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1. Introduction

Polarity-extended 8 — N° rule for semiconducting
main-group compounds with the TiNiSi-type of
crystal structureti

Riccardo Freccero, &2 **° Yuri Grin @ and Frank R. Wagner (2 *2

Application of chemical bonding analysis in position-space techniques based on combined topological
analysis of the electron density and electron-localizability indicator distributions has recently led to the
formulation of a polarity-extended 8 — N® rule for consistent inclusion of quantum chemically obtained
polar-covalent bonding data into the classical 8 — N scheme for main-group compounds. Previous appli-
cation of this scheme to semiconducting main-group compounds of the cubic MgAgAs type of structure
with 8 valence electrons per formula unit (8 ve per f.u.) has shown a covalent bonding tendency prefer-
ring one zinc blende type partial structure over the other one, which seems to corroborate the classical
Lewis picture of maximally four covalent bonds per main-group element. In contrast to the MgAgAs type,
the orthorhombic TiNiSi type of structure displays a much higher geometrical flexibility to incorporate
different kinds of metal atoms. The analysis of polar-covalent bonding in semiconducting 8 ve per f.u.
containing main-group compounds AA'E of this structure type reveals a transition to non-Lewis type
bonding scenarios of species E with up to ten polar-covalently bonded metal atoms. This kind of situation
is consistently included into the extended 8 — N* type bonding scheme. A systematic increase of partially
covalent bonding from chalcogenides E*° to the tetrelides £'* is found, summing up to as much as 2
covalent bonds E**-A and E*-A’, and correspondingly remaining 4 lone pair type electrons on species
E**. The familiar notion of this structure type consisting of a ‘[NiSil'-type framework with ‘Ti*-type atoms
filling the voids cannot be supported for the compounds investigated.

structure relation between these two structural patterns is not
simple (the suggested structural transformation mechanism

Among ternary inorganic compounds, those with equiatomic
composition ABC are very common. Hundreds of them crystal-
lize in the cubic MgAgAs type (Pearson symbol ¢F12; space
group F43m, No. 216) and the orthorhombic TiNiSi (oP12;
Pnma, No. 62) type of structure.””” Depending on valence elec-
tron counts of constituent atoms, compounds assigned to
these two structure types show semiconducting or metallic
properties. Recently, the semiconducting representatives of the
MgAgAs family (sometimes called half-Heusler phases or
Nowotny-Juza phases if containing only main-group elements)
attracted a lot of attention due to their possible thermoelectric
application and quantum topological behaviors.*® Despite the
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includes three steps’), some of the 18 valence electron ABC
compounds form polymorphs with these types of structure,
e.g., TiGePt,” HfGePt® are semiconducting in the MgAgAs type
of structure, but metallic in the TiNiSi type. The coordination
numbers based on Brunner-Schwarzenbach (BS) procedure’
(see also Pearson data base') in both atomic arrangements -
Mg[GAg, 4As; 0Mg] Ag[BMg, 4'As; 0Ag]p ([4Mg, 4'Ag; 0AS] o 4 6N, 6'i; 67
Tilngj[oTi, 481 2Nilg;[5Ti, 4Ni; 0Si] (the superscript expression charac-
terizes the number of atoms of each type belonging to the
coordination environment of the respective central atom) - are
rather different, such that a structural phase transition
between them may be expected to significantly change physical
properties. The maingroup compounds with 8 valence elec-
trons per formula unit (8 ve per f.u.) can be formally described
according to A™A™ E™™~, Here, A and A’ represent elements
of groups 1, 2, and 13, E represents elements of groups 14 to 16,
such that N (E) + n + m = 8, and non-metallic behavior can be
expected in both structure types. In the MgAgAs type of com-
pounds, this can be related to polar-covalent diatomic bonding
connected with the 8 — N rule mainly within the 8 valence elec-
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trons containing 3 [AgAs]*~ partial structure of the zinc blende
type.'® In the TiNiSi type, there is no such clear identification of
a dominating polar-covalently 4-bonded partial structure incor-
porating the most electronegative Si-type species.

On the other hand, the TiNiSi-type structures can “simply”
be considered as symmetry derivatives of the hexagonal /4P3
AlB, aristotype.'"'*> However, in the REGa,_,Ni, compounds
(RE = rare earth metal), a series of distorted derivatives of the
AlIB, type was found by chemical substitution, i.e., x(AlB,) <
x(Caln,) < x(KHg,) < x(TiNiSi)."" Noteworthy, this series dis-
plays a cross transition Caln, — KHg, between the hexagonal
and the orthorhombic branch in the Birnighausen tree'® of
the AIB, type."> A mixed occupancy of the former boron sites
by Ni and Ga was found in the first three structure types, and
an ordered one in the TiNiSi type phase. Such substitution
first leads to formation of a 3D network (AIB, — Caln, type)
with puckered [Ni, Ga] honeycomb nets, and further to the for-
mation of a different type of 3D [Ni, Ga] framework (Caln, —
KHg, type) with the RE atoms inside its cavities. As a result,
the TiNiSi structure could be geometrically described as being
composed of a ¥[NiSi] 4-connected network with Ti species
located in the cavities. This description is only genealogical
(keeping the 3D framework of the KHg, “parent structure”),
and is neither based on the analysis of interatomic distances,
nor does it imply information about chemical bonding.
Already the fact, that the driving force is a non-isoelectronic
chemical substitution, indicates the influence of atomic inter-
actions within the 3D network and between the network and
the so-called filler atoms.

Thus, understanding of the factors tolerating the same
structures occurring with non-isoelectronic combinations of
elements, and appearance of geometrically closely related
structures with such non-isoelectronic substitutions is a chal-
lenging issue for chemistry of intermetallic compounds.
Families of compounds with many representatives, like the
MgAgAs-type and TiNiSi-type compounds, constitute a rich
playground for investigation of structure-bonding inter-
relations, which makes the present study on chemical bonding
in the TiNiSi family a natural extension of the previous investi-
gations on MgAgAs-type compounds.*®

The structure-bonding relationships for some members of
the TiNiSi and related KHg, (=CeCu,) families were already
investigated analyzing the geometric features (lattice para-
meters and unit cell volumes),"* or applying the quantum
chemical tools, in particular the COHP technique.'>'® On the
other hand, in the last years, for characterization of the
bonding situation in intermetallic compounds, the combined
analysis of the electron density p(r) and the ELI-D (electron
localizability indicator) distribution Y%(r) in 3D space has been
found to display valuable information. The complete partition-
ing of 3D space obtained in terms of ELI-D basins, identified
as atomic core-shell regions, interatomic bond regions and
lone-pair regions, is combined with the QTAIM atomic parti-
tioning to yield quantitative information about polarity of
bonding.'®"” This way, an extension of the 8 — N rule includ-
ing polar-covalent bonding within the polyanionic network
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has been introduced.'”® While the first systematic application
has been on the highly symmetrical structures of the ternary
maingroup Nowtny-Juza (MgAgAs type) phases - a ternary
variant of anti-CaF, type of structure, the present investigation
aims to analyze binary and ternary compounds crystallizing in
TiNiSi motif - a ternary variant of the anti-PbCl, type of struc-
ture. In the following, the anti-PbCl, and anti-CaF, types of
structures will be simply called PbCl, and CaF, types of struc-
tures, respectively, as is usually done in the literature.

2. Computational details

Electronic structure calculations for three A'A™E'®, four
AA"E™, four A’AE™ and eleven A,”E™ (seven with the TiNiSi
and four with the CaF, structure), compounds were performed
with the all-electrons DFT-based FHI-aims package,'® using
the PBE exchange-correlation functional.™ For all crystal struc-
tures, both lattice parameters and fractional coordinates were
optimized (Table S1%). The Brillouin zone sampling was effec-
tuated with a (4, 8, 4) and (6, 6, 6) k-point mesh for the TiNiSi
and CaF, structure, respectively, and Gaussian smearing of
0.01 eV was employed. Predefined default “tight” basis sets
were chosen, including scalar-relativistic effect for all electrons
(ZORA approximation®’).

The obtained wave functions were used to calculate the
electron density p(r) and the electron-localizability indicator
(ELI-D*"**) ¥7(r) on an equidistant grid of about 0.05 Bohr
mesh size with the DGrid*>® program. The subsequent topologi-
cal analysis of both p(r) (QTAIM approach®!) and ELI-D was
performed with DGrid as well. In order to study the title com-
pounds on the basis of the 8 — N rule extension in position-
space,'®® based on the QTAIM/ELI-D basin intersection tech-
nique, a penultimate shell correction (PSCO0) of the valence
basin populations®® was applied to each species assuming the
@y, @, (", (E®)° and (E'®)°" atomic core charges
(Tables S2-S6 in the ESIf). Results obtained without the appli-
cation of the PSCO corrections are available in Tables S7 and
S9a-9c.f This way, the imprecisions of ELI-D valence electron
counts for each atomic species are corrected, and the number
of electrons in the valence region corresponds exactly to 8 ve
per f.u. for each compound.

3. Results and discussion

3.1. Crystal chemistry

Three characteristic representatives of TiNiSi family, PbCl,
(Cl2 Cl1 Pb), TiNiSi itself and Co,Si (Co2 Col Si), clearly
display the formation of a similar structural pattern realized
by atoms with quite different chemical nature (Fig. 1). The
coordination polyhedra of the most electronegative atomic
species E are evaluated using the Brunner-Schwarzenbach (BS)
scheme,” a maximum-gap procedure to evaluate the coordi-
nation number without considering chemical knowledge
about the selected compounds (Fig. 1). Already at this stage,
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Fig. 1 Conventional crystal structure picture and coordination polyhedra (from BS procedure) of all species in characteristic representatives of the
TiNiSi family PbCl; (a), TiNiSi (b), and Co,Si (c). In each panel: (top) view of the crystal structure along [010] visualizing the flexibility of the 3 [NiSi]
type of network; (bottom left) coordination polyhedron for each atomic species; (bottom right) interatomic distances around the Si-type position
and distance-gap values for the first neighbor outside the coordination polyhedron.
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some striking features of the TiNiSi family members become
visible. While chemically different PbCl, and TiNiSi show the
same coordination number of CN = 9 (in most cases, see
below) and a very similar coordination polyhedron for the
interrelated Pb and Si positions, the Si species in Co,Si dis-
plays CN = 10 and a clearly different atomic coordination poly-
hedron. Indeed, Co,Si can be considered to belong to a
different branch of the TiNiSi type, which is consistent with a
detailed chemical bonding analysis.'>'® Moreover, being a
further variant within the BS scheme, h¢-SrLiAs also displays
CN(As) = 10 (Fig. 2), which represents only a coordination
extension of the normal CN = 9 scenario, while the coordi-
nation polyhedron of Si in Co,Si is clearly different from the
one of As.

In general, the compounds of the TiNiSi family can be
grouped into those containing only main-group elements and
those containing transition metals. Focusing on main-group
representatives AA'E with 8 valence electron per formula unit
(8 ve per f.u.) and considering the electronegativity (EN) differ-
ences between the components (e.g., Pauling or Sanderson
scales), a chemical behavior as valence compounds following
the 8 — N rule according to A™A™'(0b)E"™™)~ with a certain
electronic energy gap can be expected. With the focus on the 8
— N rule, the coordination of the E species constitutes the
most important structural aspect. BS-type of coordination ana-
lysis of the E species for selected main-group representatives
shows (Fig. 2), that they follow the scheme obtained above for
TiNiSi and PbCl, (Fig. 1). Note, that the sequence of metal
atoms A, and A’ in these AA’E compounds is traditionally
chosen according to the shortest distance to the atom type E,
such that species A’ displaying the shortest distances d(E-A’)
build up the 4-connected [A’E] network displayed in Fig. 1. In
the distance histograms for species E for NaLiSe, CaLiAs,
CaMgGe and Ca,Ge, the maximum gaps occur between the gth
and the 10™ coordinating cation, and between the 10™ and
11" neighbor in ht-SrLiAs (Fig. 2). The E coordination number
of 44" + 54 = 9 is confirmed for most of the compounds
studied, an exception being ht-SrLiAs with CN(As) = 44" + 64 =
10. Here, the 10™ cationic neighbor is closer than the 11™
neighbor being an anion. Note, that this 10" ligand A is
always present also for other representatives (dashed line in
Fig. 3a), only the position of the largest distance gap is
different. Aiming at a better interpretation of distances and a
preliminary chemical comparison between the structures, the
sum of both ionic and covalent radii (I and C in Fig. 2, respect-
ively) is shown as well. In the case of NaLiSe, CaLiAs and
CaMgGe, some distances are located in the range between the
covalent and the ionic ones, being always closer to the latter,
however, some are even longer than the ionic one. With this
procedure, the As-Li and Ge-Mg interactions seem to be more
ionic than the Se-Li ones. This may be related to the applied
approach estimating the ionic radii of Ge*~ and As®~. Thus,
slightly longer ‘ionic’ As-Li and Ge-Mg distances may be
expected. The case of Ca,Ge is different: although the dis-
tances to four Ca ligands fall in the region between the ionic
radii sum I and the gap, another five ones are located just

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Coordination of the E atomic species in NaLiSe, CalLiAs, ht-
SrLiAs, CaMgGe and Ca,Ge. Coordination number (CN) determined with
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ionic radii of Mg?* and Li'*.
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Fig. 3
selected AA'’E compounds. Red sticks indicate the four shortest E-A
contacts, labelled d1 (1x), d2 (2x) and d3 (1x); the black dashed line indi-
cates the position of the 10" atom located after the maximum distance
gap; (b)—(d) ELI-D isosurfaces and distributions in the (040) mirror plane
for CaMgGe (b) with 4 isosurfaces (d1, 2d2, d3), Ca,Ge (c) with 3 isosur-
faces (d1*, 2d2*), and Ba,Ge (d) with 4 isosurfaces (d1*, 2d2*, d3*).

(a) Tricapped trigonal prismatic coordination of the E species in

’

8226 | Dalton Trans., 2023, 52, 8222-8236

View Article Online

Dalton Transactions

before I with three Ca closer to the covalent radii sum C. This
may suggest an increased covalent contribution of polar Ge-Ca
bonding. Finally, and most importantly, it can be clearly
seen from the BS plots (Fig. 2), that although the four dis-
tances d(E-A’) are always shorter than the five (or six)
distances d(E-A) below the BS distance gap, their locations
with respect to reference sums of covalent and ionic radii C
and I, respectively, are rather similar, such that from distances
alone a clear distinction between 3[A’E] network and A filler
atoms depicted in Fig. 1 is not supported. Thus, the question
arises, whether this picture can be supported from bond
polarity analysis?

The main-group TiNiSi-type compounds display 8 valence
electrons per formula unit. Assuming a Zintl-type bonding
picture, a formal charge transfer from both A and A’ to E takes
place, resulting in ionic interactions with no homopolar bonds
and four lone pairs (Ip) per E atom: [(0b)E*®]*7; [(Ob)E]*7;
[(Ob)E™]*". Despite the structural similarities and the analo-
gous Zintl description, it is evident that the bonding situation
for E components is not identical. Systematic changes are
expected when moving from [E™]*"- to [E'°]*"-containing
phases. In particular, considering the gradual reduction of
electronegativity difference (Ay) and the transition from insu-
lating A'A"E'® (some of which are even colourless®) to
semiconducting”” > or poorly metallic (zero-gap semi-
conductor)*® 4,°E' and A’A”E" phases, a gradual transform-
ation of ionic interactions towards heteropolar ones may be
expected.

For the chemical bonding investigation of the TiNiSi
family, the nature of the formal E “lone-pairs”'®*?? with
respect to eventual formation of E-4/A" heteropolar bonds has
to be carefully analyzed. For this purpose, the quantum chemi-
cal application of the polarity-extended 8 — N rule in position-
space seems to be particularly appropriate since it can be suc-
cessfully applied also when the coordination number of E is
larger than 4, which is the case for the TiNiSi phases studied.
Aiming to perform this comprehensive chemical investigation,
eighteen representative AA'’E compounds, among which seven
are binaries and eleven ternaries, have been selected (Tables 1
and S17). For estimating the role of higher CN and symmetry
lowering for the TiNiSi-type, binaries were also compared with
results from a few selected high-symmetric CaF,-type
representatives.

3.2. Chemical bonding analysis in position space

3.2.1. QTAIM analysis. Starting information about chemi-
cal bonding is obtained from topological analysis of the elec-
tron density (ED) distribution. Establishing the zero-flux sur-
faces of ED yields the QTAIM (quantum theory of atoms in
molecules) atomic regions® and their volumes.*" Integration
of ED within these atomic volumes yields their electronic
populations N°™ and effective charges Q°™.

The computed QTAIM effective charges Q°™ (Table 1) reveal,
that species A and A’ play the role of cations and species E the
counterbalancing anions, which is consistent with electronega-
tivities y(4) = y(A") < y(E). Keeping the cations and changing

This journal is © The Royal Society of Chemistry 2023
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Table 1 Position-space bonding parameters of the AA'E compounds after the PSCO. Ny,s(E) denotes the number of ELI-D basins surrounding
species E, @° and VO™M the QTAIM atoms’ effective charges and volumes, respectively; ELIBON(E), N°™(E), Ncy(E), and Ni,(E) give the ELI-based oxi-
dation number, the number of valence electrons, covalent bonds and lone pairs, respectively, of species E; its number of access electrons N,c.(E) =

8 in all cases (eqn (1)-(6))

Q°“"/ELIBON YRTAIM (33

AA'E Nias(E) A A E A A E N(E) Neb(E) Nip(E)

NaLiSe* 4 +0.81 +0.85 -1.66 10.22 4.09 45.53 7.66 0.34 3.66
+1.00 +1.00 -2.00

NaLiTe * 6 +0.82 +0.85 -1.67 10.90 4.34 58.93 7.66 0.34 3.66
+1.00 +1.00 -2.00

KNaSe “ 4 +0.75 +0.79 -1.54 23.84 11.30 51.49 7.54 0.47 3.53
+1.00 +1.00 -2.00

CaLiAs * 6 +1.32 +0.83 -2.15 15.34 3.97 43.03 7.14 0.86 3.14
+2.00 +1.00 -3.00

CalLiSb “ 8 +1.32 +0.83 -2.15 16.27 419 53.62 7.14 0.86 3.14
+2.00 +1.00 -3.00

CaLiBi * 8 +1.30 +0.82 -2.12 16.97 4.37 57.55 7.12 0.88 3.12
+2.00 +1.00 -3.00

SrLiAs “ 4 +1.29 +0.83 -2.12 21.18 4.25 45.00 7.12 0.89 3.11
+2.00 +1.00 -3.00

CaMgsi 4 +1.28 +1.37 -2.65 15.63 8.61 44.66 6.65 1.35 2.65
+2.00 +2.00 -4.00

CaMgGe “ 4 +1.28 +1.33 -2.61 15.89 9.20 45.63 6.60 1.40 2.60
+2.00 +2.00 -4.00

CaMgSn * 7 +1.29 +1.29 -2.58 16.78 10.15 55.01 6.58 1.44 2.56
+2.00 +2.00 -4.00

SrMgGe “ 4 +1.23 +1.27 -2.50 21.79 10.32 46.61 6.50 1.50 2.50
+2.00 +2.00 -4.00

Ca,Si ¢ 3 +1.25 +1.20 -2.45 17.64 16.57 48.72 6.43 1.57 2.43
+2.00 +2.00 -4.00

Ca,Ge * 3 +1.24 +1.19 -2.43 17.97 16.91 49.83 6.42 1.59 2.41
+2.00 +2.00 -4.00

Sr,Si ¢ 3 +1.19 +1.14 -2.33 25.12 23.58 51.47 6.32 1.69 2.31
+2.00 +2.00 -4.00

Sr,Ge * 3 +1.17 +1.12 -2.29 25.62 24.05 52.72 6.30 1.70 2.30
+2.00 +2.00 -4.00

Ba,Si 4 +1.01 +0.95 -1.96 34.64 32.74 47.23 5.96 2.04 1.96
+2.00 +2.00 -4.00

Ba,Ge ¢ 4 +0.99 +0.94 -1.93 35.34 33.42 48.46 5.93 2.07 1.93
+2.00 +2.00 -4.00

Ba,Pb “ 4 +0.98 +0.94 -1.92 37.97 36.03 61.91 5.92 2.08 1.92
+2.00 +2.00 -4.00

Be,C? 8 +1.63 - -3.26 1.69 - 17.09 7.26 0.74 3.26
+2.00 -4.00

Mg,C? 8 +1.53 - -3.06 6.20 - 28.29 7.06 0.94 3.06
+2.00 -4.00

Mg,Sn 8 +1.38 - -2.76 9.85 - 59.54 6.76 1.24 2.76
+2.00 -4.00

hyp-Ba,Ge’* 6 +1.01 - -2.02 37.17 - 53.93 6.02 1.98 2.02
+2.00 -4.00

“TiNiSi structure type. ” CaF, structure type. ° In hypothetical CaF, structure type.

the E species, the effective charge transfer is found to be con-
sistent with electronegativity differences Ay. The difference
between effective charges and oxidation states increases when
reducing Ay, which suggests that reduced charge transfer is
caused by increased covalent interactions. This is analyzed
and discussed in detail below.

The TiNiSi type of crystal structure is considered to be par-
ticularly suited for ternary compounds containing two kinds of
metal atoms with different radii. Nevertheless, the sum of
spherical atom volumes describing the shortest interatomic
distances is always significantly lower than the volume of the
unit cell. In contrast to atomic radii, effective atomic volumes

This journal is © The Royal Society of Chemistry 2023

(the quantum chemical realization of the Biltz volume incre-
ments>*) completely describe the total volume of the structure,
i.e. they represent an exhaustive partitioning of real space. The
quantum chemically obtained volumes of QTAIM atoms
(effective volumes) have been proven to be particularly useful
to explain changes in unit cell dimensions as a function of
composition for different classes of intermetallic com-
pounds.’’ QTAIM volumes for compounds AA'E listed in
Table 1 fully agree with the expectations, showing that
VRTAIM(4) > YRTAM(AN)  This result does not only hold for the
investigated ternaries, but even for the same atom types occu-
pying different Wyckoff sites in binary compounds.
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3.2.2. ELI-D analysis. Further information about the local
bonding situation is obtained analyzing the distribution of the
electron localizability indicator (ELI-D) applying the strategies
described in ref. 33.

The number, location and population of the ELI-D basins
deliver the starting information about inter-atomic bonding.
Already the numbers and locations of ELI-D basins in the
valence region are not the same for all AA’E compounds
studied (Table 1). Three different ELI-D topologies with 3 and
4 attractors were found for the seven binary and six ternary
compounds (Fig. 3). The six ternaries share a very similar
picture, with 4 attractors of three kinds located close to the
contacts d1, d2 and d3 (Fig. 3a and b), which means along the
three shortest E'®-A’ (Li/Na), E'>-A’ (Li) and E'*-A’ (Mg) dis-
tances (Fig. 2). Other ELI-D topologies are found for the bin-
aries A,”E'". The phases Ca,E'?, Sr,E'* display three ELI-D
attractors located at the opposite side of d1 and d2 (Fig. 3c),
indicated as d1* and d2*. For Ba,E'* (E = Si, Ge, Pb), a fourth
attractor appears at the d3 opposed side, called d3* (Fig. 3d).

The remaining five AA’E compounds from the investigated
group display a complicated picture with up to 10 ELI-D basins
around the F atoms. Increasing the basis set helps reducing
the number of basins, but still, with the best basis sets poss-
ible, i.e. without running into convergence problems, 6 to 8
weakly separated bond basins remained for this group of com-
pounds (Table 1). This is not surprising; already for maingroup
half-Heusler compounds the formation of 4 or 8 ELI-D valence
basins has been reported.’® In the present case, this more
complex behavior is caused by the low-symmetrical 9- or
10-coordination (Fig. 2) of the E species with increasing polar-
izability along E'® < E'® < E'. In addition, the coordinating
metal atoms are of varying size and charge, ie. of varying
polarizing power. All this creates complex local bonding situ-
ations for these non-metallic compounds, which cannot be
understood in terms of main-group atoms E with directed n
2-center 2-electron bonds and 4 — n 2-electron lone pairs orig-
inating from the Lewis model.**

Already for the compounds with initially 4 basins per E
species, these basins display a high atomicity, ie. a high
number of intersecting QTAIM metal atoms A and A'. This
indicates multiatomic instead of classical 2-atomic bonding.
The splitting of the classically 4 basins per maingroup species
into a larger number of ‘basin shivers’ (with each of them
being less polyatomic), as observed for some investigated com-
pounds, is therefore an alternative realization of the same
bonding scenario in compounds belonging to the same struc-
ture family.

3.2.3. ELI-D/QTAIM basin intersection: bond-polarity ana-
lysis and 8 — N°™ rule. The variety of different topologies of
ELI-D in the compounds studied raises the question about a
strategy, which would allow to unify the results of quantum
chemical analysis, in particular the information about bond
polarity, and to transfer them into a conceptual form.
Applying the earlier developed strategy for polar-covalent
bonding analysis,"®*® the ELI-D distribution and its valence
basins were evaluated with the ELI-D/QTAIM basin inter-
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section method for all compounds studied, i.e. the ELI-D
valence basins B; and their populations were intersected by the
surrounding QTAIM atoms X in order to obtain their individ-
ual atomic contributions to bond basin populations. The
obtained individual bond fraction p(B¥) is the ratio between
the electronic population N(BY) of an ELI-D basin region inter-
sected by an atom X, and the full ELI-D basin population N(B;).
This quantity is a measure of bond polarity without any refer-
ence to known electronegativity scales.>® The collection of
basin populations and bond fractions for all ELI-D basins
being intersected by atoms E with N°(E) > 4 is the necessary
ingredient within the ELI-D/QTAIM polar-bond analysis pro-
cedure to implement a polarity-extension of the 8 — N rule in
position space and investigate it for anionic species E in zinc
blende type, MgAgAs type, Zintl phases, and La,MGe, type of

compounds.'®>®
The number of QTAIM atoms intersecting a valence ELI-D
basin defines its atomicity n, which is written in the form n a
(iA, jA', kE) (where ‘@’ stands for ‘atomicity’), with n =7 +j + k
denoting that a number of i atoms of type 4, j atoms of type A’
and k atoms of type E intersect the corresponding ELI-D
basin.*® In the case of lone pairs located at an E species,
valence regions defined by the ELI-D basins are expected to
completely belong to (anion) E, ie. the basins should be
monoatomic 1a(1E). This kinds of basins in solids are often
found to be multiatomic, but with very tiny contributions of
the remaining atoms A and A’ besides E such that p(Bf) ~ 1.
Such ELI-D basins are interpreted as effectively monoatomic
(lone-pair like). When 1.0 > p(Bf) > 0.5, polar-covalent bonds
are realized, i.e. species 4 and/or A’ are increasingly involved in
covalent interactions with E, and basin atomicity is at least 2
or larger. This kind of scenario was actually found for all com-
pounds investigated herein. The essence of the ELI-D/QTAIM
polar bonding analysis in the framework of the polarity-
extended 8 — N°™ rule'® is the usage of bond fractions to
decompose each homo- and hetero-polar bond into a number
of covalent bonding electrons Ny, (counted in form of atom E
contributions to two-electron covalent bonds N.y(E) = Nepe(E),
Table 1), and (hidden) lone-pair electrons Nip. (counted as two-
electron lone pairs Nip(E) = Nipe(E)/2, Table 1). With the access
electron number NEL(CF) of atom E describing the number of
electrons contained in all basins touching the core C* of atom
E, and the valence electron population NEX(E) part of the
QTAIM atom E total electronic population Ny (E), the following

equations hold:
NIH(CP) = 2N (E) + 2Nip(E) (1)

acc

NJH(E) = Nep(E) + 2Nip (E) (2)

val

Subtracting both equations yields

Ncb (E) — NELI (CE)

acce

— Nt (E) 3)

val

If the access electron number NEU(CE) is equal to 8, the

acc
analogy with the 8 — N rule is evident.'*?

This journal is © The Royal Society of Chemistry 2023
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Through this type of polar bonding analysis, it is possible
to overcome the limitation of the classical 8 — N approach,
where only homopolar bondsing connecting the most
electronegative species are described on the basis of the octet
rule.’®

The ELI-D core basins’ populations show significant devi-
ations from the ideal core electron count expected according
to the Periodic Table: E cores are underpopulated by about
0.25 electrons and alkaline-earth metals (except Mg) cores are
overpopulated by 0.29 to 0.50 electrons. Values for each atom
are listed in Tables S2-S5.1 This leads to unfavourable devi-
ations of the position-space valence electron count from the
conceptual value of 8 valence electron per formula unit.
Adjustment of the valence electron count in position space to
exactly 8 ve per f.u. by the penultimate shell correction pro-
cedure (PSCO0) introduced recently®® was applied here as well.
The use of PSCO for the populations of the ELI-D valence
basins, has been found to yield a balanced description of the
network-metal bonding for ternary La,MGes (M = Li, Mg, Al,
Zn) compounds,* and it turned out to be essential for the
compounds studied herein as well (Tables 1 and S77). After
PSCO treatment, the corrected versions of NEX(CF) and NELI(E)

acc val
are obtained, namely NEX*(CF) and N,,*""(E), respectively, for

acce
which short-hand notations N.(E) and N°(E) will be used in
the text, where adequate.
Nace(E) = NELH(CE) (4)

acce

Neff (E) — NELH(E) (5)

val

With these notations, the polarity-extended 8 — N rule

(eqn (3), with NEM(CF) = 8) takes the more compact form of an
8 — N rule:

Ne(E) = 8 — N°(E) (6)

The scenario of a fully ionic situation is described in terms
of oxidation numbers calculated on the basis of electro-
negativity data for the present compounds. In the ELI-D based
oxidation number (ELIBON) approach®” each basin’s electron
population is completely assigned to the atom with the
majority ownership of the basin’s electrons. Typically, it turns
out, that this procedure is consistent with the usual assign-
ment of all valence electrons to the most electronegative atom
in the traditional oxidation state determination procedure. In
the present cases this always led to exactly 8 valence electrons
assigned to the E species (in this case NELPONT(E) = Nyeo(E) =
8), i.e. PSCO-corrected ELIBON values of —(8 — N2, (E)), +NO,
(4), and +N2,(4") (with N°,(X) being the number of valence
electrons of neutral atom X according to the periodic table) for
species E, A, and A’, respectively (Table 1). The effective
numbers of valence electrons N°(E) (eqn (5)), decomposed
into the number of two-electron covalent bonds N, and lone
pairs Njp, after the PSCO treatment, are listed in Table 1 as
well.

One advantage of the employed evaluation technique is,
that it yields covalent bonding and lone pair electrons of

This journal is © The Royal Society of Chemistry 2023
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species E as a sum over all polar bonds. For the homodesmic
bonding situations of the AA'E compounds studied, i.e. all
bonds A-E and A'-E are polar, the final results are not depen-
dent on the specific number and locations of ELI-D basins for
each compound. All ELI-D basins could have been even
merged into one, and the QTAIM intersections with this one
would still have yielded the same final results N,c.(E), Nyal(E),
Neb(E), and Nip(E). Thus, these values can be used for the sys-
tematic classification of the compounds according to varying
bond polarity.

The results of polar bonding analysis for these complex
ELI-D topologies shows regular trends (Fig. 4). In the formal,
fully ionic picture E(S*N&I)*, each compound is located in the
(Ob, 4lp) point (left upper corner in Fig. 4, left). A gradual
reduction of the N (E) is observed going from A'A"E to
A,”E™, through A’A"E"® and A’A”E", yielding an increase of
the number of covalent bonds necessary to reach the octet.
This trend leads to a certain clustering of four groups of com-
pounds in different regions.

The more salt-like chalcogenides NaLiSe, NaLiTe and
KNaSe are located in the (0b, 4lp) domain, being the closest
ones to the formal scenario. Although the coordination
number of E is supposed to be nine (44’ + 54), the ELI-D
valence region is always intersected by ten QTAIM cations (44’
+ 64), which means that the first atom located after the BS dis-
tance gap (see Fig. 2, and the dashed black line in Fig. 3a) has
to be considered as well. In the case of the three A'A"E"®
chalcogenides, the population of the intersected regions and
the resulting bond fractions (Table S7af}) are small enough to
consider them as conceptually negligible. Hence, the four
valence basins should be interpreted as effectively mono-
atomic, i.e. of the lone-pair type. This is consistent with their
location in the (0b, 41p) domain.

The A’A™E" compounds have very similar N,(E) values
ranging from 0.86 for CaLiAs, to 0.89 for ht-SrLiAs. Hence,
they are located very close to the center of the (1b, 3lp)
domain. The substitution of alkali with alkaline-earth species
is mainly responsible for the reduced polarity resulting in a
larger number of covalent bonds. The d1 and d2 basins are
now six-atomic 6a(1E", 1Li, 44%) and the d3 one is five-atomic
5a(1E", 1Li, 34%). The border between the (1b, 3lp) and the
(2b, 2lp) domains is populated by the AA*E™ tetrelides, with
SrMgGe located exactly at the border (N.,(Ge) = 1.50). The
increased number of covalent bonds compared to the A*A™E"®
phases is mainly due to the substitution of Li by Mg (reduced
bond polarity). From the ELI-D basin-atomicity point of view,
the same scenario as for the 4’AE'®, but with larger metal
contributions, is obtained for A’A*E'°. Finally, all the A,”E"*
binaries are found to be inside the (2b, 2Ip) domain with Ba,E
(E = Si, Ge, Pb) having N, ~ 2 being those farthest away from
the formal fully ionic description. This high number of
covalent bonds is clearly realized via multiatomic basins: 6a-
d1*(1E", 54) and 7a-d2*(1E", 64) for CaE and Sr,E; 6a-d1*
(1E", 54), 6a-d2* (1E*, 5A) and 7a-d3*(1E"*, 64) for Ba,E (see
Table S8bi). The observed trend could be understood by a
gradual reduction of the electronegativity difference between
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Fig. 4 Polarity-extended 8 — N°™ rule for TiNiSi-type compounds of maingroup elements. Location of the AA’E compounds according to their
number of two-electron covalent bonds N (E), lone pairs Ny(E), and effective charges Q*"(£): (left) All compounds lie on the Nep(E) + Nip(E) = 4 line
(black), i.e. with N,..(E) = 8 they fulfil the 8 — N° rule in position space representation (eqn (1)—(6)). Large grey circles delimit the domains of (Ob,
4lp), (1b, 3lp) and (2b, 2lp) scenarios; (right) compounds of EX4, E*5, E2° lie on separate lines; the differently colored regions mark, from the left to the
right, the domains of (Ob, 4lp), (1b, 3lp), (2b, 2lp), (3b, 1lp) and (4b, Olp) scenarios.

the E elements and the metal species A and A'. It leads to a
reduced charge transfer with a consequent increase of the
number of covalent bonds, realized in form of multiatomic
interactions. However, within a group of compounds with the
same anion, and similar ENs of the cations, the charge trans-
fer does not strictly follow the electronegativity difference,
probably because other factors, like the size difference
between cations and anion, may play a role as well. For
instance, focusing on the compounds A,”E'*, N, increases
from Ca to Ba, i.e. it may be interpreted as increasing with Ay.
This should be digested with care, because ENs are very
similar, e.g., the Allred-Rochow ones are equal to 1.0, Allen’s
ENs are 1.034 (Ca), 0.963 (Sr) and 0.881 (Ba) and Pauling ones
are Ca 1.00 (Ca), 0.95 (Sr) and 0.89 (Ba). Unexpected trends of
charge transfer are observed also for the QTAIM effective
charges of A and A’ components: e.g. Q°f(Mg) ~ 1.3, Q°™ (Ba) »
1.0, Q° (Li) ~ 0.8, and Q°" (K) ~ 0.7. Supplementary calcu-
lations performed on A'Cl with A' = Li-Cs, Mg,Ge and Ca,Ge
(simulated also in the CaF, structure) reveal the same trend,
suggesting that this effect is not specific for the studied com-
pounds and structures, and should be investigated in the
future.

The difference Q°™(E)-ELIBON(E) between QTAIM effective
charges for the E species and ELI-D based oxidation numbers
increases in the following order: A’A"E'® < A’A"E"> < A”A”E"
< A,”E". The trend represents the gradually increasing devi-
ations from the ionic picture, which is accompanied by an
increasing number of covalent bonding electrons Ng,(E). This

8230 | Dalton Trans., 2023, 52, 8222-8236

can easily be seen by rewriting ELIBON(E) as a function of the

number of access electrons NI (CF)=N,(E) of E (eqn (4)),

ELIBON(E) = Z(E) — NFMBONT () —
Z(E) _ [NELI+(CE)+NELI+ (CE)L

acce

7)

and the QTAIM effective charge of E as a function of the
number of its valence electrons N1 (E) = N°(E) (eqn (5)),

val

Qeff(E) _ Z(E) _ [NELI+(CE) +NELI+(E)]

val

(8)

The difference Q°™(E) — ELIBON(E) is now seen to be
directly related to the number of covalent bonding electrons
Ney(E) via the polarity extended 8 — N°¥ rule in position space
eqn (3) and (6) with NEU*(CF) = Nye(E) = 8, and Ny """ (E) =
Ne(E):

Qf(E) — ELIBON(E) = Z(E) — N (CF)—
NELI+ (E) _ Z(E) +NELI+(CE) +NECIEH (CE) —

val

Nacc(E) - Neff(E) = NCb(E)

9)

The linear relation Q°™(E) = N.,(E) + ELIBON(E) depicted in
Fig. 4 right introduces an alternative view on the scenario
shown in Fig. 4 left. For each AA'E compound Q%(E) is now
depicted as a function of N,(E). Since the polarity-extended 8
— N rule is fulfilled for all of them, they find their location
on different lines, depending on the ELIBON(E) value. As an
example, ELIBON(E'*) = -4, so all the A’A”E™ and A,”E"™* com-
pounds are located on the straight line in agreement with

This journal is © The Royal Society of Chemistry 2023
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equation: Q°"(E'*) = N.,(E'*) — 4. The two extreme situations
are represented by points located on either the vertical or hori-
zontal axes. Points on the vertical axis, i.e. with N.,(E) = 0, have
Q°f(E) = ELIBON(E) indicating a (0b, 4lp) bonding scenario
where no covalent interactions occur. For all points on the
upper horizontal axis, i.e. Q°(E) = 0, the non-polar, completely
covalent scenario is realized, the E species build up the
number of homopolar bonds necessary to reach the octet
stable configuration, i.e. (1b, 3lp) for E'7, (2b, 2lp) for E'°, (3b,
1lp) for E*® and (4b, 0lp) for E*. Reference for this behaviour
could be elemental Cl,, Se, P and Ge, respectively. In Fig. 4
left, each classical (N.p, 4 — N¢,) domain is indicated by a
circle, all compounds studied lie on the same line Ny, = 4 —
N Thus, it is possible to figure out the bonding scenario
renouncing information about the nature of E. For example, if
a A’A"E"™ type of compound had Nu,(E™) = 2, it would be
located close to Ba,Si, Ba,Ge and Ba,Pb. In Fig. 4 right, the
increasing number of covalent bonds is now shown as a func-
tion of the reducing effective charges, ie. of the reduced
charge transfer from A and A’ to E species. The compounds
with different type of species E may have the same N¢,(E) but a
different Q°(E), being located on different lines depending on
ELIBON(E).

3.2.4. Excursion: a view on related compounds with the
MgAgAs- and CaF,-type of structures. For the main group com-
pounds crystallizing in the two competing structure types
TiNiSi and MgAgAs including their binary variants PbCl, and
CaF,, respectively, the nearest neighbors of each atomic
species are characterized by QTAIM effective charges as hetero-
ionic ones. Both structure types display an E coordination
number (BS scheme) larger than 4, namely 8 or 9 (10), respect-
ively. For this reason, a comparison of the obtained bond
polarity results in the two structure types is interesting. With
the only one exception of BeAIB (A’ = Be, A = Al), the ternary
main-group MgAgAs (notation A'AE is traditionally different
from AA'E for main-group TiNiSi compounds, because d(As-
Mg) = d(As-Ag) such that the cation suspected to form the
more covalent bonds with the anion is placed close to it) type
of compounds were found to display a clear preference for not
more than one covalent zinc blende partial structure, i.e. the
3 [AgAs] one, which is typically indicated writing Mg> [AgAs]*".
This means, that they display an effective 4-coordination with
respect to covalent bonding, which can be easily detected from
the Ag-type cations’ effective valence electron populations
NELI*(4) denoted N°(4) for brevity (Fig. 5) in the following.
While the effective number of electrons N°(4’) remaining on
Mg-type atoms A’ is always rather low, only N°(4) increases
substantially for A"A™E'" compounds, such that rather
covalent [A™-E'] partial structures were found to be
formed.'®* For the MgAgAs-type structure of main-group com-
pounds, at most one type of neighbour, not both of them
(except BeAlB), was found to participate in significant covalent
bonding. This behavior is solely caused by the specific
element combinations in the main-group compounds crystal-
lizing in the MgAgAs structure type. The key here is, that only
compounds with E' and E' anions are formed' (except

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Effective electronic population N° of the cationic species A and
A’ for binary and ternary TiNiSi-type compounds compared to binary
CaF,- and MgAgAs-type compounds. For MgAgAs-type compounds,
atom sequence AgMgAs (corresponding to AA’E) is used to be compati-
ble with the one for TiNiSi-type of maingroup compounds AA'E.

BeAlB). The uneven number of electrons of the atomic species
E in E"® representatives, always leads to an unbalanced cation
charge distribution A>* and A™". Since in the present study the
cations with the higher formal charges are always found to
retain more electrons based on the effective charges, they form
larger amounts of covalent bonds with species E. This effect is
well known, though seldom explicitly mentioned. A recent
comparison of bonding in LiCl and MgO is found in ref. 38.
Taking this effect into account, the covalent preference of the
E-A partial structure over the E-A’ one becomes obvious. In
detail, in the A"A’E"®> compounds of this type A" is always Li
and A” is Mg, with Mg always displaying a higher potential for
covalent bonding than Li. The deviation from the diagonal
line N°(4) = N°f(4") in Fig. 5 is small, because the overall
covalency is still small. For the A"A™E" compounds, this
difference becomes larger, because although the even number
of electrons of the E"* component, allows for balanced formal
A”'A”" cation combinations, only unbalanced ones of the
A™A?" type are found in this structure type. The larger differ-
ence in the formal charges now leads to clear preference of the
E-A type partial structure of the zinc blende type. In detail,
while A in all compounds of this type keeps to be Li, the
experimentally found A" metal-containing compounds
employ Al, Ga, and In, which leads to increasingly covalent
bonding with E'* atoms Si, Ge, Sn. As a result, the E species
coordination number of 8 (44 + 44') can be considered to be
reduced to 4 counting only the more covalent E-A bonds,
which is consistent with the classical picture of a maingroup
atom participating maximally in 4 polar covalent bonds and
the text book description of these compounds.

The preference for a classically 4-coordinated partial struc-
ture found in this structure type is not the result of a general
chemical-bonding preference, but of the symmetry-imposed
restrictions of this structure type. This is consistent with the
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chemical bonding results for balanced A*A”E'* compounds
with the same structural features, which are obtained in the
CaF,-type of structure. Since A = A’ in this structure type, the
compounds automatically lie on the diagonal line N°f(4) =
N°f(4’) in Fig. 5. Noteworthy, the size restrictions in the cubic
CaF, type of structure seem to be quite dominant, such that
only a few main-group compounds are found to crystallize in
this type, namely A2E'*, A> = Be, Mg, E'* = C, Si, Ge, Sn, Pb.
The exemplarily chosen compounds Be,C, Mg,C, Mg,Sn, and
hyp-Ba,Ge were evaluated in the same way as the TiNiSi-type
ones (Table 1), where Ba,Ge, which is found experimentally in
the TiNiSi-type of structure, was also optimized in the CaF,-
type (denoted ‘hyp-Ba,Ge’) to allow for a direct comparison. As
expected from electronegativity differences, the CaF,-type com-
pounds display increasingly covalent contributions along
Be,C, Mg,C, Mg,Sn, and hyp-Ba,Ge.

3.2.5. Comparison of TiNiSi- and MgAgAs/CaF,-type com-
pounds. Compared to the MgAgAs-type of structure, the
TiNiSi-type offers higher coordination numbers and more
degrees of freedom with respect to the constituent atoms,
which leads to more compounds with lower bond polarities,
i.e. higher covalency. The range of 8 ve per f.u. main-group
compounds of this structure type contains representatives with
balanced cation combinations for E*® and E* type of anions,
and necessarily unbalanced ones for the E" types.
Interestingly, the unbalanced A’A"E'* compounds are not
found to crystallize in the TiNiSi type of structure. While
bonding in the maingroup A'A"E"® and A’A"E"> compounds
of this type is overall rather polar, and in this respect, they are
similar to the MgAgAs ones (note, that unbalanced A’A"E"
compounds show a slight preference for E-A partial structure
like in the MgAgAs-type cases), most of the other compounds
display more balanced polarities A'-E and A-E being located
close to the diagonal line N°"(4) = N°(4’) in Fig. 5. This
finding based on covalency ranking of E-metal bonding is
different from the structural representation of the TiNiSi struc-
ture type based on E-metal distances (Fig. 1), with the A4 (“Ti”)
type of cation located in the voids of the network 3[A'E]
(“%[NiSi]”). The more covalent network is in all unsymmetrical
cases the E-A one, in symmetrical cases both species A and A’
contribute similarly.

Answering the question, raised already from the BS analysis
of the E species’ coordination, about the chemical relevance of
the typical structure picture of the TiNiSi-type of structure given
in Fig. 1, neither classical crystal chemistry nor bond-polarity
analysis in the framework of 8 — N° rule supports the usual
notion of a ¥[A'E] network with filler atoms A for the § ve per f.
u. semiconducting compounds of the TiNiSi-type of structure.
Nevertheless, such kind of structure diagrams are still useful in
the framework of group-subgroup relations between crystal
structures, because they visualize the genealogical evolvement
of topological networks in the symmetry tree.

The results obtained for the highly coordinated E species
raise a further important conceptual issue. With the E species
coordination number of 9 or 10, the high covalency E-A and
E-A' especially of the A*A”E'* compounds seems to contradict
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the notion, inherited from the Lewis picture, of maximally 4
covalent bonds for a main group species to the right of the
Zintl line in a semiconducting compound. The present
approach shows, that this is not the case, because the 9 or 10
polar-covalent bonds form in total <4 covalent bonds (Fig. 4),
and this is quantitatively covered by the polarity-extended 8 —
N® rule in position space.

For (TiNiSi-type) Ba,Ge, the overall polarity is found to be
slightly higher in the hypothetical CaF, type, which is reflected
also in the slightly higher electronic population and effective
charges of Ge (—2.02 vs. —1.93). In the TiNiSi type, the 4-coor-
dinating Ba’ species display in sum the higher covalent contri-
butions Ga@Ba’, than the 5-coordinating Ba species Ge@Bas,
which can be seen from N°(4’) > N°®(4) in Fig. 5. This obser-
vation is also true for the other binary A,”E'* compounds of
the TiNiSi type being all located slightly to the left side of the
diagonal line N°(4’) = N*(4) in Fig. 5. The increased covalency
E-A' is correlated with the shorter distances d(E-A'). The behav-
iour found for the binary TiNiSi representatives is just opposite
to the one for the ternary representatives, where the N°f(4’) <
N°(A4). This means, in these cases the less covalently bonded
metal species is found to be always A’ showing the shorter dis-
tances d(E-A') as well.

4. Conceptual analogies from the
8 — N rule between different bond
scenarios

In the framework of the polarity-extended 8 — N°™ rule applied
to (so-called hyperelectronic) atomic species E with electron
populations N°%(E) > 4, similar valence electron populations
Nf(E) correspond to similar number of covalent bonding che’
and hidden lone pair electrons Ipe’, i.e. (cb', Ip') coordinates.
This is valid not only for compounds with purely covalent E-E
bonding, but also for those with heteroatomic polar bonding
E-A (species A have N°(4) < 4) as well. Having the same (cb’,
Ip") coordinate, the E species of compounds with different
structure type and coordination are found to be related. This
way, effectively 4-coordinated E species in semiconducting zinc
blende and half-Heusler (MgAgAs) type of compounds are
related to 8, 9 or 10-coordinated E species in semiconducting
main group CaF, and TiNiSi type of compounds. This concep-
tual correspondence between compounds with homopolar and
heteropolar bonding was recently presented'®*” for heteropo-
lar Lewis-type scenarios of compounds displaying 4 polar (4p
scenario) effectively diatomic ELI-D valence basins of E, like
AlIP and LiAlGe (Fig. 6, middle). The correspondence was
shown to exist between these and Zintl-type compounds with
homonuclear polyanions of E showing a Lewis type of (m cb;
(4 — m) Ip) scenario. The same type of correspondence is now
extended to the present compounds of study (Fig. 6, bottom),
where the atomicity of the four valence basins (special cases
with 4 basins were selected, s. Table 1) is always greater than 2
(due to the intersecting A and A’ atoms), and the BS coordi-
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(2b)Se
(2b, 2Ip)

:

(10p)Ge™
(2, 21p’)

Fig. 6 Conceptual equivalence (indicated by special arrow symbol) in the framework of polarity-extended 8 — N rule of nonpolar bonding situ-
ations displaying separated bonds and lone pairs (nb, (4 — n)lp) with polar bonding situations displaying the same amount of covalent bonding elec-
trons and lone pairs (nb’, (4 — n)lp’) but being always mixed with each other in each polar bonding region. (top row) classically separated bonds and
lone pairs in elemental structures Cl, (left) and grey Se (right); (middle row) equivalence with 4 polar bonds (designated ‘4p’) in zinc blende (left) and
MgAgAs (right) structure types with the corresponding nonpolar situations above them; (bottom row) equivalence with 10 polar bonded neighbours
(designated ‘10p’) around 4 ELI-D basins in the TiNiSi type with the corresponding 4p and fully covalent situations above. Only the valence region of
the central atom E is shown completely. QTAIM charges (superscript, Table 1) are rounded to integers; blue and green squares indicate the non-
polar (covalent) and polar (lone pair) contributions to the valence basin populations, respectively; red lines constitute the border of the central

atoms.

nation number of the E species is 9 or 10. Due the high
number of QTAIM atoms intersecting ELI-D basins, the
covalent part (blue squares) is always determined by more
than one cationic species (Fig. 6 bottom).

A more complicated situation has been recently discussed
for formally (3b)Ge and (2b)Ge species in La,MGes (M = Li,
Mg, Al, Zn),>® realizing (3b; 1p) and (2b; 2p) instead of formal
(3b, 1lp) and (2b, 21p) scenarios, respectively. This means that,
in addition to the expected 2-atomic Ge-Ge bonds ‘b’, the
basins located in the lone-pair region were interpreted, as in
the actual case, as polar bonds ‘p’ with the surrounding La
and M atoms being actively involved, which yields effective
bond atomicity always greater than two. These mixed-bonding
cases, where even for La,MgGeg with the nominally correct 8 —
N electron count a metallic band structure has been obtained,
were not ideally suited to represent the conceptual analogy
with other bonding patterns obeyed by classical semiconduct-
ing valence compounds.

In the semiconducting compounds with exclusively (homo-
desmic) polar bonding studied herein, the polarity-extended

This journal is © The Royal Society of Chemistry 2023

8 — N° rule in position space is perfectly fulfilled. This invites
for such a direct comparison, especially for those cases, where
a number of four ELI-D basins around E were actually found in
the analysis. While the displayed zinc blende/MgAgA-type
scenario (Fig. 6 middle, left and right column) can be related
to formally 4-bonded species (4b)E, the main-group TiNiSi-type
scenario (Fig. 6 bottom, left and right column) is related to for-
mally 0-(homo-)bonded species (0b)E with 4 lone pairs. The
deviations found from this formal situation in the TiNiSi-type
compounds represent continuous realizations between the two
extremal bonding situations, 8 electrons in lone pairs leading
to completely ionic bonding vs. 8 electrons in covalent
bonding situations with significantly more than 4 partners,
where the E species always possesses more than 50% of the
electronic population of each E-A ELI-D basin. Notably, in the
present scenario, there is no need for exactly 4 ELI-D basins
representing 4 polar bonds in real space. As the final analysis
results show, even in cases with a higher number of ELI-D
basins surrounding species E, a consistent description of the
polar bonding scenario within the polarity-extended 8 — N°

Dalton Trans., 2023, 52, 8222-8236 | 8233
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Fig. 7 Schematic view on the full range (represented by three situations) of the position-space representation of the polarity-extended 8 — N°™ rule
and its relevance for the E component in the semiconducting 8 ve per f.u. TiNiSi-type main-group AA'’E (M = A, A’) compounds with multi-atomic
polar bonding. Only situations in the range between (0Ob, 4lp) and (2b’, 2lp’) are found to be realized (indicated by brackets), the latter marking the
transition from semiconducting to bad metallic (zero-gap semiconducting) behavior. The green area symbolizes the hidden lone pair part of E, the
blue area the covalent part of the multiatomic polar-covalent bonding situation. The red circle represents the QTAIM boundary of species E; it
encompasses the number of electrons compatible with its QTAIM effective charge; the sum of green and blue regions always contains 8 valence

electrons.

rule is obtained (Fig. 7, middle). An interesting difference is
found between the polar-covalent Lewis type of 4p scenario,
and the polar-covalent hyper-coordinated (with respect to the
Lewis picture) 8p and 10p scenarios found in the CaF, and
TiNiSi type compounds investigated. In the 4p scenarios,'*® the
full range of possible scenarios from (0b, 4lp), (1b’, 31p"), (2b,
2lp'), (4b, 0lp) is possible, while the 8p and 10p scenarios are
now observed to obey an upper boundary at (2b’, 2lp’), where
the band gap closes as well. These hyper-coordinated scenarios
with multi-atomic bonding must have a natural boundary
within the present 8 — N° scheme, because the most covalent
variant 8p = (4b’, 0lp’) implying 8 neighbors being completely
covalently bonded is clearly beyond the present scheme.'®” The
location of this kind of natural boundary in general, and its
dependencies have to be investigated in future studies.

5. Conclusions

Chemical bonding analysis in position-space has been conducted
for a series of 8 ve per f.u. semiconducting main-group represen-
tatives of the TiNiSi type of structure and a few related ones of the
CaF,-type combining the ELI-D and QTAIM space partitioning
methods (ELI-D/QTAIM basin intersection). The compounds
investigated reveal large variations in the electron localizability
picture, showing 3 to 8 local ELI-D maxima in the valence region
of E species. The negatively charged E species are majority owners
of all ELI-D valence basins intersected by 10 QTAIM cationic
neighbor atoms A and A'. This amount is fairly consistent with
the E species’ coordination number of 9 or 10 obtained from the
BS scheme. The ELI-D based oxidation numbers (ELIBON)
obtained for the quantum chemically computed bonding situ-
ation are identical to the formal ones E-""*" defined from formal
charge transfer from the metal atoms leaving A™ and A™™.

All compounds studied are found to be in accord with the
polarity-extended 8 — N° rule, which is found valid also in
non-classical situations of species E, where more than 4 coor-
dinating atoms are involved (e.g., in polar multi-atomic

8234 | Dalton Trans., 2023, 52, 8222-8236

bonding situations, Fig. 7) and more than 4 ELI-D bonding
basins are connected to species E. Thus, the semiconducting
main-group compounds AA’E with 8 ve per f.u. crystallizing in
the TiNiSi structure family can be understood within a charge-
compensated Zintl-like scheme A**'A”* ((8 — N°™)p)E*)~, with
N(E) = N ((E) + x + y < 8, even for the non-integer charge
transfers x and y obtained in the position-space bonding ana-
lysis. The total covalency in the compounds, as measured by
the amount of covalent bonds N, of species E&)~ according
to 8 — N°(E), increases from chalcogenides towards tetrelides
according to Nep(E'®) < Np(E'®) < Nep(E'*). The increase is con-
sistent with the associated EN(E) decrease, and is assisted by
(i) decreasing initial electron count N2, (E), and (ii) by increas-
ing covalent contributions from cationic species with higher
formal charges. Compared to this, an eventually tiny overall
EN increase of the metal atoms (4%, A™) < (4%, A"") < (4%, 47) is
found to be less important. Noteworthy, the most covalent
polar-bonding situations (2b’, 2Ip’) appearing with the E'*
anions and large 4%, A* cations are also those, where the band
gap closes. It may hint, that the (2b’, 2lp’) situation may be an
upper boundary for multiatomic polar-covalent bonding
systems understandable within the charge-compensated Zintl
scheme. Further studies of this interesting issue are necessary.

Noteworthy, neither the crystal chemical analysis, nor the
bond-polarity analysis of the 8 ve per f.u. maingroup com-
pounds of the TiNiSi-type studied support the familiar notion
of a ‘[NiSi]’ = [A'E] type of network with filler atoms of type ‘Ti’
=A in the voids.

From a quite general point of view, two ways of application of
the traditional 8 — N rule are found in the literature. One way
starts with the sum formula of the compound and assignment
of oxidation states for each atomic species. In a subsequent step
the oxidation states of the species with N > 4 valence electrons
(ve) are interpreted as formal charges, for which the 8 — N rule
yields the expected (predicted) number of homoatomic covalent
bonds of these species.*® This way shows the predictive power of
the 8 — N rule. The reverse way of working with this rule starts
with the determination of the number of covalent bonds for

This journal is © The Royal Society of Chemistry 2023
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each species in the already known crystal structure. The number
of covalent bonds of each species with N > 4 ve is then trans-
lated into a formal charge via the 8 — N rule, and the sum of all
species’ formal charges is finally checked to be equal to zero.
This way demonstrates the analytic power of the 8 — N rule.

As an example for both strategies, the zinc blende type com-
pound AIP may be chosen. The 8 — N rule prediction would be
based on Al and P~* oxidations states yielding AI** and non-
bonded (with respect to homoatomic interactions) (0b)P*~
species. In the analytic way of usage, the diamond-type of
network implies Al-P bonds leading to (4b)AI'~ (4b)P'* species,
which contradicts electronegativity differences, however. Of
course, both variants are formally correct, and none of them is
actually wrong, although both are unsatisfying.

The solution is given with the aid of the 8 — N°™ rule based
on QTAIM effective charges of about + 2 (Fig. 6 middle, left
column) as AI** (1b")P*". This way, the polarity-extended 8 —
N°® rule could be considered to lose a part of the original pre-
dictive power by additionally opening the hitherto neglected
polar-covalent bonding-scenario channel with equal impor-
tance as the homoatomic bonding one. On the other hand, it
widens the analytical value of the 8 — N°™ rule by inclusion of
polar bonding scenarios into the mathematical description.

As an exemplary case, there seems to be a conceptual gap
between the two competing MgAgAs and TiNiSi types of struc-
tures. The conceptual difference between them is caused by
the identification of a diamond type of partial structure in the
former, and the absence of such a tempting coordination in
the latter. Thus, while the TiNiSi type main-group compounds
are usually treated with the predictive type of approach, e.g.
CaMg$n is formally considered®® as Ca>* Mg>" (0b)Sn*", the
MgAgAs type ones are often interpreted in the framework of
the analytical type of approach emphasizing one covalently
bonded zinc blende type partial structure,’® i.e. a compound
like LiAlGe is formally considered as Li* (4b)Al™ (4b)Ge® and
not as Li* AI** Ge*". The current study on TiNiSi type main-
group compounds closes the conceptual gap between these
and the MgAgAs type of main-group compounds by common
analysis of polar-covalent bonding within the 8 — N° scheme.

The present study yields a basic understanding of differ-
ences in nonmetal-metal coordination E@M,, from the view-
point of bonding polarity for the polar multi-atomic bonds
found already in the semiconducting main-group compounds,
and forms a basis for a future interpretation of the TiNiSi type
of compounds containing transition metals.
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