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Recent Developments in Nitride Chemistry
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The chemistry of ternary nitrides is reviewed with special focus on developments of the
last two years (1996 and 1997). In particular, structures and properties of ternary and higher
transition metal nitrides, main group nitrides, subnitrides, and nitride halides are compared,
and a section on thermodynamics of ternary nitrides is included. Finally, methods for the
preparation of gallium nitride single crystals are summarized.
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1. Introduction

Ternary nitrides were first systematically investi-
gated by Juza et al.12 beginning in the 1940s. This work
focused mainly on lithium compounds, due to their
relatively easy preparation and mostly simple struc-
tures.>2 In the following decades several groups started
some work on a variety of ternary nitrides. But faster
development of this field began in the 1980s, when
several new preparation techniques were introduced
and systematically exploited. Today, the class of ter-
nary nitrides and the investigation of their properties
is a rapidly growing topic; nevertheless, compared with
ternary oxides or sulfides, even now relatively little is
known about nitrides. This short review is intended to
give an overview on developments of mainly the last two
years (1996 and 1997). Several reviews appeared in
1996 and early 1997 that summarize accomplishments
prior that time.3~1° Each review has a different focus,
but together they do an excellent job of presenting the
synthesis methods and the unusual chemistry of ni-
trides.

The majority of ternary nitrides contain electroposi-
tive elements, typically alkali or alkaline earth metals,
serving as electron donors that stabilize nitridometalate
ions by the inductive effect. The nitridometalate anions,
MN,"~, are generally characterized by the coordination
number (CN) of M. An overview on coordination
behavior of metal atoms by nitrogen in ternary nitrides
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with electropositive elements has been given by Kniep.5
When M is an early transition metal, high oxidation
states are often achieved, accompanied with coordina-
tion numbers of 4—6. When M is a late transition metal,
oxidation states of O to +2 are typical and the coordina-
tion number of M is often only 2. For ternary nitrides
of main group metals, coordination numbers of 4 and 2
are dominant. In contrast to oxide or sulfide chemistry,
Zintl phases with germanium(l1) chains can be achieved
in compounds that also contain nitridogermanate ions.
The metal cation coordination in nitrides shows a wide
variety, whereas the coordination number of nitrogen
atoms is very frequently 6—often with different cations
and bond lengths in the coordination sphere. These
features are part of the unique chemistry of nitrides in
the solid state.

In this review, we organize the discussion of ternary
transition metal nitrides by coordination geometry and
focus on condensation of the complex anions to form
larger isolated anionic groups, which eventually lead to
one-, two-, or three-dimensional extended structure
anion networks. The section on main group nitrides has
a similar focus, but is also structured by the main group
element M. A brief summary then follows of recent
developments in several other related compound classes
and topics that have been growing rapidly the past few
years; that is, subnitrides, nitride halides, and the
thermochemistry of ternary nitrides. We conclude with
a short overview on ongoing attempts to prepare suit-
able gallium nitride (GaN) single crystals for possible
use as substrates for GaN-based devices.

Table 1 gives an overview of all ternary and higher
nitrides discussed in this review. It is not a complete
list of known nitrides, rather it is a survey of new nitride
compounds discovered in the past few years and some
related structures. The table contains information on
the coordination of the metalate central atom by nitro-
gen, CN(M), or the nitrogen by metal atoms, CN(N),
organized in the same sequence as in the following text.
The dimensionality of the partial structure (the nitri-
dometalate net) and some information on the overall
structure type or structure features are also given.
Compounds with the same composition in the same row
do not necessarily have an identical structure, but the
main structural features mentioned in the fourth col-
umn are similar.
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Table 1. Structural Features of Ternary Nitrides
compound CN(M)  dimensionality structural feature/type ref
Octahedral Coordination
Sr[MN] 6 2 a-NaFeO;, layers of edge-sharing octahedra L[MNgs] 14
M = Zr, Hf
Na[MN_] 6 2 a-NaFeO,, layers of edge-sharing octahedra 1[MNgs] 16, 17,18
M = Nb, Ta
Ca[TaNz] 6 2 a-NaFeO;, layers of edge-sharing octahedra 1[MNgs] 19, 20
Ba[TaN2x] 4,5 (6) 3 HT-BaMnOs 31
NayTasNs 6 3 filled Ta3N5/Ti305 33
Liz—xM21xOyNy—y 6 3 rocksalt 34,35
M=V, Nb
Lilfob373x|:]4xOyN47y 6 3 rocksalt 34, 35
Li2Ta;0OyNs—y 6 3 rocksalt 34
Li1—xV3+xOyNa—y 6 3 rocksalt 34
Liz—xTazxNg 6 3 rocksalt 36
Li>TasNs 6 3 ordered rocksalt 37
SrMo025No s 6 3 perovskite 39
SrwO;N 6 3 perovskite 39
ThTaNs 6 3 perovskite 41
(AE, Th)(N,O) 6 3 rocksalt 42
AE = Ca, Sr
La;-xCaxN1i-ys3 6 3 rocksalt 122
Trigonal Prismatic/Octahedral Coordination
LiNbsN4 6 2 filled MoS, 35, 38
LilfxTa3+xN4 6 2 filled MoS, 36
MnMoN, 6/6 2(3) layers of edge-sharing trigonal prisms 2[M'Nes] 106
MWN_ 6/6 2(3) layers of edge-sharing trigonal prisms 2[M'Negs] 105, 106, 107, 108,
M = Cr, Mn, Fe, Co, Ni 115, 117, 120
(FeosM'02)M'N2 6/6 2(3) layers of edge-sharing trigonal prisms 2[M'Nes] 109, 110
M'" = Mo, W
MsMosN 3 n-FesWsC 111,112, 115, 117
M = Fe, Ni
M3W3N 3 n-FesWsC 116, 118
M = Fe, Co
Transition Metal Nitrides, Tetrahedral Coordination
Li3Sr[MN4] 4 0 LisNaz[GaOy4], isolated tetrahedra [MNy] 43
M = Nb, Ta
Li1s[MN4].0 4 0 isolated tetrahedra [MN4] 64, 65, 68
M = Nb, Ta
Bag[MN4]2N(N3) 4 0 isolated tetrahedra [MN4] 72,73
M = Nb, Ta
Bas[CrN4]N 4 0 isolated tetrahedra [MN4] 69
Bas[WNO3], 4 0 BasV20s, isolated tetrahedra [MX4] 57
Naz[MNO3] 4 0 isolated tetrahedra [MX4] 59
M = Mo, W
Nas[MN20-] 4 0 isolated tetrahedra [MX4] 60
M = Mo, W
LisCai2[MN4]403 4 0 isolated tetrahedra [MN4] 66
M = Mo, W
AEs51[WN4]12NsO3 4 0 isolated tetrahedra [MN4] 75 (74)
AE = Ca, Sr
Bas[WN4]Cl, 4 0 isolated tetrahedra [MN4] 77
As[M2N403], 4 0 KgTi207, isolated units [M2X7] of two-corner-sharing 61, 62
A=K, Rb, Cs; tetrahedra
M = Mo, W
Lis[FeNz] 4 1 infinite chains of edge-sharing tetrahedra 1[MN.:] 156
AE3[VN3] 4 1 chains 1[MN;Nyz] of corner-connected tetrahedra 158
AE = Sr, Ba
Naz[MN;] 4 1 chains 1[MN2N2:] of corner-connected tetrahedra 46—48
M = Mo, W
NapK[WN;] 4 1 chains L[MN3Na] of corner-connected tetrahedra 49
Na1;1Rb[(WN3)4] 4 1 chains 1[MN2N_] of corner-connected tetrahedra 49
NasA[(WN3z)2] 4 1 chains 1[MN2N2z] of corner-connected tetrahedra 50
A =RDb, Cs
NaA4[(WN2.500.5)q] 4 1 chains 1[MX2X2] of corner-connected tetrahedra 63
A =Rb, Cs
K14[WeN16NH] 4 1 ropes of corner-sharing tetrahedra 53
NazK13[W7N 1] 4 2 layers of corner-connected tetrahedra 52
Cs[MN_2] 4 3 filled B-cristobalite, 3[MNgs] framework 55, 56
M = Nb, Ta
Css[Na{W4N10}] 4 3 ordered filled -cristobalite, 3[MN4;] framework 54
Main Group Element Nitrides, Tetrahedral Coordination
Cas[GeNgy] 4 0 isolated tetrahedra [MN4] 141
Bas[SizNg] 4 0 isolated units of two edge-sharing tetrahedra [M;Ng] 123
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compound

CN(M)

dimensionality

structural feature/type ref

MiMII[P;09N]

M'! = Na, K;

M = Al Ga, In, Ti, V,

Cr, Mn, Fe

Na,M}[P30sN]

M!'''= Mg, Mn, Fe, Co
Sr3[Al2Ng]
Lay[AIN3]
AE3[(GaN2)2]

AE = Sr, Ba
Cas[(GeNa)e]
Mgz[PN3]

Cay[PNs]
y-Cas[Al2N4]
Cas[Ga2N4]
Sra[Ga3N5]
Ln3[SieN11]

Ln =Y, La—Nd, Sm
Ln[SizNs]

Ln=Y, La—Nd
Y2[SizNe]
Y2[SizO3N4]
Nd2[Si2.5Al05035N3.5]
AEYDb[SisN-]

AE = Sr, Ba, Eu
Ba[Sinm]
AE;[SisNg]

AE = Sr, Ba, Eu
Basz7[Si11N23]
LN+x3[Si11N20+xO01-x]

Ln=Y, Gd—Lu
Ka[SigNs(NH)e]
Asz[PeN11]

A =Na, K
HPNS
PON
HP4N-

0.-P3N5/ﬁ-P3N5
Me-+yr2—xHax[P12N24] Xy
M = Mn, Fe, Co, Ni, Zn
X=Cl,Br, I
Zng[P12N24] X2
X=0,8S,Se, Te

an[MN3]
M = Cr, Mn
Ln=Ce, U, Th

SI[CN;]2

Ba[MN_]
M = Zr, Hf

Cas[MNe,]Nz

M = Ga, Fe, Mn
Cas[MN;3]

M =V, Cr, Mn, Co
Sr3[MN;]

M = Cr, Mn
Bag[MN3]

M = Cr, Mn, Fe
Li[BeN]
LixMny—xN

AE,[GeNg]
AE = Ca, Sr
AE;3[GeN;][Ge]
AE = Sr, Ba

Main Group Element Nitrides, Tetrahedral Coordination (Continued)

4

EN ADMADNMIAD NN N

AN

FENIAN

AADADN

4/2

2/0

0 isolated units [(PO3N3/3)3] of three tetrahedra-sharing a 178
common vertex at the nitrogen atom
0 isolated units [(PO3N3;3)3] of three tetrahedra-sharing a 178
common vertex at the nitrogen atom
1 infinite chains of edge-sharing tetrahedra 1[MNa] 155
1 chains 1[MN;N.] of corner-connected tetrahedra 157
1 infinite chains of edge-sharing tetrahedra L[MNus] 153, 154
1 chains L[MN;Nys] of corner-connected tetrahedra 142
1 Li,SiOs, ordered wurzite, chains 1[MN2N2] 159
of corner-connected tetrahedra
1 chains 1[MN;Ns] of corner-connected tetrahedra 159, 160
2 layers of edge- and corner-sharing tetrahedra 2[MNa] 98
2 layers of edge- and corner-sharing tetrahedra 2[MNa] 153
3 framework of edge- and corner-sharing tetrahedra 2[MsNs] 153
3 framework of corner-sharing tetrahedra 124, 125, 126, 129
4 framework of corner-sharing tetrahedra 125, 127-129
129
3 framework of corner-sharing tetrahedra 130, 131
3 framework of corner-sharing tetrahedra 131
3 framework of corner-sharing tetrahedra 133-135
3 framework of edge- and corner-sharing tetrahedra 132
3 framework of corner-sharing tetrahedra 135, 136
3 framework of corner-sharing tetrahedra 137
3 framework of corner-sharing tetrahedra 138
3 framework of corner-sharing tetrahedra 163
3 framework of corner-sharing tetrahedra 162, 164
3 p-crystobalite 165
3 p-crystobalite 167
3 framework of edge- and corner-sharing tetrahedra 166
3 frameworks of edge- and corner-sharing tetrahedra 170, 171
3 sodalite 173-175
3 sodalite 176
Square Planar Coordination
1 U2[CrN3], L[MN2Ny;] chains of corner-sharing 78—80
square planar units
Linear and Tetrahedral Coordination
3(0) isolated linear units [CNz] coordinate silicium atoms 140
tetrahedrally leading to a cuprite-type structure
Square Pyramidal Coordination
2 KCo0,, layers of edge-sharing square 21,22
pyramids :[MNNa]
Trigonal Planar Coordination
0 isolated trigonal planar [MN3] units 70,71
0 isolated trigonal planar [MN3] units 86, 88, 89, 91
0 isolated trigonal planar [MN3] units 85, 90
0 isolated trigonal planar [MN3] units 85, 87, 90
2 layers of edge- and vertex-sharing trigonal planar [MNs] 179
3 anti-Rutile (TiOy), framework of vertex- and 94
edge-sharing trigonal planar units [MN3]
Two-Fold Coordination, Bent
0 bent dumb-bells [MN3] 142, 145
0(1) bent dumb-bells [MNz] and Zintl-ionic chains of 1[Ge] 145, 147, 148
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Table 1 (Continued)
compound CN(M)  dimensionality structural feature/type ref
Two-Fold Coordination, Linear
Sr3o[CoN2]12N7 2 0 isolated linear units [MN2] 102
Sry[NiN3] 2 0 isolated linear units [MN;] 103
Sr[CuN] 2 1 Ba[NiN], infinite chains [MN3.], bent at some nitrogen atoms 98, 99
Srg[CuN2][CuzN3] 2 0 isolated units: linear [CuN>] and [Cu2Ng], 99
at the central nitrogen atom bent
Ba[CuN] 2 1 infinite chain [MN2/,], bent at some nitrogen atoms 101
Bas[ZnN;]O 2 0 isolated linear units [MNz] 67
Lis[BN2] 2 0 isolated linear units [MN2] 186, 187
LiMg[BNz] 2 0 isolated linear units [MN2] 191, 192
LIiAE4[BN2]3 2 0 isolated linear units [MN2] 188—190
AE = Ca, Sr, Eu
Bas[BN2],O 2 0 isolated linear units [MN2] 192, 194
AE,CI[BN7] 2 0 isolated linear units [MN2] 191
AE = Ca, Sr
Cay5[CBN]6[C2]O 0 isolated linear units [CBN] next to [C;] and oxide ions 192
Cag+x2[BN2]6-x[CBN]x 0 isolated linear units [MN;] and [CMN], 193
disordered over the same position
LasNizB2N3 2 Ni—B layers packed with LaN-type layers (rocksalt) 194
Lio[CNg] 2 0 isolated linear units [MN2] 189
AE[CN_3] 2 0 Ca[CNy], isolated linear units [MN3] 176, 177
AE = Mg, Ca
AE[CN_3] 2 0 isolated linear units [MN2] 176
AE = Sr, Ba
AH[CN3] 2 0 isolated linear units [MN2] 178, 180
A =Na, K
KsH[CN2]s 2 0 isolated linear units [MN2] 179
AE;,[CN2][CN]2 2/1 0 isolated linear units [MN;] and [MN], 181
AE = Sr, Ba disordered over the same position
Miscellaneous
Ca[GaN] 1 1 1[Ga] chain, coordinated by nitrogen atoms 149
Cas[GazNy] 2+2 1 1[GaNjy] chain with Ga—Ga bonds 150
(AEgN)[Gas] 0 cluster [Gas] and nitrogen atoms in AE octahedra 151
AE = Ca, Sr
AE4In;N 0 1) [In]-chain and NAEg octahedra 152
AE = Ca, Sr
Bay[GeGaN] o1 1 [Gaz»GaN] chain with Ge—Ge bonds 148
TisAIN perovskite 115, 117
Subnitrides
NaBasN 6 1 NBags cluster sharing faces to ropes [NBagy] 203
NasBasN 6 1 NBags cluster sharing faces to ropes :[NBags] 204
AieBasN 6 0 isolated [NBag] cluster 205
A = Na, Ag
NayBaisCaNg 6 0 isolated [Bai1sCaNg] cluster with nitrogen in 206, 207
x=14,17,21, 22 octahedra of one calcium and five barium atoms
Nitride Halides
LiioN3Br 7 3 pentagonal bipyramids NLi; sharing edges and 209
corners to form a framework i[LiloNg]
LisNCI 8 2 hexagonal bipyramids NLig 210
LisNBr; 6 1 octahedra NLis connected by corners to chains 211
HT—LisNCl, 8 3 LiO 212
LT—LisNCl, 4 2 layers [LisN] and [LiCl;] 212
LigNBr3 (1) 6 3 anti-cryolite, NazAlFg 213
LisNBr3 (1) 6 3 anti-cryolite, NazAlFs 213,214
LisNI3 6 3 anti-cryolite, NazAlFg 214
B-ZrNCl 6 2 B-ZrNCl, ZrN-slaps coordinated by chlorine layers 217
AZrNCI 6 2 filled B-ZrNCl, alkali metals between chlorine double layers 215, 216
A =Li, Na, K
CeszBrgN 4 0 isolated units of two edge-sharing tetrahedra [(NLnzLn2)2] 218
LnsClgN 4 0 isolated units of two edge-sharing tetrahedra [(NLnzLn2)2] 219, 220
Ln = Ce, Gd
LnzBrsN 4 1 infinite chains L[NLnas] of at opposite edges connected tetrahedra 221, 222
Ln = Ce, Gd
Gd2CIsN 4 1 infinite chains L[NLny] of at opposite edges connected tetrahedra 223
CeisN7lzq 4,3 1,0 infinite chains L[NLnyy] of at opposite edges connected 224
tetrahedra and isolated trigonal planar units [NLn3]
LnisNS3Cl3 4 0 isolated [NLny] tetrahedra 225, 226
Ln =La—Nd, Gd
LneN3S4Cl 4 1 NLn4 tetrahedra connected to chains and double-tetrahedra ropes 227
Ln=La—Nd
PrsN3S,Cl, 4 1 NLn, tetrahedra connected to chains and double-tetrahedra ropes 228
ALaglieNy4 4 1 infinite chains 1[NLnys:] of trans-edge-sharing tetrahedra 229

A = Na, Rb, Cs



Reviews

Table 1 (Continued)

Chem. Mater., Vol. 10, No. 10, 1998 2737

compound CN(M)  dimensionality structural feature/type ref
Nitride Halides (Continued)
NazPrsBrgNO 4 1 infinite chains 1[NLngs] of trans-edge-sharing tetrahedra 231
PrgBrisNzO 4 1 infinite chains L[NLnyy] of trans-edge-sharing tetrahedra 231
ATh12NeX29 4 0 isolated cluster [(NThThgs)s] of cyclic cis-edge-sharing NTh, tetrahedra 232, 233
A =Li, Na, Rb
X =CI, Br

2. Transition Metal Nitrides with
Electropositive Elements

Most newly reported transition metal nitrides were
prepared by routes known for some time that are
described elsewhere,38 so we do not discuss these
synthesis methods here. However, one new, little-used
preparation technique may soon lead to novel com-
pounds; therefore, we want to briefly introduce it here.
The application of microwave heating or microwave-
generated nitrogen plasma led to a new preparation
method for binary and ternary metal nitrides at reaction
times of several hours.!%2 From reaction of metal
powders with nitrogen, BN, AIN, GaN, a- and 3-SizNy,
TiN, VN, NbN, Nb,N, and NbsN,4 were prepared by this
technique, but the products often were mixtures of two
or more binary nitrides or still contained some unre-
acted metal. From reactions of LizN with metal powders
or their binary nitrides under similar conditions, the
known ternary nitrides LisMN, (M = Al, B, Fe), LiSi,Ns3,
Li»SiN>, LisSiN3, Li1gSisN1g, LizTiNs, LizTaN4 were also
obtained. Additionally, a previously unknown lithium
tantalum nitride phase seemed to have formed. A
similar method of microwave-assisted carbothermal
reduction and nitridation was used to prepare GaN,
TiN, and VN powders.'3

CN(M) =6 and 5. The highest coordination numbers
reached by M in ternary transition metal compounds
containing electropositive elements are 5 and 6. These
coordination numbers lead typically to rocksalt type
structures, perovskites, or to layered structures.

The nitrides of the composition AE[MN] (AE =
alkaline earth metal, M = transition metal), Sr[ZrN],
and Sr[HfN]** were prepared from their binary nitrides
as diamagnetic grayish-green powders, crystallizing in
the layered a-NaFeO; structure type!® isotypic to the
compounds Na[MN;] (M = Nb, Ta).16-18 The anions are
close packed, and the alkaline earth and the transition
metal atoms occupy octahedral holes in an ordered
fashion leading to layers 2[MNgs2 ] alternating with
M = AE and M. A view in this structure is given in
Figure 1. The metallic Ta(lV) compound Ca[TaN;]920
(i.e., Ta db) crystallizes also in the a-NaFeO; structure
type and shows a superconducting transition near 9 K.

The barium analogues of these compounds,
Ba[ZrN,],2t Ba[HfN;],%2 and their solid solution
Ba[Hf;-xZr«N2],%22 however, crystallize in the layered
KCo00,% structure type. This structure type has rather
few members (e.g., BaNiS,;,2* K.Ba;—xC0S,%%, and
CsLiCl?%%). In this structure, the transition metal is
5-fold coordinated in square pyramidal fashion. These
polyhedra are edge connected at the bases to form
2[MN44N2"] layers with the apical nitrogen ligands
alternately above and below the layers. The barium
atoms are located between these layersinal+4+ 4
coordination by nitrogen atoms. Ba[ZrN;] was reported

Figure 1. Structure of nitrides with o-NaFeO; type struc-
ture: Ca[TaN], Sr[ZrN], and Sr[HfN]. Layers of edge sharing
octahedra MNg (M = transition metal) are stacked so that the
alkaline earth atoms are also in octahedral coordination.

to exhibit temperature-independent paramagnetism
above 20 K, even though zirconium is formally d° So
did the hafnium-containing samples, but these were
reported to be superconducting below 8 K. Because
neither the hafnium compound nor the zirconium—
hafnium phases could be prepared as single-phase
samples and the binary transition metal nitride impuri-
ties ZrN and HfN are known to become superconducting
in the temperature region just mentioned, it seems
probable that the superconductivity is not intrinsic to
the ternary nitride. Recently, the structure of the long-
known Zr3N,42” was solved from powder X-ray diffraction
data.?82® The structure is related to that of EuzO4 with
three crystallographically distinct zirconium sites, two
in octahedral and one in trigonal prismatic coordination
by nitrogen atoms. These polyhedra share vertices,
edges, and faces to form a three-dimensional framework.
Further work by these authors illuminate the complex
system of the zirconium nitride oxides.3°

The dark purple barium analogue of the Ca[TaN;]
compound shows a variable nitrogen stoichiometry
BaTaN,ix (x < 1/3) and a different structure.3! It adopts
the hexagonal perovskite variant of the high-tempera-
ture BaMnO3 structure type3? with disordered anionic
vacancies. Due to the vacancies, the average CN of
tantalum is 4.5 instead of 6. Two tantalum centered
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octahedra share common faces to form double octahedra
that are linked together in a three-dimensional network
by all six remaining corners. Neutron and X-ray dif-
fraction experiments indicate that the vacancies pre-
dominantly occur on the shared faces. It may be that
the vacancies are arranged to give pseudo-tetrahedral
symmetry to the neighboring tantalum atoms.

Reaction of metallic sodium with electrically insulat-
ing TasNs at relatively low temperatures of 450 to 600
°C leads to the black intercalation phases NayTasNs (0
< x < 1.4).3! In this reaction the connectivity of the
TaszNs framework with tantalum atoms in octahedral
coordination is preserved. The sodium ions have seven
nitrogen neighbors in the open channels of the host
compound. The unit cell volume increases only slightly
(2.6%) for the nominal composition NajoTasNs com-
pared with TaszNs. The low electrical resistivity of a
pressed pellet (unsintered) at room temperature of 2.7
Q cm and a nearly temperature independent paramag-
netic susceptibility between 100 and 320 K both suggest
metallic conductivity.

In contrast, lithium oxide nitrides of vanadium,
niobium, and tantalum prepared by ammonolysis of the
ternary oxides LiMO3; and LiM3O0g (M =V, Nb, Ta) yield
rocksalt type structures with random distribution of
lithium and transition metal atoms, as well as disor-
dered nitrogen and oxygen atoms, on the cationic and
anionic sites, respectively.343> Because the oxygen—
nitrogen ratio can vary with the oxidation state of the
transition metal and the lithium—transition metal ratio
in most cases is not fixed (due to lithium oxide loss
during the reaction), the products are described as
Liz-xM24xOyN4—y (M =V, Nb, 0 < x < 0.31;0.46 < y <
1.46), Lil_be3_3XD4XOyN4_y (008 <x=<0.16;0.73 < y=
1.20; O stands for a vacancy in the cationic lattice),
Li;TapOyNs—y (0.28 < y < 1.22), Liz—V2xOyNs—y (0.15
=x=0.26;1.17 =y =< 1.35), and Li1—xV3+xOyNs—y (0.01
<x =<0.26;0.13 <y < 0.86). Hence, these phases show
structural similarities to the rocksalt type phase
Lio—xTax+xN4 (0.2 < x < 1)36 and the ordered compound
Li2T63N5.37

In a similar reaction at 1000 °C, LiNbsN4s was
prepared from LiNbzOg by ammonolysis.3>38 It crystal-
lizes isotypic to Li;—xTaz+xN4 (0 < x < 0.02)%6 in afilled,
layered MoS; structure. Lithium and niobium atoms
occupy randomly octahedral holes between the layers,
whereas the hexagonal prismatic voids in the layer are
only filled with niobium atoms. Ammonolysis of ANbzOg
(A = Na, K) apparently does not lead to a ternary
nitride. Depending on the reaction temperature the
products are ternary oxoniobates, Nb(O,N), or binary
niobium nitrides.3®

Ammonolysis of SrMoO; and SrWO, leads to
SrMoO;sNos and SrWO;N, respectively.3® Both blue-
black compounds realize the perovskite structure type
with probably complete disorder of oxygen and nitrogen
atoms. In contrast to the perovskite type reddish-brown
metallic conductor SrMoQO3,%° the oxide nitrides show
nearly temperature-independent resistivity between 60
and 300 K (p ~ 0.2 Q cm for SrM0oO,5Ngs, p ~ 1 Q cm
for STWO;N). The temperature dependence of their
magnetic susceptibilities, however, indicates Pauli para-
magnetism, with possibly a spin glass such as antifer-
romagnetic transition at ~50 K for SrMoO,sNgs.
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Figure 2. A view of the structure of Na,;Ki3[W-Ns], showing
the layers 2[(MN2N22)s(MNNa3)45"] of corner-sharing WN,
tetrahdedra.

Some work concerning nitrides of thorium led to the
perovskite type compound ThTaNz*!' and the oxide
nitrides (Ca,Th)(N,0) and (Sr, Th)(N,0).4> The latter
two crystallize in the rocksalt structure type with the
metal atoms and the nonmetal atoms disordered on the
cationic and anionic sites, respectively. Measurements
of the electrical resistivity indicate semiconducting
behavior.

CN(M) = 4. Tetrahedral coordination of a transition
metal by nitrogen ligands is common and may result in
isolated tetrahedra as observed in LizSro[MN4] (M = Nb,
Ta).*® These compounds crystallize isotypic with the
guaternary oxides LizNay[MO4] (M = Fe, Ga).***> The
[MN4]”~ tetrahedra are arranged to produce tetrahedral
coordination of the lithium atoms by nitrogen ligands
as well. The LiN4 tetrahedra share edges and corners.
The strontium ions occupy channels within this lithium
metalate framework, and are found in a distorted
octahedral environment of nitrogen atoms.

With the right choice of electropositive metals, the
nitridometalate tetrahedra can be linked with each
other at vertices to form infinite chains L[MN,N37]
in Nag[MNg] (M = Mo, W),46748 NazK[WN3],49
Nalle[(WN3)4],49 and Na5A[(WN3)2] (A = Rb, CS),SO
with quite different chain conformations, similar to
what is known for the respective silicates.>? Layers with
a complex linking scheme of corner connected tetrahe-
dra i[(MN2N2/2)3(MNN3/2)415_] were found in NaxKjs-
[W7N10].52 This layer is best described as composed of
infinite ropes of rings of six tetrahedra WgN16N2/2, like
these reported recently for Ky [WeNigNH].%3 In the
structure of NaxKi3[W-7N1o], these ropes are connected
by an additional tetrahedron to form the layers (Figure
2). With a high cesium content, the three-dimensional
framework 3[MNN3;225] in  Css[Na{WsN3}]5* is
reached. Every WN, tetrahedra is linked at three
vertices to three other tetrahedra. The fourth nitrogen
ligand of every tetrahedra coordinates a sodium ion
leading to a distorted tetrahedral surrounding of these
cations. If the tetrahedrally coordinated sodium atoms
in Css[Na{W,Nio}] are included in the framework
description, the anionic part of the structure resembles
an ordered variant of the g-cristobalite structure (SiO;
modification) with a three-dimensional framework of all
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Figure 3. Unit cell of Css[Na{W.Nig}]. Solid gray WN,
tetrahedra are linked at vertices to form a three-dimensional
framework. Additional sharing of corners with distorted
tetrahedra around sodium atoms leads to a S-cristobalite
structural arrangement, filled with cesium atoms.

corner linked tetrahedra 3[MN4,"] (M = Na and W).
The unit cell of Css[Na{W,4N10}] is shown in Figure 3.
The cesium ions fill the large holes in this structure
occupying somewhat distorted Friauf polyhedra with 12-
fold coordination by nitrogen atoms, as is known for the
filled p-cristobalite type nitrides Cs[MN3] (M = Nb,
Ta).%5%6 The coordination number of nitrogen in all
these alkali metal nitridowolframates is frequently six,
but often for one or several sites enlarged to seven or
even eight in Css[Na{W4Nig}].

In this scheme also fit oxonitridometalates such as
Baz[WNO3],%7 prepared from ammonolysis of BazW;Os.
It crystallizes in a rhombohedral unit cell isotypic with
BazV,0g%8 by stacking together isolated [WNO3]3~ ions
with barium atoms. Hence, the structure bears close
similarities to these of Na3[MNO3]*® and Nas;[MN,0,]
(M = Mo, W).80 Ag[M2N4Os] (A = K, Rb, Cs; M = Mo,
W)8162 contain dimetalate ions [M2X7]®~ (X = N, O)
formed by corner linking two tetrahedra, whereas
NaA4[(WN325005)2] (A = Rb, Cs)® are built of infinite
chains of edge-sharing tetrahedra L[WX;X2,257]. In
these compounds, the oxygen and nitrogen atoms prob-
ably are randomly distributed over the nonmetal sites.
In contrast, in comparable oxide nitrides with the more
polarizing cations lithium or the alkaline earth metals,
the oxygen is normally found only surrounded by these
elements, whereas the transition metal forms nitrido-
metalate ions containing no oxygen. This latter feature
was recently found in Liig[NbN4J20,%4%5 LigCaso[MN4]4O3
(M = Mo, W),%¢ and the late transition nitridometalate
oxide Baz[ZnN,]0O.%7 Lijg[NbNy4].O crystallizes isotypic
with Lije[TaN4]20%8 and can be described as an ordered
anti-CaF, type superstructure. Nitrogen and oxygen
atoms together form the motif of a cubic close packing
in which all tetrahedral sites are orderly occupied by
niobium and lithium atoms so that niobium is exclu-
sively coordinated by nitrogen. This ordering may be
driven by the higher thermodynamic stability of binary
lithium and calcium oxides compared with their ni-
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trides,®® whereas the heavier alkali metals seem not to
be able to stabilize oxide ions not bonded to a transition
metal atom in this kind of compound (see also Section
5: alkaline earth metal sodium subnitrides). Here we
also mention nitrides with nitride ions coordinated only
by alkaline earth elements and not a part of a nitrido-
metalate ion in compounds such as Bas[CrN4]N,®°
Cag[MNz]N2 (M = Ga, Fe, Mn)’%"1 or the nitrido-
metalate nitride azides Bag[MNy]:N(N3) (M = Nb,
Ta)’273 that have surprising thermal stability. Al-
though the latter were prepared in a regime that
included temperatures >700 °C, they might have formed
while cooling the reaction mixture down. The earlier
reported compounds CasMNs’# and Sry7MsN2g (M = Mo,
W)74 were shown to be nitridotungstate oxide nitrides
AEs1[WN4]12NgO3.7® Tetrahedral nitridotungstate and
alkaline earth ions are stacked together with isolated
oxide and nitride ions, so that the latter two occupy
tetrahedral holes formed only by alkaline earth atoms
in possibly an ordered manner. The rhenium nitride
with the composition Srp7ResN2g’® may hence also turn
out to be such a nitridometalate oxide nitride. Analo-
gously, Bas[WN4]CL,’” is one of only a few reported
nitridometalate chlorides; the chloride ions are only
coordinated by barium atoms.

Except for the black chromium(V) compound
Bas[CrNy]N all the M(V) or M(VI) nitrides just men-
tioned form as colored (typically yellow, orange or red)
transparent crystals, which would suggest diamagnetic
and electrically insulating behavior. Hence, only in a
few cases are the magnetic and electrical prop-
erties reported. Nevertheless, LizSr[NbN4J*® and
Li1s[NbN4]JO% show temperature-independent paramag-
netism at <300 K, as do to the earlier reported
Ba[ZrN;]?® and Bay[NbN3].2> Presumably this result is
due to Van Vleck paramagnetism and not Pauli para-
magnetism.

Cez[MnN3]78 crystallizes isotypic to the recently re-
ported Ce,[CrN3z],”® the compounds Ac[MN3] (Ac = U,
Th; M= Cr, Mn),8% and the cuprates Ca,CuQOs3,8!
SrCu03,%2 and NaSrCu03.8 It realizes an unusual
structure, with the transition metal coordinated nearly
square planar by four nitrogen atoms. These square
planar units share opposite vertices to form infinite
chains i[MnNzNz/z], which are bridged via cerium
atoms. Within these chains, manganese has shorter
bonds to bridging nitrogen atoms than to terminal
nitrogen atoms. Judging from the bond distances and
comparing known values, the contact MN—Nerminal has
to be assigned as a single bond, and the Mn—Nyyidging
should have additional IT-interactions. This hypothesis
was confirmed by extended Huckel band structure
calculations. The cerium ions have 1 + 6 coordination
by nitrogen ligands with six distances comparable to
that found in CeN84 of d(Ce—N) ~ 2.51 A and one
considerably shorter contact of d(Ce—N) ~ 2.36 A.
Measurements of the electrical resistivity suggest me-
tallic behavior (p ~ 1.0 x 1073 Q cm at 270 K, p ~ 1.8
x 107* Q cm at 4 K). The data on the magnetic
susceptibility indicate the absence of magnetic moments
leading to oxidation state assignments of cerium(lV) and
manganese(l). Cez[CrNz] might also be expected to be
metallic, however, it so far has not been prepared as a
single phase material.
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CN(M) = 3. Sr3[CrN3z]® and Bas[CrN3z]® were re-
cently added to the series of AE3s[MN3] compounds (AE
= Ca, Sr, Ba; M = Ga, V, Cr, Mn, Fe, Co0).867°1 A
structure map of these compounds shows a clear de-
pendence on bond distances. The calcium compounds
crystallize in the orthorhombic space group Cmcm and
show shorter M—N distances than the strontium and
barium compounds that crystallize in P6s/m. All these
compounds contain trigonal planar [MN3]3~ units. In
the strontium and barium compounds, these exhibit
ideal D3y symmetry. A symmetry reduction in the
calcium compounds is reflected in a distortion of the
[MN3]®~ units to Cy,. It was suggested earlier that this
distortion is due to a Jahn—Teller distortion of the low-
spin Cr3* ion,% confirmed later by ab initio extended
Huckel calculations.®® However, the available data now
suggest that the symmetry of this unit may be more
dependent on the size of the alkaline earth metal cation
than on the electron configuration of the transition
metal.

The ternary phase LiyMn,—4N (0.67 < x < 1)% crystal-
lizes in the anti-Rutile structure type with lithium and
manganese atoms disordered on the anion site of the
structure type. Hence, the metal atoms are in trigonal
planar coordination by nitrogen atoms such as the
transition metal atoms in the previously discussed
compounds, but these polyhedra are connected into a
three-dimensional network. Trigonal planar coordina-
tion of lithium is rare, but has been reported in a few
nitride and oxide compounds (e.g. a-Li3N,% LiCaN,%
and LiKO?). The electrical resistivity measured on a
pressed pellet increases slowly as the temperature is
decreased (from p ~ 8.5 x 1073 Q cm at 250 K to p ~
1.0 x 1072 Q cm at 4 K), suggesting activated behavior.
Magnetic susceptibility and solid state 5Li NMR show
localized magnetic moments on the manganese atoms
and probably a spin glass such as antiferromagnetic
ordering at ~115 K.

CN(M) = 2. In contrast to the early transition
metals, the late transition metals Fe, Co, Ni, Cu, and
Zn prefer much lower coordination numbers in nitrides.
For all these elements, 2-fold coordinated species are
known. In the case of Co, Ni, Cu, and Zn, this arrange-
ment is the preferred one, typically together with a low
oxidation state, especially for Co(l), Ni(l) and Cu(l). In
this group of compounds, the black Sr[CuN]%% and the
metallic-blue Srg[CusNs]%® were recently reported. In
the Srg[Cu3Ns] structure, isolated [CuN3]>~ units and
isolated V-shaped [Cu,N3]’~ units with a bond angle of
~79° at the bridging nitrogen atom were found. A two-
point measurement of the electrical resistivity at room
temperature on a single crystal suggests that this
compound is an electrical insulator. The unit cell of
Srg[CusNs] and the two different, isolated nitridometa-
late ions are shown in Figure 4. The Sr[CuN] structure
(Ba[NiN] structure!®) is built of one-dimensional infi-
nite zigzag chains 1[CuNy»2"]. These chains are bent
at every third nitrogen atom with a bond angle of ~82°,
leading to relatively short copper—copper distances that
may indicate d19—d'% bonding interactions. Ba[CuN]?
is also built of infinite 1[CuN,2"] zigzag chains, but
these are alternately bent in an unequal zigzag man-
ner: one up, two down, etc.
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Figure 4. Unit cell of Srg[CusNs] with the isolated nitrido-
metalate ions [CuzN3]”~ and [CuN;]>~depicted below.

V-shaped
[Cu,N,]"

Similar isolated [MN;] units were found in
Sr3sC012N31192 as well as isolated nitride ions only
coordinated by strontium atoms in an octahedral fashion
as already discussed. Hence, it is better to write the
compound as Srzg[CoN>]12N7. It crystallizes in a rela-
tively large cubic unit cell but with some disorder on
one strontium site. Because the structure solution led
to only one site for cobalt, it has a formal mixed valence
of 1.25. Measurements of the magnetic susceptibility
revealed an effective magnetic moment of 4.99 ug, which
is considerably above the spin-only values calculated for
Co(Il) (3.87 ug) and Co(l) (2.83 ug), perhaps indicating
significant spin—orbital contribution.

Comparable isolated [MN,]*~ units were also recently
reported for Sr[NiN,]°® and the aforementioned
Bas[ZnN]O,%” but containing transition metals in the
oxidation state Il. Surprisingly Sro[NiN,] demonstrates
metallic behavior as shown by measurements of the
electrical resistivity on a single crystal (o ~ 6 x 1073 Q
cm at 300 K) and by the paramagnetic susceptibility.
Results of LMTO calculations are consistent with the
observed metallic behavior, showing a finite density of
states at the Fermi level. Some strontium orbital
character of the wave functions at the Fermi level
provides a pathway for conduction electrons between the
[NiNz]*~ units.1%4 In contrast, the zinc compound has
a dark reddish-brown color and is probably an electrical
insulator, as expected from the composition.

3. Ternary Nitrides Containing Two Transition
Metals

In recent years ternary nitrides containing two tran-
sition metals have raised a lot of interest, especially
after FeWN,105 was reported in 1993. Most of the new
compounds have been prepared by ammonolysis of
ternary oxide precursors at temperatures between 600
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Figure 5. Most prominent stacking variant of MM'N; nitrides
(e.g., FEWNy), with M' = Mo, W in trigonal prismatic coordina-
tion by nitrogen atoms, and the transition metal M (e.g., Mn,
Fe, Co, Ni) coordinated octahedrally.

and 800 °C: MWN; from MWO, (M = Mn, Fe, Co,
Ni),106-108 MnMoN, from MnMo0O,,1%¢ (FeggWo2)WN>
from Fea(W0,)3,1%° (FepsMog 2)MoN, from Fes(MoQ4)s, 110
FesMosN from FeMo0O4111112 and NizMosN from
NiMo00O,4.122 A closer look at the ammonolysis reactions
of MWO, (M = Fe, Co, Ni) to form MWN, nitrides
revealed that it is probably a two-step reaction forming
an intermediate phase at ~420 °C.113 W, 4,(NO), with
incorporated transition metal M, seems to be the parent
phase of the intermediate.

The compounds MM'N, (M' = Mo, W) typically
crystallize in layered structures with M' in trigonal
prismatic coordination by nitrogen. These polyhedra
are connected to each other forming layers fO[M'Nelg],
which are stacked together, so that the second transition
metal occupies octahedral voids between the layers. The
most prominent stacking variant of this structure,
realized by FeWNj,, for example, is drawn in Figure 5,
showing the linking scheme of the polyhedra that leads
to the layers. For these compounds it is not surprising
to find the possibility for the formation of different
stacking variants. In the compounds (FepsM'o2)M’'N>
a partial occupation of the M site with 20% M' atoms is
discussed. All these layered compounds show poor
electrical conductivity (o > 1.0 Q cm), with only a very
small temperature dependence.

A similar treatment of the niobium and tantalum
oxides FeM'Q,4, FeM',06, mixtures Fe,O3/M',05 (M' =
Nb, Ta), or the intermetallic FeTa with ammonia did
not lead to ternary iron nitrides with M’, but to the
phases M'sNg_sOy with M'sNg structure.!* This struc-
ture is very similar to the previously discussed layered
ternary nitrides. Alternating layers of trigonal pris-
matic and octahedral coordinated M’ exist, but the
octahedrally coordinated site is only 2/3 occupied. The
experimental results suggest a catalytic role of iron in
the formation of these phases.

Other compounds frequently obtained in these ter-
nary systems of molybdenum and tungsten have the
composition MsM'sN (M' = Mo,W). The compounds
F83M03N,111'115 F83W3N,116 Ni3|\/|03N,115’117 and CO;:,WgN118
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Figure 6. Unit cell of MsM'sN compounds with a three-
dimensional network of corner-sharing NM's octahedra (M’ =
Mo, W).

have been reported. They exhibit the »-FesW3C struc-
ture with nitrogen in octahedral coordination by M’ only.
The octahedra are connected at every corner to a three-
dimensional network (Figure 6). FezMosN was found
to possess metallic electrical conductivity (p < 1.0 Q cm).
This compound shows paramagnetic behavior and or-
ders antiferromagnetically at 120 K.11!

Earlier it was suggested that the formation of M3M'3N
or MM'N; phases from ammonolysis of ternary oxides
strongly depends on the structure of the oxide precursor,
especially on the coordination of M’ metal atoms.11° A
different synthetic approach to prepare this kind of
compound starts with the binary chlorides of both
transition metals and treats them in a sol—gel like
fashion. The chlorides are dissolved in acetonitrile and
then complexed with triethylamine. After this step, an
optional hydrolysis is sometimes performed. After
removing the organic solvent an uncharacterized “poly-
meric” powder was obtained, which then was reacted
with flowing ammonia gas at temperatures between 750
and 950 °C. In this way CrwWN,,120 FeWN,,115117
C03W3N,118 Ni3|\/|O3N,1l5'117 Fe3M03N,115 F83W3N,116 and
TizAIN5117 could be prepared. Other authors claim
that FezsMosN forms from reaction of nanoscale metal
particles with flowing nitrogen or ammonia gas at
temperatures <500 °C.121 However, they need to heat
the samples to 700 °C to reach the necessary crystallite
size to detect the compound by X-ray diffraction meth-
ods.

4. Nitrides of Main Group Elements

Recent years brought a considerable growth in the
knowledge and understanding of ternary main group
nitrides, especially of Al, Ga, Si, Ge, and P. The large
number of these new compounds is due mainly to the
development and consequent use of new preparative
techniques. Many of the new compounds were crystal-
lized by reaction of alkaline earth metals with the main
group metal in a flux of liquid sodium under medium
nitrogen pressures of 10 to a 100 atm. For nitridosili-
cates, silicon diimide [Si(NH),] was used successfully
as starting material, whereas some nitridophosphates
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Figure 7. [Si2Ng]*°~ unit of two edge-sharing tetrahedra in
the structure of BasSi;Ne.

were prepared from more sophisticated precursors. Also
important, mainly for many of the reported silicon and
phosphorus compounds, are high temperature methods
(>1500 °C). Essentially all of these compounds satisfy
the octet rule and are expected to be semiconducting or
insulating.

CN(M) = 6. La;—xCaxNi_y3,122 with two relatively
electropositive metals, is considered here with the main
group nitrides. In contrast to most known ternary
nitride systems, CasN, and LaN form a solid solution
La;—xCaxNi—ys3 over a large range of compositions 0 < x
< 0.7. The phases adopt the rocksalt structure of LaN
with the appropriate number of nitrogen vacancies.

Silicon Nitrides, CN(Si) = 4. All silicon nitrides
contain silicon coordinated tetrahedrally by nitrogen.
As discussed in the previous chapter for the transition
metal nitrides with tetrahedral coordination, this chem-
istry bears some similarity to that of oxosilicates, but
with the important extension of edge-sharing tetrahedra
as well as nitrogen anions connecting three or even four
silicon atoms.

The structure of Bas[SioNg]*2® is built from isolated
[Si2Ng]*°~ units, best described as two edge-sharing
tetrahedra of nitrogen atoms centered by silicon atoms,
as shown in Figure 7. These units are stacked together
with barium ions to form a distorted cubic closed
packing of nitrogen atoms with most barium ions in
octahedral holes. Silicon and, surprisingly, one barium
site occupy tetrahedral holes.

Pr3[SigN11]124 belongs to the family Lns[SisN11] (Ln
= La, Ce, Pr, Nd, Sm).125126 |t contains a network of
corner-connected SiN, tetrahedra of which one nitrogen
ligand per tetrahedra is shared by three tetrahedra,
whereas the other three nitrogen atoms connect only
two tetrahedra. This network can be written as
3[SiN3»Nys57].  Although the rare earth ions are
eight coordinated by nitrogen atoms, nitrogen atoms are
only four and five coordinated by silicon and rare
earth metal atoms, respectively. In the structure of
Ce[Si3Ns],*?7 again belonging to a larger family
Ln[Si3Ns] (Ln = La, Ce, Pr, Nd),125128 the relations are
a bit more complicated. One crystallographic type of
tetrahedra shares one nitrogen atom with three other
tetrahedra, the second type shares two, and the third
shares three. The remaining nitrogen ligands connect
only two tetrahedra, leading to the interesting network
2[(SiN32N13)(SiN22N23)(SiN12N3)3~]. The rare earth
ions in voids of this network are coordinated by nine
nitrogen atoms. Yttrium silicon nitrides include three
compositions so far. In addition to the Y[SizNs] and
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Y3[SisN11] compositions, Y[SisNe] has been reported.
The latter was prepared from the binary oxides by a
carbothermal reduction and nitridation method (CRN).12°
Unfortunately the structure of Y;[Si3Ng] is not known,
but 89y and 2°Si solid-state MAS NMR techniques
indicate the presence of at least three crystallographi-
cally distinct silicon sites and at least two yttrium sites.
In contrast to the alkali metal oxonitridometalates of
transition metals discussed in a previous section, in
yttrium nitrogen melilite (Y2[SizOsN.]), hints of partial
ordering of the nonmetal atoms in the tetrahedral
coordination polyhedra of the silicon atoms were found
from 1®N NMR studies.’®® Refinements of neutron
diffraction data result in one nonmetal site exclusively
occupied by oxygen atoms, whereas the other two sites
are occupied to ~80% with nitrogen and 20% with
oxygen atoms.’31 Oxygen is mainly located on one site,
which is bound to only one silicon atom, whereas the
other two anion sites are bridging two tetrahedra. Very
similar findings were also obtained for the melilite
Nd;[Siz5Alp5035N35].131

Ba[Si7N10]'%2 has a highly condensed framework of
SiN,4 tetrahedra that are partially edge and partially
corner connected. The framework can be written as
f;[(SiN1,2N3,3)4(SiN4,3)32—]. The barium ions are coor-
dinated by 13 nitrogen atoms, sitting in the large voids
formed by the nitridosilicate network with d(Ba—N) >
2.91 A and an average distance d(Ba—N) = 3.27 A,
compared with, for example, d(Ba—N) = 2.86 A in
Bas[SizNa].

Especially remarkable are the structures of AEYb-
[SisN7] (AE = Sr, Ba)'33134 and EuYDb[SisN-],*3> where
four tetrahedra are condensed on one nitrogen atom. It
follows that there is a formal positive charge at this
nitrogen ligand. The remaining three nitrogen ligands
per tetrahedra connect only two silicon atoms. The
resulting framework >[SiNs;,N1,225-] provides voids
and channels sufficient in size for alkaline earth and
(Eu(ll)) ions (CN = 12), respectively, and ytterbium
atoms (CN = 6). Figure 8 shows a section of this
structure. EuYb[SisN;] and Euy[SisNg]'3® are the first
Eu(ll)-containing nitridosilicates. The latter one crys-
tallizes isotypic to the compounds AE;[SisNg]*3® (AE =
Sr, Ba). The nitridosilicate network is built from vertex-
sharing tetrahedra. SiN4 units with three nitrogen
atoms link three tetrahedra to form layers. Every
fourth nitrogen ligand of each of this tetrahedra is
connected to only one other tetrahedra, of which all four
nitrogen are shared by only two silicon atoms. These
tetrahedra connect the layers in the third dimension,
leading to the framework 2[(SiN12Nz3)4(SiNa2)*]. Al-
kaline earth or Eu(ll) atoms occupy positions that are
eight or nine coordinated by nitrogen atoms.

Dark blue Ba;Nd;[Si11N2s] is the first nitridosilicate
with a zeolite-like structure.’®” The complex structure
of corner-connected SiNy4 tetrahedra provides channels
for barium and neodymium ions. Remarkable is the
high coordination number of 16 for one barium site,
leading to unusually long bond distances d(Ba—N) in
the range 3.37—4.41 A, again compared with those in
Bas[Si2Ng] with the range 2.61—3.40 A and barium in
tetrahedral and octahedral coordination.

The structures in the system REg4x/3[Si11N20+xO1-x]
(RE =Y, Gd—Lu)!®® with the ideal compositions
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Figure 8. (a) A part of the structure of AEYDb[SisN-] (AE =
Sr, Ba, Eu) compounds with the three-dimensional framework
of vertex-sharing SiN, tetrahedra. (b) A section with one
central nitrogen atom linking four tetrahedra at their corners.

Reg[Si11N200] and REgs+1/3[Si11N2;1] at the borders, are
quite complicated. The silicon is again coordinated
tetrahedrally by nitrogen atoms. These tetrahedra
share some corners, forming a complex three-dimen-
sional framework. Two rare earth metal sites are fully
occupied and, depending on the oxygen content, a third
one is partially occupied. For x =0, the third rare earth
metal site is not occupied, for x =1 it is occupied to 1/3.
Also, one silicon position depends on the oxygen or rare
earth metal content. For example at x = 0, one SiNy
tetrahedron is connected at four corners to the nitrido-
silicate network, leaving one nonmetal ion (N or O)
isolated. On the other hand, at x = 1, the silicon has
moved to bond to the previously isolated anion, now
forming a tetrahedra SiN4 with one terminal atom.

For the first time, SisN4 microtubes!3® were obtained
from silicon diimide [Si(NH),] in the presence of cobalt
powder. These microtubes have a regular hexagonal
morphology and are sometimes filled with cobalt silicide
(CozSi).

A similar breakthrough was achieved with the prepa-
ration of the first crystalline solid in the Si—C—N
system. Silicon dicarbodiimide (Si[CN2]2)14° directly
forms from the reaction of silicon chloride with
Me3Si—N=C=N-SiMe; at 100 °C in the presence of
pyridine. The structure can be described as an anti-
cuprite type (two independent, interpenetrating j-cris-
tobalite structures) with silicon on the oxygen sites of
the structure parent type. Linear [CN;]2~ ions occupy
the copper sites of the cuprite structure such that the
nitrogen ends are pointing toward the silicon atoms. In
this way the silicon atoms are again tetrahedrally
coordinated by four nitrogen, as shown in Figure 9.

Germanium Nitrides, CN(Ge) = 4, 2, 0. In con-
trast to silicon, germanium exhibits a much broader
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Figure 9. Anti-cuprite-like structure of Si[CN;], with silicon
atoms in tetrahedral coordination by nitrogen ligands of the
linear [CN;] units. This arrangement results in two indepen-
dent interpenetrating networks.

coordination chemistry and oxidation states of +4, +2,
and even —2 in nitrides. The oxidation state of +4 for
germanium leads to tetrahedral coordination by nitro-
gen in Cay[GeNy]**! and Cas[(GeNg3)2].1*2 Cas[GeNy]
contains isolated tetrahedra [GeNy4]®~ stacked together
with 5-fold coordinated calcium atoms. Quite similar
to some nitridometalate structures already discussed,
Cas[(GeNs3)2] is built from one-dimensional infinite
chains 1[GeN,N,;,257] of corner-connected tetrahedra.
The chains have a conformation and are stacked to-
gether in a manner similar to that found in the pyroxene
structures of the oxosilicates ortho- and clinoenstatite
(both MgSiO3 modifications).143144 Calcium ions are
coordinated by six nitrogen atoms, so that nitrogen
atoms possess six or seven metal neighbors. Recently
reported ternary Ge(ll)-nitrides include Cay[GeN,]42
and Sr,[GeN;],145 both containing five coordinated al-
kaline earth ions and isolated [GeNz]*~ dumb-bells.
Because these [GeN,]*~ units are isoelectronic to SO,
it is not surprising to find that they are bent with an
angle of (N—Ge—N) ~ 113°. This geometry is also
expected from extended Huckel molecular calcula-
tions.146  Also there are Sr3Ge;N,,%5 BasGe;N,,7 and
their solid solution (BaxSri—x)3GezN» (reported with x
~ 0.8)1#8 that contain the bent [GeN,]*~ dumb-bell as
well as an infinite germanium zigzag chain. Hence,
they are best described as Ge(I11)Ge(—Il) Zintl com-
pounds, AE3[GeN>][Ge]. Although the nitrogen ligands
are octahedrally coordinated by the germanium atoms
of the dumb-bells and the alkaline earth ions, the
barium sites have only low coordination numbers by
nitrogen atoms between two and five. The coordination
sphere of the alkaline earth atoms is completed by the
anionic germanium atoms of the Zintl anion. Figure 10
gives a view of the structure. Nitride compounds with
metal—metal bonds were previously reported for gallium
and indium; for examples, in Ca[GaN],*° Cas[GayN,],1%°
(AEGN)[Gas], %t and AE4InaN2 (AE = Ca, Sr). The
indium compounds contain similar infinite zigzag chains
1[In25-], whereas the nitrogen ions are coordinated by
octahedra of alkaline earth metal atoms: (AE,AE4N)In.

Finally, the compound Ba,GeGaN!*® also exhibits
infinite zigzag metal chains, but every second germa-
nium atom in the 1[Ge2] chain just mentioned is
replaced by a GaN unit leading to Ba;[Ge™''Ga'N]. The
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zigzag
chain

Figure 10. A segment of the structure of AE;Ge;N, (AE =
Sr, Ba) with infinite 1[Ge?"] zigzag chains and isolated
[GeN]*~ dumb-bells.

Figure 11. A view in the structure of Ba[GaGeN] with
infinite chains 1[Ge,,GaN4"].

resulting infinite chains .[Gey,GaN*"] are depicted in
Figure 11. Again, nitrogen is coordinated octahedrally
by barium and gallium atoms, whereas the barium ions
are only coordinated by two or three nitrogen atoms.
Additional gallium and germanium atoms complete the
coordination of the barium atoms.

Gallium and Aluminum Nitrides, CN(M) = 4. Ga-
(I) and Ga(lll) show a broad variety of different coor-
dination possibilities by nitrogen in inorganic solid-state
compounds, but in the recently reported structures of
Ga(lll) nitrides, tetrahedrally coordinated is the rule.
Sr3[(GaNy)2]*5% and Bas[(GaN,),]** crystallize isotypic
with  Sr3[AI;Ng]*%%  and contain infinite chains
1[GaN423"] of edge-sharing tetrahedra. These chains
are found in a similar form in Lis[FeN;].1%¢ In the
gallium nitrides the alkaline earth ions are surrounded
octahedrally by nitrogen atoms, whereas nitrogen is
coordinated by six or seven metal atoms. Cas[GayN,]*>3
is isotypic with y-Cas[Al.Ng],°8 forming layers
2[GaN43"] of edge- and corner-sharing tetrahedra.
The nitrogen ligands are again 6- or 7-fold coordinated
by metal atoms. Finally, Sr3[GasNs]*®® is built of a
framework of edge- and corner-linked tetrahedra
3[GasNs®"] that can be written as 2[(GaNas;:Nys)-
(GaN22N23)(GaN12N3z3)8]. This structure looks the
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GaN,
tetrahedra

Figure 12. A section of the three-dimensional framework
structure of Sr3[GasNs] built from edge- and corner-sharing
tetrahedra GaN..

same as that for Ln[Si3Ns], but in the structure of the
silicate, the tetrahedra are only corner connected, no
edge sharing occurs. The strontium atoms in the voids
of this framework are six and seven coordinated, also
leading to 6- and 7-fold coordination of nitrogen ligands
by metal atoms. Figure 12 shows a section of this
structure.

With aluminum, Lay[AIN3]57 was recently discovered,
containing infinite chains i,[AINzNg/zG*] of corner-shar-
ing tetrahedra. The coordination number of lanthanum
is seven. Lay[AINs] crystallizes isotypic with the transi-
tion metal nitrides Srp[VN3]'%8 and Bay[NbN3].2t It was
prepared from lanthanum amide and aluminum powder
in a sodium flux, which was produced by thermal
decomposition of sodium amide. Surprisingly, it also
forms as a minor byproduct using aluminum oxide
instead of the aluminum powder.

Phosphorus Nitrides, CN(P) = 4. The structural
chemistry of phosphorus nitrides has many similarities
with that of silicon nitrides. Phosphorus in all known
nitrides is coordinated tetrahedrally by nitrogen atoms.
These tetrahedra can be isolated, corner connected with
one nitrogen atom linking two or three tetrahedra
(nitrogen ligands bridging four phosphorus atoms such
as in the nitridosilicates EaYb[Si4sN7] (Ea = Sr, Ba,
Eu)133-135 have not been encountered yet) or edge
connected. Cap[PN3]*5%160 (isotypic with Bay[VN3]1%8)
and Mgz[PN3]'® contain infinite chains L[PN2N2»*]
of corner-connected tetrahedra. The calcium atoms in
Caz[PNj3] are 7-fold coordinated in a pentagonal bipy-
ramidal arrangement, whereas the magnesium atoms
in Mg2[PNs] are tetrahedrally coordinated by nitrogen
atoms. The latter compound is isotypic with Li;SiO3162
and hence can be described as a superstructure of the
wurtzite structure type, with magnesium and phospho-
rus atoms ordered at the site of the metal atoms in the
structure type. Ks[PsN11]*%? crystallizes similar to the
earlier reported K3[SigNs(NH)s]%3 and Nag[PsN11]164 in
a cubic unit cell. The PNy tetrahedra are corner
connected, but one nitrogen ligand of every phosphorus
atom connects three tetrahedra, whereas the other three
connect two. These connections result in a complicated
three-dimensional network 2[PN3z,N13°57] with po-
tassium ions in 8- and 9-fold coordination by nitrogen
ligands.

HPN,1%5 was recently synthesized by ammonolysis of
P3Ns at an ammonia pressure of 6 Kbar. This compound
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crystallizes in a distorted variant of the S-cristobalite
type structure built up by corner-connected PN2(NH);
tetrahedra linked on all corners i[PNzlz(NH)z/z]. It
was found to possess remarkable thermal proton con-
ductivity.’%6 High-pressure investigations revealed a
phase transition between 14 and 24 GPa that is not
accompanied with a change in the coordination number
of the phosphorus. Similar behavior is also known for
p-cristobalite type PON.'67 However, for the latter
compound, the experimental data in the recent litera-
ture are not clear because other authors did not observe
a phase transition at <48 GPa.'%8 HP,4N;1%¢ can be
prepared by reaction of P3Ns with ammonium chloride,
but was not obtained single phase in this way. The neat
powder was produced by pyrolysis of the precursor
(NH2)2P(S)P(NH,)3.16% Rietveld structure refinements
reveal a three-dimensional framework of corner- and
edge-connected tetrahedra. The hydrogen atoms seem
to be statistically disordered over nitrogen ligands that
connect three PN, tetrahedra.

P3Ns was found to possess two different modifications,
o-P3N570 and B-P3Ns.1”t a-P3Ns resembles the struc-
ture of HP4N7 with PNy tetrahedra sharing corners and
edges 2[PN2;2Ngs]. It was prepared by pyrolysis of
[P(NH2)4]1.172 B-P3Ns has a superstructure of that of
the o-type, produced by different stacking of identical
layers.

To complete the possibilities known for corner con-
nection of tetrahedra, nitridophosphates also form so-
dalites. After the nitridosodalites Mgy2—xHox[P12N24]Xy
(M =12n, Fe, Co, Ni, Mn; X=CI,Br, ;0 < x<4;y <
2)173-175 were reported some time ago, the chalcogenide
analogues Zng[P12N24]X2 (X = O, S, Se, Te)’® were
prepared. All of the chalcogenide analogues are built
from a three-dimensional framework of [P12N24] S-cages
that contain XM, tetrahedra. In the former halides, the
metal atoms are statistically distributed over seven of
eight possible sites, whereas the latter chalcogenides do
not show disorder. The similarly formed Zng[P12N24]
(from [P12N24] B-cages) has the ability to encapsulate
molecular hydrogen up to 8.6 cm®/g.17” This procedure
is reversible and reproducible.

The interesting structures of the compounds
M'sMIM[P30oN] (M! = Na, K; Ml = Al, Ga, In, Ti, V,
Cr, Mn, Fe) and M';M'";,[P309N] (M! = Na; M" = Mg,
Mn, Fe, Co) have cubic symmetry containing [(PO3)sN]~
units in which the nitrogen atom is shared by three
[PO3Ny3]%~ tetrahedra.l’®

Beryllium Nitrides, CN(Be) = 3. Li[BeN]'"° crys-
tallizes in a new structure type. The beryllium atoms
are trigonal planar coordinated by nitrogen ligands.
These units are linked by corners and edges to form
layers Z[BeNss ] between which the lithium ions are
located, surrounded nearly tetrahedrally by four nitro-
gen atoms. Figure 13 depicts the fo[BeNg/g‘] layers in
this structure.

Carbon and Boron Nitrides, CN(M) = 2. Because
cyanamide ions [NCNJ]2~ can also be considered as
nitridocarbonate units, we should mention new develop-
ments in this area. AE[CN,] (AE = Mg, Sr, Ba)8% were
prepared by reaction of melamine (C3N3z(NH>)3) with the
binary metal nitrides MgsN3, SroN, and BasN3, respec-
tively. All three compounds contain the linear [CN,]?~
unit. Mg[CN_] crystallizes isotypic with Ca[CN;]*®! in
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Figure 13. Apart of the structure of Li[BeN] with 2[BeNa;s7]
layers of connected BeNs triangles.

a layered structure. The magnesium atoms are coor-
dinated by six nitrogen atoms of six different [CN;]?~
ions. These octahedra form layers by edge sharing. The
[CN2]2~ units connect these layers in the third dimen-
sion; the two nitrogen atoms of every ion belongs to the
upper or lower layer. In this way, the [CN,]?" ion is
surrounded by an elongated octahedron of magnesium
atoms, leading to tetrahedral coordination of the nitro-
gen ligands by one carbon and three magnesium atoms.
A similar arrangement takes place in Sr[CN>] with the
SrNg octahedra now vertex sharing. In Ba[CN], the
barium atoms are surrounded rather irregularly by six
nitrogen ligands, resulting in a three-dimensional ar-
rangement. Although the existence of Nay[CN;] and
K2[CN2] seems to be uncertain, KH[CN;]'®2 and
KsH[CN>]3'8% were recently prepared from reactions of
potassium amide with melamine (C3N3(NHy)s3). The
NCN groups of the HNCN~ ions in KH[CN_] are not
entirely linear (N—C—N) ~ 174°) like earlier reported
for NaH[CN,].18* On the other hand, the NCN groups
in KsH[CN2]s show an angle of 180° given by symmetry.
Reacting BayN or Sr,CO3; with HCN is reported to lead
to the compounds Ba;[CN2][CN], and Sr2[CN2][CN]2,
respectively, with cyanamide ions next to cyanide ions
disordered on the same position in the crystal struc-
ture.185 Considering the different dimensions of the
anions, this result is quite surprising. Si(CN,),14° was
already mentioned with the silicon nitrides, and with
its linear [CN2]?~ units connecting the silicon atoms, it
fits also in this discussion.

The newly reported nitrides of boron show the known
isolated linear unit [BN]3~, first reported in
Lig[BN,].186187 | iSr,[BN,]3!88 crystallizes in a cubic unit
cell, isotypic with LiCas[BN,]3'° and LiEus[BN,]3.1%0
The earlier reported LiMg[BN_]*°* was now thoroughly
described.’®? It crystallizes isotypic with Li[CN3]'3
with complete disorder of lithium and magnesium atoms
on one crystallographic site and distorted tetrahedral
coordination by nitrogen ligands. In this way, nitrogen
is coordinated square pyramidal with lithium and
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Figure 14. View in the structure of LasNi;B;N3 showing
B—Ni,—B layers between LaN triple layers.

magnesium atoms at the base and boron atoms at the
apex of the pyramid. Likewise, the earlier reported
Bay[BN;],01921%4 js best described as a nitridoborate
oxide. As discussed in Section 2, the oxide ions are
coordinated in an octahedral fashion exclusively by
barium atoms. The essentially linear [BN,]3~ unit
exhibits an angle of (N—B—N) ~ 173°.

Similar findings with basically linear, isolated [BN2]3~
units are reported for the nitridoborate halides
Ca,CI[BN;] and Sr,CI[BN].1°> However, the nitrogen
ligands at both ends of the [BN2]3~ unit are not crys-
tallographically equivalent. One is coordinated by four,
and the other by three alkaline earth atoms, resulting
in different B—N bond lengths.

The [CBN]*~ ion found in Cais[CBN][C2]>0,1% which
also contains oxide and [C,]?~ ions, also falls in this
group of anions. As expected from the composition, the
structure is built by a fairly complicated stacking of the
ions. In Cagix2[BN2]e—x[CBN]x (0 < x =< 2)197 the
[CBN]* ion partially replaces the isoelectronic [BN]3~
ion in the cubic parentstructure of Caz[BN>]..

The superconducting nitride boride LazNi>2BoN3 (T, ~
13 K),1%8 originally prepared by arc-melting of the metal
elements under nitrogen gas, consists of triple layers
of LaN alternately stacked together with B—Ni,—B
layers.19 The latter layers are related to those found
in boride carbides LnNi;B,C.2%0 The LaN-triple layer
forms a section of the rocksalt structure, which is also
adopted by lanthanum nitride. The different layers are
stacked so that the boron atoms face nitrogen atoms,
but at a long distance of d(B—N) = 2.02 A (for compari-
son in [BN]3~ d(B—N) ~ 1.36 A). Hence, in contrast to
the nitridoborates, already discussed, the compound is
better described as a nitride boride and has boron in a
4 + 1-like coordination by four nickel atoms and the
nitrogen atom at a fairly long distance. Figure 14 gives

Reviews

a view of the structure. This compound was more
recently prepared from lanthanum, nickel, and polybo-
razylene [BzN3H-4]x in a pyrolysis reaction at 1000 °C.201
A theoretical study on LasNi»,B,N3z showed that it's
superconductivity is related to the three-dimensional
linking of the B—Ni,—B layers through the lanthanum
atoms of the LaN layers.202

5. Sodium Alkaline Earth Subnitrides

Several metallic sodium subnitrides containing one
or two alkaline earth metals were discovered by Simon®
within the last six years. They all contain octahedral
[NAEg] (AE = Ca, Ba) clusters centered by a nitrogen
atom like those known from some ternary transition
metal nitrides [e.g., the compounds Bas[CrN4]N®&° or
Cag[MN3]N2 (M = Ga, Fe, Mn)7%71 discussed in Section
2. These clusters are embedded in different metallic
sodium matrices that allow different compositions.
Because the parallels of these subnitrides with the
alkali metal suboxides recently were discussed in re-
views”? we want to concentrate only briefly on their
structures.

The first compounds reported were NaBazN2%¢ and
NasBasN,2% which contain the aforementioned octahe-
dral [NBag] cluster. These share common faces to form
infinite chains i,[NBae/z], which are stacked together
according to a hexagonal rod packing, isolated by the
variable amount of sodium. In Na;gBagN?%® (and
AgisCasN, which has a metallic resistivity), isolated
[NAEg] octahedra are situated in a cubic body-centered
arrangement.

The recently discovered mixed calcium barium sub-
nitrides are of the general composition NanBais-
CaNe,206:207 with n = 14, 17, 21, and 22. They contain
the discrete [Ba;4sCaNg] unit that is again isolated by a
variable amount of sodium. The calcium atom is located
in the center, surrounded by an octahedra of six
nitrogen atoms. The outer hull is formed from 14
barium atoms in a way that every nitrogen atom is
octahedrally coordinated by five barium atoms and the
calcium atom in the centers. An analogous description
is that of six [NBasCa] octahedra sharing common faces,
so that all octahedra have a common corner at which
the calcium atom is bound. In NapsBaisCaNg, these
units are packed together in a face-centered cubic
arrangement, in Naj;7;Ba;sCaNg the units are packed
together in a nearly trigonal prismatic array and in
Nay;Bai4sCaNg the units are packed in nearly a body-
centered cubic fashion. In NaxBajsCaNg, the
[NBasCa] units alternate with Nag rings to form chains.
Diffuse scattering of the obtained crystals (Na,Bais-
CaNg) revealed an orientation disorder of these chains
relative to each other:2%8 two of these chains pack best
if the [NBasCa] cluster of one chain is located next to a
Nag unit of the neighboring chain. The third chain in
triangular packing then has an orientation problem
relative to the two other chains resulting in “packing-
frustration” and chain disorder. Figure 15 views this
structure along these chains.

6. Nitride Halides

This section deals with nitride halides that were not
mentioned in the previous sections (e.g., BaJWN4]Cl,
in Section 2). Because the following nitrides are mostly
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Figure 15. Structure of NazpBajsCaNgs viewed along the
hexagonal c-axis. Infinite chains of stacked [BaisCaNe] units
running along this direction are emphasized.

metal rich relative to their nitrogen content, they are
best classified by the coordination polyhedra around
nitrogen and the way these are linked together.

Lithium Nitride Halides, CN(N) = 2—8. Lithium
nitride halides show a large variety of polyhedra and
coordination numbers of nitrogen by lithium atoms.
They were originally investigated by Sattleger and
Hahn in the 1960s. In the meantime they attracted
some attention as lithium ion conductors. Newer work
in these systems elucidate structures and structural
relationships of compounds that can be described with
the general composition Liz—>xN1—xXx. In general, the
structures can be understood as products of acid—base
reactions in which the framework structure of LizN is
broken down to units of lower dimensionality.?9°24 The
normal pressure structure of a-LisN% consists of flat
hexagonal layers Z2[Li,N*] with nitrogen atoms in
6-fold coordination by lithium atoms. The nitrogen
atoms are also coordinated linearly above and below
through apical lithium atoms that connect the layers,
resulting in hexagonal bipyramids of lithium atoms
around nitrogen. In this way, the lithium atoms within
the layers are surrounded in a trigonal planar fashion
by nitrogen atoms, and the lithium atoms between the
layers have a linear environment of two nitrogen atoms.

Li;oN3Br2® (x = 1/4 in Liz—»xN1—xXy) contains nitrogen
in a pentagonal bipyramidal coordination by lithium
atoms. These NLi; units share common edges and
vertices forming the three-dimensional framework
3[Li1oN3*]. The bromine atoms occupy large trigonal
prismatic voids formed by lithium in this network.
Figure 16 shows layers of NLi7 pentagonal bipyramids,
which are linked at the apexes to form the three-
dimensional network.

The structure of LisNCI (x = 1/2)210 is best described
as an ordered cubic close packing of the nitrogen and
chlorine atoms. The lithium atoms are located in all
trigonal holes formed only by nitrogen in the layer and
in all tetrahedral voids formed by one nitrogen and
three chlorine atoms between the layers. In this way,
nitrogen is coordinated hexagonal bipyramidally by
eight lithium atoms as in a-LisN, whereas the chlorine
ions are located in trigonal antiprisms that are capped
at both trigonal faces.

In LisNBr; (x = 2/3)211 NLig octahedra occur. These
octahedra share opposite vertices to form linear chains.
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Figure 16. A section of the structure of LijoN3Br. NLi7
pentagonal biprisms are connected at corners and edges to
form layers. These layers are additionally linked at the apexes
to form a three-dimensional network.

The shared lithium atoms are linearly coordinated by
two nitrogen atoms, and the remainder are tetrahe-
drally coordinated by one nitrogen and three bromine
atoms. For LisNCl, (x = 2/3),212 high- and low-temper-
ature modifications have been characterized. The low
temperature form is built from alternating layers of
[LisNT] and [LiCl;~]. The high-temperature modifica-
tion, in contrast, exhibits a Li,O type structure with the
nitrogen and chlorine atoms essentially disordered over
the face center sites. However, the investigations also
indicate nitrogen—chlorine short-range order. Lithium
atoms are distributed over the tetrahedral voids, so that
each site is occupied to 5/6.

LigNBr3213 was found to possess a complex tempera-
ture behavior of four closely related phases. LigNBr3(l)
and LigNI3z (x = 3/4) crystallize isotypic with each
other?4 in a cubic body-centered arrangement of nitro-
gen and halogen atoms, arranged in an ordered fashion.
In the idealized structure, lithium ions occupy octahe-
dral holes formed by one nitrogen and five halogen
atoms. In the real structure, however, the lithium is
displaced from this ideal position in the direction of an
edge of this octahedra formed by two halogen atoms.
This displacement leads to a 4-fold split position, the
coordination of which is closer to a tetrahedron of
one nitrogen and three halogen atoms. On cooling,
LisNBr3(l) undergoes a phase transition to its (I') phase,
crystallizing in an antitype of cryolite NazAlFs. The
phase transition involves a distortion from the cubic
symmetry to monoclinic, due to a small shift of bromine
ions. In this way, ordering of the disordered lithium
atoms in the higher temperatures phase (I) can occur
through tilting of the NLig octahedra.

Zirconium Nitride Chlorides, CN(N) = 6. New
superconducting phases AZrNCI (A = Li, Na, K) were
obtained by intercalation of lithium in 5-ZrNClI by using
n-butyllithium or alkali metal naphthalenes of sodium
or potassium, respectively.?15216 5-ZrNCl has a layered
structure with ZrN double layers between chlorine
layers. These sandwich units are stacked together
according to ClI—=ZrN—ZrN—CI-CI-ZrN—ZrN—Cl so
that two adjacent chlorine layers are held together only
by van der Waals interactions?'” (Figure 17). The alkali
metal atoms intercalate in these van der Waals gaps.
Whereas the yellowish-green 5-ZrNCl is a semiconduc-
tor with an optical gap of ~3 eV, the introduction of
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Figure 17. Structure of 8-ZrNCl with ZrN like layers isolated
from each other by chlorine ions. Intercalated alkali metal
atoms are found in the van der Waals gap between chlorine
layers for the compounds AZrNCI (A = Li, Na, K).

additional carriers in Liy,ZrNCI with x = 0.16 results in
a change of color to black and the appearance of a
superconducting transition at ~12 K.215 A similar T,
was found for all AxZrNCI samples with x < 0.5, whereas
the transition temperature starts to decrease with
higher alkali metal content. In this region of composi-
tion (x = 0.5), the superconducting transition temper-
ature seems to depend only on the doping level, not on
the kind of alkali metal intercalated. No additional
effect of intercalated hydrogen or solvent molecules on
the superconducting transition temperature was de-
tected.

Rare Earth Nitride Halides, CN(N) = 4. Also
some new developments were published for rare earth
nitride halides. Ce3BrgN?!8 crystallizes isotypic with
Ce3CIgN?? and similar to GdzClgN220 (distorted to a
triclinic unit cell). These crystals are built from isolated
units [(NLnyLnyp)2]*2" of two edge-connected tetra-
hedra. The structures of CesBr3N,22! Gd,BrzN,?22 and
Gd,CI3N223 are formed from NLn, tetrahedra that are
connected via opposite edges to infinite chains
I[NLng3t]. These chains are nearly linear in the
earlier reported Gd,CIsN, but more and more bent in
CezBr3N and Gd;BrsN. Similar infinite chains of edge
linked NCe, tetrahedra [NCe,»3t] occur in CeisN7loa,
but accompanied by isolated trigonal planar [NCe3]®*
units.22* Hence, the composition can be written as
[CegN]6+ i,[Ce4/2N3+]6I24.

A number of interesting compounds were discovered
in the rare earth nitride systems containing chlorine
and sulfur in the last couple of years. A very compre-
hensive review focusing on these compounds just re-
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Figure 18. Structure of PrsN3;S,Clg showing two different
types of chains running parallel to each other. One chain
consists of two chains of cis-edge-connected tetrahedra NPry,
linked at an additional edge, leading to L[(NPrPrysPras)-
(NPr23Pry4)3*]. The other chain is built from two chains of
vertex-sharing tetrahedra, again connected at an additional
edge to form the double chain L[NPrPr.%*]. The chains are
isolated from each other by anions S?~ and Cl-, which could
not be distinguished and might be randomly distributed over
the sites.

cently appeared,® therefore we will only briefly describe
the structures of the newest members of this group of
compounds. Isolated [NPr,]°" tetrahedra were found in
PrsNS;3ClI3225 (isotypic with LnysNS3Cls compounds with
Ln = La—Nd, Gd??%). These tetrahedra are three-
dimensional, connected by chlorine and sulfur atoms
according to [NPr4]Sg;sClgs. The compounds of the
formula LngN3S4Cl (M = La—Nd)??7 also contain NLny
tetrahedra, but now connected to two different types of
infinite chains. In one type, the tetrahedra are cis-edge-
connected to 1[NLnLngzs3t]. The other type is best
described as built from double tetrahedra units with a
common edge. These units are further connected via
four outer corners to L[NzLnyLng%*] double chains.
PrsN3S,Cl, also contains two different types of double
chains of condensed NPr; tetrahedra.??2 One double
chain consists of two chains of cis-edge-connected tet-
rahedra, linked at an additional edge leading to
LI(NPrPrysPras)(NPraosPras)3t].  The other double
chain is built from two chains of vertex sharing tetra-
hedra, again connected at an additional edge to form
the double chain L[NyProPrs.5]. Figure 18 depicts
these two types of chains running parallel to each other
through the structure of PrsN3S,Cl,. For the latter two
compounds, the sulfur and chlorine atom sites were
indistinguishable by the applied X-ray diffraction method.

Similar chains L[NLng,3"] of trans-edge-connected
tetrahedra were found in CsyNa;—xLagligN4 (x = 0.64)%2°
that crystallizes isotypic with the compounds ALaglisN4
(A = Na, Rb, Cs)??° according to X-ray Guinier patterns.
These chains are coordinated by the iodide ions. Ad-
ditionally, one lanthanum site is only coordinated by
iodine in a square antiprismatic arrangement, whereas
the alkali metal atoms partially occupy another site (to
1/2) where they are surrounded by six iodine atoms in
a trigonal prism.

For Na,Pr,BrgNO (isotypic with NayPr,Clg0,2%) and
PrgBri3Nz0,2%1 the authors were not able to distinguish
between nitrogen and oxygen atoms in tetrahedral
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coordination by praseodymium. These tetrahedra are
again linked over common edges to infinite zigzag chains
o[XPraz] (X =N, O).

The compounds ATh12NeX29 (A = Li, Na, Rb; X = Cl,
Br)232.233 contain clusters with the cluster core ThisNg
formed from six cyclic cis-edge-sharing NThy tetrahedra
[(NThThss)s]. These are surrounded by 41 halogen
ligands to form the Thi2NeXs; cluster. Nineteen of
the 41 ligands belong to only one cluster, 16 ligands
link two clusters, and the remaining six link three
clusters. The connection scheme can be written as
[Th1aNeXioXos X5, X85 X571~ (i = inner ligand, a =
outer ligand; the first superscript applies to the central
cluster; the second superscript to other clusters linked
by this ligand). As might be expected from the small
fraction of alkali metal, in the lithium bromide com-
pound the alkali metal positions could not be deter-
mined by single-crystal X-ray diffraction nor by neutron
diffraction. However, it was possible to refine the
crystallographic site of rubidium ions in the chlorine
analogue, which crystallizes in a different crystal class
but shows essentially the same cluster and type of
cluster connection.

7. Thermochemistry of Ternary Nitrides

Little is known about the thermodynamics that
controls the formation of ternary nitrides. It is known
that most binary nitrides have small enthalpies of
formation due mainly to the stability of dinitrogen.
Enthalpy data on ternary nitrides was recently obtained
using high-temperature solution calorimetry, which had
been shown to be very useful for understanding the
energetics of ternary oxide formation.23* The first
investigations?3® on ternary nitrides were undertaken
on LiMoN;, NasWN3s, and NagWOsN (using oxidative
reaction calorimetry) to help understand the formation
of ternary nitrides and oxide nitrides from ternary
oxides and ammonia.

More recently, a number of ternary nitrides, predomi-
nantly lithium and calcium compounds, were examined
by the high-temperature solution calorimetry tech-
nique.236-238 Figure 19 shows the enthalpies of forma-
tion of ternary nitrides from their binary nitrides as
a function of the modified ionic potential ¢ [¢ =
(Z/d)g/(Z/d)a; where Z = charge of metal ions A or B in
a ternary nitride AByN,, and d = average bond length
A—N and B—N in the binary nitrides). The enthalpies
given are per mole of nitrogen to adjust for the different
stoichiometries. Additionally, a correction factor for
different metal ratios was applied. The ionic potential
¢ was chosen as a measure of the acidity of the cations.
As was found for oxides, the enthalpy of formation from
binary nitrides becomes more negative (exothermic)
with increasing ¢. Not surprisingly, the data in Figure
19 show considerable scatter. The applied one-param-
eter model does not take into account, for examples,
structure, coordination number, or character of bonding
orbitals. Yet the trend is clear.

It is interesting to compare the enthalpy of formation
of the ternary nitrides from binary nitrides, with the
standard enthalpy of formation from the elements. In
oxides, this ratio, AHpin/AHeiem, is small, rarely exceed-
ing 15% and usually in the 5% or less range. In nitrides,
this ratio is much larger, often exceeding 20%. This
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Figure 19. Enthalpies of formation from binary nitrides for
ternary nitrides AH¢ as a function of the ionic potential ¢ =
(2/d)g/(2/d)a.

finding is consistent with the low formation enthalpies
of most binary nitrides, which is in sharp contrast to
the large formation enthalpies of most binary oxides.

8. Gallium Nitride

The group 111 nitrides AIN, GaN, and InN, as well as
their solid solutions are attractive candidates for opto-
electronic devices in the green, blue, and ultraviolet
range as light emitting diodes and laser diodes. In
particular, hexagonal gallium nitride, GaN, a semicon-
ductor with a wide direct band gap of ~3.5 eV, has found
applications for commercial blue-light-emitting diodes.
The production of thin films of GaN is currently carried
out by MOCVD (metal organic chemical vapor deposi-
tion) heteroepitaxy from Ga(CHgs); or Ga(C,Hs)s and
ammonia on sapphire substrates. However, due to the
large lattice mismatch and a difference of the thermal
expansion coefficients between gallium nitride and the
substrate material, the films have a large number of
defects. Hence, the best substrate material for low
defect gallium nitride films should be gallium nitride
single crystals of a suitable size. These crystals cannot
be prepared by standard methods of melt growth
because of the high melting point of GaN that was
estimated to be at ~2800 K?3° and the high decomposi-
tion Ny pressure. Silicon carbide (SiC) is the only other
material known to have similar lattice parameters to
gallium nitride, but single crystals are difficult to
prepare.

Hexagonal gallium nitride plates with diameters of
5—10 mm and thicknesses of a few hundred microns
have been grown at high pressure of nitrogen (up to 20
Kbar) and high temperatures (1500—1900 K).240.241
Gallium nitride crystals obtained by this technique were
used as substrates to deposit gallium nitride films by
MOCVD. Their photoluminescence spectra were inves-
tigated and their unit cell parameters compared with
those of gallium nitride films grown on other sub-
strates.?42 Although the high-pressure method yields
high quality crystals,?43244 this method also requires
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high temperatures. This combination of high pressure
and high temperature may limit its applicability to
industrial mass production.

Gallium nitride single crystals with sizes of a few
hundred microns were grown at 550 °C in supercritical
ammonia at pressures of 1-5 Kbars.?*> The quality of
the product depends strongly on the added ratio of
lithium amide or potassium amide, which may serve as
mineralizer.

High-quality single crystals between 0.3 and 0.7
mm?246-248 were grown at 600—800 °C from gallium in
sodium melts and considerable lower nitrogen pressures
of 50—100 bar. The nitrogen pressure was produced by
thermal decomposition of sodium azide, which provides
high-purity nitrogen (and sodium). The crystal mor-
phology depends on the gallium-to-sodium ratio. The
polarity of the crystals can be ascertained from surface
defects.249250 Perhaps this approach can be scaled up
to produce a viable industrial process to prepare gallium
nitride substrates. In a similar experiment, aluminum
nitride was obtained from aluminum powder in sodium
melts at temperatures of 600—700 °C, whereas com-
mercial aluminum powder does not react with nitrogen
at this temperature.?>!

9. Conclusion

Most of the compounds discussed in the first sections
contain metals in their highest oxidation state and,
because of the covalent nature of the bond between
nitrogen and the less electropositive element, they can
be understood as nitridometalates. As for oxometalates,
this leads typically to octahedral, trigonal prismatic,
tetrahedral, trigonal planar, or linear coordination of
the central metal atom by nitrogen ligands. The
nitrogen appears to prefer 6-fold coordination by metal
atoms, even when these are of a very different nature
and have widely varied bond distances to nitrogen.
Nevertheless, packing effects or the size of the metal
atoms also result in other coordination numbers for
nitrogen; for examples, four in Mg2[PN3s] or frequently
seven and up to eight with the large barium, rubidium,
or cesium atoms (e.g., in Cs[TaNz]). Lithium nitrides
especially show a large variety of coordination numbers
of nitrogen; eight in CaF, superstructure compounds
such as Li7[TaNg4], or CN(N) = 4, 6, 7, and 8 in the
nitride halides discussed in Section 6.

The observed progress in the determination of the
structural chemistry of ternary nitrides of the last 15
years is mainly due to new preparation techniques and
the effort of what is still a relatively small number of
researchers. However, the new developments arouse
more and more interest in properties of nitrides such
as lithium ionic conductivity, superconductivity, or
structural properties, and of zeolite-type materials that
also have the thermal and chemical stability of nitrides.
Also, the efforts to understand the formation and
reactions of ternary nitrides have just started. Itisour
belief and hope that within the next few years, many
nitride compounds with new or even unique structures
and interesting properties will be discovered.
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