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Intermetallic compounds belong to an important class of materials, not only due to the sheer number of
compounds known but also due to their application in everyday life. These compounds possess their
very own peculiarities, especially when it comes to chemical bonding. To address this point, bonding
analyses based on Crystal Orbital Bond Index (COBI) values, Lowdin charges, and — for the first time —
ab initio oxidation numbers (ON?) were conducted, all extracted from delocalized plane-wave functions.
From the integrated COBI values, to be understood as quantum-chemical bond orders, the differences
and similarities in the bonding behavior of the elements, binary and ternary compounds in the Ca—Al-Pt
system were analyzed. It became apparent that the Al-Pt interactions, almost regardless of the
respective compounds, show significant covalency, while Ca-Al and Ca-Pt interactions are of ionic
nature in most cases. Homoatomic Al-Al or Pt-Pt interactions, however, tend to be ambivalent,
depending on the respective crystal structure of a given compound.

1. Introduction

Alloys and intermetallic compounds are important materials used
in a manifold of modern everyday applications. Light-weight alloys,
usually based on Be, Mg, Al, and Ti, are utilized in consumer
goods, as well as in the transportation and construction sector.*”
In addition, the most commonly used permanent magnets,*®
materials with high thermal stability and corrosion resistance,'*"*
or heterogeneous catalysts can be found amongst intermetallic
compounds.**™ They achieved practical use already way before
their intrinsic characteristics were fully understood since they can
often be obtained directly from the reaction of the constituent
metals by metallurgical processes, arc-melting or metal fluxes.**>*
Nonetheless, the fundamental understanding of crystal chemistry,
existence ranges and the chemical bonding in this class of mate-
rials is still ongoing.>**” To quote Yuri Grin: “The main problem of
chemists with intermetallic compounds is that they do not follow
the usual valence rules. Therefore, for a longer time, these
substances were not really considered as inorganic compounds”.*®

Disobeying the classical valence rules leads to some problems
because unless the underlying wave function is known and
analyzed the nature of the chemical bond cannot be
understood.*** What are the contributions to a certain interac-
tion between two atoms? Ionic interactions or rather covalency?
Does a concept of, say, electronegativity still apply? When going
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to the extremes, e.g, Cs,Pt** or CsAu,"* transparent

compounds with salt-like behavior can be observed; however,
when AEN is not as striking as in these examples, is there still
a polarity in these intermetallic phases? The term ‘polar inter-
metallics’ is used quite frequently to describe compounds where
a certain polarization within the structure is either assumed or
proven. The question of how to properly address the bonding in
solids dates back to almost a century: Laves* and Pauling**
introduced atomic packing and “resonance” concepts for crys-
talline solids, while Hume-Rothery”” addressed the electronic
(metallic) state and critical valence-electron concentrations.

Science has come a long way, since nowadays chemical
bonding*® may be addressed computationally based on density-
functional theory, either resting on the wave function** or on
the electron density.”>*® The main difference between both
approaches lies in the examined quantity:** a density-based
method such as Bader's quantum theory of atoms in mole-
cules (QTAIM) semi-classically partitions the electron density
according to its topology. Even though this looks attractive since
the density (1) is easily accessible from DFT calculations and (2)
also experimentally observable from, e.g., X-ray diffraction, the
density lacks essential information, which is crucial for a well-
grounded evaluation. As the density relates to the absolute
square of the wave function, the phase information (i.e., the
sign of the wave function) is completely lost in the density, thus
we cannot distinguish between bonding and antibonding, at
least not from the wave function.

In a solid-state context, there is yet another hindrance:
common DFT programs employ a delocalized plane-wave basis
lacking local (chemical) information that would require atom-
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Fig.1 Gibbs triangle showing all reported phases in the ternary system
Ca-Al-Pt (yellow). Element symbols are shown in black; binary
compounds in the Ca—Al system are depicted in grey, in the Ca—-Pt
system in blue and in the Al-Pt system in red.

centered basis functions. In order to extract these bonding data,
the program LOBSTER*” conducts a so-called projection from
a plane-wave onto an atomic-orbital basis. Therefore, we regain
chemistry in terms of, e.g., Lowdin charges® and crystal orbital
bond index (COBI) values, the latter including the phase infor-
mation.> Both established tools allow for a bond classification
in terms of ionicity and covalency. Additionally, in this recent
contribution, we also introduce wave-function derived oxida-
tion numbers that aim to resolve the schism between quantum-
mechanical charges and empirical oxidation states.

The case study in this paper will be the elements Ca, Al and
Pt, selected binaries of the systems Ca-Al, Ca-Pt and Al-Pt, as
well as all reported ternary compounds of the entire Ca-Al-Pt
system. Fig. 1 depicts a Gibbs triangle showing all reported
binary and ternary phases based on the Pearson database® and
the recent reports. Besides the crystal structures of the three
elements Ca, Al and Pt,*** CaAl, (ref. 64) and CaAl,,** and CaPt,
(ref. 65) as well as AlL,Pt,*® and AIPt*” were selected from the
respective binary phase diagrams. Furthermore, CaAlPt, Ca,-
AlPt, and CaAl,Pt were selected as representatives of ternary
compounds. Our essential goal is to quantify the bonding
nature in these intermetallic compounds, namely (1) to check if
interatomic distances can be used as an identifier for bonding
or non-bonding scenarios and (2) to identify similarities
amongst the crystallographically significantly different
compounds and highlight specific peculiarities that arise based
on these quantum-chemical calculations.

2. Computational methods

Electronic structure calculations for the elements and selected
binary as well as ternary compounds were performed using the
projector augmented wave method (PAW) of Blochl,*® as
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implemented in the Vienna ab initio simulation package
(VASP).*7* VASP calculations employed the Ca_sv, Al, Pt pv, H
and N pseudopotentials. The calculations started from the exper-
imental crystallographic data but allowing for full structural
optimizations, including lattice parameters and atomic positions.
These were conducted for all compounds including electronic
structure analyses. In all calculations, correlation and exchange
were treated by the generalized gradient approximation of Perdew,
Burke, and Ernzerhof (GGA-PBE).” The cutoff energy for the plane-
wave calculations was chosen to be a high value of 800 eV, and the
convergence criteria for the energy differences between two itera-
tive steps were set to 10~° and 107 eV for the electronic and ionic
steps, respectively. Brillouin zone integration was carried out using
a k-point mesh with a spacing of =0.02 A™* for all compounds.

All corresponding electronic structures, based on the opti-
mized calculations, were projected from plane waves onto
a local orbital basis using the LOBSTER (Local Orbital Basis
Suite Towards Electronic-structure Reconstruction) program
package.*®377>77 By this method, the local density-of-states
matrices (i.e., energy-resolved wave-function eigenvectors)
become available, which enable the calculation of the crystal
orbital bond index (COBI),* a generalized solid-state molecular
bond index introduced by Wiberg”® and Mayer,” as well as gross
populations and atomic charges in a Lowdin-style formalism, in
addition to ab initio oxidation numbers.*

3. Results and discussion

Before we proceed to analyze the chemical bonding, let us reit-
erate the underlying methods to describe a chemical bond. On
a qualitatively correct level, (organic) chemists draw lines -
“paired” electrons in a two-center two-electron bond - between
two carbon atoms in order to symbolize an attractive C-C bond
keeping these atoms together. Quantum-mechanically, this
interaction can be described by a plethora of quantities. One of
the most useful descriptors may be the bond index originally
envisioned by Wiberg and Mayer that directly translates into the
Lewis bond order, ie., 1 for a single bond, 2 for a double bond
and so on. This bond index was then generalized to the solid state
by means of the crystal orbital bond index (COBI) linking the
Wiberg-Mayer bond idea to solid-state descriptors such as the
crystal orbital overlap population by Hughbanks and Hoffmann*
and the crystal orbital Hamilton population by Dronskowski and
Blochl.**” The energy integral of the COBI, dubbed ICOBI, equals
the bond order between two atoms in a solid. In molecular
chemistry, integer bond orders prevail, but there are molecular
exceptions such as a bond order of 1/2 in the hydrogen-molecule
cation, H,", or in the benzene aromatic C-C bond with a bond
order of 3/2. In (inter-)metallic phases, however, fractional bond
orders are the rule, typically characterized by ICOBI numbers well
below the value of a single bond. This can be directly attributed to
the larger coordination numbers found in condensed matter.

3.1. Oxidation numbers from quantum chemistry

Having introduced covalent bonding in solids, it is time to
introduce a novel, yet related, method to calculate ab initio

Chem. Sci., 2025, 16, 17900-17910 | 17901
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oxidation numbers (ON*) such as to expand LOBSTER's
quantum-chemical toolkit. All currently available population
analyses homolytically split the bonding electrons, on purpose,
and attribute half to each contributing atom: in a Mulliken-style
scheme, this property is easily seen in the symmetric parti-
tioning of the overlap population between two orbitals u and ».
The Léwdin population analysis, however, uses an orthogonal
basis, so an overlap population does not exist in the first place,
but the homolytic splitting of bonding electrons is also utilized.
This property becomes apparent when we consider the idem-
potency of the density matrix P, i.e., Tr(P) = 1Tr(|P|?), and it lets
us partition the electron density of any given compound into
atom-centered electrons (3P,,”) as well as bond-centered elec-
trons (2|P,,|?). Just like Mulliken, Léwdin assigns the same
number of bonding electrons to each atom without consider-
ation of element-specific properties, such as electronegativity.
In the present work, we do address this issue, however, by
introducing a weighting factor that allocates the bonding elec-
trons to a more electronegative atom, in the spirit of heterolytic
electron partitioning. This extension of the Lowdin population
analysis then yields ab initio oxidation numbers ON“ that are
defined as the difference between the number of electrons in
the neutral atom N, 4, and the population after heterolytic bond
splitting:

2

ON" = Ny = D>

ne AB#Ave B

P,

(1)

As the electronegativity is not straightforwardly accessible
from quantum-mechanical calculations, we derive it by refer-
ring to the Hamilton matrix elements H,, and constructing the
weighting factor w,,:

Wy = 1 + erf(a(H,, — Hyy)) (2)

The error function and the parameter at determine the
“smearing” of the electronic partitioning between two atoms,
and it ensures that minute energy differences between H,, and
H,, of, say, 0.1 eV as well as numerical noise do not cause an
unreasonably drastic electron transfer. In the present study, we
chose a value of &« = 10 eV~ " which, for an energy difference of
0.1 eV, leads to the assignment of 92% electron density to the
more electronegative atom and the remaining 8% to the less
electronegative atom. A transfer of more than 99% is then
performed at a difference of 0.165 eV.

The algorithm formulated in eqn (1) and (2) is visualized in
Fig. 2 for the simple example of molecular ammonia, NH;. Fig. 2a
shows the calculation of formal charges that result from
a homolytic splitting of bonds. As such, the nitrogen atom is left
with five electrons, and each hydrogen atom keeps one electron,
leading to all atoms being formally neutral. When calculating
oxidation numbers (c¢f Fig. 2b), all N-H bonds are split hetero-
lytically, so the bonding electrons are assigned to the more
electronegative bonding partner, nitrogen in this case. This ionic
limit then leads to oxidation numbers of N~ and H™".

Going from classical Lewis formulae to quantum chemistry,
we can quantify the number of electrons located on atoms and
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___________________________________________ 0%, .....
Total: 0.70 5.91 0.25 7.25
Charge: +0.30 -0.91 +0.75 -2.25

Fig. 2 Algorithm to calculate (a and c) formal charges and (b and d)
oxidation numbers from (a and b) empirical Lewis formulae and (c and
d) ab initio population analyses for ammonia. Orbital and bond pop-
ulations are given as numbers. A homolytic bond splitting, as done for
the calculation of formal charges and « = O, leads to the assignment of
half the bonding electrons to each bonding partner. In the case of
oxidation numbers, a heterolytic bond splitting is performed by o >
0 such that all bonding electrons are assigned to the more electro-
negative atom.

bonds by the population analyses already introduced above. As
can easily be seen in Fig. 2c, setting the weight factor « to zero,
splitting the bonding electrons (indicated by solid red and blue
lines) is symmetric, so in case of, say, the 1s-2p,,, bond, both
bonding partners receive half of the 0.59 bonding electrons,
0.29 each. In sum, this separation leads to Lowdin populations
and charges of —0.91 for nitrogen and +0.30 for hydrogen.

If the weighting factor « is chosen to be larger, the parti-
tioning of the bonding population becomes heterolytical. As the
1s orbital of hydrogen is significantly higher in energy
compared to the valence orbitals of nitrogen, the electrons are
shifted strictly towards nitrogen, in line with the empirical
expectation from electronegativities. For the 1s-2p,;, bond, the
total 0.59 bonding electrons are thus shifted completely to
nitrogen, mirroring the recipe of empirical oxidation numbers.
In the end, the ON* derived from this algorithm (H'*”> and
N~2?%) match the empirical numbers a lot closer than the
respective Lowdin charges. At this point, it should be noted that
fractional ON“ are an inherent feature of the population anal-
yses used in the calculus. While integer oxidation numbers are
a consequence of the classical derivation, this does not apply to
quantum chemistry. Analogously, Mulliken/Léwdin charges

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and populations as well as bond orders by means of ICOBI have
fractional values in the vast majority of cases, especially in
intermetallic phases as presented in the following.

3.2. Similarities and differences

Before we go into detail, we want to give an overview of all
compounds included in our study, as summarized in Fig. 3.
Starting with covalent bonding, Fig. 3a sets the ICOBI of each
contact in relation to the respective interatomic distance. In this
depiction, several trends are apparent: (1) bond orders steadily
decrease with increasing interatomic distance, even though
outliers are apparent. While individual elements and crystal
structures affect the relationship, the overall trend is clearly
visible, especially inside certain bond types. (2) Al-Al bonds are
longer than Al-Pt bonds with the same bond strength, while Pt-
Pt bonds are significantly weaker. Caused by the relative sizes of
Al and Pt valence orbitals, this was already found for individual
compounds, but the present summary shows this observation
on a much wider scale. (3) Interactions involving Ca do not
contain significant covalency. In the given compounds, the Ca
atoms act as electron donors and can be formally identified as
Ca®*, unable to form any covalent bonds due to its closed-shell
(4s°) configuration.

The ionic bonding analyses in this study are conducted
based on Lowdin charges and, additionally, using the newly
introduced ab initio oxidation numbers ON“. Their relation is
shown in Fig. 3b. In all examined cases, Ca purely serves as an
electron donor with charges and oxidation numbers close to the
ideal +2. For Al and Pt, simple expectations are not met,
however. Based on electronegativities of Al and Pt, one would
assume (partially) cationic Al and anionic Pt. Fig. 3b reveals that
all of the examples in our examination possess negatively
charged aluminum and positively charged platinum atoms, in
contrast to electronegativities of Al and Pt, respectively, 1.61 and
2.28 on Pauling's scale.*® Since Lowdin charges do not reflect
the energetic orbital arrangement and symmetrically attribute

Covalent bonding

'H
084 =
©
5 06
g : Al-Al
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the density of bonding electrons to both bonding partners,
charges do not trivially turn into oxidation states. This
disagreement is solved by introducing a weighting scheme
based on atomic orbital energies (see the explanation above),
ultimately leading to the formulation of ab initio oxidation
numbers. Although these oxidation numbers are often frac-
tional, not integer like the classical counterpart, the overall fit is
significantly improved. The majority of Al atoms reside in the
top left part of Fig. 3b and Pt atoms in the bottom right part.
This picture can be traced back to an increased bonding elec-
tron transfer from Al to Pt that is revealed when going from
Lowdin charges to oxidation numbers. As most of the systems
provided in Fig. 3 follow the expected course of bond strength
vs. bond length, we will focus the following more detailed
discussion of our results on the most interesting members of
the Ca-Al-Pt family. For reference, data on all compounds are
summarized in the SI.

3.3. The elements

All three elements crystallize in their stable allotropes at room
temperature and ambient pressure, ie., in the cubic crystal
system with the face centered space group Fm3m, adopting the
Cu type structure (Fig. 4a).**** The DFT-optimized interatomic
distances are 284 pm for Pt, 286 pm for Al, and 393 pm for Ca. In
all three cases, these distances are longer compared to the sum
of the covalent radii (Pt: 258 pm; Al: 250 pm; Ca: 348 pm (ref.
80)), not too surprising taking into account the larger coordi-
nation numbers.}

Based on the interatomic distances, one would expect rather
weak covalent interactions to the neighbors, which can easily be
verified using the ICOBI values of the nearest-neighbor bonds:
Al-Al has the largest value of 0.23, Ca—Ca (0.12) and Pt-Pt (0.09)
are smaller, indicating even weaker covalent bonding in these
metals.®* If we sum up all of the respective bond indices, we
arrive at the total bond capacity of an atom that equals its
valence, similar to the empirical bond valence sum.** Including

lonic bonding

Oxidation Number ( =
fits better for Al a s

= Binary
A Ternary

P | i

Oxidation number
\

Oxidation Number
fits better for Pt

-0.5 0.0 0.5 1.0 15

Lowdin charge

~{1.5 -1.0

(a) Bond length plotted versus the ICOBI per bond. (b) Ab initio oxidation number plotted versus Lowdin charge.
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Fig.4 (a) Unit cell of elemental Ca, Aland Pt (Cu type, Fm3m) depicted
with the corresponding coordination environment. Unit cells of (b)
cubic Ca, (c) cubic Pt and (d) cubic Al are presented with Lowdin
charges, ab initio oxidation numbers (ON#), interatomic distances and
respective ICOBI values.

only the 12 nearest-neighbor interactions, the valences are 2.76
for Al, 1.44 for Ca, and 1.08 for Pt.

This relation of rather small metal-metal bond orders and
valences can easily be rationalized: if we consider elemental
calcium, each Ca atom directly bonds with 12 nearest neigh-
boring atoms, meaning that two valence electrons per Ca atom
are distributed over all of these bonding partners. Conse-
quently, the expected number of “shared” electrons between
two Ca atoms will be around 2/12 = 0.17, corresponding to
a Ca—Ca bond order of ca. 0.08, as mirrored by ICOBI.

Naturally, none of these compounds show any electron
transfer as all Lowdin charges are 0. This agrees with the ab
initio oxidation numbers (ON“) that all have a value of +0,
a trivial consequence of an element.

3.4. Binary phases

As for the binary phases, stable and, where possible, multiple-
times reported (according to the Pearson database®) represen-
tatives from each binary system were selected: CaAl, (ref. 83)
and CaAl, (ref. 84) for the Ca-Al system, CaPt, (ref. 65) for the
Ca-Pt system and finally Al,Pt and AlPt for the Al-Pt system.

CaAl, and CaPt, both adopt the cubic Laves phase (MgCu,
type; Fd3m).*® Here, Al,/Pt, tetrahedra are found, which are
connected via all four corners to a network. The Ca atoms reside
in cavities of the said framework (Fig. 5a and b). The Al-Al
distances in CaAl, are 281 pm and therefore are well in line with
elemental Al.

Despite the similar interatomic distance, the ICOBI (0.43) of
this contact is larger by a factor of two, and this is directly
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Fig. 5 Unit cells of (a) cubic CaAl, and (b) CaPt,, both of MgCu, type
(Fd3m), and (c) monoclinic CaAl, (CaGa, type, C2/m). Ca, Al and Pt
atoms are shown in light grey, dark grey and black circles, respectively.
The Lowdin charges, ab initio oxidation numbers (ON®), interatomic
distances and respective ICOBI values for the different structures are
also provided.

related to the coordination number of six, as compared to CN =
12 in the fec structure. Speaking of ionicity, one would expect
the formation of aluminides, which is directly reflected in
significant Lowdin charges. The Ca atoms exhibit positive
charges with +1.54 for CaAl,, and Al anions are formed with
a charge of —0.77. This charge transfer is even more
pronounced when looking at the ON“ that are +1.86 and —0.93,
corresponding to Ca™ and Al"". A recent review on binary
alkaline-earth trielides utilizing the Bader formalism observed
a similar charge transfer.®

In isostructural CaPt,, the Pt-Pt distances are 270 pm and
therefore are significantly shorter compared to elemental Pt,
suggesting covalent bonding interaction. Indeed, the same
picture is evident as found in CaAl,: covalently bonded Pt-Pt
and rather ionic Ca-Pt interactions. Yet, there are certain
differences addressed in the following: while the formation of
cationic Ca and anionic Pt is given by both Loéwdin charges and
ON“, the quantitative charge transfer does not match the
empirical expectations. Based on electronegativity, one would
assume more negative Pt compared to Al, but both the Lowdin
charge and ON“ are smaller than the respective values of Al in
CaAl,.

From a quantum-mechanical point of view, however,
elemental Al (3s® 3p') possesses a less than half-filled valence
shell, while the valence of Pt (6s> 5d°) is more than half-filled.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Following the (generalized) octet rule and correlation argu-
ments, adding an electron to Pt is energetically less favorable
than adding an electron to Al. This destabilization is also visible
in the (I)COBI of the Pt-Pt contacts. Comparing elemental Pt
and CaPt,, the ICOBI is larger for the shorter contact in the
binary compound, but only by a small amount - especially in
comparison with Al/CaAl,. Pushing electrons from Ca onto Pt
leads to the population of antibonding levels in the Pt-Pt
interactions, thereby weakening the individual bonds.

CaAl, adopts a monoclinic structure (CaGa, type, C2/m) that
can be derived from the tetragonal BaAl, type structure by
a group-subgroup formalism.** Once again, the Al atoms form
a network with the Ca atoms residing in cavities (Fig. 5¢). Here,
one would naively consider the shorter Al-Al contacts to be
covalent bonding interactions, while the longer ones would be
considered non-bonding. Interestingly, the rather long Al1-Al1
contacts still exhibit significant ICOBI values of about 0.23. The
Al1-Al2 distances are significantly shorter, leading to an
increase in the ICOBI values to slightly above the half bond
order. The shortest distance, finally, is the Al2-Al2 interaction
between the layered fragments with a stunningly large ICOBI
value of 0.81, indicating a very strong covalent bond,
approaching the classical single bond order. The Lowdin
charges finally reflect the coordination environments: while Al1
exhibits in a wider sense a coordination number of 12
(All@AI2,Al1,Ca,), Al2 has a coordination number of 9
(Al2@AI2Al1,Ca,) with overall shorter distances and therefore
a higher overall Lowdin charge. This trend has also been
observed by charge transfer analyses based on the definition by
Bader.®** Interestingly, the ON“ further differentiate between
both Al sites resulting in an anionic Al2 (—1.27) and a cationic
Al1 (+0.31), solid-state disproportionation, so to speak. In order
to understand this behavior, a fundamental solid-state periodic
property needs to be recalled, namely the Madelung field. Pure
electrostatics leads to an attractive (=stabilizing) force between
cations and anions. Considering the rather short Al2-Ca
distance relative to Al1-Ca, it is safe to assume a stronger
stabilization of Al2, in turn lowering the orbital energies of Al2,
anion-like. Thus, the bonding electrons of the Al1-Al2 bonds
move to the more electronegative Al2 atoms, and this ultimately
leads to the formation of Al1 cations and Al2 anions, at least
formally.

Finally, the compounds from the Al-Pt system should be
addressed (Fig. 6). When looking at the bond indices in Al,Pt
(Fig. 6a), the Al-Pt contacts are significantly shorter compared
to the Al-Al interactions, even though both exhibit similar
ICOBI values of 0.27 and 0.26. The ionic nature of this
compound, as given by the Léwdin charges, does not reflect the
empirical expectation from electronegativities. This tentative
disagreement can immediately be solved by the respective
oxidation numbers ON“, Using orbital energies as criteria and
heterolytic charge allocation, bonding electrons of the Al-Pt
bonds are transferred from Al 3p to the lower-lying Pt 5d
orbitals. This way, the positively charged Pt (+0.26) adopts an
anionic oxidation number (—0.82) and the negatively charged Al
(—0.13) has a cationic oxidation number (+0.41). Such a charge
transfer of 0.54 electrons per Al atom to Pt is only revealed by

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

B} APt Fm3m B3 APt P23
= +0.39
Pt+0.05
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Fig.6 Unit cells of (a) cubic Al,Pt (CaF, type, Fm3m), and (b) cubic AlPt
(FeSi type, P2;3). Al and Pt atoms are shown in dark grey and black
circles, respectively. The Léwdin charges, ab initio oxidation numbers
(ON?), interatomic distances and respective ICOBI values for the
different structures are also provided.

the combination of an atom-centered (ionic) and a bond-
centered (covalent) analysis, as explained above.

In AlIPt (Fig. 6b), a contrasting picture is observed. There are
three distinct Al-Pt contacts, suggesting similar bonding based
on the distances. The first two interactions indeed have iden-
tical ICOBI values of 0.25, and the third interaction, which is
almost identical in length, only has an ICOBI value of 0.17. This
puzzling difference shall be investigated using the energy-
dependent COBI, as shown in Fig. S2. At a quick glance, we
identify antibonding levels directly below the Fermi level, and
their amount is largest in the weakest Al-Pt bond, so the small
ICOBI is not due to decreased orbital interaction but a shift
from occupied bonding to antibonding levels. Note that this
destabilizing part is counteracted by the remaining Al-Pt bonds
that have a multiplicity of three in contrast to the “weakest”
bond appearing only once per polyhedron. On a descriptive
level, we may infer that the remaining contacts are stabilized at
the cost of the weak bond resulting in a net stabilizing effect.
Ionicity, on the other hand, is more transparent. As also found
for Al,Pt above, the Léowdin charges show counter-intuitive Al
anions and Pt cations. This discrepancy in terms of electro-
negativities is again resolved by the oxidation numbers being
significantly smaller than the Lowdin charges. This time,
however, the oxidation numbers are almost neutral with +0.05,
and they do not mirror distinct ions.

In general, it can be observed that the charge transfer from Al
to Pt increases with increasing Al content. This is in line with
recent studies on the AI-Pt system based on QTAIM,*"*
although the absolute values reported in literature are larger
than our Lowdin charges and ON“.

3.5. Ternary phases

In the following paragraphs, the crystal structures of some of
the compounds listed in Table S5 will be discussed exemplarily
alongside similarities, differences and specific features that will
be highlighted by the bonding analysis later.

We start with equiatomic CaAlPt**° which crystallizes in the
orthorhombic crystal system with the space group Pnma and
adopts the TiNiSi type structure. The crystal structure can be
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described based on a network formed by the Al and Pt atoms
with the Ca atoms residing in cavities (Fig. 7a). The Al-Pt
distances are relatively short within the network; additionally,
elongated Al-Al distances can be observed; however, no Pt-Pt
interactions are present. When compared with the distance
discussions above, at least Al-Pt bonds are present. Since the Al
to Pt ratio is 1: 1, forming Al-Pt interactions is a necessity, while
Al-Al and Pt-Pt interactions are not necessarily required. The
Ca-Al and Ca-Pt distances are relatively short, but clearly
distinct to at least the Al-Pt contacts and in the range of the sum
of covalent radii (vide infra). Based on the different distances,
one can interpret this structure as a polyanionic [AIPt]°~
network with Ca’" cations residing in the cavities. This is
a frequently observed picture, especially in the Al-rich
compounds.

The Lowdin charges underline the picture of a polyanionic
network (Ca: +1.26; Al: —1.08; Pt: —0.17); however, as already
observed for the binary compounds in the Al-Pt system, i.e., the
Al atoms carry a higher negative charge counterintuitive to the
electronegativities. In this case, both the Al and the Pt atoms are
negatively charged and also show an anionic oxidation number.
The ON%, however, are in better agreement with the trend
derived from the electronegativities and arrive at —1.01 for Pt

EJ CaAIPt Pnma [TiNiSi]

-0.17
pri01 ®

AI—0-6£ o A

&
o b &

Pt—A|257 \c = ‘
pm N & \
0.29 @ 0.43
‘ ” #'AI—Alg‘H pm
0.33 0.26
[ Ca,AIPt, C2/c [Ca,Silr,]
045 143
6 pp094 pap123  PtAlsopm
036
036
Pt-Pt570 pm
030

0.03

Fig. 7 Unit cells of (a) orthorhombic CaAlPt (TiNiSi type, Pnma) and (b)
monoclinic CayAlPt, (Ca,Silr, type, C2/c) with corresponding Lowdin
charges, ab initio oxidation numbers (ON¥), and ICOBI values for
selected bonds. Ca, Al and Pt atoms are shown in light grey, white and
black circles, respectively.
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while Al yields —0.65. The interatomic Al-Pt distances are in
a similar range as the ones observed in the binaries, but overall
higher ICOBI values are observed. This can be attributed to the
additional electron transfer from the Ca atoms onto the poly-
anion, filling bonding levels. Interestingly, the longest Al-Pt
contact exhibits the strongest covalency (0.43). Besides the Al-Pt
contacts also one relatively long Al-Al distance is present. This
interaction would not be considered bonding with respect to the
distances found in elemental Al or the sum of the covalent radii,
but the ICOBI value of 0.26 clearly indicates bonding
interactions.

We now draw our attention to monoclinic Ca,AlPt, (Fig. 7b,
Ca,Silr, type). Here, there are chains of Pt atoms with alter-
nating shorter and longer distances. These chains run parallel
to the ab plane with an angle of 63.6° between them. The Al
atoms connect two of the chains with rather short Al-Pt
contacts, always bridging the longer Pt-Pt distances. The Ca
atoms reside in the created cavities. This compound was re-
ported by Doverbratt and coworkers who also analyzed the
bonding.”* The authors highlight the linear platinum chains
that distort pairwise into shorter dumbbells and longer Pt---Pt
contacts. When looking at the ICOBI values (Fig. 7b), 0.30 can
be found for the short Pt-Pt distance, while only 0.03 is calcu-
lated for the long distance. This is in line with Doverbratt
et al.;>* however, their bond orders were 0.48 and 0.26 according
to the non-quantum-chemical bond-length bond-strength
approach by Brese and O'Keeffe.?* They state that “the interac-
tions within the anionic substructures are essentially
nonbonding (or slightly bonding) and indicate that the elec-
trostatic repulsions are suppressed when replacing the anionic
Ge bridging elements by cationic Al atoms”. This can be clearly
seen by the ICOBI values of 0.36 for the Al-Pt interactions. The
ionic bonds in Ca,AlPt, suggest a similar decomposition as
found in the previously discussed CaAlPt. Ca is cationic, and Al
and Pt form an anionic network with Al being slightly more
negatively charged than Pt. As found before, the oxidation
numbers reveal a polarization of the Al-Pt bonds that results in
more negative Pt and less negative Al.

When finally going to CaAl,Pt (orthorhombic, MgAl,Cu type,
Cmcm, Fig. 8a),”* a compound with Al being the majority
element is discussed, so can distinct Al-Al bonding be
observed? When only focusing on the arrangement of the Al
atoms, we see corrugated honeycomb layers all in boat confor-
mation with the Pt atoms residing in the center of each
hexagon. As described before, the Al-Pt contacts are the shortest
ones observed in the structure, while the Al-Al distances are
slightly longer. This generates [Al,Pt] layers which are separated
by the Ca atoms leading to Ca-Pt distances of 314 pm and Ca-Al
distances of 323 and 342 pm. The shortest distance between the
layers not involving Ca atoms is Al-Al = 349 pm. From a crystal-
chemical point of view, one would discard this distance as not
being involved in any bonding. Interestingly, the same distance
elongates to 415 pm in SrAl,Pt** and even further to 471 pm in
BaAl,Pt.”> While CaAl,Pt is quite stable towards moisture,
SrAl,Pt and BaAl,Pt decompose rapidly, so does the short Al-Al
distance stabilize CaAl,Pt? In the rare-earth representatives,
this contact decreases down to 281 pm for ScAl,Pt,** which is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Bl CaAlLPt Crmcm [MgAI,Cul

0.84 +0.22
AJ-0.82 Pt0.18 ¢;

Fig. 8 Unit cell of (a) orthorhombic CaAlLPt (MgCuAl, type, Cmcm)
and (b) hexagonal CayAlzPt (MgZn,/Mg,CusSi type, P6s/mmc). The
Lowdin charges, ab initio oxidation numbers (ON?), interatomic
distances and corresponding ICOBI values for different bonds are
indicated. Ca, Al and Pt atoms are shown in light grey, dark grey and
black circles, respectively.

well in line with what is considered a bonding interaction based
on structural considerations. In the relaxed DFT model (Fig. 8a),
the distance in CaAl,Pt is slightly shorter (340 pm); however, the
ICOBI value is 0.31, that is about a third of a single bond. This
value is especially remarkable since the shorter Al-Al contact
with a length of 292 pm has a similar ICOBI of 0.34 despite the
significant bond-length difference, which addresses a consider-
able covalency to the longer interaction. Talking of ionicity, the
Lowdin charges suggest an anionic Al-Pt network that contains
Ca cations. The positive sign of the Pt charge (+0.22) turns into
an anionic ON“ (—0.18) that is primarily caused by a shift of
bonding electrons from the Ca-Pt bonds to Pt. Al has the same
values for the Lowdin charge and oxidation number.

Another interesting Al-Al interaction can be observed in
Ca,Al,Pt (Fig. 8b). Here, the Al atoms form a 6°> Kagome net with
the Pt atoms connecting two layers. Within the Al layer, there
are two different interactions, the shorter one being 272 and the
longer being 285 pm. Puzzling, the shorter interaction exhibits
the smaller ICOBI value of 0.37, while the significantly longer
distance shows a significantly higher covalency, with 0.52 being
the highest ICOBI value for an Al-Al interaction observed. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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lower ICOBI for the shorter bond can be traced back to (occu-
pied) antibonding contribution, below the Fermi energy. Note
that a shorter bond length may increase orbital overlap, but this
also holds for antibonding interactions that decrease the bond
strength as in the present example. Why, however, does this
unexpected course of bond strength vs. bond length appear in
the first place for a compound with only one crystallographic
site per element? To answer, we take a quick look at the crystal
structure: the triangles formed by the longer Al-Al bonds are
capped by a calcium atom (dashed lines in Fig. 8b), essentially
forming a trigonal pyramid; this structural feature does not
exist for the shorter Al-Al contacts. It is safe to assume that the
cationic presence of Ca”" stabilizes the bonds in the anionic Al-
network, thus leading to an increased ICOBI despite the longer
Al-Al distance. Charges and ON“ of Ca,Al;Pt match our find-
ings from the previous discussion.

4. Conclusions

In this work, we presented a thorough investigation of the
bonding properties for members of the Ca-Al-Pt family starting
with the elements, then continuing via binary to ternary
compounds. As already found in previous work, the chemical
bonding in intermetallic phases is not necessarily analogous to
simple molecular compounds due to complexities of the solid
state and metallicity. Using the toolbox provided by LOBSTER,
we investigated covalent bonding by the crystal orbital bond
index and ionic bonding by means of Lowdin charges and ab
initio oxidation numbers. By comparison of both descriptors for
ionicity, we demonstrated the strength of the oxidation
numbers that directly relate to oxidation states covered in any
basic chemistry course. The ability to calculate such numbers
promises unexpected insights into intermetallic phases where
classical concepts do not apply.
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+ We note that the entire DFT procedure leading to the orbital picture is from first
principles, without empirical parameters. To arrive at the chemists’ somewhat
arbitrary heterolytical bond splitting, a likewise arbitrary parameter « cannot be
avoided such as to not cause unreasonable shifts of bonding electrons.

i Note that we chose covalent radii here on purpose. While the metallic radii
exactly match the interatomic distances by definition, we want to contextualize
covalent bonding properties that are better described by covalent radii as their
sum corresponds to the length of a single bond that has ICOBI = 1.
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