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ABSTRACT
Chemical bonding in the highly selective hydrogenation catalyst GaPd is analysed bymeans of quan-
tum chemical calculations employing the bonding analysis techniques in real space, in particular
the quantum theory of atoms in molecules, the delocalisation indices and the electron localisability
approach. A three-dimensional system of predominantly two-centre electron-deficient Ga–Pd inter-
actions is revealed, being responsible for the high stability of the compound under hydrogenation
conditions.

Introduction

The intermetallic compound PdGawas first discovered in
1947 [1]. Taking into account the charge transfer found
previously [2] and clearly confirmed in this work, we
hereafter call this compound as GaPd, i.e. gallium palla-
dide. The crystal structure of the FeSi type (space group
P213, Pearson symbol cP8, a= 4.880 Å) was suggested for
GaPd on the basis of X-ray powder diffraction data [1].
Further studies in the binary Ga–Pd and related ternary
systems confirmed the structure-type assignment giving
markedly different lattice parameters of a= 4.890 Å [3,4]
and 4.965 Å [5]. Just recently, the crystal structure was re-
refined using X-ray single-crystal diffraction data yield-
ing an intermediate value of a = 4.89695(6) Å [6].

For a long time, GaPd was known solely as one of
the representatives of the relatively simple (eight atoms
in the unit cell) but non-centrosymmetric cubic struc-
ture motif. Later it was found to play a role in electron-
ics, being formed by applying Al–Pd or Au–Pd–Pt alloys
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as Schottky contacts on GaAs to create metal semicon-
ductor field effect [7] and heterojunction bipolar transis-
tors [8]. Recently, GaPd was discovered to be an excel-
lent catalyst for the industrially important heterogeneous
semi-hydrogenation of acetylene to ethylene – even in the
presence of a high excess of ethylene [2,9–12]. In catal-
ysis, GaPd possesses very high structural stability and
does not form hydrides in contrast to elemental palla-
dium [13]. The reason for the stability of GaPd under cat-
alytic conditions or preferable formation of GaPd on the
contact interfaces in electronic devices may lie in dedi-
cated atomic interactions (chemical bonding) in the com-
pound.

Studies concerning the chemical bonding in inter-
metallic compounds with the FeSi type of structure are
rare, despite the fact that this structure type is realised
by more than 60 intermetallic phases. The first inter-
pretation of the short MSi interatomic distances in
the prototype FeSi and the isotypic MSi compounds
(M=Cr–Ni) was given by Pauling and Soldate [14], who
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discussed the sevenfold coordination within the
resonating-valence-bond theory [15]. Following this
analysis, Fe–Si as well as Fe–Fe interactions are present
in the compound, the latter leading to the preference of
the FeSi type above the NaCl type of structure. A study
of possible structure-governing factors and an attempt
to explain the atomic interactions in the FeSi type of
structure by the Ortskorrelation (i.e. assuming a kind of
spatial ordering within the electron gas) was made in
[16–18]. Neither the heteroatomic coordination by seven
ligands for each atom, nor the formation of molecular
units [19,20] could explain the formation of chemically
different compounds crystallising in the FeSi type. On
the other hand, the electron concentration indicates that
optimised covalent bonding might play a role for the
realisation of this type of crystal structure [18]. Finally, a
complex explanation for the occurrence of the FeSi type
of structure was proposed using the multiple Ortskorre-
lationmodel [21]. The presence of Ga–Pd bonds in GaPd
was concluded applying X-ray absorption spectroscopy
at the Pd L2,3 edges [22]. According to the interpretation
of these measurements, charge is transferred from Pd to
Ga, being contradictory to the expectations from the dif-
ference in Pauling’s or absolute electronegativity between
the two elements [23]. The FeSi type of crystal structure
with its relatively low Madelung factor of 1.6839 (calcu-
lated for the idealised atomic parameters of x(Fe) = (�5
− 1)/8 � 0.15451; x(Si) = −x(Fe)) is less predestined
for ionic bonding, since the NaCl as well as the CsCl
types of structure possess more favourable Madelung
factors of 1.7476 and 1.7627, respectively [24]. Besides
these attempts to explain the realisation of the FeSi type
of structure, a first bonding analysis in real space has
been performed for GaPd on the basis of LMTO-ASA
calculations revealing a system of two- and three-centre
interactions within the crystal structure [2]. Here, the
results of the analysis of the bonding interactions in
GaPd applying different combined quantum mechanical
techniques in real space are reported.

Calculation techniques

The quantum chemical calculations were performed
using the unit cell parameter and atomic coordinates
from the most recent structure determination [6]. Calcu-
lations with different methods were performed to anal-
yse the different aspects of the atomic interactions as
well as the stability of the results with respect to the cal-
culation approach. Because mainly the real-space tech-
niques were used for the analysis of chemical bonding in
GaPd, they were compared on the level of calculated elec-
tron density (ED). The optimisation of structural param-
eters with LDA–Perdew–Wang or GGA–PBE potentials

did not reveal a significant influence on the quality of the
resulted ED (full-potential local orbital method (FPLO)
calculation, cf. below) supporting the use of experimen-
tal structural parameters for calculations.

For the calculation using theTB-LMTO-ASAprogram
package [25], the Barth–Hedin exchange potential [26]
was employed for the LDA calculations. The calculation
within the atomic sphere approximation (ASA) includes
corrections for the neglect of interstitial regions and par-
tial waves of higher order [27], explicit addition of empty
spheres was not necessary. The following radii of the
atomic spheres were applied for the calculations for the
GaPd compound: r(Pd) = 1.502 Å, r(Ga) = 1.535 Å. A
basis set containing Pd(5s,5p,4d) and Ga(4s,4p) orbitals
was employed for a self-consistent calculationwith Pd(4f)
and Ga(4d) functions being downfolded. Crystal Orbital
Hamilton Populations (COHP) were calculated accord-
ing to [28] with a special module implemented into the
TB-LMTO-ASA program package.

Further first-principles electronic structure calcu-
lations within the local density approximation were
performed using version 9.01 of the all-electron FPLO
code [29]. Exchange-correlation effects were taken
into account by employing the Perdew–Wang param-
eterisation [30]. The valence (5s,6s,4d,5d,5p for Pd,
4s,5s,4p,5p,4d for Ga) and semi-core states (4s, 4p for
Pd, 3s,3p,3d for Ga) were treated at the scalar-relativistic
level, while a fully relativistic approach was employed
for the lower-lying core states. The Brillouin zone was
sampled by a well-converged grid of 24×24×24. The
atom-centred charge densities were expanded up to lmax
= 12. For the optimisation test, the LDA–Perdew–Wang
[30] and GGA–PBE [31] potentials were used. The
obtained structural parameters do not differ much as
expected between each other and from the experimental
data (GGA–PBE: a = 4.974 Å, x(Pd) = 0.392, x(Ga) =
0.093; LDA/Perdew–Wang: a = 4.843 Å, x(Pd) = 0.393,
x(Ga) = 0.093; experiment: a = 4.89695 Å, x(Pd) =
0.3924, x(Ga) = 0.09295 [6]).

The calculation of the localisation and two-centre
delocalisation indices (LI/DI) for solids [32,33] as well of
the new bonding indicator C0.6 [34] and their subsequent
analysis were performed from the results of full-potential
scalar-relativistic (L)APW+lo+LO band structure cal-
culations (Elk code [35]) with the program DGrid [36].
The three-centre DIs (principally defined in [37]) were
calculated between QTAIM (quantum theory of atoms
in molecules) atoms according to [38] with the program
DISij [39] using the atomic overlap matrices [32] as com-
puted by DGrid. For the Elk calculations, the Gkmax
parameter was set to 9, the MT radii for Pd and Ga were
equal to 2.0 a.u., and a mesh of 4×4×4 k points was
used.
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The quantum chemical program systemADF [40] was
used to calculate the DFT wavefunction (within LDA)
for molecular fragments of the crystal structure of GaPd
using triple-zeta basis sets (Slater functions) with two sets
of polarisation functions (‘TZ2P’) for Pd and Ga.

The electron localisability indicator (ELI) in its ELI-D
representation (YD) [41,42] was evaluated with modules
implemented within the TB-LMTO-ASA [25] and FPLO
program packages [43]. The topology of ELI-D and ED
was analysed using the programDGrid [36] with consec-
utive integration of the ED in basins, which are bound
by zero-flux surfaces in the ELI-D or ED gradient fields.
This procedure, based on that proposed by Bader for the
ED [43], allows to assign an electron population for each
ELI-D or ED basin, yielding additional relevant informa-
tion about the chemical bonding.

Results and discussion

Assuming that the basic coordination of atoms remains
basically unchanged on the surface, the necessary feature
to create isolated active atomic centres on the surface of
a catalytic material is heteroatomic-only environment of
the catalytically active atoms in the bulk crystal struc-
ture. There are few inorganic crystal structures revealing
such a feature. For coordination number of four this is the
structure of the sphalerite type, for coordination number
of six this is the rock-salt type of structure. In the non-
centrosymmetric structure type NbAs each atom has six
heteroatomic with eight homoatomic ligands in the next
sphere. The representatives of this type – in particular
NbP [44] – were very recently found to be good candi-
dates for the so-called topological Weyl semimetals with
a range of exotic transport properties and electronic sur-
face states. This indicates that the heteroatomic coordi-
nation plays probably a basic role for surface behaviour
of materials. In case of coordination number of seven,
there is only one structure type – FeSi – known for the
heteroatomic-only environment of atoms. In the struc-
ture of the α-TlI type each atom has seven heteroatomic
and two homoatomic ligands.

The cubic crystal structure of GaPd belongs to the
structure type FeSi and contains eight atoms per unit cell
(Figure 1, top). All shortest interatomic distances are het-
eroatomic. Based on the recent re-refinement of the crys-
tal structure [6] the shortest contact betweenGa andPd of
d1= 2.54 Å is along the three-fold axis (pink in Figure 1).
The next contacts are slightly longer (d2= 2.57 Å, blue in
Figure 1). These distances are well comparable with the
sum of the covalent radii of gallium (1.25 Å) and pal-
ladium (1.28 Å [23]). The next longer contacts of d3 =
2.71 Å (yellow in Figure 1, top) are already comparable
with the atomic (metallic) radii of Pd (1.376 Å) and Ga

Figure . Crystal structure of GaPd: (top) unit cell with the three
types of shortest Ga–Pd distances; (bottom) atomic environment
of palladium (left) and gallium (right).

(1.41 Å) [23]. In addition to the shortest heteronuclear
contacts, each atom has six longer homonuclear contacts
of d(Ga–Ga) = 3.03 Å and d(Pd–Pd) = 3.01 Å. These are
only about 10% larger than the sum of the metallic radii.

For each Ga or Pd atom, there is one heteronuclear
ligand with the shortest distance, and 3 + 3 others with
the two longer distances, yielding for both atoms the
same (heteronuclear) coordination number of seven and
very similar coordination polyhedrons with trigonal C3v
symmetry (Figure 1, bottom). Such distribution of the
interatomic distances within a coordination sphere of
an atom – shortest contacts close to the sum of cova-
lent radii, longer distances comparable rather with the
sum of atomic (metallic) radii, often also with a group
of intermediate distances – is on one hand characteris-
tic for many intermetallic compounds, e.g. for the chem-
ically related binary compound Ga2Ir [45]. On the other
hand, it does not allow making ad hoc suggestions about
the type of chemical bonding in the crystal structure
using the interatomic distances, as usually possible for the
valence inorganic and organic compounds.
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The peculiar shape of the coordination polyhedrons
in GaPd in combination with the relatively low nearest-
neighbour coordination number of seven for both atom
types and the short Ga–Pd distances suggest significant-
directed (covalent) bonding, which is consistent with the
brittleness of this substance. Of course, the latter may
also be caused by ionic interactions which were earlier
suggested in the Ga–Pd system already due to the elec-
tronegativity difference between gallium and palladium
[1]. Against this suggestion, the Madelung factor of the
FeSi type of structure (1.6839, cf. Introduction section) is
much lower than the corresponding values for the NaCl
as well as the CsCl types of structure (1.7476 and 1.7627,
respectively) suggesting rather reduced ionic contribu-
tions to the bonding in GaPd [24]. An additional indi-
cation for the presence of strong bonding for GaPd is
the rather high standard enthalpy of formation �fH0 =
−143.2 ± 4.6 kJ/mol [46].

The interatomic distances in GaPd can be interpreted
calculating Pauling bond orders (PBO [47]) applying
covalent radii (see above) as single-bond radii. With
this assumption, for the shorter d1 and d2 distances the
obtained PBO value are close to unity: PBO(d1) = 0.96
and PBO(d2)= 0.84, respectively. For the longer distance
d3, the PBO value drops to 0.51. The (heteroatomic) PBO
sums within the first coordination sphere for both, Ga
and Pd, are 5.01. While for a palladium atom this num-
ber is not surprising taking into account the nine valence
orbitals available for bonding, it is hard to imagine how
Ga can realise five bonds with seven neighbours employ-
ing four available valence orbitals. Thus, more thoughts
on atomic interactions should be made.

Further information about the character of bonding
in a crystal structure can be extracted from the calcu-
lated electronic structure. The electronic density of states
(DOS) for GaPd is minor dependent on the calculation
techniques. The here presented DOS (Figure 2), calcu-
lated with the FPLO code, shows-similarly to the pre-
viously published TB-LMTO-ASA calculations [2]-one
low-energy region (E< −6.5 eV) formedmainly byGa(s)
andPd(d) states. It is clearly separated froma large region,
which – in turn – can be partitioned into three sub-
regions. The first one (−6 eV < E < −5 eV) is com-
posed of comparable contributions of Ga(p) and Pd(d)
states, the largest sub-region (−5 eV < E < −1.2 eV) is
mainly formed by (most probably non-bounding) Pd(d)
states with minor contributions of Ga(p) states. The sub-
region just below the Fermi level is again built of compa-
rable contributions of Pd(d) and Ga(p) states. The contri-
butions of s states of palladium are distributed over wide
energy range below the Fermi level. Splitting of the palla-
dium d states and their energetic overlap with the s and

Figure . Total electronic density of states (DOS) for GaPd together
with partial atomic contributions (FPLO code).

p states of gallium support the – from the crystal struc-
ture analysis already indicated – bonding relevance of the
heteronuclear Ga–Pd interactions.

The stabilising character of the Ga–Pd interaction
along d1, d2 and d3 contacts is clearly revealed by the
COHP analysis (TB-LMTO-ASA calculation, Figure 3).
Positive values of −COHP in the whole energy region
below the Fermi level for all three contacts above reveal
the bonding character of the Ga–Pd interactions along
these contacts. Large values of 1.4 and 1.3 for the inte-
grated COHP (ICOHP) at the Fermi level for d1 and d2,
respectively, are well in agreement with the short inter-
atomic distances. As expected, for the longer d3 contact
the value of ICOHP(EF,d3)= 1.1 ismarkedly smaller. The
behaviour of COHP(E) around EF in GaPd differs from
the situation in compounds which can be described with
classical valence rules or in Zintl phases. While in the lat-
ter groups the COHP(E) for bonding interactions is nor-
mally saturated at EF, for all three interactions d1, d2 and
d3 in GaPd, positive contributions to –COHP(E) con-
tinue up to 4 eV above EF. The d1, d2 and d3Ga–Pd inter-
actions are caused by the same type of orbitals, namely the
5s and 4d states of Pd and 4s and 4p states of Ga.

To shed more light on the ionic part of the atomic
interactions, the effective charges of palladium and gal-
lium species in GaPd were calculated applying the
QTAIM technique [48]. Topological analysis of the ED
reveals very similar shapes of the QTAIM basins for
Pd and Ga reflecting similar geometry of atomic envi-
ronment, assuming the predominantly covalent interac-
tions (Figure 4). Practically independent of the calcu-
lation technique, the total population of 46.5 electrons
was found for the Pd basin and 30.5 electrons for the
Ga basins revealing a charge transfer of half an electron
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Figure . COHP analysis of atomic interactions in GaPd (colour
coding as in Figure ).

Figure . QTAIM atoms (basins) and their charges (populations)
in GaPd obtained from the calculations with different codes. The
extension exp means that the experimental values of the atomic
coordinateswereused,optmeansoptimisationof theatomic coor-
dinates applying LDA or GGA potentials.

Figure . Bonding indicatorC. inGaPd: (top) locationofC. max-
ima (black) in vicinity of theGa–Pd contacts; (bottom)C. distribu-
tion on the Pd plane (colour coding is analogous to one for ELI-D).

from Ga to Pd. This is in agreement with the electroneg-
ativities of the elements in the Pearson or absolute scale
(ENPd > ENGa). On the one hand, the obtained relatively
small charge transfer reveals moderate contribution of
ionic interactions to the bonding picture in GaPd and
thus correlates with the earlier expectations based on the
analysis of Madelung factors [24]; on the other hand it is
markedly smaller than the transfer of 1.9 electrons from
Al to Pt observed for the chemically related equiatomic
compound AlPt (structure type CsCl) [49] even consid-
ering the larger difference of electronegativities between
aluminium and platinum if comparing with that between
Ga and Pd, as well as the difference in the Madelung fac-
tors between the CsCl and PdGa types of structure. The
observed moderate charge transfer rather points out to
covalent polar Ga–Pd interactions instead of ionic ones.

This polar character of Ga–Pd interactions is sup-
ported by the analysis of the spatial distribution of the
bonding indicator C0.6, a new quantum chemical tool
based on the ED inhomogeneity [34]. According to first
studies [50], polar bonds are doubly indicated, i.e. the
indicator C0.6 exhibits two separate maxima in a bond-
ing region, if the bond is sufficiently polar. Exactly such a
distribution of C0.6 was found for GaPd (Figure 5) reveal-
ing the polar nature of the heteronuclear interactions. The
attractor on the Pd side originates from the outermost
atomic shell of Pd, and therefore indicates that Pd is the
more electronegative partner in this bonding situation.
Those findings arewell in agreementwith the conclusions
of the QTAIM analysis.

The nominal number of 2.5 valence electrons per atom
in GaPd (using the characteristic valences two and three
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for Pd and Ga, respectively) is smaller than that in nor-
mal valence inorganic compounds and is in the region
typical for Zintl phases [51], cf. 2.5 e− for Na4Si4. Nev-
ertheless, the bonding in GaPd, in particular seven het-
eroatomic short contacts per atom, cannot be understood
in terms of the Zintl concept [52,53]. For further under-
standing of the spatial organisation of the atomic inter-
actions in GaPd the electron localisability approach [54]
is applied. The electron localisability indicator ELI-D was
calculated using the dedicated module within the FPLO
program package [43]. Analysis of the ELI-D distribution
revealed three sets of maxima in the unit cell (Figure 6,
top):
(i1) attractor in the triangle Ga–Pd(d1)–Pd(d3), each

three of them are located around the d1(Pd–Ga)
contact; the basin of this attractor has a com-
mon surface with the three core basins mentioned
above (i.e. it is tri-synaptic) and formally may rep-
resent a three-centre interaction; the population of
this basin is 0.57 electrons, the atomic contribu-
tions are 0.34 from Ga, 0.10 from Pd(d1) and 0.13
from Pd(d3);

(i2) attractor in the triangle Ga-Pd(d2)-Pd(d3), there
are three of them per Ga atom; this triangle is
formed by d2 and d3 as well as the long d(Pd–Pd)
contact of 3.05 Å; on the basis of its tri-synapticity
this attractor may also represent a three-centre
bonding; the population of this basin is 0.63 elec-
trons, the atomic contributions are 0.35 from Ga,
0.15 from Pd(d2) and 0.13 from Pd(d3);

(i3) attractor located at the gallium atom on the bond-
opposite side of d1 contact within the tetrahedron
formed by one Ga and three Pd(d2) atoms; topo-
logically it is tetra-synaptic one andmay represent
a four-centre interaction; this basin is populated
with 1.22 electrons, the atomic contributions are
0.68 from Ga and 0.18 from each Pd.

Counting the contributions of each atom to the bond-
ing basins in its vicinity yields 2.75 (less than 3) elec-
trons forGa (3×0.34+ 3×0.35+ 1×0.68) and 2.28 (more
than 2) electrons for Pd (3×0.10 + 6×0.15 + 6×0.18).
These values are close to the numbers suggested above
by the summed PBO = 5.01 (requiring two electrons
from Pd and three from Ga). Furthermore, they support
the direction of the charge transfer obtained from the
QTAIM analysis. This result also goes in line with the
only light structuring of the penultimate shell of the palla-
dium atom, i.e. deviation from the spherical distribution
which is characteristic for the participation of the inner-
shell electrons in the bonding within the valence region
[56,57] and quantified by structuring index ε = 0.02 [57].
Reduced values of ELI-D within penultimate the shell are

Figure . Distribution of ELI-D for triplet-coupled electrons []
in GaPd crystal and related molecular species GaPd (triplet state),
GaPdH (singlet state) and PdGaPd (triplet state).
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located close to the d1, d2 and d3 contacts visualising the
participation of the electrons of this shell in the bonding.

Looking on the topology of the ELI-D distribution
in GaPd from the point of view of the synapticity of
the ELI-D basins (see above), the atomic interactions
may be interpreted as multi-centre (mostly three-centre)
ones involving both palladium and gallium atoms. How-
ever, the direct-space bonding analysis of the interac-
tions of transition metals, e.g. in the molecular species
ScGa, Sc2 [56] or Sc22+ [56,57], revealed that topolog-
ically these two-centre interactions are manifested not
only by appearance of ring attractors between the cores,
but also by structuring of the penultimate shells of the
transition metals, as well as with attractors on the outer
(bond-opposite) side of the participating atoms.

Thus, in order to understand more in detail chemi-
cal implications of each ELI-D attractor, ED and triplet
ELI-D were calculated for the molecular species GaPd
with the interatomic distance of d(Ga–Pd) = 2.486 Å
(ADF code; Figure 6). Integration of ED revealed a charge
transfer according to Ga+0.4Pd−0.4 which has the same
direction but is slightly smaller than in the GaPd crys-
tal due to the lower heteroatomic coordination number
(one in the molecular species and seven in the crystal).
An ELI-D attractor on the bond-opposite side visualising
the fifth shell of the palladium atom is not observed, sim-
ilar to the isolated atom [58,59]. The ELI-D distribution
in the penultimate (fourth) shell deviates from the spher-
ical one (structuring, cf. above) as expected for an inter-
acting atom. Between the core regions, a ring attractor is
found equivalent to i1 in the GaPd crystal. In addition to
that, an attractor is found on the bond-opposite side of
the gallium nucleus (lone-pair like, equivalent to i3 in the
GaPd crystal). The population of the bond-ring-attractor
basin is 1.8 electrons; the Ga lone-pair basin is popu-
lated with 2.0 electrons. In total 3.8 electrons participate
in the bonding interactions within the GaPd molecule,
which is assumed to be necessary amount for the two-
centre only Ga–Pd interaction. Provided that all three
valence electrons of gallium (3.2 for Hartree-Fock, non-
relativistic approximation [60] or 3.4 in DFT, scalar rela-
tivistic approximation [59]) are used for bonding, a par-
ticipation of only 0.8 (0.6 or even 0.4) electrons, respec-
tively, is required from palladium.

Despite strong changes in the chemical composition,
the characteristic topological features of the ELI-D dis-
tribution for a Ga–Pd bond – ring attractor between the
atoms and second attractor on the bond-outer side at
gallium – are sustainable in case of the linear molecule
GaPdH with the hydrogen atom connected to gallium
(d(Pd–Ga) = 2.49 Å, d(Ga–H) = 1.63 Å; Figure 6). The
QTAIM charge of gallium (Ga+0.6Pd−0.2H−0.4) is larger
as in 6aPd being in agreement with the appearance of

the additional to Ga–Pd polar bond Ga–H. Here, the for-
mer bond-opposite attractor at the galliumnucleus (lone-
pair, equivalent to i3) now represents the Ga–H bond.
The basin populations of the Ga–Pd bond (ring) attrac-
tor i1 (2.6 e−) and the Ga–H bond attractor (2.1 e−)
yield together 4.7 electrons, reflecting the larger amount
of electrons in the system if compared with GaPd moiety.
The additional electron is populating i1 attractor of the
Ga–Pd bond. The contribution of palladium to the bond-
ing basin is 0.7 (0.5 or even 0.3, cf. conditions for GaPd
molecule) electrons being similar to that in the GaPd
molecule.

Regardless of further changes in the chemical com-
position of the molecular species, the characteristic fea-
tures of the ELI-D topology of the GaPd molecule (cf.
above) are still present in the PdGaPd3 molecule with
the interatomic distances and angles mimicking the bulk
structure of GaPd (d1(Ga–Pd) = 2.486 Å, 3×d2(Ga–
Pd) = 2.515 Å; Figure 6). Moreover, the distribution of
ELI-D in PdGaPd3 shows also similarities with the pic-
ture in the bulk crystal structure. Because the symme-
try of the molecule is no more cylindrical (as this was
in case of Ga–Pd and Pd–Ga–H) but trigonal C3v, the
ring attractor between the Pd and Ga cores with the short
distance (d1, pink in Figure 6) is split into three with
the population of 0.70 electrons each (like the i1 attrac-
tors in GaPd crystal, cf. also similar population). Also
here, an ELI-D attractor is located on the bond-opposite
side of the Ga atom within the tetrahedron GaPd3 (like
the i3 attractors in GaPd crystal, population 0.23 elec-
trons). The next attractors in the PdGaPd3 molecules are
located in the i2 position in respect to the short Ga–
Pd contacts and have the population of 0.67 electrons.
Applying a gedanken-intersection between the basin of
i3 attractor of the Ga lone-pair (cf. GaPd molecule) with
the three basins of the i1 Ga–Pd interactions at the longer
distance (blue in Figure 6, bottom), the i3 attractor in
PdGaPd3 may be interpreted as representing 4 two-centre
Ga–Pd interactions rather than as an independent one
revealing only the four-centre interaction. Following this
gedanken-intersection scheme, the whole ELI-D distri-
bution in PdGaPd3 may be considered as a ‘superposi-
tion’ of ELI-D distributions of 4 two-centre Ga–Pd inter-
actions. So, each of the three basins of split ring attractors
(i1 type) for the short Ga–Pd contact (pink, in Figure 6)
is gedanken-intersecting with the basin of the bond-
opposite attractor (i3 type) for the longer Ga–Pd contact
(blue in Figure 6) and forms the basin of the i1 attractor
in PdGaPd3. The remaining split i1 attractors’ basins of
the longer Ga–Pd contact (blue in Figure 6, bottom) form
by gedanken-intersection the basins of the i2 attractors
in the molecule PdGaPd3. This happens despite the fact
that the complete heteroatomic environment of Ga in this
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hypotheticmolecule is not finished (only four of the seven
Pd atoms are present). The total amount of electrons in
the environment of the Ga atom is 4.34 being closer to
4.82 in the crystal structure of GaPd. Such ‘sharing’ or
‘superposition’ of the attractors’ basins may be under-
stood as a consequence of the insufficient number of elec-
trons in the system to realise each Ga–Pd interaction
with 3.8 electrons per formula unit (cf. GaPd molecule
above).

In this way, the whole crystal structure of GaPd can be
considered as a system of ‘two-centre’ Ga–Pd interactions
with ‘shared’ attractors’ basins in the ELI-D distribution.
So – in addition to the described above – the basins of
split ring attractors for the d1 and d2 interactions share
basins with the split ring attractors for the d3 interaction
(yellow in Figure 6, top). The bond-opposite attractor for
the d3 interaction is less pronounced and is shared with
the ring attractors of the d2 interaction (Figure 6, top).
The populations of the corresponding ELI-D basins sup-
port this interpretation. In particular the populations of
the split basins i1 and i2 in GaPd crystal are close to 1/3 of
the population of the ring attractor in the GaPd molecule
and close to the population of 0.65 electrons for the split
ring attractors for the short Ga–Pd contact in PdGaPd3,
being in agreement with the splitting scheme described
above. The basin population of the i3 attractor in GaPd
crystal (1.22 electrons) is noticeably larger as that of the
bond-opposite attractor in the PdGaPd3 molecule (0.23
electrons).

The above suggested system of the two-centre
electron-deficient Ga–Pd interactions is well in agree-
ment with the calculated delocalisation indices. Of the
total population of 46.5 e− for the QTAIM basin of the Pd
anion (Elk code), 44.0 are localised and 2.5 are available
for sharing (the variance σ 2 of the electronic popula-
tion for the QTAIM basin of Pd). For the Ga cation,
28.7 electrons of the total 30.5 in the QTAIM basin are
localised and 1.8 electrons are available for interactions.
The largest delocalisation indexes δ (real-space variant
to the covalent bond order) are found for the two-centre
contacts d1, d2 and d3: 0.41, 0.40 and 0.31, respectively.
Furthermore, the next large delocalisation indices of δ =
0.26 and δ = 0.09 were found for the contact d(Pd–Pd)
= 3.01 Å and d(Ga–Ga) = 3.03 Å. To quantify the three-
centre contributions to the relevant interactions in the
GaPd crystal, the three-centre bond delocalisation ratios
G(d1) = 0.47, G(d2) = 0.45, G(d3) = 0.56, G(Pd,Pd) =
0.44 and G(Ga,Ga) = 1.75 were calculated [39]. For the
ideal three-centre-two-electron bond, the G value is 1. If
G for a bond is much larger than 1 and the corresponding
DI is very small, the bonding between the participating
atoms can be neglected. This is the case for the Ga–Ga

Figure . Atomic decoration of the (---) plane in theGaPd crystal
structurewith the highest accommodation of the d and dGa–Pd
interactions.

interaction. In contrast, the DI value δ(Pd,Pd)= 0.27 and
its moderate delocalisation ratio G(Pd,Pd) = 0.44 indi-
cate, that Pd tends to extend its relevant coordination by
six homoatomic neighbours. This is consistent with the
expected higher bonding capability of palladium com-
pared to gallium, and – remarkably – has been predicted
already by Pauling and Soldate [14]. Thus, the values of
G around 0.5 obtained for the Ga–Pd interactions reflect
noticeable but small three-centre contributions to these
bonds which are consistent with the interpretation of the
topology of ELI-D above.

Assuming further that the directed Ga–Pd bonds play
the major role for structural stability one can search in
the crystal structure for the planes (surfaces) running
mostly thorough the regions of Ga–Pd interactions. Such
planes are located perpendicular to the [111] direction.
With respect to the homogeneous distribution and den-
sity of the Ga–Pd interactions, the atomic decoration of a
most promising plane is shown in Figure 7. Despite sev-
eral assumptions leading to the selection on this plane,
the relative stability of the atomic distribution on the so-
terminating surface of [111]-oriented GaPd single crys-
tal was confirmed by scanning transmission microscopy
experiments under the ultra high-vacuum conditions
[61].

Conclusions

In the intermetallic compound GaPd, the number of
available valence electrons (2.5 per atom if using the usual
valences) is much smaller in comparison with inorganic
valence compounds. It is rather similar to the electron
counts in the Zintl phases. Because of a rather small
charge transfer (QTAIM charges Ga0.5+ and Pd0.5−), the
formation of the separated cations and Zintl anions is not
possible which hinders interpretation of chemical bond-
ing within the Zintl concept. All Ga–Pd interactions were
found to be polar covalent. Chemical bonding in the crys-
tal of GaPd is described as a system of heteroatomic two-
centre electron-deficient Ga–Pd interactions. To realise
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all of them with the available electron count, ‘sharing’ the
attractors’ basins in the real-space representation is found
as the suitable mechanism. The plane with the highest
density of the Ga–Pd interactions was selected as the pos-
sible terminating one in the [111] direction in the GaPd
crystal. This selection is well in agreement with the exper-
imental data.
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