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A B S T R A C T

Mixed calcium-platinum phosphide CaPt4P6 was synthesized using flux-assisted high-temperature ampoule
technique. According to single-crystal XRD data it crystallizes in the monoclinic space group C2/c with Z ¼ 4 (a ¼
8.1361(3) Å, b ¼ 7.9489(3) Å, c ¼ 11.3803(5) Å, β ¼ 90.860(2)o, R1 ¼ 0.0240, wR2 ¼ 0.0618) and belongs to the
BaPt4As6 structure type, the structure of which is derived from pyrite structure where one atom of alkaline earth
metal per formula unit occupies P2-unit position. DFT calculations predict all known representatives of the
BaPt4As6 structure type to be narrow-gap semiconductors (calculated bandgap values are: 0.43 eV (CaPt4P6), 0.57
eV (SrPt4P6), 0.27 eV (SrPt4As6) and 0.40 eV (BaPt4As6)). Bonding analysis establishes that all these compounds
are based on the 3D framework of the Pt-Pn and Pn-Pn interactions, with AE cations occupying the voids with
varying degree of the distortion of the AE coordination.
1. Introduction

Chemistry of pnictogens is no doubt one of the most complex, but also
one of the most engaging among the groups in the Periodic Table. Both
the elements themselves and their binary and more complex (ternary and
higher order) compounds show a great variety of compositions, struc-
tures and, naturally, manifested physical properties [1–3]. Pnictide
chemistry has been one of the rapidly developing fields in the last couple
of decades and the level of knowledge relating to the chemistry of
phosphides, arsenides, antimonides, and bismuthides has increased
enormously and has led to great progress in terms of understanding the
structure-property relationships and potential applications of said com-
pounds in such key areas as energy storage and conversion, hydrogen
storage, thermoelectricity and photocatalysis for hydrogen production
[1,4–7].

Of particular interest is chemistry of pnictides, because to date they
represent a relatively understudied class of inorganic compounds, as
compared to ubiquitous oxides. Perhaps, the most studied up to date are
iron phosphides and arsenides, due to their relatively recently discovered
high-temperature superconductivity [8,9]. Other fairly large areas of
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research are phosphides of rare-earth and transition elements, phosphide
oxides, metal-rich phosphides and polyphosphides. Although many such
compounds, both binary and more complex, have been obtained, with
completely different compositions and structures, there are still many
blank spaces in the chemistry of phosphides [10–12].

If we consider ternary systems consisting of an alkaline earth element,
a group 10 metal, and phosphorus, we notice, that among a huge variety
of compounds known in these systems [13], rather few compounds with
high phosphorus content (�50 at. %) are encountered, albeit they show
an unexpected richness of chemical compositions, physical properties
and structural features. No other element comes close to phosphorus in
the variety of formed homoatomic polyanions, the result of its relatively
low electronegativity and stereochemical features [10]. Such compounds
include phases of composition 1:2:4, 1:2:3, 2:1:3, and 1:4:6. These are the
compounds like BaPd2P4 [14], SrNi2P4 [15], β-BaNi2P4 [16], BaPt2P3
[17] and Ba2PdP3 [14] that crystallize in their own structure types;
α-BaNi2P4 isotypic to BaPd2P4 [16], and SrPt4P6 which crystallizes in the
BaPt4As6 structure type [17]. It is worth noting that the latter structure
type is rather rare, as only three compounds belong to it.

In this paper we report on the synthesis and characterization of the
rch 2023

mailto:alexei@inorg.chem.msu.ru
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jssc.2023.123969&domain=pdf
www.sciencedirect.com/science/journal/00224596
www.elsevier.com/locate/jssc
https://doi.org/10.1016/j.jssc.2023.123969
https://doi.org/10.1016/j.jssc.2023.123969


Table 1
Selected crystallographic data and refinement parameters for СaPt4P6 from sin-
gle crystal X-ray diffraction.

Chemical formula СaPt4P6

Formula mass, g mol�1 1006.26
Crystal system monoclinic
Space group C2/c (No.15)
a, Å 8.1361(3)
b, Å 7.9489(3)
c, Å 11.3803(5)
β, � 90.860(2)
V, Å3 735.92(5)
Z 4
T, К 130(2)
dcalcd., g cm3 9.082
μ, mm�1 77.699
θ range, � 3.581 < θ < 26.480
Collected reflections 4065
Independent reflections 755
Rσ/Rint 0.0405/0.0546
Reflections withI > 2σ(I) 736
Refined parameters 55
Largest difference peak/hole, e Å�3 2.179/-1.542
R1 [I > 2σ(I)]/R1 [all data] 0.0240/0.0246
wR2 [I > 2σ(I)]/wR2 [all data] 0.0618/0.0622
GoF 0.911
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crystal and electronic structure as well as the chemical bonding of a new
ternary platinum-calcium phosphide CaPt4P6, which becomes a first
representative of the BaPt4As6 structure type containing calcium.

2. Materials and methods

2.1. Synthesis and crystal growth

The CaPt4P6 compound was obtained during exploratory synthesis of
new quaternary phosphide platinides of the Eu2Pt7AlP2.95 type, which
are the intergrowth structures of AuCu3 and CaBe2Ge2-type blocks, in
Ca–Pt-X-P systems, where X ¼ Al, Ti [18]. Calcium (granules, 99%),
platinum (ingots, 99.97%), titanium (ingots, 99.99%), aluminum (flakes,
99.999%) metals and red phosphorus (powder, 99.9%) were used in the
process. Single crystals were grown using a high-temperature ampoule
technique and lead metal (ingots, 99.99%) as a flux. Elemental sub-
stances mixed in a molar ratio Ca:Pt:X:P (X ¼ Al, Ti) equal to 2:7:1:3, as
well as a 10 x molar excess of lead with respect to the calcium amount,
were placed in corundum crucibles. The total weight of the target ele-
ments was ca. 0.5 g, with the weight of lead ca. 1–2 g, depending on the
other components. The crucibles were then put into vacuum-dried silica
ampoules with silica wool on top. The corundum crucibles and silica
wool were pre-dried at 800 �C before use.

The ampoules were then washed three times with pure dry argon and
then sealed off at the internal argon pressure of 200 Torr at room tem-
perature. In the case of the aluminum-containing sample, the ampoule
was then annealed at 1050 �C for 120 h and slowly (ca. 5�/h) cooled
down to 300 �C, after which it was allowed to cool down to room tem-
perature naturally. For the titanium-containing sample, the annealing
time was 24 h at 1050 �C, then slow cooling (ca. 1�/h) down to 900 �C,
and then down to 600 �C at ca. 5�/h and down to room temperature
naturally. Single crystals were separated from the flux by centrifugation
through a silica wool (Hettich EBA-200 laboratory centrifuge) at 550 �C.
Crystals of the new ternary phosphide CaPt4P6 were obtained from both
aluminum- and titanium-containing samples in a form of grey thick plates
with a metallic lustre, stable in air.

It is worth noting that the other three representatives of the BaPt4As6
structure type containing strontium and barium, were obtained, as re-
ported in the literature [17], by direct high-temperature ampoule syn-
thesis from the elements in an argon atmosphere at 1000–1050 �C using a
small excess of alkaline earth metal. In the case of our calcium-containing
compound, we used a flux-assisted technique of crystal growth to obtain
and characterize its crystals. This phase, however, was also observed by
us as one of the products of direct high-temperature synthesis of the bulk
samples and also as an impurity in the synthesis of the Ca–Pt-X-P samples
in several systems. However, as direct synthesis from the elements always
lead to multi-phase products in 7–12 days of annealing, we chose not to
further pursue this route.

2.2. Sample characterization

The composition of the crystals was determined using the energy
dispersive X-ray spectroscopy (EDX). A scanning electron microscope
JSM JEOL 6490 LV equipped with an energy dispersive X-ray detection
system INCA x-Sight (Oxford Instruments) was used for the analysis of
chemical composition. Acceleration voltage was set at 30 kV, average
spectrum collection time ca. 40 s. For each sample, 5 to 7 crystals were
analyzed with 3–10 points per crystal. EDX data has shown no traces of
either lead or titanium or aluminum in the crystals. The average
composition of the crystals was Ca1.00(5)Pt3.95(7)P5.98(8). The details of the
EDX analysis are provided in the Supplementary Materials.

2.3. Crystal structure determination

Single crystals of the CaPt4P6 compound, obtained from the sample in
the Ca–Pt–Ti–P–Pb system, were investigated on a Bruker D8 QUEST
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single-crystal X-ray diffractometer equipped with PHOTON II detector,
charge-integrating pixel array detector (CPAD), laterally graded multi-
layer (Goebel) mirror and microfocus Mo-target X-ray tube (λ ¼ 0.73071
Å). The frame width of 0.4� and exposure time of 1.5 s per frame were
employed for data collection. Data reduction and integration were per-
formed with the Bruker software package SAINT (Version 8.40B) [19].
The data were corrected for Lorentz and polarization effects.

The absorption correction was performed using multiscan routine as
implemented in SADABS (Version 2016/2) [20]. The μr value (where μ is
the linear absorption coefficient and r is the effective radius of the
crystal) was selected in interactive mode by the gradual increase of the μr
value from the minimum dimension of the crystal towards the maximum
one. Crystal structure solution and refinement were performed using
SHELX-2018 package [21]. Atomic positions were located using direct
methods and refined using a combination of Fourier synthesis and
least-square refinement in isotropic and anisotropic approximations.
Crystallographic parameters and final residuals for the single-crystal XRD
experiments are given in Table 1. A summary of crystallographic data for
the single-crystal experiments is available from CCDC, ref. number
2232623.
2.4. Electronic structure calculations

DFT calculations on the electronic structure of synthesized CaPt4P6,
as well as previously reported SrPt4Pn6 (Pn ¼ P, As) and BaPt4As6 were
performed using the projector augmented wave method (PAW) as
implemented in the Vienna Ab initio Simulation Package (VASP) [22,23].
Experimental structures were used for the modelling and were trans-
formed to the P1 group for the calculations; in all cases, the relaxation of
atomic coordinates was carried out to eliminate structural tension. The
r2SCAN exchange-correlation functional of the meta-GGA type was used
for the calculations [24,25]. The number of k-points in the first Brillouin
zone was chosen so as to provide a step between k-points of no more than
0.02 Å�1. Energy cutoff was set to 500 eV, and the energy convergence
criterion was at 10�5 eV. Convergence towards the k-point set and energy
was checked. ELF (Electron Localization Function) and charge density
analyses were performed using Multiwfn 3.8 package [26]. ELF topology
was visualized using VESTA 3.5.7 package [27]. DOS and band plots
were produced using sumo 2.3.5 package [28]. Crystal orbital Hamilto-
nian population analysis was performed using LOBSTER 4.1.0 package
[29–32].



Table 2
Fractional atomic coordinates and isotropic displacement parameters for
СaPt4P6.

Atom Wyckoff site x/a y/b z/c Ueq
a, Å2

Pt1 8f 0.21517(5) 0.29058(5) 0.25024(3) 0.01109(19)
Pt2 4a 0 0 0 0.0108(2)
Pt3 4b 0 ½ 0 0.0113(2)
Ca 4e 0 0.5950(3) ¼ 0.0107(5)
P1 8f 0.2515(3) 0.3648(3) 0.0537(2) 0.0126(5)
P2 8f 0.1367(4) 0.2532(3) 0.4489(2) 0.0125(5)
P3 8f 0.1109(3) 0.0195(3) 0.1949(2) 0.0127(5)

a Ueq is defined as one third of the trace of the orthogonalized Uij tensor.

Table 3
Selected interatomic distances for СaPt4P6.

Atoms Distance, Å Atoms Distance, Å

Pt1 - P1 2.336(2) Pt3 - P2 2.333(3)
P2 2.377(3) P1 2.383(2)
P3 2.382(2) Ca 2.9436(7)
P3 2.397(3) Ca - P3 3.273(3)
Ca 2.7905(15) P3 3.551(4)
Ca 2.987(2) P1 3.559(3)

Pt2 - P2 2.376(3) P1 - P1 2.196(5)
P1 2.378(2) P2 - P2 2.166(6)
P3 2.387(3) P3 - P3 2.213(5)

Fig. 1. The crystal structure of CaPt4P6 (left) and PtP2 (right) with highlighted
octahedra formed by platinum atoms (blue ones are Ca-centered, pink ones are
P2-centered). Ca atoms are light blue, Pt – grey, and P - red.

Fig. 2. Crystal structures of CaPt4P6 (left) and PtP2 (right) in the polyhedral
representation. Ca atoms are shown in light blue, Pt in grey, and P in red.

Fig. 3. Unit cell of CaPt4P6 in the polyhedral representation (left), and types of
the coordination polyhedra of Pt (right).
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3. Results and discussion

3.1. Characterization and crystal structure description

According to the EDX data, the composition of the crystals of the
ternary phase obtained from lead flux correspond to the CaPt4P6 formula
with excellent agreement. EDX data also confirms that the compound is
ternary and does not contain any measurable Ti, Al, or Pb impurities. The
structure of the compound was determined by X-ray diffraction on a
single crystal grown from lead flux in the Ca–Pt–Ti–P system. Based on X-
ray diffraction data, the compound CaPt4P6 crystallizes in monoclinic
crystal system (space group C2/c) and belongs to the BaPt4As6 structure
type. Atomic coordinates, isotropic displacement parameters, and
selected interatomic distances for the CaPt4P6 compound are given in
Tables 2 and 3.

As we mentioned above, up to now there have only been three
compounds of this type according to the literature data: SrPt4P6,
SrPt4As6, and BaPt4As6 [17], and thus the title compound represents the
first calcium-containing compound of this type. The structures of these
ternary pnictides can be considered as a derivative of PtP2 or PtAs2
(pyrite type FeS2, space group Pa-3) [33], in which one AE (alkaline earth
metal) atom per formula unit takes the position of the P2 or As2 pair (see
3

Fig. 1). The remaining three Pn2 dumbbells (Pn ¼ P, As), as these units
are traditionally considered, coordinated by six Pt atoms represent
original fragments of the pyrite structure. The bond lengths inside the
P–P dumbbells within CaPt4P6 are 2.17–2.22 Å, and in another known
phosphide, SrPt4P6, P–P distances were found to be almost identical,
2.17–2.24 Å, which approximately matches the sum of covalent radii of
2.20 Å [34]. These values are in good agreement with the values obtained
for the binary phosphide PtP2, where average P – P distances are 2.22 Å.

In the PtP2 structure platinum atoms form a framework with octa-
hedral voids, all these voids are filled with P2 dumbbells, which have
various orientation (Fig. 1, right). In the structure of CaPt4P6, the “ideal”
platinum sublattice is distorted due to the replacement of one fourth of
the phosphorus pairs in the cell by calcium atoms. This causes platinum
to shift from its ideal position (as it should be in a fcc NaCl type lattice),
leading to lower symmetry, so the octahedra formed by the platinum
atoms become slightly distorted (Fig. 1, left).

Thus, while in the structure of the binary phosphide the centres of the
P2 units were located exactly in the middle of the edges, as well as in the
centre of the unit cell, in the structure of CaPt4P6, where some dumbbells
are replaced by calcium atoms, these calcium atoms do not sit exactly in
the middle of the edges anymore. Moreover, this replacement of the P2
units by calcium atoms causes a slight reorientation of the remaining P2
units.

Also, in the structure of CaPt4P6 it is possible to arbitrarily select
{PPt3} distorted trigonal pyramids which have a phosphorus atom in the
vertex (Fig. 2, left). Similar polyhedra are observed in PtP2 (Fig. 2, right),



Fig. 4. AE-Pt distances in structures of CaPt4P6 (a), SrPt4P6 (b), SrPt4As6 (c),
and BaPt4As6 (d).

Fig. 5. Calculated total and projected densities of states (DOS) for AEPt4
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where each phosphorus atom has one phosphorus atom and three plat-
inum atoms as the nearest atoms in a distorted tetrahedral environment.
Trigonal pyramids are connected through platinum atoms located in the
vertices. The Pt - P distances are in the range of 2.33–2.40 Å. For the
comparison, in the binary platinum phosphide of the pyrite type PtP2
these distances are 2.39 Å.

In the binary phosphide PtP2 platinum atoms are in a perfect octa-
hedral environment of phosphorus atoms. In the CaPt4P6 structure, on
the other hand, platinum atoms occupy three crystallographically inde-
pendent positions, and only one of them keeps their environment: Pt2
atoms are located in the centres of slightly distorted octahedra, formed by
phosphorus atoms (Fig. 3, grey polyhedra), Pt1 and Pt3 atoms also have
octahedral coordination, but now the axial positions are occupied by the
AE atoms, which leads to the expansion and severe distortion of the
octahedra (Fig. 3, light blue and dark blue polyhedra). Distorted octa-
hedra are connected to each other in the framework via common vertices.
The Ca - Pt distances range from 2.79 to 2.94 Å.

Fig. 4 shows the AE-Pt distances for all known to date representatives
of the BaPt4As6 structure type. It should be noted that all these distances
are much shorter than the sum of the respective covalent radii (d (Ca–Pt)
¼ 3.12 Å, d (Sr–Pt) ¼ 3.31 Å, d (Ba–Pt) ¼ 3.51 Å [34]). Since the Pn2
dumbbell replacement occurs without the notable expansion of
platinum-phosphorus framework, so the bond lengths practically do not
change in ternary pnictides as compared to the binary ones, which is also
supported by distances in the CaPt4P6 structure, then the reason for the
very short AE - platinum contact formation, according to the authors of
[17], is in the “matrix limitation”. Increasing the AE - Pt distances would
likely lead to the unfavorable lengthening of the bonds forming the co-
valent framework and a significant loss of stability.

As suggested in Ref. [17], this is the probably the reason why there is
no BaPt4P6 compound, because the void size cannot accommodate large
barium with the structure remaining stable. Evidently, in the case of
barium, it is more favorable for the structure to be rearranged, and the
P6 (AE ¼ Ca, Sr) (top row) and AEPt4As6 (AE ¼ Sr, Ba) (bottom row).



Fig. 6. Calculated band structure near the Fermi level for (top to bottom)
AEPt4P6 (AE ¼ Ca, Sr) and AEPt4As6 (AE ¼ Sr, Ba). Atomic contributions to the
respective bands are marked by the colors displayed in the legend. Red and
greed dots denote Conduction Band Minimum (CBM) and Valence Band
Maximum (VBM), respectively.

Table 4
Calculated Bader charges for AEPt4P6 (AE ¼ Ca, Sr) and AEPt4As6 (AE ¼ Sr, Ba).

CaPt4P6 SrPt4P6 SrPt4As6 BaPt4As6

Pt �0.06a; �0.37 �0.08a; �0.34 �0.37a; �0.58 �0.36a; �0.53
Pn �0.03–0.07 �0.04–0.08 þ0.09 þ0.09
AE þ1.46 þ1.44 þ1.48 þ1.37

a - Pt2 position.
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BaPt2P3 compound is formed, which is also derived from the structure of
pyrite, but it no longer features short Ba–Pt contacts. Since we found a
new phosphide CaPt4P6 in the Ca–Pt–P system, we can assume that a
similar one might exist in the Ca–Pt–As system as well.

To put the title compound in the proper context, we must emphasize
that CaPt4P6 is rather unique for its ternary system. Only a few com-
pounds are known in Ca–Pt–P system: CaPtP [35], which crystallizes in
its own structure type, and also several non-stoichiometric compounds of
the CaPt1-xP1þx composition belonging to family of AlB2-type structures
[35]; CaPt2P1.43 (BaPd2As2 structure type) [36]; CaPt3P (BaAu3Ge
structure type) [37], and CaPt8P2 (DyPt8P2 structure type) [38]. How-
ever, all these compounds are i) metal-rich and contain no more than 50
atomic % of phosphorus, and ii) do not have P–P bonds. In addition, all
the compounds mentioned above can be described as frameworks based
on the Pt–Pt and Pt–P contacts, whereas in the title compound there are
no Pt–Pt bonding distances and the framework is based on Pt–P and P–P
interactions. More detailed information on the bonding patterns will be
provided in Section 3.2.

If we consider the polyhedra formed around the phosphorus atoms in
all these compounds, in CaPtP each phosphorus is surrounded by three
platinum atoms, and in the structure the planes of platinum and phos-
phorus atoms alternate with those of calcium atoms [35]. In CaPt2P1.43
phosphorus has two positions: the first is coordinated tetrahedrally by
platinum atoms to form an antifluorite layer, and the second is located in
the centres of square pyramids formed by platinum atoms [36]. Very
similar pyramids are observed in CaPt3P and CaPt8P2 structures, albeit
somewhat distorted [37,38].

Also, it is necessary to note, that in other compounds reported in the
Ca–Pt–P system, the first coordination sphere of calcium atoms includes
both phosphorus and platinum atoms, whereas in structure CaPt4P6 only
platinum atoms make the nearest environment of calcium atoms. In
addition, other compounds do not have very short (less than the sum of
the covalent radii, which is 3.12 Å [34]) Ca–Pt distances that are present
in the new ternary phosphide.
3.2. Electronic structure and bonding

Calculated total and projected DOS near the Fermi level and band
structures for AEPt4P6 (AE ¼ Ca, Sr) and AEPt4As6 (AE ¼ Sr, Ba) are
shown in Figs. 5 and 6, respectively. As seen from the plots, all the
compounds are narrow-gap semiconductors with an indirect gap, calcu-
lated gap values are: 0.43 eV (CaPt4P6), 0.57 eV (SrPt4P6), 0.27 eV
(SrPt4As6), and 0.40 eV (BaPt4As6). In all the compounds, top of the
valence band and bottom of the conduction band consist of the mixture of
Pt 5d-states and pnictogen p-states, while AE atoms do not contribute to
the states close to the Fermi level and most likely exist as AE2þ cations.

For each pnictogen, we observe an increase of the gap by almost the
same value (0.13–0.14 eV) moving from smaller to larger AE cation,
while from P to As we observe a decrease in the band gap, which is
consistent with more diffuse nature of the As 4p-states. Also, we observe
the change in the VBM position: while for the phosphorus-based com-
pounds it is between Г and Y, for the arsenic-based ones it is between Г
and V.
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In order to gain more insight into the bonding in the AEPt4P6 com-
pounds, we have performed both direct-space (charge density, ELF) and
orbital-space (COHP) analyses. Calculated Bader QTAIM charges are
listed in Table 4. As seen from the table, there is prominent charge sep-
aration into AE cations with effective charge near þ1.5 (slightly less for
Ba), which is close to what one expects from formal AE2þ in such sur-
roundings, Pt ions with negative charges grouped into two, smaller and
larger, depending on whether there is an AE cation in the coordination
polyhedron or not: Pt2, which has only Pn atoms in the coordination
sphere, carries much lesser negative charge than Pt1 and Pt3. It is almost
neutral in the phospides, and becomes notably more negative in the ar-
senides (see Table 4). Pnictogen atoms carry very small negative (P) or
positive (As) charge, there is also a certain range depending on the
particular environment, but it is far less pronounced than for Pt and we
chose not to provide separate charges for each atom. Charge density
distribution allows us to assume fairly strong covalency between the
pnictogen atoms, polar interactions of mixed covalent and ionic nature
between Pt and P, and no covalency between AE and Pt. This picture is
further corroborated by the integrated partial Crystal Orbital Hamilton
Population (IpCOHP) values, which can be considered a certain measure
of covalent bond strength (see Table 5). The figures calculated for atom
pairs of various types clearly show us strong covalent bond between
pnictogen atoms in the Pn2 units, slightly stronger in terms of bond en-
ergy for phosphorus dumbbells. These interactions are by far the stron-
gest, yet, it is obvious that the Pt-Pn interactions are also at least partially
of a covalent nature, although on average their energy is almost twice as
low. Moreover, unconventionally short AE-Pt distances also result in
some kind of interactions, albeit with much much lower energy, almost
negligible as compared to the energies of the Pn-Pn and Pn-P bonds.

Further studies using topological analysis of the Electron Localization
Function corroborate this picture perfectly. For CaPt4P6 we observe two
types of maxima in the ELF topology that can be assigned to covalent
bonds: type 1 and type 2 (see Fig. 7). The first one corresponds to the
covalent bond in the P2 units, the second to the polar Pt-Pn bonds. The
picture is very similar for other AEPt4Pn6, although for As-based ones it is
revealed at slightly lower η values. Thus, our bonding analysis establishes
these compounds as based on the framework of Pt-Pn and Pn-Pn in-
teractions with AE cations in the voids. It must be noted, though, that
since we observe covalency both within the Pn2 units and between Pn2
Table 5
Calculated IpCOHP (eV) for AEPt4P6 (AE ¼ Ca, Sr) and AEPt4As6 (AE ¼ Sr, Ba).

CaPt4P6 SrPt4P6 SrPt4As6 BaPt4As6

Pt-Pn �2.19–2.57 �2.25–2.58 �2.08–2.50 �2.09–2.46
Pn-Pn �4.73–4.81 �4.68–5.18 �3.79–4.10 �3.70–4.11
AE-Pt �0.12–0.21 �0.13–0.27 �0.10–0.22 �0.15–0.26

Fig. 7. ELF isosurface (η ¼ 0.85; yellow) for the CaPt4P6 compound. Ca is light
blue, P red, Pt grey. For the explanation of 1 and 2 see the text.
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and Pt, from the chemical bonding point the Pn2 units are not dumbbells
in a strict sense but rather part of a framework, their separation is arbi-
trary and is only done for the convenience of the structure representation,
and we only keep using the word “dumbbell” for the sake of tradition.

4. Conclusion

Using high-temperature route and lead as a flux, we have grown
crystals and from the X-ray diffraction data determined the crystal
structure of CaPt4P6, which is a first Ca-containing representative of the
BaPt4As6 structure type. DFT calculations predict this compound to be an
indirect gap semiconductor with the gap of ca 0.43 eV, which is similar to
what our calculations predict for other members of the AEPt4Pn6 type.
According to our bonding analysis in orbital (COHP) and direct (charge
density, ELF) space, all these compounds consist of the covalent frame-
work of Pn-Pn and Pt-Pn bonds, with AE cations filling the voids. From
the point of chemical bond analysis, there is no reason to treat the Pn2
units as separate dumbbells, as they are integral part of the covalent Pt-Pn
3D framework.
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