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\Volume Chemistry of Nitrogen in Binary Metal Nitrides and Subnitrides
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Introduction

In 1934, W. Biltz published his book “Raumchemie
der festen Stoffe” (“Volume Chemistry of Solids*)
[1] attempting to approximate the volume demand
of solids by a sum of individual atom or ion incre-
ments. For determining volume increments, statis-
tical averages based on the data available at that
time were used. The averages were utilized to set
up tables for volume increments. Complementarily,
deviations were being discussed in dependence on
the type of bonding and of the partners involved in
the compound, thus producing justification for the
alternatively suggested title of the book “Die
Bindungsart der Atome, raumchemisch beurteilt*
(“The Bonding Type of Atoms, Assessed from the
View of Volume Chemistry*). That concept has not
decisively won recognition over the one based on
the additivity of radii of spherical-shaped particles,
mainly propagated by V. M. Goldschmidt. The fol-
lowing will show that a combination of the model
developed by Biltz with modern quantum mechan-
ical calculations of atomic volumes enables in-
sights into bonding relationships which are inac-
cessible via the discussion of interatomic distances.

The determination of partial volumes of atoms or
ions on a quantum mechanical basis are founded,
for the most part, by the works of R.EW. Bader
[2,3]. According to the latter, a subsystem, such as
an atom in a crystalline compound, is bounded by
the surface of zero-flux of the electron density gra-
dient vector field. Furthermore, the parallelism
existing between the form and the properties leads
to the determination of the charge distribution
among the atoms.

The analysis of the electron localization function
(ELF) permits further insight into the bonding sit-
uation in real space. The function was introduced
by A. D. Becke and K. E. Edgecombe as a relative
measure for the probability of finding an electron in
the vicinity of another same-spin electron [4]. In the
time following, alternatives to the original mathe-
matical formulation became known [5,6]; chemists
soon adopted this method for the purpose of inter-
preting relationships within bonds in familiar terms.

Since the publication of the volume increments
by W. Biltz, the amount of data material serving as
the basis for calculation mean values has consider-
ably grown, owing mainly to the results of crystal
structure determinations available. This process
revealed that volume-chemical problems can only
reasonably treated within individual groups of
compounds since, according to the concept of vol-
ume increments, there exist systematic dependences
on the structure and on the type of bonding, in anal-
ogy to the ionic and atomic radii. Dependences on
the type of bonding are of particular impact if
strongly polarizable anionic partners are discussed.
For instance, the volume increment of hydrogen in
metal hydrides ranges from 13.7 cm¥mol in cesium
hydride to 3.9 cm®mol in palladium hydride [7]. An
analogous dependence can be expected for metal
nitrides.

Biltz’s volume increments and partial volumes
according to Bader

Table 1 juxtaposes the volumes V§(N) [8] of nitro-
gen according to Biltz with the volumes V (N)
determined by Bader’s method (p basins); for the
latter, the individually determined charge excess is
stated relative to the neutral nitrogen atom in units
of the electron. Biltz’s volume increments for the
cations (see Table 2) were used to determine the
volume V§(N) of the nitride species. For oxidation
numbers not included in the table interpolation is
applied, e.g., for BagN, the values for Ba®* (16
cm®mol) and Ba metal (38.2 cm*/mol) lead to the
value of 11.1 cm®mol per electron, whereby one is
independent of the formulation Ba* (27.1 cm*mol)
or Ba?* (16 cm*/mol) + e~ (11.1 cm*/mol).

In Figure 1, the volumes V §(N) of nitride ions in
binary metal nitrides are plotted against the vol-
umes V,(N) (cf. Table 1). It results in a surprising,
almost linear relation between both sequences. The
findings that the linear least-squares fit shows an
almost 1:1 inclination, but has a non-zero positive
abscissa value, is due to the fact that the Biltz
model is based on ions, i.e., for nitrogen in all cases
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V,(N) Excess charge VE(N)

LisN 20.3 2.6 22.4
CasN, 14.0 17 18.2
MgsN, 12.8 2.3 15.6
AIN 10.1 2.4 12.1
LaN 9.6 17 134
ScN 7.9 16 11.2
GaN 75 15 11.4
InN 75 13 11.8
CrN 5.8 1.4 9.7
Mn,N 48 1.2 8.9
Fe,N 45 11 9.0

The binary nitrides TiN, ZrN, HfN, VN, NbN and TaN give cor-
responding values.

Tab. 1: Volumes V,(N) (in cm¥mol) of nitride ions,
determined as p-basins with excess charge (in e) as well
as volumes V§(N).

the nitride ion N is assumed. Nevertheless, the
decreasing ionicity, ranging from «-Li;N to the
nitrides of iron and manganese, is represented in
both sequences quite analogously. Figures 2 and 3
depict, as examples, the p-basins of the nitrides
Li;N and CrN.

Special relationships result for metal nitrides
classified as metastable compounds, such as CuzN
[9] and NagN [10]. For both nitrides an atomic
arrangement corresponding to the ReOj structure
type was determined. The distances between the
cation and the anion are within the expected range
[11], in contrast to the much too large volumes
Vg(N) for the nitrogen anions in relation to V ,(N)
(cf. Table 3 and Fig. 1). If, contrary to that, an
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Fig. 1: Volumes V g(N) of nitride ions in selected binary
metal nitrides (black) and subnitrides (green) according
to Biltz, outlined against the volumes Volumes V (N)
calculated according to Bader. Red: metastable nitrides
and ““hypothetic modifications™

atomic arrangement based on the atomic distances
is assumed to be in accordance with the «-Li;N
structural type (acc. to [12] discussed as one of the
possible arrangements for NasN), the volumes
V,(N) and Vg(N) arrange themselves within the
limits of error into the linear relationship between
the two sequences. This applies to CusN corre-
spondingly (see Table 3 and Fig. 1). At this point, it
becomes clear once again what complementary
information can be provided by volume chemistry
of the atoms as opposed to a discussion on atomic
distances.

Likewise, the analysis of the atomic volumes per-
mits valuable insight into the bonding situation of
the subnitrides of the alkaline-earth metals BagN,

Atom/lon  \ol. Increm.  Atom/lon  \ol. Increm.
AP 0.5 La 9
Ba®* 16 Li* 1.5
Ba 38.2 In%* 6.5
ca? 6.8 Mgt 2
Ca 26.1 Mn?* 5
crt 1 Mn 7.4
cu* 5 Na* 6.5
Cu 7.1 Na 23.8
Fe?* 4 Sc¥* 2
Fe 7.1 Sret 11
Ga** 2 Sr 33.9

Tab. 2: Vblume increments (in cm®mol) used. The ion incre-
ments correlate with the Biltz values [1]. The values for the
atoms have been calculated from the element structures.

Lattice V,(N) Excess Vg(N)
parameters in A charge
Na;N* a=47317 (4) 333 2.1 443
‘Na;N’® a = 4.23 25.4 2.1 25.5
c=4.82
CusN? a =3.819(1) 7.2 1.4 18,5
‘Cu;N’® a =3.48 5.2 1.4 9.3
c=384

2 Applies to the experimentally determined structure (ReOz-Typ)
® Applies to the calculated atomic arrangement in the a-Li;N type
type (cf. text)

Tab. 3: Volumes V (N)(in cm*mol) of nitride ions, deter-
mined as p-basins with excess charge (in €7) as well as
volumes V g(N) for NasN and CusN in the experimental-
ly determined modification (ReO;) and in the hypothetic
modification of the a-Li3N type.
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Fig. 2: p-basins for a-Li;N. Red and blue: Li in two crys-
tallographic sites; green: N. The radii of the atomic
spheres are proportional to nuclear charges.

Fig. 3: p-basins for CrN. Red: Cr; green: N. The radii of
the atomic spheres are proportional to nuclear charges.

Ba,N, Sr,N, and Ca,N, respectively. The atomic
arrangement within the subnitride BasN is charac-
terized by one-dimensional stacks of face-sharing
barium octahedra, which are centered by nitrogen
[13]. Obvious are the large barium-barium dis-
tances between the one-dimensional structural
units which clearly exceed the distances in barium
metal. From theoretical investigations, one possible
explanation for this peculiarity is based on the find-

ing that a metallic bonding system exists between
the BasN structural units. The electrons participat-
ing in this system demand an additional volume [12].
Via the nitrogen volume V§(N) = 26.1 cm*mol in
Ba;N, an analogous interrelation may be recog-
nized. The linear relationship between V (N) and
VE(N) relates a Biltz volume of V§E(N) =
15.4 cm*/mol to the p-basin volume of V,(N) =
12.3 cm*/mol for nitrogen in BagN (cf. Fig. 1). Then,
for each Ba" results a volume of 30.7 cm*/mol (the
total volume of BasN amounts to 107.4 cm*/mol).
Considering the volume increment of Ba*
(16 cm®mol), there is a volume of 14.7 cm*/mol per
electron, i.e. clearly more than 11.1 cm®/mol, a
value which results from the difference between Ba
metal and Ba®*". This independently confirms the
explication given by the authors in [13].

V,(N) Excess charge  V§(N)

Ba,N 12.1 2.1 203
Sr,N 12.1 23 20.0
Ca,N 12.9 2.3 205
BasN 12.3 2.1 26.1

Tab. 4: Volumes V ,(N) of nitride (in cm®mol) ions in
alkaline-earth metal subnitrides, determined as p-basins
with excess charge (in e”) as well as volumes V g(N).

Ba,N, Sr,N and Ca,N crystallize in the CdCl,
structure type. Here, too, the metal-metal distances
between the octahedral layers centered by nitrogen
are clearly larger than in the respective metals. The
Biltz volumes Vg(N), which are too large for the
nitride ions (cf. Table 4 and Fig. 1), may similarly
be explained by the fact that they were allocated
part of the electron volume. If, for example, the
nitrogen volume of 15.2 cm*/mol (acc. to the linear
relationship, Fig. 1), corresponding to V,(N) =
12.1 cm*/mol (Fig. 4) for Sr,N, is applied a value of
16.3 cm*/mol per electron will result. According to
the difference in volume between Sr®* and Sr metal,
a mere value of 11.5cm®mol may be expected.
Figure 5 shows an ELF diagram of Sr,N which
reveals the region of higher electron localizability
between neighboring Sr,N layers.

The example calculations performed for crystal
structures of binary metal nitrides and subnitrides
according to Biltz and p-basins according to Bader
permit, in mutual comparison, consistent insights
into the bonding relationships of these compounds.
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Fig. 4: p-Basins for Sr,N. Red: Sr; green: N. The radii of
the atomic spheres are proportional to nuclear changes.
The irregular edges and faces of the p-basins are arte-
facts of the basin search program [14].
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Fig. 5: ELF isosurface for Sr,N. The green color repre-
sents the iso-value of n = 0.5.

At the same time, it becomes clear that the Biltz
volume increments show a quantum-chemical rele-
vance in the chemistry of solids. Finally, the inves-
tigation reveals the considerable range of volume
demand of a strongly polarizable bonding partner,
such as the nitride ion.
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