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Structural families in nitride chemistry
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Recent progress in the area of nitride chemistry has been rapid
and increasingly diverse. Advances in ternary transition metal
nitride research have been significant in the last several years to
the point where the chemist can begin to correlate these com-
pounds in terms of certain favoured structure types. It is a facet
of the often intermediate bonding behaviour in these solids that
the structure types so far exhibited are an intriguing mix of
covalent (carbide-like), ionic (oxide-like) and unique motifs.
While new motifs continue to be discovered with astonishing regu-
larity, an attempt is made to summarise and classify just some of
the major emerging ternary nitride structural families.

1 Introduction
The study of complex nitride chemistry is still very much in its
infancy, with accelerated progress being made only within the
last several years. This belies the fact that much of the pioneer-
ing work in nitride chemistry was first performed in the ’20s and
’30s and then over a period of several decades by Juza and co-
workers,1,2 among others. As a result, binary nitrides of numer-
ous metals and non-metals are relatively well characterised. The
properties of these compounds are often interesting and useful.
Many have now found application, for example as high tem-
perature refractory ceramics and coatings (e.g. BN, AlN, TaN,
TiN), semiconductors (e.g. GaN, InN), etc. Progress beyond
binary systems has, until recently, been hampered primarily by
synthetic difficulties, but also by the previous limitations of
analytical methods. Advances in the handling of air-sensitive
materials together with the huge improvements in diffraction
techniques (and associated structure-solution software) are
major contributors to new solid state materials output, gener-
ally, and nitride output, specifically.

Oxides are by far the most numerous, most extensively
studied and best characterised group of compounds known to
solid state chemists. Despite the relative abundances of oxygen
and nitrogen in the Earth’s atmosphere, known oxides out-
number nitrides by orders of magnitude. This contrast and
irony has been highlighted in many previous publications and
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will not be dwelt on here, although the thermodynamic impli-
cations of making and breaking N]]]N bonds in nitride synthesis
are all too apparent.3–6 Furthermore, the relatively immense
energy of formation of the N32 anion from atomic N (over
three times that of O22 from O) accounts for the reluctance of
nitrogen to form predominantly ionic bonds with all but the
most electropositive of elements. These thermodynamic factors,
therefore, explain both the rarity of nitrides and also their
tendency to form unusual and often unique structure types.

Previous reviews in the literature have covered the many dif-
ferent aspects of nitride chemistry. We have now reached a
point where it is perhaps no longer appropriate or practical to
review nitride chemistry as one specific topic. Over the last sev-
eral years, nitride sub-areas have flourished in their own right,
embracing non-metal and nitridosilicate chemistry,7–9 oxy-
nitrides and nitride halides,4,5,10–12 sub-nitrides and nitride clus-
ters 13 and the development of binary nitrides as industrial
materials.14,15 This is in addition to the research conducted into
the ternary and higher order transition metal nitrides.3–6,16–18 In
this respect, this article will concern itself only with the nitride
chemistry of the transition metals and the ternary and complex
compounds formed with electropositive elements. Earlier
discussions of this group of compounds have focused on a
summary of crystal chemistry by element or by co-ordination
environment. As the number of new nitrides grows, one can
begin to delineate broad structural classes. Such classification is,
of course, already well established in chalcogenide and halide
chemistry 19 and many of the structure types observed in these
areas are also seen in nitrides. The tendency to covalency in
nitride bonding is also reflected in several carbide structural
analogues, although, for example, the formation of dinitrogen
bonds in ternary and higher compounds is extremely rare.20

Perhaps most interesting is the existence of a significant
number of unique structures (i.e. without chalcogenide, halide
or carbide analogues), many of which indicate the existence of
several bonding types (ionic, covalent, metallic) within one
compound. The eclectic mix of bonding types frequently gives
rise to rare and unexpected formal metal oxidation states,
borne out by often unusual co-ordination environments to
nitrogen.

This article considers the crystal chemistry of ternary and
higher order transition metal nitrides in terms of the classifi-
cation of key structural types. While there are still (and continue
to be) many examples of nitride compounds that are unique
with respect to their crystal structures (and stoichiometries), as
new compositions emerge, so structural trends can begin to be
established. Composition–structure–property relationships are
not yet well elucidated in such a young area, but with the
increased information available from synthetic chemists, theor-
ists, physicists and materials scientists one can envisage this
situation changing in the not-too-distant future. The following
two sections briefly consider first the synthetic challenges facing
the solid state chemist and secondly how one might approach
concepts of valence and bonding in nitrides. The main section is
devoted to the description of some of the major structural
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families, known properties and the potential for exploiting
structure–property relationships to develop new materials.

2 Synthetic approaches
Synthetic methodology is being designed to overcome a number
of significant challenges. On the one hand, the preparation of
nitrides demands high temperatures and long reactions times,
as is typical with solid state ceramic materials. However, in
many cases the thermodynamic restrictions brought about by
the facile formation of N2 from nominally N32 dictate that reac-
tions may need to be designed to prevent decompositions of
nitride products, sometimes at relatively low temperatures.
Furthermore, the often instantaneous reaction of predomin-
antly ionic higher nitrides with water (or air) to yield hydroxides
and ammonia necessitates that reactions and handling of
products are performed in inert environments. Preparative
techniques are further complicated by matters of stoichiometry
and purity. The unusual stoichiometries of many alkaline earth
and transition metal binary nitrides prevent synthesis of single
phase ternary (or higher) compounds by direct solid state reac-
tion unless additional nitrogen is present. There are several
alternatives to using relatively unreactive (at ambient pressure)
N2 gas as a source of nitrogen. Besides increasing the nitrogen
pressure, solid sources of N such as sodium azide, NaN3, have
been successfully used to produce new nitrides often in combin-
ation with a sodium flux to encourage crystallinity of nitride
products.21

One can move further away from traditional high temper-
ature ceramic approaches by treating molten metals with nitro-
gen either directly e.g. treating molten alkaline earth metals
with transition metals under nitrogen,22 or indirectly by form-
ing a molten alloy of Na and alkaline earth metal.23 This latter
approach has been used extensively for producing highly pure,
crystalline alkaline earth binary phases and exploits the non-
reactivity of sodium with nitrogen to good effect.24 In these
instances the unchanged sodium can be removed by distillation
under vacuum or by washing with liquid ammonia.

Other non-ceramic-type approaches have focused on employ-
ing “softer” conditions, often at lower temperatures, and/or on
exploiting thermodynamics by the use of suitable precursors.
The ammonolysis of oxide, halide or sulfide precursors has
proved a fruitful route to binary and ternary compounds.2,4,25,26

These reactions are often highly temperature-dependent; below
a narrow temperature band either no reaction occurs or prod-
ucts are poorly crystalline, above the band ternary phase
decomposition is observed. Often an added complication in
these reactions is the formation of “partial nitrides” (oxy-
nitrides, nitride halides, etc.) in preference to nitrides. While
partial nitriding to oxynitrides etc. is interesting in itself, one
has adequately to differentiate between N and other anionic
species in ammonolysis products, in many cases. As Brese and
O’Keeffe 5 point out in their earlier review, there are numerous
examples of probable misinterpreted imides, amides and oxy-
nitrides in the literature.

Solid-solid phase metathesis reactions have proved useful for
synthesizing binary transition metal and lanthanide nitrides.
These reactions are often rapid, highly exothermic and self-
propagating.27,28 Initiation of these reactions can be carried out
by various means, including by conventional heating or by
microwaves. There are also reports of nitride formation by
ignition in air.29 Reaction temperatures in excess of product
decomposition temperatures exclude these metathesis routes as
means to binary transition metal nitrides of elements to the
right hand side of the d block. It has also yet to be used effect-
ively for ternary nitride synthesis, although the exchange reac-
tion at 400 8C between the existing ternary nitride NaTaN2 and
the binary halide CuI yielding the new ternary phase CuTaN2

is an exception.30 However, a modification to the technique,
exploiting the vapour pressures of physically separated reac-

tants, has yielded a number of nitride halide phases from the
reactions of Li3N with alkaline earth metal halides.31

The fleeting or non-existence of the heavier alkali metal
binary nitrides (i.e. those besides lithium nitride) renders form-
ation of the relevant ternary alkali metal–transition metal
phases impossible by direct solid state reaction of binary
nitrides. Along with ammonolysis of non-nitride precursors,
perhaps the most profitable route to these compounds has
been via reactions of transition metals with an excess of alkali
metal amide melt often at high pressures in the presence of
supercritical ammonia.32 These relatively harsh reaction con-
ditions (with pressures often ≥1 kbar) have produced a variety
of compounds, predominantly nitrido-tungstates, -molybdates,
-niobates and -tantalates, although other compounds of this
type have been prepared under milder conditions starting with
the alkali metal and the transition metal nitride.33,34

Other techniques have been employed, sometimes specific to
only one or two nitride products. These include Chemical
Vapour Transport (CVT) routes to Group IV nitride hal-
ides,12,35,36 ammonolysis of molecular precursors to binary and
ternary transition metal nitrides 25,37,38 and the use of transition
metal melts [both in an inert (solvent) and reactive capacity] to
selected ternary transition metal compounds.39 It seems likely
that new routes will continue to be developed, and indeed need
to be developed, to access new and diverse materials.

3 Bonding considerations
The coexistence of different bonding types within ternary
nitrides accounts for the often curious and unexpected coordin-
ation behaviour and crystal chemistry observed in these com-
pounds. The bonding within ternary nitrides is by no means
well understood. Even in ternary compositions containing high
proportions of electropositive elements, such as lithium and
alkaline earth metals, metal–nitrogen bonds show significant
covalent character.

The tendency to covalency is exhibited in binary nitrides of
the late transition metals where low valence () states are the
norm. Even early transition metals preferentially form nitrides
below their highest oxidation states. The compound Ti2N is
known in several forms and TiN is extremely stable whereas
Ti3N4 is poorly characterised. Similarly, Group V elements
form many compositions with nitrogen, yet neither V3N5 nor
Nb3N5 is known. Many of the transition metal nitrides (and
especially those of the early transition metals) are interstitial
compounds with structures based on the eutaxy of metal atoms
with varying quantities of nitrogen partially filling available
sites. This accounts for the many non-stoichiometric trans-
ition metal nitride phases in existence and for the essentially
metallic properties that are often observed (e.g. hardness, lustre,
conductivity, etc.).

The metallic nature of bonding in binary nitrides is not
restricted to transition metals. Only the most electropositive
metals form nitrides which one might regard as classically ionic.
The heavier, less electropositive alkaline earth metals prefer-
entially form sub-nitrides. The existence of the expected stoi-
chiometric compounds such as Ba3N2 and Sr3N2 is doubtful
whereas “reduced” compositions such as Sr2N

40 and Ba3N
41

are well characterised. Calcium forms stoichiometric Ca3N2
42

and the sub-nitride Ca2N.43 Only Mg and Be show no evidence
for low oxidation state compounds. One can interpret the bond-
ing in the Group II binary nitrides in several ways: first as in
sub-oxide and -nitride metal clusters where the normal formal
charges are assigned to cations and anions and the excess of
charge is attributed to metal valence electrons contributing to
metallic bonding, e.g. Ba3N ≡ Ba21

3N
32?(3e2).41 Alternatively,

one can assign low formal oxidation states to alkaline earth
metals and N. Bond valence and Madelung potential cal-
culations tend to favour this latter representation as do density
functional theory (DFT) calculations performed on related
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Fig. 1 The broad structure types adopted by binary metal nitrides by element.

nitride hydrides (e.g. Sr2NH, Ba2NH).44 These calculations
imply that while the charge on the hydride anions in these
materials is very close to 21, significant covalent interactions
between metal and nitrogen lead to charges of ≈11.3 and
≈21.7 for cation and anion respectively. The classification of
binary metal nitrides is depicted in Fig. 1.

Theoretical studies of bonding in ternary and higher nitrides
have focused so far on several of the more well characterised
groups of compounds.45,46 What is already apparent from calcu-
lations performed on these systems and from experimentally
observed structures and bond lengths is that covalent bonding
contributions, and π interactions especially, are significant in
the majority of transition metal compounds. This is often mani-
fested in low co-ordination numbers for transition metals and
unexpectedly short bonds to nitrogen. It has been noted previ-
ously that cation co-ordination numbers are almost routinely
low in metal-rich compositions but become higher as the

metal :N ratio decreases.5 One alternative representation of
ternary nitride bonding is to consider bonds as σ–π hybrid
“banana” bonds incorporating dπ → pπ bonding from filled
transition metal d orbitals to empty nitrogen p orbitals.47 This
scheme provides for what can essentially be regarded as double
and triple metal–nitrogen bonds.

Various methods have been employed to model nitride bond-
ing and to test the validity of nitride structures. These include,
among others, Madelung potential and bond valence calcu-
lations 5 in addition to extended Hückel-type calculations 45 and
various aspects of density functional theory [e.g. local density
approximation (LDA) 48 and generalized gradient approxim-
ation (GGA) 44]. The strong covalent character of metal–
nitrogen bonds in ternary and higher nitrides often apparently
devalues the use of bond valence calculations in validating
structural models. While quantitatively bond valence sums are
often high for transition metals and low for Group I and II
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metals, this indirectly points to deviations from ionic bonding
and becomes a useful qualitative tool. Just as with oxides and
fluorides some years ago, as more nitrides continue to be dis-
covered one can envisage the progressive refinement of the
relevant bond valence parameters.

4 Structural families
Common structural aspects

As has been highlighted in previous reviews of this area, the
crystal chemistry of the ternary and higher nitrides is often
dominated by the low co-ordination environments of nitrogen
around transition metals. Ternary transition metal nitrides
commonly form low dimensional structures containing isolated
complex anions or one-dimensional chains of anionic groups.
While the number of examples of layered extended structures in
nitrides is steadily increasing, three-dimensional frameworks
are largely restricted to non-metal compounds such as nitrido-
silicates and nitridophosphates. These latter materials will not
be covered here, but are evolving a rich and unique crystal
chemistry on a par with their oxygen-containing counter-
parts.7,8 Transition metal compounds are typically, but not
exclusively, metal-rich and with nitrogen frequently co-
ordinated to 5 or 6 metal atoms. Metal co-ordination numbers
rarely exceed 6, even in compounds containing large alkaline
earth or lanthanide ions.

Unusually low metal co-ordination numbers, coupled with
the stoichiometric restrictions imposed by the nominal 32
charge of the nitride ion, limit to a certain extent structural
analogues based on ternary chalcogenides and halides. None-
theless, many of these are already known. Furthermore, since
nitride anion co-ordination numbers are often higher than
those of the cations, anti structures are commonplace in binary
and ternary nitride systems alike (e.g. Ca2N

43 and Sr2N
40 with

the anti-CdCl2 structure, CaMg2N2
49 with the anti-La2O3 struc-

ture and LiMgN and LiZnN with the anti-fluorite structure 50).
Compounds of this nature emphasise the usefulness of the
anion-centred polyhedral approach in the structural description
of nitrides described by Brese and O’Keeffe.5

Given the above features of metal–nitrogen co-ordination in
nitrides, it is not surprising that a significant number of struc-
tures are unique to nitrides. There are some examples of carbide
and pnictide (e.g. phosphide) isotypes but these are, if anything,
less common than chalcogenide and halide analogues. This
suggests that, despite the significance of covalency in nitride
bonding, the relative electronegativity of N32 (and the lack of
available d orbitals for bonding) plays a significant part in
determining crystal structure.

“Well established” nitride structural groups

While, the definition of “well established” is perhaps rather
loose in connection to ternary nitride crystal chemistry, there
exist several well characterised structural groups which have
been known for some years and discussed previously. These will
be mentioned briefly here but in most cases no major develop-
ments in these areas have occurred recently and the reader will
be directed to the appropriate existing reviews of the relevant
literature.

Much of the fundamental research into the ternary transition
metal nitrides of lithium was conducted by Juza and co-workers
over several decades. Two significant structural families
emerged from this research and broadly these divide the left and
right of the top row transition metals. Metals from Ti to Mn
(and additionally Nb, Ta, Al, Ga, Mg and Zn) form ordered
variants or superstructures of the anti-fluorite structure where-
as Co, Ni and Cu form substituted Li3N-type structures (Fig. 2)
as solid solutions (Li3 2 xMxN; x ≤ 0.6).1 Interestingly, the for-
mer group of compounds all contain transition metals in high
oxidation states (in most cases, the highest possible) while the

latter contains metals in the univalent state. These two sets of
compounds typify the oxidation state behaviour of the first row
transition metals in ternary nitrides. Intriguingly, iron does not
fit conveniently into either one of these two structural groups,
forming an anti-fluorite superstructure (Li3FeN2; FeIII) 51 and a
defect variant of the Li3N-type structure (Li4FeN2; FeII) (Fig.
3).52 More recent studies have shown other structures to exist
for ternary nitride compounds of lithium with first row tran-
sition metals and some of these are discussed in more detail in
later sections.

A third class of lithium ternary compounds was first
established approximately 25 years ago, crystallising with the
anti-La2O3 structure. These Li2MN2 compositions exist for
transition metals, M = Zr or Hf (in addition to Ce, Th or U).53

Lithium and M are tetrahedrally and octahedrally co-ordinated
to nitrogen respectively. The only ternary alkaline earth metal-
containing example of this structure contains no transition
metal, Mg2CaN2.

49 Alkaline earth–transition metal ternary
phases of this stoichiometry form very different structures,
typically with later transition metals in low co-ordination
environments. These are covered in more detail in later sections.

The perovskite (ABX3) structure and its distorted variants
are a common feature in ternary oxide chemistry. Examples of
nitride perovskites are rare (although the structure and various
distortions are observed in transition metal oxynitrides of the
lanthanides or alkaline earth metals). A larger structural group
is that of compounds crystallising in the anti-perovskite struc-
ture, Ca3XN. To date, however, this class of compounds has
been mostly restricted to main group elements,54 with Ca3Au-
N 22a being the sole transition metal-containing example. Unlike
the main group anti-perovskites, however, whose bonding can
be represented ionically as Ca21

3X
32N32 (where X here is P, As,

Sb, Bi, Ge, Sn or Pb), the gold compound can be considered as
a sub-nitride (Ca21

3Au2N32?2e2). In bonding terms, the auride
nitride has more in common with the sub-nitrides of Group I/
Group II elements (e.g. NaBa3N ≡ Na1Ba21

3N
32?4e2) 23a than

with the main group anti-perovskite nitrides. There are also
earlier reported examples of anti-perovskites Mn3MN (M =
Ni, Cu, Zn, Ga, Rh, Ag, Sn, Sb or Pt) (and associated
Mn3M1 2 xM9xN phases) based on Mn4N.55 Many of these com-
pounds are either ferrimagnetic or antiferromagnetic with sig-
nificant hybridisation of the manganese d orbitals and nitrogen
p orbitals proposed.

Emerging structural families in nitrides

The stoichiometry AMN. This stoichiometry exists for com-
binations of lithium or alkaline earth metals (A) with transition
metals (M) but embraces several different structure types, some
unique to nitrides. The compound LiZnN forms an ordered
anti-fluorite structure, as mentioned above, with Li and Zn dis-
tributed over the available tetrahedral sites (LiMgN forms a

Fig. 2 Structure of Li3 2 xMxN (M = Co, Ni or Cu): Li, small red
spheres; Ni, small green spheres; N, large blue spheres.



J. Chem. Soc., Dalton Trans., 1999, 259–270 263

similar cubic cell but with an alternative, disordered, cation
distribution).50

Among more recently reported compounds is (Li,Mn)2N
which crystallises not in the anti-fluorite structure but in the
disordered anti-rutile structure.56 While this is not an uncom-
mon structure type for binary transition metal nitrides, M2N
(e.g. ε-Ti2N),57 this is the first example of a ternary compound
adopting this structure. There is evidence of a range of Li/Mn
compositions in this system and as with the earlier reported
Li3 2 xMxN compounds this displays the ease with which Li can
(partially) replace transition metal ions and form solid sol-
utions. The metals are co-ordinated to nitrogen in distorted
triangular planes, a motif seen surprisingly widely in ternary
nitrides (as described later). The compound appears to be
semiconducting with a possible antiferromagnetic transition
at 115 K.

The compound LiNiN is stoichiometric and forms a struc-
ture related to Li3N.58 In contrast to earlier reported Li–Ni–N
compositions, however, the structure is not a simple substituted
derivative of lithium nitride, Li3 2 xNixN, but a new lithium
vacancy-ordered structure closer in nature to Li4FeN2

52 than
Li3N. Unlike the iron nitride, however, metal vacancies lie

Fig. 3 The defect variant of the Li3N-type structure formed by
Li4FeN2; (a) ball and stick representation with Li as small red spheres,
Fe as small purple spheres and N as large blue spheres, (b) perspective
plot showing the linking of seven-co-ordinate N-centred polyhedra and
[Li2N] and [Fe/h] layers (h = vacancy).

within Li2N planes rather than between them, reducing the co-
ordination of nitrogen from hexagonal bipyramidal to trigonal
bipyramidal. This would appear to have implications with
respect to the Li1 ionic conductivity of the nitride. There is also
evidence of other vacancy-ordered compounds in the Li–Ni–N
system (Li3 2 x 2 yNixhyN; h = vacancy) which show an evol-
ution of nitrogen co-ordination with vacancy concentration.

Alkaline earth metal compositions exist for transition metals
in Groups IX, X and XI in a univalent state. The structures
appear to show a significant dependence on the size of the
alkaline earth metal cation. A common structural motif
throughout is the extended –N–M–N– chain. These 1

∞[MN2/2
22]

infinite chains tend to be straight when the alkaline earth metal
cation is small (Ca) and bent as the ionic radius increases (Sr,
Ba). The compound CaNiN 59 [and also LiSrN 60 and the Li-
substituted compounds, Ca(Ni,Li)N 61] crystallises with the
YCoC structure. In this relatively simple, tetragonal structure,
layers of straight –N–Ni–N– chains are sandwiched between
layers of Ca (Fig. 4). Alternate layers of these chains are
aligned perpendicular to one another in the ab plane. (A similar
arrangement exists in LiSr2[CoN2], but alternate Co atoms are
“replaced” by Li in –N–Li–N–Co–N–Li– chains and hence
the linear [CoN2]

52 anions become discrete.62) Completely
replacing Ca by Sr or Ba causes the –N–Ni–N– chains to bend
into zigzag formations and also leads to distortion of the
tetrahedral alkaline earth metal–nitrogen environment (Fig.
5).63 The –N–Ni–N– chains in these orthorhombic structures
are similar to –O–Cu–O– chains in CsCuO,64 but in the nitrides
the “kinks” (changes in direction) in the chains occur less
frequently. The same chain conformation is observed for Cu–N
in isostructural SrCuN 65 [and for Li/Cu in Sr(Li1 2 xCux)N;
0.33 ≤ x ≤ 0.52].66 Partial replacement of Ca by Sr is also pos-
sible, in Ca1 2 xSrxNiN, with retention of the YCoC structure
for x ≤ 0.5.63a The structure of BaCoN is closely related to
BaNiN but here the zigzag chains are “stepped” so that the
chain length on each side of a kink is not equal.67 The chains
distort further still in the related compound Ba8Ni6N7, twisting

Fig. 4 Crystal structure of CaNiN. (The unit cell is delineated by the
solid line.)
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in infinite helices.68 Interestingly, the metal–metal distances are
significantly shorter in the zigzag chain structures than in the
YCoC-type compounds (e.g. Ni–Ni in CaNiN ≈ 3.5 Å, Ni–Ni
in BaNiN ≈ 2.4 Å). The electrical and magnetic properties of
CaNiN, SrNiN and also Ca1 2 xSrxNiN compositions have been
studied. All show evidence of metallic conductivity and Pauli-
paramagnetic behaviour.

The stoichiometry AMN2. This stoichiometry is widespread
among chalcogenides and is developing rapidly now in nitride
chemistry. In many cases, the observed nitride structure types
are also those found in chalcogenide chemistry. This broad
structural class consists mainly of 2-D layered-type com-
pounds, although the nature of the layers and the pattern in
which the layers stack vary with cation size and transition metal
type. The stoichiometry already covers a wide range of nitride
compositions with combinations of A = alkali metal, alkaline
earth metal or transition metal with M = transition metal
known. Most commonly, these layered nitrides contain six-co-
ordinate metals in either octahedral or trigonal prismatic
geometry. These structures often differ, principally, in terms of
their layer stacking sequence, which leads to predominantly
hexagonal unit cells with varying c parameters.

The α-NaFeO2 type structure, favoured by many oxides of
the AMX2 stoichiometry, is also found in nitrides. This struc-
ture is adopted by predominantly 2nd and 3rd row transition
metals with alkali and alkaline earth metals including NaTaN2,
NaNbN2,

32a,33,69 SrZrN2, SrHfN2
70 and CaTaN2.

71 The hex-
agonal α-NaFeO2 structure is an NaCl-type superlattice and
both A and M (and N) are octahedrally co-ordinated (Fig. 6).
The structure can alternatively be described as an O3 type,
where O represents the octahedral co-ordination of A and 3
represents the number of [MX2] layers in the unit cell. Chalco-
genides with this structure type often undergo ready (de)inter-
calation by adding/removing A cations from between [MX2]
layers. There is evidence that similar reactions can be performed
in these layered nitrides (despite, in some cases, apparent
stoichiometric/oxidation state restrictions). The compound
Ca1 2 xTaN2 (x ≈ 0.26) forms after prolonged heating of
CaTaN2 at ≈1200 8C.71 Sodium can be removed from NaTaN2

using NO2PF6 to produce nominal Na1 2 xTaN2 compositions
with x as high as ≈0.9.33 The stoichiometric CaTaN2 compound
(and, perhaps, also Ca1 2 xTaN2; x > 0 compositions) appears
to superconduct at ca. 9 K. The deintercalated Na1 2 xTaN2

compounds, however, are coloured insulators. The bonding in
these latter nitrides has been rationalised in terms of oxidation
of N or the formation of N]]]N bonds, but neither hypothesis
has yet been verified.

An alternative structure type observed in AMN2 nitrides is
the P3 (Na0.6CoO2) structure. This differs from the α-NaFeO2-

Fig. 5 Structure of Ba(Sr)NiN, illustrating the zigzag chains of –N–
Ni–N– units.

type materials in the trigonal prismatic (P) (as opposed to
octahedral) co-ordination of the A cations (Fig. 7). This struc-
ture is adopted by LiMoN2

25 and LiWN2
72 and also by the

Fig. 6 The α-NaFeO2 structure as adopted by SrZrN2. Alternate
layers of octahedrally co-ordinated Sr(A) and Zr(M) are stacked along
the c axis.

Fig. 7 Structure of LiMoN2 (P3 structure) with alternating layers of
metal-centred octahedra and trigonal prisms. Note the edge-sharing of
polyhedra within layers but also face-sharing between layers.
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mixed transition metal species CrWN2.
38 The compounds

CoWN2 and NiWN2 are probably isostructural with these three
compounds, although their crystal structures have not been
refined.73 The compounds MnMoN2, Li0.84W1.16N2 (both
anti-TiP type; P2b type), FeWN2, (Fe0.8Mo0.2)MoN2 and
(Fe0.8W0.2)WN2 (P2a) form structures closely related to the P3
structure. The structures of this latter group differ from the P3
type in (a) the number of layers within the unit cell (hence,
smaller c parameters) and (b) the way in which octahedra are
linked to trigonal prisms (face-sharing, P2a or edge-sharing,
P2b).26a,c,74,75 It is unclear whether MnWN2 falls into the former
(P3) or latter (P2) group.73 Up to 64% lithium can be deinter-
calated from LiMoN2. The fully intercalated compounds
LiMoN2 and LiWN2 are metallic and paramagnetic. Electronic
structure calculations show LiMoN2 to be a three dimensional
metal with strongly covalent [MoN2] sheets. There is also evi-
dence of a direct inter-layer interaction between N atoms in
[MoN2] sheets.46a Those of the mixed transition metal species
that have been investigated are weakly metallic or semiconduct-
ing and paramagnetic.

The mixed transition metal compound CuTaN2 is to date the
only reported example of a ternary nitride with the delafossite
structure.30 This structure type is widely known for oxides
AIMIIIO2 (A = Cu, Ag, Pd or Pt; M = Al, Ga, In, Fe, Co, etc.).76

Copper() is linearly co-ordinated to N and the hexagonal struc-
ture is thus made up of alternating octahedral Ta–N and linear
Cu–N layers stacked in the c direction.

The heavier alkali metals form non-hexagonal nitride struc-
tures with transition metals. The compounds KTaN2 and
RbTaN2 prepared at 5 kbar of NH3 pressure form ortho-
rhombic structures apparently isotypic to KGaO2; CsTaN2

prepared under similar conditions crystallises with the cubic
β-crystobalite structure 32a (a structure also adopted by LiPN2,
for example).77 At ambient pressure, KTaN2 and KNbN2 are
reported to form cubic structures which may be analogous to
CsTaN2.

33

The KCoO2 structure is not a common structure type in
oxide chemistry, yet it is reported for several alkaline earth
metal–Group IV metal nitrides, BaZrN2, BaHfN2, BaZr1 2 x-
HfxN2 and SrTiN2.

78 These are tetragonal structures containing
layers of edge-sharing [MN2]

22 square-based pyramids with
alternate pyramids aligned “up” and “down” parallel to the
c axis (Fig. 8). The barium compounds are reported to be
paramagnetic, although this may be due to impurity phases
rather than the ternary nitrides themselves (containing nomin-
ally d0 ZrIV or Hf IV).

The vast array of existing AMO2 structures have been classi-
fied in terms of, for example, ion size, ionicity of metal–oxygen

Fig. 8 Perspective polyhedral representation of the KCoO2 structure
adopted by Ba(Zr,Hf)N2 and SrTiN2. Layers of edge-sharing [MN2]

22

square pyramidal anions align perpendicular to the c axis. Green
spheres are Ba (Sr).

bonds and interlayer distances.79 Similarly detailed studies of
nitrides have yet to be performed, although the number of
AMN2 compounds is now relatively considerable. It is already
apparent that, in many cases, MN2 layers exhibit significant
covalent character and that this is likely to have a profound
effect in determining crystal structure.

The stoichiometry A2MN3. Two classes of compounds are
known with this stoichiometry, one with A = Ce which will be
detailed later and the other with A = alkaline earth metals. With
respect to transition metals, this latter grouping consists
exclusively of Group V elements in their highest oxidation state
(M = V, Nb or Ta). These compounds form one of two struc-
tures which are closely related and share the common structural
motif of infinite one-dimensional chains of corner-sharing
[MN3]

42 tetrahedral anions (1
∞[MN2N2/2]). The compound

Ba2VN3
80 (Fig. 9) adopts the orthorhombic Rb2TiO3 structure

(also formed by Ca2PN3);
81 Sr2MN3 (M = V, Nb or Ta) and

Ba2MN3 (M = Nb or Ta) adopt the monoclinically distorted,
Ba2ZnO3 structure.78a,80,82 There are no structural data reported
for A = Mg, Ca nitrides although there are reports of a green,
cubic Ca2TaN3 phase formed at high temperatures (ca.
1200 8C).71 Interestingly, Mg2PN3 is isostructural with Li2SiO3,

Fig. 9 Structure of Ba2VN3 showing chains of vertex-sharing [VN3]
42

tetrahedra (red and blue spheres are Ba).

Fig. 10 Structure of Sr(Ba)3Cr(M)N3. Layers of discrete [CrN3]
62

triangles, alternating by 1808 in direction, align perpendicular to the c
axis.
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crystallising in a smaller orthorhombic unit cell, with a different
tetrahedral anion chain conformation.83 Magnetic measure-
ments of Ba2VN3 and Sr2VN3 indicate diamagnetic behaviour.
Measurements performed on Sr2NbN3 and Ba2NbN3 show
weak temperature independent paramagnetism, probably from
impurities.

The stoichiometry A3MN3. There are two distinct classes of
nitride with this stoichiometry (313): those with A = alkali
metal and those with A = alkaline earth metal. The former
class embraces compositions with the heavier Group VI metals
(M = Mo or W), the latter with the first row transition metals
from M = V to Fe. The nitrides A3MN3 (M = Mo or W) are
only known for A = Na and have been successfully synthesized
only by reaction of the transition metals (or their nitrides) with
sodium amide, NaNH2, and ammonia (either at ambient or
high pressures).32c,34,84 The nitridomolybdate and nitridotung-
state are isostructural and contain tetrahedral 1

∞[MN2N2/2]
32

anion chains similar in nature to the 1∞[MVN2N2/2]
42 chains in the

A2MN3 compounds described above. As in the A2MN3 com-
pounds, there is evidence of significant M–N π bonding in the
chains, notably to terminal (non-linking) nitrogens. Partial sub-
stitution of sodium in the 313 nitridotungstate by potassium
(Na2K[WN3]) or rubidium (Na11Rb[(WN3)4]) leads to new
structures also containing 1∞[WN2N2/2]

32 anion chains, although
the chain conformations are subtly different.32d The above com-

Fig. 11 Structure of Ca6Mn(M)N5. Layers of discrete [MN3]
62

triangles are sandwiched between [NCa3]
31 slabs stacked along the c

direction.

pounds form only a small part of a growing number of alkali
metal nitridotungstates and nitridomolybdates which com-
monly feature anionic tetrahedral M–N units either as discrete
units, oligomeric species, chains, layers or networks.

The A = alkaline earth metal 313 compounds crystallise with
structures which are unique to nitrides. Two structure types are

Fig. 13 Crystal structure of K2NiF4.

Fig. 12 Structure of Sr2Li[Fe2N3] containing chains of vertex-linked [Fe2N3]
52 “dimeric” anions (N, large blue spheres; Sr, medium red spheres; Li,

small yellow spheres; Fe, small green spheres).
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Fig. 14 Crystal structure of Sr(Ba)2ZnN2: (a) ball and stick representation (N, large blue spheres; Sr, medium orange spheres; Zn, small green
spheres); (b) polyhedral representation showing edge and vertex linking of N-centred octahedra.

known and these are commonly linked by the trigonal planar
[MN3]

62 anion. The anion is isoelectronic with carbonate
[CO3]

22, but analogous metal species are very rare in other areas
of solid state chemistry (RbNa7[CoO3]2 is an example).85 The
calcium ternary compounds Ca3MN3 (M = V, Cr or Mn) have
orthorhombic structures containing isolated [MN3]

62 anions
with C2v symmetry.86 The strontium and barium compounds
Sr(Ba)3MN3 (M = Cr, Mn or Fe) have hexagonal structures
(Fig. 10) with [MN3]

62 anions with D3h symmetry.22b,87 The
change in anion symmetry and crystal structure was originally
postulated to be a consequence of Jahn–Teller distortion in the
low spin [MN3]

62 anion. However, recent experimental evidence
suggests the changes in symmetry are more a consequence of
the size of the counter cation, A21. While the nitrodovanadate

Ca3VN3 appears to be essentially intrinsically diamagnetic and
insulating, measurements conducted on Ca3CrN3 suggest a
paramagnetic, insulating material with an antiferromagnetic
transition at 240 K. The exchange energy in Ca3CrN3 is surpris-
ingly large (185 K) given the distance between Cr atoms (ca.
5 Å) and this was attributed to large covalent bonding contri-
butions. Although theoretical investigations tend to confirm the
unusual, low spin state of these anions,45a measurements of the
magnetic properties of these materials are not extensive. New
detailed structural and magnetic studies of some of these
materials validate earlier spin state arguments, but the evidence
for co-operative magnetic interactions is less certain.88

It is valuable at this point to mention a number of com-
pounds related to these AII

3MN3 compounds, that are more
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usefully described in this context than as stoichiometric groups
in their own right. These include Ca6MN5 [M = Mn or Fe (and
Ga)] (615),89 A2FeN2 (A = Ca or Sr) 90 and A2LiFe2N3 (A = Sr
or Ba).91 The Ca6MN5 compounds have structures in which
layers of isolated trigonal planar [MN3]

62 anions are stacked
alternately along the c axis between [NCa3]

31 layers (Fig. 11).
These N–Ca layers resemble the edge-sharing octahedral N-Ca
layers (“[NCa2]

1”) in Ca2N. The three 615 compounds are iso-
structural, with [MN3]

62 anions of D3h symmetry. No detailed
magnetic measurements have yet been performed on these
materials. The compounds Ca2FeN2 and Sr2FeN2 both contain
“dimeric” [Fe2N3]

82 units constructed from two distorted tri-
gonal planar units sharing one triangular edge. These units are
isosteric with the [In2P4]

62 anion. The compound Sr2FeN2 also
contains discrete linear [FeIIN2]

42 anions which are isoelec-
tronic with CO2. (Similar, but not isoelectronic, discrete
[CuIN2]

52 units are observed in Sr6Cu3N5 which additionally
contains [Cu2N3]

72 V-shaped anions.)65 In the lithium com-
pounds A2LiFe2N3 (A = Sr or Ba) Fe is also co-ordinated to N
in a trigonal planar geometry, here interlinking to form infinite
1
∞[(FeN3/2)2]

52 chains. These staggered chains are essentially
made up of dimeric [M2N4]-like links joined by the “free” (non-
bridging) vertices (Fig. 12). The Fe ? ? ? Fe distances in the
A2MN2 and A2LiFe2N3 compounds are both short across
“dimers” (ca. 2.4 Å). The physical properties of both groups of
materials have yet to be investigated.

The recently reported nitridomanganate Li6Ca2[Mn2N6]
48 is

also related to the above compounds in that Mn is, again, tri-
gonally co-ordinated to N [as in A3MnN3 (A = Ca, Sr or Ba)
and Ca6MnN5]. Importantly, however, the co-ordination sphere
of Mn is completed with an unbridged Mn–Mn bond [2.358(1)
Å] linking two triangular MnN3 units to form [MnIV

2N6]
102

anions.

Stoichiometries A2MN2 and A2MN3; relations of the K2NiF4

structure. Whereas compounds of both these stoichiometries
have been covered separately above, a convergent structural
class “A2MN4 2 y (y = 1 or 2)” exists containing both these
stoichiometries and based on the K2NiF4 structure. Com-
pounds with y = 2 exist for A = Ca, Sr or Ba and M = Zn.92

Compounds for y = 1 exist for A = Th, U or Ce and M = Cr or
Mn.93 The K2NiF4 structure (Fig. 13) is well known in oxides
and halides, with a perovskite-like “core” (interposed with
rock-salt type layers) and structural flexibility in terms of
possible combinations of substituent cations (or anions).

The zinc nitrides A2ZnN2 (A = Ca, Sr or Ba) contain divalent
zinc co-ordinated to 2 nitrogen atoms to form isolated, dumb-
bell [ZnN2]

22 anions. In terms of the K2NiF4 structure, Zn is
bound to the axial N (F) equivalents of the NiF6 octahedron
with all equatorial N (F) positions vacant (Fig. 14). These
nitrides are isostructural with Na2HgO2 (a structure also
adopted by the non-oxides Na2PdH2 and U2IrC2). The com-
pound Ca2ZnN2 is a diamagnetic insulator. The properties of
the strontium and barium compounds have not been studied.
Interestingly, BaO rock-salt layers can be inserted into Ba2ZnN2

to create Ba3ZnN2O by treating Ba metal with ZnO, Na and
NaN3 at 750 8C.94 This is the first sign that the “building block”
methodology used in oxide perovskite chemistry (e.g. in the
superconducting cuprates) can be similarly pursued in (oxy)-
nitride chemistry.

The A2MN3 nitrides contain Mn or Cr co-ordinated to N
in an unusual square planar arrangement. Referring to the
K2NiF4 “parent” structure, now the axial and two of the four
equatorial anion positions of the NiF6 octahedron are occupied
and the structure distorts from tetragonal (I4/mmm) to ortho-
rhombic (Immm) (Fig. 15). The squares are vertex linked to
form infinite, straight –N–MN2–N–MN2– (1

∞[MN2N2/2]) chains
parallel to the a axis. Recent studies of the A = Ce compounds
suggest that the nitrides are best expressed as MI species,
(Ce41)2M

1(N32)3, and therefore contain [MN3]
82 anions.93b,c

Extended Hückel calculations performed on Ce2MnN3 illus-
trate that the bridging Mn–N bonds in the 1

∞[MnN2N2/2] chains
are strongly covalent π interactions whereas terminal Mn–N
bonds are essentially single bonds.93c The apparent difficulty in
synthesizing equivalent Ln31-containing nitrides would also
suggest these materials are highly unusual manganese() and
chromium() compounds. The compound Ce2MnN3 is metallic
but the properties of the other A2MN3 compounds have not
been investigated.

5 Concluding remarks
Despite its youth, it is clear that the swelling contemporary
momentum in nitride chemistry is driving the subject rapidly
into new areas. The unique characteristics of “N32” and the
nature of its bonding to metals continue to deliver surpris-
ing new compounds with unusual crystal structures and
unexpected valence and co-ordination behaviour. As our feeling
for nitride crystal chemistry develops, so we can establish the
structure–property relationships that are the mainstay of solid
state chemistry. Exciting times lie ahead as ternary nitrides
begin to show evidence of intriguing and useful physical prop-
erties. Control of anion type and stoichiometry may well be
crucial in this respect. Perovskite-related oxynitrides already
show some of the flexibility that enables structural fine tuning
to potentially useful properties. Interstitial nitrides exhibit
ferromagnetic behaviour that can be modified via nitrogen stoi-
chiometry. Superconducting lithium-doped, Group IV nitride

Fig. 15 Perspective representation of Ce2Mn(M)N3 containing chains
of unusual vertex-linked square planar [MN3]

82 anions (Ce, medium
orange spheres; N, large blue spheres; Mn, small green spheres).



J. Chem. Soc., Dalton Trans., 1999, 259–270 269

fluorides demonstrate maximum critical temperatures (Tc)
approaching high Tc superconductors.

This article has highlighted some of the developing relation-
ships in nitride crystal chemistry. The solid state chemist can
usefully apply knowledge of existing structural relationships,
for example in chalcogenide and halide chemistry, in his or
her quest to establish an understanding of nitrides. What is
also obvious, however, is that only by continuing to explore the
unknown reaches of nitride chemistry itself will we ultimately
gain a sufficient grasp of structure and bonding in these
materials. It is both exciting and encouraging that completely
new nitride structures and motifs continue to be unearthed with
such regularity. Many of these structures have no analogues in
solid state chemistry and cannot yet be placed into any kind
of structure-type classification. Despite the growing number
of such examples, one suspects we have merely scratched the
surface of what may yet exist.
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