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Li;[ScN,]: The First Nitridoscandate (i1)—Tetrahedral Sc¢ Coordination and

Unusual MX, Framework

Rainer Niewa,* Dmitri A. Zherebtsov, and Stefano Leoni!?!

Abstract: Li;[ScN,] was prepared from
Li;N with Sc or ScN in a nitrogen
atmosphere at 1020 K as a light yellow
powder with an optical band gap of
about 2.9 eV. The crystal structure was
refined based on X-ray and neutron
powder diffraction data (a3, Z=16,

X-ray diffraction: Rprosiie = 0.078,
Rpag; =0.070;  Neutron diffraction:
Rpro[ile = 0077> RBragg = 0074, Riet-

=1004.50(3) pm). Li3[ScN,] is an isotype
of Li;[AIN,] and Li;[GaN,] and crystal-
lizes in an ordered superstructure of the
Li,O structure type, leading to a three-
dimensional framework of all-vertex-
sharing tetrahedra J[ScN35]. Li is dis-
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(electron localization function) -
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placed from the center of a tetrahedron
of N atoms in the direction of one
trigonal face. Lis[ScN,] decomposes
above 1050 K to form ScN and Li;N.
Calculations of the periodic nodal sur-
face (PNS) and of the electron local-
ization function (ELF) support the pic-
ture of a covalent Sc—N network sepa-
rated from isolated Li cations, whereby
scandium d orbitals are involved in the

feld: a=1003.940(8) pm, Guinier: a

Introduction

In the last decade there has been a renewed interest in the
chemistry of nitrides and nitridometalates.'- Within this field
of interest, the nitride chemistry of rare-earth metals, in
particular, is still comparable undeveloped.l¥ The known rare-
earth compounds can be loosely classified according to the
following:

1) Metal-rich compounds with an often variable nitrogen
content, for example, compositions as anti-perovskite
phases (R;N)M (R =rare-earth metal, M =main group
metal),> ° or RT;,N,, R, T;;N,, and R;T,0N, (T = transition
metal),”! which are currently under intensive investigation
world-wide due to the superior hard-magnetic properties.

2) Nitridoborates, nitridosilicates®* ' and nitridometalates of
d elements, for example, Ce,[CrN;],["1 Ce,[MnN,] [ Bl
and R;[T,N¢] (R =La, Ce, Pr; T=Nb, Ta),!'Y with the rare-
earth metal serving as an electropositive component.

3) Interestingly, only few compounds with the alkali and
alkaline-earth metals are known: from lanthanum a defect
rocksalt nitride phase (Ca,La;_ N, .5 (0<x<0.7) was
reported.!””] Cerium forms the disordered rocksalt phases
(CaCe)N, and HT-(SrCa'V)N,, the a-NaFeO,-type LT-
SrCe'VN,,['1 and BaCe'VN,, which crystallizes in the
layered $-RbScO, structure.l'”? Though, there are some
indications for a homogeneity range of HT-SrCeN, in the
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chemical bonding.

sense of a solid solution with CeN,!'] all these compounds
contain Ce**. Similar is the situation with lithium: only
Li,Ce'VN, with an ordered anti-La,O; structure has been
reported so far.['®]

Scandium, as the lighter homologue of La in the periodic
table, in many respects behaves similarly to both the rare-
earth metals and to aluminum. At the same time it connects to
the 3d transition metal series. In inorganic nitride chemistry,
only the binary ScN, the ternary ScNbN, _, and ScTaN,_,, and
some solid solution phases of ScN with other binary nitrides
are known so far.['>2!] Here we report on the new compound
Li;[ScN,], prepared from Li;N and ScN or Sc in a nitrogen
atmosphere.

Results and Discussion

Li;[ScN,] was prepared from Li;N and ScN fine powders in
nitrogen atmosphere in preference over the reaction of Li;N
with Sc. In the latter case, typically, large amounts of
unreacted Sc remained due to kinetic hindrance by slow
diffusion in the larger Sc grains. Under the conditions of
thermal analyses in an Ar atmosphere Li;[ScN,] decomposes
at temperatures above 1050 K to give a single-phase brownish
powder of 0-ScN (see Figure 1). Li;N sublimes to the colder
parts of the apparatus. The mass loss of 35.4 % agrees with the
calculated value of 37.1% for the loss of 1 mol Li;N per
formula unit. A kink in the TG (thermogravimetry) curve
followed by a slower mass loss at higher temperatures
indicates a reduction of the powder surface, presumably by
formation of a melt. The thermal effect at 7, = 1090 K
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Figure 1. DTA/TG diagram of the decomposition of Li;[ScN,] in an Ar
atmosphere (heating rate 10 Kmin™!).

coincides with the melting point of Li;N (1086 K). The mass
loss already slowly starts at temperatures below the melting
point, corresponding to the significant vapour pressure of
Li;N at elevated temperatures. Thus, the thermal peak is
interpreted as melting point of Li;N formed in the decom-
position reaction. This interpretation was confirmed by
samples Lis[ScN,] quenched from different temperatures
and composed of various amounts of Li;[ScN,], a-Li;N, and
0-ScN depending on the thermal history. The behavior of
Lis[AIN,] and Lis[GaN,]? is similar (decomposition above
1270 K and 1070 K to form AIN and LiGa, respectively).
The crystal structure of Lis[ScN,] was refined based on
X-ray and neutron powder diffraction data to locate all atoms
reliably. Figure 2 depicts the refinement results. Lis[ScN,] is
an isotype of Li;[AIN,] and Lis[GaN,]?> 2] and crystallizes in
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Figure 2. a) Neutron and b) X-ray diffraction patterns (Cuy,, radiation) of
Li;[ScN,] (dots), fitted profile (line), and difference curve (below). Tick
marks indicate the positions of possible Bragg reflections.
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a 2 x 2 x 2 superstructure of Li,O. An ordered occupation of
the tetrahedral holes with Sc and Li in the face-centered cubic
(fcc) arrangement of the N atoms leads to a three-dimensional
framework of all-vertex-sharing tetrahedra J[ScN3ij] as is
shown in Figure 3. The Sc atoms are located in a nearly

Figure 3. Comparison of the Si network of y-Si®! (top) and the 3[ScN77)]
network (green hollow tetrahedra) in Li;[ScN,] (red: Li) (bottom). One
cubic unit cell is shown.

regular tetrahedron of N atoms. To our knowledge any
tetrahedral coordination of Sc in purely inorganic compounds
is unknown so far. In coordination compounds only few
examples with strongly distorted tetrahedra ScN,Te,,
Sc(OAr),, ScN;C, and ScN;0 with sizeable ligands have been
observed.?*?"l The bond lengths in the range of d(Sc—N)=
210.7(1)-212.5(1) pm in Li;[ScN,] are slightly shorter than
the corresponding bond lengths in the binary 6-ScN com-
pound with Sc in octahedral coordination (d(Sc—N)

www.chemeurj.org  Chem. Eur. J. 2003, 9, 4255-4259
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~225pm). In coordination compounds the Sc—N bond
lengths usually fall in the range of 204 —220 pm.?*?%l The Li
atom is displaced from the center of the nitrogen tetrahedra
towards one trigonal face, as indicated by three shorter
distances d(Li—N)=209.7(6), 210.6(6), and 222.8(6) pm,
which are in the range expected for Li in tetrahedral or
trigonal planar coordination by N,'*l and one longer distance
d(Li—-N)=245.6(6) pm. For comparison the distance
d(Li—N)=210.6 pm was determined for the trigonal planar
coordinated Li site in Li;N.*% Figure 4 depicts the coordina-
tion environments of Sc and Li. A similar situation was
observed, for example, for LiCaN,*! whereby the larger Ca?*
ion requires an expansion of the fcc arrangement of nitrogen
accompanied by a distortion of the cubic symmetry to an
orthorhombic unit cell.

Figure 4. Coordination of the Sc and Li sites in Li;[ScN,]. While Sc is
surrounded by a nearly ideal tetrahedron, Li is displaced from the center of
a tetrahedron towards one trigonal face. Distances are given in pm,
standard deviations of the last digit in parentheses.

The title compound fits well within the row of third-period
Li nitrides in their highest observed oxidation states:
LiMgN, 23| LiZnN,®! Li;[ScN,], LisTiN;= Lis[(Li,  Ti,)N,]
(x=2/3),B1  Lij[VN,],B¥  Li[CrN,],®®  Li;[MnN,],
Lis[FeN,].P The compounds Li;[ScN,] and Lis[FeN,] with
the same formula type realize different structures. The iron-
containing compound crystallizes with a Li,O-type (super)-
structure with Fe occupying edge-sharing tetrahedra leading
to infinite chains of }[FeN3,].

Focussing on the J[ScN3] framework, the Sc arrangement
is topologically equivalent to the Si arrangement in (high-
pressure, high-density) y-Si.”¥! As for the isotypes Li;[AIN,]
and Li;[GaN,], the introduction of nitrido ligands leads to an
MX, framework for which, to our knowledge, no further
example is known so far, neither for SiO, modifications nor
for any aluminosilicate framework. As the Li;N, substructure
is isostructural with that of Mg;N, and a-Ca;N,*) (anti-
bixbyite), the J[ScN3;]-framework consequently corresponds
to the occupation of the unoccupied tetrahedral holes in the
anti-bixbyite structure with Sc.

Though Li;[ScN,] is an isotype of the long known Li;[ AIN,]
and Li;[GaN,], the previous crystal chemical discussion was
focused on the Li,O-type structure. To shed light on the
topology of the unusual }[ScN7;] network and on the nature
of the Sc—N contacts, a periodic nodal surface (PNS)[* 4 and
the electron localization function (ELF)*> I were calculated.
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Periodic nodal surfaces are calculated from a Fourier
summation of a few, for cubic symmetry frequently only one,
Fourier coefficients. They appear as continuous, triply peri-
odic surfaces, dividing three-dimensional space into two
labyrinths that interpenetrate each other. For this property,
they are very useful in understanding which topologies are
compatible with a given space-group symmetry, and in
elucidating the underlying structural motifs of a periodic
arrangement of atoms. A diamond network, for example, will
develop in one labyrinth of a periodic surface. Replacing the
carbon atoms by tetrahedra (MgCu,) or by very large
aggregates of atoms (Mg,Al;) increases the structural com-
plexity while keeping the topology constant.

The ELF is used to describe and visualize chemical bonds in
solids and molecules. It compares the local Pauli repulsion of a
given system with the one of a uniform electron gas of the
same density. In physical space the ELF decomposes into
basins. The way basins are related to each other through the
definition domain of the ELF is a topological issue, which
matches the topological information coded in the PNS. To
illustrate this last point is also a task of this work.

The PNS (Figure 5) divides space into two labyrinths, one
containing the Li positions and the other the Sc and N sites. As
mentioned above the topology of the latter labyrinth corre-

Figure 5. Unit cell of Li;[ScN,]. The J[ScN3j,] framework (Sc: white, N(1):
green, N(2): dark green) is enclosed in one labyrinth of a PNS, while the Li
atoms (red) are located in a second labyrinth (blue/dark blue surfaces).

sponds to the network of y-Si (space group Ia3):*! the Sc
atoms build a point configuration of the same lattice complex
as Si. The Sc—N network is thus a hierarchical derivative®! of
the Si network, whereby ScN, tetrahedra replace Si.

Along the Sc—N connections, no ELF maxima are found
(Figure 6). The outer-core basin set*! of Sc decomposes into
four basins for the interconnection value above 7;. = 0.85. The
basin attractors point towards the faces of the N tetrahedra
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Figure 6. Section of the unit cell of Li;[ScN,]. Two isosurfaces of the ELF
are displayed, showing the structuring of the outer-core localization domain
of Sc (four light yellow maxima, opaque) and isolated Li atoms (7. = 0.74),
and valence localization domains around N (#;,=0.85). An ELF slice
through a nitrogen layer appears in the background.

around the Sc atom. The pronounced structuring of the outer-
core localization domain hints at a participation of the
scandium 3d orbitals in the bonding.*?! Choosing the inter-
connection ELF value of 7;,, =0.15, the outer-core basin set of
the Sc atoms fuse with the valence basin sets of the N atoms,
building one basin set of the ScN framework. At that value the
basins of the lithium atoms are still isolated. This picture
nicely corresponds with the analysis with PNS, in which Li*
and the J[ScN3;] framework are located in two different
labyrinths.

Integration of the electronic density within the basins!*’)
provides supporting data for the analysis of the bonding
situation. In the valence basin set of N, an excess of 2.5 e~ is
found, and, by subtraction, Sc lacks 2 e~. This together with
the pronounced structuring of the localization domain at Sc is
an indication for the participation of Sc in covalent chemical
bonding and corresponds to the semiconducting/insulating
property of the light yellow compound (optical band gap
~2.9 eV, as determined by diffuse reflectivity).

With these values, the qualitative analysis of the ELF, and
bearing in mind the separation operated by the PNS, two
types of interaction can be distinguished: one substantially
ionic (each Li atom transfers 1 e~ to the ScN framework),
which develops across the PNS, and an Sc—N bonding
interaction within one labyrinth of the nodal surface involving
Sc 3d orbitals.

In summary, Li;[ScN,] is the first nitridoscandate reported.
For the first time Sc is observed in tetrahedral coordination in
an inorganic compound. The [ScN3%] substructure compris-
es an unusual framework not observed in silicate chemistry.
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Experimental Section

Materials: The sample handling, chemical analyses, and the preparation of
Li;N were carried out as described previously.'®! 6-ScN was produced from
the elements (Sc: Hunan Institute of Rare-Earth Metals Materials (China);
sublimed, dendritic, chemical analyses: w(O)=0.09(2) %, w(N, C) below
determination limit <0.01 %) within an induction furnace at 7;,,, = 1670 K
for 1h. Chemical analyses of this 6-ScN resulted in w(O) <0.20(6) %,
w(N) =23.3(6) %, w(Sc) =76.4(5) %, that is, ScN 43Oy, unit cell param-
eter a =450.35(2) pm.

Li;[ScN,] can be obtained from a-Li;N and Sc metal or from a-Li;N and 6-
ScN in nitrogen atmosphere at 1020 K. Best results were obtained with J-
ScN fine powders. The single-phase product was a light yellow, moisture
sensitive powder that easily dissolved in hydrochloric acid (chemical
analyses: w(Li) =22.4(2)%, w(Sc)=46.1(7)%, w(0O)<0.10(2)% =
Li;;ScN,,). A small amount of 6-ScN was indicated by two weak peaks
in the powder XRD, excluded in the Rietfeld refinement.

Measurements: X-ray diffraction patterns were taken on an imaging plate
Guinier camera.l'"”! The unit-cell parameter a =1004.50(3) pm was refined
by least-squares fittings of X-ray powder data (CSD program package)**!
with LaB, as an internal standard (a =415.7 pm). The neutron diffraction
pattern was measured on diffractometer E9 at BENSC, HMI, Berlin
(Germany). The sample container consisted of a V cylinder (diameter
8 mm, length 51 mm, wall thickness 0.15 mm) that was tightened by an In-
sealing. Structure determination and combined refinements of the X-ray
and neutron diffraction patterns succeeded in Fullprof:*! X-ray diffraction,
Cug,, radiation, 15°<260<100°, 16640 profile points, Rjon.=0.078,
Rpage =0.070; neutron diffraction, 4=179.65(1) pm, 10°<26<156°,
Ryrotite =0.077, Rpppge =0.074, a=1003.940(8) pm, Ia3, Z=16; Sc in 16c,
x=0.1222(1); Li in 48e, x =0.1576(5), y = 0.3885(5), z =0.1095(7); N(1) in
8a; N(2) in 24d, x =0.2353(2), global U, =0.35(6) x 10? pm>.

DTA/TG measurements (STA 449, NETZSCH, Ni crucibles, thermocouple
type S, completely integrated into an argon-filled glove box) were
performed under nitrogen and argon to analyze the formation of Li;[ScN,],
to find the optimum reaction conditions, and to examine the decomposition
behavior. Temperature calibration was carried out with five melting points
of pure metals. Above 1300 K the remaining decomposition product of
Li;[ScN,] was 06-ScN (chemical analyses: w(Li)=0.255(2) %, w(Sc)=
75.1(8) %, w(N) =23.89(9) %, w(O) = 0.48(4) % LijScN| 5100.015)-

The optical band gap was determined from diffuse reflection (Cary 500,
prayingmantis, white standard BaSO,, ratio 10:1) under inert conditions.
The absorption energy was taken as the inflection point of the step-like
decrease of the diffuse reflectivity.

Computational details: The PNS resulted from a short Fourier summation
that included two reciprocal vector sets, (211,1,t) and (222,1,0), by
following the method described in the literature.* According to its
definition,*!] the PNS is the isosurface of the Fourier summation at zero
value.

For the calculation of the ELF, the one-electron Schrodinger equation was
solved self-consistently within the LMTO scheme in the atomic sphere
approximation. Interstitial empty spheres had to be added to correct for a
large sphere overlap and to fill interstitial space. The basis sets consisted of
4s, 4p (down-folded), 3d for Sc, 2s, 2p (down-folded), 3d (down-folded) for
Li, and 2s, 2p, 3d (down-folded) for N. The radii for the atoms and
interstitial spheres were: r(Sc)=136.2 pm, r(Li)=134.0 pm, r(N(1))=
1102 pm, r(N(2))=108.1pm, r(E(1))=120.0pm, r(E(2))=97.8pm,
r(E(3)) =56.8 pm. The ELF module of the TB-LMTO-ASA program!*!
was used for the generation of the ELF grid. The final manipulation of the
data was performed with the program Amira 2.3.5%
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