter a increases by more than 4%. Moreover,
although the computed atomic positions of SrSigNg match
those obtained from the refinement procedure within 2 pm,
atomic positions of the hypothetical oxygen-containing com-
pound SrSigNgO are shifted by up to 50 pm. The computa-
tional results, therefore, corroborate the structure and bond-
ing of the reduced silicate SrSigNg. In particular, they
unequivocally establish the single bond between the two Si
atoms. However, given the existence of BaSigN;O,['"l it would
appear that it should be possible to find a synthetic pathway to
SrSigNgO as well, for instance by a topotactic diffusion of
oxygen into SrSigNg. Conversely, one can envisage trans-
forming BaSigN3zO into BaSigNy topotactically by elimination
of oxygen. Currently, we are investigating the compounds
AESigNg(O) with AE = Ca, Sr, or Ba by both theoretical and
experimental methods.
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To obtain further proof for the existence of a Si—Si bond in
SrSigNg, we conducted *Si solid-state NMR investigations.
The NMR spectrum in Figure 4 clearly confirms the results
from the single-crystal structure analysis. The two ¥Si
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Figure 4. Si NMR spectrum of SrSigN;. The two signals derive from SiN,

(0=-52 ppm) and from N,Si—SiN; (0 =—28 ppm), respectively.

resonances show an intensity ratio of 1:2 corresponding to
the multiplicity of the Wyckoff sites 4d ((SiN;),) and 8e
(SiN,). The chemical shift of 6 = —52 ppm is assigned to SiN,
tetrahedrons (cf. 9(SiN,) = —50 ppm in ¢-Si;N,* or §(SiN,) =
—64.5/—56.5 ppm in LaSi;Ny")). In contrast, the signal at 6 =
—28 ppm corresponds to the (SiN;), group. The strong low-
field shift could also be caused by carbon-containing SiX,
tetrahedrons (X=N,C), cf. §(SiC,) ~—20 ppm in SiC*" or
6(SiCN;) =37 ppm in Y,Si,NsC.*"l However, the presence of
carbon has been unequivocally ruled out by chemical
analyses. Furthermore, oxygen within the coordination
sphere of Si would rather lead to a high-field shift (e.g.
O(SiON;) =—61.2 ppm in Si,N,O (sinoite) or J(SiO,N,) =
—75.3 ppm in SiON glasses??).?!

SrSigN; thus represents the first crystalline ternary silicate
with a partially reduced silicate substructure in which Si is
present in the oxidation states 411 and +1v. Recently,
another silicate with Si in two oxidation states (+1v and —1)
was reported, namely Cs,;,Si;Oy. However, according to the
formula Cs;([Siy][SizOy], this mixed silicide silicate contains
isolated [Si,]*~ Zintl anions and [Si;O,]°~ Dreier rings, which
are not directly bound to each other.¥

Experimental Section

In a typical experiment Sr (43.8 mg; dendritic, ABCR GmbH & Co.
KG, Karlsruhe, 99.95%) and silicion diimide (156.3 mg; synthesized
according to reference [13b]) were placed in a tungsten crucible under
argon atmosphere inside a glove box (Unilab, Fa. Mbraun, Garching,
0O, <1 ppm, H,O <1 ppm). Subsequently, the crucible was heated
inductively in the reactor of a r.f. furnace™ under N, atmosphere
(dried over silica gel/KOH/molecular sieve (pore width 4 A)/P,O
and activated BTS catalyst) to 1630°C at a rate of 8.9°Cmin~! and
then kept at this temperature for 6.5 h. The reaction product was then
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cooled down to 900 °C at a rate of about 1°Cmin~" and then quenched
to room temperature by switching off the furnace. A colorless,
coarsely crystalline product was obtained, which according to the X-
ray powder pattern is single-phase SrSigNg. Elemental analysis
(double determinations by the Mikroanalytisches Labor Pascher,
Remagen) caled for SrSigNg (368.24): Sr 23.8, Si 45.8, N 30.4, O 0.0;
found: Sr 23.1, Si 45.9, N 30.7, O < 1.0. The single crystals obtained
were suitable for X-ray structure analysis. A theoretical powder
diffraction pattern calculated on the basis of the single-crystal data
showed excellent agreement with a measured powder diffraction
pattern for SrSigNg with respect to the positions and intensities of all
the observed reflections.

Calculations: For density functional®! calculations, we applied
the VASP software package.”! The pseudopotentials employed are
based on the projector-augmented-wave (PAW) method.”” We used
both the local density approximation (LDA) and the generalized-
gradient approximation (GGA) to treat the exchange-correlation
energy of the electrons. All the results rely on well-converged
calculations with respect to cut-off energy (500¢V) and k-point
sampling (2x2x4 mesh). Residual forces and stresses in the
optimized structures are less than 0.005 eVA™! and 1 kbar, respec-
tively. The electron localization function (ELF) is a local descriptor of
the probability of electron pairing.”®! By definition the ELF takes
values within the interval [—1,1]. ELF tends to zero in regions of
space, where the average distances between spin-like and spin-unlike
electrons are similar, hence, electrons are unpaired. When spin-unlike
electrons are paired, ELF tends to + 1; when spin-like electrons are
paired, ELF tends to —1. Regions corresponding to electron pairing
exhibit a maximum, and all the regions corresponding to a lack of
electron pairing exhibit a minimum. Since we are interested in the
bonding between the two Si atoms, we focussed on pairing maxima.
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